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Executive Summary

Mercury emitted from coal-fired power plants is a considerable concern for human
health and the environment, due to its toxic air pollutant properties in terms of
volatility, persistence and bioaccumulation in the food chain, and impacts on
neurological systems. Existing air pollution control devices (APCDs) in power
plants cannot effectively remove elemental mercury from flue gases. Therefore,
this project aims to gain a better understanding of the transformation and
behaviour of mercury in flue gases. The work conducted in this project included
both theoretical and experimental studies of mercury oxidation in flue gases.
Theoretical studies have focused on calculating (a) predicted rate constants for
homogeneous reactions to understand the mechanisms of mercury oxidation by
flue gas components (HCl, Cl 2, O2, NOx and SO2) and (b) binding energies of
mercury adsorption on unburned carbon (UBC) and three model metal oxides
(CaO, Fe2O3 and MnO2) that may help to determine the mechanisms of mercury
adsorption processes. The licensed software used, Gaussian 03 (Revision D. 01)
developed by the Gaussian Inc. USA, was operated by the High Performance
Computing (HPC) facility at the University of Nottingham. Experimental work
included characterisation of a fly ash sample (loss-on ignition, proximate and
ultimate analyses, particle size distribution and porous texture), gas phase
mercury oxidation investigations (N2, HCl, O2, SO2, NO2) and mercury adsorption
studies (CaO, Fe2O3, MnO2 and fly ashes).
Fourteen major homogeneous reactions taking place between gaseous elemental
mercury (Hg0) and flue gas components (HCl, Cl2, O2, NOx and SO2) have been
studied. Rate constants were calculated over the temperature range 298-773K
representing thermal conditions typically found in a post-combustion environment.
Ab initio methods of quantum chemistry were used for these calculations in
combination

with

either

Rice-Ramsperger-Kassel-Marcus (RRKM)

theory

or

transition state theory (TST) for unimolecular and bimolecular reactions,
respectively. Of the reactions studied, seven elemental reactions between
mercury and chlorine-species (HCl, Cl and Cl2) were evaluated for mercury
chlorination. It was found that HgCl is an unstable oxidised form of mercury and
can be quickly converted back to Hg0, particularly at high temperatures (>773K);
furthermore, the conversion of HgCl from HgCl 2 was shown to be faster than the
formation of HgCl2. It is likely that Hg2+ is reduced to Hg1+ at high temperatures
i

(>773K), suggesting that low temperature environments can restrain the
reduction of Hg2+ to Hg1+ or, even Hg0 in flue gases. Based on the homogeneous
modelling assumption that both HgO and HgS exist in the gas phase between 298
and 773K, it was calculated that HgO (or HgS) may be directly decomposed to
produce Hg0 and oxygen (or sulphur). The interactions between Hg0 and NOx were
also investigated using Hg+NO and Hg+NO2 reactions and found that they are not
thermodynamically favourable in a post-combustion environment. The calculated
results for Hg0+SO2 reaction show that this reaction is thermodynamically and
kinetically favourable over the temperature range 298-773K. Besides, interactions
between HgO and SO2 were also determined and found that at low temperatures,
HgO is easily reduced to elemental mercury in the presence of SO 2, indicating
that increasing temperature could prevent the reduction of Hg 2+ to Hg0. In
addition to interactions between flue gases, three chlorine reactions were studied,
including Cl+Cl, H+Cl and H+Cl 2. It was found that the decomposition of Cl 2 and
HCl is very slow, whereas the formation of HCl in the H+Cl 2 reaction is very quick.
This indicates that the formation of Cl 2 and HCl is favoured at temperatures
between 298 and 773K, providing more HCl and Cl that can promote mercury
chlorination.
The mechanisms of mercury adsorption on UBC and the three model metal oxides
(CaO, Fe2O3, MnO2) were approximated in terms of binding energies at 298K
using the ab initio method of quantum chemistry. Different cluster sizes were
used to represent these adsorbents. For the adsorption of mercury on a UBC
surface, two carbonaceous clusters, C25H9 and C24H8, were selected to represent
the zigzag and armchair edges, respectively. It was found that the zigzag edge of
a UBC surface provides a strong force to attract mercury compared to the
armchair edge, as it provides much shorter binding distance between mercury
and carbon. This may result in greater mercury removal from flue gases for the
zigzag edge compared to the armchair edge. This study has reported for the first
time the variation of binding energies with temperature before using ab initio
methods. The appropriate temperatures for mercury adsorption on the UBC are
below 373K. In the case of mercury adsorption on CaO, three embedded clusters,
including Ca5O5Ca*12, Ca9O9Ca*16 and Ca13O14Ca*25, were used to represent a
CaO (001) surface, where Ca* represents the calcium atoms used for embedding
the oxygen atoms. For iron and manganese materials two -Fe2O3 (Fe4O6Fe*7 and
Fe6O9Fe*9) and two -MnO2 (Mn2O4Mn*5 and Mn4O8Mn*8) clusters were used. It
was found that -MnO2 clusters yield the highest binding energies, followed by Fe2O3 clusters and CaO clusters produced the lowest binding energies. This
ii

indicates that mercury can be effectively adsorbed on MnO2 and less so on Fe2O3,
but is not attracted to a CaO surface. Moreover, as the cluster sizes increase the
binding energy decreases.
Regarding experimental work, the Ontario Hydro method (ASTM D6784-02) was
used to determine homogeneous reactions in combination with a cold vapour
atomic

fluorescence

spectrometers

(CVAFS)

system.

It

was

found

that

temperatures between 603 and 773K are favourable for mercury oxidation.
Heterogeneous reactions were studied, including UBC and the three metal oxides
(CaO, Fe2O3 and MnO2) also selected for the modelling work. The UBC used for
this project was separated from a fly ash sample produced from a UK coal-fired
power plant. The residual solid was named ASH and also used here. The UBC and
ASH were characterised by loss-on ignition, proximate and ultimate analyses,
particle size distribution and porous texture. Mercury adsorption experiments on
the solid samples in a fixed-bed were performed using individual adsorbents,
UBC/oxide mixtures and a fly ash sample. It was found that CaO does not adsorb
mercury effectively, while Fe2O3 can adsorb mercury. MnO2 has high capacity for
mercury sorption. For the UBC/oxide mixtures, it was found that UBC is one of
the key fly ash constituents for adsorption of mercury; furthermore, MnO 2 is an
effective sorbent for mercury adsorption, which can not only adsorb mercury but
also catalyse mercury adsorption processes. This was furthermore confirmed by
analysing the mass of mercury adsorbed on these solids using the CVAFS system.
Based on the theoretical rate constants obtained and equilibrium calculations, a
global model for mercury oxidation in synthetic flue gases at temperatures
between 298 and 773K was established and compared with the experimental
results for homogeneous reactions. The model shows that mercury oxidation is
limited at temperatures below 373K and increases as temperature rises. However,
the model predictions did not perfectly match the experimental results obtained,
as they were based on the assumption that the reaction system is a closed
system and no reactions between the gas components take place. For
heterogeneous reactions, both predicted and experimental results show that
mercury can be effectively adsorbed on MnO2 and less so on Fe2O3, although
there is no clear quantitative link between the binding energies calculated and
mercury uptake measured.
The established global model for mercury oxidation in flue gases has uniquely
considered interactions between elemental mercury and flue gas components (HCl,
iii

NO2, NO, SO2), providing a general interpretation of mercury oxidation in postcombustion conditions. Therefore, from the point of view of coal-fired energy
producers, this project has improved our understanding of the fundamental
mechanisms of mercury chemistry during post-combustion conditions. This is
particularly important to develop new processes to control mercury, including
retention in existing APCDs and sorbent development.

iv
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1. Introduction
Mercury (Hg) is a metallic element that can be emitted from both anthropogenic and
natural sources to the atmosphere. Mercury emissions released from coal-fired power
plants have attracted increasing attention around the world. This is due to the fact that
mercury deposited into water can be converted by naturally occurring biological
processes to form the highly toxic organic compound methylmercury, which can
subsequently enter into the food chain through fish and other organisms living in the
contaminated water (Schroeder and Munthe, 1998). According to a Mercury Study
Report to Congress issued by the US Environmental Protection Agency (EPA, 1997),
there were approximately 158 tonnes of mercury emitted in the USA in 1997 and about
30% of the total was emitted from coal-fired power plants. Global and regional
inventories for mercury emissions also estimated that about 3500 tonnes of mercury are
annually emitted from anthropogenic sources to the atmosphere worldwide and coalfired power plants have become the largest single anthropogenic source releasing
mercury, accounting for about two-thirds of the total anthropogenic inputs of mercury
(Nriagu and Pacyna, 1988; Fitzgerald and Clarkson, 1991; Pacyna and Pacyna, 2002;
Pacyna et al., 2006). Existing air pollution control devices (APCDs), such as electrostatic
precipitators (ESP), fabric filters (FF) and flue gas desulphurisation (FGD) units cannot
effectively remove gaseous elemental mercury (Hg0) from flue gases. This is because
Hg0 is insoluble in water and less easily adsorbed on particulate matter (PM) compared
to Hg2+. The conversion of Hg0 to Hg2+ becomes crucial for reducing mercury content in
flue gases using existing APCDs. As stated in the EPA Mercury Study Report to Congress
(1997) that ―Before any of the technologies are fully realised for utility application, the
fundamental mechanisms of the flue gas and mercury chemistries during the combustion
and post-combustion conditions, along with the various interactions with the different
type of fly ash must be understood‖, this projected aimed to determine the mechanisms
of mercury oxidation in flue gases in order to optimise mercury capture by existing
APCDs. The objectives therefore were to: (1) determine the mechanisms of mercury
oxidation by both flue gas components and fly ash constituents in post-combustion
conditions using both modelling and experimental approaches; (2) identify the effects of
temperature on mercury oxidation.
Work during the project period (October 2006 to September 2009) included both
theoretical and experimental studies of mercury oxidation in flue gases. Theoretical
studies have focused on calculating (a) predicted rate constants for homogeneous
reactions to understand the mechanisms of mercury oxidation by flue gas components
(HCl, Cl2, O2, NOx and SO2) and (b) binding energies of mercury adsorption on unburned
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carbon (UBC) and model metal oxides (CaO, Fe2O3 and MnO2) that may help to
determine the mechanisms of mercury adsorption processes. The software used,
Gaussian 03 (Revision D. 01) developed by the Gaussian Inc. USA, is licensed and
operated by the High Performance Computing (HPC) facility at the University of
Nottingham. The HPC facility, based on the UNIX operating system, consists of a main
cluster of 512 dual Opteron processors (1042 CPUs) and several satellite clusters.
Recently, the HCP facility has been extended with 200 HP quad-core (Intel E5472
3.0GHz) compute nodes linked by a fast InfiniBand network and a Panasas fast parallel
storage system on a 10Gb Ethernet backbone for high performance. Experimental work
included sample characterisations (loss-on ignition, proximate and ultimate analyses,
particle size distribution and porous texture), gas phase mercury oxidation investigations
(N2, HCl, O2, SO2, NO2) and mercury adsorption studies (CaO, Fe 2O3, MnO2 and fly
ashes).
Figures and tables are presented in Appendixes A and B, respectively.
2. Modelling mercury chemistry
In flue gases, mercury oxidation can occur via homogeneous and heterogeneous
reactions. Homogeneous reactions take place between mercury vapour and flue gas
components, while heterogeneous reactions are characterised by gaseous mercury
oxidised by solids present in fly ashes. Theoretical studies have thus considered
homogeneous (Section 2.1) and heterogeneous reactions (Section 2.2) separately.
In general, mercury bound in coal during coal combustion undergoes two processes:
combustion and post-combustion, as shown in Figure 2.1. As the coal particles are
introduced to a boiler by cold air injection and subsequently heated to around 643K, coal
molecules start to decompose and the mercury organically bound in the particles are
released to the gas phase (Hg0), along with other flue gas constituents (Nogami, 2001).
As the particle temperature reaches high temperatures (>1673K) in the boiler, mineral
hosts of mercury (dominantly pyrite and cinnabar) completely sublimate, liberating more
mercury as Hg0 (boiling point of 630K at 1atm, vapour pressure of 0.180Pa at 293K)
(Galbreath and Zygarlicke, 2000). Therefore, nearly all of the mercury occurring in the
coal in coal combustion zone is converted to Hg0, whose concentrations typically range
between 10 and 70µm/m3 (Sloss, 1995; Carpi, 1997). Less than 5% of the total mercury
in the coal is found in the bottom ash (Billings and Matson, 1972; Swaine, 1994; Querol
et al., 1995; Srivastava et al., 2006; Mukherjee et al., 2008).
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In the post-combustion zone, where temperatures normally reduce to about 723K,
mercury liberated from the coal undergoes complex physical and chemical processes.
These processes involve subsequent cooling of the combustion gases and the solid
residue of thermal decomposition of the coal so-called fly ashes (Nogami, 2001). As a
result, Hg0 may still exist in its elemental form or react to form inorganic mercurous and
mercuric compounds. The latter compounds are believed to be the primary oxidised form
for mercury in the post-combustion zone, due to the instability of mercurous compounds
at low concentrations or relatively high temperatures (Galbreath and Zygarlicke, 2000).
Stable mercuric compounds may include HgCl2, HgO and Hg2SO4. Mercury chlorination,
taking place between Hg0(g) and HCl(g) or Cl2(g) to form HgCl2(g) is commonly
considered to be the dominant mercury transformation mechanisms in coal combustion
gases. The proportion of HgCl 2(g) is essentially dependent on the chlorine content in coal
and hence HCl concentration in flue gases (generally in the range of 25-150mg/m3) (Meij,
1991; Shao et al., 1994; Gibb et al., 2000). It has also been reported that HgCl 2(g) may
be reduced to Hg0(g) on hot steel surfaces of a boiler, according to the following overall
reaction (Galbreath and Zygarlicke, 1996).

3HgCl 2 (g)  2Fe(s)  3Hg 0 (g)  2FeCl 3 (s)
Recent theoretical and experimental investigations estimated that Cl 2(g) is a much more
active mercury-chlorinating agent, but chlorine is liberated from the pyrolysis of coal as
HCl(g) (Hall et al., 1991; Shao et al., 1994; Sliger et al., 2000; Wilcox et al., 2003;
Zhuang et al., 2004; Taylor et al., 2005; Niksa and Fujiwara, 2005). The formation of
Cl2(g) in post-combustion conditions is presumably based on the following Deacon
process reaction over a temperature range of 673-723K (Deacon, 1875):

4HCl(g)  O 2 (g) catalyst
 2Cl 2 (g)  2H 2O(g)
However, it has been shown that in the presence of water vapour Cl 2(g) can directly
react with SO2(g) to form HCl(g) and sulphur trioxide (SO3) (Raghunathan and Gullett,
1996), depleting Cl2(g) concentrations in combustion gases. As a result, a high sulphurchlorine ratio along the flue gas path reduces the formation of Cl 2(g) and subsequently
of HgCl2(g).
On the other hand, due to the presence of fly ashes, Hg0 may be also attached to the
solid reside by heterogeneous condensation or adsorption to form particulate bound
mercury (Hgp) (Senior et al., 2000). The resulting HgCl 2(g) may be also adsorbed onto
inorganic compounds and unburned carbon (UBC) particles present in fly ashes, but the
adsorption processes are dependent on the porosity and surface area of particles
(Pavlish et al., 2003). Meanwhile, due to the catalytic function of transition metal oxides
3

(e.g. Fe2O3) in fly ashes, SO3(g) may be formed from the oxidation of SO 2(g), and
subsequently react with water vapour to produce sulphuric acid (H2SO4) vapour
(Srivastava et al., 2002). At temperatures below sulphuric acid dew point, which is a
function of water vapour and H2SO4 concentration, visible H2SO4 droplets may be found
and then condensed on ash particle surfaces (Verhoff and Banchero, 1974). As a result,
mercury species may react with H2SO4 attached on particle surfaces to form HgSO 4(s),
the stable form of mercury in the absence of chlorine. Regarding HgO(s,g), it was
estimated that gaseous HgO is likely to be formed directly from interactions between
HgCl2(g) and H2O(g) at temperatures above 723K and oxidation of nitrogen dioxide
(NO2). HgO fractions are considered for lower than that of Hg0(g) and HgCl2(g) (Hall et
al., 1991; Frandsen et al., 1994).

HgCl 2 (g)  H 2O(g)  HgO(g)  2HCl(g)

Hg 0 (g)  NO 2 (g)  HgO(g)  NO(g)
The presence of fly ash encourages the interaction between Hg 0 and oxygen, particularly
in the temperature range 373-573K, with a maximum of 473K (Hall et al., 1995). HgO(s,
g) can be reduced to Hg0(g) by the following two reactions (Galbreath and Zygarlicke,
1996):

HgO(s, g)  SO 2 (g)  Hg 0 (g)  SO 3 (g)

HgO(g)  CO(g)  Hg 0 (g)  CO 2 (g)
Therefore, mercury in coal is initially released as Hg 0(g) in the high-temperature
combustion zone. Subsequently, Hg0(g) undergoes complex physical and chemical
transformation processes in the post-combustion environment to form HgCl 2(s,g),
HgO(s,g), HgSO4(s) and Hgp. Existing APCDs in power stations are specifically designed
for the capture of the major pollutants (SO2, particulates and NOx) but can also trap a
proportion of mercury species in flue gases. The removal of mercury in such devices is
significantly dependent on mercury speciation, temperature in these devices and the
quantity of unburned carbon in fly ashes.
2.1 Homogeneous reactions
Gaseous elemental mercury (Hg0) can be partly oxidised by flue gas components, such
as HCl, SO2 and NOx. However, such reactions seem not to be well understood
experimentally, as the ‗true‘ conditions of the flue gas path in coal-fired power plants are
not easily established at laboratory scale. Therefore, ab initio methods of quantum
chemistry (see Appendix C) were chosen for determining important homogeneous
oxidations in terms of their temperature-dependent rate constant (k).
4

2.1.1 Calculation scheme
In this section, a full description of the calculation scheme, including ab initio methods,
basis sets and calculation procedures are given.
2.1.1.1 Ab initio methods and basis sets
Ten different levels of ab initio methods and 21 basis sets for representing mercury were
initially considered for comparisons with experimental data. Methods used include HF,
CID, CISD, MP2, MP3, MP4SDQ, CCD, CCSD, QCISD and B3LYP (See Appendix C). As
mercury contains a large number of electrons (80 electrons in its ground electronic state,
1

S0) 21 basis sets could be selected to represent mercury (Table 2.1). SDD, LANL2DZ

and the largest Pople style basis set 6-311++G(3df,3pd) were selected for modelling
mercury interactions between hydrogen (H), nitrogen (N), oxygen (O), sulphur (S) and
chlorine (Cl).
2.1.1.2 Procedure
To obtain reliable results, a calculation procedure was designed (shown in Figure 2.2)
and primarily consisted of four steps: (1) geometry optimisation, (2) identification of
transition structure, (3) calculation of the activation energy for the reaction and (4)
elucidation of the reaction rate constant.
Step 1: Geometry Optimisation. For a given homogeneous reaction, the geometry
optimisation is the first important step to be considered. This is because a reliable
description of a potential energy surface (PES) relies on good molecular structures of the
species involved, and a poor one can cause incorrect vibrational analyses that
subsequently introduce errors into energy calculations (Alcamí et al., 2001; Wilcox and
Blowers, 2004).
Step 2: Transition Structure. This aims to identify the transition structures (TS) of the
reaction in order to calculate the activation energy. The examination can be
accomplished by using an intrinsic reaction path calculation (IRC), built into the Gaussian
program (Foresman and Frisch, 1996). To find desired TS, the best approach is to
generate a PES.
Step 3: Activation Energy Calculations. The activation energy of the reaction can be
obtained from the energy difference between the reactants and transition structure,
according to the transition state theory (TST). It is important to note that the energies of
the species must be corrected by zero-point energy (ZPE), which is generally defined as
the energy used to account for the effects of molecular vibrations persisting at 0 K, since
the lowest vibrational energy level for any bound vibration is not zero (Foresman and
Frisch, 1996; Cramer, 2002).
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Steps 4: Rate Constant Calculations. The transition state theory (TST) and RiceRamsperger-Kassel Marcus (RRKM) theory are used for calculating the temperaturedependent rate constant for bimolecular and unimolecular reactions, respectively. In this
study, the temperature range for modelling must be between 298 and 773K (25-500°C)
to match conditions found in the post combustion environment (economizer outlet or
SCR inlet).
2.1.2 Theoretical results
Based on the calculation scheme described above, this section presents the results
corresponding to the temperature-dependent rate constant for homogeneous reactions
taking place between Hg0 and the flue gas components (HCl, Cl 2, O2, NOx and SO2).
2.1.2.1 Validation of ab initio methods and basis sets
Ab initio methods of quantum chemistry in combination with basis sets have a strong
influence on the accuracy of results calculated (Wilcox et al., 2004). The validation of
combinations between methods and basis sets involved a two-step comparison of
experimental data obtained from the literature: molecular structure and reaction
enthalpy at 298K ( H rxn

298K

). As it has been reported that chlorine species (Cl, HCl and

Cl2) play a more significant role than other flue gas components towards mercury
oxidation in flue gases (Niksa et al., 2001) seven homogeneous reactions relevant to
mercury chlorination were identified and evaluated towards mercury oxidation. The
reactions are shown in Table 2.2.
2.1.2.1.1 Molecular structure comparison
Compared to hydrogen (H) and chlorine (Cl), mercury may have negative effects on
calculations, due to considerable relativistic effects taking place between the nucleus and
the outer valence electrons (Hay and Wadt, 1985). It has been suggested that such
effects can be avoided by introducing an effective core potential (ECP) to replace the
nucleus and all core electrons during calculations (Wilcox et al., 2004); furthermore, the
computational time can be significantly reduced. Thus, both the Ahlrichs Coulomb Fitting
(No. 4) and WTBS (No. 21) basis sets were excluded from this step, as they do not have
any effective core potentials. The remainder of the basis sets for mercury were then
divided into 2 scenarios. This was because both SDD and LANL2DZ basis sets are built
into the Gaussian program, while others need to be manually specified. Bond angles of
HgCl2 after optimisation remain in a linear (180°) structure, and bimolecular species
such as HgCl, Cl2 and HCl do not have any internal bond angles.


Scenario 1: the two basis sets, SDD and LANL2DZ, used for mercury, hydrogen
and chlorine.
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Scenario 2: basis sets 3 to 21 (Table 2.1) used for mercury and the 6311++G(3df,3pd) basis set for hydrogen and chlorine.

a. Scenario 1
Comparison of SDD and LANL2DZ basis sets with experimental data was performed.
Figure 2.3 and 2.4 show the comparisons in terms of absolute deviations, which are the
absolute difference between the calculated results and experimental data. As shown in
Figure 2.3, bond lengths of HgCl and HgCl 2 deviate more than 0.02 Å, which is referred
to the acceptable maximum (Foresman and Frisch, 1996). The B3LYP method has poor
performance on geometry optimisation of the species compared with other methods
used, and shows the highest absolute deviation values. This may be explained by the
large number of electrons (80) contained in the mercury atom although the method is
generally accepted in computational chemistry (Alcamí et al., 2001). In addition, it is
also important to note that there are no significant differences between HF (the simplest
method) and others, especially CISD, MP4SDQ, CCSD and QICSD that are considered as
higher levels of ab initio methods. This implies that the two basis sets, SDD and
LANL2DZ, are not reliable for representing mercury.
Figure 2.4 shows the absolute geometric deviations of Cl2 and HCl using SDD and
LANL2DZ basis sets. It can be noticed that these basis sets performed differently when
optimising HCl and Cl2 structures. For HCl, both basis sets gave similar errors, with an
absolute deviation of around 0.04Å. The SDD basis set produced errors slightly higher
than that from the LANL2DZ basis set. Only the HF method generated absolute
deviations close to or below 0.02Å (0.0206 and 0.0147Å for the SDD and LANL2DZ basis
sets, respectively). As a result, the LANL2DZ basis set was initially thought to be more
accurate than the SDD basis set for representing HCl. In the case of Cl 2, the absolute
deviation did not vary with the use of different methods and basis sets, but were still
much higher than 0.02Å. This means that more accurate basis sets are needed for
chlorine.
b. Scenario 2
It

has

been

suggested

that

the

largest

standard

Pople

style

basis

set,

6-

311++G(3df,3pd), is the most accurate for calculations involving atoms having less than
18 electrons in ab initio calculations (Foresman and Frisch, 1996). The accuracy of this
basis set in describing chlorine was determined by comparison between the theoretical
and experimental data for the decomposition reaction of chlorine gas (Wilcox et al.,
2004):
Cl2+M2Cl+M
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Equation 2.1

Therefore, this basis set was used to represent chlorine and hydrogen, while mercury
was represented by the basis sets listed in Table 2.1. Figure 2.5 to 2.7 show the
comparison between optimised geometries and experimental data of molecules in
scenario 2. As indicated in Figure 2.5, the Pople basis set provided absolute deviations of
less than 0.02Å, with the exception of Cl 2 that was optimised with the B3LYP method. By
comparing these results with scenario 1, this basis set proved to generate a more
accurate description of chlorine and hydrogen. As a result, the 6-311++G(3df,3pd) basis
set was chosen to perform further calculations in this work.
Figure 2.6 shows the absolute geometric deviations of (a) HgCl and (b) HgCl 2. Due to
convergence failure during geometry optimisation, six basis sets were not completed and
subsequently excluded from this comparison (aug-cc-pV5Z-PP [No. 5], aug-cc-pVQZ-PP
[No. 7], cc-pV5Z-PP [No. 9], cc-pVQZ-PP [No. 11], cc-pwCV5Z-PP [No. 13] and ccpwCVQZ-PP [No. 15]). As both CRENBS [No. 18] and Stuttgart RLC [No. 19] basis sets
produced much higher absolute deviations (around 0.1Å), they are not included in Figure
2.6. For HgCl, both 1992 Stevens‘ and Stuttgart RSC 1997 basis sets using the MP3,
MP4SDQ, CC, CI and QCISD methods produced absolute errors of less than 0.02Å, which
are considered ―accurate‖ geometries. The cc-pVTZ-PP basis set also provided reliable
results when the CCSD and QCISD methods were used.
It is also necessary to note that the HF method also performed good geometry
optimisations, with absolute errors of less than 0.02Å. However, for further calculations,
high levels of ab initio methods (MP4SDQ CCSD, CISD and QCISD) were needed
preferentially over the HF method to obtain more accurate energies of the chemical
systems studied. This is because the HF method ignores the interactions between
electrons, and could cause large errors in energy calculation.
In the case of HgCl2, it can be clearly seen that the aug-cc-pVDZ-PP, cc-pVTZ-PP and ccpwCVTZ-PP basis sets were more accurate than others for representing mercury when
the MPn, CC and CI methods were used; they presented the absolute errors of less than
0.02Å. Moreover, it is worth mentioning that the aug-cc-pVTZ-PP basis set produced
zero absolute error when the CCSD method was used.
To choose more accurate combinations between methods and basis sets for mercury, it
is necessary to apply an average absolute deviation term for optimised bond lengths of
HgCl and HgCl2 (Hg-Cl). Figure 2.7 shows the average absolute deviation produced from
these basis sets. It is apparent that aug-cc-pVDZ-PP, cc-pVTZ-PP, cc-pwCVDZ-PP and
cc-pwCVTZ-PP basis sets were more accurate than others for representing mercury, with
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average absolute errors blow 0.02Å when MP3, MP4SDQ CCD, CCSD, CID and QCISD
methods were used. Both 1992 Steven‘s and CRENBL basis sets also produced lower
stable absolute errors of about 0.025 to 0.030Å, which seem to be acceptable for energy
calculations.
Overall, comparison of the species involved in mercury chlorination was completed. Six
basis sets, including the 1992 Stevens‘, aug-cc-pVDZ-PP, cc-pVTZ-PP, cc-pwCVDZ-PP,
cc-pwCVTZ-PP and CRENBL, were determined as reliable basis sets for representing
mercury, while 6-311++G(3df,3pd) was most suited for hydrogen and chlorine. However,
to perform energy calculations using higher levels of ab initio methods (MP4SDQ, CCSD,
CISD and QCISD), more accurate combinations between methods and basis sets were
required as well as reducing computational cost by minimising the number of the
combinations. Therefore, the second comparison in terms of reaction enthalpy at room
temperature ( H rxn

298K

) was carried out.

