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Dear Professor Resano,

Based on your previous invitation, we are pleased to submit the manuscript entitled “On-line sample
treatment coupled with atomic spectrometric detection for the determination of trace elements in
natural waters” which critically reviews fully automatic on-line strategies for matrix separation and/or
preconcentration and speciation of metals in natural waters including marine waters, fresh waters,
groundwater and precipitation prior to atomic spectrometric detection.

All articles concerning this topic and published within the last 10 years were carefully evaluated with
respect to their applicability to accurately quantify metals/metalloids or metal species at natural
concentration levels in the aquatic environment. We have taken into consideration on-line sample
preparation techniques based on solid phase extraction, cold vapour and hydride generation
techniques (in combination with solid phase extraction), liquid phase extraction and cloud point
extraction. The focus is not only on metals/metal species regulated by e.g. the EC Water Framework
Directive, but also on less prominent elements such as rare earth elements, precious metals and
actinides. Method validation using appropriate (certified) reference materials was another key factor

for the selection of articles discussed in this review.

With best regards,
Dr. Lisa Fischer

Professor Manuel Miré
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Abstract

This review discusses the application of on-line strategies for sample treatment prior to atomic
spectrometric detection. These strategies are based on flow injection and related flow-based
approaches and focus on publications that have been published in the last ten years and have
been explicitly applied to real world natural water samples (open ocean, coastal and estuarine
water, river water, lake water and groundwater) and matrix relevant certified reference
materials. The focus is on the use of solid phase extraction for matrix removal and analyte
preconcentration. For convenience of searching, methods are grouped by element type, i.e.
transition metals (plus zinc, cadmium, lead and arsenic), rare earth elements (the 15 lanthanides
plus scandium and yttrium), precious metals (platinum group elements plus silver and gold) and
actinide elements (the transuranic elements plus actinium, thorium, polonium and uranium).
There is a separate section on methods for elemental speciation. Other on-line treatment
strategies covered are cold vapour and hydride generation, and liquid phase microextraction.
Comprehensive method details and analytical figures of merit are provided for key selected

papers covering each of these strategies in associated tables.
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1 Introduction

Natural waters include marine waters (e.g. open ocean, shelf sea, coastal and estuarine), fresh
waters (e.g. river, stream, lake), groundwater and precipitation (e.g. rain, snow, ice). Each of
these reservoirs has a different chemical composition, including their trace element profile (see
e.g. 12?), that varies spatially and temporally but all are interconnected via the global water cycle.
Biogeochemical processes® impact on the fluxes of trace elements between these
compartments and their physico-chemical speciation* within each compartment.

The need to quantify trace elements in natural waters is driven by several factors. Some
elements or elemental species are toxic>, even at low concentrations, whilst others are essential
micronutrients®. Others can be used to elucidate transport processes or act as specific markers
for aquatic processes or events’. The low concentrations of many elements or their compounds
in natural waters requires sensitive detection techniques such as ICP-MS, often hyphenated with
some form of separation® or preconcentration/matrix removal®. This review focusses on the use
of flow injection (FI) manifolds and advanced flow setups for on-line sample treatment, coupled
mainly with ICP-OES/MS detection, for the determination of trace elements and their
compounds in natural waters published since 2008 (for previous reviews on the role of flow

analysis in sample preparation see e.g. 1011),

2  Flow-through approaches and interfaces

The three main cornerstones of Fl, i.e. controllable dispersion, reproducible timing and
controlled sample injection, have been fully exploited in combination with atomic spectrometric
detection, for which the transport of aerosols into the atomizer is regarded as the ‘Achilles heel’
of atomic spectrometric techniques. Flow injection approaches were conceived for sample
introduction of a metered aqueous sample volume to a detection system (FAAS in the case of
elemental analysis), capitalizing on the high (carrier) wash to sample ratio. Hereto, the nebulizer
and burner are continuously cleaned by a carrier solution, thus alleviating problems of clogging,
even in high salt matrix samples. In fact, Fl setups hyphenated to ICP-(gQq)/(SF)MS, based on
the continuous operating nature of both the flow setup and detection technique, are now
regarded as the second dawn for high-throughput elemental and molecular automatic analysis.
The advances in sample injectors (e.g. nano-valves) and improved designs of nebulizers and
spray chambers that enable continuous injection of, e.g. organic eluates and alcoholic solvents,
have helped to overcome the limitations of FI-ICP couplings in terms of the nature of the sample
to be injected'>'3, in as much as high carbon content matrices have been traditionally excluded

from ICP analysis. Nowadays the utilization of organic solvents in ICP-MS is performed on a
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routine basis with robust interfaces allowing the controlled addition of oxygen in order to
eliminate carbon deposition on cones and other parts of the ICP-MS introduction system213, In
guadrupole MS based systems, the implementation of reaction/collision cell technology has
enabled the development of strategies for the reduction or elimination of almost all polyatomic
interferences that would otherwise hamper the accurate determination of the elements
amenable to this technique. Tandem QMS systems are now state-of-the-art and regarded as
equivalent with ICP-SFMS systems in terms of selectivity and limits of detection.

With regard to system configuration, on-line hyphenation of FI with ICP involving the use of a
mechanically movable element, namely a rotary valve, has been the interface of choice for
practitioners to integrate sample handling seamlessly with analysis. Nonetheless, at-line
automatic interfacing, achieved by exploiting advanced robotic arms or autosamplers, is a
simple means of conditioning the sample/extract prior to analysis *. However, coupling of flow
approaches to discontinuously operating detectors such as electrothermal atomic absorption
spectrometry (ETAAS) is not straightforward. The second generation of Fl, so-called Sequential
Injection (SI), has however paved the way for automatic sample handling across a multi-position
selection valve as a core element of the flow system and a bi-directional syringe pump as a liquid
driver with on-line sample injection of minute volumes (< 50 pL) into the graphite tube®®. This is
accomplished by integrating a flow line (usually PTFE tubing) in the ETAAS autosampler arm,
which connects the selection valve with the graphite tube at pre-set injection times. Advantage
is taken of the fact that the ensuing sample might be processed in the SI manifold while running
the ETAAS program of the previous sample. A conceptual diagram of the combination of on-line
FI/SI sample preparation with atomic spectrometric detectors is shown in Fig. 1.

FI, SI and related techniques can also be used as automatic platforms for accommodating
appropriate pre-treatment schemes prior to the actual detection when handling troublesome
samples for which matrix clean-up and/or analyte preconcentration to attain suitable

detectability are required.

3 On-line sample preparation (matrix separation/preconcentration) based on solid phase

extraction for the determination of metal concentrations in natural waters.

3.1 Transition metals, zinc, cadmium, lead and mercury

This section focusses on the use of on-line solid phase preconcentration for the determination
of transition metals (V, Mn, Fe, Co, Ni and Cu) and includes group 12 elements (Zn, Cd (and Hg)),
along with other metals (Pb) and metalloids (As). These elements can be classified in different

ways depending on the context in which they are being determined. Their interaction with biota
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is a particularly important classification and these elements can be described as micronutrients
(e.g. Fe, Co), toxic elements (e.g. Pb, Cd) or both (depending on the concentration, e.g. Cu).
The major analytical challenge is the potential for contamination during sampling, storage and
analysis as concentrations in natural waters (particularly seawater) are typically very low (< nM).
In this regard flow manifolds incorporating on-line solid phase extraction (SPE) are attractive
due to the confined and controlled nature of the sample handling step, the ability to
preconcentrate the analyte(s) and the removal of major sea salt ions that would otherwise
interfere with the detection step (see e.g. ' and *°). Filtration of samples and refrigeration
immediately after collection are essential for obtaining high quality data. The application of flow
manifolds, coupled with the use of high purity reagents and a meticulous approach to cleaning
of all laboratory ware, are essential prerequisites for minimising the blank signal and hence
achieving the desired limit of detection (LOD).

Transition metals can often be determined simultaneously using e.g. ICP-MS or ICP-OES
detection and the key analytical performance data for selected papers are summarised in Table
1. It is also possible to determine individual elements using e.g. flame atomic absorption
spectrometry (FAAS) or ETAAS and performance data for selected papers are similarly
summarised in Table 2. Particularly noteworthy features from these papers are considered in
more detail below.

The most important component of the flow manifold for these methods is the on-line SPE
micro/mini-column. The chemistry of the SPE phase used for on-line preconcentration and
matrix removal, i.e. the nature of the support material and the attached chelating ligand or
sorptive material, and the design of the column, e.g. column dimensions, shape and fabrication
material, and the elution mode (e.g., the use of back-flushing elution) are important
considerations. The most common ligands are iminoacetate based chelates (IDA, NTA, EDTA),
guinolinol based chelates (8HQ) and dithiocarbamate based chelates. Nobias-chelate PA1l is a
chelating resin that has ethylenediaminetriacetic acid and iminodiacetic acid chelating groups
immobilized on a hydrophilic methacrylate polymer. It is popular because it is commercially
available, functions over a relatively wide pH range and has a high affinity for several transition
metals®. This paper reported an enrichment factor (also called a preconcentration factor) of
~200 for Co, Cu, Fe, Mn, Ni and Zn with a 9 mL sample volume, which allowed excellent detection
limits to be achieved. As a general comment it is recommended that all papers using on-line SPE
state the method used to calculate the enrichment factor and the experimental details used to
obtain the data. Toyopearl AF-Chelate 650 is another popular polymeric resin incorporating

iminodiacetate chelating groups that has been used to estimate the uncertainties associated
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with on-line preconcentration and ICP-MS detection of trace metals in seawater!®. A schematic
diagram of the FI manifold used for this work is shown in Fig. 2.

It is also possible to react the transition metal with the ligand on-line and then use a reversed-
phase material such as octadecyl-chemically modified silica for trapping the neutral chelate. In
an interesting example, Giakasikli and Anthemidis!” formed a cadmium complex with
diethyldithiocarbamate on-line and then pre-concentrated the complex on octadecylsilane
functionalized maghemite magnetic particles. The complex was then eluted with isobutyl methyl
ketone.

Proprietary resins include 1,5-bis (2-pyridyl)-3-sulphophenyl methylene thiocarbonohydrazide
which was immobilized on aminopropyl-controlled pore glass and incorporated within the
injection valve of a simple flow manifold!®. However, enrichment factors were relatively low,
ranging from 2.2 — 6.8 for a range of transition metals. Another proprietary resin utilised a
natural product (chitosan) as the support material and ethylenediamine-N,N,N’-triacetate as the
immobilised chelating ligand?®®, achieving enrichment factors of 14 — 35 for a range of transition
(and rare earth) metals. A conventional mini-column (4 cm length x 2 mm i.d.) was incorporated
within a 6-port switching valve as part of a fully automated system.

Unconventional advanced sorbents exploiting nanotechnology, based on the large surface area
of nanomaterials, have also been adapted for metal assays in natural waters. For example, multi-
walled carbon nanotubes (MWCNTSs) have been used for preconcentration, with ligands such as
L-tyrosine immobilised on the walls of the tubes to enhance interaction with transition metals
via cation-mt interactions (e.g. 2°). An enrichment factor of 180 was reported for Co using FAAS
detection.

Recent developments in microchip fabrication have been used to design compact, on-line
miniaturized preconcentration devices. One example is the use of dipole—ion interactions
between the highly electronegative C—Cl moieties of 2,2’-azobisisobutyronitrile, which was
cross-linked to the channel interior of a poly(methyl methacrylate) fabricated chip, and the
positive charges on the transition metal ions in the sample?'. Using this approach, detection
limits ranging from 1.6 — 42 ng L't were achieved for Co, Cu, Mn, Ni and Pb in river water?2.

It is essential that robust quality assurance procedures are used to ensure that the results are fit
for purpose. For water quality management it is important that results are sufficiently accurate
to monitor environmental threshold levels such as the EU maximum admissible concentration
values. This requires the use of appropriate (matrix matched) certified reference materials
(CRMs) or waters with consensus values such as those produced by the GEOTRACES
programme?3, All publications should report at least one (preferably more) CRM/consensus

value for each element, including appropriate statistical assessment of the results.
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Unfortunately, this is not the case in many reports compiled in Tables 1 and 2 (indicated by °)
for which CRMs of matrices other than waters, including biological matrices (e.g., urine or
seafood tissues) or environmental solids (e.g. sediments and soils) have been inappropriately
selected. For elucidating environmental processes, a key requirement is to be able to statistically
distinguish changes in recorded data from analytical uncertainty. Thus, a rigorous assessment of

all uncertainties in the sampling and analysis steps should be undertaken?®.

3.2 Rare earth elements

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of rare earth elements (REEs) are discussed. The group of REEs
comprises the 15 lanthanoids as well as Sc and Y. They can be further divided into light REEs (Sc,
La, Ce, Pr, Nd, Sm, Eu) and heavy REEs (Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). They are not regulated
with respect to threshold levels and maximum admissible concentrations in water but there is a
growing interest in knowing their concentrations in the aquatic environment. They have been
confirmed as critical raw materials by the European Commission in 20142% due to their significant
economic importance as they are widely used in numerous applications such as the automotive
industry and nuclear, oil and green technologies®. This, however, increases the emission of REEs
into the aquatic environment, resulting in anthropogenic anomalies, e.g. Gd due to its intense
use in Gd-based magnetic resonance imaging contrast agents. The assessment of anthropogenic
contamination requires a knowledge of naturally occurring concentrations of REEs, which are
generally in the low ng L' range in seawater and fresh water and are found in varying
concentrations, depending on the surrounding bedrock geochemistry, in groundwater. Hence,
direct measurement with state-of-the-art atomic spectrometry techniques is not sensitive
enough, particularly if the sample has to be diluted to decrease the total dissolved solid
concentration, as required when ICP-MS is applied, to obtain accurate data. Only a handful of
methods dealing with the determination of REEs using an on-line approach have been published
in the last decade. It is important to stress (again) that the use of an automated flow-manifold
is advantageous due to the increased efficiency and the lower risk of contamination and other
accidental errors. Table 3 summarizes key analytical performance data of selected publications
reporting the determination of REEs in lake water, river water, coastal water and open ocean
seawater by ICP-OES and ICP-(SF)MS. All of these methods use on-line SPE mini- or micro-
columns incorporating in-house fabricated chelating resins based on the natural polymer
chitosan and functionalized with either ethylenediamine-N,N,N-triacetate (EDTriA-type

chitosan)?® or N-(2-hydroxyethyl)glycine®® as chelating moieties. These resins were used in a fully
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automated manifold coupled to ICP-OES for the extraction of REEs including Sc and Y from river
waters at a pH of 5 with recoveries, assessed from spike experiments, in the range of 90 —
110%%° 25, Preconcentration factors were estimated by comparison of peak heights obtained by
processing a standard solution with the preconcentration system and conventional nebulization.
High preconcentration factors, in the range of 83 — 120 (EDTriA-type chitosan) and 83 — 102 (N-
(2-hydroxyethyl)glycine-type chitosan) were obtained, except for Y and Sc which were < 30, by
processing a sample volume of 20 mL. Due to the operation of the manifold in a “multi-mode”
with three synchronized collection systems, up to 12 samples h! could be analysed for a suite
of metals. However, LODs of > 0.002 ng mL? are relatively high compared with other methods
surveyed in this review (see Table 3), which might be attributed to the use of ICP-OES as the
detection system.

Resins with IDA and ED;A chelating groups (also referred to as polyaminopolycarboxylic acid
groups — PAPC) packed in a chelating column and sold as Nobias PB1M were used by Zhu et al.
for the determination of REEs in coastal seawater?’, lake water?® and seawater?’ in an on-line SI
manifold directly coupled to ICP-(SF)MS. Initially, 10 mL of seawater were processed within 6
min and a preconcentration factor of 9.6 was obtained, leading to LODs in the range of 0.005 —
0.09 pg mL1. Recoveries were determined based on spiked sample solutions and the trueness
of the method was estimated by comparing published and measured values obtained by the
repetitive analysis of CRM NASS-5%7.

Even faster analysis could be performed with an automatic column changing system as reported
by the same authors?2. Elution and measurement of one sample, including the time required for
column changing, was performed in 3 min but sample loading was carried out off-line. They
compared Nobias PB1M with InterSep ME1, a chelating resin with only IDA moieties. For both
resins, a pH of 5.0 was optimal for adsorption and similar recoveries, ranging from 97 — 103%,
and precision (RSDs of the peak areas) were obtained with identical elution conditions.

Far lower LODs, ranging from 0.0008 — 0.004 pg mL™, could be obtained using an automatic pH-
adjustment system for SPE of REEs on Nobias-PB1M from seawater by preconcentrating 50 mL
of sample?®. As sample pH is crucial for the sorption efficiency of the target metals and each
sample manipulation step (i.e. a manual pH adjustment) increases the risk of contamination, the
main focus of this work?® was the development of a device for automated and contactless pH-
adjustment and monitoring, involving the addition of a quantity of aqueous ammonia solution
into the sample via a nebuliser, which was controlled by an electromagnetic valve while the
transmitted light at 550 nm (the pH indicator was methyl red) was spectrophotometrically
monitored. The system has been used to pH adjust sample volumes of 20 to 100 mL within <5

min per sample prior to REEs determination using the automatic column changing system

7
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described above?®. Blank values measured were significantly lower compared with those

|II

obtained by applying “conventional” pH-adjustment with glass- or all-plastic pH electrodes,
leading to improved LODs. Spike recovery experiments with two concentration levels were
performed to validate the method but CRMs were not analysed.

The use of the commercially available seaFAST™ system (Elemental Scientific Inc.), coupled to
ICP-QMS, has been reported by Hathorne et a/.3° LODs in the range of 2 — 302 ppq, determined
from a 2% HNO; solution, were reported by pre-concentrating 7 mL of seawater on the
commercially available chelating resin Nobias PA1, which has similar chelating moieties to
Nobias PB1M. The system allows automated in-line buffering of the sample and is equipped with
trace metal clean-up columns in the up-take capillaries, which deliver buffer solution and carrier.
This resulted in extremely low background signals and hence low signal/noise ratios for most
REEs. By adjusting the pH value of the samples loaded onto the column to pH 6.0, yields in the
range of 94 — 102% were obtained. Yields were estimated by comparing time resolved peaks of
a matrix matched (NaCl) standard solution containing 5 ng L'* of REEs after preconcentration
with signals obtained from standards diluted in the eluent by bypassing the column. The authors
state the susceptibility to errors during the determination of column yields (absolute recoveries)
if there is any inconsistency in the acid strengths of eluted and directly analysed standards,
which leads to the conclusion that the accurate determination of column recovery is not easy.
Trueness of the reported method was appropriately assessed by standard additions of deep
Atlantic seawater samples, isotope dilution analysis (for Nd) and by measuring reference
samples such as NASS-5 as well as 1:10 diluted VIDAC18 reference mine waste water and SCREE
and PPREE reference acid mine waters produced by the USGS, and diluted in different matrices
with an appropriate content of NaCl to mimic seawater matrixes.

In addition to commercially available chelating resins, a graphene oxide-TiO, composite was
synthesized as a novel and inexpensive type of carbon-based nanomaterial and packed into a
micro-column for the online preconcentration and ICP-OES detection of La, Ce, Eu, Dy and Yb
(additionally Cu and Pb)3. High adsorption capacity, fast sorption kinetics, and stability over a
wide pH range have been reported due to the unique characteristics of the material, e.g. the
large surface area and various oxygen containing groups which offer binding sites for metal ions
such as heavy metals and REEs. Adsorption kinetics have been well studied in this work and the
adsorption capacity obtained was indicated to be comparable with related SPE materials.
Preconcentration factors of 10 could be obtained, yielding LODs in the range of 0.13 — 2.64 ng
mL?. They are, however, orders of magnitude higher compared with those obtained using the
chelating resins described above, in particular those obtained using ED;A/IDA functionalized

resins, and significantly higher than those obtained with chitosan based chelating resins®® 26,

8
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even though the detection system in this case was also ICP-OES, and thus the graphene oxide-
TiO, composite is not a viable low-cost alternative for the preconcentration of REEs from natural

water samples.

3.3 Precious metals

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of precious metals are discussed (see Table 3 for details of
selected methods). The determination of precious metals, including the platinum group
elements (PGEs) Ru, Rh, Pd, Os, Ir and Pt, as well as Ag and Au, in natural waters is still in its
infancy. Naturally occurring concentrations are in the sub-ng L - pg L range, thus requiring
powerful extraction and preconcentration methods. However, the interest in the determination
of, in particular, PGE concentrations in the aquatic environment is steadily increasing because
of anthropogenic emissions resulting from their use in industrial, chemical, electrical and
pharmaceutical applications and in catalytic converters for cars3% 3, Silver has also been used in
a wide variety of chemistry, electronics, medicine and other industrial fields and is highly toxic
to marine organisms due to bio-accumulation33. Time consuming as well as potentially harmful
methods based on liquid-liquid extraction using ammonium 1-pyrrolidinedithio-
carbamate/diethylammonium diethyldithiocarbamate (APDC/DDDC) and co-precipitation and
flotation techniques are being replaced by methods based on SPE using chelating sorbents, prior
to detection by atomic spectrometry. Due to the characteristic of these metals to mainly occur
as anionic chloro-complexes in the aqueous phase, as facilitated by the chloride content in
seawater33, (strong) anion exchangers have traditionally been used. However, few
publications report the automation and online separation/preconcentration of precious metals
from natural waters. More than 10 years ago, a method was published for the determination of
Pt using a chelating ion exchange resin (silica gel modified with 1,5-bis(di-2-pyridyl)methylene
thiocarbohydrazide - DPTH-gel) in an on-line flow system coupled to ETAAS3. Since this
publication is not within the timeframe for references, it will not be discussed further;
nevertheless, it is worth mentioning that the LOD obtained by this method is not sufficiently low
for monitoring naturally occurring concentrations of these metals, clearly indicating that the
sample volume processed by the on-line flow system does not provide adequate
preconcentration factors for the determination of PGEs in natural waters.

As a viable alternative to commercial strong anion exchangers, polyaniline (PANI) has been
evaluated for the on-line preconcentration of Pd from natural waters including ground water,

lake water and seawater as a low cost and easy to synthesize alternative to other sorbents?’.
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The extraction mechanism is based on anion exchange and preconcentration factors of 125 have
been reported by applying a sample volume of 250 mL, thus resulting in LODs of 0.0004 — 0-003
ng mL* (LODs given for individual Pd isotopes) with ICP-MS detection. These however are still
not sufficiently low for monitoring natural Pd concentrations.

Several methods were published for the automatic on-line preconcentration and matrix
separation of Ag from seawater more than 10 years ago e.g.3® 3° using the strong anion
exchanger Dowex®1x8 with trimethylbenzylammonium functional groups immobilized on a
styrene-divinylbenzene gel but only one method has been published recently for the analysis of
estuarine samples?®® using the same sorbent. This resin is very popular for the extraction of Ag
chloro-complexes as it has a high adsorption capacity. With a sample consumption of only 7.5
mL, a LOD of 0.06 ng kg was obtained. This LOD is comparable with those obtained by the two
previous methods3® 3°. The advantage of the latter method, however, is the lower sample
volume required (7.5 mL vs 12 mL) and the low column volume of only 18 uL. Validation was
performed with SLEW-3 and CASS-4 certified reference materials. These are not certified for Ag
but the authors demonstrated the trueness and good precision of the method by comparing

these values with previously reported concentrations.

3.4 Actinides

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of actinides (Th, U) are discussed (see Table 3 for details of
selected methods). The actinide elements encompass Ac, Th, Pa, U and the transuranic
elements, whereas U and Th are the most abundant actinides naturally occurring in all
environmental compartments*!. Additionally, anthropogenic sources of these radionuclides and
their synthetic isotopes (232U, 233U, 236U and 2%°Th) include technological applications (metallurgy,
ceramic and nuclear industries), phosphorous mineral fertilizers and pesticides, uranium mining
and milling, coal combustion, fuel processing, nuclear power plants and nuclear tests*>#3. Due
to the high chemical and radiological toxicity of their soluble compounds, permissible limits of
U in drinking water are regulated by the Word Health Organisation (WHO; 30 ug L?) 44,
Environmental protection Agency (EPA; 30 pg L?) % and the Atomic Energy Regulatory Board
(AERB; 60 pg L) “6. In the last revision of the Drinking Water Directive of the European
Commission*’, U was included in the list of parameters of naturally occurring but harmful
substances to be monitored. In addition, environmental quality standards for freshwater have
been elaborated by some member states, ranging from 0.015-25 pg L #8 within the EU Water

Framework Directive. The WHO also set guidance levels for radionuclides in drinking water, i.e.
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10 Bg L for 238U (81 pg L) and 1 Bq for 32Th (246 pg L) 4. Thus, concentrations in the (aquatic)
environment need to be monitored. Various methods, mostly employing SPE on actinide specific
resins such as TEVA, UTEVA, TRU and DGA resins, based on flow analysis in combination with
atomic spectrometric detection, have been reported for the determination of actinides in
natural waters e.g. 4% 305152, They were, however, operated with off-line detection, mostly by
applying two or more different resins to cover a wider range of analytes and perform in-line
extraction chromatographic separation and hence are not within the scope of this manuscript.

One method has been published for the simultaneous determination of U and Th at
environmentally relevant concentrations in various water matrices based on a fully automated
lab-on-valve FI system coupled to ICP-QMS?3. The performance characteristics are outlined in
Table 3. Extraction and simultaneous elution, i.e. no separation involved, was based on SPE using
the UTEVA chromatographic resin functionalised with dipentyl pentylphosphate (DP[PP])
moieties (also called diamyl amylphosphate (DAAP). The authors estimated a resin durability of
150 injections (up to 8 mL sample volume) and reported recoveries of >95%, determined by
analyte-spike recovery experiments, and clearly pointed out the low cost of the method as only
30 mg of resin were packed on-line in the column. They also reported the suppressive effect of
high concentrations of phosphate due to the formation of a non-extractable charge neutral
complex with Th* cations. Addition of Al3* counteracts this due to the formation of Al3*-

phosphate complexes which inhibits Th-phosphate complexation.

3.5 Metal speciation

There are many publications on the use of ICP-MS and ICP-OES, as well as AAS, combining on-
line sample preparation with elemental speciation analysis of metal(loid)s in natural waters.
Arsenic is the most commonly studied metal, followed by Cr and, to a lesser extent, Hg, Sb, Fe,
Se and V. In general, elemental speciation involves the differentiation between oxidation states
or organic/inorganic elemental fractions. Historically, research and development on elemental
speciation analysis was mainly curiosity driven, whereas nowadays legal institutions and
governmental bodies such as WHO, US EPA and EC (e.g. via the Water Framework Directive)
define limits not only on total elemental concentrations but also on elemental species (oxidation
states) or organic molecules containing certain elements, which is a major driver for research on
elemental speciation analysis. On-line SPE is mainly used for separation of elemental species or
fractions of interest in combination with atomic spectrometric detection and only very few
studies deal with the on-line combination of SPE with liquid chromatographic separation. The

key analytical performance data for selected papers using on-line sample preparation (matrix
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separation/preconcentration) based on solid phase extraction for the speciation of metals in
natural waters are summarised in Table 4.

Chromium speciation with SPE was performed on-line in several studies using either ETAAS>* >>
%6 or ICP-MS57. 58,59, 60 35 the detection technique. In general, these studies achieved LODs in the
low ng L'! range and trueness was, in most cases, demonstrated using CRMs. In 2008, Hu et al.>°
reported a useful method for the simultaneous speciation of inorganic As(lll)/As(V) and
Cr(lll)/Cr(V1) in natural waters. They used mesoporous Al,05;, which was prepared by sol-gel
technology, as a capillary micro-extraction coating material. The column retained AsO,3  and
Cr,0,%7/Cr0O,~ under acidic condition while cationic As(lll) and Cr(Ill) were not retained. Elution
of the retained species was performed under alkaline conditions. They reported LODs of 0.7 and
18 ng L for As(V) and Cr(VI), and 3.4 and 74 ng L-*for As(lll) and Cr(lll), respectively. Evidently,
such differential approaches can also be performed on-line with ETAAS. Zou et al.>®* combined a
C. vulgaris cell (green microalgae) mini-column in sequential combination with an anion
exchange resin mini-column for the retention of Cr(lll) and Cr(VI), respectively. Utilizing a SI
system, Cr(Ill) and Cr(VI) were eluted by 0.04 mol L-* and 1.0 mol L™ nitric acid, respectively, and
guantified on-line with ETAAS. LODs were 0.02 pg L for Cr(lll) and 0.03 pg L for Cr(VI), which
unfortunately does not meet the California Public Health Goal set to 0.02 pg L for Cr(VI).
Selenium speciation is of great interest as the toxicity, bioavailability, and essential nature of
this element is highly depend on its chemical form. Huang et al.5* published a double column
method combining nanometre-sized Al,03; and mesoporous TiO, which was chemically modified
by dimercaptosuccinic acid. A schematic diagram of the flow manifold used for this work is
shown in Fig. 3. The inorganic selenium species Se(lV) and Se(VI) were selectively adsorbed by
AlLO; while the organic Se species, i.e. the seleno-amino acids selenocysteine and
selenomethionine, which were not retained on the first column, were retained on the chemically
modified, mesoporous TiO,. Sequential elution enabled the selective and sensitive
determination of the four species (LODs were in the range of 45 - 210 ng L) in lake water.
Vanadium, like Se, is one of the major essential elements, but also has toxic properties
depending on both the concentration and oxidation state. Xiong et al. 62 speciated V(IV) and V(V)
on a conical micro-column packed with cetyltrimethylammonium bromide-modified alkyl silica.
The species showed different pH dependent retention behaviour: V(V) was quantitatively
retained in the pH range 2.0 — 7.0, while V(IV) was not retained at pH 2.0 - 3.5 but quantitatively
retained at pH 5.0 - 7.0. V(IV) was quantified by subtracting V(V) from total V. The LOD for V(V)

was 0.03 pg L.
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It can be concluded that Fl in combination with elemental speciation analysis is mature in terms
of the technical developments, which have been achieved over many decades. The situation
regarding CRMs certified for elemental species is still not well developed, as for many matrices
no reliable materials are available. Regarding validation, the authors of this work wish to
emphasise that in order to assure comparability of different studies in terms of LODs and LOQs
and in terms of their applicability to control legal limits, improvements towards setting a
harmonized procedure are much needed. Evidently there are several ways to calculate these
values for transient signals, but most of the time the procedures are not fully described or
completely missing. Accordingly, we propose adoption of the well elaborated procedure
outlined in the EURACHEM guide “The Fitness for Purpose of Analytical Methods”®® for
calculating LODs and LOQs for methods which use peak areas for calibration and quantification

purposes.

4  On-line sample preparation techniques based on cold vapour- and hydride generation
techniques for matrix separation and preconcentration of metals and metal species in

natural waters.

Cold vapour generation (CVG) and hydride generation (HG) techniques have been used in on-
line flow systems to separate the analyte from the matrix, in some instances in combination with
sorptive preconcentration using chelating sorbents. A pre-condition, however, is the formation
of volatile species upon reaction with reducing agents such as sodium borohydride in an acidic
environment. The classical elements determined by HG are Ge, Sn, As, Bi, Sb, Se and Te after
chemical transformation into their gaseous hydrides, whereas e.g. Hg and Cd are determined by
CVG after volatile species are generated. Through gas/liquid phase separation by an argon gas
carrier stream, the volatile hydrides/elements are transported into the plasma or graphite
furnace. Matrix separation is based on the fact that non-volatile interfering elements such as
major ions do not form hydrides, and thus remain in the liquid phase and are drained off to
waste. Hydride analyte transport efficiencies up to 100%, leading to higher signal/noise ratios,
and hence lower LODs, in comparison with conventional liquid sample introduction, are
reported®. HG/CVG is an important sample introduction technique when coupled on-line to
atomic spectrometric detectors® but careful optimization of the hydride generation process is
required, e.g. the concentration of the reducing agent because too high a concentration of
NaBH, may lead to foaming and the production of droplets as well as the generation of excessive
hydrogen gas. These factors result in plasma instability®®, especially when coupled to ICP-based

detectors.

13

Page 16 of 162



Page 17 of 162

oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

Methods employing CV and HG techniques for the matrix separation and preconcentration of
metals in natural waters are summarized in Table 5.

Only a limited number of papers have been published within the last decade reporting the
determination of As®®, Cd®” and Hg®® in natural waters after HG and CV generation with NaBH,
without preconcentration on chelating sorbents. For example, for the quantification of Hg, the
CV technique, even without preconcentration, LODs are reported to improve by a factor of 24
when CV-ICP-QMS is used compared with solution nebulization based ICP-QMS due to reduced
signal suppression from matrix effects®s.

Nevertheless, also in combination with CV and HG techniques, matrix effects with a negative
effect on the accuracy and sensitivity of these methods have been observed. To overcome
matrix interferences arising from e. g. Ca, Mg, K and Na, as well as various transition metals (Cu,
Fe, Ni, Co) present in natural waters at high(er) concentrations, SPE based on ion-exchange has
been applied prior to HG/CV generation in various applications (see Table 5). The challenge here
is to find the optimum acid concentration for both the elution of the retained metal species from
the preconcentration column (stronger acids usually enhance recovery) and efficient hydride
generation as this process is strongly dependent on the pH and acid strength. For example, Sb,
Bi and Sn were pre-concentrated from seawater on 1,5-bis(di-2-pyridyl)methylene
thiocarbonohydrazide bonded to silica gel (DPTH-gel) packed in a mini-column prior to HG-ICP-
QMS analysis®. As hydride generation efficiency depends on the oxidation state of the elements,
L-cysteine was used as a pre-reducing and masking agent. Increased signal intensities could be
obtained for Sn, whereas those for Sb and Bi were not affected by L-cysteine addition.
Enrichment factors of 2.5 — 8.6 were achieved with a sample volume of 4.8 mL. Limits of
detection were in the sub pg L range and sufficiently low for the determination of these
elements in diluted CRMs and real seawater samples.

A similar approach has been applied for the determination of these elements and, in addition,
for Hg from seawater and river water®®. DPTH was functionalized on mesoporous silica, packed
in a mini-column and the elution was performed with HCI (plus thiourea for Hg) while in the
former paper®®> HNO; alone was used instead. A comparison between these two methods
showed similar performance for Sb, Bi and Sn with respect to trueness (estimated from TMDA
54.4 and TM 24.3 fortified lake water CRMs), precision, relative recovery and the detection
capability of ICP-QMS vs ETAAS.

Sanchez-Trujillo et al.’® addressed a problem associated with simultaneous multi-element
determinations for Pb, Cd and Hg using CVG-ICP-QMS, i.e., different optimal conditions are
required for individual elements. Catalysts such as thiourea and Co were used for more efficient

reaction of Cd, and hexacyanoferrate (lll) was proposed as an oxidizing reagent for the
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conversion of Pb(ll) to Pb(IV) (7° and therein cited publications). The elimination of interferences
on the determination of other elements requires the use of appropriate sorbent materials,
oxidizing agents and catalysers. In fact, two mini-columns packed with DPTH-gel were
incorporated in the flow manifold in parallel, viz., in the injection loop of two rotary valves, and
loaded with sample adjusted to pH 5.0. Elution with thiourea in HNO; was performed, and
whereas the eluted metals from the first column were mixed with a reducing agent consisting
of NaBH, and K3;Fe(CN)g for the generation of PbH, (and Hg® vapour), those eluted from the
second column were mixed solely with NaBH, for Cd® and Hg® vapour generation. Hence, the
most efficient vapour generation conditions for each element were obtained. Enrichment
factors in the range of 14.4 — 27.3 were obtained and LODs were in in the low ng L* range.
However, these are at least 3 times higher than those obtained by HG/CVG methods developed
for the single element determination of e.g. Hg®, Cd®” and Pb’! (see Table 5), probably due to
the addition of reagents for pH adjustment, oxidation and improved elution efficiency
contributing to the blank signal.

Noble metals are not traditionally analysed by CVG due to the unknown identity and formation
efficiency of their hydrides and volatile species but a recent study has shown its suitability for
Au, Ag, Pd, Pt, Ir, Rh and Os determinations using NaBH, as the reducing agent’. After
preconcentration of these metals onto DPTH immobilized on iron oxide magnetic nanoparticles,
which were retained in a knotted reactor by an external magnetic field, and elution with
thiourea/HCl, the eluate was directed into a multi-mode sample introduction (MMSI) system for
CVG and liquid nebulization. This MMSI also served as the gas/liquid phase separator. In situ
CVG was a pre-requisite for the applicability of this approach as noble metal hydrides are
unstable and require rapid separation from the liquid phase. It was shown that hydride
formation in the presence of NaBH, was appropriate for Ag, Pt, Pd and Os whilst Au, Ir and Th
signals did not improve compared with non-CVG results, hence requiring the use of compromise
conditions. Enrichment factors were in the range of <20 for Pd, Os, Au, Ir and Rh, 144 for Pt and
206 for Ag. The LODs were in the range of 0.03 ug L (Ag) and 100 pg L (Rh), i.e. not sufficiently
low for the determination of ambient noble metal concentrations in natural waters.

Sample introduction techniques based on cold vapour and hydride generation have also been
used in this context with elemental speciation analysis. Two studies have addressed the
separation of inorganic mercury and methyl mercury. Krishna et al. 7> developed a speciation
approach for the two fractions employing efficient preconcentration of natural water samples
(pH 7) on a polyaniline microcolumn and subsequent selective elution of MeHg and iHg using
2% HCl and a mixture of HCl-thiourea (2% HCI + 0.02% thiourea) respectively. This successful

combination of preconcentration, speciation and CVG-ICP-MS (all on-line) enabled
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guantification of the two species in the high ng L' range. Sanchez-Trujillo et al. 7* published a
similar concept using on-line CVG-ICP-MS after on-line enrichment/speciation of the two Hg-
fractions on mesoporous silica functionalized with 1,5-bis(2-pyridyl) methylene
thiocarbohydrazide. Selective elution of CH;Hg* and Hg?* was obtained with 0.2% HCl and 0.1%
thiourea in 0.5% HCI, respectively. Total mercury (calculated as the sum of the two fractions)
was determined in LGC 6016 (Estuarine Water) and was in good agreement with the results
obtained by the same group in an earlier study’®. The LODs in this work were lower than those
obtained in the earlier study using the polyaniline material, which can be explained mainly by
the use of a next generation ICP-MS detection system. In a similar approach to that used in many
other studies, method LODs in the two above mentioned studies were calculated from
background noise, its standard deviation and the height of a measured standard solution. It is
noteworthy that this method allows relative inter-comparison of different methods but is not
capable to give reliable LODs or LOQs, as quantification is routinely performed via peak
integration (peak area), whereas in these cases LODs/LOQs are calculated via peak height.

