
  
Page 1 

 
  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
ANLEC R&D Project 6-0710-0061  

 

Gas quality impacts, assessment and 
control in oxy-fuel technology for CCS 

 

Final Report  
 

(for public domain) 
 
 

Terry Wall, Rohan Stanger, Tim Ting and Dunyu Liu 
 

Chemical Engineering, the University of Newcastle, NSW, Australia 
 
 

November 2013



  
Page 2 

 
  

 
Acknowledgments 
 
The authors wish to acknowledge financial assistance provided through Australian National 
Low Emissions Coal Research and Development (ANLEC R&D). ANLEC R&D is supported 
by Australian Coal Association Low Emissions Technology Limited and the Australian 
Government through the Clean Energy Initiative. The authors would expressly like to thank 
the staff of the Callide Oxyfuel Services Pty Ltd, the COP Joint Venture Partners and the CS 
Energy Operations team for their valuable contribution to this work. Their tireless efforts 
provided us with important help prior, during and after this field campaign. 
 



  
Page 3 

 
  

 

Executive summary 
 
Amongst the three carbon capture and storage (CCS) technologies being progressed through 
demonstrations, the CO2 gas quality has the greatest potential variability, uncertainty and 
impact in oxy-fuel. The cost of the gas quality control operations and process energy 
requirements may be minimised and CO2 recovery optimised, but at present the technical 
possibilities are still being established by studies such as the present research. 
 
The CO2 impurities from oxy-fuel technology for CCS differ from pre- and post-combustion 
technologies in quality and quantity, having higher levels of gas impurities which impact 
efficiency and operation such as sulfur oxides (SO2, SO3), nitrogen oxides (NO, NO2) and 
mercury gases (as atomic or oxidised, Hg0 and Hg++). Options are available for gas quality 
control in the furnace, by conventional flue gas cleaning and in the CO2 processing unit 
(CPU). 
 
Australian power plants do not have cleaning units for sulfur, nitrogen or mercury gas 
species. Therefore, the application of oxy-fuel technology in Australia requires a greater 
understanding of impacts associated with the expected higher impurity levels fed to the CPU. 
 
The hypothesis of the present research is that impurities in CO2 in oxy-fuel technology 
(particularly S, N and Hg gases) can be controlled in the CPU. This was part of the design 
concept of the Callide Oxyfuel Project (COP). The present research has sought to duplicate 
the results of the demonstration in the laboratory and with test equipment in the field. The 
aim was to obtain a mechanistic understanding of the technical requirements for impurity 
control in the CPU. 
 
The research areas include SOx impacts in the power plant due to corrosion and acid dew 
point, and two aspects of gas quality control in the COP CPU – these being SOx removal in 
the caustic scrubber and NOx and mercury removal during CO2 compression.  
 
Sulfur corrosion and acid dew point monitoring at the COP 
 
A review of corrosion monitoring techniques used in coal combustion testing is given with an 
emphasis on oxy-firing. Corrosion is expected to be enhanced under oxy-fuel conditions 
compared to air-firing due to the higher SOx levels throughout the process. The following 
recommendations are made for sulfur-related corrosion and acid dew point (ADP) monitoring 
at the COP: 
 
Internally cooled probes with removable coupons such as those used by EoN are 
recommended for corrosion testing of materials considered to be potentially used in future 
deployment of oxy-fuel technology in Australia. 
 
The Controlled Condensation Method such as that used by Alstom is recommended for acid 
dew point temperature and SO3 estimation at the COP. The direct measurement of acid dew 
point temperature is not recommended. However, if changes of ADP during operation are 
required the simplicity of the commercial and on-line Land ADP instrument makes it ideal.   
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Removal of SO2 in CO2 by scrubbing at atmospheric pressure 
 
An experimental study was undertaken to establish the extent to which gas scrubbing prior to 
CO2 compression removes gas impurities, through experiments to measure S and N gas 
removal by NaOH solutions at atmospheric pressure with an emphasis on SO2 removal, as 
detailed in Appendix 1: Milestone Report 1. 
 
The experiments covered the pH range of the liquid products of gas scrubbers of CPUs, this 
being 4<pH<7. The results confirmed published results from the two-stage scrubber at the 
Vattenfall pilot plant, reporting exit concentrations of bicarbonate associated with CO2 loss, 
and therefore wasted NaOH reagent, and sulfate levels associated with SO2 removal. 
 
The experiments have confirmed the poor solubility of NO. Scrubbing operation with the 
product liquid of 4<pH<5.5 is recommended for capturing SOx without CO2. pH can also be 
used to control the operation of the COP atmospheric pressure scrubber, as well as the 
addition of the NaOH reagent.  
 
Removal of NOx and SOx as acid condensates and gaseous elemental Hg0 as Hg(NO3)2 
during CO2 compression – Literature and laboratory measurements on a batch system 
 
The literature suggests that the simplified mechanisms below will result in the conversion of 
NO and SO2 to nitric and sulfuric acids during CO2 compression involving condensation of 
water. 
 
Raw Oxy-fuel Flue Gas
CO2           65-80%
H2O           25-35%
SO2           500-2000ppm
SO3           10-100ppm
NO             400-1200ppm
NO2            25-100ppm
Hg              5mg/m3

O2/N2/Ar    5-15%
Dust           5-30mg/m3

Upstream 

Processing

ı
de-SOx
de-NOx

Fly Ash capture

NO+ ½O2 NO2

                          
SO2+ NO2  NO+ SO3+H2O H2SO4

                                                                                        

NO2                            

         +H2O HNO3

Hg
     +NO3

-
 Hg(NO3)2 

 
 

The mechanism involves the following four steps, and these are related to the focussing 
questions of the current study: NO reacts with O2 to NO2 at high pressure; NO2 reacts with 
SO2 to form SO3 then H2O to liquid H2SO4; residual NO2 reacts with H2O to form liquid 
HNO3; mercury can then react with HNO3 to Hg(NO3)2. 
 
The research using a batch compression experiment has found that the Hg0 reacts readily with 
the NO2 formed from NO oxidation at high pressure. This reaction was shown to be 
kinetically limited and occurred without the presence of either water vapour or liquid water, 
contrary to speculation in the literature. Without formation of NO2, no capture of Hg0 was 
observed. This finding reduces the risk of mercury corrosion of cryogenic aluminium heat 
exchangers and suggests that dedicated removal units, such as an activated carbon bed, are 
not necessary in an oxy-fuel circuit.   
 
Removal of NOx, SOx gaseous elemental Hg0 during CO2 compression – Laboratory 
measurements using synthetic oxy-fuel gas and ‘real’ oxy-fuel gas from a slipstream at 
the COP using a purpose built (piston) compression apparatus 
 
The final stage of the project involved CO2 compression experiments with mercury and NOx 
removal, with laboratory experiments on simplified gases and experiments involving 
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slipstreams on real oxy-fuel flue gas from the Callide Oxyfuel Project. 
 
A schematic of the laboratory piston compression system with gas feeding system 
(O2/N2/NO, Hg0, H2O), three stage axial compressor and inter-stage gas and liquid sampling 
is presented below: 
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Control
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Liquid samples were taken after compression stages two and three using the moisture 
separators provided with the compressor. The modifications to the compressor involved 
removing the copper cooling coils in favour of flexible high-pressure Teflon tubing braided 
with stainless steel and a 300mL 304SS sample cylinder.   
 
The main finding from the laboratory experiments is that Hg0 does react with NO2 formed 
from NO oxidation at high pressure.   
 
The removal of NOx, SOx and Hg during compression of ‘real’ oxy-fuel flue gas at the COP 
was investigated using the same novel (piston) laboratory compression unit used in laboratory 
compression experiments.  

The field campaign at Callide had four main aims: 

1) To determine the impact of passively cleaning SO2 and NOx in the compression 
circuit 

2) To vary the residence time within the compression circuit 
3) To determine the impact of temperature on NOx conversion 
4) To compare the (experimental) compressor results to measured NOx and Hg 

concentrations within the Callide CO2 Processing Unit. 
 
At the COP the laboratory compression system and associated analytical instruments were 
located on the CPU bench between the caustic scrubbers and the Air Separation Unit. The 
sampling points are detailed on the schematic below, with gas sample locations shown in red 
and liquid sampling locations in blue. Slipstreams were taken before and after Scrubber 1 to 
test the impact of high and low SOx levels during compression. 
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The COP tests also investigated the effect of residence time and temperature of compression. 

 
 The effect of residence time during compression was investigated by varying the 

motor speed driving the compressor and thus affecting flow rate. A doubling of flow 
rate (halving of residence time) had the greatest influence at higher pressures 
(>10bar) where the kinetic rate of NO oxidation begins to slow.  

 
 The effect of temperature was investigated by placing the inter-stage condensing 

units in iced (ICED) water. This condition produced the greatest NOx and Hg 
capture, with Hg being removed at lower pressure (10bar). 

 
The results of the slipstream field tests with the bench scale compressor (a) may be compared 
with those from the laboratory compression experiments (b) as given on the figures below: 
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These combined results for NOx and mercury captured indicate that pressure has a dominant 
effect on removing NOx and Hg from the flue gas and that the three data sets (a, b, c) show 
similar trends in capture performance. The impact of higher flow rate showed lower 
conversion at higher pressure (>20 bar) while lowering the temperature of the compressors 
and condensers improved Hg capture at lower pressure. 
 
Overall, the results indicate that capture of mercury during compression occurred as a 
consequence of high pressure and longer residence time, and that the concentration of NO2 
can be predicted using a simple kinetic model.   
 
The practical applications of the results are: 
 
The field measurements taken from the laboratory compressor agree with 
measurements taken from the piston compressor in the laboratory in that the field 
measurements taken at different points from the Callide CPU show similar NOx 
conversion to the laboratory compressor unit. The conversion of NO into higher order 
gaseous NOx and aqueous products is a prerequisite for Hg conversion.  
 
The impact of SO2 on NOx conversion in compression was minor, producing a 
measurable difference in NO conversion but no difference in NOx captured. The 
expectation that SO2 would react with NO2 and thus reduce its capture is derived from the 
work of Air Products, however the ratio of SOx to NOx is apparently sufficient to provide the 
accelerated SOx capture effect without significant influence.    
 
The amount of Hg that was removed from both the experimental compressor sampling 
a slipstream and the Callide CPU satisfies the Hg limit for natural gas compression of 
10 ng/m3.  
 
Gaseous Hg0 in the flue gas can be effectively removed from an oxy-fuel derived gas 
stream using the compression circuit during back-end CO2 processing. This reduces the 
risk of mercury corrosion of cryogenic aluminium heat exchangers and suggests that 
dedicated removal units, such as an activated carbon bed, are not necessary in an oxy-fuel 
circuit.   
 
The main pathway for oxidation occurs in the gas phase with NO2/N2O4, rather than in 
acidic condensate. The conditions that enhance NO oxidation are the same as those for Hg 
oxidation, namely higher pressure and residence time. 
 
The final oxidised Hg product has yet to be identified. This research has shown that Hg0 is 
removed from the gas phase but has yet to identify the reaction product. Likely candidate 
products are a Hg-NOx salt or HgO, however the valence of the Hg molecule is an important 
variable that affects solubility, and may well impact the potential removal in the condensate.   
 
Highly acidic condensates represent a corrosion risk. The analysis of the condensates 
indicated a significantly high acidity that consisted predominantly of HNO3. The corrosion 
risk will depend on the materials used in construction. 
 
Five milestone reports were provided during the project, which provide full details 
(Appendices 1-5). 
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1. Project details 
 
The ANLEC R&D Targeted Research Project 6-0710-0061 “Gas quality impacts, assessment 
and control in oxy-fuel technology for CCS” is based on research to support the Callide 
Oxyfuel Project. 
 
This final report provides administrative information and summaries of four milestone reports 
(also in Appendices 1-5) previously submitted and approved by ANLEC R&D, with details of 
CO2 compression experiments involving a slipstream from the Callide Oxyfuel Project. 
 
The project commenced in October 2010 with a planned duration of two years. Due to delays 
associated with approval for the use of toxic gases in laboratories, and minor delays due to 
access at the Callide project, the project was not completed until October 2013. Publications 
arising from this project are provided in the Appendix. 
 
1.1 Relevance of the project to oxy-fuel technology and the Callide Oxyfuel Project 
 
Amongst the three carbon capture and storage (CCS) technologies (Integrated gasification 
combined cycle or pre-combustion – IGCC-CCS; post combustion capture or post-
combustion – PCC; and oxy-fuel with CCS) being progressed through demonstrations, the 
CO2 gas quality has the greatest potential variability, uncertainty and impact in oxy-fuel. The 
cost of the gas quality control operations and process energy requirements may potentially be 
minimised and CO2 recovery optimised, but at present the technical possibilities are still 
being established by studies such as the present research. 
 
The CO2 impurities from oxy-fuel technology for CCS differ greatly from pre- and post-
combustion technologies for CCS in quality and quantity, having higher levels of gas 
impurities such as sulfur oxides (SO2, SO3), nitrogen oxides (NO, NO2), and mercury gases 
(as atomic or oxidised, Hg0 and Hg++), which impact efficiency and operation. Options are 
available for gas quality control in the furnace, by conventional flue gas cleaning and in the 
CO2 processing unit (CPU). 
 
Australian power plants do not have cleaning units for sulfur, nitrogen or mercury gas 
species. Therefore, the application of oxy-fuel technology in Australia requires a greater 
understanding of costs and impacts associated with the expected higher impurity levels fed to 
the CPU. For example, in an oxy-fuel retrofit, the possible need for a sulfur gas removal unit 
(using standard flue gas desulfurisation (FGD) technology based on calcium solutions) prior 
to the CPU for high sulfur coals, is associated with a plant capital cost increase of about 
7.5%. For Australian oxy-fuel plants, the concentration of SO2 in flue gas will also be higher, 
typically 500-1500ppm compared with concentrations less than 100ppm where an FGD is 
included.  
 
The Callide Oxyfuel Project (COP) demonstrates a retrofit to an existing Australian power 
plant, with a flow sheet given in Figure 1. The fabric filter (FF) removes fly ash, and it is 
noted that no FGD unit has been added. This is therefore considered a ‘typical’ flow sheet for 
an Australian retrofit. However, the removal of SOx and NOx species prior to CO2 
liquefaction is necessary to reduce the effects of corrosion during CO2 transport and lower the 
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health risk in the event of a gas leak. The removal of mercury species prior to CO2 
liquefaction is critical in preventing corrosion in brazed aluminium cryogenic heat 
exchangers. Table 1 below summarises the main industrial mercury limits. 
 

 
 

Figure 1: COP flow sheet 
 
 
Table 1: Industrial mercury limits 
 

Mercury Limit Concentration 
µg/Nm3 Note 

Expected Hg in flue gas 
from coal 10-50 Without capture 

Occupational 
Safe Working Limit 10 Based on TWA 

(8-hour time weighted average) 
Australian 

Gas Quality Standard 1 AEMO Natural Gas Rules1 

Brazed Aluminium 
HEX Standard 0.1 ALPEMA recommendation2 

Typical Design Specification  
for Carbon Bed 0.01 For natural gas processing3,4 

Analytical Limit 0.0001-0.002 Instrument dependent 

 
1 Australian Energy Market Operator; Gas Quality Standard – System Injection Points 2007 
2Aluminium Plate-Fin Heat Exchanger Manufacturer Association Standards 3rd Edition 2010, sourced from 
Frequently Asked Questions section 
3 Francis, “Brazed Aluminium Heat Exchangers – BAHX – Surveillance, Analysis, Mitigation”, Proceedings of 
the 3rd International Gas Processing Symposium, 2012 
4Santos, “Challenges in understanding the fate of mercury during oxy-fuel combustion”, MEC7 Workshop 
Strathclyde University, 2010  
 
 
Scrubbing units have been included in the major CPU flow sheets by Air Liquide, Linde, 
Praxair and Air Products. The basic design of the CPU that was developed by Air Liquide for 
the Callide Oxyfuel Project is given in the schematic below in Figure 2. The schematic shows 
that the flue gas (following the recycled gas line after the existing bag filter unit at Callide) is 
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first fed into a quench/scrubber column operating at atmospheric pressure (noted as Scrubber 
1) primarily to condense water and remove SO2, as well as other soluble acid gases, with 
aqueous NaOH used as a chemical agent for SO2 recovery.  
 
The schematic below (Figure 2) of the Callide CPU indicates the gas slipstream sample 
points (in red) for the compression apparatus and also for liquid samples (in blue) taken 
during the COP tests. 
 
After dust cleaning, the schematic shows that flue gas is compressed (to a pressure of about 
30 bar). During compression, nitric oxide (NO) reacts with oxygen to form NO2, which is 
absorbed by condensed moisture to form HNO2 or HNO3. The resulting liquid waste is 
transported to an ash pit. Mercury is expected to be oxidised and dissolved in the high 
pressure condensate. Overall, it is expected that NO2 is removed as an acid and residual 
mercury is removed as a nitrate which is in the form of Hg(NO3)2. 
 
A focus of the project is an experimental study in the laboratory related to the atmospheric 
pressure scrubber (Scrubber 1), which is a spray column primarily designed for SO2 removal. 
The scrubbing of NO of the flue gas is also considered.  
 

 
Figure 2: Schematic of the COP CPU indicates the gas slipstream sample points (in red) for the 
compression apparatus and also for liquid samples (in blue) taken during the COP tests in the project 
 
An additional focus of the project is an experimental study in the laboratory assessment of 
NOx and NOx/SOx mixture behaviour under pressure in controlled wet and dry conditions, 
including the extent to which NO2 is removed as an acid and residual mercury is removed as 
a nitrate which is in the form of Hg(NO3)2. Pure gases are used in these experiments to 
simulate oxy-fuel flue gas. 
 
A final focus is the experiments on slipstreams at the COP to establish the removal of NOx 
and SO2 as well as mercury from ‘real’ oxy-fuel flue gas during compression. 



  Page 
12 

 
  

1.2 Hypothesis, objectives and deliverables 
 
The hypothesis tested in the present study is that impurities in CO2 in oxy-fuel 
technology (particularly S, N and Hg gases) can be controlled at lower cost in the CO2 
processing unit (CPU) compared with standard cleaning in the power generation plant. 
The project determines the technical feasibility of this technology option. 
 
The technical objectives and deliverables are as follows:  
 

1. Provide options for monitoring of sulfur-derived corrosion at the COP, delivered by a 
milestone report.  

 
2.   Establish the extent to which gas scrubbing prior to CO2 compression removes gas 

impurities, by experiments to measure S and N gas removal by NaOH solutions at 
atmospheric pressure, with an emphasis on SO2 removal, delivered by a milestone 
report.  

3. Establish the feasibility of gas quality control by removal of impurities in 
compression, by experiments to measure S and N gas removal in condensate 
associated with compression of wet-CO2, delivered by a milestone report. 

 
4. Establish the removal of mercury species in CO2 processing, by experiments to 

measure mercury removal in condensate associated with compression of wet-CO2, 
delivered by a milestone report. 

  
5. Prepare a final report including compression experiments involving a slipstream from 

the Callide Oxyfuel Project (COP), delivered by the final report. 
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2. Sulfur corrosion and acid dew point monitoring 
 
A summary of Milestone Report 1 (Appendix 1). Yinghui Liu, Rohan Stanger and Terry Wall, 
Options for sulfur corrosion and acid dew point monitoring in oxy-fuel combustion, Report to 
ANLEC R&D, June 2011 
 
A review of corrosion monitoring techniques used in coal combustion testing is given with an 
emphasis on oxy-fuel firing. Corrosion is expected to be enhanced under oxy-fuel conditions 
compared with air firing due to the higher SOx levels throughout the process. Configuration 
choice will have a substantial impact in controlling corrosion effects and to date, results have 
been limited to pilot-scale and laboratory testing, rather than large-scale operation.   
 
The review focuses on the corrosion testing of boiler and superheater materials, on-line 
testing of corrosion conditions (both boiler and cold end) and flue gas sampling for acid dew 
temperature (ADP) and SO3 monitoring potentially used at demonstrations such as the 
Callide Oxyfuel Project (COP). Complementary laboratory techniques are also detailed. 
 
The literature indicates that oxy-fuel firing is associated with higher SO2 and SO3 
concentrations throughout the process due to the elimination of N2 in the combustion and flue 
gases, with an extent depending on the operations selected in the process for SOx removal. 
Reported data on SO2/SO3 ratios in pilot-scale furnaces do not indicate a difference between 
air and oxy-combustion. 
 
Recent process designs employ additional SOx control operations considered necessary for 
coals having sulfur in coal levels exceeding 1%, such as dry sorbent injection and wet FGDs 
either within or exterior to the recycle gas loop, and gas heating to control condensation. 
Confirmation of significant corrosion due to SOx has been recently observed at Vattenfall’s 
Schwarze Pumpe pilot plant in Germany and the Doosan Babcock Oxycoal test facility in 
Scotland.   
 
2.1 Corrosion monitoring 
 
A number of corrosion monitoring techniques have been reported in the literature in oxy-fuel 
pilot-scale testing in oxy-fuel conditions at a number of locations throughout the gas pass.  
These oxy-combustion pilot trials have provided an opportunity to test the high temperature 
corrosion performance of a range of steel alloys for super-critical and ultra super-critical oxy-
fuel boiler steam conditions. Corrosion effects may involve interactions between ash and flue 
gas. Typical probes are internally cooled and allow the comparison of samples of materials 
under the same temperature and gas conditions, with removable ‘coupons’ that can be 
examined after testing for mass loss and through Energy Dispersive Spectroscopy (EDS) of 
sectioned coupons. Typical testing times exceed 1000 hours, and results have been difficult to 
interpret due to variations in conditions over the testing period. Therefore, complementary 
tests of the same materials under controlled laboratory conditions of ash coverage, gas and 
temperature are also considered necessary to the plant testing. 
 
A typical arrangement is the corrosion study by EoN at a 1 MWth oxy-fuel test facility with 
coupons sitting on an air-cooled probe, shown in Figure 3. The temperatures at each section 
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of the probe are measured by thermocouples. The impact of sulfur (higher SO2/SO3 in oxy-
fuel) and chlorine (HCl) in the fuel were found to be most important factors for corrosion 
rate.  

 
Figure 3: Precision metrology corrosion probes at super heater/re-heater used by EoN  
 
Techniques for on-line monitoring of corrosion include electrochemical noise monitoring 
(ECN) techniques which can measure the corrosion potential of different materials during 
transient changes (such as mode switching or start-up/shutdown), but these techniques have 
not been compared with the ‘coupon’ method, and so are considered as research methods.  
 
2.2 Acid dew point temperature 
 
Cold end corrosion from the condensation of acid gases (primarily H2SO4) represent a 
significant issue in coal fired utilities, with the flue gas exhausted at temperatures above the 
acid dew point (ADP) in order to prevent its condensation in the lines. The ADP depends on 
SO3 and H2O levels, with levels in oxy-fuel combustion some tens of degrees centigrade 
above those for air-firing of the same coal.   
 
The conventional technique for estimating ADP is by measuring the amount of SO3 and H2O 
in the flue gas and then using an ADP correlation. The ‘Controlled Condensation Method’ has 
been widely used to estimate the sulfuric acid concentration in the flue gas and has been 
reported by Vattenfall to estimate ADT values within a few degrees of direct ADP 
instruments.   
 
There appears to be only one commercial instrument for direct ADT measurement, 
manufactured by Land, and Vattenfall have constructed their own instrument.  
 
ADP probes and the Controlled Condensation Method are best used after ash collection, as 
ash–gas reactions can interfere. In ash-laden gases the ash must be separated or removed to 
avoid these reactions, and ALSTOM have constructed such a device. Rather than using a 
static filter that accumulates fly ash, ALSTOM use an Inertial Separation Probe (ISP), which 
sub-samples the flue gas tangentially from a larger sample flow. The main sample flow 
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maintains a velocity of 30m/s, while the sub-sample flow is much lower (~2.5 standard 
l/min). The advantage of the ISP is that fly ash is swept across the sampling interface rather 
than into it, thus minimising particle build-up and avoiding reactions between gas and ash. 
The sub-sample of flue gas is passed across a condenser (with controlled temperature) before 
being swept into the H2O2 /silica gel impingers to remove SO2/H2O. 
 
2.3 Recommendations arising 
 
Based on a review of current practice, and the options detailed, the following 
recommendations are made for sulfur-related corrosion and acid dew point monitoring at the 
COP: 
 

 Internally cooled probes with removable coupons such as those used by EoN are 
recommended for high-temperature corrosion testing of boiler materials being 
considered for use in future deployment of oxy-fuel technology in Australia, with 
complementary laboratory measurements on the same materials. Laboratory 
measurements of coupons covered with ash – both laboratory and combustion ash 
from air and oxy-combustion – should be used.  

 
 The Controlled Condensation Method such as that used by ALSTOM is recommended 

for acid dew point temperature and SO3 estimation. 
 
The direct measurement of acid dew point temperature is not recommended. However, if 
changes of ADP during operation are required the simplicity of the commercial and on-line 
Land ADP instrument makes it ideal.   
 
The direct method developed through DOE funding by REI based on electrochemical noise 
has been used in short (one-day) experiments but has not been calibrated with longer coupon 
experiments. The method is suited to trend testing, and so could be trialled in comparative 
experiments between air and oxy-firing at the COP.  
 
Given the significance of sulfur impacts in the future selection of cleaning options in 
Australian deployment of oxy-fuel technology, and the need to appreciate at what sulfur-in-
coal ratio cleaning can be avoided, support by ANLEC R&D is recommended.  
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3. Scrubbing of SO2 in CO2 
 
A summary of Milestone Report 2 (Appendix 2). Yinghui Liu, Dunyu Liu, and Terry Wall, 
Reporting of well stirred scrubber results: scrubbing of SO2 and CO2 by caustic solutions at 
atmospheric pressure, February 2012 
 
An experimental study was undertaken to establish to what extent gas scrubbing prior to CO2 
compression removes gas impurities, by measuring S and N gas removal by NaOH solutions 
at atmospheric pressure, with an emphasis on SO2 removal, delivered by a milestone report. 
 
3.1 Aim 
 
The aims of the study were to:  
 

a. develop a laboratory methodology to establish the rates of scrubbing  at atmospheric 
pressure of some gas impurities found in CO2 derived from oxy-fuel technology with 
an emphasis on SO2; and 
 

b. measure rates of scrubbing using both water and NaOH solutions for CO2 and its 
mixtures, these being NO in N2, SO2 in N2 and SO2 in CO2.  

 
A further objective was to relate the measurements to published operational data from the gas 
scrubbers operating at atmospheric pressure of the CPUs of oxy-fuel technology, in order to 
understand the appropriate pH range of the liquid product used and to appreciate the 
relevance of the laboratory methodology to the practical scrubbers using liquid sprays to 
contact the gas.  
 
3.2 Scrubbing conditions 
 
The conditions of the experimental program were based on the conditions for the COP and 
published data from the Vattenfall pilot plant. The relevant conditions for the atmospheric 
pressure scrubber were: feed gas compositions for both NO and SO2, 500-1500ppm; gas 
temperatures, ~150oC at entry reducing to 35oC; caustic feed concentration by weight, 30-
50%;  and pH of exit liquid, 4-7. The dry feed gas is predominantly CO2 and N2, and also 
contains NO2 and SO3. Little information is available for the high-pressure scrubber, although 
an operating pressure of about 20 atm is expected. Most of the experiments were conducted at 
a temperature of 25oC, with some at higher temperature, based on an expectation that exit 
conditions will determine absorption. 
 
3.3 Literature and theory on gas scrubbing for NOx, CO2 and SO2 
 
The literature on gas scrubbing of NOx, CO2 and SO2 has been reviewed with a brief 
summary as follows: 
 
CO2: As CO2 is soluble in NaOH and its concentration in the oxy-fuel flue gas is much higher 
than other acid gases, absorption of CO2 should be evaluated, and its impact (competition) on 
the absorption of other gases is expected and should be studied. 
 
NOx: NO is the dominant form of nitrogen oxides from combustion at atmospheric pressure, 
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yet is insoluble whereas all other NxOy forms are soluble. Therefore, if NO can be oxidised to 
soluble forms (such as N2O and NO2), then it can be removed by a scrubber. The easiest 
method is to use increased pressure to increase the extent of NO2 formation, and then its 
removal by scrubbing, which is an approach used by both Air Liquide and Air Products 
technology. 
 
SO2: Both SO2 and SO3 are soluble, with SO2 being at higher concentrations in oxy-fuel flue 
gas, and is the target gas for removal in the scrubber operating at atmospheric pressure. Some 
reported experimental results give rate controlling mechanisms for is absorption, suggesting 
that mass transfer (diffusion) in the gaseous boundary adjacent to the liquid surface is the 
controlling factor. However, the effect of competition with other acid gases requires 
clarification, particularly for the sodium solutions employed in CPUs. 
 
3.4 Experimental methodology 
 
A laboratory well stirred reactor (WSR) detailed in Figure 4 was developed to contact gas 
with liquid and was used in a semi-batch mode to study gas absorption relevant to two 
impurities in oxy-fuel flue gas. After partially filling with liquid – either water or a Na+ 
containing solution – a gas stream was passed continuously through the vessel to contact the 
liquid surface and be absorbed. The transient absorption of soluble gas was then monitored 
using pH of the liquid as an indicator, and also the exit gas composition. Stirring of both gas 
and liquid was used. During the absorption experiments, both the pH value and temperature 
at which the pH value is measured were recorded at 10 second intervals. The gas absorption 
occurred over the liquid-gas interface, having an area of 0.06 m2 with an annular plug 
inserted on the interface to reduce the area to 0.038 m2 for selected experiments. The gas 
phase composition is analysed using a Testo flue gas analyser.  

 
Figure 4: Sketch of the semi-batch reactor, with the “small” gas/liquid surface area defined by an annular 
insert, which is removed for the “large” contact area. During normal runs the liquid volume is 0.5 litre, 
with surface areas being 0.038m2 for small and 0.06m2 for the large contact area without the annular 
contraction 
 
The following measurements were made using the WSR to characterise gas scrubbing: 
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 Continuous direct measurement of gas absorbed by changes in the gas composition 
over the scrubbing experiment 

 
 Continuous indication of liquid chemistry change using pH as an indicator 

 
 Chemical analyses from sampled liquids. 

 
Stirring of both gas and liquid was used and varied, and the rig allowed the area of the liquid–
gas interface over which gas absorption occurs to be changed. 
 
The transient absorption of any soluble gas was monitored by measuring changes in the gas 
composition and using pH of the liquid as an indicator of liquid composition changes. That is, 
during absorption the solution pH reduced with time in the current experiments. Some 
experiments also involved analysis of the sampled liquid from the WSR. Most experiments 
examined the SO2 absorption, which is the primary gas absorbed by the atmospheric pressure 
scrubber, and these were conducted at room temperature. 
 
Experiments were conducted with several gases, these being CO2, SO2 in N2 and CO2, NO in 
N2. The initial liquids used were water and NaOH solutions. Na2CO3 solutions and NaHCO3 
solutions were also used as these are known to form by reaction with CO2 when SO2/CO2 
mixtures are scrubbed.  
  
3.5 Experimental findings  
 
The experiments covered the pH range of the liquid products of gas scrubbers of CPUs, this 
being 4<pH<7. The results confirmed results given in Figure 5 from the two-stage scrubber at 
the Vattenfall pilot plant, reporting exit concentrations of bicarbonate associated with CO2 
loss, and therefore wasted NaOH reagent, and sulphate levels, associated with SO2 removal. 
 

 
Figure 5: Data reported on the operation of the two-stage scrubber at the Vattenfall pilot plant 
 
In Figure 5, the first stage scrubber, which uses water, operates with an exit pH of 2-3.5, and 
the second stage scrubber, which uses NaOH addition, operates at an exit pH of 3.5-7. In 
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addition there is a rapid increase in bicarbonate formation as pH exceeds 5.5.  
 
Therefore, the data indicates that the 2nd stage scrubber should be operated at a pH between 4 
and 5.5 of the product liquid, where little NaOH reagent is lost and SO2 removal is high. 
 
The experimental results show the following characteristics for scrubbing CO2 at atmospheric 
pressure in the presence of acid gases. 
 
pH and absorption: The initial pH during the scrubbing experiments varied with the initial 
liquid used. Continuous measurements of pH reduction during scrubbing indicate regions of 
rapid change, but these changes are not associated with changes in gas absorption rate. Data 
covered the practical pH range reported for atmospheric pressure scrubbers below a pH of 7. 
 
pH and liquid chemistry: The current measurements of the liquid composition including 
CO3

2- and HCO3
- revealed changes at the same pH (of 5.5) which is considered a minimum 

for operation. This is a similar pH to previously reported values for the Vattenfall scrubber. 
 
The experimental results are reported for the main gas species removed as follows: 
 
Scrubbing of CO2: CO2 calibration experiments indicate the gas/liquid surface area and gas 
concentration are the two most significant impacting factors at a fixed NaOH solution 
concentration for gas absorption. The absorbed CO2 is expected to react with NaOH to form 
NaCO3 and NaHCO3, which is reflected in a reduction in pH during the experiments. 
 
Scrubbing of NO in N2: Experiments have confirmed the poor solubility of NO. 
 
Scrubbing of SO2 in N2 and CO2: At a typical oxy-fuel flue gas composition, initially CO2 is 
absorbed into NaOH at a higher rate than SO2. As SO2 in the CO2 is absorbed, step changes in 
pH reduction are observed. Measured SO2 concentrations in the exit gas were observed to 
continuously increase and were associated with a reduction in SO2 absorption rate. The 
absorption rate of SO2 in CO2 does not differ much from SO2 in N2, with the liquid reaching 
saturation slightly faster. From the results, gas phase concentration, gas phase diffusion, gas 
solubility and liquid phase diffusion and reaction can potentially impact gas absorption rate. 
 
3.6 Practical implications for scrubbing of oxy-fuel gas  
 
When considered with data in the literature, the current results clarify the following 
operational conditions and issues in scrubbing of oxy-fuel flue gas at atmospheric pressure. 
 
Implications for pH of operation of SO2 scrubber: The current results can be interpreted in 
terms of previous data reported for the Vattenfall scrubber operating at atmospheric pressure. 
The current results agree with this operating data on two counts: (i) a reduction rate in SO2 
absorption at pH<4; and (ii) a rapid increase in bicarbonate formation, and therefore loss of 
NaOH reagent, at pH above 5.5. Therefore an operation with the product liquid having 
4<pH<5.5 is recommended. pH can also be used to control the operation of the COP 
atmospheric pressure scrubber, as well as the addition of the NaOH reagent.  
 
Interference of CO2 and NO2 on SO2 scrubbing: The current experiments indicate that at the 
flue gas concentrations of oxy-fuel combustion, CO2 interferes with SO2 scrubbing by NaOH 
in that it is absorbed preferentially (i.e. initially) to SO2. The effect is to convert NaOH to 
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NaCO3 and NaHCO3, and therefore experiments on gas absorption rates in initial liquids of 
NaCO3 and NaHCO3 as well as NaOH were undertaken in the project. A small reduction in 
measured gas absorption rate of SO2 was measured for these other initial liquids. The 
experiments have shown that NO is not soluble, as expected. The feed gas of the scrubber of 
the COP is likely to also contain NO2 recycled from the high-pressure compression plant, 
which is expected to be soluble. Experiments to examine NO2 scrubbing and possible 
interference with SO2 absorption are therefore planned. 
 
Relevance of the WSR reactor to scrubbing using sprays: Practical scrubbers are based on 
sprays, where droplets of liquid are generated and fall under gravity and contact the gas to be 
scrubbed. In this project a well stirred reactor (WSR) has been used, this being the common 
experimental system for scientific studies as it provides a defined (and variable) surface area 
for gas-liquid contact, and allows stirring of both gas and liquid to evaluate sensitivity and 
thereby estimation of the controlling mechanism for absorption. From a theoretical study 
presented for droplets of the size expected for sprays in oxy-fuel scrubbers, the controlling 
mechanism is expected to be controlled by SO2 mass transfer in the liquid. From this study, it 
also appears that the WSR reactor can be operated at conditions with the same controlling 
mechanism as sprays, allowing studies of interference of other gases – such as NO2 – to be 
studied.   
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4. Removal of NOx and SOx as acid condensates and gaseous elemental 
Hg0 as Hg(NO3)2 during CO2 compression 
 
A summary of Milestone Report 3 (Appendix 3). Rohan Stanger, Timothy Ting and Terry Wall, 
The feasibility of impurity control during compression of oxy-fuel flue gas: removing NOx and 
SOx as acid condensates, August 2012; and Milestone Report 4: Rohan Stanger, Timothy Ting 
and Terry Wall, Milestone Report 4: The feasibility of impurity control during compression of 
oxy-fuel flue gas: removing NOx and SOx as acid condensates and gaseous elemental Hg0 as 
Hg(NO3)2 by the HNO3 formed, September 2012 
 
An experimental study was conducted to establish the feasibility of impurity removal as 
liquids during CO2 compression. 

 
4.1 Objective 
 
The objective was to establish the feasibility of CO2 gas quality control in oxy-fuel 
technology by removal of sulfur oxide and nitrogen oxide gas impurities during compression 
in condensates from the flue gas moisture as liquid acids and gaseous elemental Hg0 as 
Hg(NO3)2 by the HNO3 formed. 
 
The objective was achieved by building an experimental rig for testing of CO2 compression, 
and undertaking laboratory experiments on the impurity removal.  
 
The focusing questions for the experiments undertaken were based on the mechanisms by 
which the impurities were expected to be removed, namely:  
 

 What is the extent of oxidation of the primary nitrogen oxide, NO, in flue gas to 
soluble NO2 during compression? 

 
 What is the possibility of interference of the nitrogen chemistry to form NO2 by SO2? 

 
 Are sulfur gases absorbed to form a liquid acid, H2SO4, in addition to HNO3?  

 
 Is SOx absorption catalysed by the formation of higher nitrogen oxides, in particular 

NO2, and does it occur in the gas or aqueous phase?   
 

 Can gaseous elemental Hg be absorbed in acid condensates during compression – that 
is, to what extent can gaseous elemental Hg0 be oxidised into Hg(NO3)2 by the HNO3 
formed from NOx absorption? 

 
4.2 Compression conditions 
 
The oxy-fuel flue gas entering the compression train is expected to be partially cleaned of 
acid gases, having passed through the atmospheric caustic scrubber. At the COP, compression 
occurs in a four-stage compressor with two intercoolers to remove condensates. Following 
compression the gas is then contacted with chilled water in a high-pressure packed column to 
further remove NOx species. This means that there are potentially two condensate streams 
produced in the coolers after stage 2 (at a pressure of 6 bar) and after the 4th stage (at 25 bar). 
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Modelling this process is complicated by the unknown level of gas–liquid contact during the 
compression stages and the challenge of introducing continuous gas and liquid streams under 
pressure. From the pilot IHI results on oxy-fuel combustion, NOx levels in the raw flue gas 
varied between 550-900ppm, though this concentration will vary with coal and operating 
conditions. It is expected that the main NOx species entering the compression train is NO as 
NO2 and is most likely removed during caustic scrubbing. 
 
4.3 Literature and theory on gas scrubbing for SOx, NOx and Hg 
 
Previous oxy-fuel pilot studies have suggested that compression of raw flue gas has the 
potential to remove NOx and SOx from the gas by the formation of acidic condensates. This is 
thought to occur principally via the ‘lead chamber process’ involving high-pressure NO 
oxidation followed by catalytic SO2 oxidation by NO2. The oxidation of NO has been used 
for the production of nitric acid to pressures of up to 10 bar and previous modelling of oxy-
fuel compression has suggested that the equilibrium with nitrates in the liquid will control the 
overall NOx conversion. Previous work has not indicated the extent to which SOx delays the 
NO conversion. Experience with mercury comes from the natural gas industry where trace 
amounts are scrubbed with activated carbon prior to cryogenic processing. The differences 
with natural gas include the gas composition, and that it does not contain oxygen or water 
vapour. The extent to which mercury is removed in nitric acid is uncertain, though mercuric 
nitrate, Hg(NO3)2, is often used as a standard solution in analytical laboratories in place of 
elemental Hg, which is insoluble. Air Products have stated that part of the Sour Gas 
Compression process (mentioned above) will remove gaseous Hg0 as mercuric nitrate 
because mercury compounds react readily with the nitric acid produced as a compression 
condensate. 
 
Related to the focusing questions, the literature indicates that the simplified mechanism in 
Figure 6 will result in the conversion of NO and SO2 to sulfuric and nitric acids during CO2 
compression involving condensation of water. 
 
Raw Oxy-fuel Flue Gas
CO2           65-80%
H2O           25-35%
SO2           500-2000ppm
SO3           10-100ppm
NO             400-1200ppm
NO2            25-100ppm
Hg              5mg/m3

O2/N2/Ar    5-15%
Dust           5-30mg/m3

Upstream 

Processing

ı
de-SOx
de-NOx

Fly Ash capture

NO+ ½O2 NO2

                          
SO2+ NO2  NO+ SO3+H2O H2SO4

                                                                                        

NO2                            

         +H2O HNO3

Hg
     +NO3

-
 Hg(NO3)2 

 
Figure 6: Mechanisms for impurity removal 

 
The mechanism involves the following four steps, and these are related to the focussing 
questions of the current study: NO reacts with O2 to NO2 at high pressure; NO2 reacts with 
SO2 to form SO3 then H2O to liquid H2SO4; residual NO2 reacts with H2O to form liquid 
HNO3; mercury can then react with HNO3 to Hg(NO3)2. 
 
4.4 Experimental methodology 
 
Two rigs were built to study a) nitric acid formation, and b) reaction between nitric acid and 
atomic mercury. 
 
a) An experimental rig detailed in Figure 7 was devised to provide measurements of NO 
conversion to NO2 and acid formation at pressures up to 30 bar, with an assessment of 
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interference by SOx. A wet system was used which continuously bubbled a stream of NOx 
gases through a set volume of water in a short bubble column. Gases were passed through the 
liquid for 10 minutes with continuous analysis of the off-gas. Batch liquid analyses were 
determined on the final liquid. Several experiments were also conducted with an eight-hour 
contact time as a comparison. Two mechanistic NOx studies were also undertaken, the first 
regarding wet gas phase conditions (i.e. with water vapour) and the second regarding the 
stabilisation of the NOx liquids when sampling after depressurisation.   
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Figure 7: Pressurised laboratory apparatus for contacting NOx gases with water, indicating the three 
different conditions for reactions involving I (dry gas), II (gas–liquid) and III (wet gas) 
 
b) A pressurised system for introducing gaseous Hg0 was successfully trialled using HNO3 as 
the contact liquid as detailed in Figure 8. The mercury gas analyser was an Ohio Lumex RA-
915+, which has the capability to continuously sample gas through its multipath (10m optical 
length) cell as well as analyse solid or liquid samples through its pyrolyser mode (attachment 
RP-91C). The range of the continuous gas measurements was 2ng/m3- 20mg/m3.   
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Figure 8: Pressurised mercury feeder and absorption reactor with gaseous mercury analyser and activated 
carbon (AC) traps 
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4.5 Experimental and mechanistic findings 
 
Current single step kinetic NOx conversion models were found to adequately describe the 
oxidation of NO to NO2 in a dry process. The wet pressurised conditions significantly 
reduced the amount of NO2 exiting the reactor, producing nitrate and nitrite species in the 
liquid phase. In common with other results in the literature, it was found that the amount of 
NOx removed from the gas stream could not be accounted for solely by the nitrogen species 
from the liquid analysis. Results from the mixed SOx/NOx wet system indicated that the use 
of 1000ppm SO2 resulted in interference with the NO2 gas measurement. Liquid analysis of 
the mixed system indicated that SOx gases were absorbed in either atmospheric conditions or 
at 20 bar. Intermediate pressures (5, 10, 15 bar) produced similar NOx absorption to 
conditions without SO2. Wet gas phase experiments showed that NO2 can be converted into 
HNO3 which is then condensed. This represented 10-20% of NO2 depending on pressure but 
only 2% of the total NOx balance. Stabilisation of the NOx liquids was found to improve the 
NOx mass balance from 40-50% to 70-80%. Further mass balance closure is expected with 
stabilisation media optimisation.   
 
Introducing gaseous Hg0 into 1M HNO3 was found to absorb up to 21% of the feed Hg, with 
pressure exerting a significant influence. Of the absorbed Hg from the gas stream, only 12-
25% was retained as stable liquid products (i.e. oxidised Hg). It was found by measurement 
that desorption of gaseous Hg0 occurred after depressurisation representing between 6-10% 
of the absorbed Hg0. Further desorption was expected to occur after sampling, resulting in a 
total mass balance closure of 12-35% of the Hg absorbed. 
 
4.6 Conclusions and practical implications for compression of oxy-fuel flue gas with 
impurity removal 
 
The experiments have established the feasibility of CO2 gas quality control in oxy-fuel 
technology by removal of sulfur oxide and nitrogen oxide gas impurities during compression 
in condensates as liquid acids. 
 
From dry experiments, it is concluded that oxidation of insoluble NO to soluble NOx was 
greater than 90% above a pressure of 15 bar. This oxidation was found to be kinetically 
limited and could be predicted using a single global reaction scheme. The extent to which NO 
is oxidised in an oxy-fuel compression train will therefore depend on the residence time and 
pressure within each compression stage. 
 
From experiments involving contact with liquid water and water vapour, it is concluded that 
at the saturated conditions and pressures in an oxy-fuel compression circuit, a significant 
conversion of NO to higher order oxides can be expected. Such oxides are more soluble than 
either NO or NO2 and thus would most likely react with the condensate to form liquid acids.   
 
From wet experiments involving NOx/SOx, it is concluded that during multi-stage CO2 
compression it is likely that SO2 will be removed during early stages along with most of the 
water vapour. At pressures below 20 bar, NO oxidation and absorption to form acid may be 
restricted by the existence of SOx. 
 
The experiments have revealed that the mechanism generally reported in literature is indeed 
simplified, in that additional nitrogen and sulfur species exist as gases and liquids. The extent 
to which these additional nitrogen and sulfur species form (or are) acids or other liquid 
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products may be inferred, but further work is needed to clarify their chemistry. 
 
The potential removal of gaseous elemental Hg0 as Hg(NO3)2 by the HNO3 formed is based 
on the speculation in the literature that “Any elemental mercury or mercury compounds 
present in the gaseous CO2 will (also) be converted to mercuric nitrate since mercury 
compounds react readily with nitric acid”.  
 
Experiments have indeed shown that gaseous Hg0 can be captured in nitric acid at all 
pressures in the range of 0-25 bar. Higher pressures will allow greater capture, thus 
representing a potential mechanism for mercury removal during compression. However, 
depressurisation of liquid condensates was found to be associated with substantial release 
(volatilisation) of Hg and NOx species and this must be considered from both an 
environmental and safety perspective. Furthermore, acid gas formation and condensation is 
likely to occur under pressure due to the presence of water vapour and NO2. This represents a 
potential corrosion hazard and needs to be considered in terms of materials of construction 
and preventative maintenance. 
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5. CO2 compression experiments with impurity removal – laboratory 
experiments and experiments involving slipstreams from the Callide 
Oxyfuel Project (COP) 
 
5a. Laboratory measurements 
 
A summary of Milestone Report 5a (Appendix 4). Terry Wall, Rohan Stanger and Tim Ting, 
Oxy-fuel derived CO2 compression experiments with NOx and mercury removal – 
construction of a compressor and laboratory experiments prior to experiments involving 
slipstreams from the Callide Oxyfuel Project (COP), August 2013. 
 
5.1 Objectives 
 
The final stage of the project involved CO2 compression experiments with mercury and NOx 
removal, with laboratory experiments on simplified gases and experiments involving 
slipstreams on real oxy-fuel flue gas from the Callide Oxyfuel Project (COP). 
 
This report details the compressor apparatus developed for use at the COP. The report details 
the laboratory measurements involving the compressor. COP measurements will be 
completed in October 2013 and the final report submitted subsequently.  
 
The research was undertaken because mercury in flue gas represents a potential corrosion risk 
in the processing of CO2 from oxy-fuel combustion processes. Gas phase elemental mercury 
(Hg0) is difficult to remove from the flue gas and the level of cleaning required to prevent 
corrosion of cryogenic aluminium heat exchangers is not yet known.   
 
5.2 Apparatus 
 
This work has investigated the behaviour of gaseous Hg0 in pressurised oxy-fuel systems in 
terms of the potential capture in acidic condensates, interaction with NOx gases and aqueous 
stability on depressurisation. Two reaction vessels were used in the study; the first a small 
pressure apparatus to allow controlled contact with liquid at pressure outlined in Section 4; 
the second a three stage axial compressor with gas and liquid sampling, which will be used at 
the COP.   
 
The second apparatus used for evaluating Hg behaviour in oxy-fuel was a laboratory scale 
compression system built from a three-stage air compressor manufactured by RIX and 
modified to allow gas sampling between compression stages and inter-stage variation of 
pressure. Figures 9 and 10 show a diagram of the apparatus and Hg feeding system with the 
addition of a H2O bubbling saturator prior to entering the compressor. The compressor was 
fitted with a variable speed drive to change the gas intake (i.e. in effect changing the 
residence of the gas). After stages 2 and 3 a back pressure regulator, pressure relief valve and 
pressure gauge were fitted to allow the pressure to be altered within the compression circuit. 
Sampling of the gas occurred using a dilution system manufactured by M&H which pulled 
9L/min of compressed air through a critical orifice and venturi providing a 0.5 bar vacuum 
for sampling 1L/min of gas through a second orifice. This combination diluted the sample gas 
by 1:10 and allowed the NOx analyser to handle high NO2 concentrations (typically limited to 
~100ppm NO2). A dry gas meter measured the gas flowing out of the compressor after 
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passing through an activated carbon scrubber. 
 
 
A schematic of the laboratory compression system with gas feeding system (O2/N2/NO, Hg0, 
H2O), three stage axial compressor and inter-stage gas and liquid sampling is given in  
Figure 9. 
 

Pressure 
Control

Pressure 
Control

Gas Sample Point

MFC

MFC

MFC

O2

1% NO/N2

N2/CO2
bypass

Hg0 permeation tube
+

w ater bath

Liquid Sampling
ı

exhaust

dry gas 
meter

AC
Scrubber

Gas Sampling

Dilution Air

To gas 
analysers

H2O 
Saturator

Variable Speed 
Motor

vent

 
 

Figure 9: Laboratory compression schematic 
 
Liquid samples were taken after compression stages 2 and 3 using the moisture separators 
provided with the compressor. The modifications involved removing the copper cooling coils 
in favour of flexible high-pressure Teflon tubing braided with stainless steel and a 300mL 
304SS sample cylinder. The liquid sampling modifications are shown in Figure 10.  
 
These additions allowed for indirect water cooling of the compressed gas leaving the piston 
stage and for condensation of water. This step was considered important from the perspective 
of simulating mixing conditions between gas and liquid prevalent in compression (i.e. high 
surface area, wetted walls, condensing droplets). The gas/liquid mix was then directed to the 
moisture separators, where the liquid was allowed to build up until it reached a suitable 
sample volume. The gas exited from the top of the separator and passed through the back 
pressure regulator and into the next stage (i.e. either 3rd stage piston or exit). The liquid was 
sampled in a highly controlled method using a fine needle valve and directed towards an air-
aspirated sample cylinder (300mL, 304SS). The purpose of this was to test the amount of 
dissolved gases (NOx, Hg0/Hg2+) escaping from the liquid condensate on de-pressurisation.  
 
The dilution box was used to pull 1L/min of air through the aspiration vessel and mix it with 
9L/min of dilution air. The controlled liquid flow was passed into the aspirator through a 1/8” 
stainless steel tube. After 10 seconds, the liquid flow was stopped and the evolution of 
dissolved gases was measured overnight. The following day, the liquid was sub-sampled and 
diluted to measure the pH and nitrate/nitrite content. The remaining liquid was injected with 
50mL of 0.5M SnCl2/1M HCl solution, which reduced the remaining dissolved mercury from 
Hg2+ to Hg0, allowing it to be swept from the aspirator in the gas stream and measured with 
the analyser. In this way, the amount of stable and volatile NOx/Hg in the liquid condensate 
could be determined. A schematic of the inter-stage compression line showing water 
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condensation, gas–liquid separation and liquid sampling system using controlled de-
pressurisation and air aspiration is given in Figure 10. 
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Figure 10: Schematic of the inter-stage compression 
 
 
5.3 Results 
 
The main finding is that Hg0 reacts readily with NO2 formed from NO oxidation at high 
pressure. This reaction was shown to be kinetically limited and occurred without the presence 
of water (either water vapour or liquid water), contrary to speculation in the literature. 
Without NO2, no capture of Hg0 was observed in the compression system.   
 