2.1.2.1.2 Reaction enthalpy comparison
To calculate the theoretical enthalpy (or heat) of a reaction at 298K (

298K
H rxn
), the

reactions shown in Table 2.2 were used as the mechanism of mercury chlorination along
the flue gas path. The Gaussian program was used to obtain enthalpies of species
presented at 298K, using the higher levels of ab initio methods (CISD, MP4SDQ, CCSD
and QCISD) and basis sets (1992 Stevens‘, aug-cc-pVDZ-PP, cc-pVTZ-PP, cc-pwCVDZ-PP,
cc-pwCVTZ-PP and CRENBL). Both hydrogen and chlorine were represented by the 6311++G(3df,3pd) basis set. All calculated energies used for obtaining enthalpies of
species (H, Cl, HCl, Cl2, Hg, HgCl and HgCl2) included zero-point energies (ZPE). Table
2.3 to 2.8 show the calculated results and comparison with experimental data obtained
from the US National Institute of Standards and Technology (NIST) Chemistry WebBook
(NIST, 2008). It can be seen that the CRENBL basis set provided the minimum average
absolute errors of approximately 14.00kJ/mol when MP4SDQ, CCSD and QCISD methods
were used. In contrast, the CISD method produced the greatest average absolute errors
for each basis set. This implies that the CISD method is not accurate for this work.
For other combinations, it has been suggested that the 1992 Stevens‘ basis set is
accurate in predicting thermodynamic and kinetic data for mercury chlorination when the
QCISD method is used (Wilcox et al., 2003). In this work, however, this combination
produced an average absolute error of 19.78kJ/mol for the reactions studied. To
compare with the average absolute error of 21.04kJ/mol obtained from Wilcox et al.
(2003), the QCISD/CRENBL level provided a more reliable result (13.95kJ/mol) as well
as the CCSD/CRENBL combination (14.04kJ/mol). The MP4SDQ/CRENBL level was
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excluded from this work, although it produced the lowest error (13.13kJ/mol). This is
due to the lack of convergence from hydrogen using the MP4SDQ method during energy
calculations. As a result, the MP4SDQ method is no longer considered for this study. It is
also interesting to see that the QCISD method produced the smallest absolute errors for
each basis set. This suggests that this method is more reliable in theoretical studies of
chemistry systems, but requires longer computational times.
Through comparison with experimental data (Bhartiya et al., 1990; Lide, 2008 and NIST,
2008), it was proved that CRENBL is the most accurate for representing mercury and 6311++G(3df,3pd) modelled for hydrogen and chlorine accurately when the QCISD and
CCSD methods are used. These two combinations between methods and basis sets
(denoted as QCISD/CRENBL and CCSD/CRENBL, respectively) were subsequently chosen
for calculating the temperature-dependent rate constant (k) described below. The
combination between QCISD and 1992 Stevens‘ basis (denoted as QCISD/1992) was
also used in order to compare with the calculated results, although this combination
provided absolute errors higher than others in calculating the standard enthalpy of
reaction.
2.1.2.2 Mercury chlorination
The seven mercury chlorination reactions shown in Table 2.2 are thought to play a key
role in mercury oxidation along the flue gas path, as atomic chlorine (Cl) has a high
potential for oxidation of Hg0 compared with other flue gas constituents such as SO2 and
NOx (Zhuang et al., 2004; Agarwal and Stenger, 2007). The predicted energies of
species (Hg, H, Cl, HCl, Cl2, HgCl and HgCl2) at temperatures of 298, 323, 373, 473, 573,
673 and 773K were calculated with thermal correction (TC), including the zero-point
energy (ZPE), and pressure was set to 1atm.
Most homogeneous reactions taking place in flue gases can be divided into two types: (1)
unimolecular reactions, where only one reactant is involved and (2) bimolecular
reactions having two reactants. Rice-Ramsperger-Kassel-Marcus (RRKM) theory and
transition state theory (TST) described in Appendix C are suitable for unimolecular and
bimolecular reactions, respectively. The potential energy surface (PES) of a reaction can
become complicated for bimolecular reactions due to the number of variables involved
(bond lengths, bond angles and dihedral angles). In this case, the Berny algorithm built
into the Gaussian program may be used to find a transition structure (TS). If there is an
apparent barrier (or a TS) found, its height can be considered as the activation energy of
the reaction. This is the most important parameter in the application of RRKM and TST
theories; otherwise, it is a barrierless reaction (or so-called loose transition structure
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reaction) and the microcanonical transition structure is determined using the minimum
sum of states principle discussed below (Forst, 1973; Steinfeld et al., 1998; Cramer,
2002).
a. Hg+Cl+MHgCl+M
The reaction, Hg+Cl+MHgCl+M, where M is the third body that removes the excess
kinetic energy to stabilise the species and is not involved in the proceeding of the
reaction, could be one of the first stages of mercury chlorination along the flue gas path,
as the majority of compounds present in coal exist in an elemental form during coal
combustion (Pavlish et al., 2003). This reaction could therefore represent the simplest
mechanism in mercury chlorination. The reaction includes the formation of HgCl in the
forward direction and the dissociation of HgCl that reproduces Hg and Cl radicals in the
reverse direction. To calculate the theoretical rate constants of the reaction, it needs to
be noted that the reverse of the reaction is a unimolecular process, and RRKM theory is
thought to be a useful tool for the calculation of the unimolecular reaction,
HgCl+MHg+Cl+M (Wilcox et al., 2004).
As mentioned above, the best approach to obtain valid transition structures is to
generate a potential energy surface (PES), which is a hypersurface of the potential
energy as a function of n internal coordinates of a molecule (Holbrook et al., 1996;
Cramer, 2002). For a non-linear molecule, n=3N-6, whereas for a linear molecule n=3N5, where N is the number of atoms in the molecule. As the reactant (HgCl) has two
atoms (Hg and Cl) and is a linear molecule, the potential energy of the molecule is only
dependent on the internuclear distance between the two atoms. Therefore, the reaction
coordinate of the reaction is the bond stretching between the two atoms. Figure 2.8
shows the potential energy curves of HgCl in its ground electronic state, which is the
potential energy as a function of the distance r between Hg and Cl atoms in the
rotational

ground

state

(J=0)

calculated

at

QCISD/1992,

QCISD/CRENBL

and

CCSD/CRENBL levels. It can be seen that the potential energy rises monotonically as
dissociation takes place (r>re). Furthermore, when the CRENBL basis set was used for
representing mercury, both QCISD and CCSD methods generated similar equilibrium
bond lengths (re) with the value of 2.3939 and 2.3925Å for the QCISD and CCSD
methods respectively. This could indicate that the two combinations, QCISD/CRENBL and
CCSD/CRENBL, produce the same level of geometric optimisation and energy calculation,
which may generate similar results. Therefore, the CCSD/CRENBL combination was
eliminated from the work in order to reduce the computational effort. In addition, the
potential energy produced by the 1992 Stevens‘ basis set is normally higher than that by
the CRENBL basis set at the same distance r.
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Generally, the geometry at the top of the energy barrier along the reaction path (the
minimum energy pathway) is chosen as the transition structure. However, it is apparent
that there is no such energy barrier appearing between the reactant and products as the
unimolecular reaction proceeds as shown in Figure 2.8. It has been indicated that such
barrierless reactions have loose or energy-dependent transition structures rather than
tight or well-defined energy maxima along the reaction pathway (Holbrook et al., 1996).
Therefore, to locate the microcanonical transition structure of the unimolecular
barrierless reaction, the equation shown below was used (Hase, 1987):

W ( E  , J , r )
0
r

Equation 2.2

where W is the total number of states for a system corresponding to an energy less than
or equal to a specified value, r is a reaction coordinate and J is the rotational quantum
number if the rotational effects are considered; E + is an energy equal to E*-V(r, J), in
which E* is a given total energy and V(r, J) is the potential energy. This equation
indicates that the geometry at r+, which has the minimum sum of states, would be the
microcanonical transition structure, as illustrated in Figure 2.9.
In this work, it is crucial to consider first whether the rotational effects (J>0) need to be
taken into account in Equation 2.2. To do that, the potential energy, V(r, J) is primarily
determined. In chemical kinetics and dynamics theory, the Morse function is thought to
be the best approximation representing a bond stretch potential for all values of the
internuclear distance (r):

V (r )  De {1  exp[  M (r  re )]}2

Equation 2.3

where De, βM and re are positive and are the dissociation energy for the bond breaking
that includes the dissociation energy at absolute zero (D 0) and zero point energy (ZPE),
the Morse parameter calculated by

 2 2 De , where ν is the harmonic vibrational

frequency) and the equilibrium bond length, at which V(r)=0, respectively (Gilbert and
Smith, 1990). If the rotational effects are considered (J>0), the effective potential
energy, Veff(r), is obtained by adding the rotational energy E(J):

E( J )  hcBJ( J  1) , B 

h
8 r 2 c
2

Equation 2.4

where h is the Planck‘s constant (6.62606810-34 J·s), μ, the reduced mass and c is the
speed of light (Holbrook et al., 1996). As the Morse function needs to be used for
calculating the effective potential energy Veff(r) (J>0), which the Gaussian program
cannot calculate, it is necessary to compare the potential energy without the rotational
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effects (J=0) obtained from the Gaussian program and the Morse function. Figure 2.10
shows the comparison of the potential energy in the rotational ground state (J=0),
obtained from both the Gaussian program and Morse function. It can be seen that the
Morse function approximately represents the variation of the potential energy of HgCl
with the internuclear distance r between Hg and Cl atoms, although there is no perfect
match in the distance range of 2.8 to 4.0Å. This may be because of the occurrence of the
loose transition structures in that distance range, where the frequency is dependent on
the Hg-Cl bond length.

As the angular momentum, given by

h J ( J  1) / 2 , is required to remain constant,

the quantum number J must be a constant (Beynon and Gilbert, 1984). The rotational
energy E(J) shown in Equation 2.4 must decrease as the internuclear distance (r)
increases. As a result, for a given total energy (E*), the vibrational energy increases as
the bond stretches and thus more vibrational energy becomes available to overcome the
barrier to the reaction. Figure 2.11 shows the Morse potential energy of HgCl as a
function of the internuclear distance for values of J from 0 to 450, calculated at (a)
QCISD/1992 and (b) QCISD/CRENBL levels, respectively. It can be seen that as J
increases the decomposition of HgCl becomes easier as indicated by the decrease in the
well depth of the potential energy curve, while the formation of HgCl requires more
energy to overcome the centrifugal barrier. In other words, the minimum rate constant
of the decomposition reaction at a certain temperature could be calculated at J=0, and
the rate constant at that temperature will increase, as J rises. Therefore, this work only
considers the minimum rate constants where reactant(s) are in the rotational ground
state (J=0).
To locate the transition structure using Equation 2.2, the calculation of the sum of states
W(r) for a given total energy (E*) is important as well as the application of RRKM theory.
In this work, the widely used Beyer-Swinehart (BS) algorithm was applied for calculating
the sum of states in Matlab (Beyer and Swinehart, 1973). As the vibrational frequencies
of the transition state vary with the distance r, v(r) is calculated from the following
equation (Holbrook et al., 1996):

 (r )   (re )  exp(  (r  re ))

Equation 2.5

where ν(re) is the vibrational frequency in the stable molecule and  is a constant equal
1Å-1 in this work.
Regarding the total energy (E*) of this reaction, it has been indicated that the position of
the transition structure of a barrierless unimolecular reaction also depends on the
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amount of energy of the system (Gilbert and Smith, 1990). As the energy of the system
increases, the position of the minimum sum of states moves to smaller internuclear
separation (r+re), which means that the transition structure becomes tighter (a shorter
bond length). Therefore, the total energy (E*) must be carefully chosen to locate the
transition structure.
In this work, the total energy (E*) used was initially obtained by adding either 5, 10, 15,
20, 25, 30, 35, 40, 45 or 50 kJ/mol to the potential energy V(r) at r∞. To locate the
transition structure along the reaction coordinate precisely, the minimisation of the sum
of states was achieved by applying a cubic spline interpolation to the plot. Figure 2.12
shows the variation of the sum of states W(r) with the distance r when 5kJ/mol was used
for this process using the 1992 Stevens‘ and CRENBL basis sets. By fitting a cubic spline,
the geometry of HgCl at the r+, which has the minimum of the sum of states, could be
the transition state of the unimolecular reaction when 5kJ/mol excess energy is used,
given values of 3.95 and 3.98Å for the QCISD/1992 and QCISD/CRENBL levels,
respectively.
The sum of states as a function of distance r together with excess energies used for both
1992 Stevens‘ and CRENBL basis sets are shown in Figure 2.13 and 2.14, respectively. It
can be seen that as the energy in excess increases, the transition structure moves to a
stable geometry (re). Furthermore, as the energy raises to 40kJ/mol or upward the
equilibrium bond length (re) generates the minimum W(r). This could indicate that the
total energy (E*) has a significant effect on the location of the transition states. As
shown in Figure 2.9, the transition structure found should be located as close as possible
to the bottle neck on the potential energy curve to obtain more reliable results.
Therefore, the value of 35kJ/mol was chosen for the unimolecular barrierless reactions
studied in this work as the thermal energy in excess of the potential energy V(r) at r∞.
It is also important to prove that the transition structure corresponding to the minimum
W(r) value is the transition structure for the reaction. This evaluation can be achieved by
the Gaussian program using the mathematical definition below (Steinfeld et al., 1998):

 2U
 2U
U
U
0
 0 and
 0,
0,
 2
s 2
s


Equation 2.6

where U is the electronic potential energy, s, the reaction path and ξ is perpendicular to
the reaction path. Since

 2U s 2  0 ,

the vibrational frequency for motion along the

reaction path will be imaginary. Therefore, the criterion in the Gaussian program for
locating a transition structure is a saddle point, at which only one imaginary frequency
14

exists. The transition structure for the decomposition of HgCl is assumed to occur at a
Hg-Cl distance of 3.08 and 2.97Å for the 1992 Stevens‘ and CRENBL basis sets
respectively when the QCISD method was used.
Based on RRKM theory, rate constants for decomposition of HgCl over the temperature
range 298-773K are plotted in Figure 2.15 and are expressed in the modified Arrhenius
form as:
HgCl
uni

k

 3.085 10 e

HgCl
kuni
 3.003  109 e

9

8225
T

6705
T

using QCISD/1992;

using QCISD/CRENBL;

It can be seen that as temperature rises, the rate constant of the reverse reaction
increases (calculated at both QCISD/1992 and QCISD/CRENBL levels). This could
indicate that HgCl is an unstable oxidised form of mercury and can be quickly converted
back to Hg0 at high temperatures. Furthermore, over the temperature range of 298773K, the rate constant calculated at QCISD/CRENBL level is generally higher than that
obtained from QCISD/1992 level.
b. Hg+HClHgCl+H
As only two species are involved in both the forward and reverse reactions, this
equilibrium can be considered as a bimolecular, where the transition state theory (TST)
can be used to calculate rate constants. Similarly, this reaction could also be considered
as one of the first stages of mercury chlorination taking place after HCl is formed during
coal combustion.
As mentioned above, to obtain a valid transition structure for a given reaction it is
necessary to first generate a potential energy surface. As there are only three atoms (Hg,
H and Cl) involved in the reaction, it was assumed that chlorine approaches mercury
linearly along the reaction coordinate. Therefore, the potential energy of the reaction is
dependent on both H-Cl bond stretching and Hg-Cl bond forming. To create the potential
energy surface for the reaction, both QCISD/1992 and QCISD/CRENBL levels were used
to calculate the single point energies of approximately 200 different geometries of the HCl-Hg species.
It is worth mentioning that this structure can have two different spin multiplicities (s,
singlet and triplet), based on the number of unpaired electrons. As defined, one unpaired
electron can contribute ½ to the spin, while paired electrons, which must be opposite ()
in a shell, contribute nothing to the spin and thus the spin multiplicity can be calculated
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from 2S+1, where S is the total spin contributed from all electrons. Mercury in this
reaction is assumed to contribute two electrons from its outer shells. These electrons can
be paired as a singlet state (e. g. 6s2) or unpaired as a triplet state (e.g. 6s14f1).
Therefore, the energies of the H-Cl-Hg structure in both ground state (singlet) and the
excited state (triplet) were calculated to generate two potential energy surfaces. As the
reaction proceeds, the system should always remain on the lower electronic state,
although both singlet and triplet surfaces exist.
Figure 2.16 shows the three dimensional potential energy surface of the reaction
obtained from the QCISD/1992 and QCISD/CRENBL levels, respectively. It can be seen
that the geometries in the singlet state are close to the reactant species, while the
geometries in the triplet state are close to the product species. However, it needs to be
noted that both singlet and triplet surfaces can cross at set geometries that have the
same energies. In the case of surface crossing, the interaction energy between the two
state surfaces needs to be determined. This can be accomplished by referring the
transition probability, P, from the lower state to the higher one. A schematic diagram of
an avoided crossing of two adiabatic levels with energies E 1 and E2 as a function of the
relative distance r is shown in Figure 2.17.
Within the Born-Oppenheimer approximation, the possibility of surface hopping can be
expressed by the Landau-Zener-Stückelberg equation shown as:

P  exp( 

4 2 122
)
hv | s1  s 2 |

Equation 2.7

where ε12 is the potential energy gap between the two electronic states at a surface
crossing point, |s1-s2| is the difference in slopes between the intersecting potential
energy curves at this point and ν is a constant relative velocity with which the system
passes the point of closest approach. Due to the increasing complexity of this case, and
with consideration of the spin-orbit coupling, the interaction energy between the two
surfaces at crossing points was neglected in the work. To locate the transition structure
explicitly, a contour of the potential energy surface of the reaction using both 1992 and
QCISD basis sets is shown in Figure 2.18. The transition structure of the reaction is a HCl arrangement with a bond length of 2.5Å and Hg-Cl bond length of 2.4Å for the 1992
basis set. In the case of the CRENBL basis set when the QCISD method was used, both
H-Cl and Hg-Cl bond lengths of 2.4Å were found.
Based on TST, the predicted results produced from each combination were plotted in
Figure 2.19. Both levels show that the forward rate constant is much lower than that of
16

the reverse, although the value increases faster than the reverse one. Furthermore, this
proves that HgCl is extremely unstable and will quickly decompose to Hg0 and Cl,
particularly at high temperatures. As a result, the temperature-dependent rate constant
for the oxidation of mercury via hydrogen chloride can be theoretically expressed as:

k forward  4.473  1012 e

40088
T

and

kreverse  1.362  1012 e

2753
T

using QCISD/1992;

k forward  4.588  10 e
11

40215
T

and

kreverse  3.902 10 e
11

1538
T

using QCISD/CRENBL.
c. Hg+Cl2HgCl+Cl
To generate the potential energy surface of this reaction, the energies of approximately
200 different Hg-Cl-Cl geometries in both singlet and triplet states were calculated at the
QCISD/1992 level shown in Figure 2.20. The QCISD/CRENBL level was not used due to
the non-convergence of the single energy calculation. It was found that the transition
structure of the reaction occurred when the Hg-Cl bond length equalled 2.45Å and the
Cl-Cl bond was 2.8Å. Again, it is worth noting the probability of surface hopping was
neglected here. The predicated rate constants calculated at QCISD/1992 level are
plotted in Figure 2.21 and can be approximated using:

k forward  3.688 1012 e

7864
T

and

kreverse  2.725 10 e
11

3547
T

It can be seen from Figure 2.21 that as temperature increases the forward rate constant
increases, and vice versa. This means that at high temperatures, more Hg 0 can be
oxidised to Hg2+.
d. Hg+Cl2+MHgCl2+M
As with the equilibrium described in Section 2.1.2.2a, this reaction is also considered as
one of the first stages of mercury chlorination in flue gases. As only one reactant (HgCl2)
is involved in the reverse reaction, this is considered as a unimolecular reaction. RRKM
theory

was

used

to

calculate

rate

constants

for

the

reverse

reaction,

HgCl 2  M  Hg  Cl 2  M . To create a potential energy curve for the system, it was
initially assumed that the transition structure could be trigonal planar in shape by fixing
the Cl-Cl bond and setting the Hg-Cl bonds at an angle, as shown in Figure 2.22a. Based
on this assumption, the three dimensional potential energy surface of the reaction was
calculated using the QCISD/1992 combination, and is shown in Figure 2.22b.
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It is apparent that there is no such energy barrier or saddle point on the potential energy
surface.
Therefore, the system is thought to consist of three elemental reactions shown as:
k1
HgCl 2  M 
HgCl  Cl  M

k2
HgCl  M 
Hg  Cl  M
k3
Cl  Cl  M 
Cl 2  M

The overall rate constant of the reaction can be obtained from the rate constant of the
three elemental reactions. As M is the third body that is not involved in the reaction it is
ignored here and the reaction can be rewritten as HgCl 2  Hg  Cl 2 . As HgCl is
extremely unstable it can be considered as an intermediate. Thus, this mechanism can
be considered as a consecutive reaction and described by the following set of rate
expressions:

d[HgCl2 ]
 -k1[HgCl 2 ]
dt
d[HgCl]
 k1[HgCl 2 ]  k 2 [HgCl]
dt

d[Hg]
 k 2 [HgCl]
dt
According to the Arrhenius equation and the concepts of chemical kinetics, the
concentration of HgCl2 can be calculated by [HgCl 2 ]  [HgCl 2 ]0 e  k1t , where [HgCl 2 ]0 is
the concentration of HgCl 2 at t=0. Therefore, the time-dependent concentration of HgCl
can be obtained from the equation:

[HgCl] 

k1[HgCl 2 ]0 k1t k 2t
(e  e )
k 2  k1

Based on conservation of mass, the concentration of Hg can be obtained from the
equation:

[Hg]  [HgCl 2 ]0 [1  e k1t 
 [HgCl 2 ]0 (1 
Therefore,

For the overall reaction, as

k1
(e k1t  e k 2 t )]
k 2  k1

k2
k1
e  k1 t 
e k 2 t )
k 2  k1
k 2  k1

d[Hg]
kk
 [HgCl 2 ]0  1 2 (e k1t  e k 2 t )
dt
k 2  k1

d[Hg]
 k overall [HgCl 2 ] ,
dt
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k overall 

k2
(1  e(k 1 k 2 )t )
k 2  k1

It can be seen that the overall rate constant of the reaction is dependent on time.
Furthermore, it has been found that in the temperature range of 298-773K, the rate
constant for the decomposition of HgCl is much higher than that of the decomposition of
HgCl2. As a result, k1 can be neglected in this work and the overall rate constant can be
simplified as:

koverall  1  e  k2t

Equation 2.8

The variation of rate constant with time, for the reaction at 298, 323 and 348K is shown
in Figure 2.23. It can be seen that the maximum rate constant for the reaction,
-1
HgCl 2  M  Hg  Cl 2  M , is 1 s .