Hydride generation was used in two further studies on the speciation of different oxidation
states of arsenic’> and antimony®°. The work concerning arsenic used a differential approach by
passing natural water sample through a strong anion exchanger cartridge, on which As(V) was
selectively retained, whereas As(lll) passed through the column and was detected via HG AAS.
The concentration of As(V) was then determined by subtracting the As(lll) concentration from
the total As concentration of the sample. LODs were of the order of 0.5 ug L. The authors
discussed the limitations of their work regarding organic As species (which would also pass
through the column and lead to false positive As(lll) results) and present a method that is fast
and reliable and suitable for the analysis of low salinity natural waters for As(lll). For the
speciation of inorganic antimony, selective sorption materials were used in a Fl approach with
sequential elution and on-line HG-ICP-MS detection®. Accuracy was demonstrated for the sum
of the quantified Sb species by the analysis of the CRMs SLRS-5 River Water and TMDA-54.4
Fortified Lake Water. It should be mentioned that, due to the lack of species-specific CRMs, it is
difficult to assess method accuracy with regard to the target species. In such cases inter-
comparison with independent methods available in-house, or inter-comparison with other

competent laboratories is mandatory for method validation/verification in terms of trueness.
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5 On-line sample preparation techniques based on liquid-liquid-micro extraction and
cloud point extraction techniques for matrix separation and preconcentration of metals

in natural waters.

There are a limited number of published papers dealing with liquid-phase extraction (LPE) in
flow systems for trace element analysis in surface waters as compared with those using SPE®,
This is attributed to operational difficulties in achieving (i) reliable dispersion of the aqueous and
organic phases across the conduits of flow platforms, (ii) quantitative separation under the flow
regime of the analyte-containing organic phase after extraction and (iii) high enrichment factors
on account of the limited organic to liquid-phase ratios in miniaturized systems. Moreover,
metal species usually need to be derivatized prior to liquid-phase extraction’” or reacted with
an appropriate surfactant for cloud-point extraction’®, in contrast to SPE for which there is a
plethora of commercially available sorbents with a wide range of chelating moieties for direct
extraction and preconcentration at the appropriate pH. The key analytical performance data for
selected papers using liquid-liquid micro-extraction and cloud point extraction techniques for
the matrix separation and preconcentration of metals in natural waters are summarised in Table
7.

Some of the Fl-based papers on LPE for trace metal determinations merely report semi-
automatic methods. The flow platform is used for automation of the detection step after batch
LPE", or phase separation by modification of the ionic strength or temperature and retrieval of
the metal-containing phase for detection®°.

Computer-controlled flow methodologies using programmable flow, such as sequential injection
analysis and its variants®® 82 8 have been designed for the miniaturization of liquid-phase
extraction schemes, endowing these methods with green chemical credentials whilst also
ameliorating extraction efficiencies and enrichment factors. For example, Anthemidis and co-
workers have developed a number of intriguing liquid-phase microextraction (LPME) variants,
such as dynamic single-drop LPME3? 83, countercurrent LPME’? and dispersive LPME (DLPME)&*
85,8687 that were fully automated as a front-end to flame or electrothermal AAS for direct on-
line injection of the metal-enriched organic phase. In those articles dealing with DLPME?* 8>-86
87 the aqueous sample, organic solvent containing the chelating reagent and dispersing solvent
were merged on-line to generate droplets of the organic phase for efficient extraction of the
neutral chelates followed by on-line trapping of the metal containing organic droplets into
reversed-phase materials packed in flow-through micro-columns. A schematic diagram of a flow

manifold integrating in-line DLPME as a front end to ETAAS is shown in Fig. 4.
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The main issue observed by a number of FI/SI systems incorporating LPE/LPME is that method
validation is performed with overly simplistic CRMs (e.g. lyophilised solutions®!) or entirely
different matrices (e.g., sediments and mussel tissues) that do not properly simulate the

composition of the target matrices (river water, seawater) analysed in those papers?®” 7783,

6 Conclusions and perspectives

Flow injection has become a mature approach for metal determination and non-
chromatographic speciation analysis, but still constitutes a viable platform and vehicle for on-
line implementation of in-house and commercially available sorptive (nano)materials prior to
atomic spectrometric detection systems for trace and ultra-trace analysis. The analytical
detection techniques have not greatly evolved in terms of sensitivity and instrumental detection
limits over the last 10 years and thus efficient sorbent phases and ligands for element
preconcentration and clean-up analysis of natural waters are still required. It should however
be noted that some of the analytical methods reported in the literature that include enrichment
protocols are not sensitive enough for the analysis of natural waters and thus spike
concentration levels that are not environmentally relevant of natural waters are used for
method validation instead. Likewise, inappropriate reference materials, such as biological
materials, sediments and wastewaters, have been selected for evaluation of the trueness of
methods applied to natural waters. It is therefore recommended that QC/QA tools and
uncertainty measurements should be adopted in fully validated protocols using Fl approaches.
The last two decades have also witnessed the advent of novel miniaturized and portable devices
based on mesofluidic Lab-on-Valve and microfluidic Lab-on-chip platforms, yet application to

continuous on-line monitoring is still in its infancy.
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Table 1: Multi-element on-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total

metal concentration of transition metals and metalloids in natural waters. (All units as in the original publication)

Detection  Sample Sample Enrich  Sample Ref
Analyte  Matrix Solid phase  techniqu treatment Figures of merit Validation volume ment throughput
e /Elution factor
DL Linear range Precision Relative
Recovery
Mn, Co,  River water PMMA ICP-MS pH 6 Mn: 2.62 ng L Upto5uglL? 2.9-3.6% (n=3) 83-110% NIST 1640a 20 pL >2 19.35ht 2
Ni, Cu, microchip (NH,AC)/ Co:1.69ngL? trace elements
Pb (treated 0.5% HNO;  Ni:42.54 ng L? in natural
with Cu:13.85ng L? water
saturated Pb: 1.64 ng L*
NaOH)
Zn, Cu, River water, MW(CNTs- ICP-OES pH 8.5/ 2 Zn: 0.27 pg L! LOD-100 pg L* 3.1-8.6% at 10 82-115% GSBZ50009-88, 6 mL 10 n.a. 88
Cd, Cr, lake water silica M HCI Cu:0.11 pgL? ug L't (n=7) GSBZ 50029-94
V, As (*well water) Cd: 0.45 pg L! environmental
Cr:0.91 pg L? waters
V:0.55 pg L
As: 0.67 pg L
Co, Fe, Seawater Toyopearl ICP-MS pH 5 0.021-0.34 n.a. 4-23% 76.111% NASS-5 7.5mL 10-15 8.25 min/ 16
Pb, V AF-Chelate- (NH,ACc)/ nmol L1 seawater, sample
650 1 M HNO; GEOTRACES
reference
samples
Mn, Co,  River water PMMA ICP-MS pH 8 Mn: 20.6 ng L 0.05-100 pg <9% CV (long 82-118% NIST 1643a 50 pL n.a. 13.33 h?! 2
Ni, Cu, (maleate Co:5.44 ng L Lt term) artificial saline
Cd, Pb buffer)/ Ni: 11.86 ng L* water
0.5% HNO;  Cu:4.90ng L?
Cd: 16.11 ng L
Pb: 3.48 ng L
Mn, Fe, Seawater Nobias PA1  ICP-SFMS pH 5.7, Mn: 0.002 n.a 1-3% for Ross 96-107% GEOTRACES 9mL 200 8.75 min/ 9
Co, Ni, pH 7.0 Co: 0.00029 seawater (long reference sample
Cu, Zn (AcNH,)/ Fe: 0.014 term) samples
16M Ni: 0.013
HNO; Cu: 0.003
Zn: 0.016 nmol
kg
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10 Co, Cr,
11 Ni, Cd,
12 Mn, Zn,
Cu, Pb

18 cd, Pb,
19 Cu

24 v, Cr,
25 Cu, As,
26 Pb

Cd, Co,
32 Ni

Oceanic
waters

Seawater

River water,
lake water,
(*urine)

River water
and tap
water
(*amongst
others)

Seawater

IDA ICP-MS
PTSH-cpg ICP-MS
resin

SCX Bond FAAS
Elut®

Plexa™ PCX

S-CS- ICP-MS
MWCNTs

8-HQ ICP-MS

pH 6.0
(AcNH,)/
0.8 M
HNO;

pH 8.0:0.5
(borate/
boric acid
buffer)/
5% (m/m)
HNO;

pH 2
(HNOs)/
1 mol L?
HCI

pH7
(HNO;,
NH; H,0)/
0.5 mol L*
HNO,

AcNH,
buffer/
1 M HNO,

Co: 3.2 pM
Ni: 23 pM
Cu: 46 pM
Zn: 71 pM
Cd: 2.7 pM
Pb: 1.5 pM

Co:0.002 pg L*
Cr: 0.057 pg Lt
Ni: 0.117 pg L
Cd: 0.004 pg L*
Mn: 0.21 pg L*?
Zn: 0.260 pg L
Cu: 0.030 pg L
Pb: 0.020 pg L*

Cd: 0.1 pgL?
Pb:1.8 ug L?
Cu: 0.5 ug L?

V:0.002 pg LY,
Cr: 0.0038 pg L
1

Cu: 0.0035 pg
L-l

As: 0.0013 pg L
1

Pb: 0.0036 pg L-
1

Cd: 0.008 ng
mL?
Co: 0.006 ng
mL?
Ni: 0.009 ng
mL?

Journal of Analytical Atomic Spectrometry

up to:

Co: 0.89 nM
Ni: 24 nM
Cu: 9.6 nM
Zn:20 nM
Cd: 2.8 nM
Pb: 0.59 nM

DL-60 pg L*

Cd: 0.4-20 pg
L—l

Pb: 7.5-450
pg Lt

Cu: 1.8-100
pg Lt

0.005-10 pg
Lt

Cd and Co: 0-
0.5 ng mL?
Ni: 0.1-1.0 ng
mL?

3.4-8.6% for
SAFe D2

92-102%

<5% (at twice 82-111%

the DL, n=10)

Cd:2.9%at2pug  95-99%
L—l

Pb: 3.1% at 30

pg Lt

Cu: 2.7% at 10

pg L* (n=10)

V:3.8%, Cr:
1.4%, Cu: 3.1%,
As: 4.6%, Pb:
1.6%at1pgl?
(n=11)

91-105%

Cd: 2.47%

Co: 2.09%

Ni: 3.03% at 0.25
ng mL*! (n=3)

99-110%

NASS-5
seawater,
GEOTRACES
reference
sample (SAFe)

SLEW 3 and
LGC6016
estuarine
water, CASS-5
coastal
seawater,
SLRS-5 river
water, TMDA-
54.4 fortified
lake water
NIST CRM
1643e trace
elements in
water, (°BCR
278-R trace
elements in
mussel tissue)
GBWO08607
riverine water,
(°*GBW10024
scallop)

CASS-2 coastal
seawater,
SLEW-1
estuarine
water

7 mL

2.1mL

2mL

20 mL

40 pL

10

2.2-6.8

90-95

V. 111
Cr: 95
Cu: 60
As: 52
Pb: 128

n.a.

6 min/
sample

8.6 ht

30 ht

n.a.

89

90

91

92
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Cd, Pb

Cu, Mn,
Ni

V, Cu,
Pb, Cr

Co, Cr,
Cd, Mn,
Zn, Ni

V, Cu,
Pb, Cd,
Hg

Cd, Co,
Cu, Mn,
Ni, Pb,
V, Zn
Cd, Co,
Cu, Mn,
Ni, Pb,
V, Zn

Coastal
seawater,
river water,
(*tap water)

River- and

lake water

River- and
lake water

Seawater,
river water

Lake- and
river water

River water

River water

OASIS HLB FAAS

Alumina ICP-OES

hollow fibre

modified ICP-OES
mesoporou

s TiO,

DPTH-gel ICP-MS

Chitosan ICP-OES
modified

ordered

mesoporou

s silica

EDTriA-type  ICP-OES

chitosan

Glycine- ICP-OES
type

chitosan

on-line
complex
formation
with
DDTP/
Methanol
pH 8.5
(NH,NOs)/
2.5 mol L*
HCI

pH 6.5
(NH,Cl/
NH; H,0)/
1 M HNO;

pH 8.6
(boric
acid/Na
tetra-
borate)/
2% (m/m)
HNO;

pH 6.5
(NH,CI/NH
3 H,0)/
1 M Hcl

pHS5
(AcNH,)/
15M
HNO;
pH5
(AcNH,)/
15M
HNO;

Cd: 0.09 pg L*!
Pb: 0.9 ug L*

Cu: 0.88 ng mL-
1

Mn: 0.61 ng
mL?

Ni: 0.38 ng mL?
V:0.09 pg Lt
Cu:0.23 pg L
Pb: 50 pg L*!
Cr:0.15pg L

0.004-0.530 ug
Lt

V:0.33 ng mL?
Cu: 0.30 ng mL-

1

Pb: 0.96 ng mL-
1

Cd: 0.05 ng mL-
1

Hg: 0.93 ng mL°
1

0.002-0.15 ng

mL?

0.004-0.17 ng
mL?

Journal of Analytical Atomic Spectrometry

Cd: 0.3-12.0

pg Lt
Pb: 3.1-200

ug L*
Up to 200 ng

mL?

0.3-50 pg L-1

DL-60 pg Lt

n.a.

n.a.

Cd:2.9% at 4 pg
L—l

Pb: 2.6% at 20
ug L*

6.2-7.9% at 10
ng mL? (n=7)

V:1.7%

Cu: 3.9%

Pb: 4.6%
Cr:2.9% at 5 pg
Lt (n=7)

0.3-4% at double
the conc. used
for DI of the
analytes (n=5)

V:2.8%

Cu: 6.7%

Pb: 1.8%

Cd: 4.0%

Hg: 5.3% at 10
ng mL?! (n=7)

<10%

<10%

95-99%

87-110%

89-107%

93-110%

>90%

90-110%

90-110%

NIST CRM
1643e trace
elements in
water

GSBZ50009-88
environ-
mental water

GSBZ50009-88
environ-
mental water

SLEW-3
estuarine water,
NASS-5
seawater, SLRS-4
river water,
TMDA-54.4
fortified water

GSBZ50009-88
environ-
mental water
sample

SRLS-4 river
water

SRLS-4 river
water

12 mL Cd: 155
Pb: 180
3mL 10
6 mL 20
5mL 2.3-32.9
6 mL 20
5mL 14-35
5mL 14-106

24 ht

5ht

10 ht

10 ht

10 ht

28 ht

27 ht

93

%

95

96

97

26

19

21
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Mn, Co,
Cu, Zn,

Sb, Hg
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(*CRMs) Fe-based ICP-MS pH9 0.04-0.06 ugL*  0.5-50pugLt  4%at5pgl?
MNPs-PAA (ACcNH,)/ CuandZn: 0.6 (n=3)
1% HNO; g L1

Seawater, Functional- ICP-OES pH 3.0 Sb: 1.5 pg L* Sb: 9.0-5000 Sb: 4.5
mineral ized (glycin- Hg: 0.05 pg L*! ug Lt Hg: 1.6 at 25 ug
water magnetic HCl)/2% Hg: 0.2-1000 Lt (n=11)
(*spiked tap graphene (wt/vol) ug Lt
water) oxide thiourea in

4%

(wt/wt)

HNO;

Matrices in brackets indicated with a * are not within the scope of this review.
Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
n.a.: not available.

96-109%

Sb: 93-117
Hg: 93-105

CASS-2
nearshore
seawater,
(°"RSM 2670a
trace elements
in urine)
TMDA 54.4
fortified lake
water

20 uL

16.8 mL

Sb: 9
Hg: 3

5
min/samp
le

13 ht

98

99

Abbreviations:

8-HQ: 8-hydroxyquinoline (8-quinolinol)

cpg: controlled pore glass

DPTH gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel
EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan
IDA: iminodiacetate

MNPs-PAA: magnetic nanoparticles with polyacrylic acid

MW(CNTSs: multi-walled carbon nanotubes

OASIS HLB: poly(divinylbenzene-N-vinylpyrrolidone) co-polymeric beads
PCX: polymeric cation exchanger

PMMA: poly(methyl methacrylate)

S-CS-MWCNTs: Schiff base-chitosan grafted multiwalled carbon nanotubes
SCX: strong cation exchanger
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Table 2: Single-element on-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total

metal concentration of transition metals and metalloids in natural waters. (All units as in the original publication)
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Detection Sample Sample Enrich Sample Ref
Analyte Matrix Solid phase technique treatment/Elutio Figures of merit Validation volume ment throughput
n factor
DL Linear range Precision Relative
Recovery
Co Underground Fe;0,4 ETAAS None/ 6nglL? 0.01-5pg L 2.8% at 0.5 ug L* 96-99% (°GBW 07303 2mL 30 18 ht 100
water, (*tap nanoparticles Ethanol (n=11) stream
water) sediment,
GBW10017
powdered
milk)
Co (*Only CRM) L-tyrosine FAAS pH 7.0 (AcNH,)/ 50ng Lt DL-250 pg L* 2.7-3.4%at10pg  102% QC METAL 10 mL 180 >600 101
functionalize 10% (v/v) HNO; L1 (n=10) LL2 metals in s/sample
d WCNTs natural
waters
Cu Coastal and TMA ICP-OES pH 5.5 (ACNH,)/ 0.4 pg Lt 0-50 pg L 3.2%at50pgl?  91-103%  (°CRM22fish 10 mL 5 n.a 102
estuarine water 2% (v/v) HNO; otoliths, SRM
1400 bone
ash)
As (*Cave water, Live Hela GFAAS pH3.0 0.05 pug L? 0.15-2.5 ug L 1.7%at 1.25pgl-  97-98% SRLS-4 river 450 pL 11 13 ht 103
tap water) cells (phosphate tand 3.4% 0.5 ug water
immobilized buffer)/ L1 (n=9)
on Sephadex 2 M HNO;
G-50 beads
Cd Ground-, river- SIMAG- ETAAS pH 2.0+0.2 3nglL? 9-350 ng L! 3.9% at 50 ng Lt 94-98% NIST CRM 5mL 19 8ht 7
and coastal Octadecyl (HNO;); on-line (n=11) 1643e trace
seawater addition of DDTC/ elements in
IBMK water
cd Mineral water, 3-MPTMS- FAAS pH 7.5 0.15 pg L? 1-60 pg L 4.04% at 1 pg Lt 92-110% NIST SRM 20 mL 31.5 14 h? 104
(*tap water, MWCNTs (phosphate and 2.34% at 55.0 1643e trace
synthetic buffer)/ ug L (n=10) elements in
seawater) 1M HCI natural
waters,
(°NIST SRM
1573a
tomato
leaves)
23
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1
2
3
4 cd Spring water, Fe-based ETAAS pH 6.0 (NaOH)/ 13ngl? 0.003-0.2 ugl-!  2.2%at0.1ugl?!  97-105%  GBWO08608 1000l 31.2 12 ht 105
5 rain water, MWNTs 0.002 mol L* (n=11) trace
6 snow water H;PO,and 0.1 elements in
7 mol LTHN4NO; water,
("GBW07404
8 soil)
9 Cd Spring water, S. cerevisiae GFAAS pH6-7 (0.1 molL* 1.1ngl? 5-100 ng L! 3.3% at 50 ng L*! 69-102% (°GBW 07404 1mL 30 20 h? 106
10 rain water, cell-loaded NaOH)/ (n=11) soil)
1 seawater, (*tap  cytopore® 0.8 mol L*HNO;
12 water) beads
13 cd Mineral water, Histidine FAAS pH 8.50 0.20 ug L! 2-140 pg L! 3.11% at40 ug L' 96-104% ("Tort 2 15 mL 17.7 16 ht 107
14 lake water, functionalize (ammoniacal (n=10) Lobster
15 (*tap water) d MWCNTs buffer)/ Hepato-
16 0.8 M HNO; pancreas)
cd River water, Salen/Cd(Il) FAAS pH 6.8 (Britton- 0.11pglL? 1-10 pg L? 6.3%at 1 g L? 92-107% ES-H-2 16 mL 117 20 ht 108
17 spring water, complex Robinson buffer)/ (n=5) ground
18 ground water, imprinted 1% HNO; water, (°EU-
19 (*tap water) polymer H-3 waste
20 water)
2 Pb Mineral water,  IIHC TS-FFAAS pH 6.46 0.75 pg Lt 2.5-65.0 ug Lt 5%at10.0 ug ! 93-110%  (“DORM-3 20 mL 128 n.a 109
(*tap water, (phosphate and 3.6% at 60.0 fish protein,
22 synthetic buffer)/ ug L' (n=10) MESS-3 and
23 seawater 0.5 mol L't HNO; PACS-2
24 amongst other marine
25 samples) sediments)
Pb Ground water, PEEK FAAS On-line complex 0.32 g Lt 3.6-300 pg L 2.2% at 50 pg L 95-97% NIST CRM 22 mL 110 20 h? 110
26 river water, formation with (n=11) 1643e trace
27 coastal 0.5% (m/v) DDPA elements in
28 seawater in water/ water,
29 IBMK (°IAEA-433
marine
30 sediment,
31 BCR 278-R
32 trace
33 elements in
34 mussel
tissue)
35 Pb Seawater, (*tap  Filamentous FAAS pH 4.0 (HNOs)/ 0.78 pg L! 2.5-10 pg Lt 9.1-1.8% at 2.5- 96-104% NASS-5 250 mL 868 n.a 1
36 water) fungal 1M HCI 100 pg Lt (n=5) seawater
37 biomass-
38 loaded TiO,
39 NPs
40
41
43
44
45
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Matrices in brackets indicated with a * are not within the scope of this review.
Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
n.a.: not available.
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Abbreviations:

IIHC: ion imprinted polyvinylimidazole-silica hybrid copolymer
MPTMS: mercaptopropyltrimethoxysilane

MWCNTSs: multi-walled carbon nanotubes

NP: nanoparticle

PEEK: polyether ether ketone

SiMAG: silica maghemite

TMA: 2-thiozylmethycrylamide

WCNT: wall coated nanotubes
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1
2
3
: Table 3: On-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total metal
6 concentration of rare earth elements, precious metals and actinides in natural waters. (All units as in the original publication)
7
. Sample Sample  Enrich Sample

8 Analyte Matrix Solid phase :::t::iu?:; treatment Figures of merit Validation volume ment throughput Ref
9 q /Elution factor
10 DL Linear range Precision Relative
11 Recovery
12 Rare earth elements
13 REEs (incl.  Seawater Toyopearl AF ICP-MS pH 0.002 ng kg* Upto 200 ngkg  Y6% (n=5) 93-106% CASS-4, SLEW-3  6mL n.a. 11 h? 12
14 Y) Chelate 650M® 5.5+0.2 (Tm)-0.078 ng kg*  ; Tm: 100 ng coastal
15 (AcNH,)/ (Ce) kg seawaters

0.8 M
16 HNO;
17 La, Ce, Lake water, GO-TiO, ICP-OES pH5/ 0.13-2.64 ng mL? 0.5-1000 ng mL 3.2-8.6% at 10 >90% (°GBWO07301a 7 mL 10 12 h? 31
18 Eu, Dy, Yb  river water, 1M HNO; 1 ng mLt(n=7) stream
19 seawater sediment)
2 REEs Seawater SDCC (Nobias PB  ICP-MS pH 6 0.00008-0.04 pg n.a. < 3.3% for 97-100% Previous results 50 mL n.a. n.a. 2

0 1M) (AcNH,)/ mL? seawater (n=4)

21 2 M HNO,
22 REEs (incl.  Seawater Nobias PA 1 ICP-MS pH6 1-36 ppq 0.1-10 ppt < 15-23% for 94-102% NASS-5 7 mL 15 15 30
23 Y) (AcNH,)/ 2000 m seawater, min/sample
24 1.5M seawater (°VIDAC18

HNO; + sample (n=50) Portuguese
25 0.4% mineral water
26 acetic acid (1:10 diluted))
27 REEs Lake water SDCC (Nobias PB  ICP-SFMS pH5 0.013-0.15 pg mL n.a. 1.03% 96-104% NMIJ 7201-1 10 mL n.a. 3 min/sample 28
28 1 M) and (AcNH,)/ 1 river water

InterSEP ME1 2 M HNO;

29
30
31 REEs (incl.  River water EDTriA-type ICP-OES pH5 0.002-0.095 ng n.a. <10%at1lng >95% SRLS-4 river 20 mL 83-120 12 ht 26
32 ScandY) chitosan (AcNH,)/ mL? mL? water
33 2 M HNO;
34 REEs (incl.  River water Chitosan based ICP-OES pH5 0.002-0.25 ng mL n.a. <10% 90-110% SRLS-4 river 20 mL 21-102 11 h? 19
35 ScandY) chelating resin (AcNH,)/ 1 water

15M
36 HNO;
37 REEs Coastal SDCC (PAPC) ICP-SFMS pH5 0.005-0.09 pg mL~ n.a. <10% 93-99% NASS-5 10 mL 9.6 6 min/sample %7

seawater AcNH, seawater

38 ( )/ !
39 2 M HNO;
40
41
42 26
43
44
45
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Precious metals

Ag, Au, Ir,  Seawater, Functionalized ICP-OES pH 3.0 Ag: 0.5 pug Lt Ag:3.0-5000 pg  Ag:3.2% Ag: 90- TMDA 54.4 16.8 Ag: 22 13 ht 99
Os, Pd, Pt  mineral water magnetic (glycin- Au: 0.6 ug L* Lt Au: 2.6% 106% fortified lake mL Au: 29
(*spiked tap graphene oxide HCI)/2% Ir: 0.2 g L* Au: 4.8-3500 pg  Ir:3.1% Au: 90- water Ir: 9
water) (wt/vol) Os: 1.2 gL Lt Os: 3.8% 104% Os: 33
thiourea Pd: 2.6 ug L Ir: 6.5-400 pg L't Pd: 4.0% Ir: 93- Pd: 6
in 4% Pt: 0.4 pg L Os: 7.7-400 pg Pt: 3.8% at 25 113% Pt: 28
(wt/wt) Lt pg Lt (n=11) Os: 90-
HNO; Pd: 8.3-5000 ug 104%
Lt Pd: 95-
Pt:2.8-5000 pg 106%
Lt Pt: 86-
106%
Ag Estuarine - Dowex AG1X ICP-MS None/ 0.06 ng kg* LD-1000 ng kg* < 3% (n=5) 99-102% SLEW-3 7.5mL n.a. 7ht 40
and seawater 25M estuarine
HNO; water, CASS-4
coastal
seawater
Pd Groundwater,  Polyaniline ICP-OES, No 0.0004 ng mL* 100 (ICP- <3% >99% Standard 250 mL 125 n.a. 37
lake water, ICP-MS acidificati OES)/0.22 (ICP- additions
seawater on/ MS) ng mL?
3% HCl +
0.06%
thiourea
Actinides
Th, U Seawater, UTEVA ICP-MS Acidified 0.4ngl%28ngl 0-200 pg L* 1.7%at2.5ngl  >90% (°BCR-320R 8 mL 13 9 ht 53
well water, to 3M 1 1(n=5) channel
mineral HNO,/ sediment)
water, fresh 0.05M
water, (*tap H,C,0,/0.
water) 01M
HNO,

Matrices in brackets indicated with a * are not within the scope of this review.

Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
n.a.: not available.

Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.
Abbreviations:
3-MPTMS: 3-mercaptopropyltrimethoxysilane
AC-TBAH: tetrabutylammonium hydroxide-modified activated carbon
AF-MMPs: amine-functionalized magnetite microspheres
APS: 3-aminopropyltriethoxysilane
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Bromo-PADAP: 2-(5-Bromo-2-pyridylazo)-5-(diethylamino)phenol

CNTs: carbon nanotubes

CTAB: cetyltrimethylammonium bromide

DDTC: diethyldithiocarbamate

DPTH gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel

EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan

GO-TiO,: graphene oxide titanium dioxide

IIHC: ion imprinted polyvinylimidazol-silica hybrid copolymer

MNPs-PAA: magnetic nanoparticles with polyacrylic acid

MWCNTSs: multi-walled carbon nanotubes

OASIS HLB: poly(divinylbenzene-N-vinylpyrrolidone) co-polymeric beads

PAPC: divinylbenzene-methacrylate copolymeric resin containing polyaminopolycarboxylic acid groups = ethylendiaminetriacetic acid and iminodiacetic acid groups
PDDA: poly(diallyldimethylammonium chloride

PMMA: poly(methyl methacrylate)

PSTH-cpg: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass
Salen/Cd(ll) complex: (cadmium(ll) 2,2'-{ethane-1,2-diylbis[nitrilo(E)methylylidene]} diphenolate)

S-CS-MWCNTs: Schiff base-chitosan grafted multiwalled carbon nanotubes
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Table 4: On-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the speciation of metals in natural waters. (All

units as in the original publication)
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Analyte

Fe(ll)/
Fe(lll)

v(v)/
V(Iv)

cr(iny/
cr(vi)

Cr(VI)

Cr(ln)/
Cr(VI)

Matrix

Ground
water,
River
water,
seawater
(*tap
water)

Seawater,
fresh water

Seawater
(surface
coastal)

Snow
water,
spring
water, river
water

Mineral
water, lake
water,
(*waste
water)

Solid phase

Non-
functionalize
d acrylate
resin

CTAB-
modified alkyl
silica
Amberlite IRA
910, DPTH-
gel

PDDA-
MWNTs

SWCNTs

Sample
treatment/
Elution

Fe(ll): pH 5
(evacuation
by air);
Fe(lll): pH 4
(evacuation
by water)

pH 2.5 and
6.0/

1 M HNO;
pH 5.5
(NaAc)/

2 M HNO;

pH 6/
0.1M
ammonium
nitrate

pH 3 (HNO,
CH;COONa)/
1.2 M HNO;,

Detection
technique

ICP-MS

ICP-OES

ICP-MS

ETAAS

ICP-MS

DL
Fe(ll): 1 ng L

Fe(lll): 1-2 ng L*

V(V): 0.03 pg L*

0.03 ug LY/
0.009 pg L

0.016 ug Lt

0.01 ng mLY/
0.024 ng mL?

Figures of merit

Linear range
5-5000 ng Lt

0.1-500 pg L*

DL-60 pg L*

0.05-1.5 ug Lt

0.1-100 ng mL*

Precision
n.a.

V(V): 4.3%
total V: 4.0% at
5 pg L™ (n=9)
2.6%/

3.2% at

0.3 pg L*(n=10)

3.9% at
0.5 pg L (n=11)

<2.1%/
4.0%

at 1 ng mL?
(n=9)

Relative
Recovery
Total Fe:
97-115%
Fe(lll):
89-110%
Fe(ll): 89-
108%

>90%

98-113%

100%

>90%

Validation

SLEW-3, 1640a,

1643e trace metals

in natural waters

GSBZ50029-94
environmental
water

SLEW-3, LGC6016
estuarine waters,

TMDA-54.4 fortified
lake water (1:100)

GBWO08608 trace

elements in water

spiking experiments

Sample
volume

1mL

3mL

4 mL

1000 pL

20 mL

Enrich
ment
factor

Fe(lll)
pH 4:
10.1
Fe
(MpH
5:13.3
Fe(Il)
pH 5:
20.9
27.9

2.4/3.7

8.6

63

Sample
throughp
ut

7.5ht

24 ht

7.5ht

9ht

113

62

114

55

115

Ref
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1
2
3
4 Cr(VI1) Mineral Functionalize pH 2 (HCl)/ ETAAS 1.2ngl? n.a. 2.5% at 100% Recovery studies; 2mL 27 21h? 54
5 water, river  d meso- 0.1M 0.50 pg L* total conc.: SRM
6 water porous silica NH,0H-HCl in (n=10) 1643e trace
7 (*effluent (APS) 1 M HC elements in water
water)
8 Cr(l1y/ Lake water,  Mesoporous pH 4.0 (NH;3 ICP-MS 3.4nglLY/ n.a. 2.8%/ >90% GSBZ50027-94, 0.5mL 5 8 ht 59
9 Cr(VI1) mineral Al,O; H,0/HNO;)/ 74 ng Lt 3.9% at GSBZ50004-88
10 water (*tap 0.01 M NaOH 1 ng mL? (n=7) environmental
1 water) waters
12 Cr(ln)/ River water  C. Vulgaris/ pH 6/ ETAAS 0.02 pg LY/ 0.1-2.5 pug LY/ 1.9%/ 100%/99  GBWO08608 trace 600 pL 10.5/ n.a. 56
Cr(V1) (* tap 717 anion 0.04 M/1.0 M 0.03 pg L 0.12-2.0 yg L 2.5% at % elements in water 11.6
13 water) exchanger HNO; 1.0 ug Lt (n=11)
14
15 As(lll)/ Lake water,  Mesoporous pH 4.0 (NH; ICP-MS 0.7 ng LY n.a. 3.1%/ >90% GSBZ50027-94, 0.5mL 5 8 ht 59
16 As(V) mineral Al,O; H,0/HNO;)/ 18 ngL? 4.0% at GSBZ50004-88
water, 0.01 M NaOH 1 ng mL? (n=7) environmental
17 (*tap waters
18 water)
19 As(Il1)/ River (CTAB)- None/ ICP-OES As(V): 0.15 pg Lt 0.5-1000 pg L As(V): 4.0% at n.a. BW3209 (0602), 3mL 26.7 24 ht 116
20 As(V) water, lake modified alkyl 1 M HNO; 5.0 ug L (n=9) BW3210 (0602),
water, well silica sorbent GSBZ 50031-94
21 water, rain (203706)
22 water environmental
23 waters
24
25 Se(Iv)/ River (CTAB)- None/1 M ICP-OES Se(VI): 0.10 pg L* 0.5-1000 pg L* Se(VI): 3.6% at n.a. BW3209 (0602), 3mL 27.6 24 ht 116
Se(VI) water, lake modified alkyl HNO; 5 ug Lt (n=9) BW3210 (0602),
26 water, well silica sorbent GSBZ 50031-94
27 water, rain (203706)
28 water environmental
29 waters
30 Se(Iv)/ Lake water,  Nanometre pH 3.5/pH 6/ ICP-MS 45-210 ng L n.a. 7.0-9.7% at 0.8 n.a. 4 mL 1-5 5ht 61
31 Se(Vl), (*biological  sized Al,05/ 0.2 M NaOH ng mL? (n=7),
32 SeCys/ samples) mesoporous 3.6-5.8% at 5 ng
33 Se-Met TiO, mL? (n=7)
34 Matrices in brackets indicated with a * are not within the scope of this review.
n.a.: not available.
35
36 Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.
37 Abbreviations:
38 3-MPTMS: 3-mercaptopropyltrimethoxysilane
39 AC-TBAH: tetrabutylammonium hydroxide-modified activated carbon
40
41
42 30
43
44
45
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AF-MMPs: Amine-functionalized magnetite microspheres

APS: 3-aminopropyltriethoxy silane

CTAB: cetyltrimethylammonium bromide

DDTC: diethyldithiocarbamate

DPTH-gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel

EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan

GO-TiO,: Graphene-oxide-titanium dioxide

MW(CNTSs: multi-walled carbon nanotubes

PAPC: divinylbenzene-methacrylate copolymeric resin containing polyaminopolycarboxylic acid groups = ethylendiaminetriacetic acid and iminodiacetic acid groups
PDDA: poly(diallyldimethylammonium) chloride

PMMA: poly(methyl)-methacrylate

PSTH-cpg: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass

S-CS-MWCNTSs: Schiff base-chitosan-grafted multiwalled carbon nanotubes

SSDC: syringe driven chelating column (packed with divinylbenzene-methacrylate co-polymeric resin containing polyaminopolycarboxylic acid groups (PAPC) = ethylendiaminetriacetic acid and iminodiacetic acid
groups

SWCNTSs: micro-column packed single-walled carbon nanotubes

TAR: 4-(2-thiazolylazo)resorcinol

TMA: 2-thiozylmethycrylamide

UTEVA: Uranium and TEtraValent Actinides - diamyl amylphosphonate (DAAP) functionalized

31
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1
2
3
: Table 5: Methods employing cold vapour generation (CVG) and hydride generation (HG) techniques for the matrix separation and preconcentration of
6 metals in natural waters. (All units as in the original publication)
7 S |
. . ample
8 Analyte Matrix Solid phase Detec.'uon Sam.ple treatm(.ant/ Figures of merit Validation Sample Enrichment through- Ref
9 technique Elution/Reduction volume factor put
10 bL Linear Precision Relative
11 range Recovery
12 Hg Natural water Dithizone AFS Sample pH: 4.0; 0.02 pg L! 0.06- 5.2% (n=7) 90-105% Standard 50 mL 29 5ht w7
13 samples chelate Reduction: 1.5% (m/v) NaBH, 3.0ug at0.5 pg Lt addition/
in 0.5% (w/v) NaOH; Elution: Lt recovery
14 1.5 mol L'* HCI experiments
15 Pt, Pd, Spiked DPTH- ICP-OES Water samples: pH 1 (HCI); Pd: 1.5 ug L n.a 2.6-8.5%at  92-108%  TMDA 54.4 12 mL Pd: 20 17 h 7
16 Os, Ir, Rh,  seawater (*tap MNPs (*acid digests: pH 0.9 (NaOH)/ Ag:0.03 pg L? 0.74-14.7 fortified lake Ag: 206
17 Ag, Au water, 2.5% thiourea (w/v) in 6% 0s:0.65 pg L ug Lt water, SRM Os: 9
environmental (w/w) HCI/ Au: 0.62 pg L-1 1643e trace Au: 18
18 samples) 2.1% (w/v) NaBH;in 0.1% (w/v)  Ir:0.57 pg L* elements in Ir: 17
19 NaOH) Pt: 0.63 pg L fresh water Pt: 144
20 Rh: 100 pg Lt (°NIST 2557 Rh: 3
21 autocatalyst)
22
23 Sb, Bi, Sn,  Seawater, river DPTH-silica ETAAS pH 2.2 (glycine/HCl)/ Sb: 0.009 pg L* 0.025- 1.9-2.4%at  91-103% T™ 24.3, 3mL Sb: 4 7.5h? 69
24 Hg water gel Sb, Bi, Sn: 3.1% HCl, Hg: 4.6% Bi:0.001pgl?  25ug  lpgl? TMDA 54.4 Bi: 18
25 thiourea/ Sn:0.18 ug L* Lt (n=11) fortified lake Sn: 7
0.6% (w/v) NaBH;in 0.1% (w/v)  Hg:0.17 pg L* waters Hg: 9
26 NaOH
27
28 Pb, Cd, Natural waters DPTH-silica ICP-MS pH 5.0 (acetic acid/sodium Pb: 9 ng L DL-30.0 2.5-2.9% at  985- TMDA-54.4 5.4 mL Pb: 16.4 10.4 ht 70
Hg including gel acetate)/ Cd: 17 ng L? ug Lt 0.5 pgL? 105% fortified lake Cd: 25.1
29 seawater 1.5% (w/w) thiourea in 1.5% Hg: 12 ng L (n=9) water, Hg:27.3
30 (w/w) HNO,/ LGC6016
31 Pb: 1.25% (w/v) NaBH, + 3% estuary
32 (w/v) K3Fe(CN)s; Cd and Hg: water, CASS-5
33 1.25% (w/v) NaBH, in 0.1% seawater
(w/v) NaOH
34 Sb, Bi,Sn  Seawater DPTH-silica ICP-MS pH 3.5 (0.75% cysteine added)/  Sb: 0.01 pg L* DL-60.0 1.1-1.5% 97-108% Diluted 4.8 mL Sb: 7.0 12 h? 118
35 gel 4% HNOs/ Bi: 0.002 pg L? pg Lt (n=10) TMDA-54.5, Bi: 8.6
36 0.5% NaBH,4 in 0.1% NaOH Sn: 0.142 pg L? T™M-24.3 Sn: 2.5
37 natural
waters
38
39
40
41
42 32
43
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As

Sb

Cd

Pb

Hg

River water, tap
water, mineral
water, (*waste
water)

River- and
seawater

Seawater,
ground water

Seawater, river
water

River water

none

DPTH-silica

gel

none

PSTH-cpg

none

AAS

ETAAS

AAS

ETAAS

ICP-MS,
MC-ICP-MS
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0.01 mol L' HCl/

4.0 mol LT HCI/

1.0% (m/v)NaBH4 in 0.1%
(m/v) NaOH

pH 5.0 (acetic acid/

sodium acetate)/

2.0% thiourea in 4.0% HNO,/
0.5% (w/v) NaBH, in 0.1% (w/v)
NaOH

2 mol L't HCI/

0.75% (m/v) thiourea in 0.05
mol L't HCl/

6% (w/v) NaBH, in 0.5% (m/v)
NaOH

pH 6.0 (NaH,PO,/Na,HPO,)/
1% (v/v) HCI/

2.6% (m/v) NaBH, + 3% (m/v)
(K5Fe(CN)g) in 0.5% (m/v) NaOH

stabilization (K,Cr,05), isotope
dilution/

0.2% (w/w) NaBH, in 0.05%
(w/w) NaOH

Matrices in brackets indicated with a * are not within the scope of this review.

Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.

n.a.: not available.

0.05 pg L

1nglL?

5.8 ngL?

3.0nglL?

0.25ng L?

0.15-
6.0 ug

0.025-

2.5pug
L—l

19.3 ng
L5 ug
Ll

n.a.

3.2%at 2.0
pg Lt
(n=10)

0.9% at 1
pg Lt
(n=11)

1.4-2.9% at
0.25and
2.5pglL-1

2.5% at 50
ng Lt
(n=10)

0.6-2.9%
for ERM-
CA615
(n=3)

96-102%

98-108%

94-101%

97-105%

n.a.

Reference
method
based on on-
line FI-HG-
AAS (FIAS
400)

TMDA 54.4
fortified lake
water, SLRS-5
estuarine
water

CASS-4
seawater

TMDA 54.4
fortified lake
water,
LG6016
estuarine
water

ERM-CA615
ground water

3mL

5mL

2mL

6.4 mL

500 pL

n.a.

22

n.a.

10-50

9 ht

20 ht

87 ht

18 h?

40 h?

66

119

67

71

68
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Abbreviations:

cpg: controlled pore glass
DPTH: 1-(di-2-pyridyl)methylene thiocarbonohydrazide
MNP: magnetic nanoparticle
PSTH: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide
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1
2
3
: Table 6: Methods employing cold vapour- and hydride generation techniques for the speciation of metals in natural waters. (All units as in the original
6 publication)
7
8 Detection Sample treatment/ Figures of merit Sample Enrich Sample

Analyte Matrix Solid phase . .p . & Validation P ment throughp  Ref
9 technique elution/reduction volume

factor ut

10 LoD Linear Precision Relative
11 range Recovery
12 As(Il1)/ Groundwater CI-SAX AAS None - neutral sample/ As(ll): 0.5 pg L! 1.7-25g L? <2% at 98-106% NIST 1643e 500 pL n.a 60 ht 7
13 As(V)/ As(I1): 3.5 mol L HCI/ iAs: 0.6 pug Lt SuglL? trace

total iAs 0.35% (m/v) NaBH,in (n=3) elements in
14 0.025% NaOH water
15
16
17 iHg/ Lake water, PANI ICP-MS None - neutral sample/ 25.2 pg mLY/ 0.1-10 ng 2%/2.5% 96-102% (°ERM-CE463, 100 pL iHg:240; 10h* 73
18 MeHg ground water, MeHg: 0.5% HCl, iHg: 2% 32.4 pg mL? mL? atlng ERM-CE464, MeHg:12

seawater, (*tap HCl + 0.02% thiourea/ mL? IAEA 350 fish 0
19 water, fish 1% NaBH, (n=10) tissues)
20 tissue)
21 iHg/ Seawater DPTH-silica ICP-MS pH 5.0 (acetic acid/sodium ~ MeHg: 0.011 pg L* DL-70 pgL'*  MeHg: 92-107% LGC 6016 4.6 mL MeHg: 7.1h? 74
22 MeHg gel acetate)/ iHg: 0.024 pg L* 2.8% estuarine 4.7
MeHg: 0.2% HCl, iHg: 0.5% iHg: 2.6% water, (°SRM iHg: 11

23 HCl + 0.1% thiourea/ at2 uglL? 2976 mussel
24 0.25% (w/v) NaBH, in 0.5% (n=10) tissue)
25 (w/v) NaOH
26 sb(i1)/ Seawater, river  PSTH-cpg/  ICP-MS pH 8.4 (boric acid/borax)/  Sb(lll): 0.05-80 pg LT Sb(llI): Sb(lll): 97-105%  SLRS-5 river 2.2mL sb(lll):  9ht 6

Sh(V) water, lake Amberlite 0.04% thiourea in 5% Sb(V): 0.05-80 ug L'*  0.013 ugL*  4.6% water, TMDA- 5.5
27 water IRA-910 HNOs/ Sb(V): Sb(V): 54.4 lake Sb(V):
28 0.2% (m/v) NaBH, in 0.05% 0.021pgl?  3.0% water 3.9
29 NaOH (n=10)
30 Matrices in brackets indicated with a * are not within the scope of this review.
31 Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.

n.a.: not available.
32 Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.
33 Abbreviations:
34 DMA: dimethylarsinic acid
35 PANI: polyaniline

DPTH-silica gel: 1,5-bis(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel

36 MNPs: magnetic nanoparticles
37 PSTH-cpg: [1,5-bis(2-pyridyl)-3-sulfonphenyl methylene]thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass
38
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Table 7: Methods employing liquid-liquid-micro-extraction for the matrix separation and preconcentration of metals in natural waters. (All units as in the

original publication)

Detection Sample Disperser/complexi Sample Enrichme Sample
Analyte Matrix . . Figures of merit Validation throughp  Ref
technique treatment ng solution volume nt factor ut
Relative
DL Linear range Precision Recovery
LLME
Pb Coastal FAAS pH 2 (HNO3;)  DDPA/chloroform 1.5pglL? 5.0-280 pg L* 2.7% at 95-102% CRM 1643e trace 6 mL 130 13 h? 7
water, ditch 40.0 g L! elements in
water (n=9) natural water,
(°BCR 278-R
mussel tissue)
Pb Lake water, FAAS pH 2 (HNO3;)  APDC/chloroform 1.8 ugL? 6.0-300 pg L* 2.9% at 50 94-98% CRM 1643e trace 10 mL 125 7ht 83
coastal water ugL? elements in
(n=10) natural water,
(°BCR 278-R
mussel tissue)
Tl River water, FAAS pH 2.0 Methanol 0.86 ug L 2.8-120 ug L 2.7% at 20 94-98% SRM 1643e trace 15 mL 290 16 ht 87
lake water, (HNO;) containing 0.6% ug Lt elements in
coastal (v/v) ([Hmim][PF¢]; natural water,
seawater Elution: MIBK; (°SRM 2704 river
(*tap water) Support: PUF micro sediment)
column
U Ground ICP-OES, pH1 APDC/CTAB; ICP-OES: 2.0 pg ICP-OES: ICP-OES: 90-105% BCR 403 North 10 mL 11-25 n.a. 79
water, ICP-MS extraction into Lt 5-200 pg LY 5% at10and  Seawater, laser
seawater chloroform, back ICP-MS: 30 ng L~ ICP-MS: ICP-MS: S5uglL? fluorimetry
extraction into 1 50-5000 ng Lt 4% (n=6)
HNO;
Ag River water, FAAS 0.1 mol Lt DDTCin 0.3% (m/v)  0.15 ug L 0.40-20 pg L 2.9% at 96-99% NIST CRM 1643e 16.2 186 12 ht 8
seawater, HNO; methanol; SuglL? trace elements in
(*waste Elution: MIBK; (n=10) natural water
water) Support: PEEK-
microcolumn
Pb, Cd Natural ETAAS None Methanol Pb: 10 ng L* Pb: 0.04-1.5 g Pb:3.8% at  94-98% NIST CRM 1643e 8.1mL Pb: 80 10 ht 8
waters (river containing 2% (v/v) Cd:2nglL? Lt 0.5 pgL? (n=3) trace elements in Cd: 34
water, coastal xylene a + 0.2% Cd: 0.006-0.150  Cd: 4.1% at natural water
seawater) (m/v) APDC; ug Lt 0.03 pg L!
Elution: MIBK;

35
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1
2
3
4 Support: PTFE-
5 tubing
6
7
) Vv River water, ETAAS pH 4.0 (5-Br-PADAP) + 4.8 ng Lt DL-15 pg L* 4.1% at 96-103% NIST CRM 1643e 5mL n.a 6ht 80
(*tap water) (aceticacid/  ([C4mim][PF6])RTIL; Sugl?t (n=6) trace elements in

9 acetate) Elution: 10% (v/v) (n=10) natural water
10 HNO; (in acetone);
11 Support: Florisil
12 Cd Seawater, ETAAS pH 2.0£0.2 DDPA/DIBK 0.01 pg L 0.03-0.6 pg L* 3.9% at 94-98% NIST CRM 1643e 15 mL 10 6 ht 82
13 river water (HNOs) 0.1pugl? trace elements in

(n=9) natural water
14 Cu, Pb River water, FAAS pH 1.4 Methanol Cu: 0.04 pg L*! 0.16-12.0 ug L* Cu: 2.1% 96-100% NIST CRM 1643e 12 mL Cu: 560 12 h? 84
15 coastal water (HNO3) containing 2% (v/v) Pb: 0.54 pg L at2.0 ug L?! trace elements in Pb: 265
16 xylene a + 0.3% Pb: 1.9% natural water
17 (m/v) DDPA; at30 ug L?

Elution: MIBK; (n=10)
18 Support: PTFE-micro
19 column
20 Cr Spring water, ETAAS pH 3.5 APDC 0.02 pg L! 0.5-6 pg Lt 7% (n=6) 90-103% (°CRM 544 2.5mL 20 n.a 81
21 river water, (phthalate lyophilized
seawater buffer) solution (no real
22 matrix))
23 Matrices in brackets indicated with a * are not within the scope of this review.
24 Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
25 n.a.: not available.
26 Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.
Abbreviations:
27 APDC: ammonium pyrrolidine dithiocarbamate
28 ([C4mim][PF6])RTIL: 1-butyl-3-methylimidazolium hexafluorosphosphate room temperature ionic liquid
29 ([Hmim][PF6]): 1-hexyl-3-methylimidazolium hexafluorophosphate ionic liquid
30 (5-Br-PADAP): 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol
31 CTAB: cetyltrimethyl ammonium bromide
DDPA: ammonium diethyldithiophosphate

32 DDTC: sodium diethyldithiocarbamate
33 DIBK: di-isobutyl ketone
34 MIBK: methyl isobutyl ketone
35 PUF: polyurethane foam
36
37
38
39
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Figure captions

Figure 1: A conceptual diagram of the combination of on-line FI/SI sample preparation with

atomic spectrometric detectors.

Figure 2: A conceptual diagram of the combination of on-line FI/SI sample preparation with
atomic spectrometric detectors. Reproduced from ¢ (Talanta 133 (2015) 164, authored by
Robert Clough, Hagit Sela, Angela Milne, Maeve C. Lohan, Serife Tokalioglu and Paul J.

Worsfold), with permission from Elsevier.

Figure 3: Fl microcolumn preconcentration/separation system for simultaneous speciation of

Se(IV) and Se(VI), selenocysteine and selenomethionine, prior to ICP detection.

Figure 4: Schematic illustration of a sequential injection system for automatic DLPME of trace
elements as a front end to ETAAS. Abbreviations: S, sample; MeOH (APDC, xylene), extracting
solvent composed of 2.0% (v/v) xylene and 0.2% (m/v) APDC in methanol which acts as
dispersant; P, peristaltic pump; SP, syringe pump; MV, multi-position valve; V, head valve; HC,
holding coil; C, micro-column containing sorbent; CC, confluence connector; DT, delivery tube;
GF, graphite furnace of ETAAS. Reprinted from & (A.N. Anthemidis, K.-1.G. loannou / Analytica
Chimica Acta 668 (2010) 35—-40, Copyright (2010)), with permission from Elsevier.
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We would like to thank all reviewers for their valuable and encouraging comments to improve the
manuscript!

Responses address the suggestions and comments expressed in each review and changes based on
these are pointed out clearly. The following changes have been performed based on the reviewers’

comments and suggestions:

Referee: 1

This is a review article well-written and well-organized collecting the most relevant literature about
on-line strategies for matrix separation and/or preconcentration and speciation of metals in natural
waters prior to atomic spectrometric detection. The presented manuscript reflects well the state of
the art the concerned topic, and the authors have offered their critical conclusions and future
perspectives, however some recent developments, such as magnetic solid phase extraction (MSPE) or
the methods on-line with High Resolution Continuous Source Electrothermal Atomic Absorption
Spectrometry (HR-CS-ETAAS) have been missed. Thus, in my opinion the article is worth to be
published in JAAS, however, authors should include in their discussion the above mentioned
developments. Also some other remarks must be addressed before its final publication. All these

suggestions have been listed below:

1. In the last years an improved technique SPE, magnetic SPE, based on magnetic nanosorbents has
appeared as a promising technique. MSPE has been little used online with atomic detection despite of
its advantages in front to MSPE “in batch”. There are some papers included into different Tables (1,2,3
and 5) which employ MSPE, however no discussion about this new development appears along the
manuscript.

Answer: A general description about MNPs has been added to section 3.1, followed by a brief
description of a study using MSPE for the extraction of Mn, Co, Cu, Zn and Pb (Lee et al. 2009).

In section 4, a method for the determination of precious metals by magnetic SPE-ICP-OES and CVG is

mentioned.

2. On the same way, no method has been included with a relatively recent technique, HR-CS-ETAAS,
despite of the advantages of this technique as improved signal stability, superior background
correction potential, capabilities to monitor narrow molecular “lines” which permit the determination

of non-metals, improved linearity by making use of side pixels, and possibility to sequential or
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simultaneous multielemental determination. This instrument has been successfully coupled on-line
with CVG/HG and SPE through the use of a Fl system and a permanent modifier such as iridium. HRCS-
ETAAS has opened the possibility of achieving even more rapid quantitation of some elements and
with the incorporation of Fl systems for automation of sample pretreatment, as well as chemical vapor
generation renders into a feasible option for detection of elements, such as As, Hg, Sb, Sn, etc., in
environmental control studies.

J. Sardans, F. Montes, J. Penuelas, Spectrochim. Acta Part B, 2010, 20, 447-491.

M.M. Lépez Guerrero, M.T. Siles Cordero, E. Vereda Alonso, J.M. Cano Pavdn and A. Garcia de Torres,
J. Anal. At. Spectrom., 2015, 30; 1169-1178.

A. Cardenas Valdivia, M.M. Lépez Guerrero, E.l. Vereda Alonso, J.M. Cano Pavén and A. Garcia de
Torres, Microchem. J.,, 2018, 138, 109-115.

Answer: AAS methods based on HR-CS instrumentation were also added in the Introduction section.

A paragraph on HR-CS-ETAAS has been added and the above mentioned publications (2 and 3) have
been referenced, further, details given in the 2018 Cdrdenas Valdivia et al. publication were added to
Table 5.

Answer: The first reference on Sardans et al. refers to soils and sediments and thus it is outside the

scope of the review.

3. It is true that many acronyms are well known by potential readers of the article, however, in my
opinion, the meaning of all the acronyms in the manuscript should be written the first time they appear
in the text, e.g. in page 5, Introduction and Flowthrough approaches and interfaces sections, ICP-MS;
ICP-OES; FAAS; qQg; SF.

In page 7, line 28, on the contrary, FAAS was described although had already appeared before, but not
ETAAS. Other acronyms without definition are: USGS in page 11, line 38, or Sl in page 12, line 25.

Answer: All acronyms were carefully revised throughout the manuscript and explained.

4. Section 3.3 Precious metals, authors commented that there were few publications reporting the
automation and online separation/preconcentration of precious metals from natural waters, and they
critically commented a method published more than 10 years ago (36), however the same research
group has published improved and more recent articles, e.g.

M.L. Alonso Castillo, A. Garcia de Torres, E. Vereda Alonso, M.T. Siles Cordero and J.M. Cano Pavon,
Talanta, 2012, 99, 853-858.

Answer: This reference has been added and information is given in the respective section and table.
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5. Section 3.5. Metal speciation, page 14, line 49, in my opinion some reference of some Directive
should be included.
Answer: This paragraph was revised since no environmental quality standards and limits, respectively,

are set by legislations until now.

6. Page 15, line 8, the reference 57 was later repeated as 114, perhaps there was some confusion with
a less recent paper about chromium speciation of the same research group based on SPE coupled on-
line with ETAAS, in which it was used an original and fully automatic, home-made approach: the sample
tip of the autosampler arm was replaced by a microcolumn containing the adsorbent resin, and a
peristaltic pump together with a selection valve were readily controlled electronically via two switches
on the autosampler try that were actuated when the autosampler arm was down.

M.T. Siles Cordero, E.I. Vereda Alonso, A. Garcia de Torres and J.M. Cano

Pavdn, J. Anal. At. Spectrom., 2004, 19, 398-403.

Answer: Reference 114 was redundant and hence, has been deleted. The additional reference has not

been considered for this review manuscript as it does not fit in the respective timeframe.

7. Page 18, after line 50, Table 6 was unmentioned along the text.

Answer: The reference to Table 6 has been inserted in the text.

8. Table 6, this table has collected only four papers about methods employing CVG/HG techniques for
the speciation of metals in natural waters. There is an article using MSPE on line with HG-ICP-MS for
the inorganic As speciation that, in my opinion should be mentioned. Besides, the acronym MNPs
(magnetic nanoparticles) appears as footnote on Table 6.

P. Montoro Leal, E. Vereda Alonso, M.M. Lépez Guerrero, M.T. Siles Cordero, J.M. Cano Pavén and
A. Garcia de Torres, Talanta, 2018, 184, 251-259.

Answer: The acronyms in the footnote of Table 6 have been revised and the Table has been enhanced
with the method details of the above mentioned publication. In addition, a paragraph briefly describing

the approach has been added in Section 4.

9. There are some other repeated references: 10 and 76; 20 and 101; and 58 and 115.

Answer: These references were checked and corrected.

Other minor remarks:
Page 8, line 10, Giakisikli instead of Giakasikli

Page 8, line 37, Is this format (e.g.20) correct?
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Page 22, lines 9-11, RSD units for Sb and Hg were missed (%)

Answer: That has been corrected.

Referee: 2

This manuscript is a well-structured and useful review, that evaluates the research achievements with
regard to strategies for on-line sample treatment prior to atomic spectrometric determination of trace
elements in natural waters and emphasizes on flow injection and related flow based approaches. It
provides a critical overview of 119 references from the last 10 years. The article fully complies with the
requirements for publication in JAAS and should be published with minor changes.

Some comments:

Figures in the manuscript are doubled Pages 41 — 44 and Pages 52-55

| would suggest removing the figures 2, 3 and 4, but if the editor do not agree, the figures should be of
better quality.

Answer: We would like to keep these figures in as they make the paper more informative and readable,

as expected in critical reviews in JAAS.

Page 40 - Caption in Figure 1 - Authors should provide an explanation of the abbreviations used in the
figure, e.g. PP, peristaltic pump; SP, syringe pump....

Page 40 - Caption Figure 3 - Insufficient explanation of the figure.

Answer: Abbreviations (for Figure 1 and 3) and a more detailed explanation of Figure 3 have been added

in the Figure captions.

Page 30, Line 5 - "99" must be in SuperScript format, the same is for Page 50, Line 6 “88”
Careful checking of all tables is required to print all units in the same line
e.g. "ngL-1" NOT "ngL-1

Answer: The formatting has been carefully checked throughout the manuscript.

Referee: 3

The manuscript presents a review of on-line strategies for matrix separation and/or preconcentration
and speciation of metals in natural waters including marine waters, fresh waters, groundwater and
precipitation prior to atomic spectrometric detection. In my opinion, this review is well written and
well organized. | appreciated the presence of tables reporting the matrix, conditions adopted in each
paper and figures of merit. In my opinion, this manuscript can be accepted for publication after

revision.
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Section 3.2: most of the studies in literature (presented in Table 3) reported the determination of REEs
using quadrupole based ICP-MS or ICP-OES. The determination of REE using these techniques is
impaired by the occurrence of several spectral interferences (mostly oxides in the case of ICP-MS). A
comment about this should be added to section 3.2 and approaches used for the minimization of these
interferences should be highlighted.

Answer: A paragraph concerning these comments has been added in the respective section.

Section 3.4, page 11, line 15: a comment can be added emphasizing that the method validation was
not properly performed, once a certified reference material of sediment (BCR-320R) was used and not
a matrix similar to the samples (such as seawater, well water, mineral water or fresh water).

Answer: A sentence concerning the lack of an appropriate CRM has been added.

Section 3.5, page 11: the first paragraph of this section has no references. References should be added
to support authors statements and also when directives are mentioned.

Stephan — could you please add a reference?

Answer: The following reference has been added: J. R. Bacon, O. T. Butler, W: R. L. Cairns, J. M. Cook, C.
M. Davidson, O. Cavoura and R. Mertz-Kraus, Atomic spectrometry update-a review of advances in

environmental analysis, J. Anal. At. Spectrom., 2020; 35(1), 9-53. Further, directives are referenced.

Section 4, page 13, line 35: the authors mentioned the use of reducing agents such as sodium
borohydride, but tin chloride can also be used for cold vapor generation of mercury. This information
should be added to manuscript.

Answer: A sentence concerning this has been added in Section 4: “It should be mentioned that for the

reduction of inorganic Hg, tin chloride can also be used. ”

Section 5, page 17, line 26: The authors mentioned that cloud point extraction techniques are
summarized in Table 7, but it just shows works using LLME. Also, cloud point extraction techniques are
just mentioned but no works were shown in the manuscript. If this technique is used for the analysis
of natural waters, it should be discussed during the manuscript and works should be shown.

Answer: All of the methods reviewed but one in the period surveyed are focused on LLME variants for

real sample analysis, and thus the reference to on-line CPE has been eliminated

Section 5, page 17, line 44: What do the authors mean with “a number of intriguing LPME variants”?
Please, let it clear to the readers.

Answer: The word “intriguing” has been replaced by “appealing”
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Section 5, page 18, line 1: The authors concluded this section mentioning that the main issue of FI/SI
systems incorporating LPE/LPME is that method validation is not properly performed (performed with
CRMs which are not similar to sample matrix). However, this is an issue that was also observed for the
other methods, such as SPE, CVG and HG. | think that, to conclude this section, the authors could add
a discussion comparing the recoveries, LODs and sample throughput of the LPE/LPME in comparison
with SPE, CVG and/or HG.

Answer: Further discussion of the limitations of FI/SI-LPE/LPME methods has been added to this section.
It should be noted that an overall comparison of the various sample preparation approaches is not
feasible because the figures of merit are analyte, matrix and detection technique dependant. However,

the analytical performance of the various approaches is comprehensively summarized in the tables.

Section 6: Not only in this section, but also during the entirely manuscript, the authors could emphasize
and discuss more thoroughly the advantages and disadvantages of each matrix
separation/preconcentration method (SPE, CVG, HG and LPME). A comparison between the analytical
performances of the different methods could be added to this section.

Answer: Each of the sections of the manuscript has been written critically with focus on the merits and
pitfalls of the various on-line sample preparation methods as applied to real samples. However, we
have expanded the conclusion section to highlight that SPE is by far the sample preparation approach

that offer superior performance in terms of reliability, enrichment capability and throughput.

Table 7, line 31: the sample volume unit is missing (16.2 ?).

Answer: The unit has been added.

Figure 1: The meaning of the abbreviations, such as “PP”, “S”, “R”, “E”, should be included on the figure
caption.

Answer: The abbreviations have been added to the Figure.

References: All references should be carefully revised. Page 14, line 33: the authors referred to
reference 65 when mentioning a work for Sb, Bi and Sn determination in sea water, but reference 65
is actually a work for Sb speciation. In Table 5, the reference for Sb, Bi and Sn determination is number
118. Also, duplicated references were also found (20 and 101, 58 and 115).

Answer: The references were carefully checked again and corrected.
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Abstract

This review discusses the application of on-line strategies for sample treatment prior to atomic
spectrometric detection. These strategies are based on flow injection and related flow-based
approaches and focus on publications that have been published in the last ten years and have
been explicitly applied to real world natural water samples (open ocean, coastal and estuarine
water, river water, lake water and groundwater) and matrix relevant certified reference
materials. The focus is on the use of solid phase extraction for matrix removal and analyte
preconcentration. For convenience of searching, methods are grouped by element type, i.e.
transition metals (plus zinc, cadmium, lead and arsenic), rare earth elements (the 15 lanthanides
plus scandium and yttrium), precious metals (platinum group elements plus silver and gold) and
actinide elements (the transuranic elements plus actinium, thorium, polonium and uranium).
There is a separate section on methods for elemental speciation. Other on-line treatment
strategies covered are cold vapour and hydride generation, and liquid phase microextraction.
Comprehensive method details and analytical figures of merit are provided for key selected

papers covering each of these strategies in associated tables.
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1 Introduction

Natural waters include marine waters (e.g. open ocean, shelf sea, coastal and estuarine), fresh
waters (e.g. river, stream, lake), groundwater and precipitation (e.g. rain, snow, ice). Each of
these reservoirs has a different chemical composition, including their trace element profile (see
e.g. 12?), that varies spatially and temporally but all are interconnected via the global water cycle.
Biogeochemical processes® impact on the fluxes of trace elements between these
compartments and their physico-chemical speciation* within each compartment.

The need to quantify trace elements in natural waters is driven by several factors. Some
elements or elemental species are toxic>, even at low concentrations, whilst others are essential
micronutrients®. Others can be used to elucidate transport processes or act as specific markers
for aquatic processes or events’. The low concentrations of many elements or their compounds
in natural waters requires sensitive detection techniques such as inductively coupled plasma-
mass spectrometry (ICP-MS), often hyphenated with some form of separation® or
preconcentration/matrix removal®. This review focusses on the use of flow injection (Fl)
manifolds and advanced flow setups for on-line sample treatment, coupled mainly with flame
atomic absorption spectrometry (FAAS), electrothermal atomic absorption spectrometry
(ETAAS) and inductively coupled plasma-optical emission spectrometry (ICP-OES) and ICP-MS
detection, for the determination of trace elements and their compounds in natural waters
published since 2008 (for previous reviews on the role of flow analysis in sample preparation
see e.g. 1% 1), Flow-based methods coupled to high resolution-continuum source (HR-CS)-AAS
have also been considered!* 3, Advantages compared with standard AAS include improved
signal stability and background correction and the use of a high-pressure xenon short-arc lamp

as a continuous radiation source for sequential or simultaneous multi-element analysis.

2  Flow-through approaches and interfaces

The three main cornerstones of Fl, i.e. controllable dispersion, reproducible timing and
controlled sample injection, have been fully exploited in combination with atomic spectrometric
detection, for which the transport of aerosols into the atomizer is regarded as the ‘Achilles heel’
of atomic spectrometric techniques. Flow injection approaches were conceived for sample
introduction of a metered aqueous sample volume to a detection system (FAAS in the case of
elemental analysis), capitalizing on the high (carrier) wash to sample ratio. Hereto, the nebulizer
and burner are continuously cleaned by a carrier solution, thus alleviating problems of clogging,
even in high salt matrix samples. In fact, FlI setups hyphenated to ICP-triple quadrupole-mass

spectrometry (ICP-qQg-MS)/ICP-sector field-mass spectrometry (ICP-SFMS), based on the
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continuous operating nature of both the flow setup and detection technique, are now regarded
as the second dawn for high-throughput (multi-) elemental and molecular automatic analysis.
The advances in sample injectors (e.g. nano-valves) and improved designs of nebulizers and
spray chambers that enable continuous injection of, e.g. organic eluates and alcoholic solvents,
have helped to overcome the limitations of FI-ICP couplings in terms of the nature of the sample
to be injected* %5, in as much as high carbon content matrices have been traditionally excluded
from ICP analysis. Nowadays the utilization of organic solvents in ICP-MS is performed on a
routine basis with robust interfaces allowing the controlled addition of oxygen in order to
eliminate carbon deposition on cones and other parts of the ICP-MS introduction system# 1>, In
quadrupole MS based systems, the implementation of reaction/collision cell technology has
enabled the development of strategies for the reduction or elimination of almost all polyatomic
interferences that would otherwise hamper the accurate determination of the elements
amenable to this technique. Tandem QMS systems are now state-of-the-art and regarded as
equivalent with ICP-SFMS systems in terms of selectivity and limits of detection.

With regard to system configuration, on-line hyphenation of FI with ICP involving the use of a
mechanically movable element, namely a rotary valve, has been the interface of choice for
practitioners to integrate sample handling seamlessly with analysis. Nonetheless, at-line
automatic interfacing, achieved by exploiting advanced robotic arms or autosamplers, is a
simple means of conditioning the sample/extract prior to analysis!®. However, coupling of flow
approaches to discontinuously operating detectors ETAAS is not straightforward. The second
generation of Fl, so-called Sequential Injection (SI), has however paved the way for automatic
sample handling across a multi-position selection valve as a core element of the flow system and
a bi-directional syringe pump as a liquid driver with on-line sample injection of minute volumes
(< 50 pL) into the graphite tube?’. This is accomplished by integrating a flow line (usually
polytetrafluorethylene (PTFE) tubing) in the ETAAS autosampler arm, which connects the
selection valve with the graphite tube at pre-set injection times. Advantage is taken of the fact
that the ensuing sample might be processed in the SI manifold while running the ETAAS program
of the previous sample. A conceptual diagram of the combination of on-line FI/SI sample
preparation with atomic spectrometric detectors is shown in Fig. 1.

FI, SI and related techniques can also be used as automatic platforms for accommodating
appropriate pre-treatment schemes prior to the actual detection when handling troublesome
samples for which matrix clean-up and/or analyte preconcentration to attain suitable

detectability are required.
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3 On-line sample preparation (matrix separation/preconcentration) based on solid phase

extraction for the determination of metal concentrations in natural waters.

3.1 Transition metals, zinc, cadmium, lead and mercury

This section focusses on the use of on-line solid phase preconcentration for the determination
of transition metals (V, Mn, Fe, Co, Ni and Cu) and includes group 12 elements (Zn, Cd (and Hg)),
along with other metals (Pb) and metalloids (As). These elements can be classified in different
ways depending on the context in which they are being determined. Their interaction with biota
is a particularly important classification and these elements can be described as micronutrients
(e.g. Fe, Co), toxic elements (e.g. Pb, Cd) or both (depending on the concentration, e.g. Cu).
The major analytical challenge is the potential for contamination during sampling, storage and
analysis as concentrations in natural waters (particularly seawater) are typically very low (< nM).
In this regard flow manifolds incorporating on-line solid phase extraction (SPE) are attractive
due to the confined and controlled nature of the sample handling step, the ability to
preconcentrate the analyte(s) and the removal of major sea salt ions that would otherwise
interfere with the detection step (see e.g. ' and 7). Filtration of samples and refrigeration
immediately after collection are essential for obtaining high quality data. The application of flow
manifolds, coupled with the use of high purity reagents and a meticulous approach to cleaning
of all laboratory ware, are essential prerequisites for minimising the blank signal and hence
achieving the desired limit of detection (LOD).

Transition metals can often be determined simultaneously using e.g. ICP-MS or ICP-OES
detection and the key analytical performance data for selected papers are summarised in Table
1. It is also possible to determine individual elements using e.g. FAAS or ETAAS and performance
data for selected papers are similarly summarised in Table 2. Particularly noteworthy features
from these papers are considered in more detail below.

The most important component of the flow manifold for these methods is the on-line SPE
micro/mini-column. The chemistry of the SPE phase used for on-line preconcentration and
matrix removal, i.e. the nature of the support material and the attached chelating ligand or
sorptive material, and the design of the column, e.g. column dimensions, shape and fabrication
material, and the elution mode (e.g., the use of back-flushing elution) are important
considerations. The most common ligands are iminoacetate based chelates ((iminodiacetic acid
(IDA), nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA)), quinolinol based
chelates ((8-hydroxyquinoline (8HQ)) and dithiocarbamate based chelates. Nobias-chelate PA1
is a chelating resin that has both, EDTA and IDA chelating groups immobilized on a hydrophilic

methacrylate polymer. It is popular because it is commercially available, functions over a
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relatively wide pH range and has a high affinity for several transition metals®. This paper
reported an enrichment factor (also called a preconcentration factor) of ~200 for Co, Cu, Fe, Mn,
Ni and Zn with a 9 mL sample volume, which allowed excellent detection limits to be achieved.
As a general comment it is recommended that all papers using on-line SPE state the method
used to calculate the enrichment factor and the experimental details used to obtain the data.
Toyopearl AF-Chelate 650 is another popular polymeric resin incorporating IDA chelating groups
that has been used to estimate the uncertainties associated with on-line preconcentration and
ICP-MS detection of trace metals in seawater!®. A schematic diagram of the FI manifold used for
this work is shown in Fig. 2.

It is also possible to react the transition metal with the ligand on-line and then use a reversed-
phase material such as octadecyl-chemically modified silica for trapping the neutral chelate. In
an interesting example, Giakisikli and Anthemidis®® formed a cadmium complex with
diethyldithiocarbamate (DDTC) on-line and then preconcentrated the complex on
octadecylsilane functionalized maghemite magnetic particles. The complex was then eluted with
isobutyl methyl ketone.

Proprietary resins include 1,5-bis (2-pyridyl)-3-sulphophenyl methylene thiocarbonohydrazide
(PSTH) which was immobilized on aminopropyl-controlled pore glass and incorporated within
the injection valve of a simple flow manifold?’. However, enrichment factors were relatively low,
ranging from 2.2 — 6.8 for a range of transition metals. Another proprietary resin utilised a
natural product (chitosan) as the support material and EDTA as the immobilised chelating
ligand??, achieving enrichment factors of 14 — 35 for a range of transition (and rare earth) metals
for a sample volume of only 5 mL. A conventional mini-column (4 cm length x 2 mm i.d.) was
incorporated within a 6-port switching valve as part of a fully automated system.
Unconventional advanced sorbents exploiting nanotechnology, based on the large surface area
of nanomaterials, have also been adapted for metal assays in natural waters. For example, multi-
walled carbon nanotubes (MWCNTSs) have been used for preconcentration, with ligands such as
L-tyrosine immobilised on the walls of the tubes to enhance interaction with transition metals
via cation-mt interactions??. An enrichment factor of 180 was reported for Co using FAAS
detection.

Recent developments in microchip fabrication have been used to design compact, on-line
miniaturized preconcentration devices. One example is the use of dipole—ion interactions
between the highly electronegative C—Cl moieties of 2,2’-azobisisobutyronitrile, which was
cross-linked to the channel interior of a poly(methyl methacrylate) fabricated chip, and the
positive charges on the transition metal ions in the sample?. Using this approach, detection

limits ranging from 1.6 — 42 ng L't were achieved for Co, Cu, Mn, Ni and Pb in river water?*.
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Within the last decade, magnetic SPE based on magnetic nanosorbents has received
considerable interest for matrix separation/preconcentration. The principle involves
magnetisable materials used as sorbents and their attraction by a magnetic field for the isolation
of target analytes after extraction from the sample matrix. A recent review article reports several
applications based on magnetic nanoparticles (MNPs) for SPE of a suite of trace metals in water
and other matrices using inorganic nanoparticles such as silica-coated MNPs, magnetic alumina
and titania or magnetic layered double oxides, and organic sorbents including magnetic carbon
materials (graphene/graphene oxide), magnetic carbon nanotubes and nitrides and magnetic
organic polymers or ionic liquids. These extraction procedures are mostly performed in batch
mode but the authors explicitly emphasise the possibility of automation?®. An on-line method
based on magnetite-based MNPs as sorbent coupled to ICP-MS for the determination of Mn, Co,
Cu, Zn and Pb in water (and other matrices) was first reported in 2009%¢, Effective separation of
matrix constituents and excellent recovery for the CASS-2 CRM was achieved; however, the
resulting LODs were not significantly lower compared to direct analysis as only 20 ul sample
volume was processed.

