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Abstract

Highly sensitive atmospheric mercury monitors are available, but their high costs restrict
widespread use particularly in developing countries. A need exists for a cost-effective,
sensitive, and robust method that can be performed using standard analytical laboratory
equipment.

Sorbent tubes in conjunction with cold vapour atomic absorption spectroscopy are
routinely used for occupational total gaseous mercury monitoring. Through longer
exposure time and modified analysis, the sensitivity of the published method was lowered
from 10 μg m-3 to 0.5 ng m-3. Over a period of 21 weeks, average atmospheric total
gaseous mercury concentrations of 1.6  0.4 ng m-3 and 1.7  1.9 ng m-3 respectively, were
determined at the CSIR premises in Pretoria, using the sorbent tube method as well as an
established mercury monitor. During a shorter interval, sorbent tubes were deployed in
other Pretoria suburbs as well as in Witbank and atmospheric TGM concentrations between
1.7 and 2.6 ng m-3 were measured. The results generated using the sorbent tube method
were therefore found to be in good agreement with those obtained from a mercury monitor,
making this method a viable alternative to established methods.

Mercury concentrations in lichens, collected at all air monitoring sites, were determined to
gather information on long-term mercury exposure. Concentrations between 74 and
228 μg kg-1 were measured.
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GLOSSARY

CVAAS

Cold vapour atomic absorption spectroscopy, applied to the
analysis of elements that form hydrides or elemental vapours
with reducing agents

like tin(II)chloride

or

sodium

borohydride
CVAFS

Cold vapour atomic fluorescence spectroscopy

FIAS

Flow injection analysis

Hopcalite

A mixture of copper oxide and manganese oxide, capable of
irreversibly binding mercury

RSD

Relative standard deviation, expressed as percent error

SCEM

Semi-continuous emissions analyser

TGM

Total gaseous mercury, describing volatile and non-particle
bound atmospheric mercury comprised of elemental and
oxidised mercury
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CHAPTER 1
INTRODUCTION
1.1

Natural and anthropogenic sources of mercury

Mercury is released into the atmosphere from a variety of sources, both natural and
anthropogenic. Among the natural sources of mercury is its flux from rocks and soil across
the world. According to Gustin et al. (2000:62), global natural emissions estimates vary
substantially among researchers. They point out that well researched sites of natural
mercury release are located in the western parts of both South and North America, where
the estimated flux of mercury from documented mercury deposits in western USA and
Mexico alone contribute ten tonnes per year to the atmospheric mercury burden. Since
mercury may occur naturally in conjunction with base and precious metals, the
determination of elevated mercury concentration above soil has been identified as a tool
for prospecting in this area (Gustin et al., 2000:62). Another natural contributor to
atmospheric mercury is volcanic activity. Nriagu and Becker (2003:9) estimate the global
emission of mercury from volcanoes to be 93 tonnes per year while other geothermal
sources contribute 60 tonnes per year.

Anthropogenic emissions of mercury originate from various industries. Mercury is released
from coal combustion in coal fired power plants and small industrial boilers. In addition,
cement production releases mercury from both the raw materials and coal during the
heating process. The mercury emissions from coal fired power plants can be reduced
substantially from ca. 50 kg per annum in a typical 600 MW power plant by applying
appropriate filter processes (Meij, 1991:29). Caustic soda production using mercury
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electrodes can release large quantities of mercury into the environment with a factory in
New Brunswick, Canada, emitting 51 kg per annum given as an example by Sensen et al.
(2002:32). Another source of atmospheric mercury pollution is informal gold mining,
where rocks are treated with mercury to release gold as mercury amalgam. The amalgam is
then heated over an open fire and mercury vapour is released into the environment
(Hurtado et al., 2006:340).

The total global anthropogenic mercury emissions in the year 2000 were calculated as
2190 tonnes (Pacyna et al., 2006:4052). The authors estimated that South African
industries emit 257 tonnes of mercury per year with coal combustion emitting 82.6 tonnes
and other industries contributing 174 tonnes, which would rank South Africa as the world's
second largest emitter of mercury.

Table 1.1: Global mercury emissions in the year 2000 (from Pacyna et al., 2006:4056)

Country
1
2
3
4
5
6
7

China
South
Africa
India
Japan
Australia
USA
Russia

604.7

Stationary
Combustion
(tonnes Hg
p.a.)
474.1

Industry
Production
(tonnes Hg
p.a.)
130.6

256.7

82.6

174.1

n.d.

149.9
143.5
123.5
109.2
72.6

133
49.6
109.6
60.4
26.5

16.9
61.3
13.8
23.6
24.4

n.d.
32.6
0.1
25.2
21.7

Total Emission
(tonnes Hg
p.a.)

Other Sources
(tonnes Hg
p.a.)
n.d.

In a recent study, Dabrowski et al. (2008:6620) estimated the mercury emission from
South African coal fired power plants to be 9.8 tonnes per year, based on energy
production figures and the mercury content of South African coal.
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Mercury stack emissions from coal fired power plants have been studied extensively with
respect to mercury chemistry and the effect of filter devices. Meij (1991:25) observed that
mercury is mainly emitted in the gas phase due to its volatility, with 2 % of the mercury
contained in the coal being recovered in the bottom ash. Within the gas phase, mercury
may either occur in the elemental (Hgo) or oxidised state (Hg2+). Yokoyama et al.
(2000:102) reported a correlation of flue gas temperature to the occurrence of mercury
species. Above 500 ºC the dominating species was Hgo and below 500 ºC, Hg2+ was
predominantly found. The ratio was quantified by Kellie et al. (2004:494), who measured
mercury in flue gas. While Hgo was measured to be between 0.6 and 2.5 μg m-3, Hg2+
values were determined as 7 - 10 μg m-3. Carpi (1997:245) stated in a review that stack
emissions contained broadly between 20 - 50 % Hg0 and 50 - 80 % Hg2+, while 99 % of
atmospheric mercury existed as Hgo. This discrepancy is attributed to the volatility and
chemical inertness of Hgo which allows it to be spread to regions far away from a pollution
source. Hg2+, on the other hand, is deposited nearer to the source, partly due to wet
deposition because of its higher solubility in water as will be discussed in more detail in
the next section.

1.2

Fate of atmospheric mercury

After emission into the environment, elemental mercury vapour may have an atmospheric
residence time of up to two years as shown in Figure 1.1 by Carpi (1997:243).
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Figure 1.1: Fate of atmospheric mercury (from Carpi, 1997)

Mercury removal mechanisms include dry deposition as well as oxidation of Hgo to Hg2+
in the presence of ozone and subsequent wet deposition (Carpi 1997:243). An influence of
elemental chlorine or bromine in conjunction with ozone has been proposed by Lindberg et
al. (2002:1248), who measured mercury species during the Arctic sunrise. Their findings
showed a correlation between an increase in UV-B radiation and subsequent ozone
formation, Hg0 depletion and Hg2+ formation in the atmosphere and an increase in wet
deposition of mercury.

Once mercury has been deposited into waterways it is partly methylated by microbial
activity in the sediment of rivers and lakes as well as in deep layers of the oceans
(Sunderland et al., 2009:6). It can also be recycled back into the atmosphere (Mason et al.,
1999:77). Methyl mercury is accumulated in marine organisms along the ascending food
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chain (Boening, 2000:1336).

1.3

Effect of mercury exposure on human health and the environment

Neurotoxic effects of mercury have been recorded since approximately 400 BC based on
observations after medicinal use in humans and occupational exposure of gold miners,
metal workers and hat makers. These effects, observed after chronic exposure to elemental
mercury vapour, include, among others, tremor, shyness, irritability and loss of confidence.
Acute poisoning with inorganic oxidized salts leads to protein precipitation in the mucous
membranes, ulcerative gingivitis, loosening of teeth and renal damage. The lethal dose for
an adult is approximately 0.5 g ingested mercury salt as opposed to approx. 100 g ingested
elemental mercury (Langford & Ferner, 1999:652). The lethal dose for ingested methyl
mercury is estimated to be 1.4 - 4.2 g for an adult (US EPA:1992), with one of the best
known incidents of mass poisoning due to industrial water pollution being the Minamata
Bay disaster which occurred in 1956 (Satoh, 2000:155).

While the likelihood of exposure to inorganic mercury salts is rather low, elemental
mercury vapour is ubiquitous at low levels in the environment and individuals with
amalgam dental fillings may be exposed to higher levels of mercury vapour. The methyl
mercury content in fish and shellfish is of great concern due to its good lipid solubility and
therefore high bio-availability. Symptoms of poisoning range from blurred vision, deafness
and speech impairment to blindness (US EPA:1992). Sunderland et al. (2009:1) estimate
that the methyl mercury content of pacific tuna contributes to 40 % of the US population’s
mercury intake.
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1.4

Methods for the determination of atmospheric mercury

A variety of instruments and methods are available for the determination of mercury in
ambient air, workplace air and even in plant material as an indicator of historic air
pollution. The techniques introduced in this section are described in more detail in the
following chapters.

Monitoring of mercury emissions from coal fired power plants in the US has been
increasingly performed since the inception of the 1990 Clean Air Act. Recognised methods
for stack monitoring at that time were, among others, the Ontario Hydro method which
consists of a series of impinger bottles to capture elemental, oxidised and particulate bound
mercury. The method requires highly trained personnel for operation and involves
substantial further laboratory work (Laudal et al., 2004:502). Since it is intended for direct
stack monitoring, the method is not sensitive enough for environmental monitoring.

Sophisticated semi-continuous emission monitors (SCEM) for mercury have since been
developed, mostly based on the amalgamation of mercury by noble metals. Usually finely
dispersed gold, for example gold mesh or gold coated sand, is exposed to a metered
volume of air from which it binds mercury by amalgamation. Flash heating releases the
mercury vapour which is then transferred to an atomic absorption or atomic fluorescence
detector. Originally developed for stack monitoring, modern analysers are so sensitive that
they can be used for mercury determination in ambient air even at very remote, nonpolluted sites as seen in a study conducted at Mace Head, Ireland by Ebinghaus et al.
(1999:3063). However, the high price of such an instrument limits the number that can be
purchased and operated by research facilities or regulatory bodies. In addition, the optical
alignment within such instruments is sensitive to movement which restricts the mobility of

7
the instrument thus they are usually installed in specially built measurement stations.

Spot checks in areas suspected of atmospheric mercury pollution are thus difficult to
perform. In the workplace environment, passive samplers are worn by workers to
determine their exposure to mercury vapour, rather than having a mercury analyser
installed in a factory. These passive sampler badges consist of a mixed metal oxide known
as Hopcalite in a plastic housing which was first described for use in mercury vapour
monitoring by Rathje et al. (1974:572). The same metal oxide mix is present in glass tubes
which can be connected to hand-held pumps for active sampling.

Biological samples have gained importance as biomonitors for mercury contamination in
the environment. One example is lichen, a symbiosis of an alga and a fungus, with the alga
providing photosynthesis and the fungus providing the skeleton for the lichen thallus. Slow
growth, large surface area and lack of a root system make lichens good absorbers of
airborne pollutants (Conti & Cechetti, 2001:472). Examples of lichen species that have
been used for absorbed mercury determination are Hypogymnia (Horvat et al., 2000:141),
Parmotrema and Ramalina (Walther et al., 1990:189).

1.5

Project Aims

The aim of the project was to establish an economic, sensitive and rugged alternative
method to the use of semi-continuous mercury emissions monitors. Mercury vapour levels
in ambient air in South Africa were to be adsorbed onto actively pumped Hopcalite - type
sorbent tubes. Analysis was to be performed by cold vapour atomic absorption after acid
dissolution of the sorbent material. Using numerous actively pumped sorbent tubes
simultaneously, it was to be shown that a regional profile of atmospheric mercury
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concentrations could be created. An Opsis HG 200 semi-continuous mercury emission
monitor was to be operated simultaneously to verify the results. It was also to be used to
monitor various locations within the South African Highveld region to identify local
pollution levels. Biological samples from these locations were to be analysed to establish if
their mercury content, accumulated over a time span of a number of years, could be related
to present day levels determined with the Opsis instrument and the sorbent tube method.