e. HgCl+Cl+MHgCl2+M
This elemental reaction can be considered as one of the second stages of mercury
chlorination, as it must proceed in the presence of chlorine and an extremely unstable
HgCl molecule. RRKM theory can be used for calculating rate constants for the reverse
reaction, HgCl2+MHgCl+Cl+M. It was assumed that mercury approaches chlorine
linearly along the reaction coordinate. This results in the formation and stretching of an
Hg-Cl bond. Figure 2.24 and 2.25 show the potential energy surface of the reaction
calculated at QCISD/1992 and QCISD/CRENBL levels, respectively. It can be seen that
the decomposition of HgCl 2, producing HgCl and Cl, is a barrierless reaction. It must be
noted that as these two species are produced through decomposition there should be
two transition structures.
Transition structures can be determined through two reaction coordinates obtained by
fixing one Hg-Cl bond. Figure 2.26 shows the variation of potential energy with one HgCl distance, whilst another bond is fixed by (a) 2.3 or (b) 2.35Å. 35kJ/mol was used as
the excess potential energy V(r) at r∞. According to the minimum sum of states
criterion discussed in Section 2.1.2.2a, the minimum of W(r) along the two reaction
coordinates were found at a Hg-Cl distance of 5.3Å for both 1992 and CRENBL basis sets.
Based on RRKM theory, predicted rate constants over the temperature range 298-773K
are plotted in Figure 2.27. Due to the failure of geometric convergence from the Cl-Hg-Cl
structure, rate constants calculated at QCISD/CRENBL level are not presented here.
Therefore, the rate constants for the decomposition of HgCl2 that produce HgCl and Cl
can be theoretically expressed as:
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k

HgCl2
uni

 5.101 10 e
18

52375
T

using QCISD/1992

From Figure 2.27, it can be seen that the decomposition of HgCl 2 to produce HgCl and Cl
is much slower at low temperatures. However, as temperature increases the rate
constant for the decomposition of HgCl 2 will increase. This may suggest that reducing the
temperature can prevent decomposition of HgCl 2.
f. HgCl+HClHgCl2+H
This reaction may be considered as one of the second stages of mercury chlorination, as
it must proceed in the presence of HCl and HgCl. Two species are involved in both
directions of the reaction and present a bimolecular reaction. Thus, TST was used for
calculating rate constants over the temperature range 298-773K using the QCISD/1992
and QCISD/CRENBL combinations. It has been noted that the spin multiplicity of Cl-HgCl-H (doublet) does not vary with the reaction coordinate as the reaction proceeds.
Figure 2.28 and 2.29 shows the potential energy surfaces of the reaction calculated at
QCISD/1992 and QCISD/CRENBL levels, respectively. Transition structures for the
equilibrium are shown in Table 2.9.
Based on TST, the rate constant for mercury chloride‘s reaction with hydrogen chloride
are plotted in Figure 2.30 and can be theoretically expressed as:

k forward  1.371 10 e
11

14567
T

and

kreverse  6.478 10 e
13

3387
T

using QCISD/1992;

k forward  1.982 10 e
11

15161
T

and

kreverse  7.786 10 e
13

3767
T

using QCISD/CRENBL.
It can be seen that the results calculated at QCISD/1992 and QCISD/CRENBL levels are
in agreement with each other and show that with an increase in temperature, the rate
constant in both directions increases. Furthermore, over the temperature range 298773K, the rate constant in the forward direction is much lower than that in the reverse
direction, although it increases faster than the reverse one. This implies that the reverse
direction is favoured in the low temperature range, which normally occurs in the postcombustion environment.
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g. HgCl+Cl2HgCl2+Cl
As demonstrated in the previous reaction, this equilibrium must proceed in the presence
of Cl2 and HgCl. Initial attempts aimed to generate a potential energy surface for this
reaction by calculating single point energies for different Cl-Hg-Cl-Cl structures. However,
it was finally found that although both QCISD/1992 and QCISD/CRENBL levels provided
more accurate results they required extremely large computation time, particularly for a
chemical system having a large number of electrons. This could indicate that the QCISD
method in combination with the basis sets used here were not an efficient use of
computational time. It has been suggested that the B3LYP method is an accurate and
cost-effective method for such large systems (Jug and Bredow, 2004). The comparison
298K
of geometry and reaction enthalpy ( H rxn
) calculated using the QCISD and B3LYP

methods are shown in Table 2.10. The 6-311++G(3df,3pd) basis set was used for
chlorine during these calculations. It can be seen that the absolute geometric deviation
of Cl2 obtained from the B3LYP method (0.0228Å) is slightly higher than 0.02Å (referred
to the acceptable maximum). For HgCl, the QCISD method gave a good approximation
for the Hg-Cl bond length, with absolute deviations of 0.008Å (1992 Stevens‘ basis set)
and 0.0261Å (CRENBL basis set), while the B3LYP method produced higher errors in the
Hg-Cl bond length (0.0678 and 0.0434Å for 1992 Stevens‘ and CRENBL basis sets,
respectively). This can indicate that the B3LYP method poorly approximates geometric
optimisation for HgCl. Regarding the optimised structure of HgCl 2, all deviations of Hg-Cl
bond length are higher than 0.02Å. However, the absolute deviation for the optimised
Hg-Cl bond length obtained from B3LYP/CRENBL (0.0434Å) is less than that obtained
from QCISD/1992, while the B3LYP/1992 combination has the highest absolute error.
Compared with the reaction enthalpy for this reaction, it can be shown that both
QCISD/1992 and B3LYP/CRENBL levels generate similar absolute errors, indicating that
B3LYP/CRENBL

is

likely

to

produce

reliable

results.

Although

the

B3LYP/1992

combination produced the highest errors in reaction enthalpy (27.95kJ/mol), this
calculation had significantly shorter computational time. Therefore, the B3LYP method
was used for this reaction and other interactions between mercury and other flue gas
components (O2, NOx and SO2).
As only two species are involved in both directions this bimolecular process can be
modelled using TST. As shown for the reaction between HgCl and HCl, the spin
multiplicity of Cl-Hg-Cl-Cl is a doublet. To generate a potential energy surface for the
reaction, the Cl-Hg bond length was fixed at 2.4899 and 2.4734Å for B3LYP/1992 and
B3LYP/CRENBL levels respectively, which are optimised bond lengths of HgCl. Therefore,
the potential energies of the reaction are a function of Hg-Cl and Cl-Cl distances. Figure
2.31 and 2.32 show the potential energy surface of the reaction calculated at
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B3LYP/1992 and B3LYP/CRENBL levels, respectively. As a result, the transition structure
of the reaction has been located at a Hg-Cl bond length of 2.64Å and a Cl-Cl distance of
2.59Å for the B3LYP/1992 level. A Hg-Cl bond length of 2.6Å and a Cl-Cl distance of
2.57Å were generated using the B3LYP/CRENBL level.
Transition structures obtained here present more than one imaginary frequency,
indicating that there are higher-order saddle points, and no desired transition structure
connecting two minima (Foresman and Frisch, 1996). This may result from a fixed Cl-Hg
bond length used to calculate the potential energy surface. In fact, as the reaction
proceeds, bond lengths and angles of Cl-Hg-Cl-Cl change with time. Therefore, the Berny
algorithm program, mentioned previously, was used to locate transition structures. Due
to a convergence failure in geometric optimisation using the B3LYP/CRENBL level, one
transition structure was obtained from the B3LYP/1992 level, as shown in Figure 2.33. It
can be clearly seen that the transition structure was not linear.
Based on TST, the temperature-dependent rate constant of the reaction obtained from
the B3LYP/1992 level can be expressed as:

k forward  3.063 1011e

490
T

and

kreverse  8.663  1017 e

12621
T

Figure 2.34 shows the variation of rate constant in relation to temperature. It can be
seen that at low temperatures the forward rate constant of the reaction is much higher
than that of the reverse one, indicating that a stable oxidised form of mercury (Hg 2+) is
favoured at a lower temperature. The rate constant in both directions increases as
temperature increases. However, the rate constant in the reverse direction was much
faster than that in the forward direction. Furthermore, both rate constants should be
equal as temperature reaches around 800K.
2.1.2.3 Mercury oxygenation
In this work, the interaction between mercury and oxygen was also studied to determine
mercury oxidation in flue gases. Although mercuric oxide (HgO) exists as a solid at
ambient temperature, it was assumed that mercury may react with oxygen directly to
produce gaseous HgO in the post-combustion environment and the mechanisms of these
reactions are similar to that of mercury oxidation via chlorine, shown as:
Hg+O+MHgO(g)+M
Hg+O2HgO(g)+O
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Both 1992 Stevens‘ and CRENBL basis sets were used to represent mercury, while the 6311++G(3df,3pd) basis set was used to describe oxygen. The QCISD and B3LYP
methods were used for the Hg+O and Hg+O2 reactions, respectively.
a. Hg+O+MHgO+M
As shown in the equilibrium discussed in Section 2.1.2.1a, this reaction in the reverse
direction is unimolecular and thus RRKM theory was applied to calculated its rate
constants over the temperature range 298-773K. The potential energy for the
decomposition of HgO varies with Hg-O bond stretching on a reaction path to the
products, as shown in Figure 2.35. It is apparent that there is no chemical barrier
between reactants and products at the two levels.
The reverse reaction can be defined as a barrierless unimolecular reaction. In this work,
35kJ/mol was set to represent the excess potential energy V(r) at r∞. According to the
minimum sum of states criterion mentioned in Section 2.1.2.1a, the transition structure
of the decomposition of HgO locates at a Hg-O distance of 3.31 and 2.58Å for the
QCISD/1992 and QCISD/CRENBL levels, respectively. As a result, rate constants for
decomposition of HgO over the temperature range 298-773K are plotted in Figure 2.36
and can be expressed:
HgO
kuni
 9.908 108 e

HgO
uni

k

 9.510 10 e
8

27564
T

15563
T

using QCISD/1992;

using QCISD/CRENBL;

From Figure 2.36, it can be seen that the reverse rate constant for the decomposition
reaction at room temperature is very low, but as temperature increases the rate
constant also increases. This could indicate that HgO may be directly decomposed to
produce mercury and oxygen over the temperature range 298-773K. It should be noted
that results were based on the assumption that HgO is a gas. However, the fact is HgO
may exist in the gas phase at temperatures above 773K (Lide, 2008).
b. Hg+O2HgO+O
As with the reaction described in Section 2.1.2.1b, the Hg-O-O species, representing
both reactions and products, has two different spin multiplicities (singlet and triplet) and
thus the potential energy surface of the reaction needs to be constructed from the single
energies of the structure calculated at the two spin multiplicities. It was assumed that
mercury approaches one oxygen atom linearly along the reaction coordinate. Therefore,
the potential energy of the reaction varies with both Hg-O bond formation and O-O bond
stretching on the reaction path to the products via a transition structure. As the
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B3LYP/1992 level failed in searching for lower energy points during calculations, the
potential energy surface of the reaction was only obtained from the B3LYP/CRENBL level
shown in Figure 2.37. The transition structure of the reaction is located at a Hg-O
distance of 2.52Å and a O-O distance of 2.46Å.
It was found that the structure located in Figure 2.37 produced three imaginary
frequencies (-499.02, -83.80 and -29.18 cm-1), indicating that it is a high-order saddle
point rather than a desired transition structure connecting two minima. Examination of
the normal modes corresponding with the imaginary frequencies is an alternative
approach to determine the initial assumption of reaction coordinates. Figure 2.38 shows
the standard orientation for the structure and the normal modes related to the imaginary
frequencies. In the standard orientation, all three atoms are situated on the Y-axis, and
the plane of the structure coincides with the YZ-plane. It is important to note that both X
and Z coordinates for all three atoms should be zero, as mercury approaches an oxygen
atom linearly. For these normal modes, however, the two oxygen atoms undergo the
vast majority of the vibration. This means that mercury approaches an oxygen atom at a
specific angle as the reaction proceeds.
Figure 2.39 shows the bond lengths and bond angles of the transition structure (TS) for
the reaction calculated at B3LYP/1992 and B3LYP/CRENBL levels. Trigonal planar
structures were located using the Berny algorithm built into the Gaussian 03W program,
and present only one imaginary frequency, proving that they are a true transition
structure. Afterwards, the intrinsic reaction coordinate (IRC) calculations were also
carried out to determine whether the transition structures connect the reactants and
products.
Figure 2.40 shows the variation of energy with the reaction coordinate accomplished by
the IRC calculations. These calculations were automatically terminated as minima were
obtained. It is apparent that the transition structure certainly connects two structures (I
and II) having the lowest energy, along with the transition structure from which the IRC
began. In structure I, the O-O bond length is smaller than that in the TS and structure II,
while the Hg-O distance is longer than that in the TS and structure II. The structure is
expected to be mercury and oxygen gas. In structure II, a HgO-like structure was found,
with the Hg-O bond length of 1.9943 and 1.9546Å for the B3LYP/1992 and
B3LYP/CRENBL levels respectively, and the O-O bond has lengthened with respect to the
TS. Both changes should be considered as the Hg-O bond forming and O-O bond
stretching.
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According to TST, the rate constant of the reaction over the temperature range 298773K can be expressed as:

k forward  5.091 10 e
11

51009
T

and k reverse  6.399 10 e
10

8074
T

using B3LYP/1992;

k forward  7.796 1011 e

51597
T

and k reverse  4.807 1010 e

7885
T

using B3LYP/CRENBL.
Figure 2.41 shows the theoretical rate constant of the reaction obtained from both levels.
It can be seen that the results calculated at both levels are in agreement with each other
and show that with an increase in temperature, the rate constant in both directions
increases. Furthermore, in the temperature range of 298-773K, the rate constant in the
forward direction is much lower than that in the reverse direction, although it increases
faster than the reverse one. This indicates that the reverse reaction is favoured in the
low temperature range.
2.1.2.4 Mercury and NOx interaction
In this work, the interaction between mercury and nitrogen oxides (NO x) was also
investigated. Possible reaction equilibria are shown below:
Hg+NOHgO(g)+N
Hg+NO2HgO(g)+NO
Both elemental reactions are classified as bimolecular processes and thus TST was used
for calculating their rate constants in the temperature range of 298-773K. Both 1992
Steven‘s and CRENBL basis sets were used for representing mercury and the 6311++G(3df,3pd) basis set for nitrogen and oxygen in combination with the B3LYP
method.
a. Hg+NOHgO+N
The reaction between mercury and nitrogen oxide was examined. In agreement with the
reaction described in Section 2.1.2.2b, the Hg-O-N structure representing the reactants
and products also has two different spin multiplicities (doublet and quadruplet) as the
reaction proceeds. During calculations, the B3LYP/CRENBL level failed in searching for
lower energy points along with the reaction coordinates. As a result, the CRENBL basis
set was no longer used for generating a potential energy surface of the reaction. It was
assumed that mercury approaches the oxygen atom linearly as the forward reaction
proceeds. Figure 2.42 shows the potential energy surface of the reaction calculated at
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the B3LYP/1992 level, based on this assumption. A possible transition structure of the
reaction has been located at a Hg-O distance of 2.80Å and a O-N distance of 2.57Å.
Again, the structure found also produced more than one imaginary frequency (-259.78
and -110.27cm-1), indicating that as the reaction takes place mercury should approach
oxygen at two distinct certain angles. This was proved by examining the normal modes
corresponding with the two frequencies, as described in Section 2.1.2.3b. Therefore,
trigonal planar transition structures calculated at both B3LYP/1992 and B3LYP/CRENBL
levels were obtained from the Berny algorithm program, as shown in Figure 2.43.
Subsequent determinations using both frequency and IRC calculations show that the two
structures found show only one imaginary frequency (-112.4999 and -113.4989cm-1 for
the 1992 Stevens‘ and CRENBL basis sets, respectively) and connect two minima, which
would be expected as reactants and products.
Based on TST, the rate constants of the reaction in the temperature range of 298-773K
were obtained and can be expressed as:

k forward  2.721 10 e
12

75118
T

and

kreverse  6.991 10 e
11

3117
T

using B3LYP/1992;

k forward  5.824 10 e
12

87097
T

and

kreverse  2.128 1012 e

8503
T

using B3LYP/CRENBL.
Figure 2.44 shows the variation of rate constant with temperature. It can be seen that
the forward rate constant is much lower than the reverse one, indicating that the
reaction in the reverse direction is also favoured in a lower temperature range.
Furthermore, both rate constants calculated at B3LYP/1992 level are slightly higher than
that calculated with B3LYP/CRENBL level. As temperature increases, both forward rate
constants increase significantly, as expected.
b. Hg+NO2HgO+NO
The elemental reaction studied here can be considered as mercury oxidation by nitrogen
dioxide (NO2) in flue gases. As only two species are involved in both forward and reverse
directions this reaction undergoes a bimolecular process. Furthermore, the spin
multiplicity of both reactants and products (doublet) does not vary with the reaction
coordinate. However, for chemical systems having more than three atoms, it should not
be able to create a potential energy surface that includes all variables (bond lengths,
bond angles and dihedrals). Fixing one of the variables and changing others may mislead
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and generate a false transition structure. Therefore, the Berny algorithm followed by the
IRC calculations was used to identify a desired transition structure. It was assumed that
mercury approaches one oxygen atom lineally, as the reaction proceeds in the forward
direction. As the B3LYP/CRENBL level failed to find an optimum geometry, the transition
structure for the reaction was only obtained from the B3LYP/1992 level, as shown in
Figure 2.45.
Based on TST, the rate constant of the reaction calculated at B3LYP/1992 level can be
written as

k forward  6.019 10

64

e

943
T

kreverse  8.471 10 e
9

and

811
T

The theoretical rate constant for the reaction in the temperature range between 298 and
773K is shown in Figure 2.46. It is apparent that the rate constant in the forward
direction is much lower than that in the reverse one. Furthermore, as temperature
increases both rate constants decrease slightly. This indicates that the reaction does not
appear to be affected by temperature.
2.1.2.5 Mercury and sulphur-species interaction
Examination of the rate constant for mercury oxidation by sulphur-species was also
carried out. The interaction between mercury and sulphur-species are shown as:
Hg+S+MHgS(g)+M
Hg+SO2HgO(g)+SO
HgO+SO2HgS(g)+SO3
For the Hg+S reaction, it was assumed that mercury may react with sulphur directly to
form gaseous HgS in the combustion of coal, although this sulphide is a solid at ambient
conditions. Both QCISD/1992 and QCISD/CRENBL combinations were used for geometry
optimisation and energy calculations. However, the two reactions, Hg+SO 2 and
HgO+SO2, contain large number of electrons. This can lead to extremely high
computational levels and abnormal terminations in energy calculations when the QCISD
method was used. As a result, the B3LYP method was used for both Hg+SO 2 and
HgO+SO2 reactions.
a. Hg+S+MHgS+M
The reaction between mercury and sulphur is unimolecular and thus RRKM theory was
used to calculate the rate constant for decomposition of HgS, HgS(g)+MHg+S+M. Due
to convergence failure of geometry optimisation performed at the QCISD/CRENBL level,
the variation of potential energy with the Hg-S bond length was obtained using the
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QCISD/1992 combination, as shown in Figure 2.47. It is apparent that there is no
chemical barrier existing between the reactant and products. Therefore, this reaction is a
barrierless unimolecular reaction. Excess potential energy was set as 35kJ/mol for V(r)
at r. According to the minimum sum of states criterion mentioned in Section 2.1.2.1a,
the transition structure of the decomposition reaction was found at a Hg-S bond length
of 3.31Å.
The rate constant for decomposition of HgS in the temperature range of 298-773K is
plotted in Figure 2.48 and can be expressed:

kQCISD / 1992  2.506 10 e
9

14744
T

From Figure 2.48, it can be seen that the reverse rate constant for the reaction at room
temperature is very low, but as temperature increases the rate constant also increases.
This could indicate that HgS may be directly decomposed to produce mercury and
sulphur over the temperature range 298-773K. It should be noted that the results
calculated were based on the assumption that HgS exists in the gas phase.
b. Hg+SO2HgO+SO
The interaction between mercury and sulphur dioxide (SO2) is a bimolecular process. As
with the equilibrium described in Section 2.1.2.1b, the spin multiplicity of the reactions
(singlet) does not vary with reaction coordinate and thus the potential energy surface
can be generated from one single energy calculation. However, the chemical system
contains four atoms that could cause incorrect location of the transition structure.
Therefore, the Berny algorithm was used to find a desired transition structure. As the
B3LYP/1992 level failed in the convergence of geometry optimisation, the transition
structure having only one imaginary frequency was obtained using B3LYP/CRENBL, as
shown in Figure 2.49.
Based on TST, the rate constant for mercury oxidation with SO2 over the temperature
range 298-773K and can be written as

k forward  2.158 10 e
15

682
T

and

kreverse  4.258 10 e
9

11049
T

Figure 2.50 shows the theoretical rate constant of the reaction in the temperature range
of 298-773K. It can be seen that the rate constant in both directions are relatively high.
This indicates that Hg0 can be significantly oxidised to Hg2+ in the presence of SO2. As
temperature increases, the reverse rate constant dramatically decreases, whereas the
forward one increases marginally in comparison. This could imply that the content of
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elemental mercury will be significantly reduced at high temperatures in the presence of
SO2.
c. HgO+SO2Hg+SO3
In flue gases, oxidised mercury species may be converted back to its elemental form.
Reactions in this section present the formation of Hg0 from interaction between HgO
(assumed to be gaseous) and SO2 (Galbreath and Zygarlicke, 2000). As this system
contains five atoms, the Berny algorithm was used to locate a transition structure on the
reaction pathway. As the B3LYP/1992 level failed to find the optimum geometry, the
transition structure for the reaction was only obtained from the B3LYP/CRENBL level
shown in Figure 2.51.
Based on TST, the rate constant for the reaction taking place between HgO and SO 2 in
the temperature range 298-773K were obtained from the B3LYP/CRENBL level and can
be expressed as

k forward  9.660 10 e
12

40770
T

and

k reverse  4.489 10 e
16

931
T

Figure 2.52 shows the theoretical rate constants of the reaction in the temperature
range of 298-773K. It can be seen that the rate constants in both directions are very
high; as temperature increases, the rate constant in the forward direction dramatically
decreases, whereas the reverse one slightly increases. This could indicate that at low
temperatures, HgO is easily reduced to elemental mercury in the presence of SO 2. This
suggests that increasing the temperature could prevent the reduction of Hg2+ to Hg0.
2.1.2.6 Chlorine-species interactions
In this work, the interaction between chlorine species was also considered for completing
the mechanisms of mercury chlorination in flue gases. The largest Pople style basis set,
6-311++G(3df,3pd), was used for describing both hydrogen and chlorine in combination
with the QCISD method.
a. Cl+Cl+MCl2+M
This unimolecular reaction typically represents the formation of Cl 2 during coal
combustion. RRKM theory was used to calculate rate constants for the decomposition of
Cl2, over the temperature range of 298-773K. As only two atoms are involved in the
system the reaction coordinate of the unimolecular reaction is the Cl-Cl bond stretching.
Figure 2.53 shows the potential energy curve for the decomposition reaction. It is
apparent that this reaction does not have a well-defined energy maximum. Therefore,
the minimum sum of states criterion mentioned in Section 2.1.2.1a was applied to locate
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the microcanonical transition structure and 35kJ/mol was set for excess potential energy
V(r) at r∞.
The

transition

structure

of

the

decomposition

reaction

using

the

QCISD/6-

311+G(3df,3pd) combination was found to occur for a Cl-Cl distance of 3.482Å. The
predicted rate constants of the unimolecular reaction are plotted in Figure 2.54 and can
be expressed as:

k

Cl2
uni

 1.936 10 e
9

35270
T

As shown in Figure 2.54, the decomposition of Cl 2 is quite slow, although the rate
constants increase with temperature. However, it also needs to be noted that as the
formation of Cl2 is favoured, the atomic Cl content in any given flue gas will decrease.
Therefore, the distribution of mercury chlorination by both atomic Cl and molecular Cl 2
should be evaluated.
b. H+Cl+MHCl+M
The elemental reaction between hydrogen and chlorine to generate HCl could be
fundamental in coal combustion. The reaction is very similar to the decomposition of Cl 2
discussed

above.

