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likely exist as relatively insoluble phases in the fly ash. Correspondingly, deportment of elements 

through the absorber stripper will be limited by the solubility of the particular element within each of 

the aqueous matrices. Due to the results of the initial fly-ash experiments, a worst case approach was 
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effectively a worst case scenario for the deportment of elements contained on fly ash, that is, with 

complete dissolution of the target element. Dilution of the selected trace elements by nitric acid was 

selected as an injection vehicle allowing ions to remain soluble prior to injection into the absorber 

stripper system. Even when the ions were present at saturation concentrations for some elements, 

deportment was very low for elements except mercury. It was only after artificially nebulising aerosol 

containing dissolved ions into the absorber and above the “shower head” that significant quantities of 

elements were deported through the AGS system. The results showed that deportment occurs via the 

physical process of aerosol entrainment. 

The current stage of the project is to assess the likely partitioning of trace elements in an amine-based 

PCC plant that could be followed by modelling of the system at a different stage after collecting 

information about the chemical compositions and concentrations of all pollutants present in the system.  
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pressure stripper was utilized. 

3. The simulated flues gas does not include SOx products. The authors should explain why this was 
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Answer: SOx will be knocked down at two stages in the process. In the acid gas scrubber and whatever 

escapes the AGS will react with the amine to form heat stable salt that will stay in the solution. This is 

well known. Adding SOx to the flue gas would increase the complexity but not have added value in 

terms of the interpretation of the fate of trace elements. 

4. Was a mass balance performed on selected elements to determine if all material was accounted in 
the partitioning? ie. Does the element precipitation and partitioning downstream balance with the 
original species concentration? 

Answer: No mass balance was done as the precipitate coagulates within the stainless steel packing in 

the column ad it is very difficult to accurately collect and weigh them, particularly at the small scale of 

the lab set-up. The aim of the experiment was to investigate elemental deportment rather than the 

mass closure of the AGS system and as such mass closure has not been evaluated. Mass closure of the 

AGS system could be investigated in further work after modification of the process. It suggested that 

this work is carried out at pilot plant scale or even demo-plant scale to facilitate the establishment of 

such a balance. 

5. Is there an appropriate error analysis that can be applied to the results to identify the significance 
of the material reporting to the stripper?  

Answer: An uncertainty analyses may be possible to with respect to the analytical level of detection and 

stripper operation. This has not currently been undertaken but may be possible with further work. 

Reviewer 3 

The report is a good overview of the likely fate of the most concerning trace elements in PCC processing.  

The literature survey is comprehensive and informative.  The experimental work provides some interesting 

data and will no doubt provide long hours of study for those interested in both the methods used and 

implications of the results for those involved in future design of pilot facilities. 
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Executive Summary 

In order to mitigate carbon dioxide emissions from coal fired fossil fuelled power plants amine-based CO2 

post combustion capture (PCC) technology can be retrofitted to current power plants or installed in new 

plants. This technology does not only capture CO2 but can also contribute to the reduction of other 

pollutants such as SOx, NO2 and particles. However, no specific information currently exists on the 

behaviour of trace elements from Australian coals in post-combustion capture processes. Therefore, 

theoretical and empirical research is required to gain an understanding of the impact and fate of trace 

elements in the CO2 scrubbing process.  

For this purpose ANLEC R&D (Australian National Low Emissions Coal Research & Development) has 

commissioned CSIRO to conduct a literature review concerning the behaviour of trace elements in an 

amine-based CO2 capture plant at different sections of the process and to design and carry out laboratory 

experiments in order to compile data relevant to the behaviour of trace elements in a PCC system. 

The amine-based PCC technology utilises aqueous amine solutions to selectively capture CO2 from the flue 

gas streams of power plants. Coal-fired flue gas contains a mixture of O2, CO2, NOx, SOx, particles and other 

impurities. Knowledge about the effects of these compounds on the degradation process is progressing in 

terms of oxidative and thermal degradation. The flue gas of conventional coal fired power plants also 

contains trace elements that are potentially hazardous to human health and the environment. However, 

the effects of these elements on solvent degradation and the operation of the process are far from being 

fully understood.    

Some trace elements  that are likely to be discharged from the stack such as As, Cd, Hg, Ni, Pb, Sb, and Se 

were identified by the Clean Air Act Amendments of 1990 as hazardous air pollutants. Several other 

elements are recognised for their impact on the environment. It is important to understand what would 

happen to these elements that will be subject to behaviour changes with falling temperature occurring 

before entering the pre-scrubber system of the PCC plant. This information is of particular importance to 

regulators.  

The objective of the research is to undertake a literature review and laboratory experiments in order to 

compile data on the behaviour of trace elements in a PCC system. The data thus obtained will then allow 

subsequent chemical process modelling to be carried out. The first task in the project was to undertake a 

literature review in order to establish what data exists on the thermodynamic partitioning of trace 

elements in post combustion CO2 capture plants.  

The following areas were addressed by the review: 

1. Published data on trace elements partitioning behaviour in the acid gas scrubbing process 

2. Behaviour of trace elements in the CO2 absorption and stripping processes 

3. Published data on PCC solvent degradation kinetics for selected trace elements 

4. Identification of those trace elements which will require laboratory research so as to determine 

their expected partitioning behaviour. 

The outcomes of the literature review are detailed in Section One. 
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Based upon the outcomes of the literature review the purpose of the second task was to undertake an 

empirical laboratory investigation of the thermodynamic partitioning behaviour of selected trace elements 

identified in the literature review.  The partitioning behaviour of the selected trace elements during the 

processes of acid gas removal, CO2 absorption and stripping were determined. Acid gas scrubbing reagents 

investigated included lime, ammonia and sodium hydroxide and as the carbon dioxide solvents, 

monoethanolamine (MEA), ammonia and amino acid salts were investigated. Description of the 

experimental rig, laboratory experiments and the outcomes are given in Section Two 

The principal findings of the literature review are summarised below: 

 There is currently very little quantitative data reported in the scientific literature relating to 

partitioning of trace elements in amine-based PCC systems. The most comprehensive dataset in 

existence (at least in the public domain) is from a study made by the US Department of Energy 

(DOE) nearly ten years ago. The results of that investigation indicated that trace elements from coal 

combustion were likely to concentrate in the reclaimer waste of the amine plant. In addition, 

certain compounds containing toxic metals added to the process and corrosion products may also 

accumulate in this waste. 

 Despite the lack of data, it is apparent that most trace elements will be removed from the system 

by particulate emission control systems before they enter the CO2 capture plant. However, volatile 

species, especially mercury, arsenic, selenium and varying degrees of other metals, along with fine 

particles not retained by the ESP or fabric filter have the potential to enter the CO2 capture system. 

 A high level of flue gas desulphurisation will be necessary for amine PCC processes used on coal-

fired power stations. Some FGD systems, especially wet slurry devices, are also effective at trapping 

a number of important trace elements, especially Hg. SCR devices are also potentially beneficial for 

Hg removal because under some operating conditions they can oxidise elemental Hg to Hg2+ which 

can be readily removed from the gas stream by wet scrubbing FGD. 

 Because of the effectiveness of FGD at removing trace elements, the solid product and process 

water will be major points for trace element discharge. 

 The various pollution control devices fitted to the plant before the amine capture plant are likely to 

remove the bulk of the trace elements from the incoming flue gas stream, however, a certain 

amount of elements of concern may reach the PCC plant and these may adversely affect the 

process. Because the amine solvent is recycled within the plant even low levels of trace elements in 

the flue gas would be expected to concentrate in the solvent and especially the reclaimer waste. 

 The lower temperature of flue gas entering the absorber will be advantageous with respect to 

atmospheric emissions of volatile trace elements because a large proportion of the volatile 

substances should be retained rather than being emitted with the flue gas. However, the fate of 

the trace elements in the resulting condensate is as yet unknown. 

As there was very little information available on trace element behaviour in a PCC system, selection of a 

suit of elements for the laboratory study was based upon their relative volatility and their known 

environmental effects. While it is probable that a large proportion of these trace elements will be removed 

by pollution control devices upstream of the PCC process, residual material passing through may 

accumulate in the solvent, hence a detailed study of their behaviour with the solvent system is warranted. 

The outcomes from the laboratory experiments carried out to study the deportment of the selected trace 

elements are: 
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 Apart from mercury, the selected elements are mostly retained within the Acid Gas Scrubber (AGS) 

with very little carry-over into the absorber/stripper/exchanger (ASE) system.  

 The behaviour of the trace elements in the AGS is complex with some precipitating out and others 

remaining largely in solution. 

 Some elements also show concentration changes in the AGS solution during the course of the 

experiment possibly reflecting corresponding changes in pH of the absorbent solution. 

 Mercury remains in a volatile phase passing through the system with very little or no retention. 

 There is some variability in trace elements deportment related to the nature of the solvent which is 

most likely due to the pH of the absorbent, precipitation and to carbonate formation, during the 

course of the experiment. 

 In the case of the MEA solvent some movement of selected trace elements across the stripper into 

the pure CO2 stream has occurred.  

 The behaviour of the trace elements in the ASE, particularly in the stripper, most likely reflects the 

volatility of the selected trace elements and solubility in the solvent matrix. 

It is important to highlight that the precise information on the potential transport of trace elements during 

PCC operation would depend on the concentrations and chemical states of the elements, plant design and 

operational conditions and the pollution control methods employed.  

The current research showed that an acid gas scrubber system can efficiently capture most of the trace 

elements before entering the absorber/stripper system. Further research is required to acquire information 

concerning the identity and chemical states of major degradation and precipitation products that are 

formed during the interaction between the elements and the pre-scrubbing solution. This will determine if 

these products can be reused or determine the appropriate approach for their disposal.  

The current study showed that if, by any process, transport of trace elements to the absorber/stripper 

system did occur it is likely that some of these compounds would reach the stripper and absorber vents. 

Trace elements may react with amines to form strong water-soluble complexes that can move in the 

absorber/stripper system by physical entrainment as aerosols.  In this case it is recommended to carry out 

future studies to identify and quantify the suite of by-products that could form during the interaction with 

the solution in the absorber and in the stripper where the characteristics of the mixture are different.  

It appears that the factors controlling the behaviour of trace elements in the AGS need further investigation 

in order to assess the relative importance of variables such as pH and element solubility. 

It is recommended that further work should be undertaken to validate the laboratory rig experimental results by using 

a pilot or demonstration plant facility to determine the rate of transport of trace elements into different streams of 

PCC. In addition, identification and quantification of chemical compounds at the inlet and outlet gas and liquid 

streams should be made available so a mass balance can be carried out and modeled. The collected data will provide 

information about the chemical behavior of solvents when exposed to the transported trace elements.  This 

information can be used as inputs to proceed with appropriate process modelling to determine all emissions expected 

from future PCC plants. 
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Project Objectives 

To assist with the ongoing development of carbon capture technology, knowledge of the potential 

environmental impacts of the process is required. As no specific information currently exists on the 

behaviour of trace elements from Australian coals in post-combustion capture processes, theoretical and 

empirical research is required to gain an understanding of the impact and fate of trace elements in the CO2 

scrubbing process.  

The objective of the research is to undertake a literature review and carry out laboratory experiments in 

order to compile data on the behaviour of trace elements in a PCC system. The obtained data will then 

allow subsequent chemical process modelling to be carried out.  

The first task in the project was to undertake a literature review in order to establish what data exists on 

the thermodynamic partitioning of trace elements in post combustion CO2 capture plants. The outcomes of 

the literature review are presented in Section I. 

Based upon the outcomes of the literature review the purpose of the second task was to undertake an 

empirical laboratory investigation of the thermodynamic partitioning behaviour of selected trace elements 

identified in the literature review.  The partitioning behaviour of the selected trace elements during the 

processes of acid gas removal, CO2 absorption and stripping were evaluated. Acid gas scrubbing reagents 

investigated included lime, ammonia and sodium hydroxide and the carbon dioxide solvents, 

monoethanolamine (MEA), ammonia and amino acid salts. Description of the experimental rig, laboratory 

experiments and their outcomes are given in section II. 
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SECTION ONE  

LITERATURE REVIEW 
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1. Introduction 
 

Removal of CO2 from flue gas by amine-based CO2 post combustion capture (PCC) systems is 

widely regarded as a viable method for reducing atmospheric emissions of greenhouse gases 

from electricity generation in the short to medium term. Currently, there are numerous 

research programmes underway in Australia and many other countries aimed at adapting the 

process to coal-fired and natural gas-fired power stations at a commercial scale. 

In the short term, amine-based PCC systems are likely to be retro-fitted to existing power 

stations, which in Australia will largely be coal-fired facilities. The flue gas from coal-fired power 

stations contains about 12-15 % CO2, up to about 4 % oxygen, with mostly water vapour and 

nitrogen comprising the balance. In addition to these bulk components, there are numerous 

other materials present at lower concentrations. These include oxides of nitrogen (NOx, which 

mainly comprise NO and NO2), SO2, small amounts of SO3, particulate matter and trace 

elements. Most of these minor components have potential adverse environmental or health 

effects, hence regulatory agencies generally impose standards intended to minimise the release 

of these compounds into the environment. 

Modern power stations are fitted with various pollution abatement technologies to keep 

emissions within prescribed limits. Most coal-fired power stations throughout the world are 

equipped with either electrostatic precipitators (ESP) or fabric filters to control particulate 

emissions. As well, many countries, especially the United States and throughout Europe, require 

additional flue gas cleanup systems to remove SO2 and NOx. De-NOx and de-SOx systems are not 

yet required for Australian utilities; however, most are subject to various state administered 

load-based licensing requirements for these substances. 

Substantial quantities of trace elements are also released into the environment as a 

consequence of coal-fired power generation. Trace elements are generally considered to be 

those present in the original coal at concentrations below 1000 ppm (Swaine, 1990) and at least 

66 species have been identified in Australian coals (Swaine, 1990). Most trace elements end up 

in the bottom ash from the boiler or fly ash removed from the flue gas, although a small 

proportion is emitted into the atmosphere either in the gas phase or attached to fine particles 

that pass through the particulate control devices. 

