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EXPERIMENTAL SECTION 

Details on instrumentation. Sample solutions were introduced in a flow-injection (FI) mode 

into a stream of the reaction medium with the aid of an injection valve (0.5 mL sample volume). 

Delivery at an arbitrary flow rate to the photoreactor was undertaken using a peristaltic pump 

(Reglo Digital, Ismatec) which was also used to evacuate waste from the gas-liquid separator 

(GLS). All connecting tubing was made of PTFE (i.d. 1 mm) with the exception of the Tygon 

pump tubing. The high-efficiency flow-through photoreactor was a 19 W low-pressure mercury 

discharge lamp (Jitian Instruments Co., Beijing, China) internally fitted with three efficiently 

irradiated lengths of synthetic quartz tubing (total volume 0.72 mL) as well as two short quartz 

segments on either end of the photoreactor (≈0.25 mL) which serve as exterior inlet and outlet 

sample connection ports; these segments are not efficiently irradiated. The effluent was mixed 

with a flow of Ar carrier and directed to the GLS (15 mL internal volume), as described 

elsewhere.1,2  

Previous publications dealing with PVG or CVG of metals and metalloids1-7 demonstrated that 

“wet plasma" conditions created by simultaneous pneumatic nebulization (PN) of a carrier 

liquid containing an internal standard (IS) into the spray chamber are highly advantageous for 

detection of generated volatile species. More robust conditions in the ICP are created and this 

setup permits the monitoring/correction for any sensitivity drift due to changes in the plasma or 

interface transmission efficiency by means of the response changes noted for the nebulized IS. 

Furthermore, direct determination/estimation of the overall PVG efficiency by means of 

comparison of measured sensitivities obtained with FI-PN and FI-PVG is conveniently enabled. 

The outlet of the GLS was connected via PTFE tubing (2 mm i.d. x 40 cm long) to an ultrahigh 

matrix introduction port (UHMI, originally intended for online dilution of aerosols of samples 

with high salt content) of an Agilent 8900 ICPMS/MS that is placed downstream of the spray 

chamber and attached to the vertically oriented quartz tube exiting the spray chamber. 

Subsequent to this point, the quartz transport tube is angled to 90° (depicted in Figure 1 as a 

dashed line) and directs the aerosol to a horizontally positioned torch. This option was preferred 

to passing the gas phase from the GLS through the spray chamber (chilled to 2 °C, used in our 

previous papers on Mo and W)1,3 to avoid any potential losses of unknown volatile species of 

Ru. This new configuration (in comparison to a standard HMI inlet attached to the horizontal 

transport tube) does not pose a danger of extinguishing the plasma due to liquid droplets that 

condense in the transport tube connecting the GLS because such droplets are directed down 

into the spray chamber due to gravity.    
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Optimal plasma settings of the Agilent 8900 triple quadrupole ICPMS for coupling with PVG 

are summarized in Table S1. A standard tuning procedure was conducted daily to check the 

sensitivity of the instrument. This was followed by further tuning while concurrently operating 

with both PVG and PN. The transient FI signals were exported to, and integrated with, MS 

Excel and corrected for any sensitivity drift relative to changes in the added 103Rh IS signal 

intensity. 

Table S1. Typical ICPMS (Agilent 8900) parameters for coupling with PVG  

RF power 1550 W 

RF matching 1.3 V 

Sampling depth 8.0 mm 

Nebulizer Ar 970 mL min–1 

Makeup Ar 0 mL min–1 

Carrier Ar for PVG 200 mL min–1 

ICPMS peristaltic pump flow 0.1 rps (0.30 mL min–1 carrier liquid, 0.06 mL min–1 IS) 

Spray chamber temperature 2 °C 

Reaction/collision cell mode No gas or He (4.1 mL min–1) 

Acquisition mode Time-resolved analysis 

Scan type Single quad 

Measured isotopes (dwell time, s) 101Ru (0.1), 102Ru (0.1)a, 103Rh (IS, 0.05), 104Ru (0.1)a  
a either 102Ru or 104Ru measured, total dwell time always kept 0.25 s 

 

Conventional PN-ICPMS/MS equipped with an Agilent SPS 4 autosampler was employed for 

the comparative determination of Ru in real water samples and to evaluate LODs for 

comparison with FI-PVG-ICPMS. The gas flow and MS settings are summarized in Table S2.   