It is essential that robust quality assurance procedures are used to ensure that the results are fit
for purpose. For water quality management it is important that results are sufficiently accurate
to monitor environmental threshold levels such as the EU maximum admissible concentration
values. This requires the use of appropriate (matrix matched) certified reference materials
(CRMs) or waters with consensus values such as those produced by the GEOTRACES
programme?’. All publications should report at least one (preferably more) CRM/consensus
value for each element, including appropriate statistical assessment of the results.
Unfortunately, this is not the case in many reports compiled in Tables 1 and 2 (indicated by °)
for which CRMs of matrices other than waters, including biological matrices (e.g., urine or
seafood tissues) or environmental solids (e.g. sediments and soils) have been inappropriately
selected. For elucidating environmental processes, a key requirement is to be able to statistically
distinguish changes in recorded data from analytical uncertainty. Thus, a rigorous assessment of

all uncertainties in the sampling and analysis steps should be undertaken?®,

3.2 Rare earth elements

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of rare earth elements (REEs) are discussed. The group of REEs
comprises the 15 lanthanoids as well as Sc and Y. They can be further divided into light REEs (Sc,
La, Ce, Pr, Nd, Sm, Eu) and heavy REEs (Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). They are not regulated
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with respect to threshold levels and maximum admissible concentrations in water but there is a
growing interest in knowing their concentrations in the aquatic environment. They have been
confirmed as critical raw materials by the European Commission in 201428 due to their significant
economic importance as they are widely used in numerous applications such as the automotive
industry and nuclear, oil and green technologies?. This, however, increases the emission of REEs
into the aquatic environment, resulting in anthropogenic anomalies, e.g. Gd due to its intense
use in Gd-based magnetic resonance imaging contrast agents. The assessment of anthropogenic
contamination requires a knowledge of naturally occurring concentrations of REEs, which are
generally in the low ng L?! range in seawater and fresh water and are found in varying
concentrations, depending on the surrounding bedrock geochemistry, in groundwater. Hence,
direct measurement with state-of-the-art atomic spectrometry techniques is not sensitive
enough, particularly if the sample has to be diluted to decrease the total dissolved solid
concentration, as required when ICP-MS is applied, to obtain accurate data. Only a handful of
methods dealing with the determination of REEs using an on-line approach have been published
in the last decade. It is important to stress (again) that the use of an automated flow-manifold
is advantageous due to the increased efficiency and the lower risk of contamination and other
accidental errors. Table 3 summarizes key analytical performance data of selected publications
reporting the determination of REEs in lake water, river water, coastal water and open ocean
seawater by ICP-OES and ICP-(SF)MS. All of these methods use on-line SPE mini- or micro-
columns incorporating in-house fabricated chelating resins based on the natural polymer
chitosan and functionalized with either EDTA-type chitosan?! or N-(2-hydroxyethyl)glycine as
chelating moieties®. These resins were used in a fully automated manifold coupled to ICP-OES
for the extraction of REEs including Sc and Y from river waters at a pH of 5 with recoveries,
assessed from spike experiments, in the range of 90 — 110%2- 3%, Preconcentration factors were
estimated by comparison of peak heights obtained by processing a standard solution with the
preconcentration system and conventional nebulization. High preconcentration factors, in the
range of 83 — 120 (EDTA-type chitosan) and 83 — 102 (N-(2-hydroxyethyl)glycine-type chitosan)
were obtained, except for Y and Sc which were < 30, by processing a sample volume of 20 mL.
Due to the operation of the manifold in a “multi-mode” with three synchronized collection
systems, up to 12 samples h? could be analysed for a suite of metals. However, LODs of > 0.002
ng mL? are relatively high compared with other methods surveyed in this review (see Table 3),
which might be attributed to the use of ICP-OES as the detection system.

Resins with IDA and EDTA chelating groups (also referred to as polyaminopolycarboxylic acid
groups — PAPC) packed in a chelating column and sold as Nobias PB1M were used by Zhu et al.

for the determination of REEs in coastal seawater3?, lake water3? and seawater33 in an on-line Sl

7
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manifold directly coupled to ICP-(SF)MS. Initially, 10 mL of seawater were processed within 6
min and a preconcentration factor of 9.6 was obtained, leading to LODs in the range of 0.005 —
0.09 pg mL. Recoveries were determined based on spiked sample solutions and the trueness
of the method was estimated by comparing published and measured values obtained by the
repetitive analysis of CRM NASS-531,

Even faster analysis could be performed with an automatic column changing system as reported
by the same authors3?. Elution and measurement of one sample, including the time required for
column changing, was performed in 3 min but sample loading was carried out off-line. They
compared Nobias PB1M with InterSep ME1, a chelating resin with only IDA moieties. For both
resins, a pH of 5.0 was optimal for adsorption and similar recoveries, ranging from 97 — 103%,
and precision (RSDs of the peak areas) were obtained with identical elution conditions.

Far lower LODs, ranging from 0.0008 — 0.004 pg mL, could be obtained using an automatic pH-
adjustment system for SPE of REEs on Nobias-PB1M from seawater by preconcentrating 50 mL
of sample33. As sample pH is crucial for the sorption efficiency of the target metals and each
sample manipulation step (i.e. a manual pH adjustment) increases the risk of contamination, the
main focus of this work3? was the development of a device for automated and contactless pH-
adjustment and monitoring, involving the addition of a quantity of aqueous ammonia solution
into the sample via a nebuliser, which was controlled by an electromagnetic valve while the
transmitted light at 550 nm (the pH indicator was methyl red) was spectrophotometrically
monitored. The system has been used to pH adjust sample volumes of 20 to 100 mL within <5
min per sample prior to REEs determination using the automatic column changing system
described above32. Blank values measured were significantly lower compared with those

III

obtained by applying “conventional” pH-adjustment with glass- or all-plastic pH electrodes,
leading to improved LODs. Spike recovery experiments with two concentration levels were
performed to validate the method but CRMs were not analysed.

The use of the commercially available seaFAST™ system (Elemental Scientific Inc.), coupled to
ICP-QMS, has been reported by Hathorne et a/.3* LODs in the range of 2 — 302 ppq, determined
from a 2% HNO; solution, were reported by preconcentrating 7 mL of seawater on the
commercially available chelating resin Nobias PA1, which has similar chelating moieties to
Nobias PB1M. The system allows automated in-line buffering of the sample and is equipped with
trace metal clean-up columns in the up-take capillaries, which deliver buffer solution and carrier.
This resulted in extremely low background signals and hence low signal/noise ratios for most
REEs. By adjusting the pH value of the samples loaded onto the column to pH 6.0, yields in the

range of 94 — 102% were obtained. Yields were estimated by comparing time resolved peaks of

a matrix matched (NaCl) standard solution containing 5 ng L'* of REEs after preconcentration

8
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with signals obtained from standards diluted in the eluent by bypassing the column. The authors
state the susceptibility to errors during the determination of column yields (absolute recoveries)
if there is any inconsistency in the acid strengths of eluted and directly analysed standards,
which leads to the conclusion that the accurate determination of column recovery is not easy.
Trueness of the reported method was appropriately assessed by standard additions of deep
Atlantic seawater samples, isotope dilution analysis (for Nd) and by measuring reference
samples such as NASS-5 as well as 1:10 diluted VIDAC18 reference mine waste water and SCREE
and PPREE reference acid mine waters produced by the United States Geological Survey (USGS),
and diluted in different matrices with an appropriate content of NaCl to mimic seawater
matrixes.

In addition to commercially available chelating resins, a graphene oxide-TiO, composite was
synthesized as a novel and inexpensive type of carbon-based nanomaterial and packed into a
micro-column for the online preconcentration and ICP-OES detection of La, Ce, Eu, Dy and Yb
(additionally Cu and Pb)3>. High adsorption capacity, fast sorption kinetics, and stability over a
wide pH range have been reported due to the unique characteristics of the material, e.g. the
large surface area and various oxygen containing groups which offer binding sites for metal ions
such as heavy metals and REEs. Adsorption kinetics have been well studied in this work and the
adsorption capacity obtained was indicated to be comparable with related SPE materials.
Preconcentration factors of 10 could be obtained, yielding LODs in the range of 0.13 — 2.64 ng
mL™. They are, however, orders of magnitude higher compared with those obtained using the
chelating resins described above, in particular those obtained using EDTA/IDA functionalized
resins, and significantly higher than those obtained with chitosan based chelating resins?% 39,
even though the detection system in this case was also ICP-OES, and thus the graphene oxide-
TiO, composite is not a viable low-cost alternative for the preconcentration of REEs from natural
water samples.

It is worth stressing that the accurate quantification of REEs by atomic spectrometric detection
techniques in hampered by an exhaustive list of spectral interferences. Emission wavelengths in
ICP-OES are interfered by overlapping and partially overlapping spectral lines, and molecular-
and background interferences. Various techniques are available to overcome these
interferences, particularly the careful selection of interference-free emission wavelengths when
ICP-OES detection is performed?® 3%, A more detailed discussion of interferences and ways to
overcome them is described in He et al., 201738,

Spectral interferences in ICP-MS include numerous isobaric, as well as polyatomic interferences.
Although some of the metals belonging to the group of REEs have 6 or 7 isotopes (e.g. Nd, Sm,

Gd, Dy, Er, Yb), most of them have isobaric interferences (e.g. >2Sm, 1>*Sm, 1>6Dy, 158Dy and ¢°Dy

9
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on the respective Gd isotope). Polyatomic interferences are, in particular, lower mass oxides and
hydroxides which interfere on higher mass REEs (e.g. 3°La%®0O* on 1>>Gd* and *'Pr'60* on >’Gd*
—the only two Gd isotopes with no isobaric interferences). ICP-QMS equipped with an octopole
reaction/collision cell with He as collision gas has been used to overcome oxide and polyatomic
interferences3* 1%, however, as stated in Zhu end Zheng (2018)*%?, the formation of lighter REEO*
is inevitable. ICP-SFMS operated in the “high-resolution mode” (m/Am > 10000) could separate
some of these polyatomic interferences but with a significant loss in sensitivity, and hence,
detection capability. Therefore, this possibility has been scarcely applied (e.g., the “low-
resolution mode” has been used in the studies published by Zhu et al. (2009 and 2010)3% 32). A
prerequisite is to minimize oxide formation rate by monitoring the CeO*/Ce* and UO*/U* ratios,
and the interference ratio of MO*/M*when mathematical interference correction is performed,
as applied by3% 32 33, Desolvation units such as the CETAC Aridus™ Il or the APEX membrane
desolvaters (Elemental Scientific Inc. Omaha, Nebraska) can significantly reduce the oxide
formation rate down to < 0.05%; however, these devices have not been used in this context (for
more detailed information the reader is referred to Fisher and Kara (2016)3’ and references

therein.

3.3 Precious metals

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of precious metals are discussed (see Table 3 for details of
selected methods). The determination of precious metals, including the platinum group
elements (PGEs) Ru, Rh, Pd, Os, Ir and Pt, as well as Ag and Au, in natural waters is still in its
infancy. Naturally occurring concentrations are in the sub-ng L - pg L range, thus requiring
powerful extraction and preconcentration methods. However, the interest in the determination
of, in particular, PGE concentrations in the aquatic environment is steadily increasing because
of anthropogenic emissions resulting from their use in industrial, chemical, electrical and
pharmaceutical applications and in catalytic converters for cars. Silver has also been used in a
wide variety of chemistry, electronics, medicine and other industrial fields and is highly toxic to
marine organisms due to bio-accumulation®. Time consuming as well as potentially harmful
methods based on liquid-liquid extraction using ammonium 1-pyrrolidinedithio-
carbamate/diethylammonium diethyldithiocarbamate (APDC/DDDC) and co-precipitation and
flotation techniques are being replaced by methods based on SPE using chelating sorbents, prior
to detection by atomic spectrometry. Due to the characteristic of these metals to mainly occur

as anionic chloro-complexes in the aqueous phase, as facilitated by the chloride content in
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seawater® 41 (strong) anion exchangers have traditionally been used. However, few
publications report the automation and online separation/preconcentration of precious metals
from natural waters. More than 10 years ago, a method was published for the determination of
Pt using a chelating ion exchange resin (silica gel modified with 1,5-bis(di-2-pyridyl)methylene
thiocarbohydrazide - DPTH-gel) in an on-line flow system coupled to ETAAS*. Since this
publication is not within the timeframe herein selected, it will not be discussed further;
nevertheless, it is worth mentioning that the LOD obtained by this method is not sufficiently low
for monitoring naturally occurring concentrations of these metals. An improved method, based
on the extraction of Pt, Pd and Ir on 1.5-bis(2-pyridyl)-3-sulphophenyl methylene
thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass (PSTH-cpg) in an on-
line mode coupled to ICP-MS 43, could achieve LODs in the low ng L! range with a sample volume
of only 3.3 mL (details are given in Table 3). However, the concentrations of the target analytes
could still not be quantified in unspiked seawater and river water samples, clearly indicating that
the sample volume processed by the on-line flow system does not provide adequate
preconcentration factors for the determination of PGEs in natural waters.

As a viable alternative to commercial strong anion exchangers, polyaniline (PANI) has been
evaluated for the on-line preconcentration of Pd from natural waters including ground water,
lake water and seawater as a low cost and easy to synthesize alternative to other sorbents*.
The extraction mechanism is based on anion exchange and preconcentration factors of 125 have
been reported by applying a sample volume of 250 mL, thus resulting in LODs of 0.0004 — 0-003
ng mL* (LODs given for individual Pd isotopes) with ICP-MS detection. These however are still
not sufficiently low for monitoring natural Pd concentrations. It should be mentioned here that
chemical vapour generation of these elements for introduction into atomic spectrometric
sources has been tested and evaluated (please see On-line sample preparation techniques based
on cold vapour- and hydride generation techniques for matrix separation and preconcentration
of metals and metal species in natural waters. 4 and Table 5).

Several methods were published for the automatic on-line preconcentration and matrix
separation of Ag from seawater more than 10 years ago e.g.*> % using the strong anion
exchanger Dowex®1x8 with trimethylbenzylammonium functional groups immobilized on a
styrene-divinylbenzene gel but only one method has been published recently for the analysis of
estuarine samples*” using the same sorbent. This resin is very popular for the extraction of Ag
chloro-complexes as it has a high adsorption capacity. With a sample consumption of only 7.5
mL, a LOD of 0.06 ng kg* was obtained. This LOD is comparable with those obtained by the two
previous methods* 46, The advantage of the latter method, however, is the lower sample

volume required (7.5 mL vs 12 mL) and the low column volume of only 18 uL. Validation was
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performed with SLEW-3 and CASS-4 certified reference materials. These are not certified for Ag
but the authors demonstrated the trueness and good precision of the method by comparing

these values with previously reported concentrations.

3.4 Actinides

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of actinides (Th, U) are discussed (see Table 3 for details of
selected methods). The actinide elements encompass Ac, Th, Pa, U and the transuranic
elements, whereas U and Th are the most abundant actinides naturally occurring in all
environmental compartments*®. Additionally, anthropogenic sources of these radionuclides and
their synthetic isotopes (232U, 233U, 236U and 2%°Th) include technological applications (metallurgy,
ceramic and nuclear industries), phosphorous mineral fertilizers and pesticides, uranium mining
and milling, coal combustion, fuel processing, nuclear power plants and nuclear tests*> %, Due
to the high chemical and radiological toxicity of their soluble compounds, permissible limits of
U in drinking water are regulated by the Word Health Organisation (WHO; 30 pug L?) %,
Environmental protection Agency (EPA; 30 pg L?) °2 and the Atomic Energy Regulatory Board
(AERB; 60 pg L) °3. In the last revision of the Drinking Water Directive of the European
Commission (EC)**, U was included in the list of parameters of naturally occurring but harmful
substances to be monitored. In addition, environmental quality standards for freshwater have
been elaborated by some member states, ranging from 0.015-25 pg L >> within the EU Water
Framework Directive. The WHO also set guidance levels for radionuclides in drinking water, i.e.
10 Bq L for 238U (81 ug L) and 1 Bq for 232Th (246 pg L)% Thus, concentrations in the (aquatic)
environment need to be monitored. Various methods, mostly employing SPE on actinide specific
resins such as TEVA, UTEVA, TRU and DGA resins, based on flow analysis in combination with
atomic spectrometric detection, have been reported for the determination of actinides in
natural waters e.g. >% 575859 They were, however, operated with off-line detection, mostly by
applying two or more different resins to cover a wider range of analytes and perform in-line
extraction chromatographic separation and hence are not within the scope of this manuscript.

One method has been published for the simultaneous determination of U and Th at
environmentally relevant concentrations in various water matrices based on a fully automated
lab-on-valve FI system coupled to ICP-QMS®°. The performance characteristics are outlined in
Table 3. Extraction and simultaneous elution, i.e. no separation involved, was based on SPE using
the UTEVA chromatographic resin functionalised with dipentyl pentylphosphate (DP[PP])

moieties (also called diamyl amylphosphate (DAAP). The authors estimated a resin durability of
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150 injections (up to 8 mL sample volume) and reported recoveries of > 95%, determined by
analyte-spike recovery experiments, and clearly pointed out the low cost of the method as only
30 mg of resin were packed on-line in the column. They also reported the suppressive effect of
high concentrations of phosphate due to the formation of a non-extractable charge neutral
complex with Th* cations. Addition of Al3* counteracts this due to the formation of Al3*-
phosphate complexes which inhibits Th-phosphate complexation. It should, however, be
mentioned that method validation has not been properly performed with matrix certified

reference materials; instead the authors used a BCR-320R sediment material.

3.5 Metal speciation

There are many publications on the use of ICP-MS and ICP-OES, as well as AAS, combining on-
line sample preparation with elemental speciation analysis of metal(loid)s in natural waters®.
Arsenic is the most commonly studied metal, followed by Cr and, to a lesser extent, Hg, Sb, Fe,
Se and V. In general, elemental speciation involves the differentiation between oxidation states
or organic/inorganic elemental fractions. Historically, research and development on elemental
speciation analysis was mainly curiosity driven; however, biogeochemical, biological and
toxicological effects as well as bioavailability of the elements are highly dependent on their
chemical form. Nonetheless, legal institutions and governmental agencies such as WHO, US EPA
and EC (e.g. via the EU Water Framework Directive®?) still define environmental quality
standards and limits only for the total elemental concentrations, including all (toxic) compounds.
On-line SPE is mainly used for separation of elemental species or fractions of interest in
combination with atomic spectrometric detection and only very few studies deal with the on-
line combination of SPE with liquid chromatographic separation. The key analytical performance
data for selected papers using on-line sample preparation (matrix separation/preconcentration)
based on solid phase extraction for the speciation of metals in natural waters are summarised
in Table 4.

Chromium speciation with SPE was performed on-line in several studies using either ETAAS®3: 64
65 or ICP-MS¢6.67. 68,69 35 the detection technique. In general, these studies achieved LODs in the
low ng L'! range and trueness was, in most cases, demonstrated using CRMs. In 2008, Hu et al.%8
reported a useful method for the simultaneous speciation of inorganic As(lll)/As(V) and
Cr(lil)/Cr(V1) in natural waters. They used mesoporous Al,05;, which was prepared by sol-gel
technology, as a capillary micro-extraction coating material. The column retained AsO,3  and
Cr,0,%7/Cr0O,~ under acidic condition while cationic As(lll) and Cr(Ill) were not retained. Elution

of the retained species was performed under alkaline conditions. They reported LODs of 0.7 and
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18 ng L=t for As(V) and Cr(VI1), and 3.4 and 74 ng L™ for As(lIl) and Cr(lll), respectively. Evidently,
such differential approaches can also be performed on-line with ETAAS. Zou et al.®> combined a
C. vulgaris cell (green microalgae) mini-column in sequential combination with an anion
exchange resin mini-column for the retention of Cr(lll) and Cr(VI), respectively. Utilizing a SI
system, Cr(Ill) and Cr(VI) were eluted by 0.04 mol L' and 1.0 mol L™? nitric acid, respectively, and
quantified on-line with ETAAS. LODs were 0.02 ug L for Cr(lll) and 0.03 pg L? for Cr(VI), which
unfortunately does not meet the California Public Health Goal set to 0.02 pg L for Cr(VI).
Selenium speciation is of great interest as the toxicity, bioavailability, and essential nature of
this element is highly depending on its chemical form. Huang et al.”® published a double column
method combining nanometre-sized Al,O3; and mesoporous TiO, which was chemically modified
by dimercaptosuccinic acid. A schematic diagram of the flow manifold used for this work is
shown in Fig. 3. The inorganic selenium species Se(lV) and Se(VI) were selectively adsorbed by
AlL,O; while the organic Se species, i.e. the seleno-amino acids selenocysteine and
selenomethionine, which were not retained on the first column, were retained on the chemically
modified, mesoporous TiO,. Sequential elution enabled the selective and sensitive
determination of the four species (LODs were in the range of 45 - 210 ng L) in lake water.
Vanadium, like Se, is one of the major essential elements, but also has toxic properties
depending on both the concentration and oxidation state. Xiong et al. 7! speciated V(IV) and V(V)
on a conical micro-column packed with cetyltrimethylammonium bromide-modified alkyl silica.
The species showed different pH dependent retention behaviour: V(V) was quantitatively
retained in the pH range 2.0 — 7.0, while V(IV) was not retained at pH 2.0 - 3.5 but quantitatively
retained at pH 5.0 - 7.0. V(IV) was quantified by subtracting V(V) from total V. The LOD for V(V)
was 0.03 pg L.

It can be concluded that Fl in combination with elemental speciation analysis is mature in terms
of the technical developments, which have been achieved over many decades. The situation
regarding CRMs certified for elemental species is still not well developed, as for many matrices
no reliable materials are available. Regarding validation, the authors of this work wish to
emphasise that in order to assure comparability of different studies in terms of LODs and LOQs
and in terms of their applicability to control legal limits, improvements towards setting a
harmonized procedure are much needed. Evidently there are several ways to calculate these
values for transient signals, but most of the time the procedures are not fully described or
completely missing. Accordingly, we propose adoption of the well elaborated procedure
outlined in the EURACHEM guide “The Fitness for Purpose of Analytical Methods”’? for
calculating LODs and LOQs for methods which use peak areas for calibration and quantification

purposes.
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4  On-line sample preparation techniques based on cold vapour- and hydride generation
techniques for matrix separation and preconcentration of metals and metal species in

natural waters.

Cold vapour generation (CVG) and hydride generation (HG) techniques have been used in on-
line flow systems to separate the analyte from the matrix, in some instances in combination with
sorptive preconcentration using chelating sorbents. A precondition, however, is the formation
of volatile species upon reaction with reducing agents such as sodium borohydride in an acidic
environment. The classical elements determined by HG are Ge, Sn, As, Bi, Sb, Se and Te after
chemical transformation into their gaseous hydrides, whereas e.g. Hg and Cd are determined by
CVG after volatile species are generated. It should be mentioned that for the reduction of
inorganic Hg, tin chloride can also be used. Through gas/liquid phase separation by an argon gas
carrier stream, the volatile hydrides/elements are transported into the plasma or graphite
furnace. Matrix separation is based on the fact that non-volatile interfering elements such as
major ions do not form hydrides, and thus remain in the liquid phase and are drained off to
waste. Hydride analyte transport efficiencies up to 100%, leading to higher signal/noise ratios,
and hence lower LODs, in comparison with conventional liquid sample introduction, are
reported’?. HG/CVG is an important sample introduction technique when coupled on-line to
atomic spectrometric detectors’® but careful optimization of the hydride generation process is
required, e.g. the concentration of the reducing agent because too high a concentration of
NaBH, may lead to foaming and the production of droplets as well as the generation of excessive
hydrogen gas. These factors result in plasma instability’4, especially when coupled to ICP-based
detectors.

Methods employing CV and HG techniques for the matrix separation and preconcentration of
metals in natural waters are summarized in Table 5.

Only a limited number of papers have been published within the last decade reporting the
determination of As’>, Cd’® and Hg”? in natural waters after HG and CV generation with NaBH,
without preconcentration on chelating sorbents. For example, for the quantification of Hg, the
CV technique, even without preconcentration, LODs are reported to improve by a factor of 24
when CV-ICP-QMS is used compared with solution nebulization based ICP-QMS due to reduced
signal suppression from matrix effects””.

Nevertheless, also in combination with CV and HG techniques, matrix effects with a negative
effect on the accuracy and sensitivity of these methods have been observed. To overcome
matrix interferences arising from e. g. Ca, Mg, K and Na, as well as various transition metals (Cu,

Fe, Ni, Co) present in natural waters at high(er) concentrations, SPE based on ion-exchange has
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been applied prior to HG/CV generation in various applications (see Table 5). The challenge here
is to find the optimum acid concentration for both the elution of the retained metal species from
the preconcentration column (stronger acids usually enhance recovery) and efficient hydride
generation as this process is strongly dependent on the pH and acid strength. For example, Sb,
Bi and Sn were preconcentrated from seawater on DPTH bonded to silica gel (DPTH-gel) packed
in a mini-column prior to HG-ICP-QMS analysis’®. As hydride generation efficiency depends on
the oxidation state of the elements, L-cysteine was used as a pre-reducing and masking agent.
Increased signal intensities could be obtained for Sn, whereas those for Sb and Bi were not
affected by L-cysteine addition. Enrichment factors of 2.5 — 8.6 were achieved with a sample
volume of 4.8 mL. Limits of detection were in the sub pg L range and sufficiently low for the
determination of these elements in diluted CRMs and real seawater samples. A similar approach
has been applied to the determination of these elements and, in addition, Hg from seawater
and river water13Error! Bookmark not defined. DPTH was functionalized on mesoporous silica, packed in
a mini-column and elution was performed with HCI (plus thiourea for Hg) while in 72 HNO; alone
was used instead. A comparison between these two methods showed similar performance for
Sb, Bi and Sn with respect to trueness (estimated from TMDA 54.4 and TM 24.3 fortified lake
water CRMs), precision, relative recovery and the detection capability of ICP-QMS vs ETAAS.

Sanchez-Trujillo et al.”? addressed a problem associated with simultaneous multi-element
determinations for Pb, Cd and Hg using CVG-ICP-QMS, i.e., different optimal conditions are
required for individual elements. Catalysts such as thiourea and Co were used for more efficient
reaction of Cd, and hexacyanoferrate (lll) was proposed as an oxidizing reagent for the
conversion of Pb(ll) to Pb(IV) (7 and therein cited publications). The elimination of interferences
on the determination of other elements requires the use of appropriate sorbent materials,
oxidizing agents and catalysers. In fact, two mini-columns packed with DPTH-gel were
incorporated in the flow manifold in parallel, viz., in the injection loop of two rotary valves, and
loaded with sample adjusted to pH 5.0. Elution with thiourea in HNO; was performed, and
whereas the eluted metals from the first column were mixed with a reducing agent consisting
of NaBH, and K;Fe(CN)g for the generation of PbH, (and Hg® vapour), those eluted from the
second column were mixed solely with NaBH, for Cd® and Hg® vapour generation. Hence, the
most efficient vapour generation conditions for each element were obtained. Enrichment
factors in the range of 14.4 — 27.3 were obtained and LODs were in in the low ng L? range.
However, these are at least 3 times higher than those obtained by HG/CVG methods developed
for the single element determination of e.g. Hg”’, Cd’® and Pb#®° (see Table 5), probably due to
the addition of reagents for pH adjustment, oxidation and improved elution efficiency

contributing to the blank signal.
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Noble metals are not traditionally analysed by CVG due to the unknown identity and formation
efficiency of their hydrides and volatile species but recent studies have shown its suitability for
the determination of Pt, Pd, Ir®1, and also Os, Rh, Ag and Au 8% 83 using NaBH, as the reducing
agent. The target analytes were preconcentrated using SPE on DPTH-gel81 packed in a mini-
column and MSPE on DPTH immobilized on iron oxide magnetic nanoparticles (DPTH-MNPs)82
and DPTH immobilized on magnetic graphene oxide (DPTH-GO)®, which were retained in a
knotted reactor by an external magnetic field, with the analytes eluted with thiourea in HCl or
HNO; prior to online ICP-OES detection. Detailed methodological information is given in Table
5. Since chemical vapours of noble metals are unstable, rapid transition and separation from the
liguid phase into the gas phase and introduction into the detection system is required, thus
making this procedure very sophisticated. The spray chamber has been used as a gas-liquid
separator in these studies. By mixing the analytes with the reducing reagent via a T-junction just
before the nebulizer the formation of volatile species is improved but efficiencies were lower
compared with “conventional” SPE without CVG8!. In situ CVG using a commercially available
multi-mode sample introduction (MMSI) system for CVG and liquid nebulization, which also
served as gas/liquid separator, was a pre-requisite for the applicability of this approach for
efficient vapour generation. It was shown that hydride formation in the presence of NaBH, was
appropriate for Ag, Pt, Pd and Os whilst Au, Ir and Rh signals did not improve compared with
non-CVG results, hence requiring the use of compromised conditions®?. A preferred or missing
formation rate of noble metal volatile species has not been reported by Garcia-Mesa (2019)83.
Widely ranging enrichment factors — depending on the applied method and the analytes — were
reported and LODs were in the low pg L'* and sub-pug L ranges, i.e. not sufficiently low for the
determination of ambient noble metal concentrations in natural waters.

Sample introduction techniques based on CV and HG have also been used in this context with
elemental speciation analysis. Details of selected methods are summarized in Table 6. Two
studies have addressed the separation of inorganic mercury and methyl mercury. Krishna et al.
84 developed a speciation approach for the two fractions employing efficient preconcentration
of natural water samples (pH 7) on a polyaniline microcolumn and subsequent selective elution
of MeHg and iHg using 2% HCl and a mixture of HCl-thiourea (2% HCl + 0.02% thiourea)
respectively. This successful combination of preconcentration, speciation and CVG-ICP-MS (all
on-line) enabled quantification of the two species in the high ng L range. Sanchez-Truijillo et al.
85 published a similar concept using on-line CVG-ICP-MS after on-line enrichment/speciation of
the two Hg-fractions on mesoporous silica functionalized with 1,5-bis(2-pyridyl) methylene
thiocarbohydrazide. Selective elution of CH;Hg* and Hg?* was obtained with 0.2% HCl and 0.1%

thiourea in 0.5% HCI, respectively. Total mercury (calculated as the sum of the two fractions)
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was determined in LGC 6016 (Estuarine Water) and was in good agreement with the results
obtained by the same group in an earlier study’®. The LODs in this work were lower than those
obtained in the earlier study using the polyaniline material, which can be explained mainly by
the use of a next generation ICP-MS detection system. In a similar approach to that used in many
other studies, method LODs in the two above mentioned studies were calculated from
background noise, its standard deviation and the height of a measured standard solution. It is
noteworthy that this method allows relative inter-comparison of different methods but is not
capable to give reliable LODs or LOQs, as quantification is routinely performed via peak
integration (peak area), whereas in these cases LODs/LOQs are calculated via peak height.

HG was used in studies on the speciation of different oxidation states of As® 87 and Sb’4. One
report concerning As used a differential approach by passing natural water sample through a
strong anion exchanger cartridge, on which As(V) was selectively retained, whereas As(lll)
passed through the column and was detected via HG AAS®®, The concentration of As(V) was then
determined by subtracting the As(lll) concentration from the total As concentration of the
sample. LODs were of the order of 0.5 pg L. The authors discussed the limitations of their work
regarding organic As species (which would also pass through the column and lead to false
positive As(lll) results) and present a method that is fast and reliable and suitable for the analysis
of low salinity natural waters for As(lll). A very recent study has been published by Montoro-Leal
et al.¥” using functionalized Fe;0, magnetic nanoparticles packed in two knotted reactors for
inorganic As speciation in environmental waters following a similar differential approach.
However, speciation was based on different reduction conditions; thus, different concentrations
of borohydride were used. This method showed a high sample throughput and very low
detection limits of 2.7 and 3.2 ng L* for As(lll) and total inorganic As and has been validated for
the determination of As in highly saline samples such as seawater. For the speciation of inorganic
Sb, selective sorption materials were used in a Fl approach with sequential elution and on-line
HG-ICP-MS detection’. Accuracy was demonstrated for the sum of the quantified Sb species by
the analysis of the CRMs SLRS-5 River Water and TMDA-54.4 Fortified Lake Water. It should be
mentioned that, due to the lack of species-specific CRMs, it is difficult to assess method accuracy
with regard to the target species. In such cases inter-comparison with independent methods
available in-house, or inter-comparison with other competent laboratories is mandatory for

method validation/verification in terms of trueness.
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5 On-line sample preparation techniques based on liquid-liquid-micro extraction

techniques for matrix separation and preconcentration of metals in natural waters.

There are a limited number of published papers dealing with liquid-phase microextraction
(LPME) in flow systems for trace element analysis in surface waters as compared with those
using SPE*0. This is attributed to operational difficulties in achieving (i) reliable dispersion of the
aqueous and organic phases across the conduits of flow platforms, (ii) quantitative separation
under the flow regime of the analyte-containing organic phase after extraction and (iii) high
enrichment factors on account of the limited organic to liquid-phase ratios in miniaturized
systems. Moreover, metal species usually need to be derivatized prior to LPME®®, in contrast to
SPE for which there is a plethora of commercially available sorbents with a wide range of
chelating moieties for direct extraction and preconcentration at the appropriate pH. The key
analytical performance data for selected papers LPME approaches for the matrix separation and
preconcentration of metals in natural waters are summarised in Table 7.

Some of the Fl-based papers on LPME for trace metal determinations merely report semi-
automatic methods. The flow platform is used for automation of the detection step after batch
LPE?®, or phase separation by modification of the ionic strength or temperature and retrieval of
the metal-containing phase for detection®°.

Computer-controlled flow methodologies using programmable flow, such as sequential injection
analysis and its variants® °2 93, have been designed for the miniaturization of LPME schemes,
endowing these methods with green chemical credentials whilst also ameliorating extraction
efficiencies and enrichment factors. For example, Anthemidis and co-workers have developed a
number of appealing LPME variants, such as dynamic single-drop LPME®% 3, countercurrent
LPMEB®® and dispersive LPME (DLPME)®* 9> 967 that were fully automated as a front-end to FAAS
or ETAAS for direct on-line injection of the metal-enriched organic phase. In those articles
dealing with DLPME®* %> .96 %7, the aqueous sample, organic solvent containing the chelating
reagent and dispersing solvent were merged on-line to generate droplets of the organic phase
for efficient extraction of the neutral chelates followed by on-line trapping of the metal
containing organic droplets into reversed-phase materials packed in flow-through micro-
columns. A schematic diagram of a flow manifold integrating in-line DLPME as a front end to
ETAAS is shown in Fig. 4.

The main issue observed by a number of FI/SI systems incorporating LPE/LPME, alike SPE, is that
method validation is performed with overly simplistic CRMs (e.g. lyophilised solutions®!) or
entirely different matrices (e.g., sediments and mussel tissues) that do not properly simulate the

composition of the target matrices (river water, seawater) analysed in those papers®” 88 .93,
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Moreover, FI/Sl-based LPME methods sometimes use environmentally unfriendly solvents, and
on-line coupling to standard ICP instrumentation is more complicated as compared with SPE
because of potential incompatibility of the extracting medium (back-extraction is usually

recommended instead), thus making multi-elemental analysis troublesome.

6 Conclusions and perspectives

Fl has become a mature approach for metal determination and non-chromatographic speciation
analysis, but still constitutes a viable platform and vehicle for on-line implementation of in-
house and commercially available sorptive (nano)materials prior to atomic spectrometric
detection systems for trace and ultra-trace analysis. When comparing theon-line sample
preparation approaches discussed herein (i.e., LPME, SPE, CV/HG), SPE is by far the most
attractive because it offers superior performance in terms of versatility, reliability and
enrichment capability for trace elements in freshwater systems. The analytical detection
techniques have not greatly evolved in terms of sensitivity and instrumental detection limits
over the last 10 years and thus efficient sorbent phases and ligands for element
preconcentration and clean-up analysis of natural waters are still required. It should however
be noted that some of the analytical methods reported in the literature that include enrichment
protocols are not sensitive enough for the analysis of natural waters and thus spike
concentration levels that are not environmentally relevant of natural waters are used for
method validation instead. Likewise, inappropriate reference materials, such as biological
materials, sediments and wastewaters, have been selected for evaluation of the trueness of
methods applied to natural waters. It is therefore recommended that QC/QA tools and
uncertainty measurements should be adopted in fully validated protocols using Fl approaches.
The last two decades have also witnessed the advent of novel miniaturized and portable devices
based on mesofluidic Lab-on-Valve and microfluidic Lab-on-chip platforms, yet application to

continuous on-line monitoring is still in its infancy.

Acknowledgement

Manuel Miré acknowledges financial support from the Spanish State Research Agency (AEIl) and
Ministry of Science, Innovation and Universities (MCIU) through projects CTM2017-84763-C3-3-
R (MCIU/AEI/FEDER, EU) and CTM2017-90890-REDT (MCIU/AEI/FEDER, EU).

