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ABSTRACT 

 

Fossil fuels account for over 80% of the world's energy use and are expected to continue 

their dominance throughout this century.  Fossil fuels also account for about three-fourths 

of the total emissions of carbon dioxide, which is a suspected prime contributor to 

climate change.  This has a direct bearing on the world’s continued reliance on coal to 

generate power since coal is the most carbon-intensive of major fossil fuels.  Considering 

that there is no near-term alternative for reducing dependence on fossil fuels, it is 

imperative that technologies are developed providing significant reductions in CO2 in a 

practical and affordable manner. 

 

In this one year study with the Illinois Clean Coal Institute, a consortium of utilities (Big 

Rivers Electric Corp. Duke Energy, East Kentucky Power Cooperative, Kentucky Power 

Co., and Louisville Gas and Electric-Kentucky Utilities Service Company, the Electric 

Power Research Institute), and the Kentucky Department of Energy Development and 

Independence, a 3-part research project was undertaken to understand the effects of 

various components found in Illinois coal on post-combustions CO2 capture. The 

objectives of the proposed investigation were to (1) understand the effects of chlorine and 

sulfur species on CO2 absorption rate in an aqueous amine solvent; (2) determine the 

effects on reactor performance and solvent degradation for an aqueous amine solution 

using Illinois coal flue gas compared to a baseline experiment at the pilot scale; and (3) 

determine the effects of chlorine and sulfur species on metal corrosion.  

 

It was found that the addition of sulfur and chlorine elements to monoethanolamine 

(MEA) solutions has variable effects on the absorption rate. Specifically, CO2 absorption 

rates increased in the presence of NaCl and KCl at both 25 and 35 °C with higher halide 

concentration yielding larger flux enhancement. The addition of Na2SO4 showed an 

increase in the CO2 absorption flux at 35 °C, but decreased flux at 25 °C.A flue gas 

generator (FGG) was integrated into the CAER pilot plant to test Illinois coal. A 

preliminary test was conducted to introduce coal-derived flue gas into the pilot plant and 

baseline data was collected to determine solvent degradation rate.  It was found that the 

addition of sulfite to MEA solvent solutions generally decreased corrosion rate with all 

steels tested. The addition of chloride had a more variable impact, depending on 

condition and steel tested, but the impact was also much smaller in magnitude than 

sulfite. It was found that both NiAl and Ni alloy coatings generally exhibit a lower 

calculated corrosion rate compared to SS304 but was dependent on solvent condition.  
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EXECUTIVE SUMMARY 

 

A carbon-constrained energy future would have a significant negative impact on the 

economy of Kentucky and Illinois.  Not only is coal production a signature state industry, 

but the majority of state electricity production comes from coal.  Historically, low 

electricity costs have been instrumental in attracting a number of energy-intensive 

industries to Kentucky and Illinois such as aluminum and automobile manufacturers, 

along with their related suppliers and high-wage jobs.  If the two states are to maintain a 

vibrant and low-cost power industry based on coal, a cost-effective CO2 management 

strategy must be developed and implemented.  

 

Available post-combustion technologies for capturing CO2 are derived from chemical 

plant processes, and have not been investigated for electricity generation conditions with 

the presence of particulate matter, toxic gases, and trace elements. It is necessary to study 

the impact of these factors on the stability and operability of the CO2-capture-island for 

an extended period.  In addition, current technologies could potentially reduce a plant’s 

power output by about 30%, equating to a 65% increase in the cost of electricity. Thus, a 

more cost-effective solution for reducing CO2 emissions is needed for continued reliance 

on domestic energy resources and continued competitiveness in tomorrow’s economy.  

Furthermore, according to recent estimates, the overall cost for carbon capture and 

sequestration from a coal-fired power plant can be proportioned as: (1) Approximately 

60% of the overall cost would be needed to capture/concentrate the CO2; (2) 

Approximately 20% to compress the CO2 to pipeline pressures and (3) the remaining 

20% would be needed for costs associated with transportation & sequestration.  It is clear 

from these estimates that the major cost for CO2 capture and sequestration will be in the 

capture step making this the most promising area for significant cost reductions. 

 

The project described here focuses on 3 specific tasks important to the global concept of 

developing post combustion CO2 capture technology: 

 

Task 1. The Impact of Cl and S Contents in Aqueous Solution on CO2 Capture Reaction 

Rate  

Task 2. The Effect of Illinois Coal on Solvent Degradation in CAER’s Pilot-Scale Post 

Combustion CO2 Capture Facility 

Task 3. The Impact of Cl and S Contents in MEA Solution on Metal Corrosion 

 

With regard to Task 1, it was found that chloride and sulfate salts do impact the CO2 

absorption flux, but not necessarily in a predictable manner. Specifically, CO2 absorption 

tests in MEA with the addition of various concentrations of NaCl, KCl and Na2SO4 at 25 

and 35 °C were conducted. The testing results showed that the presence of NaCl and KCl 

increased the CO2 absorption flux of MEA at both 25 and 35 °C, and the higher the 

halide concentration, the larger the flux enhancement. The addition of Na2SO4 showed an 

increase in the CO2 absorption flux at 35 °C. In comparison, at 25 °C, a decrease of the 

CO2 absorption flux was observed with the presence of Na2SO4.  

 

For Task 2, a flue gas generator (FGG) was completed and integrated into the CAER’s 

0.1 MWth pilot plant. The flue gas generator permits the combustion of Illinois coal and 
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to understand the long-term effects of coal combustion products on the CO2 capture 

system. Two tests were conducted to introduce coal-derived flue gas into the pilot plant 

burning a PA and an Ill coal respectively and a baseline data was collected to determine 

solvent degradation rate using bottled CO2, with balance air. 

