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ABSTRACT   

Significant enhancements in the photochemical vapor generation (PVG) efficiencies of both 

Br- and BrO3
- species from a 2 % acetic acid medium occur in the presence of 10 mg L-1 Cu2+.  

Rapid and near quantitative synthesis of CH3Br from both Br- and BrO3
- is achieved using 

a 19 W flow-through photochemical reactor exposing the sample to intense 185 and 254 

nm radiation.  Additionally, for the first time, efficient PVG of Br- was achieved using a 

simple 15 W germicidal 254 nm lamp irradiating a sample flowing in a Teflon coil 

wrapped around this source. Evidence is presented for a H3C
• radical-Br• atom transfer 

reaction from a copper bromide complex to account for the high PVG efficiency wherein 

Cu2+ serves as a photocatalyst in both PVG systems. Experimental conditions were 

optimized for the ICP-MS detection of Br at m/z 79 and 81. Sample flow rates of 3 and 2 

mL min-1, yielding irradiation times of 14 and 60 s in the flow-through and germicidal 

photoreactors, respectively, provided 79Br limits of detection of 0.01 and 0.04 ng mL-1 

and precision of measurement of 2.5 and 4 % (RSD) at 1 ng mL-1, respectively. PVG 

efficiencies for Br- were determined to be 92 ± 5 and 94 ± 5 % for the flow-through and 

germicidal systems, respectively, whereas 76 ± 5 % was estimated for BrO3
- using the 

flow-through lamp. 

  

KEYWORDS:  Photochemical vapor generation; bromide; bromate; mechanism of 

PVG; interferences. 
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INTRODUCTION 

Bromine predominantly occurs as bromide in animals and is currently believed to 

be essential for tissue development and collagen structure.1 It is considered to have low 

toxicity2, but due to its presence in common foods (e.g., eggs, milk, processed meat, fish) 

and drinking water3–5, a daily bromine intake of 0-1 mg kg-1 (adult body mass) is 

recommended.3 Studies have indicated that excess exposure is associated with health 

disorders, particularly of the skin and blood.2 Major interest in bromine compounds stems 

from its use in hydraulic fluids, crude oil extraction, flame retardants in plastic materials, 

and photographic chemicals.6 

Inductively coupled plasma mass spectrometry (ICP-MS) has become one of the 

most utilized analytical techniques for quantitation of Br in real samples.7 Limits of 

detection (LOD) as high as the mg L-1 level have been reported due to low analyte 

introduction efficiency (~1-3%) associated with conventional pneumatic nebulization 

(PN) for sample introduction7,8 as well as poor ionization efficiency of Br in Ar-based 

plasmas (~5-10 %).8  Additionally, polyatomic species (38Ar40Ar1H+ or 40Ar40Ar1H+) and 

limited abundance sensitivity (40Ar40Ar+) may introduce significant background 

interferences on 79Br or 81Br.9 

Photochemical vapor generation (PVG) has proven to be an excellent means of 

enhancing sample introduction efficiencies for atomic spectrometric detection systems10 

providing, amongst other advantages, significant enhancements in detection limits and 

reduction of spectral interferences for some 20 elements.10 Iodine has been reported to be 

the halogen most readily amenable to PVG11–14, resulting in formation of a volatile alkyl 

compound (CH3I or C2H5I) synthesized in either CH3COOH or CH3CH2COOH media, 

respectively.15  Several different photochemical reactors, including a common germicidal 

low-pressure Hg discharge lamp wrapped with a PTFE or quartz coil through which the 

sample is pumped while being photolyzed (at the 254 nm emission line from Hg)11,12,14, 

and a UV spray chamber (source emitting at both 254 and 185 nm)12,13 to efficiently 

irradiate an aerosol of the sample, have been used for this purpose. This method was 

shown to enhance LODs up to 40-fold compared to conventional PN sample 

introduction12,13.   

Sturgeon16 subsequently reported PVG of Br (from both Br- and BrO3
-) provided a 

95 % analyte introduction efficiency into the ICP, yielding a 17-fold improvement in the 
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LOD compared to that using PN. Generation of CH3Br was undertaken in a 2 % (v/v) 

solution of CH3COOH using 3 mg mL-1 added NH4Cl to enhance efficiency.16 Direct 

photoexcitation of Br-
(aq) was assumed to arise as its absorption maximum occurs at 197.8 

nm (~20 nm bandwidth), which can be stimulated by the available 185 nm source 

irradiation line to yield a solvated cage complex comprising Br• and an electron (e-
(aq)) 

via a charge transfer-to-solvent process (CTTS).16–18 Prior to their recombination, Br• may 

react with H3C
• (formed during photolysis of CH3COOH in the bulk solution) to generate 

volatile CH3Br.16 The beneficial presence of NH4Cl was rationalized by assuming NH4
+ 

served to efficiently scavenge e-
(aq), minimizing recombination within the cage complex, 

although its role remains not completely transparent. In the case of Cl– and F–, their CTTS 

absorption bands lie too far into the UV to provide any significant excitation, even using 

the flow-through photoreactor, with the result that no useful yield of either element is 

obtained under these generation conditions.18  In both cases, however, the presence of 

