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Simultaneous determination of Cl, Br and | by aerosol-assisted photochemical vapor generation (PVG) with
detection by inductively coupled plasma mass spectrometry (ICP-MS) was investigated. The photoreactor
comprised a modified cyclonic spray chamber fitted with a central UV source for irradiation of
pneumatically generated sample aerosol. A systematic evaluation of variables was conducted, focusing
on achieving compromise optimal PVG conditions suitable for simultaneous Cl, Br and | generation. By
using a sample medium comprising 1% v/v acetic acid containing 20 mg L™! Cu?* as mediator, the signal
intensities for Cl, Br and | were enhanced by 3-, 40- and 30-fold, respectively, compared to those
obtained by conventional pneumatic nebulization (PN). LODs of 4.2 ng mL™% 6.3 pg mL™* and 1.9 pg
mL~! were achieved for Cl, Br and |, respectively, with corresponding estimated overall PVG efficiencies
of 10, 99 and 90%. In addition to the halides, halate species, ie., ClOs~, BrOsz~ and 103~, were also
examined, but poor PVG efficiencies (lower than 5%) were encountered. However, addition of 20 mg L™*
SO~ to the generation medium enhanced response for BrOs~ and 103~ achieving similar values to
those obtained from Br~ and |I~. The impact of NOs~ (as both HNOs and KNOs) and NH4OH on
generation efficiencies was also investigated. The method was tested by the successful simultaneous
determination of total Cl, Br and | in a variety of certified reference materials (CRMs) digested by
microwave-induced combustion (MIC), including NRCC DORM-5 — Fish Protein, NIST SRM 1632c -
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1 Introduction

Chlorine, bromine and iodine are present in a wide variety of
food, biological, clinical, industrial and environmental
samples. Their concentration range and chemical species
define the benefits or toxicity for humans, their impact on the
environment, as well as use in industry.* Chlorine is considered
an essential element for humans (as Cl™) and has an important
role in living cells and is often present at high concentrations in
most samples. High concentrations of CI”™ in water can cause
corrosion or clogging of metallic pipes and even at trace levels
may damage device fabrication in the electronics and semi-
conductor industries.>* Bromine is present at trace levels in the
human body, but its role remains uncertain. While some
benefits have been demonstrated, such as in the development
of tissue and collagen structure,* or as an antiepileptic agent,®
bromine can competitively reduce iodine accumulation in the
thyroid and skin when present at high levels, in addition to
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Coal, NIST SRM 1515 — Apple Leaves and NIST SRM 1549 - Non-fat Milk Powder.

increasing iodine excretion by the kidneys.® Iodine is a micro-
nutrient essential for human metabolism, crucial to synthesis
of thyroid hormones. Its deficiency or excess exposure can
induce a range of disorders, including hypo- or hyperthy-
roidism, as well as other clinical abnormalities.”

It is clear that routine determination of CI, Br and I in
a variety of matrices is essential, requiring analytical techniques
capable of addressing trace level concentrations. Several tech-
niques have been used, including ion chromatography (IC) with
conductivity detection,®'® gas chromatography mass spec-
trometry (GC-MS),"*** X-ray fluorescence spectrometry
(XRF),**** high-resolution continuum source atomic absorption
spectrometry (HR-CS-AAS),"*** inductively coupled plasma
optical emission spectrometry (ICP-OES)'*° and inductively
coupled plasma mass spectrometry (ICP-MS),**** among
others.” Of these techniques, ICP-MS is particularly noteworthy
due to its superior limits of detection (LODs)." However, several
shortcomings impair halogen detection by ICP-MS, including
their high ionization potentials (12.9, 11.8 and 10.5 eV for Cl, Br
and I, respectively) with consequent low degree of ionization,
severe memory effects, and potential spectral interferences
from both sample matrix concomitants and typical plasma ions
(e.g., 'O™O'H", *%Ar"°Ar'H" and “°Ar'’Ar'H* generating
isobaric interferences on *°Cl, 7°Br and ®'Br, respectively).

This journal is © The Royal Society of Chemistry 2025
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Furthermore, the poor sample nebulization efficiency (typically
2-3%) provided by conventional pneumatic nebulization (PN)
further limits potential LODs."**

To overcome some such shortcomings, use of photochemical
vapor generation (PVG) for analyte introduction has been the
focus of significant research over the past two decades.
Production of volatile analyte species induced by UV photolysis
of aqueous solutions typically containing added low-molecular-
weight organic acids (e.g., acetic acid), has been successfully
utilized for the determination of numerous metals and non-
metals, including the halogens.****”

Iodine is recognized as the halogen most readily amenable to
PVG.”** In the presence of 5% v/v acetic acid and under UV-C
irradiation, an estimated generation efficiency of 94% is ach-
ieved,” yielding a 40-fold enhancement of the LOD compared to
that obtained by PN. PVG methodology was validated through
analysis of several different sample matrices.”® In another study,
the ethanol content in alcoholic beverages was used to produce
radicals through UV irradiation, thereby enabling direct
photochemical generation of iodine, enhancing sensitivity 64%
over that arising from PN.** Photochemical generation of Br was
successfully achieved from a 2% v/v acetic acid solution con-
taining 3 mg L' NH4Cl. The NH," ions were hypothesized to
serve as electron scavengers, enhancing PVG efficiency to yield
a 17-fold improvement in the LOD compared to that with PN,
and a generation efficiency of 95%. Determination of Br in
IRMM BCR-611 (Low Level Bromide in Groundwater), NIST SRM
1568b (Rice Flour), and SRM 1632 (Bituminous Coal) reference
materials was successfully demonstrated.*