20



oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

Table 1: Multi-element on-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total

metal concentration of transition metals and metalloids in natural waters. (All units as in the original publication)

Detection Sample Sample Enrich- Sample Ref
Analyte  Matrix Solid phase . treatment/ Figures of merit Validation volume ment through--
technique .
Elution factor put
DL Linear range Precision Relative
Recovery
Mn, Co,  River water PMMA ICP-MS pH 6 Mn: 2.62 ng L! Upto5pgl? 2.9-3.6%(n=3) 83-110% NIST 1640a trace 20 uL >2 19.35 ht 24
Ni, Cu, microchip (NH,Ac)/ Co:1.69 ngL? elements in natural
Pb (treated 0.5% HNO; Ni: 42.54 ng L! water
with Cu:13.85ngL?
saturated Pb: 1.64 ng Lt
NaOH)
Zn, Cu, River water, MWCNTs- ICP-OES pH8.5/2M Zn:0.27 ugL* LOD-100 ug L* 3.1-8.6% at10  82-115% GSBZ50009-88, 6 mL 10 n.a. 98
Cd, Cr, lake water silica HCI Cu:0.11 pgL? ug Lt (n=7) GSBZ 50029-94
V, As (*well water) Cd: 0.45 pg L environmental
Cr:0.91 pg L waters
V:0.55 pg L?!
As: 0.67 ug L?
Co, Fe, Seawater Toyopearl ICP-MS pH5 0.021-0.34 n.a. 4-23% 76.111% NASS-5 seawater, 7.5mL 10-15 8.25 min/ 18
Pb, V AF-Chelate- (NH,Ac)/ nmol L GEOTRACES sample
650 1 M HNO; reference samples
Mn, Co,  River water PMMA ICP-MS pH 8 Mn: 20.6 ng Lt 0.05- <9% CV (long 82-118% NIST 1643a artificial 50 pL n.a. 13.33 ht 3
Ni, Cu, (maleate Co:5.44 ng L 100 pg L! term) saline water
Cd, Pb buffer)/ Ni: 11.86 ng L!
0.5% HNO; Cu:4.90 ng L!
Cd:16.11 ngL?
Pb:3.48 ng L
Mn, Fe, Seawater Nobias PA 1 ICP-SFMS pH5.7, Mn: 0.002 n.a. 1-3% for Ross 96-107% GEOTRACES 9mL 200 8.75min/ °
Co, Ni, pH 7.0 Co: 0.00029 seawater reference samples sample
Cu, Zn (AcNH,)/ Fe: 0.014 (long term)
1.6 MHNO;  Ni:0.013
Cu: 0.003
Zn: 0.016
nmol kg?

21
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1
2
3
4 Cd, Co, Oceanic IDA ICP-MS pH 6.0 Co:3.2 pM up to: 3.4-8.6% for 92-102% NASS-5 seawater, 7 mL 10 6 min/ 99
5 Cu, Ni, waters (AcNH,)/ Ni: 23 pM Co:0.89 nM SAFe D2 GEOTRACES sample
p
6 Pb, Zn 0.8 MHNO;  Cu: 46 pM Ni: 24 nM reference sample
7 Zn: 71 pM Cu: 9.6 nM (SAFe)
Cd: 2.7 pM Zn: 20 nM
8
Pb: 1.5 pM Cd: 2.8 nM
9 Pb: 0.59 nM
10 Co, Cr, Seawater PTSH-cpg ICP-MS pH 8.0+0.5 Co:0.002 pg L DL-60 pg L <5% (attwice  82-111% SLEW 3 and 2.1mL 2.2-6.8 8.6 h? 20
11 Ni, Cd, resin (borate/ Cr:0.057 ug L* the DL, n=10) LGC6016 estuarine
12 Mn, Zn, boric acid Ni: 0.117 pg L*? water, CASS-5
13 Cu, Pb buffer)/ Cd: 0.004 pg L coastal seawater,
5% (m/m) Mn: 0.21 pg L* SLRS-5 river water,

14 HNO, Zn: 0.260 pg L TMDA-54.4 fortified
15 Cu: 0.030 pg L! lake water
16 Pb: 0.020 pg L*
17
18 Cd, Pb, River water, SCX Bond FAAS pH 2 Cd:0.1pgL? Cd: 0.4-20 Cd: 2.9% at 2 95-99% NIST CRM 1643e 2mL 90-95 30 ht 100

Cu lake water, Elut® (HNOs)/ Pb: 1.8 pg L ug Lt ugL?t trace elements in
19 (*urine) Plexa™ PCX 1 mol Lt Cu: 0.5 pg Lt Pb: 7.5-450 Pb: 3.1% at 30 water, (°BCR 278-R
20 HCI ug Lt ug Lt trace elements in
21 Cu: 1.8-100 Cu: 2.7% at 10 mussel tissue)
22 pg Lt pg Lt (n=10)
23 Vv, Cr, River water S-CS- ICP-MS pH 7 V:0.002 pug LY, 0.005-10 V:3.8% 91-105% GBWO08607 riverine 20 mL V. 111 n.a. 101
24 Cu, As, and tap MWCNTs (HNO;, NH;  Cr:0.0038 pg L* pg Lt Cr: 1.4% water, ("GBW10024 Cr: 95
25 Pb water H,0)/ Cu: 0.0035 pg Lt Cu:3.1% scallop) Cu: 60
26 (*amongst 0.5 mol L! As: 0.0013 pg L As: 4.6% As: 52
27 others) HNO; Pb: 0.0036 pg L Pb: 1.6% at Pb: 128

1pglt(n=11)
28
29 Cd, Co,  Seawater 8-HQ ICP-MS AcNH, Cd:0.008 ngmL*  Cdand Co:0-  Cd:2.47% 99-110% CASS-2 coastal 40 plL n.a. n.a. 102
30 Ni buffer/ Co: 0.006 ng mL* 0.5 ng mL? Co: 2.09% seawater, SLEW-1
31 1 M HNO; Ni: 0.009 ng mL* Ni: 0.1-1.0 Ni: 3.03% at estuarine water
ng mL?! 0.25 ng mL?
32
(n=3)
33
34 Cd, Pb Coastal OASIS HLB FAAS On-line Cd: 0.09 pg L Cd: 0.3-12.0 Cd: 2.9% at 4 95-99% NIST CRM 1643e 12 mL Cd: 155 24 h? 103
35 seawater, complex Pb: 0.9 pg L* ug Lt ug Lt trace elements in Pb: 180
3 river water, formation Pb: 3.1-200 Pb: 2.6% at 20 water
6 (*tap water) with DDTP/ ug Lt ug L?!

37 Methanol
38
39
40
41
42
43
44
45
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Cu, Mn,
Ni

V, Cu,
Pb, Cr

Co, Cr,
Cd, Mn,
Zn, Ni

V, Cu,
Pb, Cd,
Hg

Cd, Co,
Cu, Mn,
Ni, Pb,
V, Zn
Cd, Co,
Cu, Mn,
Ni, Pb,
V, Zn
Mn, Co,
Cu, Zn,
Pb

River- and
lake water

River- and
lake water

Seawater,
river water

Lake- and
river water

River water

River water

(*CRMs)

Alumina
hollow fibre

Modified
meso-
porous TiO,

DPTH-gel

Chitosan
modified
ordered
mesoporous
silica

EDTriA-type
chitosan

Glycine-
type
chitosan

Fe-based
MNPs-PAA

ICP-OES

ICP-OES

ICP-MS

ICP-OES

ICP-OES

ICP-OES

ICP-MS

pH 8.5
(NH,NOs)/
2.5 mol L?
HCI

pH 6.5
(NH,Cl/
NH; H,0)/
1 M HNO;

pH 8.6
(boric
acid/Na
tetra-
borate)/
2% (m/m)
HNO,

pH 6.5
(NH4CI/NH;
H,0)/

1M HCI

pH5
(AcNH,)/
1.5 M HNO;

pH5
(AcNH,)/
1.5 M HNO;

pH9
(AcNH,)/
1% HNO,

Cu: 0.88 ng mL?
Mn: 0.61 ng mL?
Ni: 0.38 ng mL*

V:0.09 pg Lt
Cu:0.23 pg L
Pb: 50 ug L*
Cr:0.15ug L*

0.004-0.530 pg L

V:0.33 ng mL?

Cu:0.30 ng mL?
Pb: 0.96 ng mL*
Cd: 0.05 ng mL?
Hg: 0.93 ng mL?

0.002-0.15
ng mL?

0.004-0.17
ng mL?

0.04-0.06 pg L*
CuandZn: 0.6

ug L*

Up to 200
ng mL?!

0.3-50 pg Lt

DL-60 pg L*

n.a.

n.a.

0.5-50 pg L!

6.2-7.9% at 10
ng mL?! (n=7)

V:1.7%

Cu: 3.9%

Pb: 4.6%
Cr:2.9% at5
pg Lt (n=7)
0.3-4% at
double the
conc. used for
DI of the
analytes (n=5)

V:2.8%

Cu: 6.7%

Pb: 1.8%

Cd: 4.0%

Hg: 5.3% at 10
ng mL? (n=7)
<10%

<10%

4% at 5 pug Lt
(n=3)

87-110%

89-107%

93-110%

>90%

90-110%

90-110%

96-109%

GSBZ50009-88
environ-mental
water

GSBZ50009-88
environ-mental
water

SLEW-3 estuarine
water, NASS-5
seawater, SLRS-4 river
water, TMDA-54.4
fortified water

GSBZ50009-88
environ-mental
water sample

SRLS-4 river water

SRLS-4 river water

CASS-2 nearshore
seawater, (°RSM
2670a trace
elements in urine)

3mL

6 mL

5mL

6 mL

5mL

5mL

20 pL

10

20

2.3-32.9

20

14-35

14-106

n.a.

10 h?

10 h?

10 h?

28 h?

27 h?

5 min/
sample

104

106

107

30

21

26
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Abbreviations:

8-HQ: 8-hydroxyquinoline (8-quinolinol)

cpg: controlled pore glass

DPTH gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel
EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan
IDA: iminodiacetate

MNPs-PAA: magnetic nanoparticles with polyacrylic acid

MW(CNTSs: multi-walled carbon nanotubes

OASIS HLB: poly(divinylbenzene-N-vinylpyrrolidone) co-polymeric beads
PCX: polymeric cation exchanger

PMMA: poly(methyl methacrylate)

S-CS-MWCNTs: Schiff base-chitosan grafted multiwalled carbon nanotubes
SCX: strong cation exchanger

Journal of Analytical Atomic Spectrometry

24



oNOYTULT D WN =

Journal of Analytical Atomic Spectrometry

Page 82 of 162

Table 2: Single-element on-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total

metal concentration of transition metals and metalloids in natural waters. (All units as in the original publication)

Detection Sample Sample Enrich-  Sample Ref
Analyte Matrix Solid phase R treatment/Elutio Figures of merit Validation volume ment through-
technique
factor put
DL Linear range Precision Relative
Recovery
Co Underground Fe;0,4 ETAAS None/ 6nglL? 0.01-5pg L 2.8%at 0.5 pg L 96-99% (°GBW 07303 2mL 30 18 ht 108
water, (*tap nanoparticles Ethanol (n=11) stream
water) sediment,
GBW10017
powdered
milk)
Co (*Only CRM) L-tyrosine FAAS pH 7.0 (AcNH,)/ 50ng Lt DL-250 pg L 2.7-3.4% at 10 102% QC METAL LL2 10 mL 180 >600 s/ 22
functional- 10% (v/v) HNO; ug L't (n=10) metals in sample
ized natural waters
MWCNTs
Cu Coastal and TMA ICP-OES pH 5.5 (ACNH,)/ 0.4 pg Lt 0-50 pg L 3.2% at 5.0 ug L 91-103%  (°CRM22 fish 10 mL 5 n.a. 109
estuarine water 2% (v/v) HNO; otoliths, SRM
1400 bone ash)
As (*Cave water, Live Hela GFAAS pH 3.0 0.05 pg L 0.15-2.5 ug L* 1.7% at 1.25 pg L! 97-98% SRLS-4 river 450 pL 11 13 h? 1o
tap water) cells (phosphate and 3.4% 0.5 pg L* water
immobilized buffer)/ (n=9)
on Sephadex 2 M HNO3
G-50 beads
Cd Ground-, river- SIMAG- ETAAS pH 2.0£0.2 3ngl? 9-350 ng Lt 3.9% at 50 ng L 94-98% NIST CRM 5mL 19 8 ht 19
and coastal Octadecyl (HNO3); on-line (n=11) 1643e trace
seawater addition of DDTC/ elements in
IBMK water
cd Mineral water, 3-MPTMS- FAAS pH 7.5 0.15 g L? 1-60 pg L? 4.04% at 1 pg L 92-110% NIST SRM 20 mL 31.5 14 ht wm
(*tap water, MWCNTs (phosphate and 2.34% at 55.0 1643e trace
synthetic buffer)/ ug L't (n=10) elements in
seawater) 1 M HCI natural waters,
(°NIST SRM

1573a tomato
leaves)

25
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1
2
3
4 cd Spring water, Fe-based ETAAS pH 6.0 (NaOH)/ 13ngl? 0.003-0.2 pg L 2.2% at 0.1 pg L? 97-105% GBWO08608 1000 pL 31.2 12 h? 112
5 rain water, MWNTs 0.002 mol L* (n=11) trace elements
6 snow water H;PO,and 0.1 in water,
7 mol LTHN4NO; (°GBW07404
8 soil)
9 Cd Spring water, S. cerevisiae GFAAS pH6-7 (0.1 molL?* 1.1ngl? 5-100 ng Lt 3.3% at50 ng L 69-102% (°GBW 07404 1mL 30 20 h? 13
10 rain water, cell-loaded NaOH)/ (n=11) soil)

seawater, (*tap  cytopore® 0.8 mol L*HNO;
1 water) beads
12
13 cd Mineral water, Histidine FAAS pH 8.50 0.20 ug L! 2-140 pg L 3.11% at 40 pg L 96-104% ("Tort 2 15 mL 17.7 16 ht 114
14 lake water, functionalize (ammoniacal (n=10) Lobster

(*tap water) d MWCNTs buffer)/ Hepato-
15 0.8 M HNO; pancreas)
16 cd River water, Salen/Cd(Il) FAAS pH 6.8 (Britton- 0.11pglL? 1-10 pg L? 6.3%at1pgl? 92-107% ES-H-2 ground 16 mL 117 20 ht 1s
17 spring water, complex Robinson buffer)/ (n=5) water, (°EU-H-
18 ground water, imprinted 1% HNO; 3 waste water)
19 (*tap water) polymer
20 Pb Mineral water, IIHC TS-FFAAS pH 6.46 0.75 ug L 2.5-65.0 ug L? 5% at 10.0 pg L* 93-110% (°DORM-3 fish 20 mL 128 n.a. 116
21 (*tap water, (phosphate and 3.6% at 60.0 protein, MESS-
22 synthetic buffer)/ ug L't (n=10) 3 and PACS-2
23 seawater 0.5 mol L HNO; marine
4 amongst other sediments)

samples)
25 Pb Ground water, PEEK FAAS On-line complex 0.32 ugL? 3.6-300 pg L 2.2% at 50 pg L* 95-97% NIST CRM 22 mL 110 20 ht w7
26 river water, formation with (n=11) 1643e trace
27 coastal 0.5% (m/v) DDPA elements in

seawater in water/ water, (°IAEA-
28 IBMK 433 marine
29 sediment, BCR
30 278-R trace
31 elements in

mussel tissue)
32
33 Pb Seawater, (*tap  Filamentous FAAS pH 4.0 (HNO3)/ 0.78 ug L! 2.5-10 ug L 9.1-1.8% at 2.5- 96-104% NASS-5 250 mL 868 n.a. 118
34 water) fungal 1M HCI 100 pg L (n=5) seawater
biomass-
gg loaded TiO,
NPs

37 Matrices in brackets indicated with a * are not within the scope of this review.
38 Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
39 n.a.: not available.
40
41
42
43
44
45
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Abbreviations:

IIHC: ion imprinted polyvinylimidazole-silica hybrid copolymer
MPTMS: mercaptopropyltrimethoxysilane

MW(CNTSs: multi-walled carbon nanotubes

NP: nanoparticle

PEEK: polyether ether ketone

SiIMAG: silica maghemite

TMA: 2-thiozylmethycrylamide

WCNT: wall coated nanotubes

Journal of Analytical Atomic Spectrometry
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1
2
3
s Table 3: On-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total metal
6 concentration of rare earth elements, precious metals and actinides in natural waters. (All units as in the original publication)
7
. Sample Enrich- Sample

8 Analyte Matrix Solid phase Detec.tlon treatment Figures of merit Validation Sample ment through- Ref
9 technique /Elution volume factor put
:(1) DL Linear range Precision :::)t\lr‘;?y
12 Rare earth elements
13 REEs (incl.  Seawater Toyopearl AF ICP-MS pH 0.002 ng kg* (Tm)- Up to 200 Y6% (n=5) 93-106% CASS-4, SLEW-3 6 mL n.a. 11 h? us
14 Y) Chelate 650M® 5.5+0.2 0.078 ng kg*(Ce) ng kgt coastal seawaters

(AcNH,)/ Tm: 100
15 0.8 M ng kg
16 HNO;
17 La, Ce, Lake water, GO-TiO, ICP-OES pH5/ 0.13-2.64 ng mL? 0.5-1000 3.2-8.6% at 10 > 90% (°GBWO07301a 7 mL 10 12 h? 35
18 Eu, Dy, Yb  river water, 1 M HNO; ng mL?! ng mLt(n=7) stream sediment)

ter
19 seawa
20 REEs Seawater SDCC (Nobias PB  ICP-MS pH 6 0.00008-0.04 n.a. < 3.3% for 97-100% Previous results 50 mL n.a. n.a. 3
1M) (AcNH,)/ pg mL?! seawater (n=4)

21 2 M HNO;
22 REEs (incl.  Seawater Nobias PA 1 ICP-MS pH6 1-36 ppq 0.1-10 ppt <15-23% for 2000  94-102% NASS-5 seawater, 7 mL 15 15 min/ 34
23 Y) (AcNH,)/ m seawater (°VIDAC18 sample
24 1.5M sample (n=50) Portuguese

HNO; + mineral water
25 0.4% (1:10 diluted))
26 acetic acid
27 REEs Lake water SDCC (Nobias PB  ICP-SFMS pHS5 0.013-0.15 pg mL? n.a. 1.03% 96-104% NMIJ 7201-1 river 10 mL n.a. 3 min/ 32
28 1M)and (AcNH,)/ water sample
29 InterSEP ME1 2 M HNO;
30
31 REEs (incl.  River water EDTriA-type ICP-OES pH5 0.002-0.095 ng mL*! n.a. <10%at1lngmL? >95% SRLS-4 river water 20 mL 83-120 12 ht 21
32 ScandY) chitosan (AcNH,)/
33 2 M HNO;
34 REEs (incl.  River water Chitosan based ICP-OES pH5 0.002-0.25 ng mL? n.a. <10% 90-110% SRLS-4 river water 20 mL 21-102 11 h? 30
35 ScandY) chelating resin (AcNH,)/

15M
36 HNO;
37 REEs Coastal SDCC (PAPC) ICP-SFMS pH5 0.005 -0.09 pg mL* n.a. <10% 93-99% NASS-5 seawater 10 mL 9.6 6 min/ 31

seawater AcNH, sample

38 ( )/ I
39 2 M HNO;
40
41
42 28
43
44
45
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Precious metals

Ag Estuarine - Dowex AG1X ICP-MS None/ 0.06 ng kgt LD-1000 < 3% (n=5) 99-102% SLEW-3 estuarine 7.5mL n.a. 7ht a7
and seawater 25M ng kg water, CASS-4
HNO; coastal seawater
Pd Groundwater  Polyaniline ICP-OES, No 0.0004 ng mL* 100 (ICP- <3% >99% Standard 250 mL 125 n.a. 44
, lake water, ICP-MS acidificati OES)/0.22 additions
seawater on/ (ICP-MS)
3% HCl + ng mL?!
0.06%
thiourea
Pt,Pd,Ir  (*spiked PSTH-cpg ICP-MS pH: 3.2/ Pt: 78.5 ng L Up to 600 3% (n=10) 93-107%  (°NIST-2557 3.3mL Pt: 18 10 ht 43
seawater and 0.03% Pd: 55.5 ng L ng L autocatalyst) Pd: 2.3
river water (m/v) Ir:0.1ng Lt Ir: 43
samples) thiourea
in3.2%
(v/v) HNO;
Actinides
Th, U Seawater, UTEVA ICP-MS Acidified Th: 0.4 ng L? 0-200 pg L! 1.7% at 2.5 ng L* >90% (°BCR-320R 8 mL 13 9ht 60
well water, to 3M U:2.8ngL? (n=5) channel
mineral HNOs/ sediment)
water, fresh 0.05M
water, (*tap H,C,0./
water) 0.01M
HNO3

Matrices in brackets indicated with a * are not within the scope of this review.
Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
n.a.: not available.

Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.
Abbreviations:

3-MPTMS: 3-mercaptopropyltrimethoxysilane

AC-TBAH: tetrabutylammonium hydroxide-modified activated carbon
AF-MMPs: amine-functionalized magnetite microspheres

APS: 3-aminopropyltriethoxysilane

Bromo-PADAP: 2-(5-Bromo-2-pyridylazo)-5-(diethylamino)phenol

CNTs: carbon nanotubes

CTAB: cetyltrimethylammonium bromide

DDTC: diethyldithiocarbamate

DPTH gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel
EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan
GO-TiO,: graphene oxide titanium dioxide

IIHC: ion imprinted polyvinylimidazol-silica hybrid copolymer

29
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MNPs-PAA: magnetic nanoparticles with polyacrylic acid

MWCNTSs: multi-walled carbon nanotubes

OASIS HLB: poly(divinylbenzene-N-vinylpyrrolidone) co-polymeric beads

PAPC: divinylbenzene-methacrylate copolymeric resin containing polyaminopolycarboxylic acid groups = ethylendiaminetriacetic acid and iminodiacetic acid groups
PDDA: poly(diallyldimethylammonium chloride

PMMA: poly(methyl methacrylate)

PSTH-cpg: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass

Salen/Cd(ll) complex: (cadmium(ll) 2,2'-{ethane-1,2-diylbis[nitrilo(E)methylylidene]} diphenolate)

S-CS-MWCNTs: Schiff base-chitosan grafted multiwalled carbon nanotubes

30
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Table 4: On-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the speciation of metals in natural waters. (All

units as in the original publication)

Page 88 of 162

Sample Detection sample Enrich-  Sample
Analyte Matrix Solid phase treatment/ . Figures of merit Validation ment through- Ref
. technique volume
Elution factor put
Relative
DL Linear range Precision Recovery
Fe(ll)/ Ground Non- Fe(ll): pH 5 ICP-MS Fe(ll): 1 ng L 5-5000 ng L! n.a. Total Fe: SLEW-3, 1640a, 1mL Fe(Il) 7.5h1 120
Fe(Il) water, functional- (evacuation Fe(lll): 1-2 ng L* 97-115% 1643e trace metals pH 4:
River ized acrylate by air); Fe(ll1): in natural waters 10.1
water, resin Fe(lll): pH 4 89-110% Fe
seawater (evacuation Fe(ll): 89- ()pH
(*tap by water) 108% 5:13.3
water) Fe(lll)
pH 5:
20.9
V(V)/ Seawater, CTAB- pH 2.5 and ICP-OES V(V): 0.03 pg L* 0.1-500 pg L*! V(V): 4.3% >90% GSBZ50029-94 3mL 27.9 24 ht 7
V(IV) fresh water  modified alkyl 6.0/ total V: 4.0% at environmental
silica 1 M HNO; 5 ug Lt (n=9) water
Cr(ln)/ Seawater Amberlite IRA pH5.5 ICP-MS 0.03 pg LY/ DL-60 pg Lt 2.6%/ 98-113% SLEW-3, LGC6016 4 mL 2.4/3.7 7.5h? 66
Cr(VI) (surface 910, DPTH- (NaAc)/ 0.009 pg Lt 3.2% at estuarine waters,
coastal) gel 2 M HNO3 0.3 pg L*(n=10) TMDA-54.4 fortified
lake water (1:100)
Cr(VI1) Snow PDDA- pH 6/ ETAAS 0.016 pg Lt 0.05-1.5 pg L! 3.9% at 100% GBWO08608 trace 1000 pL 8.6 9ht 64
water, MWNTs 0.1M 0.5 pg Lt (n=11) elements in water
spring ammonium
water, river nitrate
water
Cr(iny/ Mineral SWCNTs pH 3 (HNO;, ICP-MS 0.01 ng mLY/ 0.1-100 ng mL*  <2.1%/ >90% spiking experiments 20 mL 63 n.a. 67
Cr(VI) water, lake CH;COONa)/ 0.024 ng mL* 4.0%
water, 1.2 M HNO; at 1 ng mL?
(*waste (n=9)
water)
Cr(VI) Mineral Functional- pH 2 (HCl)/ ETAAS 1.2ngl? n.a. 2.5% at 100% Recovery studies; 2 mL 27 21 h? 63
water, river  ized meso- 0.1M 0.50 pg L total conc.: SRM
water porous silica NH,OH-HCl in (n=10) 1643e trace
(*effluent (APS) 1M HCI elements in water
water)
31
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cr(iny/
Cr(VI1)

criny/
cr(vl)

As(Il1)/
As(V)

As(ll1)/
As(V)

Se(Iv)/
Se(VI)

Se(lv)/
Se(VI),

SeCys/
Se-Met

Matrices in brackets indicated with a * are not within the scope of this review.

Lake water,
mineral
water (*tap
water)
River water
(*tap
water)

Lake water,
mineral
water,
(*tap
water)
River
water, lake
water, well
water, rain
water

River
water, lake
water, well
water, rain
water

Lake water,
(*biological
samples)

n.a.: not available.

Mesoporous
Al,03

C. Vulgaris/
717 anion
exchanger

Mesoporous
Al,03

(CTAB)-
modified alkyl
silica sorbent

(CTAB)-
modified alkyl
silica sorbent

Nanometre

sized Al,Os/
mesoporous
TiO,

pH 4.0 (NH;
H,0/HNO;)/
0.01 M NaOH

pH 6/
0.04 M/1.0 M
HNO,

pH 4.0 (NH;
H,0/HNO,)/
0.01 M NaOH

None/
1 M HNO;

None/1 M
HNO;

pH 3.5/pH 6/
0.2 M NaOH

ICP-MS

ETAAS

ICP-MS

ICP-OES

ICP-OES

ICP-MS

Journal of Analytical Atomic Spectrometry

3.4nglLl/
74 ng Lt

0.02 ug LY/
0.03 pg L

0.7 ng LY/
18 ngL?

As(V): 0.15 pg L

Se(VI): 0.10 pg L*

45-210 ng L*

n.a.

0.1-2.5pg LY
0.12-2.0 pg L

n.a.

0.5-1000 pg L™

0.5-1000 pg L

n.a.

2.8%/
3.9% at
1 ng mL? (n=7)

1.9%/
2.5% at
1.0 pg Lt (n=11)

3.1%/
4.0% at
1 ng mL? (n=7)

As(V): 4.0% at
5.0 ug Lt (n=9)

Se(VI): 3.6% at
5 pg L* (n=9)

7.0-9.7% at 0.8
ng mL?! (n=7),
3.6-5.8% at 5
ng mL?! (n=7)

>90%

100%/99
%

>90%

GSBZ50027-94,
GSBZ50004-88
environmental
waters
GBWO08608 trace

elements in water

GSBZ50027-94,
GSBZ50004-88

environmental

waters

BW3209 (0602),
BW3210 (0602),
GSBZ 50031-94
(203706)
environmental
waters

BW3209 (0602),
BW3210 (0602),
GSBZ 50031-94
(203706)
environmental
waters

0.5mL

600 pL

0.5mL

3mL

3mL

4 mL

5

10.5/
11.6

26.7

27.6

1-5

8ht

n.a.

8ht

24 ht

24 h1

5ht

68

65

68

70

Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.

Abbreviations:

3-MPTMS: 3-mercaptopropyltrimethoxysilane

AC-TBAH: tetrabutylammonium hydroxide-modified activated carbon

AF-MMPs: Amine-functionalized magnetite microspheres
APS: 3-aminopropyltriethoxy silane
CTAB: cetyltrimethylammonium bromide
DDTC: diethyldithiocarbamate
DPTH-gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel
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EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan

MWCNTSs: multi-walled carbon nanotubes

PAPC: divinylbenzene-methacrylate copolymeric resin containing polyaminopolycarboxylic acid groups = ethylendiaminetriacetic acid and iminodiacetic acid groups
PDDA: poly(diallyldimethylammonium) chloride

PMMA: poly(methyl)-methacrylate

PSTH-cpg: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass

S-CS-MWCNTSs: Schiff base-chitosan-grafted multiwalled carbon nanotubes

SSDC: syringe driven chelating column (packed with divinylbenzene-methacrylate co-polymeric resin containing polyaminopolycarboxylic acid groups (PAPC) = ethylendiaminetriacetic acid and iminodiacetic acid
groups

SWCNTSs: micro-column packed single-walled carbon nanotubes

TAR: 4-(2-thiazolylazo)resorcinol

TMA: 2-thiozylmethycrylamide

UTEVA: Uranium and TEtraValent Actinides - diamyl amylphosphonate (DAAP) functionalized

33
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1
2
3
: Table 5: Methods employing cold vapour generation (CVG) and hydride generation (HG) techniques for the matrix separation and preconcentration of
6 metals in natural waters. (All units as in the original publication)
7
. . Enrich- Sample
8 Analyte Matrix Solid Detec.tlon Sam.ple treatm(.ent/ Figures of merit Validation Sample ment through- Ref
9 phase technique Elution/Reduction volume factor put
" o e prdon et
12 Hg Natural water Dithizone  AFS pH: 4.0/ 0.02 pg L! 0.06-3.0 5.2% (n=7) at  90-105% Standard 50 mL 29 5ht 122
13 samples chelate 1.5 mol LT HCI/ pg Lt 0.5pgL? addition/
1.5% (m/v) NaBH,4 in 0.5% recovery
14 (w/v) NaOH experiments
15 Pt, Pd, Spiked DPTH- ICP-OES Water samples: pH 1 (HCI); Pd: 1.5 ug L n.a. 2.6-8.5% at 92-108%  TMDA54.4 12mL  Pd:20 17 ht 82
16 Os, Ir, Rh,  seawater (*tap MNPs (*acid digests: pH 0.9 Ag:0.03 pg L? 0.74-14.7 fortified lake Ag: 206
17 Ag, Au water, (NaOH)/ 0s:0.65 pg L ug Lt water, SRM Os: 9
environmental 2.5% thiourea (w/v) in 6% Au: 0.62 pg L? 1643e trace Au: 18
18 samples) (w/w) HCl/ Ir: 0.57 pg L* elements in Ir: 17
19 2.1% (w/v) NaBH, in 0.1% Pt: 0.63 ug L? fresh water Pt: 144
20 (w/v) NaOH) Rh: 100 pg Lt (°NIST 2557 Rh: 3
21 autocatalyst)
22 Ag, Au, Seawater, Function-  ICP-OES pH 3.0 (0.2 M glycin/HCl)/ Ag: 0.5 ug L? Ag: 3.0- Ag: 3.2% Ag: 90- TMDA 54.4 16.8 Ag: 22 13 ht 83
Ir, Os, Pd, mineral water alized 2% (wt/vol) thiourea in 4% Au: 0.6 pug L 5000 Au: 2.6% 106% fortified lake mL Au: 29
23 Pt, Sb, Hg  (*spiked tab magnetic (wt/vol) HNOs/ Ir:0.2 ug L* Au: 4.8- Ir:3.1% Au: 90- water Ir:9
24 water graphene 2.6% (wt/vol) NaBH, in 0.2% Os:1.2 pugL? 3500 Os: 3.8% 104% Os: 33
25 oxide (wt/vol) NaOH Pd: 2.6 ug L* Ir: 6.5- Pd: 4.0% Ir: 93- Pd: 6
26 Pt: 0.4 pug L 400 Pt: 3.8% 113% Pt: 28
Sb: 1.5 pug Lt Os: 7.7- Sb: 4.5% Os: 90- Sb: 9
27 Hg:0.05pg L1 400 Hg:1.6%at  104% Hg: 3
28 Pd: 8.3- 25 ug Lt Pd: 95-
29 5000 (n=11) 106%
Pt:2.8- Pt: 86-
30 5000 106
31 Sb: 9.0- Sb: 93-
32 5000 117%
33 Hg: 0.2- Hg: 93-
34 1000 105%
pg Lt
35 As, Sb, Seawater DPTH- HR-CS- pH: 5 (acetic acid/sodium As:0.25 pg L n.a. 2.2-29% 90.4- TM 24.3 and 12 mL As: 23.4 16.7 ht 78
36 Hg MNPs ETAAS acetate buffer)/ Sb: 0.003 pg L? (n=11) at 110% TMDA 54.4 Sb: 2.9
37 5.0% (wt/wt) HCl/ Hg: 0.22 pg L! As: 8 ug L-1, fortified lake Hg:3.3
38 0,1% (wt/vol) NaBH, in 0.1% Sb: 0.2 ug L, water
39 (wt/vol) NaOH Hg: 1.5 g L!
40
41
42 34
43
44
45
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Sb, Bi,
Sn, Hg

Pt, Pd, Ir

Pb, Cd,
Hg

Sb, Bi, Sn

As

Sb

Cd

Seawater, river
water

Spiked
seawater

Natural waters
including
seawater

Seawater

River water, tap
water, mineral
water, (*waste
water)

River- and
seawater

Seawater,
ground water

HR-CS-
ETAAS

ICP-OES

ICP-MS

ICP-MS

AAS

ETAAS

AAS

pH 2.2 (glycine/HCIl)/
Sb, Bi, Sn: 3.1% HCI, Hg: 4.6%

thiourea/

0.6% (w/v) NaBH, in 0.1%

(w/v) NaOH

pH: 7.5 (borate-boric acid
buffer)/0.07% (wt/v)
thiourea in 2 mol L
HCI/0.5% (wt/v) NaBH, in
0.1% (wt/v) NaOH

pH 5.0 (acetic acid/sodium

acetate)/

1.5% (w/w) thiourea in 1.5%

(w/w) HNO3/

Pb: 1.25% (w/v) NaBH, + 3%
(w/v) KsFe(CN)g; Cd and Hg:
1.25% (w/v) NaBH, in 0.1%

(w/v) NaOH

pH 3.5 (0.75% cysteine

added)/
4% HNO,/

0.5% NaBH, in 0.1% NaOH

0.01 mol L' HCl/
4.0 mol LT HCIl/

1.0% (m/v)NaBH4 in 0.1%

(m/v) NaOH

pH 5.0 (acetic acid/

sodium acetate)/

2.0% thiourea in 4.0% HNO;/
0.5% (w/v) NaBH, in 0.1%

(w/v) NaOH

2 mol L't HCI/

0.75% (m/v) thiourea in 0.05

mol LT HCl/

6% (w/v) NaBH, in 0.5%

(m/v) NaOH

Sb: 0.009 pg L
Bi: 0.001 pg L*
Sn: 0.18 pg L
Hg: 0.17 pg L

Pt: 1.4 ug L
Pd: 0.5 pg L*
Ir: 0.6 ug Lt

Pb:9 ngL*
Cd: 17 ng L*
Hg: 12 ng L*

Sb: 0.01 pg L
Bi: 0.002 pg L
Sn: 0.142 pg L

0.05 pg L

lngl?

5.8nglL?

0.025-2.5
pg Lt

0.05-3
mg L?

DL-30.0
pg Lt

DL-60.0
pg Lt

0.15-6.0
pg Lt

0.025-2.5
pg Lt

193 ngl
5ug Lt

1.9-2.4% at 1
pg L* (n=11)

Pt: 2.8%
Pd: 2.7%
Ir: 2.9%

(n=10)

2.5-2.9% at
0.5pgL?
(n=9)

1.1-1.5%
(n=10)

3.2%at 2.0
pg L* (n=10)

0.9%at1
ug L (n=11)

1.4-2.9% at
0.25and 2.5
pg Lt
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91-103%

94.5-
105.8%

985-
105%

97-108%

96-102%

98-108%

94-101%

T™M 24.3, TMDA
54.4 fortified
lake waters

(°NIST 2557
autocatalyst)

TMDA-54.4
fortified lake
water, LGC6016
estuary water,
CASS-5
seawater

Diluted TMDA-
54.5,TM-24.3
natural waters

Reference
method based
on on-line FI-
HG-AAS (FIAS
400)

TMDA 54.4
fortified lake
water, SLRS-5
estuarine water

CASS-4
seawater

3mL

6.6 mL

54 mL

4.8 mL

3mL

5mL

2mL

Sb: 4
Bi: 18
Sn: 7
Hg: 9

Pt: 6.3
Pd: 6.7
Ir:6.3

Pb: 16.4
Cd: 25.1
Hg:27.3

Sb: 7.0
Bi: 8.6
Sn: 2.5

22

7.5h?

11h?

10.4 ht

12 h?

9ht

20h?

87 ht

81:

79

78

75

123

35
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Pb Seawater, river PSTH-cpg  ETAAS pH 6.0 (NaH,PO,/Na,HPO,)/ 3.0ngl?
water 1% (v/v) HCI/
2.6% (m/v) NaBH, + 3% (m/v)
(K5Fe(CN)g) in 0.5% (m/v)
NaOH
Hg River water None ICP-MS, Stabilization (K,Cr,05), 0.25ng L?
MC-ICP-MS  isotope dilution/
0.2% (w/w) NaBH, in 0.05%
(w/w) NaOH
Matrices in brackets indicated with a * are not within the scope of this review.
Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
n.a.: not available.

n.a.

n.a.