In a complementary compression experiment developed for scientific studies, gaseous Hg0 
could be absorbed in 0.1M HNO3 but was shown to potentially desorb back to the gas phase 
when pressure was released, resulting in emissions from the liquid, and representing a 
potential issue for environmental control. The liquid condensates produced from compression 
were analysed using a controlled method to measure emissions after pressure release. It was 
found that 3-10% of the NOx in the liquid was volatile, while less than 0.1% of aqueous 
phase Hg was unstable. These condensates were particularly acidic (pH -0.2 to 1) and 
consisted predominantly of HNO3.   
 
Overall, the capture of mercury during compression occurred as a consequence of high 
pressure, longer residence time and concentration of NO2. This oxidation process could be 
predicted using a simple kinetic model. Capture rates of 100% Hg and 91-95% NOx were 
measured from the compressor exit at 30 bar(G). In the small pressure rig, a reduction in the 
concentration of NOx from 1500ppm to 500ppm required a rise in pressure from 8 to 14 
bar(G) to ensure 100% removal of Hg0 from the gas stream. 
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5.4 Practical implications 
 
Gaseous Hg0 in the flue gas can be effectively removed from an oxy-fuel derived gas stream 
using the compression circuit during back-end CO2 processing. This reduces the risk of 
mercury corrosion of cryogenic aluminium heat exchangers and suggests that dedicated 
removal units, such as an activated carbon bed are not necessary in an oxy-fuel circuit. These 
findings represent a paradigm shift in mercury control for oxy-fuel technology, and reduce 
the emphasis on upstream speciation and capture. Furthermore, this passive gas cleaning 
option in oxy-fuel is a low cost advantage over other capture technologies such as post-
combustion capture which require significant cleaning prior to CO2 removal. 
 
The main pathway for oxidation occurs in the gas phase with NO2/N2O4, rather than in acidic 
condensate. The conditions that enhance NO oxidation are the same as those for Hg 
oxidation, namely higher pressure and residence time. This can be observed in the modelling 
results. However, the presence of liquid water in an oxy-fuel compression circuit is both 
necessary for removing NOx and a hindrance for removing Hg. This work has shown that Hg0 
can be dissolved in acidic liquid at high pressure, but does not form a stable salt without the 
presence of a gaseous oxidiser. Therefore the premature capture of NOx into the liquid 
condensates will retard the removal rate of Hg0. Future design of back-end oxy-fuel CO2 
processing plants could enhance the Hg oxidation rate by prolonging the residence time prior 
to intercooling and condensate removal.   
 
The final oxidised Hg product has yet to be identified. This research has shown that Hg0 is 
removed from the gas phase but has yet to identify the reaction product. Likely candidate 
products are a Hg-NOx salt or HgO, however the valence of the Hg molecule is an important 
variable that affects solubility, and may well impact the potential removal in the condensate. 
The results of this work have shown that a significant portion of the gaseous Hg was not 
removed in the condensate and was not present in the gas as Hg2+. It is therefore possible that 
the Hg is being deposited in a section of the laboratory compression apparatus which is not 
being regularly contacted with water or that the compound is not soluble. On a practical 
scale, this may ultimately present a risk of blockage or a safety hazard during shutdown. 
Identification of the final oxidised form of Hg under compression conditions will offer 
insights into its behaviour during compression and ultimately result in better circuit designs 
to optimise its capture. 
 
Highly acidic condensates represent a corrosion risk. The analysis of the condensates 
indicated a significantly high acidity that consisted predominantly of HNO3. Given that the 
mass balance closure was relatively poor, there is high possibility that deposition of HNO3 is 
occurring in non-wetted sections. Given that observed blockages were found in areas 
surrounding the back pressure regulators and piston head it is also possible that other NOx 
species such as N2O5 (a white solid at room temperature) may also be formed. In this work, 
the blockage was easily removed with water and future design options may take advantage of 
such solubility to remove potential build-ups. The emissions of NOx produced from 
depressurising the liquid condensates represent a potential safety hazard and should be 
depressurised to allow off-gassing to be recycled back into the process. 
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5b. Measurements at the Callide Oxyfuel Project 
 
A summary of Milestone Report 5b (Appendix 5). Rohan Stanger, Timothy Ting and Terry 
Wall, Oxy-fuel derived CO2 compression experiments with NOx, SOx and mercury removal – 
Experiments involving compression of slipstreams from the Callide Oxyfuel Project (COP), 
November 2013 
 
The removal of NOx, SOx and Hg during compression of ‘real’ oxy-fuel flue gas was 
investigated using a novel (piston) laboratory compression unit previously used in laboratory 
compression experiments. The field campaign at Callide A had four main aims: 
 

1) To determine the impact of passively cleaning SO2 and NOx in the compression 
circuit 

2) To vary the residence time within the compression circuit 
3) To determine the impact of temperature on NOx conversion 
4) To compare the (experimental) compressor results to measured NOx and Hg 

concentrations within the Callide CO2 Processing Unit (CPU). 
 
The laboratory compression system and associated analytical instruments were located down 
on the CPU bench between the caustic scrubbers and the Air Separation Unit. The sampling 
points are detailed in Figure 2. 

 
The COP slipstream tests with the bench scale compressor investigated the effect of residence 
time and temperature of compression.  

 
The results of the COP tests may be compared with those from the laboratory compression 
experiments and also from analyses of sampled gas exiting the COP compressor and also HP 
scrubber, as given in Figure 11.  
 

 
Figure 11: Combined results for NOx and mercury captured, as pressure increases during CO2 
compression for (top three data sets) as measured by the piston compressor sampling the gas stream exiting 
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the LP scrubber at the COP at low and high sampling flows, and (bottom data set) with iced condenser at 
the low flow condition to increase mercury capture (data sets 4 and 5) measured directly taking gas 
samples exiting the COP compressor and also HP scrubber (data sets 6-8) as measured by the piston 
compressor in the laboratory using synthetic oxyfuel flue gas with NOx levels of 500, 1000 and 1500 ppm 
 
 
The effect of residence time during compression was investigated by varying the motor speed 
driving the compressor and thus affecting flow rate. A doubling of flow rate (halving of 
residence time) had the greatest influence at higher pressures (>10bar) where the kinetic rate 
of NO oxidation begins to slow – the ultimate effect being that capture of NOx could be 
increased from 55% to 75% by doubling the residence time in the compressor and could be 
further extended to 83% by increasing back end pressure from 24 bar to 30 bar. 
 
The effect of temperature was investigated by placing the inter-stage condensing units in iced 
water. This condition produced the greatest NOx and Hg capture, with Hg being removed at 
lower pressure (10 bar) and NOx capture being enhanced at high pressure (24 bar). Modelling 
results based on literature kinetics indicated that the NO oxidation rate was increased at lower 
temperature, but the equilibrium partition between NO2 and N2O4 was likely to be the 
dominant driver. 
 
Overall, the results indicate that capture of mercury during compression occurred as a 
consequence of high pressure, longer residence time and concentration of NO2 and can be 
predicted using a simple kinetic model.   
 
The practical applications of the results are: 
 
The field measurements taken from the laboratory compressor agree with 
measurements taken from the compressor in the laboratory. The practical implications 
suggested in the previous report on laboratory measurements of synthetic gas are confirmed 
by the results on real oxy-fuel gas at the COP. The field measurements taken from a 
slipstream from a real oxy-fuel flue gas showed similar conversion with higher pressure and 
in terms of actual concentration. The natural cyclic variability of the real flue gas is a feature 
which could not be replicated in the laboratory.   
 
The field measurements taken at different points from the Callide CPU show similar 
NOx conversion to the laboratory compressor unit. The conversion of NO into higher 
order gaseous NOx and aqueous products is a prerequisite for Hg conversion. Measuring 
similar NO conversion and capture provides confidence that the residence time and mass 
transfer between gas and liquid are similar to those in the Callide CPU. 
 
The impact of SO2 on NOx conversion in compression was minor, producing a 
measurable difference in NO conversion but no difference in NOx captured. The 
expectation that SO2 would react with NO2 and thus reduce its capture is derived from the 
work of Air Products, however the ratio of SOx to NOx is apparently sufficient to provide the 
accelerated SOx capture effect without significant influence. This suggests that passive 
capture of both SOx and NOx during compression is viable providing the operational 
envelope for N2O formation is determined (N2O was not measured in the current campaign). 
 
The amount of Hg that was removed from both the experimental compressor sampling 
a slipstream and the Callide CPU satisfy the Hg limit for natural gas compression of 10 
ng/Nm3.  
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6. Reports and publications arising 
 
ANLEC R&D milestone reports 
 
Milestone Report 1 (Appendix 1). Yinghui Liu, Rohan Stanger and Terry Wall,

 Options for 
sulphur corrosion and acid dew point monitoring in oxy-fuel combustion, June 2011. 
 
Milestone Report 2 (Appendix 2). Yinghui Liu, Dunyu Liu, and Terry Wall, Reporting of 
well stirred scrubber results: scrubbing of SO2 and CO2 by caustic solutions at atmospheric 
pressure, February 2012. 
 
Milestone Report 3 (part of Appendix 3). Rohan Stanger, Timothy Ting and Terry Wall, The 
feasibility of impurity control during compression of oxy-fuel flue gas: removing NOx and 
SOx as acid condensates, August 2012. 
 
Milestone Report 4 (Appendix 3). Rohan Stanger, Timothy Ting and Terry Wall, The 
feasibility of impurity control during compression of oxy-fuel flue gas: removing NOx and 
SOx as acid condensates and gaseous elemental Hg0 as Hg(NO3)2 by the HNO3 formed, 
September 2012. 
 
Milestone Report 5a (Appendix 4). Rohan Stanger, Timothy Ting and Terry Wall, Oxy-fuel 
derived CO2 compression experiments with NOx and mercury removal – construction of a 
compressor and laboratory experiments prior to experiments involving slipstreams from the 
Callide Oxyfuel Project (COP), October  2013. 
 
Milestone Report 5b (Appendix 5). Rohan Stanger, Timothy Ting and Terry Wall, Oxy-fuel 
derived CO2 compression experiments with NOx, SOx and mercury removal – Experiments 
involving compression of slipstreams from the Callide Oxyfuel Project (COP), November 
2013. 
 
Note: This final report gives summaries of the milestone reports, but each has been prepared 
as a self-sufficient document, and should be consulted for full details. 
 
Book chapter 
 
Wall, T., Stanger R., and McDonald, D. (2013). Oxyfuel technology for power generation 
with carbon capture and storage. In C.E. Baukal Jr. (Ed.), Oxygen-Enhanced Combustion (2nd 
ed., pp 631-647). Boca Raton, FL: CRC Press. ISBN 13 978 1 4398 6228 5. 
 
Papers published in international journals 

Wall, T.F., Stanger, R. and Liu, Y. (2013). Gas cleaning challenges for coal-fired oxyfuel 
technology with carbon capture and storage. FUEL, 108, 85-90. 
 
Liu, D., Liu, Y., and Wall, T. (2013). CO2 quality control in oxy-fuel combustion: A dynamic 
study on the absorption of SO2 into sodium based aqueous solutions relevant to scrubbing 
prior to CO2 compression. JGGC, 12, 2-8. 
 
Ting, T., Stanger, R., and Wall, T. (2013). Laboratory investigation of high pressure NO 
oxidation to NO2 and capture with liquid and gaseous water under oxy-fuel CO2 compression 
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Executive Summary 
 
A review of corrosion monitoring techniques used in coal combustion testing is given with an 
emphasis on oxy-fuel firing. Corrosion is expected to be enhanced under oxy-fuel conditions 
compared to air firing due to the higher SOx levels throughout the process. Configuration 
choice will have a substantial impact in controlling corrosion effects and to date, results have 
been limited to pilot scale and laboratory testing, rather than large scale operation.   
 
The review focuses on the corrosion testing of boiler and superheater materials, online testing 
of corrosion conditions (both boiler and cold end) and flue gas sampling for acid dew 
temperature (ADP) and SO3 monitoring potentially used at demonstrations such as the 
Callide Oxyfuel Project (COP). Complementary laboratory techniques are also detailed. 
 
The literature indicates that oxy-fuel firing is associated with higher SO2 and SO3 
concentrations throughout the process due to the elimination of N2 in the combustion and flue 
gases, with an extent depending on the operations selected in the process for SOx removal. 
Reported data on SO2/SO3 ratios in pilot scale furnaces does not indicate a difference 
between air and oxy-combustion. 
 
Recent process designs employ additional SOx control operations considered necessary for 
coals having sulfur in coal levels exceeding 1%, such as dry sorbent injection and wet FGDs 
either within or exterior to the recycle gas loop, and gas heating to control condensation. 
Confirmation of significant corrosion due to SOx has been recently observed at Vattenfall’s 
Schwarze Pumpe pilot plant in Germany and the Doosan Babcock Oxycoal test facility in 
Scotland.   
 
A number of corrosion monitoring techniques have been reported in the literature in oxy-fuel 
pilot scale testing in oxy-fuel conditions at a number of locations throughout the gas pass. 
These pilot trials provide an opportunity to test potential steels for both new build USC plants 
and existing plants under real conditions, which involve interactions between ash and flue 
gas. Typical probes are usually internally cooled and allow the comparison of samples of 
materials under the same temperature and gas conditions, with removable ‘coupons’ which 
can be examined after testing for mass loss and EDS of sectioned coupons. Typical testing 
times exceed 1000 hours, and results may be difficult to interpret due to variations in 
conditions over the testing period. Therefore, complementary tests of the same materials 
under controlled laboratory conditions of ash coverage, gas and temperature are also 
considered necessary to the plant testing. 
 
Techniques for online monitoring of corrosion include electrochemical noise monitors (ECN) 
techniques, which can measure the corrosion potential of different materials during transient 
changes (such as mode switching or start-up/shutdown) but these techniques have not been 
compared with the ‘coupon’ method, and so are considered as research methods.  
 
Cold end corrosion from the condensation of acid gases (primarily H2SO4) represent a 
significant issue in coal fired utilities, with the flue gas exhausted at temperatures above the 
acid dew point (ADP) in order to prevent its condensation in the lines. The ADP depends on 
SO3 and H2O levels, with levels in oxy-fuel combustion some tens of degrees centigrade 
above those for air-firing of the same coal.   
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The conventional technique for estimating ADP is by measuring the amount of SO3 and H2O 
in the flue gas and then using an ADP correlation. The ‘Controlled Condensation Method’ 
has been widely used to quantify of sulfuric acid in gas and has been reported by Vattenfall to 
estimate ADT values within a few degrees of direct ADP instruments.   
 
There appears to be only one commercial instrument for direct ADT measurement, 
manufactured by Land, and Vattenfall have constructed their own instrument.  
 
ADP probes and the Controlled Condensation Method are best used after ash collection, as 
ash-gas reactions can interfere. In ash laden gases the ash must be separated or removed to 
avoid these reactions, and ALSTOM have constructed such a device. 
 
The COP provides a unique opportunity for corrosion evaluation in oxy-fuel technology 
relevant to Australian deployment.  
 
Based on the review, and the options detailed, the following recommendations are made for 
sulphur-related corrosion and acid dew point monitoring at the COP: 
 

 Internally cooled probes with removable coupons are recommended for corrosion 
testing of materials considered to be potentially used in future deployment of oxy-fuel 
technology in Australia, with complementary laboratory measurements on the same 
materials. Laboratory measurements of coupons covered with ash, both laboratory and 
combustion ash from air and oxy-combustion, should be used.  

 
 The Controlled Condensation Method is recommended for acid dew point temperature 

and SO3 estimation at the COP. 
 
The direct measurement of acid dew point temperature is not recommended. However, if 
changes of ADP during operation are required the simplicity of the commercial and online 
Land ADP instrument makes it ideal.   
 
The direct method developed through DoE funding by REI based on electrochemical noise 
has been used in short (1-day) experiments but has not been calibrated with longer coupon 
experiments. The method is suited to trend testing, and so could be trialled in comparative 
experiments between air and oxy-firing at the COP.  
 
Given the significance of sulfur impacts in the future selection of cleaning options in 
Australian deployment of oxy-fuel technology in Australia, and the need to appreciate at what 
sulfur-in-coal that cleaning can be avoided, support by ANLEC R&D is recommended.  
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1. Introduction 
 
1.1 Sulfur issues in oxy-fuel combustion 
Oxy-fuel combustion reacts pulverised coal in an atmosphere of O2/CO2, where the CO2 is 
derived from recycled flue gas and relatively pure (+95%) O2 is produced from an Air 
Separation Unit (ASU). Figure 1 shows a general diagram of the oxy-fuel firing concept [1]. 
The circled numbers represent areas where sulfur products can impact the process. 
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Figure 1: A simplified oxy-fuel process flow sheet with numbers used in Table 1 for sulfur impacts and 
control 
 
 
Table 1 summarises the impacts of sulfur products in relation to Figure 1. Recycling hot 
process gases rather than cold treated flue gases increases plant efficiency. Potential co-
injection of SOx along with the supercritical CO2 is also economically attractive due to the 
relatively expensive cost of flue gas desulfurisation (FGD). However, the introduction of a 
recycle loop increases the concentration of combustion by-products inside the boiler and in 
the flue gas. The lower volumetric flow of feed gas also contributes to higher impurity levels. 
Higher SOx levels are of particular concern because of their role in corrosion throughout the 
process.    
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Table 1: Impact of sulfur products in an oxy-fuel combustion process 

Impact 
Reference on 

Figure 1 
Operation Notes 

    

Water wall corrosion 1 Furnace -High SO2 in gas due to nitrogen omission, higher H2S 

in sub-stoichiometric flame. 
-Radiative section has little SO2 pick up 

-Higher mass fraction of bottom ash 

Ash deposition, slagging and 
fouling 

2 Furnace and 
convective pass 

-Increased SO2/SO3, metal sulfate and dust 
concentrations. 

Enhanced SO3 production 
and formation  of 

ammonium sulfates 

2 SCR (Selective 
catalytic reduction) 

-Increased SO3 concentration 
-Increased Ammonia consumption (cost) 

-Causes fouling in SCR 

-Precursor for  particulate matter (PM2.5) emission 
Ash precipability 3 ESP -Higher SO3 in fly ash improves ESP efficiency 

Reduced Mercury Capture 3 - 4 Mercury Capture -Higher SO3 competes for adsorption sites in activated 
carbon capture units 

CO2 recovery and energy for 

compression 

4 CO2 compression -Isothermal compression most sensitive to SO2 

-CO2 Distillation systems also sensitive to SO2 
Pipeline corrosion and acid 

dew point temperature 

5 CO2  recycle and 

CO2 transport 

- Higher SO3 of flue gas increases acid dew point 

temperature and thereby safe operating temperature of 

furnace exit fas 
-Corrosive effects of SOx in high pressure/ supercritical 

CO2 uncertain 

-Thermodynamic VLE data with SO2-CO2-H2O not 
available. 

Compliance with CO2 

quality for transport to 
storage 

6 CO2 transport -Regulations for CO2 transport in pipeline, truck or ship 

needs to be finalized, particularly over international 
borders.  Experience to be drawn from acid gas 

injection 

Compliance with CO2 

quality for geological 

storage 

7 CO2 storage -Effects of SOx with adjacent mineral matter in 
supercritical CO2 modelled. 

Experience to be drawn from acid gas injection 

 

1.2 Impact of high levels of sulfur gases 
An oxy-fuel plant configuration will be determined by fuel-S level, with the degree of sulfur 
capture affecting the capital cost and LCOE. A coal sulfur level of 1% differentiates low and 
high coal sulfur levels, and necessary sulfur removal operations. 
 
A study by EPRI reports that “A fuel with sulfur content less than 1% would eliminate the 
need for wet FGD in the oxy-coal cases, but would require additional apparatus to separate 
sulfur in the CO2 purification unit. The net effect was a reduction in capital costs and a net 
reduction in material acquisition/disposal costs (limestone/gypsum) that resulted in a 
reduction in cost of electricity of approximately 8%”. [2] 
 
In considering the process for a high (3.2%) sulfur coal for their Futuregen 2.0 project, 
Babcock & Wilcox (B&W) report that “It is clear that pre-treatment of recycle will be 
necessary to provide primary recycle gas suitable for drying and conveying the coal and 
moderate SO2 and HCl concentrations in the boiler to prevent excessive corrosion. Two main 
process configurations are emerging depending on the coal sulfur content. For coals with 
about 1% sulfur by weight or less, the so-called warm recycle process can be used. With 
warm recycle, the secondary recycle is taken after the particulate removal equipment and 
returned to the recycle heater (aka airheater) via a forced draft fan at the same temperature as 
it left the recycle heater with no other constituents controlled. For coals above about 1% 
sulfur, the secondary recycle is passed through the SO2 scrubber before returning it to the 
recycle heater and reheated to a few degrees above the adiabatic saturation temperature to 
avoid condensation of moisture in the flues and fans. Either electrostatic precipitators or 



  
Page 7 

 
  

fabric filters can be used for particulate removal and, depending on the level of SO2 removal 
desired, either dry or wet scrubbers can be employed”.[3]  
 
Figure 2 gives a flow sheet for the retrofitted Australian power plant at the Callide Oxyfuel 
Project (COP) which does not have an FGD, whereas units in other countries will have 
FGDs. Instead the Callide plant will have a quench/polishing unit prior to compression. 
Figure 3 shows Vattenfall’s Schwarze Pumpe process flow sheet with a FGD placed after the 
recycle loop. This reduces the SOx level for flue gases entering the CO2 processing unit but 
exposes the boiler and recycle lines to SOx levels approximately 3.5 higher than air firing. 
Figure 4 shows the planned process flow sheet for the FutureGen 2.0 which has sorbent 
injection and a wet FGD inside the recycle loop. The larger FGD and injection system will 
treat SOx gases prior to recycle (cool recycle), thus exposing the boiler to SOx levels around 
1.2 times air firing.  
 
Flue gas levels of SOx are typically 50-100ppm for units with an FGD 500-1500 and for the 
COP. The conversion of SO2 to corrosive SO3 is of the order of 1-5%. The need for an FGD 
located adjacent to the fabric filter or ESP to control corrosion for a commercial plant is 
uncertain. 
 
Regardless the higher SO3 levels in flue gas from oxy-fuel combustion will result in a higher 
acid dew point temperature, requiring operation at higher flue gas exit temperatures. 
 
 

 
 

Figure 2: Process configuration for 10MWe Callide Oxyfuel Project [4]. The plant will use a spray column 
to cool the primary recycle to remove H2O and a caustic polishing unit prior to the CO2 compression plant  
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Figure 3: Process configuration for Vattenfall’s 30MWth Schwarze Pumpe pilot oxyfuel plant [5]. This 
plant has been designed with a Wet FGD outside of the recycle loop and heat traced lines after the FGC for 
the primary recycle 
 

 
 

Figure 4: Process configuration for FutureGen 2.0 200MWe Oxy-fuel Demonstration [6]. Highlighted 
process units are added specifically for removing SOx (1) sorbent injection and (2) Wet FGD inside the 
recycle loop; and for reducing their corrosion effects (3) Gas Heater after FGC preventing H2O 
condensation in the primary recycle.  This process is based on a coal with 3.2% Fuel-S (Illinois #6) 
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2. Corrosion monitoring techniques  
  
Corrosion in an oxy-fuel plant can take place at various locations such as high temperature 
corrosion in the furnace (water walls, super heater, re-heater etc.), low temperature corrosion 
(recycled flue gas recirculation duct) and cryogenic corrosion (Hg corrosion with aluminium 
based heat exchangers) [7],[8]. The high-temperature corrosion can be defined as a process of 
tube-metal wastage enhanced by non-silicate impurity species that volatilise and deposit in 
the coal-fired plant, and the low temperature corrosion is caused by condensation of sulfuric 
acid [9]. The cryogenic corrosion of aluminium by mercury does not exist in a conventional 
air-firing system, but potential becomes an issue at the carbon dioxide purification and 
compression unit. 
 
Here high and low temperature corrosion is considered. 
 
Several corrosion studies in oxy-fuel combustion conditions reported a higher material 
wastage rate in oxy-fuel furnaces [7],[10], [11], or similar rate in oxy-fuel furnaces [12]. 
 
The major influencing factors of the rate of high temperature corrosion include gas 
composition in oxy-fuel condition (higher CO, SO2 and H2O in oxy-fuel) [10],[13],[14], 
different metals – especially composition of the protective oxide on metal [7], [10],[11], 
different ash deposits on metals [12],[13], gas temperature, metal temperature and 
combustion stoichiometry. In the presence of gaseous oxidants (oxygen, carbon dioxide, 
water vapour), the rate of oxidation of boiler-tube metals depends largely on the protective 
characteristics of the oxide layer thus formed. In the presence of corrosive constituents of 
boiler deposits and the flue gas, (such as sulfate, sulfide, chloride, and reducing species 
carbon monoxide), the rate of metal wastage can be significantly higher than that of oxidation 
in the atmosphere of gaseous oxidants. Temperatures at which corrosion takes place depend 
on the location in the boiler – for example, tube surface temperature is 633K and flue gas 
temperature is 1533K at the vicinity of water walls tubes, and 761K and 1255K at the 
vicinity of super heaters. Location also determines the reducing/oxidising atmosphere at the 
metal surface. For example, reducing atmosphere is found at water walls and oxidising 
atmosphere is found at the super heater [11].  E.ON found that poor combustion leads to high 
wastage rates, especially with greater Cl% and S% [12]. 
 
In this section, the techniques used for oxy-fuel corrosion study are presented, which can 
provide options to generator operators and researchers to select from. The detailed test matrix 
including gas composition, ash composition, metals under test, temperatures of gas phase and 
metal can be found in the references listed in the report. 
 
2.1 Online corrosion probes 
Vattenfall presented its first results on corrosion in the 30MWth oxyfuel boiler at Schwarze 
Pumpe, which aims to study the corrosion rate and corrosion mechanisms. In this study, super 
austenitic steels or Ni-based materials have been studied. Figure 5 indicates the locations 
where probes were inserted into the boiler and probes used with coupons mounted.  
 
Deposit probes were exposed at different metal temperatures (at temperatures of 580, 650 and 
760C) and found an increased deposition rate with higher metal temperatures and similar 
deposits composition/morphologies between oxy-fuel and air-firing modes.  
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Corrosion probes for the water wall, shown in Figure 5b, are mounted with several different 
coupons. Corrosion probes separated with isolators, shown in Figure 5c, were exposed to 
different metal temperatures (580, 650 and 750C) for 1300 hours. A low temperature 
gradient probe, shown in Figure 5d, operates at a temperature gradient so that the corrosion 
rate can be studied as a function of temperature [10]. 

 
 
Figure 5: Corrosion probes used at Vattenfall’s Oxy-fuel pilot plant [10]: (a) locations where corrosion 
probes are inserted into the furnace for water walls corrosion and super heater corrosion; (b) wall probe, 
four flush mounted  coupons used at Vattenfalls Oxy-fuel pilot plant; (c) Super heater probe (580C) 
separated with isolators used at Vattenfall’s Oxy-fuel pilot plant; (d) Lower temperature gradient probe 
used at Vattenfall’s Oxy-fuel pilot plant 
 
Reaction Engineering International (REI) has tested a real-time corrosion rate monitoring 
technology – electrochemical noise (ECN) technology – to monitor the spontaneous 
fluctuations in the electrical potential and current signals as generated during electrochemical 
corrosion activity. In the study, one probe with one test material mounted, shown in Figure 
6a, was put into water walls and three probes each with one test materials, shown in Figure 
6b, were put into the super heater location. The electronic signal is converted to corrosion 
rate (millimetre/year) after calibration (Figure 6c), but has not been compared with coupon 
tests [11]. 
 
 

(a) 

(b) 

(d) 

(c) 
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Figure 6: Corrosion probes used at REI oxy-fuel pilot rig: (a) water wall probe; (b) super heater probe; (c) 
typical results indicating the impact of stoichiometric ratio on corrosion 
 
E.ON carried out a corrosion study at a 1 MWth oxy-fuel test facility with coupons sitting on 
an air cooled probe, shown in Figure 7. The temperatures at each section of the probe are 
measured by thermocouples. The impact of sulfur (higher SO2/SO3 in oxy-fuel) and chlorine 
(HCl) in the fuel are considered to be most important factors for corrosion rate. Several 
options such as good combustion control, reduce sulfur and chlorine content in the flue gas or 
in the fuels, selected higher alloyed material and protective coating can be taken to mitigate 
corrosion [12]. 

(a) (b) 

(c) 
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Figure 7: Precision metrology corrosion probes at super heater/re-heater used by E.ON [12] 
 
2.2 Laboratory corrosion test methodology 
Laboratory tests can usually achieve a large number of tests within limited time and cost for 
more test conditions. Furthermore, tests can be kept at constant conditions for quite a long 
time. For example, B&W tested corrosion in the laboratory at 500C for 1000 hours [13]. 
 
Thus this technique has been adopted by IHI [7], B&W [13] and VTT [14] for corrosion 
studies. The rig adopted by IHI is shown in Figure 8a and the coupons used by B&W and 
VTT are shown in Figure 8b. 
 

 
 
Figure 8a:  Laboratory corrosion test rig adopted by IHI [7] 

(a) 
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Figure 8b: Coupon testing in oxy-fuel conditions: (a) coupon used by B&W [13]; (b) coupon used by VTT 
[14]; (c) coupon used by IVD, Germany [15] 
 
A pressurised corrosion rig is constructed at BAM, Germany for corrosion studies. Only CO2 
or CO can cause the carburisation. Both CO2 and H2O can direct react at the steel–oxide 
interface [16]. Corrosion is also an important reason for material fatigue and creep [17]. 
 
2.3 Characterisation tools for coupons and corroded metals 
 
2.3.1 Measurement of corrosion weight loss 
The corrosion rate is characterised by loss/thickness (e.g. micron//1000hour, mm/year) and 
fireside oxide thickness microns (the less thickness the better, as shown in Figure 9) [10]. 
 

(a) 

(c) 

(b) 
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Figure 9: Thickness of oxide and corroded metal [14] 
 
2.3.2 SEM-EDS and EDS mapping 
A scanning electron microscope coupled with energy dispersive spectroscopy (SEM-EDS) is 
a microbeam analysis tool with capability of identifying elemental composition on 
micrometre scale (shown in Figure 10). It has been used for elemental composition and 
morphology by Vattenfall group [10]. VTT used EDS mapping technology to study the 
corrosion rate [14]. 
 

 
Figure 10: EDS-Mapping for metal after corrosion test, obtained from VTT [14] 
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The images in Figure 10 are elemental mappings at the oxide layer of metal exposed to 
corroding gases. The left uppermost image shows the oxide scale at the metal–gases 
interface. Point identified by number ‘1’ closes to the corroding gases, and point identified by 
number ‘2’ closes to internal metal matrix. The thickness of the oxide scale is about 25 
microns. The middle uppermost image indicates the metal at the interface is oxidised. The 
remaining images show the distributions of individual elements including Si, Cr, Mn, Fe, Mo, 
Ni and Nb. Elements Si, Mo, Mn, Ni and Nb are well mixed with each other. 
 
2.4 Experimental programs 
Depending on the study objectives, various experimental programs have been devised to 
study the corrosion potential of alloys in oxy-fuel flue gas conditions at sites. These programs 
differ in probe locations, experiment duration and alloys. They have reported corrosion data 
at water walls [10],[11],[8] super heater [10],[11],[8],[15] and low temperature corrosion 
[10].  
 
Alternative laboratory tests simulate conditions to which metals are exposed, such as 500C 
by IHI [7], 600C and 650C by VTT [14], 650C and 750C by IVD [18], and 700C by 
FutureGen 2.0 [13]. The gas compositions can be adjusted by mixing various gases from gas 
bottles. The effect of ash deposit on metal corrosion also can be studied by immersing alloy 
specimens into ash bed. Ash deposits collected from pilot scale test as well as chemical 
pounds such as carbonate/sulfate have been tested [13], [14], [15]. 
 
 
3. Acid dew point (ADP) measurement techniques  
Cold end corrosion from the condensation of acid gases (mainly H2SO4) represents a 
significant issue in coal fired utilities. In air firing operations, the flue gas is exhausted to the 
stack at temperatures above the acid dew point (ADP) in order to prevent its condensation in 
the lines. Accurately measuring the acid dew point allows for an optimum level of heat 
extraction and thus improves overall plant efficiency. In oxy-fuel firing the flue gas must be 
cooled below the acid dew point prior to compression in order to remove a large portion of 
the H2O. In Vattenfall’s Schwarze Pumpe, the flue gas is directly quenched from above the 
acid dew point to below the H2O dew point in the flue gas cooler (FGC). As in the air fired 
case, accurate knowledge of the temperature at which the sulfuric acid condenses allows the 
maximum heat to be removed. Furthermore, since the concentration of SO2 is expected to be 
higher under oxy-fuel conditions, it is also expected that the sulfuric acid concentration, and 
hence acid dew point, will also be higher.  
 
3.1 ADP by SO3 and H20 gas compositions 
The conventional technique for estimating ADP is by measuring the amount of SO3 and H2O 
in the flue gas and using an ADP correlation (shown in Figure 11). One method widely 
employed in air fired application, known as the ‘Controlled Condensation Method’, 
quantifies the amount of sulfuric acid in a flue gas. In essence, the flue gas is sampled 
through a condensing unit held at a temperature ~85-95C in order to condense out the SO3 as 
H2SO4 without condensing the H2O. The total amount is collected in a known amount of 
water and titrated for a quantifiable amount of H2SO4. With an accurate measurement of the 
total flow of sampled gas, this can be calculated as a concentration of SO3 (it is widely 
accepted that all SO3 will bind with H2O to form H2SO4).  Figure 12 shows the 
thermodynamic calculations for the conversion of SOx into H2SO4. It can be observed that 
there are distinct regions where measuring SO3 concentrations would yield less than the 
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maximum formed (e.g. above 500C). It can also be seen that above 200C some of the SO3 
still remains dissociated. This means that installation of a direct ADP probe in places above 
this temperature would not give an accurate measurement.   
 

 
Figure 11: The recommended correlation [1] for Acid Dew Point with known SO3 and H2O concentrations 
[19] 
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Figure 12: Equilibrium calculations showing the conversion of SO2 into SO3 then H2SO4. Process 
monitoring would occur below 200C as this gives the most accurate measurement of the acid dew point – 
above this temperature the SO3 is still present in its dissociated form and will not condense 
 
3.1.1 Stuttgart & Utah method 
The Controlled Condensation method is an ASTM method and is employed at the University 
of Stuttgart [20] (shown in Figure 13) using a glass condenser in a heated water bath (so that 
the level of condensation may be visually inspected). The water is removed though a silica 
gel drying column with gas flow regulated and measured. The flue gas is first filtered through 
a quartz filter. This quartz filter is considered the greatest area of uncertainty because the 
build up of fly ash has the potential to catalytically oxidise SO2 to SO3, dependant on coal ash 
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properties and flue gas temperature. Figure 14a shows the apparatus setup used at the 
University of Utah [21] and Figure 14b shows a photograph of a commercially available 
sampling unit [22]. This includes 3% H2O2 to capture the SO2 and separate controlled heating 
of sampling tube, filter and condenser. The heated sections introduce an extra level of 
experimental control, though do not account for variations in ash or filter build-up. 
 

           

 
 
Figure 13: IFK Stuttgart apparatus for SO3 measurement (top left). SO3 and H2SO4 are condensed (top 
right) under controlled conditions held at 85-95C (above the H2O dew point). Quartz wool is used as the 
filter medium to prevent ash from entering the sampling equipment (bottom). SO3 is quantified by titration. 
 

 
 
Figure 14a: SO3 measurement apparatus used at the University of Utah through the Controlled 
Condensation Method (ASTM D 3226-73T). The H2O2 solution is used to capture SO2. The temperature of 
the condenser is held at 85-180C.   
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Figure 14b: Photograph of commercially available SO3 sampling kit, sold by Clean Air (~US$11k) [22] 
 
 
3.1.2 ALSTOM method  
Alstom use the most complicated experimental apparatus for the Controlled Condensation 
method [23], shown in Figure 15. Rather than using a static filter which accumulates fly ash, 
Alstom use an Inertial Separation Probe (ISP), which sub-samples the flue gas tangentially 
from a larger sample flow. The main sample flow maintains a velocity of 30m/s, while the 
sub-sample flow is much lower (~2.5 slpm). The advantage of the ISP is that fly ash is swept 
across the sampling interface, rather than into it, thus minimising particle build-up and 
avoiding reactions between gas and ash. The sub-sample of flue gas is passed across a 
condenser (with controlled temperature) before being swept into the H2O2/silica gel 
impingers to remove SO2/H2O. 
 

 
 
Figure 15: Alstom controlled condensation method, using an Inertial Separation Probe (ISP) to avoid 
particle build-up and  interference 
 
 

 Hot Flue Gas 

Sample Flue Gas  

 Sub-Sample Flue Gas  

http://www.store.cleanair.com/products/SO3-Controlled-Condensation-System.html
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3.1.3 A note on measurement of gas flow 
These sampling methods require measurement of gas flows. There are many ways to measure 
the flow rate of gas, however most are complicated by the need to measure the gas 
concentration or assume it is a single gas species. Thermal mass flow meters and ultrasonic 
gas meters are examples of units that are widely available and relatively inexpensive, 
however the flow rate is calibrated against other properties (such as thermal properties or 
density) and hence makes it difficult to measure mixed gas flows. For a true measurement of 
volumetric flow which is independent of gas composition, a drum or diaphragm gas meter 
must be used in which the gas flow moves through a recorded volume and outputs a pulse 
signal, shown in Figure 16. These gas meters are used in the natural gas industry, both 
domestically feeding to residential housing and as larger industrial scale gas meters used at a 
plant site. However, most small scale gas meters (domestic size) are designed for natural gas 
and cannot withstand the corrosive environment (H2O, SO2) that is typical of combustion flue 
gas. Laboratory grade gas meters suitable for measuring sub-sample flow rates are far less 
common, though are constructed of more rugged materials. These units are much more 
expensive ($4-6k) as opposed to the more available domestic natural gas meters ($0.1k). 
From the above apparatus examples, the universities of Stuttgart and Utah use a drying tower 
and/or H2O2 solution in order to remove H2O and SO2 prior to measuring the gas flow rate. 
This may also allow for the use of cheaper domestic natural gas meters, though this also 
means that the pulse signal is set at 10L/pulse, whilst the laboratory gas meter has a number 
of available sizes and flow ranges. By comparison, Alstom measured the pressure drop across 
an orifice plate with measured gas compositions in order to estimate the flow rate. 
 
 

 
 
Figure 16: Examples of laboratory drum gas meter [24] (left) and typical domestic natural gas meter [25] 
(right). Both output a pulse signal, however the laboratory gas meter has a number of available volumes 
and can handle combustion flue gases, while the domestic gas meter is set at 10L/pulse 
 
 
3.1.4 Pentol SO3 monitor (previously sold by Severn Science) 
In the 1980s, Severn Science trialled and manufactures a direct method of measuring and 
monitoring levels of SO3 in a gas stream. The process relied upon dissolving the SO3 in 
isopropanol as it was sampled, then reacting the dissolved SO3 with barium chloranilate. The 
ensuing reaction produces light, which is measured by a photometer. Figure 17 shows the 
schematic diagram, a picture of the unit and of the probe [26]. The Pentol SO3 monitor is 
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capable of measuring SO3 concentrations 0-200ppm and can take a measurement every two 
minutes. The technique is based on the “EPA Method 8A – Determination of sulfuric acid 
vapour or mist and sulfur dioxide emissions from Kraft recovery furnaces”, which uses the 
isopropyl alcohol (IPA) as a capture solution for SO3/H2SO4. A detraction of this automated 
technique is that it has the potential to introduce a positive bias from unwanted absorption of 
SO2 and potentially CO2 in oxy-fuel conditions. A recent oxy-fuel trial at E.ON gave similar 
results for both the controlled condensate method and the Severn Science SO3 monitor [27], 
shown in Figure 18.   

 
 
Figure 17: Severn Science kit, now sold through Pentol [26]. Continuously analyses SO3 (every two 
minutes) by scrubbing the flue gas with isopropanol to produce sulfate ions, which are then reacted with a 
porous bed of barium chloranilate to produce a measurable light signal. Used by E.ON 
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reservoir 
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Figure 18: Example of Pentol/SevernScience continuous SO3 measurement used in oxy-fuel conditions 
taken at E.ON [27] 
 
3.1.5 FTIR 
Currently being trialled in the University of Denmark is an in-situ FTIR and UV probe [28] 
(Figure 19), designed to be inserted directly into the flue gas. The probe works by placing the 
FTIR/UV source at the tip of the probe, kept under water cooled conditions. The flue gas 
passes through the source path and the light is directed via fibre optic cable to the detector. 
Figure 19 shows photographs and a diagram of the probe. If successful, the IR probe would 
remove the effect of catalytic oxidation of SO2 produced by fly ash build-up. 
 
 

 

Controlled Condensate Method 
SO3 = 23.3ppm 
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Figure 19: IR and UV Probes being developed by the Technical University of Denmark [28]. The IR/UV 
sources are located in the water cooled tip, with the signal being fibre-optically conveyed to the detector 
 
3.2 Direct ADP measurements: Land 
There appears to be only one commercial direct method of measuring acid dew point, which 
is triggered by condensing sulfuric acid on the tip of a probe. The ADP probe produced by 
Land [29] uses compressed air to cool the probe in order to find the temperature at which 
H2SO4 condenses (i.e. its dew point). When the sulfuric acid condenses on the tip it 
completes an electrical circuit with a built-in ammeter to indicate a current is flowing. The 
concept is shown in Figure 20. There are two versions of the model, a portable unit operated 
by hand and a built-in model operated automatically. In operation, the cooling air is gradually 
increased to lower the probe temperature until a current is detected. One detraction from the 
direct ADP measurement is that in practice the current signal is affected by fly ash build-up 
on the probe. This makes it difficult to take measurements before particle removal (such as 
prior to the ESP/FF). Furthermore, Figure 12 shows that above 200C, the SO3 is present in 
its dissociated form rather than as gaseous H2SO4. Hence taking direct measurements above 
this temperature would tend to under-predict the actual ADP. The automatic model has a 
small soot blower attached to prevent fly ash agglomeration. The second issue is that it is 
unable to measure acid mist, as occurs in high cooling rates. Overall, a direct ADP probe is 
most suited to continuous process monitoring at the ‘cold end’ to ensure that the flue gas is 
not cooled below the ADP prior to quenching. For mechanistic studies or sulfur balances 
prior to (or across) the ESP the controlled condensation method will provide a better estimate 
of SO3 because of the ability to filter out ash particles and control the temperature of the 
sample gas. 
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Figure 20: Direct Acid Dew Point monitor sold by Land [29]. Uses an air cooled probe to condense the 
H2SO4 directly onto the surface of an electrical circuit. The liquid H2SO4 completes the circuit to give a 
detectable increase in current 
 
 
3.3 Vattenfall experience 
Vattenfall have undergone a steep learning curve in relation to corrosion testing, particularly 
cold end corrosion at Schwarze Pumpe. In the early phases of testing it was discovered that 
the five-day plant operation (shut downs on weekends) was causing acid condensation in the 
recycle lines and enhancing corrosion. This led to replacing several sections with a more 
corrosion resistant steel, adding heat tracing and a nitrogen purge for shutdowns. It has found 
that the deposit on the probes for oxy-fuel firing were enriched in sulfur especially at 170C 
[10]. Vattenfall have trialled both the controlled condensation method for SO3 determination 
and an in-house direct ADP probe and found that both methods gave similar acid dew points 
(within several degrees), though in practice they preferred the controlled condensation 
method in high dust locations [30]. A diagram of the probe [31]  and a comparison of 
techniques [30] is given in Figure 21.  
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Figure 21: Diagram of the Acid Dew Point Probe used at Schwarze Pumpe (left) and a comparison of the 
measured ADP with the estimated ADP calculated from the SO3 measurement (right) 
 
Vattenfall’s sulfur balance across the Schwarze Pumpe was closed to within 12-16%, with the 
remaining unaccounted sulfur being considered as bound within deposits inside the process or 
part of measurement uncertainty. Vattenfall conducted SO3 measurements across the ESP and 
found the concentration significantly higher at the inlet. This indicates the potential for SO3 
capture on the fly ash. 
 
3.4 Doosan Babcock Experience 
The Doosan Babcock 40WMt Oxycoal test facility [32] found that the use of direct contact 
coolers (DCC, spray columns) to remove water from the primary flue gas recycle (PFGR) 
also reduced SOx levels resulting in the spray cooling water becoming more acidic. Figure 22 
shows the measured effects on SOx levels and pH across the DCC and the effect of corrosion 
on the DCC impeller. The amount of SOx absorbed varied with DCC operation, use of caustic 
soda and SO2 concentration. This suggests that SO2 can be readily absorbed wherever water 
is condensed. 
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Figure 22: Effect of SOx on direct contact cooler (DCC): (left) SO2 concentrations before and after DCC, 
pH of spray water lowered due to SOx absorption; and (right) corrosion of DCC impeller  
 
 
4. Reported measurements in oxy-fuel environments 
 
4.1 Corrosion results in oxy-fuel combustion 
Pilot scale plant test carried out at Vattenfall Schwarze Pumpe studied the air-firing and oxy-
fuel firing operation on the corrosion of several materials at water wall, super heater and low 
temperature regions. Results indicate that air-firing and oxy-fuel firing do not show 
significant difference in corrosion morphologies and increased carburisation in the super 
heater corrosion probes. At 580C, metals Sanicro 63 (Alloy 625), 347H FG and 253MA 
perform well, 10Cr and T23 fail to perform well and X20 performs at an average level. At 
650C, AC66, TP 310, 304H and T92 did not perform well. At low temperature, 15Mo3 
sustained corrosion over a wider temperature range in the oxy-fuel mode.  
 
E.ON studies on corrosion mainly focused on the effect of combustion performance, 
temperature and fuel impurities (S%, Chlorine%) on the corrosion rate under oxy-fuel firing 
and air-firing. The results indicate there is no significant difference in corrosion rate on the 
water wall between air-firing and oxy-fuel firing. To control the combustion efficiency it is 
important to mitigate the corrosion at the water wall. For super heater corrosion, the molten 
sulfates and chlorine are the major variables for austenitic steel corrosion [12]. 
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Results from REI tests at University of Utah indicates water wall corrosion rates decreased 
when converting from air to oxy-firing for all coals, while superheater corrosion rates 
generally increased in oxy-firing condition. Trisulfates increase the corrosion rate at the 
temperatures below its decomposition temperature. The accepted sulfate mechanism is in 
agreement with E.ON’s results. When operation condition shifts from air-firing to oxy-fuel 
firing, water wall probe corrosion (SA210) reduces and superheat probes corrosion generally 
increases. Low alloyed materials were more susceptible to reducing/oxidising conditions 
[11]. 
 
The laboratory tests by IHI at 500C showed the corrosion rate of carbon steel and low alloy 
steels were comparable. The austenitic stainless steel showed low corrosion rate. The higher 
CO2 content in gas did not affect the gas corrosion rate of alloys. The existence of SO2 
accelerated the corrosion of T2 alloy [7]. IHI have yet to publish corrosion test results 
incorporating fly ashes derived from the IHI/Callide pilot trial. 
 
VTT focused on the sulfate/carbonate deposit on the corrosion rate. The results indicate there 
is no carburisation at high CO2 atmosphere without carbonate deposit. Carbonate deposit with 
moist CO2 containing gas promotes carburisation of lower alloyed materials [14]. The 
University of Stuttgart exposed calcium sulfate to a CO2-enriched atmosphere and found that 
calcium sulfate shows a high tendency to form carbonates. Such carbonatisation of calcium 
sulfate enhances the release of sulfur components which promotes the sulfur corrosion 
mechanism [15]. 
 
In summary, high SO2/SO3/CO2 concentrations are the major concerns for metal corrosion 
rate in oxy-fuel firing conditions. Published research on corrosion in oxy-fuel conditions 
indicate: 
 

 High CO2 concentration does not significantly change the corrosion rate in oxy-fuel 
firing 

 The molten sulfate mechanism is a corrosion driver, with higher sulfur content usually 
leading to higher corrosion rate 

 Better combustion performance can mitigate corrosion rate, especially for water wall 
corrosion 

 High alloy steels usually perform better than low alloys, but cost of materials should 
be taken into account. 

 
4.2 Measurement of Acid Dew Point 
Vattenfall are currently the only group to compare the directly measured ADP with those 
calculated from SO3 and H2O measurements, but have yet to release information regarding a 
comparison between air and oxy-fuel firing.   
 
From oxy-fuel pilot experiments conducted at 500kWth [33] and 1.2MWth scales [1], the 
ADP is estimated (through SO3 measurement) to rise in oxy-fuel mode between 15-22C for 
black coal [1] and 31C for lignites (higher H2O content) [33]. Recent trials at 15MWth scale 
by Alstom [23] have shown similar increases during oxy-fuel firing (13-26C).   
 
4.3 Measurements of SO3 
Several groups have published results from pilot plants showing a rise in SO3 concentration 
under oxy-fuel firing. These have been summarised in [1]. Figure 23 shows an updated plot 
containing results presented at a recent workshop in London [21, 23, 27] (January 2011). The 
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results appear to be highly variable, however Figure 24 shows that the conversion rates of 
SO2 to SO3 are similar between air and oxy-fuel firing. Deviations from parity probably occur 
due to a combination of coal related properties, such as an ash catalytic impact, and process 
specific configurations, such as the gas cooling rate and sampling location. This makes 
determining a mechanistic understanding difficult. The University of Utah [21] measured SO3 
levels at a number of temperatures during oxy-fuel flue gas cooling to show the effect of 
temperature (and to a lesser extent coal type) on SO3 formation (shown in Figure 25). This 
demonstrates the importance of the sampling point for the correct determination of SO3. This 
will be the case when air and oxy-fuel flue gases may not have the same thermal profile. 
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Figure 23: Comparison of SO3 measurements in oxy-fuel pilot trials: (left) low range measurements; 
(right) high range measurements. Taken from [1]. Coloured data are from a recent oxy-fuel workshop in 
London held in January 2011. NB References in diagram refer to those in [1] 
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Figure 24: Comparison of the SO3 conversion (from SO2) during oxy-fuel firing and air firing 
 
 

 
 
Figure 25: Effect of temperature on SO3 formation. Taken from [21] using a 1.5MWth unit and the 
Controlled Condensation Method 
 
The results do not confirm a possible higher conversion of SO2 to SO3 in oxy-fuel, due to 
higher O2 levels throughout combustion, but laboratory experiments would be needed to get a 
better understanding of this issue 
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Executive summary 
 
Amongst the three CCS technologies (IGCC-CCS, PCC and oxy-fuel) being progressed 
through demonstrations, the CO2 gas quality has the greatest potential variability, uncertainty 
and impact in oxy-fuel. This quality can be controlled either by gas cleaning in the power 
plant or the CO2 processing unit, or both. The final quality required will be influenced by 
future regulations for CO2 storage and identified impacts in transport and storage.  
 
The cost of the gas quality control operations and process energy requirements may 
potentially be minimised and CO2 recovery optimised, but at present the technical 
possibilities are still being established by studies such as the present research. 
 
Gas scrubbing operations of the CO2 processing unit (CPU) in 
oxy-fuel technology 
 
Conventional pulverised coal-fired boilers use air for combustion in which the nitrogen from 
the air dilutes the CO2 concentration in the flue gas. Oxy-fuel technology for carbon capture 
and storage (CCS) substitutes air with oxygen in a standard PF power station requiring an 
ASU, recycled flue gas with gas processing and compression to provide a CO2 product for 
storage.  

 
The CO2 impurities from oxy-fuel technology for CCS differ greatly from pre- and post-
combustion technologies for CCS in quality and quantity, having higher levels of gas 
impurities which impact efficiency and operation such as sulfur oxides (SO2, SO3),  nitrogen 
oxides (NO, NO2) and mercury gases (as atomic or oxidised, Hg0 and Hg++).   
 
Options are available for gas quality control in the furnace, by conventional flue gas cleaning 
and in the CO2 processing unit (CPU). 
 
Australian power plants do not have sulfur gas cleaning units. For the Australian application 
of oxy-fuel technology, research is therefore needed on sulfur gas removal due to its cost and 
due to the higher sulfur gas concentrations of the CO2 fed to the CPU. For example, for the 
application of oxy-fuel technology as a retrofit, the possible need for a sulfur gas removal 
unit (using standard flue gas desulphurisation (FGD) technology based on calcium solutions) 
prior to the CPU for high sulfur coals, is associated with a plant capital cost increase of about 
7.5%. For Australian oxy-fuel plants the concentration of SO2 in flue gas will also be higher, 
typically 500-1500ppm compared to concentrations less than 100ppm where an FGD is 
included. 
 
