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After more than a decade since its commercial introduction, high-resolution continuum source atomic/
molecular absorption spectrometry may be facing a mid-life crisis. Certainly, it is no longer a novel
technique full of unknown potential, so it would already be time to establish the fields for which it is
most suitable. This is, however, not so simple for a number of reasons. In the first place, more than
a technique what we are discussing herein is a type of instrumentation with the potential to use two
different techniques (atomic or molecular absorption), making it somewhat unique. Furthermore, the
two techniques have not been explored equally, and more research on the mechanisms of formation of
diatomic molecules is clearly needed. In the second place, new possibilities have recently appeared in
the literature that need to be weighed as well. And there is the still unfulfilled, but nowadays more
technically feasible than ever, promise to significantly increase the multi-elemental capabilities. This
review critically examines the main research areas currently explored (namely, (i) direct analysis of solids

and complex liquid materials, and (ii) determination of non-metals at trace levels via monitoring of
Received 30th July 2018 l l ies) M th ( ifically, (i) isotopi si . itori ¢
Accepted 19th September 2018 molecular species) as well as the new venues (specifically, (i) isotopic analysis via monitoring o
molecular species, and (ii) selective detection, quantification and sizing of nanoparticles) while also

DOI: 10.1039/c8ja00256h considering new instrumental developments, in an attempt to properly place high-resolution continuum

Published on 19 Waysu 2018. Downloaded by Fail Open on 07/05/2025 10:27:51 AM.

rsc.li/jaas

1. Introduction

There is little doubt at this point that the arrival of high-
resolution continuum source atomic absorption spectrometry
(HR CS AAS) instrumentation has revitalized this field,* to the
point that it cannot be considered as only AAS anymore,
because the use of molecular absorption spectrometry (MAS) in
conjunction with this instrumentation provides some relevant
advantages as well, particularly for the determination of non-
metals.>*

It is worth mentioning that different authors explored the
use of a continuum source to carry out AAS measurements over
the years.>® Finally, the work of Becker-Ross and co-workers'***
led to a device that was ultimately made commercially available
in 2003, although it was only equipped with a flame as an
atomizer. A modified version of this device, incorporating
a graphite furnace as well, was released approximately five
years later. The key components of such instruments are (1)
a high-pressure xenon short-arc lamp that can provide a high
intensity in the visible and UV region, which is a significant
difference to some previous models; (2) an optical system based
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source atomic/molecular absorption spectrometry in the field of trace element and isotopic analysis.

on a double monochromator (using a prism first and an echelle
grating afterwards); and (3) a linear CCD array that is used for
detection.

The number of advantages brought by this type of instru-
ment is quite significant, such that it is hard to argue that the
already famous title coined by Dr Welz “High-resolution
continuum source AAS: the better way to perform atomic
absorption spectrometry” is quite accurate.”® These aspects
have been covered in detail in several reviews,"*” in addition to
one book.' Let's just stress that the critical difference with
traditional line source AAS is the addition of one extra dimen-
sion (wavelength), that permits actually seeing spectral over-
laps, instead of trying to guess potential problems investigating
2D (absorbance versus time) signals under various conditions.
Moreover, it is feasible to mathematically correct for some
overlaps, and the high-spectral resolution provided also permits
the monitoring of molecular transitions, which are useful for
quantifying elements for which the atomic lines are hardly
accessible (e.g., non-metals). Finally, the simultaneous moni-
toring of various lines is feasible, although with significant
restrictions, limiting the potential of the technique in its
current commercial configuration for multi-element anal-
ysis.'* This latter topic will be discussed in more detail in
Section 4.3.

At this point, HR CS AAS/MAS can no longer be considered as
a novel technique, but at the same time, it is still premature to
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consider it as fully developed. In the authors' opinion, and
bearing in mind that no general reviews on this topic have been
published since 2014, it seems timely to review the work
carried out recently, discussing major research subjects, but
particularly trying to identify emerging trends and those
subjects that deserve further study.

2. Analysis of the literature

Fig. 1 shows the evolution of publications dealing with high-
resolution continuum source atomic or molecular absorption
spectrometry as a function of different parameters. In general, it
can be seen that the trend goes upwards. The decrease observed
for 2018 is simply due to the fact that only 8 months of the year
were taken into account at the time of writing this review.

If we focus on the type of atomizer, graphite furnace (GF) is
the preferred one (selected in approximately 70% of publica-
tions), followed by flame (24%), as shown in Fig. 1a. Use of other
atomizers (quartz, tungsten) is only residual. This could be
anticipated, since graphite furnace and flame are the only
commercially available atomizers, and graphite furnace offers
superior potential in terms of sensitivity and capability to
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analyze samples directly when compared with flame. The latter
is an important factor, as roughly 30% of the articles are
devoted to direct analysis of solid or complex liquid samples.
The number of articles using graphite furnace has continued to
grow, while the number of those using flame seems to have
reached a plateau over the last 4 years.

Regarding the measurement technique (see Fig. 1b), AAS
articles are still predominant. Use of MAS, with its possibilities
to determine non-metals, however, has been investigated in
approximately 27% of the publications up to now. This type of
research is still relatively new and the number of research
groups exploring it is still limited.

Finally, an indication of the maturity of the technique is that,
during the last decade, a significant number of papers have
appeared in more applied journals, to the point that the articles
published in these journals already represent 15-20% of the
total number of HR CS AAS/MAS publications. While the term
“applied” is always subjective, we are referring to journals
devoted to food, clinical and environmental analysis. In
particular, the number of articles appearing in journals devoted
to food analysis is noteworthy. This number of applied publi-
cations will presumably continue to increase.
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Fig. 1 Number of articles reporting on the use of HR CS depending on (A) the type of atomizer; and (B) the technique. Source: Scopus,
September 2018. The search was carried out using the general term "high resolution continuum source” and the results were curated manually,

in order to select only those related with the topic of the review.
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Overall, the field still shows potential to grow and has
demonstrated possibilities to be applied to various fields.