Emissions of trace elements have received considerable attention over several decades because 

many are known to be toxic. In particular, mercury released through a number of industrial 

processes and has attracted a lot of attention because of its ability to persist in the environment 

for a long time and can be dispersed over large areas. On January 19, 2013, delegates from more 

than 140 countries participating in the United Nation Environment Programme agreed on a set 

of legally binding measures to curb mercury pollution and approved measures to control the use 
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of the highly toxic substance in order to reduce the amount of mercury released into the 

environment.  

While emissions from conventional coal-fired power generation are reasonably well understood, 

the addition of PCC systems is likely to substantially affect the emissions profile. Apart from the 

additional suite of compounds generated by the amine system (Azzi et al., 2012) some of the 

components of the incoming flue gas may also be emitted to varying degrees, but probably in 

different amounts and via different routes to conventional power plants. For example, acid 

gases such as SO2, SO3 and NO2 will react with the amine solvent, so direct emissions of these 

gases from a PCC plant are likely to be low, whereas NO will probably pass through unabated. 

The energy penalty imposed by the PCC system on generation efficiency and the concomitant 

increase in fuel usage mean that emissions of NO and other pollutants may increase compared 

to current power plants (Adams, 2010; Koornneef et al., 2011; Tzimas et al., 2007). 

The potential problems associated with the presence of minor components of flue gas on amine 

solvents are well recognised and in the last few years there have been a number of studies 

aimed at determining the effects of SO2 and NOx on the operational characteristics of PCC 

systems (Adams, 2010; Thitakamol et al., 2007). However, less well studied are the effects of 

trace elements and particulates on amine capture systems. To assist with the development of 

viable PCC processes it will be necessary to understand the chemical and physical interactions of 

trace elements with the solvent systems, not only for process optimisation but also so that 

environmental consequences can be effectively mitigated. Presently, however, there are very 

little data on the behaviour of flue gases in PCC systems, so theoretical and small-scale 

experimental studies are required to gain some understanding of the fate of trace elements 

produced during combustion as they pass through the PCC plant. Accordingly, the study 

described in this report was established with the aim of gathering quantitative data on trace 

element behaviour in amine PCC systems. The project comprised two components: 

1. a review of scientific and technical literature was undertaken to determine what data 

already exists on trace element partitioning in PCC system and 

2. a laboratory-scale experimental study of the partitioning behaviour of selected trace 

elements during CO2 removal with monoethanolamine (MEA) and other amine solvents. 

Given the large number of trace elements that are known to be present in coal, one of the key 

objectives of the literature review was to identify the most appropriate substances for detailed 

investigation during Phase 2 of the project. 

This report presents the findings of the literature review of partitioning of trace elements in 

PCC-equipped coal-fired power plants. As well, a selection of trace elements is suggested for 

detailed examination during Phase 2 of this project. 
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2. Trace Elements in Coal 
 

Definition of what constitutes a “trace element” is unclear: in the geological literature, a trace 

element is one with a concentration below 1000 ppm (Dale, 2003) whereas in analytical 

chemistry, a trace element is defined as one having a concentration less than 100 ppm. In this 

report the geological definition of “trace element” will be used. 

Coal contains most of the elements in the periodic table many of which are of environmental 

concern (Swaine, 1990; Xu et al., 2004). Figure 2.1 shows the elements of concern as defined by 

the US National Research Council (1981), the US Clean Air Amendment Act (1990) and the 

Australian National Pollutant Inventory. 

The mode of occurrence of trace elements is complex and not yet understood. Many if not most 

of the trace elements occurring in coal are associated with the mineral matter, some are 

associated with the organic matter, and others have a variable affinity (Figure 2.2). Of the 

environmentally sensitive elements many appear to be associated with pyrite. The factors 

influencing the trace elements content of a particular coal are complex and may include the 

concentration in the source vegetation, enrichment during vegetative decay, changes occurring 

through geological process such as diagenesis, burial and coalification and epigenetic 

mineralisation. Within a particular coal basin there is often significant lateral and vertical 

variation in trace element concentration which reflect the depositional history and subsequent 

changes. 

2.1 Trace Element Contents of Australian Thermal Coals. 
As part of a study supported initially by the National Energy Research Development and 

Demonstration Programme (NERDDP) and subsequently the Australian Coal Association 

Research Programme (ACARP), CSIRO has compiled a database of environmentally sensitive 

trace element contents of Australian export thermal coals and a database of internationally 

traded thermal coals (Dale, 1995; Dale, 2003; Dale et al., 1991). This information relates mainly 

to black coals. However, there is very little data relating to Victorian brown coals apart from 

those that have been reported by Brockway and Higgins (1991) and Brockway et al. (1991).. 

Although there is a considerable body of trace element data for Australian and international 

coals, these have been obtained on raw coal and clean coal composites, not on "as-sold" coals, 

many of which have been processed in coal preparation plants to remove mineral matter, the 

source of many of the trace elements. The internationally traded coals shown in Table 2.1 

include coals from United States of America, China, Indonesia, South Africa, Poland, Colombia 

and Venezuela. 
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Figure 2.1 Elements of environmental concern in coals. 
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US National Research 

Council, 1980
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As shown in the table, the contents of environmentally sensitive trace elements found in 

Australian coals are generally lower or comparable to those found in internationally traded 

coals. Of the elements identified as being of major concern (As, Cd, Hg, Mo, Pb and Se), all are 

present in lower concentrations in Australian coals apart from cadmium which occurs at similar 

levels to those found in international coals and has a similar compositional range. Those 

elements of moderate concern (Cr, Cu, F, Ni, V and Zn) are generally present at similar levels in 

Australian coals but chromium and nickel values are significantly lower. Consistent trends are 

also observed in other coal composition databases (Tewalt et al., 2010). 

 

Figure 2.2 Modes of occurrence of trace elements in coal (after Clarke & Sloss, 1992) 

 

When the data are broken down into a regional level (Table 2.2), Australian coals still tend to 

have lower than average contents of many trace elements and have the lowest mean contents 

of arsenic, boron and mercury. In contrast, zinc and manganese contents are the highest. 

Contents of other elements are at comparable levels. 
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Table 2.1 Mean and ranges of trace elements in Australian export thermal coals and 

internationally traded thermal coals (data for this and following tables from CSIRO database). 

Values are expressed in units of ppm, unless indicated otherwise. 

 Australian International 

Element Mean Low High No Mean Low High No 

As 1.05 0.2 7.0 100 4.4 0.36 9.8 29 

B 19 5 70 80 62 11 430 29 

Be 0.87 0.20 7.4 60 1.4 0.2 3.2 11 

Br 5 2 17 20 11 2.0 17 11 

Cd 0.11 0.01 0.32 59 0.11 0.01 0.31 29 

Cl 348 25 1200 65 394 10 1080 29 

Co 4.5 1.0 14 85 5.5 1.2 13 29 

Cr 9.7 2.0 25 85 24 2.0 35 29 

Cu 15 6.0 27 85 12 1.0 15 29 

F 114 20 255 100 118 15 305 29 

Hg 0.045 0.01 0.11 100 0.11 0.02 0.19 29 

I 9 2 14 26 5 2 8 11 

Mn 127 5.0 700 84 40 7 100 29 

Mo 0.85 0.1 2.6 85 1.4 0.14 4.0 29 

Ni 5.8 3.8 23 65 11 1.5 21 29 

Pb 3.2 2.0 14 100 8.1 1.0 22 29 

S(%) 0.41 0.1 0.73 61 0.85 0.2 3.6 29 

Sb 0.39 0.05 1.0 65 0.47 0.05 1.4 29 

Se 0.53 0.12 1.0 100 2.2 0.15 5.0 29 

Th 2.8 0.1 7.3 65 5.0 0.26 12 29 

U 1.1 0.3 4.1 65 2.0 0.3 3.8 29 

V 28 7.0 75 65 24 3 50 29 

Zn 18 3.0 26 65 13 5 21 29 
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Table 2.2 Mean and ranges of trace elements in Australian export thermal coals and internationally bituminous thermal coals broken down to regions. Values are expressed in units of ppm, unless indicated otherwise. 

 USA South Africa Poland Columbia China Australia 

 Mean Low High Mean Low High Mean Low High Mean Low High Mean Low High Mean Low High 

As 12.22 5.60 26.00 1.89 1.20 3.00 3.05 2.60 3.50 1.70 1.60 1.80 1.41 0.32 4.10 1.05 0.2 7 

B 33 19 61 39 27 60 19 11 26 48 43 52 48 25 94 19 5 70 

Be 2.3 1.0 3.2 2.0 2.0 2.0 n.a. n.a. n.a. n.a. n.a. n.a. 1.2 0.6 2.1 0.87 0.2 7.4 

Br 15 12 17 1 1 1 n.a. n.a. n.a. n.a. n.a. n.a. 65 1 280 5 2 17 

Cd 0.11 0.09 0.14 0.12 0.06 0.19 0.09 0.08 0.09 0.11 0.09 0.12 0.08 0.01 0.15 0.11 0.01 0.32 

Cl 1162 1000 1420 40 5 90 998 725 1270 205 200 210 234 25 670 348 25 1200 

Co 7.1 4.0 11.0 6.0 3.5 7.8 7.1 7.0 7.1 1.7 1.6 1.8 5.4 1.2 13.0 4.5 1.0 14 

Cr 19.2 12.0 30.0 27.3 22.0 35.0 21.5 19.0 24.0 16.0 11.0 21.0 6.2 2.5 10.0 9.7 2 25 

Cu 15.3 5.0 28.0 11.1 7.2 18.0 21.5 20.0 23.0 5.1 4.9 5.2 8.8 5.0 12.0 15 6 27 

F 93 60 135 221 135 305 85 85 85 43 40 45 119 35 155 114 20 255 

Hg 0.099 0.043 0.140 0.096 0.061 0.130 0.086 0.071 0.100 0.065 0.029 0.100 0.067 0.005 0.190 0.045 0.01 0.11 

I 5.3 3.0 7.0 7.0 7.0 7.0 n.a. n.a. n.a. n.a. n.a. n.a. 2.5 1.0 6.0 9 2 14 

Mn 38 14 101 62 47 93 60 56 63 30 28 31 70 17 123 127 5 700 

Mo 2.32 0.93 4.20 1.12 0.77 1.50 1.75 1.50 2.00 1.74 0.98 2.50 0.88 0.23 2.30 0.85 0.1 2.6 

Ni 14.2 8.3 21.0 12.3 6.5 21.0 18.0 15.0 21.0 9.0 7.0 11.0 7.4 1.5 14.0 5.8 3.8 23 

Pb 7.8 3.5 15.0 9.5 7.6 12.0 11.5 11.0 12.0 2.6 2.1 3.1 8.9 2.4 22.0 3.2 2 14 

S(%) 1.49 0.61 3.00 0.54 0.41 0.66 0.60 0.53 0.66 0.62 0.58 0.66 0.51 0.30 0.95 0.41 0.1 0.73 

Sb 0.73 0.37 1.40 0.29 0.17 0.80 7.20 1.40 13.00 0.44 0.40 0.47 0.38 0.16 0.67 0.39 0.05 1 

Se 4.25 2.90 5.30 0.73 0.38 1.30 0.86 0.82 0.90 4.50 4.20 4.80 1.41 0.17 4.40 0.53 0.12 1 

 Th 3.90 1.50 6.90 8.10 8.10 8.10 n.a. n.a. n.a. n.a. n.a. n.a. 2.48 0.88 5.50 2.8 0.1 7.3 

U 1.40 0.60 2.80 2.01 1.70 2.40 2.00 1.80 2.20 0.40 0.34 0.45 1.45 0.22 3.10 1.1 0.3 4.1 

V 31.5 17.0 51.0 25.9 16.0 35.0 34.0 33.0 35.0 17.0 16.0 18.0 12.9 4.0 23.0 28 7 75 

Zn 13 7 21 13 5 29 17 16 18 12 12 12 15 4 55 18 3 26 
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3. Partitioning in Conventional Coal-Fired Plants 

3.1 Introduction 
Apart from CO2 and water, coal combustion yields a range of other emissions products including SO2, oxides 

of nitrogen (NOx), CO, certain organic compounds and various inorganic elements and their compounds, 

some of the latter occurring in such concentrations to be classified as trace elements as defined above. 

Sixteen of these elements are included in the Australian National Pollutant Inventory Substance List and 

consequently, their emissions must be estimated and reported for industrial facilities that use or produce 

these materials (which includes many coal-fired power plants). As well, there are a number of other 

elements that are considered to be of concern. The radioactive elements, U and Th are emitted from coal 

combustion, however, the emissions are generally very low, at least with Australian coals, and are not 

considered to be a significant environmental problem (Dale, 2003). 

3.2 Element Partitioning During Combustion 
The behaviour of coal trace elements during combustion depends upon factors such their mode of 

occurrence, spatial relationship of the minerals and of the minerals and organic matter and boiler operating 

conditions. Clarke and Sloss (1992) have classified trace elements according to their relative volatility. 