 

Regarding Task 3, the effects of sulfite and chloride on steel corrosion were studied with 

5 M MEA by the electrochemical apparatus. The results show that, for carbon steels, 

adding sulfite at 40 °C decreased corrosion rate consistently, while at 90°C, corrosion 

rate decreases first with 500 ppm and then increases (still remaining below the zero 

additive case) after adding 2000 ppm sulfite.  At 40 °C, adding chloride slightly 

decreases corrosion rate of carbon steels. While at 90 °C, the effects varied. One 

observation is the effect of chloride is much less significant than sulfite at all tested 

conditions. For stainless steels, at lower temperature, adding chloride caused corrosion 

rate increasing, while at higher temperature, corrosion rate decreased a small percentage. 

It was found that both NiAl and Ni alloy coatings lack the passivation region at 40 °C 

with lean solution. But do exhibit a lower calculated corrosion rate compared to SS304. 

At higher temperature with lean solution, the corrosion rate increases but anodic 

protection feature improves. Rich solution at high temperature results in the best anti-

corrosive behavior in these three conditions and also showed a lower calculated corrosion 

rate compared to SS304. 
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OBJECTIVES 

 

Among the post-combustion CO2 capture techniques currently available, chemical-

solvent methods (aqueous absorption/stripping) are generally recognized as the most 

effective.  Of these, the monoethanolamine (MEA) process has been extensively studied 

and used successfully in chemical plants for CO2 recovery.  There are several small 

commercial facilities in the U.S. that use solutions of 15 to 30% MEA by weight to 

recover CO2 from coal-fired power plants and from gas turbines.  In fact, the aqueous 

absorption/stripping process is the only commercially-available technology for extracting 

CO2 from post-combustion flue gas.   

 

Despite the commercial availability of MEA based CO2 scrubbing demonstration units 

from coal fired power plants, there is still a great deal to be learned about the impact of 

coal elements on the CO2 capture process. It was the overall goal of this project to further 

study and understand the impact of these elements, specifically, those in Illinois coal on 

an MEA scrubbing process. 

 

The following tasks were carried out to study the impact of elements in Illinois coal on 

post-combustion CO2 capture performance such as solvent management, reaction kinetics 

and metal corrosion: 

 

Task 1. The Impact of Cl and S Contents in Aqueous Solution on CO2 Capture Reaction 

Rate 

This work deals with the CO2 absorption in MEA solution with the presence of chloride 

and sulfate. HCl and SO2 are commonly present in coal combustion flue gas as a result of 

the combustion of chloride and sulfur contained coals. The objectives of the current work 

were to understand the CO2 absorption flux in MEA solutions with additives of halide 

and sulfate. Temperature behavior at 25 and 35 °C was investigated to determine the 

effect of temperature on the CO2 absorption flux. Solutions of varying concentrations 

halide and sulfate were also of interest. NaCl, KCl and Na2SO4 concentrations were 

varied from 500PPM to 2000PPM to interpret the respective contribution to the 

absorption behavior.  The overall mass transfer coefficient was obtained.   

 

Task 2. The Effect of Illinois Coal on Solvent Degradation in CAER’s Pilot-Scale Post-

Combustion CO2 Capture Facility 

In this task, the selected Illinois coal was burnt in a 20 lb/hr stoker boiler to generate flue 

gas which was fed into CAER’s pilot plant.  The flue gas compositions prior to the CO2 

absorber were controlled by a wet-caustic scrubber.  Approximately100-hr run was 

carried out for this task.  

 

Task 3.  The Impact of Cl and S Contents in MEA Solution on Metal Corrosion 

Five materials without coating were studied under various carbon loading, Cl and S 

contents, and operational temperature via the CAER’s electrochemical apparatus.  The 

objective of this task was to collect baseline data for future coating development.  

 

In this task, two carbon materials, (A516 and A106), a stainless steel (SS304) and a 

duplex stainless steel (2205) were chosen for electrochemical corrosion study. Carbon 
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steels A516 and A106 are currently used in the amine process.  Stainless steel 304 is a 

commonly employed material where corrosion resistance is important, while SS2205was 

chosen for its preferable performance for application in corrosive chemical processes. 

 

INTRODUCTION AND BACKGROUND 

 

Fossil fuels supply more than 80% of the world’s energy.[1] In the U.S., energy-related 

carbon dioxide emissions, resulting from the combustion of petroleum, coal, and natural 

gas, represented 82 percent of 2008 total U.S. anthropogenic greenhouse gas 

emissions.[2] Coal is the most carbon-intensive of the major fossil fuels.  Considering 

that there is no near-term alternative for reducing dependence on fossil fuels, it is 

imperative that technologies be developed that can provide significant reductions in CO2 

in a practical and affordable manner.  

 

Practical and affordable CO2 reduction technologies are particularly important for states 

such as Kentucky and Illinois. Not only is coal production a signature states’ industry, 

but, the majority of electricity production also derives from coal.  Historically, low 

electricity costs have been instrumental in attracting a energy-intensive industries to these 

states such as aluminum and automobile manufacturers, along with their related suppliers 

and high-wage jobs.   

 

Existing post-combustion CO2 capture technologies are derived from chemical plant 

processes and often utilize aqueous amine scrubbing solutions. However, they have not 

been widely investigated for electricity generation conditions with the presence of 

particulate matter, toxic gases, and trace elements. It is necessary to study the impact of 

these factors on capture rate, solvent degradation, plant operation, and corrosion. 

 

Aqueous alkanolamine solutions are widely used for the removal of CO2 from source gas 

streams. Many alkanolamines contain both hydroxyl groups and amine groups. The 

hydroxyl groups reduce the vapor pressure and increase the water solubility while the 

amine groups react with CO2. Commercially used alkanolamines include 

monoethanolamine (MEA), diethanolamine (DEA), and methyldiethanolamine (MDEA). 