1.6

Problem Statement

The measurement of mercury in ambient air generally involves the use of highly
sophisticated and expensive semi-continuous mercury analysers. Besides the high cost,
these instruments require well trained personnel for operation and maintenance. Their use
in the field is further limited by the fact that they are difficult to install and should usually
not be moved after installation. Gold traps connected to a battery operated pump could be
used for the absorption of mercury from ambient air, with amount of mercury accumulated
in these traps determined by atomic fluorescence spectroscopy. This equipment is also
specialised and expensive, and is therefore not commonly found in analytical laboratories
in South Africa, which currently hinders widespread mercury monitoring. To address this
problem, the more widely available and cost effective technique of capturing mercury with
Hopcalite traps followed by cold vapour atomic absorption spectrometry (CVAAS) will be
employed. Hopcalite traps do not require special equipment for desorption since their
content is simply dissolved in acid and most atomic absorption spectrometers can be used
to perform cold vapour mercury analysis.

Another option is the use of lichens and tree bark as bio monitors to gather information on
long term air pollution by mercury.
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1.7

Hypothesis

An accurate and sensitive method for the determination of trace levels of mercury in
environmental air samples may be established using cost effective technologies.

1.8

Dissertation Outline

After a general introduction, each following chapter introduces an analytical method in
more detail. Experiments which were conducted are described and the outcomes discussed.
Chapter 2 describes the principles of mercury absorption onto Hopcalite traps and CVAAS
analysis, as well as the steps taken to transfer an industrial hygiene method to an
environmental trace analysis method. The atmospheric mercury concentrations at various
locations, determined by this method, are presented. Atmospheric mercury capture by
amalgamation on gold traps and semi-continuous mercury monitors are described in
Chapter 3. The results obtained using the OPSIS HG 200 semi-continuous mercury
monitor as well as Hopcalite traps in conjunction with CVAAS are compared. The
determination of mercury in lichens and tree bark is presented in Chapter 4, and a
comparison between mercury concentrations in ambient air and biological matrices is
made.
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CHAPTER 2
ATMOSPHERIC MERCURY SAMPLING ONTO
HOPCALITE WITH COLD VAPOUR ATOMIC
ABSORPTION SPECTROMETRIC ANALYSIS
2.1

Introduction

Hopcalite is a collective term used for a mixture of copper and manganese oxides in
varying proportions. Its main use is the catalytic removal of carbon monoxide from air, in
particular with the aim of reducing industrial emissions of the gas (Mirzaei et al., 2003:17).
It was first described as an absorber for mercury vapour by Rathje et al. (1974:571) and
has since been used both in personal passive sampler badges and in actively pumped
sorbent tubes which are marketed by SKC International as Anasorb C 300 or Hydrar.

2.1.1

Absorption of mercury onto a Hopcalite type absorber

An Anasorb C 300 sorbent tube contains 200 mg Hopcalite granules held in place by two
glass wool plugs. Hopcalite absorbs both elemental and oxidised mercury (Granite et al.,
1998:26). In the case of actively pumped sorbent tubes, divalent oxidised mercury, present
in particulate form, may adhere to the glass wool plug upstream from the actual sampling
material. According to the methods for the determination of hazardous substances (Health
and Safety Executive 2002:4), the glass wool plug should thus be analysed together with
the Hopcalite sorbent. However, as particulate-bound mercury is only a minute fraction of
atmospheric mercury (Ebinghaus et al., 1999:3072), it is prudent to report results obtained
by exposing Hopcalite traps as total gaseous mercury (TGM).
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Air is drawn through a tube with a vacuum pump at a constant flow rate which must be
calibrated prior to exposure. The amount of air that has passed through a tube can be
calculated using the flow rate and exposure time. While this procedure would apply to a
small personal pump worn by a worker during shift, larger pumps may offer the benefit of
a continuous air flow meter which enhances accuracy. At the end of the sampling period,
the sorbent tube is closed with plastic caps and kept refrigerated until analysis, and the
volume of air that has passed through the tube is recorded. Analysis is performed by
breaking the glass and capturing the content in a plastic test tube. Nitric acid and
hydrochloric acid are then added and the tube is slightly warmed. Once a clear solution is
achieved, all mercury has been dissolved and is present as Hg2+. The solution is then
analysed by cold vapour atomic absorption spectrometry.

2.1.2

Principle of mercury vapour generation

Divalent mercury in an aqueous solution can be reduced by tin(II) chloride to form
elemental mercury vapour following an intermediate reduction step to mercury(I) chloride
according to the chemical equations by Jander and Blasius (1989:330):

Sn2+ + 2 HgCl2 + 4 Cl- → Hg2Cl2 + [SnCl6]2Hg2Cl2 + Sn2+ + 4 Cl- → 2 Hg + [SnCl6]2-

In a Flow Injection Analysis (FIAS) instrument, the mercury containing sample is injected
into a peristaltically pumped stream of carrier solution via a switching valve and injection
loop. The carrier solution is joined by tin(II) chloride solution and a constant stream of
argon gas in a mixing chamber and the gas / liquid mixture is pumped through a reaction
coil. The argon gas which contains the newly formed elemental mercury vapour is
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separated from the liquid phase in a gas / liquid separator and transferred to an atomic
absorption spectrometer.

2.1.3

Cold vapour atomic absorption technique for mercury determination

A quartz tube is placed in the light path between a mercury lamp emitting light of
253.7 nm wavelength and a photo detector. Mercury vapour entering the tube in a stream
of argon carrier gas absorbs light energy and the resulting drop in transmittance from the
lamp is recorded by the detector. The change in light absorbance from the moment the
mercury vapour enters the tube until it is flushed out by carrier gas is recorded by the
instrument as a peak in a plot of absorbance over time (Figure 2.1). The absorbance within
the cell is equivalent to the concentration of infused mercury vapour according to Beer's
law (Skoog et al., 1988:466):
log (P/P0) = abc
where
P0 = power of the beam without absorption
P = power of the beam after absorption
a = absorptivity
b = optical path length
c = concentration of absorbing substance
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Figure 2.1: Absorbance curve after a single injection of mercury vapour

The area under the peak is integrated by the instrument software and the absorbance over
time is used as the detector's response to the concentration of mercury vapour injected into
the instrument. The AAS can also be set to only measure the maximum absorbance and
report peak height rather than peak area. In this case, a set of standard solutions containing
known amounts of mercury is used to generate a calibration curve of peak height versus
concentration against which the mercury content of unknown solutions can be determined.
Dedicated mercury analysers employing CVAAS technology are generally capable of a
detection limit of 0.1 μg -1 mercury in solution as stated by Bulska et al. (1995:138). The
authors also state that the detection limit can be lowered to the ng -1 range by adding an
amalgamation module. However, this option would increase the cost of an analyser and
was outside of the scope of this project. The estimated limit of detection in industrial
hygiene monitoring of mercury is given as 1.2 μg -1 in NIOSH method 6009 (1994), from
which the method used in this project is derived.
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2.2

Materials and methods

2.2.1

Adjustments to the Perkin Elmer FIAS 100 and Aanalyst 700 instruments

2.2.1.1 Replacement of the Perkin Elmer gas / liquid separator

The Perkin Elmer gas / liquid separator as shown in Figure 2.2 consists of a common inlet
for carrier gas and liquid (right, middle) as well as a liquid drain at the bottom. At the top,
a PTFE membrane closes the separator and prevents liquid from entering the gas transfer
line (not shown) from the assembly to the atomic absorption unit.
Gas outlet
PTFE membrane (not visible)

Gas / liquid inlet
Liquid drain

Figure 2.2: Gas / liquid separator (www.perkinelmer.com)

It was observed that gas was forced through the liquid drain which meant that mercury
vapour was partly drained instead of entering the transfer line. This caused a loss in
sensitivity, as part of the injected mercury would not be transported to the quartz cell to be
quantified. After a short time of operation, excessive amounts of spray droplets were
deposited on the PTFE membrane and partially blocked the gas flow which forced even
more mercury containing carrier gas through the drain. As these problems could not be
overcome, the original Perkin Elmer separator was replaced by a Varian separator which
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did not rely on a membrane for separation. Here, the separation took place only through
gravitational separation as liquid collected at the bottom of the separator on the right hand
side of the assembly and gas escaped through the top, as can be seen in Figure 2.3. The
bottom was sealed against gas breakthrough by a U - shaped tubing leading into the drain
chamber on the left hand side.

Gas outlet

Gas / liquid inlet

Optional carrier gas
inlet
Drain
Figure 2.3: Varian gas / liquid separator

The gas / liquid separator was then placed as closely as possible to the optical cell to
minimise the back pressure from the transfer line to the cell as well as to avoid peak
broadening. Consequently, the transfer line for the gas and liquid mixture between mixing
chamber and gas / liquid separator needed to be lengthened from just a few centimetres to
approximately one metre
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2.2.1.2

Alterations to the optical cell

Two optical cells were supplied with the Perkin Elmer Aanalyst 700 instrument. Mercury
vapour was introduced to the middle of the cell and was pushed out towards the ends by a
stream of argon carrier gas. Each cell had a length of 160 mm and their diameters were 7.0
and 15.0 mm, respectively. Since the distance between lamp and detector in the
spectrometer was approximately 250 mm, the available optical path length was not used
optimally. However, before inserting longer cells, the shape of the light beam had to be
taken into account since the Aanalyst 700 was mainly designed for use with a graphite
furnace and not with CVAAS. The graphite furnace tubes are only 26 mm long and the
optics were therefore designed to deliver a conical beam with a diameter of 20 mm at the
emitting lens and a focal point of 5 mm in the middle, where the graphite tube would be
located. The "double tapered" shape of the light beam is illustrated in Figure 2.4 with each
of the 160 mm long optical quartz cells placed inside the beam.

Figure 2.4: A) 15 mm and B) 7 mm diameter standard cells placed in light beam

While using the 15 mm diameter cell, most of the light beam passed through the cell's
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interior diameter and was available for absorption by mercury vapour. Some light was lost
when using the 7 mm diameter cell as the light shone past the cell window and would not
interact with the sample vapour. Quartz cells of 250 mm length and inner diameters of 7,
10, and 15 mm were custom made by United Glass Blowers in Booysens, South Africa to
assess the benefit of longer path length at various diameters. A further deviation from the
original cells was the removal of a central gas inlet and the addition of inlets / outlets
towards the ends of the cell. This made a closure of the quartz cell ends with quartz
windows possible, leading to a more controlled gas flow. Figure 2.5 illustrates the
light/sample interaction volumes when placing the longer 7 mm and 15 mm cell,
respectively, in the path between lamp and detector.

Figure 2.5: A) 15 mm and B) 7 mm diameter elongated cells placed in light beam

To overcome the limitations of conventional cells, two more glass cells were custom made
by Carman Electronics, San Jose, USA with a length of 250 mm to make best use of the
available path between lamp and detector. They were shaped according to the actual light
beam with a centre diameter of 5 mm and end inner diameters of 10 and 15 mm,
respectively. The gas inlet was moved from the middle to the end, with the outlet being at
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the opposite end to get a more controlled flow in the cell as compared to a central inlet and
two outlets. The ends of the tubes were closed off with quartz windows for use. A similar
approach has been described by Tuncel et al. (1980:127), although with asymmetrical
halves of the quartz tube.