3. Major research areas

This section will discuss the two current major areas of
research, according to the number of articles published, which
are the development of methods that enable direct analysis of
samples (Section 3.1), and the development of methods for the
determination of non-metals (Section 3.2). Those papers of
higher novelty, in terms of methodology, will be highlighted.
Tables 1 and 2 present the publications in both fields, respec-
tively, starting from 2015. It also needs to be mentioned that
those articles dealing with direct analysis while also targeting
the determination of non-metals will be included only in
Section 3.2 and in Table 2, in order to avoid duplications while
achieving a better balance for both sections. For previous
publications, the reader is referred to reviews on both topics
published in 2014.%**

3.1. Direct analysis of samples

This remains the most popular research area. As mentioned in
the previous section, approximately 30% of all the papers
devoted to HR CS AAS/MAS focused on this topic. The
percentage would be higher (roughly 40%) if only graphite
furnace articles are taken into account, since, obviously, flame
is not as suitable for direct analysis (although it also shows
some potential: one study by Leite et al.”> demonstrated that it is
possible to carry out the direct analysis of ethanol fuel, deter-
mining 9 analytes).

It has to be stated that by direct analysis we are not referring
to solid sampling only, but also to those other papers in which
generally complex liquid samples can be analyzed directly. In
fact, in such cases, the procedure used is sometimes very
similar to that of solid sampling (e.g., deposition of the sample
onto the external platform). However, in practice, almost 90% of
the articles are actually devoted to the analysis of solid
materials.

It certainly makes sense that solid sampling HR CS GFAAS/
MAS is a major area of research because this technique is
particularly suitable for such an approach. This was, in fact, the
topic of one previous review published in JAAS in 2014.>* The
temperature control, the potential for chemical modification,
and the possibilities of the technique to detect and deal with
spectral overlaps make it possible in many occasions to analyze
difficult materials and even to simply use aqueous standards to
construct the calibration curve (an approach that will be
referred to as external calibration with aqueous standards from
now on). This characteristic is quite unique in comparison with
many of the other solid techniques that require solid standards
for calibration.?® One may in fact wonder if this technique could
become the method of choice for trace element analysis of solid
samples, letting aside imaging applications, if higher multi-
element capabilities would be available at some point, but
this topic will be discussed in Section 4.3.

This journal is © The Royal Society of Chemistry 2019
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An examination of the recent literature on direct analysis
using HR CS GFAAS/MAS (see Table 1) reveals a period of
maturity. From a methodological point of view, practically all
that was discussed in the review mentioned before* holds true.
The technique has shown potential to analyze very different
types of materials, from some that could be considered as
relatively easy for graphite furnace decomposition, such as
polymers, biological materials or pharmaceuticals, to others
that are quite refractory and, also, very difficult to bring into
solution quantitatively, such as automobile catalysts,** fertil-
izers,” high-purity silicon®® or silicon carbide,* in addition to
many types of environmental samples.

A significant number of the articles presented in Table 1
(twelve studies) have reported the simultaneous determination
of two analytes, or else their sequential determination, but from
the same sample aliquot. Thus, this is an aspect that continues
being investigated, even though the main characteristics that
the analytes need to exhibit and the key aspects for optimizing
the analytical procedure for such type of determination have
already been well-established before.?®

The most interesting and elegant of these approaches, in the
authors' opinion, was published by Boschetti et al.,* as it takes
advantage of various possibilities to achieve the determination
of four different elements in soil samples. In that paper, the
determination of Al, Cr, Cd, and Fe was aimed at. These
elements do not show atomic lines sufficiently close to be
simultaneously monitored by HR CS AAS instrumentation (see
Section 4.3 for further discussion on this topic). However, as
already discussed by Resano et al.,'® it is often not as important
to determine the analytes in a truly simultaneous fashion, as it
may be to determine them from the very same sample aliquot.
Since Cd is much more volatile than the other analytes, it is
possible to atomize first this element at 1700 °C and monitor it
using the main Cd line (228.802 nm), and then change the
wavelength, increase the temperature and vaporize/atomize the
rest. There is an alternative line for Cr (425.433 nm) that is
suitable for the expected analyte content, and very close to it
there is an Fe line (425.076 nm), also appropriate for the ex-
pected sample concentrations. That is not so surprising giving
the abundance of Fe lines over the whole UV-vis spectrum.
There is no Al line close, but there are rotational lines corre-
sponding to AIH that are found in the vicinity. It has to be
remembered that molecular lines can be used not only to
determine non-metals, but in some occasions, it may be bene-
ficial to use them for metals as well, as shown in the past using
AlF to determine Al.*°

Summing up, by using both a sequential (Cd atomization
first) and later a simultaneous (Cr and Fe atomization) AAS
approach, combined with MAS (AIH simultaneous monitoring),
the authors managed to determine four elements in every single
aliquot of soil samples directly, using external calibration with
aqueous standards, which is remarkable. It is certainly not
common to be able to deploy simultaneously two different
techniques with the same instrument, but that is an existing
possibility that should be explored in more HR CS AAS/MAS
applications.
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The use of an internal standard (IS) is related to this topic of
simultaneous monitoring. A work by De Babos et al.** demon-
strated how the use of cobalt as an internal standard helps in
circumventing matrix effects for the simultaneous determina-
tion of Ni and Mo in plants. In fact, the use of this IS was only
necessary for Ni, as the sensitivity obtained for aqueous solu-
tions and for solid samples was found to be significantly
different. Co was selected as an IS since it shows an atomic line
(313.221 nm) close to those used for Ni (313.410 nm) and Mo
(313.259 nm) and, also, because its thermochemical properties
are very similar to those of Ni. The suitability of Co as an IS for
Ni determination by HR CS GFAAS has already been demon-
strated in the literature.” This is probably the first time,
however, that such an approach is used to perform direct solid
sampling via HR CS GFAAS. The IS was added in solution, and
its use enabled accurate results to be obtained for all the plants
investigated using external calibration with aqueous standards.