(Figure 3.1) 

 

 

Figure 3.1 Classification of trace elements by their volatility during combustion (after Clarke and Sloss, 1992) 

 

Group 1 elements are essentially non-volatile and consequently tend to be preferentially concentrated in 

the bottom ash. Group 2 elements are concentrated in the particulates and may also be enriched on 
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micron-sized fine particles due to initial volatilisation during combustion followed by condensation in the 

cooler parts of the boiler. Group 3 elements are highly volatile and remain in the gas phase. These are the 

elements which are likely to be of most concern when considering PCC systems. As with most 

classifications, as shown in Figure 3.1, there is considerable overlap. Although there is some variability in 

the results obtained by various researchers there is a tendency for the following elements to be enriched in 

the sub-micron size fraction of fly ash: Cr, Ni, As, Se, Cd, Sb, Hg and Pb (Davidson and Clarke, 1996). These 

results are of significance when considering the introduction of PCC technologies as it is this fine ash 

fraction that is most likely to pass through any particulate control system. Some of the observed variability 

may be due to the nature of the mineral matter in the coal and its behaviour during combustion. The 

chemistry of the fly ash may also play an important role as it has been noted that calcium contents of the 

ash may influence the behaviour of potentially volatile elements such as arsenic and selenium that will 

instead form calcium arsenate and selenate if the calcium concentration is high enough. Some research 

also suggests that the fine ash particles may be enriched in sulphate, phosphate or chloride in comparison 

to the coarser ash particles which are dominated by alumina-silicate compositions. 

3.3 Chemistry of Australian Fly Ashes 
A study of the variability of the characteristics of Australian fly ashes was undertaken by French (2007). All 

of the analysed ashes could be classified as type F of the ASTM classification (ASTM, 1999) and are low 

sulphur. When compared to a comprehensive data set of European fly ash (Moreno et al., 2005) Australian 

fly ashes tend to have higher silica contents, and lower potassium, calcium and magnesium contents. 

 When compared to the values obtained by Moreno, et al. (2005) (Table 3.1 and Figures 3.2, 3.3) in their 

study of European fly ashes a notable feature is the generally low levels of trace elements found in 

Australian fly ashes. Thus the mean contents of As, B, Cd, Cr, Hg, Li, Pb, Sb, Se and V contents are lower and 

there is minimal overlap of the ranges which tend to be more restricted, apart from that for chromium (Fig. 

3.2). Of the remaining elements, Cu, Mo, Ni and Zn contents tend to be lower although there is 

considerable overlap in the ranges and in some cases (such as for Ni and Zn)  the variability is greater for 

the Australian ashes (Figs. 3.2, 3.3). The mean values of the Co and Sn contents are comparable with the 

Australian data also tending to show a greater variability especially in the case of Co (Fig. 3.3). Beryllium 

and Ge contents are slightly higher in Australian ashes with Be showing a much greater variability in 

comparison to the European ashes. In comparison to Chinese fly ashes (Liu et al., 2004) Cu, V and Pb values 

are lower in Australian ashes; Zn and As values are comparable apart from the higher values obtained for 

the Western Australian fly ashes,. The low trace element content of the ashes studied is also evident when 

compared to values obtained for the Eggborough power station (Spears and Martinez-Tarrazona, 2004) 

with Ni and Zn being the only elements present in higher concentrations and that only in the West 

Australian fly ashes.  

An analysis of variance (ANOVA) was performed to test the statistical significance of the above observations 

(vide Table 3.2). Table 3.2 compares the calculated F statistic (defined as the between-group variance 

divided by the within-group variance) to the critical F value. Where F > Fcrit, there is a statistically significant 

difference between the Australian and European data sets. 

The ANOVA results largely confirm the observations made above, the notable exceptions being for Hg, Pb 

and Sb. Although the Pb and Sb values for the Australian ashes would appear to be distinctly lower in 

comparison to those of the European ashes, the greater variability and skewed nature of the distribution of 

these two elements in the European dataset are reflected in the ANOVA results which show no statistically 

significant difference exist between the two datasets. Although not clearly shown on the box and whisker 



 

Final Report- Impact of Flue Gas Impurities on PCC Plants |  10 

plot, the situation is probably similar for Hg though the F statistic is just outside the accepted range, being 

significant at the P0.05 level 
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Table 3.1 Comparative statistics of Australian and European fly ash trace element contents (after French 2007; European data after Moreno et al., 2005). Values are expressed as ppm. 

Statistic As B Ba Be Cd Co   

 Au Eu Au Eu Au Eu Au Eu Au Eu Au Eu   

Mean 12.7 71 47.4 238 1797.0 1380 13.7 10 0.655 2 53.1 41   

Median 9.0 55 56.0 259 768.0 1302 13.0 8 0.444 2 35.0 35   

Mode   22 56.0   393.0   22.0 8   2 11.0 25   

Standard Deviation 11.4 41 28.8 132 1665.9 779 7.9 6 0.422 1 52.1 21   

Minimum 4.0 22 7.4 24 393.0 311 3.9 3 0.250 1 5.6 20   

Maximum 43.5 162 89.0 534 4310.0 3134 24.0 34 1.500 6 170.0 112   

               

               

Statistic Cr Cu Ge Hg Li Mo   

 Au Eu Au Eu Au Eu Au Eu Au Eu Au Eu   

Mean 77.7 154 78.3 99 13.2 12 0.115 0.28 63.1 195 9.8 11   

Median 69.2 148 82.1 86 10.0 7 0.076 0.20 50.5 185 8.1 11   

Mode 122.0 148   81 10.0 3   0.20     6.1 11   

Standard Deviation 47.9 46 34.0 48 10.0 14 0.085 0.27 47.1 88 5.5 4   

Minimum 18.0 47 28.1 39 5.0 1 0.018 0.01 23.8 36 4.9 5   

Maximum 160.0 281 151.0 254 40.0 61 0.250 1.30 180.0 377 21.0 22   

               

               

Statistic Ni Pb Sb Se Sn V Zn 

 Au Eu Au Eu Au Eu Au Eu Au Eu Au Eu Au Eu 

Mean 108.6 122 61.5 129 2.2 11 3.5 9 8.1 8 144.5 253 166.3 190 

Median 52.9 96 60.0 80 2.3 4 3.0 7 7.0 8 143.0 228 140.0 154 

Mode   96 59.0 114 2.9 4   7 10.0 10   202   154 

Standard Deviation 107.3 68 11.4 210 1.1 24 1.8 7 2.9 3 54.6 87 84.4 174 

Minimum 10.5 49 48.0 40 0.9 1 1.1 3 4.6 4 48.5 154 67.2 70 

Maximum 300.0 377 81.0 1075 3.9 120 7.7 30 12.0 15 274.0 514 296.0 924 
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Figure 3.2 Box and whisker plot of comparative trace element contents of Australian (-Au) and 
European (-Eu) fly ashes for those elements occurring at low abundances (after French 2007; 
European data after Moreno et al., 2005). 
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Figure 3.3 Box and whisker plot of comparative trace element contents of Australian (-Au) and 
European (-Eu) fly ashes for those elements occurring at moderate abundances (after French 2007; 
European data after Moreno et al., 2005). 
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As the distribution of trace elements in fly ash is largely a reflection of the distribution in the feed coal 

(Clarke and Sloss, 1992; Smith, 1987), the generally low levels of trace element abundances in Australian fly 

ashes most likely reflects the low trace element contents found in Australian coals (Swaine 1990, 1995). 

Although some samples have been collected from the same station over varying time intervals, the data are 

too sparse to allow of a meaningful discussion. Halliburton et al., (2006) have shown in a study of feed coal 

sampled over a five-day period that some elements showed an increase over the sampling period, whereas 

the concentration of others remained constant, although it was noted that considerable scatter existed in 

the data. However, data were not presented for the trace element contents of fly ash sampled over the 

same period so a relationship cannot be established.  

Table 3.2 Single factor analysis of variance for fly ash trace element chemistry (after French 2007). 

Element F ratio F crit at P0.05 

As 21.10 4.15 

B 22.05 4.15 

Ba 1.01 4.15 

Be 2.58 4.15 

Cd 10.02 4.15 

Co 0.90 4.15 

Cr 20.15 4.15 

Cu 1.68 4.15 

Ge 0.11 4.15 

Hg 3.65 4.15 

Li 21.66 4.15 

Mo 0.56 4.15 

Ni 0.19 4.15 

Pb 1.13 4.15 

Sb 1.57 4.15 

Se 4.53 4.15 

Sn 0.13 4.15 

V 14.37 4.15 

Zn 0.19 4.15 
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Table 3.3 Representative trace element analyses (in ppm) of selected Australian fly ashes (data from 

CSIRO database). 

 

Location New South Wales Queensland Western Australia 

Station 

Number 

1 2 3 12 13 7 14 8 9 10 15 

As 12 4.0 6.6 12 43 5.4 22 11 5.7 7.2 9.0 

B 25 56 89 75 80 60 56 11 7 16 46 

Ba 393 420 653 393 510 768 1190 3520 3510 4310 4100 

Be 22 15 4 9 6 9 5 24 13 22 23 

Cd 0.40 0.90 0.25 0.44 0.35 0.39 0.52 1.34 0.38 0.73 1.50 

Co 11 10 6 11 38 29 35 100 77 97 170 

Cr 50 40 18 45 72 27 69 130 122 122 160 

Cu 52 50 28 47 151 99 93 94 82 69 96 

Ge 40 18 5 10 10 20 7 10 10 9 8 

Hg 0.02 0.03 0.15 0.12 0.22 0.07 0.23 0.08 0.06 0.05 0.25 

Li 180 28 48 58 106 51 91 28 24 25 56 

Mn 88 200 899 321 413 103 1630 225 488 190 990 

Mo 8 5 5 6 10 9 6 21 6 18 14 

Ni 41 30 11 24 70 18 53 242 165 240 300 

Pb 59 60 48 68 48 59 49 80 81 63 62 

Sb 2.9 2.3 3.1 3.9 2.9 3.5 1.4 1.0 0.9 1.1 0.9 

Se 5.2 4.7 2.5 3.5 3.7 2.9 2.3 3.0 1.1 2.1 7.7 

Sn 10 12 6 10 11 5 5 7 6 6 12 

V 128 120 49 109 172 274 164 156 125 143 150 

W 5 7 6 6 3 3 5 7 6 6 n.d. 

Zn 108 86 67 124 142 105 140 282 196 283 296 

Zr 600 440 250 400 450 700 300 250 200 700 366 
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Unlike the major elements in which no clear regional variation was evident, the trace elements show 

significant variation (Table 3.3). The ashes from Western Australia are enriched in Ba, Be, Co, Cr, Ni and Zn 

and depleted in Sb. The ashes from three New South Wales power stations (NSW #3, NSW #12 and NSW 

#13) tend to have elevated B and Hg values in comparison to the ashes from NSW #1 and NSW #2. This 

difference may reflect variations in coal type with feed coal for the former stations being sourced from the 

Hunter Valley and the latter two from the Western Coalfield.  The ash from station NSW #3 is also unusual 

in having generally low trace element contents of elements such as As, Be, Cd, Co, Cr, Cu, Ge, Mo, Ni, Sn, V 

and Zn. 

  



 

Final Report- Impact of Flue Gas Impurities on PCC Plants |  17 

 

4. Effect of Flue Gas Cleaning 

4.1. Introduction 
Virtually all modern coal-fired power stations have some form of flue gas clean up to remove at least some 

of the minor components of environmental concern. In Australia, as in many other countries, most power 

stations are equipped with either ESPs or fabric filters to remove particulates. In Europe, the United States 

and some other countries (but not Australia) additional cleanup to remove SOx and or NOx is often installed. 

Coal-fired power stations fitted with PCC will also require pollution control devices not only for controlling 

emissions of undesirable substances but also for conditioning the gas stream before it enters the CO2 

capture plant. Some of the main pollutant substances such as SO2 and NOx are incompatible with amine-

based PCC systems because they can cause excessive solvent consumption and other operational problems. 

Hence, even in jurisdictions where control of these substances is not mandated by environmental 

legislation, control systems may be required to ensure that the PCC plant operates satisfactorily. 

Figure 4.1 shows an idealised layout of the various gas treatment systems in a PCC-equipped power station. 

 

Figure 4.1 Location of pollution control devices in the flue gas stream from a PCC equipped coal-fired power plant. 

 

None of these emission control systems are designed specifically to control emissions of trace elements 

(with the exception of carbon injection which is intended to remove mercury). However, as discussed in 

previous sections, most of the trace elements emitted during coal combustion are associated with the 

Stack

Cleaned Flue Gas

PCC PlantFGD

Particulate 
Removal –
ESP/Filter 
Bags

Fly Ash

Bottom Ash

DeNOx
System –
SCR/SNCR

Coal/Air

Flue Gas



 

Final Report- Impact of Flue Gas Impurities on PCC Plants |  18 

particulate matter and are therefore largely removed by the ESP or fabric filters. Other components of the 

pollution control system may also affect trace element emissions. 

Because of their potential to affect trace element partitioning throughout the plant, each system is briefly 

discussed below. 

4.2. NOx Removal 
From the perspective of PCC, NO2 is important because it will react with the amine solvent to produce heat 

stable salts. Some process vendors therefore specify NO2 limits for the incoming gas stream. The Fluor 

Econamine process, for instance has an upper limit of 20 ppm NO2 (Adams, 2010). Although NO2 usually 

comprises only a small proportion of the total NOx concentration in the flue gas from coal combustion 

processes, some clean up may be required to reduce NO2 concentration to an acceptable level. 

However, it is possible that de-NOx may be required for other reasons. Firstly, the additional fuel 

consumption of PCC-equipped power plants may lead to significantly higher NO emissions. It has been 

estimated that NO emissions may increase by as much as 24 % as a result of carbon capture (Tzimas et al., 

2007), so de-NOx may be required to mitigate these emissions. Another possibility is that some components 

of NOx have been found to react with amines to produce toxic nitrosamine compounds (Fostås et al., 2011; 

Jackson and Attalla, 2011). Consequently de-NOx may be required to control emissions of nitrosamines. 

Selective catalytic and non-catalytic reduction systems (SCR and SNCR) are post-combustion NOx control 

technologies that are used to reduce NOx to nitrogen and water by using reagents based on either 

ammonia or urea. The main difference between the two systems is related to the fact that without a 

catalyst the reaction takes place at 900-1050 °C, whereas with the catalyst the range drops to 160-350 °C. 