Figure 2.6: Custom made optical cells for use with CVAAS

2.2.1.3 Comparison of quartz cell performances

Various glass cells were inserted into the optical path of the atomic absorption
spectrometer and a standard solution with a concentration of 50 μg -1 was injected into the
instrument to determine the maximum peak heights. The analysis was performed at four
different argon flow rates, as the flow had an influence on the peak shape.
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2.2.2

Preparation of solutions and standards

The FIAS carrier solution was prepared by pouring 100 m concentrated hydrochloric acid
(Riedel de Haën 37 %, puriss. p.a. for determination of mercury) into a 1000 m
volumetric flask and filling to the mark with water. The carrier solution was also used to
prepare the reducing solution: 50 mg tin(II) chloride (Riedel de Haën, anhydrous, purum)
was weighed into a 1000 mvolumetric flask and carrier solution was added to the mark.
Mercury standard solution (1003  3 mg -1) was purchased from Spectrascan Tecnolab AS
and the following dilutions were prepared:


Stock A: 1 m mercury solution was pipetted into a 10 m volumetric flask and
water added to the mark (100 mg -1)



Stock B: 1 m Stock A was pipetted into a 10 m volumetric flask and water added
to the mark (10 mg -1)



Stock C: 100 μ Stock A was pipetted into a 10 m volumetric flask and water
added to the mark (1 mg -1)

The standard solutions listed in Table 2.1 were prepared and stored refrigerated until use:

Table 2.1: Concentrated mercury standards
Stock

Total
m HNO3 Concentration
[μg -1]
volume[m]

m Stock

m HCl

C

0.1

1

1

10

10

C

0.2

1

1

20

10

C

0.5

1

1

50

10

B

0.2

1

1

200

10

B

1.0

1

1

1000

10

A

0.2

1

1

2000

10

A

0.5

1

1

5000

10

On the day of analysis, the standards were diluted 1:100 by pipetting 0.5 m of standard
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solution into a 50 m volumetric flask and adding 5 m hydrochloric acid and 5 m nitric
acid (Fluka, 65 %, for the determination of mercury). Water was then added to the mark
and the solution transferred to a 50 mplastic vial. The final concentrations are shown in
Table 2.2.
Table 2.2: Concentrations of ready to use standards
Standard

Concentration (μg -1)

Standard 1

0.1

Standard 2

0.2

Standard 3

0.5

Standard 4

2.0

Standard 5

10.0

Standard 6

20.0

Standard 7

50.0

Since dissolved mercury tended to adhere to the walls of the storage vessels, these diluted
standards were prepared on the day of analysis. All plastic and glassware for standard
preparation and following experiments was cleaned by soaking in 1:10 dilute nitric acid
overnight, followed by rinsing with ultrapure water and drying at room temperature.

2.2.3

Determination of the mercury content of exposed Hopcalite traps

After breaking open an exposed Hopcalite tube, the granules and glass wool plugs were
transferred to a 15 m plastic tube and 1 m nitric acid was added. After a few minutes,
1 m hydrochloric acid was added and the tube was placed in a beaker filled with water at
a temperature of approximately 50 ºC. Once a clear green solution was obtained and the
formation of chlorine gas had ceased, the liquid was transferred to a 10 m volumetric
flask. After rinsing the plastic tube with small amounts of water and transferring it to the
volumetric flask, the volume was made up to the mark with water. The solution was then
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transferred to a Perkin Elmer FIAS 100 autosampler tube and the tube was sonicated for at
least 30 min to remove traces of elemental chlorine from the solution. This step was
necessary since the chlorine present in the solution showed slight absorption of light at the
mercury determination wavelength of 253.7 nm which otherwise would have led to
interference (Seery & Britton, 1964:2264). The mercury content was then determined
against a set of standard solutions. A standard was re-injected after every ten samples as a
quality control.

The original industrial hygiene method NIOSH 6009 (1994) is based on a sampling time of
eight hours and a much higher dilution of the dissolved Hopcalite. Therefore, preliminary
experiments were conducted to establish the impact of the method change from eight hours
exposure to one week exposure and of reducing the total volume of 250 m to a total
volume of 10 mafter dissolution of the Hopcalite granules.

Hopcalite traps were first exposed from 20 July 2009 to 31 August 2009 at the CSIR
premises in Pretoria for the duration of seven days per trap. The vacuum pump was
calibrated with a bubble meter and stopwatch to deliver an air flow of 0.2  min-1; the total
volume was also recorded by a volume meter. One trap was exposed for 30 days from 31
August 2009 to 30 September 2009. The traps were dissolved in acid and the mercury
concentration in μg -1 determined by CVAAS. The calculated concentration in
micrograms per litre was multiplied by a factor of 10 to calculate the amount of mercury
absorbed per trap in nanograms, as the volume of solution after acid dissolution was 10
m. This amount was then divided by the volume of air that had passed through the trap to
obtain the mercury concentration in air in nanograms per cubic metre.
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Experiment A:
As the high content of copper and manganese in the dissolved Hopcalite was thought to
interfere with the reduction of Hg2+ to Hg0 by the SnCl2 containing reducing solution, a
series of Hg standard solutions were spiked with Hopcalite to assess the effect. Eight nonexposed Carulite C300 traps were broken and the content of each trap was dissolved in
acid as described earlier in this section. 0.1 m of concentrated standard solution between
10 and 5000 μg -1 as well as a blank were added to Hopcalite solutions, respectively as
described in table 2.1 and the volume was made to 10 m with water, resulting in mercury
concentrations from 0 – 50 μg -1 as described in Table 2.2. The peak height of each
Hopcalite spiked standard solution was then compared to the peak height of the respective
non-spiked pure mercury standards.

Experiment B:
To determine the maximum amount of mercury vapour that could be absorbed by the
content of a Hopcalite trap, a non-exposed trap was opened and the content poured onto a
small watch glass. This was repeated with three traps. The watch glasses were placed
inside a glass desiccator and a small bottle containing elemental mercury was added to
produce a mercury saturated atmosphere within the sealed desiccator. After one week, the
Hopcalite granules were removed, dissolved in acid and analysed as described in earlier in
section 2.2.3.
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Experiment C:
The absorption efficiency during sampling of ambient air at a flow rate of 0.2 .min-1 was
checked by using two traps in series while sampling. Any breakthrough mercury vapour
leaving the first trap would thus be captured by the second trap. This experiment was
performed for seven days.

2.2.4

Exposure of Hopcalite tubes at various locations

After completion of the preliminary experiments, Hopcalite traps were connected to pumps
operating at a flow rate of approximately 0.2  min-1 as stipulated by NIOSH (NIOSH
Method 6009, 1994:1). To capture sufficient mercury for CVAAS analysis, traps were
exposed for seven days, resulting in an air volume of approximately 2 m3 being drawn
through the traps. Traps were exposed at CSIR premises in the Pretoria suburb of
Brummeria (S 25º44'58" E 28º16'51"), ca. 10 m above ground with the traps hanging out
of a partly opened window. In the suburb of Hatfield (S 25º44'45" E 28º14'21"), pumps
with traps were installed ca. 10 m above ground level on a rooftop with a shelter providing
protection from rain and direct sunlight. In Pretoria West (S 25º45'18" E 28º08'49"),
adjacent to a coal-fired power station, pumps were installed inside a trailer used for
atmospheric air quality monitoring. Traps were exposed to air approximately 2 m above
ground level. Another sampling site was located at the Witbank Golf Course (S 25º52'54"
E 29º12'58"). Pumps were installed in an office and traps hung out of a partially opened
window approximately 1.6 m above ground level. Duplicate analyses were performed at all
sampling sites. The pumps and traps at the CSIR premises were operated parallel to the
semi-continuous atmospheric mercury analyser OPSIS HG 200 to validate results against
an established method for ambient air monitoring.
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2.3

Results and discussion

2.3.1

Optimization of optical cells

The volumes of the quartz cells were calculated using the length and diameter of each cell
as shown in Table 2.3. For straight cells, the equation used was:
V = π r2 l * 0.001
Where V = volume (m)
r = radius (mm)
l = length (mm)

For double tapered cells, the equation used was:
V = (r12 + r1r2 +r22) * 6.66*10 -4
Where V = volume (m)
r1 = radius middle (mm)
r2 = radius end (mm)
l = length (mm)
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Table 2.3: Volumes of standard and custom-made quartz cells

Manufacturer

Dimensions

Cell Volume (m)

Perkin Elmer

Length = 160 mm
ID = 7 mm

6.2

Perkin Elmer

Length = 160 mm
ID = 15 mm

28

United
Glassblowers

Length = 250 mm
ID = 7 mm

9.6

United
Glassblowers

Length = 250 mm
ID = 10 mm

20

United
Glassblowers

Length = 250 mm
ID = 15 mm

44

Carman
Electronics

Length = 250 mm
ID (Middle) = 5 mm; ID (End) = 10 mm

12

Carman
Electronics

Length = 250 mm
ID (Middle) = 5 mm; ID (End) = 15 mm
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Table 2.4 lists the peak height achieved with each cell and Figure 2.7 shows the results
graphically.
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Table 2.4: Peak height recorded after an injection of 50 μg -1 mercury standard using
different quartz cells
Argon
Peak
Peak
Peak
flow
Height A Height B Height C
m/min
Perkin Elmer 15 x 160 mm

Perkin Elmer 7 x 160 mm

Straight 7 x 250

Straight 10 x 250

Straight 15 x 250

Taper 5 mm centre, 10 mm
end x 250 mm

Taper 5 mm centre, 15 mm
end x 250 mm

Peak
Height Std dev
Average

78

0.070

0.080

0.105

0.085

0.0182

150

0.128

0.141

0.141

0.137

0.0075

222

0.138

0.065

0.096

0.100

0.0366

300

0.072

0.071

0.089

0.077

0.0101

78

0.385

0.389

0.371

0.382

0.0095

150

0.340

0.340

0.337

0.339

0.0017

222

0.278

0.277

0.270

0.275

0.0044

300

0.164

0.162

0.170

0.165

0.0042

78

0.462

0.449

0.445

0.452

0.0089

150

0.412

0.406

0.400

0.406

0.0060

222

0.348

0.357

0.352

0.352

0.0045

300

0.242

0.231

0.230

0.234

0.0067

78

0.243

0.235

0.236

0.238

0.0044

150

0.267

0.265

0.264

0.265

0.0015

222

0.244

0.242

0.245

0.244

0.0015

300

0.157

0.169

0.171

0.166

0.0076

78

0.114

0.106

0.100

0.107

0.0070

150

0.126

0.126

0.125

0.126

0.0006

222

0.136

0.134

0.133

0.134

0.0015

300

0.141

0.140

0.139

0.140

0.0010

78

0.444

0.447

0.447

0.446

0.0017

150

0.426

0.421

0.426

0.424

0.0029

222

0.360

0.360

0.360

0.360

0.0000

300

0.281

0.284

0.283

0.283

0.0015

78

0.328

0.324

0.327

0.326

0.0021

150

0.318

0.320

0.319

0.319

0.0010

222

0.289

0.286

0.285

0.287

0.0021

300

0.183

0.189

0.182

0.185

0.0038
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Figure 2.7: Graphic display of the influence of cell design on absorption peak height

28
Generally, a better response in the form of increased peak height was observed at lower
flow rates. At the lowest flow-rate of 78 m min-1, the mercury vapour plug would take
approximately 22 seconds to be washed out of the Perkin Elmer 160 x 7 mm cell with a
cell volume of 6.2 m. This was observed as a rise in absorbance to maximum and return
to baseline. The mercury vapour plug was thus calculated to take up a volume of 29 m. At
the highest flow-rate of 300 ml min-1, absorbance reached baseline after approximately 14
seconds and the vapour plug volume was calculated as 70 m. Although the mercury
vapour plug volume exceeded the cell volume even at the lowest pressure setting, any
additional gas volume, contributed by higher flow rates, had a detrimental effect on peak
height. This was true for all custom – made cells as well, with the exception of the straight
250 x 15 mm cell whose cell volume was only filled by the vapour plug at higher flow
settings, seen as an actual increase of peak height with increase flow rate.

Using double tapered cells reduced the standard deviation within triplicate analyses when
compared to straight cells of the same end diameter. Increasing the diameter of any quartz
cell design did not yield a better peak height even though more light would then interact
with the sample. This is likely due to the benefit of passing more light through the
increased cell diameter at the ends of the cell being outweighed by the creation of cell
compartments that were not exposed to light towards the centre of the cell as shown in
Figure 2.8.