added Cu2+ served as a “sensitizer” or photocatalyst to significantly enhance generation 

efficiencies.19,20  Although not examined with chloride, it was also reported that CH3F 

generation could be achieved using a simple germicidal lamp as the excitation source20, 

clearly demonstrating that the mechanism of formation is completely different from that 

invoked for both iodine and bromine and does not rely on a CTTS mechanism to liberate 

a free halide radical.21  

 These recent studies present significant evidence of the beneficial effect that Cu2+ 

exerts over the PVG process for halogens.19,20 To date, no studies have revisited the PVG 

of Br- to assess the impact of added Cu2+ or other transition metal ions on its vapor 

generation efficiency using either a conventional germicidal or flow-through low pressure 

mercury discharge-based photoreactor. Such a comparative study serves to further 

elucidate the PVG reaction mechanisms for halogens, including the role of added Cu2+, 

as well as ascertain the applicability of simpler photoreactors based on widely available 

germicidal lamps as opposed to the currently perceived need for expensive flow-through 

discharge lamps or unwieldy ozone generating (non-jacketed) UV sources. Simplification 

and reduction of cost of PVG reactors as well as use of photocatalysts will ultimately 

serve to enhance use and broaden applications with real samples. 

 

EXPERIMENTAL SECTION 
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The PVG generation system components and their connection to the ICP-MS are 

schematically illustrated in Figure 1. 

 

Detection system 

Detection of volatile bromine species was undertaken using an ELAN DRC II ICP-

MS (Perkin-Elmer Sciex, USA) operating in standard mode (i.e., no collision gas was 

admitted to the reaction cell) and fitted with conventional Ni sampler/skimmer cones. 

PVG analyte vapor emerging with the Ar carrier gas supplied to the GLS was directed to 

the base of the ICP torch via PTFE tubing terminating in a ball and socket glass joint. All 

other conduits in contact with the PVG products comprised thin-walled PTFE tubing. The 

dry plasma was sustained at 1150 W using 15 and 1.2 L min-1 Ar as plasma and auxiliary 

gas flows, respectively.  Both 79Br and 81Br isotopes as well as 65Cu were continuously 

monitored in peak hopping mode. Typical ICP-MS operating conditions are summarized 

in Table 1. 

Photoreactors 

Two photochemical reactors were evaluated for PVG. The first was a low-pressure 

19 W Hg discharge lamp (Beijing Titan Instrument Co. Ltd., Beijing, China) fitted with 

a synthetic quartz central channel (0.72 mL internal irradiated volume) through which 

sample was pumped to expose the analyte to both 185 and 254 nm radiation (herein 

referred to as a flow-through lamp). A second photoreactor was assembled from a 

conventional Hg low-pressure 15 W germicidal lamp (Spectroline, USA) which was 

wrapped with a 3 m length of 1.1 mm i.d. PTFE tubing (2.0 mL internal irradiated 

volume) through which the sample was pumped while being exposed to 254 nm photons. 

Sample solutions were propelled through the reactors at initially 3 mL min-1 via a 

Gilson Minipuls peristaltic pump (Mandel Scientific, Villiers, Le Bel, France), providing 

sample irradiation times of 60 and 14 s using the germicidal and flow-through lamp, 

respectively. The irradiated solutions were transported from the reactor to a glass thin-

film GLS sourced from a model 2600 Tekran Instruments Corporation mercury analyzer 

(Toronto, Canada). 

UV-vis spectra were acquired on test solutions (prior to- and post-photolysis) with 

a Cary 5000 UV-vis-NIR spectrometer (Varian Australia Pty Ltd., Mulgrave, Victoria) 

using a matched set of 1 cm path length quartz cuvettes for reference (2 % (v/v) acetic 
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acid blank) and sample compartments. Scans were undertaken from 190 - 600 nm at 100 

nm min-1 and data exported to Microsoft Excel for plotting of spectra. 

 

 

Reagents and solutions 

Subsamples of NaBr and NaBrO3 (Anachemia Chemicals Ltd., Quebec, Canada) 

were dried at 105 °C in an air convection oven for 2 h prior to gravimetric preparation of 

their 1000 mg L-1 stock solutions. ACS-grade glacial acetic acid (99.7 %) was sourced 

from Anachemia Chemicals (Quebec, Canada). Stock 5000 mg L-1 solutions of CuSO4 

(BDH Inc., Toronto), NiSO4
.6H2O, CoSO4

.7H2O (Baker Chemical Co., Philadelphia), 

FeSO4.5H2O, Ag2SO4, ZnSO4.7H2O, MnSO4.H2O and CdSO4
.H2O (Alfa Aesar) were 

individually made.  A solution of ammonium chloride modifier was prepared according 

to ref. 16.  All solutions were prepared in, and working solutions diluted with, high purity 

water (18 MΩ cm) generated in a Milli-Q Advantage system (Millipore Sigma, United 

States). 

 

Procedure 

 Initial tuning of the ICP-MS was undertaken using a multielement solution 

covering the full m/z range. This was followed by optimization of select plasma 

parameters for detection of both Br and Cu using standard PN sample introduction.  

