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ABSTRACT: An extremely sensitive methodology for the
determination of Ru was developed by coupling photochemical
vapor generation (PVG) analyte introduction with inductively
coupled plasma mass spectrometry (ICPMS). PVG was under-
taken with a thin-film flow-through photoreactor in a medium
comprising 8 M formic acid in the presence of 10 mg L™' Co** and
25 mg L' Cd**. The volatile product (presumably ruthenium
pentacarbonyl) was generated in a flow injection mode, yielding an
overall efficiency of 29% at a sample flow rate of 1.4 mL min".
The presence of both Co** and Cd** sensitizers enhanced PVG
efficiency by 3,200-fold, permitting a 31 s irradiation time.
Although enhanced efficiency (~40%) could be obtained with
increased Co** concentration, this was not suitable for routine use
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due to co-generation of cobalt carbonyl. Excellent repeatability (<2.5%) and reproducibility (4%) were achieved for 200 ng L™' Ru’*.
Limits of detection ranged from 20 to 42 pg L™ (10—21 fg absolute) depending on the measured isotope and operational mode of
the ICPMS reaction/collision cell. Interferences from inorganic acids and their anions, several transition metals, and metalloids were
investigated. Practical application of the methodology was demonstrated by the analysis of seven water samples of various matrix
complexities (well water, spring water, contaminated water, and seawater).

B INTRODUCTION

Ruthenium, a minor platinum group element, is one of the
rarest in crustal abundance and belongs to a newly established
group of so-called technology-critical elements (TCEs)." This
rather heterogeneous group of elements is defined by several
common features—despite being rare in nature, they are
increasingly used and vital for modern technologies. Many new
uses of Ru are emerging, especially in the electronics industry
for chip resistors and electrical contacts, in the chemical
industry to coat anodes of electrochemical cells, in solar cells,
or as catalysts. Their increasing use has also raised the issue of
impact of TCEs on their biogeochemical and environmental
cycles and human health concerns, increasing the demand for
analytical methods for their determination to provide baseline
data establishing natural levels from which assessment of any
changes may be made. Determination of extremely low levels
of Ru in the environment poses a considerable analytical
challenge,”” despite rapid developments in analytical method-
ology. Currently, inductively coupled plasma mass spectrom-
etry (ICPMS) serves as a method of choice for such
determinations,* although, despite its use, detection capability
remains insufficient to access naturally occurring levels in
environmental samples (waters, sediments, etc.). Various
preconcentration scenarios are required.
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As a sample introduction technique, vapor generation (VG)5
provides a substantial improvement in detection capabilities
when coupled with various atomic spectrometries, allowing for
the possibility of direct determinations (without preconcentra-
tion) by ICPMS. Analyte introduction efficiency can ideally be
improved to 100%, significantly better than typically achieved
with solution pneumatic nebulization (PN, <10%). Secondary,
but no less impactful benefits arise due to the elimination of
the sample matrix in that the analyte is separated from the
liquid phase which, in turn, eliminates interferences (spectral
and nonspectral) during detection, enhancing selectivity. In
addition, the introduction of analyte in the form of a volatile
species may allow for the use of detection systems other than
ICPMS which utilize low power sources for analyte atom-
ization/ionization, as has already been demonstrated by
coupling VG with miniaturized atomic spectrometers.
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Figure 1. PVG arrangement for FI coupling to ICPMS with simultaneous liquid nebulization. The dashed line indicates the location where a

transport tube from the spray chamber is angled (90°).

Ruthenium has not been the focus of much attention among
VG practitioners despite RuO, being highly volatile, similar to
0s0,.%” Two studies describe VG utilizing chemical oxidation
of Ru (presumably generating RuO,) with Ce*" or HiIOg in a
HNO; medium, providing a 60—70-fold increase in sensitivity
by flame atomic absorption spectrometry.”” Pohl and Zyrnicki
reported a different approach that employed the chemical
reduction of Ru by NaBH, in a HNO; medium (along with Ir,
Os, and Rh) for detection by ICP with optical emission
spectrometry.lo

Among various VG techniques, photochemical VG (PVG)

: : : 1,12 : :
remains relatively immature but rapidly developing and
expanding regarding the number of analytes for which it can be
applied. This has included metalloids and elements typically
forming volatile hydrides and Hg,'"*™*" the halogens,”' ™ and
transition metals.””'***™*" The analyte is converted into a
volatile species during UV irradiation of an aqueous reaction
medium typically containing low molar mass carboxylic acids
such as formic and acetic acid.'"'**** Reducing radical
species (H®, R®, and CO,*”), as well as aquated electrons
(e(aq)_), are generated through the action of UV photons that
subsequently interact with the analyte to form volatile species,
including hydrides, carbonyls, or alkylated compounds,
depending on the analyte and reaction medium used."’ The
exception is Os, for which both photo-oxidation from water or
in the presence of HNO; has been described yielding
(presumably) volatile OsO,”’ and, most recently, photo-
reduction from an acetic acid medium.**

To optimize PVG efficiency, generation strategies focus
mainly on the impact of irradiation time (IT) and composition
of the photochemical medium, including the addition of
various photocatalysts (such as TiO, or similar nanomateri-
als)* and, more recently, the frequent addition of metal-ion
sensitizers to the sample. A summary of their use with various
analytes and a discussion of possible mechanisms of their
action were given in a recent review/article by Zhen et al.*'

This work was undertaken in an effort to develop an
analytical method for the determination of Ru by ICPMS,
relying on achieving an efficient, highly stable (repeatable and

reproducible) PVG approach to sample introduction that
provided the needed sensitivity and detection power to make
feasible its determination in slightly contaminated or pristine
natural waters.