Aqueous MEA is the by far most commonly used solvent for CO2 removal. The chemical 

reaction has been described as follows:[3] 

 

2HOCH2CH2NH2(l) + CO2(g) ↔ HOCH2CH2NH3
+
(aq) + HOCH2CH2NHCOO

-
(aq) 

 

MEA has several advantages over other commercial alkanolamines. It is a relatively 

strong base with a fast reaction rate, yielding a higher percent CO2 captured. MEA has 

the lowest molecular weight and thus the highest absorption capacity on a weight basis 

compared with DEA and MDEA. MEA has a moderate thermal stability, but has a high 

heat of reaction with CO2 that leads to higher stripping energy consumption.  High 

corrosivity of MEA relative to other alkanolamines is another disadvantage. Furthermore, 

the CO2 absorption capacity of MEA is easily degraded by the presence of SO2 and HCl, 

commonly present in flue gas from the combustion of sulfur and chloride containing 

coals.  
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In order to study the effects of various coal compositions and the effect of these with 

varied operating conditions it is valuable to have an integrated pilot CO2 capture system 

that permits dynamic changes of process conditions. In this study a Flue Gas Generator 

(FGG) was incorporated into the CAER’s 0.1 MWth scrubber and stripper equipped pilot 

plant.  

 

Wetted wall columns (WWC) have been widely used in the investigation of mass transfer 

between gas and liquid. The control step occurs at the gas-liquid reaction film (kinetic 

control). The wetted wall column possesses the important advantage that the interfacial 

area can be measured accurately since the liquid flows in a laminar fashion along the 

outside of a tube with known surface area. Consequently, a WWC is an ideal apparatus to 

study the impact of S and Cl elements on the absorption rate for CO2 in aqueous MEA 

solvent. 

 

Amine-treating plants have always experienced corrosion problems.[4,5] Corrosion 

problems not only increase maintenance costs but also enhance personnel safety risks 

caused by vessel or other equipment failure. Despite some work regarding corrosion in 

aqueous MEA,[6,7] literature in this area is still lacking. Veawabet. al. at University of 

Regina performed extensive research on carbon steel corrosion for CO2 capture. For 

example, polarization behavior of carbon steel 1018 has been studied in an aqueous MEA 

environment. In their study, effects of solution temperature, solution velocity (achieved 

through sample rotation speed), CO2 loading in solution and MEA concentration on 

carbon steel corrosion were investigated.[6] Their work also covered the topics of 

corrosion inhibitors and heat-stable salts.[8] Different amounts of corrosion inhibitors, 

mainly organic inhibitors, and heat-stable salts, which were thought to be the products of 

solvent degradation, were added into MEA and electrochemical tests were conducted. 

The effects of various types of heat-stable salts on corrosion of carbon steel 1018 and 

stainless steel 304 were studied.[7,9] In all these investigations, the electrochemical 

polarization experiments were performed for the purpose of calculating corrosion rates 

and analyzing corrosion mechanism. 

 

Although some work on steel corrosion in aqueous MEA environment has been 

performed, they mainly focus on carbon steel 1018 or 1020.  Carbon steel A106 and 

A516, on the other hand, has been widely used in areas such as nuclear power plants and 

chemical plants, and has the potential of being used in the post-combustion CO2 capture 

process;[10,11] however, its corrosion properties in CO2 process environments are not 

fully understood despite current use in the amine process. SS304 and SS2205 are two of 

the most widely used stainless steels and could be employed in the corrosive post-

combustion CO2 capture process necessitating the understanding of its corrosion behavior 

in aqueous MEA. More importantly, the effects of SOx and chloride on these alloys were 

not fully investigated. 

 

EXPERIMENTAL PROCEDURES 

 

Task 1. The Impact of Cl and S Content in Aqueous Solution on CO2 Absorption Flux: 

The wetted wall column was set up for CO2 absorption rate measurements, as depicted in 

Figure 1. The UK-CAER system includes the WWC, the metering gas supply device, a 
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water bath for gas saturation, a solvent reservoir, a pump, a CO2  analyzer and a LabView 

control and data acquisition unit.   

 

 

to gas analyzer

drying column

      reservoir

saturator

CO2N2 NH3

water bath

reservoir

reservoir

heat 

exchanger

outlet liquid sampling

Inlet 

liquid 

sampling
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column

 
Figure 1. Schematic diagram and picture of UK-CAER wetted wall column system. 

 

During the experiment, the test solvent is pumped from a reservoir (feeding vessel) into 

the inside of the 1.3 cm O.D. well polished stainless tube and flows down along the 

outside surface to form a thin laminar film with a known surface area. The height of the 

wetted wall column was 15 cm. After contacting with the gas stream, the solution is 

collected and discharged to an intermediate tank which prevents pooling of solution at the 

bottom of the WWC before being discharged to a second reservoir (receiving vessel) for 

storage and sample collection. The wetted wall column was enclosed in a clear tube as a 

reaction chamber, which was enclosed by a heating jacket to achieve and maintain the 

experimental temperature. The WWC is operated under semi-continuous (batch) mode to 

give the flexibility for studying mass transfer flux under various carbon loadings in the 

solution. The CO2 (14 vol %) and N2 (balance) gas stream feeding the WWC is saturated 

with water at the experiment temperature to avoid heat imbalance in the absorption 

chamber, and prevent liquid stripping from the WWC film.  The gas flow rates were 

regulated using mass flow controllers and were calibrated by a soap bubble flow meter.   

The gas stream enters the WWC from the bottom, counter currently contacting the liquid 
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film and leaving through the top. The outlet gas passed through a 10M sulfuric acid trap 

and drying column before being sent to the gas analyzer for CO2 concentration 

determination. Temperature, pressure, and MFC flowrate were all recorded using a data 

acquisition system (DAS).  The CO2 flux from the gas to the liquid is determined by the 

difference of the CO2 concentration in the gas stream in and out of the wetted wall 

column. 

