Talanta 81 (2010) 473-476

journal homepage: www.elsevier.com/locate/talanta

Contents lists available at ScienceDirect

Talanta

Determination of iodine and bromine in coal and atmospheric particles by
inductively coupled plasma mass spectrometry

Mingxing Sun®*, Yunchuan Gao®, Biwen Wei?, Xiaowei WuP

a Technique Test Lab., Shanghai Entry-Exit Inspection and Quarantine Bureau, No. 1208, Minsheng Road, Pudong New District, Shanghai 200135, China
b Department of Environmental Engineering, Shanghai Normal University, Shanghai 200234, China

ARTICLE INFO

Article history:

Received 25 August 2009

Received in revised form

12 December 2009

Accepted 15 December 2009
Available online 23 December 2009

Keywords:

Bromine

lodine

Atmospheric particles
Coal

ICP-MS

Memory effect

ABSTRACT

Bromine and iodine in atmospheric particles or coal can cause environmental problems such as destruc-
tion of ozone in the atmosphere; therefore, the presence of these compounds has recently received
increased attention. Here, a rapid and reliable method for the simultaneous determination of total
bromine and iodine using ICP-MS analysis is described. Samples were dissolved in mixtures of 5mL
of HNO; and 2 mL of H,0, in a high pressure microwave digester. The solution was then oxidized by per-
sulfate (Na,S,0g) in addition to a small amount of silver nitrate, after which the total bromine and iodine
were measured simultaneously by ICP-MS. The signal memory effects of bromine and iodine during anal-
ysis were effectively decreased by washing with a new mixture agent (2% alcohol acidic solution, pH 1-2
adjusted with HCl). The detection limits for bromine and iodine using this method were about 3.2 ugL~!
and 1.1 pg L1, respectively. Additionally, the spike recoveries were between 78.7% and 121% for bromine
and iodine analysis, while the relative standard deviations ranged from 4.3% to 9.7%, and from 1.5% to
3.4% for bromine and iodine, respectively. The results of this study indicate that the method described
here is suitable for the analysis of micro-amounts of bromine and iodine in atmospheric particles and

coal samples.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Atmospheric particles in the atmosphere of cities account for a
large percentage of the principal components of pollutants. Accord-
ing to the latest estimation of global atmospheric aerosol sources,
natural aerosols account for 68-95% of the total and 58-65% of the
fine particles in the PM10 and PM2.5 fractions [1]. These particles
could be very harmful to human health. Bromine and iodine in
aerosols (particles) play an important role in radiant balance, catal-
ysis reactions in the O3 layer, and other reactions in the atmosphere
[2]. Accordingly, many studies have focused on the presence of Br
and I in atmospheric particulate matter. For example, McElroy et al.
[3] and Yung et al. [4] found that the BrO-ClO cycle reaction makes
a considerable contribution to the loss of stratospheric ozone. Fur-
thermore, Platt and Honninger [5] evaluated the role of halogen
species in the troposphere, while Davis et al. [2] demonstrated that
cycling of iodine in the atmosphere was an important route lead-
ing to ozone destruction in the marine troposphere. However, most
data regarding atmospheric Br and I have been acquired by neu-
tron activation analysis (INAA) and electro-chemical analysis [6],
and very little information regarding the use of inductively cou-
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pled plasma mass spectrometry (ICP-MS) for Br and I analysis in
aerosols is available.