B EXPERIMENTAL SECTION

Instrumentation. A PVG system based on a flow injection
(FI) mode of operation similar to that described in earlier
studies®”*” was utilized. It consisted of a chemifold with an
injection valve (0.5 mL sample loop volume), a plastic gas—
liquid separator (GLS, 15 mL),””*” and a high-efficiency flow-
through photoreactor (19 W, Jitian Instruments Co., Beijing,
China) fitted with three efficiently irradiated internal lengths of
synthetic quartz tubing (total volume 0.72 mL). A 200 mL
min~" flow of Ar carrier was used to provide the efficient
removal of volatile Ru species from the GLS and their
transport to the ICPMS (details in the Supporting
Information). The PVG system was connected to an ICPMS
via an ultrahigh matrix introduction (UHMI) port located
immediately downstream of the ICPMS spray chamber.
Carrier liquid (2% HNO;), mixed with an internal standard
(IS) comprising 10 ug L™' Rh in 2% HNO,, was introduced
into the spray chamber of the ICPMS via a MicroMist
nebulizer (Burgener Research Inc., Mississauga, Canada),
concurrently with analyte vapor from the GLS unit, in order
to provide more robust wet plasma conditions and to monitor
plasma stability. The carrier liquid channel was equipped with
a manual injection valve (0.5 mL sample loop volume) and
utilized exclusively for the estimation/determination of the
overall PVG efficiency when the sensitivities obtained with FI-
PVG and with FI-PN were compared (see below). Details of
the entire arrangement are presented in the Supporting
Information and a schematic is depicted in Figure 1.

All measurements were made using an Agilent 8900 triple
quadrupole ICPMS. Optimal plasma settings for PVG
measurements are summarized in Supporting Information,
Table S1. Isotopes of '*'Ru (dwell time 0.1 s) and '®Rh (0.05
s) were monitored and accompanied either with '®*Ru (0.1 s)
or 'Ru (0.1 s) for the confirmation of results. All
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measurements with PVG were performed in time-resolved
analysis and single quadrupole modes using He collision cell
chemistry (4.1 mL min™') to exclude any potential additive
effect arising from polyatomic interferences that may form due
to such metal concomitants in unknown samples that could be
efficiently generated by PVG (i.e,, potentially ArNi*, ArCu®,
and MoH"). A standard no gas mode was employed during
evaluation and comparison of limit of detection (LOD) data. If
not explicitly stated, all results are presented based on 10lRy
signal intensity; no statistically significant difference in
optimized parameters was evident using either '®’Ru or '**Ru
(apart from sensitivity).

Conventional PN-ICP(MS)/MS equipped with an Agilent
SPS 4 autosampler was employed for the parallel determi-
nation of Ru in real water samples and to evaluate LODs for
comparison with those by PVG. Five replicate steady-state
measurements were conducted monitoring '*'Ru, '”Ru, and
'%Ru isotopes using the reaction/collision cell operating in a
standard no gas mode, He mode (4.1 mL min™"'), and O,
mode (40% ~ 0.4 mL min™") in the reaction/collision cell
(monitoring after a mass shift +16 m/z for the O, mode). The
gas flow and MS settings are summarized in Table S2 in the
Supporting Information.

UV-—vis absorption spectra were recorded with an Agilent
1260 Infinity II variable wavelength detector in the range 190—
600 nm using 1 nm steps. Solutions of the reaction media were
peristaltically pumped to the spectrophotometer.

Reagents and Materials. Deionized water (DIW, <0.2 uS
cm™}, Ultrapur, Watrex) was used for the preparation of all
solutions, unless otherwise stated. Formic acid (98%, p.a.,
Lach-Ner, Czech Republic) was used throughout and where
explicitly stated, and it was purified in a Teflon BSB-939-IR
sub-boiling distillation apparatus (Berghof). A stock standard
solution of 997 mg L™" Ru*" (as RuCly) in 1 M HCI was
obtained from Sigma-Aldrich. The following compounds were
used as potential metal sensitizers for PVG: cobalt(II)acetate
tetrahydrate (99.999%, Alfa Aesar), cadmium(Il)acetate
dihydrate (p.a., Lach-Ner, Czech Republic), copper(II)acetate
monohydrate (Merck), iron(II)acetate (>99.99%, Sigma-
Aldrich), and nickel(II)acetate tetrahydrate (p.a., Sigma-
Aldrich). For interference studies, stock solutions of 1000
mg L™ Mn** and Fe*" in 1 M HCl and 1000 mg L™ Zn*" in 1
M CH,;COOH were sourced from BDH (UK), 1000 mg L
Mo®" in 0.5% NH,OH from Absolute Standards, Inc. (USA),
1000 mg L™ Cu** in 2% (v/v) HCI from Analytika (Czech
Republic), 1000 mg L™' As** in DIW was prepared from
arsenic(Ill)oxide (Lachema, Czech Republic), and 5000 mg
L' Se* in DIW was prepared from sodium selenite(IV)-
pentahydrate (Lachema). Other chemicals were sourced as
follows: ammonium hydroxide (25%, p.a.) and nitric acid
(65%, semiconductor grade) from Sigma-Aldrich (USA);
acetic acid (99.8%, p.a.), sulfuric acid (96%, chem. pure),
and sodium chloride (p.a.) from Lach-Ner; hydrochloric acid
(35%, Analpure), ultrapure water (Analpure Ultra), and
hydrogen peroxide (30%, p.a.) from Analytika; and sodium
nitrate (suprapur) from Merck.