Figure 2.8: Creation of compartments outside of the light path in large diameter cells
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The best performing cells were tested in a further experiment with an injection of 0.1 μg -1
mercury and comparison to the respective blank values to establish if the new cell designs
were beneficial in the critical low concentration range. The original Perkin Elmer 7 x 160
mm cell as well as the custom made straight 7 x 250 mm and double tapered 10 mm x 250
mm cells comparison is shown in Table 2.5 and graphically in Figure 2.9. The initial
results obtained by using the Perkin Elmer 150 x15 mm cell were discouraging and it was
not used for further evaluation.

Table 2.5: Peak heights recorded using different cell designs with 0.1 μg -1 mercury
standard injections
Injection
Number

Blank Height

0.1 μg -1 Height

1

0.003

0.003

2

0.002

0.003

3

0.002

0.003

Average

0.002

0.003

Standard Deviation

0.0006

0.000

1

0.001

0.003

2

0.001

0.002

3

0.002

0.003

Average

0.001

0.003

Standard Deviation

0.0006

0.0006

1

0.001

0.003

2

0.001

0.003

3

0.001

0.003

Average

0.001

0.003

Standard Deviation

0.0000

0.0000

Cell
Perkin Elmer 7 x 160 mm

CSIR 7 x 250 mm straight

CSIR 5/10 x 250 mm taper

30

Figure 2.9: Peak heights recorded using different cell designs at 0.1 μg.-1 mercury
standard injections
The peak height obtained using a Perkin Elmer cell was similar to that of CSIR custom
made cells at an injection of 0.1 μg -1, however this was mainly due to a high background
reading, which reduced sensitivity. Both CSIR custom made cells delivered comparable
average values but the tapered design provided lower standard deviation and best signal to
noise ratio and was used for all further experiments.
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2.3.2

Determination of the limit of detection of mercury in solution

The limit of detection (LOD) was calculated according to Thomsen et al. (2003:112) where
it was expressed as:
c L  k sBL S

Where
cL

= Concentration of analyte at limit of detection

k

= Numerical factor (10 chosen)

sBL

= Standard deviation of the blank value

S

= Sensitivity of the method given by the slope of the calibration curve

A calibration was set up with n=5 replicates per concentration and the slope calculated
using Microsoft Excel. The LOD was then calculated as 0.06 μg -1 when using a 250 mm
length, 5mm centre diameter / 10mm end diameter double tapered absorption cell. Since
the lowest standard employed was 0.1 μg. -1, the LOD was set as 0.1 μg.-1, which is
comparable to previously published work (Bulska et al., 1995:138). On the same day, the
validation was performed with the Perkin Elmer cell to compare the performances over a
range of concentrations as shown in Table 2.6 and Figure 2.10. An LOD of 0.2 µg -1 was
achieved when using the Perkin Elmer cell.

Since all CSIR cell generated blanks read 0.000 in the regular instrument printout and thus
a calculation of the LOD was not possible, absorption raw data were downloaded to an
Excel spreadsheet and the peak height maximum established manually to achieve a four
digit result as shown in Table 2.6.
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Table 2.6: Determination of the limit of detection of mercury in aqueous solution by
CVAAS using a custom made quartz cell and a standard Perkin Elmer Cell
CSIR 250 *5/10 mm
μg -1 Hg
A
B
0
0.0007 0.0007
0.1
0.0017 0.0018
0.2
0.0028 0.0029
0.5
0.0064 0.0063
2
0.0240 0.0244
10
0.1147 0.1148
20
0.2430 0.2423
50
0.5573 0.5651

C
0.0006
0.0017
0.0028
0.0062
0.0242
0.1112
0.2460
0.5649

D
0.0007
0.0017
0.0029
0.0064
0.0243
0.1187
0.2511
0.5659

E
0.0005
0.0018
0.0030
0.0061
0.0247
0.1129
0.2535
0.5541
Slope
LOD

Perkin Elmer 160*7 mm

Peak Height
Average
STDEV
0.0006 0.0001
0.0017 0.0001
0.0029 0.0001
0.0063 0.0001
0.0243 0.0003
0.1144 0.0028
0.2472 0.0050
0.5615 0.0054
0.0113
0.06

µg -1

Peak Height

-1

μg  Hg
0

A
0.000

B
0.000

C
0.001

D
0.001

E
0.001

Average
0.001

STDEV
0.0005

0.1
0.2
0.5
2

0.002
0.002
0.005
0.018

0.002
0.002
0.005
0.018

0.001
0.002
0.004
0.016

0.001
0.002
0.004
0.019

0.001
0.002
0.004
0.018

0.001
0.002
0.004
0.018

0.0005
0.0000
0.0005
0.0011

10
20

0.082
0.171

0.081
0.181

0.081
0.181

0.082
0.172

0.081
0.177

0.081
0.176

0.0005
0.0048

50

0.429

0.416

0.420

0.426

0.425

0.423

0.0052

Slope
LOD

0.0085
0.2

µg -1
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Figure 2.10: Calibration curves using a custom made quartz cell and a standard Perkin
Elmer cell
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The CSIR cell provided better sensitivity of the analysis method as shown by the higher
slope of the calibration curve. In the low concentration range, as seen in Figure 2.11, it also
improved the precision within multiple injections.

Figure 2.11: Calibration curves in the low concentration range using a custom made
quartz cell and a standard Perkin Elmer cell
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The actual absorbance curve over time showed less noise (signal fluctuation across the
peaks) when compared to the one achieved with a Perkin Elmer cell as seen in Figure 2.12.

Figure 2.12: Absorbance peaks achieved with both CSIR custom (top) and Perkin Elmer
cells (bottom)
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2.3.3

Determination of the Hopcalite binding capacity and minimum exposure time

The LOD for mercury in aqueous solution was found to be 0.1 µg -1 in section 2.3.2. In a
10 m solution of dissolved Hopcalite, the amount of mercury necessary for detection
would thus be 1 ng. This amount would have had to be absorbed in a trap. Assuming a low
limit of 1 ng m-3 mercury in ambient air, 1 m3 would be the minimum volume needed for
successful analysis. It was decided to sample 2 m3 which, at a pump rate of 0.2  min-1,
would take seven days.

To establish if an exposure time of seven days would lead to an overloading of traps, a
saturation experiment was performed, as described in section 2.4.3. The CVAAS readings
were outside the calibration curve and the sample solutions had to be diluted 1:2000 until
readings fell within the linear range as shown in Table 2.7.

Table 2.7: Determination of the mercury concentration in dissolved Hopcalite after
saturation
After Dilution
µg -1

Original solution
µg -1

μg Hg / 100 mg Hopcalite

Dish 1

37.74

75480

594

Dish 2

30.89

61780

635

Dish 3

32.6

65200

618

Dish 4

29.68

59360

652

Average

625

STDEV

25

37
A Hopcalite trap containing 200 mg would bind a maximum of ~1250 μg mercury. With
mercury concentrations in ambient air expected to be between 1 and 100 ng m-3, the
amounts of mercury that would be expected to be collected per trap during seven days of
exposure are listed in Table 2.8.

Table 2.8: Amount of mercury absorbed in a trap depending on atmospheric mercury
concentration
Mercury
Pump speed Sampling time Air Volume Mercury in
Concentration
(minutes)
(m3)
Trap (µg)
( min-1)
(ng m-3)
1

0.2

10080

2.016

0.002

10

0.2

10080

2.016

0.020

100

0.2

10080

2.016

0.202

The exposure time for Hopcalite traps was thus not limited by the mercury absorption
capacity.

2.3.4

Effect of Hopcalite on the CVAAS analysis

After acid dissolution of the content of Hopcalite traps, large amounts of copper and
manganese cations were present in the solution to be analysed by CVAAS. To assess
possible effects on the recovery of absorbed mercury, the content of unexposed traps was
dissolved in acid and spiked with standard solution. As seen in Figure 2.13, standard
solutions containing dissolved Hopcalite show an increase peak height when compared to
pure standard solutions.
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Figure 2.13: Mercury standard solution with and without Hopcalite addition (n=2)

The experiment was repeated with mercury concentrations up to 50 μg -1 and n=4
repetitions. As seen in Figure 2.14 and 2.15, in the low mercury concentration range,
relevant to exposed Hopcalite and lichen analysis, all peak height readings of spiked
mercury standard solutions were higher than those of non-spiked standard solutions. The
increase in peak height was likely due to traces of mercury contained in the Hopcalite
granules and could be overcome by including blank samplers in every analysis as
recommended by NIOSH (NIOSH Method 6009, 1994:1).
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Figure 2.14: Comparison of spiked and non-spiked mercury standard

Figure 2.15: Detail of low mercury concentration standard range
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2.3.5

Total gaseous mercury concentration in air determined by Hopcalite trap
exposure

2.3.5.1 Exposure for seven and thirty days

Table 2.9 shows the concentrations of mercury in ambient air calculated after a first set of
experiments:
Table 2.9: Hopcalite trap exposure results for seven and thirty days exposure

Exposure
20.7.09 27.7.09
27.7.09 4.8.09
4.8.09 11.8.09
11.8.09 17.8.09
17.8.09 24.8.09
24.8.0931.8.09
31.8.0930.9.09

μg -1
Hg

ng Hg /
Trap

Air Volume
(m3)

ng m-3
TGM

0.3

2.9

2.060

1.4

0.2

2.3

2.056

1.1

0.4

3.5

2.288

1.5

0.2

2.3

1.722

1.3

0.5

4.8

1.917

2.5

0.2

2.3

1.936

1.2

1.1

11.0

7.386

1.5

The thirty days exposed trap showed an atmospheric TGM concentration that was in line
with the seven days exposed traps, indicating that major breakthrough was unlikely to
occur even at the longer sampling period. The amount of mercury absorbed in the trap is
also sufficiently below the maximum possible amount as found in section 2.3.3. During the
seven day exposure intervals, an average concentration of 1.5  0.5 μg m-3 was measured,
which was lower than concentrations reported for a large Canadian city (Song et al.,
2009:660).
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During sampling for seven days at a flow of 0.2  min-1, a second Hopcalite trap was
connected to the tubing between the primary Hopcalite trap and the vacuum pump to
capture any mercury vapour passing through the primary tube. Table 2.10 shows the results
of mercury determination by CVAAS in dissolved Hopcalite after exposure of two traps in
series.
Table 2.10: Results of breakthrough experiments

Blank (n=6)
Std Dev Blank

µg -1 Hg
0.1
0.01

Primary Trap
2nd Trap

0.4
0.2

Primary Trap
2nd Trap

0.4
0.1

Primary Trap
2nd Trap

0.4
0.1

Primary Trap
2nd Trap

0.4
0.1

CVAAS analysis of the dissolved Hopcalite granules after exposure showed that only one
of the secondary traps had captured slightly more mercury than the average of the blanks
performed in this experiment. The absorption efficiency of the Hopcalite traps was
therefore considered sufficient for a seven day exposure.

2.3.5.2 Determination of the deviation between traps after parallel measurements

Six traps were connected to vacuum pumps operated at a flow rate of 0.2  min-1. All
pumps were equipped with volume meters and the volume was recorded for seven days of
exposure.
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The meter of pump D failed and the volume was estimated as 0.2  min-1 * 10080 min /
1000 = 2.016 m3. The results for all traps are shown in Table 2.11.

Table 2.11: Results of parallel sampling with six traps for seven days
Sampler µg -1
Tube
Hg
A
0.4
B
0.3
C
0.4
D
0.5
E
0.5
F
0.4
Average
STDEV

ng Hg /
Trap
3.5
1.9
3.4
3.9
4.1
3.4

Air Volume
Sampled (m3)
1.995
1.23
2.018
2.016
1.892
2.13

ng m-3
TGM
1.8
1.5
1.7
1.9
2.2
1.6
1.8
0.2

The average concentration of TGM in ambient air at CSIR premises between October 22
and October 29, 2009 was determined as 1.8  0.2 ng m-3 within a 95% confidence interval
for n = 6 samples. The %RSD of 11 % was deemed acceptable.

