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Nomenclature 

DC  Drag coefficient, dimensionless 

∞AC  Concentration of absorbed gas A in the bulk liquid phase, mol/L 

AiC  Concentration of absorbed gas A in the gas-liquid interface, mol/L 

∞BC  Concentration of solute B in the bulk liquid phase, mol/L 

BiC  Concentration of solute B in the gas-liquid interface, mol/L 

D Diffusivity of gases in the gas or liquid, m2/s 

d Diameter of droplet, m 

E Enhancement factor, dimensionless 

f Oscillation frequency of a droplet, 1/s 

HA Henry’s law constant, atm-m3/mol 

Gk  Mass transfer coefficient in gas side, m/s 

GK  Overall mass transfer coefficient in gas side, m/s 

Lk  Mass transfer coefficient in liquid side, with chemical reaction, m/s 

LK  Overall mass transfer coefficient in liquid side, with chemical reaction, m/s 

0
Lk  Mass transfer coefficient in liquid side, without chemical reaction, m/s 

m Mass of a droplet, g 

NA Absorption rate, mol/m2-s 

∞AP  Partial pressure of absorbing gas in the bulk gas phase, atm 

AiP  Partial pressure of absorbing gas at the gas-liquid interface, atm 

*
AP  Partial pressure of absorbing gas in equilibrium with the bulk liquid phase, 

atm 

Re  Reynolds number, 
v

udud
==

µ
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Sc  Schmidt number, 
DD

Sc ν
ρ
µ

==  

Sh  Sherwood number, 
D

dkSh L=  

∞U  Droplet terminal velocity, m/s 

u Interfacial velocity, m/s 

z Stoichiometric coefficient 

 

Greek symbols 

gρ  Gas density, kg/m3 

lρ  Liquid density, kg/m3 

µ  dynamic viscosity of fluid, kg/m-s  

v  kinematic viscosity of liquid, m2/s 

ω  Constant 

ε  Distortion parameter 

σ  Surface tension 

 

Subscripts 

G,g Gas 

L,l Liquid 
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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 minimized and CO2 recovery optimized, 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 pulverized 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 oxyfuel 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 oxyfuel technology as a retrofit, the possible 
need for a sulfur gas removal unit (using standard flue gas desulphurization (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 oxyfuel 
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. 
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The reported flowsheets 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, with also other soluble acid gases, with 
aqueous NaOH used as a chemical agent for SO2 recovery.  
 

 
 
 
Quench/scrubber 1 is a spray column common to most oxyfuel technologies, with 
some designs (such as the scrubber used in the Vattenfall pilot plant) using two 
scrubbers in series, the first using water, 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 oxidized and 
dissolve in the compressor interstage condensate. The gas is then treated in a 
pressurized scrubber unit (noted as scrubber 2) in which most of the NO is oxidized 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 
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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:  
 

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

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 is to relate the measurements to published operational data from 
the gas scrubbers operating at atmospheric pressure of the CPUs of oxyfuel 
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 was 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 the most experiments was 25oC, with some at 
higher temperature, based on an expectation that exit conditions will determine 
absorption. 
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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 oxidized 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: 
 

• 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. 
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• 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, 
NO in N2. The initial liquids used were: water, 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-, HCO3
-, which have 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 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 absorption is expected to 
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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 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 oxyfuel 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 (ie 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 
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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. 

 
• 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 tons (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 Australian 77 
billion tons 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 utilization processes, 
improvement in efficiency, utilization of alternative lower carbon content fuels, and carbon 
capture and storage are technology options. In the countries whose main energy resources depends 
on coal such as Australia, Japan, Germany, China and USA etc, oxy-fuel technology is currently 
being developed and demonstrated towards commercialization, 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 world’s first pipeline injected oxy-fuel flue gas, started in 2009; 

• The Callide Oxy-fuel Project (COP) operated by CS Energy in Australian, 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, 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 from 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 saline aquifer 1200 – 1500 
meters deep in Morgan County[4]. 
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Australian research on oxyfuel was initiated in CCSD, and completed a pre-feasibility study that 
went on to become the Callide Oxy-fuel Project (COP), which will be the world’s first oxyfuel 
demonstration fired with coal with power generation and CCS. The 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 Oxy-fuel 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 the potential impact on the following: 
 

• Safety of transport and storage system, 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. In the pre-combustion captured CO2 streams. 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 minimized 
and CO2 recovery optimized, but at present the technical possibilities are still being established. 
 