Another topic that could be mentioned is the possibility to
use solid sampling HR CS GFAAS after some sample prepara-
tion. Obviously, in that way, some of the intrinsic advantages of
direct analysis are lost, but some benefits can also be obtained.
For instance, it is possible to preconcentrate the analyte in
a solid phase and analyze such solid phase without any dilution.
One example of this approach was published by Dobrowolski
et al.,*> who reported the use of modified carbon nanotubes for
the solid-phase extraction of Au in a digest of geological
samples, with the subsequent SS HR CS GFAAS analysis,
resulting in an enrichment factor of 100.

A similar idea but adding speciation potential to the pre-
concentration efficiency was described by Lopez-Garcia et al.*®
They proposed a micro-solid phase extraction procedure,
based on magnetic nanoparticles covered with Ag nano-
particles and functionalized. This magnetic character enables
an easy separation of the solid phase containing the analytes,
which can then be directly analyzed via SS HR CS GFAAS, or
else slurried and injected into the furnace, achieving enrich-
ment factors of 325 and 205, respectively. Moreover, by
controlling the pH during the extraction, quantitative infor-
mation on both total Sb (pH = 2) and Sb(u) only (at pH = 9)
can be achieved, such that the amount of Sb(v) can be calcu-
lated by difference. A similar speciation approach, but not
using solid sampling this time, was reported by the same
research group to determine both total Cr and Cr(ir) only (and
thus, Cr(vi) by difference), which were retained in a graphene
oxide suspension.**

Use of nanomaterials/nanoparticles is, therefore, also
enabling some improvements in HR CS AAS procedures.
Another recent example was reported by Aramendia et al.,*
who proposed the use of AuNPs aiming at the direct deter-
mination of Hg in blood and urine via HR CS GFAAS. The
rationale is that one of the challenges for Hg determination is
the extreme volatility of Hg(0), for which use of an oxidizing
agent (e.g., KMnO,) as a chemical modifier is common.
However, it is well-known that Hg(0) amalgamates with Au.
Thus, instead of preventing Hg(0) formation, it may be bene-
ficial to favor it, and already have Hg in the metallic state,
thermally stabilized by means of this interaction with AuNPs
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to avoid any losses during the drying step, but ready for fast
atomization at a low temperature (500-700 °C), before the
bulk of the matrix is released. This approach basically elimi-
nates the pyrolysis step, resulting in a very fast temperature
program and yet improved sensitivity, because the samples are
not diluted.

HR CS GFAAS can also be deployed for quantifying and even
for sizing NPs, but this topic will be covered in detail in Section
4.2.

The last topic worth mentioning in relation with direct
analysis is the use of a disposable platform made of corn starch
and sorbitol, as proposed by Colares et al.®*® This platform
permits the transport of the solid sample to the graphite tube,
but then it decomposes during the pyrolysis step, so the final
effect is similar to using wall atomization. This is beneficial for
refractory elements, as it minimizes tailing, enabling atomiza-
tion in shorter times, thus enhancing the lifetime of the tubes.
The reduction of memory effects also improves precision. Mo
and V were chosen to prove these concepts and were success-
fully determined in different reference materials.

3.2. HR CS MAS for determination of non-metals

An examination of the recent literature (since 2015) shows that
the elements more often determined via HR CS MAS are F, S,
and Cl, in that particular order. The articles devoted to these
elements represent approximately 80% of the total number in
this period. These results can be explained considering the
importance of the elements, the possibilities to determine them
via HR CS MAS, and the difficulties observed for competing
techniques.

For instance, F and S were already the most investigated
elements in previous years using HR CS MAS.* This is not so
surprising as F forms very stable bonds (typically the most
stable ones among halogens), favoring the formation and
persistence of diatomic molecules at the high temperatures
used in the atomizers. Moreover, the sensitivity of these mole-
cules is rather high and the determination of F by competing
techniques is complicated (e.g., F does not get positively ionized
in an inductively coupled plasma (ICP), making the use of ICP-
mass spectrometry (MS) poorly suitable to determine this
element at trace levels®”), while HR CS GFMAS can provide LODs
of a few picograms only when the most sensitive molecule (GaF)
is used.*®*** Therefore, HR CS MAS is an important tool to
quantify F traces.*”” However, the literature shows that the
popularity of this molecule has decreased very much in favor of
CaF, which has been selected in more than 70% of the articles
published since 2015. The main reasons for this are discussed
by Morés et al. when they first reported on the use of CaF.*
Targeting CaF does not require a complex mixture of modifiers,
as in fact Ca acts as both a modifier and molecule forming
reagent. Moreover, the CaF main absorption head is found in
the visible (606.440 nm) region of the spectrum (GaF is
measured at 211.248 nm), where spectral interference is rare.
Thus, unless required by the analyte content (use of CaF results
in roughly two orders of magnitude lower sensitivity), most
studies preferred the simplicity of monitoring CaF.
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In the case of S, the most favored molecule continues to be
CS, except in a few specific cases. Possibilities of other mole-
cules will be discussed in Section 4.3.* It is interesting to note
that the majority of articles discussed in this section propose
the use of the graphite furnace, but in the case of S determi-
nation, several articles demonstrate the benefits of using flame
or quartz vaporization. This is mostly because S needs to be
determined at trace levels, and a cheap and fast approach for S
determination at higher levels is useful, particularly for food
control.