2.3.5.3 Determination of atmospheric mercury at several locations

Monitoring of total gaseous mercury (TGM) in air was performed at three locations in
Pretoria and at one location in Witbank. Pumps with Hopcalite traps were deployed in
duplicate and traps were changed every seven days. At least three non-exposed traps were
analysed as reagent blanks during CVAAS analysis to correct for the signal increase
observed in section 2.3.4. Table 2.12 shows a summary of the average weekly TGM
concentrations determined at all atmospheric mercury sampling sites by trapping mercury
onto Hopcalite with subsequent CVAAS analysis. Since too few pumps were available,
the sampling campaign in Witbank was interrupted to facilitate sampling in Pretoria West.
A direct comparison was therefore only possible between the locations CSIR – Witbank
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and CSIR – Hatfield – Pretoria West.

Table 2.12: Summary of TGM concentrations in ambient air (n=2 samplers at each
position)
Location
Pretoria - CSIR
Pretoria - CSIR
Witbank
Witbank

Sampling Period
12.11.09 – 03.12.09
11.02.10 – 18.03.10
12.11.09 – 03.12.09
11.02.10 – 18.03.10

Ng m-3 TGM
1.6
±
0.3
1.2
±
0.2
1.8
±
0.5
1.7
±
0.3

Pretoria - CSIR
Pretoria - Hatfield
Pretoria West

10.12.09 – 04.02.10
10.12.09 – 04.02.10
10.12.09 – 04.02.10

1.8
2.6
2.0

±
±
±

0.4
0.6
0.4

Figure 2.16 and 2.17 show the weekly average TGM concentrations determined at all
measurement stations. Occasional malfunctions occurred and the following errors were
recorded at these monitoring stations for the respective weeks ending:
Hatfield:

Both Pumps failed 24.12.09
One pump failed 31.12.09 and 07.01.10

CSIR:

One pump failed 28.01.10

Witbank:

One trap broke 11.02.10

Figure 2.16: Results of mercury monitoring in Witbank and at CSIR premises

44

Figure 2.17: Results of mercury monitoring at CSIR premises, Hatfield and Pretoria West

Despite the heavy industries and coal-fired power stations concentrated around Witbank,
TGM concentrations were not found to be significantly higher than at the CSIR premises
over these short sampling intervals, after application of an ANOVA single factor test at
99% confidence limit (p=0.04). Within Pretoria, TGM concentrations in Hatfield were
significantly higher (p<0.01) than those measured both in Pretoria West and at the CSIR,
while there was no significance difference between the sites Pretoria West and CSIR over
the sampling period (p=0.30). A possible reason for the relatively high TGM
concentrations recorded in Hatfield is the emission of mercury by vehicle traffic, since
mercury is present in both diesel and petrol fuels (Liang et al., 1996). At all monitoring
sites, the average concentrations of TGM were lower than those reported for other large
cities like Toronto, Canada with TGM = 4.5  3.1 ng m-3 (Song et al., 2009:660) and
Beijing, China (Liu et al., 2002:97) where concentrations between 6 and 13 ng m-3 were
found .

A comparison between the Hopcalite trap sampling method and semi-continuous
measurements by the Opsis HG200 is discussed in chapter 3.3.2.
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2.4

Conclusions

A limit of detection of 0.1 µg -1 for mercury in aqueous solution by CVAAS was achieved
using a Perkin Elmer Aanalyst 700 AAS and FIAS 100 cold vapour generator, which was
comparable to published methods (Bulska et al., 1995:138). The sensitivity of the
analytical method was sufficient for the determination of weekly average values of TGM
in ambient air.

Motor vehicle emissions appeared to contribute strongly to atmospheric mercury, as the
highest concentrations of TGM were measured in an urban environment with little industry
but high occurrence of vehicle traffic.
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CHAPTER 3
DETERMINATION OF ATMOSPHERIC GASEOUS
MERCURY BY THE GOLD AMALGAMATION METHOD
3.1

Introduction

3.1.1.

Principle of the amalgamation method

Upon contact of liquid or gaseous mercury with other metals, notably gold, silver and
copper, an amalgam is instantly formed. The process is reversible at high temperatures as
described by Braman & Johnson (1974:997). Mercury vapour can be absorbed
quantitatively by pumping air through a tube filled with gold coated glass beads, goldcoated sand or gold wire mesh. Most semi-continuous mercury analysers rely on this
principle to concentrate mercury on a small gold trap. On heating the trap, mercury is
released from the adsorbing material in a small volume of air and transferred to an atomic
absorption or atomic fluorescence detection cell.

3.1.2.

Overview of the Opsis mercury analyser

In the Opsis mercury analyser, a primary pump draws ambient air through a PTFE filter
and pumps it through a soda lime trap for the removal of moisture and carbon dioxide. To
maintain a constant flow through the long transfer line from the first filter to the pump, part
of the airflow is vented through an overflow before entering the soda lime trap. A second
PTFE filter is placed behind the soda lime trap to filter any dust particles arising from the
trap. From here onwards, air is drawn through a trap consisting of fine gold wire in a
quartz cell surrounded by a tungsten heating coil. During the preset sampling time,
mercury vapour is captured by the gold wire mesh and bound as amalgam. At the end of
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the sampling time, the tube is heated and mercury vapour is released into an optical cell
through which a beam of light at 253.7 nm is shone from a mercury lamp. The absorbance
by mercury vapour in the main quartz cell is measured by a photo detector, which also
measures the absorbance within a reference cell by means of a beam chopper. The
concentration of atmospheric mercury is calculated by the instrument software, taking into
account the volume of air sampled. Calibration of the instrument is performed by injecting
a defined amount of mercury vapour into the instrument during the sampling phase of
operation. A schematic view of the Opsis analyser is given in Figure 3.1.

Figure 3.1: Schematic view of the Opsis HG 200 mercury analyser
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3.2

Materials and methods

3.2.1.

Analyser settings and calibration

The sampling time was set to 10 minutes, which resulted in approximately 12 litres of
ambient air being drawn through the gold trap per cycle. After the end of the sampling
period, the main pump switched off and the trap was heated for 60 seconds to release the
mercury vapour. After 45 seconds into the trap heating, the pump switched on to move the
mercury vapour plug from the trap to the quartz cell for absorbance measurement. After 60
seconds the heater was switched off and the mercury vapour plug was flushed out of the
cell, which resulted in the absorbance reading returning to the baseline level. The
absorbance within the quartz cell was monitored throughout the heating cycle and a typical
signal recorded by the instrument is shown in Figure 3.2. A cooling period of 120 seconds
was programmed to allow sufficient cooling of the gold trap before the start of the next
sampling interval. The overall cycle length was set to 15 minutes.

Trap heater switched on

Time (s)

Figure 3.2: Light absorbance peak of a Hg vapour plug entering the quartz cell of the Opsis
analyser
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To calibrate the analyser, elemental mercury was stored in an Erlenmeyer flask which was
sealed with a rubber septum. A thermometer was attached to the flask and the assembly
stored in a Styrofoam container to avoid sudden temperature changes. The mercury vapour
inside the flask was in an equilibrium state, depending on ambient temperature and the
concentration could be calculated using a concentration table as depicted in Table 3.1.
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Table 3.1:

Mercury vapour concentrations over liquid mercury at various temperatures
(Tekran Model 2537A Mercury Analyzer Manual, Tekran Inc.)
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Headspace was sampled from the mercury bottle by inserting the tip of an airtight 100 μ
Hamilton syringe through the rubber septum and drawing between 20 μ and 100 μ into
the syringe. The amount of vapour injected into the instrument was then calculated using
the volume of air drawn through the gold trap, the example for 100 μ vapour injection
volume at 20º C ambient temperature is given:
c (Hg) in headspace at 20.0 ºC

= 13.176 pg μ -1 (from Table 3.1)

m (Hg) in 100 μ syringe volume

= 1.3176 ng

V (Air) drawn through instrument

= 12.0 

c (Hg) introduced to the instrument =

1.3176 ng = 0.1098 ng -1 = 109.8 ng m-3
12.0 

For a range of temperatures, the calculations given in Table 3.2 were used:
Table 3.2: Atmospheric mercury concentrations injected into the Opsis analyser for
calibration

Temperature.

100 uL of headspace
Hg injected into Opsis
at 600s sampling time

50 uL of headspace Hg
injected into Opsis at
600s sampling time

°C
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

ng m-3
71.8
78.2
85.3
92.8
100.9
109.8
119.3
129.6
140.7
152.6
165.4
179.3
194.2
210.2
227.4
245.9

ng m-3
35.9
39.1
42.6
46.4
50.5
54.9
59.7
64.8
70.3
76.3
82.7
89.6
97.1
105.1
113.7
122.9
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Calibration was usually performed daily. The target value obtained using the calculation
given above was divided by the instrument reading after vapour injection to obtain a
correction factor for sensitivity drift. This factor was entered into the instrument as a span
factor.

To establish the baseline drift, mercury free air needed to be drawn into the instrument. For
this purpose, a glass syringe of 10 mm diameter was filled with a small amount of glass
wool, onto which the content of 10 non – exposed Hopcalite traps was poured. An active
charcoal layer (Sigma - Aldrich, 8-20 mesh) was added on top of the Hopcalite granules to
a height of ca. 20 mm. This air filter was connected to the Opsis air inlet for the duration of
a complete measurement cycle. The reading obtained after completion of the cycle was
entered into the instrument as the zero offset factor.

3.2.2.

Opsis HG 200 maintenance

Initially, the Opsis HG 200 analyser showed a strong signal drift and sensitivity was lost
almost completely within a few weeks. After service of the instrument the problem
remained and sensitivity was lost completely between June 5, 2009 (top graph) and June 9,
2009 (bottom graph) as shown in Figure 3.3. The peak maximum at 50 seconds was almost
undistinguishable from the baseline noise. The gold wire mesh within the quartz tube was
identified as the source of the problem, as it was moved by the stream of air passing
through the tube and eventually pushed out of the heated zone. To overcome this problem,
a quartz tube was custom made by United Glassblowers. Two small sections of the tube
were spot heated and pressed inwards to create a barrier (baffle) that kept the gold wire
mesh in place.
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Time (s)

Time (s)

Figure 3.3: Initial instrument readings (top) and instrument readings after four days of
operation (bottom)

3.2.3.

Air monitoring using the Opsis HG 200

The Opsis HG 200 was set up for routine analysis of mercury in ambient air at CSIR
premises at a height of ca. 10 metres above ground from 22 October 2009 to 18 March
2010. While the instrument itself was placed in an air-conditioned office where the
temperature was kept at ca. 20 °C, the instrument’s air inlet tubing was hanging out of a
partly opened window. For the duration of measurements, air was also sampled by
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Hopcalite traps at the same location for a comparison of both methods. At a cycle length of
15 min, the Opsis HG 200 recorded 96 values per day.

3.3

Results and Discussion

3.3.1.

Daily mercury measurements with the Opsis HG 200

After elimination of initial problems the Opsis HG 200 was used for routine monitoring of
ambient air. Figure 3.4 shows all values recorded between 22 October 2009 and 18 March
2010.

Figure 3.4: Concentration of TGM in ambient air recorded with Opsis HG 200
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While atmospheric mercury readings were usually below 5 ng m-3, frequent concentration
spikes could be observed over the sampling interval, mostly during night time. Between
December 16 and December 18, 2009, particularly high concentrations of atmospheric
mercury of up to 65 ng m-3 were observed in regular, repeating patterns with a maximum
between 20h00 and 00h00. This was unusual as most factories closed for the holidays
before December 16 and might be indicative of maintenance carried out while normal
production was halted. Figure 3.5 shows the TGM concentration in ambient air between
December 16 and 18 in detail.

Figure 3.5: Elevated TGM concentrations in ambient air from December 16 to 18, 2009

Measurements conducted with the Opsis HG200 at the CSIR premises in Pretoria from 20
October 2009 to 18 March 2010 yielded an overall average value of 1.7  1.9 ng m-3 total
gaseous mercury in ambient air.
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3.3.2.

Comparison of OPSIS HG 200 and Hopcalite trap weekly average values

The Opsis HG 200 results were combined into weekly averages, each calculated from 672
readings, to allow a direct comparison with the weekly average mercury concentrations
determined by the Hopcalite mercury trapping method at the CSIR premises, as described
in section 2.3.5.4. Results are shown in Figure 3.6.