PVG of Cl” is not possible based on the conditions utilized
for I" and Br . Under UV-C irradiation, photochemical trans-
formation of X~ (X = Br or I) occurs via a charge transfer-to-
solvent process (CTTS), resulting in the formation of a cage
complex comprising X" and solvated electrons (e (q). Subse-
quently, X" interacts with H;C" arising from the photolysis of
acetic acid present in solution, generating volatile CH3X.*®
Emission from the UV source, limited to 185 nm, cannot excite
a CTTS process for chloride due to its short UV absorption line
(177.6 nm). However, a metal-ion assisted/mediated PVG reac-
tion can be successfully conducted.” Prior studies have
demonstrated their impact in enhancing PVG efficiencies of the
halogens, including the use of added Cu** for F, Cl and Br,>3>%
Co”* for Br*? and Fe®* for Cl and Br.>*** The added metal ions
alter the mechanism of the reaction by formation of a Cu-X
complex (X = Cl or Br), which can be excited by UV-B (longer
wavelength) to undergo an efficient ligand-to-metal charge
transfer process, yielding X' to permit subsequent formation of
CH,;X.*>% Using 1% v/v acetic acid and 7.5 pg g~ ' Cu™", a 74-fold
enhancement in sensitivity for CI~ was obtained compared to
PN.”> For Br, generation efficiencies of 92% and 94% were
achieved using a flow-through lamp (emitting at 185 and 254
nm) and a simple germicidal lamp (emitting at 254 nm),
respectively, from a 2% v/v acetic acid medium in the presence
of 10 mg L™ Cu®".** Generation of volatile CI~ and Br~ (in
addition to F~) species was also reported from a simple copper
acetate solution, resulting in their effective PVG from a so-called
“organic acid-free” medium.*”
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Typically, PVG hardware comprises a photoreactor and
a tandem gas-liquid phase separator (GLS) to ensure efficient
release of generated volatile species from the irradiated liquid
medium, which are then directed to the detection system by
a carrier gas.”® This setup has been used in most of the afore-
mentioned studies of halogen generation, wherein the photo-
reactor is a high efficiency flow-through low pressure mercury
discharge lamp emitting both 254 and 185 nm Hg lines.
Nevertheless, other photoreactors have been shown to be well-
suited for PVG systems, including simpler germicidal lamps.
Of particular interest for this study is a relatively unexplored
combined UV-assisted spray chamber®® introduced nearly two
decades ago, consisting of a standard cyclonic spray chamber
modified to accommodate a central UV-C pen lamp. In addition
to the absence of any perturbation to operation of the spray
chamber using conventional PN sample introduction, this
photoreactor offers the advantage of a direct ICP-MS compatible
assembly that simplifies PVG operation.

The sparse number of studies using the UV-assisted spray
chamber®®**%%% js likely linked to a number of significant
shortcomings inherent to the system, such as the elimination of
the gas-liquid phase separation feature which serves to mini-
mize introduction of sample matrix (a notable advantage of
vapor generation techniques), the relatively brief analyte resi-
dence time within the spray chamber, yielding UV irradiation
times on the order of only 3 s, and the need to generate a fine
aerosol, which limits solution uptake rates and eliminates the
advantages of high vapor flux processing (i.e., solution flow
rates limited to <1 mL min '). While potential detrimental
matrix effects impacting the photochemical reactions and
analyte detection by ICP-MS can be mitigated by various means,
such as simple sample dilution, use of reaction/collision cells,
reliance on internal standards and application of isotope dilu-
tion, or the employment of an appropriate sample preparation
method,* the limited irradiation time represents an inherent
constraint that must be overcome through reliance on opti-
mized PVG conditions. Noteworthy in this context is that the
interaction between analytes, reducing species and UV radia-
tion within aerosolized microdroplets generated by PN could
potentially accelerate the kinetics of photochemical (and other)
reactions,**** thereby offsetting the detrimental impact of short
irradiation times.

The purpose of the present study was to develop a suitable
method for the simultaneous determination of chlorine,
bromine and iodine by aerosol-assisted PVG-ICP-MS using the
convenience of a UV-assisted spray chamber. A systematic
evaluation of PVG conditions was undertaken, focused on
identifying suitable compromise conditions. The resultant fit-
for-purpose methodology was demonstrated through the anal-
yses of a variety of certified matrix reference materials (CRMs)
digested by microwave-induced combustion (MIC).

2 Experimental
2.1 Instrumentation

A schematic diagram of the PVG system used in this work is
illustrated in Fig. 1. The photoreactor consisted of a 50 mL
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Fig.1 Schematic of the PVG-ICP-MS system.

internal volume water-jacketed cyclonic spray chamber (Glass
Expansion, Australia) in which the standard waste removal line
was adapted to accommodate a 6 W Analamp mercury UV-C
source emitting at 254 and 185 nm (model 81-1057-51, BHK
Inc., Canada).®® Sample solution was delivered at 1 mL min ™"
through a glass concentric nebulizer (Meinhard, USA) via
a peristaltic pump. As the vertical dimension of the photo-
reactor was larger than the stand-alone spray chamber, its direct
coupling to the base of the injector torch necessitated use of
a short ball-and-socket glass transfer line (length of 20 cm and
i.d. of 5 mm). This line was maintained at 70 °C through the use
of a heating tape in order to prevent moisture condensation. All
measurements were undertaken using an Elan® DRC II induc-
tively coupled plasma mass spectrometer (PerkinElmer-Sciex,
Canada) fitted with conventional Ni sampler/skimmer cones.
The ICP-MS operating conditions are summarized in Table 1.

A Multiwave 5000 microwave sample preparation system
(Anton Paar, Austria) was used for sample digestion by MIC. The
microwave system was operated at its maximum power,
temperature and pressure of 1500 W, 280 °C and 80 bar,
respectively. The system is equipped with eight high-pressure
quartz vessels each of 80 mL internal volume. Commercial
quartz sample holders (Anton Paar) were used to accommodate
sample pellets for combustion.

Table 1 Operating parameters for the determination of Cl, Br and | by
PVG-ICP-MS

Parameter ICP-MS

RF power, W 1300
Nebulizer gas flow rate, L min " 1.15

Auxiliary gas flow rate, L min " 1.1

Plasma gas flow rate, L min ™" 17.5

Sample flow rate, mL min~" 1.0
Measurement mode Peak hopping
Dwell time, ms 50

Replicates 5

Isotopes monitored, m/z 33cl, 7Br, 8'Br, I
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All statistical evaluations and data manipulation were per-
formed using GraphPad InStat software (GraphPad InStat Inc,
Version 3.06, 2007); confidence levels of 95% were accepted.