Subsequently, the plasma was powered off, the nebulizer-spray chamber removed and the 

base of the ICP torch connected to the outlet of the GLS. A Brooks (model 5850) mass 

flow controller (Emerson Electric Co., Hatfield, PA) provided an optimized flow of Ar to 

the GLS for transport of volatile analyte to the ICP torch.      

Unless otherwise stated, test solutions contained 100 µg L-1 Br- or BrO3
-, 2 % (v/v) 

CH3COOH and 10 mg L-1 Cu2+ for evaluation of PVG performance using both 

photoreactors. Samples (3 replicates) were introduced into either photoreactor by 

manually pipetting a 300 µL volume of analyte solution into the uptake of the peristaltic 

pump delivery line bracketed between leading and following slugs of a solution of 2 % 

(v/v) CH3COOH. In this manner, sample irradiation time could independently and 

conveniently be controlled while maintaining a constant, optimized delivery rate of 

photolyzed sample to the GLS by simply stopping the delivery pump for desired time 

intervals once the total sample volume was in the photoreactor. Both peak height and area 
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measurement modes were evaluated to characterize the transient signal profile.  As better 

precision was obtained using peak height, this metric was used for quantitation 

throughout this study  The impact of various added transition metal ion sensitizers on 

PVG response was examined; that for Cu2+ was studied in detail covering the range 5-

100 mg L-1.  Optimization of typical PVG conditions was undertaken, including sample 

flow rates through both photoreactors, GLS Ar gas flow rate and the impact of NO3
- and 

NO2
- as potential interferences. The optimum 2 % (v/v) CH3COOH PVG medium used 

for generation was selected based on results from an earlier study.16  

 

RESULTS AND DISCUSSION 

 

Optimization of PVG conditions 

As noted above, an optimum concentration of  2 % (v/v) CH3COOH was adopted 

from a prior PVG study of Br.16  A brief verification using 1 and 2 % solutions of 

CH3COOH was nevertheless undertaken to evaluate any differences in both analyte signal 

and background (blank due to 38Ar2H
+ or 40Ar2H

+) intensities.  No significant changes 

were evident in background, but the CH3Br PVG intensity was ~10 % greater using 2 % 

CH3COOH.  

Selecting an initial fixed sample flow rate of 3 mL min-1, the Ar gas flow rate 

through the GLS unit was evaluated over the range 300 - 500 mL min-1 to determine its 

impact on analyte vapor transport efficiency to the ICP. At 300 mL min-1, phase 

separation of the CH3Br from the irradiated solution was determined to be optimal, i.e., 

42 % greater than at 500 mL min-1, at which sample dilution began to dominate and lead 

to decreased response. 

The critical impact of sample irradiation time on response from Br- and BrO3
- was 

individually examined with both photoreactors, in the presence of 10 mg L-1 Cu2+. A 

discrete 100 µL volume of 100 ng mL-1 Br- was manually loaded into either photoreactor.  

Once the entire volume of sample was rapidly introduced into the irradiated volume, the 

delivery pump was stopped for various periods of time to control the irradiation time. 

When the desired time was achieved, the irradiated sample was expelled to the GLS using 

a constant 1 mL min-1 flow rate.  Figure 2 shows the impact of irradiation time in the 

range 11-120 s for the flow-through lamp and 11-240 s for the germicidal lamp. An 

irradiation time corresponding to 0 s was conveniently achieved by powering off the 

reactor lamps. The shortest time available was determined by the length of time required 
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to deliver the complete volume of sample into the irradiation zone and pump it out, which 

for the flow-through lamp was 11 s. After 14 s exposure, response from Br- and BrO3
- 

achieved their highest values, with that from BrO3
- being ~68% relative to Br-. The 

shortest time available, i.e., 11 s, resulted in generation efficiencies 13 and 20 % lower 

than at 14 s for Br- and BrO3
-, respectively, indicating 11 s provided an insufficient 

irradiation time to complete the PVG process. Noteworthy is that PVG response from 

BrO3
- is inferior to that for Br-, in agreement with that reported by Sturgeon using an 

identical photochemical reactor but with NH4
+ as the modifier.16  This supports the 

kinetically limited sequential reduction processes that must occur before BrO3
- is reduced 

to Br-.18  For the germicidal lamp, a significantly longer irradiation time was needed to 

establish the maximum response from Br-, a reflection of the lower irradiance from the 

source lamp coupled with the lower transmission efficiency of 254 nm photons through 

the PTFE walls of the solution conduits.  Relative to the flow-through reactor, the 

response from Br- in this system was statistically the same.  

It is also clear from Figure 2 that there is no significant photodecomposition of 

CH3Br even at long exposure times in the germicidal reactor wherein optimal irradiation 

time can be achieved in 60-120 s.  Similar experiments undertaken with the flow-through 

photoreactor reveal photodecomposition of CH3Br at the longest exposure time examined 

(> 80 s), evidently a consequence of both the higher irradiance and shorter irradiation 

wavelength provided by this photoreactor design. Vapor generation from Br- and BrO3
- 

decreased by 40 and 24 %, respectively, at 120 s. 

