
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Analytical
 Methods

www.rsc.org/methods

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


A very simple and fast analytical method for atmospheric particulate-bound 1 

mercury determination 2 

 3 

Stacy Ferlin,a Anne Hélène Fostier*a and Jose Javier Melendez-Perez a 4 

 5 

aInstitute of Chemistry, University of Campinas–Unicamp, P.O. Box 6154, 13083-970, 6 

Campinas, SP, Brazil 7 

 8 

*Corresponding author: fostier@iqm.unicamp.br 9 

 10 

 11 

 12 

Abstract: 13 

 14 

In this paper, we present the results obtained for the determination of particulate-bound 15 

mercury (PHg) collected on a glass fiber filter by a combustion–AAS technique using a 16 

Direct Mercury Analyzer® (DMA-80 TRICELL; Milestone Inc., Italy). The accuracy of 17 

the method was demonstrated by comparison with the U.S. EPA IO-5 method. 18 

Sampling was always performed in duplicate using two identical sampling devices 19 

arranged side by side. The limit of quantitation of the proposed method was 0.22 ng, 20 

which was in the same order as that observed for the U.S. EPA method (0.23 ng), and 21 

corresponds to 5.0 pg m-3 for a sampling flow of 30 L min-1 and a 24-h sampling period. 22 

For paired sampling filters, the precision was <10% for PHg concentrations in the range 23 

of 6.5 to 29.3 pg m-3. For triplicate filters spiked with 0.3000 and 1.000 ng Hg(II), 24 

recovery was (97±2)% and (85±9)%, respectively. The accuracy was checked by 25 

analyzing paired sampling filters by both methods (DMA or U.S. EPA) and did not 26 

show any significant difference (p>0.05).  27 

 28 

Keywords: Particulate-bound mercury; direct combustion analysis 29 
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1. Introduction 31 

 32 

 Due to its high toxicity and its capacity for long range transport in the 33 

atmosphere, mercury (Hg) is a significant concern as attested by the recently adopted 34 

“Minamata convention on mercury”.1,2 Mercury can be emitted to the atmosphere by 35 

natural (e.g., volcanoes, geothermal areas) or anthropogenic sources, fossil-fuel burning 36 

and incineration of municipal wastes, and it has been estimated that the present 37 

atmospheric Hg concentrations are 300 to 500% higher than in preindustrial times.3 In 38 

the atmosphere, mercury is mainly present as gaseous elemental mercury (Hg0, GEM), 39 

gaseous oxidized Hg (Hg(II), GOM) and particulate-bound mercury (PHg).4 Once 40 

emitted, Hg can be transformed from one form to another by chemical and physical 41 

processes. Although GEM generally comprises >95% of atmospheric Hg,5 PHg can 42 

account for up to 40% of the total atmospheric mercury in industrial areas,6 and GOM 43 

and PHg are more important than GEM with respect to atmospheric deposition due to 44 

their large dry deposition velocities and scavenging coefficients.7 Speciation of mercury 45 

is therefore critical to understand the behavior and cycling of this element in the 46 

environment.  47 

 Atmospheric Hg concentrations are in the range of ng m-3 for GEM and pg m-3 
48 

for PHg. For this reason, sampling methods generally include a pre-concentration step 49 

to accumulate a quantity of Hg that is above the limit of quantitation (LOQ) of the 50 

analytical techniques. For PHg, the filtration-based method is still the most widely used 51 

for collection. This method relies on pulling a large volume of air through filter media 52 

[e.g., quartz-fiber filters, cellulose-acetate filters, glass-fiber filters, and Teflon® filters]. 53 

Because the most common detection techniques (cold vapor atomic absorption 54 

spectrometry-CVAAS and cold vapor atomic fluorescence spectrometry-CVAFS) 55 

require release of elemental mercury from the sample matrix, the more oxidized forms 56 
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of mercury [Hg(I) or Hg(II)] have to be reduced to complete the Hg(0) detection. For 57 

this purpose, wet-acid digestion and thermoreduction are mainly employed.8 The wet 58 

digestion procedure generally involves a number of reagents both for acidic digestion 59 

(performed at high temperature and/or high pressure conditions) and mercury reduction 60 

and is therefore time-consuming and presents risks of mercury loss due to volatilization 61 

and contamination due to the addition of reagents and significant manipulation of the 62 

samples. On the contrary, dry pyrolysis at very high temperatures (e.g., 800–900 °C) 63 

under a reducing atmosphere (Ar, He and N2) associated with CVAAS or CVAFS 64 

detection has already been proven as an effective method to reduce the uncertainties 65 

associated with wet-digestion procedures because it allows for the direct 66 

thermoreduction of Hg associated with particulate matter. Nevertheless, pyrolysis 67 

systems are generally homemade,9, 10 except in the fully automated Tekran® 2537-1130-68 