2.2 Reagents, standards and certified reference materials

Ultrapure water obtained from a Milli-Q Advantage system (18.2
MQ cm, Millipore Sigma, USA) was used for preparation of all
working solutions. Both ACS-grade (=99.7%, Fisher Scientific,
Canada) and TAMA Pure AA-100 (TAMA Chemical Inc., Japan)
acetic acid were used. Ammonium hydroxide, ACS grade (28 to
30%), was obtained from Fisher Scientific (Canada). For MIC
procedures, a 3.0 mol L™ solution of NH,NO; was prepared
from its respective salt (Merck, Germany) and used as the
combustion igniter. Oxygen (99.5%, White Martins, Brazil) was
used to pressurize the digestion vessels to 20 bar. Small discs of
filter paper (15 mm diameter, about 12 mg) with low ash
content (Black Ribbon Ashless, Schleicher and Schuell, Ger-
many) were used to aid the combustion process. The filter paper
was previously cleaned with ethanol (Merck, Brazil) for 20 min
in an ultrasonic bath, rinsed with water and dried in a class 100
laminar bench (CSLH-12, Veco, Brazil) before use. Nitric acid
(Fisher Scientific, Canada), in-house double-distilled by a sub-
boiling system, and potassium nitrate (Anachemia Chemicals,
Canada) were used to evaluate potential interferences from
NO; . Sodium sulfite (Caledon Laboratories Ltd., Canada) was
evaluated for reduction of ClO;™, BrO; and 105 species.

Stock solutions of 1000 mg L™ of CI~, Br~ and I were
prepared by dissolving their sodium salts (Anachemia Chem-
icals, all analytical-grade) in ultrapure water. Additionally, stock
solutions (1000 mg L") of ClO;~, BrO;~ and I0;  were
prepared by dissolving potassium chlorate, sodium bromate
and sodium iodate (Anachemia Chemicals, all analytical-grade),
respectively, in ultrapure water. These reagents were dried at
105 °C in an air convection oven for 2 h and cooled in a desic-
cator prior to gravimetric preparation of individual nominal
1000 mg L™" stock solutions. Working solutions were prepared
daily by diluting the stock solutions with appropriate concen-
trations of acetic acid.

This journal is © The Royal Society of Chemistry 2025
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A stock solution of nominal 5000 mg L™' of Cu”" was
prepared by dissolving a high-purity copper wire certified
reference material (NRC CRM HICU-1, 99.999%, National
Research Council, Canada) in 30% v/v double-distilled nitric
acid. In order to minimize the final NO;~ concentration, the
copper solution was carefully evaporated in a class 100 clean
hood and the salt reconstituted with 1% v/v acetic acid.

Four certified reference materials (CRMs) were selected to
evaluate the performance of the proposed procedure: NRCC
CRM DORMS-5 Fish Protein (National Research Council Canada,
Canada), NIST SRM 1632c Coal, NIST SRM 1515 Apple leaves
and NIST SRM 1549 Non-fat milk powder (National Institute of
Standards and Technology, USA). In accordance with their
certificates, dry weight corrections for moisture content were
determined by drying separate subsamples of each material at
60 °C in a conventional oven (Nova Etica, Brazil) until constant
weight was achieved. For MIC digestion, samples were pressed
for 3 min into pellets (diameter of 13 mm) using a hydraulic
press (Specac, UK) set at 5 ton.

2.3 Analytical procedures

2.3.1 Optimization of PVG-ICP-MS parameters. A multiel-
ement solution was used for tuning the ICP-MS, as recom-
mended by the manufacturer. Subsequently, optimized RF
plasma power and nebulizer gas flow rate parameters were
determined using PN and set to 1300 W and 1.15 L min *,
respectively, for detection of **Cl, "°Br, ®'Br and '*’I. For all
evaluations throughout this study, a sample flow rate of 1
mL min~" was maintained.

Unless otherwise specified, optimization of the PVG param-
eters was conducted using multielement test solutions con-
taining 5 mg L' Cl, 10 pg L " Br_ and 2 pg L' ' I to ensure
adequate precision of measurement. These same concentra-
tions were used when experiments with ClO; ™, BrO; ™ and 103~
species were undertaken. As the purpose of this work was to
develop a method for simultaneous determination of Cl, Br and
I using PVG sample introduction, all parameters were evaluated
using both individual and mixed solutions of the analytes to
ascertain whether cross-element interactions influenced their
generation. For the PVG parameters, the effect of the acetic acid
concentration in the range 0.25 to 10% v/v and of the amount of
added Cu®" mediator (in range from 5 to 100 mg L") were
evaluated. Potential interferences induced by NO; ™ present in
the range 1 to 100 mmol L™ (as HNO; or KNO;) and by NH,OH
(0.1 to 200 mmol L") on PVG efficiencies were also investi-
gated. Use of SO;>~ for the reduction of ClO;~, BrO;~ and 10;~
was examined in the range 5 to 100 mg L™ " in 1% v/v acetic acid
containing 20 mg L™* Cu*".

2.3.2 Sample preparation. MIC was used for sample prep-
aration of solid samples following procedures based on
previous reports.*»** Nominal 200 mg sample pellets were
weighed and transferred to quartz holders containing filter
paper discs moistened with 50 uL of 3 mol L' NH,NO; igniter
solution. The quartz holders were then inserted into quartz
digestion vessels previously charged with 6 mL of 50 mmol L™*
NH,OH which served as the absorber medium. After closing the

This journal is © The Royal Society of Chemistry 2025
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vessels and placing them in the rotor, they were pressurized to
20 bar with oxygen and submitted to microwave irradiation at
900 W for 5 min. The digests were quantitatively transferred to
volumetric flasks after being cooled to room temperature, and
diluted to 25 mL with ultrapure water.

2.4 Safety considerations

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

3 Results and discussion

3.1 Optimization of PVG conditions using acetic acid and
Cu* as ion mediator

Preliminary investigations were devoted to evaluation of the
signals arising from PN of an aqueous multi-standard solution
generated in the physical presence and absence of the UV pen
lamp. No statistical differences between signal intensities were
detected (¢ test, 95% confidence level). Furthermore, all exper-
iments performed during method optimization were also
undertaken using both single and mixed solutions of the
halogens with any differences being less than 10% (data not
shown). Thus, results obtained based on a multi-standard
solution were used for all subsequent studies.

An acetic acid medium is commonly used for PVG of the
halogens as the production of water-soluble acids (HX) and
poorly volatile species (C,H5X) impairs the use of formic and
propionic acids, respectively.>***" Acetic acid was thus solely
evaluated as the generation medium in this study.

