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ABSTRACT 
 
A novel Integrated Vacuum Carbonate Absorption Process (IVCAP) for post-combustion 
CO2 capture is being developed by the Advanced Energy Technology Initiative of the 
Institute of Natural Resource Sustainability at the University of Illinois at Urbana-
Champaign. The solvent used in the process is potassium carbonate (PC). A unique 
feature of this process is its ability to use either waste or low quality steam from a power 
plant’s low pressure turbine for CO2 desorption. As a result, electricity loss due to steam 
extraction is significantly lower than that of mono-ethanol-amine (MEA) processes. A 
key technical issue for the IVCAP is the slow absorption rate of CO2 into the PC solution. 
Thus, the overall objective of this project was to experimentally evaluate the catalytic 
activity of a biocatalyst, carbonic anhydrase (CA) enzyme, in both free and immobilized 
forms, for promoting CO2 absorption into the PC solution.  
 
Results from laboratory-scale  experiments revealed that the rate of CO2 absorption into a 
20%wt PC solution mixed with 300mg/l free CA enzyme (PC+CA) increased by 6-20 
times at 25ºC and 2-8 times at 50ºC depending on CO2 loading level in the solution. 
These results were used to model CO2 absorption performance in a packed-bed 
absorption column where it was found that the rate of CO2 absorption into the PC+CA 
was 1.5-5 times slower than that of 3M MEA. Absorption rates in PC and MEA solutions 
were comparable at higher CO2 loading levels. The CA enzyme was successfully 
immobilized onto activated carbon, glass, and celite supports using covalent binding 
approaches. Loading of immobilized CA enzyme reached 36 mg/g support and activity 
(including intra-particle diffusion) approached 27% of that of free CA. The presence of 
sulfate (0.1-0.9M), nitrate (0.05-0.2M), and chloride (0.3-0.7M) impurities in the PC 
solution did not significantly inhibit CA activity (<11%). A techno-economic analysis 
showed that the IVCAP installed in a conceptual 528 MWe (gross) power plant burning 
high-sulfur Illinois coal could reduce CO2 capture cost by 30% compared to that of 
MEA-based processes.   
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EXECUTIVE SUMMARY 
 
Currently, mono-ethanol-amine (MEA)-based absorption processes are considered to be 
the best available options for post-combustion CO2 capture. These processes are very 
expensive, typically ranging from $50 to $70 per ton of CO2 avoided for coal-fired power 
plants. A majority of this cost (about 60%) is due to intensive energy use in absorption 
and stripping processes and the resulting electricity loss in the power plant. Reducing 
energy consumption is the key to lowering CO2 capture cost.  
 
The Advanced Energy Technology Initiative of the Institute of Natural Resource 
Sustainability (AETI-INRS) at the University of Illinois at Urbana-Champaign (UIUC) is 
developing a novel, patent-pending Integrated Vacuum Carbonate Absorption Process 
(IVCAP) for post-combustion CO2 capture. The solvent used in the process is potassium 
carbonate (PC). The weak chemical affinity of CO2 to K2CO3 enables CO2 to be desorbed 
from the CO2-rich solution at a low temperature (104-158F) and pressure (2-8 psia). 
This feature of PC enables the use of either the waste steam exiting the power plant’s low 
pressure (LP) turbine, or a low quality steam from the LP turbine, to provide the energy 
required for the CO2 desorption process in the IVCAP. The use of low pressure and 
temperature steam will significantly lower electricity loss of the IVCAP compared to the 
MEA process. The IVCAP also has the flexibility to integrate a SO2 removal feature in 
the CO2 capture process. In amine-based and amine-promoted absorption processes, SO2 
and other acid gases react with amines to form heat-stable salts that are difficult to 
reclaim. Therefore, the flue gas must be treated to reduce its acid gas concentration to an 
extremely low level (<20 ppm). In the IVCAP, however, this issue is not a concern. 
 