The

potential

energy

curve

for

the

unimolecular

reaction,

HCl  M  H  Cl  M , is presented in Figure 2.55. Using a similar approach to Section
2.1.2.1a for locating the transition structure, an H-Cl distance of 2.741Å was found to
satisfy the selection criteria. The predicted rate constants of the reaction are plotted in
Figure 2.56 and can be expressed as

k

HCl
uni

 1.029 10 e
8

52199
T

As shown in the previous reaction, the reverse rate constant for the reaction is very slow
and increases as temperature rises. However, atomic Cl is combined with hydrogen to
form HCl, which results in the reduction of atomic Cl in flue gases. Therefore, further
investigation should be taken for the distribution of mercury chlorination by both atomic
Cl and HCl.
c. H+Cl2HCl+Cl
In the presence of hydrogen and chlorine gas, this elemental reaction may occur during
coal combustion. As both HCl and Cl are products in this reaction and have the ability to
convert Hg0 to Hg2+, it is likely that the reaction could promote mercury chlorination. As
presented in the reaction formula, it is a bimolecular reaction and TST can be used to
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calculate its rate constants. The potential energy surface of the reaction is dependent on
both H-Cl bond forming and Cl-Cl bond stretching is shown in Figure 2.57.
The transition structure of the reaction calculated using the QCISD/6-311+G(3df,3pf)
combination was found for a stretched Cl-Cl bond of 2.1Å and an H-Cl bond of 1.9Å.
According to TST, the rate constants calculated over the temperature range 287-773K
are plotted in Figure 2.58 and can be expressed as:

k forward  1.324 10 e
13

215
T

and

kreverse  3.215  10 e
12

26138
T

It can be seen from Figure 2.58 that as temperature increases the reaction rate
constants in the both directions increase; furthermore, the rate constant in the forward
direction is much higher than that in the reverse one, although it increases with
temperature slower than the reverse one. This could imply that the reaction is favoured
in the forward direction to produce HCl and Cl that can promote mercury chlorination.
2.1.3 Summary
In this section, fourteen major homogeneous reactions taking place between gaseous
elemental mercury and flue gas components (HCl, Cl2, O2, NOx and SO2) have been
studied. Rate constants were calculated over the temperature range 298-773K that are
typically found in a post-combustion environment. Ab initio methods of quantum
chemistry were used for these calculations in combination with either RRKM theory or
TST for unimolecular and bimolecular reactions respectively. Two combinations of
methods and basis sets, QCISD/1992 and QCISD/CRENBL, were validated from
approximately 200 method/basis sets via comparison of molecular structure and reaction
enthalpy at 298K.
Seven elemental reactions between mercury and chlorine-species (HCl, Cl and Cl2) were
evaluated for the chlorination of mercury. Non-mercury elements were described using
the largest Pople style basis set, 6-311++G(3df,3pd).
It was found that HgCl is an unstable oxidised form of mercury and can be quickly
converted back to Hg0, particularly at high temperatures; furthermore, the conversion of
HgCl from HgCl2 was shown to be faster than the formation of HgCl 2. Both rate constants
increase as temperature rises. It is likely that Hg2+ is dramatically reduced to Hg 1+ with
an increase in temperaturesuggesting that low temperature environments can restrain
the reduction of Hg2+ to Hg1+ or, even Hg0 in flue gases. Based on the assumption that
both HgO and HgS exist in the gas phase between 298 and 773K, the decomposition of
gaseous HgO and HgS was also evaluated using the QCISD/1992 and QCISD/CRENBL
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combinations. These results indicate that HgO (or HgS) may be directly decomposed to
produce Hg0 and oxygen (or sulphur) over the temperature 298-773K.
Due to the extreme computational effort required during large calculations, the QCISD
method was subsequently replaced with the B3LYP method. For the interaction between
Hg0 and O2, results obtained from both B3LYP/1992 and B3LYP/CRENBL levels were in
agreement with each other, and show an increase in both rate constants as temperature
rises. Studies on the interaction between Hg 0 and NOx were also investigated using
Hg+NO and Hg+NO2 reactions. It was found that the reduction of HgO to Hg0 is favoured
at temperatures between 298 and 773K, and the rate constant for the formation of HgO
is much lower than that of HgO decomposition. Regarding the interaction between Hg 0
and SO2, the calculated results show that the rate constants in both directions are
relatively high; as temperature rises, the rate constant for the formation of Hg 0
dramatically decreases, whereas the

formation

of HgO increases marginally in

comparison with that of Hg0. This indicates that Hg0 can be significantly oxidised to Hg2+
at high temperatures in the presence of SO2.
To understand the formation of Hg0 in the presence of flue gases, interactions between
HgO and SO2 were also determined. It was found that at low temperatures, HgO is easily
reduced to elemental mercury in the presence of SO2, indicating that increasing
temperature could be one of approaches to prevent the reduction of Hg 2+ to Hg0.
Three chlorine reactions were studied to understand the influence of the interactions
between flue gases on mercury oxidation, including Cl+Cl, H+Cl and H+Cl 2. Results show
that the decomposition of Cl 2 and HCl is very slow, whereas the formation of HCl in the
H+Cl2 reaction is very quick. This indicates that the formation of Cl 2 and HCl is favoured
at temperatures between 298 and 773K, providing more HCl and Cl that can promote
mercury chlorination.
2.2 Heterogeneous reactions
To determine mercury oxidation by fly ash constituents, unburned carbon (UBC) and
three oxides (CaO, Fe2O3 and MnO2) were subjected to study in this work. UBC, CaO and
Fe2O3 are commonly found in fly ashes, while MnO2 has been shown to convert
compounds from low electronic states to high electronic states and may prove to be a
useful sorbent material. To study heterogeneous reactions, cluster approaches were
used in this work to obtain binding energies, which is defined as the difference in energy
between the complex (adsorbent-adsorbate system) and its component parts (both
adsorbent and adsorbate).
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In cluster approaches, a solid (or crystal) is described by using an appropriate number of
atoms, which must be present in a periodic module to avoid destroying the equivalence
of the atoms arranged in the crystalline solid (Jug and Bredow, 2004). In general, there
are two types of clusters used for studying crystalline solids in quantum chemistry,
saturated and embedded clusters. Saturated clusters are normally used for those with
covalent bounds such as graphite and silica. In these clusters, hydrogen is commonly
used for saturating surface atoms to eliminate their outer free valences, which may lead
to instability of cluster structures (Jug and Bredow, 2004). Embedded clusters are
usually considered for ionic solids (e. g. CaO, Fe2O3 and MnO2 in this work). In
embedding methods, the cluster is surrounded by a finite number of pseudoatoms with
the same basis set as the corresponding real atoms in the cluster, but basis functions of
pseudoatoms are not involved in the Fock matrix explicitly and do not extend the size of
the Fock matrix (Bredow et al., 1996). Pseudoatoms only modify matrix elements of real
cluster atoms by adding correction terms, including long-range electrostatic effects and
sort-range repulsions (Bredow et al., 1996; Jug and Bredow, 2004).
2.2.1 Unburned carbon
In this work, it was assumed that the structure of unburned carbon (UBC) is similar to
that of graphite (Byrne and Marsh, 1994). Before determining binding energies of
mercury on a graphite surface, it was crucial to select an appropriate binding site. For
practical purposes, the clusters of graphite used only contain a single layer (known as
graphene). Figure 2.59 shows two saturated clusters of graphite corresponding to zigzag
and armchair edges for simulating different adsorption sites on a UBC surface in this
work. C25H9 and C24H8 have been determined as the most suitable cluster yielding
parameters in excellent agreement with the experimental data (geometry, bond
parameters and frequency) (Chen and Yang, 1998).
2.2.1.1 Basis set analysis
As the carbonaceous clusters studied contain a large number of electrons, accurate and
cost-effective combinations between methods and basis sets first need to be determined.
The 6-31+G(d) basis set has the minimum requirements for treatment of weak
intermolecular interactions such as gas adsorption (Lushington and Chabalowski, 2001).
Therefore, three Pople style basis sets built in to the Gaussian 03 program were used, 321G, 6-31G(d) and 6-311+G(d). These basis sets represented carbon and hydrogen
atoms in the saturated clusters combining the HF and B3LYP methods as suggested from
previous studies (Lushington and Chabalowski, 2001; Montoya et al., 2002; Racca and
Bauschlicher, 2006).
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The basis sets used in this work are present in different levels of mathematical functions
contracted. The 3-21G basis set could be considered as a minimum of the Pople style
basis sets. It contains a contraction of three PGTOs (primitive Gaussian type orbitals)
representing core orbitals and three PGTOs for valence orbitals split into two parts, two
for the inner and one for the outer. The selection of the 6-31G(d) and 6-311+G(d) was
typically based on the minimum basis set suggested for modelling (Lushington and
Chabalowski, 2001). Comparatively, the 6-31G(d) does not include one set of diffuse spfunctions denoted by +, while the more extensive 6-311+G(d) basis splits the valence
into three functions, represented by three, one and one PGTOs, respectively. Among
these levels, only the HF/3-21G and B3LYP/6-31G(d) level have been calculated for the
cluster C25H9 and considered as the most accurate/cost-effective method (Chen and Yang,
1998). All dihedral angles in the two optimised clusters are either 0.0° or 180.0°. This
can indicate that the two carbonaceous clusters used still fit into a single layer of
graphite.
To determine the accuracy and cost-effectiveness of this work, an average absolute
deviation was used, as shown in Figure 2.60. It can be seen that all levels have similar
deviation in the C-C bond length and C-C-H bond angle. However, both 6-31G(d) and 6311+G(d) basis sets when the B3LYP method was used produced the maximum errors in
both C-H bond length and C-C-C bond angle, indicating that they do not perform better
on geometry in combination with the B3LYP method. Furthermore, the B3LYP/3-21G
level yields a relatively high deviation in the C-H bond length, although it introduces the
lowest error in the C-C-C bond angle. Regarding combinations between the HF method
and three basis sets, they present more accurate results, particularly the HF/3-21G level
producing the lowest errors in the C-H bond length and C-C-C bond angle. Besides, the
two combinations, HF/6-31G(d) and HF/6-311+G(d), seem to be on the same level of
geometry optimisation as their results are quite closer. Therefore, the HF method was
subsequently used. The HF/6-31G(d) combination was also eliminated from this work, as
higher levels of basis sets should provide more reliable energy calculations. In this work,
both HF/3-21G and HF/6-311+G(d) were initially selected for modelling graphene and
mercury sorption to it.
In order to remain consistent with homogeneous reactions studied previously, the 1992
Stevens‘ basis was employed to represent mercury in combination with the HF method
for this work. This is because the computational effort required by the 1992 Steven‘s
basis is much lower than that of the CRENBL basis, based on the previous calculations of
the homogeneous reactions.
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However, as mentioned above, the two clusters used are quite large and may lead to
extremely high computational cost in energy calculations when mercury is also involved.
It has been suggested that small levels of theory should meet the accuracy requirement
when larger clusters are employed (Jug and Bredow, 2004). To examine that, the
variation between energy of the two clusters with the Hg-C distance is shown in Figure
2.61. It is shown that under the same method large basis sets can dramatically improve
the internal energy of the systems studied, but required much longer computational time.
For this preliminary work, the HF/3-21G should be acceptable in both reliability of the
calculated results and computational cost. The two clusters have differing energy
performance. As the Hg-C distance increases from the equilibrium state, in which the
systems have the lowest energy, an energy barrier appears on the energy curve of the
C25H9Hg complex and its height is dependent on the size of the basis sets used, while the
C24H8Hg complex presents a barrierless curve. This could indicate that the two
carbonaceous clusters may have different mercury adsorption abilities.
2.2.1.2 Binding energy calculations
The energy between two atoms is considered as the lowest energy that a system needs
to disassemble its components parts. As mentioned in section 2.2, binding energies can
be obtained from the difference in energy between the complex (adsorbent-adsorbate)
and its component parts (both adsorbent and adsorbate). Therefore, physical and
chemical adsorption can be numerically distinguished from adsorption energy (positive
value of binding energies). If the adsorption energy is in the range of 10-30kJ/mol,
indicating that the attractive force between the adsorbent and adsorbate is weak, the
adsorption is a physical process. If the adsorption energy is in the range of 50960kJ/mol, indicating that there is a strong attractive force between the adsorbent and
adsorbate, the adsorption is a chemical process (Guo et al., 2007).
Figure
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active/adsorption site on the (a) zigzag and (b) armchair carbon clusters. For convenient
purposes, in this work it was assumed that mercury and the clusters are located in the
same plane, and mercury is perpendicular to the edges as it approaches one of the
unsaturated carbons, although other possibilities of the adsorption processes also exist.
In order to consider binding energies, the geometries of the two complexes, C 25H9Hg and
C24H8Hg, were optimised first using the HF method to locate the stable structure having
the lowest energy. The 1992 Steven‘s basis was used for representing mercury and the
3-21G basis was used for both carbon and hydrogen. Examination of the binding
energies was carried out at 298, 323, 373, 473, 573, 673 and 773K to investigate the
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effects of the temperature on the adsorption of mercury onto a UBC surface. It is
important to note that the bonding energies calculated could be overestimated by the
basis set superposition error (BSSE), as the intermolecular interactions in an adsorption
system are usually weak. The overestimated energies were obtained from the
counterpoise correction method provided by the Gaussian 03 program. It has been found
that the C-Hg distance of the complexes and the BSSE do not vary with temperature.
Table 2.11 shows the C-Hg distances (Å) and mercury binding energies (kJ/mol) at 298K
associated with the clusters from Figure 2.59. It can be clearly seen that mercury
favours adsorption on the zigzag edge cluster, with the C-Hg distance of 2.307Å
compared with that of the armchair edge cluster (6.1599Å). This can indicate that the
zigzag edge of a UBC surface provides a strong force to attract mercury onto it.
Figure 2.63 shows the effects of temperature on mercury adsorption on both clusters. It
can be seen that as temperature increases the corrected binding energy raises,
indicating that the adsorption energy (the negative value of binding energies) decreases.
As a result, at high temperatures mercury adsorbed on a UBC surface starts desorbing.
The appropriate temperatures for mercury adsorption on the UBC are below 373K.
2.2.2 Calcium oxide
Calcium oxide (CaO) is one of the constituents commonly found in fly ashes. It has a
face centred cubic (fcc) structure of sodium chloride (NaCl) with the lattice constant (a0)
of 4.8105Å, which is referred to the constant distance between unit cells in a crystal
lattice (Wyckoff, 1963). To calculate binding energies of mercury on the CaO (001)
surface, three embedded clusters (Ca5O5Ca*12, Ca9O9Ca*16 and Ca13O14Ca*25) were used
for describing CaO bulk at different levels, as shown in Figure 2.64. Ca* represents the
calcium atoms used for embedding the oxygen atoms in the clusters. Both calcium and
oxygen ions were described with the LANL2DZ basis set to remove the spurious
polarisation effects using a core effective core potential as suggested from previous
studies (Valentin et al, 2004 and 2006; Sasmaz and Wilcox, 2006, Xin et al., 2009). The
1992 Steven‘s basis set was used for representing mercury in combination of the
Hartree-Fock (HF) method in order to compare with the adsorption of mercury on the
graphene clusters studied. In this work, it was assumed that mercury approaches an
oxygen atom perpendicularly to the basal surface (001) of CaO, as shown in Figure 2.65.
Figure 2.66 shows the variation between energy of the three clusters with the Hg-O
distance. As the distance between mercury and oxygen atoms increases from 0.5Å
(presumed to be very close to each other) to infinity (separated at rest) the energy of
the desorption systems dramatically decreases to the lowest value at the Hg-O distance
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of about 1.0Å, signifying that the systems are in an equilibrium state (the attractive and
repulsion forces on the mercury atom are in balance). At the Hg-O distance of around
3.0Å, the systems attain another equilibrium state, at which the energy is in general
higher than that of the previous one. Afterwards, the energy rises monotonically until no
force acts on the mercury atom. The two equilibrium states occurring during desorption
are believed to result from the size of clusters. As indicated in Figure 2.66, with an
increase in the size of the clusters, the lowest energy of the desorption systems
decreases from about -1348 to -3430 Hartree; furthermore, the energy at the second
equilibrium state decreases from about -1329 to -3429 Hartree and is close to that value
obtained at the first equilibrium state.
Table 2.12 shows the Hg-O distances (Å) and mercury binding energies (kJ/mol) at 298K
associated with the clusters from Figure 2.64. It has been found that corrected binding
energies of elemental mercury are -30.321, -32.654 and -33.874 kJ/mol for Ca5O5Ca*12,
Ca9O9Ca*16 and Ca13O14Ca*25, respectively. The calculated results show that the
Ca5O5Ca*12 cluster is the smallest cluster and the Hg-O distance is slightly longer than
that of the other clusters. As a result, the mercury atom is no longer attractive on the
cluster, due to the edge effect (Lu et al., 1998). Furthermore, the binding energies
between the Ca9O9Ca16* and Ca13O14Ca*25 clusters are slightly different (about
1.22kJ/mol).
2.2.3 Ferric oxide
Ferric oxide (Fe2O3) is found in fly ashes. This material can occur in four forms (-, -, -,
and -phases) relevant to difference crystal structures. As a result, -Fe2O3 (hematite)
was subjected to study in this work, as it is the most common form in nature and
laboratory (Rollmann et al., 2004). At ambient conditions, the crystal structure of Fe2O3 is a rhombohedral corundum (Al 2O3) structure (space group D63d or R3c, No. 167 in
the International Table for Crystallography) with value of 5.038 and 13.772Å for the
lattice constants a0 and c0 in the hexagonal unit cell, respectively (Blake et al.,
1966 ;Olsen et al., 1991). Figure 2.67 shows the crystal structure of -Fe2O3 in the
hexagonal unit cell, which contains six formula units (30 atoms in total), and the
remainder of the atoms belong to other cells. In the direction perpendicular to the basal
plane (001), layers of closely packed oxygen atoms alternate with two 1/3 layer of iron
atoms (Batista and Friesner, 2002).
In this work, the basal surface (001) of -Fe2O3 was described with two embedded
cluster (Fe4O6Fe*7 and Fe6O9Fe*9), where Fe* represents the iron atoms used for
embedding the oxygen atoms, as shown in Figure 2.68. The LANL2DZ basis set was used
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for representing both iron and oxygen atoms, while mercury was described with the
1992 Steven‘s basis set. The Hartree-Fock (HF) method was used for calculations. Figure
2.69 shows the adsorption of mercury on the basal surface (001) of the two clusters. It
was assumed that mercury approaches an oxygen atom perpendicularly to the layer
parked oxygen atoms.
Figure 2.70 shows the variation between energy of the two clusters with the Hg-O
distance. Similarly to the desorption of mercury from the (001) surface of CaO studied
previously, as the Hg-O distance increases from 0.5Å to infinity the energy of the two
complexes decreases sharply to the minimum (approximately -2180 and -3203 Hartree
for Fe4O6Fe*7Hg and Fe6O9Fe*9Hg, respectively). However, it has been found that as the
distance continues to increase the energy rises monotonically until the mercury atom
and clusters are separated at rest, without another equilibrium state appearing.
Table 2.13 shows the Hg-O distances (Å) and mercury binding energies (kJ/mol) at 298K
associated with the clusters from Figure 2.68. It can be seen that the binding energy
between elemental mercury and the Fe4O6Fe*7 cluster is -80.354 kJ/mol, which is slightly
higher than that adsorbed on the Fe6O9Fe*9 cluster (about 2.63kJ/mol); furthermore, the
smallest cluster produced a longer equilibrium adsorption distance (2.874Å). Compared
with mercury adsorption on CaO studied, it could suggest that elemental mercury may
adsorb on Fe2O3, due to the relatively high binding energies.
2.2.4 Manganese dioxide
Manganese dioxide (MnO2) is usually found at very low concentrations in fly ashes.
However, due to its high capability of oxidising elements and compounds (Murray, 1974),
it is worth studying the adsorption of mercury on a MnO 2 surface here. Therefore, MnO2 (pyrolusite) was subjected to study in this work. It has the tetragonal structure of
tin dioxide (SnO2) with 4.396 and 2.871Å for the lattice constants a 0 and c0 respectively
(Wyckoff, 1963) and belongs to the space group denoted by P4 2/mnm or D4h14, which is
no. 136 in the International Tables for Crystallography. Figure 2.71 shows the crystal
structure of -MnO2 bulk, which contains eight tetragonal unit cells of -MnO2.
In this work, two embedded clusters (Mn2O4Mn*5 and Mn4O8Mn*8) derived from the MnO2 unit cell indicated in Figure 2.71 (dashed square) were used for simulating the
basal surface (001) of -MnO2, where Mn* represents the manganese atoms used for
embedding the oxygen atoms, as shown in Figure 2.72. Both manganese and oxygen
atoms were described with the LANL2DZ basis set, while mercury was represented by
the 1992 Steven‘s basis set. The Hartree-Fock (HF) method was used for calculations.
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Figure 2.73 shows the adsorption of mercury on the basal surface (001) of the two
clusters. It was assumed that mercury approaches an oxygen atom perpendicularly to
the basal surface (001) of -MnO2.
Figure 2.74 shows the variation between energy of the two clusters with the Hg-O
distance. It can be seen that the energy of the two complexes (Mn 2O4Mn*5Hg and
Mn4O8Mn*8Hg) at 0.5Å is much higher than that at other points. As the Hg-O distance
increases the energy sharply decreases to the lowest value, and then increases
monotonically until desorption completes.
Table 2.14 shows the Hg-O distances (Å) and mercury binding energies (kJ/mol) at 298K
associated with the clusters from Figure 2.72. It is obvious that both clusters used for
adsorbing mercury produced higher binding energies (-1203.354 and -1432.789 kJ/mol
for Mn2O4Mn*5 and Mn4O8Mn*8, respectively), and the binding energy decreases with an
increase in the size of the cluster. Compared with mercury adsorption on UBC, CaO and
Fe2O3, it is quite clear that MnO2 is an effective sorbent to adsorb mercury.
2.2.5 Summary
In this section, the adsorption of mercury on UBC and three model metal oxides (CaO,
Fe2O3 and MnO2) were investigated. Binding energies of the adsorption system were
approximated using ab initio method of quantum chemistry. Different cluster sizes were
used to represent these adsorbents. For the adsorption of mercury on a UBC surface,
two carbonaceous clusters, C25H9 and C24H8, represented the zigzag and armchair edges,
respectively. Three Pople style basis sets, including 3-21G, 6-31G(d) and 6-311+G(d),
were used to describe carbon and hydrogen, while HF and B3LYP methods were assessed
to determine reliable and cost-effective method/basis combinations. The 1992 Stevens‘
basis set was employed to represent mercury.
Using the HF/3-21G combination comparison of the equilibrium bond distance for Hg-C in
both C25H9Hg and C24H8Hg showed that the zigzag edge of a UBC surface provides a
strong force to attract mercury. This may result in greater mercury removal from flue
gases. It was also found that as temperature increased the binding energy increased
(the adsorption energy decreased), effectively indicating that mercury desorbs from a
carbon surface above 373K.
Mercury adsorption on CaO, Fe2O3 and MnO2 was also studied. Non-mercury elements
were described with a LANL2DZ basis set to remove spurious polarisation effects from
core potential. The HF method was used in combination with the LANL2DZ basis set. To
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calculate binding energies of mercury on the CaO (001) surface, three embedded
clusters, including Ca5O5Ca*12, Ca9O9Ca*16 and Ca13O14Ca*25, were used. For binding
energies of mercury on iron and manganese materials two -Fe2O3 (Fe4O6Fe*7 and
Fe6O9Fe*9) and two -MnO2 (Mn2O4Mn*5 and Mn4O8Mn*8) clusters were used. The
binding energies of mercury adsorbed on the metal oxides were calculated at 298K.
Results show that -MnO2 clusters yield the highest binding energies, followed by Fe2O3 clusters and CaO clusters produced the lowest binding energies. This indicates that
mercury can be effectively adsorbed on MnO2 and lesser so on Fe2O3, but is not attracted
to a CaO surface. Furthermore, as the cluster sizes increase, the binding energy
decreases.
3. Experimental work
In the previous section, the interaction between mercury and flue gas components (HCl,
Cl2, O2, NOx and SO2) and the adsorption of mercury onto unburned carbon (UBC) and
three model metal oxides (CaO, Fe2O3 and MnO2) were determined by ab initio methods
of quantum chemistry in terms of temperature-dependent rate constants and binding
energies. It has been found that these gases and solids perform differently towards
mercury oxidation. Therefore, this section presents the experimental setup and data
related to both homogeneous and heterogeneous reactions.
3.1 Homogeneous reactions
For homogeneous reactions, the interaction between mercury and flue gases (N 2, SO2,
O2, NO2 and HCl) was assessed at temperatures of 423, 603 and 773K (150, 330 and
500C). These temperatures were chosen as they are typical of ESP and FGD units
(150C) and SCR units (400-500C). In addition, the temperature of 330C was chosen
to cover the range from 423-773K (Pavlish et al., 2003).
3.1.1 Experimental configuration
A schematic diagram and photograph of the experimental setup for homogeneous
reactions are shown in Figure 3.1 and 3.2, respectively. 45ng/min of elemental mercury
(Hg0) was generated from a Dynacal® mercury permeation device and carried by
nitrogen at a flow rate of 295ml/min. The mercury flow was then mixed with other acid
gases to form a dry mixture of 5%v/v of O2, 1300mg/Nm3 of SO2, 500mg/Nm3 of NO2,
20mg/Nm3 of HCl, 90μg/Nm3 of Hg and N2 in balance (total flow rate of 500ml/min).
Gaseous mercury species generated in the system were analysed using the Ontario
Hydro method (ASTM D6784-02). This method captures different mercury species (Hg 0
and Hg2+) in seven impingers placed in an ice bath. The first, second, and third
impingers contain an aqueous 1N potassium chloride (KCl) solution to collect oxidised
mercury (Hg2+). The fourth impinger contains an aqueous solution of 5% v/v nitric acid
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(HNO3) and 10%v/v hydrogen peroxide (H2O2) for capturing Hg0 and protecting the
subsequent impingers containing potassium permanganate (KMnO 4) from reduction with
SO2. The fifth, sixth and seventh impingers contain an aqueous solution of 4%w/v
KMnO4 and 10%v/v sulphuric acid (H2SO4) for further collection of Hg0. The impinger
train was attached to the outlet of the reaction tube for a 60 minute sample time. This
was repeated 3 times to investigate the accuracy of the experiments. Samples collected
were recovered, digested and analysed for mercury using a cold-vapour atomic
fluorescence spectroscopy (CVAFS) system, according to the procedure of the ASTM
D6784-02. Finally, a mercury mass balance for the system was calculated.
In order to avoid losing mercury from the connection between impingers, ball-and-socket
joints were used, as shown in Figure 3.3. Two gaskets made by polytetrafluoroethylene
(PTFE) were placed on the necks of the inner joint (ball). As the two impingers were
jointed together, the gaskets were effective to prevent leakage from or into the
connection under compression. Due to the disadvantage of using silicone grease that can
capture mercury from the gas stream, the cone and socket of the impingers were joined
using Keck clips outside and PTFE joint sleeves. For homogeneous reactions, it is crucial
to ensure that there was no decrease in the flow rate during experiments. As a result,
nitrogen gas leak testing was performed before and after experiments.
To analyse mercury concentration in an aqueous solution, one of the recommended
approaches in the Ontario Hydro method, a CVAFS system, was used, as shown in Figure
3.4. A certain volume of a liquid sample was injected into the reactor using an automatic
pipette, in which contained a 5ml of 10%w/v stannous chloride (SnCl2) and 10%v/v
hydrochloric acid (HCl) solution. After the sample was injected into the system, Hg2+ in
the reactor was converted back to Hg0, transported to the mercury detector by argon
gas at a flow rate of 500ml/min. The response signal of the detector was recorded every
1.0s. As a result, the concentration of mercury in this sample was obtained by
calculating the signal peak area. In addition, it is important to note that the HCl/SnCl 2
solution needed to be changed for each sample.
3.1.2 Ontario Hydro method
The Ontario Hydro mercury speciation method was developed by Keith Curtis and other
researchers at Ontario Hydro Technologies in late 1994. In 2002, it was designed as a
standard method for analysing elemental, oxidised, particle-bound and total mercury in
flue gases generated from coal-fired power plants (American Society for Testing and
Materials, ASTM D6784-02). The details of the mercury speciation method for studying
the homogeneous reactions in this work are provided in Appendix D.
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3.1.3 Experimental results
Table 3.1 shows the elemental results for the homogeneous reactions at 423, 603 and
773K. The mass of oxidised mercury (Hg2+) measured in the KCl solutions shows that
about 50.6% of elemental mercury (Hg0) have been oxidised at 423K within a 60min
sampling time. As temperature increases to 603K about 51.1% of Hg0 is oxidised,
slightly higher than that measured at 423K. As temperature rises up to 773K from 603K,
approximately 62.0% of Hg0 is oxidised (an increase of about 293.7ng). This suggests
that mercury oxidation by flue gases are favoured at high temperatures (773K).
However, low temperatures (603K) seem not to improve mercury oxidation by flue
gases significantly. It could be concluded that more elemental mercury can be oxidised
by flue gases in SCR units, where the inlet temperature normally is around 773K, while
there is no significant difference in both FGD and ESP units, where the inlet temperature
are normally around 423K.
As the generation rate of mercury and sampling time are known, theoretical percentages
of error (%) shown in Table 3.1 can be calculated by the following equation:
Theoretical percentage of error (%)=

