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Insights into the role of transition and noble metals
mediating photochemical vapor generationy

Ralph E. Sturgeon, ©*? Enea Pagliano, @2 Gisele S. Lopes, ©° Renato S. A. Neto®
and Jane K. S. Brito®

The recent expansion of the suite of elements amenable to photochemical vapor generation (PVG) is
primarily linked to the addition of mg L™ concentrations of selected transition metals (TMs) to the
photolysis medium, principally Fe, Cd, Co, Ni and Cu. Their presence enhances synthesis yields of
several analytical targets, particularly carbonylated species, in some cases by orders of magnitude. A
consideration of curated analytical PVG literature reveals substantial inconsistencies with the current
use of generalized ligand-to-metal charge transfer processes to mechanistically account for these
so-called TM “sensitizer” effects via their enhancement in free radical populations participating in the
PVG synthesis routes. In this study, a novel approach utilizes an independent window for evaluation
of the effects of added TMs on radical production based on an examination of the altered
concentration profiles of H,, CO, CH,4 and CO, generated in formic and acetic acid media, whose
PVG process. A
photocatalytic mechanism induced by homogeneous co-generation of TM nanoparticles is
proposed which more reasonably accounts for both the altered gas profiles and their notable
selectivity evident with improved PVG efficiencies of specific analytes. A tutorial approach to the
topic has been adopted in an effort to provide a balanced framework within which the various

origins lie with the precursor free radicals responsible for the analytical

processes are comprehensively discussed with relevance to state-of-the-art PVG techniques and
current literature.

T Presented at the 16th Rio Symposium on Atomic Spectrometry, Bento
Gongalves, Brazil, November 28-30, 2023.

*Departamento de Quimica Analitica e Fisico-Quimica, Centro de Ciencias, Campus
do Pici, Universidade Federal do Ceara, Fortaleza, CE, Brazil

O

Ralph E. Sturgeon

70 | J Anal. At. Spectrom., 2025, 40, 70-97

Ralph Sturgeon obtained his
PhD is 1977 and has been with
the National Research Council
of Canada, Ottawa since that
time and is currently an Emer-
itus Researcher. His interests lie
in trace element analysis, vapor
generation, organometallic
speciation and production of

Enea Pagliano completed his
PhD studies in analytical chem-
istry at Scuola Normale Superi-
ore of Pisa and since 2013 has
been a research officer at the
National Research Council of
Canada. Enea is a team member
of the Joint Committee for
Traceability —in  Laboratory

Certified Reference Materials Medicine, a member of the
with a focus on atomic and mass IUPAC  Subcommittee on
spectrometric  detection tech- Metrology in Chemistry, and an
niques. The ﬂfndamentaljs of Enea Pagliano adjunct researcl? pr‘ofessor qt
vapor generation techniques Carleton University. His

currently occupy his attention. research has focused on the development of primary analytical

methods for metrological applications.

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ja00261j&domain=pdf&date_stamp=2024-12-21
http://orcid.org/0000-0001-7304-3034
http://orcid.org/0000-0001-9755-8737
http://orcid.org/0000-0002-9495-1207
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ja00261j
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA040001

Open Access Article. Published on 30 October 2024. Downloaded on 1/22/2026 3:48:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

Introduction

Vapor generation techniques coupled with analytical atomic
and mass spectrometry have been in continuous use for more
than 50 years." High synthesis yields, improved sample intro-
duction efficiency, inherent matrix separation and enhanced
detection power sustain continued interest in both their
analytical application and mechanistic understanding.
Amongst these, photochemical vapor generation (PVG) is one of
the most recent and actively pursued, primarily because of its
simplicity, green chemistry, widest scope of application and
interest in acquiring a more complete fundamental compre-
hension of this novel phenomenon; it is currently amenable for
analytical use with some 25 elements, including transition and
semi-metals as well as the halogens.

The premise of PVG rests on a mechanistic model that the
targeted analytes are converted to volatile species during UV
irradiation of a (aqueous) medium (typically) containing low
molecular weight carboxylic acids (R-COOH; primarily formic
and/or acetic, although ethanol has been utilized).>® Emission
of UV-C from low pressure Hg discharge sources gives rise to
both homolysis of water (induced via 185 nm absorption) and
photolysis of the carboxylate anion, yielding both aquated
electrons (eqq) ) as well as a suite of powerful reducing radicals
(H, R, and CO, ). These, and their subsequent thermal
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reaction products, interact with ionic analytes to ultimately
form their volatile free atoms, hydrides, carbonyls or alkylated
derivatives, depending on the element and photochemical
medium used.

The deleterious presence of concomitant metal cations (and
anions such as CI” and NO;") in real samples has long been
recognized as a primary shortcoming of PVG reactions, leading
to interferences often ascribed to radical scavenging effects.>™
Nevertheless, it is evident that the most recent advances in PVG
have all accrued from use of mg L™ concentrations of select
transition metal ions (TMs) deliberately added to reaction
media to enhance the yield of many PVG reactions, as
summarized in a recent report by Hou and colleagues.® Such
systems are more appealing (and currently more interesting)
than resorting to addition of typically heterogeneous semi-
conductor (SC) catalysts, such as TiO,,”™ or the use of unique
metal organic frameworks (MOFs) which have also improved
PVG performance for several elements.” A summary of appli-
cations of SC catalysts in PVG systems has been presented by
Zou et al.* but, despite interest, they have enjoyed only limited
use.

Gao et al® first highlighted the unique impact of added
TMs, noting the addition of a 5 mg L™ concentration of Ni(i)
increased the earlier optimized yield of photogenerated lead
species 4100-fold. This study was rapidly followed by a succes-
sion of publications from many laboratories, which repeatedly
confirmed similar efficacious effects, particularly in systems
targeting the generation of carbonylated transition metals. For
lack of a more informed mechanism of action, the role of these
added TMs was putatively designated to be a “sensitizer effect”
in early publications. However, the only known occurrence of
true sensitization with an organic compound being used for
application with PVG has been the use of anthranilic acid as
a homogeneous photosensitizer for PVG speciation of
mercury.** This term should thus be discontinued until the
mechanistic aspects of TM mediated reactions are more clearly
understood. Additions of Cd(u),"*** Co(u),"”** Cu(u),>*>* Fe(n/
1), Ni(n)" and, to a lesser extent, V(iv/v)*> have been evalu-
ated for both their individual performance characteristics as
well as unique synergistic effects arising from their various
combinations.****¢ Of equal interest is the sole report of in situ
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Fig.1 TM-assisted PVG of halogens using added Cu(i) as an example
of aquo-metal halide complex formation followed by (i) *CH3 capture
of halide atom (X*) formed by a LMCT process or (ii, shown in red)
oxidative addition of "CHz to CuX, complex followed by reductive
elimination of CH3X and subsequent catalytic re-oxidation of Cuf() by
dissolved oxygen or other oxidants in the system.

formation of nano-CdSe, which promoted reduction of Se(vi) to
volatile SeH, via irradiation of a sample augmented with 10 mg
L~" Cd(m);*’ this finding deserves more extensive study.

Whereas the general role of added TMs functioning in such
a “homogeneous” or dissolved manner (as opposed to use of
typical SCs or MOFs) is not completely understood at this time,
enhanced PVG synthesis of the methylhalogens (XCH;) from
dilute acetic acid containing added TMs***>?% appears to rest on
a well-established foundation and likely occurs via either "CH;
capture of X" from its ligand-to-metal charge transfer (LMCT)
cage arising from photolysis of an aquated TM-X complex (for I
and Br ), or by oxidative addition-reductive elimination
reactions between "CH; and the TM-X complex (for CI~ and F™).
The latter is the most likely mechanism for methylfluoride
generation since current photochemical reactors are unable to
generate an intermediate charge transfer to solvent (CTTS) cage
complex due to source output being limited to >185 nm.****
These scenarios, leading to catalytic cycles, are illustrated in
Fig. 1 for the case of a Cu(u)-X complex.

From the broader perspective of general application of TMs
beyond the halogens, Sturgeon and colleagues initially proposed
a framework for their action based on an augmented production
of reducing radicals arising from the photolysis of TM-carboxylate
complexes induced by (longer wavelength) LMCT processes."**
This, in principle, could enhance PVG reaction kinetics, leading to
increased overall analyte generation efficiencies because
a broader band of the emission output from the photochemical
source could be utilized to produce additional needed radical
partners. Such reactions are commonplace in the inorganic and
environmental photochemical literature, occurring by exposure of
aqueous solutions containing carboxylic acids to UV-B radiation,
readily available from solar and low pressure mercury discharge
sources.**** Additionally, direct evidence of such enhanced radical
production in the presence of added TMs is supported by ESR
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spin trapping experiments which confirm elevated (but unquan-
tified) levels of reducing radicals (CO,'~, ‘CHj;) with concurrently
decreased concentrations of ‘OH in irradiated TM-doped PVG
reaction media.****>*>¢ These reports compliment similar such
increases earlier noted in classical SC-mediated photochemical
systems.””*® As a consequence, the LMCT-based mechanism has
proliferated, essentially unchallenged, and has become pervasive
throughout more recent PVG literature.

The pronounced role of TMs mediating homogeneous PVG
reactions likely stems from their d shell configurations which
give rise to varied redox properties and multiple oxidation states
to serve as scaffolds fostering interaction of reaction partners
(¢f Fig. 1). However, an elementary qualitative meta-analysis of
the common effects of added TMs published since the first
report by Gao et al. in 2015 (ref. 13) readily reveals both trends
and inconsistencies with this general LMCT model of action.
Most evident is the overwhelming use of Cd, Cu, Fe, Ni and Co
for this purpose. As noted above, these elements possess
multiple oxidation states and can be readily reduced to their
atomic form during PVG. Additionally, with the exception of the
halogens, in every experimental system, an optimum concen-
tration of the added TM is evident beyond which higher
concentrations lead to reduced PVG yields (this is often ascribed
to a “shadowing effect” arising from the filtering and conse-
quent diminished effective intensity of the UV source by TM d-
d transitions and charge transfer transitions of TM complexes).
Noteworthy, however, is that apart from the halogens the
optimal concentration of added TM varies significantly from
one targeted analyte system to another, despite otherwise
overall identical photoreactor conditions (i.e., same source,
same irradiation conditions, ostensibly the same photochem-
ical medium). PVG enhancement yields thus selectively vary
considerably from one analyte to another, sometimes by factors
of 10-10°, despite similar (and often identical) TM concentra-
tions being used, suggesting that there is a specific interaction
between the analyte and the added TM. This is further rein-
forced by the observation that the relative effectiveness of
a specific TM added to a given analyte system is often
completely different in another analyte system (i.e., analyte
specific effects).® As well, the existence of combinations of co-
added TMs, inducing synergistic effects on analyte response,
is both surprising and highly variable; similar to their single
element impacts. The most effective combinations of TMs and
their relative concentrations beneficial to one analyte are typi-
cally unique from those of another analyte®***® such that no
universal combination/concentration can be a priori recom-
mended. Apart from ESR data, these observations occur against
a backdrop of increased radical production sometimes visually
evident from changes in the rate of generation of stable
molecular gases whose precursor species are radicals such as H"
and ‘CH; arising from the PVG process (as evidenced by
enhanced gas bubble segmentation in the liquid outlet line
from the photoreactor) when particular TMs are employed.

It appears clear that no single, simple mechanism of action
of added TMs, such as the LMTC concept first promulgated by
Sturgeon et al.,"** can be used to account for the diversity and
inconsistency of these observations. As noted by Ford,* “...it is

This journal is © The Royal Society of Chemistry 2025
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clear that the successful use of inorganic photochemistry,
whether in energy science, biomedicine, or other foreseen or
unforeseen application, needs to be based on a sound under-
standing of the fundamental principles that define the mech-
anisms of these systems...”, further experimentation is
required to shed light on this phenomenon if knowledgeable
use of the phenomenon is to be used to its full advantage. In
response to this, an investigation of the relative concentrations
of stable small molecules (CO, H,, CO, and CH,) generated
during UV photolysis of acetic and formic acids, and the impact
of added TMs on changes to their profiles was undertaken. As
these gases are the products of radical precursors arising from
direct photolytic and subsequent thermal reactions, this
provides a novel independent approach into an examination of
the effects of TM mediated PVG on radical production to
complement those based on limited ESR detection of these
primary radicals. This research is framed within the context of
an overarching tutorial review of this subject matter to enhance
the perspective of the newly generated results and their inter-
pretation based on a new approach to the mechanism of action
of added TMs founded on the production of TM nanoparticles
(NPs) possessing intrinsic properties of high chemical and size
related selectivity for photochemical reactions.

Experimental
Instrumentation

A 19 W thinfilm flow through photoreactor (Beijing Titan
Instrument Co. Ltd, Beijing, China) fitted with synthetic quartz
conduits (internal volume 0.72 mL) directly embedded in the low
pressure mercury discharge exposed aqueous samples to vacuum
UV radiation of 185 nm, as described in earlier publications.'***%
Prepared liquid samples were continuously introduced into the
photoreactor at 1-2 mL min ™", typical of those used throughout
the published PVG literature, using a Gilson Minipuls 2 peri-
staltic pump (Mandel Scientific, Villiers, Le Bel, France). Effluent
from the reactor was directed to a glass thin-film gas-liquid
separator (GLS) repurposed from a model 2600 mercury analyzer
(Tekran Instruments Corporation, Toronto, Canada).