Because PC has a weak alkalinity, the rate of CO2 absorption into the PC solution is 
about 2-3 orders of magnitude lower than that of MEA. Thus, a key technical issue for 
the IVCAP is to significantly enhance the absorption rate of CO2 into the PC solution. 
Most current approaches for promoting the absorption rate of CO2 in a weak solvent 
involve mixing another solvent or a mixture of different solvents with stronger CO2 
affinity with the prime solvent. These approaches, however, increase the heat of 
absorption of the solvent mixture, thus increasing the energy use in the process. By 
contrast, the IVCAP employs a biocatalyst to accelerate the absorption rate which will 
not change the heat of absorption of the solvent. The biocatalyst employed is the 
carbonic anhydrase (CA) enzyme, the most effective catalyst available for the CO2 
hydration reaction.  
 
This project was aimed at experimentally investigating methods to enhance the 
absorption rate of CO2 into the PC solution. Specific objectives included: (1) evaluating 
the activity of the CA enzyme directly mixed in the PC solution, (2) immobilizing the CA 
enzyme on inorganic support matrices and measuring reactivity, and (3) performing a 
techno-economic analysis to evaluate performance and cost of the enzyme-promoted 
IVCAP and compare them with MEA-based processes. 
 
A lab-scale stirred tank reactor (STR) experimental system was used to measure the 
kinetics of CO2 absorption into the PC solution mixed with the CA enzyme. Screening 
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experiments validated the suitability of the STR system for measuring CO2 absorption 
kinetics for both a slow and a fast reaction system. Two CA enzyme samples were used 
in this project. One was a commercially available enzyme from Sigma-Aldrich, and 
another was an experimental, technical-grade enzyme provided by a leading enzyme 
manufacturer (Company A).  
 
The activity of the CA enzyme for promoting CO2 absorption rate into the PC solution 
was measured in the STR system. Parametric tests were performed at three levels of CA 
enzyme dosage (0, 30, and 300 mg/l), four levels of initial carbonate-to-bicarbonate 
conversion (0%, 20%, 40%, and 60%) in the PC, two temperatures (25ºC and 50ºC), two 
PC concentrations (20% and 30% wt), and various CO2 partial pressures (from 0.15 to 
2.90 psia). The CA enzyme was demonstrated to be an effective catalyst. At a CA dosage 
level of 300 mg/L, the CO2 absorption rate into the PC was promoted by 6-20 times at 
25°C and 2-8 times at 50°C. In general, CA promoted absorption rate more effectively 
with increasing CO2 loading in the solution and decreasing reaction temperature. 
 
In the absence of gas-phase diffusion resistance, the CO2 absorption rate into the PC 
solution mixed with 300 mg/l CA was 5-11 times and 7-15 times slower than those of the 
MEA at 25°C and 50°C, respectively. In a countercurrent packed-bed absorption column; 
however, gas-phase diffusion resistance is significant and can become a limiting factor 
when the rate of absorption is fast. Results from a modeling study concluded that gas-
phase diffusion contributed 82% of total absorption resistance for a 3M MEA solution, 
30% for the PC+CA solution, and < 10% for the reference PC. The rate of CO2 
absorption into the PC+CA was only 1.5-5 times slower than that of the MEA. The MEA 
and PC+CA rates became comparable with increasing CO2 loading levels. 
 
The CA enzyme was successfully immobilized onto three support materials, i.e., 
controlled pore glass (CPG), activated carbon (AC), and celite. Immobilization employed 
three individual silane- or imide-based covalent binding approaches. The loading of the 
CA enzyme onto the support reached up to 36 mg CA/g support and the activity 
(including intra-particle diffusion) of immobilized systems approached 27% of that of the 
free CA system. The loss of activity for the immobilized CA was mainly due to 
conformational changes incurred during enzyme immobilization. However, with higher 
levels of CA loading on the support, the overall CO2 absorption rate into the PC solution 
can be promoted more significantly than that in the 300 mg/l free CA system.  
 