Mtheoretical -Mexperimental
Mtheoretical

where Mtheoretical is the theoretical mass of mercury in the gas flow during experimental
period, which is equal to 2700ng (45ng/min) in this work, while M experimental is the total
mercury obtained, including both Hg2+ and Hg0. The error percentage ranging between
~0.3 and ~28.0% shows that the experimental results should be reliable for the
preliminary tests using the Ontario Hydro method (ASTM D6784-02). It needs to be
noted that the largest source of error in this method was to recover mercury from the
impinger solutions and digest sample solutions for analysing using the self-designed
CVAFS. An advanced mercury analyser also can improve overall data integrity.
3.2 Heterogeneous reactions
Fly ashes produced from coal combustion can react and/or interact with vapour phase
mercury in flue gases. By identifying key reaction sites on the surface of the ash it may
be possible to improve and develop this material for use as a cheap mercury sorbent or
oxidation catalyst for coal-fired power plants. However, the interaction between mercury
and fly ashes are hard to understand, as there are a large number of possible
mechanisms involved. This section

presents data

collected

from

heterogeneous

experiments designed to investigate the processes taking place between gaseous Hg 0
and fly ash constituents.
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3.2.1 Experimental procedure
Fly ashes are residues generated during coal combustion and contain various inorganic
compounds in the form of oxides (Fulekar and Dave, 1986) and a certain amount of UBC
depending on the efficiency of the coal burning process used. Some oxides such as Fe2O3
are believed to have potential to oxidise Hg0 to its stable oxidised form (Hg2+), while
UBC is believed to adsorb Hg0 from flue gases (Hassett and Eylands, 1999; Gibb et al,
2000). As the characteristics of fly ashes can differ from site to site and their
composition can be affected by the combustion conditions of the power plant and the
fuel they burn from one period to another, the three metal oxides studied for modelling,
CaO, Fe2O3, and MnO2, were chosen as model oxides for this work. The three oxides
were analytical reagent-grade with 99% of purity.
Heterogeneous reactions were conducted using the three step procedure shown in Figure
3.5. The first step focused on the interaction of Hg 0 with individual sorbents, including
UBC, CaO, Fe2O3 and MnO2. The UBC used was obtained from a real fly ash sample via a
separation process described in Section 3.2.2.1. The second step aimed to determine the
extent of Hg0 oxidation using individual model oxides in the presence of UBC. Each oxide
was blended with the UBC at a specified mass ratio. The third step tested the possibility
of using the real fly ash sample to reduce mercury content in flue gases. It should be
noted that it is particularly hard to identify individual solids responsible for oxidising Hg0
in the presence of flue gas constituents such as HCl, NO 2, SO2 and O2. This is because
gases, such as HCl and NO2, can also oxidise Hg0 to Hg2+. Therefore, this study only
focuses on the effect of fly ash constituents on Hg0 in the presence of nitrogen (N2), the
primary flue gas component (typically around 80% in flue gases) and is considered inert
towards mercury oxidation.
3.2.2 Sample separation and characterisation
The fly ash sample used for the determination of heterogeneous reactions was produced
from a mechanical separator in a UK coal-fired power plant. The fly ash sample was pretreated and characterised as described below.
3.2.2.1 Separation
The sample was separated into unburned carbon (UBC) and ash (ASH) fractions to avoid
possible interferences. A schematic diagram of the cyclone rig used for this separation is
shown in Figure 3.6. The basic principle of the rig is to pump air through the bottom of a
vertical sample tube and through a fly ash sample; the UBC is generally concentrated at
the top of the sample bed, due to the lower density of the UBC than that of the
remaining solids (ASH). As the UBC particles are lifted to the top of the sample bed they
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are then vacuumed into the cyclone, where the large UBC particles drop into the glass
bottle and the fine UBC particles are captured by a filter.
As particle size of sorbents may significantly affect mercury adsorption capacity (Gibb et
al, 2000), the UBC obtained was dry sieved to six size fractions: 75-100, 100-125, 125160, 160-212, 212-250 and >250µm (labelled UBC_1#, UBC_2#, UBC_3#, UBC_4#,
UBC_5# and UBC_6# respectively), while the ASH sample was screened into two size
fractions, <38 and 38-45µm (labelled ASH_1# and ASH_2# respectively). Figure 3.7
shows photographs of the UBC and ASH samples.
3.2.2.2 Characterisation
This section presents the characterisation of the UBC and ASH samples, including Losson-ignition (LOI), proximate and ultimate analyses, particle size distribution and porous
texture.
3.2.2.2.1. Loss-on-ignition, proximate and ultimate analyses
The LOI value and proximate analyses for the UBC and ASH samples obtained were
measured using a TA Simultaneous DSC-TGA (SDT) Q600 instrument, shown in Figure
3.8. Approximately 20mg of sample was placed in a sample tray inside the furnace. The
temperature profile used for measuring the LOI value and proximate analyses is shown
in Figure 3.9. To measure the LOI value, the samples were heated from ambient
temperature to 378K at a heating rate of 303K/min using nitrogen at a flow rate of
100ml/min, and then isothermally kept at 378K for 30min. Afterwards, the samples were
burned in the furnace by injecting air, where the temperature continued to increase up
to 1078K at 323K/min, and then cooled down after holding isothermally at 1123K for
85min.
Proximate analyses were carried out according to the ASTM C311-07 standard test
method to measure the content of moisture, volatile matter, fixed carbon and ash. The
samples were heated from ambient temperature to 378K at a heating rate of 303K/min
using nitrogen at a flow rate of 100ml/min, and then isothermally kept at 378K for
30min to determine the moisture. They were then heated up to 1078K and kept under
nitrogen at that temperature for 45min to measure the volatile mater content. The
samples were then burned in air for 85min to calculate the fixed carbon content and
subsequently cooled down to obtain the ash content.
The LOI value and proximate analyses for the UBC and ASH samples are shown in Table
3.2. As expected, the LOI value of the UBC samples increases with size fraction, from
44.2 to 93.7%, and conversely the ash content (dry basis) decreases from 54.79 to
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7.96%. Furthermore, both the moisture content and volatile matter (dry basis) in the
UBC samples vary slightly with size fraction. In contrast, the two ASH samples (ASH_1#
and ASH_2#) present a very high ash content (dry basis) of approximately 99%, with a
small proportion of fixed carbon (<0.5%), low LOI values (<0.9%), volatile matter
content (<0.7%) and moisture content (<0.1%). Therefore, the two ASH samples were
considered sufficiently pure to be used for measuring mercury capture/oxidation by the
inorganic constituents present in fly ash.
The results collected from ultimate analysis of UBC and ASH samples are shown in Table
3.3. It can be seen that carbon content increases as UBC particle size increases. This
suggests that larger UBC particle samples may hold a larger number of sorption sites.
Regarding the two ASH samples, as expected nitrogen content is lower than that for the
carbon samples (<0.05%). The carbon content decreases from 2.26 to 0.39% as the
particle size becomes smaller. This shows that both ASH samples are suitable for
determining the heterogeneous reaction taking place between mercury and oxides
present in the fly ash sample. No sulphur was detected in the UBC or ASH samples,
indicating that mercury adsorption on a UBC/ASH surface will not be affected by sulphur.
3.2.2.2.2. Particle size distribution
As the UBC and ASH samples used were manually sieved to obtain different particle size
fractions, it was necessary to measure the particle size distribution in order to verify the
true particle size of these samples. These analyses were conducted using a Malvern
Mastersizer S particle analyser, following the ISO 13320-1:2009 method that can detect
particles in the size range of 0.1µm-3.0mm. This instrument is shown in Figure 3.10. A
certain volume of sample was placed in a dispensing unit filled with distilled water. The
samples in the unit were simply stirred and pumped to the test cell, where a small
helium neon laser was applied for sensing the particles of the samples to generate
scattered light data that were transformed to a distribution of particle size information by
the scattering theory and particle properties (Glatter, 1980).
The particle size distribution curves for the UBC and ASH samples are shown in Figure
3.11. The results presented here were calculated by averaging five analyses for each
sample. It can be clearly seen that no particles less than 30µm or greater than 1000µm
were measured in the UBC samples. Likewise, the majority of particles in the two ASH
samples were found in the size range between 10 and 100µm although a small volume
of particles in the ASH_2# sample was detected in the range of 0.1 to 1.0µm. Particle
size (µm) versus volume accumulated (%) are shown in Figure 3.12.
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As shown in Figure 3.12, the actual proportion of particles occupying its corresponding
size fraction is about 22.7, 19.8, 23.9, 31.4, 21.1 and 94.1% for the UBC_1#, UBC_2#,
UBC_3#, UBC_4#, UBC_5# and UBC_6# samples, respectively. There results were
calculated by the difference of accumulated volumes between the lower and upper limits
of the size fraction. This indicates that UBC particles greater than 250µm are
predominantly present in the UBC_6# sample and particles larger than desired are
present in all the fractions. Regarding the two ASH samples, 64.4% of particles present
in the ASH_1# sample were indeed less than 38µm, while only about 28.8% particles in
the ASH_2# sample were found to be in the desired size fraction.
The particle diameters d10, d50 and d90 were also calculated to express particle size
distribution profiles of the samples, as shown in Table 3.4.The d 10 value is defined as the
particle diameter when only 10% of the particles in the samples are smaller than that
diameter. It was found that for studied fractions, the d 10 measured value was between
the intended lower and upper limits of the size fraction, while the value of d 50 (median
average diameter) was always larger than the intended upper limit of the size fraction.
Therefore, the actual proportion of the UBC particles in the desired size fraction is
relatively low (less than 50%). This may be due to the instrument sensitivity and/or the
agglomeration of smaller size particles resulting from the low stirring speed used.
Furthermore, the residual value (about 1.0%) shows that approximately 99% of the
sample particles introduced into the unit were detected by the laser generated in the test
cell. However, it is concluded that the fractions produced represent a good series of
increasing particle size and therefore can be used in this work to understand the effect of
particle size on mercury adsorption/oxidation.
3.2.2.2.3. Porous texture
It has been reported that the removal of Hg0 vapour by injecting carbon materials, such
as activated carbon (AC) and unburned carbon (UBC), is due to physical and chemical
adsorption occurring in a gas-solid phase (Pavlish et al., 2003). Furthermore, the Hg 0
capture efficiency of these materials is highly dependent on their structure and surface
area. Thus, sample porosity and surface area were examined.
The pore structure and surface area of UBC and ASH samples were measured using a
Micromeritics Accelerated Surface Area and Porosimetry (ASAP) 2010 system. This
instrument consists of an analyser, a control module and an interface controller, as
shown in Figure 3.13. 0.2 to 1.0g of sample was degassed under vacuum and then
heated to 383K for at least 6 hours in order to remove moisture. During the evacuation
processes, slow and fast vacuum were applied to avoid fluidisation and loss of the
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sample. After degassing, the samples were weighted and transferred to the analytical
port for analysis using nitrogen as the adsorbate at 77K.
a. Adsorption-desorption isotherms
Nitrogen adsorption-desorption isotherms at 77K for UBC and ASH samples are shown in
Figure 3.14. These samples present Type IV isotherms, indicating the presence of
mesoporosity (Brunauer et al., 1940). As indicated in Figure 3.14a, the size fraction
increases from the UBC_1# sample to the UBC_3# sample the nitrogen volume adsorbed
at a certain value of P/P0, where P0 is the saturation pressure of N2, rises remarkably,
with increments of approximately 40%. However, the increments are considerably
decreased to below 12%, as the size fraction increases further from the UBC_4# sample
to the UBC_5# sample. Furthermore, the adsorbed volume of the UBC_6# sample is only
slightly more than that of the UBC_2# sample, with about 2.2cm3/g (standard
temperature and pressure, STP), but is less than that of the UBC_4# sample. Regarding
the two ASH samples, small volumes of N2 were adsorbed (Figure 3.14b).
b. Pore structure
As mentioned above, pore structure is a significant factor that can affect the adsorption
capacity of porous solids. Sorption capacity of a material can be quantified by measuring
the pore size and pore volume using gases such as nitrogen and carbon dioxide. The
Barrett-Joyner-Halenda (BJH) method was applied in this study to calculate pore size
distributions. This method, based on a model of the adsorbent as a collection of
cylindrical pores and the classical Kelvin equation used for accounting for capillary
condensation in the pores, has been widely used for calculating pore size distribution
over the mesopore and part of the macropore regimes (Barrett, et al., 1951).
As shown in Figure 3.14a, UBC is mainly mesoporous, but contains three types of pores,
micropores (pore diameter<2nm), mesopores (2-50nm) and macropores (>50nm)
(Gregg and Sing, 1982). As relative pressure (P/P 0) increases, the UBC supports a
monolayer of adsorbate until the micropores filled (P/P 0 = 0.129 for the UBC_5# sample).
It has been indicated that Van der Waals forces between the adsorbate and adsorbent in
a gas-solid phase is mainly responsible for physical adsorption (Gregg and Sing, 1982
and Masel, 1996). Multilayer adsorption then proceeds within mesopores; but there is a
decrease in the attractive force resulting from the increasing distance between the
adsorbed N2 and the UBC surface. Therefore, it can be concluded that although the
samples are predominantly mesoporous, they also contain micropores that can play a
role in adsorption capacity, where increasing microporosity could enhance the mercury
adsorption in flue gases. The pore size distribution curves for UBC and ASH samples are
shown in Figure 3.15 and 3.16, respectively. It can be seen that UBC samples present a
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common pattern of pore size distribution. Furthermore, the pore size distribution curves
of UBC samples are shifted from 200nm to a smaller pore diameter (below 10nm). The
majority of pore sizes of the UBC were measured in the range of 1.8-3.0nm.
The micropore volume for UBC and ASH samples were calculated using the t-plot method
where t is the statistical thickness of the film, while the mesopore volume was obtained
by subtracting the micropore volume from the total pore volume, which was estimated to
be the liquid volume of nitrogen at relative pressure about 0.99 (Gregg and Sing, 1982).
The parameters calculated by the BJH and t-plot methods using N2 adsorption-desorption
isotherms are listed in Table 3.6. It can be seen that the average pore diameter of UBC
and ASH samples varies slightly in the range 3.3-3.7nm. For UBC samples, as the size
fraction increases micropore volume and the ratio of mesopore to total volume generally
increase.
c. Surface area
The total surface area of UBC and ASH samples were calculated using the BET equation
(Gregg and Sing, 1982). Surface area was also calculated on a carbon basis, and these
results can be found in Figure 3.17. As expected, the surface area of UBC samples is
larger than that of the ASH samples. However, the surface areas of UBC samples are
relatively low compared with that of a commercial carbon product, such as Filtracarb D
47/4 activated carbon (~500m2/g). The surface areas seem to increase as the size
fraction of UBC samples rises (20-45m2/g; Figure 3.17a). However, this is due to the
higher carbon content of the samples. When the surface areas are reported on a carbon
basis (Figure 3.17b), the values are fairly constant around 45-50m2/g. The only
exception seems to be for the largest particle size fraction (the UBC_6# sample surface
area ~37m2/g), probably due to the presence of large particles with low external surface
area. This is also consistent with nitrogen adsorption isotherm data that show only a
slight increase in adsorbed volume for UBC_6# than that of UBC_2# (Figure 3.14a),
despite its higher LOI content (93.7 vs. 78.0; Table 3.2).
As mercury adsorption tests were going to be conducted at temperatures up to 673K, it
is important to determine the potential variation in surface area and pore volume as the
samples are exposed to these temperatures. As discussed before, the different size
fraction samples used show similar texture, and therefore, the UBC_5# sample was
selected for this study as a model carbon sample.
A schematic diagram of the rig used for preparing the UBC sample is shown in Figure
3.18. Approximately 1g of the UBC sample was placed in the furnace tube, with glass
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wool placed on both sides. A flow of about 500ml/min of nitrogen was continuously
passed through the sample tube to prevent the sample from contacting air. The UBC
sample was heated to 323, 373, 473, 573 and 673K for 120min in order to determine
the potential variation of surface area with temperature. In addition, the sample was
heated for 30, 60, 120, 180 and 240min at a constant temperature of 673K to determine
the effect of heating time on the surface area.
Table 3.6 shows the variation of micropore volume and total pore volume of the UBC_5#
sample with (a) temperature and (b) heating time. It can be seen that as the
temperature increases the average pore diameter remains around ~3.6nm (Table 3.6a);
furthermore, both the micropore volume and the total volume steadily increase as a
function of temperature. As the temperatures remains constant (673K) and the time is
increased, there is no specific relationship between the heating time and those
parameters determined within the length of time studied (Table 3.6b). This may indicate
that the potential effects of temperature need to be considered for longer times,
particularly as the mercury adsorption tests may proceed for more than 240min.
The variation of the surface area with (a) temperature or (b) heating time, together with
the errors given by the analyser used, is shown in Figure 3.19. It can be seen that the
surface area remains fairly constant between ~45 and 48m 2/g as a function of
temperature. This may indicate that an increase in the temperature may not significantly
enhance the mercury adsorption on the UBC when the heating time remains constant.
3.2.3 Mercury adsorption
This section presents the experimental setup and results for mercury adsorption
investigations. Pure compounds, two-solid mixtures and a real fly ash sample were
investigated.
3.2.3.1 Experimental set-up
A schematic diagram of the experimental setup is shown in Figure 3.20. A mercury
concentration of approximately 40µg/m3, carried by nitrogen at a flow rate of 500ml/min,
was generated by a Dynacal® mercury permeation device releasing 20.03±0.84ng/min of
elemental mercury vapour at a temperature of 323K in the water bath to simulate the
concentration of Hg0 in flue gases derived from coal-fired power stations. The device was
designed by Valco Instruments Co. Inc. (VICI). It was placed into one side of a U-tube
holder and separated by a perforated partition plate in the tube bottom from another
side, where glass beads used for heat exchange were filled in. The entire pipeline was
wrapped in heating tape and heated to 353K to prevent mercury condensation. Figure
3.21 shows a UBC sample placed in an adsorption tube (9 and 6mm for the outer
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diameter and inner diameter, respectively). About 0.065g (5mm plugs) of quartz wool
was used to hold the sample in the reaction tube. The response signal was recorded
every 30s.
Before conducting heterogeneous experiments, a blank test was performed in the
absence of samples to measure the actual Hg0 adsorption capacity of each sorbent. Two
5mm long quartz wool plugs placed in series (10mm long in total) were carried out.
Figure 3.22 shows the response signal of the mercury detector for the quartz wool plug
experiment. It can be seen that as the quartz wool is introduced to the mercury flow
(Point B) the signal sharply decreases from ~166 to 123, and then increases to ~166 in
within 3min. This indicates that the blank value is required to deduct from any future
sorption data.
3.2.3.2 Individual sorbents
This section presents experimental results related to the mercury adsorption on pure
compounds. The adsorption of mercury on UBC samples were performed with four
different bed lengths (5, 10, 15 and 20mm), while 50 and 100mg of the model metal
oxides selected (CaO, Fe2O3 and MnO2) were used to determine the effects of mass on
mercury adsorption.
a. Unburned carbon
Mercury adsorption on a UBC surface were performed on five UBC samples, including
UBC_2#, UBC_3#, UBC_4#, UBC_5#, and UBC_6# samples. The UBC_1# sample was not
considered here, as the amount of the sample obtained was not sufficient for this work.
Figure 3.23 represents experimental results for mercury adsorption on the five UBC
samples with the bed lengths of 5, 10, 15 and 20mm. Ct is the concentration of mercury
at any time (t), while C0 is the initial concentration of mercury (t=0).
As the initial concentration of mercury and the flow rate were known (only assumed from
the data provided with the mercury permeation device), the capacity of the fixed
adsorption system should be dependent on the bed length of the sample. The results
show that with an increase in bed length mercury adsorption capacity of UBC increases,
as expected. To analyses the results obtained, both (a) Langmuir and (b) Freundlich
equations were used, as shown below:
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where K, n and k are a constant for the adsorption system, which can be obtained from
generating a plot with a best-fit line (Ghorai and Pant, 2005). Figure 3.24 shows the
experimental and predicted adsorption isotherms for the UBC_2# sample with a bed
length of 5mm. It can be seen that both models gave satisfactory fits to the
experimental data, indicating that the adsorption sites of this sample are uniform and
mercury should undergo single-layer adsorption. However, as the bed length of the UBC
sample increases, both models cannot fit the experimental data well, as indicated in
Figure 3.25. It can be seen that the R-Squared value, which is a statistical measure of
how good a regression line approximates real data points, is relatively low (<0.92)
compared with that obtained from the bed length of 5mm (0.9899). This may be
explained by the occurrence of multiple-layer adsorption, as indicated in Figure 3.23.
Figure 3.26 shows the experimental data for the five size fractions with the same bed
length (10mm). It can be seen that as particle size increases the capacity of adsorbing
mercury is considerably enhanced, due to the increasing surface area. It should be noted
that the UBC_6# sample reached a maximum adsorption capacity at around 1300min
and then began desorbing mercury before reaching equilibrium. This shows that the
UBC_5# sample should have the maximum adsorption capacity among these of samples
tested and this is why this sample was chosen to study mercury adsorption on a mixture
containing UBC and oxides.
b. Calcium oxide
Mercury adsorption experiments on calcium oxide (CaO) were carried out to determine
the possibility of using individual metal oxide to remove mercury from flue gases. 50 and
100mg were separately investigated to determine the variation of the adsorption
capacity with mass. Experiments were conducted at the temperature of 298K. Figure
3.27 shows the response signal of the mercury detector as the nitrogen gas flow
containing about 40µg/m3 passed through the fixed CaO beds. It can be seen that as
both 50 and 100mg of CaO were introduced to the mercury flow (Figure 3.27 Point A)
the response signal sharply decreased to 134 and 115 units respectively, and then
increased to 172 units in a short time (about 1min for 50mg and 3min for 100mg). It
could be concluded that CaO does not adsorb mercury effectively in the presence of N 2.
It is interesting to find that the stable signal (172 units) was slightly higher than the
initial signal (166 units). This may be explained by the reduction of the gas volume,
resulting from the pressure built-up at the inlet of the vertical adsorption tube, due to
the fine particle size of the CaO.
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c. Ferric oxide
Mercury sorption by Fe2O3 was also studied. Figure 3.28 shows the response signal of
the mercury detector for both 50 and 100mg of Fe2O3. It can be seen that as both 50
and 100mg of Fe2O3 were introduced to the mercury flow the signal dramatically
decreased to about 120 and 114 units respectively. Afterwards, 50mg of Fe 2O3 increased
to 178 units in 20min, while 100mg of Fe2O3 reached 160 units within 7min. These
results show different performance in mercury adsorption compared with that of CaO
(See Figure 3.27). The final signal for 100mg of Fe 2O3 (160 units) is less than the initial
signal (166 units), whereas the final signal for 50mg of Fe 2O3 (178 units) is higher than
the initial one (166 units). The possible explanations are that mercury can be adsorbed
on Fe2O3, but the adsorption rate significantly depends on the mass of Fe 2O3. In the case
of 50mg of Fe2O3, as the decrease in the gas volume caused by the pressure built-up at
the inlet of the adsorption tube was faster than the decreases in the amount of mercury
on the Fe2O3 bed, the final signal presented in higher values.
d. Manganese dioxide
Both Langmuir and Freundlich models mentioned in Section 3.2.3.2a were employed to
examine mercury sorption profiles collected from MnO 2 experiments. Figure 3.29 shows
a plot for calculating the parameters (K, 1/n, k) in the two models. It can be seen that
both Langmuir and Freundlich models gave a good fit to the experimental data from
50mg of MnO2, with the value of R 2 greater than 0.97. In the case of 100mg of MnO 2,
both models also yield satisfactory R 2 (>0.96). However, the intercept of the equation is
negative, y=101.5796x-0.0231, and cannot be used to determinate the maximum
concentration of mercury (Cmax) in the Langmuir equation. Therefore, it was concluded
that the Langmuir model may not fit the experimental data for 100mg of MnO 2. The
experimental data and predicted breakthrough curve for both 50 and 100 of MnO 2 are
shown in Figure 3.30. Compared with the results for CaO and Fe2O3, MnO2 has significant
ability to remove gaseous elemental mercury from the nitrogen gas flue. Furthermore,
its adsorption capacity increases as the mass increases.
3.2.3.3 Two-sorbent mixture
As described in previous section, the adsorption of mercury on an unburned carbon (UBC)
surface is significantly dependent on its surface area normally related to particle size.
The UBC_5# sample provided the largest surface area among the UBC samples (See
Figure 3.17) and has the greatest capacity of absorbing mercury (See Figure 3.26).
Regarding the model metal oxides studied, different mercury adsorption performance
was shown. MnO2 has the highest mercury sorption capacity, while Fe2O3 and CaO may
only adsorb low quantities of mercury. In the second stage of the mercury adsorption
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experiment, the UBC_5# sample was chosen and heterogeneously mixed with the model
oxides studied (CaO, Fe2O3 and MnO2) at three different mass ratios, 1:1, 1:3 and 1:9
(UBC: oxide), to examine the effects of mass of fly ash constituents on mercury
adsorption on UBC. The total mass of blends was 100mg and the adsorption bed was
10mm (1:1 and 1:3) or 5mm (1:9).
a. UBC and CaO mixture
Figure 3.31 shows the experimental data for the adsorption of mercury on an UBC/CaO
mixture. It can be clearly seen that as the content of CaO in the mixture increases from
50% to 90% the adsorption time dramatically decreases from 1000 to 100min (Ct/C0<1).
This can indicate that the capacity of the UBC/CaO mixture to adsorb mercury only
depends on the content of UBC, and that CaO does not improve mercury sorption.
However, it has been found that the shape of the breakthrough curve for the UBC/CaO
mixture differs from that of the UBC_5# sample shown in Figure 3.26. This could be
explained by the occupation of the space between the UBC particles by the fine CaO
particles, resulting in the reduction of the surface area of the UBC sample.
b. UBC and Fe2O3 mixture
The experimental data for the adsorption of mercury on UBC/Fe2O3 mixtures are shown
in Figure 3.32. As Fe2O3 in the UBC/Fe2O3 mixture increases from 50% to 90% the
adsorption time decreases from 1100 to 70min (Ct/C0<1). Therefore, the capacity of the
Fe2O3/UBC mixture is mainly dependent on the content of UBC rather than Fe2O3.
c. UBC and MnO2 mixture
Figure 3.33 shows experimental data collected from the adsorption of mercury on the
UBC/MnO2 mixture. It is apparent that MnO2 had significantly positive effects on the
adsorption of mercury on UBC. The two ratios of 1:1 and 1:3 present similar results. The
value of Ct/C0 for the mixture containing 75% of MnO 2 is slightly higher than that of the
mixture containing 50% of MnO2. Its residence time when the value of Ct/C0 equals to
zero remained with about 3500min, which is fourteen times higher than others. This may
not be because both UBC and MnO2 can adsorb mercury but also because MnO2 in the
mixture can accelerate mercury adsorption on the UBC surface as a catalyst.
3.2.3.4 Fly ash samples
To determine the effects of fly ash constituents on mercury adsorption, a fly ash sample
was studied. Experiments in mercury adsorption on the two ASH samples (ASH_1# and
ASH_2#) were performed with four different bed lengths, 5, 10, 15 and 20mm. Figure
3.34 and 3.35 show the response signal for the adsorption of mercury on the ASH_1#
and ASH_2# samples, respectively.
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From Figure 3.34, it can be seen from that as the samples introduced to the gas flow the
signal sharply decreased to 45 units (5mm) and ~17 units (10,15 and 20mm), and then
increased at different rates, which was dependent on the bed length. As expected, the
signal for 5mm long sample increased immediately at the highest rate, and then
continued to increase until it reached 225 units. However, for other sample bed lengths,
the signal also increased, but did not exceed the initial signal (166units) when it
fluctuated around a certain signal (165, 125 and 75 units for bed lengths of 10, 15 and
20mm, respectively). As the bed length increased, the final response dramatically
decreased. The possible explanation for this is that mercury was adsorbed by the fly ash
constituents and the adsorption rate was significantly dependent on the mass of fly ash.
Furthermore, the breakthrough time also increased as the bed length increased.
Therefore, it is believed that some solids present in the ASH sample can adsorb mercury.
In addition, it is interesting to find that the final signal for the 10mm long sample is very
close to 166 units, which means that in theory the final concentration of mercury in the
gas flow should equal to the initial concentration of mercury, although pressure build-up
occurs.
From Figure 3.35, it can be seen that adsorption of mercury on ASH_2# sample has a
different shape compared with that of ASH_1# sample (Figure 3.34), due to the different
particle size. It has been found that with an increase in bed length the final signal
decreases.
To determine the adsorption of mercury on fly ash containing UBC, the UBC_5# sample
was heterogeneously mixed with the ASH_1# sample at three different mass ratios, 1:1,
1:3 and 1:9 (UBC: ASH). Figure 3.36 shows the experimental data collected from
mercury adsorption on the UBC/ASH mixture. It is clear that as the mass ratio of UBC to
ASH decreases, the capacity of the mixture to adsorb mercury decreases. Therefore,
UBC in the mixture plays the key role in adsorbing mercury. Furthermore, Both Langmuir
and Freundlich models cannot fix the experimental data well, with a poor value of R 2
(<0.90).
3.2.3.5 Adsorbent analyses
To understand the adsorption of mercury in a fixed bed adsorption system, quantitative
analyses for mercury adsorbed on the solid samples were performed using the CVAFS
system described in the previous section. As the system is only capable of analysing
mercury concentration in an aqueous solution, mercury extraction from the solid samples
was first carried out using a MARSX CEM closed vessel microwave digestion system.
These solid samples were placed in closed vessels containing a 10ml of concentrated
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nitric acid solution (HNO3) and then microwaved at temperature of 463K and pressure of
180psi (about 12.4bar) for 45min to ensure complete dissolution of the solid materials.
Afterward, the microwaved samples (both liquid and undissolved solid) were transported
to a 100ml volumetric flask and diluted to 100ml with distilled water.
To ensure the sensitivity and accuracy of the CVAFS system used, a 5ng/ml of mercury
standard solution containing 5%v/v nitric acid (HNO 3) and 0.02%w/v potassium
dichromate (K2CrO7) were used for calibrating the system, as the combination of nitric
acid and dichromate ions are very effective in preventing degradation and loss of
oxidised mercury from an aqueous solution. Figure 3.37 shows (a) the response signal of
the mercury detector and (b) calibration curve for the CVAFS system, using 0.2, 0.4, 0.6,
0.8 and 1ml of the mercury standard solution and 1ml of the HNO3-K2CrO7 solution for
blank testing. The detector signal corresponding with the concentration of Hg 0 was
recorded every 1.0s. Therefore, the mass of mercury in aqueous solution can be
calculated by the signal peak area as shown in Figure 3.37.
The signal peak area used for obtaining mercury concentration in the liquid samples was
calculated by the following equation:

Sactual  Smeasuremen t  Sblank
where Smeasurement is the measured signal peak area for a liquid sample and S blank is the
signal peak area for the concentrated NHO3 solution, which was microwaved with the
sample simultaneously. It was confirmed that the signal peak areas for the UBC and ASH
samples were very close to that of the blank samples as well as the two quartz wool
plugs used and CaO. As a result, it was considered that there is no mercury contained in
these samples. Tables 3.8 and 3.9 show the experimental results for mercury adsorption
on the individual sorbents (UBC, Fe2O3 and MnO2) and the mixture between UBC and the
model metal oxides (CaO, Fe2O3 and MnO2).
As shown in Table 3.7, as the bed length of UBC increases more mercury can be
adsorbed on it; and the UBC_6# sample provided the lowest capability of adsorbing
mercury. For Fe2O3, a small amount of mercury was measured (138.5 and 162.5ng for
50 and 100mg, respectively), proving that this Fe2O3 has relatively lower ability to
adsorb mercury in the presence of N 2. In the case of MnO2, the results proved that MnO 2
has higher ability to remove mercury from the N 2 gas flow and increasing mass can
significantly improve its capability to adsorb mercury.
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From Table 3.8, it can be seen that for both CaO and Fe 2O3, as the content of the oxides
increase the amount of mercury adsorbed on both UBC/CaO and UBC/Fe 2O3 mixtures
dramatically decreases (8684.2-2656.2ng for the UBC/CaO mixture and 9381.62417.5ng for the UBC/Fe2O3 mixture). This proves that UBC is one of the key
components for adsorption of mercury in the presence of N 2. For the UBC/MnO2 mixture,
as the content of MnO2 in the mixture increases from 50% (1:1) to 70% (1:3), the
amount of mercury adsorbed slightly decreases. This may be explained by the
interaction between UBC and MnO2 that leads a decrease in mass of both UBC and MnO2.
The experimental results in Table 3.10 show that ASH samples can capture mercury
from the N2 gas flow, as discussed in the previous section. Furthermore, as the bed
length of ASH increases the capability of adsorbing mercury increases. For the UBC/ASH
mixture, UBC plays significant role in mercury adsorption.
3.3 Summary
This section summarises the homogeneous and heterogeneous experiments of mercury
oxidation and adsorption that were accomplished.
For homogeneous reactions, the mercury gas flow used for simulating the flue gases
from coal-fired power plants consisted of O2 (5%v/v), SO2 (1300mg/Nm3), NO2
(500mg/Nm3), HCl (20mg/Nm3), Hg (90μg/Nm3) and N2 (in balance). The interaction
between mercury and gases was conducted at temperatures of 423, 603 and 773K. To
analyse gaseous mercury species generated, the Ontario Hydro method (ASTM D678402) was employed in combination with a CVAFS system. Experimental results show that
mercury oxidation by flue gases is favoured at high temperatures (773K). It could be
concluded that temperatures between 603 and 773K (probably characteristic of SRC
units) have favourable conditions for mercury oxidation.
Regarding heterogeneous reactions, UBC and three metal oxides (CaO, Fe 2O3 and MnO2)
were subjected to study in this work. The UBC used here was separated from a real fly
ash sample delivered from a UK coal-fired power plant, and was dry sieved to six
different size fractions to determine the effects of particle size on mercury adsorption.
The residual solid was named ASH and screened into two size fractions. Both UBC and
ASH samples were characterised with LOI and proximate and ultimate analyses. The LOI
value of the UBC samples increases with size fraction as well as carbon content, and
both moisture content and volatile matter (dry basis) in the UBC samples vary slightly
with size fraction; furthermore, no sulphur was detected in either UBC or ASH samples.
Particle size distribution analyses for the UBC and ASH samples were also carried out to
ensure their actual particle sizes. It was found that less than 50% of sample particles
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were screened into their desired size fractions, except the UBC sample in the size
fraction larger than 250µm (the UBC_6# sample).
The porous texture of the adsorbents, including adsorption-desorption isotherms, pore
structure and surface area, was characterised. It was found that both UBC and ASH
samples present Type IV isotherms, indicating that they are mainly mesoporous. The
surface area of the UBC samples is larger than that of the ASH samples, and increases
as the size fraction of UBC samples rises. However, the surface areas of UBC samples
are relatively low compared with that of activated carbon. Examinations of the variation
of surface area with temperature and heating time show that the surface area remains
fairly constant.
Mercury adsorption experiments were performed for individual sorbents (UBC, CaO,
Fe2O3 and MnO2), UBC/oxide mixtures and a real fly ash sample. A blank test was carried
out in the absence of samples to measure dead volume effects. Mercury adsorption on
UBC was performed over four different bed lengths (5, 10, 15 and 20mm), while 50 and
100mg of the oxides were used to determine the effects of mass on mercury adsorption.
It was found that the capacity of fixed-bed UBC to adsorb mercury is considerably
enhanced as particle size increases; CaO does not adsorb mercury effectively, while
Fe2O3 can adsorb mercury. MnO2 has high capacity for mercury sorption. For the
UBC/oxide mixtures, a UBC sample (UBC_5#) was mixed with other oxides at three
different mass ratios, 1:1, 1:3 and 1:9 (UBC: oxide), to examine the effects of fly ash
constituents on mercury adsorption on UBC. In this project, it was concluded that UBC is
one of the key fly ash constituents for adsorption of mercury and Fe2O3 present in fly
ashes can promote mercury oxidation in synthetic flue gases; furthermore, MnO2 is an
effective sorbent and/or fly ash constituent for mercury adsorption, which can not only
adsorb mercury but also catalyse mercury adsorption processes. Mercury adsorption on
fly ash samples not only shows that UBC plays significant role in mercury adsorption,
confirmed by analysing the mass of mercury adsorbed on these solids using the CVAFS
system, but also indicates that fly ashes could be reused for controlling mercury as a
potential low-cost sorbent.
4. Comparison and discussion
Both modelling and experimental approaches were used to determine the mechanisms of
mercury oxidation in flue gases, including homogeneous and heterogeneous reactions.
Therefore, a comparison between the predicted and experimental results is required and
presented in this section.

57

4.1 Homogeneous reactions
To determine the mechanisms of mercury oxidation by flue gas components, fourteen
related gaseous reactions were theoretically studied in terms of rate constants over the
temperature range of 298-773K. For homogeneous experiments, the interaction between
mercury and the flue gases was primarily built using an elemental mercury gas flow
containing HCl, NO2, O2 and SO2 to simulate the flue gases from coal-fired power plants.
The experiments were conducted at temperatures of 423, 603 and 773K. Table 4.1
shows a comparison of rate and equilibrium constants for six possible reactions at the
temperatures chosen, based on the predicted values obtained from the modelling studies
of this work. For a given gaseous elemental reaction at a certain temperature, the
equilibrium constant (Keq) is the ratio of the rate constants of the forward and reverse
reactions, kf/kr.
The theoretical thermodynamic and kinetic data present in Table 4.1 aim to predict
mercury speciation amongst the synthetic flue gases simulated during experiments in
order to establish a global modelling for mercury oxidation. For the reactions, Hg+HCl
(R1), Hg+NO2 (R3) and Hg+O2 (R5), it can be seen that their forward rate and
equilibrium constants are quite low, although they increase as temperature rises. From
both a thermodynamic and kinetic viewpoint, these reactions are not thermodynamically
favourable in the post combustion environment, indicating that they are extremely slow
and would be impossible for the first stage of mercury oxidation amongst the simulated
gases. As a result, both reactions R2 and R4, the second stage of mercury oxidation, are
neither thermodynamically nor kinetically favoured over the temperature range of 298773K. However, it was pointed out that in the presence of O 2, mercury oxidation via HCl
can be thermodynamically forced to form HgCl 2 and water vapour at temperature up to
at least 1073K; mercury chlorination via HCl to form the water-soluble form, HgCl2 may
occur at very high HCl concentrations and at temperatures above 1173k.
Regarding the reaction between mercury and SO2 (R6), it is apparent that SO2 has a
significant effect on mercury oxidation at temperatures of 423, 603 and 773K, with high
forward rate constant (>4.01014dm3/mols) and low equilibrium constant (<1.010-38).
This is proved by a parallel experimental study conducted by Qiu et al., (2003). The
thermodynamic and kinetic data determined in this work show that the forward rate
constant does not increase considerably as temperature rises, compared with equilibrium
constant. This is in agreement with the fact that the decomposition of HgO (either solid
or gas) is remarkably accelerated as temperature increases, particularly at temperatures
above 773K, where HgO is thermodynamically unstable (Hall et al, 1991). In addition to
the reduction of HgO (R7) in the presence of SO2, the formation of elemental mercury is
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thermodynamically and kinetically favourable at low temperatures and could be
considered as the dominant reaction. However, the reaction needs to be frozen in the
global model of mercury oxidation in the simulated gases, as 3% of the sulphur in stack
gases presents in the form of SO3 (Senior et al., 2000). Without this assumption, all of
the sulphur is predicted to exist as SO 3 at low temperatures. Since O2 (5%v/v), NO2
(500mg/Nm3) and HCl (20mg/Nm3) presents in relatively high concentrations in the
synthetic flue gases compared with that of mercury (90μg/Nm 3), their participation
cannot be neglected from the large-scale modelling of mercury. Due to the short reaction
time and travelling time of the gas flow (normally around several seconds) (Pavlish et al.,
2003), it is assumed that no chlorine atoms are produced from the decomposition of HCl
during experiments and thus the reaction between mercury and chlorine atoms and
interactions amongst the synthetic flue gases are ignored in a global modelling for
mercury oxidation.
Based upon the discussion above, a global model developed for mercury oxidation in the
synthetic flue gases can be established, as shown in Table 4.2 which lists the parameters
corresponding to the Arrhenius equation shown below:

k  A exp(  Ea / RT )
where Ea is the activation energy, T is the temperature (K) and A is the pre-exponential
factor. The kinetic model can be used to predict conversion of mercury in the synthetic
flue gases at temperatures in the range of 298 to 773K. The theoretical derived kinetic
parameters served as the foundation of the global model. To compare with the
experimental results obtained, the experimental system used was simplified to be a
closed system containing 2700ng of mercury, 0.6mg of HCl, 15mg of NO 2, 39mg of SO2,
5% of O2 (v/v) and N2 in balance (30l in total volume). Figure 4.1 shows a comparison of
the model predictions with the experimental results, based on the equilibrium
calculations. The experimental mercury conversion (%) was obtained from the division of
the average mass of mercury oxidised (ng) by 2700 (the theoretical total mercury mass,
ng). It can be seen that mercury oxidation is limited at temperatures below 373K and
increases as temperature rises. Compared with the experimental results, the global
model under-predicts mercury oxidation at 423K, but overestimates at 603 and 773K.
This discrepancy might be explained by the neglected formation of chlorine atoms and
interaction between gas components, which can significantly affect the conversion of
mercury in the simulated gases. Although the large scale combustion model for mercury
oxidation was preliminary and did not perfectly match the experimental results, it
provided a theoretical approach to understand the transformation and speciation of
mercury in flue gases. It is also important to note that the rate constants obtained and
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the parameters shown in Table 4.2 can vary with the use of ab initio methods and basis
sets. In addition, as some possible reactions in this project have never been studied
before, there is no comparable model available in the literature.
4.2 Heterogeneous reactions
In this work, heterogeneous reactions between gaseous elemental mercury (Hg0) and
typical components of fly ashes were performed, including mercury adsorption on
unburned carbon (UBC) and three model oxides (CaO, Fe 2O3 and MnO2). The modelling
work aimed to obtain binding energies of mercury adsorption on such fly ash
constituents to determine whether these components can adsorb mercury. Large
carbonaceous clusters (C25H9 and C24H8) were used to represent two different activate
site, zigzag and armchair edges. It was found that mercury is favourably attracted to the
zigzag edges of a UBC surface, which is in agreement with Padak et al. (2006) who used
pyrene to model activated carbon. They also found that the presence of halogen is likely
to improve elemental mercury binding. Due to the fact that the modelling work here
does not quantitatively investigate mercury adsorption on UBC, it would be impossible to
compare with the experimental results obtained directly. However, the results for
individual sorbents and UBC/oxide mixture show that UBC is capable of adsorbing
mercury, indicating that the zigzag edge structure is present in the UBC surface.
For the modelling of mercury adsorption on CaO, both this work and Xin et al. (2009)
proved that elemental mercury is weakly adsorbed on CaO and injecting CaO cannot
improve Hg0 removal from flue gases, which is compatible with the experimental results.
Furthermore, they also studied mercuric chloride binding on CaO and found that the
adsorption of HgCl2 on CaO is mainly a chemical sorption processes, suggesting that CaO
injection could reduce the content of HgCl 2. Regarding both Fe2O3 and MnO2, this work
reports for the first time the mercury adsorption on them using ab initio methods of
quantum chemistry. Both results show that mercury can be effectively adsorbed on MnO2
and lesser so on Fe2O3, although there is not a clear quantitative link between binding
energies calculated and mercury uptake measured.
5. Conclusions
The findings from this project have enhanced our knowledge on the transformation and
behaviour of mercury in flue gases in order to develop innovate mercury control
technologies and optimise mercury capture by existing APCDs. The predicted rate
constants of fourteen major gas-phase reactions related to mercury oxidation provided a
more fundamental mechanistic approach to understand the presence of certain mercury
compounds under different temperature conditions, and how these compounds can be
effectively controlled. The established global model for mercury oxidation in flue gases
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has uniquely

considered

interactions between

elemental

mercury and

flue gas

components (HCl, NO2, NO, SO2), providing a general interpretation of mercury oxidation
in post-combustion conditions. Furthermore, theoretical investigations preliminarily
clarified the mechanisms of mercury adsorption on the fly ash constituents studied.
From the point of view of coal-fired energy producers, this project has improved our
understanding of the fundamental mechanisms of mercury chemistry during postcombustion conditions. This is particularly important to develop new processes to control
mercury, including retention in existing APCDs and sorbent development. Furthermore,
fly ashes produced from coal combustion could be recycled as a potential low-cost
sorbent for mercury capture from flue gases.
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Appendix A Figures

Figure 2.1 Potential mercury transformations during coal combustion and
subsequently in the resulting flue gas
(Source: Galbreath and Zygarlicke, 2000)
Geometry
Optimisation

Step 1 Geometry Optimisation

Finding a TS
on the PES
Step 2 Transition Structure
No

Checking
the TS
Yes

Step 3 Activation Energy Calculations

Step 4 Rate Constant Calculations

Calculating activation
energy, Ea

Calculating the temperaturedependent rate constant, k

Figure 2.2 A schematic diagram of the procedure for determining homogeneous
oxidation pathways
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Figure 2.3 Absolute deviations of HgCl and HgCl2 at SDD and LANL2DZ
basis sets

Figure 2.4 Absolute deviations of HCl and Cl2 at SDD and LANL2DZ basis sets
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Figure 2.5 Absolute deviations of HCl and Cl2 calculated at 6-311++G(3df,3pd)

Figure 2.6 Absolute deviations of (a) HgCl and (b) HgCl 2 calculated in
Scenario 2
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Figure 2.7 The average absolute deviations of Hg-Cl bond lengths calculated in
Scenario 2

Figure 2.8 Potential energy curves for the reaction, HgCl+MHg+Cl+M
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W(r)
TS+
E
V(r)

E-V(r)
D0
ZPE
r+

r

Figure 2.9 A schematic diagram of the variation of the sum of states with the
bond length r for a reaction with loose transition structures

Figure 2.10 The comparison of the potential energy between the Gaussian
program and Morse function, HgCl+MHg+Cl+M
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Figure 2.11 The variation of the Morse potential energy with values of J
calculated at (a) 1992 and (b) CRENBL basis sets

Figure 2.12 Determination of the transition structure for the reaction,
HgCl+MHg+Cl+M as Eexcess=5kJ/mol
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Figure 2.13 The sum of states as a function of the r with the excess energy
using the 1992 basis set

Figure 2.14 The sum of states as a function of the r with the excess energy
using the CRENBL basis set
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Figure 2.15 The theoretical temperature-dependent rate constant calculated for
the reaction, HgCl+MHg+Cl+M

(a)

(b)

Figure 2.16 3D potential energy surface calculated at (a) QCISD/1992 and
(b)QCISD/CRENBL levels for the reaction, Hg+HClHgCl+H
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Figure 2.17 2D two adiabatic level potential energy surfaces crossing

(b)

(a)

Figure 2.18 Contour plot of the potential energy surface calculated at (a)
QCISD/1992 and (b) QCISD/CRENBL levels
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Figure 2.19 Calculated rate constants for the reaction, Hg+HClHgCl+Cl

(a) 3D

(b) Contour

Figure 2.20 Potential energy surfaces for the reaction, Hg+Cl 2HgCl+Cl,
calculated at the QCISD/1992 level
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Figure 2.21 The theoretical rate constants calculated at QCISD/1992 level for
the reaction, Hg+Cl2HgCl+Cl

(a)

(b)

Figure 2.22 (a) The assumed transition structure and (b) 3D potential energy
surface for the reaction, HgCl2+MHg+Cl2+M
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Figure 2.23 The variation of the rate constant with time and temperature for
the reaction,HgCl2+MHg+Cl2+M

(b) Contour

(a) 3D

Figure 2.24 Potential energy surfaces of the reaction, HgCl2+MHgCl+Cl+M,
calculated at the QCISD/1992 level

78

(b) Contour

(a) 3D

Figure 2.25 Potential energy surfaces of the reaction, HgCl2+MHgCl+Cl+M,
calculated at the QCISD/CRENBL level.