The impurities from an oxyfuel 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: 
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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 leads to decreased storage 

capacity. 
 

• The viscosities of N2, O2 and Ar are less than that of CO2, thus leads 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 leads 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 cause 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 is 46 and 36.7 cm3/mol respectively, thus porosity could be reduced 
but with less significant impact compared with dissolution-precipitation mechanism. 

 
• SO2 may react with cap rock. 

 

1.2 Current state of pressurized 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 air-firing 
mode. For coals with about 1% sulfur by weight or less, no sulfur removal may be required; for 
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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 pressurized gas cleaning belongs to the international gas vendors (for 
oxyfuel these are Air Products, Air Liquide, Linde and Praxair), but some research has been 
established in research laboratories (eg, Chalmers University in Sweden and Imperial College in 
the UK).  
 

 
Figure 1 Flow sheet of Callide 30 MWe Oxyfuel Project  
 
The Callide Oxyfuel Project (COP) demonstrates a retrofit to an existing Australian power plant, 
with a flow sheet given on 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.  
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(a) Low sulfur coal oxy-fuel flow sheet, by Babcock and Wilcox 

 
(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 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 desulfurization (FGD) are used. There is no NOx removal unit installed, and 
NOx is designed to be removed in 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 
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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 it’s 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 oxidized 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 CO2 gas stream.  
 
Several patented CO2 pressurized gas purification systems have been developed by the industrial 
gas vendors – by Air Liquide, Air Products, Linde and Praxair. The compression system generates 
reactions favorable for acidic gases removal by liquids.  
 
The Air Liquide design for the CO2 purification unit of the Callide Oxyfuel Project (COP) is given on 
Figure 3. 

 
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, with also 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.  
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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 interstage condensate. The gas is then treated in a 
pressurized 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.  

 

(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 slip stream of gas 
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Air Products has developed a “Sour Gas Compression” technology detailed on Figure 4 to 
removal acidic gases under high pressures (15 and 30 bars respectively) by water contact. The 
mechanism for the technology is to oxidize 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 on Figure 5. The CO2 
compession/purification system is located downstream the flue gas cleaning processes (i.e. ESP, 
wet limestone FGD, and flue gas condensation). 

 
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 de-hydration 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. 
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1.3 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 summarizes 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 
desulfurization (FGD) system installed were calcium based wet systems, either lime or limestone 
as reagents. Worldwide commercial installations indicate wet FGD technologies dominate[8]. The 
sulphation in the gas phase will be slower by some 5 orders of magnitude than in the water 
phase[6]. The second generation systems include limestone forced oxidation (LSFO). The third 
generation includes spray dryer absorber (SDA) and circulating dry scrubber (CDS), which were 
developed mainly for small sized plant. 
 
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 easy extent to 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 wet system can achieve 97-98% efficiency compared with 90-95% 
efficiency in semi-dry system[14]. The selection between wet and dry systems mainly is 
determined by the cost. Dry systems are preferred for boilers burning low sulfur coal and wet 
systems LSFO for coals with 2 percent or greater sulfur levels. The selection between limestone 
and lime based wet systems was boiler size dependent, 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 wet FGD system can remove 80-90% oxidized 
mercury, but not elemental mercury. It is also reported that captured oxidized mercury is reduced 
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back to elemental mercury and re-emitted from the FGD process [14].  
 