1135 atmospheric mercury speciation system,11 and always require a reducing gas 69 

supply. In addition, Lynam and Keeler10compared the thermoreductive method (as an 70 

alternative) with the classical acid-extraction method and found that the former tends to 71 

yield low values of PHg relative to the latter. Nonetheless, another approach that can 72 

measure total mercury directly in many solid and liquid matrices has become available 73 

in automated commercial instrumentation. Such systems combine sample combustion 74 

(thermal decomposition in the presence of O2), Hg amalgamation, and atomic 75 

absorption spectrometry.12 76 

 In this paper, we present the results obtained for the determination of PHg 77 

collected on a glass fiber filter by the combustion-AAS technique. The accuracy of the 78 

method was demonstrated by comparison with the U.S. EPA IO-5 method13 for 79 

determination of atmospheric PHg. 80 

 81 

2. Experimental section 82 
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 83 

2.1. Sampling 84 

Total atmospheric particulate matter was sampled according to the U.S. EPA IO-85 

5 method13 for the determination of atmospheric PHg. For each sampling, a 47-mm-86 

diameter glass fiber filter (Sartorius Stedim Biotech) was placed on a Teflon® filter 87 

holder (Cole Parmer) completely opened on the air entrance side and connected to an air 88 

pump (DOA-V191-AA, Gast, USA) by a silicone tube. The pump flow was 89 

approximately 30 L min-1, and the sampling time varied between approximately 3 and 90 

52 h. A volume meter (G1, Lao Indústria, Brazil) was placed between the filter holder 91 

and the air pump to record the total sampled volume. Sampling was always performed 92 

in duplicate using two identical sampling devices arranged side by side, which allows 93 

for paired sampling filters (named sampling batch). For preliminary tests (comparison 94 

of methods), the sampling devices were placed outdoors, 2 m from the external wall of 95 

the laboratory, which is on the first floor ~10 m above the ground. Because this 96 

sampling position is not suitable for atmospheric monitoring (very close to a vertical 97 

barrier), a final sampling was also performed on the roof of the Institute of Chemistry of 98 

the University of Campinas-Unicamp (Brazil) located in a suburban area (22o48´57”S; 99 

47o 03´33”W), between 11/11 and 12/4/2013.  100 

 101 

2.2. Analysis 102 

Filters were directly analyzed by a Direct Mercury Analyzer® (DMA-80 103 

TRICELL, Milestone, Italy). This equipment contains an automatic sampler, a quartz 104 

furnace, a cobalt-manganese oxide catalyst, a gold-coated sand amalgamator and an 105 

atomic absorption detection cell with three different pathlengths. The different steps of 106 

the analysis are controlled by software. A detailed description of the DMA-80 was 107 

given in Melendez-Perez et al.14 The equipment was initially designed to work with an 108 
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automatic sampler where solid or liquid samples are placed in nickel or quartz boats of 109 

approximately 360 mm (L), 110 mm (l) and 110 mm (h). For analysis, the sample boat 110 

is automatically transferred to a carrier linked to a horizontal pneumatic actuator, which 111 

allows for the introduction of the sample boat in the furnace. Because of the small size 112 

of the sample boats, the entire filter cannot be put in at once. Therefore, for the filter 113 

analysis, the boat was not used, but the boat carrier was used as the filter holder. To 114 

introduce the entire filter into the furnace, the actuator was opened by appropriate 115 

command from the software, and the filter was directly placed on the boat carrier after 116 

the temperature of the furnace decreased to room temperature to avoid Hg volatilization. 117 

Then, the actuator was activated to push the filter into the furnace. The instrumental 118 

analytical conditions are described in Table 1; air was used as the carrier gas. 119 