Liquid waste evacuation from the GLS was accomplished using
a separate peristaltic pump. A flow of Ar passing through the GLS
in a countercurrent direction to the admitted irradiated sample
served to efficiently strip volatile gases from the liquid phase and
direct them, vig a 2 mm i.d. PTFE line, to a 15 cm long (4 mm i.d.)
glass dryer tube packed with granular NaOH immobilized
between plugs of glass wool. This unit served to remove moisture
and acidic vapors. Fresh dryer units were used for each day of
measurements. Gas flow was regulated with a calibrated rota-
meter (Matheson Tri-Gas Inc., Montgomeryville, USA) in line with
a precision metering valve and verified for consistency (28 + 1
mL min~") at the beginning and end of each set of experiments
via its rate of volumetric displacement of water. Following passage
of the gas stream through the NaOH drying tube, it was directed to
10 mL glass headspace (HS) vials fitted with magnetic ring caps
and PTFE/silicone septa seals via a short length of 1 mm i.d. tygon
line terminating in a 22 gauge luer mounted stainless steel needle.
The needle was used to manually pierce septa during gas

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic of photolysis and gas collection system.
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sampling and was inserted to the bottom of the HS vial to ensure
efficient flushing of the vial in tandem with a second such needle
located just beneath the septum which served as a relief vent to
the atmosphere. In this manner excess gas pressure was released
to a short length of 2 mm i.d. tygon tubing to ensure a represen-
tative HS gas sample. This vent line terminated a few mm below
the surface of a water reservoir to ensure no back diffusion of
atmospheric gases into the vial occurred during flush/fill opera-
tions or after the inlet needle was withdrawn so as to guarantee
that the fill pressure in each vial was reproducible and atmo-
spheric, as evidenced by the cessation of bubbling after the input
line was removed. Filled vials were transferred to a CTC Analytics
PAL RSI autosampler (Zwingen, Switzerland) connected to
a double-inlet Agilent 7890A GC system (Santa Clara, CA) equip-
ped with both Agilent TCD and Agilent 7000 TripleQuad mass
spectrometry detectors. Before analysis, each sample was incu-
bated at 35 °C for 5 min. Thereafter, a headspace (HS) volume was
sampled and injected onto the GC column (syringe held at 40 °C;
4 mm double gooseneck liner held at 200 °C). In all cases, an oven
heating program for the chromatography comprised the
following: 5 min at 40 °C then 20 °C min~' ramp to 120 °C with
a hold for 5 min (14 min run time), followed by rapid cooling in
preparation for the next run. A schematic of the irradiation and
gas collection system is presented in Fig. 2.

In an effort to prolong the lifetime and ensure reliability of
the GC columns, the amount of water and carboxylic acid vapor
transfer to the headspace vials was minimized with use of the
short column NaOH dryer. More than 90% of acid vapor and
water was eliminated with this approach, which unfortunately
also significantly (~92%) adsorbed the CO, from the gas
stream, necessitating its subsequent determination via inde-
pendent analytical runs which bypassed the dryer column.

A Shimadzu GC-2010 Plus gas chromatograph equipped with
a sensitive dielectric barrier discharge ionization detector (DIB)
was used for the determination of methanol in irradiated and non-
irradiated solutions of 5% (v/v) acetic acid. An identical apparatus
and approach to PVG was used as described above. Solid phase
microextraction of headspace vapor derived from 1 mL volumes of
sample solutions placed in 7 mL glass HS vials sealed with PTFE/
silicone septa was manually performed using a SUPELCO
assembly comprising a fused silica fiber hosting an 85 um poly-
acrylate (PA) coating. Analyte separation was performed on a Shi-
madzu 30 m X 0.25 mm X 0.25 um SH-Rtx-Wax column.
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Reagents and materials

The following materials were all sourced from MilliporeSigma
Canada Ltd (Oakville, ON): ACS reagent grade formic (>96%)
and glacial acetic (>99.7%) acids, ACS reagent grade ammo-
nium hydroxide (28.0-30.0% NH; basis), ACS reagent grade
(>99.0%) potassium nitrate, cobalt(i) acetate tetrahydrate (ACS
reagent, =98.0%), copper(u) acetate monohydrate (ACS reagent,
=98%), nickel(n) acetate tetrahydrate (98%) and cadmium
acetate dihydrate (reagent grade 98%). Concentrated nitric acid
was purified in-house by sub-boil distillation. High-purity
(18 MQ cm) water (DIW) was generated in a Milli-Q Advantage
system (MilliporeSigma) fed with distilled water and was used
for preparation of all test solutions. HPLC grade methanol,
sourced from JT Baker (Philadelphia, USA), was used for prep-
aration of calibration standards.

A custom mixture of NIST traceable 1000 ppm (v/v) calibration
gases (H,, CO,, CO and CH,) in a balance of 5 N Ar was ordered
from Messer Canada Inc. (Mississauga, Ontario Canada).

Procedures

Stock solutions of minimum 5000 mg L~" Cd(u), Co(u), Cu(u) and
Ni(u) were prepared in DIW and serially diluted for use as TM
additives to test solutions of acetic and formic acids, which were
themselves prepared in large batches through volumetric dilu-
tion with DIW to yield concentrations in the range 1-20% (v/v).
To reliably assess the impact of each experimental parameter,
a minimum of 3 to 5 replicate samples were irradiated and gases
released from the GLS were collected in separate HS vials during
continuous supply of the test solutions to the photoreactor.

The photolysis system was typically conditioned for 20-
30 min to ensure the UV source was at a steady-state tempera-
ture as this impacts not only the primary source intensity,** but
also solution temperature which may have a minor effect on the
GLS operation since gas solubility obeys an inverse temperature
trend. It may also be noteworthy to point out that older lamps,
which may have decreased spectral output despite running
hotter, would compromise the reproducibility of the detected
gas analytes amongst laboratories. During conditioning, DIW
was continuously pumped through the system and all liquid
and gas flow rates were set, stabilized and monitored before
prepared samples were admitted for photolysis. Earlier experi-
ments were conducted to pre-establish the optimal conditions
for gas transfer flow rates and Ar back pressures with the aim of
achieving efficient transfer and flushing of headspace vials
within reasonably short time periods without excessive dilution
of the released analyte gases. For this study, an Ar flow of 28 £ 1
mL min~ " was found effective, permitting vial flush times of
typically 6 min to be used, resulting in a turn-over flushing of
>15 vial volumes when real samples were processed.

The concentration ranges of TMs added to the formic and
acetic acid media typically spanned reported values curated
from the latest PVG literature so as to yield data/conclusions
relevant to current PVG use.

Nitric acid was diluted 10-fold with DIW and used to occa-
sionally clean the inner surfaces of the irradiated quartz lines in
the PVG reactor to ensure removal of any reduced TM deposits

74 | J Anal At. Spectrom., 2025, 40, 70-97

View Article Online

Tutorial Review

(none visible) that may affect the photolysis processes. This was
consecutively followed by several mL volumes of DIW, dilute
liquid ammonia (NH;-H,0) and DIW to efficiently clean/
condition the conduits.

For the analysis of H,, a 500 pL injection (25 : 1 split ratio) of
sample HS was performed and separation was obtained using an
Agilent HP-PLOT Molesieve column (30 m x 0.32 mm X 25 um,
P/N 19091P-MS8) operated at constant N, flow rate of 1.8
mL min . H, was detected at 2.4 min by TCD (temperature: 220 ©
C, reference flow: 18 mL min ™" Ny; makeup flow: 6 mL min ™" Nj).

For measurements of CH, and CO, a 750 pL injection (15:1
split) of sample HS drawn from the purged 10 mL glass
sampling vials was performed and separation was obtained on
the HP-PLOT Molesieve column operated at constant He flow
rate of 1.8 mL min~*. Both CH, and CO were detected by TCD at
7.1 and 9.9 min, respectively (temperature: 220 °C, reference
flow: 18 mL min~ ' He; makeup flow: 6 mL min~ " He).

For the analysis of CO, and light hydrocarbons (notably
C,Hg), a 250 pL injection (100: 1 split ratio) of sample HS vial
content was performed and separation was obtained on an
Agilent DB-1701 column (30 m x 0.25 mm x 1 pm, P/N 122-
0733) operated at constant He flow rate of 1.0 mL min*
(transfer line temperature: 250 °C). The CO, was detected at
1.5 min by mass spectrometry in SIM mode at m/z 44, 45 and 46,
whereas m/z 25, 26, 27 and 30 were monitored for the presence
of other potential hydrocarbons (i.e., C,Hg).

For expediency, the following protocol was followed:
multiple analyses for each target gas were completed in all
experimental systems before proceeding to measurement of the
next gas of interest. Thus, CO and CH, were conveniently
measured in each chromatographic run in all studied systems
using a He carrier gas and TCD before repeating all experiments
for detection of H, with use of a N, carrier gas. A full day for
equilibration of the GC system was used when carrier gas was
changed. Lastly, CO, and C,Hs were determined by GC-MS in
SIM mode with He carrier gas, as described above.

For each test solution prepared, gas products from 3-5 replicate
irradiated samples were collected in separate HS vials for analysis,
reflecting products generated during steady-state photolysis of
each solution. Analysis of the sample HS in a given collection vial
required ~14 min to complete for each associated GC run. This led
to the need for overnight operation for periods of up to 9 h; hence
the need to pre-confirm the temporal stability of the HS gas
samples over a period of up to 24 h. Irrespective of TCD or MS
response, analyte peak area integration was used to quantify all
species based on use of proprietary Agilent MassHunter software.

Concentrations of the analyte gases produced and collected in
the HS vials were based on responses from a single customized
NIST traceable high purity Ar multi-gas standard containing
1000 ppm (v/v) of each gas to calibrate the TCD and MS detection
systems. This was achieved by direct transfer/flushing of each
headspace vial in a flow of 150 mL min " of this calibration gas for
typically 3 minutes in a manner identical to that described for the
samples (including dryer column as appropriate). As analytical
runs may last several hours, the stability of the sampled gases and
repeatability of the detection systems were verified with an earlier
set of studies as being fit-for-purpose (see Results and discussion).

This journal is © The Royal Society of Chemistry 2025
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Additionally, replicate standards were prepared at the beginning of
a set of experimental irradiations and two further replicates were
freshly prepared at the end of such a sequence, which typically
required 2-4 hours. This permitted a convenient assessment of any
drift in instrument response or physical loss of sample compo-
nents by diffusion/leakage during the measurement phase, as this
required up to 9 hours to complete. Each HS vial was sampled only
once as each needle puncture of the septum may open an avenue
for potential accelerated escape of the analyte gases. Up to a 7%
loss of response was incurred for both CH, and CO if a second HS
volume was withdrawn; this manifested as a 12% loss for H,. It was
serendipitous that an earlier decision to employ a single 1000 ppm
standard proved to provide a most useful reference signal that was
within a factor of 2-5-fold of the range of all analyte HS gas
concentrations sampled from the various PVG systems, making
calibration of the detection systems over a wide concentration
range unnecessary since TCD and MS are characterized as pos-
sessing several orders of magnitude linear range of operation.

For the determination of methanol, reference 5% (v/v) acetic
acid solutions were irradiated at a flow rate of 2 mL min~" (22 s IT)
and 1.0 mL subsamples were drawn from the outlet of the flow-
through photoreactor, transferred to HS vials and capped to
await subsequent analysis by GC-DIB. A 20 min headspace
extraction was performed while equilibrating the sample at 50 °C
under magnetic stirring (500 rpm). SPME injections were manu-
ally undertaken in split mode (1 : 40) with the injector at 250 °C
using He (99.999%, Messer Gases, Brazil) for sample transport
and ionization at a flow rate of 1.3 mL min ™. The column was
subjected to a multistep thermal program starting with an initial
40 °C ramped to 50 °C at 2 °C min~" and held for 1 min; a rate of
12.5 °C min~" to 75 °C with hold for 2 min and finally a ramp of
30 °C min~" to a final temperature of 230 °C followed by cooling.
The detector was maintained at 300 °C during the total analysis
time of 16 min. Instrument calibration was performed using an
external calibration curve prepared in the range 1.0-30.0 mg L™"
methanol (5 point) spiked to ultrapure Milli-Q water and SPME
extracted and analyzed in a manner identical to that for the
irradiated 5% (v/v) acetic acid solutions. Non-irradiated 5% (v/v)
solutions of acetic acid served as the method blank to under-
take any needed corrections to the data. Peak height response was
used for characterization.

Safety considerations

The full range and identity of compounds produced during PVG
is unknown. Standard safety precautions should be taken
during all experiments and an adequate ventilation/exhaust
system should be used.

Results and discussion

Performance of sampling/detection systems

Fig. 3 shows the “long-term” temporal stability reflecting the
combined contribution from collection (HS purging of vials),
subsequent HS sampling of the 1000 ppm gas standard, as well as
detector stability for each gas species over a period of 1-4 weeks of
measurements. Individual error bars represent estimates of the
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standard deviations associated with 2-4 measurements taken
during evaluation of impacts of individual experimental variables
on the given days (note: repeatability precision is generally too
small for CH, and CO data and are hidden within the marker
points in panel 3A). Panel 3A shows TCD detection of CH, and CO
in He carrier (within laboratory intermediate precision = 1.5% and
1.2%, n = 10 and 11, respectively) over the course of a one month
study. Panel 3B summarizes the trends arising during more than
a week of monitoring both TCD of H, in N, carrier (intermediate
precision = 2.4%, n = 10), and GC-MS extracted chromatograms
(SIM @ m/z 44) for CO, in He carrier gas (intermediate precision =
6.4%, n = 10). These data provide assurance in both the repeat-
ability of the performance of the sampling and detection systems
during a given analytical run as well as their longer-term stability
(intermediate precision) over time periods ranging from a week to
more than a month of study, thereby instilling confidence in direct
comparisons of data repeatedly obtained with various solutions
subjected to various experimental variables.