Conventional systems use lime, limestone, sodium sulfite, sodium carbonate, magnesium oxide as 
solvent to absorb SO2. In 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 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 fluidized bed processes or 
circulating dry scrubber (CDS) 

Regenerative Major 
 Sodium sulfite 
 Magnesium oxide 
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 in 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 of absorbing HCl, NH3, SO2 and O2 into a free surface 
of liquid[16]. The same rig also was 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 is therefore may to 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, to find that the 
ratios of gas phase mass transfer coefficient to liquid phase mass transfer coefficient in wetted 
wall columns, gas bubble column, and spray droplets are between 10-15 [17, 18]  
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2 Experimental programme 
2.1 Design of experiments 
 
The absorption/desorption of gas into/out 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 influence 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 flow above a 
fixed gas-liquid surface and both liquid and gas phases are continuously stirred to achieve perfect 
mixing. The schematic experimental rig is show in Figure 6 and a more detailed diagram of the 
gas-liquid scrubbing vessel is shown in Figure 7. 

 

Figure 6 Schematic diagram of well-stirred scrubber 

Gas source Gas analysis

Solution makeup
Gas flow rate controller Gas sampling

Gas mixer Experimental vessel Solution reservoir

Liquid sampling

Liquid analysis
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In the experiments the rig was used in a semi-batch mode, 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, both pH value and 
temperature at which the pH value is measured are recorded at every ten seconds interval. 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 analyzed using a Testo flue gas analyzer. The sensors purchased 
include those for O2, SO2, NO, NO2, H2 and CO, as well as temperature & pressure. A responds 
time of 10 seconds provides a good online measurement capability for fast absorption experiment. 
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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 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 analyze 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 analyzer 

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 2 minutes [27].  
 
In the current experiments, the gas phase SO2 is analyzed by a Testo instrument, with a calibration 
chart prepared in the study given on 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. 
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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 analyzes 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 – 2400 cm-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. 
 
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 on Figure 9. 
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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 Ref [28]. The laboratory of ALS Global has been used for the analyses.  A total of 13 
samples have been analyzed 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 pH to 8.3 while solution goes pink and hydroxide and ½ carbonate 
neutralized. Additional acid to reduce pH 8.3 to 4.5 neutralizes remaining ½ carbonate and the 
bicarbonate, with solutions turns orange. Total alkalinity (T) is the amount of acid required to 
lower the pH of the solution from as 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 as shown in Table 3.  
• Hydroxide alkalinity is present if the phenolphthalein alkalinity is not zero and more than 
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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 
  
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: select the smaller value of P or (T-P). Then carbonate alkalinity 
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 3a 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, 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 
standardized 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.  
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In the standard methods, it is recommended when collecting a fresh sample, taking care to 
minimize contact with air, cool hot samples to 50 C or below, fix cooled sample immediately by 
adding 1 mL EDTA solution/100mL sample. 
 
Sulphite ions may occur in boiler and boiler feedwaters treated with sulphite for dissolved oxygen 
control. Excess sulphite ion in boiler waters is deleterious because it lowers the pH and promotes 
corrosion. 
 
(iii) Colorimeter and reduced column method for nitrite and nitrate 
The APHA 4500-NO2- method is suitable for concentration of 5 to 1000 µg NO2- N/L. Nitrite is 
determined through formation of a reddish purple azo dye produced at pH 2.0 to 2.5 by coupling 
diazotized 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. 
Result for nitrate 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 the most experiments was 25

o
C, 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 absorbs into NaHCO3/Na2CO3 were also 
studied to by 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 
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3 Results on sulfur oxides absorption 
Parameters influencing the rate of SO2 absorption includes 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 analyzer. 
 

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 gas phase stirring speed increase, the rate of 
absorption increases, and liquid phase stirring speed slightly increases the rate of absorption. The 
relative significance of the 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. 

 
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 has 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 speed, as shown in Figure 11. As partial pressure 
increases, the rate of absorption increases linearly.  This implies 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 gas side stirring speed increases. 
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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 
various SO2 partial pressures, as shown on Figure 12. As SO2 concentrations in the gas phase 
increases, 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 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. 
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Figure 12 Absorption of SO2 into NaOH/NaHCO3/Na2CO3 
 
In summary, among the factors varied - 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 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. 
 