Investigations on P have significantly decreased in compar-
ison with previous years.* This is however not so rare because
many of the previous P papers corresponded to basic research
in which the problem of the potential appearance of both
atomic and molecular (PO) lines was analyzed in detail
depending on the type of modifiers, conditions used and/or BG
correction method. In fact, the appearance of HR CS GFAAS
instrumentation served to explain many of the issues associated
with P monitoring by AAS.*>*¢ Since the situation is now clear
and the conditions to determine this analyte, either as P or as
PO and even using direct solid sampling, are well-established,*
a lower production of articles can be seen as normal.

C], on the other hand, has been the subject of more research
in the period covered. This fact is very welcome. Actually, one
review on the determination of non-metals published in 2014
noted the surprisingly low number of papers devoted to Cl
determination via HR CS MAS, despite the importance of this
element.* Three new molecules have been proposed in this
period to accompany the ones previously explored (AICL?®
InCl,*® and SrCl*), namely CaCl,** GaCl** and MgCl.*

Having different molecules to choose from for every partic-
ular application is important. Nevertheless, the increasing
popularity of Ca, already noted for F and also the main choice
for Br determination, is noteworthy. CaX (where X represents
a halogen) molecules typically offer various (but not too many)
transitions of different sensitivities in the visible region,
making it easy to set the baseline, adjust the working range and
minimize spectral interference. Moreover, Ca is an element
present at high content in many types of samples (e.g., biolog-
ical), so it could cause strong interference if any other molecule
is targeted instead.*® Use of Ca also represents some disadvan-
tages in practice, as this element is well known to deteriorate
the lifetime of the graphite parts.*

Determination of Br and, particularly, I is more challenging
because their bonds with metals are much less strong than
those of F and Cl. Thus, determining them in samples in which
the presence of F and/or Cl is significant can be problematic.”* A
potential solution for such a situation based on the use of
isotope dilution will be discussed later.>*** Recently, the use of
TIBr has been proposed for Br determination,* as well as the
use of Cal and SrI for I determination.’” In any case, for these
two elements, more research on the use of different molecules is
needed.

Another topic that requires further research is the way in
which the different modifiers and molecule forming agents
interact with the analyte. It has to be considered that former
studies on chemical modification were mainly carried out to

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c8ja00256h

Published on 19 Waysu 2018. Downloaded by Fail Open on 07/05/2025 10:27:51 AM.

Critical Review

investigate the best ways to achieve the atomization of metals.
Therefore, there is not so much information on situations in
which the analyte is a non-metal and the goal is to ultimately
form a molecule in the gas phase. It is not so clear, for instance,
when using a classical combination of modifiers (e.g., Pd and
Mg), plus Ca as a molecule forming agent, which element will
interact with the target non-metal and how, and if the targeted
molecule will be formed first in the solid phase, or only later on
in the gas phase.”® Supplementary research in this area may
enable the development of better general strategies to deter-
mine non-metals using HR CS MAS.

Finally, a significant number of articles (fifteen, repre-
senting almost 30% of the studies shown in Table 2) have
demonstrated the potential of the technique for direct analysis
of solid and complex samples (and that is not counting
approaches based on slurries), also when targeting non-
metals. Direct analysis may be particularly beneficial in this
field because sample pretreatment is particularly problematic
owing to the volatility of many species in which the non-metals
are usually found, and the problems associated with contam-
ination. In fact, the signal obtained for non-metals might be
significantly affected by the way in which they are found in the
sample,* and the way in which such samples are pretreated.
This is a challenge when aiming at bulk analysis, but it can be
transformed into an advantage to perform some speciation
studies. Two recent articles have reported on the determina-
tion of nitrite, nitrate, and p-nitrophenol® and free and total
sulfur(iv)® via the selective formation of volatile species after
suitable sample treatment and the monitoring of NO and SO,
respectively, using HR CS MAS with a quartz vaporizer in both
cases.

4. New possibilities

Apart from these major areas, there are some new and
intriguing possibilities that have appeared more recently and
are covered in a few papers only. They are, however, worth
commenting on because they may have a significant effect in
the future use of the technique.

4.1. Isotopic analysis via molecular monitoring

It has been well-documented for years that it is, in principle,
possible to use atomic absorption to obtain isotopic infor-
mation because the atomic lines of different isotopes do not
appear at exactly the same wavelength. However, in practice,
being able to appreciate these transitions separately is very
challenging. The differences among isotopic lines are very
small (a few picometers only) and, furthermore, even if such
a high resolution is attainable, it has to be considered that
broadening of the peaks due to different effects (i.e., colli-
sional broadening, and Doppler and Stark effects) occurs,
further complicating the separate monitoring of isotopic
lines.

It is therefore not surprising that only one paper to date has
made use of HR CS AAS for isotopic analysis. In that study,
Wiltsche et al. focused on boron isotopes.®* This selection is not

This journal is © The Royal Society of Chemistry 2019
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casual. For such a light element, the mass difference between
B and "'B atoms is quite significant, and therefore, the
isotopic shift should be much larger. In fact, Wiltsche et al.
discussed that it was preferable to use the less sensitive atomic
line observed in the vicinity of 208.9 nm because the isotopic
shift of this transition was higher than that observed for the B
main line, found at approximately 249.8 nm. This loss of
sensitivity in order to achieve better spectral resolution is
a compromise that will be necessary also when using MAS, as
will be discussed below, somewhat limiting the applicability of
the method. The goal of the work was the determination of
boron isotopes in steel, which could be done for samples con-
taining at least 1% of boron, or else, a preconcentration was
required.

To provide an idea of the small differences that we are dis-
cussing when it comes to atomic isotopic shifts, the line for
pure '°B has been reported to be found at 208.95898 nm and, for
pure ''B, at 208.95650 nm. In practice, it was not possible to
observe two fully resolved peaks with the HR CS AAS instru-
ment, as could be anticipated for the reasons discussed above
(broadening effects). What could be appreciated was that the
peak maximum of the boron absorption line shifted as a func-
tion of the boron isotopic ratio, moving towards higher wave-
lengths with higher '°B content.