Baseline separation of the various peaks was achieved and
no extraneous interferences encountered. With the exception of
specific intensities, signals arising from the 1000 ppm stan-
dards were identical to those characterizing these gases present
in the effluent from the GLS derived from photolysis of the
formic and acetic acids, with/without added TMs. Hydrogen was
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Fig. 3 “"Long-term” temporal stability (within lab intermediate preci-
sion) for detection of 1000 ppm calibration standards: (A) CO (upper)
with intermediate SD = 1.2%, n = 10 and repeatability SD = 0.81%, n =
4; CHy4 (lower, red) with intermediate SD 1.5%, n = 11 and repeatability
SD =0.76%, n = 4; (B) CO, (upper) with intermediate SD = 6.4%, n = 10
and repeatability SD = 2.3%, n = 4; H, (lower, red) with intermediate SD
= 2.4% n = 10 and repeatability SD = 2.6%, n = 3. Ordinate displays
integrated response characterizing chromatographic peaks.
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the only analyte that suffered measurable temporal instability,
as losses from the HS vials by diffusion amounted to 5% within
4 h and 20% after 24 h. Loss rates accruing over typical 6 h data
collections were assumed linear and corrected for using
changes in bracketed standard intensities. Use of the NaOH
dryer has no discernible impact on response for CH,, CO, and
H,, although it efficiently removes water and acidic vapors,
thereby protecting the life of the GC column.

As a consequence of the overall stability of the experimental
system, integrated detector response is consistently presented
as the measurement metric throughout this study rather than
normalized comparisons of responses which can misrepresent
data and lead to ambiguous interpretations otherwise based on
stand-alone snapshots of the system. Instrument response,
generated under stable measurement/sampling conditions
permits the reader to comprehensively overview all data and
formulate consistent trends and comparisons for each analyte
of interest as experimental conditions are varied.

Part 1: PVG in the absence of added TMs

The vacuum-UV photochemistry of water is well established>*
and essentially summarized by the following homolysis and (to
a lesser extent) charge-transfer-to-solvent reactions, respectively:

H:0 —2» H,0* — H'+"OH (1a)
H0 —% H0" —» ‘OH +H" +eu  (1D)

Typical of low pressure mercury discharge lamps, the intensity
of 184.9 nm photons emitted by the flow-through photoreactor
used in this study is likely 40-fold lower than that of the primary
253.7 nm Hg resonance line.® Any H', 'OH and e(,q)~ so formed
provide primary radicals that participate in the overall photolysis
of dilute aqueous solutions of formic acid.®*** In the absence of
radical scavengers (i.e., added carboxylic acids), diffusional rates
of radical recombination likely inhibit significant free H, liber-
ation. Zechner and Getoff®” have demonstrated that only when
formate is present at <10™* mol L ™" [i.e.,, <4 x 10 "% (v/v)] do
reactions (1a) and (b) proceed, as otherwise the 185 nm incident
radiation is preferentially absorbed by formate. With increasing
formate concentration, reaction (7) (see below) occurs with
generation of H,. Recently, Hu et al.®® reported photochemical
hydride generation of As(m) and As(v) from an aqueous mixture of
1 x 107 mol L™" HCOO™ containing 2 x 10> mol L ™" SO,*~,
noting ESR detection of minor amounts of H', indirect evidence
of enq) , but no mention of CO,”. Generation of AsH; was
attributed to the action of redox processes involving H and e(,q)
derived from reaction (1) and photolysis of added HSO;™, sug-
gesting that H' remains an active intermediate despite the
recognized high pH of this reaction medium which would lead to
rapid recombination of H' and "OH radicals. Direct generation of
H" and e(,q) by primary photolysis of the HCOO™ in accordance
with reactions (2d) and (2e) (below) was not considered in this
study, although at a concentration of 1 x 10> mol L™, absorp-
tion of 185 nm photons preferentially occurs by formate rather
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than water. More recently, Jenikova et al.®® explored the feasibility
of PVG of Ru, Re and Ir from low concentrations of formic acid,
noting that relatively efficient PVG processes occur during
photolysis of even pure water if it is pre-saturated with CO. Thus,
it was clear that efficient reduction of these elements was ach-
ieved due to available H' and e(,q)~ radicals.

It is also expedient to review the UV-B and -C induced photol-
ysis of formic and acetic acids, as well as briefly consider a few
model LMCT reactions induced by added TMs in these acids.
Reactions presented below summarize the pertinent photochem-
ical processes that give rise to radical species which (apart from
contributing to the generation of volatile metal and halogen
species of analytical interest) are also the precursors to the
permanent gases which are the principal subjects of this study.

Photolysis of formic acid (gas and condensed phases) has
been studied for almost a century. Contrary to the belief of many
organic photochemists, generation of CO occurs in addition to
CO,, albeit not as the primary reaction.>”***%¢ Highest relative
CO/CO, is achieved at lower irradiation wavelengths due to rapid
dissociation of the excited trans form of HCOOH to yield CO and
H,O. Several dissociation channels have also been identified by
studies using 248 and 193 nm irradiation® (e.g., reactions
(2a)~(2e)), yielding the usual powerful reducing radicals (enq)
CO,"~ and H') which participate in subsequent thermal events
(e.g., reactions (3)-(12) and denoted throughout as dashed
arrows), ultimately giving rise to detectable CO, CO, and H, and
characterized by overall reactions (c) and (d):

HCOOH - ‘CHO + ‘OH (2a)
v, HCOO +H° (2b)
vy *COOH +H’ (2¢)

HCOO- —% W' + CO.- (2d)

HCOO- —» HCOO™ + e,y  (20)

"‘CHO === H +CO 3)

H +H == H, 4)

"CHO +'CHO ---> HCHO +CO (5)
“CHO + "COOH = =+ HCOOH + CO (6)
HCOO +H" === Hz+CO2" (7)
HCOO-+'OH === H:0 +CO>"- (8)
2HCOO" - - - HCOOH + CO2 9)
HCOO" + H === H+CO2 (10)
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‘COOH --- ‘OH+CO (1)

CO2~ +HCOO' === HCOO-+CO: (12)
HCOOH — CO +Hz0 (trans) (©)

CO2 + H2 (cis) (d)

Photolysis of aqueous solutions of acetic acid have been equally
long studied, wherein several routes arise and stable product yields
are dependent on the degree of ionization of the acid.*”* Due to
the greater complexity of the system, reported stable reaction
products have included CH, and CO,, along with H,, methanol,
formic acid and C,H,, summarized by generalized reaction e:

CHsCOOH —Y—, ‘CHs +'COOH (13a)
CHsCOOH —— CHsCO" + "OH (13b)
CHsCOOH — 5 CH3COO" + H* (13¢)
CH:COO- — 5 *CH3+ CO>™- (13d)
CHsCOOH —— “CHs+COz + H' (13¢)
CH3COO +H' = - =+ CHs+CO2" (14)
‘COOH - ==+ H +CO> (15)
“COOH ===+ ‘OH + CO (16)
‘CHs +H ===+ CHs (17)
‘CHs + H20 == -+ CHsOH + H' (18)
‘CHs +'CHs === CzHs (19)
‘CHs + CO = ==+ CHaCO" = ==+ CH;CHO (20)
CH3CO' ===+ ‘CHs + CO 1)
2CH3CO0" === CaHs +2CO2 (22)
H+H ——-+ Ho (23)
CH3COOH = - =+ CHa + CO2 (minor: CO, Hz, C2Hs) (e)

Note that no consideration has been given to the existence of
stable dimers of both carboxylic acids in aqueous solutions™
which may initiate their own sets of radical based reactions.®”

Addition of TMs to either acid results in the formation of
TM-carboxylate complexes, which may exhibit not only d-
d transitions of the metal center, but also photochemical
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(LMTC) reactions, as noted earlier. Typical examples are pre-
sented below for the case of iron and copper,**** wherein
LMCT processes take place at significantly longer wavelengths
outside the UV-C spectral window needed for homolysis of
water and oxidation of formic/acetic acids. Thus, advantage may
be taken of the intense UV-B spectral region emitted from low
pressure mercury discharge sources, enhancing generation
efficiencies of H' and 'CH; radicals as well as production of
CO,:

[Fe**HCO, 2+ MWMCT) Fe2t+HCO; - - =+ H + CO2  (24)
[Cu?*OCOCHa]* MWCT [Cy*, "CHaloq + CO2 = = =+ CuCHs*
I
HY| (25)
v
CHa + Cu?

Apart from the above processes potentially directly influ-
encing the sources and concentrations of radicals giving rise to
CO, CO,, H, and CH, in TM-doped PVG systems, the added TMs
may also be involved in secondary thermal radical catalytic
redox reactions which further influence the relative concentra-
tions of some gases, including, for example:*>7*”*

"“COOH + Fe?" = === CO + OH + Fe®" (26)
HCOO" + Fe?* — - - HCOO- + Fe¥ (27)
HCOO" + Fe3* - === Fe?' + H* + CO2 (28)
TM®+n'CHs === TM(CHa)n (29)

The extent to which added TMs perturb generation of radical
intermediates should thus be reflected in relative changes in HS
gas composition between irradiated TM-spiked and -unspiked
PVG media. As noted earlier, this provides a new tool for
probing mechanistic aspects of PVG which should not only
complement results from earlier ESR studies, but also provide
a broader profile, as H, and CO become useful probes in
addition to the usual ‘CHj3, "OH and CO,"" radical species re-
ported with ESR, which primarily serve as indicators of the
reductive potential of irradiated media.

Although the principal objective of this study was to utilize
these results to establish comparative rates of production of the
various gases as a function of experimental variables, use of
Henry's Law and the known dilution factor arising from the GLS
gas transfer process suggest that, at the least, semiquantitative
concentrations of CO, CO,, CH, and H, may also be estimated.
The solubility of CO, in water presents the worst case scenario
as its dissolution is the most favorable, as evident from its
Henry's Law constant, typically an order of magnitude greater
than that for the other gases due to its reaction to form H,COs.
All photolysis media used in this study have a pH < 3, providing
favorable conditions for decreased solubility of CO, as the
reaction to form carbonic acid is suppressed. Thus, complete
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release of even CO, can be expected.”™’® Irrespective, relative
changes in the targeted gas concentrations in the TM-unspiked
formic and acetic acid systems can be directly compared to
those generated in the presence of added TMs to provide insight
into the relevance of the LMCT model in accounting for changes
in PVG efficiencies because all experimental variables are
carefully replicated and any perturbation reflects only the
impact of the added TM.

To appreciate the effects of the presence of added TMs, it is
instructive to first consider the baseline or “endogenous”
concentrations of the gases of interest that are photolytically
generated in their absence and their response to changes in
experimental variables typically undertaken during optimiza-
tion of PVG efficiency, i.e., impact of the concentrations of the
formic and acetic acids, sample irradiation time and use of
mixtures of these acids.

To ensure the relevance of these experiments, a comprehen-
sive examination of the PVG literature published since 2015
based on available use of thin-film flow through photoreactors
was used to identify relevant concentration ranges of formic
and acetic acids for study, typical concentrations of added TMs
to be investigated as well as irradiation times. As such, observed
trends can be correlated with those typical of published
analytical PVG results wherein response from synthesis of tar-
geted volatile metal species has been examined under similar
experimental conditions.

Contamination introduced by the sampling process was
validated by running DIW blanks through the fully powered
PVG system. No response was detected from CO, CH, and H,
while that for CO, was consistently in the range 5-10% of the
typical concentrations evolved from irradiated samples of 5%
(v/v) formic and acetic acids, corresponding to 285 + 50 ppm
CO, in the collected sample HS (averaged over 7 days of testing).
Its source was never investigated in detail and although the DIW
system was fitted with a UV oxidation unit, it is possible that it
was inefficient and the “blank” CO, measurement corre-
sponded to oxidation of residual organic contaminants in the
water, as the level appears too high to be the result of dissolu-
tion of atmospheric CO, (nominally 420 ppm) over such short
exposure times.

Hydrogen production via photolysis of water

Photolysis of pure water was investigated for evolution of H,, as
this is the only gaseous species of interest potentially produced.
In connection with the results of Zechner and Getoff,”” the
impact of dilute solutions of formic acid serving as an H" radical
scavenger (via reaction (7)) was also examined.

Replicate GC-TCD analyses of HS H, content derived from
the photolysis of DIW revealed no quantifiable response above
baseline noise. Homolysis reaction (1a) is likely rapidly revers-
ible as initially a cage complex must be generated permitting
subsequent diffusion limited recombination of the H and "OH
species. Interestingly, however, is that photolysis of a very dilute
solution of 0.004% (v/v) formic acid generated measurable
quantities of H,, far in excess of that expected based on the
amounts released from subsequently explored solutions of
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1000-fold higher concentrations. Thus, while photolysis of 5%
HCOOH at a flow rate of 2 mL min~" typically provided 380 +
40 ppm H, in the HS (see Table 1), that from 0.004% (v/v) formic
acid produced 110 + 10 ppm H,. The disproportionate
synthesis of H, in this very dilute medium suggests that either
homolysis of water is efficient and reaction (7) serves to trap the
generated H' before extensive radical recombination can occur
to yield H, (as with commonly used ESR spin trapping
reagents), or that the penetration depth of 185 nm photons is
enhanced by at least 100-fold as the HCOOH concentration is
reduced from 5 to 0.004%. Irrespective, recent studies by Musil
et al.®® which reported on the successful generation of several
metal carbonyls during photolysis of only deionized water that
was pre-saturated with CO provides evidence for the efficacy of
reactions (1a) and (b) liberating reducing radicals that create
free atoms of metals which subsequently coordinate with
available CO to yield their volatile molecular carbonyls. More-
over, sufficient liberation of H' is evident in 0.004% formic acid
to permit synthesis of volatile species of hydrides, such as Se.*

Gas production via photolysis of formic acid

A formic acid medium is the simplest to consider first, as only
H,, CO and CO, are of interest. All data are reported based on
the volumetric concentrations of the carboxylic acids (rather
than molarity) as this is the most common means of preparing
such experimental PVG media and reporting their impact in the
analytical literature. Note also that, unless specifically calcu-
lated, all concentration data reported for the various gases are
uncorrected for the dilution effect imposed by the 28 mL min ™"
flow of Ar transport gas used to flush the products from the GLS
to the HS sample vials.