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: 
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(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 Refs [29] [30] and as *

2CO  in Ref [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 Ref [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. 
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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 

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 reaction (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 agreement with 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 charge balance, i.e. molarity of positive charge equals molarity of 
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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  is given by 

the formulea in Ref [37]:  

(10) [ ] [ ] [ ] [ ]−− +++= 2
33322 COHCOCOHCOCT  

With TC  is the total soluble carbon in the liquid phase 

(11) [ ] [ ]
[ ] [ ] TT C

KKHKH
HCCOH

211
2

2

032
++

==
++

+

α  

(12) [ ] [ ]
[ ] [ ] TT C

KKHKH
HKCHCO

211
2

1
13

++
==

++

+
− α  

(13) [ ] [ ] [ ] TT C
KKHKH

KKCCO
211

2
21

2
2
3

++
==

++

− α  

(14) [ ] [ ]−+ += OHHOH 2  

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 

Ref[32]. 
 
By combining equations (9)-(14), the following equation is obtained: 

(15) [ ] ( ) [ ] ( ) T
W C

H
KanionscationsH 21 2][][ αα ++=−+ +

+  

It is noted that 1α and 2α  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 
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theoretical K1, K2 and KW values is established: 

(17) 
[ ] ( ) [ ] ( )

2121 2
10

][][10

2

][][

αααα +

−−+
=

+

−−+
=

−
−

+
+

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 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 Ref [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), 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 
Studies of 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], impinging jet absorber 
[48]. 
 
Factors influencing the CO2 absorption include temperature, pressure, gas phase partial pressure, 
liquid solvent types and concentrations, and characteristics of 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 gas concentration, the higher the 
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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 reduced. During experiments, initial 
high absorption rate was observed; the absorption rate starts to decrease as time passes. 

 
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 absorption into NaOH solution, Na2CO3 is formed accompanied by consumption of 
NaOH in the pH range of 12 and 10; followed by formation of NaHCO3 accompanied with 
consumption of Na2CO3 in the pH range of 10 and 8. When Na2CO3 formation is is complete, 
molecular CO2 starts to form. The absorption rate of CO2 depends on the solution chemistry, thus 
different starting chemicals including NaOH, Na2CO3, NaHCO3 were used, with results shown in 
Figure 14, and Figure 15. 
 
Three NaOH levels of 0.01 M, 0.1 M and 0.5 M concentrations were used for the study. The CO2 

partial pressure ranges from 20% - 100% with 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 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 
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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 Figure 14 (b). 

 
(a) With varying NaOH%  (b) With varying Na2CO3 
Figure 14 The rate of CO2 absorption under various CO2 concentrations % 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 fifteen 
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 oxyfuel process, it is therefore necessary to study the effect of presence of CO2 on the 
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 
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impact on absorption of SO2, thus experiments were carried out 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. Both the pH of 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 rapid and earlier 
decrease in pH is seen if CO2 is present. This indicates that significant CO2 is absorbed into 
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 Analyzer 
and pH meter 
 
The influence of SO2 concentration on the absorption rate was further studied, with results on 
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 pH value drops below 4. The initial 
high and constant absorption rate at range 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 shown in Figure 18 show the effect of different chemical forms on the 
absorption of SO2.  Similar absorption characteristics occurs, at a constant rate at pH values above 
7, then decreases 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 the 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 on 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 oxidize sulfite to 
sulfate, then bisulphate converts to sulfite giving higher sulfite concentrations than from 
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 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 were obtained from a set of comparison experiments to study the 
effect of presence of SO2 on the 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 of 
minor amount. The amount of HCO3(-) present in the samples obtained from experiments without 
SO2 present is at a 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. 
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Figure 20 Absorbed CO2 in the liquid samples, with SO2 present and absent in the gas phase 
 
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 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 desulfurization[49].  Spray nozzle in a spray column generates a continuous liquid sheet 
which later breakups into ligaments and then droplets. Part of droplets impacts onto walls, the rest 
droplets fly down, both of them are finally collected by a liquid pool at the bottom of the spray 
column. The initial velocity of droplets formed from 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 modeling research [49-53] has been 
carried out to study factors influencing the spray tower performance, such as  the 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 
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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 

defined as:  