 120 

Table 1. Analytical conditions for the glass fiber filter in the DMA-80.  121 

Condition Setting 

Drying temperature and time 
~25 to 200 ºC for 50 s 

200 ºC for 40 s 

Ashing temperature and time 
200to650 ºC for 90 s 

650 ºC for 90 s 

Purge time 30 s 

Amalgamator heating temperature and time 850 oC for 12s 

Cuvettes temperature 125 ºC 

Signal recording time 24 s 

Air pressure 3.1 bar 

Air flow rate 100 mL min-¹ 

 122 
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2.3. Validation 123 

The method was in house validated by the evaluation of the following 124 

performance parameters: linear range, linearity, matrix effects, recovery, precision, limit 125 

of detection and limit of quantitation.  126 

The linearity and linear range for 0.1000 to 3.000 ng of Hg were established 127 

through a calibration curve obtained by triplicate analyses of aliquots of Hg standard 128 

solutions placed in quartz boats. The homoscedasticity of the residuals was verified with 129 

the Levene test.15, 16 The matrix effect was evaluated for glass fiber filters by comparing 130 

the calibration curve obtained as described above with the one obtained when analyzing 131 

entire glass fiber filters spiked with appropriate volumes of a standard solution; 132 

Student´s t-test was applied to compare the angular coefficients of both linear 133 

regressions. The limits of detection (LOD) and quantitation (LOQ) were determined as 134 

3 times and 10 times the standard deviation of the residuals from the linear regression, 135 

respectively, divided by the angular coefficient value of the linear equation.17 136 

Because no standard reference material is available for PHg, the accuracy was 137 

calculated as the percentage of recovery by triplicate analyses of filters spiked with Hg 138 

standard solutions in two Hg(II) mass levels (0.3000 and 1.000 ng). The proposed 139 

method was also compared with the U.S. EPA IO-5 method13 in which Hg is 140 

determined by CVAFS after acidic digestion of the glass fiber filter in a microwave 141 

oven. The precision of the sampling plus the analytical method was established for both 142 

methods (i.e., DMA and U.S. EPA method) by analyzing paired sampling filters by the 143 

same method. Paired sampling filters were also analyzed by both methods (i.e., one for 144 

each filter), and the results were compared by applying a paired Student´s t-test.   145 

For the analysis with the U.S. EPA  IO-5 method,13 each filter was digested with 146 

20 mL 10% (v/v) HNO3 in a closed PTFE flask in an analytical microwave oven 147 
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(Provecto Analítica, Brazil) by applying a three-step program (400 W/3 min; 200 W/17 148 

min; 0 W/30 min). After the flask was cooled at room temperature, 1 mL of BrCl 25% 149 

(v/v) was added, and after 1 h, 3 mL of hydroxylamine hydrochloride 15% (w/v) was 150 

also added. The digested solution was then quantitatively transferred to a 50.0 mL 151 

volumetric flask and the volume completed with deionized water. Mercury reduction 152 

was performed in a gas-liquid separator flask containing 80 mL of deionized water and 153 

20 mL of SnCl2 10% (w/v), where 20.0 mL of the sample and 1 mL of SnCl2 (10% w/v) 154 

were added. Nitrogen was used as a carrier gas, and Hg0 was trapped on a quartz 155 

column with a 6 mm diameter and 10 cm length, filled with 0.4 g of coated gold sand. 156 

The analytical procedure for Hg detection using AFS includes a double stage 157 

amalgamation that consists of thermal desorption (450 ºC) of the Hg0 amalgamated in 158 

the sampling column and subsequent amalgamation/desorption in a second column 159 

(analytical). Hg0 is carried by a 45 mL min-1 flow of argon directly to the AFS detector 160 

(Model-III, Brooks Rand, USA).  161 

 162 

2.4. Clean procedure, reagent and solutions 163 

 Clean techniques were applied to perform sampling and before the analysis. 164 

Filter holders and glassware were adequately decontaminated in a 10% (v/v) HNO3 bath 165 

for 24 h. Filters were previously decontaminated by ashing at 500 °C for 60 min and 166 

were stored in individual Petri dishes closed with Teflon® tape. Acid-cleaned Teflon® 167 

coated forceps were used to manipulate the filters, and particle-free gloves were used 168 

during the sampling and analytical procedures. Just before using, the DMA quartz boats 169 

were decontaminated by heating in the DMA furnace. All solutions were prepared with 170 

deionized water (18MΩ cm) obtained from a Milli-Q water purification equipment 171 

(Direct-Q 5, Millipore, Brazil); HNO3 (Synth, Brazil) and HCl (Merck, Germany) were 172 
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purified by distillation (BSB-939-IR subboiling unit, Berghof, Germany). The carrier 173 

gases (N2 and Ar) were also purified by passing through a gold trap before use. Hg(II) 174 

standard solutions (10.0 and 100.0 ng mL-1) were prepared from a stock Hg standard 175 

solution (1.000 ± 0.003 mg mL-1) (Tec-Lab® Hexis, Brazil) diluted in 10% (v/v) HNO3. 176 