 

The liquid sample was analyzed for total dissolved inorganic carbon content using an 

adaptation of a high-accuracy measurement method.[12] The dissolved carbonate species 

were extracted as CO2 gas by phosphoric acid and nitrogen stripping. The evolved CO2 

gas was then quantitatively measured with an infra-red CO2 analyzer.  

 

Task 2. The Effect of Illinois Coal on Solvent Degradation in CAER’s Pilot-Scale Post-

Combustion CO2 Capture Facility: 

The CAER operates a 0.1MWth pilot-scale 

post-combustion solvent-based CO2 capture 

facility was constructed, Figure 2. The pilot-

plant, handling flue-gas flowrate of 25 

SCFM, consists of a 24 ft tall by 4” ID clear 

PVC scrubber with a 10” ID internal cooled 

storage tank at bottom, solvent recovery unit 

in the scrubber exhaust stream, two stainless 

steel heat exchangers (for cross-flow heat 

recovery and deep cooling of the CO2-lean 

solution, respectively), a 14-foot tall stainless 

steel stripper that is 4” ID in the upper tower 

section and 8” ID in the lower reboiler 

section, and a condenser for solvent recovery 

in the stripper exhaust.  

 

The design pressure rating for the stripper 

side is 350psia. A hot-oil system and a chiller 

are installed to provide necessary heat for 

solvent regeneration and solution temperature 

control.  There are three high pressure pumps to connect the scrubber and the stripper.  

 

The flue gas generator (FGG), Figure 3, is a coal combustor system designed to deliver 

flue gas to the CAER’s existing CO2 capture pilot plant and supporting equipment. The 

combustor has a height of 6’, and the cross-sectional area is 2’ 6” x 4’ 8”. The thermal 

design capacity is 200,000 Btu/h. The combustor is constructed with a steel housing and a 

refractory lined fire box. A variable speed forced draft fan and a variable speed coal 

feeder provide the desired gas flow rates. The unit does not generate high pressure steam 

so water tubes surround the fire box to provide cooling through a closed loop air-cooled 

heat exchanger. In order to maintain consistent coal mass feed and provide optimal 

combustion conditions coal was sieved to 5-30 mm diameter.  

 

 
Figure 2.  CAER’s 0.1 MWth pilot-plant. 



9 

 

Flue gas exiting the combustor enters a high-temperature cyclone separator to remove 

particulate matter. After the cyclone, the SO2 can be removed from the flue gas in a wet 

flue gas desulphurization (WFGD) unit. The WFGD is an 8” diameter stainless steel 

column, 6’ in height, with a circulation tank at the bottom. The column contains 2 feet of 

Flexigrid packing to enhance the gas-liquid mixing and aid in mass transfer. The unit is 

equipped with three pumps. The first pump introduces reagent to the top of the column, 

the second pump provides recirculation flow in the bottom of the tank, and the third 

pump is for reagent makeup. The WFGD also serves to cool the gas to the desired 

temperature for further processing in the CO2 capture pilot plant. After the gas exits the 

WFGD, an induced draft fan sends the gas to the pilot plant. 

 

The flue gas generator is controlled by a National Instruments LabView system coupled 

with a PLC. Thermocouples and differential pressure transmitters monitor the combustor 

temperature and pressure, respectively. The WFGD is controlled based on pH. The Cole 

Parmer pH meter outputs to the LabView system and LabView controls reagent makeup 

rate based on the pH set point. The gas flow rate to the pilot plant is monitored with a 

flow meter from Omega Engineering, and gas composition is analyzed by a Horiba 

PG200 gas analyzer. 

 

  
Figure 3.  The CAER coal-fired flue gas generator boiler and supporting equipment. 

 

For all experiments the same operational parameters were used except the hot oil 

temperature. The lean solution flow rate was 0.5 GPM and the total gas input flow rate 

was maintained at 10 CFM (L/G = 45). The pressure maintained in the stripper for all 

experiments was 75 psia. The experimental stripper temperatures were 163-165°C. The 

solution molarity was initially charged to approximately 5 M at the beginning of 

experiment. During the course of testing, no MEA was madeup while the makeup water 

was added to maintain the liquid inventory.   

 

Task 3.  The Impact of Cl and S Contents in MEA Solution on Metal Corrosion: 

An electrochemical corrosion unit with standard three-electrode cell was used for the 

electrochemical setup with a saturated calomel electrode (SCE) as the reference electrode 

and a platinum wire as the counter electrode. The apparatus is shown in Figure 4. 

Electrochemical experiments were performed with a Reference 600 

potentiostat/galvanostat (Gamry Instruments, Warminster, PA). The potentiodynamic 
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polarization technique was used during scan and Tafel analysis was used to determine the 

corrosion rate. Scan rate used in the study was 0.166 mV s
-1

. In addition to 

potentiodynamic technique, linear polarization resistance (LPR) method was used to 

measure corrosion rate of carbon steels. For stainless steels, because of the formation of a 

passivation layer on surface, the method of reducing samples by applying -1.2 V voltage 

before tests does not work. The reason is after the passivation layer on stainless steel 

sample surface is broken down by the external voltage, it forms very quickly making the 

Ecorr increase rapidly. Therefore, LPR cannot be used for stainless steels. Instead, 

potentiodynamic method was used. Steel samples tested in this study were purchased 

from Alabama Specialty Products, Inc.(ASPI).Electrochemical specimens were machined 

to cylinders with dimensions of 9.5 mm in diameter and 12.8 mm in height. The 

specimens were ground using 600 grit silicon carbide grinding papers (Buehler) in 

accordance with the ASTM standard G5. After grinding, the actual dimensions of each 

specimen were measured by a digital caliper and the surface areas were calculated. The 

specimens were then rinsed by ethanol (ACS reagent grade, 100%) and deionized water, 

dried with nitrogen, and stored in a desiccator until use. 