Procedure and Conventions. Measurements were almost
exclusively conducted in the flow mode, that is, a constant flow
of the carrier (reaction) medium was propelled by a peristaltic
pump. A standard/sample prepared in the reaction medium
and containing selected sensitizers was manually injected into
the carrier stream at the beginning of a PVG cycle of recording

signal intensities; recording was stopped after the transient
signal returned to the baseline.

Peak area (counts) of the flow injection transients,
normalized for the averaged signal from the IS over the same
time window, was employed as a measure of analyte response.
Each result is presented as the average of at least three peak
area replicates with an uncertainty given as + one standard
deviation (SD) or combined SD where results are relative.
Sensitivity refers to the peak area related to the analyte
concentration taken for the measurement. The LOD is
calculated as 3 X SDy,,;/slope of regression of a calibration
function. The overall PVG efficiency is defined as the fraction
of the analyte that is converted into volatile species, released to
the gas phase, and transported to the plasma. Nebulization
efficiency represents the fraction of analyte introduced into the
spray chamber and transported to the plasma.

The overall PVG efficiency was determined according to our
previously published procedure””*******” and is the product
of a sensitivity enhancement factor and absolute nebulization
efficiency. This enhancement factor was calculated as the ratio
of the peak area sensitivity obtained with FI-PVG sample
introduction to that arising from FI-PN during their
concurrent operation; hence, both were measured under
exactly the same plasma conditions. The nebulization efficiency
was determined under optimal settings of the ICPMS (Table
S1) using a modified waste collection method.””*******” The
overall PVG efficiency was also periodically estimated from the
comparison of peak area sensitivities arising from FI
introduction of a single Ru’* standard for PN and PVG,
providing an immediate indication of the state of optimization
of the PVG methodology; these values are given in the text
without a corresponding SD.

Test Samples. Seven natural water samples comprising
various matrices were examined. Two samples were collected
from local wells in a district of Prague (well water I and II), the
former is still used as a source for drinking water. A spring
water sample was collected at a chapel of the Bohosudov
church (Krupka u Teplice, Czech Republic). Two samples of
contaminated water were collected from exploratory wells
close to a sludge dump near a chemical factory in the city of
Breclav, Czech Republic (contaminated water I and II).
Seawater samples I and II were collected at two locations:
Camp Mon Perin (Istria, Croatia) and Cap Fréhel (Brittany,
France). All samples were filtered through a 0.45 ym PTFE
filter and prepared for parallel analysis using conventional PN-
ICP (MS)/MS (prepared in 2% HNO;) and FI-PVG-ICPMS
(prepared in 8 M HCOOH containing 10 mg L™ Co*" and 25
mg L™' Cd*). Samples of contaminated water and seawater
were diluted with DIW (1:1) before analysis by PVG.

Safety Precautions. The potential volatile product(s)
generated by the PVG system are as yet unidentified [likely
Ru(CO);] and should be considered toxic. An adequate
ventilation/exhaust system should be used in addition to usual
PPE.

B RESULTS AND DISCUSSION

Initial Studies. Early studies using chemical VG of Ru®’
influenced initial attempts to utilize oxidative conditions to
achieve PVG of volatile species of Ru (presumably RuO,), as
demonstrated with Os.”” Several media (DIW, 5% and 20%
HNO,, 20% HNO, with 10% H,0,) were examined with
sample flow rates of 2 and 4 mL min~', corresponding to
irradiation times (IT) of 22 and 11 s, respectively (0.72 mL

https://doi.org/10.1021/acs.analchem.1c03739
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irradiated volume). No PVG response was obtained from a 10
ug L' Ru’* standard. In order to substantially increase the IT,
a “stop-flow” mode of generation was examined, wherein a
sample loop containing the Ru’* test solution was initially
pumped into the powered photoreactor and the flow stopped
to allow for either a 60 or 100 s IT, after which the irradiated
solution was quickly propelled to the GLS. The temperature of
the solutions was notably increased to £80—90 °C while in the
photoreactor, which may support the enhanced release of
volatile species, as was reported for Os.”** Despite extended
IT, no response from Ru was detected with this procedure
under oxidative PVG conditions.