Fig. 2 illustrates the time evolution of signal profiles ob-
tained from solutions containing 5 mg L™ Cl~, 10 pg L™" Br~
and 2 ug L ' 1™ in 1% v/v acetic acid (dotted lines without Cu**
and solid lines with 20 mg L™* Cu®"). Conventional PN inten-
sities are recorded for 50-60 s before the UV lamp is powered on
and serve to illustrate the reference signals arising in the
absence of photochemical processes. As evident in Fig. 2A, there
is no difference in the steady-state Cl™ signal intensity obtained
in only acetic acid whether the aerosol is subjected to UV irra-
diation or not (compare dotted line intensities before and after
the lamp is powered on). As noted earlier, the short UV
absorption line of C1™ (177.6 nm band maximum) precludes its
overlap with any emission lines from the UV source and hence
no photochemical reaction develops. For Br~ and I, enhance-
ment factors of 5- and 30-fold are evident in Fig. 2B and C,
respectively, when the UV lamp is powered on. Although the UV
pen lamp emits at 185 nm, the poor overlap with the absorption
band maximum for Br™ (i.e., 197.8 nm), and the relatively short
irradiation time (approximately 3 s) in the spray chamber, limits
the extent of photochemical reactions leading to CH;Br gener-
ation. Iodine is the most readily responsive halogen for PVG as
its absorption band maximum is at 226 nm. Its 30-fold signal
enhancement factor is in agreement with that reported in
previous studies.**?*

J. Anal. At. Spectrom., 2025, 40, 1754-1766 | 1757
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Fig. 2 PVG-ICP-MS response from a multi-element solution of (A)
5mg L' Cl~, (B)10 ug L™* Br~ and (C) 2 ug L~ I~ in 1% v/v acetic acid
(dotted line) and 1% acetic acid containing 20 mg L™ Cu?* (solid line).
A 5% v/v NH4OH solution was used to rinse the system to minimize
carryover.

The presence of Cu”* has earlier been shown to enhance the
PVG efficiency for C1™ and Br™.>** It is clear from Fig. 2A and B
that when the UV lamp is powered on, PVG responses for Cl~
and Br~ are enhanced 3- and 40-fold, respectively. No additional
PVG enhancement is evident for I” in the presence of Cu**
(Fig. 2C) because CH,l is already efficiently generated from the
1% v/v acetic acid medium. The impact of added Cu®** on PVG
response from Cl™ is significantly lower than that earlier re-
ported by Hu et al? (74-fold; 43-fold normalized to 1.0
mL min~"), highlighting the consequence of the brief aerosol
UV irradiation time within the spray chamber (=3 s) compared
to that in a flow-through lamp (45 seconds at a sample flow rate
of 1.7 mL min ™).

Noteworthy is that in all cases, PVG signal intensities
increase the moment the solution is irradiated, but it is evident
that this occurs at different rates for each halogen. A
pronounced spike occurs for I and was attributed to the
intense irradiation of species adsorbed on the cool UV pen lamp
surface prior to powering it.>® This spiking was not evident if the
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UV lamp was permitted to stabilize for 20 min before analytical
measurements were recorded, supporting this supposition. For
reasons unknown, the spike was only observed when Cu>" was
present in the solution. Signals for Br~ and Cl™ increased more
slowly, possibly a result of the warming of the UV lamp leading
to temporally increasing intensities of the shorter 185 nm UV
radiation required to effect PVG of these elements.*

Optimization studies were conducted to evaluate the effect of
varying concentrations of acetic acid and Cu** on PVG response;
results are shown in Fig. 3 and 4 for processing multielement
solutions. Optimal response for Br~ was obtained using 0.25%
v/v acetic acid, whereas 1% v/v was evident for CI~ and I".
Higher concentrations led to a notable decrease in all signals,
possibly due to spectral shadowing in the presence of this
absorber, leading to a decreasing depth of penetration of short
UV photons into the liquid medium at higher concentrations of
acetic acid.” A concentration of 1% v/v acetic acid was selected
as a compromise for further evaluation.

Fig. 4 shows that addition of increasing concentrations of
Cu®" enhances the response for Cl~, demonstrating its crucial
role as a mediator for CH;Cl generation.” Highest signal
intensity for Br~ was obtained in the presence of 10 mg L™*
Cu”", and no significant decline in response occurred even at
concentrations exceeding 20 mg L' (maximum signal
suppression at 100 mg L™ Cu®" was about 10%). The intensity
of the signal for I” obtained with 5 and 10 mg L™" Cu®" was only
15% higher than that generated in its absence, indicating that
Cu”®" may also serve to slightly enhance PVG efficiency of I~
when using an aerosol-assisted process, kinetically compen-
sating for the reduced UV exposure time. At 20 mg L~ Cu>",
response from I was identical to that observed using only 1% v/
v acetic acid. On the other hand, a remarkable decrease was
noted with higher Cu®>* concentrations, suggesting that it may
interfere with the generation of CH;I due to a possible further
spectral shadowing effect (i.e., decrease in photon penetration
depth). As such, 20 mg L™ Cu®" was selected as the optimal
compromise concentration for further evaluations, based on
a sacrifice in response from I" due to its intrinsically higher
generation efficiency.

-
(=3
=

®
=]

=)
=4

'S
<

Normalized response, %

(54
=

=

Acetic acid concentration, % v v

Fig. 3 Effect of acetic acid concentration (in the presence of
20 mg L™ Cu?*) on the normalized response from a multi-element
solution containing CI™ (5mg L%, -lk=), Br~ (10 pg L™, —&—) and I~
(2 ug L%, --@--). Error bars presenting the standard deviation (n = 3)
are typically buried within the signal marker.
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Fig. 4 Effect of Cu?* concentration (in the presence of 1% v/v acetic
acid) on the normalized response from a multi-element solution
containing Cl™ (5mg L%, -flk=), Br (10 ug L™, —e=)and I~ (2 pg L2,
---@---). Error bars presenting the standard deviation (n = 3) are typically
buried within the signal marker.

No memory effects were evident following rinsing of the
system with 5% v/v NH,OH for 2 min between samples.
However, it is noteworthy that use of the rinse solution resulted
in a slower recovery of the Cl signal intensity compared to its
more rapid stabilization achieved when the system had not
been previously exposed to NaOH, as shown in Fig. 5. This may
be attributed to the time required for the interior surface of the
spray chamber to become equilibrated with the sample (cf:
Section 3.3, consistent with interferences from NH,OH on PVG
of C17). Data acquisition was thus started following a minimum
2 min of sample introduction or until a signal precision better
than 2% for all analytes was attained.