Journal of Analytical Atomic Spectrometry

2.5% at 50 97-105%
ng L (n=10)

0.6-2.9% for n.a.
ERM-CA615
(n=3)

TMDA 54.4 6.4 mL
fortified lake

water, LG6016

estuarine water

ERM-CA615 500 pL
ground water

20

10-50

18 ht

40 ht

77

Abbreviations:

cpg: controlled pore glass

DPTH: 1-(di-2-pyridyl)methylene thiocarbonohydrazide

MNP: magnetic nanoparticle

PSTH: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide
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Table 6: Methods employing cold vapour- and hydride generation techniques for the speciation of metals in natural waters. (All units as in the original

Journal of Analytical Atomic Spectrometry
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publication)
Detection Sample treatment/ Figures of merit Sample Enrich- Sample
Analyte Matrix Solid phase . . . Validation ment through- Ref
technique elution/reduction volume
factor put
LOD Linear range Precision Relative
Recovery

As(ll1)/ Seawater, PSTH-MNPs  ICP-MS pH 4.0 (acetic acid/sodium  As(Ill): 2.7 ng L* As(l11): 0.01- As(l1): 90-110% SLEW— 9.6 mL As(l11): 14.4 ht 87
As(V))/ well-water acetate)/ iAs: 3.2 ng L 50 ug L? 2.5% estuarine 1.9
total iAs 0.1% (m/v) thiourea + total iAs: iAs: 2.7% water, CASS-5 total iAs:

2.8% (m/v) L-cysteine in 0.03-100 ug L (n=8) sea water, 2.1

7% (w/w HNO3/ 1 TMDA 54.4

As(l1): 0.1% (w/v) NaBH, in fortified lake

0.5% NaOH water, SPS-

As(V): 0.5% (w/v) NaBH, in SW 2 Batch

0.5% NaOH 125 surface

water

As(ll1)/ Groundwater  CI-SAX AAS None - neutral sample/ As(Ill): 0.5 ug L* 1.7-25 g L* <2% at 98-106% NIST 1643e 500 pL n.a. 60 ht 86
As(V)/ As(Il1): 3.5 mol L'* HCI/ iAs: 0.6 pug L 5uglL? trace
total iAs 0.35% (m/v) NaBH,in (n=3) elements in

0.025% NaOH water
iHg/ Seawater DPTH-silica ICP-MS pH 5.0 (acetic acid/sodium ~ MeHg: 0.011 p L* DL-70 pug L MeHg: 92-107% LGC 6016 4.6 mL MeHg: 7.1h1 85
MeHg gel acetate)/ iHg: 0.024 pg L* 2.8% estuarine 4.7

MeHg: 0.2% HCI, iHg: 0.5% iHg: 2.6% water, (°SRM iHg: 11

HCI + 0.1% thiourea/ at2 uglL? 2976 mussel

0.25% (w/v) NaBH, in 0.5% (n=10) tissue)

(w/v) NaOH
Sb(ll)/ Seawater, PSTH-cpg/ ICP-MS pH 8.4 (boric acid/borax)/ Sb(Il1): 0.05-80 pg L't Sb(ll1): 0.013 Sb(Il): 97-105% SLRS-5 river 2.2mL Sh(lll): 9ht 74
Sb(V) river water, Amberlite 0.04% thiourea in 5% Sb(V): 0.05-80 ug L* pg Lt 4.6% water, TMDA- 5.5

lake water IRA-910 HNO,/ Sb(V): 0.021 Sb(V): 54.4 lake Sb(V): 3.9
0.2% (m/v) NaBH, in 0.05% pg Lt 3.0% water
NaOH (n=10)

Matrices in brackets indicated with a * are not within the scope of this review.
Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.

n.a.: not available.

Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.

Abbreviations:

CI-SAX: Silica-based chloride-form strong anion exchange resin
PSTH-MNPs: (Fe;0,4) magnetic nanoparticles functionalized with [1,5-bis (2-pyridyl) 3-sulfophenylmethylene] thiocarbonohydrazide

PANI: polyaniline

DPTH-silica gel: 1,5-bis(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel
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PSTH-cpg: [1,5-bis(2-pyridyl)-3-sulfonphenyl methylene]thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass
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Table 7: Methods employing liquid-liquid-micro-extraction for the matrix separation and preconcentration of metals in natural waters. (All units as in the

original publication)

Detection Sample Disperser/ Sample Enrich- Sample
Analyte Matrix . complexing Figures of merit Validation ment through- Ref
technique treatment . volume
solution factor put
Relative
DL Linear range Precision Recovery
Pb Coastal FAAS pH 2 (HNOs;)  DDPA/chloroform 1.5 pgL? 5.0-280 pg L* 2.7% at 95-102% CRM 1643e trace 6 mL 130 13 ht 88
water, ditch 40.0 ug L* elements in natural
water (n=9) water, (°BCR 278-R
mussel tissue)
Pb Lake water, FAAS pH 2 (HNOs;)  APDC/chloroform 1.8 ugL? 6.0-300 pg L? 2.9% at 50 94-98% CRM 1643e trace 10 mL 125 7 ht %3
coastal water ug Lt elements in natural
(n=10) water, (°BCR 278-R
mussel tissue)
Tl River water, FAAS pH 2.0 Methanol 0.86 pg L! 2.8-120 ug L 2.7% at 20 94-98% SRM 1643e trace 15 mL 290 16 ht 97
lake water, (HNO;) containing 0.6% ug Lt elements in natural
coastal (v/v) water, (°SRM 2704
seawater ([Hmim][PF¢l; river sediment)
(*tap water) Elution: MIBK;
Support: PUF
micro column
V] Ground ICP-OES, pH1 APDC/CTAB; ICP-OES: 2.0 ug L ICP-OES: ICP-OES: 90-105% BCR 403 North 10 mL 11-25 n.a. 89
water, ICP-MS extraction into ICP-MS: 30 ng L* 5-200 pug LY 5% at 10 and Seawater, laser
seawater chloroform, back ICP-MS: ICP-MS: 5uglL? fluorimetry
extraction into 50-5000 ng L* 4% (n=6)
HNO;
Ag River water, FAAS 0.1 mol L DDTCin 0.3% 0.15 ug L 0.40-20 pg L 2.9% at 96-99% NIST CRM 1643e 16.2 mL 186 12 ht %6
seawater, HNO; (m/v) methanol; Sugl? trace elements in
(*waste Elution: MIBK; (n=10) natural water
water) Support: PEEK-
microcolumn
Pb, Cd Natural ETAAS None Methanol Pb: 10 ng L Pb: 0.04-1.5 Pb: 3.8% at 94-98% NIST CRM 1643e 8.1mL Pb: 80 10 h? 95
waters (river containing 2% Cd:2nglL? ugL? 0.5 pugL? (n=3) trace elements in Cd: 34
water, coastal (v/v) xylene a + Cd: 0.006-0.150 Cd:4.1% at natural water
seawater) 0.2% (m/v) APDC; ug Lt 0.03 pg L
Elution: MIBK;
Support: PTFE-
tubing
39
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1
2
3
4 v River water, ETAAS pH 4.0 (5-Br-PADAP) + 4.8 ng L DL-15 pg Lt 4.1% at 96-103%  NIST CRM 1643e 5mL n.a. 6 ht %0
5 (*tap water) (aceticacid/  ([C4mim][PF6]) SuglL? (n=6) trace elements in
6 acetate) RTIL; Elution: 10% (n=10) natural water
7 (v/v) HNO; (in
acetone);
8 Support: Florisil
9 cd Seawater, ETAAS pH 2.010.2 DDPA/DIBK 0.01 pg L? 0.03-0.6 pg L* 3.9% at 94-98% NIST CRM 1643e 15mL 10 6ht 92
10 river water (HNO;) 0.1pglL? trace elements in
11 (n=9) natural water
12 Cu, Pb River water, FAAS pH 1.4 Methanol Cu: 0.04 pg Lt 0.16-12.0 ug L* Cu: 2.1% 96-100% NIST CRM 1643e 12 mL Cu: 560 12 ht o4
coastal water (HNO3) containing 2% Pb: 0.54 pg L? at2.0 ug L trace elements in Pb: 265
13 (v/v) xylene + Pb: 1.9% natural water
14 0.3% (m/v) DDPA; at30 g L?
15 Elution: MIBK; (n=10)
16 Support: PTFE-
micro column
17 Cr Spring water, ETAAS pH 3.5 APDC 0.02 ug L* 0.5-6 pug L 7% (n=6) 90-103% (°CRM 544 2.5mL 20 n.a. o1
18 river water, (phthalate lyophilized solution
19 seawater buffer) (no real matrix))
20 Matrices in brackets indicated with a * are not within the scope of this review.
21 Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
22 n.a.: not available.
23 Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.
24 Abbreviations:
APDC: ammonium pyrrolidine dithiocarbamate
mim : 1-butyl-3-methylimidazolium hexafluorosphosphate room temperature ionic liqui
25 ([C4mim][PF6])RTIL: 1-butyl-3-methylimidazolium hexafl hosph ionic liquid
26 ([Hmim][PF6]): 1-hexyl-3-methylimidazolium hexafluorophosphate ionic liquid
27 (5-Br-PADAP): 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol
28 CTAB: cetyltrimethyl ammonium bromide
DDPA: ammonium diethyldithiophosphate
29 DDTC: sodium diethyldithiocarbamate
30 DIBK: di-isobutyl ketone
31 MIBK: methyl isobutyl ketone
32 PUF: polyurethane foam
33
34
35
36
37
38
39
40
41
43
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Figure captions

Figure 1: A conceptual diagram of the combination of on-line FI/SI sample preparation with
atomic spectrometric detectors.

Abbreviations: LPME: liquid phase microextraction; SPE: solid phase extraction; HG/CVG-GLS:
hydride generation/cold vapour generation-gas liquid separator; PP: peristaltic pump; SP:
syringe pump; MPW: multi position valve; HC: holding coil; IV: injection valve; S: sample; R:
reagent; E: eluent; W: waste.

Source: adapted from Miré and Hansen (2013)°

Figure 2: A conceptual diagram of the combination of on-line FI/SI sample preparation with
atomic spectrometric detectors. Reproduced from & (Talanta 133 (2015) 164, authored by
Robert Clough, Hagit Sela, Angela Milne, Maeve C. Lohan, Serife Tokalioglu and Paul J. Worsfold),

with permission from Elsevier.

Figure 3: FI microcolumn preconcentration/separation system for simultaneous speciation of
Se(IV) and Se(VI), selenocysteine and selenomethionine, prior to ICP detection.
Abbreviations: P1/P2: peristaltic pumps; C1/C2: micro columns; V: valves.
a) Separation of inorganic ((Se(lV) and Se(VI)) and organic Se species (Se-Met and Se Cys,)
on C1 and C2, respectively. (SeCys, retained on C2, Se-Met was detected by ICP-MS)
b) Elution of Se-Cys, from C2 with 0.5 mol L' NaOH and ICP-MS detection.
c) Elution of inorganic Se from C1 with 0.2 mol L'* NaOH and pH adjustment
d) Separation of inorganic Se species on C2. (Se(lV) retained on C2, Se(VI) was detected by
ICP-MS)
e) Elution of Se(IV) with 0.5 mol L' NaOH and ICP-MS detection.

Source and a more detailed description can be found in 7°.

Figure 4: Schematic illustration of a sequential injection system for automatic DLPME of trace
elements as a front end to ETAAS.

Abbreviations: S: sample; MeOH (APDC, xylene), extracting solvent composed of 2.0% (v/v)
xylene and 0.2% (m/v) APDC in methanol which acts as dispersant; P: peristaltic pump; SP:
syringe pump; MV: multi-position valve; V: head valve; HC: holding coil; C: micro-column
containing sorbent; CC: confluence connector; DT: delivery tube; GF: graphite furnace of ETAAS.
Reprinted from > (A.N. Anthemidis, K.-I.G. loannou / Analytica Chimica Acta 668 (2010) 35-40,

Copyright (2010)), with permission from Elsevier.
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Peristaltic pumps

mL min™
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Fig. 2
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Fig. 4
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Abstract

This review discusses the application of on-line strategies for sample treatment prior to atomic
spectrometric detection. These strategies are based on flow injection and related flow-based
approaches and focus on publications that have been published in the last ten years and have
been explicitly applied to real world natural water samples (open ocean, coastal and estuarine
water, river water, lake water and groundwater) and matrix relevant certified reference
materials. The focus is on the use of solid phase extraction for matrix removal and analyte
preconcentration. For convenience of searching, methods are grouped by element type, i.e.
transition metals (plus zinc, cadmium, lead and arsenic), rare earth elements (the 15 lanthanides
plus scandium and yttrium), precious metals (platinum group elements plus silver and gold) and
actinide elements (the transuranic elements plus actinium, thorium, polonium and uranium).
There is a separate section on methods for elemental speciation. Other on-line treatment
strategies covered are cold vapour and hydride generation, and liquid phase microextraction.
Comprehensive method details and analytical figures of merit are provided for key selected

papers covering each of these strategies in associated tables.
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1 Introduction

Natural waters include marine waters (e.g. open ocean, shelf sea, coastal and estuarine), fresh
waters (e.g. river, stream, lake), groundwater and precipitation (e.g. rain, snow, ice). Each of
these reservoirs has a different chemical composition, including their trace element profile (see
e.g. 1'2), that varies spatially and temporally but all are interconnected via the global water cycle.
Biogeochemical processes® impact on the fluxes of trace elements between these
compartments and their physico-chemical speciation* within each compartment.

The need to quantify trace elements in natural waters is driven by several factors. Some
elements or elemental species are toxic®, even at low concentrations, whilst others are essential
micronutrients®. Others can be used to elucidate transport processes or act as specific markers
for aquatic processes or events’. The low concentrations of many elements or their compounds

in natural waters requires sensitive detection techniques such as inductively coupled plasma-

mass _spectrometry (ICP-MS), often hyphenated with some form of separation® or

preconcentration/matrix removal®. This review focusses on the use of flow injection (Fl)
manifolds and advanced flow setups for on-line sample treatment, coupled mainly with flame

atomic_absorption spectrometry (FAAS), electrothermal atomic absorption spectrometry

(ETAAS) and inductively coupled plasma-optical emission spectrometry (ICP-OES) and ICP-/MS

detection, for the determination of trace elements and their compounds in natural waters
published since 2008 (for previous reviews on the role of flow analysis in sample preparation

see e.g. 1%11), Flow-based methods coupled to high resolution-continuum source (HR-CS)-AAS

have also been alse—considered. 12 13, Advantages compared tewith standard AAS include

improved signal stability and background correction and the use of a high-pressure xenon short-

arclamp as a continuous radiation source for sequential or simultaneous multi-element analysis.

2  Flow-through approaches and interfaces

The three main cornerstones of Fl, i.e. controllable dispersion, reproducible timing and
controlled sample injection, have been fully exploited in combination with atomic spectrometric
detection, for which the transport of aerosols into the atomizer is regarded as the ‘Achilles heel’
of atomic spectrometric techniques. Flow injection approaches were conceived for sample
introduction of a metered aqueous sample volume to a detection system (FAAS in the case of
elemental analysis), capitalizing on the high (carrier) wash to sample ratio. Hereto, the nebulizer
and burner are continuously cleaned by a carrier solution, thus alleviating problems of clogging,

even in high salt matrix samples. In fact, Fl setups hyphenated to ICP-triple quadrupole-mass

spectrometry (ICP-qQg-MS)/ICP-sector field-mass spectrometry (ICP-SFMS){SF}MS;, based on
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the continuous operating nature of both the flow setup and detection technique, are now
regarded as the second dawn for high-throughput (multi-) elemental and molecular automatic
analysis. The advances in sample injectors (e.g. nano-valves) and improved designs of nebulizers
and spray chambers that enable continuous injection of, e.g. organic eluates and alcoholic
solvents, have helped to overcome the limitations of FI-ICP couplings in terms of the nature of
the sample to be injected*-%, in as much as high carbon content matrices have been
traditionally excluded from ICP analysis. Nowadays the utilization of organic solvents in ICP-MS
is performed on a routine basis with robust interfaces allowing the controlled addition of oxygen
in order to eliminate carbon deposition on cones and other parts of the ICP-MS introduction
system%-15, |n quadrupole MS based systems, the implementation of reaction/collision cell
technology has enabled the development of strategies for the reduction or elimination of almost
all polyatomic interferences that would otherwise hamper the accurate determination of the
elements amenable to this technique. Tandem QMS systems are now state-of-the-art and
regarded as equivalent with ICP-SFMS systems in terms of selectivity and limits of detection.

With regard to system configuration, on-line hyphenation of FI with ICP involving the use of a
mechanically movable element, namely a rotary valve, has been the interface of choice for
practitioners to integrate sample handling seamlessly with analysis. Nonetheless, at-line
automatic interfacing, achieved by exploiting advanced robotic arms or autosamplers, is a
simple means of conditioning the sample/extract prior to analysis 6. However, coupling of flow
approaches to discontinuously operating detectors such-as-electrothermal-atomicabserption
speetrometry-(ETAAS} is not straightforward. The second generation of Fl, so-called Sequential
Injection (SI), has however paved the way for automatic sample handling across a multi-position
selection valve as a core element of the flow system and a bi-directional syringe pump as a liquid
driver with on-line sample injection of minute volumes (< 50 pL) into the graphite tube'’. This is

accomplished by integrating a flow line (usually polytetrafluorethylene (PTFE) tubing) in the

ETAAS autosampler arm, which connects the selection valve with the graphite tube at pre-set
injection times. Advantage is taken of the fact that the ensuing sample might be processed in
the SI manifold while running the ETAAS program of the previous sample. A conceptual diagram
of the combination of on-line FI/SI sample preparation with atomic spectrometric detectors is
shown in Fig. 1.

FI, SI and related techniques can also be used as automatic platforms for accommodating
appropriate pre-treatment schemes prior to the actual detection when handling troublesome
samples for which matrix clean-up and/or analyte preconcentration to attain suitable

detectability are required.
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3 On-line sample preparation (matrix separation/preconcentration) based on solid phase

extraction for the determination of metal concentrations in natural waters.

3.1 Transition metals, zinc, cadmium, lead and mercury

This section focusses on the use of on-line solid phase preconcentration for the determination
of transition metals (V, Mn, Fe, Co, Ni and Cu) and includes group 12 elements (Zn, Cd (and Hg)),
along with other metals (Pb) and metalloids (As). These elements can be classified in different
ways depending on the context in which they are being determined. Their interaction with biota
is a particularly important classification and these elements can be described as micronutrients
(e.g. Fe, Co), toxic elements (e.g. Pb, Cd) or both (depending on the concentration, e.g. Cu).
The major analytical challenge is the potential for contamination during sampling, storage and
analysis as concentrations in natural waters (particularly seawater) are typically very low (< nM).
In this regard flow manifolds incorporating on-line solid phase extraction (SPE) are attractive
due to the confined and controlled nature of the sample handling step, the ability to
preconcentrate the analyte(s) and the removal of major sea salt ions that would otherwise
interfere with the detection step (see e.g. ** and ). Filtration of samples and refrigeration
immediately after collection are essential for obtaining high quality data. The application of flow
manifolds, coupled with the use of high purity reagents and a meticulous approach to cleaning
of all laboratory ware, are essential prerequisites for minimising the blank signal and hence
achieving the desired limit of detection (LOD).

Transition metals can often be determined simultaneously using e.g. ICP-MS or ICP-OES
detection and the key analytical performance data for selected papers are summarised in Table
1. It is also possible to determine individual elements using e.g. flame—atemic—abserption
speetrometry—{FAAS or ETAAS and performance data for selected papers are similarly
summarised in Table 2. Particularly noteworthy features from these papers are considered in
more detail below.

The most important component of the flow manifold for these methods is the on-line SPE
micro/mini-column. The chemistry of the SPE phase used for on-line preconcentration and
matrix removal, i.e. the nature of the support material and the attached chelating ligand or
sorptive material, and the design of the column, e.g. column dimensions, shape and fabrication
material, and the elution mode (e.g., the use of back-flushing elution) are important
considerations. The most common ligands are iminoacetate based chelates ((iminodiacetic acid

(IDA), nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA)), quinolinol based

chelates ((8-hydroxyquinoline (8HQ)) and dithiocarbamate based chelates. Nobias-chelate PA1
is a chelating resin that has both, EDTA and IDAethylenediaminetriacetic-acid-and-iminodiacetic
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aeid chelating groups immobilized on a hydrophilic methacrylate polymer. It is popular because
it is commercially available, functions over a relatively wide pH range and has a high affinity for
several transition metals®. This paper reported an enrichment factor (also called a
preconcentration factor) of ~200 for Co, Cu, Fe, Mn, Ni and Zn with a 9 mL sample volume, which
allowed excellent detection limits to be achieved. As a general comment it is recommended that
all papers using on-line SPE state the method used to calculate the enrichment factor and the
experimental details used to obtain the data. Toyopearl AF-Chelate 650 is another popular
polymeric resin incorporating iminodiacetate—IDA chelating groups that has been used to
estimate the uncertainties associated with on-line preconcentration and ICP-MS detection of
trace metals in seawater!®, A schematic diagram of the FI manifold used for this work is shown
in Fig. 2.

It is also possible to react the transition metal with the ligand on-line and then use a reversed-
phase material such as octadecyl-chemically modified silica for trapping the neutral chelate. In
an interesting example, Giakasikli-Giakisikli and Anthemidis®® formed a cadmium complex with
diethyldithiocarbamate_ (DDTC) on-line and then preconcentrated the complex on
octadecylsilane functionalized maghemite magnetic particles. The complex was then eluted with
isobutyl methyl ketone.

Proprietary resins include 1,5-bis (2-pyridyl)-3-sulphophenyl methylene thiocarbonohydrazide
(PSTH) which was immobilized on aminopropyl-controlled pore glass and incorporated within
the injection valve of a simple flow manifold?°. However, enrichment factors were relatively low,
ranging from 2.2 — 6.8 for a range of transition metals. Another proprietary resin utilised a
natural product (chitosan) as the support material and ethylenediamine-N;N;N-triacetateEDTA
as the immobilised chelating ligand??, achieving enrichment factors of 14 — 35 for a range of

transition (and rare earth) metals for a sample volume of only 5 mL. A conventional mini-column

(4 cm length x 2 mm i.d.) was incorporated within a 6-port switching valve as part of a fully
automated system.

Unconventional advanced sorbents exploiting nanotechnology, based on the large surface area
of nanomaterials, have also been adapted for metal assays in natural waters. For example, multi-
walled carbon nanotubes (MWCNTs) have been used for preconcentration, with ligands such as
L-tyrosine immobilised on the walls of the tubes to enhance interaction with transition metals
via cation-mt interactions-{e-g—?2. An enrichment factor of 180 was reported for Co using FAAS
detection.

Recent developments in microchip fabrication have been used to design compact, on-line
miniaturized preconcentration devices. One example is the use of dipole—ion interactions

between the highly electronegative C—Cl moieties of 2,2’-azobisisobutyronitrile, which was

5
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cross-linked to the channel interior of a poly(methyl methacrylate) fabricated chip, and the
positive charges on the transition metal ions in the sample?. Using this approach, detection
limits ranging from 1.6 — 42 ng L'! were achieved for Co, Cu, Mn, Ni and Pb in river water?.

Within the last decade, magnetic SPE based on magnetic nanosorbents has gained-greatreceived

considerable interest for matrix separation/preconcentration-in-general. The principle involves

magnetisable materials used as sorbents and their attraction a _magnetic field for the

isolation of target analytes after extraction from the sample matrix. A very-recent review article

reportsabout aumereusseveral applications based on magnetic nanoparticles (MNPs) for SPE of

a_suite of heawytrace _metals in water,—seil—food—fuel—herbaland and other biclegical

samplesmatrices using inorganic nanoparticles such as silica-coated MNPs, magnetic alumina

and titania or magnetic layered double oxides, and organic sorbents including magnetic carbon

materials (graphene/graphene oxide), magnetic carbon nanotubes and nitrides and magnetic

organic polymers or ionic liquids,respectively. Though-these extraction procedures are mostly
performed in batch mode but the authors explicitly emphasise the high-efficieney,simplicity;

safety,inexpensiveness-and-the-possibility forof automation?. An on-line method based on

irenrmagnetite-based MNPs as sorbent coupled to ICP-MS for the analysisdetermination of Mn,
Co, Cu, Zn and Pb in water (and agueeous-biolegicalother samplesmatrices) has-beenwas first
reported in 2009-fer-the-first-time-26. Effective separation of matrix constituents and excellent

recovery for the CASS-2 CRM eeuld-bewas achieved;; however, the resulting LODs were not

significantly lower compared to direct analysis as only 20 ul sample volume has—beenwas

processed.

It is essential that robust quality assurance procedures are used to ensure that the results are fit
for purpose. For water quality management it is important that results are sufficiently accurate
to monitor environmental threshold levels such as the EU maximum admissible concentration
values. This requires the use of appropriate (matrix matched) certified reference materials
(CRMs) or waters with consensus values such as those produced by the GEOTRACES
programme?’. All publications should report at least one (preferably more) CRM/consensus
value for each element, including appropriate statistical assessment of the results.
Unfortunately, this is not the case in many reports compiled in Tables 1 and 2 (indicated by °)
for which CRMs of matrices other than waters, including biological matrices (e.g., urine or
seafood tissues) or environmental solids (e.g. sediments and soils) have been inappropriately
selected. For elucidating environmental processes, a key requirement is to be able to statistically
distinguish changes in recorded data from analytical uncertainty. Thus, a rigorous assessment of

all uncertainties in the sampling and analysis steps should be undertaken?é.
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3.2 Rare earth elements

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of rare earth elements (REEs) are discussed. The group of REEs
comprises the 15 lanthanoids as well as Sc and Y. They can be further divided into light REEs (Sc,
La, Ce, Pr, Nd, Sm, Eu) and heavy REEs (Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). They are not regulated
with respect to threshold levels and maximum admissible concentrations in water but there is a
growing interest in knowing their concentrations in the aquatic environment. They have been
confirmed as critical raw materials by the European Commission in 201428 due to their significant
economic importance as they are widely used in numerous applications such as the automotive
industry and nuclear, oil and green technologies?. This, however, increases the emission of REEs
into the aquatic environment, resulting in anthropogenic anomalies, e.g. Gd due to its intense
use in Gd-based magnetic resonance imaging contrast agents. The assessment of anthropogenic
contamination requires a knowledge of naturally occurring concentrations of REEs, which are
generally in the low ng L? range in seawater and fresh water and are found in varying
concentrations, depending on the surrounding bedrock geochemistry, in groundwater. Hence,
direct measurement with state-of-the-art atomic spectrometry techniques is not sensitive
enough, particularly if the sample has to be diluted to decrease the total dissolved solid
concentration, as required when ICP-MS is applied, to obtain accurate data. Only a handful of
methods dealing with the determination of REEs using an on-line approach have been published
in the last decade. It is important to stress (again) that the use of an automated flow-manifold
is advantageous due to the increased efficiency and the lower risk of contamination and other
accidental errors. Table 3 summarizes key analytical performance data of selected publications
reporting the determination of REEs in lake water, river water, coastal water and open ocean
seawater by ICP-OES and ICP-(SF)MS. All of these methods use on-line SPE mini- or micro-
columns incorporating in-house fabricated chelating resins based on the natural polymer
chitosan and functionalized with either EDTAethylenediamine-N,N,N-triacetate-type chitosan
{EDTriA-type—chitesan)?l or N-(2-hydroxyethyl)glycine as chelating moieties3’—er—N~{2-
hydroxyethyhglyeine®®—as—chelating—meieties. These resins were used in a fully automated
manifold coupled to ICP-OES for the extraction of REEs including Sc and Y from river waters at a
pH of 5 with recoveries, assessed from spike experiments, in the range of 90 — 110%2% 3,
Preconcentration factors were estimated by comparison of peak heights obtained by processing
a standard solution with the preconcentration system and conventional nebulization. High
preconcentration factors, in the range of 83 — 120 (EDT+iA-type chitosan) and 83 — 102 (N-(2-

hydroxyethyl)glycine-type chitosan) were obtained, except for Y and Sc which were < 30, by
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processing a sample volume of 20 mL. Due to the operation of the manifold in a “multi-mode”
with three synchronized collection systems, up to 12 samples h* could be analysed for a suite
of metals. However, LODs of > 0.002 ng mL™* are relatively high compared with other methods
surveyed in this review (see Table 3), which might be attributed to the use of ICP-OES as the
detection system.

Resins with IDA and EDT:A chelating groups (also referred to as polyaminopolycarboxylic acid
groups — PAPC) packed in a chelating column and sold as Nobias PB1M were used by Zhu et al.
for the determination of REEs in coastal seawater3?, lake water3? and seawater33? in an on-line Sl
manifold directly coupled to ICP-(SF)MS. Initially, 10 mL of seawater were processed within 6
min and a preconcentration factor of 9.6 was obtained, leading to LODs in the range of 0.005 —
0.09 pg mL™. Recoveries were determined based on spiked sample solutions and the trueness
of the method was estimated by comparing published and measured values obtained by the
repetitive analysis of CRM NASS-531,

Even faster analysis could be performed with an automatic column changing system as reported
by the same authors®2. Elution and measurement of one sample, including the time required for
column changing, was performed in 3 min but sample loading was carried out off-line. They
compared Nobias PB1M with InterSep ME1, a chelating resin with only IDA moieties. For both
resins, a pH of 5.0 was optimal for adsorption and similar recoveries, ranging from 97 — 103%,
and precision (RSDs of the peak areas) were obtained with identical elution conditions.

Far lower LODs, ranging from 0.0008 — 0.004 pg mL%, could be obtained using an automatic pH-
adjustment system for SPE of REEs on Nobias-PB1M from seawater by preconcentrating 50 mL
of sample33. As sample pH is crucial for the sorption efficiency of the target metals and each
sample manipulation step (i.e. a manual pH adjustment) increases the risk of contamination, the
main focus of this work33 was the development of a device for automated and contactless pH-
adjustment and monitoring, involving the addition of a quantity of agueous ammonia solution
into the sample via a nebuliser, which was controlled by an electromagnetic valve while the
transmitted light at 550 nm (the pH indicator was methyl red) was spectrophotometrically
monitored. The system has been used to pH adjust sample volumes of 20 to 100 mL within <5
min per sample prior to REEs determination using the automatic column changing system
described above32. Blank values measured were significantly lower compared with those
obtained by applying “conventional” pH-adjustment with glass- or all-plastic pH electrodes,
leading to improved LODs. Spike recovery experiments with two concentration levels were
performed to validate the method but CRMs were not analysed.

The use of the commercially available seaFAST™ system (Elemental Scientific Inc.), coupled to

ICP-QMS, has been reported by Hathorne et al.3* LODs in the range of 2 — 302 ppq, determined

8
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from a 2% HNOj; solution, were reported by pre-concentrating 7 mL of seawater on the
commercially available chelating resin Nobias PA1, which has similar chelating moieties to
Nobias PB1M. The system allows automated in-line buffering of the sample and is equipped with
trace metal clean-up columns in the up-take capillaries, which deliver buffer solution and carrier.
This resulted in extremely low background signals and hence low signal/noise ratios for most
REEs. By adjusting the pH value of the samples loaded onto the column to pH 6.0, yields in the
range of 94 — 102% were obtained. Yields were estimated by comparing time resolved peaks of
a matrix matched (NaCl) standard solution containing 5 ng L™ of REEs after preconcentration
with signals obtained from standards diluted in the eluent by bypassing the column. The authors
state the susceptibility to errors during the determination of column yields (absolute recoveries)
if there is any inconsistency in the acid strengths of eluted and directly analysed standards,
which leads to the conclusion that the accurate determination of column recovery is not easy.
Trueness of the reported method was appropriately assessed by standard additions of deep
Atlantic seawater samples, isotope dilution analysis (for Nd) and by measuring reference
samples such as NASS-5 as well as 1:10 diluted VIDAC18 reference mine waste water and SCREE

and PPREE reference acid mine waters produced by the United States Geological Survey (USGS),

and diluted in different matrices with an appropriate content of NaCl to mimic seawater
matrixes.

In addition to commercially available chelating resins, a graphene oxide-TiO, composite was
synthesized as a novel and inexpensive type of carbon-based nanomaterial and packed into a
micro-column for the online preconcentration and ICP-OES detection of La, Ce, Eu, Dy and Yb
(additionally Cu and Pb)3>. High adsorption capacity, fast sorption kinetics, and stability over a
wide pH range have been reported due to the unique characteristics of the material, e.g. the
large surface area and various oxygen containing groups which offer binding sites for metal ions
such as heavy metals and REEs. Adsorption kinetics have been well studied in this work and the
adsorption capacity obtained was indicated to be comparable with related SPE materials.
Preconcentration factors of 10 could be obtained, yielding LODs in the range of 0.13 — 2.64 ng
mL2. They are, however, orders of magnitude higher compared with those obtained using the
chelating resins described above, in particular those obtained using ED3TA/IDA functionalized
resins, and significantly higher than those obtained with chitosan based chelating resins2% 3¢,
even though the detection system in this case was also ICP-OES, and thus the graphene oxide-
TiO, composite is not a viable low-cost alternative for the preconcentration of REEs from natural
water samples.

It is worth stressing that the accurate quantification of REEs by atomic spectrometric detection

techniques in hampered by an exhaustive list of spectral interferences. Emission wavelengths as

9
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observed-in ICP-OESAHAES) are interfered by overlapping and partially overlapping spectral lines,
and molecular- and background interferences. Various techniques are available to overcome
these interferences, particularly the careful selection of interference-free emission wavelengths
when |CP-OES/HAES) detection is performed 2& 30, A more detailed discussion abeut—of
interferences and ways to overcome them is described in He et al., 20173,

Spectral interferencesebserved in ICP-MS include numerous isobaric, as well as polyatomic
interferences. Although some of the metals belonging to the group of REEs have 6 or 7 isotopes
(e.g. Nd, Sm, Gd, Dy, Er, Yb), most of them haveare isobarically interferences (e.g. 1>2Sm, 1*Sm,
156Dy, 158Dy and %°Dy on the respective Gd isotope). Polyatomic interferences are, in particular,
lower mass oxides and hydroxides which interfere on higher mass REEs (e.g. 13°La'®0* on %5Gd*
and #1Prl®Q* on 5’Gd* — the only two Gd isotopes with no isobaric interferences). ICP-QMS
equipped with an octopole reaction/collision cell with He as collision gas has been used to

overcome oxide and polyatomic interferences3® 2%, however, as stated in Zhu end Zheng

(2018)*?4, the formation of lighter REEO* is inevitable. ICP-SFMS operated in the “high-resolution

mode” (m/Am > 10000) could separate some of these polyatomic interferences but-hewever

with a significant loss in sensitivity, and hence, detection capability. Therefore, this possibility

and-has- hasnet been scarcely applied (e.g., inthestudiespublishedinreference?”2*28.the “low-

resolution mode” has been used in the studies published by Zhu et al. (2009 and 2010)3!2nd32),

A prerequisite is to minimize the-oxide formation rate by monitoring the CeO*/Ce* and UO*/U*

ratios,—respectively, and the interference ratio of MO*/M* when mathematical interference
correction is geing-te-be-performed, as applied by3% 32 33, Desolvation units such as the CETAC
Aridus™ Il or the APEX membrane desolvaters (Elemental Scientific Inc. Omaha, Nebraska) can
significantly reduce the oxide formation rate down to >< 0.05%;,%; however, these devices have
not been used in this context (for more detailed information the reader is referred to Fisher and

Kara (2016)-" and references therein-cited-publications.

3.3 Precious metals

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of precious metals are discussed (see Table 3 for details of
selected methods). The determination of precious metals, including the platinum group
elements (PGEs) Ru, Rh, Pd, Os, Ir and Pt, as well as Ag and Au, in natural waters is still in its
infancy. Naturally occurring concentrations are in the sub-ng L - pg L range, thus requiring
powerful extraction and preconcentration methods. However, the interest in the determination

of, in particular, PGE concentrations in the aquatic environment is steadily increasing because

10
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of anthropogenic emissions resulting from their use in industrial, chemical, electrical and
pharmaceutical applications and in catalytic converters for cars3? 39, Silver has also been used in
a wide variety of chemistry, electronics, medicine and other industrial fields and is highly toxic
to marine organisms due to bio-accumulation3. Time consuming as well as potentially harmful
methods based on liquid-liquid extraction using ammonium 1-pyrrolidinedithio-
carbamate/diethylammonium diethyldithiocarbamate (APDC/DDDC) and co-precipitation and
flotation techniques are being replaced by methods based on SPE using chelating sorbents, prior
to detection by atomic spectrometry. Due to the characteristic of these metals to mainly occur
as anionic chloro-complexes in the aqueous phase, as facilitated by the chloride content in
seawater’®—41 (strong) anion exchangers have traditionally been used. However, few
publications report the automation and online separation/preconcentration of precious metals
from natural waters. More than 10 years ago, a method was published for the determination of
Pt using a chelating ion exchange resin (silica gel modified with 1,5-bis(di-2-pyridyl)methylene
thiocarbohydrazide - DPTH-gel) in an on-line flow system coupled to ETAAS*2. Since this

publication is not within the timeframe forreferencesherein selected, it will not be discussed

further; nevertheless, it is worth mentioning that the LOD obtained by this method is not

sufficiently low for monitoring naturally occurring concentrations of these metals. An improved

method, based on the extraction of Pt, Pd and Ir on 1.5-bis(2-pyridyl)-3-sulphophenyl methylene

thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass (PSTH-cpg) in an on-

line mode coupled to ICP-MS 43, could achieve LODs in the low ng L' range with a sample volume

of only 3.3 mL (details are given in Table 3). However, the concentrations of the target analytes

could still not be quantified in unspiked seawater and river water samples, Since-this-publication

nAaturaly-oceurring-concentrations-ef-these-metals,—clearly indicating that the sample volume

processed by the on-line flow system does not provide adequate preconcentration factors for

the determination of PGEs in natural waters.

As a viable alternative to commercial strong anion exchangers, polyaniline (PANI) has been
evaluated for the on-line preconcentration of Pd from natural waters including ground water,
lake water and seawater as a low cost and easy to synthesize alternative to other sorbents*.
The extraction mechanism is based on anion exchange and preconcentration factors of 125 have
been reported by applying a sample volume of 250 mL, thus resulting in LODs of 0.0004 — 0-003
ng mL? (LODs given for individual Pd isotopes) with ICP-MS detection. These however are still

not sufficiently low for monitoring natural Pd concentrations. It should be mentioned here that

recently,—chemical vapour generation of these elements for the—introduction into atomic
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spectrometric sources has been tested and evaluated (please see On-line sample preparation

techniques based on cold vapour- and hydride generation techniques for matrix separation and
preconcentration of metals and metal species in natural waters. 4 and Table 5).