Recently, trace levels of Br or I in plant samples, milk, urine and
mineral deposits were reported using the ICP-MS method [7-11].
Additionally, Boulyg and Heumann [7] identified halogens in pow-
dered geological and environmental samples using isotope dilution
laser ablation ICP-MS. Furthermore, Reid et al. [8] determined the
amount of iodine species by ICP-MS using different sampling-
preparation methods, such as alkaline digestion with TMAH and
the use of an ion-exchange column (loaded Pd%*, Ca2*) to retain
selective iodide followed by elution with (NH,4),SO4 solution. How-
ever, the effects of different valence states of Br and I on the signal
intensities of ICP-MS have not yet been discussed, although several
studies [8,12,13] have reported that iodine analysis using ICP-MS
resulted in acute problems with signal memory due to the evapora-
tion of iodine as I, or HI species from droplets in the spray chamber.
Moreover, Li et al. [14] found that trace Br, As and I in geologic sam-
ples analyzed by ICP-MS produced different signals than anionic
species of Br and I (in solution). Therefore, they developed an ICP-
MS method for determination of Br or I in geologic samples, and
decreased the memory effects of Br using NH; OH4 medium to a cer-
tain degree. Shi and Adams [15] developed a new rapid IC-ICP-MS
method for analysis of iodoacetic acids, bromoacetic acids, bro-
mate and other related halogenated compounds in water. However,
they were not able to evaluate the total bromine or iodine species
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Table 1
Typical operating parameters for the VG PQ-3 ICP-MS.
RF power (W) 1350
Gases (Lmin~1) Ar
Cooling gas 13.6
Auxiliary 0.75
Nebulizer 0.85
Sampling cone orifice (Ni) (mm) 1.0
Skimmer cone orifice (Ni) (mm) 0.7
Number of sweeps 100
Channels per mass peak 3
Dwell time (ms) 3000
Operating vacuum pres. (Pa) 5x 104
The position of plasma x/y/z (cm) 370/164/163
m/z for Br 81
m/z for | 127

directly by ICP-MS analysis without pre-treating the samples using
techniques such as ion chromatography and filtration.

Here, we report a method of evaluating Br and I in atmospheric
particulate and coal samples by ICP-MS. The Br and I in testing solu-
tion were oxidized by per-sulfates via the addition of one drop of
Ag"* (silver nitrate 0.5%); therefore, we investigated the oxidation
conditions, observed the fluctuation in the background of blanks,
and found an effective agent for washing and eliminating Br and
[ signal memory effects. Overall, a new method for the analysis
of trace amounts of Br and I in coal and atmospheric particles
was developed. Evaluation of the precision and accuracy of the
method revealed that it provided good recovery and reproducibil-
ity.

2. Experimental
2.1. Instruments and reagents

A microwave digester (CEM corporation MARS) was employed
for the digestion of coal, coke and atmospheric particles.

AVG PQ-3 (Thermo Elemental UK) was used in conjunction with
a PC and the X-II series operating system. The typical operational
conditions for the ICP-MS are shown in Table 1.

The experimental water used during analysis was de-ionized
(18 M) using a Millipore-Q corporation cartridge system and then
was purified using sub-boiler stills prior to ICP-MS analysis. Stock
solutions of 1271 and 7°Br/8!Br were prepared from correspond-
ing isotopically enriched sodium bromate and iodate, which were
purchased from Inorganic Ventures Corporation with the certified
standard materials conformity.

2.2. Experiment method for ICP-MS analysis

All test solutions were prepared as follows prior to ICP-MS anal-
ysis: samples of coal or atmospheric particles (~0.05-0.1g) were
dissolved in 5 mLHNO3, 2 mLH,0, and 1 drop of S,08,~ (20% solu-
tion) using a high pressure microwave digester. The samples, which
were clear, were then transferred to a 100 mL flask and diluted to
ca. 30 mL with distilled water, after which 1 mL per-sulfate (20%
Na,S,0g) and 1 drop of silver nitrate (0.5% AgNO3 solution) were
added. The samples were then heated in a 45°C water bath for
10 min, cooled to ambient temperature and diluted to 100 mL with
distilled water. The blank solution was prepared as described above
without the addition of target analytes.

The calibration standards, which consisted of I and Br with con-
centrationsranging from 1 ugL~1 to 100 wgL~1, were also prepared
as blank solution’ preparation procedure above.
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Fig. 1. Differences in the ICP-MS signals of I~ and 104~ (c=50 ppb, ~pgL~').

3. Results and discussion
3.1. Purification of water

Millipore-Q water de-ionized at 18 M2 still has a high back-
ground intensity at the mass of 81Br and 127I; therefore, the
Millipore-Q water was prepared in advance and then subjected
to distillation in a sub-boiler made of quartz or of PTFE mate-
rial. The distilled water samples were then compared with each
other and with de-ionized water. The water blank background-
signal intensities at the Br’ and I’ mass positions of the sub-boiler
distilled water were much lower than that of the Millipore-Q
water. Furthermore, the background intensity of the water pre-
pared using the PTFE sub-boiling system (50-80 mLh~!) was much
lower than that of the water prepared using the quartz system
(400-600 mLh~1). However the distillation yield by using PTFE
sub-boiling system (50-80mLh~') is much less than by using
quartz system (400-600 mLh~1).