The effect of sample flow rate on response from Br- and BrO3
- in the presence of 

10 mg L-1 Cu2+ was also undertaken with both PVG photoreactors.  The result reflects the 

convolution of the impact of irradiation time and efficiency of the GLS to deliver the 

volatile product to the ICP-MS. Ideally, a linear relationship is expected provided the 

efficiencies of both generation of CH3Br and its transport remain constant as flow rate 

changes. For the germicidal photoreactor, flow rates from 0.5 to 6.6 mL min-1 were 

evaluated (corresponding to UV irradiation times of 18 to 240 s), whereas 0.4 to 6 mL 

min-1 were examined with the flow-through reactor (irradiation times of 6.5 to 108 s). 

Signal response initially increased linearly over a relatively narrow range of flow rates up 

to 3 and 2 mL min-1 for the flow-through and germicidal lamp, respectively, beyond 

which a decline was evident in both systems.  With the germicidal lamp, it is clear from 

Figure 2 that an inadequate irradiation time causes a decrease in the response beyond 2 

mL min-1.  With the flow-through lamp, however, flow rates of up to 4 mL min-1 should 
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be tolerated as the resulting 11 s irradiation time still achieves optimal response.  As the 

irradiation time, intensity and wavelength are significantly different in the two 

photoreactors, it is likely that it is the efficiency of the GLS that is compromised at flow 

rates > 3 mL min-1.  

  This implies that below flow rates of 2 mL min-1, PVG generation/transport 

efficiencies are quantitative in both reactors for Br-. The behavior of BrO3
- is more 

complex, as noted earlier, since consecutive reduction reactions of Br(V) are kinetically 

slower for this species.16, 18 

 

Metal-ion assisted PVG 

Addition of 3 mg mL-1 NH4Cl to sample solutions was earlier reported to improve 

PVG response for Br- by 21-fold over that obtained in only 2 % acetic acid.16 More 

recently, the presence of Cu2+ was shown to significantly enhance the PVG efficiency for 

both F- and Cl-. 19,20   On this basis, several transition metals were evaluated for their 

impact on the PVG efficiency of Br- and BrO3
- using both photoreactors. Spikes of Cu2+, 

Ni2+, Fe2+, Co2+, Ag+, Zn2+, Mn2+ and Cd2+ were individually added to 2% CH3COOH 

solutions at a concentration of 10 mg L-1. PVG response to the presence of each of these 

sensitizers was compared to that from sample solutions containing 3 mg mL-1 NH4Cl, as 

well as those containing no added metal ions. Normalized response is presented in Figure 

3. 

With the germicidal lamp based PVG photoreactor, no response due to CH3Br 

generation was detected above the background arising from the analytical blank in the 

absence of added transition metal ions, consistent with the data reported by Sturgeon.16 

Apart from Cu2+, the addition of Ni2+, Fe2+, Co2+, NH4Cl, Ag+, Zn2+, Mn2+ or Cd2+ was 

also ineffective in promoting PVG with this photoreactor. The presence of Cu2+, however, 

enhanced signals from Br- 230-fold. Such a dramatic impact implies a completely new 

mechanistic pathway for CH3Br generation. Although bromate remained unresponsive to 

irradiation at 254 nm, even in the presence of added Cu2+, this observation presents a 

possibility of achieving speciation of Br- and BrO3
- by making separate measurements in 

both reactors; although their separation by ion chromatography prior to PVG remains the 

best approach. 

The greater photon flux and vacuum UV 185 nm emission provided by the flow-

through lamp permitted PVG of both Br- and BrO3
-, even in the absence of added 

transition metal ions.16 Compared to use of only a 2 % CH3COOH medium, the presence 
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of Fe3+ and Co2+ enhanced the CH3Br generation from 3- to 6-fold from Br- and 1.6- to 

2-fold from BrO3
-, respectively. Greater improvements were obtained using Cu2+, which 

provided up to 10- and 6.5-fold enhancements for Br- and BrO3
-, respectively. By 

comparison, solutions containing NH4Cl resulted in signals for Br- and BrO3
- being 1.2- 

and 2.6-fold lower than those generated in the presence of Cu2+, respectively. Compared 

to use of only 2 % acetic acid, no significant enhancement in PVG response from either 

Br- or BrO3
- was observed in the presence of added Ag+, Zn2+, Mn2+ or Cd2+.  In the case 

of the germicidal lamp, improvement of Br- response was 230-fold over that obtained 

using a solution of only 2 % CH3COOH.   

The optimum concentration of Cu2+ was determined using both PVG systems, 

results are summarized in Figure 4. Additions of 5-100 mg L-1 Cu2+ to solutions 

containing 100 µg L-1 of Br- or BrO3
- in 2% CH3COOH were examined. The presence of 

5 mg L-1 Cu2+ immediately enhanced generation efficiencies in both systems, attaining 

maximum efficacy at 10 mg L-1 for Br- and BrO3
-. As a plateauing appears to be in effect 

at higher concentrations, additions were limited to 10-20 mg L-1 Cu2+, being cognizant of 

potential contamination at higher levels enhancing the blank and eroding detection power. 

