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 “Begin doing what you want to do now. We are not living in eternity. We 

have only this moment, sparkling like a star in our hand and melting like a 

snowflake. Let us use it before it is too late.” 

-Marie Beynon Ray  
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ABSTRACT 

Although the metallurgical industry has made great strides in the reduction of 
unwanted emissions to the atmosphere as a result of production processes, 
significant challenges still exist. From a global perspective, even large reductions in 
emissions per produced ton become immaterial when considering that the total 
world production of metals continues to increase. Two such particularly hazardous 
emissions are sulfur dioxide, primarily from copper ore roasting, and mercury, 
which has had increasing emissions from the steel industry in recent years. Both 
pollutants have severe consequences for the environment and also for human 
health. The primary motivations of this work have hence been: (1). to study sulfate 
formation on soot from sulfur dioxide emissions reacting with ozone and H2O in 
the vapor phase and (2). to study factors involving the behavior of mercury 
adsorption on metal surfaces involved in steelmaking, in order to further the 
understanding of select emissions from scrap-based steelmaking. 

 

Gas phase experiments were conducted to examine the heterogeneous oxidation of 
sulfur dioxide on soot in the presence of ozone and water vapor. The sulfur 
dioxide oxidation into sulfate was quantified using a particle-into-liquid sampler 
coupled with ion chromatography to measure the sulfate formation at atmospheric 
pressure. Water vapor, ozone and sulfur dioxide concentrations were controlled.  

 

Due to the ozone oxidation, multilayer adsorption of sulfur dioxide on soot, as well 
as sulfate formation and physisorption on secondary surface layer sites were 
observed. The exposure also caused the soot to become hydrophilic, due to the 
sulfur dioxide adsorption and also likely the formation of carboxyl groups on the 
surface. No significant increase in sulfate formation was observed at ozone 
concentrations above 1000 ppm. 

 

The effects of common surface contaminants such as oxygen and chlorine were 
examined on the metal surfaces, as well as the impact of changes in temperature, 
with controlled conditions using thermal desorption auger electron spectroscopy. It 
was established that low temperatures (82 K through 111 K) were conducive to 
mercury adsorption, wherein physisorption and subsequent lateral mercury 
interactions in mercury adlayers occurred. Chlorine appeared to favor mercury 
uptake, as determined by the increased mercury coverage at low temperatures on 
polycrystalline iron, copper and zinc. Oxygen, however, was found to be an 
inhibitor of mercury, most notably at room temperature.  
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It was surprising to establish that no mercury adsorbed on zinc surfaces at room 
temperature and only on polycrystalline samples at low temperature. The mercury 
signal intensity increased up to the limit of the melting temperature for iron 
systems, on the oxidized copper surface and the polycrystalline zinc surfaces, prior 
to desorption from the surfaces. It is suggested that this is due to a rearrangement 
of mercury atoms on the surface at increasing temperatures, whereas at 85 K, 
mercury adhered to its initial adsorption position. In other words, mercury wet 
these surfaces on annealing, transitioning from an islanded surface at low 
temperature to a smooth layer before desorption. Based on these results, it was 
concluded that the mercury bond to the oxidized surface was weakened compared 
to clean copper. Furthermore, it is proposed that a surface phase transition 
occurred on polycrystalline zinc prior to desorption. No such transition was 
observed on iron. 

 

Activation energies of desorption were calculated for the relevant metal surfaces. It 
was established that clean iron had the highest activation energy of desorption. The 
large bond strength between mercury and iron may account for the highest 
desorption temperature of the iron systems. Zinc and copper had similar activation 
energies and desorption temperatures, which were respectively lower than that of 
iron.  

 

X-Ray Photoelectron and Auger Electron Spectroscopy were used to ascertain 
common surface contamination, i.e. chlorine, oxygen and sulfur, which affected 
mercury adsorption. Laser Ablation Inductively Coupled Plasma Time of Flight 
Mass Spectrometry was used to determine the depth of mercury adsorption on the 
samples. The technique also showed that the samples contained mercury in the 
surface layers. 

 

Accompanied by the rising demand for metals is the increase in emissions from 
metals manufacturing. Moreover, it is critical to minimize sulfur dioxide emissions 
as particulates from soot continue to be released in the atmosphere. For scrap-
based steelmaking, monolayer mercury adsorption on clean iron and copper at 
room temperature are significant results. With the rising use of electronic devices in 
vehicles, the sorting of scrap becomes increasingly important. Mercury not 
adsorbing on zinc at room temperature is also of relevance as it disproves the 
theory of increased mercury adsorption with the increased use of galvanized scrap 
in summer conditions. However, the low temperature studies showed multilayer 
adsorption of mercury on iron, zinc and copper, which has relevance for the 
reported temporal variations of mercury deposition in arctic regions. 

 
Keywords: mercury, iron, zinc, sulfur dioxide, adsorption, pollution, thermal 

desorption, polycrystalline, surfaces, spectroscopy 
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1 INTRODUCTION 

The production of metals today has become very sophisticated. Despite this, the 
metallurgical industry continues to have unwanted emissions to the atmosphere as 
a result of production processes. Mercury and sulfur dioxide are two particularly 
hazardous emissions, with severe consequences both for the environment and for 
human health. The focus of the present work has therefore been twofold: to 
investigate how sulfur dioxide oxidation into sulfate on soot is modified and to 
study metal surfaces for mercury adsorption and desorption capacities and to 
determine the dominant mechanisms involved.  

 

The high demand for the manufacture of metals is only expected to increase, 
largely due to significant economic growth in Asia and a growing global population. 
Despite legislation, emissions from metal manufacturing continue to be high. With 
increased production, pollution is anticipated to increase accordingly. It is not 
either reasonable to demand complete capture or recovery of pollutants, as 
limitations exist in capture and recovery processes. The primary source of SOx 
emitted from metal manufacturing is the roasting and smelting of CuS ores in 
copper production processes. Mercury is observed to be a significant source of 
pollution from Electric Arc Furnace (EAF) steelmaking. Furthermore, temporal 
variations have been reported to cause an increase in polar deposition rates of 
mercury. [1] 

 

SO2 Emissions 

Anthropogenic sulfur emissions (SO2) emissions have been dramatically reduced 
over the last twenty years due to environmental legislation. However, copper 
production from the mining and processing of copper sulfide ores was reported to 
cause emissions exceeding 230 Gg S/yr in 2000 [2] from Chile alone. SO2 is 
particularly detrimental to the environment because it is easily oxidized in the 
atmosphere and forms sulfate aerosols. Attached to soot, these aerosols can act as 
cloud condensing nuclei (CCN), which affects the droplet size in clouds as well as 
the reflectivity of clouds. Instead of trapping light waves, they are bounced back 
into space, creating a potential for global cooling. Ozone is also considered a 
pollutant because of its hazardous effects on human health. However, its depletion 
in the stratosphere induced by industrial chemicals is detrimental to life on Earth 
because of the shielding it provides through absorption of high energy ultraviolet 
radiation. [3]  
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The present work has aimed to quantify the heterogeneous oxidation of sulfur 
dioxide into sulfate formed on soot aerosols in the presence of atmospherically 
relevant molecules: oxygen, ozone (O3) and water vapor. Furthermore, the 
mechanism of how the ozone presence modifies the soot was of interest. The 
approach to the experiments is presented in Fig. 1.1. 

 

The experiments were conducted at constant water vapor, ozone and sulfur dioxide 
concentrations. Previous work has considered the effects of ozone on the 
adsorption and oxidation reactions of sulfur dioxide on soot surfaces, [4, 5] but the 
present author attempt to expand the study by consideration of water vapor and 
ozone concentrations above 40 ppm. Soot was generated using an inverted co-flow 
diffusion burner to create a quantified soot aerosol of varying sizes and 
concentrations. The experiments were performed at atmospheric pressure and 
room temperature. The results were quantified using a particle-into-liquid sampler 
(PILS) coupled with ion chromatography (IC) to measure the sulfate (SO4

2-) 
formation at atmospheric pressure.  

 

Hg Emissions 

It is believed that mercury may adsorb on the surface of zinc and copper as well as 
on steel scrap stored at sub-zero temperatures, thereby entering the EAF 
production line with the raw material. Specific raw materials, such as dolomite, are 
believed to affect mercury emissions in EAF steelmaking. [6] However, the amounts 
of mercury that these materials contribute are not believed to account for the 
elevated levels of mercury found in residues, slag and exhaust fumes. Currently, it is 
not well-defined how mercury enters into the EAF and which forms are most 
significant. The role of reactions with mercury during charging is not either 
understood. Additionally, the temperature dependence of atmospheric mercury 
deposition is not well-understood in the context of EAF steelmaking. The need for 
understanding the source of mercury in EAF steelmaking is therefore, apparent. 

 

The rising consumption of galvanized steel products since the 1980s [7] has led to 
increases in galvanized scrap entering the EAF. Over the same time interval, 
mercury emissions have been noted to be increasing. [8, 9] This may, in part, be due 
to more diligent mercury emissions measurements, but it is also likely based on a 
real increase in mercury emissions. According to thermodynamics, mercury can 
form a stable phase with zinc at temperatures below 20°C. The relationship 
between increased galvanized metals in the scrap and the increase in mercury 
emissions has, as yet, not been firmly established. 
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The motivation of the present work to study mercury adsorption at different 
temperatures and surface conditions stems from the need to determine the source 
of the mercury emissions, be it due to atmospheric deposition, pre-contamination 
due to alloying elements or raw materials, or due to the increased use of galvanized 
scrap.  

 

The present work has aimed to investigate the factors affecting the mechanism of 
mercury adsorption on the surfaces of polycrystalline iron, zinc and copper as well 
as the effects of chlorine and oxygen modifications on the adsorption mechanism 
and mercury bonding. Oxygen was selected as a co-adsorbate because of its 
presence on iron surfaces in nature. Chlorine was chosen because of its known 
reactivity with mercury in the atmosphere. [1, 10] The substrates were to be studied at 
low temperatures to determine desorption energies, specific desorption 
temperatures and saturation thicknesses using Thermal Desorption Auger Electron 
Spectroscopy. Comparative studies were to be made at room temperature to verify 
the temperature dependence of mercury adsorption. Laser Ablation Inductively 
Coupled Time of Flight Mass Spectrometry was used to study the depths of 
mercury adsorption.  

 

The approach taken to study the dual problems of emission is presented in Fig. 1.1. 
  

 

Fig. 1.1−Flowchart for the strategy adopted in order to study select emissions from metal 
manufacturing. 
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2 ENVIRONMENTAL ASPECTS 
2.1 Sulfur dioxide 

 
Although oxidized sulfur emissions (SO2 and SO3) have been dramatically reduced 
over the last twenty years due to environmental legislation, anthropogenic 
emissions from Chile alone exceeded 230 Gg S/yr in 2000. [2] The Chilean copper 
mine of Chuquicamata, being the world’s largest volume copper mine, was alone 
responsible for nearly 50% of these emissions during roasting and smelting 
processes. The copper sulfide ores are first mined then roasted to produce copper 
oxides, which are subsequently further processed to produce a purer copper 
product. It is the roasting stage that generates emissions of SOx, some of which are 
captured in emissions control systems. However, capture rates are not 100 % 
efficient and therefore SOx are released to the atmosphere. 

 

Aerosols formed from sulfur dioxide act as cloud condensing nuclei (CCN), which 
alters the lifetime of clouds. Furthermore, sulfate aerosols reflect light back into 
space, which is a very significant and adverse effect for climate change. [11] 

Investigations of the reactions of soot with sulfur dioxide in the presence of oxygen 
have shown that reactions with sulfur dioxide are secondary to surface oxygen 
reactions. [12] Surface oxygen on soot does not oxidize sulfur dioxide. Similarly, 
studies of the reactions of sulfur dioxide with ozone have shown that different 
surface sites are available for the respective molecules, but it is the presence of 
ozone that contributes to the increased aerosol mass. However, this adsorption is 
believed to occur through two separate mechanisms: dipole-dipole interactions 
followed by physisorption due to micropore filling, [13] as no sulfite species appear 
to form. 

 

In recent years black carbon has been subject to intense investigation primarily due 
to its chemical reactions in the troposphere, its light scattering and absorption 
characteristics, as well as its effects on human pulmonary health in densely 
populated areas. [14] Major sources of black carbon can be both natural and 
anthropogenic, and include the burning of biomass, fossil fuels and biofuels. Soot 
is a form of black carbon originating from these combustion processes, and is 
composed of elemental carbon and organic compounds. [15] In the atmosphere, it is 
believed that polar surface groups form on oxidized soot, [16, 17] creating hydrophilic 
and acidic soot. Laboratory experiments have also verified the presence of oxygen-
containing functional groups on oxidized soot. [18] 
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Ozone is also considered a pollutant because of its hazardous effects on human 
health. However, its breakdown in the stratosphere is detrimental to life on Earth 
because of the shielding it provides through absorption of high energy ultraviolet 
radiation. [3] Ozone is also considered a pollutant because of its hazardous effects 
on human health. However, its breakdown in the stratosphere is detrimental to life 
on Earth because of the shielding it provides through absorption of high energy 
ultraviolet radiation. [3] The ozone hole over the Antarctic continues to grow in area 
and depletion level annually, despite the Montreal Protocol which allowed for the 
phase out of chemicals which catalyze ozone breakdown, such as CFCs, halos and 
carbon tetrachloride and methyl chloroform by the years 2000 and 2005 
respectively. Promisingly however, measurements in 2009 by the British Antarctic 
Study and NASA [19] have shown that the hole may have reached a maximum size 
although the concentration of the catalysts over the Antarctic due to the polar 
vortex remains high.  

 

Studies of the reactions with ozone and black carbon have thus far shown that (for 
carbon in Aitken range of 20-100 nm) oxygen-containing groups are generated on 
the soot surface, allowing increased water uptake during condensation. [17] Further 
studies have shown that these are carboxylic, and that the reaction processes that 
affect water uptake are aging, followed by surface oxidation and O2 physisorption. 
[18] Therefore, it is primarily the surface chemistry of the soot particles that governs 
the atmospheric residence time. In the lower troposphere, one monolayer of ozone 
is decomposed quickly on soot aerosols, and because of the altered surface 
chemistry, catalytically decomposes over 12 hours. [20] In the lower temperatures of 
the upper troposphere, ozone only decomposes by one monolayer as catalytic 
reactions become unimportant. It is ironic that emissions of SOx from the 
aforementioned Chilean copper production could contribute to the depletion of 
the ozone layer in the Antarctic. If, for example, SOx emissions get picked up by 
different weather fronts and carried to the upper troposphere, they are readily 
oxidized by ozone to form sulfate aerosols. 
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2.2 Mercury 
 

Due to political and health reasons, mercury emissions are being inspected more 
closely. As a result, some companies in Europe and North America have been 
forced to reduce their mercury emission levels. [21, 22, 23] Over the last few years, the 
European Union has implemented more stringent emissions standards, and the 
implications are presently being felt in the Nordic countries. 

 

Mercury emissions have long been a problem for manufacturers in heavy industry 
such as mining and steel production. Not only is it dangerous to human health, but 
also to the environment in the higher concentrations observed during 
manufacturing. International regulations exist and are being implemented to phase 
out its use in products and processes. [22] Emissions from industrial sources are 
therefore being monitored closely. Consequently, mercury (Hg) has been 
considered a significant problem for the companies affected. 

 

There are three main forms of mercury in flue gases: elemental Hg (Hg0), 
particulate Hg (HgP) and reactive (divalent) gaseous mercury (RGM, Hg(II) or 
Hg(g)

2+) such as HgCl2. 
[1, 24] Emissions from steelmaking have historically been 

believed to be comprised of approximately 80 % Hg0, 5 % HgP and 15 % Hg(II). 
[21] As compared to other industries, the elemental mercury emissions are an 
average of 30 % higher and the RGM emissions are 25 % lower. The implication of 
this is that although point source deposition may be lower for steel plants than 
other industries, the contributions to mercury depositing in arctic regions is quite 
high. For this reason, mercury emissions from steel plants play a significant role in 
the health of the environment and even fish populations for Nordic countries. It 
was therefore that adsorption of elemental mercury was selected for further study, 
along with reactions with chlorine and oxygen. 