 

Ni and NiAl alloy coated samples produced by an electroplating of pure Ni layer and 

followed by an aluminizing step by pack cementation.[13] The coating was made by our 

collaborator and the sample size is 10 mm ×12 mm×2 mm. Coated samples were tested 

and analyzed using the electrochemical cell and scanning electron microscopy (SEM). In 

order to test this unique geometry in the electrochemical cell a new method was 

developed to immerse the samples in the test solution without adversely affecting the 

results. Specifically, a platinum wire was selected to suspend the sample in the solution. 

The noble metal wire does not corrode in this environment and so will not adversely 

affect the results. 

 
Figure 4.  Schematic of the electrochemical apparatus used in this study. 

 

MEA solutions were 5 or 30 wt % MEA, considered a baseline solvent candidate for 

application to existing coal-fired power plant CO2 capture in a DOE study.[14]  The 

solutions were pre-loaded with CO2 by sparging it for a certain amount of time to make 

CO2 loading (α) of 0.2 and 0.5 mol/mol MEA, simulating the carbon-lean solution from 

stripper and carbon-rich solution from scrubber respectively. These carbon loading 

numbers were selected based on the field experience currently used in gas-treating plants 
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and a few post-combustion CO2 capture processes.  Two temperature conditions were 

used: 40 and 90 °C by heating the solutions using a water bath (NESLAB-EX70, Thermo 

Scientific). 40 °C was chosen to simulate scrubber operation condition while 90 °C was 

selected to simulate the cross-over heat exchanger operating condition. Because the 

electrochemical cell can only be operated at ambient pressure, a temperature close to 

stripper operating conditions (120-130°C) is very difficult to maintain.  

 

RESULTS AND DISCUSSION 

 

Task 1. The Impact of Cl and S Content in Aqueous Solution on CO2 Absorption Flux: 

Figure 5 shows the CO2 absorption flux as a function of liquid carbon loading in 5M 

MEA with different concentrations of NaCl at 25 °C and 35 °C. The addition of NaCl 

into MEA increased the CO2 absorption flux at both temperatures. The effect of NaCl at 

NaCl at 35 °C was much more pronounced than at 25 °C.  At 35 °C, NaCl at the 2000 

ppm level caused a reasonable (15%) increase in initial reaction flux compared to that of 

the MEA baseline experiment. A further doubling of chloride content by adding 4000 

ppm NaCl slightly increased the observed reaction flux compared to the 2000 ppm NaCl 

experiments. As was observed the 4000 ppm NaCl experiment resulted in a higher 

maximum carbon loading with a value of 0.54 mol CO2/ mol MEA measured in the 

experiment. This is an indication that some bicarbonate is formed in the reaction when 

driven to very high carbon loading. Unfortunately, it does not allow definitive indication 

of bicarbonate at the important working levels of CO2 rich MEA solutions.  

 

 
Figure 5.  Variation of CO2 absorption flux with carbon loading in MEA-

NaCl mixtures at 25 °C and 35 °C. 

 

The CO2 absorptions in MEA with 1000 PPM and 2000 PPM Na2SO4 were performed at 

25 and 35 °C, and the results were shown in Figure 6. As can be seen from this figure, the 

results for the experiments conducted at 25 °C showed decreased CO2 absorption rates 

with the addition of different concentrations of Na2SO4, which was different from the 

previous findings with the addition of NaCl under otherwise identical conditions. As 
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shown previously, the addition of NaCl slightly increased the CO2 absorption rate of the 

control solution, although the effect of NaCl at this temperature is hardly notable 

compared to the control. In contrast, the CO2 absorption rate of the control solution 

slightly decreased with the addition of Na2SO4, and the effect of sulfate additive on the 

CO2 absorption rate increased with the concentration of Na2SO4. 

 

 
Figure 6. Variation of CO2 absorption flux with carbon loading in MEA-

Na2SO4 mixtures at 25 °C and 35 °C. 

 

 
Figure 7. Variation of CO2 absorption flux with carbon loading in MEA 

solutions with addition of 1000PPM NaCl, KCl and Na2SO4 at 25 °C. 

 

The experimental data at 35 °C for the sodium sulfate additive showed a slight increase 

of CO2 absorption rate compared to the control, and the higher concentration of sulfate 

presented more significant enhancement of the CO2 absorption rate. The findings for 

F
lu

x
*
1
0

-6
, 
m

o
l/

cm
2
.s

Carbon loading, mol CO2/mol MEA

MEA, 25oC MEA+1000PPM Na2SO4, 25oC

MEA+2000PPM Na2SO4, 25 oC MEA, 35oC

MEA+1000PPM Na2SO4, 35oC MEA+2000PPM Na2SO4, 35oC

F
lu

x
*
1
0

6
, 
m

o
l/

cm
2
.s

Carbon loading, molCO2/molMEA

MEA, 25oC

MEA+1000PPM NaCl, 25 oC

MEA+1000PPM KCl, 25oc

MEA+1000PPM Na2SO4, 25oC

Na2SO4, 25
o
C 

Na2SO4, 35
o
C 

25
o
C 

Na2SO4, 35
o
C 

Na2SO4, 25
o
C 

35
o
C 

25
o
C 

Na2SO4, 25
o
C 

KCl, 25
o
C 

NaCl, 25
o
C 



13 

 

sodium sulfate at 35 °C contrast the results found for sodium sulfate at 25 °C, but having 

the same trend with the results for chloride additives under otherwise the same 

conditions.  