Generation of CO. Fig. 4A illustrates the effect of concen-
tration of formic acid on production of CO arising from the
photolysis of solutions delivered at 2.0 mL min~" to the pho-
toreactor (corresponding to an irradiation time of IT = 22 s). An
uncorrected average concentration over the duration of all
experiments of 3760 + 220 ppm (intermediate SD, n = 11) was
determined in the HS samples produced by photolysis of a 5%
(v/v) solution, which will henceforth be arbitrarily used as the
reference or benchmark for comparisons throughout this study
using both formic and acetic acids.

Several points merit discussion of these data. It is note-
worthy that the non-linear asymptotic characteristic of this
curve mirrors those illustrating the impact of carboxylic acid
concentration (in both HCOOH and CH3;COOH systems) on
analytical PVG yields for numerous elements.'®?%2¢2830,31,77-84
The downward curvature is frequently attributed to the
decreased depth of penetration of the UV-C radiation into the
bulk of the sample as the acid concentration is increased,
thereby lowering the effective photon flux to the bulk or core of
the flowing solution. In the case of formic acid (and similarly
acetic), its significant molar absorption coefficient
(34.9 M™' em™" at 185 nm)* results in a penetration depth
(depth at which attenuation of source intensity of 185 nm
radiation is reduced to 10%) of 240 pm into a 5% (v/v) medium
(similar results hold for acetic acid as well). Unless turbulent
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mixing is achieved in the 2 mm diameter sample conduit, its
central core receives significantly fewer photons; photolysis
efficiency is expected to correspondingly diminish with
increased [HCOOH].

Additionally, it has been reported that the rate of photolysis
of HCOOH is dependent on its degree of ionization.*>”® Being
a weak acid, increased HCOOH concentration corresponds to
a decreased relative [HCOO | and a potentially concurrent
quadratic relationship between [HCOOH] and CO yield. Adams
and Hart® concluded that UV photolysis of HCOOH resulted in
production of CO via reactions 3, 5, 6 and 11, involving "CHO
and °'COOH intermediates. Unless the [HCOOH] is
<10"* mol L™ [i.e., <0.001% (v/v)], the contribution of subse-
quent thermal reactions involving H" and "OH (arising from
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Fig. 4 Effect of formic acid concentration on analyte gas response
(production) at 2 mL min~! solution flow rate (IT = 22 s). (A) CO
production, uncorrected HS [CO] = 3810 + 930 ppm (repeatability SD,
n = 2) at 5% (v/v) formic acid; (B) H, response (production), uncor-
rected HS [H,] = 400 + 60 ppm (repeatability SD, n = 3) at 5% (v/v)
formic acid; (C) CO, response (production), uncorrected HS [CO,] =
4290 + 100 ppm (repeatability SD, n = 5) at 5% formic acid. Ordinate
displays integrated response characterizing chromatographic peaks.
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homolysis of water, reaction (1)) with HCOO™ (reactions (7) and
(8)) to generate H, and CO," " are insignificant due to the molar
absorption coefficient for H,O being 10°-fold smaller than that
of HCOO ™ at 185 nm.””®

Based on its low solubility, Henry's law predicts a negligible
concentration of CO remains dissolved in the irradiated solu-
tion; furthermore, the thin-film geometry of the GLS serves to
efficiently release it to the counter-current flow of 28 mL min "
Ar. Reactions (3), (5), (6) and (11) serve to generate CO, but
irrespective of the mechanism, reaction (c) shows that a 5% (v/v,
~1.18 mol L ') solution of HCOOH irradiated at a flow rate of 2
mL min ! will quantitatively generate 2.4 mmol min~' CO,
equivalent to 53 mL min~'. When diluted in a flow of 28
mL min~" Ar, the sampled HS mixture should contain 6.5 x
10° ppm CO. Based on the average determined HS CO concen-
tration of 3760 & 220 ppm (c¢f Table 1), an apparent oxidation
(photolysis) efficiency of only 0.6% is revealed. Considering the
possible need for an ionized precursor® and the relatively low
flux of source photons at 185 nm, this estimate is perhaps not
surprising. Due to the low degree of ionization («) of HCOOH
(ie., « = 1.2% at 1.18 mol L' %; K, = 1.78 x 10~ %), a 5-fold
increase in [HCOOH] yields a 2.2-fold increase in [HCOO™ | and
can quantitatively account for the experimentally observed rise
in CO as the formic acid concentration is augmented from 2 to
10% (v/v), evident in Fig. 4A. This suggests that penetration of
UV-C photons may not present such a significant impediment
to photolysis in this flow-through reactor in this range of formic
acid concentration. Although not shown in Fig. 4A, decreasing
the sample flow rate to 1 mL min~ " (thereby increasing the
irradiation time to 43 s), resulted in a 1.5-fold increase in CO
from a 2% (v/v) HCOOH medium to yield a 3520 + 190 ppm
(repeatability SD: n = 3) CO headspace concentration. Note that
when corrected for the rate of delivery of product at the exit of
the GLS, this would result in an equivalent 3-fold increase in
yield for a doubling of the irradiation time. Unaccounted for
losses of primary generated CO via such processes as the water
gas shift reaction are unlikely due to both the low temperature
and low H, partial pressure, as well as the absence of a catalyst.

Generation of H,. Fig. 4B shows the effect of[HCOOH] on H,
synthesis. As with CO, a non-linear dependence is evident.
Adams and Hart* suggested that although there is a depen-
dence of both H, and CO on photolytic source intensity, the
primary generated ‘CHO (reaction (2a)) is subsequently
involved in one or more radical-radical competitive (thermal)
reactions (i.e., reactions (3), (5) and (6)).

An estimate of overall photolysis efficiency with respect to H,
production may be made based on reaction d. Using data
averaged from all experiments based on a 22 s photolysis of 5%
HCOOH (sample flow rate of 2 mL min; H, = 380 + 40 ppm,
intermediate SD, n = 7, ¢f. Table 1) in the collected HS samples
and calculations similar to those outlined above for CO,
suggests an oxidation efficiency of 0.05%, an order of magni-
tude inferior to that based on CO data. It is clear that these
reactions are not directly coupled (reactions (c) and (d)) and
details of the quantum yields, excitation/dissociation and
kinetics of processes leading to CO and H, generation would
have to be taken into account to arrive at more accurate
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estimates of reaction yields. Nevertheless, together they
consistently suggest a low overall oxidation efficiency. Unless
a complete analysis of all reaction products can be accom-
plished, differentiation of the chemical (thermal) interactions
of the various radicals cannot be discerned.

Similar to CO (and not shown in Fig. 4B), H, generation from
5% (v/v) HCOOH at a 1 mL min~* sample flow rate (irradiation
time of 43 s) was enhanced 1.9-fold to yield 720 £ 75 ppm
(repeatability SD, n = 3) headspace concentration. This occurs
despite the 2-fold reduction in the rate of delivery of H, to the
GLS, indicating that a doubling of irradiation time enhanced
efficiency of H, production by 4-fold. Similar correlations are
evident in the analytical PVG literature wherein response from
targeted (UV-stable) metal analytes frequently increases with
irradiation time but typically not as dramatically as for these
gases, indicating a potential loss mechanism which may be
putatively assigned as a concurrent competitive UV photolytic
decomposition of the (unstable) metal analyte species.

Generation of CO,. The most abundant stable gaseous
product arising from photolysis of HCOOH is CO,. Based on
similar calculations invoked for CO and H,, and as a result of
the suppressed solubility of CO, in the low pH medium (less
than 5% of the HS CO, remains dissolved in the GLS waste),
a further independent estimate of the degree of photolytic
oxidation of HCOOH can be undertaken (from Table 1, based on
reaction d) to yield a value of 0.7%, in agreement with that
derived from CO data. Fig. 4C shows the impact of increasing
[HCOOH] on CO, yield. Although reactions such as 9, 10 and 12
may directly generate CO,, CO," is also abundant in formate
media (reactions (2d), (7) and (8)) and its oxidation (through
dissolved O,) can give rise to CO,.*® Note that generation of CO,
is detected in the absence of added HCOOH (or acetic acid) and
likely reflects oxidation of possible residual dissolved organic
impurities as well as any dissolved CO, arising from atmo-
spheric ingress into the DIW medium supporting the PVG
reactions, yielding an equivalent 285 + 50 ppm (repeatability
SD, n = 7) HS concentration. As the irradiation time was
doubled (from 22 to 43 s) by decreasing the solution flow rate
from 2 to 1 mL min~", the headspace CO, concentration arising
from photolysis of 5% formic acid increased from 4290 +
100 ppm (repeatability SD, n = 5) to 6400 + 260 ppm (repeat-
ability SD, n = 5), a 1.5-fold increase (3-fold when corrected for
actual flux).

Over a measurement period of 10 days, comprising 9 discrete
experiments, an average (blank corrected) concentration of
4440 + 310 ppm CO, (intermediate SD, n = 13; ¢f. Table 1) was
determined in the sample HS comprising GLS effluent from
photolysis of 5% (v/v) formic acid at 2 mL min~" (IT = 22 s).

Gas production via photolysis of acetic acid

The majority of published literature concludes that CO, and
CH, are the principle gaseous products of photolysis of acetic
acid. However, other reported by-products have included C,H,,
CH3;0H and acetaldehyde, likely arising from secondary
recombination reactions consuming ‘CH; radicals. Several
thermal radical reactions also lead to production of CO
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(reactions (16) and (21)) and H, (reaction (23)), although they
are expected to be of low yield. As is the case with HCOOH, at
the concentration levels of interest to this study, direct
photolysis of CH;COOH and CH3;COO™ likely dominate reac-
tions as compared to those initiated by H" and "OH homolysis
processes arising from eqn (1a) and (b) due to their higher
molar absorptivity compared to that for DIW. Note that the
equivalent molarity of the photolyzed solutions of formic and
acetic differ by a factor of 1.4, reflecting the lower concentra-
tion of the neat acetic acid; this is expected to result in lower HS
concentrations of the measured gases common to the two
systems.

Generation of CO,. As evident in Fig. 5A, significantly less (2-
fold, even accounting for molarity difference) CO, is generated
in the acetic acid system compared to the formic acid system (cf.
Fig. 4C). A mean HS concentration of 1700 + 130 ppm (inter-
mediate SD, n = 9; ¢f. Table 1) reflecting data obtained over the
duration of the study was determined for photolysis of 5% (v/v)
acetic acid. An asymptotic-like dependence on acid concentra-
tion is also evident for production of this gas, suggesting an
impact of photon penetration depth on the oxidation efficiency.
The CO, yield can be increased by 1.7-fold when irradiation is
conducted at a solution flow rate of 1 mL min~ ' (IT = 43 s to
yield a HS [CO,] = 2960 + 130 ppm), suggesting that the actual
process is enhanced 3.4-fold after accounting for the reduced
analyte flux to the ICP which occurs at 1 mL min~" sample
delivery rate. Considering the difference in molarity of the 5%
solutions of formic and acetic acids (1.18 vs. 0.87 M), formic
acid still generates/releases 1.9-fold greater concentrations of
CO, than acetic acid. As noted earlier, if the rates of photolysis
of formic and acetic acids are related to their degrees of ioni-
zation («),* the calculated values of 1.2% and 0.46% for formic
and acetic acid, respectively, may simply account for the higher
relative yield of CO, generated by photolysis of formic acid (pH
of the respective 5% (v/v) formic and acetic acid solutions is 1.85
and 2.40). Based on the average production of 1700 ppm CO, in
5% acetic acid (¢f Table 1) and the 1:1 stoichiometry for
oxidation of CH;COOH summarized by equation e, an efficiency
of 0.5% can be estimated, somewhat higher than that calculated
below from data based on production of CH, in this system, but
similar to that calculated for the formic acid system.