 

In EAF steelmaking, mercury emissions can be particularly difficult to control and 
predict. Although scrap metal is often well sorted to remove mercury sources, such 
as in electrical switches, thermostats and trunk lights in vehicles, the same code of 
statutes is not applied consistently. [23] These products are, however, not the only 
sources of mercury. Mercury deposits in the environment, particularly on forest 
floors, and it has been suggested that mercury is transported in the vapor phase 
into arctic regions where it is deposited. [1, 24] This deposition has been suggested to 
occur on scrap metal stored outdoors at low temperatures. [26]  

Unfortunately, in EAF steelmaking mercury tends to follow metal scrap into the 
furnace during melting and any mercury present will vaporize into the atmosphere 
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because of its significantly high vapor pressure. However, it is possible that this 
freed mercury may compound again with other materials being charged, such as 
calcium oxide (CaO), silica (SiO2) or fluorospar (CaF2). 

[26] Reaction products such 
as HgO, HgClx, HgS, or Hg2F2 are probable, and with the high temperatures as the 
furnace heats up, are subsequently vaporized and released with the off-gas. Partial 
mercury capture may occur in the gas cleaning systems, since the cooling of the gas 
stream causes the decomposition of some inorganic mercury complexes. However, 
here again 100 % cleaning efficiency is not possible and mercury is released to the 
atmosphere as HgP, Hgo and RGM.  

 

Chapter Summary 

In this chapter, a brief examination of the environmental impacts of SO2 and Hg 
was presented. These select emissions from metal manufacturing were outlined in 
terms of their relationship to emissions release and atmospheric and environmental 
relevance. 
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3 SURFACE CHEMISTRY ASPECTS 

3.1 Surfaces at the gas-solid interface 

 

In order to study the gas-solid interface, ultra high vacuum (UHV) is often the 
preferred environment. The reason for this is that in real systems, a surface reaction 
occurs too quickly to study with ease. A clean surface is very reactive with atoms 
and molecules from the atmosphere. According to Lüth [27], one monolayer of 
molecules is formed per second at a pressure of ~1.3∙10-4 Pa, provided that 
bonding occurs, i.e. with a sticking coefficient = 1. Surface atoms react with one 
gas molecule per second at this pressure, provided that bonding occurs.  
Consequently, UHV experiments are performed over a longer time at pressures 
much less than this, usually on the order of 10-8 Pa. Hence, UHV is a technique for 
slowing down the surface reactions and controlling them such that they can be 
studied conveniently. 
 
Adsorption and desorption describe the solid-gas interaction: bonding of a gas to 
the solid surface or a release of molecules from the solid to the gas phase, 
respectively. Adsorption can be broken into physisorption and chemisorption. 
Physisorbed molecules have low bonding energies, in the range of 5 – 100 meV, 
and large equilibrium distances, 0.3 – 1.0 nm. [28] The bonding is weaker and based 
on dipole interactions or van der Waals attraction, and therefore generally occurs at 
low temperatures. Chemisorbed molecules have formed new bonds with high 
energy, in the order of 1 eV or higher, and the reaction is exothermic and 
measurable through calorimetric methods. [29] In contrast to physisorption, 
chemisorption may cause the rearrangement of the electronic structure of the solid, 
and therefore adsorbed molecules may dissociate, forming new reaction products. 
It is defined by a perturbance in the electronic structure of the surface, similar to 
covalent or ionic bonding, and wherein new hybrid orbitals are formed. [26] 
Furthermore, the surface geometry is susceptible to change with chemisorbed 
molecules. 
 
In the presence of more than one adsorbate, chemisorption is affected. Island 
formation occurs when the adsorbate-adsorbate interactions are strong, perhaps 
due to a lowering of the Gibbs free energy of the system, whereas surface wetting, 
or layer-by-layer growth occurs when the surface energy of the adsorbate layer is 
lower than the surface energy of the substrate surface, that is when the adsorbate-
surface interaction dominates over the adsorbate-adsorbate interaction. A third case 
is possible wherein island formation occurs on monolayers of adsorbate, called 
layer-plus-island growth. [27] At low surface coverages of less than one monolayer, the 
geometry of the adsorption can be discussed in terms of site filling. Random site 
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filling occurs when the adsorbate bonds randomly to the surface. At higher 
coverages, adsorption becomes ordered on the lattice. [30] In contrast, adsorbate 
molecules displaying ordered adsorption form an ordered structure on the surface at 
low coverage, and this often occurs when there are repulsive forces between the 
adsorbates in the adsorbate layer, i.e. repulsive forces. These lateral interactions 
have a temperature dependency and may be less important in the case of strong 
chemisorption. The strong chemisorptions modifies the substrate more than weak 
chemisorption, and therefore the substrate is not open to considerable 
modifications, which in its turn, leads to substrate mediate repulsion.   
 
Adsorption on a single crystal may be quite different than adsorption on a 
polycrystalline, or amorphous, substrate. For a pure crystal, a periodic superlattice 
defines the topmost layers of the surface lattice. [27] The surface is made by cleaving 
a bulk single crystal in vacuum. There are four primary cases of adsorption 
interfaces as presented in Fig. 3.1: crystalline order on the superlattice, amorphous 
adsorption on the superlattice, interdiffusion at the interface and reaction at the 
interface.  

 

Fig. 3.1−Four instances of the vacuum-solid interface. [27] 

 
In contrast, an amorphous substrate is non-periodic, and surface defects such as 
cracks or ridges are prevalent. [30] This type of surface may only exhibit short-range 
symmetry, and is accordingly harder to define. Experiments on polycrystalline 
surfaces are therefore, subject to more error, harder to replicate and more difficult 
to characterize.  
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3.2 Previous work 
 

Sulfur dioxide on the soot surface 

In 1991 and 1999, Chughtai et al. [18, 31] observed that oxidation of soot surfaces 
increased the polarity, making soot more prone to solubility in water or water 
vapor. Through hydrolysis, carboxyl groups can be formed on the soot, see Figure 
3.2. Experiments in 1997 by Rogaski et al. [32] confirmed that SO2 increased the 
water uptake on soot particles. Futhermore, they concluded that oxidation of SO2 
on soot in the presence of water is a significant source of acid rain. Koehler et al. [33] 
studied low temperature oxidation reactions of SO2 and observed that adsorption 
occurs in stages. The initial rapid phase adsorption was less than one monolayer. 
Micropore filling occurred more slowly. Experiments to quantify the oxidation of 
sulfur dioxide by ozone on soot have been performed previously by Chughtai et al. 
[12] and Smith et al. [5, 34]. However, the combined effects of water vapor and ozone 
at concentrations above 40 ppm have not been examined. 

 

Fig. 3.2−Ozone oxidation of external rings on soot polyaromatic macro-molecules, followed by 
hydrolysis to form polar functional groups. [31] 

 

Mercury on metal surfaces 

Jones and Perry [35] conducted a study in 1981 concerning mercury adsorption and 
desorption kinetics on an iron crystal, but their work was carried out in Ultra High 
Vacuum (UHV) conditions above room temperature. In 1988, Onellion et al. [36] 
investigated mercury overlayers on silver. They found a broadening of the 
photoemission peaks at doses of 1 and 2 monolayers (ML), as well as a third state, 
due to the mercury overlayers. They proposed that this third state is due to 
mercury-mercury interactions. They reported that when mercury melts at 160 K on 
silver, where melting is defined as the temperature of initial mercury desorption 



Chapter 3 

11 
 
 

from the surface, the mercury atoms “wet” the surface. In other words, the 
mercury atoms move from their initial adsorption positions to a more 
thermodynamically favorable position, and it is dependent upon the energy of the 
specific substrate-surface interactions. The melting temperature for pure mercury at 
1.013∙105 Pa is 234.3 K. [37] Furthermore, Onellion et al. [36] proposed that clumping 
or island formation does not occur at the 1-2 ML coverage. However, they did not 
study the behavior of mercury at higher coverages, nor desorption of mercury 
beyond 160 K. It has been found by Dowben et al. [38] that islands form at Hg 
exposures of < 10 Langmuir (L) due to strong lateral interactions of the mercury. 

  

In 1989 Dowben et al. [38] studied the electronic structure of mercury overlayers on 
Cu(100). They determined that mercury atoms are located 3.62 Å apart forming a 
c(2x2) structure on Cu(100), according to the phase diagram shown in Fig. 3.3. This 
presumably corresponds to 0.5 ML of adsorbed Hg. It is assumed that vertical 
interactions with the superlattice are dominated by the lateral interactions at the 
reported temperatures and coverages. At doses higher than 19 L and at 
temperatures below 230 K, mercury layers are disordered.  

 

Dowben et al. [38] also calculated an isosteric heat of adsorption of 70 ± 4 kJ/mol 
for mercury on Cu(100) and suggested that there are strong attractive lateral 
interactions between the mercury atoms in the mercury adlayer. Li et al. [39] studied 
mercury and lead growth on Cu(001) at 150 K in 1990 and found that mercury is 
too large to fit in the copper lattice. The concluded that mercury overlayers 
“buckle” because of the mismatching of the lattices. They also found that mercury 
growth abided by Frank-van der Merwe (FM) layer-by-layer growth up to four 
layers on the ordered copper surface. 

 

Fig. 3.3−Isobaric phase diagram showing mercury structures on Cu(100). [38] 
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Unertl and Blakely [40] found that Zn(0001) is completely covered by a 2-3 ML thick 
oxide layer between the pressures of 10-4 and 10-8 Pa, independent of temperature 
(between 77 and 425 K). The order on the surface used in the experiments was not 
specified. Creemers [41] found that oxidized Zn(0001) forms a crystalline polar zinc 
terminated ZnO film. In other words, the oxygen atoms lie below the surface. The 
adsorption of chlorine on zinc oxide has been studied by Grant et al. [42] They found 
a saturation of 0.30 chlorine adatoms per zinc site. They suggest that lateral 
interactions or kinetic effects prevent a higher rate of adsorption. It was previously 
reported by Hopkins and Taylor [43] that Cl2 dissociates and adsorbs on ZnO(0001) 
at 300 K.  

 

Chlorine contamination is well known to originate in various sources in the 
environment. Some of these sources of contamination are due to saltwater, water 
purified with chlorine and particulate salt in the atmosphere from the ocean. These 
sources of contamination may lead to chlorine deposition on metal surfaces 
exposed to the atmosphere. Moreover, in 2003, Wang [44] stated that a principal 
oxidized form of mercury in flue-gases from coal combustion is HgCl2. However, 
the combustion species depends upon several factors including the partial pressure 
of chlorine and mercury. In the case of a lower chlorine partial pressure, Hg2Cl2 
would be preferentially formed. Furthermore, the oxychloride species, Hg3O2Cl2, 
may also be a combustion product.  

 

Information is lacking about the relationship between mercury contamination and 
iron, steel and galvanized surfaces. Furthermore, the effect of mercury on 
thermochemical and thermophysical properties of iron, steel and galvanized steel is 
not understood. Steel embrittlement in a mercury environment [45] has been 
discussed in the literature, together with the experimental results by Krupowicz [46], 
which describe the effect of mercury on the slow strain rate and ductility in 
stainless steel and aluminum alloys.  

 

Chapter Summary 

In this chapter, some aspects of interface interactions have been described, 
primarily in terms of adsorption mechanisms. Some differences regarding crystal 
surfaces have been mentioned. A brief discussion of previous experiments, 
providing background for the current experiments, is also presented.  
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4 EXPERIMENTAL TECHNIQUES 

In the present work, five types of experiments were conducted:  

1. Particle-into-liquid sampler (PILS) coupled with ion chromatography (IC) 
studies were made to quantify sulfate formation, 

2. X-Ray Photoelectron (XPS) studies were made on soot particles under 
controlled conditions, 

3. Thermal Desorption Auger Electron Spectroscopy (TDAES) studies were 
carried out on pure metal-based systems under controlled conditions,  

4. Auger Electron Spectroscopy (AES) and XPS studies were carried out on 
industrial metal samples as well as metal samples exposed to the atmosphere, and 
lastly,  

5. Laser Ablation Inductively Coupled Plasma Time of Flight Mass Spectrometry 
(LA-ICP-TOFMS) experiments were conducted on industrially supplied metal 
samples.   

 
For measuring the heterogeneous oxidation of SO2 on methane soot in the 
presence of water vapor, an aerosol flow tube was used for the gas mixture, passed 
then through a particle-into-liquid sampler (PILS) coupled with ion 
chromatography (IC). XPS was used in conjunction to analyze the oxidation of 
sulfur dioxide into sulfate. 

 

The TDAES experiments were performed both at room temperature (RT) and low 
temperature (LT) to examine the temperature dependence of mercury adsorption. 
The experiments were conducted on controlled metal surfaces to determine the 
adsorption capacity of mercury, the mechanisms of adsorption, as well as to 
determine the effects of coverage conditions that may affect adsorption, desorption 
and surface bonding. Chlorine and oxygen were also separately dosed onto the 
clean metal surfaces to investigate the effects of surface contamination.  

 

A separate series of experiments were conducted on industrial samples and metal 
samples exposed to the atmosphere for various extents of time. Both AES and 
XPS were used to study these surfaces and to analyze the composition. It was 
hoped that any mercury adsorbed on the surfaces would be detected and 
quantified. LA-ICP-TOFMS was used to depth profile some industrially supplied 
metal surfaces. The aim was to determine if mercury from the atmosphere had 
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deposited on the surfaces or surface layers, or could be found in the bulk substrate 
in quantifiable concentrations. 

 
Three different apparatuses were selected for the experiments. AES and XPS are 
both spectrometric techniques applicable on the surface level only, sensitive to 1% 
of a monolayer (~1013 atoms/cm2). [28] AES provides faster spectra but does not 
provide as much information regarding chemical reactions or oxidation states. XPS 
does provide information about the oxidation states and changes in the surface due 
to chemical reactions. However, it was not the focus of the present study to 
determine the surface chemical reactions and so this technique was not used as the 
primary technique. By adjusting the AES for cooling and controlling the 
temperature, it becomes possible to monitor the thermal desorption, hence the 
name, Thermal Desorption AES.  

 

To depth profile the samples, LA-ICP-TOFMS was used. This is an invasive 
technique wherein a laser beam is directed onto the sample, permanently altering it. 
This beam produces a gas containing the surface elements at controlled depths, 
which is then accelerated through a mass spectrometer and analyzed. 

 

4.1 Particle-Into-Liquid Sampler coupled with Ion 
Chromatography (PILS-IC) 

 

An inverted co-flow diffusion burner was used to create a quantified soot aerosol 
of varying sizes and concentrations at atmospheric pressure and room temperature, 
as shown in Fig. 4.1. A stream of the soot aerosol flow was fed into a halocarbon 
wax-coated pyrex flow tube, with helium as a carrier gas. The aerosol was then 
reacted with controlled concentrations of ozone and sulfur dioxide. The reaction 
products were analyzed by a PILS -IC to determine quantitatively the amount of 
sulfate on each particle.  
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Fig. 4.1–Schematic of the flow tube system. 

For the gas phase reaction:  

 

SO2 + O3  O2 + SO3 

 

the diffusion time, td, was calculated where kD is the rate constant, according to 
Equation (4.1) [48], 

 

    
 

   
      (4.1) 

 

The diffusion time was calculated based on the reactor conditions to ensure that 
the total gas flow rate allowed for a factor of ten more contact time than the 
minimum diffusion time. In other words, the flow was calculated to ensure 
sufficient reaction time. By substituting from Equation (4.1), the diffusion time was 
calculated to be 0.9 s according to Equation (4.2) [47]: 

 

    
    

             
     (4.2) 

 

The reactor volume was 6.8 cm3 and the diffusion coefficient used for SO2 in He, 
D(SO2)-He was 1.96∙104 cm2∙Pa∙s-1. The value of 3.67 is the reduced mass, Mr, for SO2 
in He and P is the chamber pressure of 1.01∙105 Pa.  
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The flow tube response to sulfate was, in turn, calibrated using PILS-IC allowing 
for quantitative results. For the calibration, 24 soot-coated Raschig rings, exposed 
under the same conditions as the flow tube experiments, were transferred to a 
plastic centrifuge tube and rinsed with 10 mL of MilliQ water. The rinse water was 
transferred to a plastic syringe fitted with a 0.2-μm syringe filter. The water was 
then passed through the syringe filter into a clean centrifuge tube. This process was 
repeated twice more for a total sample volume of 30 mL. From the 30-mL sample 
volume, 100 μL were analyzed by the METROSEP A Supp 5 100/4.0 IC columns.  
The IC had been previously calibrated using an external standard, and thus 
provided the amount of sulfate. The sample was run at a flow rate of 0.8 mL/min 
using 3.2 mM Na2CO3/1.0 mM NaHCO3 as eluent.  The response was measured 
using a pre-calibrated suppressed CD detector. The detector response was 
calibrated using Fluka multielement ion chromatography anion standard solution 
containing fluoride, chloride, bromide, nitrate, phosphate, and sulfate at ppm levels, 
allowing for quantitative data from sample analysis. Using both the PILS-IC and 
ATOMFS, the sulfate on individual soot particles under the exposure conditions 
was quantified. 