 

Possible mechanism of PVG 

Although other transition metal ions have found use in homogeneous PVG systems 

(Cd, Fe, Co and Ni)22–26, copper in particular has exhibited beneficial effects on PVG of 

Mo, Cl, F, Ir and Rh19,20,27,28. As opposed to CTTS reactions outlined earlier to account 

for the PVG of I12,13,18 and Br16,18, most likely a ligand-to-metal charge transfer (LMCT) 

takes place in solutions of Br- to which Cu2+ have been added. It appears that complex 

formation occurs between Br- and Cu2+, as evident from the UV-vis absorbance spectra 

shown in Figure 5.  The resulting [CuBrn]
(2-n)+ species provides a redox excited state by 

absorption of radiation in the UV-B region (315-280 nm), permitting either bimolecular 

collision with H3C
• to abstract the Br• atom from the long-lived charge transfer excited 

state via radical substitution, or the LMCT excited state provides for direct 

photodissociation of the complex with ejection of Br• and its homogeneous reaction with 

available H3C
•.29,30 

Thus, whereas reaction (1) may occur in the absence of added Cu2+ sensitizer but 

must be promoted by the presence of added NH4
+ to presumably minimize charge 

recombination in the cage complex: 
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Br-
(aq)  

hν(<200 nm) [Br-
(aq)]*    hν(CTTS) [•Br(aq).....e

-
(aq)]*   H3C•        CH3Br(g)  (1) 

 

in the presence of added Cu2+, two possible reactions (2 and 3) arise: 

 

Cu2+ + nBr-           [CuIIBrn]
2-n    hν(LMCT)   [CuIBrn-1 + •Br ]2-n   

H3C•
      CH3Br(g) (2) 

 

CuBr+  +  H3C
•          

XAT
 Cu+  +  CH3Br ↑     (3) 

 

Reaction (2) is similar to (1) in that it gives rise to an intermediate charge transfer 

cage complex yielding •Br but this is achieved at considerably longer wavelengths via a 

LMCT process that permits formation of the CH3Br PVG product even in the absence of 

UV-C radiation needed for reaction (1). Note that intense emission lines for mercury are 

present in both photoreactors at 313, 365, 405, 436, 546 and 577 nm.  For this reason, 

PVG of Br- can be successfully accomplished with a simple germicidal lamp. Reaction 

(3) illustrates a radical halogen atom transfer (XAT) process, a classical SH2 reaction 

common with a radical reactant 21, which typically follows the expected trend for such 

reactions, i.e., notably that I > Br > Cl > F. 

Reduced Cu+ produced in reaction (3) (and 6 below) may be subsequently 

reoxidized by dissolved oxygen in the sample solution or by reaction with H3C• to 

complete a catalytic cycle for copper, as shown in eq. (4 and 5): 

 

Cu+ + O2  Cu2+ + O2
•-     (4) 

H3C
• + Cu+ + H+  Cu2+ + CH4     (5)  

 

Yet another possible mechanism arises in the presence of added Cu2+, taking 

advantage of its multiple oxidation states; a methylated complex [CH3CuIIIBr2] may 

transiently form via a radical oxidative coupling reaction with H3C•, generating a Cu(III) 

oxidation state31, which is followed by reductive elimination of CH3Br to yield Cu(I)Br 

species which can then be catalytically recycled back to Cu(II).   

While transition metal complexes of acetate are well-known to foster photolytic 

decarboxylation reactions to generate H3C•, copper being no exception30: 
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[CuOOCCH3]aq
+     hν(LMCT)    ([CuOOCCH3]*(aq)

+         Cu+ + H3C• + CO2 (6) 

 

it is doubtful that additional production of H3C• through reaction 6 could account for the 

overall impact of the presence of Cu2+ at such a low concentration in the reaction medium.  

Attempts to photolyze test samples in this study using only a 360 nm (black light) source 

of irradiation were unsuccessful in generating any CH3Br. It should be noted that although 

Cu0 could be readily produced during PVG due to such powerful reducing species as 

CO2
•-

 , no ICP-MS signal was detected at m/z 63 or 65 to indicate formation of a volatile 

Cu species and no evidence of any precipitation of the metal or nucleation to yield 

nanoparticles in solution was visually evident. A closer evaluation of this possibility is 

needed, but deliberate PVG of copper has earlier proven difficult.32 

Figure 5 presents the UV-vis spectrum of solutions of Cu2+ in 2 % CH3COOH as 

well as following addition of Br-, both against a reference cell containing 2 % CH3COOH.  

As expected, no absorption feature was evident for solutions containing only Br- in 2 % 

CH3COOH as no complex formation is possible and the absorption band for Br-
(aq) occurs 

below 200 nm. Significant absorption in the UV region (225 to 300 nm) suggests the 

presence of a copper acetate complex. With added Br-, a new absorption feature, slightly 

red shifted, suggesting a photoactive complex containing Cu and Br, is present. Both 

species would be photoactive not only at the primary 254 nm line, but also other lines 

emitted in the UV-B region. These absorption features would be subject to photolysis 

reactions in support of the mechanisms discussed above. 

Leonori and Sturgeon18 have earlier discussed the details of successive reduction 

reactions of bromate species by CO2
•-

  or e-
(aq) during its PVG which lead to a kinetically 

slower and generally less complete generation of CH3Br relative to that obtained for Br-.  