Generation of CO. No direct photolysis route arises for
generation of CO from acetic acid. However, a possible trace
concentration of HCOOH as an impurity present at 0.05% (v/v)
could fully account for the detection of 14 + 4 ppm (repeat-
ability SD, n =9, ¢f. Table 1) CO measured over the course of one
month of study of the sampled HS gas arising from photolysis of
5% (v/v) acetic acid. As noted by Mittal et al.,” HCOOH has also
been reported as a product of photolysis of aqueous acetic acid.
Although the mechanism was not disclosed, earlier work by
Burton®” suggested a potential secondary thermal route to CO
formation as shown by reaction (16). Scavenging of CO at higher
concentrations of acetic acid due to increasingly larger
concentrations of ‘CH; to generate methanol, acetaldehyde
(and possibly diacetyl)* in accordance with reactions (18) and
(20) cannot be ruled out. Acetaldehyde was not investigated in
this system, but directed measurements of methanol
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Fig. 5 Effect of acetic acid concentration on analyte gas response
(generation) at 2 mL min~! solution flow rate (IT = 22 s). (A) CO,
production, uncorrected HS [CO,] = 1730 + 30 ppm (repeatability SD,
n = 4) at 5% (v/v) acetic acid. (B) CO production, uncorrected HS [CO]
= 14 + 4 ppm (repeatability SD, n = 9) at 5% (v/v) acetic acid. (C) H,
production, uncorrected HS [H,] = 290 + 40 ppm (repeatability SD, n
= 3) at 5% (v/v) acetic acid. Ordinate displays integrated response
characterizing chromatographic peaks.

production arising from irradiation of 5% (v/v) solutions of
acetic acid were undertaken. As noted earlier, due to its misci-
bility in water, a separate extraction and analysis methodology
was applied; results are discussed in the section below relating
to CH, generation. Such low concentrations of CO are not ex-
pected to support synthesis of organometallic carbonyl species;
indeed, generation of TM carbonyls from acetic acid media is
not significant.

Generation of H,. As noted earlier, homolysis of water can be
discounted as a source of H, at the concentrations of acetic acid
studied here (>0.17 mol L") due to its poorly competitive molar
absorption coefficient for UV-C radiation, which is primarily
attenuated by the carboxylic acid. Interestingly, the presence of
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a small HCOOH impurity implied to account for the production
of CO in this medium may also contribute to generation of
small amounts of H,. Nevertheless, reactions (13c) and (13e) do
provide a primary route to the photolytic production of H, (via
reaction (23)) whereas reactions 15 and 18 suggest additional
thermal routes; in particular, the reaction of ‘CH; with H,O
provides a likely scenario. In any case, the generally reported
overall photo-oxidation reaction (e) does not suggest it as
a typically significant product, likely as it refers primarily to gas
phase photolysis of anhydrous acetic acid. It is thus surprising/
significant to see both the magnitude of the amount of H,
generated, as well as the negative impact of increasing
concentrations of acetic acid on its yield (approximating
conditions closer to the anhydrous reagent), which may be
accounted for by the presence of several competitive sinks
(reactions (14) and (17)), not the least of which is formation of
CH,. Photolysis of solutions of 3% acetic acid at 1 mL min™"
increases H, concentration in the HS by 1.5-fold (to 640 + 60
ppm) compared to 2 mL min~"' production yields, implying an
overall 3-fold increase in the extent of synthesis.

Generation of CH,. Fig. 6A shows the relative production of
CH, arising from the photogeneration of “CHj;. A trend similar
to that for general production of gases in the HCOOH system is
evident and may point to a limiting rate of generation due to the
impact of depth of penetration of the UV-C photons into the
irradiated medium since the molar absorption coefficient at
higher acetic acid concentrations is similar to that for HCOOH.

The methyl radical is quite reactive and can function as both
an oxidant and reductant, which may alter its perceived stoi-
chiometry of net production as presented by overall reaction e.
During analytical PVG of the halogens, its oxidizing character is
evident in the capture of nucleophilic X" to yield CH3;X. By
contrast, it also serves as a strong reductant towards water,
producing methanol, as illustrated by reaction (18), which will
become more significant at higher concentrations of acetic acid.
The general shape of the response curve is similar to that ob-
tained with analytical PVG optimization experiments for
elements synthesized as methylated species from an acetic acid
medium.

Over the course of one month, comprising 7 discrete exper-
iments, an average concentration of 1180 + 150 ppm (inter-
mediate SD, n = 14; ¢f. Table 1) CH, was determined in the
sample HS derived from the GLS effluent from photolysed 5%
(v/v) acetic acid solutions. Based on this, and neglecting any
potential losses of ‘CH; precursor via other reactions, an esti-
mate of the overall oxidation efficiency of CH;COOH at a flow
rate of 2 mL min~" in accordance with reaction (e) and calcu-
lated in the same manner as described earlier for CO in the
formic acid system, yields a photolysis efficiency of 0.2% [note
that a 5% (v/v) solution of CH3COOH corresponds to an
0.85 mol L' solution (and a smaller « of 0.4%)].

Loss of "CHj; via reaction (18) can occur to yield methanol. To
estimate the impact of this potential sink, the concentration of
methanol produced in irradiated 5% acetic acid was deter-
mined by SPME-GC-DIB to be 3.7 & 0.3 mg L™ " (reproducibility
SD, n = 3). Assuming no methanol formed in the irradiated
samples was lost through evaporation during the short
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Fig.6 Effect of acetic acid concentration on response (generation) of:
(A) HS CH4 at 2 mL min~! solution flow rate (IT = 22 s). Uncorrected HS
[CH4] = 1250 + 60 ppm (repeatability SD, n = 3) for 5% (v/v) CHz-
COOH. (B) HS C,Hg response (generation) at 2 mL min~* solution flow
rate. Uncorrected HS [C,H¢] generated in 5% acetic acid estimated as
~30 ppm (error bars show repeatability SD: n = 3). Ordinate displays
integrated response characterizing chromatographic peaks.

collection phase, and that all methanol originated from pho-
togenerated ‘CH; reacting with water in accordance with reac-
tion (18), the yield can be calculated to be 1.7 x 107 mol mL ™,
equivalent to a synthesis efficiency of 0.014%. This may be
contrasted to the earlier estimate of 0.2% generation efficiency
‘CH; derived from the measured yield of CH, in this medium
(Table 1, characterizing reaction (e)) and to the conclusion that
losses of CH, through formation of methanol amount to less
than 10%.

Generation of C,Hg. Ethane is a thermal by-product of the
photolysis of acetic acid arising from dimerization of 'CHj,
radicals (reaction (19)). It is not produced during photolysis of
formic acid, as expected, and is detected concurrently with CO,
by examination of GC-MS SIM response at m/z = 30. Its' general
dependence on [CH3;COOH], shown in Fig. 6B, mirrors that of
CH,. A standard for ethane was not available for instrument
calibration, but based on a study by Hamid et al.,”* wherein the
ratio of C,Hg:H, reportedly produced during photolysis of
aqueous solutions of acetic acid was 1:17, an estimated
concentration of ethane in the GLS effluent during photolysis of
5% (v/v) acetic acid yields 16 ppm. Similarly, Mozia et al.*” re-
ported a C,H, : CH, ratio of 0.03 for the photo-Kolbe oxidation
of acetic acid solution in the presence of decorated TiO,, sug-
gesting the concentration of ethane could be in the range of

82 | J Anal. At. Spectrom., 2025, 40, 70-97

View Article Online

Tutorial Review

30 ppm herein. It is clear that this species is characterized by
low generation efficiency, despite the likely beneficial effects
arising from the presence of photocatalysts in such media.*”

Table 1 presents a summary of the HS concentrations of stable
gas species generated during the photolysis of 5% (v/v) reference
concentrations of both formic and acetic acids irradiated for 22 s
in the flow-through photoreactor (solution flow = 2 mL min™%).
As has been noted throughout, the detected HS concentrations
are not corrected for volumetric dilution introduced by the carrier
gas flow of 28 + 1 mL min "' Ar, but may be corrected as
attempted for some earlier examples used for estimation of
oxidation efficiency of the acids based on overall reaction stoi-
chiometries (eqn (13a)-(13e)). Moreover, with a 1.4-fold higher
molarity of formic acid, all other factors aside (relative «, solu-
bility), relative concentrations of their one common gas, CO,,
should theoretically be 40% higher in formic acid. Details of
interaction of the source intensity and wavelength with the
different acids need to be taken into account along with all
subsequent thermal reactions involving the photolytically
generated precursor radicals in order to present a clearer picture,
but this is not possible within the scope of this study.

Table 1 Summary of averaged HS gases from 5% (v/v) media, ppm*“

co H, CH, CO,

Formic 3760 + 220(11) 380 + 40(7) —
Acetic 14 +4(9) 240 + 35(6) 1180 + 150(14)

4440 + 310(13)
1700 + 130(9)

¢ Intermediate precision expressed as standard deviation over duration
of study encompassing (n) measurements. Note: data are HS

concentrations and thus uncorrected for dilution arising from GLS Ar

carrier gas flow of 28 mL min .

Photolysis of mixed acid media

A number of analytical PVG studies have reported enhanced
synthesis yields of targeted metal species when using mixtures of
formic and acetic acids.*****% Hou and colleagues utilized spin-
trapping ESR detection techniques to present evidence that more
CO,"~ was generated in a mixed formic/acetic acid medium than
in their individual solutions of the same concentration. In the
case of Te and other semi-metals that give rise to methylated PVG
analogs, it is possible that differences in the molar absorption
coefficients for formic acid at lower wavelengths increase gener-
ation of CO,"~ to provide a more reducing medium for efficient
metal ion reduction, although it is “CH; available from acetic acid
that drives final product formation. Additionally, CO can rapidly
scavenge ‘OH to provide a yet more favorable population of H"
reducing radicals:*

‘OH + CO =— CO2z + H° (30)

It is noteworthy, however, that use of mixtures of carboxylic
acids does not universally endow analytical PVG with positive
impacts. Musil and colleagues reported that PVG of both Mo™® and
W' provided superior generation efficiency of their metal
carbonyls (as well as for those of Fe, Ni and Co) from solely formic
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acid as compared to a formic/acetic mixture. For transition metals
which form primarily stable carbonyl species, this negative impact
can be ascribed to the consumption of CO by ‘CH; radicals to yield
‘CH3CO and subsequently CH;COCOCH;, CH;CHO and CH;-
COOH.? As an example, the relative effects of a mixed acid
medium comprising 5% (v/v) formic and 5% acetic (v/v) on
production of CO and CH, headspace gases are compared to those
of their individual solutions in Fig. 7.

Responses (repeatability SD, n = 3) to production of both CO
in formic acid and CH, in acetic acid (5% (v/v)) are in statistical
agreement with those shown earlier in Fig. 4A and 6A respec-
tively, illustrating the stability of the systems throughout this
study. Importantly, addition of acetic acid to formic acid
produces a significant depletion of CO in this medium whereas
addition of formic acid to acetic acid results in a more delete-
rious effect on the generation of CH, in the mixture. Both effects
may be attributed to reaction 31.*

CO + ‘CHs — CH3CO® — CH3COCOCH3/CH3CHO/CH3COOH

(31)

Providing a well-founded fundamental basis for these practical
observations.
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Fig. 7 Impact of PVG medium composition on HS response from: (A)
CO and (B) CH4. FA = 5% formic acid (v/v); AA = 5% acetic acid (v/v);
FA/AA = mixture of 5% (v/v) each acid; FA/NO=~ = 5% (v/v) formic acid
containing 10 mM NOs™; AA/NO3z~ = 5% acetic acid (v/v) containing
10 mM NOs~. 2 mL min~? solution irradiation (IT = 22 s). Repeatability
SD, n = 3. Ordinate displays integrated response characterizing
chromatographic peaks.
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Impact of NO;~ as a common interference on gas production

Fig. 7 also illustrates the significant effect addition of 10 mM
NO;~ (present as KNO;) into the generation medium has on
decreasing CO and CH, production by an order of magnitude,
far more impactful that the effect of any other experimental
variable examined. Dissolved O,, NO;, NO,  and Cl  are
recognized quenchers of radical based reactions due to their
affinity for hydrated electrons and hydrogen atoms.****

NOs™ + H  —— "NO2+ OH" (32)
NO3™ + H20 —%» NO2 + OH™ + "OH (33)
NOz +H  —— HNO2 — NO + OH™ (34)
02 + gy —> 02 (35)

Suppression of CH, generation in acetic acid containing
added NO;™ is also a consequence of the scavenging of H".
Although all analytical PVG systems suffer to some extent from
the presence of oxidants such as nitrate and nitrite (a product of
photoreduction of NO;)," PVG yield of Se(wv) from formic and
acetic acid media presents a particularly severe example.***’

Fig. 8 quantifies the very severe interference (i.e., almost
complete suppression) that the presence of 10 mM NO;™ has on
H, production from 5% solutions of acetic and formic acids. Its
seemingly more dramatic impact on the formic acid system may
be a consequence of the more complex environment present in
acetic acid. The consequences of thermal reactions involving
radicals other than those of H' (as illustrated in reactions (32)
and (34)) with the photolysis products of nitrate are unknown. A
gas profile of the photolysis products of nitrate would likely
shed more light on what is occurring in these systems to provide
for a more holistic picture of events.

It is interesting that PVG of Se(wv) from formic acid generates
a mixture of both SeH, (~70%) and SeCO (~30%). However, in
the presence of 10 mM NaNOj;, formation of SeH, is completely
suppressed, with only SeCO being produced but at 3-fold its
intensity in nitrate-free media.®® Based on the direct evidence
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Fig. 8 Impact of the presence of 10 mM NOz~ on HS H, response
(generation) during photolysis of 5% (v/v) formic and acetic acids at 2
mL min~ (IT = 22 s). Repeatability SD, n = 3. Ordinate displays inte-
grated response characterizing chromatographic peaks.