Several methods were published for the automatic on-line preconcentration and matrix
separation of Ag from seawater more than 10 years ago e.g.*> ¢ using the strong anion
exchanger Dowex®1x8 with trimethylbenzylammonium functional groups immobilized on a
styrene-divinylbenzene gel but only one method has been published recently for the analysis of
estuarine samples?” using the same sorbent. This resin is very popular for the extraction of Ag
chloro-complexes as it has a high adsorption capacity. With a sample consumption of only 7.5
mL, a LOD of 0.06 ng kg* was obtained. This LOD is comparable with those obtained by the two
previous methods*> %, The advantage of the latter method, however, is the lower sample
volume required (7.5 mL vs 12 mL) and the low column volume of only 18 uL. Validation was
performed with SLEW-3 and CASS-4 certified reference materials. These are not certified for Ag
but the authors demonstrated the trueness and good precision of the method by comparing

these values with previously reported concentrations.

3.4 Actinides

In this section, on-line matrix separation and preconcentration methods based on solid phase
extraction for the quantification of actinides (Th, U) are discussed (see Table 3 for details of
selected methods). The actinide elements encompass Ac, Th, Pa, U and the transuranic
elements, whereas U and Th are the most abundant actinides naturally occurring in all
environmental compartments?®, Additionally, anthropogenic sources of these radionuclides and
their synthetic isotopes (%32U, 233U, 23U and #2°Th) include technological applications (metallurgy,
ceramic and nuclear industries), phosphorous mineral fertilizers and pesticides, uranium mining
and milling, coal combustion, fuel processing, nuclear power plants and nuclear tests*>5°. Due
to the high chemical and radiological toxicity of their soluble compounds, permissible limits of
U in drinking water are regulated by the Word Health Organisation (WHO; 30 pg L) 32,
Environmental protection Agency (EPA; 30 ug L) 2 and the Atomic Energy Regulatory Board
(AERB; 60 pg L?) %3. In the last revision of the Drinking Water Directive of the European
Commission_(EC)>*, U was included in the list of parameters of naturally occurring but harmful
substances to be monitored. In addition, environmental quality standards for freshwater have
been elaborated by some member states, ranging from 0.015-25 pg L 5> within the EU Water
Framework Directive. The WHO also set guidance levels for radionuclides in drinking water, i.e.

10 Bq L for 238U (81 pg L) and 1 Bq for 232Th (246 pg L) 5. Thus, concentrations in the (aquatic)
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environment need to be monitored. Various methods, mostly employing SPE on actinide specific
resins such as TEVA, UTEVA, TRU and DGA resins, based on flow analysis in combination with
atomic spectrometric detection, have been reported for the determination of actinides in
natural waters e.g. ¢ 57.58.5% They were, however, operated with off-line detection, mostly by
applying two or more different resins to cover a wider range of analytes and perform in-line
extraction chromatographic separation and hence are not within the scope of this manuscript.

One method has been published for the simultaneous determination of U and Th at
environmentally relevant concentrations in various water matrices based on a fully automated
lab-on-valve FI system coupled to ICP-QMS®. The performance characteristics are outlined in
Table 3. Extraction and simultaneous elution, i.e. no separation involved, was based on SPE using
the UTEVA chromatographic resin functionalised with dipentyl pentylphosphate (DP[PP])
moieties (also called diamyl amylphosphate (DAAP). The authors estimated a resin durability of
150 injections (up to 8 mL sample volume) and reported recoveries of >95%, determined by
analyte-spike recovery experiments, and clearly pointed out the low cost of the method as only
30 mg of resin were packed on-line in the column. They also reported the suppressive effect of
high concentrations of phosphate due to the formation of a non-extractable charge neutral
complex with Th* cations. Addition of AI** counteracts this due to the formation of Al3*-

phosphate complexes which inhibits Th-phosphate complexation._It should, however, be

mentioned that method validation has not been properly performed with matrix certified

reference materials; instead the authors have-used a BCR-320R sediment ERMmaterial.

3.5 Metal speciation

There are many publications on the use of ICP-MS and ICP-OES, as well as AAS, combining on-
line sample preparation with elemental speciation analysis of metal(loid)s in natural waterst?,
Arsenic is the most commonly studied metal, followed by Cr and, to a lesser extent, Hg, Sb, Fe,
Se and V. In general, elemental speciation involves the differentiation between oxidation states
or organic/inorganic elemental fractions. Historically, research and development on elemental

speciation analysis was mainly curiosity driven; however, biogeochemical, biological and

toxicological effects as well as bioavailability of the elements isare highly dependingent on their

chemical formand/theiratio. Nonetheless, legal institutions and governmental bediesagencies

such as WHO, US EPA and EC (e.g. via the EU Water Framework Directive®) still define

environmental quality standards and limits only for the total elemental concentrations, including
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Lanal—ysisH On-line SPE is mainly used for separation of elemental species or fractions of interest

in combination with atomic spectrometric detection and only very few studies deal with the on-

line combination of SPE with liquid chromatographic separation. The key analytical performance
data for selected papers using on-line sample preparation (matrix separation/preconcentration)
based on solid phase extraction for the speciation of metals in natural waters are summarised
in Table 4.

Chromium speciation with SPE was performed on-line in several studies using either ETAAS®3 64
85 or ICP-IMSE6. 67, 68,69 35 the detection technique. In general, these studies achieved LODs in the
low ng L' range and trueness was, in most cases, demonstrated using CRMs. In 2008, Hu et al.58
reported a useful method for the simultaneous speciation of inorganic As(lll)/As(V) and
Cr(ll1)/Cr(V1) in natural waters. They used mesoporous Al,O3;, which was prepared by sol-gel
technology, as a capillary micro-extraction coating material. The column retained AsO,3~ and
Cr,0,%/Cr0O, under acidic condition while cationic As(l1l) and Cr(lll) were not retained. Elution
of the retained species was performed under alkaline conditions. They reported LODs of 0.7 and
18 ng L for As(V) and Cr(VI), and 3.4 and 74 ng L™ for As(lll) and Cr(lll), respectively. Evidently,
such differential approaches can also be performed on-line with ETAAS. Zou et al.%> combined a
C. vulgaris cell (green microalgae) mini-column in sequential combination with an anion
exchange resin mini-column for the retention of Cr(lll) and Cr(VI), respectively. Utilizing a SI
system, Cr(l1l) and Cr(VI) were eluted by 0.04 mol L™* and 1.0 mol L-? nitric acid, respectively, and
quantified on-line with ETAAS. LODs were 0.02 pg L for Cr(lll) and 0.03 pg L for Cr(VI), which
unfortunately does not meet the California Public Health Goal set to 0.02 pug L for Cr(VI).
Selenium speciation is of great interest as the toxicity, bioavailability, and essential nature of
this element is highly depending on its chemical form. Huang et al.”® published a double column
method combining nanometre-sized Al,0; and mesoporous TiO, which was chemically modified
by dimercaptosuccinic acid. A schematic diagram of the flow manifold used for this work is
shown in Fig. 3. The inorganic selenium species Se(lV) and Se(VI) were selectively adsorbed by
AlL,O; while the organic Se species, i.e. the seleno-amino acids selenocysteine and
selenomethionine, which were not retained on the first column, were retained on the chemically
modified, mesoporous TiO,. Sequential elution enabled the selective and sensitive
determination of the four species (LODs were in the range of 45 - 210 ng L) in lake water.
Vanadium, like Se, is one of the major essential elements, but also has toxic properties
depending on both the concentration and oxidation state. Xiong et al. 7* speciated V(IV) and V(V)

on a conical micro-column packed with cetyltrimethylammonium bromide-modified alkyl silica.
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The species showed different pH dependent retention behaviour: V(V) was quantitatively
retained in the pH range 2.0 — 7.0, while V(IV) was not retained at pH 2.0 - 3.5 but quantitatively
retained at pH 5.0 - 7.0. V(IV) was quantified by subtracting V(V) from total V. The LOD for V(V)

was 0.03 pg L.

It can be concluded that Fl in combination with elemental speciation analysis is mature in terms
of the technical developments, which have been achieved over many decades. The situation
regarding CRMs certified for elemental species is still not well developed, as for many matrices
no reliable materials are available. Regarding validation, the authors of this work wish to
emphasise that in order to assure comparability of different studies in terms of LODs and LOQs
and in terms of their applicability to control legal limits, improvements towards setting a
harmonized procedure are much needed. Evidently there are several ways to calculate these
values for transient signals, but most of the time the procedures are not fully described or
completely missing. Accordingly, we propose adoption of the well elaborated procedure
outlined in the EURACHEM guide “The Fitness for Purpose of Analytical Methods”?? for
calculating LODs and LOQs for methods which use peak areas for calibration and quantification

purposes.

4  On-line sample preparation techniques based on cold vapour- and hydride generation
techniques for matrix separation and preconcentration of metals and metal species in

natural waters.

Cold vapour generation (CVG) and hydride generation (HG) techniques have been used in on-
line flow systems to separate the analyte from the matrix, in some instances in combination with
sorptive preconcentration using chelating sorbents. A precondition, however, is the formation
of volatile species upon reaction with reducing agents such as sodium borohydride_in an acidic
environment. The classical elements determined by HG are Ge, Sn, As, Bi, Sb, Se and Te after
chemical transformation into their gaseous hydrides, whereas e.g. Hg and Cd are determined by

CVG after volatile species are generated. It should be mentioned that for the reduction of

inorganic Hg, tin chloride can also be used. Through gas/liquid phase separation by an argon gas

carrier stream, the volatile hydrides/elements are transported into the plasma or graphite
furnace. Matrix separation is based on the fact that non-volatile interfering elements such as
major ions do not form hydrides, and thus remain in the liquid phase and are drained off to
waste. Hydride analyte transport efficiencies up to 100%, leading to higher signal/noise ratios,
and hence lower LODs, in comparison with conventional liquid sample introduction, are

reported’®. HG/CVG is an important sample introduction technique when coupled on-line to
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atomic spectrometric detectors’® but careful optimization of the hydride generation process is
required, e.g. the concentration of the reducing agent because too high a concentration of
NaBH,; may lead to foaming and the production of droplets as well as the generation of excessive
hydrogen gas. These factors result in plasma instability’#, especially when coupled to ICP-based
detectors.

Methods employing CV and HG techniques for the matrix separation and preconcentration of
metals in natural waters are summarized in Table 5.

Only a limited number of papers have been published within the last decade reporting the
determination of As’, Cd’® and Hg”” in natural waters after HG and CV generation with NaBH,
without preconcentration on chelating sorbents. For example, for the quantification of Hg, the
CV technique, even without preconcentration, LODs are reported to improve by a factor of 24
when CV-ICP-QMS is used compared with solution nebulization based ICP-QMS due to reduced
signal suppression from matrix effects’”.

Nevertheless, also in combination with CV and HG techniques, matrix effects with a negative
effect on the accuracy and sensitivity of these methods have been observed. To overcome
matrix interferences arising from e. g. Ca, Mg, K and Na, as well as various transition metals (Cu,
Fe, Ni, Co) present in natural waters at high(er) concentrations, SPE based on ion-exchange has
been applied prior to HG/CV generation in various applications (see Table 5). The challenge here
is to find the optimum acid concentration for both the elution of the retained metal species from
the preconcentration column (stronger acids usually enhance recovery) and efficient hydride
generation as this process is strongly dependent on the pH and acid strength. For example, Sb,
Bi and Sn were preconcentrated from seawater on 1;5-bis{di-2-pyridyhmethylene
thiocarbonehydrazideDPTH bonded to silica gel (DPTH-gel) packed in a mini-column prior to HG-
ICP-QMS analysis’®®. As hydride generation efficiency depends on the oxidation state of the
elements, L-cysteine was used as a pre-reducing and masking agent. Increased signal intensities
could be obtained for Sn, whereas those for Sb and Bi were not affected by L-cysteine addition.
Enrichment factors of 2.5 — 8.6 were achieved with a sample volume of 4.8 mL. Limits of
detection were in the sub pg L* range and sufficiently low for the determination of these
elements in diluted CRMs and real seawater samples. A similar approach has been applied tofer
the determination of these elements and, in addition, fer-Hg from seawater and river
waterl366Error! Bookmark not defined.79 DPTH was functionalized on mesoporous silica, packed in a mini-
column and the-elution was performed with HCl (plus thiourea for Hg) while in_’® the-fermer
paper”-HNO; alone was used instead. A comparison between these two methods showed

similar performance for Sb, Bi and Sn with respect to trueness (estimated from TMDA 54.4 and
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TM 24.3 fortified lake water CRMs), precision, relative recovery and the detection capability of
ICP-QMS vs ETAAS.

Sanchez-Trujillo et al.® addressed a problem associated with simultaneous multi-element
determinations for Pb, Cd and Hg using CVG-ICP-QMS, i.e., different optimal conditions are
required for individual elements. Catalysts such as thiourea and Co were used for more efficient
reaction of Cd, and hexacyanoferrate (lll) was proposed as an oxidizing reagent for the
conversion of Pb(ll) to Pb(IV) (82 and therein cited publications). The elimination of interferences
on the determination of other elements requires the use of appropriate sorbent materials,
oxidizing agents and catalysers. In fact, two mini-columns packed with DPTH-gel were
incorporated in the flow manifold in parallel, viz., in the injection loop of two rotary valves, and
loaded with sample adjusted to pH 5.0. Elution with thiourea in HNO; was performed, and
whereas the eluted metals from the first column were mixed with a reducing agent consisting
of NaBH, and K;Fe(CN)g for the generation of PbH, (and Hg® vapour), those eluted from the
second column were mixed solely with NaBH, for Cd® and Hg° vapour generation. Hence, the
most efficient vapour generation conditions for each element were obtained. Enrichment
factors in the range of 14.4 — 27.3 were obtained and LODs were in in the low ng L range.
However, these are at least 3 times higher than those obtained by HG/CVG methods developed
for the single element determination of e.g. Hg”Z, Cd’® and Pb®! (see Table 5), probably due to
the addition of reagents for pH adjustment, oxidation and improved elution efficiency
contributing to the blank signal.

Noble metals are not traditionally analysed by CVG due to the unknown identity and formation
efficiency of their hydrides and volatile species but recent studies have shown its suitability for

the determination of Pt, Pd, Ir82, and inadditionto-thesealso Os, Rh, Ag and Au Au#Ae PPt Rhand

Os-d inati NaBH4 as-the reduc

g2gent83.84. sing NaBH, as the reducing agent. The target analytes
were preconcentrated using SPE on DPTH-gel82 packed in a mini-column and MSPE on DPTH
immobilized on iron oxide magnetic nanoparticles (DPTH-MNPs)83 and DPHFTH immobilized on

magnetic graphene oxide (DPTH-GO), which were retained in a knotted reactor by an external

magnetic field, with the analytes eluted with thiourea in HCl or HNO; prior to online ICP-OES

detection. Detailed methodological information is given in Table 5. Since chemical vapours of

noble metals are unstable, rapid transition and separation from the liquid phase into the gas

phase and introduction into the detection system is required, thus making this procedure very

sophisticated. The spray chamber has been used as a gas-liquid separator in these studies. By

mixing the analytes with the reducing reagent via a T-junction just before the nebulizer shewed

an-achievement-in-the formation of volatile species is improved but lewer—efficiencies were

lower compared tewith “conventional” SPE without CVG®-were-detected. In situ CVG-by using
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a_commercially available multi-mode sample introduction (MMSI) system for CVG and liquid

nebulization, which also served as gas/liquid separator, was a pre-requisite for the applicability

of this approach for efficient vapour generation. After-preconcentration-ef-these-metals-onte

appropriate for Ag, Pt, Pd and Os whilst Au, Ir and Rh signals did not improve compared with

non-CVG results, hence requiring the use of compromised conditions®. A preferedpreferred or

missing formation rate of noble metal volatile species has not been reported by Garcia-Mesa

(2019)in-reference-2:. Widely ranging —Eenrichment factors — depending on the applied method
and the analytes — awere reported and LODs were-in-the-range-of <20-forPd,-Os;-Autrand-Rh;
144 forPtand-206-forAg-—The LODs-were-in-theranere in the low pug L'* and sub-ug L! ranges,
ge-of 0.03pg Lt {Ag)and-100pg L {Rh)i.e. not sufficiently low for the determination of ambient
noble metal concentrations in natural waters.

Sample introduction techniques based on eeld-vapeurCV and hydride-generationrHG have also

been used in this context with elemental speciation analysis. Details of selected methods are

summarized in Table 6. Two studies have addressed the separation of inorganic mercury and
methyl mercury. Krishna et al. 3 developed a speciation approach for the two fractions
employing efficient preconcentration of natural water samples (pH 7) on a polyaniline
microcolumn and subsequent selective elution of MeHg and iHg using 2% HCl and a mixture of
HCl-thiourea (2% HClI + 0.02% thiourea) respectively. This successful combination of
preconcentration, speciation and CVG-ICP-MS (all on-line) enabled quantification of the two
species in the high ng L range. Sanchez-Trujillo et al. 8 published a similar concept using on-line
CVG-ICP-MS after on-line enrichment/speciation of the two Hg-fractions on mesoporous silica
functionalized with 1,5-bis(2-pyridyl) methylene thiocarbohydrazide. Selective elution of CH;Hg*
and Hg?* was obtained with 0.2% HCl and 0.1% thiourea in 0.5% HCI, respectively. Total mercury
(calculated as the sum of the two fractions) was determined in LGC 6016 (Estuarine Water) and
was in good agreement with the results obtained by the same group in an earlier study. The
LODs in this work were lower than those obtained in the earlier study using the polyaniline
material, which can be explained mainly by the use of a next generation ICP-MS detection
system. In a similar approach to that used in many other studies, method LODs in the two above

mentioned studies were calculated from background noise, its standard deviation and the height
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of a measured standard solution. It is noteworthy that this method allows relative inter-
comparison of different methods but is not capable to give reliable LODs or LOQs, as
quantification is routinely performed via peak integration (peak area), whereas in these cases
LODs/LOQs are calculated via peak height.

Hydride-generationHG was used in twe-further-studies on the speciation of different oxidation
states of arsenicAs®’-28 and antimeny®>Sb72. The-One werk-report concerning arsenic-As used a
differential approach by passing natural water sample through a strong anion exchanger
cartridge, on which As(V) was selectively retained, whereas As(lll) passed through the column
and was detected via HG AAS?Z. The concentration of As(V) was then determined by subtracting
the As(lIll) concentration from the total As concentration of the sample. LODs were of the order
of 0.5 ug L. The authors discussed the limitations of their work regarding organic As species
(which would also pass through the column and lead to false positive As(ll) results) and present
a method that is fast and reliable and suitable for the analysis of low salinity natural waters for

As(l1). A very recent study has been published by Montoro--Leal et al.88 using functionalized

Fe30, magnetic nanoparticles packed in two knotted reactors for inorganic As speciation in

environmental waters following a similar differential approach. However, speciation was based

on different reduction conditions; thus, different concentrations of borohydride were used. This

method showed a high sample throughput and very low detection limits of 2.7 and 3.2 ng L for

As(lll) and total inorganic As and has been validated for the determination of As alse-in highly

saline samples such as seawater. For the speciation of inorganic antimenySb, selective sorption

materials were used in a Fl approach with sequential elution and on-line HG-ICP-MS detection’%.
Accuracy was demonstrated for the sum of the quantified Sb species by the analysis of the CRMs
SLRS-5 River Water and TMDA-54.4 Fortified Lake Water. It should be mentioned that, due to
the lack of species-specific CRMs, it is difficult to assess method accuracy with regard to the
target species. In such cases inter-comparison with independent methods available in-house, or
inter-comparison with other competent Ilaboratories is mandatory for method

validation/verification in terms of trueness.

5 On-line sample preparation techniques based on liquid-liquid-micro extraction and

kleud—peint—e*traetien{techniques for matrix separation and preconcentration of metals

Page 128 of 162

in natural waters.

There are a limited number of published papers dealing with liquid-phase microextraction
(LPME) in flow systems for trace element analysis in surface waters as compared with those
using SPE'%%, This is attributed to operational difficulties in achieving (i) reliable dispersion of

the aqueous and organic phases across the conduits of flow platforms, (ii) quantitative
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separation under the flow regime of the analyte-containing organic phase after extraction and
(iii) high enrichment factors on account of the limited organic to liquid-phase ratios in
miniaturized systems. Moreover, metal species usually need to be derivatized prior to lieuid-
phase-extractionLPME® orreacted-with-an-appropriatesurfactantforcloud-peint-extraction
{E€PE}*, in contrast to SPE for which there is a plethora of commercially available sorbents with
a wide range of chelating moieties for direct extraction and preconcentration at the appropriate
pH. The key analytical performance data for selected papers using-tiguid-liguid-micro-extraction
{EME)-and-cloud-point-extractionCPELPME technigques-approaches for the matrix separation
and preconcentration of metals in natural waters are summarised in Table 7.

Some of the Fl-based papers on LPME for trace metal determinations merely report semi-
automatic methods. The flow platform is used for automation of the detection step after batch
LPE®, or phase separation by modification of the ionic strength or temperature and retrieval of
the metal-containing phase for detection®3.

Computer-controlled flow methodologies using programmable flow, such as sequential injection
analysis and its variants®® °> %, have been designed for the miniaturization of liguid-phase
extraetionLPMIE schemes, endowing these methods with green chemical credentials whilst also
ameliorating extraction efficiencies and enrichment factors. For example, Anthemidis and co-
workers have developed a number of appealing intriguing liguid-phase-microextraction{LPME
variants, such as dynamic single-drop LPME2> %, countercurrent LPME2 and dispersive LPME
(DLPME)?” 98 99 100 that were fully automated as a front-end to flame—FAAS or
ETAASeleetrethermal-AAS for direct on-line injection of the metal-enriched organic phase. In
those articles dealing with DLPME2Z 28.99- 100 the aqueous sample, organic solvent containing
the chelating reagent and dispersing solvent were merged on-line to generate droplets of the
organic phase for efficient extraction of the neutral chelates followed by on-line trapping of the
metal containing organic droplets into reversed-phase materials packed in flow-through micro-
columns. A schematic diagram of a flow manifold integrating in-line DLPME as a front end to
ETAAS is shown in Fig. 4.

The main issue observed by a number of FI/SI systems incorporating LPE/LPME, alike SPE, is that

method validation is performed with overly simplistic CRMs (e.g. lyophilised solutions®*) or
entirely different matrices (e.g., sediments and mussel tissues) that do not properly simulate the
composition of the target matrices (river water, seawater) analysed in those papers®® 20.%,

Moreover, FI/SI-based LPME methods sometimes use environmentally unfriendly solvents, and

on-line coupling to standard ICP instrumentation is more complicated as compared tewith SPE

counterparts-because of potential incompatibility of the extracting medium (back-extraction is

usually recommended instead), thus making multi-elemental analysis troublesome.
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6  Conclusions and perspectives

Flew—injectionFl has become a mature approach for metal determination and non-
chromatographic speciation analysis, but still constitutes a viable platform and vehicle for on-
line implementation of in-house and commercially available sorptive (nano)materials prior to
atomic spectrometric detection systems for trace and ultra-trace analysis. Sut—ef—the
severalWhen comparing theon-line sample preparation approaches discussed herein

everviewed-(i.e., LPME, SPE, CV/HG), SPE is by far the most attractive appreach-thatbecause it

offers superior performance in terms of versatility, reliability and enrichment capability for trace

elements in freshwater systems. The analytical detection techniques have not greatly evolved

in terms of sensitivity and instrumental detection limits over the last 10 years and thus efficient
sorbent phases and ligands for element preconcentration and clean-up analysis of natural
waters are still required. It should however be noted that some of the analytical methods
reported in the literature that include enrichment protocols are not sensitive enough for the
analysis of natural waters and thus spike concentration levels that are not environmentally
relevant of natural waters are used for method validation instead. Likewise, inappropriate
reference materials, such as biological materials, sediments and wastewaters, have been
selected for evaluation of the trueness of methods applied to natural waters. It is therefore
recommended that QC/QA tools and uncertainty measurements should be adopted in fully
validated protocols using Fl approaches.

The last two decades have also witnessed the advent of novel miniaturized and portable devices
based on mesofluidic Lab-on-Valve and microfluidic Lab-on-chip platforms, yet application to

continuous on-line monitoring is still in its infancy.
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Table 1: Multi-element on-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total

metal concentration of transition metals and metalloids in natural waters. (All units as in the original publication)

Detection Sample Sample Enrich- Sample Ref
Analyte  Matrix Solid phase technique treatment/ Figures of merit Validation volume ment through--
Elution factor put
DL Linear range Precision Relative
Recovery
| Mn, Co,  River water PMMA ICP-MS pH 6 Mn: 2.62 ng Lt UptoSpgl? 29-3.6%(n=3) 83-110% NIST 1640a trace 20 pL >2 19.35ht 2
Ni, Cu, microchip (NH,AC)/ Co: 1.69 ng Lt elements in natural
Pb (treated 0.5% HNO; Ni: 42.54 ng L't water
with Cu: 13.85ng L*
saturated Pb: 1.64 ng L!
NaOH)
Zn, Cu, River water, MWCNTSs- ICP-OES pH85/2M Zn:0.27 pgL? LOD-100 ug L™* 3.1-8.6% at10  82-115% GSBZ50009-88, 6mL 10 n.a. 101
Cd, Cr, lake water silica HCl Cu:0.11 pgL? ug Lt (n=7) GSBZ 50029-94
V, As (*well water) Cd: 0.45 pg L environmental
Cr:0.91 pg L* waters
V:0.55 pg L?
As: 0.67 pg L?
| Co, Fe, Seawater Toyopearl ICP-MS pH5 0.021-0.34 n.a. 4-23% 76.111% NASS-5 seawater, 7.5mL 10-15 8.25min/ 1
Pb, V AF-Chelate- (NH,Ac)/ nmol L't GEOTRACES sample
650 1 M HNO; reference samples
| Mn, Co,  River water PMMA ICP-MS pH 8 Mn: 20.6 ng L't 0.05- < 9% CV (long 82-118% NIST 1643a artificial 50 pL n.a. 13.33 ht =
Ni, Cu, (maleate Co: 5.44 ng Lt 100 pg L! term) saline water
Cd, Pb buffer)/ Ni: 11.86 ng Lt
0.5% HNO; Cu:4.90 ng Lt
Cd: 16.11 ng Lt
Pb: 3.48 ng L!
Mn, Fe, Seawater Nobias PA 1 ICP-SFMS pH5.7, Mn: 0.002 n.a. 1-3% for Ross 96-107% GEOTRACES 9mL 200 8.75min/ °
Co, Ni, pH 7.0 Co: 0.00029 seawater reference samples sample
Cu, Zn (AcNH,)/ Fe: 0.014 (long term)
1.6 MHNO;  Ni: 0.013
Cu: 0.003
| Zn: 0.016
nmol kgt

22
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Cd, Co,
Cu, Ni,
Pb, Zn

Co, Cr,
Ni, Cd,
Mn, Zn,
Cu, Pb

Cd, Pb,
Cu

Vv, Cr,
Cu, As,

| cd,Pb

Oceanic
waters

Seawater

River water,
lake water,
(*urine)

River water
and tap
water
(*amongst
others)

Seawater

Coastal
seawater,
river water,
(*tap water)

IDA

PTSH-cpg
resin

SCX Bond
Elut®
Plexa™ PCX

S-CS-
MWCNTs

8-HQ

OASIS HLB

ICP-MS

ICP-MS

FAAS

ICP-MS

ICP-MS

FAAS

pH 6.0
(AcNH,)/
0.8 M HNO;

pH 8.0+0.5
(borate/
boric acid
buffer)/
5% (m/m)
HNO;

pH2
(HNO5)/
1mol Lt
HCl

pH7
(HNOs, NH;
H,0)/

0.5 mol Lt
HNO;

AcNH,
buffer/
1 M HNO,

Qen-line
complex
formation
with DDTP/
Methanol

Co: 3.2 pM
Ni: 23 pM
Cu: 46 pM
Zn: 71 pM
Cd: 2.7 pM
Pb: 1.5 pM

Co: 0.002 pg L*
Cr: 0.057 pg L*
Ni: 0.117 pg L*
Cd: 0.004 pg L
Mn:0.21 pg L
Zn: 0.260 pg L*
Cu: 0.030 pg L
Pb: 0.020 pg Lt

Cd:0.1pgL?
Pb: 1.8 pug Lt
Cu: 0.5 pg Lt

V: 0.002 pg LY,

Cr:0.0038 pg Lt
Cu: 0.0035 pg L*
As: 0.0013 pg Lt
Pb: 0.0036 pg L*

Cd: 0.008 ng mL*
Co: 0.006 ng mL*
Ni: 0.009 ng mL*

Cd: 0.09 pg L*
Pb: 0.9 pg Lt

up to:
Co:0.89 nM
Ni: 24 nM
Cu:9.6 nM
Zn:20nM
Cd:2.8nM
Pb:0.59 nM

DL-60 pg Lt

Cd: 0.4-20
pgL?
Pb: 7.5-450
pgL?
Cu: 1.8-100
pg Lt

0.005-10
gLt

Cd and Co: 0-
0.5 ng mL?
Ni: 0.1-1.0
ng mL?

€d:0.3-12.0
pgL?
Pb: 3.1-200
pg Lt

3.4-8.6% for
SAFe D2

< 5% (at twice
the DL, n=10)

Cd: 2.9% at 2
pg L

Pb: 3.1% at 30
pgL?

Cu: 2.7% at 10
ug L* (n=10)

V:3.8%
Cr:1.4%

Cu: 3.1%

As: 4.6%

Pb: 1.6% at
1pgl?t(n=11)

Cd: 2.47%
Co: 2.09%
Ni: 3.03% at
0.25 ng mL?!
(n=3)

Cd: 2.9% at 4
pg L?

Pb: 2.6% at 20
pg Lt

92-102%

82-111%

95-99%

91-105%

99-110%

95-99%

NASS-5 seawater,
GEOTRACES
reference sample
(SAFe)

SLEW 3 and
LGC6016 estuarine
water, CASS-5
coastal seawater,
SLRS-5 river water,
TMDA-54.4 fortified
lake water

NIST CRM 1643e
trace elements in
water, (°BCR 278-R
trace elements in
mussel tissue)

GBWO08607 riverine
water, ("GBW10024
scallop)

CASS-2 coastal
seawater, SLEW-1
estuarine water

NIST CRM 1643e
trace elements in
water

7 mL

2.1mL

2mL

20 mL

40 pL

12 mL

10 6 min/
sample

2.2-6.8 8.6ht

90-95 30h?

V. 111 n.a.
Cr: 95

Cu: 60

As: 52

Pb: 128

n.a. n.a.

Cd: 155 24 ht
Pb: 180

102

20

103

104

105

106

23
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1
2
3
4
5
6
7
Cu, Mn,  River-and Alumina ICP-OES pH 8.5 Cu: 0.88 ng mL* Up to 200 6.2-7.9% at 10  87-110% GSBZ50009-88 3mL 10 S5ht 107
8 Ni lake water hollow fibre (NH4NOs)/ Mn: 0.61 ng mL? ng mL? ng mL* (n=7) environ-mental
-1 i -1
9 2.5mol L Ni: 0.38 ng mL water
HCI
1 O V, Cu, River- and Modified ICP-OES pH 6.5 V: 0.09 pg L? 0.3-50 ug Lt V:1.7% 89-107% GSBZ50009-88 6 mL 20 10ht 108
11 Pb, Cr lake water meso- (NH,CI/ Cu:0.23 pg L! Cu: 3.9% environ-mental
12 porous TiO, NH; H,0)/ Pb: 50 pg L't Pb: 4.6% water
1 M HNO; Cr:0.15pug Lt Cr:2.9% at5
13 ugL* (n=7)
14 Co, Cr, Seawater, DPTH-gel ICP-MS pH 8.6 0.004-0.530 pg L'*  DL-60 pg Lt 0.3-4% at 93-110% SLEW-3 estuarine 5mL 2.3-32.9 10 ht 109
Cd, Mn, river water (boric double the water, NASS-5
15 Zn, Ni acid/Na conc. used for seawater, SLRS-4 river
16 tetra- Dl of the water, TMDA-54.4
borate)/ analytes (n=5) fortified water
17 2% (m/m)
HNO;
18
1 9 | V, Cu, Lake- and Chitosan ICP-OES pH 6.5 V:0.33 ng mL? n.a. V:2.8% >90% GSBZ50009-88 6 mL 20 10ht 1o
Pb, Cd, river water modified (NH,4CI/NH; Cu: 0.30 ng mL? Cu: 6.7% environ-mental
20 Hg ordered H,0)/ Pb: 0.96 ng mL*! Pb: 1.8% water sample
21 mesoporous 1M HCl Cd: 0.05 ng mL* Cd: 4.0%
22 silica Hg: 0.93 ng mL? Hg: 5.3% at 10
ng mL? (n=7)
23 | Cd, Co, River water EDTriA-type  ICP-OES pHS 0.002-0.15 n.a. <10% 90-110% SRLS-4 river water 5mL 14-35 28 ht @
24 Cu, Mn, chitosan (AcNH,)/ ng mL?
Ni, Pb, 1.5 M HNO,
25 V, Zn
| Cd, Co, River water Glycine- ICP-OES pH5 0.004-0.17 n.a. <10% 90-110% SRLS-4 river water 5mL 14-106 27 ht 2
26 cumn, type (AcNH,)/ ng mL?
27 Ni, Pb, chitosan 1.5 M HNO;
V,Zn
28 Mn, Co, (*CRMs) Fe-based ICP-MS pH9 0.04-0.06 pg L* 0.5-50 ug L 4% at 5 pg Lt 96-109% CASS-2 nearshore 20 pL n.a. 5 26
29 Cu, Zn, MNPs-PAA (AcNH,)/ Cuand Zn: 0.6 (n=3) seawater, ("RSM min/sam
Pb 1% HNO; ug Lt 2670a trace ple
30 elements in urine)
31
Sb,-Hg Functional- 1CP-OES pH-3.0 Sb:1.5pgk Sb:-9.0-5000 Sb:4.5% $b+93- TMDA 54.4 fortified  16.8mlL Sb:-9 13-k : P
32 g g ! : = 2 S Commented [16]: 2019 Garcia Mesa gehort zu CVG/HG
33 == felye EROON e HeL? SR 83 section
34 s e HCW/2% s b b st
{*spikedtap  graphene {wifvol) pett 105%
36
37
38 24
39
40
41
42
43
44
45
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HNO,

Abbreviations:

8-HQ: 8-hydroxyquinoline (8-quinolinol)

cpg: controlled pore glass

DPTH gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel
EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan
IDA: iminodiacetate

MNPs-PAA: magnetic nanoparticles with polyacrylic acid

MWCNTSs: multi-walled carbon nanotubes

OASIS HLB: poly(divinylbenzene-N-vinylpyrrolidone) co-polymeric beads
PCX: polymeric cation exchanger

PMMA: poly(methyl methacrylate)

S-CS-MWCNTs: Schiff base-chitosan grafted multiwalled carbon nanotubes
SCX: strong cation exchanger

25
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Table 2: Single-element on-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total

metal concentration of transition metals and metalloids in natural waters. (All units as in the original publication)

Detection Sample Sample Enrich-  Sample Ref
Analyte Matrix Solid phase technique treatment/Elutio Figures of merit Validation volume ment through-
n factor put
DL Linear range Precision Relative
Recovery
Co Underground Fe;0,4 ETAAS None/ 6 ngL? 0.01-5pg L! 2.8% at 0.5 pg L 96-99% (°GBW 07303 2mL 30 18 ht 112
water, (*tap nanoparticles Ethanol (n=11) stream
water) sediment,
GBW10017
powdered
milk)
Co (*Only CRM) L-tyrosine FAAS pH 7.0 (AcNH,)/ 50 ngL? DL-250 pg Lt 2.7-3.4% at 10 102% QC METAL LL2 10 mL 180 >600 s/ 22}44;{ Commented [I7]: Lisa check Ref (cross ref 20 2009
functionalize 10% (v/v) HNO; ug L1 (n=10) metals in sample Pacheco)
d MWCNTs natural waters
Cu Coastal and TMA ICP-OES pH 5.5 (AcNH,)/ 0.4 pg Lt 0-50 pg Lt 3.2%at5.0 gLt 91-103% (°CRM22 fish 10 mL 5 n.a. 14
estuarine water 2% (v/v) HNO; otoliths, SRM
1400 bone ash)
As (*Cave water, Live Hela GFAAS pH 3.0 0.05 pg Lt 0.15-2.5pg L* 1.7%at 1.25 pg L* 97-98% SRLS-4 river 450 pL 11 13 ht 15
tap water) cells (phosphate and 3.4% 0.5 pg L* water
immobilized buffer)/ (n=9)
on Sephadex 2 M HNO;
G-50 beads
Cd Ground-, river- SIMAG- ETAAS pH 2.0£0.2 3nglL? 9-350 ng Lt 3.9%at50 ng L* 94-98% NIST CRM 5mL 19 8ht L
and coastal Octadecyl! (HNOs3); on-line (n=11) 1643e trace
seawater addition of DDTC/ elements in
IBMK water
cd Mineral water, 3-MPTMS- FAAS pH7.5 0.15 pg L? 1-60 pg L! 4.04% at 1 pg L! 92-110% NIST SRM 20 mL 31.5 14 ht 16
(*tap water, MWCNTs (phosphate and 2.34% at 55.0 1643e trace
synthetic buffer)/ ug Lt (n=10) elements in
seawater) 1M HCl natural waters,
(°NIST SRM

1573a tomato
leaves)

26
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Cd

Cd

Cd

Cd

Pb

Pb

Pb

Spring water,
rain water,
snow water

Spring water,
rain water,
seawater, (*tap
water)

Mineral water,
lake water,
(*tap water)

River water,
spring water,
ground water,
(*tap water)

Mineral water,
(*tap water,
synthetic
seawater
amongst other
samples)
Ground water,
river water,
coastal
seawater

Seawater, (*tap
water)

Fe-based
MWNTs

S. cerevisiae
cell-loaded
cytopore®
beads

Histidine
functionalize
d MWCNTs

Salen/Cd(l1)
complex
imprinted
polymer

IIHC

PEEK

Filamentous
fungal
biomass-
loaded TiO,
NPs

ETAAS

GFAAS

FAAS

FAAS

TS-FFAAS

FAAS

FAAS

pH 6.0 (NaOH)/
0.002 mol Lt
H3PO, and 0.1
mol L'*HN;NO;

pH 6-7 (0.1 mol L
NaOH)/
0.8 mol LYHNO;

pH 8.50
(ammoniacal
buffer)/

0.8 M HNO;

pH 6.8 (Britton-
Robinson buffer)/
1% HNO;

pH 6.46
(phosphate
buffer)/

0.5 mol L' HNO,

On-line complex
formation with
0.5% (m/v) DDPA
in water/

IBMK

pH 4.0 (HNOs)/
1M HCl

Matrices in brackets indicated with a * are not within the scope of this review.
Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
n.a.: not available.