 

4.2 Thermal Desorption Auger Electron Spectroscopy 
(TDAES) 

 

Auger electron spectroscopy (AES) is an effective technique for determining 
surface composition. In an ultra high vacuum (UHV) chamber, a sample is 
bombarded with high energy electrons (~3 keV). This causes a core-hole, which in 
turn leads to the drop down of an electron with a lower binding energy to fill the 
hole. The subsequent change in energy causes a third electron to be emitted. These 
electrons are filtered in a cylindrical mirror analyzer (CMA). The emitted electrons 
have a characteristic kinetic energy (KE), giving a characteristic peak which is then 
used for identification of the surface species. Fitting the UHV chamber with an 
indirect sample cryogenator allowed for the thermal desorption experiments. 

 

In the present experiments, an UHV chamber was used to conduct the TDAES 
experiments schematically presented in Fig. 4.2. A chlorine evaporator, Ar+ ion 
sputter gun, and indirect sample cryogenator were mounted in the chamber. The 
sample temperature was reduced by liquid nitrogen. Desorption temperatures were 
monitored in the range of 82 K to 298 K. Temperatures were kept constant during 
mercury dosing. A chromel/alumel thermocouple mounted on the manipulator 
adjacent to the sample holder was used to measure the sample temperature. The 
triply distilled mercury was dosed through a precision leak valve. The base pressure 
in the chamber was less than 5∙10-8 Pa. 
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A precision leak valve was used to oxygen gas, where gas dosing was controlled by 
a Langmuir dosage (one Langmuir is defined as 1.3∙10-4 Pa·s [27]). Chlorine was 
deposited onto the sample surface via an ionic cell. By applying a current to heat 
the silver chloride pellet, an applied voltage separated the ions, driving the Cl- to 
the AgCl surface and allowing chlorine to recombine into Cl2, which evaporated 
onto the sample surface. Exposures of chlorine were given in milliCoulomb (mC) 
which related the current to the application time. The base pressure in the chamber 
was less than 5∙10-8 Pa. 

 

Fig. 4.2−Schematic of UHV unit with mercury dosing chamber. 
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4.3 X-Ray Photoelectron Spectroscopy (XPS) 

 
XPS is primarily used for the determination of surface composition and of 
chemical reactions (oxidation states). Here, a sample is bombarded with photons 
from a radiation source in separate UHV chamber. This causes photoelectrons of 
characteristic binding energies (BE) to be emitted. These are filtered and have a 
characteristic spectrum. With XPS, auger electrons are also detected. 

 

The current experiments were performed in a separate commercial UHV chamber 
at room temperature (25°C). The X-ray beam current was set to 20 mA and the 
filament was set to 15 kV.  Because the reference level moves when the pass energy 
is changed, the equipment calibration was done by varying the pass energies and 

noting the shift in the Fermi level.  The photon energy (h) was 1256 eV from the 

Mg K radiation source and the spectrometer work function () was 5 eV.   

  

The binding energy was the more directly useful output from the XPS as it was a 
manifestation of the photoelectrons emitted from the atom due to the impinging 
photons.  It measured the difference in energy between initial and final states 
during the photoelectron loss. [48] The kinetic energy was also determined so that 
peaks due to Auger electrons could be resolved. 

 
By using a known binding energy and comparing it to the raw kinetic energy 
output, the calibration factor was determined.  Tantalum and carbon were used to 
determine the calibration shift because they were always present on the sample 
surfaces and they remained inert.  Next, the binding energy was determined from 
Equation (4.3) using the calibration factor: 

 

BE = h -  - raw KE + calibration shift   (4.3) 

 

A calibration factor of 75 eV corresponds to a shift in the spectrum where the 
Fermi level is at 1326 eV (BE = 0).  Therefore, XPS was not effective at the high 
region of the spectra (>1326eV).   

 

The corrected kinetic energy could then be determined by Equation (4.4) for 
examining the Auger electron peaks: 

 

Corrected KE = Raw KE – calibration shift   (4.4) 
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4.4 Laser Ablation Inductively Coupled Plasma Time of 
Flight Mass Spectrometry (LA-ICP-TOFMS) 

 
This method used a pulsed laser directed at a sample surface at atmospheric 
pressure and room temperature to generate particles from the sample surface. [49] 
The pulse time was correlated to a sample penetration depth. This allowed for the 
determination of elemental surface concentrations to a predetermined penetration 
depth. Calibration was performed against samples with known depths of Al, Co, Ti 
and W. Samples were ablated with a laser, generating a hole ~50 mm in diameter. 
An argon gas stream then directed these particles through a mass spectrometer. In 
the spectrometer, the particles were subjected to 6000-7000 K forming a plasma 
with the argon. This entire plasma was then accelerated through the spectrometer 
wherein the pressure was reduced and a magnetic field was applied. The ions all 
had the same kinetic energy when they reached the flight tube of the mass 
spectrometer, yet their velocities were different because of the different masses of 
the isotopes in the plasma. Because the velocities are proportional to the ionic 
masses, the velocities of the isotopes were measured and the ions could be 
characterized accordingly.  

 

In the experiments, the laser was pulsed for 30 s to get background levels, and then 
pulsed on the samples for 60 s, followed by 30 s more for background levels. In 
Fig. 4.3 sample A-4 is presented before and after laser ablation. 

 

Fig. 4.3–Sample A-4, 600 m x 45m area shown, (a) before laser ablation, (b) after laser 
ablation. 

 
Chapter Summary 

In this chapter the experimental techniques of PILS-IC, TDAES, XPS and LA-
ICP-TOFMS are described. The experimental conditions are presented, as well as 
the predominant features of the techniques.  

(a) (b) 
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5 EXPERIMENTAL WORK & RESULTS 

5.1 Oxidation of SO2 

Gas phase experiments were conducted to examine the heterogeneous oxidation of 
sulfur dioxide on methane soot in the presence of ozone and water vapor. The 
enhanced formation of sulfate at atmospheric pressure was confirmed by the use of 
a particle-into-liquid sampler coupled with ion chromatography. Due to the ozone 
oxidation, multilayer adsorption of sulfur dioxide on methane-soot, as well as 
sulfate formation and physisorption on secondary surface layer sites were observed. 
The exposure also caused the soot to become hydrophilic, due to the formation of 
sulfuric acid and also likely the formation of carboxyl groups on the surface. The 
sulfate yield increased with ozone levels, but no increase was observed at ozone 
concentrations above 1000 ppm. 

 

The mechanism of sulfate formation is believed to be as follows: ozone exposure 
leads to efficient oxidation of the soot material through the formation of polar 
functional groups such as hydroxyl and carboxyl groups. In Table 5.1, SS refers to a 
surface site on the soot particle. In the initial reaction stage, every third ring has an 
O atom or SO2 reaction site, but only O3 contributes to an increase in soot mass. 
[20] In the second stage, O leaves the surface to react with O3 and SO2. 
Physisorption on aged C sites then occurs. 

 

Table 5.1−Reactions with soot. 

Reaction 
sequence 

Reaction Rate parameter 
at 296 K 

Reference 

 chemisorption   

1 SS + O3  SSO + O2 3.3 × 10-3 Fendel et al. [50] 

1 SO2 + O3  SO3 (catalyzed by soot 
surface) 

  

1 SO2 + H2O + O3  H2SO4 + O2   

 chemisorption   

2 SSO + O3  SS + 2O2 (1.0 ± 0.6) × 10-7 Kamm et al. [20] 

2 SSO + SO2  SS + SO3   

2 SSO + SO3  SS + SO4   

2 SSO + O3  SS´ + O2 + CO2 (1.0 ± 0.6) × 10-7 Kamm et al. [20] 
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2 SSO  SS´ + CO (4.5 ± 2.7) × 10-5 (s-1) Kamm et al. [20] 

 chemisorption   

3 SS´ + O3  SSO + O2   

3 SS´ + SO2 + 2O3  SSO + 2O2 + SO3 + 
H2O 

  

3 SO3 + H2O  H2SO4   

 physisorption   

4 SSO + 2O2 + H2O  SS´´ + OH- + 
COOH- + H2O 

  

4 SS´ + CO2 + H2O  SS´´ + OH- + COOH-   

4 SS + SO3 + H2O  SS´´ + H2SO4   

4 2SS´ + O2 + H2O  SS´´OH + SS´´COOH 
(O2 + H2O compete) 

  

4 SS´ + H2O + CO2  SS´´OH + SSCOOH 
(carboxyl formation) 

  

Note: SS refers to surface site; SS’ refers to second layer site; SS’’ refers to unreactive surface site on methane 
soot particles. 

 

The XPS spectrum for carbon 1s at 284.5 eV is shown in Fig. 5.1. The 1s peak is 
slightly broadened due to the presence of the carboxyl groups. 

 

Fig. 5.1−XPS spectrum of C 1s for soot exposed to ozone. 
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The ozone-modified soot surface has higher capability for multilayer adsorption of 
SO2, as evidenced by Fig. 5.2. The XPS spectrum shows the peaks for S 2p at 165 
eV as well as sulfate. Monolayer and multilayer adsorption can be seen between 168 
and 171 eV binding energy. This indicates that the greater amount of adsorbed SO2 
is heterogeneously oxidized producing the higher sulfate yield. 

 

Fig. 5.2−XPS spectrum of S 2p and sulfate for methane soot exposed to ozone. 

The dependence of sulfate yield on ozone concentration is shown in Fig. 5.3. The 
experiments were conducted at constant water vapor and sulfur dioxide 
concentrations. In Series 1, the reaction time was varied as 30 minutes, 60 minutes 
and 90 minutes, with the sulfate yield increasing according to exposure time. The 
data show the results from this study along with those of other works. The trend 
shows an increase in sulfate yield with increased ozone concentration up to a value 
of 1600 ppm. Thereafter, the increased ozone levels do not significantly increase 
the sulfate yield over 60%. At atmospherically relevant ozone concentrations, the 
enhancement in the sulfate yield is expected to be a factor of ~ 5. 
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Fig. 5.3−Sulfate yield on exposed soot as a function of ozone concentration. 

Although there is a saturation limit, the presence of sulfur dioxide with ozone, 
oxygen and water on soot clearly increases the sulfate yield. Soot acts as both as a 
reaction surface then as an adsorptive particle for sulfate and ozone. Although the 
possibility for a parallel reductive reaction on the active soot sites with ozone and 
sulfur dioxide exists, the reaction is much less exothermic than reactions forming 
sulfate. It is therefore critical that sulfur emissions be controlled in order to 
minimize such damage to the environment as for example, acid rain.  

 

5.2 Metal surfaces 

Pure iron, zinc and copper systems were studied for relative dosage saturation 
thicknesses and desorption temperatures for various surface preparation 
conditions, which included oxidized and chlorinated surfaces. These systems were 
examined for mercury adsorption capacity at both RT (298 K) and LT (82-111 K). 
The photoelectron mean free path was used to calculate the coverage of mercury 
on the metal surfaces. [27] According to Paliwal et al. [51], a mercury multilayer 
desorbs rapidly followed by slower desorption of the interface monolayer on the 
(111) face of silicon. This result is consistent with what has been observed for most 
of the systems in the present work.  
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Two spectroscopic methods (AES and XPS) have been used to study the surface 
compositions of atmospherically exposed metal samples.  Depth profiling and LA-
ICP-TOFMS analyses for mercury composition and depth have also been 
performed on select metal substrates. 

 

5.2.1 Materials 

 
Three substrates were used for the TDAES experiments: iron, copper and zinc. 
Iron was selected because it is a fundamental component in EAF steelmaking. It is 
believed that mercury may adsorb on the surface of iron and steel scrap, thereby 
entering the production line with the raw material. However, little is known about 
the mechanisms of adsorption and desorption on iron. Copper and zinc were 
chosen because they are both components in EAF steelmaking, and copper may 
enter the EAF with scrap containing electrical equipment. Zinc is of critical interest 
to steelmakers because of the increased use of galvanized scrap. Additionally, zinc 
is known to form stable phases with mercury at low temperatures. [52]  

 
For the TDAES experiments, pure samples were used. The polycrystalline iron 
sample studied was taken from a 99.5 % pure iron film (supplied by Goodfellow, 

Huntingdon, England). The film was cut into a 1 cm2 size then mounted on a 
tantalum sample holder by spot welding tantalum strips onto the sample holder. 
The zinc crystal was a pure crystal of (0001) orientation (supplied by Surface 
Preparation Laboratory, Zaandam, The Netherlands). The crystal was cooled with 
liquid nitrogen then cleaved along the 0001 plane to produce a crystal sample of ~1 
cm in diameter. To compare effects of ordered and disordered surfaces, 
polycrystalline zinc was also selected for the study. This zinc was a 4mm pellet 
(supplied by Merck, Darmstadt, Germany) of 99.9% purity that was flattened and 
polished prior to cleaning. The copper sample to be studied was polished oxygen-
free high purity copper (supplied by Vacuum Generators, Hastings, UK), cut to ~1 
cm2. The zinc and copper samples were mounted in the same fashion as the iron 
sample.  

 

The pure samples were rinsed with acetone to dissolve any impurities, followed by 
cleaning for 30 minutes in an ultrasonic bath filled with 99.7 %v/v ethanol. Once 
removed from the bath, the samples were blown dry with nitrogen gas and loaded 
into the Ultra High Vacuum (UHV) chamber. All of the pure samples were cleaned 
before use by cyclic sputtering at room temperature in an argon atmosphere. 

 

Triply distilled mercury with a purity of 99.6% (supplied by Merck KGaA, 
Darmstadt, Germany) was used for dosing onto the samples. Oxygen was selected 
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as a co-adsorbate in the TDAES experiments because of its presence on metal 
surfaces in nature. The oxygen was laboratory grade oxygen gas with a maximum of 
1 ppm of impurities (supplied by Alfax). Chlorine was chosen as the second co-
adsorbate because of its known reactivity with mercury in the atmosphere. [1, 25] The 
chlorine used in the present work was pure chlorine evaporated from a silver 
chloride ionic cell.  

 

The samples exposed to the atmosphere were of varying steel compositions and 
coatings. These samples are presented in Table 5.2 and were used for the LA-ICP-
TOFMS, AES and XPS studies. Samples A-1 through A-7 were composed 
primarily of stainless steel, samples B-2 through B-4 were galvanized steel, B-1 was 
pure zinc and C-1 and C-2 were steel with a mixture of aluminum and zinc in the 
coatings. In total, thirteen different metal sample surfaces were studied. 
 
The samples, A-1 through C-2, were collected from various sources, but originating 
from industrial sources.  Sample A-1 was steel collected directly from a raw 
materials yard. This sample was not meant to be representative in any form, but 
rather it was collected to enhance the qualitative discussion. The sample was said to 
have underwent normal industrial atmospheric exposures: no special treatment was 
given to it and the sample was likely in the scrap yard for approximately one to two 
weeks (according to the normal scrap turnover rate).  Samples A-2 through A-7 
were collected directly from the companies listed in Table 5.2 as their product 
material [53] and underwent normal industrial atmospheric exposure until they were 
collected for use in this study.   
 