3.2. Oxidization of bromine and iodine

The ICP-MS display varies greatly for different valence states
of bromine and iodine species in solution, particularly for iodine
species. Indeed, as shown in Fig. 1, the MS signals of I~ and 104~
clearly differed. It is different to correctly determine the iodine
concentration in unknown samples when there is such great vari-
ation in the calibration standards. Differences such as those shown
in Fig. 1 have been reported in several other studies [14]. Indeed,
Reid et al. [8] recently conducted an investigation of iodine species
formed using oxone oxidizing agent for oxidation and subsequent
determination of the level of iodine in milk samples with a view
to controlling the iodine chemistry. However, they determined
the amount of iodine species by ICP-MS using different sampling-
preparation methods and pretreatment procedures, such as the
ion-exchange column technique. No final solution for the determi-
nation of the total iodine or bromine levels with different valences
has been suggested to date. In this study, hydrogen peroxide
(H205), potassium permanganate (KMnOyg4 ) and sodium per-sulfate
(NayS,0g) were selected as the oxidizing agents in an attempt to
oxidize the different low valence iodine species.

When using H,0, for oxidizing agent, we found that the ICP-
MS signals at 1271 of different valence species of iodine (such as
I-, 104, and the mixture of I~ +104~) were not same. These find-
ings imply that H,0, is not capable of sufficiently oxidizing the
lower valence species of iodine (such as =) to produce high valence
species of iodine (iodinates) and that it cannot produce a stable oxi-
dization solution for analysis. This was because H, 0, was not stable
in solution and also easy to cause disproportionating reaction.

The oxidizing agent KMnO4 can oxidize the lower valence iodine
species mixtures according to its electro-chemistry potential the-
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Table 2
Detection limits and precision of Br and I.

Table 3
Analysis of actual samples and recovery of spiked samples by ICP-MS.

Element Detection limits (pgL~!) RSD/% Samples Br,mgkg~! (n=3) I, mgkg=! (n=3)
n=7(10ngL™") n=7(60uglL ") (coal/source?) Measured Recovery %(std)> Measured Recovery %(std)
Br 3.2 9.7 43 I-1/Australia 8.0 107(30) 39 101 (30)
I 1.1 3.4 15 I-2/Indonesia 15 120(10) 2.1 82 (30)
I-4/Vietnam 271 78.7 (100) 4.1 99 (30)
E-2/China 17.6 121(30) 1.3 95 (30)
. N S . E-4/Chi 9.2 89(100 1.0 86 (10
ory, but it can only maintain this higher valence state for 30 min fChina (100) (10)
observed here. The standard electro-potential of E° _(MnO[/MnZ*) samples Br, pgL-1 (n=3) I pgl-! (n=3)
and E° (104~ /1) were ~1.51V and ~1.24V, respectively. . "
The half electro-chemistry reactions would be as follows: FFGeRTe MG REsesEa)  MERns ESEiEl)
Sh-1/spring 16.6 90 (10) 11.9 90 (10)
MnO4~ + 8H* +5e — Mn?* +4H,0 (a) Sh-2/summer  11.2 99 (10) 7.0 107 (10)
Sh-3/autumn  40.7 110 (30) 9.8 120 (10)
10, +8H* +7e — I~ +4H,0 (b) Sh-4/winter 26.4 95 (10) 16.8 104 (30)
It is clear to deduce the electro-potential of whole reaction with Samples Br, pgL™' (n=3) I ugl" (n=3)
(a)and (b), AE=E; — E, =0.27V+ A, where A value will depend on PM10-aerosols Measured Recovery %(std) Measured Recovery %(std)
. s o
the Foncentratlon of 0)i1d121ng e{gent of [I(an4], [H"] ion concen Sh-1/spring > 96 (10) - 120(10)
tration, as well as [104. ] and [} | concentration. The test solution Sh-2/summer  17.3 nde 6.1 i~
here on ICP-MS analysis contains a large amount of [KMnO4 ~2%] Sh-3/autumn  32.9 nd 9.4 nd
and micro-amount of [I04~] and [I~] (about mgL-! level). So Sh-4/winter 24.5 95(30) 12.2 117 (30)

AE>0.27 >0, the micro-amount of iodine can be oxidized by
KMnOy4 according to the Nernst equation calculation (assumption
at 25°Q).