The reported flow sheets for CPUs at the Callide Oxyfuel Project (COP) provided by Air 
Liquide, and those for the Vattenfall pilot plant reported by LINDE technology and Air 
Products technology have gas scrubbing units. The Air Liquide design for the CPU of the 
COP is given on the schematic below, with indications added for the possible flows of some 
waste and product streams. The schematic shows that the flue gas (following the recycled gas 
line after existing bag filter unit at Callide) is first fed into a quench/scrubber column 
operating at atmospheric pressure (noted as scrubber 1) primarily to condense water and 
remove SO2, also with other soluble acid gases, with aqueous NaOH used as a chemical agent 
for SO2 recovery.  
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Quench/scrubber 1 is a spray column common to most oxy-fuel technologies, with some 
designs (such as the scrubber used in the Vattenfall pilot plant) using two scrubbers in series, 
the first using water, and the second using NaOH as an agent to enhance SO2 scrubbing. 
 
After dust cleaning, the schematic shows that flue gas is compressed to a pressure of about 20 
bar. During compression, nitric oxide (NO) reacts with oxygen to form NO2, which is 
absorbed by condensed moisture to form HNO2 or HNO3. The resulting liquid waste is 
transported to the ash pit. Mercury is expected to be oxidised and dissolve in the compressor 
inter-stage condensate. The gas is then treated in a pressurised scrubber unit (noted as 
scrubber 2) in which most of the NO is oxidised to NO2. Overall, it t is expected that NO2 is 
removed as an acid and residual mercury is removed as a nitrate Hg(NO3)2. Also indicated on 
the schematic is further NO2 removal from a distillation column, and its possible recycling to 
scrubber 1. 
 
The focus of the project is related to the atmospheric pressure scrubber (scrubber 1), which is 
a spray column primarily designed for SO2 removal. The scrubbing of NO of the flue gas is 
also considered, and the scrubbing of NO2 potentially recycled from the distillation unit will 
be a focus of further research. 
 
Aim 
 
The aims of the project are to:  
 

c. develop a laboratory methodology to establish the rates of scrubbing at atmospheric 
pressure of some gas impurities found in CO2 derived from oxy-fuel technology with 
an emphasis on SO2 

d. measure rates of scrubbing using both water and NaOH solutions for CO2 and its 
mixtures, these being NO in N2, SO2 in N2 and SO2 in CO2. 
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A further objective is to relate the measurements to published operational data from the gas 
scrubbers operating at atmospheric pressure of the CPUs of oxy-fuel technology, in order to 
understand the appropriate pH range of the liquid product used and to appreciate the 
relevance of the laboratory methodology to the practical scrubbers using liquid sprays to 
contact the gas.  
 
Scrubbing conditions 
 
The conditions of the experimental program were based on the conditions for the COP and 
published data from the Vattenfall pilot plant, the relevant conditions for the atmospheric 
pressure scrubber being: feed gas compositions for both NO and SO2, 500-1500ppm; gas 
temperatures, ~150oC at entry reducing to 35oC; caustic feed concentration by weight, 30-
50%; and pH of exit liquid, 4-7. The dry feed gas is predominantly CO2 and N2, and also 
contains NO2 and SO3. Little information is available for the high pressure scrubber, although 
an operating pressure of about 20 atm is expected. The temperature of most experiments was 
25oC, with some at higher temperature, based on an expectation that exit conditions will 
determine absorption. 
 
Literature and theory on gas scrubbing for NOx, CO2 and SO2 
 
The literature on gas scrubbing of NOx, CO2 and SO2 has been reviewed with a brief 
summary as follows: 
 
CO2: As CO2 is soluble in NaOH and its concentration in the oxy-fuel flue gas is much higher 
than other acid gases, absorption of CO2 should be evaluated, and its impact (competition) on 
the absorption of other gases is expected and should be studied. 
 
NOx: NO is the dominant form of nitrogen oxides from combustion at atmospheric pressure, 
yet is insoluble whereas all other NxOy forms are soluble. Therefore, if NO can be oxidised to 
soluble forms (such as N2O and NO2), then it can be removed by a scrubber. The easiest 
method is to use increased pressure to increase the extent of NO2 formation, and then its 
removal by scrubbing, an approach used by both Air Liquid and Air Products technology. 
 
SO2: Both SO2 and SO3 are soluble, with SO2 being at higher concentrations in oxy-fuel flue 
gas, and is the target gas for removal in the scrubber operating at atmospheric pressure. Some 
reported experimental results give rate controlling mechanisms for is absorption, suggesting 
that mass transfer (diffusion) in the gaseous boundary adjacent to the liquid surface controls. 
However, competition with other acid gases requires clarification, particularly for the sodium 
solutions employed in CPUs. 
 
Experimental methodology 
 
A laboratory well stirred reactor – WSR – was developed to contact gas with liquid and was 
used in a semi-batch mode to study gas absorption relevant to two impurities in oxy-fuel flue 
gas. After partially filling with liquid – either water or a Na+ containing solution – a gas 
stream was passed continuously through the vessel to contact the liquid surface and be 
absorbed.    
 
The following measurements were made using the WSR to characterise gas scrubbing: 
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 Continuous direct measurement of gas absorbed by changes in the gas composition 

over the scrubbing experiment 
 

 Continuous indication of liquid chemistry change using pH as an indicator 
 

 Some liquid chemistry analyses from sampled liquid. 
 
Stirring of both gas and liquid was used and varied and the rig allowed the area of the liquid–
gas interface over which gas absorption occurs to be changed. 
 
The transient absorption of any soluble gas was monitored by measuring changes in the gas 
composition and using pH of the liquid as an indicator of liquid composition changes. That is, 
during absorption the solution pH reduced with time in the current experiments. Some 
experiments also involved analysis of the sampled liquid from the WSR. Most experiments 
examined the SO2 absorption which is the primary gas absorbed by the atmospheric pressure 
scrubber, and these were conducted at room temperature. 
 
Experiments were conducted with several gases, these being CO2, SO2 in N2 and CO2, and 
NO in N2. The initial liquids used were water and NaOH solutions. Na2CO3 solutions and 
NaHCO3 solutions were also used as these are known to form by reaction with CO2 when 
SO2/CO2 mixtures are scrubbed.   
 
The experiments covered the pH range of the liquid products of gas scrubbers of CPUs, this 
being 4<pH<7.  
 
Experimental findings  
 
Experimental results to date show the following characteristics for scrubbing CO2 at 
atmospheric pressure in the presence of acid gases. 
 
pH and absorption: The initial pH during the scrubbing experiments varied with the initial 
liquid used. Continuous measurements of pH reduction during scrubbing indicate regions of 
rapid change, but these changes are not associated with changes in gas absorption rate. Data 
covered the practical pH range reported for atmospheric pressure scrubbers below a pH of 7. 
 
pH and liquid chemistry: The current measurements of the liquid composition included CO3

2- 
and HCO3

-, which have been previously reported for the Vattenfall scrubber, revealing 
changes at the same pH (of 5.5) considered a minimum for operation.  
 
The experimental results are reported for the main gas species removed as follows: 
 
Scrubbing of CO2: CO2 calibration experiments indicate that gas/liquid surface area and gas 
concentration are the two most significant impacting factors at a fixed NaOH solution 
concentration for gas absorption. The absorbed CO2 is expected to react with NaOH to form 
NaCO3 and NaHCO3, which is reflected in a reduction in pH during the experiments. 
 
Scrubbing of NO in N2: Experiments have confirmed the poor solubility of NO. 
 
Scrubbing of SO2 in N2 and CO2: At a typical oxy-fuel flue gas composition, initially CO2 is 
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absorbed into NaOH at a higher rate than SO2. As SO2 in the CO2 is absorbed, step changes 
of pH reduction are observed, but measured SO2 exit gas levels continuously increase 
associated with a reduction in SO2 absorption. The absorption rate of SO2 in CO2 does not 
differ much from SO2 in N2, with the liquid reaching saturation slightly faster. From the 
results, gas phase concentration, gas phase diffusion, gas solubility, and liquid phase diffusion 
and reaction can potentially impact gas absorption rate. 
 
Practical implications for scrubbing of oxy-fuel gas  
 
When considered with data in the literature, the current results clarify the following 
operational conditions and issues in scrubbing of oxy-fuel flue gas at atmospheric pressure. 
 
Implications for pH of operation of SO2 scrubber: The current results can be interpreted in 
terms of previous data reported for the Vattenfall scrubber operating at atmospheric pressure. 
The current results agree with this operating data on two counts: (i) a reduction rate in SO2 
absorption at pH<4; and (ii) a rapid increase in bicarbonate formation, and therefore loss of 
NaOH reagent, at pH above 5.5. Therefore an operation with the product liquid having 
4<pH<5.5 is recommended. pH can also be used to control the operation of the COP 
atmospheric pressure scrubber, as well as the addition of the NaOH reagent.  
 
Interference of CO2 and NO2 on SO2 scrubbing: The current experiments indicate that at the 
flue gas concentrations of oxy-fuel combustion, CO2 interferes with SO2 scrubbing by NaOH 
in that it is absorbed preferentially (i.e. initially) to SO2. The effect is to convert NaOH to 
NaCO3 and NaHCO3, and therefore experiments on gas absorption rates in initial liquids of 
NaCO3 and NaHCO3 as well as NaOH were undertaken in the project. A small reduction on 
measured gas absorption rate of SO2 was measured for these other initial liquids. The 
experiments have shown that NO is not soluble, as expected. The feed gas of scrubber of the 
COP is likely to also contain NO2 recycled from the high pressure compression plant, which 
is expected to be soluble. Experiments to examine NO2 scrubbing and possible interference 
with SO2 absorption are therefore planned. 
 
Relevance of the WSR reactor to scrubbing using sprays: Practical scrubbers are based on 
sprays, where droplets of liquid are generated and fall under gravity and contact the gas to be 
scrubbed. In this project a well stirred reactor (WSR) has been used, this being the common 
experimental system for scientific studies, as this provides a defined (and variable) surface 
area for gas–liquid contact, and allows stirring of both gas and liquid to evaluate sensitivity 
and thereby estimation of the controlling mechanism for absorption. From a theoretical study 
presented for droplets of the size expected for sprays in oxy-fuel scrubbers the controlling 
mechanism is expected to be controlled by SO2 mass transfer in the liquid. From this study, it 
also appears that the WSR reactor can be operated at conditions with the same controlling 
mechanism as sprays, allowing studies of interference of other gases – such as NO2 – to be 
studied.   
 
Future work 
 
Additional research is recommended as a result of the current experiments: 
 

 Clarify the observed pH effect on gas scrubbing, by modification of the current semi-
continuous WSR apparatus to include a continuous feed of NaOH to provide a 
constant (steady-state) condition and pH during experiments 
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 Analyse the liquid during scrubbing 

 
 Undertake experiments on NO2 absorption, as this will be part of the gases fed to the 

scrubber, and its interference of the SO2 absorbed  
 

 Further assess the relevance of the WSR reactor results to a (practical) spray column 
by adjusting conditions of mixing (stirring) of gas and liquid, to confirm the 
controlling mechanisms of gas absorption rates.  
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1 Introduction 
 
1.1 Motivation for the project 
 
Coal is widely used as fuels for power generation, coke for iron and steel industry, for 
domestic heating, cement industry, non-ferrous metals industry and the chemical industry 
with the world’s coal resources concentrated in USA, Russia, China, Australia, India and 
South Africa [1]. The reserves are considerable [1],[2]. In 2008 Australia produced 430 
million metric tonnes (Mt) of saleable coal, approximately 7% of total world coal production; 
and exports of 135 Mt metallurgical coal, which is nearly 60% of international traded 
metallurgical coal, and 126 Mt thermal coal, which is nearly 20% of international traded 
thermal coal [1]. Based on Australia’s 77 billion tonne coal reserve, a coal supply of 179 
years is estimated [2].  
 
Coal is expected to continue its role as an energy source for electricity generation but must 
face the issue of climate change. To reduce the greenhouse gas emission from coal utilisation 
processes, improvement in efficiency, utilisation of alternative lower carbon content fuels, 
and carbon capture and storage are technology options. In the countries whose main energy 
resources depend on coal such as Australia, Japan, Germany, China and USA, oxy-fuel 
technology is currently being developed and demonstrated towards commercialisation, 
together with other carbon capture and storage (CCS) technologies, i.e. post-combustion 
capture and IGCC with CCS. 
  
A number of oxy-firing demonstration plants have emerged in recent years, including: 

 Vattenfall’s Schwarz Pumpe pilot plant in Germany, the world’s first full chain oxy-
fuel pilot demonstration, started in 2008; 

 TOTAL’s Lacq project, the world’s first integrated and industrial natural gas fired 
oxy-fuel plant with the world’s first pipeline injected oxy-fuel flue gas, started in 
2009; 

 The Callide Oxyfuel Project (COP) operated by CS Energy in Australia, the world’s 
first full chain retrofit demonstration with electricity generation, started in 2011 [3] 

 Endesa/CIUDEN’s 20 MWth oxy-firing p.f. system in Spain, started in 2011 
 Endesa/CIUDEN’s 30 MWth oxy-CFB system in Spain, the largest pilot Oxy-CFB 

plant, started in 2011 
 Korea oxy-firing demonstration p.f. project, currently at feasibility stage. 

 
Other proposed oxy-fuel projects include: 

 Datang Electricity Corporation’s 350MWe oxy-fuel demonstration plant in China, 
proposed for a start in 2015 

 The Jaenschwalde commercial demonstration scale oxy-fuel plant 
 The Compostilla commercial demonstration scale oxy-fuel plant 
 FutureGen 2.0 which is the US government’s main commercial demonstration project 

for carbon capture and sequestration (CCS) to store 1.3 million tonnes of CO2 
annually captured from a coal-fired power plant near Meredosia, Morgan County, 
Illinois in 2015. The captured CO2 will be transported by pipeline and stored in a 
saline aquifer 1200-1500 metres deep in Morgan County [4]. 

 
Australian research on oxy-fuel was initiated in CCSD, and a pre-feasibility study was 
completed that went on to become the Callide Oxyfuel Project (COP), which will be the 
world’s first oxy-fuel demonstration fired with coal with power generation and CCS. The 
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COP focus is demonstrating a retrofit with electricity generation during oxy-fuel firing and 
storage of CO2. The plant includes two-stage compression and ~99% CO2 liquid product 
quality. The design liquid CO2 production rate is 75 tonnes/day. The Callide Oxyfuel Project 
(COP) provides an opportunity for related research driven by issues established as the project 
is developed and operated.   
 
The purity of CO2 captured has a significant influence on the CO2 capture cost as indicated in 
a technical-economic study carried out by DOE-NETL [5]. The presence of gas impurities in 
the CO2 stream has potential impact on the following: 
 

 Safety of transport and storage systems, such as corrosion risks in pipeline and 
injection wells (cement and steel casing) [6, 7] 

 Operation of transport in pipeline to avoid two-phase flow due to increased bubbling 
point pressure and decreased critical temperature [6]  

 Energy consumption in pipeline transportation due to impurities of O2/ N2/Ar  
 Injectivity in injection wells of storage system, due to changes in density and viscosity 

which leads to changes in velocity and pressure drop [6] 
 Storage capacity, reservoir permeability, cap rock integrity due to physical effects of 

changes in density, viscosity, interfacial tension etc and due to chemical effects of 
geochemical reactions with both formation and cap rock [6]. 

 
Amongst the three CCS technologies, CO2 gas quality has the greatest potential variability, 
uncertainty and impact in oxy-fuel. This quality can be controlled either by gas cleaning in 
the power plant or the compression operation, or both. The final quality will be influenced by 
future regulations for CO2 storage and identified impacts in transport and storage. The cost 
and process energy requirements may potentially be minimised and CO2 recovery optimised, 
but at present the technical possibilities are still being established. 
 
The impurities from an oxy-fuel combustion power plant can be classified into the following 
categories: 

 Non-condensable gases, including N2, O2 and Ar 
 Condensable gases, H2O 
 Gaseous oxides with possible plant impacts and also pollutants, including SO2, SO3, 

NO, NO2, N2O, CO 
 Other trace impurities, such as halogens (HCl etc) and heavy metals (Hg etc). 

 
A recent study claimed “it is now unlikely that SO2 and NOx would be co-captured with CO2 
for transport and storage at the levels of 0.5-3%” [6]. A detailed analysis gives potential 
impacts from physical and chemical effects respectively. 
 
Physical effects: 
 

 The non-condensable impurities have the effect of increasing the bubble-point 
pressure and decreasing the critical temperature, due to their low critical temperatures. 

 
 Densities of N2, O2 and Ar are lower than that of CO2, thus leading to decreased 

storage capacity. 
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 The viscosities of N2, O2 and Ar are less than that of CO2, thus leading to decreased 
pressure drop. 

 
 The N2 and CH4 increase the interfacial tension (IFT) between the bubbles and water. 

Higher IFT leads to higher capillary pressure required to move the bubbles. 
 

 Presence of N2, O2 and Ar decreases the partial pressure of CO2, thus leading to 
decreased CO2 solubility in water. Presence of SOx and NOx would decrease the 
solubility of CO2 by decreasing the pH of the formation water. 

 
Chemical effects: 
 

 SO2 can influence storage, as it forms sulfuric acid which causes calcium-bearing 
mineral dissolution in the upstream followed by sulfates precipitation in the 
downstream. With fast dissolving and precipitating species, such as calcite and 
calcium sulfate, porosity can be affected and a decrease in porosity could potentially 
affect the capacity and injectivity.  

 
 SO2 reacts with calcite in situ to form calcium sulfite/sulfate. The molar volumes of 

CaSO4 and CaCO3 are 46 and 36.7 cm3/mol respectively, thus porosity could be 
reduced but with less significant impact compared with the dissolution–precipitation 
mechanism. 

 
 SO2 may react with caprock. 

 
1.2 Current state of pressurised CO2 purification processes 
 
The lack of SOx and NOx control units in existing power stations and different regulations for 
these emissions make the issue of gas quality of particular relevance to Australian 
application.  
 
The oxy-fuel flow sheet thus should consider both the combustion process as well as gas 
cleaning/purification process.  
 
For the power plant, the acid dew point and sulfur corrosion determines the necessity of 
recycled flue gas cleaning and the need for special materials used for ducts, heat exchangers 
and other equipments as SO2 concentration in oxy-fuel firing may be 2-4 times higher 
compared to an air-firing mode. For coals with about 1% sulfur by weight or less, no sulfur 
removal may be required; for coals with higher than 1% sulfur by weight; the secondary 
recycle flue gas may be cleaned with a SO2 scrubber. Either dry or wet scrubbers can be 
considered. 
 
The flue gas cleaning must also meet the requirement for CO2 transportation and regulations 
for CO2 storage. The integration of gas quality control for both recycled flue gas as well as 
CO2 effluent stream leads to various oxy-fuel flow sheets.  
 
Expertise in the field of pressurised gas cleaning belongs to the international gas vendors (for 
oxy-fuel these are Air Products, Air Liquide, Linde and Praxair), but some research has been 
established in research laboratories (e.g. Chalmers University in Sweden and Imperial 
College in the UK).  
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Figure 1: Flow sheet of Callide 30 MWe Oxy-fuel Project  
 
The Callide Oxyfuel Project (COP) demonstrates a retrofit to an existing Australian power 
plant, with a flow sheet given in Figure 1. Aspects of the recycled flue gas have been 
considered including its extent, temperature and gas quality. The recycled flue gas is also 
divided into a primary gas stream and a secondary gas stream. The primary stream passes 
through a flue gas cooler and condenser followed by a heat exchanger before entering the 
crushing mill. The ID fans and FD fans are also modified to handle recycled flue gas.  
 

 
(a) Low sulfur coal oxy-fuel flow sheet, by Babcock and Wilcox 
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(b) High sulfur coal oxy-fuel flow sheet, by Babcock and Wilcox 
 

Figure 2: Flow sheet of an oxy-fuel process developed by Babcock and Wilcox 
 
Babcock and Wilcox designed several oxy-fuel flow sheets based on the sulfur levels in the 
coals as illustrated in Figure 2. For low sulfur coals, flue gas is split into the secondary 
recycled flue gas and primary recycled flue gas. Fly ash particulate matter is removed by a 
fabric filter. There is no sulfur removal system for the secondary RFG. For primary RFG, a 
spray dryer absorber (SDA) and a wet flue gas desulfurisation (FGD) are used. There is no 
NOx removal unit installed, and NOx is designed to be removed in the CO2 purification unit 
(CPU). No specific mercury removal units are employed.  
 
For high sulfur coal, sulfur in both primary RFG and secondary RFG are removed by dry 
sorbent injection and a WFGD. Furthermore, moisture and sulfur in primary RFG is removed 
by a direct contact cooler/polishing scrubber (DCCPS). 
 
The coal quality therefore clearly impacts the gas quality from oxy-fuel technology and the 
design of the oxy-fuel flue gas purification scheme. Generally the levels of sulfur and 
nitrogen gases (SO2, SO3, NO, NO2) and mercury species (atomic or oxidised mercury Hg0, 
Hg2+) are higher than air-firing. In addition to these conventional pollutants, inert gases such 
as N2, O2 and Ar are usually required to be removed from the CO2 gas stream.  
 
Several patented CO2 pressurised gas purification systems have been developed by the 
industrial gas vendors – by Air Liquide, Air Products, Linde and Praxair. The compression 
system generates reactions favourable for acidic gases removal by liquids.  
 
The Air Liquide design for the CO2 purification unit of the Callide Oxyfuel Project (COP) is 
given in Figure 3. 
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Figure 3: Flow sheet of CO2 purification and compression unit used in the Callide Oxyfuel Project, based 
on the flow sheet presented at the Second Oxy-combustion conference (private communication between 
Chris Spero of COP and Professor Wall), with indications added for the possible flows of some waste and 
product streams  
 
Options for the design of the CPU by Air Liquide have been evolving gradually during recent 
years. In the COP design, the flue gas is first fed into a direct cooling and polishing scrubber 
operating at atmospheric pressure (scrubber 1) primarily to remove SO2, also with other acid 
gases. Aqueous NaOH is used as a chemical agent for SO2 recovery. After dust cleaning, the 
flue gas is compressed by a four-stage CO2 compression with inter-stage cooling to about 20 
bar.  
 
During compression, nitric oxide (NO) reacts with oxygen to form NO2, which is absorbed by 
condensed moisture to form HNO2 or HNO3. During compression Hg is expected to be 
nitrated and dissolved in the compressor inter-stage condensate. The gas is then treated in a 
pressurised scrubber unit (noted as scrubber 2) for further Hg and acid removal. It is therefore 
expected that NO2 is removed as an acid and mercury is removed as a nitrate Hg(NO3)2 in the 
overall process. Also indicated on the schematic is further NO2 removal from a distillation 
column, and its possible recycling to scrubber 1 for removal. An activated carbon bed to 
remove mercury was not included due to the possibility of thermal excursion at high pressure.  
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(a) Staged oxy-fuel CO2 compression with two staged SOx and NOx removal 

 
(b) CO2 low temperature purification process, including driers, cold box, flash/distillation separators, 

compressors and heat exchangers 
 

Figure 4: Flow sheet of Sour Gas Compression technology developed by Air Products, which is also being 
evaluated at the Vattenfall project on a slipstream of gas 
 
Air Products has developed a Sour Gas Compression technology detailed in Figure 4 to 
remove acidic gases under high pressures (15 and 30 bars respectively) by water contact. The 
mechanism for the technology is to oxidise NO to NO2 which is then absorbed by H2O. 
Because nitrates will not be captured in the aqueous phase until the SOx is removed from the 
gas phase, one unit is required to remove SOx at the first stage, which is then followed by a 
second unit to remove NOx. Mercury is expected to dissolve in the nitric acid.  
 
The Vattenfall oxy-fuel project adopted a gas conditioning process designed by Linde to 
remove SOx, NOx, water and mercury from flue gas, as detailed in Figure 5. The CO2 
compression/purification system is located downstream of the flue gas cleaning processes 
(i.e. ESP, wet limestone FGD and flue gas condensation). 
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Figure 5: Flow sheet of gas cleaning and compression process developed by the Linde and used by 
Vattenfall demonstration project 
 
After the upstream cleaning, the flue gas is fed into a separator, and further compressed by 
the fan to around 1.25 bar to overcome the pressure drop in the activated carbon filtration unit 
for mercury control. After filtration, the gas is compressed by a two-stage compressor with 
inter-stage cooling at 22 bar. The moisture is condensed and recovered as condensate in the 
separator. Then the CO2 stream is sent to the dehydration unit to remove the moisture. The 
dried flue gas is then liquefied and purified through a cold box and a rectification column. 
The vent gas containing mainly non-condensable gases and CO2 is sent to atmosphere. The 
rectification column with a reboiler at the bottom of the column is installed to control the 
oxygen concentrations less than 100 ppmv or even 10 ppmv in the CO2 product. The product 
CO2 with quality 99.7% is sent for transport. 
 
1.2 Scrubbing of SO2  

 
The SO2 control in the oxy-fuel process is driven by corrosion issues in the power plant and 
the quality requirement set for CO2 transportation and storage. Table 1 summarises the SO2 
control technologies applied in several oxy-fuel processes which are operating or being 
developed. 
 
In conventional air-firing systems, the SO2 emissions reduction is mainly driven by 
environmental regulations. To meet the stricter regulations, technology has evolved to 
improve removal efficiency as well to reduce capital cost and operational cost. Most of the 
first generation flue gas desulfurisation (FGD) systems installed were calcium based wet 
systems, either lime or limestone as reagents. Worldwide commercial installations indicate 
that wet FGD technologies dominate [8]. The sulfation in the gas phase will be slower by 
some five orders of magnitude than in the water phase [6]. The second generation systems 
include limestone forced oxidation (LSFO). The third generation includes a spray dryer 
absorber (SDA) and circulating dry scrubber (CDS), which were developed mainly for small 
sized plant. 
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Table 1: SO2 control technology used for oxy-fuel processes 

Project In furnace RFG FG->CPU Ref. Primary Secondary 
Callide COP  FGC  NaOH 

scrubber 
[9] 

Vattenfall DSI FGD+FGC   [10] 
FutureGen 2.0 

High sulfur coal 
 WFGD+DCCPS WFGD  [11] 

Babcock  
Low sulfur coal 

 SDA+FF, 
WFGD+Cooler 

  [12] 

CUIDEN  Wet Scrubber   [13] 
 
 
The efficiency and cost of SO2 control systems are the main factors determining the selection 
of technology. Other minor considerations include the ease of disposal/handling of waste 
sorbent/solvent. Most wet limestone and lime spray drying systems can achieve about 90% 
SO2 removal efficiency and over 95% for some advanced systems as reported by Srivastava 
in 2001 [8]. In 2005 Blankinship reported that a wet system can achieve 97-98% efficiency 
compared with 90-95% efficiency in a semi-dry system [14]. The selection between wet and 
dry systems is mainly determined by the cost. Dry systems are preferred for boilers burning 
low sulfur coal and wet systems LSFO for coals with 2% or greater sulfur levels. The 
selection between limestone and lime based wet systems was boiler size dependent. A lime 
system is preferable for small sized boilers [15]. Depending on how the sorbent is treated 
after it has absorbed SO2, sulfur removal processes can be classified as throwaway or 
regenerative. Both throwaway and regenerative technologies can be further classified as 
either wet or dry [8]. Sulfur dioxide (SO2) scrubbers installed in electricity generating units 
can reduce SO2 emission as well as mercury emission and fine particulate matter emission 
[8]. It is estimated that a wet FGD system can remove 80-90% oxidised mercury, but not 
elemental mercury. It is also reported that captured oxidised mercury is reduced back to 
elemental mercury and re-emitted from the FGD process [14].  
 
Conventional systems use lime, limestone, sodium sulfite, sodium carbonate and magnesium 
oxide as a solvent to absorb SO2. In the current project we used NaOH as the solvent as this is 
the reagent preferred in oxy-fuel technology. 
 
Table 2: Chemical solvents used in wet and dry scrubbers in an air-firing system 
 Wet Dry 
Throwaway Limestone slurry: dominant 

 Limestone forced oxidation 
(LSFO) 
  In situ oxidation 
  Ex situ oxidation 
  
 Limestone inhibited oxidation 
(LSIO) 
  Sodium thiosulfate 
(Na2S2O3) 
Lime slurry 
 Hydrated calcitic lime slurry 
 Magnesium-enhanced lime (MEL) 
Additives: adipic acid, dibasic acid (DBA) 

Lime spray dryer absorber (SDA) 
Furnace sorbent injection (FSI) 
Duct sorbent injection 
 Dry sorbent injection (DSI) 
 Duct spray drying (DSD) 
Circulating fluidised bed processes or 
circulating dry scrubber (CDS) 

Regenerative Major 
 Sodium sulfite 
 Magnesium oxide 
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Minor: 
 Sodium carbonate 
 Activated carbon 
 Amine 

 
1.4 Scrubbing of CO2  
 
As CO2 is soluble and its concentration in the flue gas is much higher than other acid gases, 
absorption of CO2 must be evaluated, and its impact on absorption of other gases is one of the 
major objectives of the project. 
 
The study of absorption of CO2 by NaOH was first studied at MIT. A stirred vessel with flat 
liquid surface was used in the experimental study into absorbing HCl, NH3, SO2 and O2 into a 
free surface of liquid [16]. The same rig was also used for absorbing CO2 in 
Na2CO3/NaHCO3. It was shown that the absorption rate of a slightly soluble gas like oxygen 
is controlled by liquid film diffusion [17]. Later Whitman found the absorption of SO2 into 
water behaves like O2 in water, also limited by liquid film diffusion, and absorption of highly 
soluble gases may therefore be controlled by diffusion through the gas film stagnant to the 
liquid solvent [16].  
 
In these early studies, the controlling mechanism for gas absorption was the focus, finding 
that the ratios of gas phase mass transfer coefficient to liquid phase mass transfer coefficient 
in wetted wall columns, gas bubble columns and spray droplets are between 10-15 [17, 18]. 
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2 Experimental program 
 
2.1 Design of experiments 
 
The absorption/desorption of gas into/out of liquid is based on the concept that a liquid-gas 
system which is not in equilibrium tends to approach equilibrium. Thus absorption takes 
place if the liquid is not saturated with gas and desorption takes place if the liquid is 
supersaturated with gas.  
 
There are many experimental operational factors which impact the rate of absorption of CO2 
in NaOH, including temperature [19], partial pressure of CO2 in gas phase [19], liquid flow 
rate [19], gas flow rate [19], liquid stirring speed [19],[20] and solution concentration [19].  
 
The more fundamental factors impacting absorption rate are considered to be solubility [17], 
reaction kinetics, diffusion coefficient, liquid viscosity [21] and boundary layer film thickness 
[20]. The rate of absorption is commonly accepted as controlled by the rate of diffusion of 
solute through the surface films of gas and liquid at the gas–liquid boundary. Any factors 
which tend to reduce the thickness of the surface films should increase the rate of absorption. 
Liquid viscosity has been considered, which influences the diffusion coefficient and film 
thickness [21]. 
 
The operational variables affecting gas absorption by liquid are temperature, pressure, 
character of equipment, gas flow rate, liquid flow rate and the nature of gas/solute/liquid [22].  
 
2.2 Experimental rig and experiments 
A laboratory experimental gas scrubbing rig has been designed, manufactured and assembled, 
based on designs previously used in Japan [23] and in Europe [24],[25]. The absorption 
scrubbing rig is based on a flat liquid surface well in a stirred vessel, in which gas 
continuously flows above a fixed gas–liquid surface and both liquid and gas phases are 
continuously stirred to achieve perfect mixing. The schematic experimental rig is shown in 
Figure 6 and a more detailed diagram of the gas–liquid scrubbing vessel is shown in Figure . 

Gas source Gas analysis

Solution makeup
Gas flow rate controller Gas sampling

Gas mixer Experimental vessel Solution reservoir

Liquid sampling

Liquid analysis  
Figure 6: Schematic diagram of well stirred scrubber 
 
In the experiments the rig was used in a semi-batch mode, and after filling with liquid – either 
water or NaOH – a gas stream was passed continuously through it. The transient absorption 
of soluble gas was then monitored using pH of the liquid as an indicator, and also the exit gas 
composition. Stirring of both gas and liquid was used. During the absorption experiments, 
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both pH value and temperature at which the pH value was measured were recorded at 10-
second intervals. The gas absorption occurred over the liquid–gas interface, having an area of 
0.06 m2 with an annular plug inserted on the interface to reduce the area to 0.038 m2 for 
selected experiments. 
   

 
Figure 7: Sketch of the semi-batch reactor for gas absorption experiments, with the ‘small’ gas/liquid 
surface area defined by an annular insert, which is removed for the ‘large’ contact area. During normal runs 
the liquid volume is 0.5 litre, with surface areas being 0.038m2 for small and 0.06m2 for the large contact 
area without the annular contraction. The gas phase composition is analysed using a Testo flue gas 
analyser. The sensors purchased include those for O2, SO2, NO, NO2, H2 and CO, as well as temperature 
and pressure. A response time of 10 seconds provides a good online measurement capability for a fast 
absorption experiment. 
  
2.3 Sample analysis 
 
2.3.1 Liquid phase online analysis: pH meter 
Experiments use a pH meter to monitor liquid phase changes in the course of absorption. A 
HORIBA D52 pH meter is used, which is fitted with an Ag/AgCl electrode with 3.33 M KCl 
internal solution as the reference solution for reference electrodes. The pH value is defined by 
pH= -log[H+], thus it provides one way to monitor the changes in the liquid phase. The pH 
meter is calibrated using USA standard solutions with pH values of 4, 7 and 10. Alternative 
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NIST settings using standard solutions with pH values of 4, 7 and 9 can be used.  
 
More advanced analytical tools are able to analyse ions in the liquid including Fourier 
Transformation Infrared Spectroscopy (FTIR), UV-vis spectrophotometry (UV) and ion 
chromatography (IC). It has been reported that FTIR is not able to analyse low concentrations 
and UV has interferences at high CO3

2- concentration. Thus IC using a Dionex 4500i ion 
chromatograph was used in the current study [26]. 
 
2.3.2 Gas phase online analysis: Testo gas analyser 
The common gas analysis techniques using a micro-GC cannot be used for online analysis for 
rapid changing concentrations, because the sampling time is around two minutes [27].  
 
In the current experiments, the gas phase SO2 is analysed by a Testo instrument, with a 
calibration chart prepared in the study given in Figure 8. At air-firing conditions, i.e. with low 
CO2 concentration, the Testo measurements have good agreement with calibrated gas. 
However, at oxy-fuel firing condition, i.e. high CO2 concentration, Testo data is initially close 
to the calibrated gas, then decreases gradually at lower concentrations. 
 

Calibration of  Testo for SO2  measurement
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Figure 8: Instrumental calibration of SO2 (g) analysis by the Testo instrument 
 
For NOx analysis, it has been demonstrated that a Fourier Transform Infrared (FTIR) online 
monitor can be used for NO, NO2 and N2O in CO2 enriched oxy-fuel flue gas[27]. The 
Magna-IR 560 from Nicolet with a mercury cadmium telluride (MCT) detector analyses over 
a spectral range of 650 – 4000 1/cm, with spectral resolution of 4 cm-1. Superposition 
between spectra of N2O, CO and CO2 exists between 2100-2400cm-1. Thus wavenumbers of 
around 1400 and 3600 are used for N2O and CO2 analysis respectively. There is no 
interference between CO2 with NO and NO2. 
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In the study, a Testo electro-chemical analysis was used for NO/ NO2 analysis in the gas 
phase. The instrument calibration data obtained in the study is shown in Figure 9. 
 

 
 
Figure 9: Instrument calibration for NO/ NO2 (g) analysis by Testo 
 

2.3.3 Offline analysis of liquid samples 

The methodology for liquid sample analysis has been determined according to the Standard 
methods in Reference [28]. The laboratory of ALS Global has been used for the analyses. A 
total of 13 samples have been analysed for liquid sampled during experiments of absorption 
CO2, SO2, CO2+SO2 into NaOH.  
 
The methods for liquid analysis are as follows: 
 
(i) Automatic titration method for concentrations of OH-, CO3

2-, HCO3- 
The automatic titration method is used to obtain the concentrations of OH-, CO3

2-, HCO3- 
reported as alkalinity. In this method phenolphthalein alkalinity (T) and total alkalinity (T) 
were obtained by titration to different end-points [28]. Phenolphthalein alkalinity (P) occurs 
when sufficient acid has been added to lower the pH to 8.3. The solution turns pink and 
hydroxide and ½ carbonate are neutralised. Additional acid reduces pH 8.3 to 4.5 and 
neutralises the remaining ½ carbonate and the bicarbonate, turning the solution orange. Total 
alkalinity (T) is the amount of acid required to lower the pH of the solution from the received 
sample to 4.5. Depending on the phenolphthalein alkalinity (P) and total alkalinity (T), results 
on hydroxide alkalinity, carbonate alkalinity and bicarbonate alkalinity can be obtained from 
3. 
 
Table 3. 
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Table 3: Reported hydroxide alkalinity, carbonate alkalinity and bicarbonate alkalinity according to 
phenolphthalein alkalinity (P) and total alkalinity (T) 
 
Group Result of titration Hydroxide 

alkalinity 
Carbonate 
alkalinity 

Bicarbonate 
alkalinity 

A P=0 if initial pH<8.3 0 0 T 
B P=0.5T 0 2P 0 
C P=T T 0 0 
D P<0.5T 0 2P T-2P 
E P>0.5T 2P-T 2(T-P) 0 

 
Another simplified method is as follows: Select the smaller value of P or (T-P). Carbonate 
alkalinity then equals twice the smaller value. When the smaller value is P, the balance (T-2P) 
is bicarbonate. When the smaller value is (T-P), the balance (2P-T) is hydroxide. From Table 
3 a number of assumptions are apparent: 
 

 Hydroxide alkalinity is present if the phenolphthalein alkalinity is not zero and more 
than half the total alkalinity 

 Carbonate alkalinity is present when the phenolphthalein alkalinity is not zero but less 
than the total alkalinity 

 Bicarbonate alkalinity is present if the phenolphthalein alkalinity is less than half the 
total alkalinity 

 Bicarbonate and hydroxide alkalinities cannot be present together 
By convention, alkalinity is usually reported as mg/L CaCO3, and the following equations can 
be used for converting mg/L as CaCO3 to mg/L as CO3

2-, mg/L as HCO3
- or mg/L as OH-: 

 
Carbonate alkalinity as CO3

2- (mg/L) = 0.6*Carbonate Alkalinity as CaCO3 (mg/L) 
Bicarbonate alkalinity as HCO3

- (mg/L) = 1.22*Bicarbonate Alkalinity as CaCO3 (mg/L) 
Hydroxide alkalinity as OH- (mg/L) = 0.34* Hydroxide Alkalinity as CaCO3 (mg/L) 
 
 
(ii) Standardised iodate/iodide titration (iodometric method) for sulphite as SO3

2- 

The iodometric titration method used is suitable for relatively clean waters with 
concentrations above 2 mg SO3

2-/L. In this method, an acidified sample containing sulphite is 
titrated with a standardised potassium iodide–iodate titrant (KI–KIO3). Free iodine, liberated 
by the iodide–iodate reagent, reacts with SO3

2-. The titration endpoint is signalled by the blue 
colour resulting from the first excess of iodine reacting with a starch indicator.   
 
In the standard methods, it is recommended when collecting a fresh sample to take care to 
minimise contact with air, to cool hot samples to 50 C or below, and to fix cooled samples 
immediately by adding 1 mL EDTA solution/100mL sample. 
 
Sulphite ions may occur in boilers and boiler feedwaters treated with sulphite for dissolved 
oxygen control. Excess sulphite ions in boiler waters is deleterious because they lower the pH 
and promote corrosion. 
 
(iii) Colorimeter and reduced column method for nitrite and nitrate 
The APHA 4500-NO2- method is suitable for concentrations of 5 to 1000 mg NO2- N/L. 
Nitrite is determined through formation of a reddish purple azo dye produced at pH 2.0 to 2.5 
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by coupling diazotised sulphanilamide with N-(1-naphthyl)- ethylenediamine dihydrochloride 
(NED dihydrochloride). 
 
Nitrate is analysed by the cadmium reduction method in which nitrate is reduced to nitrite by 
the cadmium granules treated with copper sulphate and packed in a glass column followed by 
the colorimetric method used for nitrite. Nitrite in the sample is also determined by direct 
colorimeter. Results for nitrate are calculated as the difference between the two results. This 
method is recommended especially for NO3

- levels below 0.1 mg N/L where other methods 
lack adequate sensitivity.  
 
2.4 Experiments conducted 
 
The current experiment rig can be operated at ambient temperature and atmospheric pressure 
conditions. The temperature of most experiments was 25oC, with some at higher temperature, 
based on an expectation that exit conditions will determine absorption.  
 
Absorption of SO2 and CO2 into NaOH was studied. As CO2 reacts with NaOH to form 
NaHCO3/Na2CO3 during the SO2 absorption, effects of SO2 absorbing into NaHCO3/Na2CO3 
were also studied using different starting solvents.  
 
Table 4: Operational conditions used at Vattenfall 
Temperature at inlet ~150

o
C 

Temperature at outlet 35
o
C 

Pressure Atmospheric 
Caustic solvent used 30-50% by weight 
Operating pH value 4-7 
Gas composition:%  
NO 500-1500 ppm 
SO2 500-1500 ppm 
NO2 Trace amount 
 
 
3 Results on sulfur oxides absorption 
 
Parameters influencing the rate of SO2 absorption include its partial pressure, stirring speed in 
gas phase and liquid phase, solvent type and concentration. The temperature and pressure of 
experiments were set as ambient temperature and atmospheric pressure. All the data were 
obtained from the Testo gas analyser. 
 
3.1 Effect of stirring speeds on the rate of absorption 
 
Figure 10 shows the impact of gas phase stirring speed and liquid phase stirring speed on the 
rate of absorption of 1000 ppm SO2 into 0.1 M NaOH. As the gas phase stirring speed 
increases the rate of absorption increases, and the liquid phase stirring speed slightly 
increases the rate of absorption. The relative significance of gas stirring and liquid stirring is 
determined by the absorption controlling mechanism. Experiments on SO2 absorption 
indicate the absorption is controlled by gas phase diffusion in that the absorption rate 
measured has little difference whether the liquid phase is not stirred or stirred at 200 rpm in 
the liquid phase. 
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Figure 10: Dependence of absorption of SO2 on the gas/liquid phase stirring 
 
3.2 Effect of gas phase partial pressure on the rate of absorption 
 
As it was found that liquid phase stirring has a slight influence on the rate of absorption, 
further experiments were carried out on the rate of SO2 absorption into NaOH solution at 
different SO2 partial pressures and different gas phase stirring speeds, as shown in Figure 11. 
As partial pressure increases, the rate of absorption increases linearly. This implies that the 
liquid phase resistance is negligible and the absorption process is controlled by gas phase. 
The slope in Figure 11 is the gas phase mass transfer coefficient, which is seen to increases as 
the gas side stirring speed increases. 
 

 
Figure 11: Absorption rate of SO2 into NaOH, depending on partial pressures and gas phase stirring speed 
(in rpm) 
 
3.3 Effect of solvent types and concentrations on the rate of absorption 
 
By changing the liquid solution and its concentration, several experiments were carried out at 
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various SO2 partial pressures, as shown in Figure 12. As SO2 concentrations in the gas phase 
increase, the rate of absorption into the liquid phase also increases and the rate of absorption 
is independent on the solution types and concentrations. This indicates that the absorption of 
SO2 into liquid is mainly a gas phase controlled process. The straight line in the plot is the 
calculated rate of absorption by assuming the process is gas phase controlled. 
 

 
Figure 12: Absorption of SO2 into NaOH/NaHCO3/Na2CO3 
 
In summary, among the varying factors – gas phase stirring speed, liquid phase stirring speed, 
gas partial pressure, liquid solvent types and liquid solvent concentrations – the experimental 
results indicate gas phase stirring speed and gas phase partial pressure play an important role 
in influencing the rate of absorption of SO2. However, the rate of absorption is not sensitive 
to the liquid phase stirring speed, liquid solvent types and liquid solvent concentrations. Our 
experiments indicate that the absorption of SO2 into liquid is a gas phase controlled process. 
 
4 Results on carbon dioxide CO2 absorption 
 
Carbon dioxide exists in the aqueous phase as four different species: dissolved carbon 
dioxide )(2 aqCO , carbonic acid 32COH , bicarbonate ion 

3HCO  and carbonate ion 2
3CO  [29, 

30, 31]. The equilibrium concentrations of the four chemical species are pH dependent. 
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4.1 Gas–liquid equilibrium 
The equilibrium between CO2 present in the gas phase )(2 gCO with dissolved carbon 
dioxide )(2 aqCO  is described by the reaction: 
(1) )()( 22 aqCOgCO   
The equilibrium constant is HK/1 . The HK is called the Henry’s law constant 

)()( 22
/ aqCOgCOH mPK  , where )(2 gCOP is the partial pressure of carbon dioxide in the gas phase 

and )(2 aqCOm is the molar concentration of carbon dioxide in water.  
 
4.2 Reactions of dissolved carbon dioxide in water via hydration 
 
Dissolved carbon dioxide is further hydrated by reaction (2): 
(2) 3222 )( COHOHaqCO   

The value (7E-07) given in Ref [24] of the equilibrium constant  
  aqCO

COHK
2

32
0   implies only a 

small fraction of aqueous )(2 aqCO  exists in the hydrated form 32COH . Thus 
)(2 aqCO and 32COH are generally considered as one component with negligible error and 

called carbonic acid, expressed as *
32COH  in References [29] [30] and as *

2CO  in Reference 
[31]. 
 
Hydrated carbon dioxide further dissociates by reactions (3) and (4): 
(3)  

332 HCOHCOH  

(4)   2
3 3

COHHCO  

The equilibrium constants   
 32

3
1 COH

HCOHK


  for reaction (3) and   
 




3

2
3

2 HCO
COHK  for reaction (4) 

are dependent on temperature and ionic strength. The values of equilibrium constants used in 
this study are obtained from Reference [32], which are in the magnitude of 10-7 for K1 and 10-

11 for K2. The s K1 and K2 values imply negligible carbon dioxide is dissociated and the 
second dissociation reaction can be neglected without error. Because only a small part of the 
dissolved )(2 aqCO  reacts to give 32COH , 

3HCO  and 2
3CO , the absorption of carbon dioxide 

into water may be regarded as physical absorption.  
 
4.3 Reactions of dissolved carbon dioxide in hydroxide solution 
 
In strong hydroxide solutions with pH values greater than 10, the reaction between carbon 
dioxide with OH  dominates via reactions (5) and (6): 
(5)   32 )( HCOOHaqCO  

(6) OHCOOHHCO 2
2

3 3
   

(6’)   OHHCOCOOH 3
2

2 3
 

The equilibrium constant
  ]][[

][

2

3




 OHaqCO
HCOKOH  is of 6e7 l/mol at ambient temperature 

[33] and 3.2E07 l/mol at 30 °C [34]. The equilibrium constant 
]][[

][

3

2
3

6 




OHHCO

COK  is 5E03 l 
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mol-1 at 30 °C and at infinite dilution [34]. 
 
The second order rate constant of the reaction of CO2 with OH- is 1E08 times faster than that 
with H2O[35]. The rate constant of reaction (5) depends on the ionic strength of solution 
[36],[34]. The reaction (5) is followed by reaction (6) with a much higher rate constant. 
Hence, reaction (5) governs the overall rate of the process provided the concentration of OH- 
is sufficiently high and the equilibrium concentration of 

3HCO is negligible. The overall 
reaction combining reactions (5) and (6) gives: 
(7) OHCOOHaqCO 2

2
2 3

2)(    

The kinetic data indicates 2
3CO  is the dominant species of carbon dioxide at pH values 

greater than 10, which is in agreement with the equilibrium constant prediction. In weak 
hydroxide solutions with pH value between 10 and 8, overall reaction combining reaction (5) 
and reaction (6’) which is a reversed reaction (6) leads to: 
(8)   322

2
3 2HCOOHCOCO   

This reaction is reversible and instantaneous. At pH<8, as in the case of absorption of CO2 
into pure water, the predominant mechanism is via the direct hydration reaction (2) followed 
by acid dissociation reactions (3) and (4). 
 
4.4 Absorption rate and mass transfer coefficient 
 
Due to a charge balance, i.e. molarity of positive charge equals molarity of negative charge: 
(9) ][][2][][][][ 2

33 anionsCOHCOOHcationsH    
Here ][cations  is the sum of all positive ions whose concentrations do not change with pH 
and ][anions  is the sum of all negative ions whose concentrations do not change with pH.  
 
The concentration profiles of the species equilibrating in liquid phase acid 32COH  are given 
by the formulae in Reference [37]:  
(10)          2

33322 COHCOCOHCOCT  
where TC  is the total soluble carbon in the liquid phase 

(11)  
 

    TT C
KKHKH

HCCOH
211

2

2

032







  

(12)    
    TT C

KKHKH
HKCHCO

211
2

1
13







   

(13)  
    TT C

KKHKH
KKCCO

211
2

21
2

2
3






   

(14)      OHHOH2  
 
The equilibrium constant for equation (14) is the ion product of water    OHHKW . The 
value of WK  depends on the temperature [38], and in this study the values are obtained from 
Reference [32]. 
 
By combining equations (9)-(14), the following equation is obtained: 
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(15)    
 

  T
W C

H
KanionscationsH 21 2][][  



  

It is noted that 1 and 2  are dependent on equilibrium constants and proton concentration.  
 
The proton concentration can be measured by a pH meter through the approximate definition 
of pH which is the negative logarithm of proton concentration [39]: 
(16) ]log[  HpH  
Thus, a method to obtain the TC value through measuring pH value in liquid combined with 
theoretical K1, K2 and KW values is established: 

(17) 
   

   

2121 2
10

][][10

2

][][

 
















pH
WpHW

T

KanionscationsH
KanionscationsH

C  

The pH data can therefore be used to obtain the absorbed carbon dioxide TC . The only 
assumption made is that the acid/base reactions are near equilibrium conditions [31], and the 
only sources of error are the accuracy of pH meter and K1, K2 and KW values obtained from 
Reference [32].  
 
There are several methods being applied in literature to calculate the mass transfer 
coefficients [29][30] [31]. In this study, we applied the general mass transfer equation: 

(18)     *
2

**
2 COCOak

dt
dC

L
T   

From equation (18), the liquid phase mass transfer coefficient can be obtained by plotting 

absorption rate 
dt

dCT  against carbonic acid concentration in the bulk liquid  *
2CO , with the 

slope being the liquid phase mass transfer coefficient akL . The carbonic acid concentration at 

the liquid film  **
2CO  can be obtained from Henry’s law constant in reaction (1). 

 
This method can be used for absorption of carbon dioxide into water as well as into 
NaOH/Na2CO3/NaHCO3 solution. As mentioned in the early sections, contribution of 
chemical dissociation to the solubility of carbon dioxide in water is negligible, thus *

2CO  
approximates the total inorganic carbon TC .  
 
4.5 Absorption of CO2 in H2O/ NaOH/Na2CO3/NaHCO3 
 
Absorption of CO2 by NaOH has been reported in a batch absorption apparatus [21], bubble 
column reactor [40][41], rotating drum apparatus [42], impinging jet absorber [43], packed 
column [44], cyclone scrubber [45], jet [46] and falling film [46]. Absorption of CO2 by 
water has been studied in rotating quiescent liquid [47], rotating drum apparatus [42] and 
impinging jet absorber [48]. 
 
Factors influencing the CO2 absorption include temperature, pressure, gas phase partial 
pressure, liquid solvent types and concentrations, and characteristics of the experimental rig 
such as stirring speed and contact surface area. 
 
In a previous study funded by ACARP, the effects of temperature, gas–liquid surface area and 
partial pressure on the rate of absorption have been studied. Results indicate the higher the 
gas/liquid surface areas, the higher the absorption rate; the higher the gas concentration, the 
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higher the absorption rate as expected. The temperature has little impact on the initial 
absorption rate. The initial CO2 absorption rate is linearly dependent on the CO2 
concentration in the gas phase. The initial absorption rate decreases as CO2 gas concentration 
is reduced. During experiments, initial high absorption rate was observed; the absorption rate 
starts to decrease as time passes. 
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Figure 13: Dependence of CO2 absorption on the gas phase stirring speed and liquid phase stirring speed 
 
Figure 13 indicates the effect of gas phase stirring speed and liquid phase stirring speed on 
the rate of absorption of 100% CO2 into 0.01 M NaOH. By increasing the liquid phase 
stirring speed, the rate of absorption increases. When the gas phase stirring speed changes 
from 0 rpm to 200 rpm, no apparent change in rate of absorption has been observed. Further 
experiments were carried out at a fixed condition to study the rate of absorption of CO2 by 
changing the gas phase CO2 partial pressure and liquid phase chemical types and 
concentration.  
 
When CO2 is absorbed into NaOH solution, Na2CO3 is formed accompanied by consumption 
of NaOH in the pH range of 12 to 10, followed by formation of NaHCO3 accompanied by 
consumption of Na2CO3 in the pH range of 10 to 8. When Na2CO3 formation is complete, 
molecular CO2 starts to form. The absorption rate of CO2 depends on the solution chemistry, 
thus different starting chemicals including NaOH, Na2CO3NaHCO3 were used, with results 
shown in  
Figure 14 and Figure 15. 
 