Clearly, as the homogeneous reduction of BrO3
- to Br- occurs, complexation with the 

added Cu2+ fosters the reaction sequence outlined in equations 2 and 3 above.  

 

Interference from NO3
- and NO2

-  

In contrast to most PVG systems used for the generation of metal or semi-metal 

volatile species, the halogens tend to be more tolerant to the presence of oxidants in 

solution.10,18 The photochemistry of NO3
- and NO2

- in aqueous solution is well-known to 

generate numerous species that interact with solvated electrons and H•10,33, undermining 
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reduction reactions in the PVG system, leading to significant suppression of generation 

efficiencies.  10,34 

To evaluate the impact of NO3
- and NO2

- on the response, sodium salts of these 

species were added to test solutions of 100 µg L-1 Br- and BrO3
- in the range 0.1-100 mmol 

L-1 NO3
- and 0.1-15 mmol L-1 NO2

- in the presence of 10 mg L-1 Cu2+.  Both photoreactors 

were examined.  

As shown in Figure 6, tolerance to NO3
- in both PVG systems for Br- was superior 

to that for NO2
-. In principle, added nitrate could enhance generation of CH3Br from Br- 

using the flow-through photoreactor by capturing solvated electrons in the [•Br + e-
(aq)] 

cage complex, enhancing release of •Br to interact with H3C
•. However, no such 

improvements were observed, likely because the reaction mechanism is mediated by a 

Cu-Br complex. Further, NO3
- may capture H•, which is also an e-

(aq) scavenger, resulting 

in enhanced recombination in the [•Br + e-
(aq)] cage. The slightly greater tolerance to NO3

- 

evident using the germicidal lamp is clearly not related to any scenarios involving the [•Br 

+ e-
(aq)] cage complex. At concentrations less than 15 mmol L-1, only 8-10 % suppression 

of CH3Br yield occurred. Results for PVG of BrO3
- showed substantially greater 

suppression effects at low levels of NO3
-, reaching 65% at 15 mmol L-1. As noted earlier, 

BrO3
- undergoes reduction to Br- by the action of solvated electrons and CO2

•- prior to 

generation of CH3Br. Nitrate may compete for these reducing agents, inhibiting reduction 

of BrO3
- and suppressing ultimate PVG yield. Competition for source photons in the UV 

caused by the significant intense and broad absorption bands of both NO3
- and NO2

- may 

result in a shadow effect and cannot be ruled out as a physical mechanism contributing to 

signal suppression.33,34  Note the molar absorption coefficient for NO2
- is greater than that 

for NO3
-.34 

Severe suppression of PVG efficiency in the presence of NO2
- is evident for Br- and 

BrO3
- in both PVG systems. At 15 mmol L-1 NO2

-, almost complete suppression of PVG 

for both analytes occurs in both systems. As mentioned, interactions with solvated 

electrons and photon competition may be the principal reasons for this.   

Interferences from concomitant metal ions potentially present in real samples were 

not specifically investigated in this study. Operationally, this is a laborious and relatively 

non-informative process whereby the impact of individual elements added at various 

concentrations to a standard solution is assessed. To be useful, all elements should be 

examined over substantial concentration ranges and in mixtures because of potential 
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synergistic effects.  Application of the method over the course of time will serve to 

provide a more realistic assessment of their impact. 

 

Figures of merit 

Figures of merit are summarized in Table 2.  Calibration functions for both Br- and 

BrO3
- were constructed in the range 2-100 µg L-1 with both photoreactors using an 

optimized PVG medium of 2% (v/v) CH3COOH containing 10 mg L-1 Cu2+. Samples were 

delivered to the flow-through photoreactor at 3 mL min-1 whereas 2 mL min-1 was used 

for the germicidal photoreactor. These were the maximum sample flow rates that 

guaranteed sufficient irradiation time and reasonable GLS efficiency to ensure efficient 

delivery of the CH3Br to the ICP-MS. The following relationships were established: y = 

5100x - 72 (R2 = 0.9999) and y = 3860x - 2217 (R2 = 0.9993) for Br- and BrO3
-, 

respectively using the flow-through reactor and y = 3000x - 1656 (R2 = 0.9998) for Br- 

using the germicidal photoreactor, with no response from BrO3
-. As PVG is developed as 

an ultra-trace analytical method, the full extent of the range of linearity was not examined, 

suffice that two orders of magnitude are spanned from the limit of quantitation to the 

current upper concentration investigated. Comparison of sensitivities arising with 

optimized detection of Br- via conventional PN solution introduction revealed 

improvements of 20-fold for Br- when using both germicidal and flow-through lamp 

photoreactors.  