Reductive conditions for PVG were thus investigated using
HCOOH as the reaction medium. Typical flow injection
transient peaks arising from the injected 10 ug L™' Ru’*
standard were detected when using a 6 M HCOOH medium.
This signal was confirmed to arise from PVG processes and not
from other sources, such as any accompanying fine aerosol co-
generated in the GLS; absolutely no signal was detected when
the UV lamp was not powered. The PVG reaction was thus
solely examined under reductive conditions using the flow
mode of the photoreactor and found to provide excellent
repeatability.

PVG without Sensitizers. Reductive PVG conditions were
first investigated without added metal ion sensitizers in order
to establish a “baseline” performance. Using a 40 ug L™
solution of Ru** and a flow rate of 2 mL min™" through the
photoreactor, the effect of HCOOH concentration was
investigated in the range of 2.5—12 M HCOOH. Maximum
sensitivity was obtained with 8 M HCOOH, with lower
response at both extremes of HCOOH concentration.
Optimization of IT, achieved by changing the sample flow
rate from 1.1 to 2.6 mL min™}, revealed that the highest
sensitivity is obtained at 1.5—2.2 mL min', corresponding to
IT = 20—29 s. However, the estimation of the overall PVG
efficiency from a comparison of peak area sensitivity using a 2
ug L7" solution Ru** in 2% HNOj introduced via the same 500
UL sample loop but using PN revealed very low efficiency, that
is, ~0.009% for 8 M HCOOH at 2 mL min™. Nevertheless, as
described above, this response was shown to clearly arise due
to PVG. Signals generated from an 8 M CH;COOH medium
at 2 mL min~' were approximately 140-fold lower than those
obtained using 8 M HCOOH.

As noted in earlier PVG studies of elements such as Fe, Co,
and Ni, wherein their carbonyls””****~** are generated, pH of
the reaction medium exerted a significant effect on the
response and was thus examined. Various volumes of NH,OH
were added to solutions of 40 ug L™ Ru’" in 8 M HCOOH
while keeping the concentration of unreacted HCOOH
constant. For 8 M HCOOH with the addition of 1, 2, and 3
M NH,OH (pH = 2.2, 2.55, and 2.8, respectively), no
enhancement in PVG of Ru was achieved and sensitivity even
decreased by 50—80%.

PVG with Metal lon Sensitizers. Among metal ion
sensitizers that have so far been utilized to provide significant
enhancement effects on PVG efficiencies of various elements,
Cd*, Co*, Cu**, Fe**, and Ni*" appear to occupy a privileged
position (cf. Table 2 in ref 41). Figure 2 shows various positive
effects of these individual metal ions on PVG from 2 pug L™!
Ru*" in an 8 M HCOOH medium at a flow rate of 2 mL min™"
(IT = 22 s). The metal ions were added in the form of their
acetates to the Ru®" standard prepared in the reaction medium
so as not to add any counterion that could potentially interfere
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Figure 2. Influence of various metal ion concentrations on PVG
response from 2 g L' Ru*" in 8 M HCOOH; sample flow rate 2 mL
min~". Uncertainties are represented as SD.

with PVG, for example, nitrate or chloride (see below). The
potential accompanying positive effect of added acetate ions
was also ruled out because the addition of 1 M CH;COOH to
the Ru** standard with 8 M HCOOH or 2 M CH,;COOH to 6
M HCOOH had no positive effect. The presence of 150 mg
L' Co** clearly exhibits the most significant impact, yielding
an overall estimated PVG efficiency of Ru ~8%. It appears that
a plateauing effect may be achieved at >100 mg L' Co>".
Higher concentrations were not tested so as not to overload
the plasma/interface with volatile Co species (see below).
Although the second most effective sensitizer is 100 mg L™
Fe®’, the PVG efficiency is estimated to be only ~1%. For Cd*"
ions, found highly effective for PVG of W,” the maximum
effect on overall PVG efliciency amounted to ~0.5% at 250 mg
L™' Cd*. Little impact was evident for Cu®*, which curiously
was the only added sensitizer that exhibited an optimum
concentration beyond which the response decreased. No effect
of added Ni** was identified. It was, however, necessary to
compensate for increased blank signals for Ni concentrations
>S50 mg L' due to the efficient co-generation of volatile
Ni(CO), from the 8 M HCOOH medium and incomplete
removal of the *’Ar®'Ni* polyatomic interference with the
collision cell (He flow 4.1 mL min™").

The ideal metal ion sensitizer should effectively enhance
PVG efficiency on the one hand but should not be co-
generated as a volatile species on the other because it may
overload the plasma as well as cause deposition on the
interface cones, ion optics, and quadrupoles due to its relatively
high concentration. It is also potentially even more problematic
if it is reduced in the photoreactor generating deposits on the
conduits, as this may change the spectral profile (irradiance
characteristics) of the photoreactor over time. Of the metal
sensitizers exhibiting an effect on PVG of Ru, co-generation is
especially a drawback with the use of Co®* and Fe?*, although
their optimum PVG conditions occur at a higher pH than used
here for Ru.’”**7** Co-generation was confirmed by the
detection of °Co and *Fe ion signals from 10 mg L™" using
only a dwell time of 0.001 s. Conversely, no PVG response was
evident from **Cu when employed at 10 mg L™". This is in
agreement with the report by Gao et al. who described the
need for a special procedure for PVG of Cu; Cu species were
first retained inside the photoreactor following PVG from an
18% HCOOH medium, dried by purging the photoreactor
with air and subsequently desorbed and released to the gas