For filter digestion and analysis, BrCl 25% (v/v) was prepared with KBr 99.7% 177 

(Mallinckrodt, Brazil) and KBrO3 100% (J.T. Backer, Brazil) in distilled HCl. The 178 

hydroxylamine hydrochloride solution 15% (w/v) was prepared with NH2OH·HCl 179 

69.49% (Nuclear, Brazil). The 10% (w/v) SnCl2 solution was prepared with SnCl2·2H2O 180 

98.0-103.0% (Synth, Brazil) in HCl 10% (v/v), and the solution was purged with Ar 181 

flow for 30 min before using.  182 

 183 

3. Results and discussion 184 

The figures of merit for both calibration curves obtained by analyzing standard 185 

solutions (S) and spiked filters (F) by DMA are presented in Table 2.  186 

 187 

Table 2. Figures of merit of the DMA calibration curves obtained with standard 188 

solutions (S) and with filters spiked with standard solution (F). 189 

 S F 

Dynamic linear range 

(ng Hg) 

0.1000 – 3.000 0.1000 – 3.000 

Linear equation Abs = a Hg + b Abs = a Hg + b 

a (sa)* 0.0926 (0.0004) 0.0958 (0.0012) 

b (sb)
$
 0.0012 (0.0006) 0.0060 (0.0015) 

   

Sy/x
#
 0.0020 0.0037 
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R
2
 0.9994 0.9981 

LOD (ng) 0.06 0.12 

LOQ (ng) 0.22 0.39 

*sa: standard deviation of the slope a; 
$ sb: standard deviation of the intercept b; 

# sy/x: 190 

standard deviation of the residual from the linear equation.  191 

 192 

As shown by the standard deviation values of the linear regressions parameters, 193 

precision was slightly better when calibration curve was obtained with standard 194 

solutions (S) than with filters spiked with standard solution (F). This results in the 195 

apparent difference in the LOD (and LOQ) obtained from both calibration curves. 196 

Nevertheless, Student´s t-test showed that the angular coefficients of both linear 197 

regressions were not significantly different (p>0.05). These data showed that no 198 

significant matrix effect should be considered and that calibration curve can be directly 199 

obtained from standard solutions, which represents a significant advantage because it is 200 

faster than when spiking filters and it also decreases the consumption of filters.  201 

The recovery test resulted in (97±2)% and (85±9)% when analyzing triplicate 202 

filters spiked with 0.3000 and 1.000 ng of Hg(II), respectively (data presented as the 203 

mean ± 1 standard deviation).  204 

Paired sampling filters were therefore analyzed by DMA, and the results are 205 

presented in Table 3.  206 

 207 

Table3. Hg mass and corresponding air PHg concentration obtained by analyzing 208 

paired sampling filters by DMA-80.  209 

Sampling 

batch number 

Filter 

code 

Mass of Hg 

(ng) 

Sampled 

volume (m
3
) 

Air PHg concentration 

(pg · m
-3
) 

1 1A 0.9532 22.629 42.1 
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1B 1.0372 23.775 43.6 

2 
2A 0.9554 35.956 26.6 

2B 0.8136 31.783 25.6 

3 
3A 0.3796 20.004 19.0 

3B 0.4098 22.394 18.3 

 210 

A paired Student´s t-test, applied to compare the analytical results of samples 211 

collected with the two sampling devices, designated as A and B, showed that PHg 212 

concentrations were not significantly different (p>0.05) when air was sampled with the 213 

A or B device. The precision for paired samples was <2.0 % (precision calculated as   214 

|��		�	�̅|��		

�̅
	, where 
� is the Hg concentration find for one sample and 
̅ is the mean of 215 

the Hg concentrations find for both samples). Because samplings were performed on 216 

different days, different PHg concentrations are expected between different sampling 217 

batches.  218 

To guarantee the robustness of the sampling method and the precision of the 219 

analytical method, three pairs of samples were also analyzed according to the U.S. EPA 220 

method. For the CVAFS calibration curve, the linearity ranged between 0.200 and 2.000 221 

ng Hg, and the LOD and LOQ were 0.07 and 0.23 ng Hg, respectively. Sampling filters 222 

were therefore analyzed by the U.S. EPA method; the results are presented in Table 4.  223 

 224 

Table 4. Hg mass and corresponding air PHg concentration obtained by analyzing 225 

paired sampling filters by the U.S. EPA method. 226 

Sampling 

batch 

number 

Filter 

code 

Mass of Hg 

(ng) 