The most common system for NOx control in large boilers is selective catalytic reduction (SCRthat can offer 

a significant advantage in relation to the removal of elemental mercury. ).   The SNCR system has been 

steadily improved for small and medium-sized boilers. But power plant owners are now also investigating 

the use of SNCR for their large coal-fired boilers too. 

SCR systems have been found be effective at oxidising elemental mercury (Hg0) to Hg2+ (Wilcox et al., 2012). 

This is useful from the perspective of controlling mercury emissions because Hg2+ is more soluble in water 

and is therefore relatively easy to remove from the gas stream by wet scrubbing (in a wet FGD system for 

instance). Experimental measurements made at a full scale power plant showed that the oxidation 

efficiency of Hg0 to Hg2+ can be as high as 71 % (Wu et al., 2010). However, the efficiency of oxidation is 

dependent upon the composition of the coal and in particular, the level of HCl in the flue gas (Wilcox, et al., 

2012). In the absence of HCl, oxidation of Hg is negligible. 

Although SCR systems may facilitate mercury removal, in Australian power plants, the levels of mercury are 

generally low compared to those from US facilities. At present mercury emissions from Australian coal fired 

power stations are generally not regulated beyond the requirement to estimate emissions for the NPI. 

Emissions of mercury from NSW power plants have been regulated under license for operations. For 

example, mercury emissions from old and new plants were not to exceed 3 mg/m3 and 0.2 mg/m3 

respectively (http://www.legislation.nsw.gov.au/maintop/view/inforce/subordleg+428+2010+cd+0+N).  

4.3. Particulates 
The mineral matter in coal after combustion ends up as either bottom ash or fly ash. Depending on the 

design and operation of the boilers, about 10 to 20 % of the material is bottom ash and the rest is emitted 
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with the flue gas as fly ash. All Australian coal-fired power stations are fitted with either ESPs or fabric 

filters which remove most of the fly ash before it leaves the stack. 

Both ESPs and fabric filters are very efficient at removing particulates. More than 99.9 % of particulates (by 

mass) are removed by ESPs and fabric filters are even more effective, in some cases achieving 99.99% 

removal. Consequently, the vast majority of the original mineral matter and the associated trace elements 

will be removed before reaching the amine capture system. 

Despite their high efficiencies, a certain proportion of fine material and the associated trace elements pass 

through the particulate control devices. In ESPs, perhaps several hundred mg m-3 remain in the exit flue 

gas. Fabric filters are considerably lower being less than 2 mg m-3. As well as the trace elements condensed 

on these fine particles, some of the more volatile elements like Hg, As and Se remain in the gas phase and 

are not trapped by particulate control systems. 

As yet there is very little information on the effect of particulates on PCC systems published, although it has 

been suggested that particulate matter entering the amine process may lead to operational problems such 

as blocking equipment or foaming of the solvent (Iijima et al., 2007). In one recent study, some brief details 

of a pilot plant built and operated by Mitsubishi Heavy Industries (MHI) were reported (Endo et al., 2011). 

This is a 10 t per day plant attached to a coal-fired power station in Japan and operates with MHI’s KS-1 

solvent system. In one of the test programmes that ran for 1000 hours continuously the inlet dust 

concentration was around 10 mg m-3, which is consistent with particulate loadings achieved with fabric 

filters. The authors observed that dust accumulated in the CO2 absorber but apart from noting that no 

operational problems were encountered as a result, no other details were provided.  

Because amine PCC systems recycle the solvent between the absorber and stripper, particulates, even at 

low concentrations in the gas stream, are likely to accumulate in the solvent over time and possibly 

concentrate in the reclaimer waste.  

4.4. Flue Gas Desulphurisation 
Like NO2, the acid gases SO2 and SO3 will react with the amine solvent in PCC systems. The flue gas from 

coal-fired power generation contains SO2 in concentrations that may exceed 3000 ppm (Adams, 2010) 

although in Australian coal-fired power plants concentrations around 200-300 ppm are more typical (Davis 

and Reddan, 2012). To avoid unacceptably high solvent consumption, it is generally considered that SO2 

concentrations will need to be less than 10 ppm for MEA capture plants (Adams, 2010) or even lower for 

some other solvents (Endo, et al., 2011). It is therefore clear that new or retro-fitted PCC equipped -coal-

fired generation facilities will require some level of flue gas desulphurisation (FGD) before the flue gas 

enters the CO2 absorber. 

The basic principle of commercial FGD systems involves spraying limestone fines (or sometimes lime) into 

the flue gas which reacts with the SO2 to ultimately form calcium sulphate (gypsum). Some FGD processes 

use a dry reagent but most use a wet slurry of limestone, which can remove more than 95 % of SO2 from 

the gas stream (Dίaz-Somoano et al., 2007). These devices only partially remove SO3; however, this species 

usually represents only a very small proportion of the total sulphur compared to SO2. Recent 

measurements in a NSW power station showed that SO3 represented only about 2 % of the total sulphur in 

the flue gas (Davis and Reddan, 2012). Overall SOx emissions from a PCC plant would be expected to be 

quite low since any SO2 or SO3 passing through the FGD device would be almost completely removed by the 

amine solvent in the PCC plant. 
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As well as removing SO2, wet FGD systems are often effective at removing some volatile trace elements 

(Cordoba et al., 2012). Removal of mercury by FGD has been widely studied due to concerns about the 

environmental effect of mercury. Provided mercury is in the oxidised form (Hg2+) wet FGD has been shown 

to be quite effective at removing it from the flue gas. Experiments conducted by the United States 

Department of Energy showed that when used in conjunction with an ESP installed on the cold side of the 

wet FGD system, mercury emissions were reduced by 69 % (Miller et al., 2006). When used with SCR, this 

increased to 86 % due to the oxidation of some of the elemental mercury in the SCR system. The efficiency 

of mercury removal, however, was found to be strongly dependent on the type of coal and type and 

configuration of the emission control devices which was reflected in the range of removal efficiencies 

measured. 

More recent work performed at a Spanish power station showed that very high removal efficiencies were 

achieved for a number of trace elements including F, Cl, B, Se, As and Hg (Cordoba, et al., 2012). In this 

study, F and Cl were almost completely scrubbed from the flue gas by the FGD system (99 and 97 % 

removal respectively) while between 89 and 96 % of the B, Se and As were removed. Mercury too, was 

significantly reduced by the action of the FGD. About 70 % of the total mercury was removed which is 

consistent with the findings of the DoE study in the US (Miller, et al., 2006). However, while FGD systems 

are generally effective at removing oxidised mercury, it has been suggested that under some circumstances 

Hg2+ can be reduced during the process and subsequently re-emitted as elemental Hg (Dίaz-Somoano, et 

al., 2007). 

Córdoba, et al. (2012) also estimated that about half of the fine fly ash that passed through the ESP on the 

power plant was retained by the FGD system, further reducing the particulate loading of the flue gas. 

However an important point to bear in mind with FGD systems is that although they are apparently 

effective at removing some trace elements from the flue gas, the limestone sorbent may itself be a 

significant source of trace elements. Córdoba, et al. (2012) found that a substantial proportion of Mn, Sr, F, 

Ti, P Cl and U were derived from the limestone used in the FGD plant. 

The trace elements removed by the FGD system are retained either in the gypsum product or the process 

water and can reach significant levels that may present a waste disposal problem. In another study at two 

Spanish coal-fired power stations, unusually high concentrations of some toxic elements including, Cd, B, 

Se, Sc, Ni, Zn, and especially Hg and U were found in the FGD process water (Córdoba et al., 2011). 

4.5. Mercury Abatement Systems 
Mercury is partitioned in stack gases from coal-fired power stations as elemental mercury (Hg0), oxidised 

mercury (Hg2+) and particulate bound mercury (Hgp). Currently in Australian there is no requirement to 

directly control mercury emissions, although mercury is a reportable substance under the NPI. In the 

United States the USEPA has recently introduced emission standards based upon the US 1990 Clean Air Act 

to set limits on mercury and numerous other toxic trace element emissions from power generation 

facilities. 

As noted in Section 4.3, some mercury is removed in the FGD plant but most of this is Hg2+; Hg0 is largely 

unaffected. Unless the coal has sufficient Cl present and or an SCR device is used, the total amount of 

mercury emitted may be significant. Research into the speciation of mercury in Australian power plants has 

shown that about 58 % of the mercury emitted in the flue gas is as the elemental form (Nelson et al., 2008). 

Available mercury control technologies use adsorbents to physically or sometimes chemically bind the 

mercury to the surface of the sorbent material. Sorbents examined include fly ash, unburned carbon in the 

ash or activated carbon which is injected into the gas stream (Wilcox, et al., 2012). Sorbent injection would 
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probably be upstream of the particulate removal system so that the captured mercury would be removed 

by the ESP of filter for disposal with the rest of the fly ash (Adams, 2010). 

Given the lack of data on commercial mercury control systems, it is not known how full-scale systems 

would affect the gas streams presented to PCC plants. Even without mercury capture, the very low levels of 

mercury in flue gases would not be anticipated to have much of an effect on the operation of the plant (by 

degrading the solvent for instance). Typical mercury concentrations in coal-fired flue gas vary between 1-10 

g m-3. For stack gas in a NSW coal fired power station Nelson et al. (2010) recorded a typical range of 0.5-

5.g m-3. It is probable that some of the mercury would tend to accumulate in the solvent waste, possibly 

presenting a disposal problem. 
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5. Partitioning in PCC Systems 

It is widely recognised that impurities in the flue gas from coal-fired power plants may adversely affect the 

operation of amine PCC systems. Most attention in this regard has so far focussed on assessing and 

mitigating the effects of SO2, SO3 and NO2 on the amine solvents. However, trace elements released from 

coal-fired plants equipped with PCC will, like conventional systems, present an environmental problem 

unless properly managed. Indeed, the amount of trace elements and other some other pollutants released 

is expected to increase because additional coal will have to be consumed to compensate for the reduced 

electrical efficiency of PCC-equipped plants (Adams, 2010; Koornneef et al., 2011). Despite the potential 

importance of trace elements in PCC systems, it is only recently that research has commenced in the area. 

As discussed in the preceding sections, most of the trace elements released from coal combustion are 

associated with the particulates. Even volatile elements such as Se, As, Pb, etc. tend to condense on the fly 

ash as they move beyond the combustion zone. Consequently, most of this material will be retained as 

either bottom ash from the boiler or as fly ash captured by the electrostatic precipitator or fabric filters 

although differences in volatility mean that the collection efficiency for individual trace elements varies 

considerably (Sloss and Smith, 2000). 

Table 5.1 Inorganic ions detected in MEA solvent and reclaimer bottoms (from Strazisar et al., 2003) 

 MEA Solvent (ppm) Reclaimer Waste (ppm) 

Cations   

Sodium 

Potassium 

Calcium 

Iron 

Copper 

Zinc 

Aluminium 

Selenium 

Arsenic 

80 

2.2 

1.1 

1.4 

0.2 

0.3 

Not detected 

Not detected 

Not detected 

821 

18 

1.3 

1.1 

0.1 

0.2 

0.4 

17.4 

1.7 

Anions   

Fluoride 

Chloride 

Bromide 

Sulphate 

Nitrate 

Nitrite 

Phosphate 

300 

1600 

0.9 

2200 

290 

130 

7.8 

1500 

49000 

80 

250 

3100 

Not quantified 

230 

 

Since most particulates, and therefore trace elements, are largely removed before entering the PCC plant, 

the bulk of this material will probably be handled and disposed of in much the same way as in current non-

PCC equipped power stations. Nevertheless, the small proportion of the trace elements that pass through 

the particulate capture and other emission control devices either as fine particles or as volatiles have the 
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potential to enter the absorber and stripper columns of the CO2 capture plant and interact with the solvent 

system. 

Because there are currently no full scale PCC plants operating on commercial coal-fired power stations, 

actual partitioning behaviour of trace elements in large amine capture plants is unknown. However in the 

United States, smaller scale systems are in use for the production of CO2 for the enhanced oil recovery 

industry. In one of the earliest experimental studies of the effect of flue gas impurities on amine solvent, 

the National Energy Technology Laboratory examined the degradation pathways of MEA in a commercial 

chemical plant where CO2 was separated from the flue gas of a coal-fired boiler used to generate electricity 

(Strazisar et al., 2003). The primary focus of the study was on organic compounds produced as a result of 

solvent degradation, however, a range of inorganic species were also determined in the lean MEA solution 

and the reclaimer waste produced in the plant. The results of these analyses are summarised in Table 5.1. 

In general, both cations and anions were more concentrated in the reclaimer waste compared to the lean 

MEA. The main exception was sulphate which was much more concentrated in the MEA. The authors 

suggested that this may have been due to the precipitation of a solid (which was not detected by the 

analytical procedures) or alternatively that it formed a volatile species like SO2 that is subsequently re-

emitted.  

The relatively high levels of sodium present in both the MEA and reclaimer waste were probably due to 

sodium carbonate added to the reclaimer to recover some of the MEA from the heat stable salts formed. 

However, the authors concluded that most of the other cations originated from the feed coal (although it is 

possible that corrosion products may also contribute some metals). The level of selenium in the reclaimer 

waste was significant. 

Although not strictly trace elements in the sense of power station emissions, some metals of concern, 

especially copper and vanadium, may be deliberately added to the solvent to inhibit corrosion in the plant. 

Corrosion products themselves (e.g. iron, chromium, nickel) would also be expected to accumulate in the 

solvent system over time. Whatever the source, metals in the amine may present additional problems aside 

from the obvious one of disposal. It has been shown that some of these metals have the potential to 

catalyse oxidative degradation of the solvent (Goff and Rochelle, 2005; Sexton and Rochelle, 2009) thus 

contributing to the formation of additional potentially hazardous organic wastes and increasing solvent 

consumption. 