Several of the samples were part of a previous study of metals leaching into the 
environment [54] from the Corrosion Chemistry Department at KTH, Stockholm, 
Sweden.  These included B-1, B-2, B-3, C-1 and C-2 and were exposed to the 
atmosphere on the roof of the department building for five years.  The samples 
were cleaned prior to exposure to the atmosphere and care was taken to minimize 
touching of the sample surfaces.  They were attached to the roof of the building by 
a thin piece of tape.  The tape was not part of the samples used in the experiments. 
 
Sample B-4 had been exposed to normal atmospheric conditions for upwards of 
fifty years.  It was cut from a galvanized zinc roof on the archipelago outside of 
Stockholm, Sweden.   
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Table 5.2−Compositions, atmospheric exposure and origin of samples used in 
XPS, AES and LA-IC-TOFMS analyses. 

Sample 
Number 

Sample 
Group 

Sample 
Name 

Sample 
Origin 

Composition Comments 
Experimental 
Techniques 

A-1 

Iron-
based 

N/A 
Ovako 

Steel AB 
Low-alloyed steel 

Non-random, 
collected from 

scrap yard 
XPS, AES 

A-2 3R60 
Sandvik 
Steel AB 

Steel (66.9% Fe, 
0.03% C, 17.5% 

Cr, 13% Ni, 
2.6% Mo)[53] 

Highly alloyed 
stainless steel 

XPS, AES, 
LA-ICP-
TOFMS 

A-3 6-2612 Fundia Stainless steel 
Low alloyed 
carbon steel 

LA-ICP-
TOFMS 

A-4 6-2391 Fundia Stainless steel 
Low alloyed 
carbon steel 

LA-ICP-
TOFMS 

A-5 4L10 
Sandvik 
Steel AB 

Stainless steel 
High alloyed 
stainless steel 

LA-ICP-
TOFMS 

A-6 13C26 
Sandvik 
Steel AB 

Stainless steel 
Highly alloyed 
stainless steel 

LA-ICP-
TOFMS 

A-7 
Weldox 

9601 
SSAB steel Plate steel 

LA-ICP-
TOFMS 

B-1 

Zinc-
surfaced 

Pure Zn Umicore 
Zn, 0.17% Cu, 
0.07% Ti (no 
coating) [54] 

Atmospheric 
exposure on 

roof for 5 years 
XPS, AES 

B-2 
Galvanized 

Zn 
SSAB 

Steel, 20 m Zn 
[54] 

Atmospheric 
exposure on 

roof for 5 years 
XPS, AES 

B-3 
General 

Galvanized 
Steel 

Zinc Info 
Steel, 70-100 m 

coating of Zn 
(no coating) [54] 

Atmospheric 
exposure on 

roof for 5 years 
XPS, AES 

B-4 
Birgitta’s 

roof 
unknown Galvanized steel 

Atmospheric 
exposure on 
roof for >50 

years 

XPS, AES, 
LA-ICP-
TOFMS 

C-1 

Al-
containing 

Galfan 
Arcelor 

S.A. 

Steel, 8m of 
95% Zn, 5% Al 
(no coating) [54] 

Atmospheric 
exposure on 

roof for 5 years 
XPS, AES 

C-2 
Aluzinc 
(Galv-
alume) 

SSAB, 
Borlänge 

Steel, 20 m of 
55 % Al, 43.4% 
Zn, 1.6% Si1 (no 

coating) [54] 

Atmospheric 
exposure on 

roof for 5 years 
XPS, AES 

1All percentages are weight percent. 
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5.2.2 Data characterization 

 

For the TDAES experiments, the experimental data were collected alternately over 
two KE intervals for zinc, namely, [30, 330] eV and [20, 1200] eV. For copper, the 
energy regions were [20, 220] and [40, 640] eV. This procedure was adopted to 
ensure good statistics of the intensity readings as well as to ensure that no 
contamination, interference of signals or other problems affecting the experimental 
data had occurred during the experiment. Contamination occurs in the form of 
oxygen, carbon or nitrogen on the surface and these elements would be visible in 
the higher energy spectra. The spectra were taken at approximately 6-minute 
intervals, and in all cases, mercury and iron, as well as zinc and copper intensities 
measured from the two regions trended each other ideally. Filament current drift 
introduces error by reading surface intensities as increasing with time, but only until 
the filament is warm. This was the case in the RT clean polycrystalline zinc 
experiment. 

 

The TDAES spectra were recorded as derivative signals, dE)E(dN , which were 

then translated manually into peak-to-peak heights. Each element had a specific 
peak energy and an appearance which made it distinguishable, and the characteristic 
peaks were compared with reference spectra. [55] The surface spectra were then 
normalized using the respective elemental cross sections. The low temperature and 
room temperature spectra with mercury present were normalized to the mercury as 
this became the highest signal intensity, and in the absence of mercury, to the high 
energy metal signal, ie. iron at 598 eV, zinc at 994 eV. The chlorine and oxygen 
signals have been amplified to demonstrate the features of the adsorption and 
desorption mechanisms. The combined error was estimated to be 15 percent of the 
intensity, primarily due to adjusting sample position during heating and cooling of 
the manipulator head inside the vacuum chamber and also the warming of the 
spectrometer over time. The detector efficiency was taken as proportional to the 
flux of detected electrons for the Auger transitions due to the constant peak width. 
[56] As a result, changes in peak-to-peak heights could be correlated to changes in 
relative surface concentrations. 

 

The AES spectra were collected and recorded in the same manner as TDAES data. 
XPS spectra were also collected and characterized in a similar manner. However, 
the binding energies of the surface electrons were recorded, as compared to the 
KE. Each binding energy was characteristic of a surface electron and peaks could 
be compared to a reference value. [48] Like in AES, changes in peak-to-peak heights 
could be correlated to changes in relative surface concentrations. 
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When using LA-ICP-TOFMS, the percentage of abundance was determined for 
each isotope and at the depth that the laser was set to penetrate. 

 

5.3 Analysis of iron using TDAES 

 
The raw peak intensities were transformed into peak-to-peak heights in the figures 
presented. The RT Fe-Hg system reached a saturated level at 1.9 Å which 
corresponded to 1 ML of mercury on the iron surface. The LT systems all showed 
more than 1 ML on the surface. The LT Fe-Cl-Hg and the Fe-O-Hg systems 
adsorbed almost 2 ML of mercury on their surfaces.  

 

Clean iron 

Dosing mercury at low temperatures onto the clean iron substrate caused mercury 
adsorption until a saturated layer formed. This occurred at approximately 5.5 Å of 
coverage at 85 K as can be seen in Fig. 5.4(a) at the highest dose. This value 
corresponds to nearly 3 ML of mercury on the clean iron surface. Fig. 5.4(b) shows 
desorption of the mercury layers from the surface as rapid from 206 K until 230 K, 
and then mercury desorption continued at a low rate until 263 K, as depicted in the 
figure by T1, T2 and T3, respectively. At RT, the coverage left on the surface was ~1 
ML. The relative concentration after desorption to RT are not shown in Fig. 5.4.  

 

 

Fig. 5.4−Change in relative concentration, (a) Hg saturation dosing at 85 K. (b) Thermal 
desorption of Hg from clean Fe using TDAES, where T1 through T3 indicate 
desorption steps. 

 

Fig. 5.5 depicts mercury dosed onto iron at RT. In this case, the mercury saturation 
layer was 1.9 Å, which is seen as point D at 43 L of Hg dosed on the clean iron in 
Fig. 5.5. The relative concentration of the mercury increased exponentially to a 
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saturated level while the iron signal correspondingly decreased. At extended dosing 
no additional mercury adsorbed. 

 

Fig. 5.5−Change in the relative concentration plotted during adsorption of Hg at 298 K. 
Despite extended dosing, the surface coverage of Hg was not more than 1.9 Å, 
as denoted by D in the figure at 43 L of dosed Hg. 

 
Chlorinated iron 

The adsorption process for chlorine reached a mercury coverage of just less than 2 
ML, in this case after a 450 L dose. In Fig. 5.6(a), where chlorine was dosed to 5.0 
mC prior to mercury dosing at 87 K, the coverage, D1, of mercury was 2.4 Å in 
thickness. The adsorption of the monolayer was rapid until a nearly saturated level 
of mercury formed on the surface with a thickness of 3.7 Å at point D2 in Fig. 
5.6(a). Fig. 5.6(b) presents the corresponding slow desorption of the uppermost 
ML up to point T2 at 210 K, with a change in the rate of desorption at T1. Between 
210 K and 242 K, desorption of the monolayer was rapid. At 298 K, considerably 
less than a ML of mercury remained on the surface. As can be seen from Figs. 
5.6(a) and 5.6(b), the obtained adsorption corresponded with the obtained 
desorption of mercury from the surface. 

 

To get a clearer picture of the mercury-chlorine-iron system, iron was dosed with 
mercury prior to dosing with chlorine, as presented in Fig. 5.6(c). The mercury was 
dosed to just over 1.5 ML to be certain of the formation of mercury layers on the 
surface. Following the mercury dosing, chlorine was dosed to 4.7 mC, shown at 
point, P, in Fig. 5.6(c). The obtained desorption from this surface is presented in 
Fig. 5.6(d). The initial desorption began at 208 K and desorbed rapidly until 230 K, 
indicated by T4 and T5 in Fig. 5.6(d), respectively. Here, desorption of mercury 
from the surface abided by desorption from the clean Fe-Hg system and not from 
the Fe-Cl-Hg system: desorption was more step-wise and the topmost ML 
desorbed at a higher temperature. 
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It is important to point out that in both experiments with chlorine, the mercury 
and the chlorine did not desorb completely by room temperature. A similar 
experiment to that presented in Fig. 5.6(c) was conducted but with oxygen dosed 
after mercury instead of chlorine dosed after mercury. In contrast to the chlorine 
experiment presented, no change in the surface was observed due to the presence 
of oxygen.  

 

Fig. 5.6−Change in relative concentration on Fe substrate at 85 K. (a) Substrate pre-
dosed with 5.0 mC Cl then dosed with Hg. D1 indicates ML adsorption and D2 
indicates multilayer adsorption. (b) TDAES of Hg and Cl from the same 
surface, desorption regions are indicated by T1 and T2. (c) Hg saturated Fe 
substrate, dosed with Cl to 4.7 mC. P indicates when Cl was dosed. (d) 
Desorption of Hg and Cl from Fe, where T3 and T4 designate desorption 
regions. 

 

At RT, mercury did not adsorb on the surface. This illustrates the marked contrast 
in RT and LT mercury adsorption on the chlorinated iron substrate. The iron was 
dosed with chlorine to 4.7 mC at 298 K. Surprisingly, after extended dosing of 
mercury without adherence to the surface, the relative surface chlorine 
concentration decreased. At that point, the partial pressure of the mercury in the 



Chapter 5 

31 
 
 

chamber remained high (Pchamber of 2.3∙10-7 to 1.6∙10-7 Pa) but the pressure had not 
returned to the base chamber pressure.  

 

Oxygenated iron 

The adsorption process for oxygen likened that of chlorine, wherein mercury 
coverage of just less than 2 ML was observed, in this case at ~130 K. The 
oxygenation of the iron surface was carried out to 225 L prior to dosing of mercury 
to ensure surface saturation with oxygen. [57] Presented in Fig. 5.7(a) is this surface 
at 85 K, wherein the saturation coverage of mercury was 3.5 Å. This thickness 
corresponds to approximately 2 ML at point D, the highest dose, in the figure. Fig. 
5.7(b) shows that already from 92 K and until 130 K, the second ML of mercury 
desorbed slowly from the surface.  

 

At T1 there was a change in the slope which is believed to be the result of 
desorption of mercury, which continued gradually until T2 at 174 K. Between 174 
K and 200 K, as denoted by T2 and T3,  respectively, desorption of the monolayer 
was rapid. The point T4 at 210 K indicates the temperature at which no mercury 
remains on the surface. As could be expected due to the stability of iron oxide, the 
oxygen did not desorb from the surface of the iron at LT or at RT, and neither did 
the mercury on the surface affect the surface concentration of oxygen.  

 

 

Fig. 5.7−AES relative concentration for oxygenated Fe surface. (a) Adsorption of Hg at 
85 K where D represents the highest coverage. (b) Thermal desorption of Hg to 
RT, where T1 through T4 indicate desorption steps. 

 

When comparing different temperature conditions on the oxidized iron, it is 
apparent that, not surprisingly, low temperatures are advantageous for mercury 
adsorption on the oxidized iron. The RT experiment did not show any mercury 
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adsorption on the surface. On the other hand, at 85 K mercury reached ~2 ML at 
120 L. Similarly, the oxygen and iron relative concentration reached an equilibrium 
intensity value. Dosing oxygen after mercury at LT had no effect on adsorbed Hg: 
neither was the surface concentration changed nor the oxygen detected on the 
surface. More specifically, it was shown that mercury deposition on oxygenated 
iron formed a thick layer at LTs, but had no affinity at RTs. The same effect was 
observed for mercury deposition on chlorinated iron, but not iron exposed to 
mercury followed by chlorine.  

 

5.4 Analysis of copper using TDAES 

 

Copper has a high affinity for mercury. [58] The following figures present the 
mercury coverages obtained for various surface preparations on polycrystalline 
copper and the temperatures at which desorption occurred.  

 

From Fig. 5.8(a) at 68 L of dosed mercury, it is possible to see that the mercury 
coverage on the clean, polycrystalline copper at the point, S1, was 4.4 ML with a 
thickness of ~11.8 Å at 82K. The thickness was calculated by the equation 

 

Is/Io=e-x/     (5.1) 

 

where Is and Io were the saturation intensity and initial intensity, respectively. The 

inelastic mean free path of copper, Cu, was taken to be 6.5 Å [27] and the thickness, 
x, was calculated based on the difference in initial and saturation intensities. 
Desorption from this surface is shown in Fig. 5.8(b). Desorption was rapid 
between 158 K and 184 K, as denoted in Fig. 5.8(b) by T1 and T2, respectively. 
Although not presented here, mercury did not fully desorb by RT. Another 
desorption step occurred at 202 K, illustrated at point T3 in Fig. 5.8(b). 

 

Compared to the clean copper surface, the chlorinated copper surface showed a 
higher mercury coverage of 13.5 Å at 87 K, shown by point S2 in Fig. 5.8(c). This 
corresponded to 5 ML of mercury on the surface. Here, the copper was chlorinated 
to 1.1 mC prior to dosing with mercury. Desorption began at nearly the same 
temperature as the clean copper, at 162 K as shown by T1 in Fig. 5.8(d). 
Desorption continued similarly to the clean copper surface, but this time with a 
more pronounce step at around 200 K.  
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Fig. 5.8(e) presents mercury deposition on the oxidized copper surface. 
Oxygenation was carried out to 350 L prior to dosing with mercury. In this case, 
the mercury coverage reached ~ 7.4 Å, corresponding to less than 3 ML, shown by 
S3 in Fig. 5.8(e). Fig. 5.8(f) shows desorption of mercury from the oxidized surface. 
Desorption was gradual, beginning at 150 K, as denoted by T1 in Fig. 5.8(f). Prior 
to desorption, the mercury signal increased at the same time as copper was 
reduced, indicating a slight rearrangement of mercury wetting the surface, which 
was similar to the polycrystalline zinc case at low temperature. Again, this may have 
been due to a temperature-induced surface phase change. In a similar fashion as the 
clean and chlorinated copper surfaces, a second desorption step was noted at 200 
K, shown by T2 in Fig. 5.8(f). However, the oxidized surface began desorption at 
the lowest temperature.  

 

In addition to dosing mercury on clean, chlorinated and oxygenated copper 
surfaces, it was of interest to study desorption of mercury from the copper surface, 
initially dosed with mercury followed by dosing with chlorine or oxygen. Copper 
was dosed with mercury to 60 L, and then dosed with chlorine to 0.25 mC. 
Naturally, the coverage of mercury was the same for both this system and for the 
clean copper system, with nearly 4.5 ML of mercury adsorbed. The chlorine 
affected desorption of mercury by slightly decreasing the desorption temperature. 
Desorption began at 158 K on the clean surface, as compared to approximately 144 
K on the post-chlorinated copper surface, likely due to HgClx formation and 
desorption. At 184 K, desorption ceased and at 202 K, a desorption step occurred.  