EkHkK o
LAGG

111
+=

 

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

𝐸 = 1 +
DBCB∞
zDACAi

 

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

NA =
1

1
(1 + DBCB∞

zDACAi
)HAkLo

+ 1
kG

PA∞ 

 
Where  NA is absorption rate of SO2, mol/m2-s; 
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 DB is diffusivity of hydroxide ions in water, m2/s; 
 DA 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; 

 HA is the Henry’s constant, 
A

A
A C

PH = , atm-m3/kmol; 

 kLo is physical liquid phase mass transfer coefficient without chemical reactions, m/s; 
 kG is gas phase mass transfer coefficient, m/s. 
 PA∞ 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 only can be determined by experiments. 
 
 

6.1 Droplet mass transfer experiments 
 
The gas phase mass transfer coefficient kG is determined by: 

3/12/1Re552.02 ScSh +=  

 
The mass transfer coefficient in liquid phase is more difficult to be determined. Previous 
experiments have been reviewed and summarized 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 droplets size studied ranged from tens to thousands microns. The focus here is for the droplet 
size range of sprays of 100-1000 μm, with droplets falling at velocities equal to or greater than 
terminal velocity. 
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Figure 21 Experiments on liquid mass transfer coefficient, solid points are from CO2 absorption 
experiments, 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 modeling 
 
The droplet hydrodynamics impacts the mass transfer of a droplet, and has 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 droplet. 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 dimensionless 
model in which Sherwood number is expressed as a function of Reynolds number and Schmidt 
number: 

Sh = ωRe∗
1/2Sc1/2 

Where Re∗ is the interfacial Reynolds number, Re∗ = u∗d/ν 
Sc is the liquid Schmidt number, Sc = ν/D 

 Sh is the liquid Sherwood number, Sh = d ∗ KL/D;  
 u∗ is the interfacial velocity; 

 υ is the kinematics viscosity of liquid;  
D is diffusivity of gas in liquid;  
d is the equivalent diameter of the drop;  
ω is a constant, here ω = 1.  

 
6.2.2 Oscillation model 
The scillation model has been developed by Angelo, Jacob B. et al [68] and Hsu, Chien-Tai et 
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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 
 ε is the distortion parameter 
 σ  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 an 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 25 oC used for the theoretical calculation for droplets 
 

Parameters Units Values 
ρG kg/m3 1.1457 
dp m 2x10-4

  to 2x10-3 

up m/s Terminal velocity 
μG Pa s or kg/m/s 1.769x10-5 
DG m2/s 1.33x10-5 
σ  kg/s2 7.228 
R atm m3/(mol K) 8.2057x10-5 

DA m2/s 1.731x10-9 
DB m2/s 5.284x10-9 
ρp kg/m3 1000 
kL 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 
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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, absorption rate changes little 
either with partial pressure or droplet size, suggesting a liquid phase mass transfer (diffusion) 
controlled region.  

 
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 and 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 modeling of 
spray column absorbers. 

 

7 Practical implications 
 
Implications for pH of operation of the SO2 scrubber 
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The current results can be interpreted in terms of data reported for the Vattenfall scrubber 
operating at atmospheric pressure illustrated on 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. 
 
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]. 
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Figure 26 Data reported on the operation of the two-stage scrubber at the Vattenfall pilot-plant  
 
On Figure 26, the 1st stage scrubber, which uses water, operates with an exit pH of 2-3.5, the 2nd 
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 
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 current results agree with the practical operating data presented on Figure 26, with results on 
Figure 17 showing a rapid reduction in SO2 absorption at pH<4, and results on 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 (ie 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 on 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 
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 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 this 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 
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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 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 

 

8 Conclusions 
 
Experiments have been 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 
SO2/CO2 from gas mixtures into H2O/NaOH/NaHCO3/Na2CO3 solutions were monitored. The 
concentration of SO2 ranges from 0 – 3000 ppm, and the concentration of CO2 ranges 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; 
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and the absorption rate increasing with increasing 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 minimize 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.
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