Sampled volume 

(m
3
) 

Air Hg concentration 

(pg · m
-3
) 
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4 
4A 2.2179 93.273 23.8 

4B 2.1965 92.499 23.7 

5 
5A 0.7936 22.873 34.7 

5B 0.9978 27.345 36.5 

6 
6A 0.6689 31.504 21.2 

6B 0.8591 38.204 22.5 

 227 

As for the DMA analysis, a paired Student´s t-test applied to compare the paired 228 

samples did not show any significant difference (p>0.05) when the atmospheric 229 

particulate matter was collected with the A or B device and the filters analyzed 230 

according to the U.S. EPA method; the precision for paired samples was <3.0%.  231 

 232 

After the good precision of the sampling and both analytical methods (DMA and 233 

U.S. EPA) were proved, paired sampling filters were analyzed by both methods, and the 234 

results are presented in Table 5.  235 

 236 

Table 5. Hg mass and corresponding air PHg concentration obtained by analyzing 237 

paired sampling filters by the DMA and the U.S. EPA method. 238 

Sampling 

batch 

number 

Filter 

code 

Analytical 

method 

Mass of 

Hg (ng) 

Sampled 

volume (m
3
) 

PHg 

concentration 

(pg · m
-3
) 

7 
7A U.S. EPA 1.5641 68.334 22.9 

7B DMA 1.5831 74.413 21.3 

8 
8A U.S. EPA 0.4861 29.645 16.4 

8B DMA 0.5542 36.174 15.3 

9 
9A U.S. EPA 0.1123 4.921 22.8 

9B DMA 0.1428 6.029 23.7 

 239 
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A paired Student´s t-test applied to compare samples A and B collected in the 240 

same sampling batch but analyzed by different methods (U.S. EPA or DMA) did not 241 

show any significant difference (p>0.05); the precision for paired samples was <4.0%.  242 

 243 

 The PHg concentrations obtained for sampling performed on the roof of the 244 

Institute of Chemistry are presented in Table 6. A paired Student´s t-test did not show 245 

any significant difference (p>0.05) between paired samples A and B, and the precision 246 

was <10%. The concentrations of PHg measured in this study range from 6.5 to 29.3 pg 247 

m-3, which are in the same range as those reported in the literature for total particulate 248 

mercury in suburban areas.9, 18 In Brazil, the only PHg concentrations were reported by 249 

Fostier and Michelazzo,19 who found 465±252 pg m-3 at Unicamp. Nevertheless, in this 250 

study, air sampling was performed at 2 m, which could have significantly increased the 251 

PHg concentration because of the soil dust influence.  252 

 253 

Table 6. Hg mass and corresponding air PHg concentration obtained by analyzing 254 

paired filters by the DMA method for sampling performed at Unicamp on suitable 255 

monitoring conditions. 256 

Sampling 

batch number 

Filter 

code 

PHg 

(pg m
-3
) 

PHg mean 

concentration 

(pg m
-3
) 

Precision (%) 

10 
10A 28.8 

29.3 1.7 
10B 29.7 

11 
11A 19.7 

18.5 6.5 
11B 17.3 

12 
12A 16.5 

18.2 9.3 
12B 19.8 

13 13A 6.8 7.1 4.2 
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13B 7.3 

14 
14A 6.6 

6.5 2.3 
14B 6.3 

15 
15A 16.6 

16.1 3.1 
15B 15.6 

 257 

4. Conclusion 258 

 The presented data show that the determination of atmospheric PHg can be 259 

accurately performed by analyzing sampling filters by DMA-80®,even if the equipment 260 

does not seems to be initially projected for this application.When compared to the U.S. 261 

EPA method, the LOQ was on the same order (0.22 and 0.23 ng for DMA and EPA 262 

method, respectively), which, for a sampling flow of 30 L min-1 and a 24-h sampling 263 

period, corresponds to an LOQ of 5.0 pg m-3. On the other hand, the proposed method is 264 

much simpler and faster (approximately 6 min for filter analysis in the DMA, whereas 265 

filter digestion requires ~60 min plus ~15 min for CVAFS analysis with the U.S. EPA 266 

method). In addition, filter analysis is much less susceptible to contamination because 267 

no sample preparation is required.  268 
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Glass fiber filters analyzed by a combustion–AAS technique: no sample preparation; no 

contamination risks; method validated with the US.EPA standard method.  
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