Apart from the Stazisar et al. investigation there have been very few studies where trace elements in PCC 

systems have been considered. In fact, where quantitative trace element data are considered, most studies 

refer back to the measurements made by Stazisar et al. (Koornneef et al., 2008; Thitakamol et al., 

2007).However, in one recent experimental study, the concentration of metals and other compounds were 

measured in the gas and liquid streams in a pilot plant attached to a brown coal power station in Germany 

(Moser et al., 2011). Unfortunately, however, the data relating to metals were not presented in the paper 

so it is unknown how the metals partitioned within the plant. The primary author of this study has since 

advised that these data may be made available later through their participation in the Global Carbon 

Capture and Storage Institute (Peter Moser, personal communication). 

Other groups have adopted more theoretical approaches to assess the effects of PCC adoption, and some 

of these have considered trace elements (although these are usually based on Stazisar’s results). 

Thitakamol, et al. (2007) estimated the environmental impact of emissions from amine PCC systems 

coupled to coal-fired power generation. They identified all of the possible pollutants and their sources 

within the process, including trace metals. Their analysis concentrated on additional emissions caused 
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directly by the PCC plant. It was assumed that substances originally present in the flue gas did not make 

additional contributions to environmental effects because they would be produced regardless of whether 

or not PCC was installed on the plant. This would include trace elements released by coal combustion. 

However, as noted previously, a PCC-equipped plant is likely to produce more of these compounds due to 

the higher fuel consumption of the plant relative to conventional systems. 

Most of PCC-related waste products identified by Thitakamol, et al. (2007) were amine degradation 

products that report to the liquid waste streams with a small proportion released with the treated flue gas. 

They did note, however, that toxic heavy metals, which are expected to be added to the process as 

corrosion inhibitors, are likely to end up in the reclaimer waste. It was estimated that the waste discharge 

via this route was 3.73 kg/t CO2 capture, of which 0.005 kg was due to these corrosion inhibitors. The point 

was also made that if the reclaimer waste was treated by incineration, appropriate cleanup of the flue gas 

from the incinerator would be required to capture trace element emissions. 

Using life cycle analysis, Schreiber et al. (2009) attempted to estimate waste emissions from conventional 

and PCC-equipped power generation. Among other things, they estimated the relative amounts of heavy 

metals emitted to the environment for five scenarios. The study only considered heavy metals in total; 

individual species were not identified. Presumably these estimates were based on the amount of 

particulates expected to be produced in the individual examples. The estimates for conventional power 

stations ranged from about 2.2 to 2.5 g/kWh-electricity but due to the increased fuel requirement, these 

increased to about 2.7 to 3.1 g/kWh-electricity for plants fitted with MEA amine wash systems. 

Of all the trace elements likely to be emitted from coal combustion, mercury is the one that has received 

the most attention with regard to reducing emissions. Mercury is a volatile element (Group 3) and 

consequently most appears in the gas phase. Because of the importance of mercury, there has been 

considerable research aimed at reducing emissions from power generation generally (Section 4.4) and 

mercury emissions from PCC systems are now being considered. In a recent study, the feasibility of 

simultaneously removing mercury and CO2 with amine processes was examined (Cui et al., 2010). In these 

bench-scale experiments mercury vapour (Hg2+ was not considered) was added to a simulated flue gas 

stream that passed through an absorber using various MEA solutions. The results showed that the mercury 

trapping capacity of MEA is low; at best only about 15 % of the mercury was removed by the MEA. 

Moreover, the mercury trapping capacity of the solution reduced with increasing CO2 loading. The small 

amount of mercury retained by the MEA did not appear to affect the CO2 capacity of the solution however. 

It was concluded therefore that MEA on its own will not be particularly effective at removing elemental 

mercury from flue gas. However, aqueous solutions of sodium chloride and sodium hypochlorite were 

reasonably effective at removing mercury. It was suggested therefore that effective mercury removal may 

be feasible by including a NaCl/NaOCl absorption section prior to the CO2 capture operation. 

In another study, Lee et al. (2009)estimated that up to 95 % of the oxidised form of mercury would be 

removed by the amine capture system. However as the authors themselves note, this estimate was only an 

assumption; there were no measured data available to support this claim. 

Mercury also has corrosive properties and consequently there has been some interest in assessing its 

effects in oxy-fuel CO2 capture processes (Mitsui et al., 2011; Zanganeh, 2006; Zhuang et al., 2011). 

However, the oxy-fuel process does not use solvents to separate CO2 – rather the coal is combusted in 

oxygen instead of air to produce a concentrated stream of CO2 and water which can be easily separated by 

physical means. The combustion characteristics and the cleanup requirements of the flue gas in an oxy-fuel 

system are substantially different to those in a PCC plant (Wall, 2007) so it is probable that the distribution 
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of contaminants in the CO2 streams will also differ. Hence results obtained regarding trace metals in oxy-

fuel systems are probably not relevant to their behaviour in PCC plants. 

As well as partitioning within the plant, some trace elements and other pollutants have the potential to end 

up in the CO2 stream destined for geologic disposal. This could be important because of the risk of 

contaminating underground reservoirs and the possibility of toxic material migrating to ground water. A 

number of studies looking into the mobility of trace elements in geological reservoirs have been 

undertaken although most have been concerned with leaching of metals from surrounding strata by the 

acidity of the injected CO2 (Lu et al., 2010; Vong et al., 2011). However, the USEPA commissioned a study to 

examine the effects of co-injecting CO2 contaminated with various trace pollutant species (Apps, 2006). This 

study was a review and did not undertake experimental work but it was concluded that the level of 

contamination, including trace metals, of the CO2 stream would be strongly dependent upon the capture 

technology used. It is probable that amine capture would provide the least contaminated CO2 stream 

especially when compared to oxy-fuel systems or where CO2 is separated from IGCC plants. Regardless of 

the capture method, however, it was found that most of the trace components of concern would partition 

into the power plant’s solid waste. 

Since the separated CO2 stream will be likely to contain only a small proportion of the total contaminants, 

Apps suggested that co-injection was likely to be preferable to solid disposal (i.e. landfill) because the 

anticipated levels of trace elements in the CO2 would probably be comparable to their concentrations in 

the confining strata. However, it was acknowledged that testing and geochemical modelling would be 

necessary to confirm the fate of these substances.  

An important difference between PCC and non-PCC equipped power stations is the temperature of the flue 

gas. In a conventional station, the temperature of the flue gas at the stack is around 130 °C (Davis and 

Reddan, 2012) which is hot enough to prevent condensation of acidic liquids and the associated corrosion 

problems. In a PCC system on the other hand, the gas must be cooled to around 40 to 50 °C before entering 

the absorber column. While this is likely to adversely affect the dispersion characteristics of the plume from 

the stack (Ellis and Wolf, 2011), it does provide a significant advantage from the standpoint of controlling 

trace element emissions. Nalbandian (2004) has indicated that 80-90% of the flue gas mercury can be 

removed on cooling the flue gas from 150oC to 105oC. Since mercury is the most volatile of all of the trace 

elements of concern the effect would be even greater for the other less volatile elements such as selenium 

and arsenic. On the down side, however, it does mean that these toxic elements will condense at some 

point within the PCC plant and the fate of these substances must be established. 

Finally, a comment on the range of solvents considered. Most of the reported work relating to trace 

elements and PCC systems has examined MEA since this is a widely used commercial solvent. Full scale PCC 

plants, however, may use other solvents or blends of solvents with chemical and physical properties that 

are substantially different to MEA. There has also been considerable developmental work in Australia and 

overseas on PCC systems using ammonia rather than organic amines. Unfortunately, there is no 

information yet available to indicate how trace elements would react with these alternative solvents or if 

their partitioning would vary from that in MEA systems. This is an area that clearly needs further research. 
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6. Conclusions literature survey 

Trace elements in coal and their emissions to the environment are of concern in conventional coal-fired 

power stations. Addition of amine capture systems to new or existing plants is likely to affect the 

partitioning of these substances throughout the power station and the associated pollution control devices 

and may also affect the operation of amine capture plants. As a first step in understanding these processes 

involved, a laboratory-scale investigation of the interaction of certain trace metals with amine solvents is 

planned. To help guide this investigation a literature review was undertaken to determine the current state 

of knowledge in the area and identify the main knowledge gaps. The principal findings are summarised 

below: 

 There is currently very little quantitative data reported in the scientific literature relating to 

partitioning of trace elements in amine PCC systems. The most comprehensive dataset in existence 

(at least in the public domain) is from a study made by the US DoE nearly ten years ago. The results 

of that investigation indicated that trace elements from coal combustion were likely to concentrate 

in the reclaimer waste of the amine plant. In addition, certain compounds containing toxic metals 

added to the process and corrosion products may also accumulate in this waste. 

 Despite the lack of data, it is apparent that most trace elements will be removed from the system 

by particulate emission control systems before they enter the CO2 capture plant. However, volatile 

species, especially mercury, arsenic, selenium and varying degrees of other metals, along with fine 

particles not retained by the ESP or fabric filter have the potential to enter the CO2 capture system. 

  It is probable that the management and disposal of bottom ash and fly ash and their associated 

trace elements will be similar to current practice at conventional power stations. However, PCC-

equipped power plants with their lower overall efficiency will have larger quantities of waste 

compared to a similar size conventional power plant. 

 A high level of flue gas desulphurisation will be necessary for amine PCC processes used on coal-

fired power stations. Some FGD systems, especially wet slurry devices, are also effective at trapping 

a number of important trace elements, especially Hg. SCR devices are also potentially beneficial for 

Hg removal because under some operating conditions they can oxidise elemental Hg to Hg2+ which 

can be readily removed from the gas stream by wet scrubbing FGD. 

 Because of the effectiveness of FGD at removing trace elements, the solid product and process 

water will be major points for trace element discharge. 

 The various pollution control devices fitted to the plant before the amine capture plant are likely to 

remove the bulk of the trace elements from the incoming flue gas stream, however, a certain 

amount of elements of concern may reach the PCC plant and these may adversely affect the 

process. Because the amine solvent is recycled within the plant even low levels of trace elements in 

the flue gas would be expected to concentrate in the solvent and especially the reclaimer waste. 

 The lower temperature of flue gas entering the absorber will be advantageous with respect to 

atmospheric emissions of volatile trace elements because a large proportion of the volatile 

substances should be retained rather than being emitted with the flue gas. However, the fate of 

the trace elements in the resulting condensate is as yet unknown. 
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7 Recommendations literature survey 

It is apparent from the literature review that there are currently very few data available pertaining to trace 

element partitioning within amine PCC systems. The state of knowledge is not yet sufficiently advanced to 

identify trace elements that will pose a problem in PCC-equipped coal fired power plants. However, since 

Phase 2 of this project aims to study the behaviour of certain species in laboratory scale experiments, it is 

necessary to make some judgement about the most appropriate substances to investigate initially. We 

have therefore selected a range of substances based on their known effects when released during 

conventional power generation. 

Clearly the volatile elements (Group 3) Hg, As, Se and to some degree Pb should be considered since a 

significant proportion of these are likely to pass through flue gas cleanup systems and hence into the 

absorber and stripper components of the PCC plant. Although Hg is present in flue gas at low levels in 

Australian coal-fired power stations (Nelson et al., 2010), it should receive special attention since this 

element is of major environmental concern and is already the subject of considerable worldwide efforts to 

reduce emission from power generation. 

The so called elements of major and moderate concern (Dale, 2003) should be investigated because of their 

known toxic effects. Most of these are also included in the NPI substance list. Chlorine may also be worth 

investigating because, while it is not listed as an element of concern, it is likely to be one of the most 

abundant trace elements in any PCC system, especially in the amine solvent. It is therefore recommended 

that Phase 2 of this project specifically target the following trace elements: 

Arsenic 

Boron 

Cadmium 

Chlorine 

Chromium 

Copper 

Fluorine 

Mercury 

Molybdenum 

Nickel 

Lead 

Selenium 

Vanadium 

Zinc 
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While a large proportion of these trace elements will probably be removed by pollution control devices 

upstream of the PCC process, residual material passing through will tend to accumulate in the solvent, 

hence a detailed study of their behaviour within the solvent system is warranted. 
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SECTION TWO 

EXPERIMENTAL INVESTIGATION 
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1 Background 
 

Amine-based post combustion capture is the leading technology that is available to capture CO2 of the flue 

gas. However, flue gas from coal-fired power stations may need to be treated before entering the PCC 

system to avoid poisoning of the solvent and to reduce corrosion and loss of solvent.  This investigation 

reported here provides information about how flue gas from a conventional coal-fired power plant must be 

cleaned in order to reduce impacts of impurities on the CO2 capture plant  

The literature review in the previous section showed that there were few studies carried out to evaluate 

the deportment of trace elements in a PCC system and there is very little published information available 

concerning this topic. 

The presence of impurities in the flue gas was seen to affect the solvent performance. However, it is not 

clear how trace elements could affect the PCC operation if some of these elements get to different section 

of the PCC and interact with the specific mixtures. Therefore a program of laboratory work was undertaken 

to determine the behaviour of a selected suite of trace elements during the processes of acid gas removal, 

CO2 absorption and stripping.  

Since the flue gas must be processed before it can enter the PCC plant, we have selected the following acid 

gas absorbents, lime, ammonia and sodium hydroxide, to pre-treat the flue gas stream. The following 

ammonia based solvents were selected for CO2 capture, MEA, ammonia and glycine.  

Monoethanolamine (MEA) is a simple alkanolamine and is often used as a benchmark solvent to capture 

CO2 particularly when the gas stream has low CO2 concentrations and are treated at low pressure.  Amine 

solutions are known to be corrosive and they degrade because of impurities in the flue gas. SOx, NOx 

particles should be removed from the flue gas before entering the absorption process.  