 

Figure 7 compares the CO2 absorption flux in 5M MEA with different additives, NaCl, 

KCl, and Na2SO4 at 25 °C with the same concentration, 1000 ppm. The results from this 

study showed that the solutions with the addition of NaCl and KCl presented very similar 

initial CO2 absorption flux, showing approximately a 10% increase compared to the 

control solution. However, the addition of 1000 PPM Na2SO4 led to a decreased CO2 

absorption flux in MEA solution. The results from this study suggested that the CO2 

absorption flux in MEA depended on the type of anion in the additives, and the types of 

cation did not show significant contribution on the CO2 absorption flux. 

 

Figure 8 compares the CO2 absorption flux in 5M MEA with different additives, NaCl, 

KCl, and Na2SO4 at 35 °C with the same concentration, 2000 ppm.  As shown in Figure 

5, the addition of halide salts (NaCl and KCl) at the 2000 ppm level caused a reasonable 

increase in initial reaction flux of 15% and 20% increase of the initial flux values, 

respectively, compared to that of the MEA baseline experiment. In comparison, the 

addition of 2000 ppm Na2SO4 lead to an about 10% increase of the CO2 absorption rate. 

In these results, while sulfate had less effect than the sodium and potassium chloride salts 

there was still a notable improvement in the CO2 reaction at 35 °C.  

 

 
Figure 8. Variation of CO2 absorption flux with carbon loading in MEA 

solutions with addition of 2000PPM NaCl, KCl and Na2SO4 at 35 °C. 

 

Figure 9 shows the variation of overall mass transfer coefficient with liquid carbon 

loading of CO2 absorption in 30% MEA, and NaCl, KCl, and Na2SO4 at 35 °C with the 

same concentration, 2000 ppm. The reactive chemical absorption of CO2 into a thin film 

can be described as a combination of diffusion and chemical reaction processes, and the 

relationships between the absorption flux     
 and the overall mass transfer coefficient 

   is calculated as a function the driving force as: 
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where    

  is the equilibrium CO2 partial pressure. 

The CO2 absorption flux is directly related to the log mean CO2 partial pressure, 

assuming plug flow for the gas as calculated in the equation below. Data for P*CO2 is still 

pending and so KG was estimated based on the log mean pressure difference, Plm 

    
                

    
       

        
  

 

As can be seen in Figure 9, the overall mass transfer coefficient decreased with 

increasing liquid carbon loadings. The addition of 2000 ppm halide and sulfate showed 

enhancement of the overall mass transfer coefficient of CO2 absorption. At low carbon 

loading, <0.1, the three additives exhibited almost the same KG values, which is an about 

20% increase compared to that in MEA solution. However, Na2SO4 showed a lower KG 

value than NaCl and KCl at high carbon loading, while NaCl and KCl had the similar 

behavior under this condition. This indicated that the impact of the three additives on 

overall mass transfer coefficient at carbon loading 0.2-0.5 was depended on the anion 

other than the cation. 

 

 

Figure 9. Variation of overall mass transfer coefficient with carbon loading in MEA 

solutions with addition of 2000PPM NaCl, KCl and Na2SO4 at 35 °C. 

 

Task 2. The Effect of Illinois Coal on Solvent Degradation in CAER’s Pilot-Scale Post 

Combustion CO2 Capture Facility: 

To complete this project a Flue Gas Generator (FGG) was first integrated into the 

existing CAER pilot plant. In addition to the coal combustor unit it was also necessary to 

implement downstream equipment to pre-treat the flue gas to best mimic post combustion 

flue gas as generated in an electric power generation facility. Finally, it was necessary to 

implement a series of process controls on both the combustor and the ancillary equipment 

to maintain the desired and consistent flue gas composition and maintain safe operations. 

While completing these tasks, a preliminary test of flue gas introduction into an MEA 
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scrubbing solution was conducted. Also, a baseline solvent degradation study was 

conducted with MEA and a controlled CO2 gas stream using bottled CO2 with balance air 

prior to this project. This study allows comparison of degradation once the coal-derived 

flue gas is introduced. 

 

While the bulk of the FGG component installation was completed prior to the start of the 

project, the final physical pieces of the FGG were completed in 2010. Specifically, a wet 

flue gas desulfurization column was installed. This was constructed, integrated, and 

tested offline to remove SO2 and cool the gas before sending into the absorber. 

Additionally, the final piping including the necessary valve system to allow or bypass 

coal flue gas into the pilot plant and a condensate knock out drum was run from the FGG 

unit to the pilot plant.  

 

In order to allow full integration into the CAER pilot plant control system and to 

facilitate combustor operation more suited to producing a consistent flue gas stream 

composition (rather than heat). The OEM combustor controls were replaced with a new 

design incorporated ladder logic which allowed for enhanced operability, flexibility, and 

safety to provide the desired conditions needed for pilot plant flue gas. A pitot tube was 

also incorporated upstream of the pilot plant absorber inlet to allow for measurement of 

the inlet gas flow. Several modifications were performed to improve safety and meet 

necessary electrical code inspection. NEMA 12 dust proof cabinets were installed on all 

equipment and gasketing was added to prevent dust from entering the system.  A low 

flow paddle switch was added that would shut off the FGG in the event of a coolant 

pump circulator failure.  Shielding was also added to prevent human contact with hot 

surfaces. 

 

With the FGG fully operational work commenced to optimize the flue gas stream and 

incorporate necessary monitoring and control systems to allow the desired flue gas 

composition. A Horiba 5 gas analyzer was installed and integrated with the pilot plant 

LabView system to monitor and log gas concentrations (CO2, CO, SOx, NOx and O2). 