https://doi.org/10.1021/acs.analchem.1c03739
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phase when a plug of 60% HCOOH was readmitted to the
sample conduit line during irradiation.”® As for Cd, weak and
noisy '"'Cd signals arise from 20 mg L' solutions. A similar
result was earlier reported for PVG of W when efficiency was
enhanced with the use of a S00 mg L™ addition of Cd** but
attributed rather to the physical transport of co-generated
aerosol from the PVG system,39 although some contribution
from direct PVG action cannot be ruled out with certainty.*®

It is obvious from Figure 2 that Co®" is the only attractive
sensitizer for PVG of Ru worthy of further experiments despite
overall PVG efficiencies (~7—8% for added 50—150 mg L™"
Co?") exhibiting no substantial benefit over PN sample
introduction, and the high concentration of Co?" ions remains
unfavorable for a long-term use. Although added only to a
standard/sample, brownish deposits were visible at the tip of
the torch injector after a single day of operation using only 50
mg L' Co®" as the sensitizer.

Noting the synergistic effects of Co?* and Cu®** or Cd** on
PVG of Mo™® and Re,*" the impact of various combinations of
sensitizers was examined. Initial experiments revealed a strong
synergistic effect from the co-presence of Co®* and Cd*" ions.
Combinations of 10 mg L™ Co**/25 mg L™ Cd*" and 50 mg
L™ Co*/100 mg L' Cd* increased the overall PVG
efficiency by factors of 3.28 and 3.41, respectively, in
comparison to PVG using only 50 mg L™' Co*". There was
no marked effect from other such combinations, that is, Co*"
and Cu®', Cd*" and Cu*', Fe** and Cd*, or Co*" and Fe?".
Hence, the combination of Co?* and Cd** was further
evaluated in detail; the results are summarized in Figure 3.
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mh 6
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(V]
= 0 Co?*
—— ppm Co
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Figure 3. Effect of various combinations of Co** and Cd** ions
present in 8 M HCOOH on PVG from 0.5 ug L™ Ru’* at a sample
flow rate of 1.4 mL min™". Uncertainties expressed as SD are in some
cases sufficiently small that they cannot be discerned from the data
points.

It is evident that a maximum sensitivity is always achieved in
the presence of 25 mg L' Cd®*, regardless of the
concentration of Co**. The exception is the case without the
addition of Co**, for which the sensitivity continues to increase
as added Cd** increases to 100 mg L™" (not shown in Figure 3
but evident in Figure 2). On the other hand, sensitivity
increases with the increased Co®* concentration irrespective of
the concentration of Cd**.

In a very recent paper, Mou et al.*’ reported efficient PVG
of Cd sensitized by 20 mg L™' Co®". As a consequence, the
PVG efhiciencies of Co and Cd generated from our mixture of

added sensitizers (10 mg L™' Co*" and 25 mg L™ Cd*") were
estimated from a comparison of signals obtained with FI-PVG
and FI-PN, detected with 0.001 s dwell times in order to gain
better insights into plasma loading by these two metals.
Whereas ~16% efficiency was found for Co**, '"'Cd signals
remained weak, irrespective of the presence of Co?,
corresponding to only x0.008% PVG efficiency. This result
is contradictory to the findings by Mou et al,*’ but may be
explained by the significantly lower IT used in this work (31 s)
compared to that used by Mou et al.,*” wherein their maximum
response was obtained with IT = 80 s (40 s provided no more
than 5% of the maximum response).

Using a combination of 10 mg L™' Co*" and 25 mg L'
Cd*, the effect of HCOOH concentration and sample flow
rate was again optimized (see Figures S1 and S2 in the
Supporting Information). As in the case without added
sensitizers, a clear maximum in sensitivity remained at 8 M
HCOOH, gradually decreasing at both lower HCOOH
concentrations, likely as a result of insufficient generation of
CO essential for the synthesis of the volatile Ru species
[presumably Ru(CO);], and at higher concentrations because
of the decreased penetration depth of the UV arising from the
higher absorptivity of the reaction medium. With respect to the
effect of the sample flow rate (cf. Figure S2), a plateau of
maximum sensitivity arises over the range 1—1.4 mL min~" (IT
= 31—43 s), gradually decreasing with higher flow rates. This
decline at higher flow rates may be attributed to insufficient
irradiation of the sample and not to a lower efficiency of the
gas—liquid separation process in the GLS. Experiments
supporting this conclusion are discussed in the Supporting
Information.