Ammonia can react with CO2 via various mechanisms and has the advantage to operate with smaller energy 

penalty than amines and be unaffected by several impurities in the flue gas. Ammonia may also be 

simultaneously used to capture Hg, CO2, SOx and NOx present in the flue gas. SOx and NOx would produce 

ammonium sulphate and ammonium nitrate.  Ammonia is volatile and can create some safety issues if 

appropriate emission control options were not applied. 

Amino acid salt solutions such as glycine offer higher stability towards oxidative degradation and a chemical 

reactivity with carbon dioxide comparable or even higher than those of alkanolamines. A further interesting 

feature is their ability to precipitate solids when absorbing carbon dioxide. Both the higher solvent loadings 

at lower gas partial pressures and the chemical composition of the solids formed make these novel 

absorption systems a promising candidate for more economic CO2 capture. 

In this section, the experimental design, analytical methods and the results are presented and discussed. 
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2. Experimental rig design 

2.1 Introduction 
A laboratory scale acid gas and CO2 absorption apparatus designed to be analogous to a PCC plant, was 

developed and commissioned for this project. The apparatus consists of an acid gas scrubber (AGS), a CO2 

absorber, a CO2 stripper and a heat exchanger (Figure 2.1).  

 

 

 

Figure 2.1. Diagram of the experimental PCC rig used for determination of trace element behaviour. 

 

2.2 Acid Gas Scrubber 
The acid gas scrubber (AGS) was constructed from a 316 stainless steel cylindrical tube fitted with flanged 

end caps and contains a stainless steel column packing (0.24” ‘Propak’, supplied by John Morris Scientific). 

The end caps are fitted with various gas and solution inlets and outlets and sample collection ports. A liquid 

catch pot is situated below the main liquid outlet which feeds to a magnetically coupled centrifugal pump. 

The pump drives the solution through a showerhead situated at the top of the column and circulates the 

solutions through the AGS system. Two dosing pumps are fitted to the solution circuit to dose feedstock 

and maintain or adjust pH within the system. An outlet from the catchpot feeds a sub-stream of solution 

past an inline pH probe which is monitored on an associated pH meter/controller. The controller automates 

the maintenance of pH at the appropriate set point during the experimental runs.  
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The gas inlet to the scrubber is connected through the bottom end cap and injects the simulated flue gas 

stream directly into the solvent drenched column packing. Four rotameters (Dwyer Instruments RMA 

series) are installed onto a manifold for control and mixing of the various gases that make up the surrogate 

flue gas. The gas stream is forced through the column packing against a counter current flow of absorbent 

solvent and is diverted either to a gas analyser for composition analysis, or directly into the CO2 absorber.  

2.3 CO2 Absorber, Stripper and Heat Exchanger 
The CO2 absorber and stripper were constructed from two 316 stainless steel cylindrical tubes, each fitted 

with flanged end caps, similarly to the AGS. The absorber also contains stainless steel packing, and 

functions in the same way as the AGS, however there is no pH monitoring or control in the absorber, and 

the absorber also has an outlet from the column that diverts a substream of absorbent solvent through a 

second magnetically coupled pump to the CO2 stripper.  

The CO2 stripper design incorporated a flow through system utilising an electric heating element. The 

element is a 3600 watt bobbin element (LN Elements BN36) housed in a stainless steel thermowell and 

controlled by a PID temperature controller. The thermowell is centrally mounted inside the stripper reactor 

column. Five type K thermocouples (t/c) were calibrated against an RTD.  The temperature profile of the 

stripper fluctuates due to the solvent volume being cycled through the column. The solvent transport 

through the stripper relies on both mechanical and convective pumping of solvent to release the CO2 at the 

top of the column. 

The stripper heat exchanger was purpose built and consists of solvent inlet and out, gas outlet and drain. 

The construction is of 316 stainless steel and is a simple jacketed cylinder design. Excess heat imparted 

during the CO2 stripping process is removed by water pumped through the jacket via a water chiller. The 

solvent outlet is plumbed back to the absorber where solvent is entrained back into the main absorbent 

solvent stream.  

2.4 Reactor limitations 
The AGS design allows a maximum gas stream flow rate of around 12 lpm. The limitation is solvent 

transport through the packing with the countercurrent flow of gas. At higher gas flow rates the liquid is 

held above the packing by the gas stream and is unable to migrate through the packing, to the catchpot, for 

recycling by the pump. 

The absorber has a restricted solvent exchange rate as the heat exchange in the regenerated solvent is 

limited by the water chillers cooling power. A proportional valve with associated temperature controller 

was installed between the heat exchanger and the absorber. The installation of the valve automated 

control of the solvent flow back to the absorber stream. The flow was restricted to maintain solvent 

temperature below 47oC. There was no apparent impact from the reduced solvent exchange as the CO2 

absorption in MEA remained at ~100% during commissioning of the system. 

On the laboratory scale PCC apparatus, the total run time was restricted to two hours as the volume of 

solvent available was diminished through vapourisation in the CO2 stripper. 
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3. Experimental Program 

3.1 Experimental design and measurements 
Experiments were designed to measure the transport of ions from the acid gas scrubber to the 

Absorber/Stripper/Exchanger (ASE) under various operational conditions. The method involved dosing ions 

into the acid gas scrubber (AGS) to the working concentration, then cycling the solution through the 

system. The ASE vessels were filled with the appropriate solution and a simulated flue gas stream 

(composition details below) was passed through the AGS and into the ASE.  Samples were collected at 

various points in the system to analyse for a change in ion concentration as a function of the operational 

variables and ion species. 

Elements identified as being of most interest in the initial literature review included: 

Arsenic 

Cadmium 

Chromium 

Mercury 

Lead 

Zinc 

Chlorine 

Fluorine 

Vanadium 

Molybdenum 

 

As outlined in the project schedule, the acid gas scrubbing compounds tested included: 

Sodium hydroxide 

Calcium hydroxide 

Ammonia 

 

The CO2 gas scrubbing compounds examined included: 

Monoethanolamine 

Ammonia 

Glycine 

 

Initially, experiments were run using ~1000 µmol/mol H2O of the sodium salts of the acid forming elements 

chlorine and fluorine, in a ~1M sodium hydroxide solution in the acid gas scrubber and Milli-Q water cycling 

through the absorber, stripper and heat exchanger. The salts were used as it is assumed that all of the 

elemental chlorine and fluorine available in a water saturated flue gas stream at 40 oC would be in solution 

and in ionic form. 

To evaluate the effects on a monoethanolamine CO2 absorbing solution if the acids of chlorine and fluorine 

were to enter the absorber in the gas stream, a solution of 30% MEA in water was subjected to direct 

injection of the acids. 

Further experiments were performed to investigate the partitioning of the other various analytes 

throughout the system under the defined operational parameters. Each of the target elements was dosed 
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into the acid gas scrubber as a compound. In the case of mercury, Hg0 was directly injected into the AGS. 

However, in one case both Hg2+ and Hg0 were dosed in the AGS solution.  Australian coal fired flue gas 

contains various acid gases and is saturated in water vapour at the working temperatures entering a PCC 

plant.  

Fly ash could move into the absorber/stripper system as dissolved ions arising from aerosol carry-over from 

the acid gas scrubber or by entrainment if they were captured in liquid aerosols droplets. To clarify this 

aspect an initial set of experiments was carried out using a selected power plant fly ash. The fly ash was 

collected from the final precipitation zone of an Electrostatic Precipitator equipped black coal burning 

power station.  The fly ash was added to the acid gas scrubber (AGS) and the AGS system operated 

normally. These experiments showed that the transport of elements through the acid gas scrubber was less 

than the detection limits of the experiment.  It was evident from these experiments that the primary mode 

of elemental movement was through dissolution of fly ash ions from the AGS to the absorber/stripper 

system. The deportment of elements through the absorber stripper will be limited by the solubility of the 

particular element within each of the aqueous matrices. Due to the results of the initial fly-ash 

experiments, a worst case approach was used with the elements artificially dissolved into the selected 

matrix. Thus, the results from this study is effectively a worst case scenario for the deportment of elements 

contained on fly ash, that is, with complete dissolution of the target element. Dilution of the selected trace 

elements by nitric acid was selected as an injection vehicle allowing ions to remain soluble prior to injection 

into the absorber stripper system. Even when the ions were present at saturation concentrations for some 

elements, deportment was very low for elements except mercury. It was only after artificially nebulising 

aerosol containing dissolved ions into the absorber and above the “shower head” that significant quantities 

of elements were deported through the AGS system. The results showed that deportment occurs via the 

physical process of aerosol entrainment. 

In an attempt to cover a variety of scenarios in the time available for the experimental runs, the 

compounds were either injected singularly or introduced as a mixture of several compounds. 

The simulated flue gas was injected in a countercurrent flow direction to the AGS absorbent being cycled 

via a magnetically coupled pump through the AGS. The gas outlet was plumbed directly into the CO2 

absorption column as illustrated in Figure 3.1. 
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Figure 3.1 Diagram of the laboratory PCC rig showing the location of the sampling points (marked with X) for the 

first set of experiments. 

 

The operating parameters used throughout the experimental campaign included: 

 Simulated flue gas composition: 

  10-15% O2 (from compressed air) 

  10-15% CO2 (from bottled CO2) 

  70~80% N2(mixed compressed air and bottled N2) 

  trace NO2 (from bottled NO2 in N2) 

 Simulated flue gas flow rate: 

  10±1 L m-1. 10 L m-1 is equal to ~0.25m.s-1 through the AGS 

 AGS temperature: 

  40±1 oC 

 Absorber solvent temperature: 

  <47 oC 

 CO2 stripper temperature: 
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  95±6 oC 

 CO2 absorbent concentration: 

  varied depending on experimental conditions 

Following acid gas and CO2 scrubbing the gas stream was directed through a train of glass impingers cooled 

to ice water temperature, as adapted from US EPA Method 29. The first impinger was empty, the second 

and third impingers contained a solution of nitric acid and hydrogen peroxide, the fourth impinger was 

empty, the fifth and sixth impingers contained a solution of potassium permanganate and sulphuric acid. 

The outlet of the sixth impinger was connected to a diaphragm vacuum pump which was used to draw the 

gas through the impingers to ensure there was no impedance caused by the sampling impinger train on the 

gas flow rate, or excessive pressure build up inside the CO2 absorber. A simple ball valve was used to 

control the gas flow from the absorber and the pressure was monitored on a dial type pressure gauge. The 

solution in the ASE was analysed before and after the experimental run to provide an indication of which 

elements may be transported from the AGS to the ASE in such a system. 

The ASE solvent was continuously cycled through the absorber column and a sub stream was diverted 

through the stripper and into the heat exchanger, then once cooled to less than 47oC, the solvent was 

entrained back into the absorber column stream. In each experiment, the stripper created a gas stream 

that is considered analogous of a gas stream on a fully operational PCC plant running under similar 

conditions. This gas stream was vented from the stripper, through a series of impingers cooled at ice water 

temperatures, again adapted from US EPA method 29. Some adaptation including a reduced train length 

was used as the gas flow rate was only in the order of 1-2 lpm. The first two impingers were empty in order 

to cool, condense and collect the heated vapours. The third impinger contained a mixture of nitric acid and 

hydrogen peroxide, the fourth impinger was empty, and the fifth impinger was a mixture of potassium 

permanganate and sulphuric acid. No pump was required on the stripper impinger train as the flow rate 

was sufficiently low at the pressures induced within the stripper column. 

Nine experiments were carried out using various combinations of acid gas scrubber absorbent and CO2 

absorbent as shown in Table 3.1. In the first set of experiments the AGS and the ASE were operated as a 

fully coupled system with samples taken from the locations shown in Figure 3.1.  

The results of these experiments given in Table A1 in Appendix 1, showed that the trace elements 

concentrations in the ASE solvent were found to be negligible and generally below limit of detection (BLD).  

However, there is indication that mercury was directly transported via entrainment in the gas stream to the 

ASE.  

Table 3.1 Combinations of acid gas scrubber absorbent and CO2 absorbent used for determination of 

trace element partitioning 

Experiment Acid gas scrubber CO2 Absorbent 

 1M Ca(OH)2 Ammonia 

 1M Ammonia Ammonia 

 1M NaOH Ammonia 
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 1M NaOH MEA 

 1M Ammonia MEA 

 1M Ca(OH)2 MEA 

 1M NaOH Glycine 

 1M Ammonia Glycine 

 1M Ca(OH)2 Glycine 

 

 

To improve the evaluation of element transport a second set of experiments was performed in which the 

acid gas scrubber was decoupled from the ASE as shown in Figure 3.2. This approach enabled measurement 

of the partitioning between:  

 Acid gas scrubber solution and the gas/aerosol stream in the AGS 

 ASE  solvent and the lean CO2 gas/aerosol stream 

 ASE solvent and the rich CO2 gas/aerosol stream 

To measure trace element deportment in the AGS, the trace element solution was injected into the AGS 

and the appropriate acid gas scrubbing compound was dosed at ~1M, or in the case of NaOH, 1M NaHCO3 

and pH maintained at between 9-10 with NaOH using the pH controller and associated dosing pump. A gas 

flow was initiated at 10lpm for two hours. The gas was directed through a heated mercury vapour 

generator with a set point of 85OC. During the two hour run, a mercury dose of ~100mg was entrained into 

the gas stream. As described above, the AGS was decoupled from the ASE section of the apparatus so the 

outlet of the AGS could be sampled directly. Sampling was achieved by condensation in an ice bath chilled 

impinger train to collect outgoing aerosol, remaining mercury vapour, and other condensable vapours. 

Samples were collected from the AGS solution before the acid gas scrubbing compound was injected, 

directly after the injection and mixing, and at the conclusion of the two hour run. Condensate in the 

impingers was sampled on conclusion of the run.  

To examine the trace element behaviour in the ASE, the latter was dosed with the appropriate solvent 

along with the elements of interest. The heated mercury vapour generator was coupled to the gas inlet of 

the ASE. A 10lpm gas flow was initiated for two hours and the solvent was cycled through the system with 

the stripper and heat exchanger functioning in the same fashion as in the previous experiments. Impinger 

trains were coupled to the outlet of both the absorber, and the stripper to collect condensate. 