J. Anal. At. Spectrom., 2025, 40, 70-97 | 83


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ja00261j

Open Access Article. Published on 30 October 2024. Downloaded on 1/22/2026 3:48:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

JAAS

presented in Fig. 8 and the potential reactions (32)-(34), it is
abundantly clear that efficient scavenging of H" radicals is
responsible for this. Note also that the extent of H, generation
from PVG media is typically insufficient to support atomization
of hydrides in conventional heated quartz tube atomizers.**%*

Part 2: PVG in the presence of added TMs

Having gained fundamental insight into the influence of several
experimental variables on the “baseline” photochemical
production of stable small gas molecules from acetic and formic
acid media, it is instructive to examine the impact of added
transition metal ions (TMs). Their effects on precursor radical
species that lead to H,, CO, CO, and CH, may provide enhanced
understanding of the mechanism(s) of action of these metal
ion-assisted processes. As noted earlier, this study was not
intended to be comprehensive, but rather limited to an exami-
nation of use of Cd(u), Co(u), Cu(u) and Ni(u) added to 5% (v/v)
solutions of acetic and formic acids in an effort to minimize the
complexity and number of experiments needed to be under-
taken. For consistency, test solutions were irradiated at flow
rates of 2 mL min ', An arbitrary but analytically efficacious
concentration of each TM was identified from the more recent
PVG literature related to use of flow-through photoreactors.
Those perceived as having a significant influence on gas
production were further examined by evaluation of their impact
as a function of added concentration. It is acknowledged that
further to their use with thin-film flow-through reactors, their
beneficial influence has also recently been reported with use of
standard (germicidal) low pressure mercury lamp sources
limited to 254 nm output.?®3138%%9

Amongst the terminologies employed in the PVG literature,
the use of TMs to enhance synthesis yields of targeted analytical
species has variously been described as inducing a “photo-
assisted” process due to the action of a “photocatalyst”,
a “photoredox catalyst” or a “photosensitizer”. In view of the
current paucity of mechanistic information, a more generalized
description evoked by the phrase “TM-assisted” or “TM-medi-
ated” is thus suggested for use herein, with a preference for the
former terminology. By analogy, Kozlowski and Loon suggested
that the most general term applicable to the entire field of TM-
assisted reactions for organic synthesis be “photocatalysis”,
since the mechanism of energy transfer is typically unknown.'*

TM-mediated gas production from formic acid

Generation of CO. Fig. 9 shows the change in CO production
from 5% (v/v) formic acid induced by the presence of various
concentrations of added Ni(u), Co(u), Cd(u) and Cu(u). During
this experiment, unadulterated 5% formic acid generated
a (uncorrected) concentration of 4290 + 570 ppm (repeatability
SD, n = 3), consistent with that reported earlier in Fig. 4, 7 and
Table 1. Minor enhancements in CO are evident in the presence
of added TMs, the largest effect accruing from added Cu(u) to
produce a 50% increase in [CO] to 6550 £ 900 ppm (repeat-
ability SD, n = 3). It is evident that each of the added TMs has an
enhancement effect on CO production, although slightly
different. More significantly, these generally small increases
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appear insufficient to account for the typically order of magni-
tude increase in TM-mediated PVG analyte yields. A notable
example is the 25% enhancement in [CO] in the presence of 20
pg mL~' Cd(u). This minor increase in “reaction (reduction)
partner” concentration is quite insufficient to account for an
estimated 10 000-fold enhancement in PVG yield of W(CO)s
elicited by its presence.*® Such impact is more congruent with
a catalytic than LMCT effect. Whereas Cd(u) is beneficial for
PVG of W, Co(u) is completely ineffective and Cu(u) is reportedly
1000-fold less effective than that induced by the presence of
Cd(n). As another typical example, the 4100-fold increase in
yield of PVG generated Pb from formic acid following the
addition of 6 pg mL ™" Ni(m)* can be realized despite the minor
enhancement in [CO] produced with addition of 20 Ni(u) pg
mL~" to this medium, evident in Fig. 9. A further example is
evident from the work of Hou et al, reporting that in the
presence of 20 ug mL™ ' of Co(u) or Cd(u), the PVG-ICP-MS
response for Ru increased by 140- and 45-fold, respectively.®*
From the perspective of the small relative changes in the
concentration of available CO as a reaction partner, it is not
possible to readily account for these effects. Although T™M
reactions such as illustrated in eqn (26) may influence
production of CO, the effects of such increases and their spec-
ificity are difficult to rationalize based on such simple
scenarios. However, if the CO concentration in solution is
sufficiently in excess of the target analyte during PVG in the
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Fig. 9 Impact of added TMs (TM concentrations given as pg mL™) on
HS CO response (generation). Photolysis of 5% (v/v) formic acid at
a solution flow rate of 2 mL min~* (IT = 22 s). Ordinate displays inte-
grated response characterizing chromatographic peaks. (A) Uncor-
rected HS [CO] increases from 4290 + 570 ppm to 6550 + 900 ppm
(repeatability SD, n = 3) in the presence of 20 ng mL™* Cu(n). (B) Effect
of increasing Cu(i) on HS CO response (generation).
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absence of added TM, then it will not be the rate limiting or
critical reagent supporting synthesis. The impact of the pres-
ence of the TM on other gases, as proxies for radicals, must also
be examined for a more holistic approach.

Selecting Cu(u) for further investigation, as it appears the
most influential, Fig. 9B shows the effects of increasing
concentrations of Cu(u) in the 5% formic acid medium on CO
generation. In this example, the initial arbitrary selection of 20
ug mL~"' shown in Fig. 9A was serendipitously close to that
proving optimal in this system. Noteworthy is the overall shape
of the function in that a maximum is present, reflecting the
typical performance metric reported with all analytical PVG
systems wherein the PVG yield of the targeted volatile metallic
analyte species follows a similar profile noted here for the
effects of added TMs.'*'6202427:32343582 The jnitial rate of
increase with [Cu(u)] is short-ranged and one explanation
frequently used to account for the decreasing efficiency at
higher concentrations of added TMs is that their presence
introduces an increasing shadowing effect whereby absorption
of incident radiation due to TM d-d and charge transfer tran-
sitions of their carboxylate complex(es) inhibits primary
photochemical reactions needed to generate the targeted
analytical products. Unfortunately, it is rare that any additional
absorption bands are identified in the UV spectra of TM adul-
terated PVG solutions and thus this argument is generally weak.
Formation of Cu’ NPs at high concentrations could lead to
a scavenging of free CO and release of volatile Cu-CO species. In
such situations, of course, the presence of Cu(u) in test samples
at this concentration may likely be considered an interferant in
the PVG process.

Further to this point, and in connection with the earlier
introduced reaction 29 involving consumption of methyl radi-
cals in the presence of NPs, it is instructive to consider the
following general reaction which should be taken into consid-
eration for synthesis of TM-carbonyls, as it often presents
a practical limit to the issue of selecting the optimal concen-
tration of added TM to effect the largest impact on the desired
analyte PVG reaction while minimizing adverse effects:

TM® + nCO + (mH" or m/2H2) —— TM(CO):Hm  (36)

High concentrations of TM carbonyl compounds can result in
significant contamination of mass spectrometer detection
systems as they are employed at 10's of ppm or higher concen-
trations. An equally important consideration, however, is the
impact of co-generation of such compounds on the consumption
of available CO, H, or H' species. A semiquantitative estimate of
this effect may be undertaken using PVG generation of Ni(CO), as
an example. This is an analytically attractive process and occurs
with high efficiency at trace concentrations. Assuming applica-
tion of a 50 ug mL ™" concentration of Ni(i) as a PVG mediator, as
used in this study, significant amounts of Ni(CO), would be
generated. It is rather unlikely that this process continues with
uniform high efficiency over such a broad concentration range,
but if 50% is assumed, this would amount to a consumption of
approximately 75 pL min~' CO during a typical photolysis
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operation wherein only 320 pl min ' CO is photolytically
generated in 5% (v/v) formic acid containing no added TMs (cf
earlier discussions of overall oxidation efficiency). This may
represent a significant sink for available CO. Similar calculations
come into play considering hydrogen and methane. Very likely,
PVG of TM carbonylated species occurs with significantly lower
efficiencies at concentrations orders of magnitude higher than
heretofore examined under analytical PVG concentrations.
However, it is possible that actual generation of CO and H, via
photolysis may be significantly higher (by up to 50%) in the Ni(u)
and Co(u) systems studied here than is represented in Fig. 9 and
10 (below) due to its competitive uptake (apparent loss) as a TM
carbonyl compound. In this connection, it would be of interest to
determine residual TM content in the waste solutions of photo-
lysed media.

Generation of H,. Examination of this same suite of TMs
added to 5% formic results in a significantly different pattern of
results for the production of H,, ranging from insignificant
changes with added Cd(u) and Ni(n) to an 8-fold enhancement
in the presence of Cu(u), as shown in Fig. 10A.

The issue arises as to what means, in an otherwise identical
system, can the products of photolysis be so significantly altered
with regard to CO or H, for a given added TM ion; again, LMCT
reactions are completely inconsistent in this regard.

Fig. 10B shows the impact of [Cu(u)] on H, generation. As
with CO generation, an optimum concentration is evident,
suggesting a possible common origin. The relatively rapid drop
in enhanced production of CO and H, with a further increase in
added Cu(u) cannot be accounted for by either spectral shad-
owing or invoking a LMCT model of enhanced radical produc-
tion, despite interpretation of ESR evidence, which
unfortunately has never been quantitatively investigated.

A further observation that is not possible to rationalize is the
synergistic effect of co-addition of two TMs to the sample
solution, a frequent observation in the more recent analytical
PVG literature wherein combination of individual TMs provides
for an enhanced synthesis of targeted analytes beyond the
summed impact of either.****¢ Fig. 11 illustrates the synergistic
impact of the simultaneous presence of both Co(u) and Cd(u) in
a 5% solution of formic acid wherein the yield of H, is clearly
greater than the sum of the impact of either TM alone. Obvi-
ously, if each TM-formate complex contributes to an enhanced
production of radicals through their associated LMCT
processes, it is difficult to account for a synergistic effect when
both are present; the mechanism itself must be altered.

Generation of CO,. The presence of added TMs appears to
have no remarkable effect on the yield of CO, from 5% formic
acid, as shown in Fig. 12, again pointing to the possible speci-
ficity of the impact of added TMs on production of the various
stable gas species. Selecting Cu(u) for study of its concentration
dependence also reveals no significant trend, generating only
a further 20% increase at higher (50 ug mL™") concentrations.

TM-mediated gas production from acetic acid

Generation of CH,. All added TMs influence generation of
CH,4 and, with the exception of a 40% suppression caused by 20
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Fig. 10 Impact of added TMs (TM concentrations given as pg mL™?%) on
HS H, response (generation). Photolysis of 5% (v/v) formic acid at
a solution flow rate of 2 mL min™ (IT = 22 s). Ordinate displays inte-
grated response characterizing chromatographic peaks. (A) Uncor-
rected HS [H,] increases from 370 + 20 ppm to 2880 + 80 ppm
(repeatability SD, n = 3) in the presence of 20 ng mL~* Cu(n). (B) Effect
of increasing Cu(i) on HS H; response.

ng mL~" Cu(u), give rise to increased yields (up to 75% with
added Co), as illustrated in Fig. 13. This observation is both
surprising and unique, considering the effectiveness of Cu(u) in
enhancing the generation of all gases of interest in the formic
acid system (cf Fig. 9, 10 and 12). This further highlights the
severe limitations of invoking generalized beneficial LMCT
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Fig. 11 Synergistic effect of the simultaneous presence of two TMs
(concentrations given as pg ML) on HS H, response (generation)
during photolysis of 5% (v/v) formic acid at a solution flow rate of 2
mL min~ (IT = 22 s; repeatability SD, n = 3). Ordinate displays inte-
grated response characterizing chromatographic peaks.

86 | J Anal At. Spectrom., 2025, 40, 70-97

View Article Online

Tutorial Review

7.0E+05

S
o
o
g
(%

5
3

5.0E+05 |

4.0E+05 |

3.0E+05 |

2.0E+05 |

MS integrated response

1.0E+05 |

0.0E+00

5% formic 50 Ni 20Cd 100 Co 20Cu

Fig. 12 Impact of added TMs (concentrations given in ug mL™) on HS
CO; response (generation) during photolysis of 5% (v/v) formic acid at
a solution flow rate of 2 mL min~! (IT = 22 s; repeatability SD, n = 3).
Ordinate units are integrated response over chromatographic peak.

reactions to account for TM-mediated enhanced yields of tar-
geted analytical PVG species; it is evident that TM specific
interactions with the carboxylate medium, its radical products
of photolysis, as well as possibly the precursor analyte species,
may all be at play.

As Co(u) appears most beneficial for CH, generation, the
impact of varying its concentration was examined in the range
0-200 pg mL™'. An optimum was evident near 75 pg mL *,
beyond which response decreased, reaching 70% of maximum
at 200 pg mL~'. This pattern produced by increasing T™M
concentrations remains consistent with all other gases gener-
ated in the formic acid system as well as being reflected by their
impact on analyte targeted analytical PVG systems.

The use of a mixture of added Cd(u1) and Co(u) (25 and 10 pg
mL ™", respectively) on CH4 production did not lead to a syner-
gistic effect, providing the same response as that from 25 pg
mL " Cd(u) alone. In accordance with the possible existence of
an ionic bimetallic-coupled photoredox catalytic cycle,** such
a TM mixture, demonstrated to occur for one analytical PVG
system, should be viable in all, irrespective of the intended
analyte target.
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i 3E0s |k
{az)

0.0E+00

5% acetic 50 Ni 100 Co 20 Cd 20Cu

Fig. 13 Impact of added TMs (concentrations given as png mL™Y) on HS
CH, response (generation) from photolysis of 5% (v/v) acetic acid at 2
mL min~ (IT = 32 s; repeatability SD, n = 3). Ordinate displays inte-
grated response characterizing chromatographic peaks.
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As earlier discussed in relation to Fig. 6B, photolysis of acetic
acid generates C,Hgs as a consequence of reaction 19. The
impact of added Co(u) in the range 0-200 pg mL~"' on C,Hg
generation was remarkable in that it provided a rather mono-
tonic decrease in C,H, response from 1080 + 160 (repeatability
SD: n = 4) to 690 + 50 (n = 4). Clearly, the reaction is influenced
by the presence of Co(ir) but the mechanism of action is unclear
since, as shown in Fig. 13, Co(u) enhances CH, production
(implying enhancements in precursor "“CH; production) but its
presence apparently inhibits reaction (19).