Initial flue gas CO2 7-8 vol% concentration was well below a typical power plant boiler 

concentration of 14 vol %.It was determined that running the combustor at negative 

pressure was diluting the exhaust stream with air. While operating at negative pressure 

was necessary to prevent exhaust at unwanted locations such as the feed hopper, it was 

determined that to prevent dilution a minimum negative pressure in the combustor was 

needed.  First the combustor was sealed with gaskets to minimize air infiltration. A 

vacuum gage was installed and integrated with the ID fan through a PID loop. Finally, 

the FGG exhaust line was turned down to provide minimal vacuum of ambient air sucked 

into the boiler.  With these modifications, gas concentrations in the range of 12-14 vol% 

can be maintained. Furthermore, through integration with the pilot plant pure CO2was 

added if needed to achieve the desired concentration. 

 
Commissioning of the FGG was performed and the flue gas was introduced into the pilot 

plant to begin determining effect on MEA solvent. However, during this preliminary test 

the soot was found to be very high, quickly fouling the absorber column packing and 

MEA solution, Figure 10. Subsequent analysis of the combustor performance and optimal 

operating conditions revealed that a lower volatility coal was necessary to reduce soot 
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formation. This was sourced and effectively reduced the soot production with 

introduction into the CO2 capture pilot plant still pending. 

 

 
Figure 10.  Contaminated solution (Left) and fouled packing (Right) as a result of high 

volatility coal. 

 

For degradation experiments with Illinois coal the lean solution flow rate was 0.5 GPM 

and the total gas input flow rate was maintained at 10 CFM (L/G = 45). The pressure 

maintained in the stripper for all experiments was 75 psia. The experimental stripper 

temperatures were 153-155°C. The solution molarity was allowed to degrade over time 

and a water makeup was used to maintain water balance in system. Before the test with 

Illinois coal the pilot plant system was thoroughly cleaned and new 5M solution was 

loaded into the system.  This ensures that no residual factors can contaminate or alter the 

degradation test.  A degradation rate comparison (Figure 3) was made between the 

system operating with a simulated flue gas blend (14 vol% CO2, 4% O2, Balance N2) and 

the FGG flue gas (~13.5-14.5 vol% CO2, 6-9% O2, <50 ppm SO2, Balance other 

constituents) with the test being conducted for 100 hours.   

 

 
Figure 11.   Degradation results from 100 hour test with Illinois coal flue gas. 
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By comparing the slopes observed in Figure 11 it is evident that flue gas impacts solvent 

degradation by ~3x.  There is not a notable difference between Ill and PA coal.  On the 

other hand, to pinpoint the actual contributing factors more pilot plant testing will be 

required, along with extensive solution testing from samples taken from the rich solution. 

 

Task 3.  The Impact of Cl and S Contents in MEA Solution on Metal Corrosion: 

Sodium sulfite: 

Different amounts of Na2SO3 were added to MEA solution to test effects of concentration 

of 500 and 2000 ppm Na2SO3. The results of effect of sodium sulfite for carbon steel 

A106 and A516 in 5 M MEA are shown in Figure 12. For the 90 °C experiments, the 

addition of 500 ppm Na2SO3 reduced the corrosion rate by ~ 70% in both lean and rich 

solution. This is consistent with former study that Na2SO3 actually can be used as a 

corrosion inhibitor of steel [15]. Sulfite can act as an oxygen scavenger in solution 

reacting to form sulfate with dissolved oxygen. Interestingly, after the initial decrease 
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Figure 12. Corrosion rate (CR) of carbon steels (a) A106 and (b) A516 in 5 M MEA with 

different concentration of Na2SO3 using LPR method. 
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when 500 ppm Na2SO3 was added, corrosion rate increases with Na2SO3 concentration 

increased to 2000 ppm at these conditions, though the corrosion rates are still lower than 

those in 5 M MEA without additives. From Figure 12, it was also noticed that the 

corrosion rate at rich solution is higher than that in the lean solution. A106 is found to 

have a slightly higher corrosion rate than A516 with no additive at high temperature, but 

nearly identical rates with the presence of Na2SO3 at either concentration. This implies 

that the initial rate may be very sensitive to the amount of dissolved oxygen in solution. 

At low temperature, corrosion rates of A106 are generally higher than A516, although 

adding sulfite caused a corrosion rate decrease for A106 while A516 is less affected by 

Na2SO3. 
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Figure 13. Corrosion rate (CR) of (a) A106 and (b) A516 in 5 M MEA with different 

concentration of KCl using LP method. 

Effect of KCl: 

Effect of KCl on carbon steel A106 and A516 in 5 M MEA was tested using the method 

of linear polarization resistance (LPR). Different amounts of KCl were added to solutions 

to test concentration of 500 and 2000 ppm. The results are shown in Figure 13. At 40 °C, 
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adding KCl slightly decreased corrosion rate. While at 90 C, the effects varied. One 

observation is the effect of KCl is much less significant than Na2SO3 at all tested 

conditions; a result consistent with the sulfite acting as an oxygen scavenger. A106 has 

higher corrosion rates at all tested conditions compared with A516. 

 

Effect of KCl on corrosion behavior of SS2205 was studied by adding 0, 500, and 2000 

ppm KCl into three different solvents at different conditions. From Figure 14, it can be 

seen that the effect of KCl at 40°C varies. In some cases, adding KCl causes a corrosion 

rate increase for SS205. At 40°C, corrosion rate in rich solution is higher than that in lean 

solution, as seen for the carbon steel samples. However, this trend is not followed at 

90°C, where the corrosion rate remains consistent between lean and rich carbon loading 

conditions. At 90°C, the effects of KCl vary also. There is not clear trend since corrosion 

rate decreases in some cases while increases in others with adding KCl. However, the 

effect of KCl is not significant since corrosion rate changes less than 10% in most cases. 

Compared with Na2SO3, which sometimes causes 70% corrosion rate change, KCl is less 

effective in affecting corrosion rate of SS2205. 
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Figure 14. Corrosion rate (CR) of SS2205 in 5 M MEA with different concentration of 

KCl using potentiodynamic method. 