3.2 Interferences during simultaneous PVG of halogens

Development of a method for simultaneous PVG of multiple
elements is a challenge, especially considering halogens and
their species specific generation efficiencies.” Although HNO; is
less commonly used for solubilization and stabilization of

Sample
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Time, s
Blank solution
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Fig.5 Effect of the 5% v/v NH4OH rinse solution on the signals from 2
ng L1 1~ (solid black line), 5 mg L™t Cl™ (dashed black line) and 10 pg
L~ Br~ (dotted gray line) in 1% v/v acetic acid + 20 mg L™* Cu?*. Note
that 5% v/v NH4OH was introduced as a rinse between the successive
replicate sample introductions.
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halogens, its effects can be problematic and must be investi-
gated. The photolysis of NO;~ generates multiple oxidizing
species that consume reductive radicals (eq)~, H" and R") that
are often required for the PVG process.*® In this context, the
influence of both NO;~ (a possible concomitant present in
sample digests) and NH,OH (a common solution selected for
halogen extraction in several matrices) were evaluated.

Firstly, the influence of NO;~ on the photochemical gener-
ation of CI, Br and I was undertaken using HNO; present at
concentrations ranging from 1 to 500 mmol L™ in a medium of
1% acetic acid and 20 mg L' Cu®". As illustrated in Fig. 6A, C1~
demonstrated good tolerance up to 500 mmol L' HNO;, with
only 7% signal suppression. PVG of Br~ was affected at HNO;
concentrations exceeding 100 mmol L™, with a notable 53%
suppression at 500 mmol L™'. On the other hand, the addition
of only 5 mmol L™" HNO; led to a 14% reduction of the I~
signal. These findings differ from those of previous studies*** in
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Fig.6 Effects of NOs~ added as HNOs (A) or KNOs (B), and NH,OH (C)
onPVGof 5mg L™ ClI™ (-4-), 10 pg L™ Br~ (~4#-)and 2 pg L™ I~
(--#--). Secondary ordinate represents solution pH (.). Error bars
presenting the standard deviation (n = 3) are typically buried within the
signal marker.
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which CI™ and Br~ generation efficiencies were reduced even in
the presence of 15 mmol L' HNO, (Cu®" was used as mediator
in both cases) using a flow-through lamp as the photochemical
reactor. The brief residence time within the UV-assisted spray
chamber must be considered a possible factor in mitigating the
effects of HNO; on their generation efficiencies. When selecting
the sources of NO;™ it is important to consider that the prepa-
ration of the Cu®" solution from high purity copper involved its
dissolution in 5% v/v HNO;, yielding a 3 mmol L' HNO;
concentration in the working solutions (20 mg L™ Cu®"). At this
concentration, a negligible effect of HNO; on the generation of
Cl™ and Br™ is expected. However, the higher susceptibility of I™
to the presence of HNO; required evaporation of the Cu>*
solution to near dryness and its subsequent reconstitution in
1% v/v acetic acid to readily avoid this source of interference.

The presence of higher concentrations of HNO; also
decreases the pH of the test solutions (@) in Fig. 6A). To assess
the isolated impact of NO;™ ions, further information was ob-
tained by examining interference from NO;~ derived from
KNO; (Fig. 6B). The effect of NO;~ was significantly more
pronounced in the form of added KNO; compared to that for
HNOs;. Even at a concentration of 1 mmol L™' KNOj, severe
interference was evident (ie., 11% suppression for I").
Comparing the effects of the two sources of NO;~ (HNO; and
KNO;) suggests that the pH of the solution plays a significant
role in PVG of the halides. As expected, addition of KNO; to the
reaction media had no impact on solution pH. Minimizing
excess H' through use of KNO; instead of HNO; may reduce
formation of H" which may lead to “unproductive” generation of
XH species, reducing analyte response.

The performance of the developed PVG methodology was
examined by the analysis of various matrix CRMs subjected to
prior MIC digestion (Section 3.6), utilized in an effort to mini-
mize residual nitrate. As NH,OH is used as the absorbing
solution, its impact on subsequent halide generation was
investigated (Fig. 6C). Solutions of 1% v/v acetic acid and
20 mg L' Cu** containing NH,OH ranging from 0.1 to
200 mmol L™" were examined. As with HNO;, the pH of the
solutions is strongly influenced by the NH,OH concentration. At
200 mmol L', the pH was higher than 8, and the solution
exhibited a light blue color. At alkaline pH, Cu®** forms
a Cu(OH), precipitate, even at low concentrations of NH,OH.
Excess NH,OH forms a dark blue [Cu(NH;),]** complex.¥ A
substantial decrease in ClI- PVG signal (the halide most
dependent on the added Cu®") occurs in the presence of 5 mmol
L' NH,OH (pH 3). Also dependent on Cu>*, PVG response for
Br~ is suppressed in solutions containing more than 25 mmol
L' NH,OH. In the case of PVG of I", which efficiently occurs
even in the absence of Cu**, suppression was evident only in the
range of 200 mmol L™' NH,OH and likely due to uncharac-
terized effects on the photochemical reactions that occur under
alkaline conditions.

3.3 PVG of ClO; 7, BrO;™ and 103 species

Photochemical reactions involving chlorate (ClO;™), bromate
(BrO;) and iodate (IO; ) anions present some Kkinetic
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limitations, resulting in different generation rates when
compared with their corresponding halides.*® The impact of
these species on their PVG using the UV-assisted spray chamber
was investigated using earlier optimized conditions (i.e., 1% v/v
acetic acid + 20 mg L™ Cu®"). Poor generation efficiencies for all
the investigated halate species arise, with only 3- and 2-fold
enhancements obtained for BrO;~ and I0;~ compared to their
conventional solution PN, whereas chlorate provides no PVG
response. Although prior studies have reported higher genera-
tion efficiencies for C10;™,> BrO; ™~ (ref. 31 and 32) and 10;~,**
the majority have employed a flow-through lamp providing
a significantly longer irradiation time than that possible in the
UV-assisted spray chamber, highlighting the slow kinetics of
their stepwise photochemical reactions. Additionally, the
previous studies comprising PVG of I from 10, did not employ
any metal mediator, which functions as an interference in this
case. This is evidenced in Fig. S3 (ESIt), wherein no difference
was observed for the signals obtained for I" and IO;™ in the 1%
v/v acetic acid medium whereas a significant decrease occurs for
10, in the presence of 20 mg L™" Cu*".