It has to be mentioned that the authors used a flame as the
atomizer. Use of a graphite furnace could improve sensitivity,
but it has to be remembered that boron is a defying analyte for
GFAAS® and, also, that the authors simultaneously monitored
either Fe or Ni lines, together with those of boron, because the
use of an internal spectral standard was recommended to
correct for instabilities of the monochromator (such as wave-
length drifts and changes in the optical resolution). This truly
simultaneous monitoring is easier to perform with a flame
because with a graphite furnace there would be a delay between
the atomization of Fe or Ni and the atomization of a refractory
element, such as boron.

In the end, the method proposed was deemed satisfactory as
a cheap and simple approach for the identification of steel scrap
enriched in '°B, accepting an uncertainty level of 5% for the '°B
content.

However, it has been proposed more recently that, if instead
of using HR CS AAS, HR CS MAS is chosen, the isotopic analysis
potential could be enhanced.* This seems like a logical evolu-
tion for two reasons: (i) MAS is an important area of research in
this particular field of high-resolution continuum source, as
discussed before, because diatomic molecules can be formed
and their spectra resolved; (ii) it has already been shown for
laser induced breakdown spectrometry (LIBS) by Russo et al.
that the monitoring of molecular spectra provides higher
isotopic shifts.®*** Therefore, the same idea could also be
applied to HR CS MAS.

And this idea was demonstrated for Cl using a graphite
furnace as the vaporizer. Al was chosen as the counterion in
solution, in order to form the AICI molecule in the gas phase.
The selection of Al was based on several aspects: (i) AICI is
a stable molecule (bond dissociation energy, 511 kJ mol '),
even at high temperatures; (ii) it shows good sensitivity, as
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reported before;®® (iii) Al is monoisotopic, which is always
preferable, as the shifts will thus only depend on Cl isotopes;
and (iv) the shift observed for AI>’Cl and AI’’Cl lines is
significant.

This shift can be predicted with accuracy using the first three
terms of the following equation, which was proposed by
Herzberg:*®

1 1
Av = (1 —p) {w; (v’ + E) — wé’(v” + z):|
1\’ 1\’
—(1-p%) [w’cx; (v' + E) — wix! (v" + 5)

1 3 1 3
+(1=p) |V +5) — (V45
2 2
1

In that equation, Av is the isotopic shift expressed in cm™ ", v
stands for the vibrational quantum number, w, represents the
harmonic frequency, wex. is the first anharmonic constant and
we)e is the second anharmonic constant. As for the term p it
equals (u/u')"?, where u is the reduced mass of the molecule
and i corresponds to the heavier isotope. The number of apos-
trophes denotes the electronic levels involved in the electronic
transition: two for the lower one, and one for the upper one.

As shown in Table 3, the shift can be predicted with great
accuracy, as demonstrated by the excellent agreement found
between theoretical and experimental values.

Unfortunately, the magnitude of the shift was found to be
inversely proportional to the sensitivity of the transition, as it is
related to the vibrational level. Higher vibrational levels
produce higher shifts, but also lower sensitivities because their
population is also lower.

This can be seen both in Table 3 and, more visually, in Fig. 2,
which shows the signals obtained for different transitions. The
261.418 nm transition, the most sensitive one, is not useful for
isotopic analysis, as the signals for the two isotopes are not
resolved (see Fig. 2A). The next transition, 261.695 nm, still does
not show two different peaks, but the exact wavelength of the
maximum depends on the isotopic composition (see Fig. 2B),
shifting to higher values with higher **Cl content. The next
transition already shows two separate peaks (see Fig. 2C), but

Table 3 Theoretical and experimental isotopic shifts calculated and
observed via HR CS GFMAS, respectively, for the analytical band heads of
the AICl molecule (X'=* — AT electronic transition) for different
vibrational transitions (V/, v'). Reproduced with permission from the
Royal Society of Chemistry (https://pubs.rsc.org/en/content/articlentml/
2015/ja/c5ja00055)>*

Anm  Adep/mm vV, V" Adeu/pm Aldeyp/pm  Relative sensitivity/%

261.44 261.418 0,0 1.37 — 100
261.70 261.695 1,1 4.86 4.8 62
261.82 261.819 2,2 9.61 9.6 30
262.24 262.238 3,3 16.0 15.6 26
262.70 262.697 4,4 24.2 24.3 16
263.22 263.216 5,5 34.8 35.3 7.4
263.81 263.807 6,6 48.0 48.1 3.2
264.49 264.490 7,7 643 64.5 1.1
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they are not perfectly resolved. The resolution further improves
(in Fig. 2D the ratio of the peaks is already correct, close to 1) for
the next transitions, although for the last one the sensitivity is
too low for the CI content used in the experiment.

Fig. 3A shows that the transition selected and the way in
which signals are processed may have an effect on the results
obtained. Peak height seems to be less affected by overlaps than
peak area (therefore, peak height was selected as measuring
mode), and the number of detector pixels used also needs
optimization.

Under optimized conditions, it is possible to carry out the
isotopic analysis of Cl in 20 mg L™ solutions with precision
values around 2% RSD (see Fig. 3B), without the need for any
mass bias correction. This precision is not sufficient to monitor
Clisotopic natural variations, but it may be enough if the goal is
to carry out tracer experiments, or to be able to calibrate by
means of isotope dilution (ID). In fact, it was demonstrated in
this work via analyses of natural water CRMs and well as
commercially available mineral water samples that the use of ID
serves to correct for interferences caused by chemical reactions
(e.g., presence of high levels of Ca, thus leading to some Cl
forming CaCl and not AlCl), as these interferences should affect
both isotopes in practically the same way. This is one important
conclusion of the work, as in GFMAS the occurrence of inter-
ferences of chemical origin is more common than in GFAAS.