 

Coating: 

Towards the overall objective of developing and testing steel coatings to improve 

corrosion resistance some experiments were performed on coated carbon steel. The 

electrochemical experiments of coated carbon steel A106 with Ni and NiAl compound 

were conducted with 5M MEA solutions. Figure 15 shows electrochemical curves of 

carbon steel A106 coated with NiAl alloy in MEA at various conditions. From the curves, 

it can be seen that at 40 °C, the coating’s performance for anti-corrosion was not ideal. 

After the curve passed the active-passive transition point, there was no stable passivation 

region. The passivation current density (ipass) decreased with the increase of overpotential. 

At 80 °C with lean solution, the curve shifted to higher current direction indicating a 

higher corrosion rate. It needs to be mentioned that the passivation effect of the coating at 

80 °C is better than that at 40 °C because the ipass is stable and reasonably maintained in a 

limited range. At 80 °C with rich solution, the corrosion rate, however, was less than with 
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the lean solution. The curve looks more like those observed for stainless steels:  the active 

dissolution region is short and the curve shows a self-passivation feature. By comparing 

the corrosion rate of coated A106 and SS304, Table 1, the coated samples perform well 

compared to SS304 in lean MEA at low temperature. The results at higher temperature 

are mixed. The comparison at 80 °C indicates that in lean conditions the coated samples 

show higher corrosion rate compared to SS304. However, at 80 °C and rich CO2 loadings 

the coated samples performed better compared to the stainless sample. It is believed that 

this could be the result of carbonate formation on the metal surface. Note that the 

corrosion rates calculated in Table 1 using the Tafel extrapolation method may have 

some error for the Ni coatings due to the additional peak in the open circuit potential 

region, where the corrosion rate is calculated. Work is ongoing to determine if the 

observed curves are due to the coating or an artifact of the experiment and determine if 

using the Tafel extrapolation is appropriate for curves with this shape. 

 

Table 1. Corrosion rate of coated A106 and SS304. 

Sample Experimental 

Condition 

Corrosion Rate 

(mmpy) 

A106 with NiAl 

coating 

40 °C, CO2 loading 0.2 0.04 

80 °C, CO2 loading 0.2 1.5 

80 °C, CO2 loading 0.5 0.13 

A106 with Ni 

coating 

40 °C, CO2 loading 0.2 0.004 

80 °C, CO2 loading 0.2 0.85 

80 °C, CO2 loading 0.5 0.10 

SS304 40 °C, CO2 loading 0.2 0.12 

80 °C, CO2 loading 0.2 0.22 

80 °C, CO2 loading 0.5 0.25 
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Figure 15: Potentiodynamic curves of carbon steel A106 coated with NiAl alloy in 5 M 

MEA at different temperature and carbon loading. 
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Figure16 shows SEM images of NiAl coating surface before and after electrochemical 

testing at 40 °C in MEA. From Figures 16a and 16b, the island-like morphology of 

deposited coating can be observed. The average size of a single island is about 10 μm 

with finer structure evident in the islands. Figures 16c and d show morphology of the 

coating surface after a potentiodynamic test in lean 5 M MEA at 40 °C. After the test, the 

island-like structure converted to a grain-like structure apparently annealed and 

rearranged due to atomic diffusion. The average “grain” size of the post test NiAl alloy 

was ~20-50 μm.  

  

  
Figure 16.  SEM images of Ni coated A106 before and after electrochemical tests. (a) As-

coated surface and its higher magnification (b). (c) After the electrochemical test in 5 M 

MEA at 40 °C and its higher magnification (d). 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

It was found that chloride and sulfate salts do impact the CO2 absorption flux, but not 

necessarily in a predictable manner. Specifically, CO2 absorption tests in MEA with the 

addition of various concentrations of NaCl, KCl and Na2SO4 at 25 and 35 °C were 

conducted. The testing results showed that the presence of NaCl and KCl increased the 

CO2 absorption flux of MEA at both 25 and 35 °C, and the higher the halide 

concentration, the larger the flux enhancement. The addition of Na2SO4 showed an 

increase in the CO2 absorption flux at 35 °C. In comparison, at 25 °C, a decrease of the 

CO2 absorption flux was observed with the presence of Na2SO4.  

 

A flue gas generator (FGG) was constructed and integrated into the CAER’s 0.1 MWth 

pilot plant. A test was conducted to introduce coal-derived flue gas into the pilot plant, 

and the results indicated that flue gas impacts solvent degradation, but to pinpoint the 

(a) 

(c) 

(b) 

(d) 
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actual contributing factors will require more pilot plant testing. 

 

The effects of sulfite and chloride on steel corrosion were studied with 5 M MEA by the 

electrochemical apparatus. The results show that, for carbon steels, adding sulfite at 40 

°C decreased corrosion rate consistently, while at 90°C, corrosion rate decreases first 

with 500 ppm and then increases (still remaining below the zero additive case) after 

adding 2000 ppm sulfite.  At 40 °C, adding KCl slightly decreases corrosion rate of 

carbon steels. While at 90 °C, the effects varied. One observation is the effect of KCl is 

much less significant than Na2SO3 at all tested conditions. For stainless steels, at lower 

temperature, adding KCl caused corrosion rate increasing, while at higher temperature, 

corrosion rate decreased for small amount of percentage.  It was found that NiAl alloy 

coatings lack the passivation region at 40 °C with lean solution. But they do exhibit a 

lower calculated corrosion rate compared to SS304. At higher temperature with lean 

solution, the corrosion rate increases but anodic protection feature improves. Rich 

solution at high temperature results in the best anti-corrosive behavior in these three 

conditions and also showed a lower calculated corrosion rate compared to SS304. 
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