Figures of Merit. The following PVG conditions were
selected for further experiments: 1.4 mL min~' sample flow
rate (corresponding IT of 31 s) and addition of 10 mg L™
Co® and 25 mg L™' Cd** to an 8 M HCOOH reaction
medium. Only a 10 mg L™' Co*" concentration was selected
(sacrificing 22% in sensitivity, Figure 3) in order to avoid
excessive loading of the ICPMS spectrometer with Co. Using
these PVG conditions, the overall PVG efliciency could be
precisely determined from a direct comparison of sensitivities
obtained using the FI mode of analyte introduction with both
PVG (0, 10, 50, and 200 ng L™ Ru**) and PN (0, 40, 200, and
800 ng L' Ru’*). The enhancement factor reached 3.54 +
0.01. Considering a nebulization efficiency of 8.20 + 0.02%
determined using a modified waste collection method
following a recently published procedure,””*******" the
overall PVG efliciency reached 29.0 + 0.1%.

Despite nonquantitative PVG efficiency, excellent repeat-
ability (RSD) of the PVG methodology characterized the
chosen optimal conditions. Repeatability of the peak area of a
quality control check standard of 200 ng L' Ru’* used
repeatedly over the course of 1 day (in this case during study
of interferences from acids) was 2.4% (n = 21). The interday
reproducibility was 4.0% (n = 7); this value was calculated
from the variation of the ratio of peak area PVG response from
200 ng L™" Ru®* relative to the PN signal intensity of 10 yug L™
Rh in 2% HNO; (i.e., the IS), such that variations in tuning of
the ICPMS instrument over different days were accounted for.

Calibration functions were constructed using 0, 5, 20, 80,
and 250 ng L' Ru’* standards under the optimal PVG
conditions in combination with both standard no gas mode
and He mode in the reaction/collision cell. Both *'Ru and
1%2Ru isotopes were monitored. All calibration functions were
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linear (R* > 0.9999). Using no gas mode, relative LODs (n =
12) of 30 and 20 pg L™" (15 and 10 fg absolute) were reached
for '”"Ru and '"Ru, respectively, and while using the He
mode, relative LODs (n = 12) were 42 and 30 pg L' (21 and
15 fg absolute) for '“Ru and '"Ru, respectively. The
differences partly mirror the isotope abundances (17.06% for
""'Ru, 31.55% for 'Ru) but are also influenced by the
reaction/collision cell mode (sensitivity obtained in the no gas
mode was 2.3-fold higher than that in the He mode). A
typically persistent peak-shaped blank signal comprising single
to single tens of counts for 0.1 s dwell time was obtained
provided the PVG system was clean and not contaminated by a
prior measurement of a Ru*" standard (>50 ng L™'). The
signal-to-noise ratio is thus also driven by the variance of the
peak area of the blank signal, the concentration of which
corresponded to approximately 0.10—0.12 ng L™". Sub-boiling
distillation of HCOOH and use of ultrapure water from a
commercial supplier provided no improvement; hence, this
low blank may originate from added sensitizer solutions, but
this was not further investigated.

For comparison, LODs for the determination Ru in liquid
samples by conventional PN-ICP-(MS)/MS employing an
autosampler operating continuous flow mode (i.e., steady-state
measurements) were evaluated for '©'Ru, '“Ru, and '“Ru
using standard no gas, He, and O, modes in the reaction/
collision cell. Generally, the best LODs (n = 13) were obtained
with no gas in the reaction/collision cell (i, 0.19, 0.14, and
0.35 ng L™, respectively), some 6—7-fold higher than obtained
for ''Ru and '"’Ru isotopes with FI-PVG-ICPMS. The LODs
in the He collision mode (0.32, 0.21, and 0.47 ng L,
respectively) and using O, in the reaction cell monitoring after
a mass shift +16 m/z (0.55, 0.28, and 0.43 ng L™, respectively)
were worse due to the loss of sensitivity (around 2.1 and 4.2-
fold, respectively).

Interferences. Interferences from inorganic acids and
anions are the Achilles heel of PVG methodologies that
prevent full exploitation of their potential for analytical
applications, especially when sample stabilization with acids
(typically HNO;) or acid digestion and extraction for
preparation of solid samples has been undertaken. Interfer-
ences from HNO;, HCI, and H,SO, were thus examined in
detail (Figure S3 in the Supporting Information). A serious
suppressive effect was observed for HNO;, wherein concen-
trations of 5 and 10 mM caused 15 and 41% decreases in
sensitivity with the response almost completely attenuated at
50 mM. The PVG system was 10-fold more tolerant to the
presence of HCI. Although no significant decrease in sensitivity
(>10%) was found at HCI concentrations up to S0 mM, the
sensitivity was decreased by 16 and 53% at 100 and 200 mM
HC], respectively. Response at S00 mM was only 4% of that in
the absence of HCIL Very similar, although slightly better,
tolerance was noted for H,SO,, with no attenuation up to 50
mM, followed by 15, 46, and 82% decreases at 100, 200, and
500 mM, respectively. In comparison to earlier PVG studies of
Mo and W** using an almost identical PVG system, the
order of severity of interferences from these acids was the
same. However, the tolerance limit for HNOj; is 10-fold better
compared to PVG of Mo generated in the absence of
sensitizers, whereas it is similar to PVG of W sensitized by
the presence of Cd** ions. The impact of the respective anions
(NO;™ and CI7) added in the form of sodium salts was
examined to differentiate between the effect of minor changes
in the sample pH arising from the study of the respective acid

or the effect of the corresponding anion. While the impact of
NaNO; was exactly the same as for HNO;, the tolerance
toward NaCl was better than found for HCl, wherein a
significant decrease in sensitivity (by 18%) was observed for
200 mM of NaCl (compared to 16% decrease for 100 mM
HCI).