As experiments indicated that precipitation of some elements may have occurred after injecting the 

absorbent compounds, a third series of experiments were conducted to test this hypothesis. An aliquot of a 

solution containing the elements of interest (Hg was omitted due to the impracticality of using Hg0) was 

injected into a solution of ~1M of each of the relevant absorbents. The vials were then left overnight to 

react. The resulting mixture was filtered and the supernatant was collected and a subsample taken for 

analysis by ICP-MS. The trace element concentration in the supernatant is considered to be representative 
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of the soluble fraction present in the AGS which would be available for transport to the ASE (assuming a 

precipitate filter is installed in the AGS).   

 

 

Figure 3.2 Diagram of the laboratory PCC rig showing the location of the sampling points (marked with X) for the 
second set of experiments. 

 

A further experiment was conducted to assess the possible carry-over of aerosol from the AGS to the ASE. 

The AGS was initially filled with 600 ml of Milli-Q water, and the ASE was filled with 3500ml of Milli-Q water. 

Milli-Q water was used instead of absorbent solvent to minimise any matrix effects on the subsequent 

analysis.  A gas flow was initiated at 10lpm and run for 60 minutes. A solution of the elements was 

nebulised through a port above the column packing in the AGS to ensure the production of aerosol within 

the column. 60 ml of the analyte solution was nebulised into the AGS. The stripper was not run during the 

experiment and all gas was exhausted through the CO2 absorber outlet into an ice water cooled impinger 

train for condensate collection, where 11ml of condensate was collected in the outlet impinger.  

3.2 Analytical Techniques 
During the first set of experiments, the analytical samples were acidified to dissolve precipitates that may 

be present and to preserve sample integrity. Although successful for some samples, inconsistent and 

variable analytical results were obtained for other samples, so use of this procedure was discontinued. 

Subsequently, the analytical sample was vigorously shaken to maintain precipitate in suspension.  An 

aliquot was pipetted into dilute acid as described below.  

For all elements except mercury, the samples were stabilised by diluting 100 fold with 2% HNO3 (0.3mL of 

well shaken sample with 29.7mL of 2% HNO3).To stabilise samples for Hg determination the samples were 
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diluted 100 fold with 5% v/v HCl (0.3mL of sample pipetted into 29.7mL of 5% HCl). Samples where high 

concentrations were expected (such as in samples from the acid gas scrubber), were diluted even further 

(1000 and 10,000 fold). The instrumental and effective detection limits are given in Table 3.2. The use of 

such high dilution factors was unavoidable as the high salt concentration placed the samples outside the 

dynamic measuring range of the analytical instrumentation. 

The majority of the diluted samples were analysed by inductively coupled plasma mass spectrometry (ICP-

MS). In those instances where the concentration of a particular element exceeded the dynamic range of the 

ICP-MS instrument (normally 1 or 2mg/L), inductively coupled plasma optical emission spectrometry (ICP-

OES) was used.  

The halogens Cl and F were analysed by ion chromatography-mass spectrometry (IC-MS) using a Dionex 

dual column system operating in anion mode coupled to an Thermofisher MS/Q mass spectrometer.  

Table 3.2 Instrumental detection limits of the analysed trace elements and effective detection limits 

based upon sample dilution factors. All values are in µg/L apart from the halogens which are in mg/L 

 Instrumental 
Detection 
Limit µg/L 

Effective Detection Limit based upon dilution 
factor µg/L 

Element Dilution 
factor 

*10 *100 *1000 *10000 

As 0.20 2 20 200 2000 

B 5.00 50 500 5000 50000 

Cd 0.05 0.5 5 50 500 

Cr 0.20 2 20 200 2000 

Hg 0.10 1 10 100 1000 

Mo 0.10 1 10 100 1000 

Pb 0.10 1 10 100 1000 

Se 0.20 2 20 200 2000 

V 0.20 2 20 200 2000 

Zn 1.00 10 100 1000 10000 

Cl 
mg/L 

0.1 1 10 100 1000 

F mg/L 0.2 2 20 200 2000 
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4. Results and Discussion 
 

Upon addition of the acid gas absorbent into the acid gas scrubber, equilibrium of the system was shifted 

so that the products of the analytes were soluble to varying degrees. The analytes present in concentration 

above their specific solubilities were precipitated out of solution. The precipitates were generally 

maintained in suspension as the mixture was circulated throughout the AGS. This had specific implications 

on the modelling of partitioning as the precipitates were not removed from the AGS and were available to 

be transported through to the CO2 absorber in aerosol form, along with the aerosol transported in the 

aqueous form. 

During the first set of experiments, the condensate collected in impinger 1 in the absorber train and in 

impingers 1 and 2 in the stripper impinger train were used for evaluating transport from a dosed AGS 

through the CO2 absorption and stripping process, and provides an indication of which elements may be 

transported via the gas stream into the ASE in such a system. 

The chloride ion was used as the anion in many of the compounds introduced to the system, and as such 

presents as a special case. The chloride ion was dealt with along with the fluoride ion, separately from the 

other elements of interest, as described in the experimental section. The result of the IC analysis performed 

on these showed no detectable transport of these ions through the system during the experimental runs, 

although further work may be required to fully understand the movement through a large scale PCC plant. 

The results of the first experiments with a fully coupled system are tabulated in Appendix 1. The most 

common behaviour is well illustrated in Figure 4.1 by looking at zinc with NaOH as the AGS absorbent and 

NH3 as the CO2 absorbent, as an example. The initial zinc concentration in the original solution of elements 

is high. The zinc concentration in the AGS after absorbent injection and at the end of the experiment, along 

with the solution in the ASE at the end of the experiment are low or undetectable. This pattern of 

deportment appears to be unrelated to the nature of the CO2 absorbent but is affected by the nature of the 

AGS absorbent. It is most common amongst the elements when Ca(OH)2 is used and, to a lesser extent, 

when NaOH is used. The other most common mode of occurrence is well illustrated by the deportment of 

zinc when NH3 is used both as the AGS and ASE absorbent (Figure 4.2). This mode of occurrence is 

characterised by a high concentration of zinc in the original AGS solution, after injection of the acid 

absorbent, and at the end of the experiment. The concentrations measured in the AGS remain similar to 

that in the original solution. Concentrations in the ASE solvent are negligible. This particular mode of 

occurrence is the dominant mode amongst the elements when NH3 is used as the AGS absorbent. It 

occasionally presents when either Ca(OH)2 or NaOH are used as the absorbent in the AGS. 
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Figure 4.1.  Deportment of zinc when NaOH is used as the AGS absorbent and NH3 as the CO2 absorbent illustrating 
the typical behaviour of many elements. 

 

Figure 4.2.  Deportment of zinc when NH3 is used as the AGS absorbent and CO2 absorbent illustrating the other 
common mode of occurrence. 

The first mode of occurrence suggests that the element has precipitated out of solution within the AGS 

column, and no detectable carry-over into the ASE.  In the second mode of occurrence most of the element 

remains in solution after the AGS absorbent injection as the concentration remains unaltered at the end of 

the experimental run. There is some evidence of carry-over into the ASE but the amounts are negligible. 

The variation observed related to the AGS absorbent is most probably a reflection of a strong pH control on 



 

Final Report- Impact of Flue Gas Impurities on PCC Plants |  42 

the solubility of many elements. 

As discussed above in relation to the first set of experiments, the pattern of high initial concentration in the 

AGS solution and subsequent low concentrations is most likely due to precipitation of the various elements 

in the AGS, as there is no evidence of significant movement throughout the apparatus.  Similarly, the 

presence of the element in the AGS sorbent solution is a reflection of its solubility and its dependence on 

the sorbent pH. The variation observed during a run is due to the complex interaction between changing pH 

due to CO2 and NOx solvation and absorption in the AGS solution and possible formation of carbonates.  

Further work would be required to investigate the relative importance of these factors. There is some 

evidence of carry-over as shown by the variable, but low, concentrations in the impingers. The possible 

nature of this carry-over is discussed below. That there is very little difference between the filtered and 

unfiltered impinger samples suggests that precipitates that may have formed were not being transported in 

the gas stream.  

The analytical data for the second set of experiments are given in Appendix 2, and these results are 

discussed below.  

The behaviour of the elements in the acid gas scrubber is complex, depending upon the properties of the 

element and nature of the absorbent.  The most common behaviour (as shown by Se, Cd, Cr, Pb, V and Zn) 

observed during the second set of experiments when Ca(OH)2 is used as the absorbent is well illustrated by 

selenium with the occurrence of very high initial concentrations at the start of the experiment and low 

concentrations subsequently at all sampling locations (Figure 4.3). Similar behaviour is observed for Mo, Se 

and V when NaOH is used as the AGS absorbent where less precipitation has occurred after injection and 

during the experimental run, evident by the concentrations measured (Figure 4.4). Boron and Molybdenum 

also show similar behaviour of initially high concentration combined with moderate to high concentrations 

at injection, but, have low values in the impinger and at the end of the run.  

The element deportment when NH3 is used as the AGS absorbent is variable.  For Cr, V and Pb the 

behaviour is similar to that observed when Ca(OH)2 is the AGS absorbent, with high concentrations in the 

original solution, and significant precipitation upon injection of absorbent. Zn, B, Mo and Cd exhibit high 

concentrations at the end of the experiment and in the case of Cd after injection (Figure 4.5). Arsenic has 

an high concentration at the start and moderate concentrations at injection but concentrations are 

otherwise low. Selenium is unique in having high concentrations at the start and at injection and moderate 

concentrations at the end in combination with low concentration at the AGS impinger.  

 



 

Final Report- Impact of Flue Gas Impurities on PCC Plants |  43 

 

Figure 4.3.  Deportment of selenium in the acid gas scrubber showing high initial concentration a behaviour typical 
of many elements. 

 

Figure 4.4 .  Deportment of vanadium when NaOH is used as the absorbent showing the increased concentration 
after injection and at the end of the experiment. 
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Figure 4.5. Distribution of Zn when ammonia is used as the acid gas absorbent showing enrichment at the end of 
the experiment. 

The distribution of the data for arsenic, as shown in Figure 4.6, is typical of the behaviour of most elements 

in the ASE. Thus, the concentration at the conclusion of the experiment is essentially unchanged from the 

starting concentration; there is very little transport through the CO2 scrubbed gas stream evident by the 

low concentrations observed in the absorber impinger. However, a significant quantity is observed in the 

stripper impingers.  

 

Figure 4.6. Distribution of arsenic in the ASE. 
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All elements consistently show this pattern when glycine is used as the absorbent. However, when 

ammonia is used as the CO2 absorbent, there was a tendency for lower concentrations to be observed in 

the stripper impinger (Figure 4.7).  

 

 

 

Figure 4.7. Plots of the distribution of arsenic in the ASE showing the reduced amount of the element released in 
the stripper impinger when MEA and ammonia are used as the CO2 absorbents. 
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The distribution of cadmium and chromium differs from that of the other elements in that the nature of the 

absorbent appears to be an important factor. When MEA is used as the CO2 absorbent, the distribution of 

both elements is similar to that observed for the other elements (Figure 4.8); however considerable 

enrichment of these two elements in the stripper impinger is observed when ammonia is used as the 

absorbent.   

 

 

Figure 4.8.  Distribution of chromium in the ASE showing the marked enrichment in the stripper impinger when 
MEA and ammonia are used as the absorbents. 
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The behaviour of lead is unusual where the distribution is markedly different from that of the other 

elements and also differs between the solvents used. When MEA is the solvent the highest lead 

concentration is observed at the end of the experiment. Lower, approximately equivalent concentrations 

being found for the initial concentration and those found in the two scrubbers. However, when ammonia is 

used as the CO2 absorbent the lead concentration is highest in the stripper impinger and negligible in the 

other sampling points.   

The mercury distribution also has a distinctive pattern, being concentrated in the CO2 absorber impinger 

with only very low concentrations being observed in the other sampling points (Figure 4.9). This behaviour 

suggests there is negligible interaction between the gaseous mercury, Hg0, and the ASE solvent as the gas 

stream traverses the column and is exhausted through the outlet. 

The observed patterns of element distribution in the ASE suggest that in most instances the element 

remains in solution with little significant change in concentration. The high concentration sometimes 

observed in the stripper impinger is most likely a reflection of the increased volatility of a particular 

element at the elevated temperature of the stripper. This is particularly evident with the unique behaviour 

of mercury, reflecting the high volatility of this element. 

 

 

 

Figure 4.9. Distribution of mercury in the ASE showing the enrichment in the CO2 absorber impinger. 

 

As suggested earlier whilst discussing the deportment of elements in the AGS, some of the results strongly 

suggest that precipitation has occurred.  A series of experiments were conducted to tests this hypothesis 

and the results of these tests are presented in Table 4.1. As it can be seen from the table, when NaOH is 

used as the AGS absorbent there is very little partitioning occurring apart from Cd and Cr. In contrast, when 

NH3 is used as the AGS absorbent, all elements partition strongly into the solid phase with very little 
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remaining in the liquid. Ca(OH)2 shows behaviour intermediate between that of NaOH and NH3. Boron is 

the only element that remains almost entirely within the liquid phase although significant concentrations of 

Mo, Pb and Se are also present. Conversely, of the other elements, As, Cd, Cr, V and Zn partition strongly 

into the solid phase. The implication of these results is that when NH3 is used as the absorbent, most trace 

elements would be captured in the AGS with little possibility of transport to the ASE. Whereas, if NaOH 

were to be used, depending upon operational conditions, there would be an increased possibility of 

transport to the ASE in comparison to NH3. Ca(OH)2 shows intermediate behaviour with the possibility of 

boron and to a lesser extent Mo, Pb and Se being available for transport to the ASE. 