When sodium per-sulfate (Na;S,0g) was used as the oxidation
agent instead of H,O0, or KMnOQy, the difference in ICP-MS signals
corresponding to iodine with different valence levels was very lit-
tle; therefore, we could determine the concentrations of different
iodine species regardless of the species of iodine in the solution.

The best results of experiments conducted using different
amounts of Na,S,0g, different oxidizing temperatures and differ-
ent oxidizing times were obtained under the following conditions:
1 mLS;0g2 (20% solution), 45 °C and 10 min. Additionally, we found
that the addition of a micro-amount of silver nitrate (1 drop of 0.5%
AgNOs solution) greatly increased the speed of the reaction. Fur-
thermore, the addition of Ag* resulted in determination of Br or |
rapidly reaching the final stable values in 4-5 min. Moreover, the
testing solution system that included S,0¢2~ and micro-amounts
of silver ions prepared under the oxidization conditions above can
remain stable for at least 2h for ICP-MS analysis. The standard
electro-potential of E® (S,052/S042) (at 25°C) was about 2.01V,
almost the strongest oxidizing agent within inorganic chemicals.
The reaction of oxidizing the low valence iodine species to its peri-
odate 104~ by S,052~ would take place easily, especially in addition
of Ag* ion as catalyst.

3.3. The blank background and memory effects

In this study, we generally found that the blank signals of 81Br
and '27] ranged from 15Kkcps to 50 kcps, when we observed the
fluctuation of 8'Br and 1271 signals in sample blank solution over
the course of nearly 6 months (from December 3, 2008 to April 15,
2009). The concentration of the blanks followed no clear pattern
and varied from 0.2 wgL~! to 3.1 wgL~! and from 0.01 ugL-! to
1.8 ug L1 for Br and |, respectively. These findings suggest that the
mean concentration of the blank used for Br or I (Br~ 1.61 pgL~!,
I~ 0.8 wgL~1) should be eliminated prior to calculation of the sam-
ple concentration during practical sample analysis. From the point
of view of analytical chemistry statistics theory, this is because
it is more accurate to subtract the mean arithmetical blank value
than the value of the blank at a single point. The mean arithmetical
value of blank calculated from many times (at least 7 or 11 more
times) should be subtracted for more accurate results when making
sample analysis.

2 Country of origin.
b Concentration of standard bromine or iodine added.
¢ nd: not determined.

Indeed, the high memory effects of Br and I that result from con-
tamination with a high concentration of Br and I would break down
very slowly in response to washing with water, which would lead to
difficulty in returning blank signals after a normal washing uptake
time. (More were observed and illustrated in our previous work for
analysis of Br in electric plastics [16].) This was because different
Br and I species were not easily washed out of the spray chamber,
even after washing for long periods of time. In this study, many
attempts were made to decrease the memory effects by washing
the spray chamber with water, various washing agents and gases.
Fig. 2 shows the effects of washing with air, N, water, and washing
agent (2% alcohol, acidic solution of pH 1-2) on the elimination of

200000 ¥
O A--water
wn
Q
U .
% 150000 F e BsIE
[ i
C -
2 —X— C--Nitrogen
€ 100000 _
o ——&— D--washing agent
)
50000 |
0 .
0 20 40 60 80

washing time /second

Fig. 2. The memory effects of bromine species eliminated by washing. (100 ugL~!
bromate solution was evaluated by ICP-MS, after which the sampler was washed
with A-D in turn, where A indicates that the sampler was washed with water; B
indicates that the sampler was washed with air (through pipe connection); C indi-
cates that the sampler was cleaned using a connected nitrogen pipe; D indicates
that a washing agent comprised of 2% alcohol acidic solution (pH 1-2, adjusted with
HCl) was used to clean the sampler. The results obtained when the iodate testing
solution was used were similar to those reported above.)
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Table 4

Determined value of Br and I in soil certified reference materials by ICP-MS.
Sample (s-CRM)? Br(ugg™) I(pgg™)

Certified Found (n=3) Certified Found (n=3)