Overall efficiencies characterizing PVG analyte generation and introduction into 

the ICP-MS for both photoreactors were estimated following an analysis of residual total 

bromine in samples of waste solutions carefully collected from the GLS unit following 

steady-state photolysis of solutions comprising 100 µg L-1 of Br- or BrO3
 in 2% (v/v) 

CH3COOH containing 10 mg L-1 Cu2+.  The collected waste was analyzed by ICP-MS 

via PN for absolute determination of concentration of Br- or BrO3
- (m/z 79Br) based on a 

method of additions to account for any change in the matrix composition of the sample 

after irradiation, as well as their relative response against an un-photolyzed portion of the 

original sample. Efficiencies of 92 ± 5 and 94 ± 5 % for Br- were obtained using the 

germicidal and flow-through photoreactors, respectively.  For BrO3
-, a 76 ± 5 % was 

estimated characterizing the efficiency of the flow-through photoreactor.  

Although the PVG efficiencies for Br- are similar for both photoreactors, the 

sensitivity reported above characterizing the calibration function for the flow-through 

photoreactor running at 3 mL min-1 was notably 1.7-fold greater than that achieved with 
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the germicidal lamp operating at 2 mL min-1.  Based on solution flow rates alone, the 

expected ratio is 1.5.  This slope difference for Br- is likely due to the impact of enhanced 

introduction of water vapor into the plasma when using the flow-through lamp. The 

temperature of the irradiated solution exiting the flow-through photoreactor at 2 and 3 

mL min-1 was approximately 53° and 44° C, respectively (as determined with a calibrated 

chromel-alumel thermocouple bead immersed in the exit stream), whereas that from the 

germicidal photoreactor was 25°C under the irradiation conditions used.  The enhanced 

amount of water vapor transported to the ICP from the flow-through lamp is beneficial in 

that the hydrogen produced during its dissociation aids in the conduction of heat from the 

plasma skin to the central channel of the otherwise dry plasma. Hu et al.35 noted 

sensitivity enhancements of 1.5- to 3-fold for 60 elements when water vapor was 

introduced into a dry plasma during LA-ICP-MS measurements. The resulting 

temperature change in the central channel can have a significant effect on the degree of 

ionization of an element such as Br (IP = 11.8 eV).  In an effort to independently confirm 

this effect, a water bath was positioned between the outlet of the germicidal reactor and 

the inlet of the GLS during PVG of Br-. Irradiated sample solution exiting the 

photoreactor was directed to a small quartz coil immersed in the water bath prior to 

passage to the GLS.  Intensities for Br- were compared using bath temperatures ranging 

from 25 - 95° C.  At 44 and 53° C the signal enhancement was ~ 9%, rising to 27 % at 

the higher temperature.  Correction of the slope (sensitivity) of the calibration function 

for Br- obtained with the germicidal lamp to account for both the flow rate difference and 

temperature effect of the solution yields a sensitivity of 4910 cps mL/ng, in excellent 

agreement with that characterizing Br- with the flow-through lamp.   

Limits of detection (LODs) were calculated as 3 times the standard deviation of the 

blank solution (n=10), generating 0.01 and 0.03 ng mL-1 for Br- using the flow-through 

and germicidal reactors, respectively, and 0.04 ng mL-1 for BrO3
- with the flow-through 

lamp.  Use of Cu2+ provides for a substantial improvement over the LOD of 0.14 ng mL-

1 reported earlier for PVG of Br- with ICP-ToF-MS detection.16  Further improvements 

with the present system could likely be achieved by optimizing the detector voltage and 

operating a hotter plasma at a higher Rf power. Precision, expressed as the RSD (%) of 

10 replicate measurements of a 10 µg L-1 standard of Br- was 2.5 % with the flow-through 

lamp.  The absolute procedural blank corresponded to a Br concentration of 0.3 ng mL-1, 

7-fold lower than that previously reported for PVG of Br based on use of the same flow-

through photoreactor but with high-purity NH4Cl used as a modifier.16  To ascertain 



16 
 

whether the blank arises from Br contamination in the reaction medium or from 

instrument background due to Ar-based molecular ion interference, comparison of blank 

intensities from solutions containing 20 mg L-1 Cu2+ in 2% CH3COOH and 10 mg L-1 

Cu2+ in 1% CH3COOH were undertaken. No significant difference was realized, leading 

to the conclusion that the major source of the blank arises from instrument background.   

 

CONCLUSIONS 

This study has demonstrated enhanced performance for PVG of Br- and BrO3
- 

resulting from the use of Cu2+ as a photosensitizer. Near quantitative derivatization of Br- 

to CH3Br was obtained using either a Hg germicidal lamp or a flow-through lamp as the 

photoreactor. The lack of response toward BrO3
- using the germicidal photoreactor 

ultimately permits a scenario for direct speciation analysis of Br- and BrO3
- by PVG using 

a system of tandem photoreactors; this is not possible based on the flow-through lamp 

alone wherein the different PVG efficiencies for the two species undermines this 

possibility. Mechanistic evidence is presented outlining the role played by added Cu2+ 

which permits PVG of Br- to be achieved with high efficiency despite the absence of 185 

nm radiation as LMCT and XAT processes open new synthetic pathways for CH3Br as 

opposed to direct CTTS photoproduction of •Br with 185 nm irradiation. A 10-fold 

improvement in LOD for Br- was achieved in this study along with correspondingly lower 

absolute blanks. The use of a simpler, more readily available and inexpensive 

photoreactor based on a germicidal lamp enhances the attractiveness of this technique for 

real sample analysis and fosters a need for further investigation into the impact of 

transition metal photocatalysts on response in other PVG systems.   
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Graphical abstract.  Efficient photochemical vapor generation of CH3Br from bromide 

and bromate using a medium consisting of 2 % acetic acid and 10 mg L-1 Cu2+ is 

demonstrated.  Proposed mechanisms include a radical halogen atom transfer (XAT) 

process and/or a radical oxidative coupling reaction with H3C• followed by reductive 

elimination of CH3Br (LMCT/ •R-•R), both involving participation of a Cu-Br complex 

to permit the reaction to occur at 254 nm.    
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 1 