Three NaOH concentrations levels of 0.01 M, 0.1 M and 0.5 M were used for the study. The 
CO2 partial pressure ranges from 20%-100% with a step change of 20%. As shown in  
Figure 14 (a), the rate of absorption increases as CO2 partial pressure in the gas phase 
increases, and the rate of absorption increases as NaOH concentration increases. The 
absorption rate in NaOH solution is higher than that in the water without NaOH. Such results 
imply that the chemical reaction between CO2 and NaOH enhances the absorption. Three 
Na2CO3 levels of 0.01 M, 0.1 M and 0.5 M were used to study the effect of the CO2 partial 
pressure and Na2CO3 concentration on the rate of absorption. In this set of experiments, CO2 
partial pressures range from 20%-100% with step change of 20%. Similar trends with 
absorption into NaOH solution has been found for the absorption into Na2CO3, as shown in  
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Figure 14 (b).  
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(a) With varying NaOH%  (b) With 

varying Na2CO3 
 
Figure 14: The rate of CO2 absorption under various CO2 concentration % and NaOH, Na2CO3 
concentrations 
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Figure 15: The rate of CO2 absorption into NaHCO3 solution with varying NaHCO3% and CO2 % 
 
The absorption of CO2 into NaHCO3 solution demonstrated quite different trends. A set of 15 
experiments shown in Figure 15 indicate the rate of absorption decreases as NaHCO3 
concentration in the liquid phase increases.  
 
5 Results from absorption of CO2/SO2 mixture into NaOH 
 
The previous sections indicate NaOH and its derived liquid products can absorb both CO2 
and SO2. As the concentration of CO2 is several orders of magnitude higher than that of SO2 
in the flue gas from the oxy-fuel process, it is necessary to study the effect of the presence of 
CO2 on SO2 absorption. To address this, a series of experiments for absorption of SO2 into 
NaOH solution and its intermediate products (Na2CO3 and NaHCO3) formed by reactions 
between CO2 and NaOH were undertaken. The aim of the experiments is to study whether 
absorption of CO2 has an impact on absorption of SO2, thus experiments were carried out 
using various SO2 concentrations, and NaOH/Na2CO3/NaHCO3 concentrations.  
 
Figure 16 compares two experiments of SO2 absorption into 0.01 M NaOH, in the absence 
and presence of CO2. The pH of both the liquid and gas composition have been continuously 
measured. The inlet SO2 concentrations to the WSR are approximately 3000 ppm. The 
SO2/N2 run injected higher SO2 concentrations than the SO2/CO2 run. From the pH changes, a 
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rapid and earlier decrease in pH is seen if CO2 is present. This indicates that significant CO2 
is absorbed into the solution. From the continuously monitored gas composition given, CO2 
reduces the SO2 absorption rate slightly if the correction for the initial SO2 concentration 
difference is made. 
 

 
Figure 16: Impact of the presence of CO2 on SO2 absorption – results from Testo Gas Analyser and pH 
meter 
 
The influence of SO2 concentration on the absorption rate was further studied, with results in 
Figure 17. As SO2 concentrations increase, the absorption rate increases. Under the same SO2 
concentration, the absorption rate is constant at pH values higher than 7, then gradually 
decreases at pH values between 4 and 7, and dramatically reduces as the pH value drops 
below 4. The initial high and constant absorption rate at pH value greater than 7 implies a gas 
phase controlled mechanism as the rate of absorption is not influenced by the liquid 
composition changes. The range at which absorption is gas phase controlled at lower pH is 
wider in the CO2 atmosphere.  
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Figure 17: Absorption of SO2 from SO2+N2, SO2+CO2 mixtures into NaOH, the effect of varying SO2 
concentrations in the gas phase 
 
The experimental results in Figure 18 show the effect of different chemical forms on the 
absorption of SO2. Similar absorption characteristics occur at a constant rate at pH values 
above 7, then decrease to pH 4, with a final rapid decrease in the absorption rate at ph<4. As 
the SO2 concentration increases, the rate of absorption also increases. The results indicate the 
form of anions, i.e. CO3

2-, HCO3
-, are not important to the absorption rate.  
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Figure 18: Absorption of SO2 into NaOH/Na2CO3/NaHCO3 
 
Further liquid sampling tests were conducted with samples obtained at various time intervals 
during a set of comparison experiments to study the effect of presence of CO2 on SO2 
absorption. The first run studied was absorption of SO2 without CO2 present in the gas phase, 
the second run being absorption of SO2 with CO2 present in the gas phase. The sulfur analysis 
method is described in section 2.3.3. Results are given in Figures 19, and show CO2 
contributes to the decrease of pH values of the solution. The liquid samples with pH values 
lower than 4 also have similar amount of sulfur in the liquid no matter whether CO2 is present 
or not. 
 
The accuracy of sulfite analysis is still under study. Sulfite, sulfate and molecular SO2 
probably exist in our liquid samples. It is suspected that dissolved oxygen from air may 
oxidise sulfite to sulfate, then bisulphate converts to sulfite giving higher sulfite 
concentrations than from the theoretical prediction. The amount of sulfite reported from 
analysis may also be an indicator of total sulfur present in the liquid instead of the amount of 
sulfite. A comparison made indicates that the amount of sulfite reported for the liquid samples 
is parallel to the amount of SO2 absorbed into liquid determined by the Testo method. 
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Figure 19: Sulfur in the liquid samples obtained from SO2+NaOH and SO2/CO2+NaOH experiments 
 
Another series of liquid samples was obtained from a set of comparison experiments to study 
the effect of the presence of SO2 on CO2 absorption. Results shown in Figure 20 indicates 
that during CO2 absorption experiments, HCO3(-) is the dominant ion present in the liquid 
and CO3(2-) is a minor amount. The amount of HCO3(-) present in the samples obtained from 
experiments without SO2 present is at high levels (around 450 mg/L, compared with 400 
mg/L NaOH added). However, when SO2 is present in the gas phase, the amount of HCO3(-) 
in the liquid phase reduces dramatically. At pH values lower than 5.5-6, the amount of 
HCO3(-) reduces to very low values. 
 

 
Figure 20: Absorbed CO2 in the liquid samples, with SO2 present and absent in the gas phase 
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Such results are also as expected, in that adding a stronger acidic gas can release carbon 
dioxide from solution via the reaction: 

  3223 HSOCOSOHCO  
 
The implication of the results is that the NaOH consumed by CO2 can be recovered, if an 
appropriate liquid pH value is selected for the operation.  
 
6 Spray column absorber simulation 
 
Spray towers (columns) have traditionally been used as gas–liquid contactors in applications 
where low gas-side pressure drop is essential and a high degree of separation is not required, 
such as for flue gas desulfurisation [49]. The spray nozzle in a spray column generates a 
continuous liquid sheet that later breaks up into ligaments and then droplets. Some droplets 
hit the wall surface, and the remainder fly down. Both are finally collected by a liquid pool at 
the bottom of the spray column. The initial velocity of droplets formed from the liquid sheet 
is very high then gradually decreases to its terminal velocity. The absorption can take place in 
the sheet regime, droplet formation regime, wall surface and pool surface.  
 
The mass transfer characteristics in spray towers have not received much attention compared 
to packed bed and tray towers. Experimental [49],[50] and modelling research [49-53] has 
been carried out to study factors influencing the spray tower performance, such as droplet 
size and size distribution [49], chemical reaction [51], gas concentrations and fluid dynamics 
[52]. Here, the associated literature is reviewed in an attempt to establish the mechanisms 
controlling rates and thereby the relevance on the WSR data to spray columns. 
 
As a molecule of gas A is absorbed into a liquid phase, it may encounter significant mass 
transfer resistance in either phase. The flux of species A may be calculated as the 
concentration driving force in a given phase multiplied by the mass transfer coefficient in that 
phase. If species A is involved in a chemical reaction in the liquid boundary layer, then the 
mass transfer coefficient is modified to include an enhancement factor. Thus, the effective 
mass transfer coefficient for the liquid phase is separated into a physical mass transfer 
coefficient, which accounts for diffusive and convective contributions to mass transfer, and 
an enhancement factor, which depends on the chemical reaction kinetics and concentration of 
other species that react with species A: 
 

)()()(   AAi
o
LAAiLAiAGA CCEkCCkPPkN  

 
In this study the reaction between SO2 and NaOH in the liquid phase is considered as an 
instantaneous reaction:  

  322 SOOHzOHSO  
where z=2. The interfacial partial pressure and concentrations of SO2 are unknown but they 
are assumed to be in equilibrium at the interface. Then the flux equations can be written in 
terms of overall driving forces and overall mass transfer coefficients [54, 55]: 

)( *
AAGA PPKN    

where 
*
AP  is partial pressure in equilibrium with bulk liquid,  AAA CHP*

. AC is 0 if enough 

NaOH is present thus  
*

AP is zero. The overall gas phase mass transfer coefficient KG is 
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defined as:  

EkHkK o
LAGG

111


 
For the instantaneous reaction, the enhancement factor E is defined as: 
 

 
 
Thus the absorption rate of SO2 in NaOH for droplets using the two film theory can be 
described by [50, 51]: 

 
 
where 

 is absorption rate of SO2, mol/m2-s; 
  is diffusivity of hydroxide ions in water, m2/s; 
  is diffusivity of SO2 in water, m2/s; 
 z is stoichiometric coefficient, here z=2; 
 

 CAi is interfacial concentration of SO2, mol/L ; 
 

BC is the concentration of NaOH in bulk liquid, mol/L; 

  is the Henry’s constant, 
A

A
A C

PH  , atm-m3/kmol; 

 is physical liquid phase mass transfer coefficient without chemical reactions, m/s; 
  is gas phase mass transfer coefficient, m/s; 
  is the partial pressure of SO2 in bulk gas, atm. 
 
To predict the rate of absorption in a droplet, knowledge of diffusivity, solubility (Henry’s 
law constant), and mass transfer coefficients is required. Methods have been established to 
estimate diffusivity and solubility. The mass transfer coefficient is the major concern of this 
report and is a characteristic of a system, which usually can only be determined by 
experiments. 
 
6.1 Droplet mass transfer experiments 
The gas phase mass transfer coefficient  is determined by: 

3/12/1Re552.02 ScSh   
 
The mass transfer coefficient in liquid phase is more difficult to determine. Previous 
experiments have been reviewed and summarised in Figure 21 for CO2 absorption by water 
droplets and SO2 absorption by water droplets. The liquid phase mass transfer experiments 
are tabulated in Table 5. The droplets were generated by needle, spray nozzle and vibrating 
orifice. The studied droplets size ranged from tens to thousands of microns. The focus here is 
for the droplet size range of sprays of 100-1000 , with droplets falling at velocities equal to 
or greater than terminal velocity. 
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Figure 21: Experiments on liquid mass transfer coefficient, where solid points are from CO2 absorption 
experiments and hollow points are from SO2 absorption experiments 
 
Table 5: Mass Transfer Coefficients from CO2 absorption by water droplets experiments 
 
Authors Experiments Droplet generation Gas concs 
Garner, F.H. et al. (1959) CO2+H2O   
Altwicker, E.R. et al. 
(1988) 

CO2+H2O Hypodermic needle 5 to 10 

Srinivasan, V. et al. (1988) CO2+H2O Vibrating Orifice 
Aerosol Generator 

646.7mm Hg 

Dimiccoli, A. et al. (2000) CO2+H2O Single spray nozzle 4, 3.92 atm 
Walcek, C.J. et al. (1984) SO2+H2O Wind shaft  
Kaij, R. et al. (1985) SO2+H2O Hypodermic needle 620,1126,1968ppm 
Mitra, S.K. et al. (1993) SO2+H2O Wind tunnel 1.035, 97ppm 
Amokrane, H. et al. (1993) SO2+H2O Rain shaft 0.19, 10,7.4,9.4 
Amokrane, H. et al. (1999) SO2+H2O Rain shaft  
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Figure 22: Liquid mass transfer coefficient and droplet size from published experiments (as points), 
together with predicted values from internal circulation model and oscillating model (as lines) [56-63] – 
the solid lines are predicted results for CO2 absorption and broken lines are predicted results for SO2 
absorption 
 
6.2 Droplet mass transfer modelling 
 
The droplet hydrodynamics impact the mass transfer of a droplet, and have been studied with 
respect to droplet sizes and Reynolds Numbers. Small droplets can be spherical or ellipsoidal 
and can exhibit internal circulation. Large droplets tend to oscillate in shape and an 
ellipsoidal particle usually shows higher mass transfer than a spherical particle. The presence 
of circulation within the droplet increases the mass transfer rate compared to diffusion alone. 
The oscillation increases the mass transfer compared to non-oscillating droplets. Different 
flow patterns inside a droplet are presented in Figure 23. 
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Figure 23: Flow patterns inside a droplet 
 
 
At low Reynolds number, there is no flow inside a droplet. As flow velocity increases, flow 
inside a droplet becomes an internal circulation [64]. As flow velocity increases further, the 
droplet starts to deform. The deformation originates from unequal pressure developed over 
the droplet surface giving a pressure deficit on the top and sides of the droplets and pressure 
excess on the bottom [65],[66]. At extremely high turbulence, droplets present an oscillation 
phenomenon in which droplets change shape from spherical to elliptical alternatively [67].  
 
Several theoretical models have been developed to correlate the mass transfer coefficients for 
a droplet.  
 
6.2.1 Internal circulation model 
The internal circulation model has been developed by Amokrane, H. et al. [60]. It is a 
dimensionless model in which Sherwood number is expressed as a function of Reynolds 
number and Schmidt number: 

 
where  is the interfacial Reynolds number, ; 

Sc is the liquid Schmidt number, ; 
 is the liquid Sherwood number, ;  
 is the interfacial velocity; 

   is the kinematics viscosity of liquid;  
D is diffusivity of gas in liquid;  
d is the equivalent diameter of the drop;  
 is a constant, here .  

 
6.2.2 Oscillation model 
The oscillation model has been developed by Angelo, J.B. et al. [68] and Hsu, C-T. et al. [63]. 
The oscillating model assumes that the surface area of the droplet oscillates sinusoidally and 
that the contents of the droplet mix completely after each oscillation. The mass transfer 
coefficient is determined from the frequency and magnitude of the oscillation. 
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where   
 f is the oscillation frequency of droplet 
 D is the diffusivity of the absorbed gas in the liquid 
  is the distortion parameter 
   is surface tension. 

 
The predicted mass transfer coefficient for the two models as a function of droplet size is 
shown on Figure 22. It can be seen that both models predict that the mass transfer coefficient 
will decrease with a decrease in droplet size.  
 
6.3 Model prediction for spray droplets 
 
Predictions may be made for the absorption rate for a droplet falling at terminal velocity 
using the two film theory detailed earlier. For the droplet size range of interest -500 to 1000 
microns, Figure 22 indicates that oscillation and circulation may be neglected. The 
parameters used for the current calculation are listed in Table 6.  
 
Table 6: Parameters at 25oC used for the theoretical calculation for droplets 

 
Parameters Units Values 

 kg/m3 1.1457 

 m 2x10-4
  to 2x10-3 

 m/s Terminal velocity 

 Pa s or kg/m/s 1.769x10-5 

 m2/s 1.33x10-5 
  kg/s2 7.228 
R atm m3/(mol K) 8.2057x10-5 

 m2/s 1.731x10-9 

 m2/s 5.284x10-9 

 kg/m3 1000 

 cm/s 0.017  
 
Figure 24 gives the predicted results showing that when concentration of SO2 is less than 
about 500ppm in the gas phase, both partial pressure and droplet sizes influence the 
absorption rate. As partial pressure increases, the absorption rate increases. As droplet size 
decreases the absorption rate increases. This implies gas phase mass transfer (diffusion) 
controls the rate of absorption in this regime. When concentration of SO2 is larger than 500 
ppm, the absorption rate changes little either with partial pressure or droplet size, suggesting 
a liquid phase mass transfer (diffusion) controlled region.  
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Figure 24: The relationship between predicted absorption rate and partial pressure of SO2 for different 
droplet sizes (in microns) indicating a change from gas diffusion control at low partial pressures to liquid 
film at high partial pressures 
 
Our current experimental results indicate the controlling mechanisms for SO2 absorption in 
the WSR is gas phase diffusion control. From Figure 24, this is the case for sprays at low 
partial pressures of SO2. At high SO2 concentrations, Figure 24 indicates that absorption is 
liquid phase diffusion controlled, and droplet size will not influence absorption rate.   
 
The implications of these findings are that: 
 

 The WSR experimental conditions may potentially be changed by varying SO2 
concentrations to establish either gas or liquid phase (diffusion) control. Therefore, 
the WSR experiment may be used to establish absorption rates and the interference of 
other impurities on absorption when under both control regimes.  

 The mechanism controlling the absorption rate in a spray tower over the tower height 
may change as absorption occurs and SO2 reduces. This has implications for the 
modelling of spray column absorbers. 
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7 Practical implications 
 
Implications for pH of operation of the SO2 scrubber 
 
The current results can be interpreted in terms of data reported for the Vattenfall scrubber 
operating at an atmospheric pressure illustrated in Figure 25. 
 

 
Figure 25: Sketch of the Vattenfall pilot plant scrubber for SO2 removal at atmospheric pressure, showing 
the two stages with water and NaOH/Na2CO3 addition respectively. 
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Figure 26 presents results from the two-stage scrubber at the Vattenfall pilot plant, reporting 
exit concentrations of bicarbonate associated with CO2 loss, and therefore wasted NaOH 
reagent, and sulphate levels, associated with SO2 removal [69]. 
 

 
Figure 26: Data reported on the operation of the two-stage scrubber at the Vattenfall pilot plant  
 
In Figure, the first stage scrubber, which uses water, operates with an exit pH of 2-3.5, and 
the second stage scrubber, which uses NaOH addition, operates at an exit pH of 3.5-7. In 
addition there is a rapid increase in bicarbonate formation as pH exceeds 5.5. Therefore, the 
data indicates that the second stage scrubber should be operated at a pH between 4 and 5.5 of 
the product liquid, where little NaOH reagent is lost and SO2 removal is high. 
 
The current results agree with the practical operating data presented in Figure, with results in 
Figure 17 showing a rapid reduction in SO2 absorption at pH<4, and results in Figure 20 
showing HCO3- formation associated with NaOH loss at pH>5.5. Therefore, pH can be 
ideally used to control the operation of the COP atmospheric pressure scrubber, and the 
addition of the NaOH reagent.  
 
Interference of CO2 and NO2 on SO2 scrubbing 
 
The current experiments indicate that at the flue gas concentrations of oxy-fuel combustion, 
CO2 interferes with SO2 scrubbing by NaOH in that it is absorbed preferentially (i.e. initially) 
to SO2. The effect is to convert NaOH to NaCO3 and NaHCO3 in the experiments, and 
therefore experiments on gas absorption rates in initial liquids of NaCO3 and NaHCO3 as well 
as NaOH were undertaken.  
 
For the WSR results, a small reduction in measured gas absorption rate of SO2 was measured 
for these liquids.  
 
The current experiments have shown that NO is not soluble, as expected. The feed gas of the 
scrubber of the COP is expected to also contain NO2 recycled from the high pressure 
compression plant, which is expected to be soluble. Unlike NO, NO2 cannot be obtained as a 
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bottled gas. However, experiments to examine NO2 scrubbing and possible interference with 
SO2 absorption are planned, which necessitate creating NO2 experimentally by the oxidation 
of NO at high pressure followed by pressure reduction before feeding to the scrubbing 
experiment at atmospheric pressure.  
 
Relevance of data from WSR reactor to scrubbing using sprays involving droplets 
 
Practical scrubbers are based on sprays, where droplets of liquid are generated and fall under 
gravity and contact the gas to be scrubbed containing SO2, with Figure 25 illustrating such a 
system. 
 
In this project a well stirred reactor (WSR) has been used, this being the common 
experimental system for scientific studies as it provides a defined (and variable) surface area 
for gas–liquid contact. It allows stirring of both gas and liquid to evaluate sensitivity and 
thereby estimation of the controlling mechanism for absorption.  
 
From the study presented in Section 6 for droplets of the size expected for sprays in oxy-fuel 
scrubbers the controlling mechanism is expected to be controlled by SO2 mass transfer in the 
liquid. In the present experiments using the WSR, at the SO2 gas concentrations of 500-
1500ppm and NaOH liquid concentrations typical of oxy-fuel scrubbers, the rate controlling 
step was found to be SO2 mass transfer in the gas film adjacent to the liquid. As gas SO2 
concentrations increase, so will gas side mass transfer rates, until eventually liquid side rates 
will control. From a theoretical consideration, at SO2 partial pressures exceeding 2000ppm in 
the current WSR, the controlling mechanism is expected to become controlled by SO2 mass 
transfer in the liquid. This has not been tested experimentally to date. 
 
Therefore, it appears that the WSR reactor can be operated at conditions with the same 
controlling mechanism as sprays, allowing studies of interference of other gases such as NO2 
to be studied in the WSR.   
 
Future work 
 
The future work indicated as a result of the current experiments include: 
 

 To clarify the observed pH effect on gas scrubbing, by modification of the current 
semi-continuous WSR apparatus to include a continuous feed of NaOH to provide a 
constant (steady-state) condition and pH during experiments 

 
 Analyse the liquid during scrubbing  

 
 Undertake experiments on NO2 absorption, as this will be part of the gases fed to the 

scrubber, and its interference of the SO2 absorbed  
 

 Further assessment of the relevance of the WSR reactor results to a (practical) spray 
column by adjusting conditions, considering the controlling absorption mechanisms 
for gases other than SO2. 
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8 Conclusions 
 
Experiments were carried out using an absorption method in a semi-batch well stirred reactor 
(WSR) – with a fixed liquid amount but gas passing continuously – having a flat surface over 
which absorption occurs. Parameters of SO2 concentration, gas atmosphere and liquid 
chemical solution types were studied. Measurements of liquid pH and gas composition 
changes for removal of SO2/CO2 from gas mixtures into H2O/NaOH/NaHCO3/Na2CO3 
solutions were monitored. The concentration of SO2 ranged from 0–3000 ppm, and the 
concentration of CO2 ranged from 20–100%. The temperatures of the experiments were set at 
ambient temperature.  
 
From the present experiments, it has been found that: 
 

 Aqueous NaOH is an active solution to absorb both CO2 and SO2; the absorption of 
CO2 is mainly liquid phase controlled and the absorption of SO2 is mainly gas phase 
controlled; and the absorption rate increases with increase in gas concentrations; 

 SO2 absorption rate decreases dramatically as the pH value drops below 4. 
  

The results indicate that operational conditions can be selected to minimise the consumption 
of the NaOH reagent yet still allow high rates of absorption during scrubbing. That is, a pH 
value window between 4 and 5.5 is implied for operation of practical scrubbers. Operation at 
pH value higher than 5.5 may lead to loss of caustic solution.



  Page 
53 

 
  

References 
 
1. Mohr, S., et al. (2011). Projection of long-term paths for Australian coal production – 

Comparisons of four models. International Journal of Coal Geology. 86(4), 329-334. 
2. Heinberg, R. and Fridley, D. (2010). The end of cheap coal. Nature, 468(468), 367-

369. 
3. Spero, C. (2009). Callide oxyfuel project – status and development. In 1st Oxyfuel 

Conference, Cottbus, Germany. 
4. Tollefson, J. (2011). Is FutureGen betting on the wrong rock? Nature, 472, 398-399. 
5. Black, J.B. (2011). Cost and Performance Baseline for Fossil Energy Plants Volume 

3b: Low Rank Coal to Electricity: Combustion Cases. DOE/NETL,  345. 
6. IEAGHG (2011). Effects of impurities on geological storage of CO2. 
7. HSL (2009). Safety in CO2 capture transport and storage.  
8. Srivastava, R.K., Jozewicz, W., and Singer, C. (2001). SO2 Scrubbing Technologies: A 

Review. Environmental Progress, 20(4), 219-228. 
9. Spero, C. (2005). Australian Japanese Co-operation on OxyFuel Pilot Project for Plant 

Retrofit – Callide-A Project. In Inaugural Workshop of the Oxy-fuel Combustion 
Network. Cottbus, Germany. 

10. Yan, J., et al. (2011). Flue Gas Cleaning for CO2 Capture from Coal-fired Oxyfuel 
Combustion Power Generation. Energy Procedia, 4, 900-907. 

11. McDonald, D. and Sturm, E. (2011). FutureGen 2.0: Oxy-coal’s Opportunity. In 
Proceedings of The 36th International Technical Conference on Clean Coal & Fuel 
Systems. B.A. Sakkestad, (Ed.), Sheraton Sand Key Clearwater, Florida, USA. 

12. McDonald, D. et al. (2009). B&W and Air Liquide’s 100 MWe Oxy-fuel 
Demonstration Program. In Proceedings of The 34th International Technical 
Conference on Clean Coal & Fuel Systems. Sheraton Sand Key Clearwater, Florida, 
USA. 

13. Lupion, M. et al. (2011). CIUDEN CCS Project: Status of the CO2 capture technology 
development plant in power generation. Energy Procedia, 4, 5639-5646. 

14. Blankinship, S. (2005). Looking for a good scrubbing: today's FGD technology. 
Power Engineering, September, 19-24. 

15. Dickerman, J. and Sewell, M. (2007). Is it time to rethink SO2 control technology 
selection? Power Engineering, 2007, 132-135. 

16. Whitman, W.G. and Davis, D.S. (1924). Comparative absorption rates for various 
gases. Industrial and engineering chemistry, 16, 1233-1237. 

17. Lewis, W.K. and Whitman, W.G. (1924). Principles of gas absorption. Industrial 
Engineering Chemistry, 16(12), 1215-1220. 

18. Whitman, W.G. (1926). Absorption of gases by a liquid drop. Industrial and 
engineering chemistry, 1926, 363-367. 

19. Williamson, R.V. and Mathewa, J.H. (1924). Rate of absorption and equilibrium of 
carbon dioxide in alkaline solutions. Industrial & engineering chemistry, 16(11), 
1157-1161. 

20. Welge, H.J. (1940). Absorption of carbon dioxide in aqueous alkalies. Industrial and 
Engineering Chemistry, 32(7), 970-972. 

21. Hitchcock, L.B. (1934). Rate of absorption of carbon dioxide. Effect of concentration 
and viscosity of caustic solutions. Industrial and Engineering Chemistry, 26(11), 
1158-1167. 

22. Whitman, W.G. (1922). Rates of absorption and heat transfer between gases and 
liquids. The Journal of Industrial and Engineering Chemistry, 14(3),  186-191. 

23. Takeuchi, H. and Yamanaka, Y. (1978). Simultaneous Absorption of SO2 and NO2 in 



  Page 
54 

 
  

Aqueous Solutions of NaOH and Na2SO3. Ind. Eng. Chem. Process Des. Dev, 17(4), 
389-393. 

24. Danckwerts, P.V. (1970). Gas–liquid reactions. New York: McGraw-Hill. 
25. Versteeg, G.F., Blauwhoff, P.M.M. and Van Swaaij, W.P.M. (1987). The effect of 

diffusiviity on gas–liquid mass transfer in stirred vessels. Experiments at atmospheric 
and elevated pressures. Chemical Engineering Science, 42(5), 1103-1119. 

26. Zhao, X., et al. (2009). Study on the interaction between NOx and K2CO3 during CO2 
absorption. Energy Fuels, 23, 4768-4773. 

27. Sanchez, A., Eddings, E. and Mondragon, F (2010). Fourier Transform Infrared 
(FTIR) Online Monitoring of NO, N2O, and CO2 during Oxygen-Enriched 
Combustion of Carbonaceous Materials. Energy & Fuels, 24, 4849-4853. 

28. Clesceri, L. (2005). 2320 Alkalinity. In Standard Methods, p1368. 
29. Hill, G.A. (2006). Measurement of overall volumetric mass transfer coefficients for 

carbon dioxide in a well-mixed reactor using a pH probe. Industrial & Engineering 
Chemistry Research, 45, 5796-5800. 

30. Kordac, M. and Linek, V. (2008). Dynamic Measurement of Carbon Dioxide 
Volumetric Mass Transfer Coefficient in a Well-Mixed Reactor Using a pH Probe: 
Analysis of the Salt and Supersaturation Effects. Ind. Eng. Chem. Res., 47, 1310-
1317. 

31. Contreras, E.M. (2007). Carbon Dioxide Stripping In Bubbled Columns. Ind. Eng. 
Chem. Res., 46, 6332-6337. 

32. Edwards, T.J. et al. (1978). Vapor–liquid equilibria in multicomponent aqueous 
solutions of volatile weak electrolytes. AIChE Journal, 24(6), 966-976.  

33. Himmelblau, D.M. and Babb, A.L. (1958). Kinetic studies of carbonation reactions 
using radioactive tracers. AIChE Journal, 4(2), 143-152. 

34. Hikita, H. (1976). Absorption of carbon dioxide into aqueous sodium hydroxide and 
sodium carbonate–bicarbonate solutions. Chemical Engineering Journal, 11(2), 131.  

35. Wang, X., et al. (2010). Comprehensive study of the hydration and dehydration 
reactions of carbon dioxide in aqueous solution. J. Phys. Chem. A, 114(4), 1734-1740. 

36. Pohorecki, R. and Moniuk, W. (1988). Kinetics of reaction between carbon dioxide 
and hydroxyl ions in aqueous electrolyte solutions. Chemical Engineering Science, 
43(7), 1677-1684. 

37. Diewok, J., et al. (2003). Application of a Combination of Hard and Soft Modeling for 
Equilibrium Systems to the Quantitative Analysis of pH-Modulated Mixture Samples. 
Analytical chemistry, 75, 641-647. 

38. Marshall, W.L. and Franck, E.U. (1981). Ion product of water substance, 0-1000C, 1-
10000 bars. New international formulation and its background. Journal of physical 
and chemical reference data, 10(2), 295-304. 

39. Myers, R.J. (2010). One-hundred years of pH. Journal of Chemical Education, 87(1), 
30-32. 

40. Fleischer, C., Becker, S. and Eigenberger, G. (1996). Detailed modeling of the 
chemisorption of CO2 into NaOH in a bubble column. Chemical Engineering Science, 
51(10), 1715-1724. 

41. Darmana, D., et al. (2007). Detailed modelling of hydrodynamics, mass transfer and 
chemical reactions in a bubble column using a discrete bubble model: Chemisorption 
of CO2 into NaOH solution, numerical and experimental study. Chemical Engineering 
Science, 62, 2556-2575. 

42. Danckwerts, P.V. and Kennedy, A.M. (1958). The kinetics of absorption of carbon 
dioxide into neutral and alkaline solutions. Chemical Engineering Science, 8(3-4), 
201-215. 



  Page 
55 

 
  

43. Herskowits, D., et al. (1990). Characterization of a two-phase impinging jet absorber 
II. Absorption with chemical reaction of CO2 in NaOH solutions. Chemical 
Engineering Science, 45(5), 1281-1287. 

44. Liu, G.B., et al. (2006). New model for turbulent mass transfer and its application to 
the simulations of a pilot-scale randomly packed column for CO2-NaOH chemical 
absorption. Industrial and Engineering Chemistry Research, 45, 3220-3229. 

45. Mariana, et al. (2004). Experimental and Modeling Study on CO2 Absorption in a 
Cyclone Scrubber by Phenomenological Model and Neural Networks. Korean 
Journal of Chemical Engineering, 21(3), 589-594. 

46. Nijsing, R.A.T.O., Hendriksz, R.H. and Kramers, H. (1959). Absorption of CO2 in jets 
and falling films of electrolyte solutions, with and without chemical reaction. 
Chemical engineering Science, 10, 88-104. 

47. Harvey, E.A. and Smith, W. (1959). The absorption of carbon dioxide by aquiescent 
liquid. Chemical Engineering Science, 10, 274-280. 

48. Herskowits, D., Herskowits, V. and Stephan, K (1988). Characterization of a two-
phase impinging jet absorber I. Physical absorption of CO2 in water. Chemical 
Engineering Science, 43(10), 2773-2780. 

49. Yeh, N.K. and Rochelle, G.T. (2003). Liquid-Phase Mass Transfer in Spray 
Contactors. AIChE Journal, 49(9), 2363-2373. 

50. Dou, B., et al. (2009). Prediction of SO2 removal efficiency for wet Flue Gas 
Desulfurization. Energy Conversion and Management, 50(10), 2547-2553. 

51. Zhong, Y., et al. (2008). A model for performance optimization of wet flue gas 
desulfurization systems of power plants. Fuel Processing Technology, 89, 1025-1032. 

52. Marocco, L. (2010). Modeling of the fluid dynamics and SO2 absorption in a gas–
liquid reactor. Chemical Engineering Journal, 162(1), 217-226. 

53. Dimiccoli, A., Di Serio, M. and Santacesaria, E. (2000). Mass Transfer and Kinetics 
in Spray–Tower–Loop Absorbers and Reactors. Ind. Eng. Chem. Res., 39(11), 4082-
4093. 

54. Takeuchi, H. and Yamanaka, Y. (1978). Simultaneous Absorption of SO2 and NO2 in 
Aqueous Solutions of NaOH and Na2S03. Ind. Eng. Chem. Process Des. Dev, 17(4), 
389-393. 

55. Saboni, A. and Alexandrova, S. (2001). Sulfur dioxide absorption and desorption by 
water drops. Chemical Engineering Journal, 84(3), 577-580. 

56. Altwicker, E.R. and Lindhjem, C.E. (1988). Absorption of Gases Into Drops. AIChE 
Journal, 34(2), 329-332. 

57. Kaji, R., Hishinuma, Y. and Kuroda, H. (1985). SO2 absorption by water droplets. 
Journal of Chemical Engineering of Japan, 18(2), 169-172. 

58. Garner, F.H. and Lane, J.J. (1959). Mass Transfer to Drops of Liquid Suspended in a 
Gas Stream. II: Experimental Work and Results. Transactions of The Institution of 
Chemical Engineers, 37, 162-172. 

59. Srinvasan, V. and Aiken, R.C. (1988). Mass transfer to droplets formed by the 
controlled breakup of a cylindrical jet–physcial absorption. Chemical Engineering 
Science, 43(12), 3141-3150. 

60. Amokrane, H. and Caussade, B. (1999). Gas Absorption into a Moving Spheroidal 
Water Drop. Journal of Atmospheric Sciences, 56(12), 1808-1829. 

61. Walcek, C.J. and Pruppacher, H.R. (1984). On the Scavenging of SO2 by Cloud and 
Raindrops: I. A Theoretical Study of SO2 Absorption and Desorption for Water Drops 
in Air. Journal of Atmospheric Chemistry, 1(3),  269-289. 

62. Chen, W.-H. (2001). Dynamics of sulfur dioxide absorption in a raindrop falling at 
terminal velocity. Atmospheric Environment, 35(28), 4777-4790. 



  Page 
56 

 
  

63. Hsu, C.-T. and Shih, S.-M. (1993). Semiempirical Equation for Liquid-Phase Mass-
Transfer Coefficient for Drops. AIChE Journal, 39(6), 1090-1092. 

64. LeClair, B.P., et al. (1972). A Theoretical and Experimental Study of the Internal 
Circulation in Water Drops Falling at Terminal Velocity in Air. Journal of the 
Atmospheric Sciences, 29(4), 728-740. 

65. Spilhaus, A.F., (1947). Raindrop Size, Shape and Falling Speed. Journal of 
Meterology, 5(3), 108-110. 

66. Pruppacher, H.R. and Beard, K.V. (1970). A wind tunnel investigation of the internal 
circulation and shape of water drops falling at terminal velocity in air. Quarterly 
Journal of the Royal Meteorological Society, 96(408), 247-256. 

67. Szakall, M., Mitra, S.K. and Borrmann, S. (2009). A Wind Tunnel Study on the Shape, 
Oscillation, and Internal Circulation of Large Raindrops with Sizes between 2.5 and 
7.5 mm. Journal of the Atmospheric Sciences, 66(3), 755-765. 

68. Angelo, J.B., Lightfoot, E.N. and Howard, D.W. (1966). Generalization of the 
Penetration Theory for Surface Stretch: Application to Forming and Oscillating 
Drops. A.I.Ch.E. Journal, 12(4), 751-760. 

69. Yan, J., et al. (2009). Flue-gas cleaning processes for CO2 capture from oxyfuel 
combustion – experience of FGD and FGC at 30 MWth oxyfuel combustion pilot. In 
1st Oxyfuel Conference. Cottbus, Germany. 

 
 



  
Page 1 

 
  

 
 
 

 

 
APPENDIX 3: The feasibility of impurity control during compression 
of oxy-fuel flue gas: removing NOx and SOx as acid condensates 
and gaseous elemental Hg0 as Hg(NO3)2 by the HNO3 formed 
 

 
by 
 
 

Rohan Stanger, Timothy Ting and Terry Wall 
 

Chemical Engineering, the University of Newcastle, NSW, Australia 
 
 

September 2012 
 

 

http://www.newcastle.edu.au/


  
Page 2 

 
  

 

Acknowledgments 
 
The authors wish to acknowledge financial assistance provided through Australian National 
Low Emissions Coal Research and Development (ANLEC R&D). ANLEC R&D is supported 
by Australian Coal Association Low Emissions Technology Limited and the Australian 
Government through the Clean Energy Initiative. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  
Page 3 

 
  

Table of Contents  
 

Acknowledgments........................................................................................................ 2 
List of Figures .............................................................................................................. 4 
List of Tables ............................................................................................................... 5 
EXECUTIVE SUMMARY ......................................................................................... 6 
1. Introduction…………………………………………………………………………….11 

1.1 Carbon capture and storage .............................................................................. 12 
1.2 CO2 capture technologies ................................................................................. 12 
1.3 Oxy-fuel development ..................................................................................... 13 
1.4 Callide Oxyfuel Project.................................................................................... 14 
1.5 Flue gas impurities in oxy-fuel combustion ..................................................... 15 
1.6 Oxy-fuel impurities during compression ......................................................... 17 
1.7 NO oxidation mechanisms ............................................................................... 17 
1.8 Mercury capture in oxy-fuel ............................................................................ 20 

2. Project objectives ................................................................................................... 22 
3. Experimental .......................................................................................................... 23 

3.1 Apparatus ......................................................................................................... 23 
3.2 Extended mechanistic NOx studies .................................................................. 24 
3.3 Pressurised mercury experiments .................................................................... 25 
3.4 Experiments ..................................................................................................... 27 

4. Results .................................................................................................................... 28 
4.1 Dry NOx system ............................................................................................... 28 
4.2 Wet NOx system ............................................................................................... 30 
4.3 Wet SOx/NOx system ....................................................................................... 31 
4.4 Wet gas phase NOx experiments (N2+ NO+ O2+H2O) .................................... 32 
4.5 Stabilisation media for pressurised NOx liquids (from NOx gas absorption)...36 
4.6 Mercury behaviour under compression ........................................................... 36 
4.7 Thermodynamics of NOx ................................................................................. 40 
4.8 Thermodynamics of mercury ........................................................................... 42 
4.9 Final comments ................................................................................................ 44 

5. Future Work ........................................................................................................... 46 
6. Conclusions ............................................................................................................ 47 
Appendix…………………………………………………………………………………….50 
References .................................................................................................................. 52 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



  
Page 4 

 
  

List of Figures 
 
Figure 1.  IEA projections for world CO2 emissions and key abatement options .................... 11 
Figure 2.  Federal Treasury modelling for projected Australian CO2 emissions and their 
sources ..................................................................................................................................... 11 
Figure 3.  Main technologies for CO2 capture from coal fired electricity generators; post 
combustion capture (top), Integrated Gasification & Combined Cycle-CCS (middle) and oxy-
fuel combustion (bottom). ........................................................................................................ 13 
Figure 4.  Historical development of Oxy-fuel combustion .................................................... 14 
Figure 5.  Diagram of the Callide Oxyfuel Project .................................................................. 15 
Figure 6.  Diagram of Vattenfall’s Schwarze Pumpe Oxyfuel pilot plant ............................... 15 
Figure 7.  Callide Oxy-fuel compression circuit, from [19] .................................................... 16 
Figure 8.  Interaction of NOx, SOx and Hg during compression of oxy-fuel flue gas .............. 17 
Figure 9.  NOx oxidation and absorption mechanisms, re-drawn from Counce and Perona [27], 
with added ionisation step marked in red. ................................................................................ 19 
Figure 10.  Comparison of solubilities of NOx and SOx gaseous species in water using 
Henry’s Constant at 25C ........................................................................................................ 19 
Figure 11: The effect of acid gases on mercury adsorption on a carbon surface [33] potentially within 
fly ash particles or within activated carbon beds…………………………………………………..20 
Figure 12: Recent oxy-fuel pilot results for mercury speciation in a 300kW Circulating Fluidised Bed 
(CFB); a 1500kW pulverised coal furnace (L1500) and a 100kW once through oxy-fuel combustion 
furnace (OFC)…………………………………………………………………………………………22 
Figure 13.  Pressurised laboratory apparatus for contacting NOx gases with water, indicating 
the three different conditions for reactions involving I - dry gas, II – gas-liquid and III – wet 
gas ............................................................................................................................................ 23 
Figure 14. Pressurised laboratory apparatus configured for contacting NOx gases under wet 
gaseous conditions (ie no liquid water present for NOx absorption). ...................................... 24 
Figure 15.  Pressurised laboratory apparatus configured for contacting NOx gases with liquid 
water, with capability to drop reacted absorption liquid out into stabilisation media after 
experiment................................................................................................................................ 25 
Figure 16: Pressurised mercury feeder and absorption reactor with gaseous mercury analyser and 
activated carbon (AC) traps………………………………………………………………….26 
Figure 17: Pressurised mercury feeder, gas–liquid contactor and downstream continuous emission 
mercury analyser……………………………………………………………………………..27 
Figure 18: Modified continuous mercury analysis for liquid analysis. The built-in sample pump draws 
fresh air through 1MHCL/0.5M SnCl2 with known volumes of sample injected in air 
intake…………………………………………………………………………………………29 
Figure 19.  Effect of pressure on the oxidation of NO to NO2 (in 4% O2) without water. The 
points in this figure and Figures 13 to 16 correspond to results for individual experiments at a 
number of pressures for common periods of 10 minutes. ........................................................ 29 
Figure 20.  Comparison of NOx conversion in reactor and transport lines showing effect of 
residence time .......................................................................................................................... 29 
Figure 21.  Evaluation of global kinetic model to measured experimental results .................. 30 
Figure 22.  Gaseous NOx concentrations after contacting water at different pressures.  Lines in 
grey compare the dry experimental results .............................................................................. 31 
Figure 23.  Aqueous NOx species present in the water after continuous contact with the gas 
stream for either 10 minutes or 8 hr “pseudo-equilibrium” conditions.................................... 31 



  
Page 5 

 
  

Figure 24.  Aqueous NOx and SOx species present in solution after 10 minutes  
contact time (feed gas mix 1000ppm SO2, 1000ppm NO, 3.5% O2, N2 balance).  Lines marked in 
grey are results for NOx only contacting..................................................................................32 
Figure 25: Effect of water vapour at 20 bar with and without O2 at 4%..................................33 
Figure 26: Predicted HNO3 acid dew point (ADP) with saturated vapour pressure at  
different pressures. Marked points are predicted ADP for measured concentration changes under wet 
gas conditions………………………………………………………………………………...34 
Figure 27: Condensation of HNO3 on the quartz tubing after thermal decomposition………34 
Figure 28: Comparison of NOx recovery with liquid stabilisation techniques.  
Acid washed out from downstream lines also included…………………………………………...36 
Figure 29: Updated NOx mass balance after using stabilisation media…………………………...36 
Figure 30: Hg0 injection experiments at atmospheric pressure and 20 bar, with absorption in 0.1M 
HNO3……………………………………………………………………………....................37 

Figure 31: Mercury absorption in 0.1M HNO3 under pressures up to 25 bar……………….....38 
Figure 32: Mercury desorption after depressurisation of reactor………………………………..39 
Figure 33: Comparison of mercury mass balance in gas and liquid during compression  
in 100% N2 and 0.1M HNO3…………………………………………………………………………………………………………39 
Figure 34.  Thermodynamic modelling of dry NOx system using FACTSage at 25C 
(1000ppm NO, 3% O2, balance CO2 starting) .......................................................... …………41 
Figure 35.  Thermodynamic modelling of gas species in wet NOx system using FACTSage at 
25C (1000ppm, NO, 20% H2O, 3% O2, balance CO2 starting) ............................................. .41 
Figure 36.  Thermodynamic modelling of aqueous species in wet NOx system using 
FACTSage at 25C (1000ppm NO, 20% H2O, 3% O2 starting) .............................................. 42 
Figure 37: Thermodynamic modelling of gas and solid phases of mercury using  
FACTSage at 25C (1ppm Hg0, 3% O2, CO2 balance). ……………………………………..43 
Figure 38: Thermodynamic modelling of gas, aqueous and solid phases of mercury using FACTSage 
at 25C (1ppm Hg0, 3% O2, 3.3% H2O, CO2 balance). Liquid water  
present for all pressures. pH due to carbonate formation 3.3-3.9……………………………43 
Figure 39: Thermodynamic modelling of gas, aqueous and solid phases of mercury using FACTSage 
at 25C (1ppm Hg0, 1000ppm NO, 3% O2, 3.3% H2O, CO2 
balance)………………………………………..……………………………………………..44 
 
 

List of Tables 
 

Table 1. Reactions and Equilibrium values for Counce and Perona NOx mechanisms [25] ...... 50 
Table 2.  Solubility values for NOx and SOx species [26] at 25C ............................................. 51 
 

 

 
 
 
 
 



  
Page 6 

 
  

Executive summary 
 
Amongst the three carbon capture and storage (CCS) technologies (integrated gasification 
combined cycle or pre-combustion – IGCC-CCS, post combustion capture or post-
combustion – PCC and oxy-fuel with CCS) being progressed through demonstrations, the 
CO2 gas quality has the greatest potential variability, uncertainty and impact in oxy-fuel. The 
cost of the gas quality control operations and process energy requirements may potentially be 
minimised and CO2 recovery optimised, but at present the technical possibilities are still 
being established by studies such as the present research. 
 
The CO2 impurities from oxy-fuel technology for CCS differ greatly from pre- and post-
combustion technologies for CCS in quality and quantity, having higher levels of gas 
impurities which impact efficiency and operation such as sulfur oxides (SO2, SO3),  nitrogen 
oxides, (NO, NO2) and mercury gases (as atomic or oxidised, Hg0 and Hg++).   
 
Options are available for gas quality control in the furnace, by conventional flue gas cleaning 
and in the CO2 processing unit (CPU). 
 
Australian power plants do not have cleaning units for sulfur, nitrogen or mercury gas 
species. Therefore, the application of oxy-fuel technology in Australia requires a greater 
understanding of costs and impacts associated with the expected higher impurity levels fed to 
the CPU. For example, in an oxy-fuel retrofit, the possible need for a sulfur gas removal unit 
(using standard flue gas desulphurisation (FGD) technology based on calcium solutions) prior 
to the CPU for high sulfur coals is associated with a plant capital cost increase of about 7.5%. 
For Australian oxy-fuel plants, the concentration of SO2 in flue gas will also be higher, 
typically 500-1500ppm compared to concentrations less than 100ppm where an FGD is 
included. 
 
The removal of SOx and NOx species prior to CO2 liquefaction is necessary to reduce the 
effects of corrosion during CO2 transport and lower the health risk in the event of a gas leak. 
The removal of mercury species prior to CO2 liquefaction is critical in preventing corrosion 
in brazed aluminium cryogenic heat exchangers. 
 
 
Scrubbing units have been included in the major CPU flow sheets by Air Liquide, Linde, 
Praxair and Air Products. The basic design of the CPU that was developed by Air Liquide for 
the Callide Oxyfuel Project (COP) is given in the schematic below. The schematic shows that 
the flue gas (following the recycled gas line after the existing bag filter unit at Callide) is first 
fed into a quench/scrubber column operating at atmospheric pressure (noted as Scrubber 1) 
primarily to condense water and remove SO2, as well as other soluble acid gases, with 
aqueous NaOH used as a chemical agent for SO2 recovery.  
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After dust cleaning, the schematic shows that flue gas is compressed (to a pressure of about 
30 bar). During compression, nitric oxide (NO) reacts with oxygen to form NO2, which is 
absorbed by condensed moisture to form HNO2 or HNO3. The resulting liquid waste is 
transported to an ash pit. Mercury is expected to be oxidised and dissolved in the high 
pressure condensate. Overall, it is expected that NO2 is removed as an acid and residual 
mercury is removed as a nitrate which is in the form of Hg(NO3)2.  
 
This report provides an assessment of NOx and NOx/SOx mixture behaviour under pressure in 
controlled wet and dry conditions and is part of a larger study on the interaction of NOx with 
SOx as well as Hg in a wet environment, such as during compression. The apparatus used is 
similar to that used in previous work performed in a study by Air Products and Imperial 
College [1, 2]. 
 
Project objectives 
The objective is to establish the feasibility of CO2 gas quality control in oxy-fuel technology 
by removal of sulfur oxide and nitrogen oxide gas impurities during compression in 
condensates from the flue gas moisture as liquid acids. 
 
The objective has been achieved by building an experimental rig for testing of CO2 
compression, and undertaking laboratory experiments on the impurity removal.  
 
The focussing questions for the experiments undertaken have been based on the mechanisms 
by which the impurities are expected to be removed, namely:  
 

 What is the extent of oxidation of the primary nitrogen oxide – NO – in flue gas to 
soluble NO2 during compression? 

 
 What is the possibility of interference of the nitrogen chemistry to form NO2 by 

SO2? 
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 Are sulphur gases absorbed to form a liquid acid – H2SO4 – in addition to HNO3?  
 

 Is SOx absorption catalysed by the formation of higher nitrogen oxides, in 
particular NO2, and does it occur in the gas or aqueous phase?   

 
 Can gaseous elemental Hg be absorbed in acid condensates during compression? 

That is, to what extent can gaseous elemental Hg0 as Hg(NO3)2 formed? 
 
Compression conditions 
The oxy-fuel flue gas entering the compression train is expected to be partially cleaned of 
acid gases, having passed through the atmospheric caustic scrubber. At the COP, 
compression occurs in a four-stage compressor with two intercoolers to remove condensates. 
Following compression the gas is then contacted with chilled water in a high pressure packed 
column to further remove NOx species. This means that there are potentially two condensate 
streams produced in the coolers after stage 2 (at a pressure of 6 bar) and after the fourth stage 
(at 25 bar). Modelling this process is complicated by the unknown level of gas–liquid contact 
during the compression stages and the challenge of introducing continuous gas and liquid 
streams under pressure. From the pilot IHI results on oxy-fuel combustion, NOx levels in the 
raw flue gas varied between 550-900ppm, though this concentration will vary with coal and 
operating conditions. It is expected that the main NOx species entering the compression train 
is NO as NO2 and is most likely removed during caustic scrubbing. 
 
Literature and theory on gas scrubbing for SOx, NOx and Hg 
Previous oxy-fuel pilot studies have suggested that compression of raw flue gas has the 
potential to remove NOx and SOx from the gas by the formation of acidic condensates. This is 
thought to occur principally via the ‘lead chamber process’ involving high pressure NO 
oxidation followed by catalytic SO2 oxidation by NO2. The oxidation of NO has been used 
for the production of nitric acid to pressures of up to 10 bar and previous modelling of oxy-
fuel compression has suggested that the equilibrium with nitrates in the liquid will control the 
overall NOx conversion. Previous work has not indicated the extent to which SOx delays the 
NO conversion. Experience with mercury comes from the natural gas industry where trace 
amounts are scrubbed with activated carbon prior to cryogenic processing. The differences 
with natural gas include the gas composition, and that it does not contain oxygen or water 
vapour. The extent to which mercury is removed in nitric acid is uncertain, though mercuric 
nitrate, Hg(NO3)2, is often used as a standard solution in analytical laboratories in place of 
elemental Hg, which is insoluble. Air Products have stated that part of the Sour Gas 
Compression process (mentioned above) will remove gaseous Hg0 as mercuric nitrate 
because mercury compounds react readily with the nitric acid produced as a compression 
condensate. 
 
Related to the focussing questions, the literature indicates that the simplified mechanism in 
the following schematic will result in the conversion of NO and SO2 to sulphuric and nitric 
acids during CO2 compression involving condensation of water. 
 
Raw Oxy-fuel Flue Gas
CO2           65-80%
H2O           25-35%
SO2           500-2000ppm
SO3           10-100ppm
NO             400-1200ppm
NO2            25-100ppm
Hg              5mg/m3

O2/N2/Ar    5-15%
Dust           5-30mg/m3

Upstream 

Processing

ı
de-SOx
de-NOx

Fly Ash capture

NO+ ½O2 NO2

                          
SO2+ NO2  NO+ SO3+H2O H2SO4

                                                                                        

NO2                            

         +H2O HNO3

Hg
     +NO3

-
 Hg(NO3)2 
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The mechanism involves the following four steps, and these are related to the focussing 
questions of the current study: NO reacts with O2 to NO2 at high pressure; NO2 reacts with 
SO2 to form SO3 then H2O to liquid H2SO4; residual NO2 reacts with H2O to form liquid 
HNO3; mercury can then react with HNO3 to Hg(NO3)2. 
 