Impacts of flue gas impurities on enzyme activity were also investigated. For the Sigma-
Aldrich CA enzyme, the presence of 0.35M Cl- reduced free CA activity by ~50% while 
0.2M SO4

2- increased activity by ~10%. Impacts of these anions on immobilized CA 
were more significant than on free CA, indicating that impurities interacted with enzyme-
coupling functionalities on the support surface, and thus affected the structural 
configuration of the immobilized CA molecule. For the CA enzyme provided by 
Company A, the presence of SO4

2-, NO3
-, and Cl- at 0.9M, 0.2M, and 0.7M 

concentrations, respectively, either alone or combined in the PC solution, resulted in less 
than 11% loss of CA activity.  
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Process simulation studies were performed using CHEMCAD software for a reference 
528 MWe (gross) Illinois coal-fired power plant equipped with either an IVCAP or an 
MEA process. The cost analysis, based on the Integrated Environmental Control Model 
(IECM), revealed that capital costs of the IVCAP are about 50% higher while variable 
operating and maintenance (VOM) costs were only half of the MEA process. Overall, the 
CO2 capture cost of the IVCAP was found to be about 20% less than the MEA process. 
The IVCAP can potentially combine SO2 removal with CO2 capture. Under this scenario, 
the CO2 capture cost of the IVCAP is more than 30% lower than a MEA and wet flue gas 
desulfurization (FGD) configuration. Additional cost savings would be possible with an 
optimized IVCAP. 
 
There are three major conclusions to this study. First, both free and immobilized CA 
enzymes promoted the CO2 absorption rate into the PC solution to a level practically 
comparable to MEA in a packed-bed absorber. Second, CA enzymes tested were resistant 
to high concentrations of sulfate, nitrate, and chloride anion impurities. Third, the IVCAP 
could reduce CO2 capture costs by > 30% compared to that of the MEA process. Based 
on these conclusions, the IVCAP is deemed to be a viable and a cost-effective technology 
for further engineering and scale up studies.  
 
Further laboratory- and bench-scale research is recommended to investigate long-term 
stability of CA enzymes and the technical feasibility of combined CO2 and SO2 control. 
This project was co-funded by the DOE/NETL under Agreement DE-FC26-
08NT0005498. 
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OBJECTIVES 
 
The Advanced Energy Technology Initiative of the Institute of Natural Resource 
Sustainability (AETI-INRS) at the University of Illinois at Urbana-Champaign (UIUC) is 
developing an Integrated Vacuum Carbonate Absorption Process (IVCAP) for post-
combustion CO2 capture. This project was aimed at investigating methods to significantly 
enhance the absorption rate of CO2 into the potassium carbonate (PC) solution used in the 
IVCAP. The specific objectives included: (1) evaluating the activity of free CA enzyme 
mixed in the PC solution, (2) immobilizing CA enzymes onto selected inorganic support 
matrices, and (3) performing a techno-economic analysis to compare technical 
performance and cost of the enzyme-promoted IVCAP with those of a MEA-based 
process. This project was co-funded by the U.S. Department of Energy (DOE) through 
the National Energy Technology Laboratory (NETL) under Cooperative Agreement DE-
FC26-08NT0005498.  
 
To complete these objectives, the following five tasks were performed: 
 
Task 1. Experimental Setup for Enzyme Catalytic Activity Test. A stirred tank reactor 
(STR) system for performing biocatalyst activity tests was designed and fabricated. 
Validation of the experimental setup was performed by measuring the kinetics of 
reference solutions and comparing results with those reported in the literature.  
 
Task 2. Evaluation and Optimization of Carbonic Anhydrase (CA) Catalyst Activity. 
Parametric tests were performed to evaluate activity levels of two free enzyme samples at 
various PC concentrations, CO2 loadings, temperatures, enzyme dosage levels, and CO2 
pressures. This task also provided a performance comparison between CA-promoted PC 
and MEA solutions in both the STR and a packed-bed column.  
 
Task 3. CA Immobilization and Activity Test. Different approaches were employed to 
immobilize CA enzyme onto three support materials, i.e., a glass, an activated carbon, 
and a celite material. Activities of immobilized enzymes were also measured.  
 
Task 4. Effects of Gas Contaminants on Catalyst Activity. Inhibition effects of anion 
impurities (SO4

2-, Cl-, and NO3
-) on CA enzyme activity at concentration levels typical to 

those in an Illinois coal flue gas scrubber were evaluated.  
 
Task 5. Techno-Economic Analysis. A techno-economic study was performed using 
CHEMCAD process simulation software for a reference 528 MWe (gross) Illinois coal-
fired power plant equipped with either the IVCAP or an MEA process. 