The potential use of UV/SO;*> -based advanced reduction
processes (ARPs) has been widely explored for the degradation
of a range of environmental contaminants, including BrO; ™ .***
Under UV irradiation, SO;>~ and HSO;  give rise to the
formation of epq), H" and SO;™ " radicals. In addition to the
generation of successively reduced Br species from BrOz;~
(bromite, hypobromite and bromide) mediated by ey~ and H’,
H,SO; and HSO; ™ may also be involved in BrO; ™ reduction, as
illustrated by eqn (1)-(5).*®

BI‘O37 + HQSO3 s 8037' + BrO, + H,O [1)

2BrO, + HSO;™ + H,0 — 2HBrO, + SO,*~ + H' (2)

ZBI'OZ + H20 - HBI'02 + BI'O3_ + H+ (3)
HBrO, + HSO;~ — HOBr + SO,*~ + H' (4)
HOBr + HSO;~ — Br~ + SO,* + 2H" (5)

Noteworthy is that Br~ and SO,>~ are the final products that
remain following the treatment of BrO;~ by UV/SO;>". Although
not yet studied, it is reasonable to hypothesize that such reac-
tions may also apply to ClO;~ and IO;~ species. Thus, the
potential of SO;>" as an adjuvant for the generation of methyl
halides from their halate forms (either with the addition of Cu**
or not) was investigated. The impact of UV/SO;>~ treatment on
PVG of C17, Br~ and I" species was concomitantly evaluated to
ensure that no new interferences were encountered.

As can be seen in Fig. S1-S3 (ESIf), the presence of
100 mg L™ " SO;>~ in a 1% v/v acetic acid medium did not affect
signals from CI™ and Br™, but a detrimental effect on PVG of I
and I0;~ was clear. Significant suppression of PVG response for
all the halides was encountered when SO;*~ was present in
solutions also containing 20 mg L' Cu®". On the other hand, an
enhancement in generation efficiency from BrO; ™~ and I0;~ was
achieved in the presence of added SO;>, resulting in signal
intensities comparable to those observed for Br~ and I .

This journal is © The Royal Society of Chemistry 2025
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Unfortunately, response from ClO;~ remains essentially unal-
tered despite the presence of added SO;>.

The influence of the concentration of SO, added to the
acetic acid/Cu®" generation medium was evaluated over a range
from 1 to 100 mg L~ with the objective of seeking an optimal
condition exhibiting minimal suppression effects on the
halides in conjunction with the greatest enhancement in PVG
response for the halates. Results are presented in Fig. 7.

In the case of ClO;~, a maximum 16% signal increase was
achieved in the presence of 20 mg L™ SO;>~ (Fig. 7A). Although
degradation of ClO,  via a ClO;  intermediate to ultimately
yield Cl~ is feasible with bulk radiolysis,*® use of SO;>" is
apparently not efficient for the rapid reduction of ClO;~ when
using the UV-assisted spray chamber. It was also evident that
the baseline for *°Cl in the presence of 100 mg L™" SO~
increased about 3-fold, likely due to the generation of a **S'H"
polyatomic ion.
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Fig. 7 Influence of the SOs%~ concentration on PVG response from:
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Generation efficiency is significantly enhanced for BrO;™ in
the range 5 to 50 mg L™ " of added SO5>~, providing a response
similar to that obtained with Br~ (Fig. 7B). Furthermore, the
addition of SO;>~ did not interfere with generation of Br™ up to
a concentration of 50 mg L™ ". In the presence of 100 mg L "
S0;>7, 40% and 30% signal suppressions occurred for Br~ and
BrO; ™, respectively.

Maximum response from I0;~ was obtained using 20 mg L™"
of SO,>" (differing by 20% compared to the signal obtained
from I, Fig. 7C). At concentrations exceeding 40 mg L™" SO;>",
a decline in signal intensity was observed for both I species.

Although enhanced PVG generation efficiencies achieved for
BrO,~ and I0;” in an acetic acid/Cu®*'/SO;*>~ medium render
the PVG-ICP-MS methodology a feasible approach for the
determination of total Br and I in samples wherein both their
halide and halate species may be present, this approach
remains entirely unsatisfactory for total Cl. Noteworthy from
Fig. 7 is that at a SO;>~ concentration of 50 mg L™ it would
appear that each of the tested halates is converted to the cor-
responding halide to provide the same response for both
species, albeit at an overall suppressed response in each case.

3.4 Figures of merit

Figures of merit for the halides, summarized in Table 2, were
evaluated under optimized compromise conditions employing
a solution of 1% v/v acetic acid containing 20 mg L~" Cu** as the
PVG medium. Comparative performance metrics with conven-
tional sample PN are also presented. Calibration curves for both
PVG and PN sample introduction were constructed in the ranges
0.1to7.5mgL " for CI~, 0.1to 20 ug L™ " for Br~ and 0.01 to 5 pg
L~ for I, resulting in coefficients of determination (R*) higher
than 0.999 for all elements using either sample introduction
system. The PVG method demonstrated an approximate 3-, 40-
and 30-fold increase in sensitivity for CI7, Br~ and I, respectively,
compared to PN. This resulted in similar enhancements in their
limits of detection (LODs). Although the net sensitivity for Br~ at
m/z 81 was indistinguishable from that observed at m/z 79, the
elevated background from the rising edge of #'Ar,H" and from the
tail of °Ar** resulted in 4-fold degradation in the LOD for ®'Br and
elevated signal intensities evident for both PN and PVG blanks.

The relatively high blank levels for the halides present in the
acetic acid used in this study compromises the achievable LODs
when employing PVG methodology. Method blanks (arising
from PVG matrix constituents) corresponded to concentrations
of 0.18 mg L™" for *>Cl, 0.24 pg L™" for "’Br and 0.03 pg L™ " for
71, In an effort to reduce their magnitude, TAMA AA-100
ultrapure acetic acid was tested. Although a reduction of
approximately 40% in the blank value for I" was achieved,
a significant contamination for Br~, estimated at 30 pg L™,
persisted. Furthermore, no difference in blanks were evident for
Cl” compared to the ACS-grade acetic acid. Thus, given the
demands for achieving simultaneous determination of the
halides using this method, the ACS-grade acetic acid was
retained for application to subsequent analyses.