Experimental methodology 
An experiment was devised to provide measurements of NO conversion to NO2 and acid 
formation at pressures up to 30 bar, with an assessment of interference by SOx. A wet system 
was used which continuously bubbled a stream of NOx gases through a set volume of water in 
a short bubble column. Gases were passed through the liquid for 10 minutes with continuous 
analysis of the off-gas. Batch liquid analyses were determined on the final liquid. Several 
experiments were also conducted with an eight-hour contact time as a comparison. Two 
mechanistic NOx studies were also undertaken, the first regarding wet gas phase conditions 
(i.e. with water vapour) and the second regarding the stabilisation of the NOx liquids when 
sampling after depressurisation. A pressurised system for introducing gaseous Hg0 was 
successfully trialled using HNO3 as the contact liquid. 
 
Experimental and mechanistic findings 
Current single step kinetic NOx conversion models were found to adequately describe the 
oxidation of NO to NO2 in a dry process. The wet pressurised conditions significantly 
reduced the amount of NO2 exiting the reactor, producing nitrate and nitrite species in the 
liquid phase. In common with other results in the literature, it was found that the amount of 
NOx removed from the gas stream could not be accounted for solely by the nitrogen species 
from the liquid analysis. Results from the mixed SOx/NOx wet system indicated that the use 
of 1000ppm SO2 resulted in interference with the NO2 gas measurement. Liquid analysis of 
the mixed system indicated that SOx gases were absorbed in either atmospheric conditions or 
at 20 bar. Intermediate pressures (5, 10, 15 bar) produced similar NOx absorption to 
conditions without SO2. Wet gas phase experiments showed that NO2 can be converted into 
HNO3 which is then condensed. This represented 10-20% of NO2 depending on pressure but 
only 2% of the total NOx balance. Stabilisation of the NOx liquids was found to improve the 
NOx mass balance from 40-50% to 70-80%. Further mass balance closure is expected with 
stabilisation media optimisation.   
 
Introducing gaseous Hg0 into 1M HNO3 was found to absorb up to 21% of the feed Hg, with 
pressure exerting a significant influence. Of the absorbed Hg from the gas stream, only 12-
25% was retained as stable liquid products (i.e. oxidised Hg). It was found by measurement 
that desorption of gaseous Hg0 occurred after depressurisation representing between 6-10% 
of the absorbed Hg0. Further desorption was expected to occur after sampling, resulting in a 
total mass balance closure of 12-35% of the Hg absorbed. 
 
Conclusions and practical implications for compression of oxy-fuel flue gas 
The experiments have established the feasibility of CO2 gas quality control in oxy-fuel 
technology by removal of sulfur oxide and nitrogen oxide gas impurities during compression 
in condensates as liquid acids. 
 
From dry experiments, it is concluded that oxidation of insoluble NO to soluble NOx was 
greater than 90% above a pressure of 15 bar. This oxidation was found to be kinetically 
limited and could be predicted using a single global reaction scheme. The extent to which NO 
is oxidised in an oxy-fuel compression train will therefore depend on the residence time and 
pressure within each compression stage. 
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From wet experiments involving contact with liquid water and water vapour, it is concluded 
that at the saturated conditions and pressures in an oxy-fuel compression circuit, a significant 
conversion of NO to higher order oxides can be expected. Such oxides are more soluble than 
either NO or NO2 and thus would most likely react with the condensate to form liquid acids.   
 
From wet experiments involving NOx/SOx, it is concluded that during multi-stage CO2 
compression it is likely that SO2 will be removed during early stages along with most of the 
water vapour. At pressures below 20 bar, NO oxidation and absorption to form acid may be 
restricted by the existence of SOx. 
 
The experiments have revealed that the mechanism generally reported in literature is indeed 
simplified, in that additional nitrogen and sulphur species exist as gases and liquids. The 
extent to which these additional nitrogen and sulphur species form (or are) acids or other 
liquid products may be inferred, but further work is needed to clarify their chemistry. 
 
The potential removal of gaseous elemental Hg0 as Hg(NO3)2 by the HNO3 formed is based 
on the speculation in the literature that “Any elemental mercury or mercury compounds 
present in the gaseous CO2 will (also) be converted to mercuric nitrate since mercury 
compounds react readily with nitric acid”.  
 
Experiments have indeed shown that gaseous Hg0 can be captured in nitric acid at all 
pressures in the range of 0-25 bar. Higher pressures will allow greater capture, thus 
representing a potential mechanism for mercury removal during compression.  However, 
depressurisation of liquid condensates was found to be associated with substantial release 
(volatilisation) of Hg and NOx species and this must be considered from both an 
environmental and safety perspective. Furthermore, acid gas formation and condensation is 
likely to occur under pressure due to the presence of water vapour and NO2. This represents a 
potential corrosion hazard and needs to be considered in terms of materials of construction 
and preventative maintenance. 
 
Future Work 
From the present work, it is clear that future research based on laboratory experiments should 
focus on the closure of the nitrogen mass balance in the wet system with particular attention 
focussed on identification of missing species. In the present work, the contact of gas with 
water has been achieved through bubbling conditions, however future experiments could also 
include water as a mist as this is the practical form. Addition of oxygen and substituting 
carbon dioxide for the nitrogen (as used to date) is recommended. These studies should also 
be extended with the presence of gaseous Hg0. Options for the increased removal of gaseous 
elemental Hg0 as Hg(NO3)2 by the HNO3 formed should be considered, particularly based on 
an understanding of the influence of kinetics and contact area between gas and liquid. 
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1. Introduction 
 
The increase of CO2 in the atmosphere is considered to be associated with global warming 
[3]. Anthropogenic sources of CO2, in particular the combustion of fossil fuels, makes up the 
dominant proportion of global emissions [3]. However, energy supply underpins stable 
economic growth and given the expected rise in population and energy demand over the next 
25 years, a continued reliance on fossil fuels is expected [4]. A recent MIT study concluded 
that carbon capture and storage is a critical enabling technology allowing coal to meet future 
energy demands [5] while reducing overall CO2 emissions. It is also considered a key 
technology in the IEA’s roadmap for decarbonising the world’s energy sector [6] (shown in 
Figure 1). In Australia, coal is a major export commodity and contributes almost 80% of 
domestic electricity. As such, efforts to reduce CO2 emissions without carbon capture and 
storage will have a significant impact on Australian industries and national economy (e.g. 
replacement of current coal fired generating capacity and widespread reduction in the mining 
sector). Figure 2 shows the Australian treasury modelling of CO2 emissions with/without a 
carbon price [7]. Under a carbon price, the generation of electricity can be observed to 
produce the largest contribution to CO2 mitigation, outside of (as yet) undefined offshore 
abatement options. Further modelling of technology adoption in Australia suggests that by 
2050 there will be no coal fired electricity production without CCS. 

 
Figure 1: IEA projections for world CO2 emissions and key abatement options 

 
Figure 2: Federal Treasury modelling for projected Australian CO2 emissions and their sources 
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1.1 Carbon capture and storage 
The concept of CO2 capture and storage is not new. It was originally suggested as a means of 
enhancing oil recovery (EOR) in depleted oil wells. By re-injecting the CO2 (naturally 
present in crude oil) back into the top of the well, the pumping requirements to get the oil to 
the surface were reduced through reduced head pressure and lower oil viscosity. The concept 
involves capturing CO2 from fossil fuel combustion and pumping it underground. Under this 
scenario, the CO2 is injected as a supercritical fluid (allowing pumping like a liquid but 
compression like a gas) into a geologically stable formation, typically at depths below 
1000m. In Australia, large scale testing of CO2 injection is currently underway in the 
Victorian Otway basin [8] and has found no major hurdles to either geological considerations 
or public stakeholder acceptance. 
 

1.2 CO2 capture technologies 
The abatement of CO2 from stationary power generators has three main technology options to 
capture the gas in a form suitable for storage underground [9]: Post-combustion capture 
(PCC), Integrated Gasification & Combined Cycle with CCS (IGCC-CCS); and oxy-fuel 
combustion with CCS. These three capture processes are shown in Figure 3 with the red 
boxes indicating additional equipment required. The relative merits of each technology option 
and possible detractions are reviewed by Wall [9]. As a summary, both PCC and oxy-fuel can 
be retrofitted to existing utilities, while only IGCC-CCS has the potential to produce H2 for 
synthetic fuel production. Importantly, each technology has yet to be deployed at large 
industrial scale. Oxy-fuel combustion occurs in a mixture of oxygen and recycled CO2, such 
that the dominant product after combustion is CO2. The higher concentration of CO2 in the 
flue gas allows direct liquefaction of the flue gas to produce a liquid CO2 product. The flue 
gas is recycled because combustion in pure oxygen produces excessive flame temperatures 
and does not sufficiently carry the heat through the radiant and convective sections of the 
boiler (where the steam is superheated). The extent of recycle is determined by heat transfer 
considerations, in that this must be matched to that of air-firing. The main benefits of this 
process are that it operates in a similar manner to typical air fired operations, does not alter 
the existing steam cycle (as does PCC for solvent regeneration) and uses industrially mature 
technologies in the form of air separation and compression equipment. An issue with oxy-fuel 
is that it produces higher concentrations of flue gas impurities in the boiler because these 
constituents have been concentrated in a smaller volume by virtue of the process, and these 
gases must be substantially removed before CO2 transport and storage.  
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Figure 3: Main technologies for CO2 capture from coal fired electricity generators: Post-combustion 
capture (top), Integrated Gasification & Combined Cycle-CCS (middle) and oxy-fuel combustion (bottom) 
 

1.3 Oxy-fuel development 
While the level of public support for CO2 abatement is somewhat uncertain, the industrial 
sector has been driving the development of oxy-fuel towards demonstration. Figure 4 shows 
the historical development of oxy-fuel technology. The vertical scale represents the scale of 
electrical output, traditionally taken as 30% of the theoretical thermal size. However almost 
all projects shown are relatively small in size and would not include electrical generation. 
Oxy-fuel testing facilities are operated by a number of boiler manufacturers (Alstom, 
Babcock and Wilcox, Doosan). However, the construction of a full chain pilot plant in 
Schwarze Pumpe by Vattenfall in 2008 marked a major milestone for the technology and its 
subsequent operation has allowed the testing of a number of burner designs and given real 
experience in capturing CO2 as a liquid product. The next major milestone for the technology 
has been the Callide Oxyfuel project which went into operation in 2012. As can be observed 
in Figure 4, the Callide Oxyfuel Project represents a critical step forward from pilot scale 
(e.g. Schwarze Pumpe) to large demonstration scale (e.g. FutureGen 2.0 and Compostilla). 
The project will demonstrate the first semi-commercial electrical generation using oxy-fuel 
and will give experience in continuous operation under real electrical demand. Industrial 
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(larger scale) demonstrations are planned for 2015 in the US-based FutureGen 2.0 and in 
Europe with the Spanish Compostilla CFB300 project.   
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Figure 4: Historical development of oxy-fuel combustion 
 
 

1.4 Callide Oxyfuel Project 
The Callide Oxyfuel Project is based in Biloela in Queensland, Australia. It began in 2003 as 
an Australian/Japanese collaboration involving CS Energy, IHI and the University of 
Newcastle. The feasibility study was undertaken from 2004 to 2007 [10]. The project has 
involved the retrofitting of a 30MW sub-critical boiler with flue gas recycle + heat 
exchangers, an Air Separation Unit (ASU) and a CO2 purification plant (Figure 5). The 
liquefied CO2 will potentially be transported by truck to a sequestration site. The existing air 
fired circuit is relatively unique compared to other power stations in Europe, Asia and the US 
in that the flue gas does not pass through de-NOx and de-SOx removal units. Instead, the plant 
relies on the use of low sulfur (and mercury) coals and lenient Australian environmental 
regulations. This type of circuit is common in Australia due to the quality of coal used in 
domestic power generation and the sparsely populated areas in which they are located. This 
process is an example of a ‘low sulfur’ (i.e. Fuel-S<1%) oxy-fuel flow sheet and represents 
the lowest cost approach for a retrofit application.   
 
In Europe, USA and Japan, the more common flue gas circuit involves secondary NOx 
removal (such as ammonia injection or the use of solid catalysts) and flue gas desulfurisation 
units (FGD). Thus there are variations in process equipment and therefore gas compositions.   
 
The Vattenfall Schwarze Pumpe oxy-fuel pilot plant, shown in Figure 6, is an example of an 
oxy-fuel flow sheet involving these extra gas cleaning stages. Such additional environmental 
units are expensive and add to the overall costs of plant and electricity production. 
Consequently, Australia has the potential to deploy cheaper electricity using oxy-fuel 
technology if these flue gas impurities can be managed in the CO2 compression system. 
Conversely, a failure to handle flue gas species (such as SOx, NOx and Hg) could require 
additional environmental units to be added thereby increasing the cost of deployment. 
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Figure 5: Diagram of the Callide Oxyfuel Project, adapted from [11-13] 
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Figure 6: Diagram of Vattenfall’s Schwarze Pumpe Oxy-fuel Pilot Plant, adapted from [14] 
 
 
 

1.5 Flue gas impurities in oxy-fuel combustion 
Oxy-fuel flue gas concentrations are determined by three factors: coal quality, process 
conditions and the impurity control devices that are used in the process. As N2 is not included 
in the oxidant, the concentration of impurities can potentially be up to three times that of air 
firing for SO2 and one-and-a-half times for NOx. The mass flow of these impurities exiting 
the recycle loop is similar to air firing for SO2 and approximately ¼ for NOx [15]. Because 
the flue gas is recycled, any removal of impurities downstream of the boiler will result in an 
overall reduction in impurity concentration within the boiler. For example, a desulfurisation 
unit placed inside the flue gas recycle loop would effectively reduce the SO2 concentration in 
the boiler to around 1.3 times air firing (dependent on O2 %) and lower the downstream SO2 
concentration to ~50ppm [16].   
 
Fabric filters are expected to provide greater contact of fly ash with flue gas than ESPs for the 
capture of mercury species (Hg0, Hg2+), however the extent of capture is relative to the 
amount of unburned carbon, and thus also dependent on combustion conditions.   
 
In the Schwarze Pumpe diagram (in Figure 6 above) the placement of the FGD outside of the 
recycle loop (for secondary flow, ~80% of total) means that the higher level of SO2 is 
returned to the boiler, but also allows for it to be returned at a higher temperature (increasing 
efficiency). A consequence of this placement is that the volume of flue gas treated by the 
FGD is considerably reduced, and thus could be designed as a much smaller, and less 
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expensive unit. However, a consequence of the smaller unit is that under air fired operations, 
with a higher gas flow, poorer cleaning of sulfur gases is possible.  
 
Clearly the optimisation of oxy-fuel circuits has a significant number of considerations (e.g. 
in a new build), however in a retrofit case, it is most likely that the existing environmental 
control units (or lack thereof) will be retained. 
 
While there a number of emerging commercial oxy-fuel compression processes (Air Liquide, 
Air Products, Linde, Praxair), a consensus is building that the boiler-side flow sheet of an 
oxy-fuel process is ultimately determined by Fuel-S levels [17, 18]. The Callide Oxyfuel 
Project will be the first demonstration of a full chain oxy-fuel process without in-line 
impurity control (other than a fabric filter). Instead, this process will rely on coal quality as 
the dominant form of controlling SO2 and Hg. At the cold end (i.e. <200C), the raw flue gas 
will use sodium polishing in a direct contact cooler followed by compression.  
 
Figure 7 shows a diagram of the Callide compression system. The raw flue gas is conveyed to 
the CO2 purification unit above the acid dew point (~150C) to prevent condensation and 
cold end corrosion. The stream is quenched using a direct contact cooler (Scrubber 1) which 
lowers the gas temperature from above the acid dew point to below the H2O dew point. The 
quench column will also provide atmospheric scrubbing of acid gases using a caustic (NaOH) 
wash. The gas is then compressed to 20-30 bar and scrubbed (Scrubber 2) at high pressure 
using chilled water. The compression is expected to convert NO to water soluble NO2 and 
potentially remove mercury. The gas is passed through absorptive dryers to remove H2O to 
<1ppm, before being cryogenically distilled to separate liquid CO2 from the uncondensable 
light gases (O2, N2, Ar).     
 

 
Figure 7: Callide Oxy-fuel compression circuit, from [19] 
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1.6 Oxy-fuel impurities during compression 
Impurities in CO2 have impacts on its compression. The higher concentration of SO2 [20] 
increases the corrosion potential throughout the hot side of the plant and will ultimately 
produce H2SO4 condensate in cooling or compression. The trace amounts of mercury can be 
problematic in brazed aluminium cryogenic heat exchangers and can be captured either in the 
fly ash or in the condensate. Particulates are also an issue in compression and can cause 
damage to compressor impellers. By comparison, NOx species are reduced (to N2) when 
recycled through an oxy-fuel flame, and when compressed will form NO2 and subsequently 
be absorbed in the condensate as HNO3. The greatest uncertainty in the oxy-fuel plant lies in 
the carryover of these impurities to the back end of the compression train where elemental 
mercury can form an amalgam with aluminium (which embrittles the structure) or NOx/SOx 
report to the CO2 product (potentially corroding transport lines). Methods of removal of NOx, 
SOx and Hg species are commercially available and widely used in power generation, 
however such capture units add to the overall cost of electricity and the extent to which they 
are required in oxy-fuel is not certain.  
 
The NO oxidation mechanism during compression has been observed by several oxy-fuel 
researchers (Air Products/Imperial College [1, 2], Linde/Vattenfall [21]). Modelling work has 
suggested that the absorption mechanism will limit the capture rate to 80-85% [22]. In 
atmospheric conditions, NO is relatively insoluble and is oxidised slowly, however at 
elevated pressures this conversion process is accelerated and in the presence of O2 readily 
forms NO2, which is soluble in the water condensate. This mechanism forms an integral part 
of nitric acid production [23]. In the presence of SO2, the NO2 acts as an oxidising agent 
forming SO3 or H2SO4 when in the presence of water. This reaction scheme is well known for 
its use in the lead chamber process, an outdated method of sulfuric acid production. In an 
oxy-fuel compression train this reaction mechanism is expected to enhance the absorption of 
SO2 in the condensed water but limit NOx removal until the oxidation of SO2 to SO3 is 
complete. An implication of the lead chamber mechanism is that elemental mercury can only 
be captured by the condensate once HNO3 begins to form. Elemental mercury is insoluble in 
water but may be captured as Hg(NO3)2. Figure 8 illustrates the interaction of these species. 
The Air Products Sour Gas Compression [24] process is the only system that actively takes 
advantage of the lead chamber process to remove SOx/NOx and Hg, by increasing contact 
time between the aqueous phase and gas phase. In other systems, such as at Callide, this 
mechanism is still likely to occur but to an uncertain extent.  
 
 
Raw Oxy-fuel Flue Gas
CO2           65-80%
H2O           25-35%
SO2           500-2000ppm
SO3           10-100ppm
NO             400-1200ppm
NO2            25-100ppm
Hg              5mg/m3

O2/N2/Ar    5-15%
Dust           5-30mg/m3
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Figure 8: Interaction of NOx, SOx and Hg during compression of oxy-fuel flue gas 
 

1.7 NO oxidation mechanisms 
The oxidation process in which NO is converted to NO2 and subsequently absorbed in an 
aqueous phase is complicated by reactions in both the gas and liquid phase. Figure 9 
illustrates the potential reactions, equilibriums and species, while Figure 10 shows their 
relative ‘order of magnitude’ solubilities by a comparison of the Henry’s constant at 25C. 
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This data is also given as Table 1 and 2 in the Appendix. Clearly the oxidation of NO to 
higher oxides of nitrogen enhances the absorption rate. From atmospheric pollution work, 
HNO2 (or HONO as it is referred to in that field) can be formed readily in the dark (i.e. 
overnight) [25] and thus tends to form at night through the reaction: 
 
    NO + NO2 + H2O  2HONO 
 
During daylight, the concentrations of atmospheric HONO are reduced through photolysis via 
the reaction: 
 
    HONO + hv  HO + NO 
 
where the HO radical can then initiate a sequence of reactions with various other air 
pollutants to form NO2 and ozone. This mechanism is considered to be one of the principle 
sources of HO radicals in atmospheric pollution. Earlier work by Svensson et al. [26] showed 
that NO2 can react directly with H2O, i.e.:  
 
    NO2 + H2O  H2NO3 
    H2NO3+NO2  HONO + HNO3 
 
However, the formation of NO was observed via the side reaction 
 
   2HONO  NO + NO2 + H2O 
 
which appeared to be catalysed by the reactor walls. This decomposition reaction was 
observed to be higher in stainless steel vessels than in glass or a Teflon reactor. However, it 
was also observed that the surface poisoning effect of adsorbed HNO3 would ultimately limit 
the decomposition rate to comparable values. 
 
Svennson and co-workers [26] also observed that the nitrogen balance could not be closed 
without washing out the reactor vessel and measuring the nitrates via ion chromatography. 
The stability of HONO is of particular importance to oxy-fuel compression because gas 
analysis measurements must be depressurised prior to entering commercial analyser units and 
also the acidic condensates must be removed through a depressurisation stage. This 
presumably disturbs the equilibrium and complicates fundamental understanding. Overall, the 
knowledge gained from air pollution studies provides some insights into the processes that 
may occur in oxy-fuel compression. However the significant difference in the pressure and 
concentration of gas species (e.g. ppb/700 tor for atmospheric work versus ppm/30 bar for 
oxy-fuel compression) means that the operational envelope is far outside the range of 
atmospheric experience. Under pressure, HONO is likely to remain stable in both gas and 
liquid phases, enhancing the NOx absorption rate into aqueous solution, while after 
depressurisation it is expected to decompose back to NO and NO2 with only a minor amount 
of HNO2 being stable in the dark at atmospheric pressure (e.g. equilibrium concentration of 
HNO2 is 29ppm in 500ppm NO/50ppm NO2 [25]). 
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Figure 9: NOx oxidation and absorption mechanisms, re-drawn from Counce and Perona [27], with added 
ionisation step marked in red. These mechanisms are based on HNO3 production. 
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Figure 10: Comparison of solubilities of NOx and SOx gaseous species in water using Henry’s Constant at 
25C (logarithmic plot, showing orders of magnitude differences). Note that SO3 and H2SO4 values are 
given as infinite in [28] but expressed here as a value 
 
 
Not shown in Figure 10 is N2O, a gas phase species with significant global warming potential 
which has been measured to form slowly in the presence of NO and SO2 (up to 40% of total 
NOx in three hours [29]). It has also been shown that NO in the gas phase reacts with acid 
sulphate solutions forming N2O at a rate of 20ppm/h. Such reactions were also found to be 
possible by recent modelling of pressurised oxy-fuel conditions [30]. Other work done on 
NOx and SOx interaction indicated the possibility of solid formation. Nelo et al. [31] observed 
the formation of a white solid when reacting SO2 and NO in the presence of ozone under wet 
conditions. The solid was theorised to be a mixture containing (NO2)S2O7 and HNOSO4 [31] 
and potentially N2O5 (in NOx only systems) which is solid at room temperature. They also 
found a significant difference between the change in gaseous NOx concentration and the 
amount of nitric acid in solution. The theoretical reactions for this process are: 
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3NO2 + 2SO2 + H2O  2HNOSO4 (s) + NO 
NO2 + NO  N2O3 
2N2O3 + 2SO2  (NO)2S2O7(s) + 4NO 
NO + 3NO2 + 2SO2  (NO)2S2O7 (s)+ NO 
N2O5 (s) + SO2  N2O4 + SO3 
 
Recent work done at the Technical University of Hamburg [32] also indicated the formation 
of white solids in their laboratory oxy-fuel drop tube furnace and compression plant, though 
no chemical identification has yet been published.  

1.8 Mercury capture in oxy-fuel 
Conventional methods of mercury removal (in air firing) occurs by adhering to carbon sites 
contained within unburned carbon in fly ash and/or through activated carbon beds. These 
processes have been reviewed by Pavlish et al [33]. The adsorption of mercury onto the 
carbon surface (both within the fly ash and specifically designed activated carbon) is based 
on heterogenous reactions occurring on the surface to produce a relatively non-volatile 
oxidised mercury species. The effects of acid gases, in particular SO2 and NO2, have been 
shown to interfere with this process. Some possible interactions on the carbon surface are 
shown in Figure 11. Nitrogen dioxide is known to act as a catalytic electron sink for Hg0, 
producing a non-volatile Hg(NO3)2 on the surface of carbon. However in the presence the 
SO2, the mercuric nitrate reacts to form mercuric bisulphate, Hg(SO4H)2, resulting in 
Hg(NO3)2 and its hydrate, Hg(NO3)2-H2O being emitted as a volatile acidic species. Under 
oxy-fuel conditions, the higher SOx concentrations are expected to result in greater 
interference with mercury capture on activated carbon beds. Experience at Vattenfall’s 
Schwarze Pumpe plant has shown that the use of an atmospheric activated carbon bed results 
in significant amounts of sulfur compounds being retained within the bed, despite the use of 
an FGD [16].   
 

 
Figure 11: The effect of acid gases on mercury adsorption on a carbon surface [33] potentially within fly 
ash particles or within activated carbon beds 
 
 
Traditional capture of mercury within an FGD unit occurs through the removal of soluble 
mercuric salts, particularly HgCl2. A survey of coal fired units in the United States has shown 
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that the best Hg removal efficiency occurred when a fabric filter and FGD unit were 
combined, where 58% removal was contributed by the fabric filter and 77% of the mercury 
entering the FGD was oxidised [33]. Further work has shown that this removal efficiency is 
mainly based on coal chlorine levels, which determine the amount of oxidised mercury 
leaving the particulate removal device and entering the scrubber. In an oxy-fuel system, 
soluble mercuric salts are expected to be removed either from an FGD unit or during initial 
quenching prior to compression. In a recent pilot trial [34] it was shown that the dominant 
effect was the reactor configuration (Figure 12), with the lower burnout (higher carbon in 
ash) and longer retention time promoting greater fly ash capture of mercury in the CFB 
reactor. It was concluded that speciation of mercury was similar when comparing between air 
and oxy-fuel conditions. Overall, these trials showed that approximately 25-45% of total 
mercury will be present as gaseous Hg0 in a pulverised coal reactor, which is expected to be 
insoluble and difficult to remove from the gas stream without further treatment. Given that 
the higher levels of acid gases in oxy-fuel are expected to reduce the capacity of dedicated 
activated carbon beds (e.g. the Schwarze Pumpe experience) it appears likely that such 
removal options may be more expensive than under air firing conditions. However, as a 
passive removal option, Air Products have stated that part of the Sour Gas Compression 
process (mentioned above) will remove gaseous Hg0 as mercuric nitrate because mercury 
compounds react readily with the nitric acid produced as a compression condensate [35, 36]. 
Currently the level of Hg speciation occurring in the gas phase of an oxy-fuel process is 
uncertain. Pilot trials at IHI in Japan used standard adsorbent sampling tubes as well as a 
continuous analyser [37]. The continuous method showed that gas phase Hg0 levels did not 
reach steady state after four hours of continuous operation, reaching a maximum of 
2.8mg/Nm3, while Hg2+ levels remained constant at ~0.5mg/Nm3. Initial air firing of the same 
coal in the Callide showed only Hg2+ concentrations 0.27-0.35mg/Nm3 and no measurable 
Hg0 [38]. 
 
Older studies have shown that liquid mercury does react readily with NO2 to produce 
Hg(NO3)2 [39, 40] and gaseous Hg0 is known to react with NO2 on activated carbon [33]. 
Early work by Dhar [41] discusses the mechanisms of using dilute and concentrated nitric 
acid on liquid mercury and suggests that HNO2 plays an important role in determining the 
formation of sparingly soluble mercury I nitrite or relatively soluble mercury II nitrate. Later 
work by Zhao and Rochelle [42] demonstrated that  the absorption of gaseous Hg0 is 
enhanced by higher concentrations of nitric acid and that the addition of HgCl2 can further 
catalyse this rate. Also tested was the use of NaHCO3-NaOH solution as an absorbent, 
however it was found to have a reducing effect on dissolved oxidised mercury. In a recent 
review of mercury testing surrounding coal combustion products it was stated that the 
preservative techniques employed after sampling will have a dominating influence on the 
stability of mercury solutions [43]. It was suggested that acids, oxidising and complexing 
agents are most commonly used as preservatives.   
 
The effect of NO2, HNO2 and HNO3 and the stability of mercury products are of particular 
relevance to an oxy-fuel compression plant because of the need to vent the liquid condensates 
to atmospheric pressure. Ideally the high concentration of nitric acid produced from NOx 
absorption during compression will capture the gaseous Hg0, however the effect of pressure, 
gas phase reactions and the intermediate presence of HNO2 in the liquid are all issues that 
will ultimately affect the stability of absorbed mercury during depressurisation. Furthermore, 
the use of pH dosing agents such as NaOH/NaHCO3 may have an adverse effect on dissolved 
oxidised mercury compounds. 
 



  Page 
22 

 
  

 

 
Figure 12: Recent oxy-fuel pilot results for mercury speciation in a 300kW Circulating Fluidised Bed 
(CFB); a 1500kW pulverised coal furnace (L1500) and a 100kW once through oxy-fuel combustion 
furnace (OFC). Mercury is speciated as particulate Hg (HgP); gaseous oxidised Hg (Hg2+); gaseous 
elemental Hg (Hg0) and total gaseous Hg (HgTG)  [34] 
 

2. Project objectives 
 
The objective is to establish the feasibility of CO2 gas quality control in oxy-fuel technology 
by removal of sulfur oxide and nitrogen oxide gas impurities during compression from 
condensed moisture in the flue gas as liquid acids. 
 
The method proposed for assessing the feasibility for the clean-up is to build an experimental 
rig for testing of CO2 compression, and undertaking laboratory experiments on the impurities.  
 
The focussing questions for the experiments are based on the mechanisms by which the 
impurities are expected to be removed, namely:  
 

 What is the extent of oxidation of the insoluble primary nitrogen oxide – NO – in 
flue gas to soluble NO2 during compression?  

 

 What is the possibility of interference of the nitrogen chemistry to form NO2 by 
SO2? 

 

 Are sulphur gases absorbed to form a liquid acid – H2SO4 – in addition to HNO3?  
 

 Is SOx absorption catalysed by the formation of higher nitrogen oxides, in 
particular NO2, and does it occur in the gas or aqueous phase?   

 

 Can gaseous elemental Hg be absorbed in the acid condensates during 
compression? 
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3. Experimental 

3.1 Apparatus 
The challenge in this study has been the need to contact NOx and SOx gases with water at 
pressures up to 30 bar. The experimental apparatus used is shown in Figure 13. A 300mL 
stainless steel (304) vessel with a corrosion resistant Sulfinert coating was used as the 
contactor, with gas mixtures introduced through a central stem that extended into 150mL of 
water creating a bubbling interface. This system uses a continuous gas/batch liquid process. 
While the use of this system created an ‘uncontrolled’ and ‘undefined’ interfacial area of 
contact between gas and liquid, it does provide good gas/liquid contact and also introduces 
turbulent mixing to avoid mass transfer effects. The bypass line was used during set-up to 
adjust the flow rates of N2, O2 and NO (diluted from a 1% mix of NO in N2). It was found in 
practice that simply setting the Mass Flow Controllers (MFCs) and dialling up the pressure 
resulted in significant changes to flow rates and thus gas concentrations. To maintain the 
same gas flows under all pressures, a Honeywell mass flow meter (AWM5000 0-5L/min) was 
connected to the exhaust prior to the experiment (operating in bypass) and the flows were 
matched after the pressure was set. This mass flow meter worked on the same principal as 
mass flow controllers, sensing mass flow through heat transfer to the incoming gas. This flow 
meter was removed during the experiment to avoid corrosion in the wet environment. 
Pressure was set using the back pressure regulator and gas concentrations were measured 
using a Testo 350XL Flue Gas Analyser. The Testo unit sampled approximately 1.4L/min 
from the exhaust line and measured O2, NO, NO2 and SO2 using electrochemical cells. The 
outputs of these cells are internally weighted for interactive effects of other gases and logged 
continuously per second using the Testo software. Long term measurements at high gas 
concentrations can cause electrochemical cells to become saturated and necessitate 
recharging, however rinsing was performed after the experiment with no operational effects. 
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Figure 13: Pressurised laboratory apparatus for contacting NOx gases with water, indicating the three 
different conditions for reactions involving I – dry gas, II – gas-liquid and III – wet gas 
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3.2 Extended mechanistic NOx studies 
Additional NOx studies were undertaken to observe the effect of water vapour (without the presence 
of liquid H2O) and to test the effect of stabilisation media on the liquid phase after the experiment. 
The wet gas configuration (Figure 14) used a second 300mL stainless steel pressure vessel partially 
filled with water to pass the N2 stream through prior to meeting the NO and O2 streams. The resulting 
mix of gases was then passed through the existing reactor (now dry) to provide the same residence 
time as the dry gas experiments. A horizontal furnace was used to examine the influence of thermal 
treatment on potential acid decomposition. 
 

N2

(a)
H2O

saturator

O2

NO

(b)
wet gas reactor

(no liquid)

high 
pressure

low 
pressure

horizontal tube furnace

 
 
Figure 14: Pressurised laboratory apparatus configured for contacting NOx gases under wet gaseous 
conditions (i.e. no liquid water present in (b) for NOx absorption) 
 
A second configuration of the apparatus (Figure 15) was trialled using the second pressure 
vessel to drop out the liquid into stabilisation media after the NOx absorption. The 
stabilisation media was a mixture of K2MnO4 and NaOH in accordance with EPA method 7D 
[44]. After addition of liquid to stabilisation media, the method calls for a period of 36 hours 
before analysis, presumably to allow full oxidation of nitrites to nitrates. After the 36 hours 
oxidation, H2O2 is added to the solution to drop out the MnO2 as a solid. The amount of H2O2 
is determined by colour change. When the purple permanganate is removed the solution 
becomes clear. The solution can then be centrifuged, allowed to settle or filtered. This 
method is typically used for determining NOx gas concentration, however given the potential 
dissolved NOx acid gases (in particular HNO2) this method was trialled because of its ability 
to oxidise all NOx species to nitrate (NO3

-) ions and produce a sample suitable for 
determination by ion chromatography. For this work an equal volume of stabilisation media 
was used with the liquid to be reacted (150mL).  
 



  Page 
25 

 
  

N2
NO
O2

(a)
gas-liquid

reactor
(H2O)

(b)
Stabilisation 

Media
K2MnO4+

NaOH

high 
pressure

low 
pressure

 
 
Figure 15: Pressurised laboratory apparatus configured for contacting NOx gases with liquid water (a), 
with capability to drop reacted absorption liquid out into stabilisation media after experiment (b) 
 

3.3 Pressurised mercury experiments and apparatus 
A mercury feeding system was constructed of ¾” Swagelok tubing and placed in a water 
bath. The mercury was contained within a commercially available permeation tube (Vici 
Metronics) made from silicon tubing. Liquid mercury was placed into a 60mm set length of 
tubing of which 30mm ‘active length’ controlled the mass permeation/diffusion rate through 
the silicon at 15ng/min (at 30C, 1atm). This diffusion rate was combined with the 2L/min 
flow of N2 though the cell to produce a known gaseous Hg0 concentration of 7.5mg/m3. 
Pressure was observed to cause a minor reduction in mercury concentration, the influence 
expected to be from the contraction of the silicon tubing and thus diffusion surface area. 
Temperature of the water bath was used to control the rate of mercury diffusion via vapour 
liquid equilibria within the permeation tube.  
 
The mercury feeder was connected to the existing pressure rig along with a downstream 
mercury gas analyser and activated carbon traps at atmospheric pressure. The configuration is 
shown in Figure 16. Bypass valves across the mercury feeding system and across the reactor 
allowed the gas flow rate to be set prior to ‘turning on’ the mercury for each pressure setting. 
Once the flow was equilibrated, the mercury cell was then pressurised from a back end 
ON/OFF valve, then the N2 stream was redirected to sweep through the Hg cell. Typically 
this initial sweep through the cell produced a ‘pulse’ of mercury vapour, which was allowed 
to clear through the reactor bypass. Once steady state mercury levels were measured, the 
reactor was pressurised from its back end ON/OFF valve, then the gas was allowed to contact 
the liquid. After the experiment, the process was reversed; switching the reactor to bypass, 
then switching the mercury cell to bypass. The liquid was analysed separately. 
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The mercury gas analyser was an Ohio Lumex RA-915+, which has the capability to 
continuously sample gas through its multipath (10m optical length) cell as well as analyse 
solid or liquid samples through its pyrolyser mode (attachment RP-91C). The range of the 
continuous gas measurements was 2ng/m3- 100mg/m3. A flow restrictor was placed on the gas 
analyser’s back end to control the flow to 1.5L/min, allowing the remaining 0.5L/min to 
exhaust through a separate activated carbon trap. Without this restrictor the analyser would 
sample >3L/min resulting in air ingress through the second AC trap (i.e. air dilution). Also of 
note is that only the N2 was connected to the Hg feeder, with NO and O2 lines connected 
afterwards. This configuration ensures no reaction inside the Hg cell, however it should be 
recognised that when using a mixed gas feed, the total flow is kept at 2L/min and thus the 
flow of N2 is reduced. However, the permeation is specified on a mass emission rate 
(15ng/min Hg0), rather than on a concentration basis, and thus the flow through the cell or the 
flow added afterwards should have no impact on concentration if the total flow is maintained 
at 2L/min. 
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Figure 16: Pressurised mercury feeder and absorption reactor with gaseous mercury analyser and activated 
carbon (AC) traps 
 
 
The mercury content in the reacted liquids was determined by sampling air through an impinger 
containing a solution of 0.5M SnCl2/1MHCl. The SnCl2 is used as a reducing agent, converting the 
Hg2+ back to Hg0 within the liquid, which is then swept out of solution and into the mercury analyser. 
The benefit of this method is that it utilises the analyser’s 10m multipath gas cell (>2ng/m3), rather 
than a single pass optical cell which is used for higher concentration solid/liquid samples (>10ng). By 
comparing the area under the concentration curve with known standards, the amount of mercury in the 
known volume of sample can be determined. Pictures of the mercury feeder/reactor and liquid 
analysis set-up are shown in Figure 17 and Figure 18, respectively.  
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Figure 17: Pressurised mercury feeder, gas–liquid contactor and downstream continuous emission 
mercury analyser 
 
 

 
Figure 18: Modified continuous mercury analysis for liquid analysis. The built-in sample pump draws 
fresh air through 1MHCL/0.5M SnCl2 with known volumes of sample injected in air intake 

3.4 Experiments 
Experiments were performed using a nominal 900ppm NO mixture in 4% O2, with the 
balance being N2. In practice the starting concentration varied by 50ppm due to the 
resolution in the MFCs and in the flow meter. These experiments were performed without the 
added complication of CO2, however the effect of CO2 was considered in the FACTSage 
thermodynamic modelling. The reactor and transport lines include three potential conditions 
for NOx reactions to take place: dry gas phase reactions (I); gas-liquid contacting reactions 
(II); and wet gas phase reaction (III).   
 
This report initially covered experiments undertaken to study the dry gas phase reactions (I, 
with no liquid in the reactor) and experiments involving I+II+III (with liquid in the reactor) to 
determine the maximum impact of pressure on NO oxidation at room temperature. Additional 
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experiments have been undertaken for this revised report to include the effect of water vapour 
(i.e. reaction zone III) as well as the use of stabilisation media to retain acid vapours upon 
depressurisation. 
 
Dry experiments (without the presence of water) were performed with and without the 
reactor to identify the effects of gas kinetics, in particular the conversion occurring within the 
transport lines.   
 
Wet gas–liquid experiments were performed by contacting the gas for 10 minutes with 
continuous gas analysis, and then comparing the captured NOx with that of the liquid phase 
NOx. Several experiments were conducted over eight-hour continuous operation with gas 
measurement to provide a ‘pseudo-equilibrium’ comparison. A suite of experiments was also 
performed using a mixed 1000ppm SO2/1000ppm NO feed gas, however the gas analysis 
technique appears to have interference between SO2 and NO2. Therefore only the liquid 
analysis is presented here. 
 
Wet gas phase experiments were performed on a single set of conditions with a nominal 
1000ppm NO and 20 bar. The experiments compared the presence of 4% O2 in N2 when H2O 
vapour is present. 
 
Mercury gas–liquid experiments were performed to test the effect of pressure and gas 
composition on mercury absorption. The expectation is that Hg0 is relatively insoluble and 
thus will not be captured without first being converted to a more soluble species. For these 
mercury experiments, the liquid used was 0.1M HNO3 (i.e. pH ~ 1), designed to simulate an 
expected high concentration of absorbed NOx. Preliminary gas mixtures of 100% N2, 
4%O2/N2 balance and 1000ppm NO/4% O2/N2 balance were compared at atmospheric 
pressure (i.e. limited NO2 conversion) and at 20 bar (high NO2 conversion). 
 

4. Results 

4.1 Dry NOx system 
Increasing pressure in the dry NOx system had a pronounced effect on the oxidation of NO, 
readily producing NO2. Figure 19 shows this influence under a constant flow of 2 L/min (at 
room temperature and atmospheric pressure). A majority of this conversion occurred below 
10 bar. The constant total NOx indicates that no other significant species are formed. An 
important point with this system (and any oxy-fuel compression system) is that the flow rate 
is not constant within the reactor. Every sequential pressure increase reduces the volumetric 
flow and thereby also increases residence time. By way of example the calculated residence 
time inside the reactor is 12.3 seconds at ambient pressure but increases to 254.2 seconds at 
20 bar. Figure 20 compares the conversion of NO to NO2 with and without the reactor 
connected. It can be observed that significant conversion occurs inside the transport lines 
despite making up only 17% of the residence time. Figure 21 compares the experimental 
results of the NO oxidation with the global kinetic reaction recommended by Tsukahara et al. 
[45] and used by LINDE [46]. Details of this reaction are given in Appendix 1. The 
experimental results are considered as Reactor Only (which subtracts the effects of the 
transport lines, shown in Figure 20) and the total conversion within the apparatus. As can be 
observed, the global mechanism provides an excellent prediction of results over a wide range 
of pressures and residence time. 
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Figure 19: Effect of pressure on the oxidation of NO to NO2 (in 4% O2) without water. The points in this 
figure and Figures 13 to 16 correspond to results for individual experiments at a number of pressures for 
common periods of 10 minutes 
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Figure 20: Comparison of NOx conversion in reactor and transport lines showing effect of residence time 
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Figure 21: Evaluation of global kinetic model to measured experimental results 
 

4.2 Wet NOx system 
The wet NOx system provided significantly different results from the dry NOx experiments. 
Figure 22 shows the gas concentrations of NO and NO2 after contacting the water for 10 
minutes. Marked in grey are the dry NOx results for comparison. The NO does not appear to 
be affected by the presence of water, however there is a significant reduction in NO2. These 
gas concentrations did not appear to vary greatly with time, even after eight hours in the 
pseudo-equilibrium experiments. The aqueous NOx species are shown in Figure 23, along 
with the eight-hours results. The amount of NO3

- makes up the dominant species in the water, 
however there was still a significant amount of NO2

- present considering that nitrite (as 
HNO2) is five orders of magnitude less soluble than nitrate (as HNO3). The ‘equilibrium’ 
results taken at 1, 10 and 20 bars reveal that the absorption of nitrate, NO3

-, has reached 
~50% of its absorption capacity in 10 minutes. The final pH of the water after 10 minutes 
varied from 4 at ambient pressure to 2.75 at 30 bars. By comparison, the equilibrium 
experiments gave a final pH of ~0.76-0.71 for pressures 10 and 20 bar, respectively. Overall, 
it was found that the amount of NO3

-/NO2
- and HNO2 (estimated from equilibrium) present in 

the water could only account for 15-22% of the total NOx that appears to be captured from 
the gas stream. It is postulated that the unaccounted NOx species in the gas is present as 
gaseous HNO3/HNO2 which is not expected to be measured in the Testo flue gas analyser.   
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Figure 22: Gaseous NOx concentrations after contacting water at different pressures. Lines in grey 
compare the dry experimental results 
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Figure 23: Aqueous NOx species present in the water after continuous contact with the gas stream for 
either 10 minutes or eight-hour ‘pseudo-equilibrium’ conditions. 
 
 

4.3 Wet SOx/NOx system  
The mixed feed gas consisting of 1000ppm SO2 and 1000ppm NO was fed into the wet 
contacting system with both continuous gas and batch liquid analyses being performed. 
Interference between SO2 and NO2 caused the Testo to give a zero NO2 reading and it is not 
yet clear if this was a false signal. Figure 24 gives the liquid analysis for this set of results. 
These also show non-uniform trends. At ambient pressure, the amount of SO4

2- is 
considerably higher than other species, but appears to drop in concentration as pressure 
increases. At 20 bar the amount of SO4

2- begins to increase once again, though not to the 
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extent of SO3
2-. By comparison, the NO3

- also shows a significant concentration at ambient 
conditions. At pressures of 5-15 bar, the NO3

- concentration closely follows the results of the 
Wet NOx-only system (i.e. without SO2) and at 20 bar this concentration drops to ~2mg/L. 
The concentration of NO2- closely matches the results from the Wet NOx system for all 
pressures except 20 bar, where it is also reduced to zero. It is clear from the mixed gas system 
that the NOx absorption is higher at pressures of 5-15 bar(G), while SOx absorption is higher 
at ambient pressure and 20 bar. The transition from SO4

2- to SO3
2- is significant at 20 bar 

because the concentrations of NO2
- and NO3

- both decrease, indicating that interaction 
between species is occurring. It is clear that this is a complex system, which involves both 
gas and liquid mechanisms. Further work should be undertaken to overcome the issues 
associated with the gas analysis and a mechanistic approach to this complex system needs to 
be adopted. Future experiments will introduce H2O in the gas phase only and study SO2 
absorption without NOx.  
 

0

20

40

60

80

100

120

140

160

180

200

0 5 10 15 20 25 30 35

Pressure, bar g

A
q

u
e

o
u

s
 C

o
n

c
e

n
tr

a
ti

o
n

, 

m
g

/L

NO3-
NO2-
SO4--
SO3--

NO3- without SO2

NO2- without SO2

high SO4--
high SO3--

 
Figure 24: Aqueous NOx and SOx species present in solution after 10 minutes contact time (feed gas mix 
1000ppm SO2, 1000ppm NO, 3.5% O2, N2 balance). Lines marked in grey are results for NOx only 
contacting 
 

4.4 Wet gas phase NOx experiments (N2 +  NO + O2 + H2O) 
The effect of water vapour was investigated at 20 bar using a pre-saturated stream of N2, the 
expectation being that if gas phase reactions are occurring to produce HNO3, then the acid 
would either be condensed out in the lines or be thermally decomposed in the downstream 
furnace. Figure 25 shows the effect of switching the gas mix from dry to wet conditions and 
the subsequent thermal treatment. The ‘without O2’ case still retains a small amount of NO2 
because of the aging effect of NO in the gas bottle. There is a noticeable drop in NO2 
concentration when H2O vapour is introduced (approximately -142ppm). Measured but not 
shown in Figure 25 was the rise in NO (~ +42ppm, with O2) with H2O vapour. These changes 
in concentration are consistent with the equilibrium reaction: 
 

3NO2 g + H2O g  2HNO3 g + NO g  
 
It can also be noted that the use of thermal treatment to decompose any acid gases was only 
successful in changing the NO2 concentration above 500C. The most likely reason for the 
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lack of thermal effect is that the acid gases are condensed out before the thermal treatment. 
The minor impact above 500C may be from acid gas formation on exiting the furnace. 
Figure 26 shows the predicted acid dew point for HNO3 under saturated conditions at 0, 10 
and 20 bar. The inferred HNO3 concentrations from the measured NO2 concentration (i.e. 2/  
NO2) change are also marked for the 20 bar condition. In both cases it can be seen that the 
predicted acid dew point is above 25C (laboratory temperature), which indicates that for 
these wet gas experiments the acid gases formed on contact with water vapour should be 
condensed out within the reactor or transport lines. Some condensation of liquid was noted at 
the furnace outlet consistent with a secondary reaction on cooling. This condensation can be 
seen in Figure 27. Overall, it is clear that the presence of water vapour can have a significant 
interaction with NOx gases under compression, with the result being the formation of acid 
gases which are likely to condense within the pressure vessel. In both cases (with/without O2) 
the amount of NO2 reacted was between 17-19.5% of dry NO2. 

0

100

200

300

400

500

600

700

800

0 100 200 300 400 500 600 700 800 900

Exhaust Gas Temperature, C

N
O

2
 C

o
n

c
e

n
tr

a
ti

o
n

, 

p
p

m

With O2
Without O2

Dry gas

Dry gas

Wet gas

Wet gas

 
Figure 25: Effect of water vapour at 20 bar with and without O2 at 4% 
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Figure 26: Predicted HNO3 acid dew point (ADP) with saturated vapour pressure at different pressures. 
Marked points are predicted ADP for measured concentration changes under wet gas conditions 
 

 
Figure 27: Condensation of HNO3 on the quartz tubing after thermal decomposition 
 
 
 
4.5 Stabilisation media for pressurised NOx liquids (from NOx gas absorption) 
A previous report [47] has shown that a significant gap exists between the measured gaseous 
NO or NO2 exiting the reactor and the amount of NOx present as acid in the liquid (i.e. as 
nitrate or nitrite ions). The previous section has shown that acid gas formation can occur in 
the presence of water vapour. This section evaluates the potential for NOx loss to occur from 
the liquid on depressurisation. While it is well known that HNO3 fully dissociates in water to 
H+ and NO3

- ions, nitrous acid (HNO2) will form a weak dissociation with the majority 
present in its molecular form. Counce and Perona [27] considered HNO2 to be capable of re-
entering the gas phase, though under atmospheric conditions they also considered it to then 
rapidly decompose to NO and NO2. Under pressurised conditions, the dissolved molecular 
HNO2 would be present in concentrations much greater than under atmospheric pressure 
conditions. After depressurisation the HNO2 may be released in an uncontrolled way either 
out through the vented gas or more slowly through a desorption process. The previous report 
used standard nitrate/nitrite water analysis performed by a commercial laboratory (as would a 
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commercial oxy-fuel plant). Such samples may remain stagnant for up to a week and no 
control is given to their exposure to atmosphere. This experiment was designed to oxidise any 
HNO2 dissolved in the liquid to HNO3 and thus form a stabilised nitrate ion which would 
remain in the liquid after depressurisation. 
 
Two cases for using a stabilisation media were evaluated at 10 bar: pressurised oxidation and 
atmospheric oxidation. The first case contacted the stabilisation media under pressure for 24 
hours before being transferred to an atmospheric container. The second case transferred the 
liquid directly into an atmospheric container. Figure 28 shows the comparison of techniques 
determined by ion chromatography, under controlled conditions (i.e. performed on site 
directly following the 36-hour oxidation). In the case of the stabilised solutions no nitrite ions 
were observed. The use of the stabilisation media clearly has an immediate impact on the 
measured amount of NOx in solution. Under pressurised oxidation this produced a 180% 
increase, while the atmospheric oxidation condition produced a 270% increase. For 
comparison, the amount of ‘expected NOx’ is also shown, which comprises of the feed NOx – 
the NOx gases exiting the reactor. This indicates that while successfully showing that the use 
of stabilisation media produces a better NOx balance, there is still 17% of the feed NOx 
missing from the mass balance. At this stage it is not clear why the atmospheric oxidation 
produced a better result, however the pressurised oxidation case produced an observable 
white mist upon depressurisation after 24 hours. This suggests that the oxidation may not 
have been complete and the simplest explanation may be that the ratio of stabilisation media 
to sample may not have been sufficient. 
 
Figure 29 gives an updated NOx balance using the atmospheric oxidation technique for 10, 15 
and 20 bar pressures. Using the stabilisation media, mass balance closures can be made to 
between 70-80%, a significant advance on the previous 40-50% mass balance. For the 
stabilisation tests the downstream transport lines were also washed out with a known amount 
of water and tested for nitrate/nitrite concentrations using the ion chromatograph. Only nitrate 
ions were observed indicating that only HNO3 is condensed out in the wet gas reactions. The 
amount of dissolved nitrates was 2.4% of feed NOx and is also shown in Figure 28. As a 
proportion of exit NO2 gas this represents a 10.8% conversion to condensed HNO3, compared 
with observed 17-19.5% from the previous wet gas phase experiments – the difference being 
that the previous wet gas experiment used the full reactor for conversion at 20 bar while the 
stabilisation tests only used a small proportion of reactor and downstream transport lines at 
10 bar.  Given the impact of oxidation media, it is clear that the hypothesis surrounding the 
volatility of HNO2 is true and that further work should focus on optimising this process for a 
better mass balance closure. Furthermore, while it has been proven that wet gas phase 
reactions do occur and are likely to produce acid condensation, this represents a relatively 
small portion of the overall NOx mass balance during compression.   
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Figure 28: Comparison of NOx recovery with liquid stabilisation techniques. Acid washed out from 
downstream lines also included. Pressurised oxidation occurred over night with remainder at atmospheric 
pressure. Reactor pressure 10 bars 
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Figure 29: Updated NOx mass balance after using stabilisation media 
 

4.6 Mercury behaviour under compression 
The introduction of a mercury laden gas stream into a pressurised system represents a 
significant and particularly hazardous challenge. Furthermore, the use of permeation tubes in 
pressure vessels appears to have not previously been attempted and thus comes with an 
inherently higher risk. Therefore it must first be stated that the designed system as described 
in the Experimental section was successful in producing stable long term mercury levels at 
expected oxy-fuel concentrations for all pressures tested up to 25 bar. 
 