 

Table S2. ICPMS/MS parameters for conventional PN sample introduction 

RF power 1550 W 

RF matching 1.2 V 

Sampling depth 8.0 mm 

Nebulizer Ar 600 mL min–1 

Dilution Ar (UHMI) 550 mL min–1 

ICPMS peristaltic pump flow 0.1 rps (0.30 mL min–1 carrier liquid, 0.06 mL min–1 IS) 

Spray chamber temperature 2 °C 

Reaction/collision cell mode No gas, He (4.1 mL min–1), O2 (40% ≈ 0.4 mL min–1) 

Acquisition mode Spectrum (5 replicates) 

Scan type Single quad (no gas and He mode), MS/MS (O2 mode) 

Measured isotopes (dwell time, s)a 101Ru (0.2), 102Ru (0.2), 103Rh (IS, 0.1), 104Ru (0.2)  
a measured as RuO+ and RhO+ ions (+16 m/z) in MS/MS mode using O2 in the reaction cell 
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RESULTS AND DISCUSSION 

Optimization of Ar carrier flow rate. This parameter was first optimized without added 

sensitizers to establish conditions for efficient transfer of the volatile species to the ICP from 

the photoreactor. For this experiment, the gas stream leaving the GLS was mixed with an 

additional flow of Ar (not shown in Figure 1) before it was introduced into the UHMI port. 

Special care was taken to keep the total gas flow to the plasma the same, so as to not influence 

conditions in the plasma or alter sampling depth. The nebulizer Ar was reduced to 570 mL 

min−1, which enabled studies of carrier Ar up to 600 mL min−1 (≈ 1170 L min–1 in total). No 

significant effect of carrier Ar on peak area sensitivity for a 40 µg L–1 Ru3+ sample was evident 

in this range. (Note: absolutely the same behavior was also confirmed with 200 ng L–1 Ru3+ 

under the chosen optimal PVG conditions, i.e., 8 M HCOOH, 1.4 mL min–1 sample flow rate, 

addition of 10 mg L–1 Co2+ and 25 mg L–1 Cd2+ ions as sensitizers). This suggests an efficient 

release and stability of the gaseous analyte regardless of the PVG conditions. A 200 mL min–1 

flow of Ar was selected for further experiments as it also provided smooth and repeatable FI 

signals. 

PVG conditions with sensitizers – effect of HCOOH concentration and sample flow rate. 

The effect of HCOOH concentration in the presence of 10 mg L–1 Co2+ and 25 mg L–1 Cd2+ 

added as sensitizers is shown in Figure S1. 

 

Figure S1. Influence of HCOOH concentration on peak area response from a 0.5 mL volume 

of 0.5 µg L–1 Ru3+ using 10 mg L–1 Co2+ and 25 mg L–1 Cd2+ as sensitizers and a sample flow 

rate of 1.4 mL min–1. Uncertainties expressed as SD are in some cases sufficiently small that 

they cannot be discerned from the data points. 
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The effect of the sample flow rate measured with 10 mg L–1 Co2+ and 25 mg L–1 Cd2+ added as 

sensitizers is displayed in Figure S2. 

 

Figure S2. Effect of sample flow rate (reaction medium: 8 M HCOOH, 10 mg L–1 Co2+ and 

25 mg L–1 Cd2+) on peak area response from 0.5 mL volume of 0.2 µg L–1 Ru3+. Uncertainties 

expressed as SD are in some cases sufficiently small that they cannot be discerned from the 

data points. 

 

Experiments verifying the efficiency of the GLS. The decline in sensitivity at flow rates 

˃1.5 mL min–1 may be in principle caused by either lower efficiency of the gas-liquid separation 

process of the volatile species in the GLS, or due to insufficient irradiation of the sample. 