Generation of CO,. With the exception of Ni(u), small
enhancements (<30%) in CO, generation arise in the presence
of each of the other TMs under study. Although Cu(u) sup-
pressed production of CH,, it was one of the more efficacious
TMs contributing to CO, production, as shown in Fig. 14A.

Fig. 14B shows the typical impact of increasing Co(u)
concentration on CO, generation, once again illustrating the
presence of a generic optimum that is also reflected in the
analytical PVG literature for generation of volatile species of all
targeted analytes, as discussed earlier.

Generation of CO. As noted earlier, the source of CO during
the photolysis of acetic acid remains unclear as there is no
evident photolysis route to directly generate this gas (neither
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Fig. 14 (A) impact of added TMs (concentrations given as pg mL™) on
response (generation) of HS CO, during photolysis of 5% (v/v) acetic
acid at 2 mL min~! (IT = 32 s). Ordinate displays integrated response
characterizing chromatographic peaks; (B) effect of added Co(i) on HS
CO, response (generation). Uncorrected HS [CO,| increases from
1670 £ 100 ppm to 2160 + 40 ppm (repeatability SD, n = 4) in the
presence of 100 pg mL™* Co(n).
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photolytic nor thermal). A low formic acid impurity could
readily account for the detected 14 + 4 ppm HS (uncorrected)
concentration produced in 5% acetic acid solutions, as dis-
cussed in relation to Fig. 5B. The impact of added TMs mirrors
that observed for the production of CO in formic acid (Fig. 9) in
that enhancements of <50% occur in the presence of each
added metal; the (uncorrected) HS concentration remains in the
range <30 ppm. As noted in Fig. 9B, higher concentrations of
added TMs [in this case Cu(u)] suppressed CO production and
in the 5% acetic acid medium an increase in added Co(u) from
100 to 200 ug mL " reduced the HS CO concentration to its
value in the absence of added TMs.

Generation of H,. In stark contrast to the formic acid system
(Fig. 10), H, production in 5% acetic acid is suppressed by all
added TMs, most notably by the presence of Cu(u), as shown in
Fig. 15. As methylated metal (and halogen) species are the
typical products of analytical PVG in acetic acid, any changes in
H, production should not have apparent impacts on targeted
element analytical response. In any event, this observation is
contrary to all expectations based on a LMCT model which
suggest increased radical precursors to H, generation (cf. reac-

tion (24)).

50 Ni 100 Co 20 Cd 20 Cu
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6.0E+03 |

4.0E+03 F
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TCD integrated response

0.0E+00

5% acetic

Fig. 15 Impact of added TMs (concentrations given as pg mL™%) on
response (generation) of H, from photolysis of 5% (v/v) acetic acid at 2
mL min~! (IT = 32 s; repeatability SD: n = 3). Uncorrected HS [H,] in 5%
acetic acid is 270 + 40 ppm. Ordinate displays integrated response
characterizing chromatographic peaks.

Although a synergistic effect on H, production was very
pronounced when a combination of Co(u) and Cd(u) was
present in 5% formic acid (¢f. Fig. 11) no such trend arises when
the experiment is replicated using 5% acetic acid, highlighting
the uniqueness of catalyst substrate/reactant interactions in
changing from formic to acetic acid.

Part 3. Possible mechanisms of action of added TMs

A general model based on enhanced radical production in for-
mic and acetic acids in the presence of added TMs is supported
by direct ESR evidence (mostly limited to "“CH; and CO,"~ with
a single report for H'**). LMCT reactions involving TM-
carboxylate complexes efficiently harvest longer wavelength
photons from the photoreactors, potentially leading to more
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favorable PVG reaction kinetics. However, this study exposes
several shortcomings with use of this model:

(i) A limitation or saturation in the magnitude of the
analytical effect as the concentration of TMs is increased as
generally exhibited by an asymptotic impact profile that is not
likely due to spectral shadowing (minimal effect in the UV-B
region supporting LMCT processes) and generally fails to
reveal evidence of any significant or distinctive TM-carboxylate
LMCT bands in examined UV-Vis spectra of TM-spiked PVG
solution media which could account for their action; note that
PVG halide systems display broad concentration ranges over
which added TMs do not result in decreased synthesis effi-
ciencies, highlighting a distinctly different mechanism of
action.

(ii) A specificity of effects unique to particular TM-analyte
combinations is evident in the PVG literature; in accordance
with a generalized LMCT model, a positive impact should be
expected which transcends specific TM-analyte combinations as
no perturbation to the photochemical system is made apart
from the addition of a TM; such specificity cannot be accounted
for by LMCT processes and appears equally evident in the
impact of specific TMs affecting yields of stable gases which
arise from radical precursors.

(iii) Synergistic interactions amongst added TMs cannot be
accounted for based on LMCT reactions proportionally
contributing to the population of “radical reagents”; a simple
sum of the effects of each is expected due to their indepen-
dence; as noted earlier, possible ionic bimetallic-coupled pho-
toredox catalytic cycles** may occur, but should remain effective
irrespective of the coupled analyte target.

(iv) Inconsistent effects amongst the generation patterns of
gases in the presence of the various TMs occur, a most dramatic
example being a decrease in methane and hydrogen production
in the presence of Cu, which cannot be accounted for by LMCT
events.

(v) Catalytic redox cycle reactions, such as those proposed by
Adams and Hart® involving the presence of variable valence
TMs (i.e., reactions (26)-(28)), may occur with photolytically
generated radicals such as “"COOH and HCOO" enhancing rates
of generation of CO and CO,, but this effect (at least for Ni, Co,
Cd and Cu) is quantitatively small (<30% change) for both CO
(Fig. 9) and CO, (Fig. 12) and any such increases in intermediate
reducing radicals would not be expected to yield major
enhancements in PVG analyte efficiencies.

An alternative model that may more comprehensively and
consistently account for all of the above suggests intervention
by homogeneous generation of (photo)catalytic nanoparticles
(NPs) from the added TMs. Their formation during the PVG
process cannot be disputed; they have been visually evident, as
reported by the formation of pink-colored Se® deposits when
formic acid solutions containing mg L' concentrations of
Se(wv) are subjected to PVG* and, more recently, identified as
being present in several PVG systems by TEM imaging tech-
niques.**3337101192 A most recent example, presented in Fig. 16,
shows islands or clusters comprising bimetallic Cd and Co NPs
isolated from a mixture of 50 ug mL™~" Cu(u)/100 pg mL ™" Co(u)
in 0.045% (v/v) formic acid following PVG. Individual NPs
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typically appear to be <5 nm in diameter within their 50 nm
clusters.

Although single particle ICP-MS (SP-ICP-MS) would seem to
be a convenient technique for detection of such NPs, no such
reports have appeared, possibly because of insufficient detec-
tion power due to their small size (<10 nm) coupled with the
elevated background arising from the high dissolved ionic
fraction of 10's of mg L™ " added TMs.'***** It would appear that,
for the selected TMs used in this study (Ni, Co, Cd and Cu),
current SP-ICP-MS detection approaches are not tenable (note
that the 50 nm islands shown in Fig. 16A would be dis-
aggregated prior to applying SP-ICP-MS due to commonly used
sample preparation techniques).

Catalytic (thermal) processes can broadly be characterized as
either associative or redox. With the former, one or more reac-
tant molecules are adsorbed onto active surface sites in such an
energetically favorable environment that intermediates form
and products desorb. The latter redox mechanism engages
changes in oxidation state of the catalytic material innate to
their variable valence states, such as involvement of surface
oxygen vacancies. In both cases, initial adsorption or surface
interaction is inherent to the catalytic process and efficiencies

Cd

o Cu
Co ¢ Co

Counts

Energy, keV

(B)

Fig. 16 (A) TEM image of clusters of mixed Cd/Co comprising NPs of
diameter < 5 nm synthesized during PVG of 0.045% (v/v) formic acid
containing 50 ug mL™ Cd(1/100 ug mL~* Co); (B) EDX profile of
a cluster (images courtesy of M. Couillard, EME/NRC).
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are influenced by the Sabatier principle. In the context of PVG,
which is driven by UV-C irradiation, it is evident that excited
states of reactant molecules are already engaged to homoge-
neously produce the needed radicals that lead to analytical
products in the absence of added TMs. Addition of TMs to this
system may, in successful cases, result in production of TM NPs
and photocatalytic effects associated with excitation of elec-
tron-hole pairs either within their conduction band (intraband
excitation) or between the d-band and the conduction band
(interband excitation) where they can reduce surface-adsorbed
species or serve as oxidizing agents, allowing redox processes
to occur at lower UV energies and with higher efficiency by
utilizing longer wavelength source radiation.'® Most recent
evidence favors the role of interband transitions.'® In this vein,
it may be possible to imagine a scenario akin to electro-
photocatalysis” wherein the SC properties of the TM and/or
transition metal oxide (TMO) NPs serve to establish the elec-
trochemical potentials helping to drive reactions of surface
adsorbed species.'””

Such significant impacts of heterogeneous SC and MOF
additives are already well-appreciated and utilized across many
fields of photochemical research and application. Specifically,
early PVG studies reported extensive use and performance
enhancements arising from the presence of nano-TiO, and
noble metal decorated TiO, systems.”*'**>'%® These structures
facilitate rapid reactions on their surfaces to which the reaction
partners have adsorbed, and make more efficient use of pho-
togenerated electrons as a consequence of their electronic
bandgaps, as detailed by Amal and colleagues in the case of
Se(v1),"” to provide more energetically favorable routes for
radical generation. ESR studies have corroborated enhanced
photochemical yields of CO,"" in formic acid*” and 'CH; in
acetic acid*® in the presence of added SCs.

Zou et al. ' have summarized uses of not only conven-
tional heterogeneous catalysts such as MOFs and TiO,, but also
homogeneous “catalysts” based on TMs added to PVG systems.
However, no mechanistic pathways were proffered by which the
latter actually functioned or could be justified to be addressed
as “catalysts”.

In contrast to their heterogeneous counterparts (primarily
TiO, to date), the size, shape and composition of metallic NPs
significantly affects their catalytic performance; as they become
smaller, new chemical and physical properties emerge as
specific surface areas increase along with increases in reactive
edge, step and corner sites. Below some critical particle size,
changes also occur in their electronic structures which become
more quantized, leading to discrete electronic states rather than
those of a continuous spectrum in a macroscopic bulk
metal."**"*** Correspondingly, their size influences not only their
impact on reaction rates, but also product selectivity as they
possess varying crystallographic structures which have impli-
cations for chemical reactivity. Exchange interactions of
adsorbate electrons with conduction band electrons alter the
NP surface electron density, affecting the adsorption of the
surface-bound species as well as the wavelength of the localized
absorption band (Localized Surface Plasmon Resonance, LSPR),
potentially controlling synthesis products as well as selectivity

This journal is © The Royal Society of Chemistry 2025

View Article Online

JAAS

of the adsorber."™ Decay of resonant surface plasmons may
result in direct excitation of an electron to an unoccupied
adsorbate acceptor state, weakening the chemical bonds within
the adsorbate to induce dissociation of the adsorbed species.
Even in TM NPs lacking strong plasmonic resonance due to
their unfilled d-orbitals, interband excited electrons in these
metal NPs can facilitate reactions at the NPs' surface via visible
light excitation.

The ubiquitous presence of dissolved oxygen (~8 mg L)
and its consequent photolysis by-products (e.g., O,"~ or HO}) in
PVG media suggests two potential roles. Firstly, the nascent TM
atoms or their clusters may readily form TMO species (and
binary TMOs with mixed TMs) with SC properties analogous to
the well-known TiO, discussed above.'** Such TMOs have also
been actively utilized to promote catalytically enhanced redox
reactions by nature of the variable valence properties of
elements such as Cu, Ni, Co and Fe and numerous vacancy sites
on their surfaces.'®'"” Possible redox (electrochemical) reac-
tions needed to reduce targeted analytical species during PVG
could be catalytically enhanced in the presence of TMOs, aiding
the homogeneous photoreduction reactions ascribed to H', R’,
and CO,’~. Second, dissolved oxygen may play a direct role in
a catalytic cycle wherein excited photogenerated surface elec-
trons may react with O, to create positively biased NP surface
sites that foster adsorption of anionic partners (i.e., ionized
carboxylate species) to further promote overall reactions.**®

Over the past few decades, numerous organic and inorganic
reactions have been catalyzed using both colloidal (free) and
supported TM and TMO nanocatalysts'®>***7**> with a maximum
in utilization and selectivity culminating in the extreme of (host
matrix supported) single atom catalysts.'**™** Synthetic organic
chemists are currently making significant use of the photo-
chemistry of formate salts to perform the roles of reductant,
carbonyl source and hydrogen atom transfer reagent in a variety
of reactions.”® Correspondingly, it is not surprising that
interest in their application to inorganic PVG systems has
surfaced. With the above properties in mind, a model based on
the impact of in situ photoreductive synthesis of TM NPs in PVG
systems should be explored to more comprehensively ratio-
nalize observations reported in this study, as well as account for
those in the recent PVG literature to a better degree than can be
achieved using the current LMCT model.