As aerosol formation in the AGS with subsequent carry-over into the ASE is a possibility an experiment was 

conducted as described in Chapter 3 and the analytical results are presented in Table 4.2. As mentioned in 

Chapter 3, 60mL of the analyte solution was nebulised into 600mL of Milli-Q water in the AGS giving a 

dilution factor of 10:1. The analytical results are in very good agreement indicating that most of the 

nebulised solution has been retained in the AGS with very little carry-over either into the ASE or the CO2 

absorber impinger. This indicates that the aerosol produced by nebulisation above the column packing 

material is effectively captured within the solvent stream whilst circulating through the showerhead at the 

top of the column. 
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Table 4.1 Trace element partitioning in the AGS sorbent; elemental data in ppm and below, data for each absorbent normalised to the concentration in the 

nebuliser solution 

Sample description CSIRO 

Sample No 

As B Cd Cr Mo Pb Se V Zn 

AGS nebuliser solution 5548 1145 851 1252 687 3104 2287 1110 570 969 

NaOH + Neb Sol 5552 1117 835 30 112 2569 1672 956 498 722 

Ca(OH)2 + Neb Sol 5553 9.6 732 BLD 2.2 1720 690 390 7.0 47 

NH3 + Neb Sol 5569 10 8.2 8.1 4 32 12 9.9  BLD 6.3 

           

Normalised 

concentration 

          

Sample description CSIRO 

Sample No 

As B Cd Cr Mo Pb Se V Zn 

NaOH + Neb Sol 5552 97.55% 98.09% 2.36% 16.27% 82.77% 73.11% 86.06% 87.39% 74.51% 

Ca(OH)2 + Neb Sol 5553 0.84% 85.98% BLD 0.32% 55.42% 30.17% 35.13% 1.23% 4.83% 

NH3 + Neb Sol 5569 0.90% 0.96% 0.65% 0.58% 1.04% 0.52% 0.89% BLD 0.65% 
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Table 4.2 Effect of possible aerosol formation on trace element  partitioning in the AGS and ASE; elemental data in ppm and below, data for each sampling 

point normalised to the concentration in the nebuliser solution 

 

Sample description CSIRO 

Sample 

No 

As B Cd Cr Mo Pb Se V Zn 

AGS nebuliser solution 5548 1145 851 1252 687 3104 2287 1110 570 969 

AGS  concentration at end 5549 129 93 150 81 349 250 117 65 105 

ASE concentration at end 5550 0.11 1.04 0.84 3.41 0.52 1.33 0.15 0.11 0.66 

Concentration in CO2 absorber impinger 5551 0.40 0.36 0.47 0.38 0.92 0.81 0.35 0.23 0.53 

           

Normalised concentration           

Sample description CSIRO 

Sample 

No 

As B Cd Cr Mo Pb Se V Zn 

AGS  concentration at end 5549 11.28

% 

10.86

% 

11.96

% 

11.81

% 

11.25

% 

10.93

% 

10.51

% 

11.34

% 

10.84

% 

ASE concentration at end 5550 0.01% 0.12% 0.07% 0.50% 0.02% 0.06% 0.01% 0.02% 0.07% 

Concentration in CO2 absorber impinger 5551 0.04% 0.04% 0.04% 0.05% 0.03% 0.04% 0.03% 0.04% 0.06% 
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5. Conclusion and Recommendations 
The principal findings of this project are summarised below. 

The conclusions from the literature survey are: 

 There is currently very little quantitative data reported in the scientific literature relating to 

partitioning of trace elements in amine PCC systems. The most comprehensive dataset in existence 

(at least in the public domain) is from a study made by the US DoE nearly ten years ago. The results 

of that investigation indicated that trace elements from coal combustion were likely to concentrate 

in the reclaimer waste of the amine plant.  

 Despite the lack of data, it is apparent that most trace elements will be removed from the system 

by particulate emission control systems before they enter the CO2 capture plant. However, volatile 

species, especially mercury, arsenic, selenium, along with fine particles not retained by the ESP or 

fabric filter have the potential to enter the CO2 capture system. 

 A high level of flue gas desulphurisation will be necessary for amine PCC processes used on coal-

fired power stations. Some FGD systems, especially wet slurry devices, are also effective at trapping 

a number of important trace elements, especially Hg. SCR devices are also potentially beneficial for 

mercury removal because under some operating conditions they can oxidise elemental Hg0 to Hg2+ 

which can be readily removed from the gas stream by wet scrubbing FGD. 

 Because of the effectiveness of FGD at removing trace elements, the solid product and process 

water will be major points for trace element discharge. 

 The lower temperature of flue gas entering the absorber will be advantageous with respect to 

atmospheric emissions of volatile trace elements because a large proportion of the volatile 

substances should be retained rather than being emitted with the flue gas. However, the fate of 

the trace elements in the resulting condensate is as yet unknown. 

The conclusions from the laboratory experiments are: 

 Apart from mercury, the selected elements are mostly retained within the Acid Gas Scrubber with 

very little carry-over into the ASE.  

 The behaviour of the trace elements in the AGS is complex with some precipitating out and others 

remaining largely in solution. 

 Some elements also show concentration changes in the AGS solution during the course of the 

experiment possibly reflecting corresponding changes in pH of the absorbent solution. 

 Mercury remains in a volatile phase passing through the system with very little or no retention. 

 There is some variability in trace elements deportment related to the nature of the solvent which is 

most likely due to the pH of the absorbent, precipitation and to carbonate formation, during the 

course of the experiment. 

 The behaviour of the trace elements in the ASE, particularly in the stripper, most likely reflects the 

volatility of the selected trace elements and solubility in the solvent matrix. 

It is important to highlight that the precise information on the potential transport of trace elements during 

PCC operation would depend on the concentrations and chemical states of the elements, plant design and 

operational conditions and the pollution control methods employed.  
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The current research showed that an acid gas scrubber system can efficiently capture most of the trace 

elements before entering the absorber/stripper system. Further research is required to acquire information 

concerning the identity and chemical states of major degradation and precipitation products that are 

formed during the interaction between the elements and the pre-scrubbing solution. This will determine if 

these products can be reused or determine the appropriate approach for their disposal. 

The current study showed that if, by any process, transport of trace elements to the absorber/stripper 

system did occur it is likely that some of these compounds would reach the stripper and absorber vents. 

Trace elements may react with amines to form strong water-soluble complexes that can move in the 

absorber/stripper system by physical entrainment as aerosols.  In this case it is recommended to carry out 

future studies to identify and quantify the suite of by-products that could form during the interaction with 

the solution in the absorber and in the stripper where the characteristics of the mixture are different.  

It appears that the factors controlling the behaviour of trace elements in the AGS need further investigation 

in order to assess the relative importance of variables such as pH and element solubility. 

It is recommended that further work should be undertaken to validate the laboratory rig experimental results by using 

a pilot or demonstration plant facility to determine the rate of transport of trace elements into different streams of 

PCC. In addition, identification and quantification of chemical compounds at the inlet and outlet gas and liquid 

streams should be made available so a mass balance can be carried out and modeled. The collected data will provide 

information about the chemical behavior of solvents when exposed to the transported trace elements.  This 

information can be used as inputs to proceed with appropriate process modelling to determine all emissions expected 

from future PCC plants. 
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APPENDIX I ANALYTICAL DATA 
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Table A1- Results from the first set of experiments coupled AGS and ASE (units are ppm) 
 

Experiment: AGS with CaOH and ASE with NH3      

Element 
original nebuliser 

solution 

Concentration after 
AGS absorbent 

injection 

Concentration  in 
ASE solvent at start 

Concentration in ASE 
solvent at end 

Concentration  in 
Absorber impinger 

Concentration  in 
Stripper impinger 

Concentration  in 
AGS at end 

        

As 1979 BLD BLD BLD BLD BLD 100 

B 849 604 BLD BLD BLD BLD 651 

Cd 1247 567 BLD 0.02 BLD BLD 1.8 

Cr 2064 BLD BLD 0.05 BLD BLD BLD 

Hg 24 BLD BLD BLD 0.25 BLD BLD 

Mo 2652 973 0.11 0.16 BLD BLD 1201 

Pb 4675 BLD BLD BLD BLD BLD 512 

Se 1044 17 BLD BLD BLD BLD 182 

V 1198 BLD BLD BLD BLD BLD 23 

Zn 1232 241 BLD BLD BLD BLD 182 
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Experiment: AGS with NH3 and ASE with NH3      

Element 
original nebuliser 

solution 

Concentration after 
AGS absorbent 

injection 

Concentration in ASE 
solvent at start 

Concentration in ASE 
solvent at end 

Concentration in 
Absorber impinger 

Concentration in 
Stripper impinger 

Concentration in 
AGS at end 

        

As 3168 2531 BLD 0.09 BLD BLD 2593 

B 670 533 0.65 BLD BLD BLD 534 

Cd 1748 1433 0.01 0.08 BLD BLD 1263 

Cr 2324 1500 0.04 0.09 BLD BLD 1231 

Hg 18 31 BLD BLD 0.28 BLD 32 

Mo 2904 2349 0.08 0.16 BLD BLD 2180 

Pb 1904 1223 BLD 0.02 BLD BLD 1146 

Se 350 264 BLD 0.03 BLD BLD 270 

V 812 635 BLD 0.03 BLD BLD 618 

Zn 2739 2239 0.24 0.50 0.14 BLD 2189 
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Experiment: AGS with 1M NaOH and ASE with NH3      

Element 
original nebuliser 

solution 

Concentration after 
AGS absorbent 

injection 

Concentration in ASE 
solvent at start 

Concentration in ASE 
solvent at end 

Concentration in 
Absorber impinger 

Concentration in 
Stripper impinger 

Concentration in 
AGS at end 

        

As 2382 293 BLD BLD BLD BLD 904 

B 1313 933 BLD BLD BLD BLD 839 

Cd 1985 3.4 BLD 0.03 BLD BLD 59 

Cr 1092 BLD 0.89 0.95 0.17 0.81 19 

Hg 22 0.11 BLD 0.18 0.03 0.13 1.1 

Mo 4578 3369 0.07 0.17 0.06 0.12 3232 

Pb 5431 BLD 0.05 0.09 0.04 0.11 508 

Se 936 448 BLD BLD BLD BLD 586 

V 893 16 BLD BLD BLD BLD 183 

Zn 1135 24 BLD BLD 0.30 0.93 75 
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APPENDIX 2  

Results from the second set of experiments acid gas scrubber (units are ppm) 
 

Sample description Hg As B Cd Cr Mo Pb Se V Zn 

NaOH - AGS @ start 27 1015 733 1105 610 2737 2066 886 471 808 

NaOH - AGS after injection 0.17 138 255 0.90 0.20 859 BLD 223 29 BLD 

NaOH - AGS @ end 0.48 140 255 0.80 0.10 903 BLD 236 36 BLD 

NaOH - AGS IMPINGER 0.38 29 188 0.80 0.50 646 0.90 152 18 12 

           

CaOH - AGS @ start 88 33 837 1306 735 2628 2046 881 536 957 

CaOH - AGS after injection 28 5.7 720 BLD 2.2 894 52 28 6 43 

CaOH - AGS IMPINGER 99 1.9 34 3.1 1.7 57 5.6 5.3 2 6.4 

CaOH - AGS IMPINGER (filtered) 0.71 0.30 28 BLD BLD 37 BLD 1.4 0.40 BLD 

NH3 - AGS @ start 0.05 385 103 209 84 260 365 183 85 109 

NH3 - AGS after injection 0.03 274 87 159 3.5 239 1.4 159 6.5 89 

NH3 - AGS @ end 54 4.1 217 297 0.70 649 BLD 59 3.3 326 

NH3 - AGS IMPINGER 15 5.2 5.7 5.4 0.10 6.2 0.80 3.7 1.5 38 

NH3 - AGS IMPINGER (filtered) 1.0 5.7 4.2 5.1 0.00 5.0 BLD 4.6 0.90 37 

NaOH - AGS @ start 0.02 2400 818 1749 883 2198 2076 1710 932 1053 

NaOH - AGS after injection 0.15 709 615 35 19 1253 123 654 290 34 

NaOH - AGS @ end 2.3 960 696 46 11 1740 157 1048 468 41 

NaOH - AGS IMPINGER 0.22 3.5 12 0.10 BLD 8.4 BLD 5 0.20 BLD 

NaOH - AGS IMPINGER  (filtered) 0.17 2.6 7.1 BLD BLD 5.6 BLD 3.5 1.3 BLD 
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Results from the second set of experiments acid gas scrubber (units are ppm) 

Sample description Hg As B Cd Cr Mo Pb Se V Zn 

NH3 - dosed 0.02 225 83 133 1.7 215 1.3 134 5.9 80 

NH3 in ASE @ end 0.06 202 112 30 0.4 291 BLD 157 17.1 47 

NH3 in ASE - absorber impinger 23 BLD 3.8 0.1 0.1 1.0 0.7 1.9 BLD BLD 

NH3 in ASE - stripper impinger 0.14 69 26 43 8.4 63 25 42 8.1 23 

MEA in ASE - dosed 0.03 255 90 178 62 250 11 156 32 101 

MEA in ASE @ end 0.05 268 87 177 74 245 50 160 39 101 

MEA in ASE - absorber impinger 5.7 15 7.6 10 4.6 15.4 13 8.9 2.1 4.2 

MEA in ASE - stripper impinger 0.08 197 68 121 55 191 15 111 29 79 

Glycine in ASE - dosed 0.11 286 117 469 217 67 218 470 157 331 

Glycine in ASE @ end BLD 196 112 369 244 174 299 374 174 282 

Glycine  in ASE absorber impinger  0.06 8.9 5.7 16 9.8 4.1 9.0 14 8.3 12 

Glycine  in ASE  Stripper impinger 0.15 50 103 284 167 82 173 221 123 204 
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