Figure 1:  Schematic of the PVG-ICP-MS experimental systems: (a) 19 W Hg low-2 

pressure flow-through Hg discharge lamp, or (b) 15 W Hg low-pressure germicidal lamp 3 

photoreactor to provide photolyzed sample to the gas-liquid separator (GLS) for transport 4 

in a flow of Ar to the central channel of the ICP-MS.  5 

 6 
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Figure 2: Relative response as a function of UV irradiation time for: (A) Br- (-■-) and 9 

BrO3
- (-●-) using the flow-through photoreactor; (B) Br- (-∆-) using the germicidal lamp.  10 

Solution composition: 2 % CH3COOH, 10 mg L-1 Cu2+ and 100 µg L-1 of either Br- or 11 

BrO3
-. Precision of replicate measurement (n = 3), shown as error bars representing 12 

standard deviations, is embedded within the marker points. 13 
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 16 

 Figure 3: Effect of added transition metal ion sensitizers on normalized PVG response 17 

from 100 µg L-1 Br- (black solid bars) and BrO3
- (white bars) in 2% CH3COOH and 18 

following addition of 10 mg L-1 of Ni2+, Fe2+, Co2+, Ag+, Zn2+, Mn2+or Cd2+ or 3 mg mL-19 

1 NH4Cl. (Upper panel) flow-through photoreactor; (lower panel) germicidal lamp. Error 20 

bars represent precision, as standard deviation, of replicate measurement (n = 3).   21 
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 23 

Figure 4: Effect of added Cu2+ on normalized response from Br- and BrO3 using both 24 

flow-through and germicidal photoreactors. (-■-) Br- flow-through lamp; (-●-) BrO3
- flow 25 

through lamp; (-∆-) Br- germicidal lamp.  Precision of replicate measurement (n = 3), 26 

shown as error bars, is embedded within the marker points. 27 
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Figure 5: UV-vis absorbance spectra of solutions containing 10 mg L-1 Cu2+ in a 2% (v/v) 30 

CH3COOH (-----) and in the same medium with the addition of 50 mg L-1 Br- (──), 31 

showing evidence of complex formation with both CH3COO- and Br-. (Note, the 32 

discontinuity at 350 nm is an artifact of a grating change in the spectrophotometer). 33 

 34 

 35 

 36 

  37 



25 
 

0 10 20 30 40 50 60 70 80 90 100 110

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14 16

0

20

40

60

80

100

120 NO
3

-
, mmol L

-1

7
9
B

r 
N

o
rm

a
liz

e
d

 I
n

te
n

s
it
y
, 
%

NO
2

-
, mmol L

-1

38 

 39 

Figure 6: Impact of added NO3
- and NO2

- on relative PVG response from Br- and BrO3
- 40 

using Cu2+ in an optimized reaction medium.  (-■-) 100 µg L-1 Br- using flow-through 41 

photoreactor; (-●-) 100 µg L-1 BrO3
- using flow-through photoreactor; (-∆-) 100 µg L-1 42 

Br- using germicidal lamp. Precision of replicate measurement (n = 3) shown as error bars 43 

are embedded within the marker points. 44 
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 64 

Table 1: ICP-MS instrumental conditions for the determination of Br.  65 

RF power (W)  1150 

Ar flow rate (L min-1) 

plasma  

auxiliary 

nebulizer 

15.0 

1.2 

0.6 

   

measurement mode  Peak hopping 

Sweeps /reading 

Readings/replicate 

Replicates 

 

3 

140 

1 

Dwell Time  30 ms 

Auto lens mode  On 

Isotopes monitored (m/z)  79Br, 81Br, 63Cu and 65Cu 

 66 

  67 
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 71 

 72 

 73 

 74 

Table 2: Figures of merit for Br- and BrO3
- obtained by PVG-ICP-MS in the presence of 75 

10 mg L-1 Cu2+ as a sensitizer. 76 

a3 mL min-1 solution flow rate. 77 
b 2 mL min-1 solution flow rate. 78 

  
Br 

(Flow-through 

photoreactora 

Br 

(Germicidal lamp)b 

 

BrO3
- 

(Flow-through 

photoreactor)a 

PVG efficiency (%) 
 
94 ± 5 92 ± 5 76 ± 5 

LOD (ng/mL) 
 

0.01 0.03 0.04 

Precision (%RSD @ 10 

ng/mL) 

 

2.5 4.0 3.2 

Sensitivity (cps mL/ng) 
 

5100 3000 3860 

Blank (ng/mL) 
 

0.3 0.3 0.3 