It is clear that as NP catalysts exhibit significant size-
dependent photoactivities,'”® this property naturally gives rise to
an optimum particle size distribution whose effects may vary,
depending on the PVG analytical target, due to the need for
simultaneously compatible surface interactions. Additionally, the
spectral output of the photoreactor likely plays a role in deter-
mining the optimal NP size as there will be a trade-off between
the impact of available photon intensity and the efficiency of its
LSPR effect. In the flow-through photoreactor, time-dependent
development of an optimal NP size distribution will be directly
influenced by the initial concentration of the added TM. Whereas
the precise mechanism and kinetics of formation of reduced
atoms in solution and their agglomeration remains largely
unknown for most systems, recent studies suggest that following
initial reduction to atoms, small semiconducting clusters form
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which rapidly transition to plasmonic nanoparticles via agglom-
eration."”"** An optimal TM solution concentration is thus to be
expected and has been reported in every successful application of
a TM-mediated PVG system. Decreasing performance character-
istics at higher concentrations, often attributed to spectral
shadowing effects, more likely manifests due to time dependent
changes in NP size which alter the selective adsorption interac-
tions of reactants onto the NPs. This is also mirrored in their
influence on the relative yields of the photolysis gas products, as
investigated in this study. It is expected that such TM concen-
tration dependencies are unique and differ in range with
different TMs and, by consequence because of their specificity of
developed surface properties, also vary with the PVG analyte
target; a TM most suitable for one PVG analyte may exhibit
completely different performance characteristics with a different
analyte, as attested to in the PVG literature.

Use of specific combinations of added TMs leading to
unique synergistic impacts on PVG efficiencies is also readily
rationalized by recognizing that bimetallic NPs can distinctively
enhance catalytic properties for radical production as compared
to those of their monometallic constituents."*****'* They would
also be expected to exhibit diverse catalytic effects on different
PVG analyte systems due to specific surface adsorption
phenomena, consistent with observations in the PVG
literature®**** and in the general field of catalysis wherein
small alterations to bi- or multi-metallic catalyst composition
may significantly change desired performance.'****

The addition of Cu(u) to formic acid significantly increases
the yield of H, (¢f. Fig. 10) whereas the opposite occurs in the
acetic acid system [decreasing both CH, (Fig. 13) and H,
(Fig. 15)]. It has been reported that (photolytically generated)
precursor radicals can be captured by suspensions of TM NPs in
aqueous media, leading to their reduction and formation of
long-lived NP-(CH3), and NP-H, surface species.”>”**** Adsorp-
tion of H' onto the Cu® NP surface fosters their desorption as H,
in a classical heterogeneous catalytic mechanism, thereby
accounting for the enhanced H, production. In acetic acid,
additional reactions may occur due to the presence of "CH; and
a much smaller population of H" (possibly arising from
photolysis of HCOOH impurity) to make this matter more
complicated. Co-adsorption of ‘CH; and H" would lead to
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production of a small increase in CH,; and a substantial
decrease in H, production due to the excess “CHj in this system.
Despite this, an overall decrease in CH, generation may be arise
due to reaction of adsorbed 'CH; with adjacent water molecules
to produce CH3;OH. Post photolysis thermal reactions of
generated radicals in the acetic acid system are more varied
than in formic acid.

In this adsorbed state, a variety of reactions, including those
with adsorbed CO,, may proceed to yield acetic acid with
a concurrent reduction in generation of CH,, H, and C,He.*** It is
acknowledged that the cited publication (ref. 132) refers to a non-
aqueous thermal reaction, but the principle reactions may still
occur in the PVG system and would, moreover, be dependent on
the TM NP composition and hence reflect the variable impact of
the different TMs (and their combinations) examined in this
study. Clearly, interpreting the impact of TMs via the LMCT
model cannot account for any of the above observations.

In an effort to present a visual summary of the results,
a chemometric analysis of the relative impact of the addition of
each TM mediator on each measured gas in both acid media
was attempted. Hierarchical Cluster Analysis (HCA), an unsu-
pervised pattern recognition chemometric tool, was performed
using MetaboAnalyst 6.0 software (freely available at https://
www.metaboanalyst.ca) to highlight any patterns that may be
present. Uncorrected HS concentrations generated for each
gas in the presence and absence of added TMs represented
the sample input data. The gas concentrations were
normalized, using auto-scaling, by which the data were
centered on their mean divided by its standard deviation in
each carboxylic acid. Such data pre-processing was necessary to
ensure that all samples were accorded the same weight in
subsequent treatment. After pre-processing, the (Euclidean)
distances amongst the samples (original single point “clusters”)
were calculated and interconnected using a Ward D linkage
algorithm based on minimum variance when merging clusters.
Fig. 17 summarizes the results wherein concentrations are re-
flected as colors (the deepest red representing highest while
deepest blue reflects the lowest) and the horizontal and vertical
lines comprise the dendrograms, ie., summaries of the
distance matrix. It is evident that the HCA treatment readily
identifies which added TM has had the greatest impact on
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Fig. 17 HCA results depicted as a "heatmap” (Euclidean distances for clustering algorithm using Ward D methodology). AA: 5% (v/v) acetic acid;
FA: 5% (v/v) formic acid; element and number designations represent added transition metal mediator to the PVG medium at the indicated

concentration in pug mL™%.
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relative generation of a given gas compared to photolysis of the
“unspiked” 5% (v/v) acid system. As examples, in a 5% (v/v)
formic acid medium, FA Cu20 (ie., 20 pg mL~" Cu®" added)
revealed greatest impact on the generation of elevated concen-
trations of CO compared to its effect on the other gases;
however, the highest concentration of H, was obtained using FA
Co0100, and for CO,, FA Cd20 is unique. Turning to the 5% (v/v)
acetic acid system, it is clear that greatest increase in concen-
tration of CH, occurs in the presence of 100 ug mL " added Co,
i.e., AA Co100. Most significant is that overall, the impact of
each added TM is unique for each gas in each acid and no
clusters can be identified.

Conclusions and future studies

A complementary and novel approach to the usual direct
observation of the impact of added TMs on the synthesis yields
of PVG target analytes is presented here based on their effects
on changes in the relative concentrations of generated H,, CO,
CH, and CO, as stable end products of photolysis. Reducing
radicals currently envisioned as responsible for analytical PVG
processes ("H, €aq) » CHs, CO," ") are also precursors to these
gases along with CO, permitting use of this new tool for such
investigations. A photocatalytic mechanism mediated by
homogeneous co-generation of TM/TMO nanostructures has
been proposed which may more comprehensively account for
their reported analytical effects than is possible via LMCT
processes, particularly the notable selectivity accompanying
improved PVG efficiencies of specific analytes.

In contrast to frequent high and robust vapor generation
efficiencies for numerous analytes, oxidation of formic and
acetic acids (and corresponding radical production) appears to
be very inefficient. Despite use of state-of-the-art flow-through
photoreactors, overall oxidation does not exceed 1% under
typical operating conditions. However, with the low concentra-
tions of analytical targets (~100 ng mL '), generation of a 10*-
fold excess molar ratios of active radicals can readily account for
high synthesis efficiencies of targeted metals and halogens.

The overall impact of added TMs likely derives from
a combination of enhanced reaction rates arising from the in
situ formation of (photo)catalytic TM/TMO structures coupled
with an acknowledged background of LMCT reactions, both
contributing to increased production of reducing radicals.
However, very substantially increased synthesis yields of
analytical targets amounting to more than an order of magni-
tude, and those exhibiting a synergistic response to specific
combinations of added TMs, can more likely be attributed to
the intervention of in situ generated catalytic surfaces.

Hou and colleagues® noted that whereas CdSe, CdTe and
CdS nanocatalysts were each able to catalyse the PVG generation
of Se(CH3), from Se(vi), ZnS was distinctly inactive. This led to
the conclusion that the metal centre of the SC catalyst (i.e., Cd)
is key to successful use. This supports the high specificity of TM-
NP-target analyte interactions. Clearly, significantly more work
is required to investigate the impacts and actual mechanisms
arising from addition of TMs to PVG systems. For comparison,
the most common SC TMO in use, TiO,, should be examined for
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its influence on the profiles of generated stable gases. Building
on the work of Amal et al.,'* and the purported mechanisms of
action revealed for reduction of Se(vi), it would be of interest to
determine in what manner this catalyst and its metal decorated
forms perturb the stable gas profiles. Interestingly, these may be
significantly altered in the presence of TiO,.”"*** Dey et al.'*
reported that, in addition to the usual H,, CO and CO, arising
from photolysis of formic acid, a small yield of CH, was also
detected and putatively accounted for by chemical reduction of
CO,. Although Gao and colleagues® suggested that a synergistic
interaction was evident for PVG of Te when iron was added to
a mixture of acetic and formic acids containing TiO,, more
likely TM NPs of reduced Fe were sequestered onto the existing
catalyst surface to alter its Fermi level and provide for a more
efficient reducing environment consistent with the character-
istics of such a “decorated” catalyst.

The influence of solution pH was not examined in this study.
Considering that pH is one of the most effective variables
influencing not only the degree of ionization of the carboxylic
acids, but the electrical charge characteristics of possible cata-
Iytic surfaces and thereby their affinity for adsorption of species,
it may play a critical role governing the action of resultant TM-
NPs and should be examined in detail as it may also influence
the growth and lifetime of the NPs.

Potential losses of detected gaseous products of PVG may
arise as a result of their precursor radical constituents partici-
pating in various competitive parallel thermal reactions. This
was shown to be the case for methanol, which induced a small
negative bias in detected CH, concentrations in photolysed
acetic acid and was implicated in potential loss of CO by
formation of acetaldehyde during photolysis of formic acid. The
concentration profiles of such water miscible products under
various experimental conditions, notably in the presence of
added TMs, need to be examined to more comprehensively
expand the scope of this study to more rigorously account for
any additional loss mechanisms for CO as well as CH, and H,
proposed earlier in the presence of Cu’.

It would be of interest to contrast the results of this study
with those obtained using a non-ozone generating low pressure
photoreactor, precluding vacuum UV output and limited to
wavelengths >254 nm, to ascertain whether the same trends are
evident. Such a study is also interconnected with an evaluation
of interference effects arising from TMs and whether any
resulting NPs formed serve to enhance or mitigate interferences
such as those due to nitrate/nitrite.

In this connection, these gas studies should be augmented
with results generated from aerated and deoxygenated systems.
This aspect is not currently controlled during PVG, despite
being a potentially significant variable that may contribute to
analytical PVG interference alleviation as well as alteration of
the profile of gas production due to changes in the mechanisms
of photolysis itself, as reported by Dey et al. during a study of
TiO, mediated photolysis of formic acid."*

Lastly, and likely of most immediate importance to the
present discussion, more effort directed to detection and char-
acterization of proposed TM/TMO species utilizing microscopic
and optical techniques such as TEM, dynamic light scattering

J. Anal. At. Spectrom., 2025, 40, 70-97 | 91


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ja00261j

Open Access Article. Published on 30 October 2024. Downloaded on 1/22/2026 3:48:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

JAAS

(DLS),”** asymmetric flow field-flow fractionation with multi-
angle light scattering (AF4-MALS)"* and (nano)particle tracking
analysis (NTA)"® are needed in order to more convincingly
underpin the foundations of this model. TEM imaging is
potentially influenced by sample preparation techniques and is
done off-line, typically via evaporation of a small volume of the
photolysed sample onto a supporting grid, inviting the possi-
bility of post-photolysis NP growth and nucleation (or even their
dissolution) or interference from simple crystallization of the
concomitant excess TM salt. DLS, on the other hand, can be
readily configured for continuous on-line examination of the
effluent from the GLS in real time, without operator intervention,
providing particle size and distribution data in the range 1-
1000 nm. NTA further provides information on particle size
distribution in the range 10-1000 nm and number density of
typically 10°~10° cm . To place this latter metric into perspec-
tive, if an added 50 pg mL™' Co(u) concentration is under
investigation and assumed to be quantitatively transformed into
10 nm particles during photolysis, the resultant number density
would be 1 x 10" cm . Provided only 10 °% fraction was so
formed, this would still be within the particle density range for
NTA detection. As discussed earlier, although SP-ICP-MS may
appear to be an ideal tool for such investigations, the current lack
of any results supported by this technique may simply point to
insufficient detection power if the responsible nanoparticles
prove to typically be <10 nm in diameter.

Apart from the proposal that TM NPs are strongly implicated
in the action of TM-mediated PVG, no description of an explicit
mechanism by which this occurs has been advanced herein,
aside from arguments suggesting that the analytical target ion
or carboxylate complex is likely involved in order to account for
the high specificity of effect with different TMs. Such mecha-
nisms are beyond the scope of this work and need to be eluci-
dated, but guidance may be drawn from the increasing
literature devoted to metallaphotocatalysis of TMs under visible
light to foster numerous organic reactions”'*® as well as
a better understanding of the influence of metals used for
catalyst decoration on available reactive electron species.'** In
this connection, the influence of reaction wavelength requires
attention, as initially investigated by Hou and colleagues for the
limited case of PVG of Se wherein the attributes of a laser driven
light source were highlighted as an ideal tool for this purpose.™*’

As with earlier complementary tutorials on PVG,** this
contribution bears a significant shortcoming in that it has
neither proved nor disproved any proposed fundamental
mechanisms. However, it aspires to provide a potentially more
coherent framework with which to rationally approach the
subject of TM-mediated PVG while hopefully enticing interested
researchers and experts from complementary disciplines to
conduct further investigations of many of the intriguing facets
presented herein which will contribute to the continuing
advancement of this field.
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