Overall efficiencies (generation and transport) were esti-
mated following an analysis of the residual CI, Br and I content
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Table 2 Figures of merit for Cl™, Br~ and |~ obtained using aerosol-assisted PVG-ICP-MS from a generation medium of 1% v/v acetic acid

containing 20 mg L™ Cu?*

35Cl 79Br SlBr 127I
Parameter PVG PN PVG PN PVG PN PVG PN
Sensitivity? (x10~°) 1.2 0.37 0.25 0.007 0.25 0.007 3.5 0.11
Blank, cps 21500 16 500 6000 4000 31500 32400 8800 4900
LODb, pg mL ™! 4200 9500 6.3 270 27 1300 1.9 30
Precision®, % 5 4 2 3 3 2 3 3
PVG efﬁciencyd, % 10 + 3 — 99 + 2 — 99 + 2 — 90 + 3 —

“ slope of the calibration function, expressed as cps ppm " for Cl and cps ppb ™" for Br and I. > LOD = 3s/m, where m is the slope of the calibration
function and s is the standard deviation of ten replicate measurements of the 1% v/v ACS-grade acetic acid + 20 mg L' Cu** blank. ° Relative
standard deviation of measurement of 10 consecutive samples containing 5 mg L™ for CI, 10 pg L™" for Br™ and 1 pg L' for I in 1% v/v
ACS-grade acetic acid + 20 mg L™! Cu®". ¢ PVG efficiency, estimated from an analysis of the residual Cl, Br and I in the waste solution carefully
collected from the UV-assisted spray chamber following sample irradiation.

in the waste solution carefully collected from the UV-assisted
spray chamber. Once a steady-state signal for a solution con-
taining 5mg L ' Cl7, 10 pg L ' Br,and 2 pg L' " in 1% v/v
acetic acid and 20 mg L' Cu®" had been achieved, the gener-
ated waste was collected and re-analyzed by PVG-ICP-MS.

Sample introduction efficiency achieved with PN was esti-
mated to be between 2-3% using a mass balance difference
between that of solution uptake and waste recovery. For PVG,
the 10 + 3% efficiency estimated for CI™ is improved relative to
PN but notably lower than the earlier reported value of 80%
obtained using a flow-through lamp as the photoreactor,*
highlighting the importance of the sample irradiation time on
PVG synthesis of CH3Cl (approximately 3 s within the UV-
assisted spray chamber vs. 45 s within the flow-through lamp).
Despite this, the LOD achieved for CI™ can be considered fit-for-
purpose (4.2 pg L), providing a wide range of applicability due
to the often-elevated chlorine concentrations typically found in
many different types of real samples.

Efficiencies of 99 + 2 and 90 + 3% estimated for Br~ and I,
respectively, represent a significant improvement over standard
PN introduction and are consistent with those reported in
previous studies, in which both the flow-through lamp and the
UV-assisted spray chamber were employed.”**> These results
indicate that the short sample irradiation time with the UV-
assisted spray chamber does not impair the generation effi-
ciency of these two elements.

PVG efficiencies for the generation of Cl, Br and I from their
respective halates were no better than 5% in the absence of
added SO; . As discussed earlier, addition of 20 mg L™" of SO;~
to the generation medium enhanced efficiency for BrO;~ and
10;~ without affecting response from Br~ and I". As a result, 40-
and 26-fold increases in sensitivity compared to conventional
PN sample introduction were obtained for Br and I detection
following their generation from BrO;  and 103~ using 1% v/v
acetic acid containing 20 mg L' Cu®** and 20 mg L™" SO;*".
This resulted in an overall PVG efficiency of 99 &+ 1% for BrO;™
and 86 + 2% for 10;~. As noted earlier, use of SO;*~ did not
prove efficacious for ClO;

Precision of measurement was reflected in the relative
standard deviation of the mean signals derived from 10

1762 | J Anal. At. Spectrom., 2025, 40, 1754-1766

consecutive samples containing 5 mg L™" Cl~, 10 ug L™" Br~
and 1 pg L' I". Results are in the range of 2 to 5% for both the
PVG and PN analyte introduction approaches.

A short justification of the relatively high flow rate for PVG
sample introduction used in this study is warranted at this
point. Although plasma-based analyses are often developed
with low flow applications in mind, which are beneficial to
sample consumption and alleviation of issues relating to matrix
deposition on interface components, the highest sample flow
rate consistent with generation of a stable aerosol is desirable
for PVG work. Aerosols permitting efficient photolysis reactions
on a short time scale and rapid separation of synthesized ana-
Iyte from the liquid phase to enhance product transport to the
plasma are desirable since signal response is proportional to
flow rate (all other conditions being satisfied), yielding optimal
analytical metrics.

3.5 Simultaneous determination of total Cl, Br and I in real
samples by aerosol-assisted PVG-ICP-MS

Application of PVG-ICP-MS for the analysis of real samples often
remains a significant challenge due to severe interferences
induced by common reagents used for their preparation,
particularly HNO;. For the determination of the halogens, the
use of MIC has been widely explored due to a number of
attractive factors, including the elimination of the risk of their
loss as volatile HCl, HBr and HI, rapid sample throughput,
capacity to digest relatively high sample masses, enhanced
digestion efficiencies (yielding digests with low residual carbon
content), and the low blank levels achieved through the use of
dilute reagents or even water as the absorbing medium.“**
These characteristics render MIC particularly appealing as
a sample preparation method for subsequent halogen deter-
minations by PVG-ICP-MS. The methodology developed herein
was thus evaluated by analysis of four different CRM matrices
digested using MIC: NIST SRM 1515 (Apple Leaves), NIST SRM
1549 (Non-fat Milk Powder), NIST SRM 1632c (Coal), and NRCC
CRM DORMS-5 (Fish Protein).