Apart from inorganic acids, the effect of potential co-existing
transition metals (Mn?*, Fe*, Cu®*, Zn*', and Mo®") and
metalloids (As** and Se**) on PVG of Ru was also examined in
the range 10—10,000 ug L™ (Table S3 in the Supporting
Information). No negative interference up to 10 mg L™" was
identified for all transition metals tested, while a significant
decrease in sensitivity (>10%) was found at concentrations
>100 mg L™ for As** and Se*' likely due to competitive
scavenging of free radicals. Unlike Fe**, Mo®", As®*, and Se*, it
was confirmed that no response is observed from Mn**, Cu**,
and Zn** under optimal PVG conditions for Ru. Due to
efficient co-generation of volatile Mo(CO), a slight spectral
interference on m/z 101 was evident at 10 mg L~! Mo® due to
either incomplete removal of '“Mo'H* polyatomic interfer-
ence with the collision cell (He flow 4.1 mL min~") or tailing
interference from the adjacent '’ Mo" ion arising with a low
resolution of MS. This interference was not evident on m/z
102. Cu** ions seem to slightly but significantly increase the
PVG efficiency of Ru at 1 and 10 mg L™" by factors of 1.08 and
1.17, respectively. Further interest in its application as a
sensitizing agent was ruled out as measurement with 20 mg L™
Cu®" provided only 69% of the response without added Cu®".

Application to Real Samples. There remains an absolute
lack of suitable matrix Certified Reference Materials (CRM:s)
with specified Ru content or even information values.
Therefore, the practical feasibility of quantitating dissolved
Ru’* at extremely low concentrations was examined by
undertaking the analysis of seven water samples of increasing
matrix complexity. The samples were analyzed by FI-PVG-
ICPMS in the He mode using a standard addition technique.
In parallel, the determination of Ru was also undertaken by
conventional PN sample introduction ICP(MS)/MS using the
no gas, He, or O, mode in the reaction/collision cell
(monitoring after a mass shift +16 m/z for the O, mode).

Recoveries using FI-PVG sample introduction were
calculated from the ratio of slopes of the standard additions
(0, 5, and 10 ng L™ added) versus external calibration
functions (0, 5, and 10 ng L™' standards). Results are
summarized in Table 1. Excellent recovery was obtained for
well and spring water samples, whereas a significantly lower
recovery (84—85%) arose with seawater and contaminated
water (80—82%) despite prior 1:1 dilution with DIW. The
matrix effect in seawater samples can be fully ascribed to CI™
(~0.19 mM) interfering with PVG efficiency (cf. Figure S3).
Lower recoveries from contaminated water samples I and II are
most probably caused by significantly higher content of heavy
metals and especially of As (~3 mg L™" in undiluted samples)
that was evident from a rapid semiquantitative analysis
accompanying the parallel determination made during PN
sample introduction. Notable is that it largely corresponds to
the effect of As>* earlier identified as an interferent (cf. Table
S3 in the Supporting Information). Some Ru content was
quantified by a standard addition technique only in the two
samples of contaminated water collected in exploratory wells
close to a sludge dump near a chemical factory. Very similar
results were obtained, irrespective of using either '“'Ru or
%Ry for evaluation, which in part excludes a false positive
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Table 1. FI-PVG-ICPMS Determination of Dissolved Ru in
Water Samples (ng L")

samples FI-PVG-ICPMS recovery”
well water I <0.06” 9 + 1
well water 1T <0.06” 96 + 2
spring water <0.06" 92 + 4
contaminated water I° 0.55 + 0.03 82 + 4
contaminated water 11 0.46 + 0.06 80 + 1
seawater 1° <0.12¢ 85 +2
seawater II° <0.12¢ 84 + 1

“Spike recovery = slope of standard additions (no addition, S, and 10
ng L' spiked to a sample prepared in the reaction medium with
sensitizers) /slope of external calibration (0, 5, and 10 ng L™") X 100
(%). *LOD = 0.06 ng L™ (0.042 ng L™" corrected for dilution factor
of 1.4S introduced by preparation of water sample in the reaction
medium). “Diluted with DIW (1:1) prior to analysis. “LOD = 0.12 ng
L7' [0.042 ng L™ corrected for dilution factor of 2.9 introduced by
preparation of diluted seawater sample (1:1) in the reaction medium].

result due to the presence of any potential interferent (see
below).