1.3ngl?

llngl?

0.20 pg Lt

0.11 pg L?

0.75 ug Lt

0.32 pg Lt

0.78 ug L!

0.003-0.2 pg Lt

5-100 ng Lt

2-140 pg Lt

1-10 pg L?

2.5-65.0 g Lt

3.6-300 pg Lt

2.5-10 pg Lt

2.2%at0.1pglL?
(n=11)

3.3%at50ngL?!
(n=11)

3.11% at 40 pg L*
(n=10)

6.3% at1puglL?
(n=5)

5% at 10.0 pg L*
and 3.6% at 60.0
g L™ (n=10)

2.2% at 50 pg Lt
(n=11)

9.1-1.8% at 2.5-
100 pg L (n=5)

97-105%

69-102%

96-104%

92-107%

93-110%

95-97%

96-104%

GBWO08608
trace elements
in water,
(°GBW07404
soil)

(°GBW 07404
soil)

(°Tort 2
Lobster
Hepato-
pancreas)
ES-H-2 ground
water, (°EU-H-
3 waste water)

(°DORM-3 fish
protein, MESS-
3 and PACS-2
marine
sediments)

NIST CRM
1643e trace
elements in
water, (°IAEA-
433 marine
sediment, BCR
278-R trace
elements in
mussel tissue)

NASS-5
seawater

1000 pL

ImL

15mL

16 mL

20 mL

22 mL

250 mL

31.2

30

17.7

117

128

110

868

12 ht

20ht

16 h?

20 ht

n.a.

20ht

n.a.

117

118

119

120

122

123

27
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Abbreviations:
IIHC: ion imprinted polyvinylimidazole-silica hybrid copolymer
9 MPTMS: mercaptopropyltrimethoxysilane
MWCNTSs: multi-walled carbon nanotubes
10 NP: nanoparticle
11 PEEK: polyether ether ketone
SiIMAG: silica maghemite
12 TMA: 2-thiozylmethycrylamide
13 WCNT: wall coated nanotubes
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Table 3: On-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the determination of the total metal

concentration of rare earth elements, precious metals and actinides in natural waters. (All units as in the original publication)

‘ Detection Sample Sample Enrich Sample Ref
Analyte Matrix Solid phase . treatment Figures of merit Validation ment through-
technique . volume -
/Elution factor put
DL Linear range Precision Relative
Recovery
Rare earth elements
‘ REEs (incl.  Seawater Toyopearl AF ICP-MS pH 0.002 ng kg* (Tm)- Up to 200 Y6% (n=5) 93-106% CASS-4, SLEW-3 6 mL n.a. 11ht 124
Y) Chelate 650M® 5.5+0.2 0.078 ng kg*(Ce) ng kg coastal seawaters
(AcNH,)/ Tm: 100
| 0.8M ng kgt
HNO;
La, Ce, Lake water, GO-TiO, ICP-OES pH5/ 0.13-2.64 ng mL*! 0.5-1000 3.2-8.6% at 10 >90% (°GBW07301a 7 mL 10 12 ht £
Eu, Dy, Yb  river water, 1 M HNO; ngmL? ng.mL*(n=7) stream sediment)
seawater
‘ REEs Seawater SDCC (Nobias PB  ICP-MS pH 6 0.00008-0.04 n.a. < 3.3% for 97-100% Previous results 50 mL n.a. n.a. &
1M) (AcNH,)/ pg.mL? seawater (n=4)
2 M HNO;
REEs (incl.  Seawater Nobias PA 1 ICP-MS pH6 1-36 ppq 0.1-10 ppt <15-23% for 2000  94-102% NASS-5 seawater, 7 mL 15 15 E
Y) (AcNH,)/ m seawater (°VIDAC18 min/sarm
1.5M sample (n=50) Portuguese e
HNO; + mineral water sample
0.4% (1:10 diluted))
acetic acid
| REEs Lake water SDCC (Nobias PB  ICP-SFMS pH 5 0.013-0.15 pg mL*? n.a. 1.03% 96-104% NMIJ 7201-1 river 10 mL n.a. 3 min/ 32
1 M) and (AcNH,)/ water sample
InterSEP ME1 2 M HNO;s
| REEs (incl.  River water EDTriA-type ICP-OES pH 5 0.002-0.095 ng mL* n.a. <10%at1ngmlL! >95% SRLS-4 river water 20 mL 83-120 12 ht 21
Scand ) chitosan (AcNH,)/
2 M HNO;
| REEs (incl.  River water Chitosan based ICP-OES pHS5 0.002-0.25 ng mL* n.a. <10% 90-110% SRLS-4 river water 20 mL 21-102 11h? 30
Scandy) chelating resin (AcNH,)/
1.5M
HNO,
| REEs Coastal SDCC (PAPC) ICP-SFMS pHS 0.005 -0.09 pg mL*! n.a. <10% 93-99% NASS-5 seawater 10 mL 9.6 6 min/ e
seawater (AcNH,)/ sample
2 M HNO;
29
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1
2
3
4
5
6
7 Precious metals q . q .
) Commented [I8]: Information given in 2019 Garcia Meas
_Autr,  Seawater Funetionalized 1EP-OES pH3.0 Ag-0.5pghtt Ag:3.05000  Ag32% Ag:90- TMDA54.4 16.8mt  Ag22 13ht | belongs to the CVG/HG Table.
10 N—— graphene-oxide HEl/2% 02 gt Au-4.8 15349 Au-90- S— 19 Commented [I9]: Lisa: check this reference — okay — aber
{*spiked-tap {wifvol) Os:1.2 pgl™ 3500ugL? 0s:3.8% 104% 0s:33 gehort zu CVG/HG section (2019 Garcia Mesa)
11 water) thiourea  Pa:2.6pgh? }6:5-400 Pd:4.0% 193 Pd:6
12 in4% Pt 04 pglt uglt Pt:3.8%at25ugl  113% Pt 28
s Os:-7.7-400 *(n=11) 0s:-90-
13 HNO, et 104%
14 Pd:8.3-5000 Pd:95-
Hek? 106%
15 P:2.8-5000 P86
Hek* 106%
16 Ag Estuarine - Dowex AG1X ICP-MS None/ 0.06 ng kg* LD-1000 < 3% (n=5) 99-102% SLEW-3 estuarine 7.5mL n.a. 7ht 4
17 and seawater 25M ng kgt water, CASS-4
HNO coastal seawater
18 :
1 9 | Pd Groundwater  Polyaniline ICP-OES, No 0.0004 ng mL! 100 (ICP- <3% >99% Standard 250 mL 125 n.a. a4
20 , lake water, ICP-MS acidificati 0OES)/0.22 additions
seawater on/ (ICP-MS)
21 | 3% HCl + ngmL?
0.06%
22 thiourea
23 Pt,Pd,Ir  (*spiked PSTH-cpg ICP-MS pH: 3.2/ Pt: 78.5 ng Lt Up to 600 3% (n=10) 93-107%  (°NIST-2557 3.3mlL Pt: 18 10 h? 43
24 seawater and 0.03% Pd:55.5ng L! ngl? autocatalyst, Pd: 2.3
river water m/v. Ir0.1ngl* Ir: 43
25 samples thiourea
in3.2%
26 (v/v) HNO
27 Actinides
28 Th, U Seawater, UTEVA ICP-MS Acidified Th: 0.4 ng L 0-200 pg L* 1.7%at2.5ngl?  >90% (°BCR-320R 8mL 13 9ht 60
29 well water, to 3M U:2.8nglL? (n=5) channel
mineral HNOs/ sediment)
30 water, fresh 0.05M
31 | water, (*tap H,C,0./
water) 0.01 M
32 HNO;
33 Matrices in brackets indicated with a * are not within the scope of this review.

Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
34 n.a.: not available.

3 5 Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.
Abbreviations:

30
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3-MPTMS: 3-mercaptopropyltrimethoxysilane

AC-TBAH: tetrabutylammonium hydroxide-modified activated carbon

AF-MMPs: amine-functionalized magnetite microspheres

APS: 3-aminopropyltriethoxysilane

Bromo-PADAP: 2-(5-Bromo-2-pyridylazo)-5-(diethylamino)phenol

CNTs: carbon nanotubes

CTAB: cetyltrimethylammonium bromide

DDTC: diethyldithiocarbamate

DPTH gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel

EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan

GO-TiO,: graphene oxide titanium dioxide

IIHC: ion imprinted polyvinylimidazol-silica hybrid copolymer

MNPs-PAA: magnetic nanoparticles with polyacrylic acid

MWCNTSs: multi-walled carbon nanotubes

OASIS HLB: poly(divinylbenzene-N-vinylpyrrolidone) co-polymeric beads

PAPC: divinylbenzene-methacrylate copolymeric resin containing polyaminopolycarboxylic acid groups = ethylendiaminetriacetic acid and iminodiacetic acid groups
PDDA: poly(diallyldimethylammonium chloride

PMMA: poly(methyl methacrylate)

PSTH-cpg: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass
Salen/Cd(ll) complex: (cadmium(ll) 2,2'-{ethane-1,2-diylbis[nitrilo(E)methylylidene]} diphenolate)
S-CS-MWCNTs: Schiff base-chitosan grafted multiwalled carbon nanotubes

31
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
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Table 4: On-line sample preparation (matrix separation/preconcentration) based on solid phase extraction for the speciation of metals in natural waters. (All

units as in the original publication)

‘ Sample Detection sample Enrich-  Sample
Analyte Matrix Solid phase treatment/ R Figures of merit Validation ment through- Ref
. technique volume -
Elution factor put
Relative
DL Linear range Precision Recovery
‘ Fe(ll)/ Ground Non- Fe(ll): pH 5 ICP-MS Fe(ll): 1 ng Lt 5-5000 ng Lt n.a. Total Fe: SLEW-3, 1640a, 1mL Fe(Il) 7.5h1 125
Fe(lll) water, functional- (evacuation Fe(lll): 1-2 ng Lt 97-115% 1643e trace metals pH 4:
River ized acrylate by air); Fe(Il): in natural waters 10.1
water, resin Fe(lll): pH 4 89-110% Fe
seawater (evacuation Fe(ll): 89- ()pH
(*tap by water) 108% 5:13.3
water) Fe(Il)
pH5:
20.9
| v(Vv)/ Seawater, CTAB- pH 2.5 and ICP-OES V(V): 0.03 pg L? 0.1-500 pg Lt V(V): 4.3% >90% GSBZ50029-94 3mL 27.9 24 ht E
V(IV) fresh water ~ modified alkyl 6.0/ total V: 4.0% at environmental
silica 1 MHNO; 5 ug Lt (n=9) water
cr(ln)/ Seawater Amberlite IRA  pH5.5 ICP-MS 0.03 ug L'Y/ DL-60 pg Lt 2.6%/ 98-113% SLEW-3, LGC6016 4 mL 2.4/3.7 7.5ht 66426
Cr(V1) (surface 910, DPTH- (NaAc)/ 0.009 pg L* 3.2% at estuarine waters,
coastal) gel 2 M HNO; 0.3 pg L*(n=10) TMDA-54.4 fortified
lake water (1:100)
Cr(Vv1) Snow PDDA- pH 6/ ETAAS 0.016 pg L* 0.05-1.5 pug Lt 3.9% at 100% GBWO08608 trace 1000 pL 8.6 9h? &4
water, MWNTs 0.1M 0.5 pg L (n=11) elements in water
spring ammonium
water, river nitrate
water
Cr(iny/ Mineral SWCNTs pH 3 (HNO;, ICP-MS 0.01 ng mLY/ 0.1-100 ng mL* <2.1%/ >90% spiking experiments 20 mL 63 n.a. 7327
Cr(V1) water, lake CH;COONa)/ 0.024 ng mL* 4.0%
water, 1.2 M HNO; at 1 ng.mL?
(*waste (n=9)
water)
32
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Cr(VI)

cr(iny/

cr(vi)

cr(iny/
cr(vi)

As(Ill)/
As(V)

As(lll)/
As(V)

Se(Iv)/
Se(V1)

Se(Iv)/
Se(VI),
SeCys/
| Se-Met

Matrices in brackets indicated with a * are not within the scope of this review.

Mineral
water, river
water
(*effluent
water)
Lake water,
mineral
water (*tap
water)
River water
(* tap
water)

Lake water,
mineral
water,
(*tap
water)
River
water, lake
water, well
water, rain
water

River
water, lake
water, well
water, rain
water

Lake water,
(*biological
samples)

n.a.: not available.

Functional-
ized meso-
porous silica
(APS)

Mesoporous
AlLO;

C. Vulgaris/
717 anion
exchanger

Mesoporous
Al,03

(CTAB)-
modified alkyl
silica sorbent

(CTAB)-
modified alkyl
silica sorbent

Nanometre
sized Al,05/
mesoporous
Tio,

pH 2 (HCl)/
01M
NH,OH-HCl in
1M HCl

pH 4.0 (NH3
H,0/HNO;)/
0.01 M NaOH

pH 6/
0.04 M/1.0M
HNO,

pH 4.0 (NH;
H,0/HNO;)/
0.01 M NaOH

None/
1M HNO,

None/1 M
HNO,

pH 3.5/pH 6/
0.2 M NaOH

ETAAS

ICP-MS

ETAAS

ICP-MS

ICP-OES

ICP-OES

ICP-MS

1.2ngl?

3.4nglY/
74ng Lt

0.02 pg LY
0.03 ug Lt

0.7 ng LY/
18 ng L?

As(V): 0.15 pg L't

Se(V1): 0.10 pg L*

45-210 ng L!

Journal of Analytical Atomic Spectrometry

0.1-2.5 ug LY/
0.12-2.0 g L

n.a.

0.5-1000 pg L!

0.5-1000 pg L'*

2.5%at
0.50 pug L!
(n=10)

2.8%/
3.9% at
1 ng.mL? (n=7)

1.9%/
2.5% at
1.0 ug Lt (n=11)

3.1%/
4.0% at
1 ng.mL? (n=7)

As(V): 4.0% at
5.0 ug L' (n=9)

Se(VI1): 3.6% at
5pgL?(n=9)

7.0-9.7% at 0.8
ngmL? (n=7),
3.6-5.8% at 5
ngmL? (n=7)

100%

>90%

100%/99
%

>90%

n.a.

n.a.

Recovery studies;
total conc.: SRM
1643e trace
elements in water

GSBZ50027-94,
GSBZ50004-88
environmental
waters
GBWO08608 trace
elements in water

GSBZ50027-94,
GSBZ50004-88
environmental
waters

BW3209 (0602),
BW3210 (0602),
GSBZ 50031-94
(203706)
environmental
waters

BW3209 (0602),
BW3210 (0602),
GSBZ 50031-94
(203706)
environmental
waters

2mL

0.5mL

600 pL

0.5mL

3mL

3mL

4mL

27

10.5/
11.6

26.7

27.6

1-5

21ht

8ht

n.a.

8ht

24 ht

24 ht

5ht

128

Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.

Abbreviations:

3-MPTMS: 3-mercaptopropyltrimethoxysilane

AC-TBAH: tetrabutylammonium hydroxide-modified activated carbon
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AF-MMPs: Amine-functionalized magnetite microspheres

APS: 3-aminopropyltriethoxy silane

CTAB: cetyltrimethylammonium bromide

DDTC: diethyldithiocarbamate

DPTH-gel: 1-(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel
EDTriA-type chitosan: ethylenediamine N,N,N'-triacetate-type chitosan

GO-FiO,-Graphen ide-titanium-dioxid

MWCNTSs: multi-walled carbon nanotubes

PAPC: divinylbenzene-methacrylate copolymeric resin containing polyaminopolycarboxylic acid groups = ethylendiaminetriacetic acid and iminodiacetic acid groups
PDDA: poly(diallyldimethylammonium) chloride

PMMA: poly(methyl)-methacrylate

PSTH-cpg: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass

S-CS-MWCNTSs: Schiff base-chitosan-grafted multiwalled carbon nanotubes

SSDC: syringe driven chelating column (packed with divinylbenzene-methacrylate co-polymeric resin containing polyaminopolycarboxylic acid groups (PAPC) = ethylendiaminetriacetic acid and iminodiacetic acid
groups

SWCNTs: micro-column packed single-walled carbon nanotubes

TAR: 4-(2-thiazolylazo)resorcinol

TMA: 2-thiozylmethycrylamide

UTEVA: Uranium and TEtraValent Actinides - diamyl amylphosphonate (DAAP) functionalized
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Table 5: Methods employing cold vapour generation (CVG) and hydride generation (HG) techniques for the matrix separation and preconcentration of

metals in natural waters. (All units as in the original publication)

. . Enrich- Sample
Analyte Matrix Solid Detec.non Sam.ple treatme.snt/ Figures of merit Validation Sample ment through- Ref
phase technique Elution/Reduction volume
factor put
oL Linear Precision Relative
range Recovery
Hg Natural water Dithizone  AFS SamplepH: 4.0;/ 0.02 pg L! 0.06-3.0 5.2% (n=7)at  90-105% Standard 50 mL 29 5ht 129
samples chelate 1.5 mol L* HCI/ ug Lt 0.5pgL? addition/
Reduetion:=-1.5% (m/v) NaBH, recovery
in 0.5% (w/v) NaOH;Elution: experiments
1.5-mol=Hcl
Pt, Pd, Spiked DPTH- ICP-OES Water samples: pH 1 (HCI); Pd: 1.5 pg L n.a. 2.6-8.5% at 92-108%  TMDA54.4 12mL  Pd:20 17 ht 8
Os, Ir, Rh,  seawater (*tap MNPs (*acid digests: pH 0.9 Ag: 0.03 pg Lt 0.74-14.7 fortified lake Ag: 206
Ag, Au water, (NaOH)/ 0s:0.65 pg L ug Lt water, SRM Os: 9
environmental 2.5% thiourea (w/v) in 6% Au: 0.62 pg Lt 1643e trace Au: 18
samples) (w/w) HCI/ Ir:0.57 pg L! elements in Ir: 17
2.1% (w/v) NaBH, in 0.1% Pt: 0.63 pug L fresh water Pt: 144
(w/v) NaOH) Rh: 100 pg L (°NIST 2557 Rh: 3
autocatalyst)
Ag, Au, Seawater, Function-  ICP-OES pH 3.0 (0.2 M glycin/HCl)/ Ag: 0.5 pg L! Ag: 3.0- Ag: 3.2% Ag: 90- TMDA 54.4 16.8 Ag: 22 13 ht 84
Ir,Os, Pd, mineral water alized 2% (wt/vol) thiourea in 4% Au: 0.6 pg L 5000 Au: 2.6% 106% fortified lake mL Au: 29
Pt, Sb, Hg  (*spiked tab magnetic (wt/vol) HNOs/ Ir:0.2 pg L* Au: 4.8- Ir:3.1% Au: 90- water Ir: 9
water graphene 2.6% (wt/vol) NaBH, in 0.2% Os:1.2 pgL* 3500 Os:3.8% 104% Os: 33
oxide (wt/vol) NaOH Pd: 2.6 ug Lt Ir: 6.5- Pd: 4.0% Ir: 93- Pd: 6
Pt: 0.4 ug Lt 400 Pt: 3.8% 113% Pt: 28
Sb: 1.5 ug Lt Os: 7.7- Sb: 4.5% Os: 90- Sb: 9
Hg: 0.05 pg L1 400 Hg: 1.6% at 104% Hg: 3
Pd: 8.3- 25 pg L? Pd: 95-
5000 (n=11) 106%
Pt:2.8- Pt: 86-
5000 106
Sb: 9.0- Sb: 93-
5000 117%
Hg: 0.2- Hg: 93-
1000 105%
pg Lt
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As, Sb,
Hg

Sb, Bi,
Sn, Hg

Pt, Pd, Ir

Pb, Cd,
Hg

Sh, Bi, Sn

As

Seawater

Seawater, river
water

Spiked
seawater

Natural waters
including
seawater

Seawater

River water, tap
water, mineral
water, (¥*waste
water)

DPTH-
MNPs

DPTH-
silica gel

DPTH-gel

DPTH-
silica gel

DPTH-
silica gel

Nnone

Journal of Analytical Atomic Spectrometry

HR-CS- pH: 5 (acetic acid/sodium As:0.25 pg Lt n.a. 2.2-29% 90.4- TM 24.3 and

ETAAS acetate buffer)/ Sb: 0.003 pg Lt (n=11) at 110% TMDA 54.4
5.0% (wt/wt) HCI/ Hg:0.22 g L* As: 8 ug L-, fortified lake
0,1% (wt/vol) NaBH, in 0.1% Sb: 0.2 pg LY, water
(wt/vol) NaOH Hg: 1.5 pg Lt

HR-CS- pH 2.2 (glycine/HCl)/ Sb:0.009 pgL?  0.025-2.5 1.9-2.4%at1  91-103%  TM24.3, TMDA

ETAAS Sb, Bi, Sn: 3.1% HCI, Hg: 4.6%  Bi: 0.001 pg L*! pg Lt ug Lt (n=11) 54.4 fortified
thiourea/ Sn: 0.18 pg Lt lake waters
0.6% (w/v) NaBH, in 0.1% Hg: 0.17 pg L!
(w/v) NaOH

ICP-OES pH: 7.5 (borate-boric acid Pt:1.4pugl? 0.05-3 94.5- °NIST 2557
buffer)/0.07% (wt/v) Pd: 0.5 pg L't mgL?t 105.8% autocatalyst)
thiourea in 2 mol L* Ir: 0.6 pg L*
HCI/0.5% (wt/v) NaBH, in
0.1% (wt/v) NaOH

ICP-MS pH 5.0 (acetic acid/sodium Pb: 9 ng Lt DL-30.0 2.5-2.9% at 985- TMDA-54.4
acetate)/ Cd: 17 ng Lt ug Lt 0.5pglL? 105% fortified lake
1.5% (w/w) thiourea in 1.5% Hg: 12 ng Lt (n=9) water, LGC6016
(w/w) HNOs/ estuary water,
Pb: 1.25% (w/v) NaBH, + 3% CASS-5
(w/v) KsFe(CN),; Cd and Hg: seawater
1.25% (w/v) NaBH, in 0.1%
(w/v) NaOH

ICP-MS pH 3.5 (0.75% cysteine Sb: 0.01 pg L DL-60.0 1.1-1.5% 97-108% Diluted TMDA-
added)/ Bi: 0.002 pg L* ug Lt (n=10) 54.5,TM-24.3
4% HNOs/ Sn: 0.142 pug Lt natural waters
0.5% NaBH, in 0.1% NaOH

AAS 0.01 mol L't HCI/ 0.05 g L* 0.15-6.0 3.2% at 2.0 96-102% Reference
4.0 mol L't HCI/ ug Lt ug Lt (n=10) method based
1.0% (m/v)NaBH4 in 0.1% on on-line FI-
(m/v) NaOH HG-AAS (FIAS

400)

12 mL

3mL

5.4 mL

4.8 mL

3mL

As:23.4 16.7 ht
Sbh: 2.9
Hg: 3.3

Sh: 4 7.5ht
Bi: 18
Sn:7
Hg: 9

Pt: 6.3 11 h?
Pd: 6.7
Ir:6.3

Pb: 16.4 10.4 ht
Cd: 25.1

Hg:27.3

Sb:7.0 12 ht
Bi: 8.6

Sn: 2.5

n.a. 9ht

78t

13

82:

78
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Sh

Cd

Pb

| He

River- and
seawater

Seawater,
ground water

Seawater, river
water

River water

DPTH-

silica gel

Nnone

PSTH-cpg

Nnone

ETAAS

AAS

ETAAS

ICP-MS,
MC-ICP-MS

pH 5.0 (acetic acid/

sodium acetate)/

2.0% thiourea in 4.0% HNOs/
0.5% (w/v) NaBH, in 0.1%
(w/v) NaOH

2 mol L HCl/

0.75% (m/v) thiourea in 0.05
mol L1 HCl/

6% (w/v) NaBH, in 0.5%
(m/v) NaOH

pH 6.0 (NaH,PO,/Na,HPO,)/
1% (v/v) HCl/

2.6% (m/v) NaBH, + 3% (m/v)
(K3Fe(CN)g) in 0.5% (m/v)
NaOH

Sstabilization (K,Cr,0),
isotope dilution/

0.2% (w/w) NaBH, in 0.05%
(w/w) NaOH

Matrices in brackets indicated with a * are not within the scope of this review.

Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.

n.a.: not available.

1ngl?

5.8 ngL?

3.0nglL?

0.25ngL*

Journal of Analytical Atomic Spectrometry

0.025-2.5
pg Lt

193 ng L
15 pg Lt

0.9%at 1
pg Lt (n=11)

1.4-2.9% at
0.25and 2.5
pg L

2.5% at 50
ng L (n=10)

0.6-2.9% for
ERM-CA615
(n=3)

98-108%

94-101%

97-105%

n.a.

TMDA 54.4 5mL
fortified lake

water, SLRS-5

estuarine water

CASS-4 2mL
seawater
TMDA 54.4 6.4 mL

fortified lake
water, LG6016
estuarine water

ERM-CA615 500 pL
ground water

22

20

10-50

20 ht

87 ht

18 h?

40 ht

130

Abbreviations:
cpg: controlled pore glass
DPTH: 1-(di-2-pyridyl)methylene thiocarbonohydrazide
MNP: magnetic nanoparticle
PSTH: 1.5-bis(2-pyridyl)3-sulphophenyl methylene thiocarbonohydrazide
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1
2
3
4
5
6
8 Table 6: Methods employing cold vapour- and hydride generation techniques for the speciation of metals in natural waters. (All units as in the original
9 publication)
10 Enrich Sam
. " : - ple
Analyte Matrix Solid phase Detec.tlon Sam.ple treatm.ent/ Figures of merit Validation Sample ment through-  Ref
11
technique elution/reduction volume -
12 factor put
1 3 LoD Linear range Precision z:::"":y
As(lll)/ Seawater, PSTH-MNPs  ICP-MS pH 4.0 (acetic acid/sodium  As(lll): 2.7 ng L't As(l11): 0.01- As(ll): 90-110% SLEW— 9.6 mL As(l11): 14.4 h? 38
14 As(V))/ well-water acetate)/ iAs: 3.2 ng L! 50 pg L? 2.5% estuarine 1.9
15 total iAs 0.1% (m/v) thiourea + total iAs: iAs: 2.7% water, CASS-5 total iAs:
2.8% (m/v) L-cysteine in 0.03-100 pgL~  (n=8) sea water, 2.1
16 7% (w/w HNO,/ 1 TMDA 54.4
17 As(111): 0.1% (w/v) NaBH,4 in fortified lake
0.5% NaOH water, SPS-
1 8 As(V): 0.5% (w/v) NaBH, in SW 2 Batch
19 0.5% NaOH 125 surface
water
20 As(lll)/ Groundwater CI-SAX AAS None - neutral sample/ As(Il): 0.5 pg L 1.7-25 pg L! <2% at 98-106% NIST 1643e 500 pL n.a. 60 ht 8
21 As(V)/ As(ll): 3.5 mol L't HCI/ iAs: 0.6 pug Lt Spglt trace
total iAs 0.35% (m/v) NaBH,in (n=3) elements in
22 0.025% NaOH water
23
24 iHg/ Lake water, PANH 1CP-MS None—neutralsample/ iHg:25.2 pgmit/ 0-1-10Ag b 2%/25%  96-102%  (°ERM-CE463, 1004k iHg:240;  10-h* 5
25 MeHg ground - 0.5% HC-iHg: 2% 324 pgralt : ating ERM-CE464, MeHg:120
water; HCl+0.02% thiourea/ - b
26 seawater; 1%-NaBH, {n=10) tissues)
b
28 iHg/ Seawater DPTH-silica ICP-MS pH 5.0 (acetic acid/sodium  MeHg: 0.011 pg L* DL-70 pg L MeHg: 92-107% LGC 6016 4.6 mL MeHg: 7.1ht 86
29 MeHg gel acetate)/ iHg: 0.024 pg L* 2.8% estuarine 4.7
30 | MeHg: 0.2% HCl, iHg: 0.5% iHg: 2.6% water, (°SRM iHg: 11
HCI + 0.1% thiourea/ at2 pgL?t 2976 mussel
31 0.25% (w/v) NaBH, in 0.5% (n=10) tissue)
(w/v) NaOH
32 Sb(ll)/ Seawater, PSTH-cpg/ ICP-MS pH 8.4 (boric acid/borax)/ Sb(I11): 0.05-80 pg L'*  Sb(ll1): 0.013 Sh(Ill): 97-105% SLRS-5 river 2.2mL Sb(ll): 9ht ]
33 Sh(V) river water, Amberlite 0.04% thiourea in 5% Sb(V): 0.05-80 pg L* pg Lt 4.6% water, TMDA- 5.5
lake water IRA-910 HNO,/ Sb(V): 0.021 Sh(V): 54.4 lake Sb(V): 3.9
34 | 0.2% (m/v) NaBH, in 0.05% ug Lt 3.0% water
35 NaOH (n=10)
36
37
38
39
40
41
42
43
44
45

46
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Matrices in brackets indicated with a * are not within the scope of this review.
Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.
n.a.: not available.

Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.
Abbreviations:
CI-SAX: Silica-based chloride-form strong anion exchange resin
i i idPSTH-MNPs: (Fe;0,) magnetic nanoparticles functionalized with [1,5-bis (2-pyridyl) 3-sulfophenylmethylene] thiocarbonohydrazide

Page 148 of 162

PANI: polyaniline
DPTH-silica gel: 1,5-bis(di-2-pyridyl)methylene thiocarbonohydrazide bonded to silica gel

PSTH-cpg: [1,5-bis(2-pyridyl)-3-sulfonphenyl methylene]thiocarbonohydrazide immobilized on aminopropyl-controlled pore glass

39
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Table 7: Methods employing liquid-liquid-micro-extraction for the matrix separation and preconcentration of metals in natural waters. (All units as in the

original publication)

Detection Sample Disperser/ Sample Enrich: Sample
Analyte Matrix 3 complexing Figures of merit Validation ment through- Ref
technique treatment . volume -
solution factor put
Relative
DL Linear range Precision Recovery
Pb Coastal FAAS pH 2 (HNO;)  DDPA/chloroform 1.5puglL? 5.0-280 pg Lt 2.7% at 95-102% CRM 1643e trace 6 mL 130 13 ht 20
water, ditch 40.0 pg L! elements in natural
water (n=9) water, (°BCR 278-R
mussel tissue)
Pb Lake water, FAAS pH 2 (HNO3)  APDC/chloroform 1.8 ug Lt 6.0-300 pg Lt 2.9% at 50 94-98% CRM 1643e trace 10 mL 125 7ht %
coastal water pg Lt elements in natural
(n=10) water, (°BCR 278-R
mussel tissue)
Tl River water, FAAS pH 2.0 Methanol 0.86 pg L 2.8-120 pg Lt 2.7% at 20 94-98% SRM 1643e trace 15 mL 290 16 ht —
lake water, (HNO3) containing 0.6% pg Lt elements in natural
coastal (v/v) water, ("SRM 2704
seawater ([Hmim][PFe]; river sediment)
(*tap water) Elution: MIBK;
Support: PUF
micro column
u Ground ICP-OES, pH1 APDC/CTAB; ICP-OES: 2.0 ug L'*  ICP-OES: ICP-OES: 90-105% BCR 403 North 10 mL 11-25 na. 2
water, ICP-MS extraction into ICP-MS: 30 ng Lt 5-200 pg LY 5% at10and  Seawater, laser
seawater chloroform, back ICP-MS: ICP-MS: Sugl? fluorimetry
extraction into 50-5000 ng L* 4% (n=6)
HNO,
Ag River water, FAAS 0.1 mol L* DDTCin 0.3% 0.15 ug L* 0.40-20 ug L* 2.9% at 96-99% NIST CRM 1643e 16.2 mL 186 12 h? 2
seawater, HNO; (m/v) methanol; Sugl? trace elements in
(*waste Elution: MIBK; (n=10) natural water
water) Support: PEEK-
microcolumn
Pb, Cd Natural ETAAS None Methanol Pb: 10 ng L* Pb: 0.04-1.5 Pb: 3.8% at 94-98% NIST CRM 1643e 8.1mL Pb: 80 10 ht %
waters (river containing 2% Cd: 2 ngL? pg Lt 0.5 pg Lt (n=3) trace elements in Cd: 34
water, coastal (v/v) xylene a + Cd: 0.006-0.150  Cd: 4.1% at natural water
seawater) 0.2% (m/v) APDC; ug Lt 0.03 pg Lt
Elution: MIBK;
Support: PTFE-
tubing
40
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\ River water, ETAAS pH 4.0 (5-Br-PADAP) +
(*tap water) (aceticacid/  ([C4mim][PF6])
acetate) RTIL; Elution: 10%
(v/v) HNO; (in
acetone);
Support: Florisil
‘ Cd Seawater, ETAAS pH 2.0+0.2 DDPA/DIBK
river water (HNO3)
Cu, Pb River water, FAAS pH1.4 Methanol
coastal water (HNO;) containing 2%

(v/v) xylene a+
0.3% (m/v) DDPA;
Elution: MIBK;
Support: PTFE-
micro column

| Cr Spring water, ETAAS pH3.5 APDC
river water, (phthalate
seawater buffer)

Matrices in brackets indicated with a * are not within the scope of this review.

4.8ngl?

0.01 pg L

Cu: 0.04 pg Lt
Pb: 0.54 pg L!

0.02 pg L*

DL-15 pg Lt

0.03-0.6 pg L

0.16-12.0 pg L't

0.5-6 pug L!

Reference samples in brackets indicated with a ° are not appropriate for method validation of natural waters.

n.a.: not available.

4.1% at
Suglt
(n=10)

3.9% at
0.1pgl?
(n=9)
Cu:2.1%
at2.0pgL?
Pb: 1.9%
at30 pg Lt
(n=10)

7% (n=6)

96-103%
(n=6)

94-98%

96-100%

90-103%

NIST CRM 1643e
trace elements in
natural water

NIST CRM 1643e
trace elements in
natural water
NIST CRM 1643e
trace elements in
natural water

(°CRM 544
lyophilized solution
(no real matrix))

5mL

15mL

12 mL

2.5mL

n.a.

10

Cu: 560
Pb: 265

20

6ht

6h?

12 ht

Note: Only additional sample treatment other than filtration and preservation with acid is mentioned here.

Abbreviations:
APDC: ammonium pyrrolidine dithiocarbamate

([C4mim][PF6])RTIL: 1-butyl-3-methylimidazolium hexafluorosphosphate room temperature ionic liquid
([Hmim][PF6]): 1-hexyl-3-methylimidazolium hexafluorophosphate ionic liquid

(5-Br-PADAP): 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol
CTAB: cetyltrimethyl ammonium bromide

DDPA: ammonium diethyldithiophosphate

DDTC: sodium diethyldithiocarbamate

DIBK: di-isobutyl ketone

MIBK: methyl isobutyl ketone

PUF: polyurethane foam

41
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Figure captions

Figure 1: A conceptual diagram of the combination of on-line FI/SI sample preparation with
atomic spectrometric detectors.

Abbreviations: LPME: liquid phase microextraction; SPE: solid phase extraction; HG/CVG-GLS:
hydride generation/cold vapour generation-gas liquid separator; PP: peristaltic pump; SP:
syringe pump; MPW: multi position valve; HC: holding coil; IV: injection valve; S: sample; R:
reagent; E: eluent; W: waste.

Source: adapted from Mird and Hansen (2013)reference-1°

Figure 2: A conceptual diagram of the combination of on-line FI/SI sample preparation with
atomic spectrometric detectors. Reproduced from 1 (Talanta 133 (2015) 164, authored by
Robert Clough, Hagit Sela, Angela Milne, Maeve C. Lohan, Serife Tokalioglu and Paul J. Worsfold),

with permission from Elsevier.

Figure 3: FI microcolumn preconcentration/separation system for simultaneous speciation of
Se(lV) and Se(VI), selenocysteine and selenomethionine, prior to ICP detection.

Abbreviations: P1/P2: peristaltic pumps; C1/C2: micro columns; V: valves.

a) Separation of inorganic ((Se(lV) and Se(VI1)) and organic Se species (Se-Met and Se Cys,)

on C1 and C2, respectively. (SeCys, retained on C2, Se-Met was detected by ICP-MS)

b) Elution of Se-Cys, from C2 with 0.5 mol L't NaOH and ICP-MS detection.

c) Elution of inorganic Se from C1 with 0.2 mol L' NaOH and pH adjustment

d) Separation of inorganic Se species on C2. (Se(lV) retained on C2, Se(VI) was detected by

ICP-MS)
e) Elution of Se(IV) with 0.5 mol L' NaOH and ICP-MS detection.

Source and a more detailed description can be found in 7°.

Figure 4: Schematic illustration of a sequential injection system for automatic DLPME of trace
elements as a front end to ETAAS.

Abbreviations: S: sample; MeOH (APDC, xylene), extracting solvent composed of 2.0% (v/v)
xylene and 0.2% (m/v) APDC in methanol which acts as dispersant; P: peristaltic pump; SP:
syringe pump; MV: multi-position valve; V: head valve; HC: holding coil; C: micro-column
containing sorbent; CC: confluence connector; DT: delivery tube; GF: graphite furnace of ETAAS.
Reprinted from 28 (A.N. Anthemidis, K.-1.G. loannou / Analytica Chimica Acta 668 (2010) 35-40,

Copyright (2010)), with permission from Elsevier.
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