Figure 3.6: Comparison of Opsis and Hopcalite trap weekly average TGM concentrations
in ambient air at the CSIR premises

The average concentration of 1.7  1.9 ng m-3 TGM determined by the Opsis HG 200
during 21 weeks was in good agreement with the average value of 1.6  0.4 ng m-3 TGM
determined by Hopcalite trapping and subsequent CVAAS analysis. An ANOVA single
factor test, 99% confidence interval, applied to both data sets, showed that no significant
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difference (p=0.35) existed between both methods for the determination of total gaseous
mercury in the atmosphere. A good correlation of r2 = 0.8 was achieved between the 1st and
11th week, while a poor correlation of r2= -0.6 was achieved between the 12th and 21st
week. Discrepancies between methods may be due to calibration problems of the Opsis
HG 200. The calibration method of drawing mercury headspace into a syringe and
injecting it into the air inlet of the Opsis was not optimal as it introduced uncertainty
through gas transfer losses associated with a syringe. Trace amounts of mercury, adhering
to the syringe tip, may also have been transferred into the Opsis inlet. A calibrator,
delivering diluted mercury vapour from a diffusion source would have improved the daily
calibration.

3.4

Conclusions

The weekly average concentrations of total gaseous mercury (TGM) in ambient air
determined by an Opsis semi-continuous mercury analyser were in good agreement with
those obtained by using Hopcalite trap sampling followed by CVAAS analysis. The use of
actively pumped Hopcalite traps, exposed for seven days in conjunction with CVAAS
analysis, was a valid approach to measuring TGM in ambient air and offered the benefit of
being a very economical method that allowed for simultaneous measurements with
multiple pump / trap assemblies, when time averaged concentration data is sufficient as
spikes in concentrations cannot be determined with this method. The Hopcalite trapping
method also offered the benefit of high mobility, since pumps and traps could be deployed
easily without the need for lengthy stabilisation and frequent recalibration. The analysis of
exposed traps was performed in a laboratory with an atomic absorption spectrometer and
cold vapour generation assembly with no need for any specialised equipment, making this
method broadly accessible to any laboratory performing metals analyses.
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CHAPTER 4
THE USE OF LICHENS AND TREE BARK AS BIO
MONITORS FOR MERCURY EXPOSURE
4
4.1

Introduction

4.1.1.

The use of lichens as biomonitors

Lichens are considered to be good biomonitors for airborne pollutants as they possess the
following properties (Conti & Cechetti, 2001:472):


They are perennial and do not shed parts during growth



They grow slowly and rely largely on the atmospheric environment as a source of
nutrients since they lack a root system



They have a large surface area



They lack a cuticle or stoma which enables them to absorb nutrients as well as
contaminants over the entire organism's surface

Due to these properties, lichens have been used extensively as biomonitors for various
analytes as diverse as heavy metals, SO2, NO2 and persistent organic pollutants (Conti &
Cechetti, 2001:482). Lichens incorporate pollutants into their thallus over time and an
analysis of lichen material will render information about historic pollution levels spanning
a few years. In the case of heavy metals, the uptake may happen by particle trapping,
adsorption of cations and ion exchange (Brown & Beckett, 1984:174). While lichens are
capable of a rapid metal uptake, the release after a reduction in pollution levels may take
up to four years. However, mercury has been found to be released faster than other metals
(Walther et al., 1990:189). Lichens that are to be analysed for mercury may be harvested
in an area of low pollution and transplanted to a polluted area (Horvat et al., 2000:140),
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using the non-exposed lichens to determine the background levels of pollutants. They may
also be harvested directly in a polluted area. Sample preparation is generally done by
removing dust particles and other contaminants manually or by washing and subsequent
drying. Temperatures of up to 80 °C have been reported in the drying of lichens (Walther et
al., 1990:189). Prior to analysis, lichens are ground to a fine powder and then digested with
acid. Diverse methods for the analysis of mercury in lichens have been published, they
include CVAAS (Sensen & Richardson, 2002:35), CVAFS with amalgamation (Makholm
& Bennett, 1998:429) and instrumental neutron activation analysis (Guevara et al.,
2004:681).

4.1.2.

Impact of environmental pollution on lichens

Lichens are sensitive to atmospheric pollutants like sulphur dioxide, nitric oxides and
ozone. Elevated levels of these gases in industrialised areas may lead to chlorophyll
degradation, protein degradation, pH change in the lichen thallus and cell membrane
damage as described for lichens in general by Conti & Cechetti (2001:482) and for
Parmotrema austrosinense in particular by Canas et al. (1997:33). Apart from cell damage
and possible inhibition of metal uptake, acidic gases contribute to the formation of acid
rain which may leach heavy metals out of the lichens (Conti & Cechetti, 2001:476). Some
researchers therefore build rain shelters for transplanted lichens to prevent leaching of
metals by acid rain (Freitas et al., 1999:229).
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4.2

Materials and methods

4.2.1.

Lichen and tree bark collection and preparation

Foliose lichens found growing abundantly on trees in Pretoria and the Highveld area in
general were chosen for an analysis of the mercury content. The species was identified as
Parmotrema Austrosinense (Zahlbr.) Hale at the Rheinische Friedrich-WilhelmsUniversität in Bonn, Germany. Lichens as well as pieces of tree bark were collected from
trees at a height of at least one and a half meters to avoid contamination from soil.
Sampling locations are described in detail in Table 4.1:

Table 4.1: Coordinates of lichen and tree bark sampling sites
Jacaranda
CSIR
Hatfield
Pretoria West
Witbank

Tree Group 1

Tree Group 2

Tree Group 3

Tree Group 4

S 25 44 58.58
E 28 16 52.13
S 25°44'37.48"
E 28°14'03.98"
S 25°45'14.12"
E 28°08'54.82"
S 25°52'54.62"
E 29°12'58.12"

S 25°44'58.27"
E 28°16'54.81"
S 25°44'44.75"
E 28°14'04.71"

S 25°44'45.49"
E 28°14'22.13"

S 25°44'39.09"
E 28°14'21.93"

S 25°52'45.97"
E 29°13'12.04"

After storage in plastic bags until arrival in the laboratory, lichens and tree bark were
briefly shaken with high purity water in a plastic screw cap vial to remove dust and other
contaminants from the surface. Excess water was removed by drying in an oven at 60° C
for one hour and the final drying stage was in a desiccator over silica gel at room
temperature for two days. Due to the volatility of mercury and its compounds, prolonged
drying at high temperature was avoided, although drying methods from air drying at room
temperature (Makholm & Bennett, 1998:429) to several hours of drying at 80 °C (Walther
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et al., 1990:191) have been reported. The dried lichens and tree bark were then ground to a
fine powder in an agate mortar and stored below – 10 °C in screw cap plastic vials until
analysis.

4.2.2.

Determination of optimal lichen digestion parameters

Microwave assisted acid digestion and acid leaching of lichens were investigated to obtain
the maximum recovery of mercury. For these experiments, approximately 15 g of lichens
were washed, dried and ground to obtain a homogenous lichen stock. Approximately 100
mg of homogenised lichens were weighed into MARSX-PRESS digestion vials and the mass
recorded. The lichen powder was covered with 1 m or 2 m concentrated nitric acid
(Fluka, 65 %, for the determination of mercury) plus 1 m hydrogen peroxide (Fluka 30%,
puriss. pa. ACS) and the vials were closed in a MARSX-PRESS capping station. Digestion
was performed in a MARSX-PRESS Microwave with the parameters listed in Table 4.2. With
the microwave set to temperature control mode, the ramp time specified the time needed to
linearly heat the vials until the final temperature was reached.

Table 4.2: Lichen digestion parameters
Experiment
Leaching
Microwave Digestion
Microwave Digestion
Microwave Digestion

Ramp Time (min)
20
20
20

Final Temperature (° C)
Room Temperature
120
160
200

Hold Time
24 h
20 min
20 min
20 min
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4.2.3.

Testing of storage conditions and quality control

Lichen stock was kept frozen in a 15 m plastic screw cap vial. Aliquots of the
homogenised powder were analysed at irregular intervals to determine the influence of the
storage method on the mercury content. Reference lichen standard BCR 482 was obtained
Sigma in July 2009 and aliquots were digested with all following lichen batches as a
quality control at the start of a batch and after every tenth sample.

4.2.4.

Routine digestion and analysis of lichens and tree bark

For digestion, approximately 0.1 g lichen or tree bark were weighed into a MARS XPRESS PTFE digestion vial, 1 m of nitric acid (Fluka, 65%, for the determination of
mercury) and 1 m of hydrogen peroxide (Fluka 30%, puriss. p.a. ACS reagent) were
added and the vial was closed with an automatic torque wrench. All vials were placed in a
carousel within a MARS X-PRESS microwave digester and the temperature protocol
shown in Table 4.3 was followed.

Table 4.3: Lichen and bark digestion parameters
Ramp to 200°C

20 min

Hold at 200°C

20 min

Cool

20 min

After the vials had cooled down to room temperature, they were opened and the content
transferred to a 10 mvolumetric flask. The PTFE vials were rinsed repeatedly with small

63
volumes of water which were added to the volumetric flask. 1 mhydrochloric acid
(Riedel de Haën 37 %, puriss. p.a. for determination of mercury) was added to the flask
and it was filled to the mark with water. Analysis of the mercury content was performed as
described in section 2.4.2.

4.2.5.

Determination of atmospheric sulphur dioxide and nitric dioxide

4.2.5.1. Passive sampler exposure

Passive samplers for the adsorption of SO2 and NO2 (Radiello Chemiabsorbing Cartridge
166 with Radiello Diffusive Body 120-1) were obtained from Sigma-Aldrich. Samplers
were deployed near the sites of lichens and tree bark collection where atmospheric mercury
had also been determined. Safe sites for passive sampler deployment were found at the
CSIR premises (ca. 1.6 m above ground), Hatfield, corner of Pretorius Street and
Grosvenor Street (ca. 3 m above ground) and at the Witbank Golf Course (ca. 1.5 m above
ground). Another set of samplers was added at the Tshwane Municipality’s air monitoring
station adjacent to the Pretoria West coal-fired power plant. Samplers were deployed for
seven days each. At the end of the exposure time, samplers were retrieved from the
protective housings and transferred to plastic vials with stoppers to avoid further
absorption before analysis. Samplers were stored refrigerated until analysis. Exposure and
analysis of passive samplers were performed following the manufacturer’s protocol
(www.radiello.it).
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4.2.5.2. Ion chromatography standards

Hydrogen peroxide was added to the exposed samplers to oxidise captured SO32- to SO42-,
since a reference standard for SO32- would have been too unstable after dissolution to be
used in ion chromatography. SO42- was thus analysed. Since exposure to NO2 resulted in
the presence of both NO2- and NO3- in the sampler, both anions had to be analysed. A
standard stock solution containing 1000 mg -1 of the respective anions was prepared by
weighing salts into a 1000 m volumetric flask and filling to the mark with water as shown
in Table 4.4.

Table 4.4: Anion stock standards
Salt

Supplier

Purity

Mass weighed (g)

Concentration (mg -1)

K2SO4

Fluka

Ultra

1.8140

1000

KNO3

Fluka

Ultra

1.6306

1000

NaNO2

Fluka

puriss. p.a.

1.4997

1000

A second stock solution was prepared by pipetting 10 m stock solution into a 1000 m
volumetric flask and filling to the mark with water, giving a concentration of 10 mg -1.
For calibration, ready-to-use standards as shown in Table 4.5 were prepared.
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Table 4.5: Ready-to-use anion standards, where stock solution 1 was 1000 mg -1 and
stock solution 2 was 10 mg -1
Volume Stock 1

Volume Stock 2

(m)

Final Volume (m)

Concentration (mg -1)

(m)
1

250

0.04

2.5

250

0.1

5

250

0.2

10

250

0.4

0.5

250

2

2.5

250

10

10

250

40

4.2.5.3. Ion chromatography validation

The limit of detection and linear range of concentrations for all anions had been previously
established as 0.05 mg -1 since this was a routine test in the laboratory. Details of the
calibration process are shown in section 4.3.5.1.