Figure 2.26 The variation of the potential energy with one of the Hg-Cl distance
and 2.3Å/2.35Å is fixed for another one, HgCl2+MHgCl+Cl+M
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Figure 2.27 The theoretical rate constants calculated at QCISD/1992 level for
the reaction, HgCl2+MHgCl+Cl+M

(a) 3D

(b) Contour

Figure 2.28 Potential energy surfaces for the reaction, HgCl+HClHgCl2+H,
calculated at QCISD/1992 level
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(a) 3D

(b) Contour

Figure 2.29 Potential energy surfaces for the reaction, HgCl+HClHgCl2+H,
calculated at QCISD/CRENBL level

Figure 2.30 The theoretical rate constant for the reaction, HgCl+HClHgCl2+H
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(b) Contour

(a) 3D

Figure 2.31 Potential energy surface of the reaction, HgCl+Cl2HgCl2+Cl,
calculated at B3LYP/1992 level

(b) Contour

(a) 3D

Figure 2.32 Potential energy surface of the reaction, HgCl+Cl2HgCl2+Cl,
calculated at B3LYP/CRENBL level
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2.01412Å
3.5250Å
113.3054°

143.0095°

2.4916Å

Figure 2.33 Transition structure of the reaction, HgCl+Cl2HgCl2+Cl, calculated
at B3LYP/1992 level

Figure 2.34 The theoretical rate constant for the reaction, HgCl+Cl 2HgCl2+Cl

Figure 2.35 Potential energy curves for the reaction, HgO(g)+MHg+O+M
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Figure 2.36 Theoretical rate constants for the reaction, HgO+MHg+O+M

(a) 3D

(b) Contour

Figure 2.37 Potential energy surface of the reaction, Hg+O2HgO+O, calculated
at B3LYP/CRENBL level

84

(b) -499.02cm-1

(a) Standard orientation

(d) -29.18cm-1

(c) -83.80cm-1

Figure 2.38 The standard orientation for the structure and the normal nodes
corresponding with the imaginary frequencies obtained

1.9954Å

2.0091Å
76.871°

75.806°

2.4967Å

2.4516Å

(a) B3LYP/1992

(b) B3LYP/CRENBL

Figure 2.39 Transition structures of the reaction, Hg+O2HgO+O
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Figure 2.40 The variation of energy with the reaction coordinate accomplished
by the IRC calculations. (a) B3LYP/1992; (b) B3LYP/CRENBL
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Figure 2.41 Theoretical rate constant of the reaction, Hg+O 2HgO+O

(a) 3D

(a) Contour

Figure 2.42 Potential energy surface of the reaction, Hg+NOHgO+N,
calculated at B3LYP/1992 level
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2.3666Å

2.3619Å
63.065°

63.330°

2.5233Å

2.5247Å

(b) B3LYP/CRENBL

(a) B3LYP/1992

Figure 2.43 Transition structures of the reaction, Hg+NOHgO+N

Figure 2.44 The theoretical rate constants of the reaction, Hg+NOHgO+N

134.92°
1.145Å
4.7558Å

2.0603Å

Figure 2.45 The transition structure of the reaction, Hg+NO 2HgO+NO
calculated at B3LYP/1992 level
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Figure 2.46 Theoretical rate constant of the reaction, Hg+NO 2HgO+NO,
calculated at B3LYP/1992 level

Figure 2.47 Potential energy curve of the reaction, HgSHg+S, calculated at
QCISD/1992 level
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Figure 2.48 Theoretical rate constant of the reaction, HgSHg+S, calculated at
QCISD/1992 level

1.4367Å

119.2099°

6.0259Å

221.1291°
Figure 2.49 The transition structure of the reaction, Hg+SO 2HgO+SO, using
B3LYP/CRENBL level
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Figure 2.50 Theoretical rate constant of the reaction, Hg+SO2HgO+SO,
calculated at B3LYP/CRENBL level

120°
5.2378Å

1.4253Å

Figure 2.51 Transition structure of the reaction, HgO+SO2Hg+SO3, calculated
at B3LYP/CRENBL level

91

Figure 2.52 Theoretical rate constant of the reaction, HgO+SO2Hg+SO3,
calculated at B3LYP/CRENBL level

Figure 2.53 Potential energy curve for the reaction, Cl2+MCl+Cl+M
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Figure 2.54 Theoretical rate constants for the reaction, Cl 2+MCl+Cl+M

Figure 2.55 Potential energy curve for the reaction, HCl+MH+Cl+M
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Figure 2.56 Theoretical rate constants for the reaction, HCl+MH+Cl+M

(a) 3D

(b) Contour

Figure 2.57 Potential energy surface of the reaction, H+Cl 2HCl+Cl
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Figure 2.58 Theoretical rate constants for the reaction, H+Cl2HCl+Cl
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(a)

C

H
(b)

Figure 2.59 The saturated clusters of graphite used for simulating the structure
of the UBC. (a) C25H9; (b) C24H8
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Figure 2.60 Average absolute deviation in bond lengths (C-C and C-H) and bond
angles (C-C-C and C-C-H)

Figure 2.61 The variation of the energy of the C25H9Hg and C24H8Hg complexes
with the Hg-C distance (Å)
97

(a)

(b)
Figure 2.62 The adsorption of elemental mercury onto one active/adsorption
site of the (a) zigzag and (b) armchair clusters

Figure 2.63 The variation of the binding energy with the temperature
98

(a) Ca5O5Ca*12

(b) Ca9O9Ca*16

Ca
O
Ca*
(c) Ca13O14Ca*25
Figure 2.64 The saturated CaO clusters used for studying mercury adsorption
on a CaO (001) surface
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Top view

(a) Ca5O5Ca*12Hg

Side view

Top view

(b) Ca9O9Ca*16Hg
Side view

Top view

Hg

Ca

O

Ca*

(c) Ca13O14Ca*25

Side view

Figure 2.65 The adsorption of mercury on the CaO (001) surface of the
embedded clusters studied
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Figure 2.66 The variation between energy of the three clusters with the Hg-O
distance. (a) Ca5O5Ca*12; (b) Ca9O9Ca*16; (c) Ca13O14Ca*25
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13.772Å

5.038Å
Fe

Top view

O

Side view

Figure 2.67 The crystal structure of -Fe2O3 (hematite) in the hexagonal unit
cell
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Side view

Top view
(a) Fe4O6Fe*7

Side view
Top view

(b) Fe6O9Fe*9
O

Fe
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Figure 2.68 The two embedded clusters used for representing the basal surface
(001) of -Fe2O3

Side view

Top view
(a) Fe4O6Fe*7Hg

Side view
Top view
(b) Fe6O9Fe*9Hg
Hg

Fe

O

Fe*

Figure 2.69 The adsorption of mercury on the basal surface (001) of the
embedded clusters studied
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Figure 2.70 The variation between energy of the two clusters with the Hg-O
distance. (a) Fe4O6Fe*7; (b) Fe6O9Fe*9
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2.871Å

4.396Å

Side view

Top view

Figure 2.71 The crystal structure of -MnO2 bulk
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Top view

(a) Mn2O4Mn*5

Side view

Side view

Top view

(b) Mn4O8Mn*8
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Figure 2.72 The two embedded clusters used for describing the basal surface
(001) of -MnO2 crystal

Top view

Top view

Side view
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Side view
(b) Mn4O8Mn*8Hg
Hg
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Figure 2.73 The adsorption of mercury on the basal surface (001) of the -MnO2
clusters studied
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Figure 2.74 The variation between energy of the two clusters with the Hg-O
distance. (a) Mn2O4Mn*5; (b) Mn4O8Mn*8
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Figure 3.1 A schematic diagram of experimental setup for the homogeneous
reactions
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Figure 3.2 Photograph of experimental setup for the homogeneous reactions

Figure 3.3 Photograph for the connection between impingers
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Figure 3.4 Photograph for the cold-vapour fluorescence spectroscopy (CVAFS)
system

Heterogeneous
Reactions
+Hg0

Step 1

Step 2

Step 3

UBC

CaO

Fe2O3

MnO2

UBC+CaO

UBC+Fe2O3

UBC+MnO2

The fly ash sample

Figure 3.5 The experimental procedure designed for the heterogeneous
reactions
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Vacuum
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Sample
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Unburned
carbon
Air flow
Figure 3.6 A schematic diagram of the cyclone rig use for this separation

Figure 3.7 Photograph of the UBC and ASH samples obtained
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Figure 3.8 Photograph for the TA SDT Q600 instrument used

Figure 3.9 Temperature profile and gas selection for both LOI and proximate
analyses
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Figure 3.10 Photograph for the Malvern Mastersizer S particle analyser

(a) UBC

112

(b) ASH
Figure 3.11 Particle size distribution curves for the UBC samples

(a) UBC

113

(b) ASH
Figure 3.12 Cumulative volume variations with particle size

Figure 3.13 Photograph of Micromeritics ASAP 2010 system

114

(a) UBC

(b) ASH
Figure 3.14 Nitrogen adsorption–desorption isotherms at 77K of the samples
115

(a)

(b)
Figure 3.15 Pore size distribution curves for the UBC samples
116

Figure 3.16 Pore size distribution curves for the ASH samples

Figure 3.17 Surface areas for the UBC and ASH samples: (a) all samples; (b)
UBC samples with surface areas reported on carbon basis
117
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Glass tube

N2
Furnace

The UBC sample

Figure 3.18 Schematic diagram of the experimental set-up used for thermal
treatment of the UBC samples

Figure 3.19 Variation of the surface area with temperature or heating time
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Figure 3.20 The Experimental setup for heterogeneous

Figure 3.21 UBC sample placed in the adsorption tube
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Figure 3.22 Response signal for the quartz wool used (10mm long)

(a) UBC_2#
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(b) UBC_3#

(c) UBC_4#
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(d) UBC_5#

(e) UBC_6#
Figure 3.23 Breakthrough curve for mercury adsorption on the UBC samples
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Figure 3.24 Comparison of experimental and predicted breakthrough curve for
the UBC_2# sample and the best-fit line for both (a) Langmuir and (b)
Freundlich models

(a)

Langmuir model
123

(b) Freundlich model
Figure 3.25 A plot for achieving K, n and k in both Langmuir and Freundlich
models

Figure 3.26 Comparison of breakthrough curve of the five UBC samples at bed
length of 10mm

124

Figure 3.27 Response signal for mercury adsorption on CaO

Figure 3.28 Response signal for mercury adsorption on Fe2O3

125

Figure 3.29 A plot for experimental data using two models

Figure 3.30 Comparison of experimental data and predicted breakthrough curve
for both 50 and 100mg of MnO2
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Figure 3.31 The experimental data for mercury adsorption on the UBC/CaO
mixture

Figure 3.32 The experimental data for mercury adsorption on the UBC/Fe 2O3
mixture
127

Figure 3.33 The experimental data for mercury adsorption on the UBC/MnO 2
mixture

Figure 3.34 The experimental data for mercury adsorption on the ASH_1 #
sample

128

Figure 3.35 The experimental data for mercury adsorption on the ASH_2 #
sample

Figure 3.36 The experimental data for mercury adsorption on the UBC/ASH
mixture
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Figure 3.37 The detector signal for different volume of 5ng/ml and calibration
of the CVAFS system.

Figure 4.1 Comparison of the global model predictions with experimental data
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Appendix B Tables

Table 2.1 Basis sets used for representing mercury

a

No.

Basis set

No.

Basis set

1

SDDa

12

cc-pVTZ-PP

13

cc-pwCV5Z-PP

a

2

LANL2DZ

3

1992 Stevensb

14

cc-pwCVDZ-PP

4

Ahlrichs Coulomb Fitting

15

cc-pwCVQZ-PP

5

aug-cc-pV5Z-PP

16

cc-pwCVTZ-PP

6

aug-cc-pVDZ-PP

17

CRENBL

7

aug-cc-pVQZ-PP

18

CRENBS

8

aug-cc-pVTZ-PP

19

Stuttgart RLC

9

cc-pV5Z-PP

20

Stuttgart RSC 1997

10

cc-pVDZ-PP

21

WTBS

11

cc-pVQZ-PP

Built into the Gaussian 03 program. b Ref. Stevens et al. (1992). Other mercury
basis sets were obtained from Feller (1996) and Schuchardt et al. (2007).

Table 2.2 Homogeneous oxidations related to mercury chlorination
No.

Reaction

R1

Hg+Cl+MHgCl+M

R2

Hg+HClHgCl+H

R3

Hg+Cl2HgCl+Cl

R4

Hg+Cl2+MHgCl2+M

R5

HgCl+Cl+MHgCl2+M

R6

HgCl+HClHgCl2+H

R7

HgCl+Cl2HgCl2+Cl

(Source: Niksa et al., 2001)
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Table 2.3 Comparison of theoretical and experimental reaction heat (kJ/mol) at
the 1992 Stevens’ basis set

No.

Reaction

R1

Method

NIST

CCSD

QCISD

experiment

-110.69

-110.99

-110.91

-104.23

345.02

311.80

310.76

310.83

327.38

Hg+Cl2HgCl+Cl

67.13

95.64

94.03

94.45

138.37

R4

Hg+Cl2+MHgCl2+M

-159.23

-230.97

-234.31

-234.05

-207.67

R5

HgCl+Cl+MHgCl2+M

-226.36

-326.61

-328.34

-328.51

-346.04

R6

HgCl+HClHgCl2+H

184.55

95.88

93.41

93.23

85.57

R7

HgCl+Cl2HgCl2+Cl

-93.35

-120.29

-123.32

-123.14

-103.44

57.78

19.24

19.97

19.78

CISD

MP4SDQ

Hg+Cl+MHgCl+M

-65.88

R2

Hg+HClHgCl+H

R3

Average absolute error

*: the MP4 method was used for the enthalpy calculations of hydrogen instead of
MP4SDQ, due to the abnormal termination of using the MP4SDQ method.

Table 2.4 Comparison of theoretical and experimental reaction heat (kJ/mol) at
the aug-cc-pVDZ-PP basis set

No.

Reaction

R1

Method

NIST

CISD

MP4SDQ

CCSD

QCISD

experiment

Hg+Cl+MHgCl+M

16.98

-72.73

-77.68

-78.63

-104.23

R2

Hg+HClHgCl+H

427.89

349.76

344.07

343.11

327.38

R3

Hg+Cl2HgCl+Cl

149.99

133.59

127.34

126.74

138.37

R4

Hg+Cl2+MHgCl2+M

-33.73

-193.07

-192.89

-193.68

-207.67

R5

HgCl+Cl+MHgCl2+M

-183.72

-326.67

-320.22

-320.42

-346.04

R6

HgCl+HClHgCl2+H

227.18

95.82

101.52

101.32

85.57

R7

HgCl+Cl2HgCl2+Cl

-50.71

-120.35

-115.21

-115.05

-103.44

109.13

17.11

17.51

17.13

Average absolute error

*: the MP4 method was used for the enthalpy calculations of hydrogen instead of
MP4SDQ, due to the abnormal termination of using the MP4SDQ method.
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Table 2.5 Comparison of theoretical and experimental reaction heat (kJ/mol) at
the cc-pVTZ-PP basis set

No.

Reaction

R1

Method

NIST

CISD

MP4SDQ

CCSD

QCISD

experiment

Hg+Cl+MHgCl+M

38.35

-70.36

-74.75

-76.15

-104.23

R2

Hg+HClHgCl+H

449.26

352.13

346.99

345.59

327.38

R3

Hg+Cl2HgCl+Cl

171.36

135.97

130.26

129.21

138.37

R4

Hg+Cl2+MHgCl2+M

6.19

-188.08

-187.57

-188.76

-207.67

R5

HgCl+Cl+MHgCl2+M

-165.18

-324.05

-317.83

-317.97

-346.04

R6

HgCl+HClHgCl2+H

245.73

98.44

103.91

103.77

85.57

R7

HgCl+Cl2HgCl2+Cl

-32.17

-117.72

-112.82

-112.60

-103.44

131.94

18.54

19.03

18.54

Average absolute error

*: the MP4 method was used for the enthalpy calculations of hydrogen instead of
MP4SDQ, due to the abnormal termination of using the MP4SDQ method.

Table 2.6 Comparison of theoretical and experimental reaction heat (kJ/mol) at
the cc-pwCVDZ-PP basis set

No.

Reaction

R1

Method

NIST

CISD

MP4SDQ

CCSD

QCISD

experiment

Hg+Cl+MHgCl+M

16.48

-79.45

-82.75

-83.95

-104.23

R2

Hg+HClHgCl+H

427.38

343.04

338.99

337.79

327.38

R3

Hg+Cl2HgCl+Cl

149.48

126.87

122.26

121.42

138.37

R4

Hg+Cl2+MHgCl2+M

-25.32

-195.72

-194.91

-196.05

-207.67

R5

HgCl+Cl+MHgCl2+M

-174.81

-322.60

-317.17

-317.47

-346.04

R6

HgCl+HClHgCl2+H

236.10

99.89

104.57

104.27

85.57

R7

HgCl+Cl2HgCl2+Cl

-41.80

-116.28

-112.16

-112.10

-103.44

113.94

16.35

16.93

16.46

Average absolute error

*: the MP4 method was used for the enthalpy calculations of hydrogen instead of
MP4SDQ, due to the abnormal termination of using the MP4SDQ method.
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Table 2.7 Comparison of theoretical and experimental reaction heat (kJ/mol) at
the cc-pwCVTZ-PP basis set

No.

Reaction

R1

Method

NIST

CISD

MP4SDQ

CCSD

QCISD

experiment

Hg+Cl+MHgCl+M

41.57

-68.74

-77.10

-78.57

-104.23

R2

Hg+HClHgCl+H

452.48

353.74

344.64

343.17

327.38

R3

Hg+Cl2HgCl+Cl

174.58

137.58

127.91

126.80

138.37

R4

Hg+Cl2+MHgCl2+M

12.21

-189.32

-198.79

-194.04

-207.67

R5

HgCl+Cl+MHgCl2+M

-162.37

-326.90

-326.71

-320.84

-346.04

R6

HgCl+HClHgCl2+H

248.54

95.59

95.04

100.90

85.57

R7

HgCl+Cl2HgCl2+Cl

-29.36

-120.58

-121.69

-115.47

-103.44

135.39

18.18

15.82

17.03

Average absolute error

*: the MP4 method was used for the enthalpy calculations of hydrogen instead of
MP4SDQ, due to the abnormal termination of using the MP4SDQ method.

Table 2.8 Comparison of theoretical and experimental reaction heat (kJ/mol) at
the CRENBL basis set

No.

Reaction

R1

Method

NIST

CISD

MP4SDQ

CCSD

QCISD

experiment

Hg+Cl+MHgCl+M

-43.71

-95.77

-96.99

-97.21

-104.23

R2

Hg+HClHgCl+H

367.19

326.71

324.75

324.53

327.38

R3

Hg+Cl2HgCl+Cl

89.30

110.55

108.02

108.16

138.37

R4

Hg+Cl2+MHgCl2+M

-129.76

-220.01

-218.37

-218.56

-207.67

R5

HgCl+Cl+MHgCl2+M

-219.06

-330.56

-326.39

-326.72

-346.04

R6

HgCl+HClHgCl2+H

191.84

91.93

95.36

95.02

85.57

R7

HgCl+Cl2HgCl2+Cl

-86.05

-124.23

-121.37

-121.35

-103.44

68.28

13.13

14.04

13.95

Average absolute error

*: the MP4 method was used for the enthalpy calculations of hydrogen instead of
MP4SDQ, due to the abnormal termination of using the MP4SDQ method.
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Table 2.9 The transition structure of the reaction, HgCl+HClHgCl2+H, found at
QCISD/1992 and QCISD/CRENBL levels
rCl-Hg, Å

rHg-Cl, Å

rCl-H, Å

QCISD/1992

2.3241

2.3763

1.781

QCISD/CRENBL

2.3025

2.3631

1.7689

Table 2.10 Comparison of geometry and reaction enthalpy calculated using both
QCISD and B3LYP methods
Method

QCISD

QCISD

B3LYP

B3LYP

Basis set

1992

CRENBL

1992

CRENBL

Experimental

Geometry, Å
Cl2

1.9974

1.9974

2.0106

2.0106

1.9878a

HgCl

2.412

2.3939

2.4899

2.4734

2.42b

2.3004

2.2777

2.3198

2.2954

2.252a

180°

180°

180°

180°

180°

-103.44

HgCl2

Reaction enthalpy, kJ/mol
This reaction

-123.14

-121.35

-75.49

-81.97

Absolute
error

19.7

17.91

27.95

21.47

a

Ref: Lide (2008);

b

Ref: Bhartiya et al., (1990);

c

Ref: NIST database

Table 2.11 The Hg-C distance and binding energy of the two UBC clusters
Note: T=298.15K
Complex

rHg-C, Å

Binding Energy,
kJ/mol

Binding energy-BSSE,
kJ/mol

C25H9Hg

2.3070

-341.055

-280.456

C24H8Hg

6.1599

1.181

0.656

Table 2.12 The Hg-O distance and binding energy of the three CaO clusters
Note: T=298.15K
Complex

rHg-O, Å

Binding Energy,
kJ/mol

Binding energy-BSSE,
kJ/mol

Ca5O5Ca12*Hg

3.365

-45.650

-30.321

Ca9O9Ca16*Hg

3.287

-47.324

-32.654

Ca13O14Ca25*Hg

3.265

-48.985

-33.874

135

Table 2.13 The Hg-O distance and binding energy of the two Fe 2O3 clusters
Note: T=298.15K
Complex

rHg-O, Å

Binding Energy,
kJ/mol

Binding energy-BSSE,
kJ/mol

Fe4O6Fe*7Hg

2.874

-80.354

-64.874

Fe6O9Fe*9Hg

2.635

-82.984

-67.458

Table 2.14 The Hg-O distance and binding energy of the two -MnO2.clusters
Note: T=298.15K
Complex

rHg-O, Å

Binding Energy,
kJ/mol

Binding energy-BSSE,
kJ/mol

Mn2O4Mn*5Hg

1.754

-1203.354

-987.324

Mn4O8Mn*8Hg

1.612

-1432.789

-1042.678

Table 3.1 Elemental, oxidised and total mercury (ng) measured using the
Ontario Hydro method (2700ng for theoretical total Hg 0 mass)

(H2O2)

(KMnO4)

1462.935

2.641

807.327

54.18

15.82

2#

1344.091

2.084

726.141

49.78

23.25

#

1290.934

9.006

714.890

47.81

25.38

1365.987

4.577

749.452

50.59

21.5

1#

1350.428

41.741

1102.813

50.02

7.59

2#

1435.707

46.222

1013.641

53.17

7.57

#

1355.539

26.077

1044.227

50.21

10.15

1380.558

38.013

1053.560

51.13

8.4

1#

1739.854

19.730

931.349

64.44

0.34

#

1865.580

19.933

770.542

69.10

1.63

3#

1417.418

22.025

499.965

52.50

28.17

1674.284

20.563

733.952

62.01

10.04

Average

3
Average

773K

Hg0, ng

(KCl)

3

603K

Hg0, ng

#

1
423K

Hg2+, ng

Mercury
Conversion, %

Temperature

2

Average
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Theoretical
Error,%

Table 3.2 The LOI value and proximate analyses for the UBC and ASH samples
Proximate analyses, %

Sample
name

LOI, %

Real sample

Moisture

Volatile
matter*

Fixed
carbon*

Ash*

12.1

0.1

3.2

4

92.7

#

44.2

0.47

1.57

43.64

54.79

UBC_2#

60.2

0.47

1.42

58.71

39.88

#

78.0

0.50

1.81

73.57

24.62

UBC_4#

85.1

0.50

1.61

82.41

15.58

#

88.4

0.70

1.51

86.21

12.29

UBC_6#

93.7

0.70

1.31

90.73

7.96

#

0.85

0.09

0.63

0.49

98.88

ASH_2#

0.66

0.05

0.43

0.31

99.26

UBC_1
UBC_3
UBC_5
ASH_1

*: dry basis
Table 3.3 Ultimate analysis results for the UBC and ASH samples
Sample

H, %

C, %

N, %

S, %

UBC_1#

0.56

39.01

0.13

-

UBC_2

#

0.53

40.02

0.10

-

UBC_3

#

1.00

68.17

0.17

-

UBC_4

#

1.10

77.64

0.17

-

UBC_5

#

1.16

79.37

0.19

-

UBC_6#

1.20

86.67

0.21

-

#

0.00

2.26

0.05

-

ASH_2#

0.02

0.39

0.00

-

ASH_1

-: not detected
Table 3.4 A list of parameters d10, d50 and d90
Sample name

d10, µm

d50, µm

d90, µm

Residual, %

UBC_1#

72.83

115.29

187.20

0.58

#

95.62

143.39

214.39

0.66

UBC_3#

128.43

178.83

252.37

0.78

#

173.06

226.32

306.23

0.72

UBC_5#

211.48

273.15

364.22

0.82

UBC_6

#

271.63

375.93

531.22

1.02

ASH_1

#

14.53

31.88

59.00

0.82

ASH_2

#

28.87

38.27

51.32

0.42

UBC_2
UBC_4
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Table 3.5 A list of parameters calculated by the BET equation, the BJH method
and t-plot
Vmicro,