A subsequent study by the same authors showed the poten-
tial of HR CS GFMAS for isotopic analysis of Br, using the CaBr
molecule, after evaluating some alternative ones (such as AlBr
and BaBr). In that case, the spectrum obtained was richer in
lines, and there were several lines that responded selectively to
the presence of Ca’’Br and Ca®'Br. Interestingly, there were
other lines in which both Ca’’Br and Ca®'Br transitions over-
lapped, so they could be used for determining total Br content
with higher signals.

The precision obtained for Br solutions of 10 mg L™ was
2.6%. Again, this is not sufficient for monitoring natural vari-
ations in Br isotopic composition. However, it was demon-
strated that it is feasible to directly determine Br in solid
samples despite the presence of interferences of chemical
origin (e.g., very high Cl levels, which decrease the formation of
CaBr due to the formation of CaCl instead*) using ID for cali-
bration. Fig. 4 shows the spectrum of a solid biological (tomato
leaves) reference material vaporized together with a liquid
spike. The peak profiles obtained are well-defined and unim-
odal, indicating that proper isotopic equilibration between the
Br present in the solid and in the spike solution has occurred
during the development of the temperature program, thus
enabling ID to work properly.

The last study reporting on this approach has been published
by Abad et al.®” In this work, B is the analyte, but instead of
monitoring B atomic lines, BH was formed and measured via HR
CS GFMAS. The expected difficulties for B vaporization discussed
before were circumvented by a mixture of liquid and gas phase
modifiers: a CaCl, solution with the aim to minimize the level of
oxygen in the furnace and decrease the formation of boron
carbide; a mannitol solution to prevent the formation of volatile

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Spectra of AICl when vaporizing 400 ng of Cl from an approximately 1 : 1 3>Cl/*’Cl molar ratio solution, in the presence of 10 pg Aland 20
ng Pd, and monitoring the following wavelengths via HR CS GFMAS: (A) 261.418 nm; (B) 261.695 nm; (C) 261.819 nm; (D) 262.238 nm; (E)
262.697 nm:; (F) 263.216 nm: (G) 263.807 nm; and (H) 264.490 nm. In Fig. 1B, the spectrum obtained for CRM NIST 975a (**Cl 75.774%) is shown in
black, and the one obtained for CRM AE642 (7C198.122%) is highlighted in red. Reproduced with permission from the Royal Society of Chemistry

(https://pubs.rsc.org/en/content/articlehtml/2015/ja/c5ja00055f) >4

boron species; X-100 triton as a surfactant; 2% CHF; in Ar to
minimize memory effects; and 2% H, in Ar as a primary gas.
Two different portions of the spectrum were measured, in
the vicinity of 433 nm and in the vicinity of 437 nm, both of
them showing several lines, of which some were completely
resolved for '’BH and "'BH in the latter spectral region. The
method finally developed was not very sensitive, requiring at
least 1 g ™" of B. However, by using partial least regression and
building a library of BH molecular spectra by monitoring

This journal is © The Royal Society of Chemistry 2019

solutions with different **B fractions, it was possible to report
precisions in the range between 0.013 and 0.05%, which may
suffice for monitoring B isotopic natural variations.

4.2. Nanoparticle characterization

HR CS AAS offers some possibilities for research in the nano
field. In the beginning, some early studies were focused on the
analysis of nanomaterials such as carbon nanotubes,*® or the
determination of nanoparticles (NPs) in tissues.®® These
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Fig.3 (A) Quantification of the Clratio for a solution (200 ng Cl) of CRM NIST 975a (35/37 = 3.1279 + 0.0047) for different AlCl transitions. Values
in blue were obtained using peak area, and values in green were obtained using peak height. In both cases, a lighter color intensity indicates
a higher number of detector pixels (1, 3, 5 or 7). Error bars represent the standard deviation (n = 5). (B) Peak height values of 20 replicates of the
same solution obtained for 262.222 (AI*’Cl) and 262.238 (AI*>Cl) nm transitions (left y-axis), and Cl ratios calculated from the same set of data
(right y-axis). The red dashed line indicates the certified value. The blue line and the blue interval surrounding it represent the average value of the
20 replicates and its standard deviation, respectively. Reproduced with permission from the Royal Society of Chemistry (https://pubs.rsc.org/en/

content/articlehtml/2015/ja/c5ja00055f).>4

studies, while relevant as applications, did not represent much
of a change in the working procedure in comparison with
analysis of other samples or other analytes. In other words,
carrying out the direct analysis of impurities in carbon nano-
tubes is not so different from performing the direct analysis of
impurities in other hard-to-dissolve carbonaceous materials,
such as graphite. And those early studies aiming at the deter-
mination of NPs were, in fact, determining only the total
elemental content, which was the result of exposure to NPs.

This situation has recently changed. It has been reported
that it is feasible to obtain information on whether a particular
element is found in the form of nanoparticles or in ionic form,
and it may even be possible to calculate its size, when present as
nanoparticles, all of this using GFAAS.

The first article to report on this aspect was published by
Gagné et al.*® It was demonstrated for Ag that atomization of
nanoparticles requires more energy, and thus higher atomiza-
tion temperatures, than the atomization of ionic species. And
the greater the particle size, the higher the temperature
required. Thus, they proposed the approach of either deter-
mining the atomization temperature or monitoring the changes
in absorbance at different atomization temperatures, to detect
the presence of AgNPs in biological samples (after sample
preparation) and to have a rough estimation of their size.

74 | J Anal At Spectrom., 2019, 34, 59-80

This pioneering work did not make use of HR CS GFAAS but
of line source GFAAS. However, there is an important reason for
using HR GFAAS in that type of study, and that is the expanded
possibility to directly analyze solid samples and complex
materials in general.”* That is an intriguing aspect since many
of the techniques that can be used for quantifying both the total
content and the size distribution of nanoparticles, such as the
increasingly popular single particle (SP)-ICP-MS, while offering
several advantages, do not allow direct analysis of the samples.
This could be an important issue because, as in every
speciation/fractionation study, ensuring the preservation of the
exact way in which the analyte is originally found in the sample
during sample preparation is not trivial.