Figure 30 shows the influence of three gas mixes (100% N2, 3% O2/N2 balance and 1000ppm 
NOx/3% O2/N2 balance) at atmospheric pressure and at 20 bar as they are contacted with 
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150mL of 0.1M HNO3. For this first test, the mercury cell was kept at 30C in the water bath 
with pressure and gas mixes varied. It is clear that the system pressure has a significant effect 
on the feed mercury concentrations and it is theorised that the compression of the soft silicon 
tubing containing the liquid mercury reduces the overall surface area through which the Hg0 
gas can diffuse. The second important point of interest is that the substitution of other gas 
species also produces different absorption curves. The addition of O2 appears to produce a 
slightly lower Hg0 concentration, while the addition of NOx appears to have a significant 
impact at 20 bars (i.e. when NO2 conversion is high). It is worth noting that the absorption 
curve for the 1000ppm NOx at 20 bar shows what appears to be a large initial drop in mercury 
concentration (from 5600ng/m3 to 240ng/m3) up to five minutes contact time and then 
undergoes a secondary longer term absorption. A possible reason for this duel absorption 
behaviour is the added effect of NOx absorption. The previous work has indicated that a 
contact time of 10 minutes produces a pH of ~2.7-3.2, however in the four-hour equilibrium 
experiments this could be further reduced to a pH of 0.76. Given that these mercury 
experiments have been undertaken with a 0.1M HNO3 (i.e. pH = 1) there exists the potential 
for further NOx absorption from the gas stream, though the absorption rate is expected to be 
lower at low pH. Furthermore, it must be noted that the nitric acid used for these experiments 
will contain less HNO2 than that produced under ‘true’ NOx absorption. 
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Figure 30: Hg0 injection experiments at atmospheric pressure and 20 bar, with absorption in 0.1M HNO3 
 
 
To compensate for the effect of pressure on mercury feed concentration, the cell was heated 
in a water bath, effectively changing the vapour liquid equilibria inside the permeation tube. 
This allowed the same mercury feed concentration to be maintained for all pressures. Figure 
31 shows the mercury concentration after contacting 1M HNO3 for pressures up to 25 bar 
using a constant feed concentration of 10,000 ng/m3 Hg0 in N2. It can be observed that higher 
pressures exert a greater influence on Hg absorption, however it should also be noted that all 
absorption curves approach a steady state concentration which is below the feed level by 
~100-200ng/m3. This suggests that after the physical absorption of Hg0 has occurred the rate 
may be limited by the conversion to Hg2+ in the liquid. It should be noted that the gaseous 
Hg0 is measured after the back pressure regulator and as such the actual partial pressure of 
Hg0 is much higher in the reactor. The fact that all absorption curves approach the same 
steady state value below the feed Hg0 suggests that the rate controlling step is not in the gas 
phase. 



  Page 
38 

 
  

 

0

2000

4000

6000

8000

10000

12000

0 5 10 15 20 25 30

Time, minutes

H
g

 C
o

n
c
e
n

tr
a
ti

o
n

,

 n
g

/m
3

0 bar
      5 bar
          10 bar
              15 bar
                   20 bar
                         25 bar

feed Hg0 ~ 10,000ng/m3

 
Figure 31: Mercury absorption in 0.1M HNO3 under pressures up to 25 bar 
 
 
After a 30-minute contact time, the feed gas was switched to reactor bypass and the mercury 
was switched off (i.e. N2 bypassed around the mercury cell). When the mercury concentration 
returned to zero, the reactor was depressurised allowing a measurement of continuous 
mercury release from the liquid as the pressure was reduced back to atmospheric conditions. 
This desorption behaviour is shown in Figure 32. Here the same trend can be observed, with 
the higher pressures producing a greater amount of Hg being desorbed out of the liquid. The 
general trend for Hg0 desorption is for an initial sharp peak followed by a slower broader 
peak. The first peak is considered to be caused by the residual Hg0 in the gas volume above 
the liquid which was trapped inside the reactor when the switch to bypass was made. 
Depressurising the reactor caused this gaseous volume (~150mL) to expand and mix with the 
N2 (now atmospheric pressure) flowing in bypass around the reactor. With increasing 
experimental pressure, the expanded volume of the gas is increased leading to a higher 
measured amount of gaseous Hg0 exhausting the system. The second broader peak is 
considered to be caused from desorption from the liquid. It should also be noted that the time 
scale is significantly shorter than the absorption curves, taking only several minutes to 
exhaust the mercury. Of the five experimental runs performed, only the 25 bar run does not 
fit the expected desorption trend. One reason for this may be that a greater proportion of Hg 
was converted to a stable liquid product.   
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Figure 32: Mercury desorption after depressurisation of reactor 
 
 
The amount of mercury absorbed and desorbed was obtained by integration of the respective 
curves over time and multiplying by the constant flow rate (i.e. 0.002m3/min). The extra flow 
of gas associated with depressurising was estimated by assuming the Hg0 concentration in the 
reactor was equal to that measured at the end of the 30-minutes contact time. A comparison 
of absorbed and desorbed gaseous mercury and the amount retained in the liquid is given in 
Figure 33. The absorbed mercury is significantly higher than the combined Hg Liquids + 
Desorbed amounts. This suggests that there is a large gap in the mass balance that, given the 
NOx experience and the measured Hg desorption behaviour, is most likely lost during liquid 
handling. Overall, the total amount of Hg0 absorbed from the gaseous feed Hg0 was 21% at 
25 bar, while the amount retained in the liquid at 25 bar was 2%. This liquid retained Hg 
corresponds well with the difference between feed Hg and the ‘steady state’ absorption rate 
observed in Figure 31 (i.e. 100-200ng/m3), which when integrated amounts to 1-2%. 
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Figure 33: Comparison of mercury mass balance in gas and liquid during compression in 100% N2 and 
0.1M HNO3 
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4.7 Thermodynamics of NOx 
The thermodynamics package FACTSage was used to model equilibrium conditions in the 
wet and dry pressurised system. In practice it was found that almost all NOx species convert 
to N2 under equilibrium conditions. However given that this does not reflect reality, the N2 
species was excluded from the equilibrium calculations. The dry NOx system results are 
given in Figure 34, with NO2 as the dominant NOx species formed. Lesser amounts of N2O 
are formed at pressures lower than 6 bar while this reaction is suppressed at higher pressures 
by the formation of N2O4. Other species, such as NO are formed at concentrations lower than 
1ppm and are not considered significant across the entire pressure range. Comparison to the 
dry experimental results indicates that the measured results operate under kinetically limited 
conditions. The Testo manufacturer suggests that the flue gas analyser is very likely to 
include N2O4 species in the NO2 electrochemical cell (counting as 2NO2). However, this does 
not appear to have an effect on the dry kinetic modelling as indicated in Figure 21. 
 
The equilibrium modelling of the wet NOx system provided a greater number of species. An 
H2O content of 20% was used to simulate the excess water in a real system, though it should 
be noted that the effect of pressure caused a mild increase in H2O condensation. Figures 35 
and 36 give the equilibrium results for gas and aqueous phases. These figures have been 
placed on a logarithmic scale to show the order of magnitude differences between species.  
Pressure did have an influence on both sets of results, however the pressure effect is small 
compared to the significant differences in species concentrations. In the gas phase, HNO3 is 
the dominant species, followed closely by NO2. Both concentrations are much less than 
1ppm. These gases are matched in the aqueous phase by NO3

- and HNO3 (present in water in 
its molecular phase). Of particular interest is the presence of HNO2 in the gas phase and NO2

-

/HNO2 in the liquid phase. These species concentrations are orders of magnitude below the 
dominant NOx species, however, the analysis of the water after 10 minutes of NOx gas 
contact shows the presence of NO2

- in measurable quantities. Similar amounts of NO3
-/NO2

- 
were observed on Linde’s compression train at Schwarze Pumpe [21].    
 
Given that the equilibrium partition between HNO2 and NO2- in the liquid favours the 
molecular form (from Figure 36), it is considered that HNO2 may also be present in 
significant amounts in the gas phase. In the reaction scheme proposed by Winkler et al. [46], 
HNO2 and HNO3 are present in the liquid, but convert to N2O3, N2O4, NO and NO2 in the gas 
phase.   
 
Earlier modelling work by Counce and Perona [27] (shown in Figure 9) considered HNO2 as 
a species which could potentially desorb from the bulk liquid given its substantial vapour 
pressure. However they also considered it as a species that decomposed at ambient conditions 
to form NO, NO2 and H2O. By contrast, HNO3 was not considered an important gas phase 
species due to its low vapour pressure. These insights are important given that most work 
with NOx absorption is for ambient pressures and temperatures (i.e. atmospheric modelling, 
medical NOx), and do not consider a cryogenic stage downstream.   
 
Despite the low gas concentration of HNO3 and even lower concentration for HNO2 in the 
thermodynamic model of this report, the results clearly favour the formation of HNO3 over 
NO2 and HNO2 over NO/N2O3/N2O4 in the gas phase.   
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While the work presented here is ongoing, it does raise some fundamental implications for 
downstream processing during compression of oxy-fuel flue gas – in particular, where a 
carryover of HNO2 may report to and when it may decompose to form NO/NO2/H2O. 
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Figure 34: Thermodynamic modelling of dry NOx system using FACTSage at 25C (1000ppm NO, 3% 
O2, balance CO2 starting) 
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Figure 35: Thermodynamic modelling of gas species in wet NOx system using FACTSage at 25C 
(1000ppm, NO, 20% H2O, 3% O2, balance CO2 starting) 
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Figure 36: Thermodynamic modelling of aqueous species in wet NOx system using FACTSage at 25C 
(1000ppm NO, 20% H2O, 3% O2 starting) 
 

4.8 Thermodynamics of mercury 
 

As with the NOx thermodynamic modelling, FACTSage 5.0 was used to predict the 
equilibrium Hg species under several scenarios, designed to show the influence of various 
mixtures. Figure 37 shows the influence of ‘basic’ oxy-fuel gas species O2 and CO2. It can be 
seen that the main predicted Hg species is solid HgO, indicating that mercury will have a 
tendency to oxidise under the full range of gas conditions. The addition of water vapour had 
no influence on this formation and is not shown, however when water is added above 
saturated conditions (i.e. liquid water present), the secondary species become Hg(OH)2, Hg2+ 
and Hg(OH)+. This is shown in Figure 38. The addition of NO was evaluated under dry and 
saturated conditions and was found to have no influence without a liquid water phase present. 
This is shown in Figure 39 and can be observed to shift the dominant species of Hg from 
HgO(s) to its oxidised ionic form Hg2+(aq). As observed with the NOx, the dominant species 
produced from the addition of NO and O2 is NO2 for gas only conditions, and NO3

- when 
liquid water is introduced. It should be noted that for the two cases where liquid water is 
introduced (i.e. with/without NO in CO2), there is a significant shift in equilibrium pH from 
3.3 to -0.25, which reflects the change in acid formation from carbonic acid to nitric acid.   
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Figure 37: Thermodynamic modelling of gas and solid phases of mercury using FACTSage at 25C 
(1ppm Hg0, 3% O2, CO2 balance). No liquid water present 
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Figure 38: Thermodynamic modelling of gas, aqueous and solid phases of mercury using FACTSage at 
25C (1ppm Hg0, 3% O2, 3.3% H2O, CO2 balance). Liquid water present for all pressures. pH due to 
carbonate formation 3.3-3.9 
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Figure 39: Thermodynamic modelling of gas, aqueous and solid phases of mercury using FACTSage at 
25C (1ppm Hg0, 1000ppm NO, 3% O2, 3.3% H2O, CO2 balance). pH due to nitrate formation -0.25 to -
0.84 
 

4.9 Final comments 
 
The behaviour of NOx in dry and wet pressurised conditions (up to 30 bar) indicates that dry 
NO oxidation can be readily predicted using a simple global reaction (Appendix 1). The wet 
NOx system (continuous gas flowing through a bubbling batch liquid phase) gave 
significantly different results, enhancing the absorption of NO2 from the gas phase and 
favouring the production of nitrate ions (NO3

-) in the liquid phase as pressures were 
increased. The presence of nitrite ions (NO2

-) were considered to reflect the larger amount of 
molecular HNO2 in the liquid phase. Pseudo-equilibrium experiments suggested that 
approximately 45% of the nitrate formation occurred in the first 10 minutes of gas–liquid 
contact, while the formation of nitrite was considerably slower (7%). Thermodynamic 
modelling was used to evaluate equilibrium conditions for compressing oxy-fuel flue gas and 
found that almost 100% of gaseous NOx species were captured in the liquid phase as nitrate 
ions. Of the remaining gas phase, the dominant NOx species was HNO3. The amount of nitrite 
ions measured in the liquid phase was not predicted by thermodynamics. 
 
Closing the mass balance over the wet experiments on the nitrogen element for the analysed 
gases and liquids has proven to be difficult due to the potential formation of a number of 
secondary species, most of which are not readily analysed.  
 
Pires and Rossi [29] showed that a mixed feed gas with NO and SO2 will form a significant 
amount of N2O as the pH of the liquid becomes highly acidic (i.e. pH<3). The contact 
conditions for gas with liquid were based on a static atmosphere with liquid injected into a 
glass dish of known surface area. Measurements were obtained by laser through the cell. 
Pettersson et al. [30] used the Pires and Rossi mechanism to model N2O formed in 
pressurised oxy-fuel conditions along with the formation of acid condensates. Their model 
system was a plug flow reactor with a general evaluation of mass transfer limitations. Their 
results indicated that NO3

- concentration reached around 7500mg/L at 20 bar in 100 seconds 



  Page 
45 

 
  

contact time. This is comparable to measured oxy-fuel compression condensates of 
4900mg/L NO3

- by Keopke et al. [32]. In this work, the maximum NO3- concentration 
measured was 105mg/L during the eight-hour pseudo-equilibrium conditions at 20 bar 
(without SO2 present). Such an order of magnitude difference between the current and 
literature results suggests that the contact surface area inside an oxy-fuel compression system 
may be considerably higher than within the present laboratory bubble column. In the Callide 
system such gas–liquid contact may occur through mist formation after each compression 
stage, wetted wall contact at the intercoolers and in the packed column at the final stage of 
high pressure NOx absorption. The next step is to relate laboratory outcomes with field data, 
particularly with respect to the contact/mixing conditions and contact time (see details in 
Section 5: Future Work). 
 
Candidate secondary species include HNO2 (which dissociates back to NO and NO2) or N2O5 
(a white solid at room temperature which can dissociate to NO2 and O2). With the addition of 
SO2 the list of potential ‘candidate’ secondary species includes N2O, (NO)2S2O7 and 
HNOSO4. The present work has shown that the nitrogen balance can be significantly 
improved when the liquids are oxidised prior to analysis, using an oxidative media 
(KMnO4/NaOH). This suggests that a proportion of the nitrogen in the liquid phase exists as a 
volatile species. This is most likely HNO2 as it only weakly ionises and is present in 
molecular form. The addition of this oxidation media allows the HNO2/NO2

- to be oxidised to 
a stable NO3

- form. This finding has important implications for sampling in an oxy-fuel 
compression circuit and also the disposal of condensate. 
 
In summary, this report has undertaken mechanistic studies of NOx and Hg behaviour under 
oxy-fuel compression. It has been shown that: 

a) wet gas reactions involving NOx can produce acid condensates 
b) pressurised liquid systems require oxidative stabilisation media to improve the mass 

balance for NOx 
c) gaseous Hg0 capture is feasible under pressure in acid condensates  
d) desorption of Hg0 from pressurised liquids will occur once depressurised. 

 
Related to b), the NOx balance was closed to within 80% of the feed NOx and it is suggested 
that full closure could be obtained by optimising the liquid stabilisation step. The mercury 
mass balance in N2 could only be closed to 20% of the measured absorbed Hg. It was 
suggested that a similar stabilisation step as the NOx will be necessary to obtain a full 
balance.   
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5. Future Work 
 
The experiments have shown that interpretation of the dry gas phase conditions are relatively 
simple, while mixed conditions (i.e. dry gas/gas–liquid contact/wet gas) create a very 
complex system with similarly complex results.   
 
Future work should focus on several areas: 
 

 Separation of the three experimental conditions identified in Figure 11 to study the 
effect of wet gas phase only and gas–liquid contacting only – these experiments will 
further aid in determining which species are currently being lost to the analysis and 
the extent of their impact. Some of this work has been completed. Such work was 
undertaken using a bubbling system to pre-saturate the N2 prior to mixing the gases. 
Tests also included removing O2 to see the effect of H2O vapour only. The current 
experiments have been conducted in an N2 atmosphere, and additional experiments in 
CO2 should be made as this represents the real oxy-fuel flue gas. 

 
 Conduct comparative experiments with SO2 only (i.e. no NOx) – determining whether 

the NO oxidation process is enhancing/catalysing the absorption of SO2 requires a 
baseline for comparison. The work conducted here has shown that the effects of a 
mixed gas system produce results that lack a definitive trend and this may be because 
of multiple mechanisms occurring. Future work will focus on lower SO2 
concentrations as expected in the Callide Oxyfuel Project. 

 
 Studying Hg removal by addition of gaseous Hg to feed gas – adding Hg to the 

experiment represents a significant challenge, more so in high-pressure system. The 
current experiments involve Hg addition to occur by bubbling Hg laden gas through 
controlled HNO3 solutions to compare capture performance without the complexity of 
NO gas–liquid mechanisms. Further work in mixed feed gas systems should focus on 
repeating the Hg absorption/desorption tests in mixtures of O2, NOx, H2O and CO2. 
Experiments should be performed under both dry and wet conditions with 
stabilisation of liquids included. 

 
 Identification of NOx species – an important aspect of future work is to identify the 

solubility of the NxOy products. It is beyond the scope of this project and laboratory 
capability to perform measurements for each of the many potential individual species. 
This would require online and high-pressure FTIR gas phase analysis having a high 
cost, which is not currently considered justifiable. Instead, the focus will be on 
whether the NxOy species formed are soluble and form liquids. The effort will 
therefore focus on the analysis of the liquid products. Experiments could be 
performed using a high-pressure caustic wash to capture any soluble gas phase NOx 
species exiting the main bubbling apparatus. This work could be supported by FTIR 
analysis on batch gas samples and a wider thermodynamic study in different 
conditions. 

 
 Incorporation of condensing moisture – in practice as pressure increases, flue gas 

moisture will condense as a mist of high surface area, and hence high reactivity for 
acid formation from acid gases. A compression system to facilitate mist formation is 
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planned for a later part of the project. This is shown in the Figure below. A variable 
speed drive on the compressor will allow the effect of residence time to also be tested. 

 
 Focussed mechanistic NOx and Hg study – this work has shown that the mixed system 

of NO2, H2O and Hg is complicated and thus far has only targeted the feasibility of 
such mechanisms. It is clear that a more detailed understanding is required 
particularly revolving around the formation of HNO2 and its effects on Hg0 oxidation. 

 

 
 
 

6. Conclusions 
 
Experiments involving the pressurised contacting of gaseous NOx and SOx with liquid water 
were undertaken using a custom built apparatus. The gases were bubbled through a set 
amount of water with gas analysis being measured continuously during the experiment and 
the liquid analyses taken at the end.   
 
The experiments have established the feasibility of CO2 gas quality control in oxy-fuel 
technology by removal of sulfur oxide and nitrogen oxide gas impurities during compression 
as liquid acids. 
 
The findings are summarised according to the focussing questions: 
 
Extent of NO oxidation during compression – It was found that insoluble NO readily oxidised 
to soluble NO2 with increasing pressure under dry conditions. The conversion rate was found 
to exceed 90% above a pressure of 15 bar. This oxidation was found to be kinetically limited 
and could be predicted using a single global reaction scheme (Appendix 1). 
 
Practical implications: the extent to which NO is oxidised in an oxy-fuel compression 
train will depend on the residence time and pressure within each compression stage. 
Given that the final pressure during processing will exceed 20 bar, an overall conversion 
exceeding 93% can be expected. This suggests that there is a significant opportunity to 
remove NOx impurities during oxy-fuel CO2 purification. 
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Absorption of NO2 to form nitric acid as a condensate – The wet contacting experiment 
showed that 97% of the feed NO could be removed at 30 bar and that the NOx gases exiting 
the system were less than 100ppm. An increase of pressure resulted in an increased formation 
of nitrate in the liquid product, NO3

-, with reduced amounts of nitrite, NO2
-. Above a pressure 

of 20 bar the extent of nitrate ions was reduced in favour of nitrite ions. However, in 
attempting to close the mass balance between gaseous and aqueous NOx some gaseous NOx 
has been unaccounted for.  It is suggested that this is due to the available gas analysis 
methods being unable to analyse higher order NxOy species expected from a thermodynamic 
assessment.   
 
Practical implications: The conditions and pressures in an oxy-fuel compression circuit 
suggest that a significant conversion of NO to higher order oxides can be expected. Such 
oxides are more soluble than either NO or NO2 and thus would most likely react with the 
condensate to form liquid acids. In previous studies there is some evidence of white solid 
NxSyOz formation in laboratory oxy-fuel compression systems and in NO oxidation 
studies. The solid could potentially cause blockages in areas downstream of any water 
removal stages (i.e. if no liquid water is present). 
 
Absorption of SO2 and interference with NOx oxidation – the experiments have shown that 
SO2 is absorbed in the liquid as either H2SO4 or H2SO3. At a pressure of 20 bar, the SO2 
absorption in the liquid had a significantly negative effect on NOx absorption. At the 
intermediate pressures 5-15bar, NOx remained unaffected (i.e. similar to results without the 
presence of SO2) and the absorption of SO2 was not significant.   
 
Practical implications: During multi-stage CO2 compression it is most likely that 
remaining SO2 will be removed during early stages (prior to NO2) along with the majority 
of the water vapour. At pressures above 20 bar, NOx oxidation and absorption to form 
acid may not be restricted by the existence of SOx. 

 
Wet gas experiments and stabilisation of NOx liquids – The use of stabilisation media on 
the liquids enabled a mass balance closure of between 70-80%. This proved that the 
volatility of HNO2 is an important variable when analysing liquids from this pressurised 
system. Wet gas experiments proved that NOx gases could be reduced without liquid 
water present, however the analysis of the condensates showed that the product of these 
gas phase reactions is HNO3. Acid gas reactions were measured to occur between 10-20% 
of NO2 concentration, but make up only around 2% of total feed NOx (depending on 
pressure).  
 
Practical implications: During CO2 compression NOx gases will be absorbed in the 
liquid condensate as both HNO2 and HNO3. The HNO2 is known to be a volatile species, 
present in the liquid in its molecular form and held in solution by the higher pressure and 
absorbing NOx gases. Upon venting these condensates, the HNO2 dissolved in liquid will 
most likely be released from the liquid on depressurisation and is expected to decompose 
to NO and NO2. This represents a potential NOx emission point and has both 
environmental and safety issues. Acid gas formation has been shown to occur in the 
presence of pressure and water vapour. While the total conversion to HNO3 is small, this 
amount is likely to occur in partial pressures conducive to condensation. This represents a 
significant corrosion potential and should be considered in the use of material and 
preventative maintenance. 
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Pressurised gas–liquid experiments involving Hg0 – an apparatus for introducing gaseous 
Hg0 into 0.1M nitric acid was successfully trialed at pressures up to 25 bar. Initial tests 
with different gas mixes of N2, O2 and NOx showed that the most significant difference 
occurred when both O2 and NOx were present at 20 bar. Controlled absorption 
experiments using gaseous Hg0 in N2 in nitric acid showed that up to 21% of the feed Hg0 
could be removed from the gas. However on depressurising the system 6.3-10.4% of 
absorbed mercury was then desorbed out as gaseous Hg0, while only 9.7-24.6% of 
absorbed gaseous mercury was retained in the liquid as a stable product. In the current 
experiments, the overall Hg balance could only be closed to 12-35%, with the remaining 
65-88% considered to have desorbed out slowly over time. 
 
Practical implications: The behaviour of Hg in liquids appears similar to that of the 
NOx, in that a portion may be dissolved in the liquid under pressure but released on 
depressurisation. Without the presence of O2 and NOx the amount of stable Hg retained in 
the concentrated nitric acid is small. However, the current work has proven that Hg0 
capture from the process gas into nitric acid is possible and therefore serves the first 
priority of protecting the cryogenic heat exchangers. A secondary consideration is the 
environmental and safety aspects of Hg emissions from the condensate exhaust.
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Appendix  
 
Global reaction of NO oxidation 
According to Joshi and co-workers [48], nitric oxide (NO) is oxidised in two steps, initially 
forming an intermediate dimer (NO)2 in a fast reaction followed by a slower oxidation step 
with O2. However, below 350C, the back reaction is negligible: 
 
2NO  (NO)2  (fast)     (1) 
 
(NO)2 + O2  N2O4  2NO2  (slow and rate determining) (2) 
 
Reaction (1) is in equilibrium with an equilibrium constant of  
 
Ke = [(NO)2]/[NO]2      (3) 
 
The oxidation rate of NO can be shown to be 
 
Rate = k[(NO)2][O2]      (4) 
         = kKe[NO]2[O2]      (5) 
         = kc[NO]2[O2]      (6) 
 
In this case the approximation of kKe as kc simplifies the overall reaction scheme to a global 
reaction and produces a negative activation energy (due to the inclusion of the equilibrium 
constant). The effect of this produces a higher rate at lower temperatures. Tsukahara et al. 
[45] summarised a number of kinetic studies and recommended this global reaction to be: 
 
2NO + O2  2NO2      (7) 
  
with the reaction rate given as  
 

 
   2

22 530exp2400 ONO
Tdt

NOd








     (8) 

 
This reaction form has been used previously by Linde as part of their pilot “Cold DeNOx” 
work [46] with compressed oxy-fuel flue gas. 
 
 
Table 1:  Reactions and Equilibrium values for Counce and Perona NOx mechanisms [27] 
 
Reaction/equilibrium Rate constant K eq Source 
2NO + O2 = 2NO2 k = 2400exp(530/T)  [49] 
2NO2 = N2O4  6.86 [50] 
NO + NO2 = N2O3  0.535 [50] 
NO + NO2 + H2O = 2HNO2  0.0531 [50] 
2NO2 + H2O = HNO2 + HNO3 k = 7E7  [29] 
N2O4 = H2O = HNO2 + HNO3 k = exp(16.38-3163/T)  [51] 
HNO2 = H+ + NO2

-  5.1E-4 [50] 
HNO3 = H+ + NO3

-  15.4 [50] 
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Table 2: Solubility values for NOx and SOx species [28] at 25C 
 
NOx species 
Substance Henry’s 

Constant 
[M/atm] 

Original source 

Nitric oxide, NO 1.4x10-3 Lide and Frederikse (1995) 
Nitrogen dioxide, NO2 1.2x10-2 Chameides (1984) 
Dinitrogen trioxide, N2O3 6.0x10-1 

2.6x10-1 
Schwartz and White (1981) 
Durham et al. (1981) 

Dinitrogen tetroxide, N2O4 1.4 
1.6 

Schwartz and White (1981) 
Durham et al. (1981) 

Dinitrogen pentaoxide, N2O5 2.1 Fried et al. (1994) 
Nitrous acid, HNO2 50 Becker et al. (1996) 
Nitric acid, HNO3 2.1x105 Lelieveld and Crutzen (1991) 
 
 
 
SOx species 
Substance Henry’s 

Constant 
[M/atm] 

Original source 

Sulfur dioxide, SO2 1.3 Kavanaugh and Trussell (1980) 
Sulfur trioxide, SO3 Infinity Sander and Crutzen (1996) 
Sulfuric acid, H2SO4 Infinity Schwartz and White (1981) 

Durham et al. (1981) 
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Summary  
 

The final stage of ANLEC R&D Project 6-0710-0061 involves CO2 compression experiments 
with mercury and NOx removal, with laboratory experiments on simplified gases and 
experiments involving slipstreams on real oxy-fuel flue gas from the Callide Oxyfuel Project 
(COP). 
 
This report details the compressor apparatus that has been developed for use at the COP and 
also details the laboratory measurements. The COP measurements completed in October 2013 
are detailed in the final project report.  
 
The research has been undertaken because mercury in flue gas represents a potential 
corrosion risk in the processing of CO2 from oxy-fuel combustion processes. Gas phase 
elemental mercury (Hg0) is difficult to remove from the flue gas and the level of cleaning 
required to prevent corrosion of cryogenic aluminium heat exchangers is uncertain.   
 
This work has investigated the behaviour of gaseous Hg0 in pressurised oxy-fuel systems in 
terms of the potential capture in acidic condensates, interaction with NOx gases and liquid 
stability on depressurisation. Two reaction vessels were used in the study. The first is a small 
pressure vessel apparatus to allow controlled contact with liquid at pressure. The second 
involved a three-stage axial-piston compressor with gas and liquid sampling, which will be 
used subsequently at the COP.   
 
The main finding is that Hg0 reacts readily with NO2 formed from NO oxidation at high 
pressure. This reaction is shown to be kinetically limited, and occurred without the presence 
of water (water vapour or liquid water), contrary to speculation in the literature. Without 
NO2, no capture of Hg0 was observed in the compression system.   
 
Gaseous Hg0 could be absorbed in 0.1M HNO3 but was shown to partially desorb when 
pressure was released, resulting in emissions from the liquid, and representing a potential 
issue for waste disposal. The liquid condensates produced from compression were analysed 
using a controlled method to measure emissions after pressure release and found that 3-10% 
of the NOx in the liquid was volatile, while less than 0.1% of aqueous phase Hg was unstable.  
These condensates were particularly acidic (pH -0.2 to 1) and consisted predominantly of 
HNO3.   
 
Overall, the capture of mercury during compression occurred as a consequence of high 
pressure, longer residence time and concentration of NO2. This oxidation process could also 
be predicted using a simple kinetic model. Capture rates of 100% Hg and 91-95% NOx were 
measured from the compressor exit at 30 bar(G). In the small pressure rig, a reduction in the 
concentration of NOx from 1500ppm to 500ppm required a rise in pressure from 8 to 14 
bar(G) to ensure 100% removal of Hg0 from the gas stream. 
 
The practical applications of the results are: 
 
Gaseous Hg0 in the flue gas can be effectively removed from an oxy-fuel derived gas stream 
using the compression circuit during back-end CO2 processing. This reduces the risk of 
mercury corrosion of cryogenic aluminium heat exchangers and suggests that dedicated 
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removal units, such as an activated carbon bed are not necessary in an oxy-fuel circuit. These 
findings represent a paradigm shift in mercury control for oxy-fuel technology and reduce the 
emphasis on upstream speciation and capture.   
 
The main pathway for mercury oxidation occurs in the gas phase with reactions involving 
NO2/N2O4, rather than with acids generated during condensation. The conditions that 
enhance NO oxidation are the same as those for Hg oxidation, namely higher pressure and 
residence time. This can be observed in the modelling results (shown below). However, the 
presence of liquid water in an oxy-fuel compression circuit is both necessary for removing 
NOx and a hindrance for removing Hg. This work has shown that Hg0 can be dissolved in 
acidic liquid at high pressure, but does not form a stable salt without the presence of a 
gaseous oxidiser. Therefore the premature capture of NOx into the liquid condensates will 
retard the removal rate of Hg0. Future design of back-end oxy-fuel CO2 processing plants 
could enhance the Hg oxidation rate by prolonging the residence time prior to intercooling 
and condensate removal.   
 
The final oxidised Hg product has yet to be identified. The current research has shown that 
Hg0 is removed from the gas phase but has yet to identify the reaction product. Likely 
candidate products are a Hg-NOx salt or HgO. The results of this work have shown that a 
significant portion of the gaseous Hg was not removed in the condensate and was not present 
in the gas as Hg2+. It is therefore possible that the Hg is being deposited in a section of the 
laboratory compression apparatus which is not being regularly contacted with water or that 
the compound is not soluble. On a practical scale, this may ultimately present a risk of 
blockage or a safety hazard during shutdown. Identification of the final oxidised form of Hg 
under compression conditions will offer insights into its behaviour during compression and 
ultimately result in better circuit designs to optimise its capture. 
 
Highly acidic condensates represent a corrosion risk. The pH analysis of the condensates 
indicated a significantly high acidity due predominantly to the presence of HNO3 in the 
liquid. Given that the nitrogen mass balance closure was relatively poor, there is a possibility 
that deposition of HNO3 is occurring in non-wetted sections. Given that observed blockages 
were found in areas surrounding the back pressure regulators and piston head it is also 
possible that other NOx species such as N2O5 (a white solid at room temperature) may also be 
formed. In this work, the blockage was easily removed with water and future design options 
may take advantage of such solubility to remove potential build-ups. The emissions of NOx 
produced from depressurising the liquid condensates represent a potential safety hazard. 
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Introduction 
 
The increase in anthropogenic CO2 emissions has been invariably linked to dangerous climate 
change and one of the largest sources of CO2 is the generation of electricity [1]. Currently 
coal fired power stations produce 42% of the world’s electricity [2] and coal combustion 
accounts for 43% of the world’s CO2 emissions [3]. However, with the world’s population 
predicted to increase to 8.2 billion by 2030, the rising demand for electricity is expected to 
increase the need for coal fired power generation [4]. Oxy-fuel combustion is one CO2 
capture technology which reduces the emission from coal fired power utilities and allows safe 
storage of the CO2 in deep underground aquifers.   
 
Oxy-fuel technology is based on the combustion of coal in a mixture of O2 and recycled flue 
gas, producing a flue gas rich in CO2 which is then compressed, liquefied and injected 
underground. The technology has been significantly reviewed as it moves towards 
demonstration [5-9]. With the recycle of flue gas, oxy-fuel systems are known to produce 
higher impurity levels and these gas cleaning challenges can be met with a number of plant 
configurations [10]. Traditional gas cleaning units (such as FGDs for SOx removal) have been 
shown to operate to similar performance capabilities as in air fired conditions [11, 12].  
However, a particular benefit of oxy-fuel combustion (and of considerable interest) is the 
passive removal of impurities during CO2 compression. 
 
Air Products have demonstrated the potential removal of SOx and NOx during compression 
using the well-known lead chamber process [13] at the Doosan Babcock’s Oxyfuel pilot plant 
in Renfrew, Scotland. This process utilises the enhanced oxidation of nitric oxide (NO) to 
NO2, which in turn acts as an oxidiser for SO2 to produce H2SO4 in the liquid compression 
condensate. The Air Products ‘Sour Gas Compression’ takes advantage of this phenomenon 
by increasing the contact time between the compressed flue gas and the liquid water to 
produce two concentrated streams of H2SO4 and HNO3. Other systems, such as LINDE’s 
compression plant at Vattenfall’s Oxyfuel Pilot Plant at Swarze Pumpe [11, 14] and the 
University of Hamburg’s Oxyfuel Pilot Plant [15] have already demonstrated that acidic 
condensates as low as pH=0.8 can be formed by compressing oxy-fuel flue gas containing 
NOx. Another flue gas contaminant, mercury (as gaseous Hg0), must be removed prior to the 
CO2 liquefaction, as brazed aluminium heat exchangers used in the process are well known to 
be corroded in the presence of mercury [16]. Air Products have theorised that flue gas-borne 
mercury (present as Hg0) will be absorbed in the nitric acid formed from compressing the raw 
CO2 from an oxy-fuel system [17]. This ties the removal of mercury to the absorption of NOx 
in compression condensate and (if successful) could replace the more expensive traditional 
options such as activated carbon beds. However, as yet there has been no demonstration of 
mercury removal in these compression systems, in part because of the inherent difficulties 
involved in sampling mercury in large systems (e.g. high metallic surface area) and also 
because of issues surrounding intellectual property.  
 
The majority of mercury research has been focused on two areas, the speciation and removal 
of mercury from combustion flue gas and atmospheric mercury behaviour. Both areas of 
mercury research involve conditions (temperature, pressures, reactant species) that are very 
different from that of an oxy-fuel compression system (see Figure 1). Pavlish et al. [18] 
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reviewed mercury transformations in air fired combustion systems and the subsequent 
removal on sorbents (mainly activated carbon). The dominant work in this field has focused 
on Hg–Cl2 chemistry, as this interaction is the most thermodynamically favourable given the 
available chlorine. However, there has been an increasing interest in Hg–Bromine chemistry 
due to the potential for bromine addition either directly to the coal or through sorbent 
injection [19]. The removal of mercury in air fired systems typically occurs by absorbing 
mercury species on the residual carbon contained in the fly ash. A secondary measure is to 
place an activated carbon bed after the particulate removal. In both the fly ash and activated 
carbon cases, the level of SO2 has been shown to have an adverse impact on absorption as has 
the temperature of the flue gas [20, 21]. For oxy-fuel systems, impurities such as SO2 and 
H2O can be up to five times higher than the comparative air fired system and the subsequent 
acid dew point increased by 30-50C [22]. Such effects surrounding particulate removal have 
yet to be established in oxy-fuel combustion systems and are an area of ongoing research. 
However, early work at Vattenfall’s Schwarze Pumpe oxy-fuel plant showed that the 
activated carbon bed placed after the ESP contained significant levels of sulfur and was thus 
expected to have a reduced adsorption capacity [11].  
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Figure 1: Comparison of the different conditions involved with oxy-fuel compression compared to other 
areas of mercury research related to NOx 
 
 
After particulate removal, the non-recycled flue gas is then fed away from the combustion 
plant to be cleaned and compressed. An example of an oxy-fuel compression system is given 
in Figure 2, which illustrates the compression circuit used at the Callide Oxyfuel Project 
designed by Air Liquide. The current trend in the larger oxy-fuel systems (i.e. Schwarze 
Pumpe, Callide, FutureGen 2.0) is to use a direct cooling unit to quench the incoming flue 
gas prior to compression. This quenching allows the flue gas to be cooled from above the 
acid dew point to below the water dew point. The liquid contact also provides further removal 
of entrained fly ash, and the addition of caustic scrubbing media aids in capturing SOx from 
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the flue gas. From a mercury perspective, the contact with water is expected to remove the 
majority of the oxidised (water soluble) mercury species before compression along with other 
potentially soluble reactant species such as Cl2 and HCl. In this respect, the speciation of 
mercury exiting the oxy-fuel combustion plant ultimately determines how much (non-
soluble) elemental mercury (Hg0) is passed through the quench stage and into the 
compression plant.   
 
The use of activated carbon beds under higher pressure has long been used in the natural gas 
industry to control mercury levels as a protection against cryogenic corrosion. However, 
activated carbon beds at high pressure in combination with O2 has been linked with several 
explosions [23] and thus present a risk when used in oxy-fuel compression systems. It has 
also been shown that NO2 can also act as an oxidiser on carbon surfaces [24]. If elemental 
mercury can be captured in combination with NOx gases during oxy-fuel flue gas 
compression, then this presents a relatively low cost cleaning option without the risks 
associated with activated carbon beds. Therefore, the focus of this research was to study the 
interaction of Hg and NOx gases under pressures and conditions consistent with oxy-fuel flue 
gas compression. Evidence suggests that low concentrations of NO2 (i.e. ~30ppm) can react 
with gaseous Hg0 on the surface of carbon to produce a stable non-volatile product at 100-
150C, theorised to be mercuric nitrate or oxide [25, 26]. Only one study [27] measured the 
gas phase kinetics between Hg0 and NO2 and this reaction was found to be first order with 
respect to Hg0 and second order with respect to NO2 between 20-200C.  Higher temperatures 
exhibited heterogeneous kinetics 200-500C and no reaction was observed above 500C. In 
this particular study, the authors did not determine the product of reaction. Older studies have 
shown that liquid mercury does react readily with NO2 to produce Hg(NO3)2 [28, 29]. Early 
work by Dhar [30] discusses the mechanisms of using dilute and concentrated nitric acid on 
liquid mercury and suggests that HNO2 plays an important role in determining the formation 
of sparingly soluble mercury I nitrite or relatively soluble mercury II nitrate. Later work by 
Zhao and Rochelle [31] demonstrated that the absorption of gaseous Hg0 is enhanced by 
higher concentrations of nitric acid.   

 
Figure 2: Diagram of the CO2 processing unit at the Callide Oxyfuel Project, designed by Air Liquide [32] 
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Overall, there is sufficient evidence in the literature to suggest that gaseous Hg0 does react 
with both NO2 in the gas phase and HNO3 in the aqueous phase. However, the extent of these 
reactions in an oxy-fuel compression system is currently unknown, nor which mechanism 
(gas, liquid or other surface) is prevalent, nor the final product that mercury forms. This 
research is intended to provide an initial assessment of mercury behaviour during oxy-fuel 
compression and act as a guide for future work. 
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Experimental 
 
Two pressure systems were designed to evaluate the behaviour of gaseous elemental mercury 
during compression.  
  
The first system was a small pressure vessel apparatus that allowed controlled gas–liquid 
contact under high-pressure turbulent mixing conditions. The second system involved a 
piston compressor taking low-pressure gas and compressing it in three stages. This system 
provided conditions most resembling an oxy-fuel compression system, in particular the high 
surface area contact between gas and liquid during condensation (e.g. mist and wetted walls). 
 
Small pressure vessel apparatus (continuous gas/batch liquid) 
The first system evaluated was a simple pressurised impinger as used previously [33] for NOx 
behaviour (shown in Figure 3). The system used three mass flow controllers to feed in a 
mixture of N2, O2 and 1% NO in N2 into a 300mL sample cylinder filled with 150mL of 0.1M 
HNO3. The 0.1M HNO3 concentration was chosen to reflect an acidic condensate of pH = 1, 
as observed with previous systems. Sample lines were made from ¼˝ stainless steel and the 
sample cylinder was made of 304 stainless steel coated in Sulfinert. As with previous work, 
the residence time of the gas varied with pressure but the total contact time between gas and 
liquid was ~1second. To inject gaseous elemental Hg a novel system involving a Hg 
permeation tube and a water bath were used to control the amount of Hg in the feed gas. 
Permeation tubes are typically used in calibration units to enable relatively low Hg contents 
by controlling the diffusion of Hg through a Teflon tube. Liquid Hg is contained in the tube 
and its equilibrium gas pressure is exerted to drive the diffusion across the Teflon tubing.  
Controlling the length of tube and the temperature of the liquid Hg allows a relatively simple 
system to be used under high pressure. In this case, the 30mm permeation tube was placed in 
¾˝ Swagelok tubing and placed in a water bath. The N2 line was plumbed to allow bypass of 
the permeation cell during start-up/shutdown of the unit. The other gases were mixed after 
the Hg was added to avoid reaction with the liquid Hg in the tube. In practice, the N2 was 
switched to bypass the permeation cell and the reactor to set the system pressure with the 
back pressure regulator. The reactor was then allowed to pressurise from the exit (i.e. no 
bubbling through the liquid). The N2 was then contacted with the permeation tube to flush the 
system. The elemental Hg content of the gas was continuously monitored with an Ohio 
Lumex RA-915+ Hg emission analyser during this phase to determine when the system was 
at steady state. The effect of pressure was observed to reduce the overall Hg0 content in the 
gas and the water bath temperature was used to counter this influence. 
 
When steady state conditions were reached, the O2 and NO MFCs were switched on and the 
feed gas directed into the reactor. Two series of experiments were conducted with this 
methodology. The first evaluated the effect of gas constituents (N2, O2 and NO) on gaseous 
Hg0 at atmospheric pressure and 20 bar. For these tests O2 was limited to 3% and NO was fed 
at 1000ppm. The second series evaluated the effect of pressure on Hg absorption from the 
liquid during and after depressurisation. 
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Figure 3: Pressurised Hg feeder and small gas–liquid contactor 
 
Laboratory piston compression apparatus (continuous gas/continuous liquid) 
The second apparatus used for evaluating Hg behaviour in oxy-fuel was a laboratory scale 
compression system built from a three-stage air compressor manufactured by RIX and 
modified to allow gas sampling between compression stages and inter-stage variation of 
pressure. Figure 4 shows a diagram of the apparatus using the same gas and Hg feeding 
system with the addition of a H2O bubbling saturator prior to entering the compressor. Table 
1 provides a summary of the compressor details and its modifications. The compressor was 
fitted with a variable speed drive to change the gas intake (i.e. in effect changing the 
residence time of the gas). After stages two and three a back pressure regulator, pressure 
relief valve and pressure gauge were fitted to allow the pressure to be altered within the 
compression circuit. Sampling of the gas occurred using a dilution system manufactured by 
M&H which pulled 9L/min of compressed air through a critical orifice and venturi providing 
a 0.5bar vacuum for sampling 1L/min of gas through a second orifice. This combination 
diluted the sample gas by 1:10 and allowed the NOx analyser to handle high NO2 
concentrations (typically limited to ~100ppm NO2). A dry gas meter measured the gas 
flowing out of the compressor after passing through an activated carbon scrubber. 
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Figure 4: Laboratory compression system with gas feeding system (feeding O2/N2/NO, Hg0, H2O), three-
stage axial piston compression and inter-stage gas and liquid sampling 
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Liquid samples were taken after compression stages two and three using the moisture 
separators provided with the compressor. The modifications involved removing the copper 
cooling coils in favour of flexible high-pressure Teflon tubing braided with stainless steel and 
a 300mL 304SS sample cylinder. The liquid sampling modifications are shown in Figure 5.  
These additions allowed for indirect water cooling of the compressed gas leaving the piston 
stage and for condensation of water. This step was considered important from the perspective 
of simulating mixing conditions between gas and liquid prevalent in compression (i.e. high 
surface area, wetted walls, condensing droplets). The gas/liquid mix was then directed to the 
moisture separators, where the liquid was allowed to build up until reaching a suitable sample 
volume. The gas exited from the top of the separator and passed through the back pressure 
regulator and into the next stage (i.e. either third stage piston or exit). The liquid was sampled 
in a highly controlled method using a fine needle valve and directed towards an air-aspirated 
sample cylinder (300mL, 304SS). The purpose of this was to test the amount of dissolved 
gases (NOx, Hg0/Hg2+) escaping from the liquid condensate on depressurisation. The dilution 
box was used to pull 1L/min of air through the aspiration vessel and mix it with 9L/min of 
dilution air. The controlled liquid flow was passed into the aspirator through a 1/8˝ stainless 
steel tube. After 10 seconds, the liquid flow was stopped and the evolution of dissolved gases 
was measured overnight. The following day, the liquid was sub-sampled and diluted to 
measure the pH and nitrate/nitrite content. The remaining liquid was injected with 50mL of 
0.5M SnCl2/ 1M HCl solution, which reduced the remaining dissolved mercury from Hg2+ to 
Hg0, allowing it to be swept from the aspirator in the gas stream and measured with the 
analyser. In this way, the amount of stable and volatile NOx/Hg in the liquid condensate could 
be determined. 
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Figure 5: Detailed diagram of inter-stage compression line showing water condensation, gas–liquid 
separation and liquid sampling system using controlled depressurisation and air aspiration 
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Comment on water vapour 
The experiments performed with the compressor under ‘wet’ conditions relied on bubbling 
the feed gas through a water-filled impinger. As such the gas was considered to be close to 
saturation. However the absolute amount of water fed into the compressor was dependant on 
ambient laboratory temperature which was approximately 25C. This temperature ultimately 
limited the condensable water that could be removed in the second stage moisture separator 
and presumably may have some influence on NOx capture. It is not in the scope of this study 
to evaluate the impact of changing the water vapour content, however it is suggested as an 
area for future work as ambient temperature variation is expected in a practical application. 
 
Comment on NOx gas analysis 
The analytical method used for NOx gas analysis was based on chemiluminescent detection. 
These units are the commonly used systems in commercial application. This method detects a 
total NOx and uses a converter to provide the difference between total NOx and NO2. In this 
case the NO2 difference signal may be comprised of other N species, of which N2O4 is 
expected to be measured as 2xNO2 (due to the equilibrium between NO2/N2O4) and amounts 
of N2O3, N2O, HNO3, HNO2 (all of which may be detected to varying yet unquantifiable 
degrees). It should also be noted that the gas measurements are made at atmospheric pressure 
after exiting the pressure vessels. It is expected that this may also have an influence on 
species such as N2O4, N2O3 and HNO2. As such the term NO2 is used here with the 
understanding that other species may be present and future work should be focussed on 
clarifying the presence and quantification of these gases. 
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Table 1:  Summary of Compressor Details and Modifications 
 Initial System Modifications 
Description RIX Industries Model SA-3 oil free, three 

stage, axial piston air compressor, designed for 
SCUBA tank filling 

 

Functional 3HP electric motor 
 
Maximum pressure 248bar 
 
 
3CFM flow rate at a speed of 2300RPM 

2HP max after fitting with variable 
speed drive 
Pressure Gauges + control to 40 
bar, relief valve to 50bar 
 
2CFM 

Compressor Piston Size:  
1st stage 2.25” diameter 
2nd stage 1.00” diameter 
3rd stage 0.50” diameter 
 
Stroke 0.94” 
Oil free 
 
Cooling: Forced air fan 

 
Air cooling coils removed, gas 
sample point added to 1st stage 
Condensers and inter-stage pressure 
controls + added gas sampling 
point to 2nd & 3rd stage 
 
Water cooled 

Gas Analysis Thermoscientific 42i-HL Chemiluminscent 
NOx Analyser (0-1000ppm range) 
 
Ohiolumex RA-915+  Hg0 Analyser 
 (0-20,000ng/m3 range) 
 
 
M&H Dilution System (1:10 critical orifice + 
venturi sampling) 
 
 
Bosch Wideband O2 Sensor 
 
Accutherm Dry Gas meter (0-60L/min, pulse 
output every 10L) 
 

 
 
 
 
Furnace System added for thermal 
conversion of gaseous Hg2+ at 
700C 
 
Connected to inter-stage sample 
points with ON/OFF and needle 
valves for flow regulation 

Liquid 
Analysis 

Horiba pH probe  
(calibrated range pH 1-7) 
 
Horiba Nitrate probe  
(calibrated to 2000mg/L NO3

-) 
 
 
Dionex Ion Chromatograph 
(calibrated to 500mg/L NO3

-) 
 
 
Hg content in liquid 
 
 
 
 
 
‘Volatile’ NOx + Hg in liquid tested using gas 
analyser system (see Figure 2) 

Dilution required 
 
 
Use of KMnO4/H2O2 for total N & 
nitrite, dilution required 
 
 
Dilution required 
 
 
 
Used SnCl2/HCL injection into 
liquid combined with M&H 
Dilution System+ Ohio Lumex RA-
915+ Hg0 gas analyser above 

 
 



  Page 
15 

 
  

Results 

 
Small pressure vessel apparatus 

The introduction of a mercury laden gas stream into a pressurised system represents a 
significant and particularly hazardous challenge. Furthermore, the use of permeation tubes in 
pressure vessels appears to have not previously been attempted and thus comes with an 
inherently higher risk. Therefore it must first be stated that the designed system as described 
in the Experimental section was successful in producing stable long term mercury levels at 
expected oxy-fuel concentrations for all pressures tested up to 25 bar. 
 