 

A copper surface was dosed with mercury to 95 L then oxygen to study the 
interaction of the mercury and oxygen overlayers on the polycrystalline copper. No 
change in the peak-to-peak heights of copper or mercury, or any measurable signal 
from oxygen were observed due to dosing with oxygen. Desorption followed 
desorption from the Cu-Hg system. However, a shift in the initial desorption 
temperature was observed.  
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Fig. 5.8−(a) Adsorption of Hg on clean Cu at 82 K, (b) desorption of Hg from clean Cu, 
(c) adsorption of Hg on chlorinated Cu at 87 K, (d) desorption of Hg from 
chlorinated Cu, (e) adsorption of Hg on oxidized Cu at 87 K, (f) desorption of 
Hg from oxygenated Cu. 

 

Temperature was a critical parameter in mercury adsorption. Inasmuch, the RT 
coverage of mercury on polycrystalline copper surfaces was examined. Fig. 5.9(a) 
depicts clean copper. Mercury reached one monolayer of coverage (~2.7 Å). The 
copper sample was also chlorinated to 1.4 mC, shown in Fig. 5.9(b). In this case, 
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mercury adsorbed similarly to the non-chlorinated surface. However, the chlorine 
signal was reduced during exposure in a similar way as the Zn-Cl-Hg case. Again 
one may propose HgClx formation and desorption. In Zn-Cl-Hg experiment, the 
formation of an oxychloride molecule would not be possible as there was no 
oxygen present in the vacuum chamber. Mercury did not adsorb at all on oxidized 
copper at RT, shown in Fig. 5.9(c). Here, copper was dosed to 18 L with oxygen. 
Oxygen was not seen to desorb and therefore the formation of a compound with 
oxygen was not likely. Copper had also been exposed to a high oxygen dose 
followed by dosing with mercury but this also showed a zero mercury coverage. 

 

 

Fig. 5.9−(a) ML adsorption of Hg on clean Cu at 298 K, (b) adsorption of Hg at 298 K 
on Cu chlorinated to 1.4 mC, (c) no adsorption of Hg occurred on Cu oxidized 
to 18 L at 298 K. 
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5.5 Analysis of zinc using TDAES 
 

Temperature is a relevant parameter for mercury because the sticking coefficient, S, 
is higher at low temperatures when there is little activation energy for adsorption. 
For oxygen and chlorine, this is not the case because they dissociate prior to 
chemisorption. Regardless, this is consistent with the results, wherein no mercury 
adsorbed onto the pure zinc surfaces at room temperature, but instead other effects 
were observed. The low temperature experiments in the present work have resulted 
in stepwise desorption patterns. The strong bond between the mercury interface 
layer and the zinc substrate may be responsible for the desorption pattern 
observed, as compared to the lateral interactions within the adlayer, which is a 
compatible explanation for the systems studied in the present work.  

 

Polycrystalline zinc naturally has more available sites for adsorption than a pure 

zinc crystal. The atomic force microscopy (AFM) in Fig. 5.10 pictures a 5 m2 
enhancement of (a) the polycrystalline surface and (b) the single crystal. Fig. 5.10 

(c) and (d) presents the respective surfaces at 20 m2. The clearly apparent ridges 
and uneven surface of the polycrystalline substrate create more surface area 
available for bonding sites and reactions. In contrast, the ordered single crystal has 
a much more even surface and should therefore have less availability for surface 
reactions. 

 
Fig. 5.10−(a) ML surface of pure polycrystalline zinc at (a) 5m and (c) 20 m is 

compared to the Zn(0001) crystal at (b) 5m and (d) 20 m using AFM.  
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5.5.1  Zn(0001) 

 
Dosing mercury at low temperatures onto Zn(0001) did not form a detectable layer 
on the surface. The same result was observed for room temperature dosing of 
mercury on the Zn(0001) crystal, although not presented here. 

 

The Zn(0001) crystal was pretreated separately with chlorine and oxygen, both at 
RT and LT, to compare their effects on mercury adsorption. Fig. 5.11(a) shows the 
zinc crystal at RT, predosed with 0.42 mC chlorine, during mercury exposure. The 
low energy zinc signal increased slightly while the chlorine signal was reduced and 
finally removed completely. The Zn-Cl-Hg system at LT, is presented in Fig. 
5.11(b), where the same legend applies for both Fig. 5.11(a) and Fig. 5.11(b). In this 
case, the surface was pre-exposed to 0.45 mC chlorine. Again, no mercury was 
detected at any dose. However, the effect of chlorine being stripped from the 
surface was more apparent. The chlorine coverage was also higher due to a higher 
sticking coefficient at low temperature. 

 

The oxygenation of the zinc surface was carried out to 220 L prior to dosing 
mercury at 298 K to ensure surface saturation with oxygen [57], as shown in Fig. 
5.11(c) and Fig. 5.11(d), where the same legend is applicable for both Fig. 5.11(c) 
and Fig. 5.11(d). At RT, no mercury adsorbed onto the surface, as shown in Fig. 
5.11(c). At 111 K, mercury adsorbed in trace amounts as shown in Fig. 5.11(d). The 
changes in relative concentration of the zinc and oxygen are within estimated error 
for the measurement, 15 % of the intensity. A similar experiment was also 
performed with lower oxygenation to 50 L where a similar result was observed.  
Although not presented here, experiments were conducted with a low dose of 
oxygen (~50 L) at both RT and LT. These experiments both resulted in zero 
mercury coverages.  
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Fig. 5.11−AES relative concentrations for the Zn(0001) surface. The symbols are shared 
for (a) and (b) and also for (c) and (d), (a) dosing of Hg on chlorinated Zn 
surface at 298 K, (b) dosing of Hg on Zn surface chlorinated to 0.45 mC. No 
Hg adsorbs but Cl desorbs from surface, (c) dosing of Hg on oxygenated Zn 
surface at RT and (d) at LT.  All figures have the same scale. 

 

5.5.2 Polycrystalline zinc 

 

This set of experiments on polycrystalline zinc showed very different results at LTs 
as compared to the single crystal, but similar results of zero mercury coverage at 
RT. Fig. 5.12(a) shows the result from the polycrystalline zinc surface where 
mercury was dosed to 93 L. Pre-dosing the zinc substrate with chlorine did not aid 
in mercury capture. Fig. 5.12(b) shows the change in relative concentration during 
dosing of mercury on the polycrystalline zinc surface dosed to 0.9 mC of chlorine 
at room temperature. Interestingly, chlorine was stripped from the surface of both 
the pure and the polycrystalline substrates and the zinc signal was observed to 
increase. The relative concentration of chlorine on the zinc crystal went to zero as 
the chlorine was entirely removed from the surface. The polycrystalline zinc 
substrate retained chlorine on the surface, despite extensive dosing with mercury, in 
a similar fashion as the copper.  

 

Dosing with oxygen did not allow for the formation of a detectable layer of 
mercury on the zinc oxide surface, despite extended dosing. Oxygen immediately 
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adsorbed to both the polycrystalline zinc substrate and the ordered zinc crystal. 
This is presented in Fig. 5.12(c) where oxygen was dosed to 231 L. These high 
dosages ensured surface saturation with oxygen. [57] Although not presented here, a 
low dose of 50 L oxygen prior to dosing with mercury had the same result of no 
mercury coverage. The polycrystalline substrate adsorbed more oxygen than the 
single crystal substrate, relative to the Zn 994 eV peak, at room temperature.  

 

The substrate was also dosed at 298 K to 231 L with oxygen followed by 0.9 mC of 
chlorine, then dosed with mercury, as presented in Fig. 5.12(d). Although no 
mercury was measured on the surface, the swift chlorine desorption indicates a 
rapid reaction of chlorine with mercury and desorbing as HgClx. At higher mercury 
doses, partial desorption of oxygen was observed. Similarly, the relative 
concentration of chlorine increased. This indicates a reaction of mercury with 
oxygen and a rearrangement of surface atoms. The relative concentration at 50.5 L 
reflects an artificial change due to decreasing the spectrometer set point.  

 

Fig. 5.12−The relative concentration of zinc and mercury did not change on the 
polycrystalline zinc substrate crystal at room temperature using AES during (a) 
mercury dosing and (c) oxygen dosing followed by mercury dosing at room 
temperature using AES. (b) The relative concentration of zinc increased and 
chlorine decreased during mercury dosing on the substrate dosed to 0.9 mC. 
(d) First dosing with oxygen to 231 L, then chlorine to 0.9mC, and lastly 
mercury. The relative concentration scale is the same for all figures, and (a) 
and (c), and (b) and (d) share the same dosing scale. 
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Fig. 5.13(a) presents the dosing of mercury onto clean polycrystalline zinc at 85 K. 
In this case, mercury adsorbed, which is consistent with Fig. 5.10, wherein the 
rougher polycrystalline surface has more sites available for adsorption reactions. 
The coverage was estimated to 3.1 Å at ~120 L mercury determined from the mean 
free path zinc Auger electrons. The mercury signal increased on annealing up to the 
initial desorption step of ~ 140 K, thereafter desorption was rapid up to ~ 160 K 
as seen in Fig. 5.13(b). A second desorption step occurred at ~206 K, as depicted 
in Fig. 5.13(b). T1 and T2 designate initial and secondary desorption steps, 
respectively.  

 

The increased intensity was not related to a higher coverage as the mercury 
pressure was turned off in the chamber, but was due to redistribution of mercury 
from islands to a smooth wetting layer prior to desorption, due to the increase in 
thermal energy, similar to the desorption behavior of mercury on silver. [39] The 

mean free path of mercury, Hg, was taken to be 0.3 nm and the coverage thickness, 
x, was then calculated to be ~0.3 nm at 120 L, where one monolayer is determined 
from the saturation coverage at a constant temperature. At 236 K approximately 
0.4 ML, or 0.13 nm, remained, which desorbed completely at room temperature.  

 

Fig. 5.13−The relative concentration of zinc and mercury on the polycrystalline zinc 
substrate during (a) Hg adsorption at 85 K, (b) desorption of Hg from the 
surface, where temperatures T1 and T2 indicate desorption steps. 

 

The polycrystalline zinc substrate was dosed to 370 L oxygen at 98 K, as presented 
in Fig. 5.14(a). In this case, the coverage thickness according to Equation (5.1) was 
calculated to 0.3 nm, and therefore also ~1 ML. Desorption of mercury occurred in 
three steps, T1 through T3, as indicated in Fig. 5.14(b). Rapid desorption at 150 K 
was preceded by a more gradual desorption beginning at T1, ~115 K. This 
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desorption temperature was significantly lower than the desorption temperature of 
the clean substrate. As with the clean substrate experiments, a redistribution of 
mercury atoms occurred upon annealing, and wherein islands reformed into a 
smooth wetted layer. Thereafter a second desorption step at ~196 K, as indicated 
by T2 in Fig. 5.14(b), was followed by a temporary plateau in the desorption of 
mercury until ~214 K, T3, the final desorption step. At 263 K less than 10 % of the 
mercury remained on the surface, which desorbed completely by room 
temperature.  

 

 

Fig. 5.14−The relative surface concentration of zinc, mercury and oxygen on the 
polycrystalline zinc substrate during (a) mercury dosing at 98 K and (b) 
desorption from the surface, where T1, T2 and T3 indicate desorption steps. 

 

In contrast to the pure crystal, the polycrystalline zinc sample shown in Fig. 5.15(a) 
adsorbed mercury. Dosing ceased when it was clear that a saturated layer had 
formed, here ~0.53 nm thick, according to Equation (5.1). This corresponds to 
~1.7 ML of mercury on the surface. Desorption of the same, presented in Fig. 
5.15(b), shows only a slight rearrangement of the surface atoms. The trend of slow 
desorption at the temperature of ~116 K, as denoted by T1, followed by rapid 
desorption was the same for the chlorinated zinc substrate. Similarly to the 
oxidized surface, the initial desorption occurred at a much lower temperature than 
on the clean substrate. A plateau was reached between ~158 K and ~172 K prior 
to a rearrangement of the surface atoms. At the point T2, 193 K, the second stage 
of mercury desorption occurred, and the chlorine also began desorbing. At room 
temperature less than a monolayer of mercury remained on the surface.  
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Fig. 5.15−The relative surface concentration of zinc, mercury and chlorine on the 
polycrystalline zinc substrate during (a) mercury dosing at 98 K and (b) 
desorption from the surface, where T1 and T2 indicate desorption steps. 

 

5.6 Spectroscopic analysis of live samples 

 

Auger electron spectroscopy 

In AES, peaks at specific kinetic energies are characteristic of surface element. [55] 
Concentration is determined by the equation 

 

Na = 
aKEa

aheight)peak -to-(peak


   (5.2) 

 

where Na is the surface concentration and a is the sensitivity factor. 

 

The analysis of samples A-1 and A-2, both steel samples, is presented in Fig. 5.16, 
where the kinetic energy (eV) has been plotted as a function of the intensity (cps). 
As can be seen from the figure, carbon, oxygen and iron were the significant 
components present on the surface. Sulfur and chlorine, however, had a weak 
presence on both sample surfaces. Chromium and nickel from the bulk substrates 
were not detected. Detection of nitrogen was likely to be due to its presence in air.   

 

The detected sulfur and chlorine were likely not due to bulk impurities that diffused 
to the surface. This is because their concentrations were much less than that of 
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chromium or nickel (by a concentration factor of ~1000, and as such, the ratio of 
sensitivity factors becomes insignificant) in the steel and yet chromium and nickel 
were not visible on the surface. For this reason, the presence of sulfur and chlorine 
suggested that they were adsorbed from the atmosphere.   

 

The oxygen and carbon sensitivity factors outweighed the possibility of seeing trace 
amounts of mercury, as the sensitivity factor for mercury was quite low (~0.015). It 
was apparent that any bulk contributions could not be seen, due to the oxide 
formation and surface contamination.   
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Fig. 5.16−AES surface analysis of steel samples where the samples are offset in intensity 
for clarity. 

 

The zinc-coated samples studied were B-1, B-2 and B-4, presented in Fig. 5.17 
where the kinetic energy (eV) has been plotted as a function of the intensity (cps). 
As can be seen from the figure, zinc and oxygen were present in all three samples. 
However, sample B-2 contained iron as well as impurities from sulfur, carbon and 
chlorine on the surface. Sample B-1 also showed carbon contamination. 
Interestingly, the carbon content on the surface of sample B-2 was not higher than 
that on B-1. This suggests that no diffusion of carbon to the surface has occurred 
from the galvanized steel. Data was produced for the high energy region, but no 
mercury was detected. This was, in fact, the case for all of the zinc coated samples. 
Due to charging effects, experiments on sample B-4 were not possible in the low 
energy range. There was a large shift in the spectrum due to hydrocarbon and other 
surface contamination.  

 

The surface components from samples C-1 and C-2, which were the aluminum 
containing samples, had high surface oxygen concentrations, and also carbon and 
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aluminum were detected on the surfaces. The bulk zinc signal was very weak in 
sample C-2, as was also the case for the aluminum signal which was weak and the 
iron peaks which were not even detectable. Sulfur and chlorine were, however, seen 
as contamination on the C-1 surface. 
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Fig. 5.17−AES analysis of zinc-coated samples, where the samples are offset in intensity 
for clarity. 

 

X-Ray photoelectron spectroscopy 

The same industrial metal and pre-exposed samples were examined with XPS as 
with AES, with the exception that B-4 was not used in the high binding energy 
region because of charging effects. The samples were examined for overall surface 
composition and mercury concentration. As with the AES analysis, carbon and 
oxygen were always present, and the oxygen signal was so strong that oxygen Auger 
electrons, in addition to the photoelectrons, were present in most of the spectra. 
The presence of tantalum was due to the sample holder. 

 

With XPS, the ionization cross-section was very important for determining the 
relative concentrations of the molecules and atoms on the sample. The cross-
section of mercury as compared to oxygen was 5.8/0.7. In other words, for peaks 
of the same height, the concentration of mercury was one eighth that of oxygen.  