The next papers on this topic explored this possibility. In
a first study, Feichtmeier and Leopold™ showed the potential of
SS HR CS GFAAS for the direct detection of Ag nanoparticles in
parsley samples. They evaluated two different parameters, the
so-called atomization delay (the time period between the
beginning of the atomization step and the appearance of the
peak maximum) and the atomization rate (the slope of a poly-
nomial fitted curve calculated at the first inflection point of the
absorbance vs. time peak profile). In the end, they proposed an
approach based on both aspects. It is possible to assess if Ag is
present in ionic form or as NPs simply by calculating this
atomization delay (normalized to the sample mass): a difference

This journal is © The Royal Society of Chemistry 2019
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CaBr (600.422 nm)

ca’'Br (600.467 nm)

Fig. 4 CaBr 3-D spectrum observed in the region of 600.4 nm when
using HR CS GFMAS for the direct vaporization of a solid sample (SRM
NIST 1573a tomato leaves) containing approximately 1.0 ug Br, mixed
with a spike enriched in 818y, The main band heads are highlighted.
Reproduced with permission from the Royal Society of Chemistry
https://pubs.rsc.org/en/content/articlentml/2016/JA/C6JA00114A 55

of 6.27 £+ 0.96 s mg ™! between parsley samples containing ionic
silver and AgNPs was found under optimum conditions.
Furthermore, if AgNPs were found, the determination of the
atomization rate permitted differentiation between NPs of 20,
60 and 80 nm.

A second study expanded the applicability of this method to
different types of biological samples (namely parsley, apple,
pepper, cheese, onion, pasta, maize meal, and wheat flour).”
This work focused on the use of the atomization delay to
establish the presence of either ionic silver or AgNPs of 20 nm. It
was found that the matrix plays an important role in the values
found but, nevertheless, significant differences in this param-
eter between samples exposed to ionic silver or to AgNPs were
observed in all cases investigated.

It is important to stress that this type of research abandons
some of the classical GFAAS paradigms. In fact, the whole
concept of stabilized temperature platform furnace (STPF) tries
to minimize any potential difference in the signals obtained for
the analyte, even when it could be present in various forms in the
sample. In this particular case, the goal is exactly the opposite,
and thus the conditions selected must be chosen with the aim of
exacerbating the differences between the vaporization/
atomization mechanisms of every species.

The work by Resano et al.”> showed that HR CS GFAAS could
be applied to other NPs beside Ag, which was the focus of the
previous studies. Also, the use of different parameters to
quantify the presence and the size of NPs was discussed, and it
was concluded that the time of appearance of the peak

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Time-resolved absorbance for a Au aqueous standard and for
aqueous suspensions of AUNPs of 20 nm (diameter 19.6 nm; standard
deviation: 2.1 nm, as estimated via TEM by the manufacturer) and
76 nm (diameter 75.7; standard deviation: 10.1 nm), respectively. In all
cases, a concentration of 50 ug L™, an atomization temperature of
2000 °C and a heating ramp of 150 °C s~ were used. Reproduced with
permission from the Royal Society of Chemistry https://pubs.rsc.org/
en/Content/ArticleLanding/2016/JA/C6JA00280C.72

maximum was the preferred one in this case, as it did not
depend on the concentration and permitted appreciation of
clear differences according to the particle size, as shown in
Fig. 5. It can also be appreciated in this figure that, under the
conditions used (no modifier added and a very slow atomization
ramp (150 °C s 1)), the signal profiles observed for ionic Au and
AuNPs were dissimilar: in the case of AuNPs, the signal is not
only delayed according to its size, but its shape is practically
Gaussian; on the other hand, the signals obtained for ionic Au
show much more tailing, to the point that a secondary, smaller
peak is found. This fact not only hints at different atomization
mechanisms, but permits easy screening of the presence of
either NPs or ions from an unknown solution.

Further work has basically confirmed the potential of the
technique for sizing Au” and Au and Ag NPs,”* respectively,
despite some differences in the programs used by the different
authors, and in the relation found between size and time of
appearance (completely linear or not). Finally, another study
demonstrated” the potential of solid sampling HR CS GFAAS
for determining both the total Fe content (via measurement of
the peak area) and the particle size (via evaluation of the
atomization rate) in solid magnetic NPs.

Overall, this seems to be a relevant and growing field, where
GFAAS can provide at least complementary information to other
techniques. So far it cannot provide the same type of informa-
tion as SP-ICP-MS, where not only the mean particle size but
also the whole number-size distribution is obtained. But, as
discussed before, the GFAAS capability to directly analyze
complex samples is very interesting, and so is its ability to detect
very small NPs (below 10 nm), which are not easily detected via
SP-ICP-MS.

Still, more work is needed in order (i) to develop a more
unified methodology and even terminology; (ii) to further
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improve the selectivity of the technique, as right now it is
difficult to resolve mixtures of NPs or NPs with ionic species,
requiring the use of deconvolution approaches,””® or of
previous separations (in this regard, cloud point extraction has
been reported to enable the selective quantification of AgNPs
and total Ag in waters with a LOD of 2 ng L' using HR CS
GFAAS™); and (iii) to demonstrate the applicability of this
approach to other types of NPs.

4.3. New instrumental developments

Perhaps the most critical aspect to move forward the applica-
tion of HR CS AAS/MAS would be enhancing its multi-element
capabilities.

In fact, one of the main historical motivations for the
development of CS AAS was the possibility to implement higher
multi-element capabilities, and when HR CS AAS instrumenta-
tion was made commercially available there were great expec-
tations in this regard. It is necessary to state, however, that the
potential of such commercial instrumentation to carry out the
truly simultaneous monitoring of lines corresponding to
different elements is rather limited.