The use of alkaline reagents as absorber solutions is rec-
ommended for the quantitative recovery and stabilization of
halogens following MIC, and dilute solutions of NH,OH are

This journal is © The Royal Society of Chemistry 2025
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Table 3 Results” for total CL, Br and | in CRMs by aerosol-assisted PVG-ICP-MS

cl Br I
Sample?, pg g ! Determined Certified value Determined Certified value Determined Certified value
NIST SRM 1515 564 £ 12 582 £ 15 1.77 £ 0.12 1.8 0.318 £ 0.010 0.3
NIST SRM 1549 1.02 £ 0.03° 1.09 £ 0.02° 12.1 £ 0.9 12? 2.84 £ 0.08 3.38 £ 0.02
NIST SRM 1632¢ 0.117 £ 0.002° 0.1139 + 0.0041° 16.2 £ 0.3 18.7 4+ 0.47 — —
NRCC DORM-5 14100 + 700 12 220° 52.6 £ 4.4 50.7" 7.13 £1.63 7.5 + 1.47

“ Values expressed for dry weight basis as mean = standard deviation, n = 3. * Information value. © Values expressed in % w/w. ¢ Reference value.

typically used for this purpose.** However, as discussed in
Section 3.3, NH,OH induces signal suppressions for PVG of C1 ™,
Br~ and I when present at concentrations above 5, 25, and
100 mmol L™, respectively. In this work, a 50 mmol L™* NH,OH
solution was used to absorb the analytes, giving rise to a final
concentration of 12 mmol L™' NH,OH in the prepared digests.
As a consequence of poor PVG of the analytes at such a NH,OH
concentration, a minimum final dilution factor of at least 4-fold
is required to ensure an interference-free response. Considering
the impact of nitrate on PVG, and the typical use of 6 mol L ™"
NH,NO; as the combustion aid for MIC, a final digest con-
taining 12 mmol L™ " NO;~ would be expected. This contributes
to significant interferences (Section 3.3). In an effort to mini-
mize the final NO;~ concentration, the NH,NO; igniter was
reduced to 3 mol L™ (providing a concentration of 6 mmol L™*
in the final sample digests). Despite the expected longer sample
ignition time required using 3 mol L' NH,NO; (vs.
6 mol L") effective combustion appeared evident for all
samples without significant undigested material or sample
residues. In this way, a maximum 4-fold dilution factor is
sufficient to mitigate interferences induced by both NH,OH and
NO; . Furthermore, dilution should not compromise the
quantification of the elements in the tested samples, given their
expected analyte concentrations and method LODs.

Analytical results are summarized in Table 3. Calibration
was accomplished against external matrix free multielement
halide standards prepared in the same PVG medium. With the
notable exception of iodine in NIST SRM 1549 (Milk powder),
there is generally good agreement between determined and
certified values (¢ test, confidence level of 95%) or information/
reference values for the halogens in these materials, supporting
the accuracy of the proposed method. Results for I in NIST SRM
1549 are biased significantly low compared to the certified
value. Subsequent studies were performed by adding 20 mg L ™"
SO;~ as a second mediator (data not presented in Table 3), but
similar results were obtained, indicating that the lower
concentration is not related to the presence of I0;~ endogenous
to the sample or arising from the MIC process. This finding was
consistent with the results of a previous study** reporting that
halate species are not formed during the MIC process. This
conclusion was further corroborated by subsequent analysis of
NRCC GSEA-1 (Ground Seaweed) CRM in the laboratory of the
authors at UFSM. Statistical agreement of results generated by
ion chromatography coupled to PN ICP-MS indicated the

This journal is © The Royal Society of Chemistry 2025

presence of only halide species, permitting its accurate quan-
titation against external halide-based standards.

Attention then focused on the earlier decision to minimize
the final concentration of NO;~ in the sample digests by
utilizing 3.0 mol L' NH,NO; as the ignitor for MIC instead of
the recommended 6.0 mol L™'. For NIST SRM 1549, values of
2.73 4+ 0.14 and 3.21 + 0.17 pg g ' were generated for I by
calibration with PN ICP-MS on samples prepared in 3 and
6 mol L™! NH,NO;, respectively, completely accounting for the
discrepancy with the certified value of 3.38 + 0.02 pg g .

4 Conclusion

A rapid, accurate, precise and simple method for the simulta-
neous determination of Cl, Br and I in real samples was devel-
oped based on use of a UV-assisted spray chamber as
photoreactor for PVG sample introduction and ICP-MS detec-
tion. Using Cu®" as mediator (in 1% v/v acetic acid medium),
LODs were enhanced 3-, 40- and 30-fold compared to conven-
tional PN for Cl™, Br™ and I", respectively. Most noteworthy is
that PVG efficiency for only Cl is severely limited by the short
sample irradiation time within the photoreactor as compared to
that with use of a flow through lamp. The generally high effi-
ciency may be supportive of recent findings regarding the
unique environments produced within microdroplets by
sample aerosolization, in which reaction rates may be acceler-
ated due to altered physical properties relative to the bulk
medium.**>** A full understanding of the impact of such an
environment on PVG reactions is currently unknown. In this
context, it may be instructive to undertake further studies to
elucidate the influence of the microdroplet environment on
these photochemical reactions by, for example, using means to
alter the droplet diameter distributions.

Although interferences from NO; ™ are inherent to many PVG
reactions and have impact even at low concentrations, they
could be minimized using the UV-assisted spray chamber. A low
solution pH may be beneficial in reducing the impact of NO;™
with this system. Also noteworthy was that the alkaline pH ob-
tained at concentrations of NH,OH higher than 5 mmol L™
significantly influenced PVG from halides, with a pronounced
decrease in response from Cl, possibly attributed to avail-
ability of free Cu** (due to formation of Cu(OH), or
[Cu(NH;),]*"). This affected PVG of Br~ to a lesser extent
whereas PVG of I was suppressed only at higher concentra-
tions of NH,OH (>100 mmol L™1).
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Photochemical generation of ClO; ™, BrO;~ and 103 intro-
duced unresolved issues with the use of the UV-assisted spray
chamber that could only be partly improved by addition of
SO, as a secondary modifier. Response from BrO;™ and 103~
ultimately achieved 40- and 26-fold enhancements in sensi-
tivity, respectively, compared to PN. This approach should prove
useful when both Br~ and BrO;™ or I and I0;™ are present in
the sample, enabling the use of the aerosol-assisted PVG-ICP-
MS as a detection technique when coupled with ion chro-
matographic separation for rigorous speciation analysis.
However, it is important to consider potential interferences
caused by SO;> on their PVG generation. Further investiga-
tions are required to improve the photochemical reduction of
ClO;~ in the presence of SO;>~, such as by use of a flow-through
photoreactor.

Despite the above identified difficulties, the determination
of total halogen content in samples subjected to sample prep-
aration by MIC yields results with fit-for-purpose accuracy for
a wide variety of sample matrices based on use of a simple PVG
medium. Fig. 7 suggests that in samples where halite species
are suspected, this methodology should still be capable of
accurate analyses of total halogen content in the presence of
SO;>~ atan added concentration of 50 mg L™ " if a loss of 50% in
generation efficiency can be tolerated.
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