 

In Fig. 5.18, the results obtained in the case of samples A-1 and A-2 are presented. 
As can be seen from the figure, where the binding energy has been plotted as a 
function of the intensity, samples A-1 and A-2 exhibited the elements on the 
surface: iron, calcium, chromium and chlorine. Sulfur and chlorine were also 
present at extremely low levels. Mercury was, if present, at a surface concentration 
where it was impossible to definitively state its presence. Also, the peak from the 
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mercury 4f position (giving the strongest mercury signal) was less than two sigma 
(the standard deviation was taken from the area around the mercury 4f energy, not 
including major peaks). In other words, 95% of the data had an intensity range 
variation and the peak for mercury was within that intensity variation.  

 

It should be pointed out that in both samples, A-1 and A-2, the bulk chromium 
and iron were detected. Chromium was, therefore, more surface active because its 
intensity was similar to that of the iron, yet it was less than one third of the 
composition. Sample A-1, when examined in a smaller energy interval (not 
presented here), showed iron, silicon, calcium and small amounts of chlorine and 
sulfur on the surface. 
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Fig. 5.18−XPS compositional analysis of stainless steel samples, where the intensities 
have been offset for clarity. 

 

As can be seen from Fig. 5.19, sample B-2 contained aluminum, nickel, iron and 
possibly fluorine and sulfur. The XPS analysis of the roof sample, B-4, did show 
the presence of sulfur, but appeared to also contain sodium, silicon and possibly 
germanium. The background noise was excessive in this specific sample, as seen by 
the dramatic increase in count over a short binding energy region, and charging 
occurred; hence, the full spectrum was not producible. Chlorine was detected on 
the surface of samples B-1 and B-4. As B-4 contained higher levels of sulfur and 
chlorine than the other samples, it is believed that chlorine adsorbs over time. Any 
mercury depositing from the environment would likely react with the chlorine and 
disappear from the surface upon heating.   

 

Noteworthy is that sample B-4 had been exposed to the atmosphere for more than 
fifty years and was expected to have a high surface mercury concentration. 
However, this sample was also exposed to annual temperature fluctuations, which 
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likely contribute to mercury loss from the surface. It was found that this sample 
had a high sodium concentration. All examined surfaces were heavily contaminated 
with oxygen and carbon, resulting in a high bulk signal, which again made the low 
concentration of mercury, if present, remain undetectable.  
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Fig. 5.19−XPS compositional analysis of zinc-containing samples, where the intensities 
have been offset for clarity. 

 

Samples C-1 and C-2, aluminum-containing, revealed the presence of aluminum 
and zinc, as well as chlorine and sulfur. There were also possible trace amounts of 
silicon, germanium, nickel, iron and lead detected. Sample C-1 also showed the 
presence of zinc, aluminum and calcium on the surface. 
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5.7 Depth profiling 
 

Depth profiling was conducted on samples from the zinc and steel classifications. 
Presented in Fig. 5.20 are the depth profile results from Sample A-7, where the 

depth (m) has been plotted as a function of the signal (counts). As can be seen 

from the figure, mercury penetrates the steel to a depth of 3.8 m ± 1.5 m. The 

concentration of mercury was determined to be 8 ppm (g/g) on the surface. 

 

 

Fig. 5.20−Depth profile result for Hg in Sample A-7. [49] 

 

The galvanized sample, B-4, was analyzed using depth profiling as presented in Fig. 

5.21. In this case, mercury was detected at 17.5 m ± 1.5 m. At this sample depth, 
the corresponding mercury concentration was 50 ppm, and on the surface of the 
sample, the concentration was calculated to be 125 ppm. 
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Fig. 5.21−Depth profile for Hg in Sample B-4. [49] 

 

It was shown through the AES and XPS studies of the iron substrates exposed to 
the atmosphere, samples A-1 through A-7, that carbon, oxygen, calcium, sulfur and 
chlorine were primary surface impurities. This is likely due to atmospheric 
deposition or impurities common to the substrates. The zinc or zinc-coated 
substrates, B-1 through B-4, primarily contained oxygen, calcium, sulfur, chlorine 
and fluorine. The mixed samples containing aluminum did not supply any 
additional information in the way of additional adsorbates. However, these results 
show that metal surfaces exposed to the atmosphere, regardless of their proximity 
to the ocean, contain significant amounts of contamination on their surfaces. This 
contamination is significant enough to deter mercury adsorption. It has been 
shown that surface chlorine most probably forms HgClx which promptly desorbs 
from metal surfaces. Oxygen acted as a strong deterrent to mercury adsorption at 
room temperatures.  

  

Based on these observations, it is not likely that mercury adsorbs on iron surfaces 
exposed to normal atmospheric conditions as the surface contamination is too 
great. Furthermore, it is expected that the presence of carbon on the surface would 
block mercury adsorption. Although the formation of a mercury carbide 
compound is possible, at room temperatures and atmospheric conditions, and with 
the expected weaker bonding between mercury and carbon as opposed to mercury 
and iron, the energy required to drive the reaction is not sufficient. However, it is 
possible that mercury may be trapped between various layers of bulk iron and 
surface oxide or other layers. This is likely a result of the fact that mercury 
condenses on clean iron both at RT and LT. Because mercury adsorbed on clean 
iron at LTs remains bound at RT, or mercury trapped between layers that may 
remain bound to the surface at RT, this mercury will be flashed off in the EAF, 
leading to increases in the mercury emissions.  
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Furthermore, the galvanizing of vehicles applies a polycrystalline coating, likely 
inundated with surface defects. It has been shown that the polycrystalline zinc 
surface has a higher capacity for mercury adsorption, and thus it is possible for 
mercury adsorption on galvanized surfaces and collection on the surface defects. 

 

In contrast to iron and zinc, copper is very reactive with mercury at room 
temperature. Oxidation of the surface did not block this reaction. Therefore, a high 
potential exists for electronic devices in automotive scrap to contain mercury. 
Moreover, it is possible that the increase in copper-containing electronic devices in 
vehicle scrap may be responsible for the increase in mercury emissions from EAF 
furnaces in steelmaking. 

 

Chapter Summary 

In this chapter, the results of the experiments are presented; the outcome from the 
heterogeneous reaction of sulfate on soot particles was reviewed and the 
experiments on the metal surfaces, Fe, Cu and Zn, were presented. The results 
from the XPS and depth profiling were also taken up. 

 



 

50 
 
 

6 SURFACE THERMODYNAMIC 

ASPECTS 
Factors involved in bonding and growth modes have been discussed and compared 
in the present work in order to better understand the conditions under which 
mercury enters the metallurgical processes. Specifically, the pure iron-, pure zinc- 
and pure copper-mercury systems have been examined with respect to adsorption 
and desorption processes. ‘Live’ samples have also been used, which have been 
exposed to atmospheric conditions for five years, upwards of fifty years, as well as 
less than one year. The ‘live’ samples have been used to investigate true scrap metal 
surface composition and its relevance for mercury adsorption. Some ‘live’ samples 
have been investigated for mercury composition and adsorption depth using LA-
ICP-TOFMS. 

 

Activation energies of desorption have been determined for the three relevant 
conditions of metal surface coverage, i.e. the clean surface, the oxygenated surface 
and the chlorinated surface. The adsorption of mercury on iron, zinc and copper 
surfaces has been studied using TDAES, and factors involved in bonding and 
growth discussed and compared. The Langmuir isotherm [59] has been used to 
calculate enthalpy data for specific systems. The obtained data have than been 
compared with literature values to support the arguments presented.  

 

6.1 Adsorption processes 

 
In the present work, the heat of formation was calculated on the basis of 
stoichiometry per mole of the metal cation in question according to the following 
reaction (M = metal): 

  

M2+ + 2Cl-  MCl2 

 

Listed in Table 6.1 are literature values for the condensed state heats of formation 

at RT, H0
298, for several systems. It should be pointed out that there is no data 

available for mercury on clean iron, zinc or copper surfaces. Although the error 
values vary significantly, they are much less than the difference between any two of 
the listed heats of formation and thus will not affect relationship analyses. Based on 
the values presented in Table 6.1, it follows logically that the saturation layer for 
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mercury is thicker on the chlorinated iron surface than on the oxidized iron surface 
as a result of the greater driving force for that reaction. [60] There is a larger 
difference in chemical potential for the chlorinated systems than the oxygenated 
systems, and thus it could be predicted that the chlorine systems react more 
strongly. Similarly, the saturation layer on chlorinated zinc and copper were 
expected to be thicker than the corresponding oxidized surfaces. This agreed with 
the experimental results previously discussed. However, on the zinc single crystal 
where no mercury adsorbed, the surface chlorine and oxygen coverages decreased 
according to the heats of formation. In other words, chlorine was removed to a 
greater extent than oxygen at LT, and at RT only the chlorine reacted with the 
mercury before desorbing from the surface.  

 

Table 6.1−Literature heat of formation values. [60] 

System 
Stoichiometric 
Component 

H0
298 

(kJ/mol metal) 

Error 
(kJ/mol) 

Hg-O HgO 90.8 0.8 
Hg-Cl HgCl2 230.1 6.3 
Fe-O FeO 264.4 1.3 
Fe-Cl FeCl2 342.3 0.8 
Cu-O CuO 155.2 3.3 
Cu-Cl CuCl2 205.9 10.5 
Zn-O ZnO 348.1 1.3 
Zn-Cl ZnCl2 416.3 1.3 

 

It has been shown in the present work that temperature plays an essential role in 
the saturation capacity of the experimental systems. At 85 K, the saturation 
thickness of mercury on iron was found to be much greater than at RT for the 
clean system. The oxidized and chlorinated iron systems on the other hand, showed 
zero coverage at RT. However, with increasing temperature up to the limit of the 
oxidized and chlorinated melting temperatures of 132 K and 168 K respectively, 
the saturation capacity was found to increase. It is believed that this may be due to 
a rearrangement of mercury atoms on the surface at increasing temperatures, 
whereas at 85 K, the mercury adhered to the position of its initial adsorption. Due 
to the fact that the systems were primarily polycrystalline, it could not be concluded 
that the mercury growth was layer-by-layer. However, the mercury-oxygen and 
mercury-chlorine systems display more steps in their growth modes, while retaining 
an essentially laminar growth.  

 

A remarkable phenomenon was observed at RT while dosing mercury on the iron-
chlorine surface: at prolonged doses of mercury, chlorine was removed from the 
iron surface. This indicates that at RT, the iron-chlorine system does not form the 
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most energetically favorable surface and that HgClx was likely being formed 
instead. This was also found to be the case for Zn(0001) and the polycrystalline 
zinc surface with pre-dosed chlorine, wherein it was believed that HgClx desorbed 
immediately upon formation. Figure 6.1 presents AES spectra during dosing of 
mercury onto a Zn(0001) crystal chlorinated to 2.4 mC, where the kinetic energy of 
the surface electrons are plotted as a function of intensity. The chlorine is nearly 
removed at just two Langmuir of mercury dosed. 

 

Fig. 6.1−Chlorine being stripped from chlorine-saturated Zn(0001) at 298 K during 
mercury dosing. 

 

Surprisingly, only a trace amount of mercury was adsorbed on Zn(0001) at LT, but 
not at all at RT. Polycrystalline zinc displayed a higher capacity to adsorb mercury, 
where a coverage of 0.31 nm was reached at 85 K. However, at RT, no mercury 
was detected. In all cases, the dosing pressure was maintained at 1.3∙10-6 Pa. The 
oxidized and chlorinated polycrystalline zinc surfaces also adsorbed mercury, 0.32 
nm and 0.53 nm respectively. Temperature is therefore a critical parameter in the 
bonding of mercury on the zinc surface, and which is reflected in the activation 
energy of desorption.  

 

Although the room temperature polycrystalline zinc-oxygen-chlorine-mercury 
system discussed previously did not adsorb mercury, with extended dosing at a 
constant pressure, a surface rearrangement occurred. The partial desorption of 
oxygen was observed, and thus the relative concentration of chlorine increased. 
This indicates a reaction of mercury with oxygen. It is proposed that first HgClx 
reacts and desorbs, freeing the surface-bound oxygen to subsequently form an Hg-
O species and desorb. It may be possible that a suboxide species is also formed 

0 50 100 150 200 250 300 350
2.0x10

4

2.5x10
4

3.0x10
4

3.5x10
4

4.0x10
4

4.5x10
4

5.0x10
4

5.5x10
4

6.0x10
4

Zn 59 eV
Cl 181 eV

 Clean Zn(0001)

 2.4 mC Cl, 0 L Hg

 2.4 mC Cl, 2 L Hg

 2.4 mC Cl, 8 L Hg

In
te

n
s
it
y
 [

c
p

s
]

Kinetic Energy [eV]



Chapter 6 

53 
 
 

which then desorbs from the surface. The oxide reaction allows for the increase in 
relative intensity of the residual chlorine, and simultaneously, chlorine and oxygen 
mixing in the adlayer. However, it cannot be excluded that the formation of an 
oxychloride molecule such as Hg3O2Cl2 is responsible for the observed behaviour. 
Beyond a threshold concentration for either oxygen or chlorine, the ternary bonds 
may be formed. This would form a stable bond and accordingly affect the 
activation energy.  

 

On polycrystalline zinc, the growth of mercury at low temperatures was laminar. 
The first monolayer is stable and therefore is likely a chemisorbed reaction. 
Oxidation of the surface did not appear to affect the bonding adversely. On the 
chlorinated surface at 98 K, the additional layer of growth is also chemisorbed. At 
298 K, the polycrystalline substrate adsorbed relatively more oxygen than the single 
crystal substrate. This may be largely due the availability of surface sites on the 
polycrystalline substrate. Similarly, the polycrystalline zinc substrate retained 
chlorine on the surface at 298 K, despite extensive Hg-dosing. This is likely a result 
of the uneven surface structures, such as ridges and cracks, which provide a larger 
surface area for bonding and adsorption. There is also the possibility for 
accumulation of impurities at the intergranular spaces or dislocations. The retention 
of chlorine is in agreement with the thermodynamics, whereby the zinc-chlorine-
mercury system should have the thickest mercury coverage of the zinc systems.  

 

At room temperature on both zinc substrates, the chlorine coverage decreased 
whereas the oxygen coverage changed minimally, which corresponds to the values 
for the heats of formation. The same effect was observed for the single crystal at 
low temperatures. Accordingly, mercury on the polycrystalline substrate reacted 
more with the chlorine than the oxygen, and during the last stage of desorption, 
chlorine desorbed from the surface. Another factor affecting coverage at different 
temperatures is the sticking coefficient, S, which varies for different adsorbates. [27] 
At low temperatures S is higher, which contributes to higher chlorine coverages at 
these temperatures. Most important, however, is the activation energy, which is 
determined by the bond energies. For chlorine adsorption, the Cl2 and ZnCl bond 
energies are relevant. At lower temperatures, the thermal energy may be too low to 
pass the activation energy barrier and therefore S can be reduced at lower 
temperatures.  

 

The polycrystalline copper behaved in a similar fashion as the polycrystalline zinc: a 
higher mercury coverage was observed at LT than at RT. The LT chlorinated 
system adsorbed 5 ML of mercury, which was thicker than the ~3 ML on the 
oxidized copper at LT. The clean copper system, however, adsorbed nearly 4.5 ML 
of mercury at LT. The same trend was observed at RT, but with a lower coverage. 
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In all cases of mercury adsorption on polycrystalline copper, the mercury growth 
was laminar on the surface.  

 

In other words, it appears that the first monolayer on copper is chemisorbed and 
stable at RT whereas following layers, adsorbed at LT are weakly adsorbed on top 
of the first mercury monolayer. These layers desorb from the surface well before 
reaching RT. 

 

It was established in the present work, that oxidation reduced the bond strength of 
the first layer mercury whereas desorption of additional layers occurred at the same 
temperatures as from the copper surface. Chlorine, however, appeared to favor 
adsorption of mercury. The formation of HgClx did not appear to be a plausible 
cause for a higher coverage as HgClx was seen to desorb when the adsorption order 
was switched. 