4.2.5.4. Sample extraction and ion chromatographic analysis

An oxidising solution was prepared by pipetting 10 m of concentrated H2O2 solution into
a 1  volumetric flask and filling to the mark with water. 10 m of this solution were added
to each passive sampler in a plastic vial, the vial was closed and the sampler was left for at
least 30 minutes at room temperature. During this time, captured SO2 and NO2 were
dissolved from the sampler’s surface and SO32- (oxidised to SO42- by H2O2), NO2- and
NO3- anions were transferred into aqueous solution. A non-exposed sampler was treated in
the same manner and provided the blank solution for analysis. 100 μ each of standards
and samples were injected into a Dionex EG 50 ion chromatograph equipped with the
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components and settings listed in Table 4.6.

Table 4.6: Ion Chromatograph settings
Sample Loop Volume

100 μ

Analytical Column

Dionex AS 18, 250 x 4 mm

Temperature

30 °C

Pump

Dionex GP50 Gradient Pump

Detector

Dionex CD 25 Conductivity Detector

Mobile Phase

Potassium Hydroxide solution

Flow

1 ml/min

Mobile Phase

15 mM → 45 mM OH- linear rise in 10 min, hold = 2 min

Suppressor Voltage

80 mV
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4.2.5.5. Calculation of results

According to the manufacturer’s manual (www.radiello.it), the sampling rate calculated by
the diffusion rate for this specific sampler material and geometry is 78 m.min-1 for NO2
and 119 m.min-1 for SO2 at 25 °C. While the SO2 sampling rate is independent of the
ambient temperature, the NO2 sampling rate needs to be adjusted to the ambient
temperature using the equation (from www.radiello.it):
7.0
QK

Where

QK

= Q298

(

K
298

)

= Sampling rate at ambient temperature K

Q298 = Sampling rate at 298 K
K

= Ambient temperature (Kelvin)

The calculation of the SO2 and NO2 concentrations in air was calculated from the
chromatographically determined SO42-, NO2- and NO3- concentrations as follows:

A: SO2 Calculation

CSO2

m SO42= Q t
K

Where CSO2 = SO2 concentration in ambient air (ppb)
mSO42- = Mass of SO42- on the adsorbing cartridge (ng)
QK

= Sampling rate (ng (ppb min)-1) (www.radiello.it)

t

= Exposure time (minutes)
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The mass of SO42- extracted from the adsorbing cartridge was calculated by dividing the
result obtained from ion chromatography in mg -1 by a factor of 100 to give mg / 10 m,
which was the extraction volume.

B: NO2 Calculation

CNO2

=

m NO2QK t

Where CNO2 = NO2 concentration in ambient air (ppb)
MNO2- = Mass of NO2- on the adsorbing cartridge (ng)
QK

= Sampling rate corrected for temperature (ng (ppb min)-1) (www.radiello.it)

t

= Exposure time (minutes)

While SO32-, originating from dissolved SO2, was quantitatively oxidised to SO42- by
hydrogen peroxide, only a small fraction of NO2- was oxidised to NO3-. To convert the
NO3- result to a NO2- result as determined by the equation, the concentration of NO3- was
divided by a factor of 1.3478. The factor was obtained by dividing the molecular mass of
NO3- by the molecular mass of NO2-. The mass of NO2- extracted from the adsorbing
cartridge was calculated by dividing the result obtained from ion chromatography in mg -1
by a factor of 100 to obtain mg / 10 m, which was the extraction volume.
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4.3

Results and discussion

4.3.1.

Determination of optimal digestion parameters

Homogenised lichen powder aliquots were digested as described in section 4.2.2. The aim
was to find a method that would yield the highest concentration of mercury in a lichen
aliquot upon analysis of the resulting liquid. The results shown in Table 4.1 with n=3
replicates were obtained after CVAAS analysis of the digestion liquid.

Figure 4.1: Mercury concentration in solution after lichen stock digestion

An increase of measured mercury concentration in lichens could be observed with
increased microwave digestion temperature. Leaching at room temperature yielded the
lowest mercury concentration of 189  14 μg kg-1 mercury while microwave aided
digestion at 200 °C yielded the highest concentration of 296  19 μg kg-1 mercury. The use
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of 2 m nitric acid instead of 1 m yielded lower concentrations of mercury, possibly due
to a decrease in the efficiency of the CVAAS reduction process where Hg2+ is reduced to
Hg0, 1 m nitric acid was therefore applied in routine analysis.

4.3.2.

Testing of storage conditions and quality control

Homogenised lichen stock was analysed between April 2009 and February 2010. The
digestion results of ca. 100 mg lichen stock are shown in Figure 4.2.

Figure 4.2: Mercury concentration determined in lichen stock after repeated analysis

A slight increasing trend in concentration is visible, but this might be due to uneven
distribution of lichens from different sampling campaigns in the ground stock
(inhomogeneity of the stock material).
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The certified standard was analysed between July 2009 and February 2010, which had a
target concentration of 480 μg kg-1 mercury. During the use of this standard as a quality
control sample, an average value of 484 μg kg-1 was recorded. Sample values ranged from
a minimum of 403 μg kg-1 to a maximum of 547 μg kg-1 mercury. All samples except one
fell within a 2 SD range of 484  66 μg kg-1 (14 % RSD) as seen in Figure 4.3.

Figure 4.3: Mercury concentration determined in certified lichen standard BCR 482

4.3.3.

Factors influencing the mercury concentration in lichens

4.3.3.1. Seasonal influence on mercury concentration

The Highveld region is characterised by warm summers with rainfall and arid, mild
winters. Lichens were collected during different seasons from the same trees to establish if
the time of harvest had an influence on the concentration of mercury in lichens. Lichens
were harvested in the Pretoria suburb of Hatfield in the winter months of July and August,
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and in the summer months of November and February. Figure 4.4 shows the results of
mercury analysis in the respective lichens.

Figure 4.4: Seasonal influence on mercury concentration in lichens

The difference in mercury concentration in lichens, observed for samples harvested during
summer and winter months in Hatfield, was not significant (ANOVA single factor analysis,
p>0.01. Seasonal variation was thus not considered a criterion for further analysis.

4.3.3.2. Influence of the host tree species on the mercury concentration in lichens

Only Parmotrema austrosinense (Zahlbr.) Hale lichens, growing on a variety of trees, were
analysed. After analysis was completed, it became clear that lichens growing on various
tree species showed too great a difference in mercury concentrations to be comparable.
This phenomenon has been described by Sensen and Richardson (2002) but the differences
were not as severe as encountered in our study. Figure 4.5 shows the concentrations
determined in lichens from several groups of trees, of which only Jacaranda could be
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identified. The close proximity of the trees, in particular tree group one and two, indicated
that changes in mercury concentrations in lichens were most likely due to the influence of
host tree species and not to variations in atmospheric mercury concentrations. Seasonal
variation was not taken into account, since the differences in mercury concentrations in
lichens from different trees were a lot higher than the observed seasonal variation.

Figure 4.5: Mercury concentrations in lichens harvested from different host trees at the
CSIR premises. n indicates the number of lichen samples

4.3.4.

Mercury concentration in lichens and tree bark from various locations

Due to the influence of the host tree on the mercury concentration in lichens, the study had
to be narrowed to the use of lichens growing on Jacaranda trees only. Sampling locations
included the city centre of Witbank and the Pretoria suburbs of Pretoria West, Hatfield and
Brummeria (CSIR premises) as described in section 4.2.1. Lichens and tree bark were
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harvested and analysed as described in section 4.2.2.

The Pretoria sampling sites together with potential mercury emission point sources are
shown in Figure 4.6 and likewise the location of the Witbank Golf Course sampling site is
shown in Figure 4.7. With the predominant wind direction in Witbank being east –
southeast as shown in the historic wind rose (Figure 4.8), the centre of Witbank would
mainly be exposed to pollution from the coal fired power stations to the east and south
east. A larger scale map, Figure 4.10, shows the positions of all Mpumalanga coal – fired
power stations to the south-east of Witbank. The sampling sites in Pretoria (Pretoria West,
Hatfield, CSIR) would not have been primarily exposed to pollution from a cement factory
and coal fired power station, as these are downwind as seen in Figure 4.6.

Figure 4.6: Pretoria sampling sites (earth.google.com, 2009)
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Figure 4.7: Witbank sampling site (earth.google.com, 2009)

Figure 4.8: Historic wind roses for Witbank (left) and Pretoria (right), supplied by South
African Weather Service
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The results of the determination of mercury concentrations in lichens and tree bark from all
sampling sites are shown in Figure 4.9. All concentrations are listed in Annexure A.

Figure 4.9: Mercury concentrations in lichens and tree bark collected in Pretoria and
Witbank

At all lichen and bark collection sites, the mercury concentration was significantly higher
(single factor ANOVA test, p<0.01) in lichens than in tree bark. Lichens were thus
considered to be the more sensitive biomonitor for mercury and the concentration of
mercury in lichens was used for all further comparisons with atmospheric mercury
determined at the sampling sites.

The mercury concentrations obtained from lichen analysis suggested that the long term
exposure to atmospheric mercury was highest in Pretoria West and Witbank. This was
plausible, considering the proximity of the Witbank collection site to two ore smelters as
shown in Figure 4.7 and the coal-fired power stations in the Mpumalanga province as
shown in Figure 4.10. The Pretoria West collection site was in close proximity to a coal-
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fired power station but, considering the average wind direction, lichens collected in the
area would not have been predominantly exposed to its emissions.

Figure 4.10: Locations of coal-fired power stations (Drawing prepared by M. Naidoo)

Within Pretoria, the mercury concentration in lichens collected in Hatfield was
significantly lower (p<0.01, ANOVA single factor) than mercury concentrations
determined in lichens collected in both Pretoria West and the CSIR. As seen in figure 4.6,
Hatfield lies on a line drawn from the CSIR to the Pretoria West collection sites. Given the
relatively close proximity of all sites, this result could not be explained. It also contradicted
measurements of TGM in ambient air performed at all sampling sites in which case
Hatfield showed the highest average atmospheric TGM concentration as discussed in
section 2.3.5.4. The discrepancy between the concentration of mercury in lichens and TGM
in ambient air is shown in Figure 4.11, which combines both data.
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Figure 4.11: Hg concentrations in lichens (bar graph) versus TGM concentrations in
ambient air (line graph) at the respective collection sites

Since the atmospheric pollutants SO2 and NO2, associated with motor vehicle exhaust
fumes, were known to adversely impact on lichens as discussed in section 4.1.2, it was
decided to set up a brief sampling campaign for these pollutants at all the lichen sampling
sites to determine if trees in Hatfield were in fact exposed to high concentrations of these
gases.
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4.3.5.