GBW07406(GSS-6) 8.0 9.1,8.3,10.0 19.4 17.1,21.3,189
GBWO07408(GSS-8) 2.5 1.9,3.0,2.9 1.7 2.2,26,2.0
Recovery (%) (n=3) 112,101, 117 97.0, 99.0, 107
(mean)(Added 10 pg L~ of standard solution of Br and I in digested sample solutions) (110) (101)

(n=3) represents three times test.
3 The certified reference materials was from Geophysics Institute of China.

bromine species effects. The elimination of iodine species memory
effects by washing was similar to that of bromine; therefore, they
were omitted from the figure. The washing agent comprised of 2%
alcohol acidic solution (pH 1-2) eliminated the Br and I memory
effect in approximately 10-15 s and maintained the stability of the
analytical results. This might be due to the reduction in plasma gas
temperature, species excitation temperature and a decline in the
electron density of the plasma and ionization temperature [17]. Of
course, the small amount of alcohol in the washing water likely
lowered the surface-tension of the uptake washing solution, which
facilitated the removal of Br and I species from the spray chamber.

4. Detection limits, precision and accuracy

The method detection limits for Br and I in 5% HNO3 medium
are shown in Table 2. The detection limits (DL) of Br and [ were
32ugl ! and 1.1 pgL~1, respectively, based on three times the
standard deviation obtained from measurement of the seven spike
samples (Table 2).

The precision of the method was tested by multiple spiked sam-
ple blank analysis under two levels of concentrations (spiked with
10 ugL-1 and 60 wgL~1). The relative standard deviation (RSD) of
Br and I ranged from 4.3% to 10% and from 1.5% to 4%, respec-
tively (Table 2), which indicates that the method developed here is
sufficient for the analysis of micro-amounts of Br and 1.

To evaluate the accuracy of the method, the recoveries of dif-
ferent concentrations of Brand 1 (10 wgL~1,30 wgL~1, 100 pgL-1)
added to the test solution was evaluated (Table 3). The recover-
ies of Br and I ranged from 78.7% to 121% and from 82% to 120%,
respectively. The accuracy of the method was well within the gen-
erally accepted range of 70-130% indicated in ISO 5725 [18]. Taken
together, these results indicate that the method developed here
would be satisfactory for microanalysis of analytes by ICP-MS.

The validation results for soil certified reference materials (s-
CRM) is shown in Table 4. The determined contents of Br and I in
s-CRM by this method were accurate with comparison of certified
value. Moreover that average recoveries of Brand I, 110% and 101%
respectively, were quite well.

5. Atmospheric particulate and coal samples analysis

Both aerosol samples collected in Shanghai and coal from import
and export countries were evaluated by ICP-MS. As shown in
Table 3, the coal samples from different countries contained dif-
ferent levels of bromine and iodine. Additionally, the coal samples
generally contained higher concentrations of bromine than iodine.
For aerosol samples, the highest levels of bromine in autumn
were 40.7 wgL~! in the TSP aerosol sample and 32.9 ugL~! in

the PM10 aerosol sample. The highest iodine levels during winter
were 16.8 wgL-'and 12.2 pgL~! for TSP and PM10, respectively.
Conversely, the lowest concentrations of bromine in the TSP and
PM10 samples were 11.2 ugL~! in summer and 16.8 wgL~! in
spring, respectively. The lowest levels of iodine were 7.0 pugL~! and
6.1 wg L1 for the TSP and PM10 samples collected during summer.
All sample recoveries of Br and [ were within the accepted range
of 78.7-121% (Table 3). The correlation between the concentration
of Br or I in different samples collected within the same seasonal
time period and atmospheric pollution caused by Br and I should
be evaluated in detail in another paper.

6. Conclusion

The effective and sensitive simultaneous method of detecting
bromine and iodine by ICP-MS was developed using the addition of
per-sulfate solution as the oxidizing agent. Coal and four seasonal
aerosol particles were then digested and treated in a high pressure
microwave digester and the levels of Br and | were then determined
successfully with no other sampling pre-filtration or preparation
steps required. In addition, the high memory effects of bromine and
iodine were greatly reduced using a new washing agent (2% alcohol
acidic solution). The procedure of ICP-MS has been validated by cer-
tified reference material. Besides that, the method described here
has fairly good precision and accuracy as well as a low detection
limit, which meets the requirements for microanalysis by ICP-MS.
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