A parallel determination of Ru in concert with various
reaction/collision cell modes of ICP(MS)/MS using standard
solution PN introduction and measurement in the steady-state
was attempted to confirm the above results. Although the
LODs presented in the section “Figures of Merit” using the no
gas mode were in the range of 0.14—0.35 ng L™! for °'Ry,
12Ry, and !%Ru isotopes, determination at such low
concentrations was found to be seriously plagued by spectral
interferences—polyatomic interferences (potentially arising
from Ni, Mo, Sr, and Zn), doubly charged ions (e.g,
202Hg*, 2%pb2*), and especially isobaric interferences from
Pd on 'Ru and '™Ru, resulting in significantly higher Ru
concentrations measured, ranging from single ng L7 ! to even
hundreds ng L™ of Ru. Measurement at m/z 101 in the He
cell mode or using mass shift at m/z 101 — 117 in the O, cell
mode may provide much better accuracy because the Ru
concentrations were determined to be much lower (<1 ng
L™"). Unfortunately, the LODs and LOQs in these two modes
are not sufficiently low to enable Ru quantification; hence,
parallel PN determinations did not fully allow confirmation of
the results obtained with PVG.

Brief Remarks on PVG Mechanism. It is assumed that
the volatile species synthesized by PVG is Ru(CO); based on
use of HCOOH giving rise to only hydrided/carbonylated
adducts. Confirmation by GC—MS appears challenging and
successful identification has not yet been achieved. The
mechanism of PVG most probably includes the reduction of
Ru’* to Ru’, followed by the rapid uptake of CO, readily
available as a product of photolysis of HCOOH. The crucial
effect comes from the synergistic impact of the added Co** and
Cd*" sensitizers which enhance the overall PVG efficiency
more than 3,000-fold.

In order to investigate the impact of UV wavelength on the
developed PVG methodology, a common low-pressure 15 W
germicidal mercury UV lamp (Cole-Parmer) was used as the
photoreactor. The circumference of the lamp was wrapped
with a 6 m length of 1 mm id. X 1.5 mm o.d. PTFE tubing
(inner volume 4.7 mL) through which the sample solution was
irradiated. This arrangement does not permit irradiation of the
solution with the 185 nm Hg line. Using the chosen optimal
chemical composition of the reaction medium, PVG of Ru was

found feasible even with this arrangement, although with much
lower efficiency. The highest efficiency (~1.5%) was achieved
with a sample flow rate of 3 mL min™' (IT = 94 s). Using the
same IT but without the addition of sensitizers, the signal was
still detectable, but with an efficiency some 600-fold lower (i.e.,
0.0025%). However, this is clear evidence that 185 nm
radiation is not fully essential for Co®>"/Cd*" ion-sensitized
PVG of Ru.

In an effort to gain an understanding of the impact of added
sensitizers, UV—vis absorption spectra of various reaction
media were obtained over a range of HCOOH concentrations
(0.01, 0.1, 1, and 8 M) due to its high absorptivity in the
region <260 nm (see Figure S4 for 0.1 M HCOOH in the
Supporting Information). No change or shift in the spectral
bands for Ru*" was detectable in the presence of added Co**
and Cd** sensitizers. Their precise role thus remains to be
identified, but some effects have been noted based on other
studies. It is well-known that the presence of transition-metal
ions in the reaction medium enhances the yield of highly
reducing CO,*” during UV irradiation of HCOOH or
CH;COOH media (cf. ref 11 and references therein). This
was first experimentally verified in PVG systems by Hu et al,,
who investigated the action of added Co** and Cu®** ions
during PVG of Mo by application of electron paramagnetic
resonance (EPR) spin trapping techniques.”® The same results
were subsequently confirmed for PVG of Te using only Co*" as
the sensitizer and a mixture of CH;COOH and HCOOH.’
Most recently, Zhen et al. investigated the role of Co®" and
Cd** enhancing the production of CO,*” and improving the
PVG efficiency of Re, but did not fully explain the significant
effect of only Cd** or Co®* ions because there was no clear
change in EPR spectra in comparison to undertaking PVG
from the simple acids.

B CONCLUSIONS

The feasibility of PVG of Ru from a HCOOH-based medium
has been demonstrated for the first time. Moreover, the
presence of both Co** and Cd*" ions is critical, synergistically
enhancing the overall PVG efficiency more than 3,000-fold. No
such substantial effect was observed in the presence of either
single ion. Using optimal generation conditions, the resulting
overall PVG efliciency was determined to be 29% and can
definitely be further enhanced if a higher concentration of Co*"
in the medium is used (x37% estimated for S0 mg L7").
Unfortunately, this was found unsuitable for long-term routine
measurements due to the introduction of a high load of Co
into the plasma, co-generated with ~16% efficiency [likely as
Co(CO,)H,.,].>""* Excellent repeatability and reproducibility
along with an excellent LOD in the range of 20—42 pg L7},
likely one of the best ever reported using VG techniques
without resorting to preconcentration, was achieved. Despite
this impressively low LOD, quantitation of dissolved Ru in
natural water samples remains difficult due to its extremely low
endogenous concentrations. Nevertheless, this methodology
should definitely find use for monitoring any significant
changes arising from anthropogenic activities. Furthermore,
we believe that the high generation efficiency of the volatile Ru
species [likely Ru(CO);] presents a framework which may be
of considerable relevance to the area of alternative organo-
metallic synthesis reactions based on metal ion catalysts.
Finally, fundamental understanding of the mechanisms of
action of added metal ion sensitizers/catalysts is not currently
developed for PVG reactions; inclusion of additional systems
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such as that reported here will serve to contribute to a growing
body of data needed to parse out and test future proposed
theories.
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