Impact of other environmental pollutants on the mercury concentration in
lichens

4.3.5.1. Validation of the ion chromatographic method for SO2 and NO2

An example of an ion chromatogram is shown in Figure 4.12. All anions were well
separated and the retention times were:
NO2-

= 6.584 min

SO42-

= 9.267 min

NO3-

= 10.034 min

30. 0

091124 Andreas Air Monit oring #10 [ m odif ied by Lab33]
µS
1 - F LU OR ID E - 3.334

St andard4

20. 0

EC D _1

2 - C H LOR ID E - 5.409

mV

5 - SU LPH ATE - 9. 267

3 - N I TR I TE - 6. 584
10. 0

6 - N I TR ATE - 10.034
7 - PH OSPH ATE - 13. 334
4 - 8.159

-5.0
0. 0

m in
1. 0

2.0

3.0

4.0

5. 0

6. 0

7. 0

8.0

9.0

10.0

11. 0

12. 0

13. 5

t (min)
Figure 4.12: Ion Chromatogram

The LOD for each anion was calculated according to section 2.3.2, after analysing seven
anion concentrations and a blank in triplicate. Table 4.7 shows the peak area as response to
injected anion concentration for nitrite, sulphate and nitrate. All calculated limits of
detection were well below 0.05 mg -1; the lowest concentration used in the experiment.
While sulphate and nitrate showed a linear response throughout the concentration range,
nitrite showed a linear response only in the low concentration range up to 2 mg -1. The
calibration curve could be calculated according to a non linear fit with good correlation, as
shown in Figure 4.13.
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Table 4.7: Validation of anion determination by ion chromatography

-1

c (mg  )
0
0.05
0.1
0.4
2
10
40
100
Slope (0-2 mg -1)

Nitrite
AREA1
AREA2
AREA3
Average Std dev
0.0010
0.0001
0.0001
0.0004
0.00052
0.0301
0.0300
0.0293
0.0298
0.00044
0.0583
0.0583
0.0603
0.0590
0.00115
0.2461
0.2517
0.2486
0.2488
0.00281
1.2544
1.2870
1.3039
1.2818
0.02516
6.0298
6.0266
5.9823
6.0129
0.02655
20.5601
20.6270
20.7648 20.6506
0.10438
44.3305
44.4602
44.4950 44.4286
0.08669
0.6422

LOD

=

c (mg/L)
0
0.05
0.1
0.4
2
10
40
100
Slope

Nitrate
AREA1
AREA2
AREA3
Average Std dev
0.0004
0.0001
0.0006
0.0004
0.00025
0.0277
0.0265
0.0278
0.0273
0.00072
0.0508
0.0500
0.0510
0.0506
0.00053
0.1860
0.1897
0.1960
0.1906
0.00506
0.9834
0.9944
1.0019
0.9932
0.00931
5.0775
5.0762
5.0998
5.0845
0.01327
20.9537
21.0680
21.1759 21.0659
0.11112
54.5860
54.5447
54.5507 54.5605
0.02232
0.5444

LOD

=

c (mg -1)
0
0.05
0.1
0.4
2
10
40
100
Slope
LOD

0.002 mg -1

0.001 mg -1

Sulphate
AREA1
AREA2
AREA3
Average Stdev
0.0097
0.0117
0.0110
0.0108
0.00101
0.0498
0.0448
0.0447
0.0464
0.00292
0.0820
0.0851
0.0813
0.0828
0.00202
0.2743
0.2732
0.2800
0.2758
0.00365
1.3700
1.3820
1.3914
1.3811
0.01073
6.8979
6.9187
6.9463
6.9210
0.02428
27.8963
28.0469
28.1603 28.0345
0.13244
69.3767
69.9645
70.3299 69.8904
0.48090
0.6991
=

0.004 mg -1
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Figure 4.13: Calibration curves of all anions

4.3.5.2. Determination of SO2 and NO2 concentrations in ambient air at selected lichen
sampling sites

It was expected that SO2 and NO2, emitted from motor vehicles, would affect both the
uptake into as well as the release of mercury from lichens and tree bark as discussed in
section 4.1.2. Lichens growing in the Hatfield area with its high traffic volumes would be
exposed to particularly high concentrations of these gases. The CSIR premises are exposed
to less vehicle traffic, but major highways and traffic routes are situated within ca. 1 km to
the east, north and west. Witbank is a much smaller city than Pretoria with the population
being about one fifth of Pretoria’s population. The sampling site at the golf course was
surrounded by vegetation, school grounds, sports parks and a cemetery, thus not directly
exposed to vehicle traffic. Pollution was therefore expected to originate from industries
rather than vehicle traffic. The Pretoria West sampling site, directly adjacent to a power
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station but upwind from the stacks, was exposed to some pollution from this point source
and to pollution from moderate vehicle traffic in the area. To determine whether vehicle
emissions had an impact on the mercury concentration in lichens and tree bark, Radiello
passive SO2 / NO2 samplers were deployed in duplicate as closely as possible to the lichen
sampling sites and exposed to ambient air for seven days each. Sampling was performed
for six weeks (four weeks in Pretoria West). An ion chromatographic analysis of the
passive samplers was performed as described in section 4.2.5 and atmospheric NO2 and
SO2 concentrations calculated as described in section 4.2.5.5. The results are shown in
Figure 4.14 and 4.15.

Figure 4.14: Atmospheric SO2 concentrations in Pretoria and Witbank
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Figure 4.15: Atmospheric NO2 concentrations in Pretoria and Witbank

NO2 concentrations were significantly higher in Hatfield than in Witbank and at the CSIR
(p<0.01), but not higher than those in Pretoria West. SO2 concentrations were significantly
higher in Witbank than at the CSIR (p<0.01), but not significantly higher than in Pretoria
West and Hatfield. The SO2 concentrations within Pretoria followed a similar trend in
concentration over time as observed in Witbank. A regression analysis of the SO2
concentrations at the CSIR and Witbank sampling sites is shown in figure 4.16. While the
SO2 concentration in Witbank was approximately 3.3 times higher, as shown by the slope
of 0.3, the correlation coefficient of r2 = 0.8519 indicated a good correlation between both
data sets. This would be an indication that the coal burning power stations and smelters
around Witbank partially contributed to the atmospheric SO2 burden of Pretoria during the
sampling interval. The average wind direction during the sampling period of east to east –
north east, as obtained from the South African Weather Service (Figure 4.17), supports this
assumption. However, a similar correlation for NO2 could not be established.
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Figure 4.16: Correlation between weekly average atmospheric SO2 concentrations in
Witbank and Pretoria (CSIR site)

Figure 4.17: Witbank wind rose for February to March 2010, supplied by South African
Weather Service
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Although the highest SO2 concentrations were measured in Witbank, the average mercury
concentration in lichen samples was the highest observed in this area. This could be
interpreted as Parmotrema Austrosinense lichens being relatively insensitive to SO2. On
the other hand, high atmospheric NO2 concentrations measured in Hatfield coincided with
the lowest average mercury concentration in lichens and tree bark at that site, indicating
that the mercury concentration in lichens and bark may have been impacted negatively by
this atmospheric pollutant. However, NO2 levels in Pretoria West were not significantly
different from those in Hatfield, but the mercury concentration in lichens and bark was
significantly higher than in Hatfield. Neither NO2 nor SO2 could therefore be conclusively
linked to the low mercury concentration in lichens and bark collected in Hatfield. Ozone
may be a further factor to be taken into account (Canas et al., 1997:33) as well as higher
levels of lead identified in lichens from Pretoria’s city centre, originating from vehicle
exhaust gases (Forbes et al., 2009:613). It also needs to be taken into account that the
monitoring period for both atmospheric TGM and SO2 / NO2 was only a few weeks, while
lichens and tree bark have absorbed pollutants for many years.

4.3.5.3. Comparison of atmospheric pollutants and TGM concentrations

Since data on atmospheric SO2, NO2 and TGM were available from parallel measurements
at the CSIR and the Witbank Golf Club, the data sets were compared to establish if trends
in mercury emissions could be linked to either of the gases associated with burning fossil
fuels. A regression analysis of TGM and SO2 or NO2 concentrations, respectively, is shown
in Figure 4.18 (Witbank) and Figure 4.19 (CSIR).
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Figure 4.18: Correlation between atmospheric TGM and SO2 / NO2 concentrations in
Witbank

Figure 4.19: Correlation between atmospheric TGM and SO2 /NO2 concentrations at the
CSIR

Trends in atmospheric TGM concentrations could not be linked to either SO2 or NO2
concentration trends in ambient air, thus a clear correlation between fossil fuel burning and
mercury emissions could not be established during these six weeks of atmospheric
monitoring.
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4.4

Conclusion

The substantial difference in the mercury concentrations in lichens collected from different
host trees within a small area at the CSIR premises showed that the host tree species
influenced the mercury concentration in lichens. This limited the comparison of the
mercury concentration in lichens from different areas to lichens growing on the same tree
species.

The concentration of mercury in lichens and tree bark harvested from Jacaranda
mimosifolia trees in the Pretoria suburbs of Hatfield, Brummeria (CSIR), Pretoria West as
well as in Witbank varied according to location. A correlation between mercury
concentrations in biological samples and atmospheric TGM concentrations could not be
established during the sampling period, which may indicate the historical nature of lichen
Hg concentrations. Hatfield, the area with the highest mercury concentrations measured in
ambient air, yielded the lowest concentrations of mercury in lichens and tree bark. Other
atmospheric pollutants may have an influence on the mercury concentration in plant
material, and results obtained from using “bio monitors” for the determination of a history
of mercury exposure in polluted inner city areas should be treated with caution. An
interpretation of the concentration of mercury in lichens or tree bark must also take into
account the accumulation over years and the slow release after pollution has subsided. At
all sampling sites, lichens were found to be the better bio monitor for mercury than tree
bark.
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CHAPTER 5
CONCLUSION
Hopcalite type mercury traps like SKC Anasorb C300 can be used for environmental
mercury monitoring if the exposure time is at least seven days. Weekly average values
measured by absorbing mercury vapour onto sorbent traps with subsequent CVAAS
analysis were comparable to values generated using the semi-continuous mercury monitor,
Opsis HG200. While a semi-continuous mercury monitor like the Opsis is limited to
measuring only one analyte, an atomic absorption spectrometer with a cold vapour
generator can be used to determine a broad spectrum of metals besides mercury in a variety
of matrices. The determination of mercury in dissolved mercury traps is a fast and robust
method and can be established with little effort in any laboratory equipped for metals
analysis by atomic absorption spectrometry. Mercury traps can be purchased at relatively
little cost and be deployed at any location, with weekly or monthly unattended measuring
intervals. This can not be done with a semi-continuous mercury monitor that needs a long
stabilisation time after transport and regular calibration. Passive mercury samplers are also
commercially available, which do not require a vacuum pump, and their use for creating a
mercury exposure profile for a large area should be investigated in future work.

Average concentrations of total gaseous mercury of 1.6  0.4 and 2.6  0.6 ng m-3 were
measured in two suburbs of the city of Pretoria while 1.7 ng m-3 were measured in the
industrialised city of Witbank. While background values of 1.8  0.4 ng m-3 TGM have
been recorded in Mace Head, Ireland by Ebinghaus et al. (1999:3069) and 1.98 ng m-3
TGM in Tuscany, Italy by Munthe et al. (2001:3011), 4.5  3.1 ng m-3 TGM have been
reported for the city of Toronto, Canada which is comparable in size to the greater
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Tshwane area (Song et al. 2009:660). Between 6 and 13 ng m-3 TGM were measured in the
city of Beijing, China by Liu et al. (2002:102). First measurements of average atmospheric
mercury concentrations over a relatively short period of time in both a large South African
city and an important industrial area, though not representative for the country as a whole,
indicate that mercury pollution of the atmospheric environment may not be as high as that
suggested by a study using calculated emission factors derived from coal use (Pacyna et
al., 2006).

Actively pumped mercury samplers have been used successfully to measure atmospheric
mercury concentrations in good agreement with results generated by using a semicontinuous mercury monitor. Thus a cost-effective, sensitive and robust alternative to the
use of established analysers has been found with the analysis of exposed traps being
possible in most laboratories with standard equipment.

The microwave assisted acid digestion of lichens and tree bark with subsequent mercury
determination by CVAAS was established and validated using a lichen reference standard.
As the species of the host tree was shown to have a strong influence on the mercury
concentration in lichens, only few sites could be incorporated into the study. Even within
samples harvested from the same tree species, a great variation in the mercury
concentration in plant material was observed, deviating from concentrations of
atmospheric mercury determined at the respective sampling locations.

The usefulness of analysing bio monitors like lichens or tree bark to assess long-term
mercury pollution may be limited in areas exposed to high levels of atmospheric pollution
at ground level from vehicle traffic emissions.
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ANNEXURE A:

RESULTS OF MERCURY DETERMINATION IN ALL LICHENS
AND TREE BARK
-1

μg kg-1 Hg in
Lichens

μg kg Hg in
Jacaranda Mimosifolia
Bark

CSIR

156
151
150
174
158
155
141
193
144
186
204

62
63
59
107
126
46
60
53
73
69
80

Hatfield

69
71
82
52
53
55
77
76
79
104
79
84
79
79

20

296

126
166
58
36
33
51
58

Sampling Site

Witbank

220
191
240
271
150
Pretoria West

281
152
145
212
156
228
233
186
140

36

78
42
34
42
55
46
44
56
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