Figure 6 shows the influence of three gas mixes (100% N2, 3% O2/N2 balance and 1000ppm 
NOx/3% O2/N2 balance) at atmospheric pressure and at 20 bar as they are contacted with 
150mL of 0.1M HNO3. For this first test, the mercury cell was kept at 30C in the water bath 
with pressure and gas mixes varied. It is clear that the system pressure has a significant effect 
on the feed mercury concentrations and it is theorised that the compression of the soft silicon 
tubing containing the liquid mercury reduces the overall surface area through which the Hg0 
gas can diffuse. The second important point of interest is that the substitution of other gas 
species also produces different absorption curves. The addition of O2 appears to produce a 
slightly lower Hg0 concentration, while the addition of NOx appears to have a significant 
impact at 20 bar (i.e. when NO2 conversion is high). It is worth noting that the absorption 
curve for the 1000ppm NOx at 20 bar shows what appears to be a large initial drop in mercury 
concentration (from 5600ng/m3 to 240ng/m3) up to five minutes of contact time and then 
undergoes a secondary longer term absorption. A possible reason for this duel absorption 
behaviour is the added effect of NOx absorption. The previous work [34] has indicated that a 
contact time of 10 minutes produces a pH of ~2.7 to 3.2, however in the four-hour 
equilibrium experiments this could be further reduced to a pH of 0.76. Given that these 
mercury experiments have been undertaken with a 0.1M HNO3 (i.e. pH = 1) there exists the 
potential for further NOx absorption from the gas stream, though the absorption rate is 
expected to be lower at low pH. Furthermore, it must be noted that the nitric acid used for 
these experiments will contain less HNO2 than that produced under ‘true’ NOx absorption 
during oxy-fuel compression (where N2O4 is absorbed as a mix of HNO3 and HNO2). 
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Figure 6:  Hg0 absorption in 0.1M HNO3 at atmospheric pressure and 20 bar 
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To compensate for the effect of pressure on mercury feed concentration, the cell was heated 
in a water bath, effectively changing the vapour liquid equilibria inside the permeation tube. 
This allowed the same mercury feed concentration to be maintained for all pressures. Figure 
7 shows the mercury concentration after contacting 0.1M HNO3 for pressures up to 25 bar 
using a constant feed concentration of 10,000 ng/m3 Hg0 in N2.  It can be observed that higher 
pressures exert a greater influence on Hg absorption, however it should also be noted that all 
absorption curves approach a steady state concentration which is below the feed level by 
~100-200ng/m3. This suggests that after the physical absorption of Hg0 has occurred the rate 
may be limited by the conversion to Hg2+ in the liquid. It should be noted that the gaseous 
Hg0 is measured after the back pressure regulator and as such the actual partial pressure of 
Hg0 is much higher in the reactor. The fact that all absorption curves approach the same 
steady state value below the feed Hg0 suggests that the rate controlling step is not in the gas 
phase. 
 
After the 30 minute contact time, the feed gas was switched to reactor bypass and the 
mercury was switched off (i.e. N2 bypassed around the mercury cell). When the mercury 
concentration returned to zero, the reactor was depressurised allowing a measurement of 
continuous mercury release from the liquid as the pressure was reduced back to atmospheric 
conditions. This desorption behaviour is shown in Figure 8. Here the same trend can be 
observed, with the higher pressures producing a greater amount of Hg being desorbed out of 
the liquid. The general trend for Hg0 desorption is for an initial sharp peak followed by a 
slower broader peak. The first peak is considered to be caused by the residual Hg0 in the gas 
volume above the liquid which was trapped inside the reactor when the switch to bypass was 
made. Depressurising the reactor caused this gaseous volume (~150mL) to expand and mix 
with the N2 (now atmospheric pressure) flowing in bypass around the reactor. With increasing 
experimental pressure, the expanded volume of the gas is increased leading to a higher 
measured amount of gaseous Hg0 exhausting the system. The second broader peak is 
considered to be caused from desorption from the liquid. It should also be noted that the time 
scale is significantly shorter than the absorption curves, taking only several minutes to 
exhaust the mercury. Of the five experimental conditions performed, only the 25 bar run does 
not fit the expected desorption trend. One reason for this may be that a greater proportion of 
Hg was converted to a stable liquid product.   
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Figure 7: Mercury absorption in 0.1M HNO3 under pressures up to 25 bar 
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Figure 8: Mercury desorption after depressurisation of reactor 
 
The amount of mercury absorbed and desorbed was obtained by integration of the respective 
curves over time and multiplying by the constant flow rate (i.e. 0.002m3/min). The extra flow 
of gas associated with depressurising was estimated by assuming the Hg0 concentration in the 
reactor was equal to that measured at the end of the 30 minutes contact time. A comparison of 
absorbed and desorbed gaseous mercury and the amount retained in the liquid is given in 
Figure 9. The absorbed mercury is significantly higher than the combined Hg Liquids + 
Desorbed amounts. This suggests that there is a large gap in the mass balance which, given 
the NOx experience and the measured Hg desorption behaviour, is most likely lost during 
liquid handling. Overall, the total amount of Hg0 absorbed from the gaseous feed Hg0 was 
21% at 25 bar, while the amount retained in the liquid at 25 bar was 2%. This liquid retained 
Hg corresponds well with the difference between feed Hg and the ‘steady state’ absorption 
rate observed in Figure 7 (i.e. 100-200ng/m3), which when integrated amounts to 1-2%. 
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Figure 9: Comparison of mercury mass balance in gas and liquid during compression in 100% N2 and 
0.1M HNO3 
 
 
Laboratory piston compressor apparatus – preliminary testing under dry conditions 

The initial testing of the compression apparatus was performed under dry conditions to allow 
NOx conversion to occur without capture. Figure 10 gives a typical suite of gas phase 
measurements showing the conversion of NO into NO2 across the three compression stages. 
The gas sampling is taken in reverse (from stage three to stage one) so as not to disturb the 
residence time profile of gases. These results show a 90% conversion to NO2 is possible up to 
20 bar and verify the gas phase mass balance is conserved across the three stages. The varied 
response of NOx concentration to pressure can be observed in Figure 11. The oxidation of NO 
to NO2 within the second stage was enhanced by increasing the pressure. Pressures lower 
than 7 bar were obtained by over-sampling the second stage gas flow, thereby reducing the 
flow being carried to the third stage. This result appears non-linear with pressure due to the 
dependency of the oxidation rate on the concentration of NO. As the NO concentration is 
decreased with higher pressure the rate is also decreased, leading to the conversion rate 
levelling off. These results are consistent with previous work [33] on the small pressure 
apparatus. 
 
Figure 12 shows the timed response for O2 injection from the mass flow controller to the 
point of measurement. These curves indicate the residence time of the gas through each stage 
and the degree of mixing that occurs within the compressor. As expected, the first stage O2 
measurement is detected faster and approaches the feed concentration in a shorter period of 
time, while the second and third stages give respectively slower responses. All O2 trace 
curves indicate that the residence time of gases through the compressor occurs under three 
minutes. Figure 12 also indicates that the gases become successively well mixed as they pass 
through the compression system. 
 
The mercury behaviour through the dry system did not occur on the same time scale due to 
the high partial pressure and available surface area inside the compression system. It was 
observed that a significant amount of time (~60 minutes) was required for this ‘surface 
coating’ to occur. Interactive effects between NOx and Hg were also observed in the second 
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stage of the dry system. Figure 13 shows the measured concentration of gaseous Hg0 in the 
first stage (A) and second stage (B) in a mix of 3% O2 in N2. When the feed NO was 
switched on (C) the Hg0 exiting the second stage was immediately reduced to zero. Switching 
the feed NO off  (D) shows the Hg0 begin to rise from zero. During subsequent experiments 
the gas sample was passed through a furnace set at 700C in order to thermally convert any 
gaseous Hg2+ into Hg0. These experiments confirmed that the gas samples taken during 
compression contained no Hg2+. These results indicate that NOx (notably as NO2) is capable 
of oxidising gas phase Hg0 without the presence of water. Furthermore, it suggests that the 
presence of NO2 causes the ‘coated’ Hg on the internal surfaces to also be converted, 
requiring time for a second slow build up. 

0

100

200

300

400

500

600

0 5 10 15 20 25 30 35 40 45

Time, minutes

N
O

x
 C

o
n

c
c
e
n

tr
a
ti

o
n

, 
p

p
m

NO
NO2
NOx

3rd Stage
20 bar

2nd Stage
9 bar

1st Stage
7 bar

Total NOx
± 7.5ppm

 
Figure 10: Change in NO and NO2 gas concentration as the compression stages are sampled from back to 
front to avoid downstream effects of sampling (i.e. change in residence time). No water vapour or liquid 
condensate present 
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Figure 11: Change in NO and NO2 concentration with varied second stage pressure under dry conditions.  
Pressures lower than 7 bar were obtained by ‘over-sampling’ the second stage gas to reduce the system 
pressure 
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Figure 12: Timed response from between O2 injection from MFC and measured O2 signal for first, second 
and third compression stages under dry conditions at pressures of 3, 15 and 25 bars respectively 
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Figure 13: Hg0 content of sampled gas during preliminary compression of dry gas (i.e. no liquid 
condensate present). Shows the effect of sequential gases being turned on and off.  First stage at 3 bar and 
second stage at 11 bar. Feed gas contains 1200ng/m3 of Hg0 
 



  Page 
22 

 
  

Laboratory piston compressor apparatus – preliminary testing under wet conditions 

The compression of a wet feed gas was performed in two sections using a feed NO varying 
between 500-1500ppm. The first section focussed on the change in gas concentrations as the 
second stage pressure was varied. The measured values are tabulated in Appendix A with 
selected results shown in Figures 14-16. The second section fixed the pressures at each 
compression stage to allow a comparison of liquid condensates. The liquid analysis 
experiments required a considerably greater amount of time due to slow build-up of 
condensate in the compressor. Figure 14 shows the variation of gaseous Hg0 across the 
compression system for the three feed NO levels. Some variation in feed Hg was observed 
between feed conditions, most likely caused by the measurement of feed gas prior to steady 
state conditions. In the case of higher feed NOx concentrations, the results indicate a partial 
oxidation of NO to NO2 upstream of the compressor. This may also have had an impact on 
feed mercury levels. The second stage sampling shows a distinct reduction of Hg0 with 
increasing pressure and NOx levels. Capture of Hg0 from the flue gas was complete by the 
third stage with only trace amounts detected exiting the compressor (below 20ng/m3). For 
comparison, a run was performed without O2 to prevent the conversion to NO2. These results 
proved that no capture occurred without the presence of NO2, indicating that the presence of 
water and NO are not sufficient to remove Hg0 from the gas stream. In all tests, no Hg2+ was 
detected in the gas samples from any stage.   
 
The amount of NOx removed from the gas stream increased with higher pressure and higher 
feed NOx. Figure 15 gives the captured NOx from the second and third stage as a function of 
pressure. These conditions are consistent with favourable NO oxidation with 58-74% of NO 
being oxidised by the second stage and a total of 91-95% of NO being oxidised across the 
compression system. The capture of NOx comprised of 21-38% in the second stage and a total 
of 75-83% of NOx was captured across the compression system. Figure 16 shows the 
relationship between the capture (normalised) of Hg0 in the second and third stage and the 
capture of NOx. The higher the proportion of NOx captured, the higher the proportion of Hg 
that was captured. Clearly pressure and residence time play an important role in the oxidation 
of NO to NO2, however what is not clear is the mechanism by which Hg is captured and the 
species which is formed.  
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Figure 14: Change in gaseous Hg0 concentrations in the flue gas across the compression stages with three 
levels of feed NO. Second stage pressures varied between 10-18 bar 
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Figure 15: Total NOx removed from the gas phase in second stage (varied 10-18 bar) and third stage 
(constant 30 bar) 
 
 
 
 
 



  Page 
24 

 
  

0

20

40

60

80

100

120

0 200 400 600 800 1000 1200 1400

NOx Captured, ppm

H
g

0
 C

a
p

tu
re

d
, 

%

500ppm NOx

1000ppm NOx

1500ppm NOx

 
 
Figure 16: Relationship between gaseous Hg0 (normalised) and capture of NOx in the second and third 
stage under wet conditions 
 
Laboratory compression – liquid analysis  

The second section of wet compression testing involved the analysis of the liquid condensate 
sampled from the compression stages. The importance of accurate testing cannot be 
overstated as the liquids provide a potential guide to the mechanisms by which Hg and NOx 
are captured. The compression condensates were removed from the second and third stages 
under pressure in a well-controlled method which provided a means of quantifying the 
proportion of dissolved gases escaping (or volatilising) from the liquid on depressurisation. 
The other portion of testing was performed on the exposed liquid after an initial dilution. 
Dilution of the liquid sample was crucial because the acidity and concentration were far 
above the normal analytical range of instruments such as the ion chromatograph and nitrate 
probe. 
 
Figures 17 and 18 give examples of both types of liquid analytical methods. Figure 17 relates 
to the release of volatile species from the liquid on depressurisation. Two clear peaks in NO, 
NO2 and Hg0 can be observed over the course of several minutes. Full analysis time required 
~5 hours to completely remove NOx gases from the liquids. The first peak is considered 
related to sudden shift in pressure while the subsequent peak is considered due to the 
continued flushing of the vessel and potentially the decomposition of acids. Figure 18 shows 
the second analytical technique used for the determination of stable mercury. Multiple 
injections of a reducing agent reacted the Hg2+ (aq) to Hg0 which could then be swept out of 
the vessel. The integrated results of the volatile NOx/Hg and stable Hg were combined with 
the nitrate/nitrite analysis using a standard ion chromatograph and are shown in Table 2 for 
the three feed NOx levels. The majority of the liquid condensate was removed in the second 
stage and the pH became increasingly acidic with higher feed NOx and corresponding 
nitrate/nitrate amounts. Of particular note is the difference between the ‘air aspirated’ and ‘as 
collected’ values of pH in the second stage, which shows that the introduction of a sweep gas 
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on the liquid condensates has a measurable difference in lowering acidity and demonstrates 
the volatility of the solutions. The calculated fraction of volatile NOx ranged between 3.5-
9.7% of the liquid NOx. By comparison the Hg contained in the liquid was very stable with 
the volatile fraction being less than 0.01%. The third stage condensate sample was too small 
to analyse for the volatile component. The pH of these liquids was of consistent acidity 
between -0.18 to -0.22 and contained a significantly higher concentration of nitrates/nitrite 
compared to the second stage liquid. However the concentration of Hg was measurably 
smaller in the third stage condensates for feed NOx levels of 500ppm and 1000ppm, while the 
high level feed NOx showed significantly less in both samples. This may be due to the 
capture of Hg in non-wetted areas. Overall, the mass balance across the compressor in terms 
of measured Hg and NOx in the gas phase and in the liquid was relatively poor. However, it is 
unlikely that the material was lost from an unaccounted output, but rather this represents the 
material left within the compressor system, such as that adsorbed on the walls and in areas of 
low liquid content. Also, each experiment was run for three hours and produced 20-30mL of 
liquid condensate, making accounting between gas and liquid difficult. However poor mass 
balancing has been a characteristic of previous NOx studies [33] and rather than be 
considered a cause for discarding the experimental results, it should be considered as an 
important indicator of the likely build-up of acidic and toxic compounds within the oxy-fuel 
compression circuit.  
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Figure 17: Analysis of liquids produced as second stage compression condensate; release of ‘volatile’ NOx 
and Hg during controlled depressurisation + air aspiration 
 
 



  Page 
26 

 
  

0

1

2

3

4

5

6

7

8

9

10

0 20 40 60 80 100 120 140 160 180 200

Time, minutes

S
ta

b
le

 H
g

0
 f

ro
m

 l
iq

u
id

, 

n
g

/m
3

SnCl / HCl injection

SnCl / HCl injection

SnCl / HCl injection

SnCl / HCl injection

 
Figure 18: Analysis of liquids produced as second stage compression condensate; release of ‘stable’ Hg 
with multiple 10mL injections of 0.5M SnCl2 / 1M HCl reducing agent 
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Table 2: Summary of condensate analysis for three feed NOx levels 
 2nd Stage (10 bar) 3rd Stage (30 bar) 

 aspirated as collected as collected 
500ppm NOx    
pH a 0.97 0.83 -0.18 
Nitrite b, g/L  0.85 0.44 1.83 
Nitrate b, g/L 12.59 11.34 106.9 
Volatile NOx c, % 8.73   
Volatile Hg c, % 0.034   
Hg d, mg/L 21.6  7.75 
NOx balance, %  14.0  
Hg balance, %  22.4  
    
1000ppm NOx    
pH a 0.22 -0.24 -0.16 
Nitrite b, g/L  0.44 2.22 2.92 
Nitrate b, g/L 54.67 42.76 99.01 
Volatile NOx c, % 9.67   
Volatile Hg c, % 0.019   
Hg d, mg/L 33.7  6.56 
NOx balance, %  51.1  
Hg balance, %  56.7  
    
1500ppm NOx    
pH a -0.16 -0.18 -0.22 
Nitrite b, g/L  5.94 1.03 0.42 
Nitrate b, g/L 118.8 114.1 200.6 
Volatile NOx c, % 3.51   
Volatile Hg c, % 0.059   
Hg d, mg/L 5.33  10.79 
NOx balance, %  57.2  
Hg balance, %  6.4  

 
a pH corrected after x1000 dilution  
b Calculated from diluted (x1000) samples 
c Calculated from controlled de-pressurisation + air aspiration method 
d Calculated from SnCl2 / HCl injection method 
 
 
Experimental results and kinetic modelling of dry gas chemistry 

Previous work [33] with the small pressure apparatus successfully evaluated the use of global 
atmospheric kinetics to describe the high pressure oxidation of NO to NO2 (equation 1 
below). The equilibrium partition between NO2 and N2O4 (equation 2) was used to show that 
in wet conditions the main absorption route is through N2O4. This work has been extended to 
include the gas phase reaction between Hg0 and NO2 as measured by Hall et al. [27] 
(equations 3 and 4). In this case the Hg–NO2 reaction was based on the predicted NO2 
conversion. As with the previous NOx evaluation, the system was simplified by excluding 
water in the reactor and held the outlet flow rate constant. Figure 19 shows the comparison of 
the NOx model with the measured values exiting the reactor, while Figure 20 compares the 
results of the Hg model with measured values. As can be observed, the Hg model correctly 
predicts the trend in oxidation with higher pressure, but over-predicts the extent of the 
reaction. However, in light of the significant difference in experimental conditions between 
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the data set of Hall et al. [27] and those presented here, the model has performed exceedingly 
well. One notable difference between the data sets (besides pressure) is that these high 
pressure experiments rely on the initial oxidation of NO to produce NO2, while those of Hall 
et al. [27] used directly injected NO2.   
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Figure 19: Kinetic model and experimental results for NO oxidation at pressure. All points 
matched to experimental feed concentrations 
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Figure 20: Kinetic model and experimental results for Hg–NO2 reaction at pressure.  All points 
matched to experimental feed concentrations with a flow rate of 10 L/min (at 25C, 1 atm) 
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While the confirmation of kinetics is an important outcome of this work, the most significant 
result of this work is that Hg0 can be removed from the gas phase without the presence of 
water. This implies that the current expectations from industry that elemental gas phase Hg 
will be dissolved in the concentrated HNO3 is not correct. Rather, the gas phase oxidation is 
the primary removal option for Hg0 using the NO2 formed during compression. A further 
implication is that the capture of NOx gases in the liquid condensate may actually retard the 
Hg oxidation by reducing the concentration of NO2. The results from the wet systems support 
this conclusion. From the small pressure apparatus the wet conditions showed that only 2% of 
the feed Hg0 could be retained in the HNO3 liquid in a stable form. The compression system 
also showed lower Hg oxidation than expected. Figure 21 shows the predicted NOx and Hg0 
concentrations inside the compression apparatus and compared to the measured values. The 
modelled values represent the potential concentrations without capture in the liquid. As with 
the dry system in Figure 20, the model over-predicts the amount of Hg0 removed from the 
system. However, the dry system measured 100% removal of Hg0 from the gas phase under 
comparable conditions to that of the second stage compression (i.e. 10 bar(G) and flow rate 
of 10L/min). In comparison, the wet system removed 78.6%. It should also be noted that the 
dry system used in the small pressure apparatus has the same volume as second stage 
compression system without the moisture separator and thus represents a shorter residence 
time. The dry system also fed 2mg/m3 of Hg0, rather than 1mg/m3 in the wet system. Overall, 
it should be expected that these conditions in the wet compression system would promote a 
greater oxidation rate of Hg0 and this was not reflected in the results. 
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Figure 21: Dry NOx and Hg kinetics modelling the compression apparatus and compared to experimental 
results. Compressor operated at 3, 10 and 30 bar for stages 1, 2 and 3 respectively with a feed NOx of 
1000ppm and feed Hg0 of 1mg/m3 
 
 
One other important complication in the compression system is the change in temperature 
between stages. Particular experimental effort was made to simulate typical compression 
conditions where the hotter gases exiting the piston are then quenched in an intercooler, 
creating a wet condensing area. However the equilibrium partition between NO2 and N2O4 as 
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well as the oxidation rate of NO to NO2 actually favour lower temperature. Figure 22 shows 
the impact of changing temperature on the modelling results at 5 bar. In this case the lower 
temperature promotes a higher formation rate of NO2 but the concentration of NO2 is reduced 
by its dimerism to N2O4. The consequences of this effect are twofold:  
 

a) the higher temperature prior to intercooling allows a higher partial pressure of NO2 to 
oxidise Hg0 without the presence of liquid water (or in reduced quantities) 

b) the higher temperature also reduces the concentration of N2O4, potentially the true 
reactant NOx species. 

 
Further work should consider this temperature effect on the high-pressure kinetics of gas 
phase Hg oxidation, as this could be a potential method to determine whether the reactant is 
NO2 or N2O4. Industrially, this would determine whether it is beneficial to increase the 
residence time of these gases before or after intercooling/condensation. 
. 
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Figure 22:  Modelled effect of temperature on NO2 and N2O4 formation at 5 bar (g). Feed NO at 1000ppm, 
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Figure 23: Modelled effect of temperature on Hg oxidation at 5 bar. Feed NO at 1000ppm, 5% O2 
 
Observed process issues 

The acidic nature of the condensates combined with the mercury content and high pressure 
made this work particularly hazardous. However, this risk was reduced by feeding mercury at 
a level below the time weighted average (TWA) of 10mg/m3. From the measured values of the 
condensates, the mercury level is above the NHMRC Drinking Water Guideline (1996) set at 
1mg/L with the lowest measured at 5mg/L. Some corrosion was observed at the outside 
junction between stainless steels, mainly on the 302 braided flexible Teflon lines going into 
the condensers, though these did not fail during the experimental campaign. The greatest 
process issue occurred as a solid build-up surrounding the third compression stage. This 
chalky white residue was observed as a blockage in the third stage reed valve in the piston 
head and as a blockage in the third stage back pressure regulator (shown in Figure 24). The 
material was water soluble forming a highly acidic solution of nitrates when picked out and 
dissolved. In both places the primary condition was a lack of liquid water – in the piston head 
the compressed gas was hot and thus above the dew point, while the regulator was situated 
after the water separators with the blockage occurring during depressurisation. The water 
shown in Figure 24 is the result of the cooling regulator during CO2 expansion from 30 bar to 
atmospheric pressure at the outlet. The combined effect was an overall pressure control issue. 
After washing the solid residue out, the condensation of liquid water on the cooling regulator 
caused fluctuating pressures that could be overcome by sporadically heating with a heat gun. 
Closer observation of the regulator showed that the corrosive gases and liquids also reacted 
with the Viton O-ring seal in the regulator. In practice these were simply swapped out 
regularly, however for a process monitoring lines, a secondary water catch and heated 
regulator may overcome such problems. 
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Figure 24: Solid build-up in back pressure regulator caused blockage and ultimate malfunction of pressure 
control. Disintegration of Viton O-ring seal in regulator can also be observed from acid vapours and 
condensates 
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Discussion 

 
The presented work has examined mercury behaviour over a wide range of conditions to 
characterise the interactions with NOx species in both gas and liquid phases associated with 
oxy-fuel compression. The results from the small pressure vessel suggest that gaseous Hg0 
may be driven into the liquid phase by physical adsorption, however, the relatively low pH 
was not sufficient to provide significant oxidation towards a stable aqueous mercury species. 
When NOx was introduced under pressure (with expectedly high NO2) the gaseous Hg0 
exiting the reactor was significantly reduced. This suggests that gas phase oxidation is 
required prior to capture in the liquid phase.    
 
Experiments involving injecting gaseous Hg0 into the compression system provided three 
findings: 
 

1) Liquid water or water vapour is not required to remove gaseous Hg0 from the gas 
stream 

2) NO2 is required in the gas phase 
3) Higher pressure plays an important role in driving both NO and Hg oxidation. 

 
The presence of H2O has previously shown to complicate the mechanisms associated with 
NOx capture at higher pressure [33]. In a dry system, the oxidation of NO to NO2 adheres to 
relatively simple global kinetics. However the addition of liquid water allowed the capture of 
NOx as NO2/N2O4 and provided a wet gas for downstream formation/deposition of HNO3 
[33]. In the two systems examined in this work, the addition of water provides a capture 
mechanism for soluble mercury salts but also reduces the concentration of reactant NOx 
species that oxidise gaseous Hg0. The presence of liquid water may also provide a relatively 
impenetrable coating of the inner steel surfaces which prevents heterogeneous reactions.  This 
was observed by the amount of time required for steady state mercury levels in a dry (+40 
minutes) and wet system (<1 minute). 
 
The product of gas phase Hg–NOx reactions is a matter of great uncertainty. Of the two 
previous studies specifically targeting this system, no product was identified. Hall and co-
workers [27] comprehensively studied the Hg–NO2 reaction with a stopped flow reactor, 
changing the temperature, NO2 concentration and surface area to volume ratio of the reactor. 
They identified a clear reaction between Hg0 and NO2 that was first order with respect to Hg0 
and second order with respect to NO2. It is these kinetics that were used to model the Hg0 in 
this work. This reaction became less distinct above 200C as heterogeneous effects became 
significant and no reaction could be observed above 500C. The change in S/V ratio showed 
no difference in kinetic response, indicating a gas phase process with no wall effects. The 
authors theorised that there could be three possible reaction mechanisms shown below: 
 

Hg (g) + NO2 (g)  HgNO2 (g)   (fast equilibrium)    (5) 
HgNO2 (g) + NO2 (g)  Product   (rate determining)   (6) 

 
2NO2 (g)  N2O4 (g)     (fast equilibrium)   (7) 
Hg(g) + N2O4 (g)  Product    (rate determining)     (8) 

 
Hg(g) + NO2 (g)  HgO (s) + NO (g)      (not 2nd order for NO2)  (9) 
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In an attempt to isolate the Hg–NO2 product, Hall and co-workers used a cold finger at -5C 
and ran a 118-hour experiment to capture a condensable product. However, after such efforts 
no product could be identified. Sommar et al. [35] examined the gas phase Hg–NO3 reaction 
and theorised that the mechanism formed HgO and NO2 (shown below in equation 10). They 
found a significant effect of adsorption and wall effects which could be reduced by a 
halocarbon wax coating.   
 
Hg (g) + NO3  HgO (s) + NO2 (g)               (10) 
 
Overall, there appears to be a number of potential products in a Hg–NOx gas phase system 
and a general lack of thermo-physical data to provide proper evaluation. Of practical 
importance for oxy-fuel compression is the need to remove gas phase mercury as a protective 
measure against cryogenic corrosion. The results from both the small pressure vessel and the 
compression system show that in the presence of NO2 and high pressure, gaseous Hg0 is 
effectively removed from gas stream. A secondary consideration is the form in which the 
captured mercury is emitted, as this has both safety and environmental implications. From the 
results of the laboratory compression system, it is clear that despite being of high acidity, the 
condensates produced during compression contain very low levels of mercury – of which less 
than 1% is volatile upon depressurisation. This indicates that the mercury is most likely 
present as an oxidised and soluble salt in the liquid. The overall mass balance for mercury 
across the compression system was less encouraging with a very low recovery and this could 
be a result of build-up as a solid or as unrecovered liquids within the system. Switching the 
O2 off during wet compression allowed 100% Hg0 to pass through the three compression 
stages indicating that Hg0 is not being preferentially adsorbed on the inner surfaces. Given 
that no oxidised mercury was detected exiting any stream in the gas phase, the combination 
of results suggest that a stable oxidised mercury product is being formed during compression 
which is not being removed in the measured streams. Whether this is because it is not soluble 
in the condensates, not volatile under the stage pressures or forming in non-wetted areas 
cannot be currently determined, though it must be stated that mercurous (Hg1+) salts are 
typically known as being sparingly soluble and relatively volatile in comparison to mercuric 
(Hg2+) salts. Furthermore, the saturation partial pressure of HgO was calculated to be 
exceeded at 2 bar under the current feeding conditions, suggesting that if HgO was the 
product, it would drop out as a deposit, rather than remain in the gas phase for all but 
atmospheric conditions. 
 

Practical implications 

 
There are a number of implications from this work: 
 
Gaseous Hg0 in the flue gas can be effectively removed from the gas stream using the 
compression circuit during back-end CO2 processing. This reduces the risk of mercury 
corrosion of cryogenic aluminium heat exchangers and suggests that dedicated removal units, 
such as an activated carbon bed, are not necessary in an oxy-fuel circuit. These findings 
represent a paradigm shift in mercury control for oxy-fuel technology and reduce the 
emphasis on upstream speciation and capture. Furthermore, this passive gas cleaning option 
in oxy-fuel is a low cost advantage over other capture technologies such a post-combustion 
capture which require significant cleaning prior to CO2 removal. 
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The main pathway for oxidation occurs in the gas phase with NO2/N2O4, rather than in 
the acidic condensate. The conditions which enhance NO oxidation are the same as that for 
Hg oxidation, namely higher pressure and residence time. However, the presence of liquid 
water in an oxy-fuel compression circuit is both necessary for removing NOx and a hindrance 
for removing Hg. This work has shown that Hg0 can be dissolved in acidic liquid at high 
pressure, but does not form a stable salt without the presence of a gaseous oxidiser. Therefore 
the premature capture of NOx into the liquid condensates will retard the removal rate of Hg0. 
Future design of back-end oxy-fuel CO2 processing plants could enhance the Hg oxidation 
rate by prolonging the residence time prior to intercooling and condensate removal.   
 
The final oxidised Hg product has yet to be identified. This research has shown that Hg0 is 
removed from the gas phase but has yet to identify the product of oxidation. Likely candidate 
products are a Hg–NOx salt or HgO, however the valence of the Hg atom affects solubility, 
and may well impact the potential removal in the condensate. The results of this work have 
shown that a significant portion of the gaseous Hg was not removed in the condensate and 
was not present in the gas as Hg2+. It is therefore possible that the Hg is being deposited in a 
section of the laboratory compression apparatus which is not being regularly contacted with 
water or that the compound is not soluble. On a larger scale, this may ultimately present a 
risk of blockage or a safety hazard during shutdown. Identification of the final oxidised form 
of Hg under compression conditions will offer insights into its behaviour during compression 
and ultimately result in better circuit designs to optimise its capture. 
 
Highly acidic condensates represent a corrosion and safety risk. The analysis of the 
condensates indicated a significantly high acidity which consisted predominantly of HNO3. 
Given that the mass balance closure was relatively poor, there is high possibility that 
deposition of HNO3 is occurring in non-wetted sections. Given that observed blockages were 
found in areas surrounding the back pressure regulators and piston head it is also possible that 
other NOx species such as N2O5 (a white solid at room temperature) may also be formed. In 
this work, the blockage was easily removed with water and future design options may take 
advantage of such solubility to remove potential build-ups. The emissions of NOx produced 
from depressurising the liquid condensates represent a potential safety hazard and should be 
depressurised to allow off-gassing to be recycled back into the process. 
 

Conclusions 

 
The behaviour of gaseous elemental mercury was studied as a potential passive method of 
capture for both NOx and mercury in oxy-fuel compression systems. Two experimental 
apparatus were used at pressures up to 30 bar. The first was a small pressure vessel capable of 
mixing gas streams with liquid under controlled conditions, and the second a three stage 
laboratory compression system simulating real mixing and condensation of liquids. In 
particular the interaction with NOx at higher pressure caused a significant reduction in gas 
phase mercury. Experiments showed that liquid water was not required for this removal to 
occur but the combination of NO2 and pressure provided higher partial pressures and longer 
residence time for these reactions to occur. Complete removal of gas phase mercury was 
observed at the outlet of the compression system and compared well with the 90% capture of 
NOx gases.   
 
Analysis of the liquid condensates showed that the captured NOx produced significantly high 
acidity in the liquids (pH 1 to -0.2) and predominantly due to the presence of HNO3. 
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Controlled sampling of the condensates proved that these liquids are only partially stable on 
depressurisation, losing less than 10% of the aqueous NOx and an insignificant amount of Hg. 
Attempted mass balances for NOx and Hg between gas and liquid were not achieved. 
 
These results indicate that passive removal of impurities during compression (prior to CO2 
liquefaction) is feasible providing for:  
 

a) adequate corrosion protection surrounding wetted areas associated with condensing 
water vapour 

b) potential solid build-up in non-wetted areas. 
 
The removal of impurities without dedicated equipment has the potential to reduce the overall 
cost of deployment and represents a significant advantage that oxy-fuel has over other CCS 
technologies, such as post-combustion capture, which require removal of impurities prior to 
entering the CO2 compressor unit. 
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Appendix A. Compressor gas measurements 

 
Gas analysis taken during compression of simulated flue gas is tabulated in Table A1. Three 
sets of experiments were made at NOx feed concentrations of 500, 1000 and 1500ppm. The 
gas was sampled from the feed to the compressor and from after the first, second and third 
stages of compression. The changes in NOx concentration for each feed condition are shown 
in Figures A1-A3. 
 
 
Table A1: NOx and Hg measurements taken during compression of simulated flue gas mixes 
 
Pressure Hg0 

concentration 
Target 
Feed 
NOx 

NO NO2 NOx NOx 
captured 

Hg 
Captured 

Hg 
Captured 

NOx 
Captured 

bar g ng/Nm3 ppm ppm ppm ppm ppm ng/Nm3 % % 
0 1270 500 621 7 628 0 0 0 0 
3 1350 500 600 30 630 0 0 0 0 

10 820 500 247 215 463 165 450 33.3 26.2 
12 620 500 221 151 372 256 650 48.1 40.6 
15 388 500 161 156 317 311 882 65.3 49.4 
18 246 500 131 167 298 330 1024 75.9 52.3 
30 5 500 31 54 85 543 1345 99.6 86.2 
0 1083 1500 1563 82 1563 0 0 0.0 0.0 
3 1099 1500 1518 257 1775 0 0 0.0 0.0 

10 86 1500 386 434 820 955 997 90.8 53.8 
12 34 1500 294 410 704 1072 1050 95.5 60.4 
15 47 1500 229 349 577 1198 1036 94.3 67.5 
18 40 1500 194 277 471 1304 1059 96.4 73.5 
30 12 1500 90 147 237 1539 1071 97.5 86.7 
30 958 1500* 1118 120 1239 537 125 11.4 30.2 
10 987 1500* 1418 139 1557 218 96 8.7 12.3 
15 981 1500* 1437 118 1555 220 102 9.3 12.4 
0 1003 1000 951 31 982 0 0 0.0 0.0 
3 924 1000 906 92 998 0 0 0.0 0.0 

10 268 1000 292 253 545 453 736 73.3 45.4 
12 218 1000 257 208 465 533 786 78.3 53.4 
15 128 1000 188 202 390 608 876 87.3 61.0 
18 93 1000 151 190 341 657 911 90.7 65.9 
30 32 1000 47 51 98 900 971 96.8 90.2 

 
* O2 turned off; all others set O2 to 5% 

 
NOTE: Pressure of 0 bar denotes feed, pressure of 3 bar denotes first stage, pressure 10-18 
bar denotes second stage and pressure of 30 bar denotes third stage 
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Figure A1: The change in NOx concentration during three-stage compression with a target feed NOx at 
500ppm 
 
 

 
Figure A2: The change in NOx concentration during three-stage compression with a target feed NOx at 
1000ppm 
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Figure A3: The change in NOx concentration during three-stage compression with a target feed NOx at 
1500ppm   
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Summary  
 

The final stage of ANLEC R&D Project 6-0710-0061 involves CO2 compression experiments 
with mercury and also NOx and SOx removal, with laboratory experiments on simplified 
gases and experiments involving slipstreams on real oxy-fuel flue gas from the Callide 
Oxyfuel Project (COP). 
 
The previous report details the bench-scale (piston) compressor apparatus which has been 
developed for use at the COP and also details the previous laboratory measurements on 
synthetic oxy-fuel flue gas. This report presents the findings from the COP measurements 
using the same apparatus and ‘real’ flue gas carried out in October 2013.  
 
The research has been undertaken with a focus on mercury in flue gas because its presence 
represents a potential corrosion risk in the processing of CO2 from oxy-fuel combustion 
processes. Gas phase elemental mercury (Hg0) is difficult to remove from the flue gas and the 
level of cleaning required to prevent corrosion of cryogenic aluminium heat exchangers is 
uncertain.   
 
This work has investigated the behaviour of gaseous Hg0 in pressurised oxy-fuel systems in 
terms of the potential capture in acidic condensates, interaction with NOx gases and liquid 
stability on depressurisation. A three-stage axial-piston compressor with gas and liquid 
sampling was used at the COP on flue gas slipstreams taken from before and after SO2 
removal. The effects of SO2, residence time and condensing temperature were studied. 
 
In addition, NOx is a potential impurity in the final CO2 product, and its removal during 
compression is desirable. The removal of SOX is also desirable and is thought to influence 
NOx removal. 
 
The main finding was that results from experiments performed on real CO2 from oxy-fuel 
flue gas are similar to those performed in the laboratory. The effect of SO2 on NOx capture 
was minimal despite a detectable difference in NO/NO2 ratio. The capture of SO2 in the 
bench-scale compression circuit was significantly faster than NOx capture, with 90% removal 
of SO2 by a pressure of 10 bar, with NOx capture extending to higher pressures. 
 
The bench-scale compression tests investigated the effect of residence time and temperature 
of compression. 
 

 The effect of residence time during compression was investigated by varying the 
motor speed driving the compressor and thus affecting flow rate. A doubling of flow 
rate (halving of residence time) had the greatest influence at higher pressures (>10 
bar) where the kinetic rate of NO oxidation begins to slow – the ultimate effect 
being that capture of NOx could be increased from 55% to 75% by doubling the 
residence time in the compressor and could be further extended to 83% by 
increasing back end pressure from 24 bar to 30 bar. 

 
 The effect of temperature was investigated by placing the inter-stage condensing 

units in iced water. This condition produced the greatest NOx and Hg capture, with 
Hg being removed at lower pressure (10 bar) and NOx capture being enhanced at 
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high pressure (24 bar). Modelling results based on literature kinetics indicated that 
the NO oxidation rate was increased at lower temperature, but the equilibrium 
partition between NO2 and N2O4 was likely to be the dominant driver. 

 
Previous work has shown that gaseous Hg0 reacts readily with NO2 formed from NO 
oxidation at high pressure. This reaction is shown to be kinetically limited and occurred 
without the presence of water (water vapour or liquid water), contrary to speculation in the 
literature. The current experiments show that without NO2, no capture of Hg0 was observed in 
the compression system.   
 
Overall, the results indicate that capture of mercury during compression occurred as a 
consequence of high pressure, longer residence time and concentration of NO2 and can be 
predicted using a simple kinetic model.   
 
The practical applications of the results are: 
 
Slipstream measurements using actual flue gas taken from the bench-scale compressor 
agree with synthetic flue gas measurements taken from the bench-scale compressor in 
the laboratory. The field measurements taken from a slipstream from a real oxy-fuel flue gas 
showed similar conversion with higher pressure and in terms of actual concentration. The 
natural cyclic variability of the real flue gas is a feature that could not be replicated in the 
laboratory.   
 
The impact of SO2 on NOx conversion in compression was minor, producing a 
measurable difference in NO conversion but no difference in NOx captured. The 
expectation that SO2 would react with NO2 and thus reduce its capture is derived from the 
work of Air Products, however the ratio of SOx to NOx is apparently sufficient to provide the 
accelerated SOx capture effect without significant influence. This suggests that passive 
capture of both SOx and NOx during compression is viable providing the operational 
envelope for N2O formation is determined (N2O was not measured in the current campaign). 
 
The amount of Hg that was removed from both the experimental compressor and 
sampling of a slipstream satisfy the Hg limit for a natural gas compression limit of 10 
ng/m3.  
 
The practical implications suggested in the previous report on laboratory measurements of 
synthetic gas are confirmed by the present results on real oxy-fuel gas at the COP: 
 
Gaseous Hg0 in the flue gas can be effectively removed from the gas stream using the 
compression circuit during back-end CO2 processing. This reduces the risk of mercury 
corrosion of cryogenic aluminium heat exchangers and suggests that dedicated removal units, 
such as an activated carbon bed, are not necessary in an oxy-fuel circuit. These findings 
represent a paradigm shift in mercury control for oxy-fuel technology and reduce the 
emphasis on upstream speciation and capture. Furthermore, this passive gas cleaning option 
in oxy-fuel is a low cost advantage over other capture technologies such as post-combustion 
capture which require significant cleaning prior to CO2 removal. 
 
The main pathway for oxidation occurs in the gas phase with NO2/N2O4, rather than in 
the acidic condensate. The conditions that enhance NO oxidation are the same as those for 
Hg oxidation, namely higher pressure and residence time. However, the presence of liquid 
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water in an oxy-fuel compression circuit is both necessary for removing NOx and a hindrance 
for removing Hg. This work has shown that Hg0 can be dissolved in acidic liquid at high 
pressure, but does not form a stable salt without the presence of a gaseous oxidiser. Therefore 
the premature capture of NOx into the liquid condensates will retard the removal rate of Hg0. 
Future design of back-end oxy-fuel CO2 processing plants could enhance the Hg oxidation 
rate by prolonging the residence time prior to inter-cooling and condensate removal.   
 
The final oxidised Hg product has yet to be identified. This research has shown that Hg0 is 
removed from the gas phase but has yet to identify the product of oxidation. Likely candidate 
products are a Hg–NOx salt or HgO, however the valence of the Hg atom affects solubility, 
and may well impact the potential removal in the condensate. The results of this work have 
shown that a significant portion of the gaseous Hg was not removed in the condensate and 
was not present in the gas as Hg2+. It is therefore possible that the Hg is being deposited in a 
section of the laboratory compression apparatus which is not being regularly contacted with 
water or that the compound is not soluble. On a larger scale, this may ultimately present a 
risk of blockage or a safety hazard during shutdown. Identification of the final oxidised form 
of Hg under compression conditions will offer insights into its behaviour during compression 
and ultimately result in better circuit designs to optimise its capture. 
 
Highly acidic condensates represent a corrosion and safety risk. The analysis of the 
condensates indicated a significantly high acidity which consisted predominantly of HNO3. 
Given that the mass balance closure was relatively poor, there is high possibility that 
deposition of HNO3 is occurring in non-wetted sections. Given that observed blockages were 
found in areas surrounding the back pressure regulators and piston head it is also possible that 
other NOx species such as N2O5 (a white solid at room temperature) may also be formed. In 
this work, the blockage was easily removed with water and future design options may take 
advantage of such solubility to remove potential build-ups. The emissions of NOx produced 
from depressurising the liquid condensates represent a potential safety hazard and should be 
depressurised to allow off-gassing to be recycled back into the process. 
 
The combined results for NOx and mercury captured, as pressure increases during CO2 
compression, are given in the figures below: (top three data sets) as measured by the piston 
compressor sampling the gas  steam exiting the LP scrubber at the COP at low and high 
sampling flows, and (bottom data set) with iced (ICED) condenser at the low flow 
condition to increase mercury capture, (data sets 4 and 5) measured directly taking  gas 
samples exiting the COP compressor and also HP scrubber, (data sets 6- 8) as measured 
by the piston compressor in the laboratory using synthetic oxyfuel flue gas with NOx 
levels of 500, 1000 and 1500 ppm.  
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Introduction 
 
The increase in anthropogenic CO2 emissions has been invariably linked to dangerous climate 
change and one of the largest sources of CO2 is the generation of electricity [1]. Currently 
coal fired power stations produce 42% of the world’s electricity [2] and coal combustion 
accounts for 43% of the world’s CO2 emissions [3]. However, with the world’s population 
predicted to increase to 8.2 billion by 2030, the rising demand for electricity is expected to 
increase the need for coal fired power generation [4]. Oxy-fuel combustion is one CO2 
capture technology that reduces the emission from coal fired power utilities and allows safe 
storage of the CO2 in deep underground aquifers.   
 
Oxy-fuel technology is based on the combustion of coal in a mixture of O2 and recycled flue 
gas, producing a flue gas rich in CO2 which is then compressed, liquefied and injected 
underground. The technology has been significantly reviewed as it moves towards 
demonstration [5-9]. With the recycle of flue gas, oxy-fuel systems are known to produce 
higher impurity levels and these gas cleaning challenges can be met with a number of plant 
configurations [10]. Traditional gas cleaning units (such as FGDs for SOx removal) have been 
shown to operate to similar performance capabilities as in air fired conditions [11, 12]. 
However, a particular benefit of oxy-fuel combustion (and of considerable interest) is the 
passive removal of impurities during CO2 compression. 
 
Air Products have demonstrated the potential removal of SOx and NOx during compression 
using the well-known lead chamber process [13] at the Doosan Babcock’s  Oxyfuel Pilot 
Plant in Renfrew, Scotland. This process utilises the enhanced oxidation of nitric oxide (NO) 
to NO2, which in turn acts as an oxidiser for SO2 to produce H2SO4 in the liquid compression 
condensate. The Air Products ‘Sour Gas Compression’ takes advantage of this phenomenon 
by increasing the contact time between the compressed flue gas and the liquid water to 
produce two concentrated streams of H2SO4 and HNO3. Other systems, such as LINDE’s 
compression plant at Vattenfall’s Oxyfuel Pilot at Swarze Pumpe [11, 14]  and the University 
of Hamburg’s Oxyfuel Pilot Plant [15] have already demonstrated that acidic condensates as 
low as pH=0.8 can be formed by compressing oxy-fuel flue gas containing NOx. Another flue 
gas contaminant, mercury (as gaseous Hg0), must be removed prior to the CO2 liquefaction, 
as brazed aluminium heat exchangers used in the process are well known to be corroded in 
the presence of mercury [16]. From the natural gas industry, the current permissible limit on 
Hg concentration entering a brazed aluminium heat exchanger is 10ng/m3, corresponding to 
the current limit of measurement. Given that Hg concentrations exiting an oxy-fuel boiler are 
between 2.7 - 45µg/m3 [17, 18], this suggests that a significant level of cleaning is required 
prior to CO2 liquefaction. Air Products have theorised that flue gas-borne mercury (present as 
Hg0) will be absorbed in the nitric acid formed from compressing the raw CO2 from an oxy-
fuel system [19]. This ties the removal of mercury to the absorption of NOx in compression 
condensate and (if successful) could replace the more expensive traditional options such as 
activated carbon beds. However, as yet there has been no consensus of mercury removal in 
these compression systems, in part because of the inherent difficulties involved in sampling 
mercury in large systems (e.g. high metallic surface area) and also because of issues 
surrounding intellectual property.  
 
The majority of previous relevant mercury research has been focused on two areas – the 
speciation and removal of mercury from combustion flue gas at atmospheric pressure and 
atmospheric mercury behaviour. Both areas of mercury research involve conditions 
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(temperature, pressures, reactant species) that are very different from that of an oxy-fuel 
compression system (see Figure 1). Pavlish et al. [20] reviewed mercury transformations in 
air fired combustion systems and the subsequent removal on sorbents (mainly activated 
carbon). The dominant work in this field has focused on Hg–Cl2 chemistry, as this pathway is 
the most thermodynamically favourable given the available chlorine. However there has been 
an increasing interest in Hg–Bromine chemistry due to the potential for bromine addition 
either directly to the coal or through sorbent injection [21]. The removal of mercury in air 
fired systems typically occurs by absorbing mercury species on the residual carbon contained 
in the fly ash. A secondary measure is to place an activated carbon bed after the particulate 
removal. In both cases, the level of impurities has been shown to have an adverse impact as 
has the temperature of the flue gas [22, 23]. For oxy-fuel systems, impurities such as SO2 and 
H2O can be up to five times higher than the comparative air fired system and the subsequent 
acid dew point increases by 30-50C [24]. Such effects surrounding particulate removal have 
yet to be established in oxy-fuel combustion systems and is an area of ongoing research. 
However, early work at Vattenfall’s Schwarze Pumpe oxy-fuel plant showed that the 
activated carbon bed placed after the ESP contained significant levels of sulfur and was thus 
expected to have a reduced adsorption capacity [11]. Mercury concentrations in oxy-fuel flue 
gas are highly dependent on the unburned carbon-in-ash (UBC) as the particulate removal 
unit (i.e. fabric filter or ESP) is located within the recycle loop. This provides the gaseous-
borne Hg with multiple opportunities for capture and removal in the fly ash as the flue gas is 
recycled. Recent pilot oxy-fuel studies [18] have shown that fly ash without carbon (i.e. high 
burnout rate) can capture up to 50% of gaseous Hg in the flue gas on the fabric filter. With 
higher Hg loading (simulating recycle conditions), the capture level dropped significantly. A 
comparison of the same coal’s combustion performance in the Callide Oxyfuel Project [17] 
has shown that air firing captured 87-95% of gaseous Hg compared to 64-74% Hg capture in 
oxy-fuel. This corresponded well with a decrease in UBC from 4.4% in air firing to 1.0-2.6% 
oxy-fuel firing. The overall impact of these firing conditions on Hg concentrations produced 
a rise from 0.8-1µg/m3 HgT exiting the fabric filter in air firing to 2.7-4.9µg/m3 in oxy-fuel 
firing.   
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Figure 1: Comparison of the different conditions involved with oxy-fuel compression compared to other 
areas of mercury research related to NOx 
 
 
After particulate removal, the non-recycled flue gas is then fed away from the combustion 
plant to be cleaned and compressed. An example of an oxy-fuel compression system is given 
in Figure 2, which illustrates the compression circuit used at the Callide Oxyfuel Project 
designed by Air Liquide. The current trend in the larger oxy-fuel systems (i.e. Schwarze 
Pumpe, Callide, FutureGen 2.0) is to use a direct cooling unit to quench the incoming flue 
gas prior to compression. This quenching allows the flue gas to be cooled from above the 
acid dew point to below the water dew point. The liquid contact also provides further removal 
of entrained fly ash, and the addition of caustic scrubbing media aids in capturing SOx from 
the flue gas. From a mercury perspective, the contact with water is expected to remove the 
majority of the oxidised (water soluble) mercury species before compression along with other 
soluble reactant species such as Cl2 and HCl. The removal of oxidised Hg in the flue gas 
using atmospheric wet scrubbing has been confirmed at Callide [17]. In this respect, the 
speciation of mercury exiting the oxy-fuel combustion plant ultimately determines how much 
(non-soluble) elemental mercury (Hg0) is passed through the quench stage and into the 
compression plant.   
 
The use of activated carbon beds under higher pressure has long been used in the natural gas 
industry to control mercury levels as a protection against cryogenic corrosion. However, 
activated carbon beds at high pressure in combination with O2 have been linked with several 
explosions [25] and thus present a risk when used in oxy-fuel compression systems. It has 
also been shown that NO2 can act as an oxidiser on carbon surfaces [26]. If elemental 
mercury can be captured in combination with NOx gases during oxy-fuel flue gas 
compression, then this presents a relatively low cost cleaning option without the risks 
associated with activated carbon beds. Therefore, the focus of this research has been to study 
the interaction of Hg and NOx gases under pressures and conditions consistent with oxy-fuel 
flue gas compression. Evidence suggests that low concentrations of NO2 (i.e. ~30ppm) can 
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react with gaseous Hg0 on the surface of carbon to produce a stable non-volatile product at 
100-150C that is theorised to be mercuric nitrate or oxide [27, 28]. Only one study was 
sighted [29] that measured the gas phase kinetics between Hg0 and NO2 and this reaction was 
found to be first order with respect to Hg0 and second order with respect to NO2 between 20-
200C. At higher temperatures (200-500C) heterogeneous kinetics were observed and no 
reaction at all occurred above 500C. In this particular study, the authors did not determine 
the product of reaction. Older studies have shown the liquid mercury does react readily with 
NO2 to produce Hg(NO3)2 [30, 31]. Early work by Dhar [32] discusses the mechanisms of 
using dilute and concentrated nitric acid on liquid mercury and suggests that HNO2 plays an 
important role in determining the formation of sparingly soluble mercury (I) nitrite or 
relatively soluble mercury (II) nitrate. Later work by Zhao and Rochelle [33] demonstrated 
that the absorption of gaseous Hg0 is enhanced by higher concentrations of nitric acid.   
 

 
Figure 2: Diagram of the CO2 processing unit at the Callide Oxyfuel Project, designed by Air Liquide 
[34]. Note that the two symbols for compression consist of two compressor stages each, with condensate 
removal after compression stages 2 and 4 
 
Overall, there is sufficient evidence in the literature to suggest that gaseous Hg0 does react 
with both NO2 in the gas phase and HNO3 in the aqueous phase. However, the extent of these 
reactions in an oxy-fuel compression system is currently unknown, nor which mechanism 
(gas, liquid or other surface) is prevalent, nor the mercury containing final product. This 
research is intended to provide an initial assessment of mercury behaviour during oxy-fuel 
compression and act as a guide for future work. 