 

6.2 Thermal desorption 

 

It is reasonable to compare bond enthalpies in the vapor phase as presented in 
Table 6.2 [37], wherein the mercury-chlorine bond was weaker than the mercury-
oxygen bond. Accordingly, in the mercury-oxygen system desorption began at a 
higher temperature. It was established in the present work, that desorption for this 
iron system began 6 K after desorption of mercury from the iron-chlorine-mercury 
system, and that desorption was much more rapid on the oxygenated iron than on 
the chlorinated iron. Due to the fact that the iron-oxygen system is more 
energetically favorable than the mercury-oxygen system, the experimental 
observations agree well with the thermodynamic expectations that oxygen remained 
bound to the iron surface during mercury desorption. Similarly, the iron-chlorine 
system was more stable than the mercury-chlorine system and mercury desorbed 
from the iron-chlorine surface, but without removing chlorine. Ternary bonding is 
another possibility, wherein the formation of a HgxOxClx compound may function 
to lower the system energy. The bond lengths of such a molecule are reported to be 
on the order of 0.22 – 0.37 nm [61], depending on the geometry of the bond, if 
chlorine is bonded ionically or covalently, and also if it is the Hg-Hg edge as in 
Hg3O2Cl2. Provided that the activation energy barrier has already been overcome, 
the formation of such a compound is quite plausible. 
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Table 6.2−Literature values for bond enthalpy for mercury, iron and zinc systems. [37] 

System 
Bond enthalpies 

(kJ/mol) 
Error 

(kJ/mol) 

Hg-Hg 17.2 2.1 
Hg-O 220,9 33,1 
Hg-Cl 100.4 8.4 

  Hg-Fe* --- --- 
  Hg-Zn* --- --- 

Fe-O 408.8 12.6 
Fe-Cl 351.5 --- 
Fe-Fe 100.4 20.9 
Zn-O 159 4 
Zn-Cl 228.9 19.7 
Zn-Zn 29 --- 
O-O 498,3 0,2 
Cl-Cl 242,58 0,02 
Cl-O 272.0 4.2 

*No data available. 
 

For the clean and post-chlorinated iron surfaces, mercury was found to remain 
bound to the surface after desorption to RT. According to Li et al. [39], mercury 
remains delicately bound on silicon even after flashing to 1473 K from 150 K. It 
can therefore be said that mercury adsorbed at low temperatures remains bound 
even at room temperatures, but only for clean systems with pure components. For 
unclean systems, the surface impurities act as blockers for mercury. Unless mercury 
reacts with a component such as chlorine that shows adhesive compounding 
qualities, and becomes trapped under other layers at low temperatures, the presence 
of surface-bound mercury at room temperature is unlikely. 

 

Examination of the obtained adsorption and desorption curves for the systems 
show that they are all inverses of each other. The iron and mercury curves are 
exponential opposites, indicating no mixing of the layers, but instead a layer-by-
layer growth of mercury on the iron, oxygenated iron and chlorinated iron surfaces.  

 

A comparison of desorption temperatures for the copper and zinc systems 
illustrates the dominant mechanisms involved in mercury desorption from the 
surfaces. For the clean and chlorinated copper surfaces, however, desorption began 
at 158 K and 162 K, respectively, followed by a second step at 202 K. From the 
above discussion, this can be assigned to desorption of different layers: first the 
topmost layers, then at 202 K the layer bonded to the interface mercury layer in 
contact with the substrate. As a consequence, a rigid desorption temperature of the 
layer above the interface layer was expected. Desorption of the interface layer was 
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expected to be influenced by the latter desorption, however, this interface 
desorption temperature was not determined in the present work. 

 

From the oxidized copper surface, desorption was found to begin at 150 K and was 
not as rapid as in the previous cases. Initially, the surface copper intensity decreased 
while the surface mercury intensity increased. From this, it was concluded that the 
mercury bond to the oxidized surface was weakened compared to clean copper. 
This weakened bonding affected the growth such that islands of mercury were 
formed on the oxidized copper. This can be understood from the previously 
proposed strong intra-layer mercury-mercury attraction. [38] Upon annealing, when 
the surface mercury melts, it was established that it wets the surface prior to 
desorption.  

 

Desorption from the clean polycrystalline zinc substrate was found to behave 
similarly to the oxidized copper: the mercury concentration increased and the zinc 
concentration decreased before the concentrations reversed with increasing 
temperature. The initial desorption temperature was 140 K, with a second 
desorption step at 206 K. The chlorinated and oxygenated surfaces began 
desorbing at 116 K and 115 K, followed by a second step at 193 K and 196 K, 
respectively. The oxygenated substrate also had a third desorption step at 214 K. 
Not only did the clean surface have significantly higher desorption temperatures, 
but the mechanism was very different. Rapid desorption was followed by slower 
desorption, then a more gradual desorption to room temperature. In contrast, the 
pre-treated surfaces were characterized by a slow initial desorption.  

 

In all cases on polycrystalline zinc, the intensity of the mercury signal increased 
during annealing, despite that mercury was no longer being dosed in the chamber, 
indicating island growth at low temperature followed by wetting prior to 
desorption. This could be explained as follows: the decrease in entropy during 
annealing provides the surface atoms with sufficient energy to cross the activation 
energy barrier. On the clean surface, the surface transition developed much earlier, 
between ~100 K and 140 K. Adsorption reaching over 1 ML on the chlorinated 
surface resulted in the highest temperatures for surface transition, between 172 K 
and 193 K. Oxygenation also saw island growth between 168 K to 196 K as shown 
in Fig. 6.2, requiring less energy for the transition. The strong intra-layer attraction 
previously proposed may help to explain this behaviour. [38] However, the brief 
plateau between ~206 K and 214 K indicates a further transition prior to mercury 
wetting of the surface and eventually desorbing completely by room temperature. 
Caution should be applied when interpreting these numbers as they lie within the 
experimental uncertainty.  
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Fig. 6.2−The relative surface concentration of zinc, mercury and oxygen on 
the polycrystalline zinc substrate during desorption from the surface, 
where T1, T2 and T3 indicate desorption steps.  

 

According to the bond enthalpies presented in Table 6.2 [37, 60], an assessment can 
be made regarding the reactivity of the molecules. Oxidation of the polycrystalline 
zinc surface resulted in a three stage desorption, and accordingly, the Hg-O bond is 
much stronger than the Hg-Cl or the Hg-Hg bonds. This is coherent with the 
desorption mechanism, wherein the pre-treated surfaces have a slower initial 
desorption as compared to the clean substrate surface. Furthermore, the 
development is in agreement with that observed on iron systems in the present 
work. More energy is required to break the Hg-O and even Hg-Cl bonds and thus 
desorption occurs more slowly at lower temperatures.  

 

6.2.1 Kinetics 

 

To quantitatively examine the bond strength of mercury, activation energies of 
desorption were calculated for the iron, zinc and copper systems. In the desorption 
regimes, time vs. temperature relationships were derived and the heating rate was 
defined by 

 

dT/dt =      (6.1) 
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To calculate the maximum peak temperature, TP, the derivative of the intensity, 

dIHg/dT, was determined. The frequency factor, , was taken as 1013 Hz [35, 56] 
according to literature values. For first order desorption, the activation energy of 
desorption, Ed is determined by the Redhead method [62] shown in Equation (6.2) 

 


















 46.3ln



 P
Pd

T
RTE     (6.2) 

 

The value of 3.46 is a constant derived from iterations made for Ed/kTp, and valid 

where 1013 >  > 108, within ±1.5 pct. In the current study,  was on the order 
of 1015. Use of this value has shown that the relationship remains linear for the first 
order reaction.  

 

The results from these analyses are presented in Table 6.3. These results are in the 
range of activation energy calculated by Jones and Perry [35] for Hg desorption from 
Fe(100) of 91 kJ mol-1 and for Hg desorption from the ordered Cu(100) crystal of 
70 kJ mol-1 determined by Dowben et al. [38]  

 

Table 6.3−Activation energies of desorption using the Redhead Method. [62] 

Polycrystalline 
System 

Maximum Peak 
Temperature,TP (K) 

Activation Energy, 
Ed (kJ/mol) 

Fe-Hg 220 68 
Fe-O-Hg 180 55 
Fe-Hg-Cl 220 68 
Zn-Hg 155 30 
Zn-Hg 206 40 

Zn-Cl-Hg 151 46 
Zn-Cl-Hg 210 64 
Zn-O-Hg 155 47 
Zn-O-Hg 206 63 
Zn-O-Hg 225 64 

Cu-Hg 166 32 
Cu-Hg 202 40 

Cu-Cl-Hg 168 32 
Cu-Cl-Hg 202 39 
Cu-O-Hg 174 34 
Cu-O-Hg 206 40 

 

At the lower system temperatures, mercury is desorbing from another mercury 
layer, and thus it makes sense that the desorption energies are lower than those 
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determined by Dowben et al. [38] Furthermore, allowing that the present work has 
been performed on a polycrystalline surface, cracks, ridges, layers and grain 
boundaries increase the opportunities for adsorption and entrapment, and thus the 
lower energies presented in Table 6.3 are reasonable. 

 

6.3 Langmuir isotherm enthalpy calculation 

 

The Langmuir isotherm [59] has been used to calculate enthalpy data for specific 
systems and has been compared with literature values to support the arguments 
presented. The desorption reaction proceeds as follows: 

 

Hg(s) ↔ Hg(g)    (6.3) 

 

The enthalpies were calculated based on the van’t Hoff equation assuming 
equilibrium conditions: 

 

2

ln

RT
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K o
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    (6.4) 

 

where KP is the equilibrium constant, Ho is the standard enthalpy change. The 
fraction of occupied places on the surface (valid for each new layer), is set to:  

 

Hg= I/I0     (6.5) 

 

where I0 denotes the pure intensity for a thick mercury multilayer at a constant 
pressure, P, of 1.3∙10-6 Pa. Assuming in the early desorption stages that the system 

behaves ideally such that Hg approaches 1 as for a pure component, then the 
Langmuir Isotherm [59] can be applied to solve for the equilibrium constant, KP: 

 

(1+KP·P) = KPP    (6.6) 

 

Substituting KP into Equation (6.4) and plotting ln(KP) against (1/T) yields the 
enthalpy value. The results are presented in Table 6.4. Furthermore, it is possible 
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for the adsorption rate constant to be determined based on KP and the desorption 
rate coefficient, using the ratio of the forward and backward reactions. 

 

A comparison of the polycrystalline zinc and copper systems shows the Cu-O-Hg 
system to have the highest enthalpy value at 25.5 kJ mol-1, with the Zn-Cl-Hg 
system having the next highest enthalpy value at 13.7 kJ mol-1. This agrees well with 
the discussion regarding mercury wetting of the surface prior to desorption, and 
similarly, the chlorinated system having the highest mercury coverage of the zinc 
systems. The Zn-Hg and Zn-O-Hg systems had very similar desorption enthalpies, 
10.7 kJ mol-1 and 10.0 kJ mol-1, respectively. The Cu-Hg and Cu-Cl-Hg surface 
enthalpies were very similar, 8.3 kJ mol-1 and 7.9 kJ mol-1, respectively, which agrees 
with the mercury coverage data. 

 

Table 6.4−Enthalpy values for experimental systems. 

System 
Number 

System 
Name 

Temperature 
Interval (K) 

Desorption 
Enthalpy (kJ/mol) 

Error 
(R2) 

1 Zn-Hg [155, 233] 10.7 0.89 
2 Zn-Cl-Hg [140, 249] 13.6 0.79 
3 Zn-O-Hg [150, 263] 10.0 0.68 
4 Cu-Hg [112, 265] 8.3 0.83 
5 Cu-Cl-Hg [168, 247] 7.9 0.97 
6 Cu-O-Hg [174, 228] 25.5 0.94 

 
 

Chapter Summary 

This chapter has presented a discussion of adsorption and desorption processes on 
metal surfaces. Relevant activation energies were calculated using the Redhead 
method. The Langmuir Isotherm was applied for enthalpy calculations. The results 
were found to be on the same order as available literature values. 
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7 GENERAL DISCUSSION 

7.1 Industrial and environmental implications 

 

Sulfur dioxide 

Despite legislation, emissions of SOx (SO2 and SO3) from metal manufacturing 
continue to be the single largest source of emissions in the world. Primarily, the 
roasting and smelting processes during copper production generate the release of 
SOx. Processing of nickel and lead from mining of these sulphide ores are another 
source of SOx emissions. Although equipment exists for the capture of SOx, 
considerable amounts are released to the atmosphere.  

 

Sulfur dioxide is thought to be second only to carbon dioxide in adversely affecting 
global climate change, [63] although the radiative forcing from these oxidized 
aerosols are in the opposite direction of CO2. 

[64] This means that the aerosols 
instigate a cooling effect of up to 2-3 degrees Kelvin by increasing the short wave 
radiation to reflect sun back out of the atmosphere. [65] Sulfate aerosols are 
acknowledged to act as CCN, affecting cloud properties such as reflectivity and 
raindrop concentration, and also contributing to acid rain. On soot aerosols, the 
effects are larger on the local or regional scale because of the short lifetime in the 
atmosphere. [66]

 

 

The present investigations have taken into account the presence of oxygen, water 
vapor and ozone in the atmosphere in studies of sulfur dioxide oxidation on soot 
aerosols. Up to the saturation limit, the sulfate yield is clearly increased by the 
presence of ozone, oxygen and water. Soot acts as both as a reaction surface then 
as an adsorptive particle for sulfate and ozone. Other oxidation reactions on soot 
by oxygen or ozone would be of interest to investigate due to the complex role that 
soot plays in the atmosphere. Based on the present results, it is critical that sulfur 
emissions be controlled in order to minimize such damage to the environment as 
for example, acid rain and solar back-radiation.  

 

The sulfate yield does not increase for ozone concentrations above 1000 ppm, 
wherein other mechanisms prevail. This is most likely due to the saturation of the 
surface with physisorbed sulfur dioxide, and a positive result in consideration of the 
detrimental effects that sulfate aerosols have on the environment.  
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One interesting aspect that may be relevant in this context is the ozone hole over 
the Antarctic. There is a strange coincidence that the largest copper works in the 
world, the Chuquicamata copper works, is in Chile and SO2 emissions may be 
significant. If there are favourable conditions for ozone oxidation, as for example, 
upward air streams dragging SO2 along to the stratosphere together with soot 
particles, there are likely to be reactions that might lead to gradual depletion of 
ozone. It would be interesting to investigate if there is a link. If this is the case, the 
metallurgical industries must strain themselves to reduce these emissions to the 
minimum or find alternate routes for processing sulfide minerals.   

 

Mercury 

Mercury is known to have an atmospheric background level due to natural and 
anthropogenic sources. [1, 25] Its deposition rate depends primarily upon the 
proximity to emission sources and the form of mercury in the vapor phase. 
Elemental mercury is widely transported, up to several tens of thousands of 
kilometers, whereas mercuric species are transported up to several hundred 
kilometers from their source. [1, 25] Particulate mercury species, which is mercury 
bound to airborne particles such as soot and fly ash, are transported shorter 
distances before depositing into sediments and forest floors. [1] Consequently, it is 
possible for mercury to be transported from Russia or neighboring countries to 
Nordic countries. This may be due to the lower solubility of mercury salts in the 
presence of water, as compared to alkali salts. It has also been suggested that there 
are temporal variations where mercury deposits in higher amounts in winter 
conditions. [67] According to the Arctic Monitoring and Assessment Programme 
(AMAP), deposition rates increase in arctic regions in conjunction with the polar 
sunrise starting in February of each year. [68] 

 

Both the oxygenated and chlorinated iron reacted with mercury at low 
temperatures but not at room temperatures. The implication of this is that scrap 
iron stored between -40°C and 25°C are not likely to have any mercury on it 
because of the oxide layer. However, if there are cracks in the oxide layer, the 
exposed surface may be prone entrapment of mercury. Scrap iron, however, must 
be stored at -63ºC to have less than one ML of mercury on the surface. Similarly, 
scrap stored by the coast or exposed to chlorine sources will not adsorb mercury if 
it has been oxidized on the surface. However, there is a possibility for mercury to 
adsorb on clean iron exposed to chlorine. In this situation, the mercury on the 
surface is less than one monolayer from -26ºC to RT and above, and one ML of 
mercury at temperatures of less than -45ºC.  
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In industrial applications, preheating steel that has been kept outside in freezing 
conditions may help to flash off mercury, as it was established in the present study 
that mercury was not present on the surface of the metals at room temperatures. It 
is, however, uncertain if mercury penetrates the bulk layer, although this reaction 
would be very slow, or if it is already present in the bulk in trace concentrations.   