Several experiments were conducted to examine the efficiency of the GLS. The GLS was 

operated in such way that no liquid comprising the sample was maintained in the GLS (the 

PTFE tube for waste removal was moved to the bottom of the GLS). This led to no significant 

change in response using sample flow rates of either 1.4 mL min–1 or 2.4 mL min–1 compared 

to the case when 2 mL of the reaction medium was typically maintained. Subsequently, the 

GLS was equipped with a porous frit at the bottom and 10 mL min–1 of Ar gas was introduced 

through it to mechanically enhance the release of volatile species by “sparging”. Only a slight 

improvement in sensitivity (by ≈8%) was obtained with this setup for both sample flow rates. 

Hence, it seems that the efficiency of the GLS at higher flow rates is not a significant issue, 
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suggesting that the majority of the volatile species is released to the gas phase before entering 

the GLS, i.e., mainly within small bubbles of CO, CO2 or H2 gas evolving inside the 

photoreactor or after mixing with carrier Ar in the short transfer line to the GLS. The former 

suggestion is supported by the fact that no effect of carrier Ar on the release of volatile species 

was observed (see Section “Optimization of Ar carrier flow rate” in Supporting Information). 

The observed decline in sensitivity at sample flow rates ˃1.5 mL min–1 is thus most probably 

accounted for only by insufficient irradiation of the sample. 

Interferences. 

 

Figure S3. Relative effects of added inorganic compounds on PVG of 0.5 mL volume of 

0.2 µg L–1 Ru3+ in 8 M HCOOH containing 10 mg L–1 Co2+ and 25 mg L–1 Cd2+ as sensitizers. 

Uncertainties expressed as combined SD are in some cases sufficiently small that they cannot 

be discerned from the data points. 
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Table S3. Influence of various co-existing ions on Ru determination (0.2 µg L–1) examined 

by FI-PVG-ICP-MS 

Interferent 

concentration 

(µg L–1) 

Recoveries (%)a in the presence of the interferent 

Mn2+ Fe3+ Cu2+ Zn2+ Mo6+ As3+ Se4+ 

10 101 ± 4 98 ± 2 99 ± 2 101 ± 2 98 ± 2 99 ± 2 99 ± 2 

100 100 ± 2 99 ± 2 100 ± 2 99 ± 2 98 ± 2 95 ± 3 89 ± 1 

1,000 98 ± 2 99 ± 2 108 ± 3 100 ± 3 100 ± 1 62 ± 2 42 ± 1 

10,000 99 ± 3 102 ± 2 117 ± 1 102 ± 2 
104± 3b 

96 ± 2c 
16 ± 1 25 ± 1 

a uncertainty expressed as combined SD. 

b insufficient removal of 100Mo1H+ interference with the collision cell (He flow 4.1 mL min–1) 

or tailing interference from spectral overlap of adjacent 100Mo+.  

c after correction to blank measurement at m/z 101; recovery of 95 ± 2% measured also at m/z 

102 without any correction. 

 

Brief remarks on PVG mechanism. UV-vis absorption spectra of various reaction media were 

obtained over a range of HCOOH concentrations (0.01, 0.1, 1 and 8 M) without and with the 

addition of 10 mg L–1 Co2+ and 25 mg L–1 Cd2+) and without and with 10 or 20 mg L–1 Ru3+.  

The spectra of solutions prepared with 0.1 M HCOOH and referenced to DIW are displayed in 

Figure S4. As evident, significant absorption by HCOOH occurs at wavelengths below 260 nm. 

No absorption band can be ascribed to a synergistic effect of added Co2+ and Cd2+ ions and 

HCOOH because the spectra obtained without and with 10 mg L–1 Co2+ and 25 mg L–1 Cd2+ 

appear identical (black and red dashed lines). This was also confirmed by the measurement of 

spectra of metals prepared in 0.01 M HCOOH referenced against 0.01 M HCOOH. Addition of 

Ru3+ to the reaction medium resulted in the appearance of significant absorption bands having 

maxima at around 460 nm, 375 nm, and 265 nm that increased with Ru3+ concentration but 

were not influenced by the presence of Co2+ and Cd2+ ions (compare green and blue dashed 

lines) and did not appear to show any association with formate as the spectra in this region were 

similar to that for Ru3+ in DIW (orange line in Figure S4).  
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Figure S4. UV-vis absorption spectra of various reaction media prepared using 0.1 M HCOOH 

referenced against DIW with or without addition of Ru3+. 
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