The reason is simple and it is related with the optics and the
detector capabilities: besides the optical system, in order to
cover the whole UV-vis range with the resolution required (pm
level), use of megapixel array detectors with a sufficiently fast
response for transient signals would be required. Instead, the
current instrument possesses a detector with only 588 pixels,
but most of those are used for corrections, and only 200 are
used to monitor the analytical signals. That is why the current
instrumentation can measure simultaneously only a very small
portion of the spectrum (0.2-1.0 nm, depending on the wave-
length) with the required resolution.

The limitations of this instrumentation and the possibilities
for multi-line monitoring are discussed in detail in previous
studies,'®" so they will not be repeated herein. Also, a paper
discussing the evolution of CS AAS, with an emphasis on
detector requirements, was published by Becker-Ross et al.””

It suffices to say that, at this point, with the commercially
available instrumentation it is in principle possible to determine
simultaneously several elements (a paper in which Co, Fe, Ni, and
Pb were determined in solid samples has been reported®), but
this is more the exception than the rule, and most papers
determine only one element and, in a few cases, two. It is also
important to stress that this limitation is more relevant for
GFAAS than for flame AAS, because in the latter case a fast
sequential method may be sufficient in most practical situations,
and the current instrumentation already enables this approach.

The important point regarding this aspect is that several
recent studies demonstrate that it is technically possible to
monitor a much wider portion of the spectrum simultaneously
while still keeping the resolution required, which is always key
(monitoring the whole UV-vis range with low resolution is not
challenging at this point, but this approach is hardly suitable
for analysis of complex samples”). In order to do that, Geisler
et al. proposed the use of a laser-driven xenon lamp as
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Fig. 6 Schematic diagram of the experimental set-up including
a MOSES spectrograph: (1) laser-driven continuum source, (2 and 4)
transfer optics consisting of two elliptical mirrors, (3) atomizer, (5)
entrance slit, (6) folding mirror, (7) off-axis parabolic mirror, (8) prism
stage with two Littrow prisms, (9a and 9b) echelle gratings, and (10)
CCD array detector. Reproduced with permission from Elsevier
(https://www.sciencedirect.com/science/article/pii/
S0584854715000543).7°

a continuum source, a CCD detector, and a modular simulta-
neous echelle spectrograph (MOSES).”®

A scheme of such instrumentation is shown in Fig. 6. This
instrument can be operated in two modes (panorama or zoom),
the former providing a wider spectral interval, and the latter
higher resolution to focus on particular lines. Practically the
whole UV spectrum (from 193 nm to 390 nm) can be covered
with this instrument in four sub-areas (tiles): from 193.24 to
211.21 nm; from 209.83 to 236.00 nm; from 234.37 to

Fig. 7 Temporally and spectrally resolved simultaneous multi-
element absorption signals obtained by the MOSES spectrograph in
the tile no. 4 setup, as obtained for 20 puL of a standard solution
containing 50 pg L= Cr and Cu; 100 ug L™ Co; 200 pg L™t As, Mo, Se,
and V; and 2000 ug L™ Ir. Reproduced with permission from Elsevier
(https://www.sciencedirect.com/science/article/pii/
S0584854715000543).7°
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280.69 nm; and from 278.47 to 389.89 nm. These are the spec-
tral windows that can be simultaneously monitored. Fig. 7
shows an example of all the elemental and molecular lines that
can be seen using the last tile. This obviously represents
a significant step forward in terms of multi-element possibili-
ties. Again, as discussed in Section 3.1, it is worth stressing that
this instrumentation offers the intriguing possibility of making
simultaneous use of two techniques, AAS and MAS.

In a second article of the same research group, this
instrumentation was used to evaluate complete spectra of
different diatomic molecules that can be used for S determi-
nation via HR CS GFMAS.** These molecules are GeS, SiS, SnS,
and PbS, and the authors report the benefits of choosing GeS
over the most popular today, CS, as it provides a (very slightly)
lower characteristic mass (9.4 ng for GeS vs. 12 ng for CS using
their most sensitive transitions) and its generation can be
adjusted by controlling the Ge amount. Certainly, use of this
type of instrument is beneficial to help in selecting the best
transitions when molecular spectra very rich in lines are
investigated.

Also, the possibility to monitor P, when aiming at P deter-
mination was investigated by Huang et al.*® using a MOSES. The
main advantage of selecting this molecule, in comparison with
the measurement of P atomic absorption, is that it shows
thousands of sharp transitions in the range between 196 and
245 nm that could be measured simultaneously and summed,
in order to provide a better LOD,*! in addition to the much more
gentle temperature program required.

Finally, the most recent work of this research group
features the use of a MOSES to investigate CaF spectra,® and
also the use of minitubes of only 2 mm diameter to increase
the sensitivity (an approach evaluated in a previous study®)
and of an autosampler capable of delivering volumes down to
30 nL. In this way, determination of F in sweat samples (12 to
49 mg L") from cancer patients with volumes below 1 pL was
achieved. The possibilities of this approach for situations in
which sample volume is scarce or precious are therefore
remarkable.

5. Conclusions

HR CS AAS/MAS is at a crossroads. It is no longer a young
technique, but still too young to be considered as fully matured.
While many of the research articles published provide a sense of
continuity and a trend towards more applied work, there are
also some promising novel areas, such as characterization of
NPs or isotopic analysis, and a need for more fundamental
studies, particularly in the case of HR CS MAS.

However, the final fate of the technique may well be related
to the development of instrumentation commercially available
with more multi-element potential, which seems possible from
a technical point of view. It is however uncertain when (and if)
this will happen. The fact that to this day only a manufacturer
produces HR CS AAS/MAS instrumentation can be regarded as
a drawback because, in principle, more competition should
favor the development of new instrumental devices and also
affect the price of acquisition of such instruments.

This journal is © The Royal Society of Chemistry 2019
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