 

It was also shown that mercury deposition was greater at LTs than at RTs, and 
mercury adsorbs on both polycrystalline zinc and copper. The chlorinated copper 
surface had higher coverages than the clean copper surface, and much higher 
coverages than on the oxygenated copper surface. At RT on polycrystalline zinc, no 
mercury adsorbed. However, at LT mercury did adsorb.  

 

Copper could therefore be considered a virtual sink for mercury. Over one 
monolayer of mercury was formed on chlorinated copper at room temperature. 
The oxidized surface even maintained some coverage of mercury at room 
temperature. Decreasing the temperatures to sub-zero conditions increased the 
mercury coverage by over three times on all of the copper surfaces. At -20ºC, over 
one ML of mercury remained on the clean and chlorinated copper surfaces. This 
corresponds to nearly 3 Å of mercury on the surfaces that remain at room 
temperatures. The oxygenated surface did not adsorb mercury at 25ºC, and less 
than 1 Å remained on the surface at -20ºC through 25ºC after adsorption of 
mercury at low temperatures. Therefore, natural surface oxides help to reduce 
mercury adsorption. Ensuring that copper sources are not stored at low 
temperatures or by chlorine sources will help to reduce mercury adsorption on the 
surface. Regardless, the increased use of electronic devices in automobiles leads to 
increased copper in scrap metal. This may, in part, be responsible for the increase 
in mercury emissions observed in recent years. 

 

Although no mercury adsorbed on the pure zinc crystal, the results were relevant. 
They showed that there is a reaction of mercury with chlorine but not with oxygen 
on zinc at RT. At LTs, mercury reacted more strongly with the chlorine and also 
with the oxygen. From these results, it could be expected that galvanized scrap 
metal exposed to chlorine sources or stored near the coast will likely not trap 
mercury, but rather the mercury will react with the surface chlorine and decrease 
the scrap chlorine concentration. An oxidized surface would show the same effect, 
but since the reaction is weaker, it would not be noticeable except in controlled 
conditions.  

 

In all of the low temperature experiments on polycrystalline zinc, mercury 
adsorbed. The chlorinated surface had the highest coverage. In the case of EAF 
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steel plants with galvanized scrap that are stored outdoors year round, it is possible 
for mercury to deposit onto these sources. For industries that emit mercury and/or 
chlorine or those in close proximity to a source of chlorine, such as an ocean, the 
likelihood of deposition is even greater. Furthermore, in the instance of stronger 
ternary bonding of Hg-O-Cl, even higher levels of mercury retention may be 
expected.  

 

However, given that chlorine was seen to react with mercury and desorb from the 
surface at room temperatures, the probability of deposition is not high in summer 
months. On the contrary, mercury may even be seen to desorb from these surfaces 
in warm temperatures. The present experiments also showed that no mercury 
adsorbed on oxidized iron or zinc substrates at room temperature. This implies that 
surfaces exposed to the natural atmosphere in summer months are protected by the 
oxidized layer and will therefore likely not adsorb mercury.  

 

The room temperature experiments in which oxygen and chlorine adlayers were 
reacted with mercury resulted in the formation of a HgClx species which then 
desorbed from the surface. Further study of how mercury is trapped between 
adlayers such as chlorine, oxygen, sulfur or hydroxides on polycrystalline zinc at 
low temperatures would be of interest. The extent of mercury desorption and 
diffusion through these adlayers could then be determined, which can be applied to 
the various surface conditions that scrap metal is exposed to at cold climates on 
sunny arctic days. 

 

When galvanized scrap metal is transported, it is often compacted and compressed 
against other steel surfaces. This friction may wear away the galvanized coating and 
expose the steel. At 25ºC, one ML of mercury on iron, which is equivalent to a 
thickness of 1.9 Å. Mercury adsorbed at low temperatures on clean iron remains on 
the surface at -20ºC and beyond 25ºC, albeit with a thickness of less than one ML 
of mercury. Therefore, mercury adsorbed on galvanized scrap may still have nearly 
2 Å of mercury adsorbed on the clean surface. Calculating for a 4 m2 surface with 
1.9 Å of mercury, assuming uniform and complete mercury saturation at -20ºC or 
RT, gives 10 mg of mercury. Similarly, 3 Å corresponds to 16 mg of mercury. This 
amount of mercury may become significant with extensive scrap iron stored 
outside at low temperatures. 
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7.2 Relevance of live samples 

 

In none of the spectroscopically investigated samples with atmospheric exposure 
was the concentration of mercury, if it were present, distinguishable above the 
noise. The concentration of the bulk, the contamination from oxygen and carbon, 
the vapor pressure of mercury, as well as the low sensitivity factor for mercury are 
all factors which are believed to have contributed to this effect.  It is known from 
the study of the pure metals that mercury does not adsorb on galvanized surfaces, 
and only weakly on oxidized iron, at room temperature. In summer and winter 
conditions, substitutional diffusion of mercury is nearly impossible. However, the 
potential exists for mercury to seep through crevices on the solid surface because it 
is a liquid at STP. Depth profiling is, therefore, a potential method for finding trace 
amounts of mercury, but without more accurate calibration methods and further 
development, the results can be misleading. 

 

Chapter Summary 

This chapter has discussed the results of the present experiments in the context of 
environmental impact. The relevance of the results to the metal manufacturing 
industry has also been described. 
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8 SUMMARY AND CONCLUSIONS 
Emissions from metal manufacturing continue to be an unavoidable issue. With the 
economic growth in Asia and a growing world population, demand continues to 
rise for metals. Therefore, our knowledge regarding these emissions, their sources 
and their complex interactions in the atmosphere must continue to expand. All 
stages of the production processes must be refined with the ultimate goal of saving 
resources, minimizing damage to the environment and consideration of human 
health. 

 

Emissions of SO2 

The roasting of copper sulfide ores for the production of copper is the primary 
source of SO2 emissions from the metallurgical industry. Processing ores of nickel 
and lead sulfides are other sources of SOx emissions. The formation of sulfate 
aerosols from emissions of SO2 adversely affect climate locally and globally, and are 
believed to be CCN. This has such adverse effects as inducing acid rain and 
radiative forcing of solar energy away from the earth. Despite emissions control 
systems such as scrubbers to capture SOx from exhaust gases, the quantities of SO2 
that escape are sufficient to produce the aforementioned environmental damage. 
Economic factors may hinder the industries in using the most efficient technology. 
Further, the SO2 captured is expected to be used in producing sulfuric acid. As the 
market for sulfuric acid is limited, there is a lesser incentive for the metallurgical 
industries to invest in efficient SO2 capture. In order to further the understanding 
of the behavior of SO2 in the atmosphere, the heterogeneous oxidation of sulfur 
dioxide on methane soot in the presence of ozone and water vapor was conducted.  

 

Through the use of PILS-IC, these gas phase experiments showed that the ozone 
presence clearly modifies the soot surface and thereby enhances the oxidation of 
sulfur dioxide into sulfate at atmospheric pressure. The hydrophilic nature of soot 
after exposure to ozone was also confirmed, likely due to the formation of carboxyl 
groups on the soot surface and the formation of sulfuric acid. The presence of 
mono and multilayer adsorption of sulfur dioxide was substantiated through the 
use of XPS, and recognized to be due to the presence of carboxyl groups formed 
on the oxidized soot. The sulfate yield does not increase for ozone concentrations 
above 1000 ppm, where other mechanisms prevail due most likely to the saturation 
of the surface with physisorbed sulfur dioxide. A potential consequence of this is 
that SO2 reaching the upper troposphere and lower stratosphere is oxidized by 
ozone. In light of the ozone hole, this oxidation reaction further decreases the 
ozone concentration, thus contributing to stratospheric ozone depletion. 
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Thermal Desorption of Mercury on Pure Metal Substrates 

The present work has been conducted to examine the adsorption capacity of 
mercury on iron, copper and zinc substrates. The effects of chlorine and oxygen on 
mercury adsorption have also been investigated, due to their presence on surfaces 
exposed to natural environmental conditions. It has been established through the 
use of TDAES that mercury adsorbs on all of these substrates at low temperatures, 
with desorption of mercury from the surfaces occurring from ~200 K for iron, 
~160 K for copper and ~140 K for zinc. At room temperatures, however, mercury 
adsorption occurs only on clean iron, clean copper and chlorinated copper. 
Consequently, it was established that temperature plays an essential role in the 
adsorption of mercury on these metal substrates. 

 
Using TDAES, the saturation coverage of mercury was found to increase up to the 
limit of the melting temperature in the case of iron systems. It is believed that the 
increase was due to a rearrangement of mercury atoms on the surface at increasing 
temperatures, whereas at 85 K, mercury adhered to its physisorbed position. 
 

Activation energies of desorption were calculated to help determine the 
mechanisms dominant in adsorption and desorption of mercury. It was found that 
the clean iron surface had the highest activation energy of the systems studied, 
which reflected the high bond strength that exists between mercury and iron. 
Accordingly, the clean iron system had the highest desorption temperature. Zinc 
and copper surfaces showed values comparable to each other for the calculated 
activation energies and desorption temperatures, which were respectively lower 
than that of iron.  
 
During the present study, it was established that low temperatures were conducive 
to mercury adsorption due to physisorption and subsequent lateral mercury 
interactions in mercury adlayers. It should be pointed out that chlorine appeared to 
favor mercury adsorption, as determined by the increased mercury coverage at low 
temperatures on the polycrystalline iron, copper and zinc. Oxygen, however, was 
found to be an inhibitor of mercury, most notably at room temperature. 
 
Thus, reduced coverages of mercury were found at LT with oxygen on iron, but 
the difference in desorption effects between chlorine and oxygen were small. High 
doses of mercury on chlorinated iron, zinc and copper stripped chlorine from the 
surface and it is believed that HgClx was formed. 

 

The intensity of the mercury signal on the oxidized copper surface and the 
polycrystalline zinc surface was, in the present work, found to increase upon 
annealing, prior to desorption from the surfaces. This was attributed to a re-
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arrangement of the mercury atoms on the surface, prior to the formation of a 
wetted layer and then desorption. Based on these results, it was concluded that the 
mercury bond to the oxidized surface was weakened compared to that of clean 
copper. Furthermore, a surface phase transition likely occurred on the 
polycrystalline zinc and oxidized copper prior to desorption. No such transition 
was observed on iron. However, the oxygenated and chlorinated polycrystalline 
zinc surfaces also exhibited a small increase in mercury signal after the initial 
desorption step, attributable to surface wetting prior to desorption. 
 
Due to the fact that most of the systems studied were polycrystalline, it cannot be 
concluded that the growth of mercury was layer-by-layer. However, the adsorption 
curves were essentially laminar. Desorption from the chlorinated and oxygenated 
polycrystalline zinc surfaces was believed to occur as follows: the mercury 
underwent a surface transformation from islands into a wetted layer, beginning at 
~115 K.  
 

The bulk phase diagram for iron and mercury shows no solubility of mercury, but 
the present results clearly demonstrate that the iron surface is a different 
phenomenon. Mercury did adsorb on clean iron at low temperatures, as well as at 
room temperature. The binary phase diagram for mercury and zinc, on the other 
hand, shows stable phases at low temperatures. It is probable that a compound 
between mercury and clean zinc formed at low temperatures prior to mercury 
desorption. Similarly, this was the case for mercury and clean copper. The systems 
were also found to correspond well with literature heat of formation data. 
According to these new findings, it is possible for mercury to be found on 
galvanized metal scrap at low temperatures. Furthermore, the presence of chlorine 
enhances the likelihood of mercury adsorption at low temperatures. 

 

Analysis of live samples 

The spectroscopic methods, AES and XPS, were in the present work, established 
to be useful methods in determining surface compositions on live (industrial) 
samples. Some bulk contributions were also detected by adopting these techniques. 
The main surface contamination was due to oxygen, carbon, sulfur and chlorine, as 
expected after exposure to atmospheric conditions, rain and even melted snow. 
The techniques were also found to be capable of mercury detection, but not for 
live samples, because of their significant surface contamination. The relative 
concentration of the contaminants dominates that of mercury, and furthermore, 
the sensitivity factor for mercury is weak compared to the contaminating 
compounds. In other words, higher purity samples are better substrates than live 
samples for the investigation of surface mercury using AES and XPS. The 
techniques were useful in determining adsorbed materials that affect mercury 
adsorption mechanisms. 



Chapter 8 

69 
 
 

 

It was also established in the present work that by adopting LA-ICP-TOFMS, it is 
possible not only to detect mercury on the surface and in the bulk of metal 
substrates, but the depth of detection is also possible to evaluate. This method has, 
therefore, a high potential for mercury and other elemental analysis upon further 
development. Some limitations of room temperature studies and calibration 
materials do, however, need further progress. 
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9 FUTURE WORK 
In order to manage the increasing emission of pollutants from metal manufacturing 
into the environment and atmosphere, a fundamental understanding of the 
problem and the associated reaction mechanisms is required.  

 

Sulfur dioxide is one such pollutant, and the present experiments with sulfur 
dioxide in the presence of ozone, oxygen and water vapor have shown the 
increased oxidation of sulfur dioxide into sulfate. Due to the occurrence and 
reactivity of hydroxide radicals in the atmosphere, the effect of soot exposed to 
hydroxide on sulfate generation would be of interest to examine. This can be 
achieved by the photolysis of ozone in the presence of water vapor: 

O3 + h (254 nm)  O(1D) + O2 

O(1D) + H2O  2 OH 

The formation of sulfate in the presence of ozone and hydroxyl could then be 
studied and understood. Furthermore, the present experiments should be 
conducted at lower pressure to investigate the effects of the lower pressures seen in 
the upper troposphere. Although models exist to exist to explain the concentration 
and movement of soot in the troposphere, [69, 70] the reactions occurring at this level 
are complex and still being debated, and furthermore, not limited to reactions with 
SOx. Sampling may be necessary to identify these reactions more precisely, and 
collection during various weather conditions could be considered.  

 

It is therefore time that metallurgists focus on alternative process routes with 
respect to sulfide ores. Emission of sulfur as elemental sulfur is an acceptable 
solution as the earth naturally stores all sulfur in the elemental form. 

 

Mercury is another such pollutant, and based on the present studies, it is not likely 
that mercury adsorbs on iron surfaces or galvanized scrap exposed to normal 
atmospheric conditions, since the significant surface contamination prevents 
mercury adsorption. However, it is possible that oxidized mercury species may be 
trapped between various layers of bulk iron and surface oxide or other layers, due 
to the fact that mercury condenses on clean iron both at RT and LT. The source of 
mercury being most probably due to electrical switches. Because mercury adsorbed 
on clean iron at LTs remains bound at RT, or mercury trapped between layers that 
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may remain bound to the surface at RT, this mercury will be flashed off in the 
EAF, leading to increases in the mercury emissions.  

 

Some zinc systems have been examined to study the combined effects of chlorine 
and oxygen on mercury adsorption. However, additional study is required to 
investigate the full effects of mercury trapped between surface layers that occur in 
practice, such as chlorine, sulfur, oxygen or hydroxides. These should be conducted 
for both iron and zinc systems. Also, the diffusion of mercury in surface layers 
should be examined, as well as the effect of loading multiple adsorbates onto Fe-
Hg and Zn-Hg surfaces, to account for mercury emissions due to flash heating of 
metals. Furthermore, since the results of the surface experiments with mercury on 
iron contradicted the bulk phase diagram, ab initio experiments would be a useful 
tool to calculate bond lengths and angles for the Fe-Hg system. In this way, the 
system could be defined more fundamentally. 

 

Due to the thick adsorption layers of mercury on copper, the impact of metal scrap 
containing copper should be investigated. A more accurate method for the analysis 
and sorting of scrap metal should be developed. An applied approach for this 
would be to conduct systematic field trials at different scrap yards and steel plants 
with respect to: 

 

a) Proximity to ocean and other chloride contamination; 

b) Contribution of temperature effects (expected seasonal variations in 
emissions); 

c) Effect of other raw material addition, such as dolomite; 

d) Assessment of copper and brass contributions in scrap. 
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