Vtot,

Vmero,

Vmicro/Vtot,

3

cm /g

3

cm /g

3

cm /g

%

3.4495

0.001931

0.018205

0.016274

10.61

3.5514

0.002824

0.025274

0.022450

11.17

UBC_3#

3.5498

0.004360

0.034736

0.030376

12.55

#

3.6800

0.004936

0.037287

0.032351

13.24

UBC_5#

3.6867

0.005511

0.041362

0.035851

13.32

#

3.4650

0.005819

0.030314

0.024495

19.20

ASH_1#

3.3468

-

0.001599

-

-

#

3.3633

-

0.001953

-

-

Sample name

D, nm

UBC_1#
#

UBC_2
UBC_4
UBC_6
ASH_2

D: average pore diameter (4V/A by BET); V micro: micropore volume; Vtot: total
volume;Vmero: mesopore volume; -: not available

Table 3.6 The variety of parameters with the temperature (a) or the heating
time (b)
(a) Heating time: 120min
Vmicro,

Vtot,

Vmero,

Vmicro/Vtot,

3

cm /g

3

cm /g

3

cm /g

%

3.6425

0.004612

0.036117

0.031505

12.77

373

3.6204

0.005229

0.037690

0.032461

13.87

473

3.7070

0.005114

0.039436

0.034322

12.97

573

3.6181

0.005676

0.039913

0.034237

14.22

673

3.6724

0.006165

0.043924

0.037759

14.04

Temperature, K

D, nm

323

D: average pore diameter (4V/A by BET); Vmicro: micropore volume; Vtot: total volume;
Vmero: mesopore volume.
(b) Operating temperature: 673K
Vmicro,

Vtot,

Vmero,

Vmicro/Vtot

3

cm /g

3

cm /g

3

cm /g

%

3.2958

0.008550

0.039263

0.030713

21.78

60

3.5217

0.006935

0.039677

0.032742

17.48

120

3.3041

0.008007

0.035893

0.027886

22.31

180

3.3320

0.008627

0.038474

0.029847

22.42

240

3.4104

0.007407

0.039174

0.031767

18.91

Heating
time, min

D, nm

30

D: average pore diameter (4V/A by BET); Vmicro: micropore volume; Vtot: total volume;
Vmero: mesopore volume.
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Table 3.7 Mass of mercury adsorbed on the individual sorbents

5mm

7721.9

7692.7

10mm

12377.9

15mm

16373.9

15mm

22797.0

20mm

39844.5

20mm

5mm

7639.6

10mm

13862.4

15mm

17114.1

20mm

19534.9

Sample

Mass, ng

5mm

3812.4

10mm

9294.1

15mm

13387.0

33160.8

20mm

18009.7

5mm

5863.1

50mg

138.5

10mm

11676.2

100mg

162.5

15mm

18220.2

50mg

16552.2

20mm

24785.1

100mg

44351.4

UBC_6#

10mm

Mass, ng

Fe2O3

4343.1
UBC_4#

5mm

Sample

MnO2

Mass, ng

UBC_5#

UBC_3#

UBC_2#

Sample

Table 3.8 Mass of mercury adsorbed on the mixture between UBC and the
model metal oxides

8684.2

1:3

4138.7

1:9

2656.2

1:1

9381.6

1:3

3918.7

1:9

2417.5

1:1

36696.1

1:3

35326.2

1:9

60404.4

UBC/CaO

1:1

UBC/Fe2O3

Mass, ng

UBC/MnO2

Sample
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Table 3.9 Mass of mercury adsorbed on the fly ash sample

UBC/ASH

ASH_2#

ASH_1#

Sample

Mass, ng

5mm

157.3

10mm

585.8

15mm

1454.2

20mm

2211.1

5mm

141.6

10mm

167.7

15mm

218.8

20mm

278.2

1:1

9324.3

1:3

3962.5

1:9

2429.0
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Table 4.1 Comparison of rate and equilibrium constants at various
temperatures
Reaction

R1 Hg+HClHgCl+H

R2 HgCl+HClHgCl2+H

R3 Hg+NO2HgO+NO

R4 Hg+NOHgO+N

R5 Hg+O2HgO+O

R6 Hg+SO2HgO+SO

R7 HgO+SO2Hg+SO3

Temperature,
K

Rate constant,
cm3mol-1s-1

Equilibrium
constant

423

2.33810-30

4.35310-26

603

4.97310-18

1.70010-18

773

1.16910-11

1.42610-14

423

5.08810-05

4.66510-15

603

3.261

1.73410-11

773

9.945102

1.21310-09

423

5.59410-63

9.70810-74

603

2.87510-63

8.84410-74

773

2.03910-63

8.42910-74

423

2.20110-77

5.55510-81

603

1.08610-50

6.79310-57

773

6.78510-37

1.90910-44

423

8.26410-42

2.14210-44

603

5.37710-26

5.34110-31

773

8.00110-18

4.48010-24

423

4.3041014

4.57710-7

603

6.9641014

1.80310-3

773

8.9311014

1.30010-1

423

6.9751054

1.4041039

603

2.2311042

2.3271026

773

7.7761035

5.7771019

Method
basis sets
QCISD
CRENBL

QCISD
CRENBL

B3LYP
1992

B3LYP
CRENBL

B3LYP
CRENBL

B3LYP
CRENBL

B3LYP
CRENBL

Table 4.2 Theoretical combustion model parameters
Reaction

A, cm3/mols

Ea, J/mol

Method/basis set

7.26710

12

HgCl+HClHgCl2+H

1.04710

11

Hg+NO2HgO+NO

1.10610-3

3.361105

12

5

B3LYP/CRENBL

Hg+HClHgCl+H

3.41210

5

QCISD/CRENBL

1.25910

5

QCISD/CRENBL

Hg+NOHgO+N

5.13910

Hg+O2HgO+O

8.2571011

4.291105

B3LYP/CRENBL

14

3

B3LYP/CRENBL

Hg+SO2HgO+SO

3.55510

7.23810

B3LYP/1992

1.20010
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Appendix C Modelling theories

1. Chemical tools
1.1. Transition state theory (TST)
For a bimolecular reaction, A  BC  AB  C , the transition state theory (TST) is
thought to be one of the most useful tools for determining reaction rate constants.
Basically, it assumes that a reaction proceeds from one energy minimum to another via
an intermediate maximum (Jensen, 1999). Therefore, the reaction can be described as

A  BC  A  B  C #  AB  C , where A  B  C # is the transition state (TS), at which
the geometrical configuration (also called the transition structure) locates at a saddle
point on the potential energy surface (PES).
Figure C-1 shows a profile of a given bimolecular reaction in a 2-D view. Initially, the
reactants A and BC exist in the state, at which the energy of the system is minimum. As
the reaction begins, the energy increases until it reaches a maximum (also called energy
barrier), at which the structure is known as transition structure. Afterward, the energy
decrease until products AB and C are formed. According to TST, the difference of energy
between the maximum and initial state of the system is the activation energy ( Ea ). The
reaction coordinate can be given in terms of the distance between the B and C molecules.

Figure C-1 2-D schematic illustration of TS and a reaction path
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Thus, rate constants for bimolecular reactions can be calculated using TST with the
following Arrhenius expression:

k bim (T )  

E
k B T QTS
exp(  a )
h Q AQB
RT

kB: Boltzmann constant, 1.381×10−23 J/K.
h: Planck constant, 6.626×10−34 J s.
к: Tunnelling correction, which allows those molecules having not insufficient energy to
pass over the TS to tunnel through the barriers and appear on the product side.

QTS , QA and QB : the partition functions of the transition structure and reactants
respectively.
For the tunnelling correction (к)

 (T )  1  (

vim

1 hvim c 2
)(
)
24 k BT

:.Imaginary frequency of the transition state at the top of the barrier.

C: the speed of light, 3×108 m/s

The partition functions of transition, vibration, rotation and electricity are evaluated by
statistical mechanics. Due to the fact that real molecules may have translational,
vibrational, rotational and electronic energies, the total partition function associated with
the internal motion for each molecule is given by the product of partition functions
associated with independent translational, vibrational, rotational and electronic motions:

QTotal  QT QV QR QE
a. Transition

QT

The transitional partition function is given by

(2mk BT )3 2
9.84  10 29 mspecies 3 2 T 3 2
QT 
(
)(
) (
)
h3
m3
1amu
300 K
mspecies : Atomic mass of species, amu.
T: Temperature, K.
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b. Vibration

QV

The vibrational partition function can be calculated by

QV 

1
1  exp( 

hv
)
k BT

hv
hcv~
v~
300 K

 4.8  10 3 (
)(
)
1
k BT k BT
1cm
T

v~ : Frequency of species, cm-1.
T: Temperature, K.
c. Rotation

QR

The rotational partition function is given by

I species
8 2 Ik BT
T
1
QR 

12
.
4
(
)(
)( )
o
2
S yh
300 K
Sy
1amu  2
Ispecies: The moment of inertia, amu Å2
Sy: Symmetry number of different but equivalent arrangement that can be made by
rotating the molecule.
d. Electricity

QE

The electronic partition function involves a sum over electronic quantum states and can
be calculated as:

QESpeceis  g
where g is the electronic degeneracy of the ground state; the degeneracy, g, is 1 for a
singlet, 2 for a doublet and 3 for a triplet. In the work, for example, the g for H, HgCl
and HgCl2 is 2, 2 and 1, respectively (Steinfeld et al., 1998; Fogler, 1999).
1.2. Rice-Ramsperger-Kassel Marcus theory (RRKM)
For unimolecular reactions (only one reactant), A  products, it is thought that the
RRKM is a necessary tool rather than both the TST and CVTST. Figure C-2 shows the
energetics of a unimolecular reaction and the terms used.
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Figure C-2 Illustration of energy terminology for a unimolecular reaction
(Source: Holbrook et al., 1996)
The overall energy of a unimolecular reaction (
total energy of a given transition state (

E0  E *  E  ;

the density of states [

E )

E* )

can be written as the sum of the

and the activation energy ( E 0 ), namely

 (E  ) ]

and the sum of states [ W ( E



) ] are

calculated using the Beyer-Swinehart algorithm. Therefore, the universal rate constant
for unimolecular reaction can be obtained from:

k uni 

LQ1 exp(  E0 k T)  W ( E  ) exp(  E  k T)dE 
E  0 1  k a ( E*)  c Z Lj [M ]
hQ1Q2
k a ( E*) 

E*
E
E0

LQ1
W (E  )
hQ1  ( E  )

total vibrational and rotational energy
total energy of a given transition state
activation energy

Q1

partition function for the rotation of A+

Q1

partition function for the rotation of A

Z Lj

Lennard-Jones collision frequency

Q2

partition function for nonrotational modes

L

statistical factor
Boltzmann‘s constant

k

c

collisional efficiency

W (E  )

sum of states

 (E  )

density of states

h
[M ]

Plank‘s constant
concentration of bath gas

(Source: Holbrook et al., 1996)
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The density of states (E*) for a molecular A and the sum of states W(E +) for the
corresponding transition states A + are two important parameters for application of the
RRKM theory. The W(E+) is the total number of vibrational quantum states with energy
not exceeding E+, while the (E*) is used for describing the number of states at each
energy level that are available to be occupied. The value of (E*) can be simply thought
to be the gradient of the plot of W(E) against E. The statistical factor (L) can be obtained
by the equation,

L  r     , where r+ is the amount of way in which the transition

state (A+) can return to the reactant (A), σ and σ+ are the symmetry numbers and 1/2
for asymmetric molecules. The Lennard-Jones collision frequency (ZLJ) can be calculated
from the following equation:

Z LJ  N A A2  M

8 RT

 A M

 A m

where NA is the Avogadro‘s constant; A, the reactant; and M is the bath gas. σ A-M, is the
collision distance, which can be calculated as:

1
2

 AM  ( A   M )
μA-M is the reduced mass, which can be obtained from:

 A M 

MWA  MWM
MWA  MWM

ΩA-M is the collisional integral, which is only a function of reduced temperature

T* 

k BT

 A M

and can be calculated as:

 A M  (0.636  0.567 log10 T *)1
The collisional efficiency, βc, is usually taken as a fitting parameter between zero and
unity (Hippler and Troe, 1989; Gilbert and Smith, 1990).
2. Ab initio theories
2.1. Hartree-Fock theory (HF)
Hartree-Fock theory (HF) is the simplest approximate theories for solving the
Hamiltonian of the Schrödinger wave equation. This theory attempts to transform the full
N – body equation into N single-body equations. Basically, the idea is based on hydrogen
having only one electron. It can be imagined that another electron can be added to the
hydrogen to obtain H- without consideration of interaction between the two electrons
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( V ee ) and the total electronic wavefunction elec(r1 , r2 ) would be produced from the two




hydrogen atom wavefunctions as  H ( r1 )  H ( r2 ) . Therefore, a general term known as
Hartree product can be described as:
 









HP (r1 , r2 ,, rN )  1 (r1 )2 (r2 )N (rN )
Eventually, the HF equation in a simple form can be obtained and shown as:


N

Fi i   ij j
j


Where Fi , called the Fork operator, is an effective one-electron energy operator
describing the kinetic energy of an electron, the attraction to all the nuclei and the
repulsion to all the other electrons and

ij is the Lagrange multipliers. (Jensen, 1999)

However, there is the HF limit defined as ―solution of the HF equations with an infinite
basis set‖ by Cramer (2002). This means that the number of basis functions on each
atom will be as small as possible in the HF model and if larger basis sets are used, it will
result in nearly complete flexibility of the molecular orbitals and subsequently errors in
energy calculation. To minimize the HF limit, the HF wave function is modified to obtain
a more accurate wavefunction (  ) by the linear combination of atomic orbitals (LACO)
approach and the electron correlation energy (

Ecorr ) can be determined. Their

expressions are shown as:

  c0 HF  c11  c2 2  

Ecorr  E  E HF
Where

E

is the ‗true‘ energy and

obtain

Ecorr , several theory, including Møller-Plesset perturbation theory, configuration

EHF

is the system energy in the HF limits. In order to

interaction theory and coupled cluster theory, have been developed.
b. Møller-Plesset perturbation theory (MPn)
Møller-Plesset perturbation theory (MPn) is an alternative approach to the correlation
problem and n is the order at which the perturbation theory is truncated, e.g., MP2, MP3,


etc. In this approach, a generalised electronic Hamiltonian ( H  ) is introduced by a








expression, H   H 0   V , in which H 0 is the zeroth -order Hamiltonian accounting for
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the sum of the one-electron Fork operators and






 V is the perturbation given by



 ( H  H 0 ) , in which H is the correct Hamiltonian and  is a dimensionless parameter
permitting one to modulate the perturbation from

 =0

(unperturbed system) to

 =1

(fully perturbed system) (Alcamí et al., 2001). Therefore, the accurate wavefunction (  )
and energy with a power series of the

 can be written as:

Typically, High order MP can result in more accurate correlation energy. For example,
MP2, MP3 and MP4 can accounts for approximately 80-90, 90-95 and 95-98% of the
correlation energy, respectively. However, the computational cost also increases as well
as MP4 with single, double and quadruple excitations (MP4SDQ) (Jensen, 1999).
c. Configuration interaction (CI)
The configuration interaction (CI) may be thought to be the easiest in these electron
correlation methods. It is straightforwardly based on the variational principle and the
final wavefunction can be written as a linear combination of configurations,

k ,

   k k
k

In the expression, the expansion coefficients,

k ,

can be determined by requiring that

the energy should be a minimum (or at least stationary) and

k depends on the

number of electrons promoted from occupied to virtual orbitals, the excitations can be
classified as singles, doubles, triples, quadruples…(S,D,T,Q…) (Alcamí et al., 2001). The
CI equation can be also expressed as:

CI   0 SCF   S S   D D  T T  
S

D

T

If all possible excitations are included, the method is then referred to as full CI or Full CI.
For practise purposes, the CI with single and double excitations (CISD) is used.
d. Coupled cluster theory (CC)
The coupled cluster theory is based on an exponential ansatz of the wavefunction and
includes all correction of a given type to infinite order (Alcamí et al., 2001) and Jensen,
1999). The wavefunction can be written as:
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CC  exp(T )0

1 1
1 
exp(T )  1  T  T  T     T
2
6
k  0 k!








Where T is the cluster operator given by







k



T  T1  T2  T3    TN





, in which T1 , T 2 ,



T3 , … represent single, double, triple,… excitations.
For example, the coupled cluster with single and double excitations (CCSD) wavefunction
can be expressed as:




CCSD  exp(T1  T2 )0
1 2 1 2   1 2 
 (1  T1  T2  T1  T2  T1 T2  T1 T2  )0
2
2
2




Based on the theory of CCSD, another method for determining electron correlation
energies, quadratic configuration interaction with single and double excitations (QCISD),
was proposed by Pople et al., (1987) as well as QCISD with triple excitation [QCISD(T)].
The QCISD(T) approach shows the most accurate implementation of calculating
molecular energies.
Overall, using the methods mentioned above should depend upon the size of systems
corresponding to the number of basis functions, current computational configurations
and accuracy requirement. For a medium sized basis set, these methods in order of
energy accuracy can be listed as: HF<<MP2<CISD<MP4SDQ~CCSD<MP4<CCSD(T)
(Jensen, 1999).
e. Density function theory (DFT)
In the last two decades, the DFT has been frequently used for studying gas-phase
chemistry. The theory is based on the Hohenberg-Kohn theorem which demonstrates
that the ground-state electronic energy can be completely determined by the electron
density (  ) and the energy functional in the wavefunction can be subsequently written




as the sum of kinetic energy [ T (  ) ], attraction between nuclei and electrons [ Vne (  ) ],




and electron-electron repulsion [ Vee (  ) ], which is divided to a coulomb [ J (  ) ] and an
exchange-correlation part [ E XC (  )], shown as:






E(  )  T (  )  Vne (  )  Vee (  )
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Vee (  )  J (  )  E XC (  )
Recently, it has been identified that the Becke 3-parameter-Lee-Yang-Parr hybrid
functional (B3LYP) is one of the best overall performance DFT methods used for gasphase ionic chemistry (Alcamí et al., 2001).
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Appendix D Ontario Hydro method

The Ontario Hydro method (ASTM D6784-02) includes preparation of the impinger
solutions, sample recovery and digestion, instrument calibration and analysis quality
assurance/quality control (QA/QC).
1. Impinger solution preparation
The impinger train of the Ontario Hydro method used in the work was slightly different
from that mentioned in the ASTM D6784-02. It does not include a silicon gel impinger
used for capturing moisture, as sampling and analysing mercury were separated in the
work. A schematic diagram for the Ontario hydro impinger train used in this study is
shown in Figure D-1.
Vented
Gas
Flow

100mL of KCl

100mL of HNO3/H2O2 100mL of H2SO4/KMnO4

Figure D-1 A Schematic diagram of the Ontario Hydro method impinger train
(Source: Sun et al., 2003)
Three 100ml of 1N KCl solution impingers, one 100ml of HNO 3/H2O2 solution impinger
and three 100ml of H2SO4-KMnO4 solution impingers were placed in sequence. Oxidised
mercury (Hg2+) was captured in the KCl solution, and elemental mercury (Hg 0) was
trapped in both HNO3/H2O2 and H2SO4/KMnO4 solutions. 1N KCl solution was prepared by
dissolving 74.56g of KCl in a 1000-ml volumetric flask containing 500ml of distilled water
and then diluting to volume with distilled water. HNO 3/H2O2 solution contained 5%v/v of
HNO3 and 10%v/v H2O2. 333mL of 30%v/v H2O2 was added into a 1000-ml volumetric
flask containing 50ml of concentrated HNO3, 500ml of distilled water, and then the
solution was diluted to volume with distilled water. For the H 2SO4/KMnO4 adsorbing
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solution, containing 4%w/v KMnO4 and 10%v/v H2SO4, 40g of KMnO4 was added to a
1000-ml volumetric flask containing 500ml of 10%v/v H2SO4, and then this solution was
diluted to 1000ml with 10%v/v H 2SO4. The three absorbing solutions were prepared
prior to each experiment. All glassware used was unique to each solution to avoid
possible sources of contamination.
2. Sample recovery
Solution recovery processes followed the sample recovery scheme of ASTM D6784-02.
KCl solution: 5%w/v saturated KMnO4 (5g of KMnO4 dissolved in 100ml of distilled
water) was added in 1ml increments to each impinger bottle until the
purple colour persisted for at least 15min. The purpose of this was to
remove SO2 by the interaction between KMnO4 and SO2, 2KMnO4 + 5SO2 +
2H2 O → 2MnSO4 + K 2 SO4 + 2H2 SO4 (Sun et al., 2003). Afterwards, the three
KCl solutions were transferred to a 500ml container. The empty
impingers were then rinsed with 10%v/v HNO3 solution a minimum of
two times and this was also transferred to the 500ml container.
HNO3/H2O2 solution: the solution was first transferred to a 250ml container and then
0.1N HNO3 solution was used to rinse the empty impinger a minimum of
two times. The rinsing solution was prepared by adding 12.5ml of
concentrated HNO3 to a 2l-volumetric flask containing about 500ml of
distilled water, and then diluted to volume with water.
H2SO4/KMnO4 solution: Three impinger solutions were first transferred to a 500ml
glass container. The glassware was rinsed at least twice with 0.1N HNO 3
and the wash was added to the sample collected. A few drops of 10%w/v
hydroxylamine (NH2OH) solution was used to remove any brown staining
of the glassware and this was also added to the 500ml container.
10%w/v hydroxylamine solution was obtained from adding 100g of
hydroxylamine sulphate (NH3OH)2SO4 and 100g of sodium chlorine (NaCl)
in a 1000ml volumetric flask, and diluted to volume with distilled water.
3. Sample digestion
To analyse the mercury concentration in solutions collected through the Ontario hydro
process, samples were digested according to the procedure set out in ASTM D6784-02.
KCl solution: The purple colour of this sample should be retained following any storage
period. Loss of colour may indicate sample degradation and should be
noted. 1ml of hydroxylamine solution was added into the KCl sample to
clear its colour. The KCl solution was then diluted to 500ml with distilled
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water. A 10ml aliquot of the solution was transferred to a digestion tube
using an automatic pipette. 0.5ml of concentrated H 2SO4, 0.25ml of
concentrated HNO3 and 1ml of 5%w/v KMnO4 were added into the
digestion tube in sequence. Finally, 1ml of hydroxylamine solution was
added to the tube to clear its colour before analysing.
HNO3/H2O2 solution: 5ml aliquot of the solution was transferred into a digestion tube
using an automatic pipette, and then 0.25ml of concentrated H 2SO4 was
added to the digestion tube. After about 15min, the saturated KMnO 4 was
slowly injected into the tube in 2ml increments until the purple colour
remained. As the reaction was very violent, this injection processes were
performed in a fume cupboard. Finally, 1ml of hydroxylamine solution
was added to the tube to clear its colour before analysing.
H2SO4/KMnO4 solution: The purple colour of this sample should be retained following
storage. Loss of any colour may indicate sample degradation and should
be noted. 30ml of hydroxylamine was then added to the solution, the
solution was diluted to 500ml with distilled water and mercury analysis
was performed.
4. Instrument calibration
To analyse mercury concentration in any given aqueous solutions, a cold vapour atomic
fluorescence spectrometers (CVAFS) system was first calibrated using standard solutions.
Peak area was then plotted against mass of mercury injected, as shown in Figure D-2.
The working mercury standard solutions were diluted from a 1000µg/l of commercial
mercury standard solution with 10%v/v hydrochloric acid (HCl), including 0, 0.25, 0.5,
1.0, 2.5, 5 and 10µg/l. For each standard solution, 0.1, 0.25, 0.5, 0.75 and 1.0ml
aliquots were also injected to the CVAFS system using an automatic pipette. Figure D-3
shows the variation of the response signal of the mercury detector with the volume of
5.0µg/l mercury standard solution injected as an example. It can be seen that with an
increase in the volume of the mercury standard solution injected the peak increased.
Therefore, the amount of mercury (ng) in a certain volume of 5.0µg/l mercury standard
solution injected can be calculated from the signal peak area indicated by shadow area.
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Figure D-2 A calibration curve for the CVAFS system used

Figure D-3 Response signal of the mercury detector with the volume of 5.0µg/l
mercury standard solution as an example
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5. Quality assurance/quality control (QA/QC)
To maintain overall data integrity, a QA/QC program of ASTM D6784-02 was used in this
work:


All glassware used for preparing solutions and recovering and analysing samples
was marked with pre-printed labels and solely used for the labelled solution.



The flow rate of the mercury gas stream was checked before and after
experiments to ensure that there was no gas leak in the experimental rig (Figure
3.2).



Impinge solutions were prepared daily before starting experiments.



Ontario Hydro experiments were repeated 3 times at each temperature (423, 603
and 773K).



The CVAFS system (Figure 3.4) was calibrated twice, before and after analysing.



Each sample was analysed in sextuplicate to ensure that the results were within
10% of each other.



Solution blanks were also analysed every time a new batch of solution was
prepared.



All glassware used for storing and recovering samples were washed a minimum of
two times with 10%v/v nitric acid, and then rinsed with distilled water at least
three times and dried in oven for at least 24h.
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