Experimental 

Laboratory piston compression apparatus (continuous gas/continuous liquid) 
 
The apparatus used for evaluating Hg behaviour in oxy-fuel was a laboratory scale 
compression system built from a three-stage air compressor (RIX Industries Model SA-3) and 
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modified to allow gas sampling between compression stages and inter-stage variation of 
pressure. Figure 3 shows a diagram of the apparatus using the same gas and Hg feeding 
system with the addition of a H2O bubbling saturator prior to entering the compressor. Table 
1 provides a summary of the compressor details and its modifications. The compressor was 
fitted with a variable speed drive to change the gas intake (i.e. in effect changing the 
residence of the gas). After stages two and three a back pressure regulator, pressure relief 
valve and pressure gauge were fitted to allow the pressure to be altered within the 
compression circuit. Sampling of the gas occurred using a dilution system which pulled 
9L/min of compressed air through a critical orifice and venturi providing a 0.5bar vacuum for 
sampling 1L/min of gas through a second orifice. This combination diluted the sample gas by 
1:10 and allowed the NOx analyser to handle high NO2 concentrations (typically limited to 
~100ppm NO2). A dry gas meter measured the gas flowing out of the compressor after 
passing through an activated carbon scrubber. 
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Figure 3: Laboratory compression system with gas feeding system (feeding O2/N2/NO, Hg0, H2O), three-
stage axial piston compression and inter-stage gas and liquid sampling 
 
 
Liquid samples were taken after compression stages two and three using the moisture 
separators provided with the compressor. The modifications involved removing the copper 
cooling coils in favour of flexible high pressure Teflon tubing braided with stainless steel and 
a 300mL 304SS sample cylinder. The liquid sampling modifications are shown in Figure 4. 
These additions allowed for indirect water cooling of the compressed gas leaving the piston 
stage, and for condensation of water. This step was considered important from the perspective 
of simulating mixing conditions between gas and liquid prevalent in compression (i.e. high 
surface area, wetted walls, condensing droplets). The gas/liquid mix was then directed to the 
moisture separators, where the liquid was allowed to build up until reaching a suitable sample 
volume. The gas exited from the top of the separator and passed through the back pressure 
regulator and into the next stage (i.e. either third stage piston or exit). The liquid was sampled 
in a highly controlled method using a fine needle valve and could be sampled directly into a 
container or directed towards an air-aspirated sample cylinder (300mL, 304SS). For the field 
testing at Callide only total liquid samples were taken due to time restraints. The volatile 
analysis of the liquid condensates typically takes several hours and uses both the NOx and Hg 
analysers. The use of the volatile analysis is summarised in the laboratory results given in the 
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previous report and included as an appendix in this report. 
 
Volatile liquid analysis – the purpose of this was to test the amount of dissolved gases (NOx, 
Hg0/Hg2+) escaping from the liquid condensate on depressurisation. The dilution box was 
used to pull 1L/min of air through the aspiration vessel and mix it with 9L/min of dilution air. 
The controlled liquid flow was passed into the aspirator through a nominal 3mm stainless 
steel tube. After 10 seconds, the liquid flow was stopped and the evolution of dissolved gases 
measured overnight. The following day, the liquid was sub-sampled and diluted to measure 
the pH and nitrate/nitrite content. The remaining liquid was injected with 50mL of 0.5M 
SnCl2/ 1M HCl solution, which reduced the remaining dissolved mercury from Hg2+ to Hg0, 
allowing it to be swept from the aspirator in the gas stream and measured with the analyser. 
In this way, the amount of stable and volatile NOx/Hg in the liquid condensate could be 
determined. 
 
 

  
 
 
Figure 4: Detailed diagram of inter-stage compression line showing water condensation, gas–liquid 
separation and liquid sampling system using controlled de-pressurisation and air aspiration 
 
 
Table 1: Summary of compressor details and modifications 
 Initial System Modifications 
Description RIX Industries Model SA-3 oil free, three stage, 

axial piston air compressor, designed for SCUBA 
tank filling 

 

Functional 3HP electric motor  
 
Maximum pressure 248bar 
 
 
3CFM flow rate at a speed of 2300RPM 

2HP max after fitting with variable 
speed drive 
Pressure Gauges + control to 40 bar, 
relief valve to 50 bar 
 
2CFM 

Compressor Piston Size:  
1st stage ~60mm diameter 
2nd stage ~25mm diameter 

 
Air cooling coils removed, gas 
sample point added to 1st stage 
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3rd stage ~12mm diameter 
 
Stroke ~24mm 
Oil free 
 
Cooling: Forced air fan 

Condensers and inter-stage pressure 
controls + added gas sampling point 
to 2nd and 3rd stage 
 
Water cooled 

Gas Analysis Thermoscientific 42i-HL Chemiluminscent NOx 
Analyser (0-1000ppm range) 
 
Ohiolumex RA-915+  Hg0 Analyser 
 (0-20,000ng/m3 range) 
 
 
M&H Dilution System (1:10 critical orifice + 
venturi sampling) 
 
Testo Flue Gas Analyser 350XL (for FEED) 
(O2, CO, NO, NO2, SO2) 
 
 
Bosch Wideband O2 Sensor 
 
Accutherm Dry Gas meter (0-60L/min, pulse 
output every 10L) 

 
 
 
 
Furnace System added for thermal 
conversion of gaseous Hg2+ at 700C 
 
Connected to inter-stage sample 
points with ON/OFF and needle 
valves for flow regulation 

Liquid Analysis Horiba pH probe  
(calibrated range pH 1-7) 
 
Horiba Nitrate probe  
(calibrated to 2000mg/L NO3

-) 
 
Dionex Ion Chromatograph 
(calibrated to 500mg/L NO3

-) 
 
Hg content in liquid 
 
 
 
 
‘Volatile’ NOx + Hg in liquid tested using gas 
analyser system (see Figure 2) 

Dilution required 
 
 
Use of KMnO4/H2O2 for total N & 
nitrite, dilution required 
 
Dilution required 
 
 
Used SnCl2/HCL injection into liquid 
combined with M&H Dilution 
System+ Ohio Lumex RA-915+ Hg0 
gas analyser above 

 
 
Comment on NOx gas analysis 
The analytical method used for NOx gas analysis was based on chemiluminescent detection. 
These units are the commonly used systems in commercial application. This method detects a 
total NOx and uses a converter to provide the difference between total NOx and NO2. In this 
case the NO2 difference signal may be comprised of other N species, of which N2O4 is 
expected to be measured as 2xNO2 (due to the equilibrium between NO2/N2O4) and amounts 
of N2O3, N2O, HNO3, HNO2 (all of which may be detected to varying yet unquantifiable 
degrees). It should also be noted that the gas measurements are made at atmospheric pressure 
after exiting the pressure vessels. It is expected that this may also have an influence on 
species such as N2O4, N2O3 and HNO2. As such the term NO2 is used here with the 
understanding that other species may be present, and future work should be focussed on 
clarifying the presence and quantification of these gases. 
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Callide Oxyfuel Project Field Trial – Compression of real flue gas 
 
The field trial of the laboratory compressor was undertaken over a two-week period in 
October 2013 with the following aims: 
 

1) Determine the effect of SO2 on NOx conversion during compression 
2) Determine the influence of residence time under pressure 
3) Determine the influence of temperature on NOx conversion 
4) Compare laboratory compression results to actual gas measurements on the Callide 

CPU. 
 
The effect of SO2 during compression was expected to be associated with reactions with the 
NO2 via the lead chamber mechanism, rapidly producing H2SO4 and NO (i.e. NO2 acting as 
an oxidiser) with the overall impact being to reduce Hg conversion in compression. The 
concentration of SO2 was altered by selectively sampling from before and after the low 
pressure caustic scrubbers. Figure 5 shows the Callide CPU diagram with slipstream sample 
point indicated. The high SOx slipstream was taken at the inlet of the quench column, where 
flue gas enters the column directly from the boiler block at ~150C, containing high moisture 
(~22% H2O) and high particle concentration (~150mg/Nm3). The slipstream was sampled by 
flexible ~12mm PFA tubing, which has a high thermal resistance and low Hg absorption. 
Sampling of the high SOx stream occurred without heated lines and thus was cooled and 
partially condensed out into a large impinger and dust filter prior to entry into the compressor. 
The residence time of the gas passing through the laboratory compression system was 
controlled by changing the speed of the drive motor, which in turn altered the compressor 
intake. Overall, the low flow rate tests were performed at ~10L/min (STP) and the high flow 
rates at ~20L/min (STP). The effect of temperature was examined by cooling down the two 
condensing units placed after the second and third stage pistons. These condensers typically 
sat in a bucket of water allowed to stay at ambient temperature (~34C), however a full 
testing day was performed with iced water, with the level of ice maintained in the bucket 
throughout the testing period allowing a constant measured temperature of ~0C.   
 
The laboratory compression system and associated analytical instruments were located down 
on the CPU bench between the caustic scrubbers and the Air Separation Unit. A photograph 
taken from a nearby observation point shows the UoN set-up location relative to the Callide 
Oxyfuel Plant and is shown in Figure 6. A high top van was used to house the analytical 
equipment (e.g. computers, gas analysers) and a gazebo was erected to house the compressor 
system and associated sampling equipment. Figure 7 shows the sampling set-up. A summary 
of sampling activities is given in Table 2. 
 
Note on Standard Temperature and Pressure (STP) 
Under these testing conditions the flow rates were measured from the compressor exhaust 
using a dry gas meter. This gas could be considered to have water content under saturated 
conditions at 30 bar pressure and ambient temperature (34C) of ~1860ppm, which have been 
assumed negligible. Rather than correct for a lower temperature, these flow rates were set at 
ambient conditions and reflect the true volumetric flow rate (and hence residence time) at the 
time of sampling. As such the term STP refers to 34C and 101.3kPa for this study. 
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Callide CPU sampling 
 
The final day of testing was used to sample various sections of the Callide CPU. Gas samples 
were obtained from the Cold Box Outlet, Compressor Outlet and the High Pressure Scrubber 
Outlet. Liquid samples were taken using a high pressure liquid sampling system (specifically 
developed, shown in Figure 7) from the mid and high pressure compressor condensate 
streams and from the High Pressure Scrubber recirculated water. These sampling points are 
also indicated in Figure 5. A photograph of the Blower Outlet sample point (low SOx) is 
shown in Figure 8. The compressor outlet sampling point was located at the top of the 
primary dust filter located after the Low Pressure Caustic Scrubber (Figure 9). This sample 
point was chosen because of its ease of access and relatively close distance to the analytical 
systems. The High Pressure Scrubber sampling point was located on a downcomer at ground 
level which had to be drained of built-up liquid prior to use.   
 

 
Figure 5: Diagram of Callide CPU with gas slipstream sample points (red) for compression apparatus and 
other samples including liquids (blue) taken during field trial. Note that the two compression symbols 
represent two stages of compression each. Condensates are removed after compressor stages two and four. 
 
 
Note that the publication of specific results measured from the Callide CO2 Purification 
Unit contains significant intellectual property and has not been included in this public 
release version of the report. 
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Figure 6: Photograph of the UoN set-up with the parked white van relative to the CPU and ASU 
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Figure 7: Photograph of compression set-up under outdoor gazebo (top), analytical equipment located in 
high top van (bottom left) and the purpose-built high pressure liquid sampling apparatus (bottom right) 
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Figure 8: Photograph of the low SOx slipstream sample point, Blower Outlet 
 

 
Figure 9: Photograph of the Compressor Outlet sample point located on the second floor of the primary 
CPU dust filter  
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Table 2: Summary of activities on field trial 

Date Sampling Point Aim Samples Taken 
5-6/10/2013 Travel to Site   
7/10/2013 Public Holiday   
8/10/2013 Set-up   
9/10/2013 Blower Outlet Preliminary Run 

Low SOx 
High Flow (20L/min) 

Full Gas Suite 
(Feed /3rd/2nd/1st stage) 
Total Liquids (3rd/2nd stage) 

10/10/2013 Plant Down   
11/10/2013 Plant Down   
12/10/2013 Blower Outlet 

 
 
 
 
 

Low SOx 
High Flow (20L/min) 
 
 
 
 
 
 
 

Full Gas Suite 
(Feed/3rd/2nd/1st stage) 
Total Liquids 
(3rd/2nd stage) 
 
2nd Stage Suite 
(5-18bar) 
Total Liquids (3rd/2nd Stage) 

13/10/2013 Blower Outlet 
 
 
 
 
Quench Column Outlet 
 
 
Quench Column Inlet 

Low SOx 
Low Flow(10L/min) 
 
 
 
Mid SOx 
Plant Sample Only 
 
High SOx 
Preliminary Low Flow 
(10L/min) 

Full Gas Suite 
(Feed/3rd/2nd/1st stage) 
Total Liquids 
(3rd/2nd stage) 
 
Feed Sample Only 
 
 
Full Gas Suite 
(Feed/3rd/2nd/1st stage) 
Total Liquids 
(3rd/2nd stage) 

14/10/2013 Fatigue Management 
Day off 

  

15/10/2013 Quench Column Inlet High SOx 
Low Flow (10L/min) 

Full Gas Suite 
(Feed/3rd/2nd/1st stage) 
Total Liquids 
(3rd/2nd stage) 
 
2nd Stage Suite 
(5-10bar) 
Total Liquids 
(3rd/2nd Stage) 

16/10/2013 Blower Outlet Low SOx 
Low Flow (10L/min) 
ICED condensers 

Full Gas Suite 
(Feed/3rd/2nd/1st stage) 
Total Liquids 
(3rd/2nd stage) 
 

17/10/2013 Cold Box Outlet 
Compressor Outlet 
Cold Box Outlet II 
HP Scrubber Outlet 

Sampled for Callide 
No compressor 

Gas Samples for NOx/Hg 
 

Liquid samples taken of  
Compressor condensate + HP 
Scrubber 

18/10/2013 Pack-up   
19-20/10/2013 Travel to Newcastle   
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Field calibration of gas analysers 
 
The two gas analysers were checked for calibration after set-up using onsite calibration 
mixtures, provided by the COP. Where possible the analysers were checked at full scale 
normal range and after 1:10 dilution using the dilution sampling system. Figure 10 shows the 
calibration result for low and high range. Table 3 shows the results of the calibration check. 
Overall, results show good reproduction with only minor correction needed in post-
processing. It should be noted that these calibration gases used a N2 balance, instead of CO2, 
and this was considered an important issue since the Testo flue gas analyser was used to test 
the full flue gas prior to dilution, while the Thermoscientific NOx analyser was used to test 
sample streams after dilution (with air) and thus to be less affected by CO2 concentration. 
Where the field sampling of the Callide streams took place, these gas samples were taken 
with the Thermoscientific NOx analyser without dilution. To test the effect of CO2, a number 
of analyses were undertaken after the field trial using controlled gas streams in 70% CO2 
(based on the Callide CEMS data of ~66-68% CO2 dry). The CO2 correction factor is also 
given in Table 3 and has been calculated from equation 1 below. 
 
 
                           

   (1) 
 
 
 

 
Figure 10: Calibration test using 1:10 dilution box for low range measurement and without dilution for 
high range measurement 
 
 

Calibration gas 
sampled through 

dilution box 
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Table 3: Calibration results 
 
 
 

 

Calibration Gas 
ppm 

Measured Value 
ppm 

Correction factor 
 in 70% CO2  

Testo 350XL 
  

 
CO 15.9 10  
SO2 119.1 123.5 1.48 
NO 162.8 160 1.12 

   
 

CO 159 112  
SO2 1191 1155 1.48 
NO 1628 1545 1.12 

   
 

NO2 19.2 19.2 2.11 
NO2 192 183 2.11 

   
 

Thermoscientific 
NOx Analyser 

  

 

NO 162.8 181 0.94 
NO2 19.2 22.26 0.94 
NO2 192 203.26 0.94 
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Results 

Laboratory compression unit field testing 
 
The compression system was run for a total of five days, typically obtaining a full suite of 
analysis over ~6 hours. A typical result is shown in Figure 11, whereby the compression 
stages are sampled in reverse from third stage to feed in order to avoid the downstream 
impacts of sampling (i.e. a reduced gas flow lengthening the residence time in the 
compressor). Also of note are the asymmetric cycles in the gas concentrations. These 
fluctuations are considered typical of real flue gas and ultimately result in longer required 
sampling periods to obtain sufficient variation. In practice, at least three cycles were 
considered a minimum before switching the sample.   
 
Figure 11 shows that these cyclic variation begin with NO and Hg, and in particular the Hg 
represents variation of ~30%. As the pressure rises from first through to second stage the 
cycles can be observed to pass into the NO2 as greater amounts of NO are converted, 
however by the third stage the residence time inside the final stage acts as a blending vessel, 
smoothing out the cycles. Figure 11 also shows a break in data collection, where the 
concentrations drop to zero. These periods represent a manual baseline check of the Hg 
analyser using zero air passed through an activated carbon bed, which was followed by a 
switch between the Hg sample flowing through the furnace (set at 700C) to obtain a Hgtotal 
or bypassed to obtain the Hg0. For every compressor test performed there was no significant 
difference between Hgtotal and Hg0 observed.   
 

 
Figure 11: Typical gas results for a full suite of compressor operation 
 
 



  Page 
24 

 
  

Full suite analysis was performed for conditions of high and low flow in the compressor with 
the low SOx slipstream, as well as a low flow run from the high SOx slipstream. These runs 
used comparable pressures in the three stages of the compressor; namely 1-3 bar in the first 
stage, 8-10 bar in the second stage and 24 bar in the third stage. The third stage pressure of 24 
bar was set in order to match the pressure of the Callide CPU compression block. Two other 
full suite runs were also performed on the low SOx slipstream; the first was a high flow 
condition using 30 bar in the third stage and the other was a low flow condition using the ice 
in the condenser. A second set of experiments was also performed in the second stage only, 
typically varying the pressure from 5-18 bar. These fundamental runs were obtained at the 
high flow condition on the low SOx slipstream and at the low flow condition on the high SOx 
slipstream. The results for these experiments, both full suite analysis and fundamental second 
stage pressure tests, are summarised in Figures 12-14 in terms of NO, NO2 and Hg. The NO 
concentration (Figure 12) decreased exponentially with higher pressure, with the rate of 
conversion becoming slower as concentration is reduced. The majority of the reaction occurs 
at lower pressure with approximately 68% of the NO converted within the 10 bar pressure 
range. The apparent scatter in the data was caused by the cyclic variation in the plant and 
compared to this scatter, the overall impact of the flow rate and SO2 concentration do not 
appear to be significant. However, the low SOx condition did result in a lower NO 
concentration in the second stage. The iced condensers do appear to show an impact greater 
than the variability of the data, giving a lower NO concentration throughout the compression 
range, despite having a higher feed NO. This is expected given that the conversion of NO to 
NO2 favours lower temperature. 
 
The formation of NO2 in Figure 13 shows the opposite in the low pressure region, increasing 
in concentration up to 10 bar, however the concentrations appear to reach a plateau at higher 
pressures as the rate of capture becomes increasingly significant. It is in the third stage 
compression that the NO2 concentrations show a significant difference between experimental 
conditions, with the high flow (and thus lower residence time) having the highest NO2 
concentration and therefore the lowest capture rate. The extended 30 bar test in the high flow 
condition suggests that greater capture is possible at higher pressure. The low flow conditions 
with both high and low SO2 concentration do not appear to provide significant difference in 
NO2 concentration, however both low flow conditions give a lower NO2 than the high flow 
condition. It should also be noted that the low SOx condition also resulted in a higher NO2 in 
the second stage. The iced condensers gave the lowest final NO2 concentration – 
approximately half the high flow condition.   
 
Of the three gas species, Hg showed the most variation both in its cycles and between testing 
days. During the course of the testing program, conversation with Callide plant operators and 
engineers revealed that several return loops from the back of the CPU can be mixed into the 
incoming feed gas. Largest among these was the use of clean CO2 product gas to pulse the 
primary dust filter located after the caustic scrubbers. These pulses were set at approximately 
every 15 minutes, which is similar to most of the cyclic fluctuations measured in the NOx 
concentrations, however the actual pulse rate could be set by operators and this value varied 
depending on which operator was asked. Figure 14 gives the effect of higher pressure on Hg 
in the gas stream. As with the NO/NO2, these numbers are represented as an average for each 
sample period and therefore appear scattered due to the effect of the cycle trend. As stated 
earlier, no difference in Hgtotal and Hg0 was observed, proving that all of the Hg is present in 
the gas stream as elemental Hg. This was consistent with the laboratory results. The effect of 
pressure is pronounced on the Hg in the gas stream, being systematically reduced with higher 
pressure. There does not appear to be any clear effect of high flow, but the iced condensers 
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show lower Hg concentration exiting the second stage. This value is the same exiting the 
third stage, indicating that no capture of Hg occurs in the third stage under the iced condenser 
condition. It must be stated that not all conditions are represented across the full pressure 
range, with the low flow/low SOx missing the third stage Hg measurement and the high 
SOx/low flow not included. The incomplete data set for the low flow/low SOx was due to a 
power failure, which resulted in a loss of data on the Hg analyser. The high SOx/low flow 
data set was not included because of the negative influence of the SO2 on the Hg baseline – a 
consequence of the high response analyser used. 
 
As a summary of the removal potential during compression, Figure 15 shows the total NOx 
and SOx exiting each pressure setting of the compressor. Within the variability of the data, 
there appears to be no clear trend in NOx between testing conditions in the second stage, 
however the third stage high pressure region reflects the same trend of the NO2, with the 
higher flow producing less capture, followed by the low flow condition and finally the iced 
condenser producing the greatest NOx capture. The SO2 shows a much larger effect from 
increased pressure, with 80% of the SO2 captured at 10 bar in the second stage and 96% 
captured by the third stage. Overall, the impact of SO2 on NOx capture does not appear to be 
significant under these conditions. Furthermore, it was expected that no NOx capture would 
occur until the SO2 was completely removed, but this was not observed, with both SO2 and 
NOx being captured simultaneously. 

 
 
Figure 12: Removal of NO with pressure  
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Figure 13: Formation of NO2 with pressure  
 
 
 

 
Figure 14: Removal of Hg with pressure  
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Figure 15: Impact of compression pressure on NOx/SOx removal 
 
 

Comparison of laboratory and field results 
 
The field trial results were compared against the previous laboratory results. The previous 
laboratory results were based on a full suite analysis using controlled NOx injection between 
500-1500ppm NO and controlled Hg injection of 1000ng/m3. Figures 16-18 show these 
comparisons in terms of the amount of NO converted, the amount of total NOx captured and 
the amount of Hg captured. The NO converted is based on the difference between NO 
concentrations from the feed NO to each pressure setting. Figure 16 shows that the two high 
flow cases in the field trials lie on the same conversion trend, approximately 10-15% lower 
than the low flow case. The second stage low flow condition in the field results corresponds 
well with the laboratory work performed at the same pressure and flow rate (10L/min), while 
the third stage low flow condition in the field results corresponds well with the trend in 
laboratory data despite being at different final pressure settings. The previous third stage 
laboratory results were performed at 30 bar, rather than 24 bar, however these results are also 
very close to 100% NO conversion.  
 
By comparison, the amount of total NOx removed from the system through compression 
gives a measure of the capture performance under different conditions. Figure 17 shows the 
NOx captured for the two data sets. Once again, all results compare well up to 10 bar, 
however in the higher pressure range the high flow conditions show a lower overall capture 
rate due to the shorter residence time. 
 
The capture of Hg during compression involves a significant number of variables, in 
particular the concentration of NO2, which in turn is affected by residence time, temperature 
and water condensation. A comparison of Hg capture across the two data sets (Figure 18) 
shows a relative increase with higher pressure leading to a significant amount (95-100%) of 
Hg removed at 30 bar. However the data sets diverge during the second stage compression 
with much higher Hg capture demonstrated in the laboratory testing at high NOx levels 



  Page 
28 

 
  

(1000-1500ppm) and much lower results for the low NOx laboratory tests at 500ppm. A 
potential reason for this difference is that these laboratory tests were performed in Newcastle 
during winter when laboratory temperatures were typically below 20C leading to lower inlet 
water vapour concentrations and a lower condenser temperature. By comparison the field 
testing occurred at Callide during spring with ambient air and condenser temperatures of 
~34C. The effect of lower temperature in the field tests can be clearly observed in the iced 
condenser test which showed a significantly higher capture rate in the second stage 
compression. In the third stage at 24 bar the iced condenser result shows higher capture than 
the high flow condition at the same pressure settings gaining approximately 10% higher 
capture.  
 
 

 
Figure 16: Comparison of NO converted during compression between field tests, the Callide CPU and 
laboratory results 
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Figure 17: Comparison of NOx captured during compression between field tests, the Callide CPU and 
laboratory results 
 
 

 
Figure 18: Comparison of Hg captured during compression between field tests, the Callide CPU and 
laboratory results 
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Discussion 
 
The field trial at the Callide Oxyfuel Project examined three main variables during 
compression, namely, the effect of SO2, residence time and temperature. The presence of SO2 
was found to impart a minor reduction on the conversion of NO into NO2 in the second stage 
of the compressor but did not affect the amount of NOx captured. No effect of SO2 was 
observed in the third stage, most likely because the SO2 was removed in the second stage. 
However, SO2 was found to be readily captured during compression, suggesting that it 
remains a viable and passive cleaning option. Residence time was shown to have the greatest 
impact in the third compression stage, with a doubling of residence time lowering the 
conversion of NO to NO2 by 10% and reducing NOx capture by 20%. Extending the pressure 
range from 24 bar to 30 bar had a minor impact (+5%) on NOx captured but higher impact 
(+12%) on Hg captured. 
 
Recent work presented on the Schwarze Pumpe [35] plant compared different trials in NOx 
and SOx capture including traditional FGD systems and CPU options (Table 4). Linde, the 
original suppliers of the Schwarze Pumpe CPU, have undertaken pilot work on their 
LICONOX process which uses a high pressure scrubber with ammonia water run at 
approximately pH 7. Passing through the compressor units, the NOx removal was ~50%, with 
an additional 25-30% removed in the trial scrubber. The potential benefit of this process was 
an ability to regenerate the solution to produce N2. An added benefit was the stabilisation of 
the solution chemistry enabling better handling of by-products. Air Products have also 
conducted a pilot trial of their sour gas compression circuit. Under this process, both SOx and 
NOx are included in compression, with SO2 being preferentially removed in the first column 
(15 bar) and the NOx being removed in the second column (30 bar). The SO2 oxidation and 
removal was previously considered due to the catalytic oxidation from NO2 (forming NO) 
[19]. However, recent modelling work has suggested that this process occurs in the liquid 
phase [36], either through the lead chamber process (resulting in NO desorbed from the 
liquid) or the rashig mechanism (resulting in the formation of N2O). This liquid phase 
concept is supported by the field compressor experiments which showed only an influence on 
NO conversion and no influence on NO2 or the amount captured from the gas phase. 
Moreover, in their pilot trials Air Products showed that SOx capture could be affected by the 
feed SOx/NOx ratio with lower ratios favouring higher capture rates. The SO2 concentrations 
during the Air Products testing ranged as high as 2000ppm with NOx between 180-400ppm. 
These SOx/NOx ratios ranged from 3-11 producing SO2 capture rates from 100% down to 
20%.   
 
By comparison, the SOx/NOx ratio in the Callide field tests was approximately 1, suggesting 
that sufficient NOx would be available for accelerated SOx capture. The complex chemistry 
involved in this process is not fully understood, nor is the effect of pressure. However, in both 
the lead chamber process and the rashig mechanism, a significant amount of H2SO4 is 
required and it remains up to future work to determine whether the use of water or alkaline 
solutions can effectively buffer the formation of N2O in mixed SOx/NOx conditions under 
pressure.   
 



  Page 
31 

 
  

Table 4: Pilot trials and experiences from Schwarze Pumpe Oxy-fuel Plant 
 
Pilot Trial Input to CPU Removal Comments 
LINDE compression 
(existing) 

SOx < 5ppm 
NOx < 260-365ppm 

SOx  NA 
NOx 40-50% 

To 18 bar 

LINDE NH4-water 
scrubber 

SOx < 5ppm 
NOx < 260-365ppm 

SOx  NA 
NOx 75-80% (>95%)1 

Slipstream taken after 
18 bar compression 

Air Products sour 
compression 
(water scrubbing) 

SOx < 5ppm 
NOx < 260-365ppm 
 
SOx < 750-850ppm 
NOx < 260-365ppm 

 
NOx  > 75% 
 
SOx 20-40% (>95%)2 
NOx 55-90% 

Slipstream taken after 
FGD 
 
Slipstream taken before 
FGD 
Both compressed to 
30bar 

LINDE H2O removal 
(existing) – TSA units 

SOx < 5ppm 
NOx < 260-365ppm 

SOx NA 
NOx 50-60% 

 

 
1 best performance from supplier [37] 
2 best performance from supplier [38] 
 
 
Temperature effects 
The effect of lowering temperature from 35C to 0C using ICED condensers produced a 
significant increase in the amount of NOx and Hg captured. As previously modelled [39], the 
oxidation of NO to NO2 is partially driven by an equilibrium with an ‘activated’ NO species 
which favours lower temperature. The following dimerisation of NO2 to N2O4 also favours 
lower temperature ultimately producing a greater conversion of the feed NO into N2O4. 
Figure 19 gives the modelled NO conversion to NO2 and the predicted equilibrium N2O4 for 
both temperatures in the second stage (10 bar). The model shows that the difference in NO 
conversion between temperatures is relatively small compared to the predicted difference in 
N2O4 concentration. The lower temperature also changes the amount of water condensed in 
each compressor stage – increasing the amount condensed in the second stage from 84% to 
98% of the feed H2O and decreasing the amount in the third stage from 9% down to 1% of 
the feed H2O. Despite this reduction, the amount of NOx captured in the third stage was 
increased, suggesting that the amount of liquid water formed is not a driving influence in 
capturing NOx in the condensate.   
 
The combination of higher NO conversion and higher NO2/N2O4 concentrations had the 
greatest impact on the Hg captured in the second stage. While the literature is scarce on the 
mechanism of the reaction between Hg and NOx, the modelled effects of temperature on the 
NOx kinetics and equilibrium suggest that N2O4 is in fact the likely reactive species as 
previously suggested [29]. In the previous report [39] the laboratory results indicated that the 
presence of liquid water was not required for Hg capture, but the capture of NOx from the gas 
phase into the liquid retarded the Hg capture. The iced condenser condition in the field tests 
changed the amount of liquid water present and did not result in a significant increase in extra 
NOx captured in the second stage. It did, however, have a large influence on Hg captured, 
supporting the previous laboratory observations. 
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Figure 19: Modelled NO conversion and equilibrium N2O4 at 10 bar for temperatures of 35C and 0C. 
Greyed dotted line gives approximate residence time in the second stage of the laboratory compressor 
 
 

Practical implications 
 
Slipstream measurements using actual flue gas taken from the bench-scale compressor 
agree with synthetic flue gas measurements taken from the bench-scale compressor in 
the laboratory. The field measurements taken from a slipstream from a real oxy-fuel flue gas 
showed similar conversion with higher pressure and in terms of actual concentration. The 
natural cyclic variability of the real flue gas is a feature which could not be replicated in the 
laboratory.   
 
The field measurements taken at different points from the Callide CPU show similar 
NOx conversion to the measurements taken from the bench-scale compressor unit. The 
conversion of NO into higher order gaseous NOx and aqueous products is a prerequisite for 
Hg conversion. Measuring similar NO conversion and capture provides confidence that the 
residence time and mass transfer between gas and liquid are similar to those in the Callide 
CPU. 
 
The impact of SO2 on NOx conversion in compression was minor, producing a 
measurable difference in NO conversion but no difference in NOx captured. The 
expectation that SO2 would react with NO2 and thus reduce its capture is derived from the 
work of Air Products, however the ratio of SOx to NOx is apparently sufficient to provide the 
accelerated SOx capture effect without significant influence. This suggests that passive 
capture of both SOx and NOx during compression is viable providing the operational 
envelope for N2O formation is determined (N2O was not measured in the current campaign). 
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The amount of Hg that was removed from both the experimental compressor sampling 
a slipstream and the Callide CPU satisfy the Hg limit for a natural gas compression 
limit of 10 ng/m3.  
 
The practical implications suggested in the previous report [39] on laboratory measurements 
of synthetic gas are confirmed by the present results on real oxy-fuel gas at the COP: 
 
Gaseous Hg0 in the flue gas can be effectively removed from the gas stream using the 
compression circuit during back-end CO2 processing. This reduces the risk of mercury 
corrosion of cryogenic aluminium heat exchangers and suggests that dedicated removal units, 
such as an activated carbon bed are not necessary in an oxy-fuel circuit. These findings 
represent a paradigm shift in mercury control for oxy-fuel technology and reduce the 
emphasis on upstream speciation and capture. Furthermore, this passive gas cleaning option 
in oxy-fuel is a low cost advantage over other capture technologies such a post-combustion 
capture which require significant cleaning prior to CO2 removal. 
 
The main pathway for oxidation occurs in the gas phase with NO2/N2O4, rather than in 
the acidic condensate. The conditions which enhance NO oxidation are the same as those for 
Hg oxidation, namely higher pressure and residence time. However, the presence of liquid 
water in an oxy-fuel compression circuit is both necessary for removing NOx and a hindrance 
for removing Hg. This work has shown that Hg0 can be dissolved in acidic liquid at high 
pressure, but does not form a stable salt without the presence of a gaseous oxidiser. Therefore 
the premature capture of NOx into the liquid condensates will retard the removal rate of Hg0. 
Future design of back-end oxy-fuel CO2 processing plants could enhance the Hg oxidation 
rate by prolonging the residence time prior to intercooling and condensate removal.   
 
The final oxidised Hg product has yet to be identified. This research has shown that Hg0 is 
removed from the gas phase but has yet to identify the product of oxidation. Likely candidate 
products are a Hg–NOx salt or HgO, however the valence of the Hg atom affects solubility, 
and may well impact the potential removal in the condensate. The results of this work have 
shown that a significant portion of the gaseous Hg was not removed in the condensate and 
was not present in the gas as Hg2+. It is therefore possible that the Hg is being deposited in a 
section of the laboratory compression apparatus which is not being regularly contacted with 
water or that the compound is not soluble. On a larger scale, this may ultimately present a 
risk of blockage or a safety hazard during shutdown. Identification of the final oxidised form 
of Hg under compression conditions will offer insights into its behaviour during compression 
and ultimately result in better circuit designs to optimise its capture. 
 
Highly acidic condensates represent a corrosion and safety risk. The analysis of the 
condensates indicated a significantly high acidity which consisted predominantly of HNO3. 
Given that the mass balance closure was relatively poor, there is high possibility that 
deposition of HNO3 is occurring in non-wetted sections. Given that observed blockages were 
found in areas surrounding the back pressure regulators and piston head, it is also possible 
that other NOx species such as N2O5 (a white solid at room temperature) may also be formed. 
In this work, the blockage was easily removed with water and future design options may take 
advantage of such solubility to remove potential build-ups. The emissions of NOx produced 
from depressurising the liquid condensates represent a potential safety hazard and should be 
depressurised to allow off-gassing to be recycled back into the process. 
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Conclusions 
 
The removal of NOx and Hg during compression of ‘real’ oxy-fuel flue gas was investigated 
using a novel (piston) laboratory compression unit. The unit was tested under both laboratory 
conditions using a synthetic flue gas and on a slipstream of ‘real’ oxy-fuel flue gas derived 
from the Callide Oxyfuel Project in Biloela, QLD. The field campaign at Callide had four 
main aims: 
 

5) To determine the impact of passively cleaning SO2 and NOx in the compression 
circuit 

6) To vary the residence time within the compression circuit 
7) To determine the impact of temperature on NOx conversion 
8) To compare the (experimental) compressor results to measured NOx and Hg 

concentrations within the Callide CO2 Processing Unit. 
 
It was found that SO2 had only minor impact on NO conversion and no impact on the capture 
of NOx during compression. It was also observed that the SO2 was removed at a faster rate 
than the NOx, obtaining >80% removal by 10 bar. This was found to be consistent with other 
international pilot trials.   
 
The effect of shorter residence time was shown to decrease the conversion of NO to NO2 
though this effect was mainly observed in the third compression stage after 60% conversion 
of NO. The overall capture of NOx during the compression circuit could be improved from 
55% to 75% with a doubling of residence time and further extended to 83% with an increase 
in pressure from 24 to 30 bar. 
 
A reduction in temperature during high pressure intercooling (using an ICED condenser) had 
the greatest effect on NOx capture at higher pressure, while Hg capture was removed at lower 
pressure. Modelling suggested that the lower temperature produced a higher equilibrium 
concentration of N2O4 which is considered the likely reactant species involved in Hg 
removal. 
 
Overall, the field measurements taken from the laboratory compressor using real flue gas 
were found to agree with previous laboratory measurements. This provides confidence in 
laboratory experiments to study NOx/Hg mechanisms prevalent in large scale oxy-fuel 
compression. The removal of these flue gas impurities during compression has the potential 
to reduce the overall cost of oxy-fuel and represents a significant advantage that oxy-fuel has 
over other CCS technologies, such as post-combustion capture, which require removal of 
impurities prior to entering the CO2 compressor unit. 
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APPENDIX A: Details of laboratory compression experiments which are 
compared with the present COP results 

Laboratory piston compressor apparatus – preliminary testing in the laboratory 
under dry conditions                   
 
The initial testing of the compression apparatus was performed under dry conditions to allow 
NOx conversion to occur without capture. Figure A1 gives a typical suite of gas phase 
measurements showing the conversion of NO into NO2 across the three compression stages. 
The gas sampling is taken in reverse (from stage 3 to stage 1) so as not to disturb the 
residence time profile of gases. These results show that a 90% conversion to NO2 is possible 
up to 20 bar and verify that the gas phase mass balance is conserved across the three stages. 
The varied response of NOx concentration to pressure can be observed in Figure A2. The 
oxidation of NO to NO2 within the second stage was enhanced by increasing the pressure. 
Pressures lower than 7 bar were obtained by over-sampling the second stage gas flow, thereby 
reducing the flow being carried to the third stage. This result appears non-linear with pressure 
due to the dependency of the oxidation rate on the concentration of NO. As the NO 
concentration is decreased with higher pressure the rate is also decreased, leading to the 
conversion rate levelling off. These results are consistent with previous work [40] on the 
small pressure apparatus. 
 
Figure A3 shows the timed response for O2 injection from the mass flow controller to the 
point of measurement.   These curves indicate the residence time of the gas through each 
stage and the degree of mixing that occurs within the compressor. As expected, the first stage 
O2 measurement is detected faster and approaches the feed concentration in a shorter period 
of time, while the second and third stages give respectively slower responses. All O2 trace 
curves indicate that the residence time of gases through the compressor occurs under three 
minutes. Figure 12 also indicates that the gases become successively well mixed as they pass 
through the compression system. 
 
The mercury behaviour through the dry system did not occur in the same time scale due to 
the high partial pressure of Hg0 and available surface area inside the compression system. It 
was observed that a significant amount of time (~60 minutes) was required for this ‘surface 
coating’ to occur. Interactive effects between NOx and Hg were also observed in the second 
stage of the dry system. Figure A4 shows the measured concentration of gaseous Hg0 in the 
first stage (A) and second stage (B) in a mix of 3% O2 in N2. When the feed NO was 
switched on (C) the Hg0 exiting the second stage was immediately reduced to zero. Switching 
the feed NO off (D) shows the Hg0 begin to rise from zero. During subsequent experiments 
the gas sample was passed through a furnace set at 700C in order to thermally convert any 
gaseous Hg2+ into Hg0. These experiments confirmed that the gas samples taken during 
compression contained no Hg2+. These results indicate that NOx (notably as NO2) is capable 
of oxidising gas phase Hg0 without the presence of water. Furthermore, it also suggests that 
the presence of NO2 causes the ‘coated’ Hg on the internal surfaces to also be converted, 
requiring time for a second slow build-up. 
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Figure A1: Change in NO and NO2 gas concentration as the compression stages are sampled from back to 
front to avoid downstream effects of sampling (i.e. change in residence time). No water vapour or liquid 
condensate present 
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Figure A2: Change in NO and NO2 concentration with varied second stage pressure under dry conditions. 
Pressures lower than 7 bar were obtained by ‘over-sampling’ the second stage gas to reduce the system 
pressure 
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Figure A3: Timed response from between O2 injection from MFC and measured O2 signal for first, second 
and third compression stages under dry conditions at pressures of 3, 15 and 25 bars respectively 
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Figure A4: Hg0 content of sampled gas during preliminary compression of dry gas (i.e. no liquid 
condensate present). Shows the effect of sequential gases being turned on and off. First stage at 3 bar and 
second stage at 11 bar. Feed gas contains 1200ng/m3 of Hg0 
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Laboratory piston compressor apparatus – preliminary testing in the laboratory 
under wet conditions    
 
The compression of a wet feed gas was performed in two sections using a feed NO varying 
between 500-1500ppm. The first section focussed on the change in gas concentrations as the 
second stage pressure was varied. The second section fixed the pressures at each compression 
stage to allow a comparison of liquid condensates. The liquid analysis experiments required a 
considerably greater amount of time due to slow build-up of condensate in the compressor. 
Figure A5 shows the variation of gaseous Hg0 across the compression system for the three 
feed NO levels. Some variation in feed Hg was observed between feed conditions, most 
likely caused by the measurement of feed gas prior to steady state conditions. The higher 
concentrations of feed NOx appear to have undergone partial oxidation to NO2 in the feed 
lines prior to entering the compressor. This may also have had an impact on feed mercury 
levels. The second stage sampling shows a distinct reduction of Hg0 with increasing pressure 
and NOx levels. Capture of Hg0 from the flue gas was complete by the third stage with only 
trace amounts detected exiting the compressor (below 20ng/m3). For comparison, a run was 
performed without O2 to prevent the conversion to NO2. These results proved that no capture 
occurred without the presence of NO2, indicating that the presence of water and NO are not 
sufficient to remove Hg0 from the gas stream. In all tests, no Hg2+ was detected in the gas 
samples from any compressor stage.   
 
The amount of NOx removed from the gas stream increased with higher pressure and higher 
feed NOx. Figure A6 gives the captured NOx from the second and third stage as a function of 
pressure. These conditions are consistent with favourable NO oxidation with 58-74% of NO 
being oxidised by the second stage and a total of 91-95% of NO being oxidised across the 
compression system. The capture of NOx comprised of 21-38% in the second stage and a total 
of 75-83% of NOx was captured across the compression system. Figure A7 shows the 
relationship between the capture (normalised) of Hg0 in the second and third stage and the 
capture of NOx. The higher the NOx captured the higher the proportion of Hg captured. 
Clearly pressure and residence time play an important role in the oxidation of NO to NO2, 
however what is not clear is the mechanism by which Hg is captured and the species which is 
formed.  
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Figure A5: Change in gaseous Hg0 concentrations gas across the compression stages with three levels of 
feed NO. Second stage pressures varied between 10-18 bar 
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Figure A6: Total NOx removed from the gas phase in second stage (varied 10-18 bar) and third stage 
(constant 30 bar) 
 
 
 
 
 



  Page 
43 

 
  

0

20

40

60

80

100

120

0 200 400 600 800 1000 1200 1400

NOx Captured, ppm

H
g

0
 C

a
p

tu
re

d
, 

%

500ppm NOx

1000ppm NOx

1500ppm NOx

 
 
Figure A7: Relationship between gaseous Hg0 (normalised) and capture of NOx in the second and third 
stage under wet conditions 
 
 

Laboratory compression – liquid analysis 
 
The second section of wet compression testing involved the analysis of the liquid condensate 
sampled from the compression stages. The importance of accurate testing cannot be 
overstated as the liquids provide a potential guide to the mechanisms by which Hg and NOx 
are captured. The compression condensates were removed from the second and third stages 
under pressure in a well-controlled method which provided a means of quantifying the 
proportion of dissolved gases escaping (or volatilising) from the liquid on depressurisation. 
The other portion of testing was performed on the exposed liquid after an initial dilution. 
Dilution of the liquid sample was crucial because the acidity and concentration were far 
above the normal analytical range of instruments such as the ion chromatograph and nitrate 
probe. 
 
Figure A8 and Figure A9 gives examples of both types of liquid analytical methods. Figure 
A8 relates to the release of volatile species from the liquid on depressurisation. Two clear 
peaks in NO, NO2 and Hg0 can be observed over the course of several minutes. Full analysis 
time required ~5 hours to completely remove NOx gases from the liquids. The first peak is 
considered related to sudden shift in pressure while the subsequent peak is considered due to 
the continued flushing of the vessel and potentially the decomposition of acids. Figure A9 
shows the second analytical technique used for the determination of stable mercury. Multiple 
injections of a reducing agent reacted the Hg2+ (aq) to Hg0 which could then be swept out of 
the vessel. The integrated results of the volatile NOx/Hg and stable Hg were combined with 
the nitrate/nitrite analysis using a standard ion chromatograph and are shown in Table A1 for 
the three feed NOx levels. The majority of the liquid condensate was removed in the second 
stage and the pH became increasingly acidic with higher feed NOx and corresponding 
nitrite/nitrate amounts. Of particular note is the difference between the ‘air aspirated’ and ‘as 
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collected’ values of pH in the second stage, which shows that the introduction of a sweep gas 
on the liquid condensates has a measurable difference in lowering acidity and demonstrates 
the volatility of the solutions. The calculated fraction of volatile NOx ranged between 3.5-
9.7% of the liquid NOx. By comparison the Hg contained in the liquid was very stable with 
the volatile fraction being less than 0.01%.  The third stage condensate sample was too small 
to analyse for the volatile component. The pH of these liquids was of consistent acidity 
between -0.18 to -0.22 and contained a significantly higher concentration of nitrates/nitrite 
compared to the second stage liquid. However the concentration of Hg was measurably 
smaller in the third stage condensates for feed NOx levels of 500ppm and 1000ppm, while the 
high level feed NOx showed significantly less in both samples. This may be due to the 
capture of Hg in non-wetted areas.   
 
Overall, the mass balance across the compressor in terms of measured Hg and NOx in the gas 
phase and in the liquid was relatively poor. However, it is unlikely that the material was lost 
from an unaccounted output, but rather this represents the material left within the compressor 
system, such as adsorbed on the walls and in areas of low liquid content. Also, each 
experiment was run for three hours and produced 20-30mL of liquid condensate, making 
accounting between gas and liquid difficult. In addition, it may be noted that poor mass 
balancing has been a characteristic of previous NOx studies [40] and rather than be 
considered a cause for discarding the experimental results, it should be considered as an 
important indicator of the likely build-up of acidic and toxic compounds within the oxy-fuel 
compression circuit.  
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Figure A8: Analysis of liquids produced as second stage compression condensate; release of ‘volatile’ NOx 
and Hg during controlled depressurisation+air aspiration 
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Figure A9: Analysis of liquids produced as second stage compression condensate; release of ‘stable’ Hg 
with multiple 10mL injections of 0.5M SnCl2/1M HCl reducing agent 
 
Table A1: Summary of condensate analysis for three feed NOx levels 

 2nd Stage (10 bar) 3rd Stage (30 bar) 

 aspirated as collected as collected 
500ppm NOx    
pH a 0.97 0.83 -0.18 
Nitrite b, g/L  0.85 0.44 1.83 
Nitrate b, g/L 12.59 11.34 106.9 
Volatile NOx c, % 8.73   
Volatile Hg c, % 0.034   
Hg d, mg/L 21.6  7.75 
NOx balance, %  14.0  
Hg balance, %  22.4  
    
1000ppm NOx    
pH a 0.22 -0.24 -0.16 
Nitrite b, g/L  0.44 2.22 2.92 
Nitrate b, g/L 54.67 42.76 99.01 
Volatile NOx c, % 9.67   
Volatile Hg c, % 0.019   
Hg d, mg/L 33.7  6.56 
NOx balance, %  51.1  
Hg balance, %  56.7  
    
1500ppm NOx    
pH a -0.16 -0.18 -0.22 
Nitrite b, g/L  5.94 1.03 0.42 
Nitrate b, g/L 118.8 114.1 200.6 
Volatile NOx c, % 3.51   
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Volatile Hg c, % 0.059   
Hg d, mg/L 5.33  10.79 
NOx balance, %  57.2  
Hg balance, %  6.4  

 
a pH corrected after x1000 dilution  
b Calculated from diluted (x1000) samples 
c Calculated from controlled depressurisation + air aspiration method 
d Calculated from SnCl2 / HCl injection method 
 

Laboratory experimental results and kinetic modelling of dry gas chemistry 
 
Previous work [40] with the small pressure apparatus successfully evaluated the use of global 
atmospheric kinetics to describe the high pressure oxidation of NO to NO2 (equation 1 
below). The equilibrium partition between NO2 and N2O4 (equation 2) was used to show that 
in wet conditions the main absorption route is through N2O4. This work has been extended to 
include the gas phase reaction between Hg0 and NO2 as measured by Hall et al. [29] 
(equations 3 and 4). In this case the Hg–NO2 reaction was based on the predicted NO2 
conversion. As with the previous NOx evaluation, the system was simplified by excluding 
water in the reactor and held the outlet flow rate constant. The concentrations of NOx, O2 and 
Hg0 have been corrected for pressure for each data point. Figure A10 shows the comparison 
of the NOx model with the measured values exiting the reactor, while Figure A11 compares 
the results of the Hg model with measured values. As can be observed, the Hg model 
correctly predicts the trend in oxidation with higher pressure, but over-predicts the extent of 
the reaction. However, in light of the significant difference in experimental conditions 
between the data set of Hall et al. [29] and those presented here, the model has performed 
exceedingly well. One notable difference between the data sets (besides pressure) is that these 
high pressure experiments rely on the initial oxidation of NO to produce NO2, while those of 
Hall et al. [29] used directly injected NO2.   
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Figure A10: Kinetic model and experimental results for NO oxidation at pressure.  All points 
matched to experimental feed concentrations 
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Figure A11: Kinetic model and experimental results for Hg–NO2 reaction at pressure. All points 
matched to experimental feed concentrations with a flow rate of 10 L/min (at 25C, 1 atm) 
 
While the confirmation of kinetics is an important outcome of this work, the most significant 
result of this work is that Hg0 can be removed from the gas phase without the presence of 
water. This implies that the current expectations from industry that elemental gas phase Hg 
will be dissolved in the concentrated HNO3 is not correct. Rather, the gas phase oxidation is 
the primary removal option for Hg0 using the NO2 formed during compression. A further 
implication is that the capture of NOx gases in the liquid condensate may actually retard the 
Hg oxidation by reducing the concentration of NO2. The results from the wet systems support 
this conclusion. From the small pressure apparatus the wet conditions showed that only 2% of 
the feed Hg0 could be retained in the HNO3 liquid in a stable form. The compression system 
also showed lower Hg oxidation than expected. Figure A12 shows the predicted NOx and Hg0 
concentrations inside the compression apparatus and is compared to the measured values. The 
modelled values represent the potential concentrations without capture in the liquid. As with 
the dry system in Figure A11, the model over-predicts the amount of Hg0 removed from the 
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system. However, the dry system measured 100% removal of Hg0 from the gas phase under 
comparable conditions to that of the second stage compression (i.e. 10 bar(G) and flow rate 
of 10L/min). In comparison, the wet system removed 78.6%.   
 
It should also be noted that the dry system used in the small pressure apparatus has the same 
volume as the second stage compression system without the moisture separator and thus 
represents a shorter residence time. The dry system also fed 2mg/m3 of Hg0, rather than 
1mg/m3 in the wet system. Overall, it should be expected that these conditions in the wet 
compression system would promote a greater oxidation rate of Hg0 and this was not reflected 
in the results. 
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Figure A12: Dry NOx and Hg kinetics modelling the compression apparatus and compared to experimental 
results. Compressor operated at 3, 10 and 30 bar for stages one, two and three respectively with a feed NOx 
of 1000ppm and feed Hg0 of 1mg/m3 
 
 
One other important complication in the compression system is the change in temperature 
between stages. Particular experimental effort was made to simulate typical compression 
conditions where the hotter gases exiting the piston are then quenched in an intercooler 
creating a wet condensing area. However, the equilibrium partition between NO2 and N2O4, 
as well as the oxidation rate of NO to NO2, actually favours lower temperature. Figure A13 
shows the impact of changing temperature on the modelling results at 5 bar. In this case the 
lower temperature promotes a higher formation rate of NO2 but the concentration of NO2 is 
reduced by its dimerism to N2O4. The consequences of this effect are twofold:  
 

c) the higher temperature prior to intercooling allows a higher partial pressure of NO2 to 
oxidise Hg0 without the presence of liquid water (or in reduced quantities); and 

d) the higher temperature also reduces the concentration of N2O4, potentially the true 
reactant NOx species. 

 
The effect this has on Hg0 conversion is shown in Figure A14. There is a clear temperature 
dependence for the kinetics which is largely driven by the N2O4 equilibrium. 
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Further work should consider this temperature effect on the high pressure kinetics of gas 
phase Hg oxidation, as this could be a potential method to determine whether the reactant is 
NO2 or N2O4. Industrially, this would determine whether it is beneficial to increase the 
residence time of these gases before or after intercooling/condensation. 
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Figure A13: Modelled effect of temperature on NO2 and N2O4 formation at 5 bar(G). Feed NO at 
1000ppm, 5% O2 
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Figure A14: Modelled effect of temperature on Hg oxidation at 5 bar. Feed NO at 1000ppm, 5% O2 
 
 
 
 