 
INTRODUCTION AND BACKGROUND 

 
Description of IVCAP  
 
Absorption-based processes are believed to be the most feasible post-combustion options 
for the capture of CO2 from coal combustion flue gases. Currently, mono-ethanol-amine 
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(MEA)-based absorption processes are considered to be the best available post-
combustion CO2 capture technologies. However, these processes are very expensive, 
typically ranging from $50 to $70 per ton of CO2 avoided, for coal-fired power plants. 
The majority of this cost, amounting to about 60%, is due to intensive energy use (mainly 
for CO2 stripping and compression) in the process that results in as high as 30% 
electricity loss in the power plant. Reducing energy consumption in the capture process is 
the key to lowering CO2 capture costs. 
 
AETI-INRS is developing a novel, patent-pending Integrated Vacuum Carbonate 
Absorption Process (IVCAP) [1] for post-combustion CO2 capture. The solvent used in the 
process is potassium carbonate (PC). The weak affinity of CO2 to K2CO3 enables CO2 to 
be desorbed from the CO2-rich solution at a low temperature (104-158F) and pressure 
(2-8 psia) in a stripper. This feature enables the IVCAP to use either waste steam exiting 
the power plant’s low pressure (LP) turbine, or a low quality steam from the LP turbine, 
to provide the energy required for the desorption process. The efficiency of heat-to-
electricity varies in steam quality in the steam cycle of the power plant. The use of low 
pressure and temperature steam will significantly lower electricity losses associated with 
the IVCAP as compared to the MEA process. 
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Figure 1.  Schematic Diagram of the Proposed IVCAP 

 
A schematic diagram of the IVCAP is shown in Figure 1. Low pressure steam used in the 
IVCAP is extracted from the LP turbine, typically at pressures ranging from 3 to 9 psia, 
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compared to a 60 psia steam required in the MEA process. In addition, in the IVCAP, a 
large portion of the steam is directly introduced into the stripper for heating and 
desorbing CO2. Another part of the steam is used for indirect heating in the reboiler. This 
is very different from the MEA process, where the majority of the steam is introduced to 
the reboiler at the bottom of the stripper for indirect heating. The vacuum condition in the 
IVCAP is provided partly by water vapor condensation from the CO2 stream in the power 
plant’s condenser, and partly from a vacuum pump. 
 
Besides the benefit of the use of low quality steam, integrating the steam cycle with the 
CO2 absorption process also has several other advantages. First, the two processes share 
the same water condenser, resulting in a large amount of capital cost savings. Second, the 
direct introduction of the steam into the stripper would increase heat exchange efficiency 
between the hot steam and the PC solution. Third, the direct introduction of the steam 
into the stripper significantly reduces the reboiler size.   
 
Biocatalysts for Promoting CO2 Absorption into PC Solution  
 
K2CO3 has a weak alkalinity and a K2CO3-based system has a much slower CO2 
absorption rate than MEA. K2CO3 is dissociated in water into K+

 and CO3
2+ ions. The 

carbonate ion combines with H+ to form HCO3
-. The overall reaction involved in CO2 

absorption can be expressed as follows: 
 

CO2 + H2O + K2CO3 = 2KHCO3      (1) 
 

During desorption (stripping), the pathway in reaction (1) is from right to left.  
 
Two reaction mechanisms control the rate of CO2 absorption into the PC solution. The 
first involves the hydration of dissolved CO2 with water:[2] 
 
 
           (2) 
  
 
The dissociation of H2CO3 to HCO3

- is fast and can be assumed to be at equilibrium. The 
rate of CO2 hydration with water is dominant in this reaction mechanism.  
 
The second reaction involves the hydration of dissolved CO2 with hydroxyl ions in 
solution.  

           (3) 

This reaction only becomes important at high pH values. At pH < 8, reaction (3) is 
negligible because of the low concentration of [OH-]. At pH = 8-10, both reactions (2) 
and (3) occur, and at pH > 10, reaction (3) predominates over reaction (2).[3] 
 
Reactions (2) and (3) occur in parallel. Rate constant values for these two reactions have 
been widely reported in the literature.[2,4] Intrinsic rates of CO2 absorption (with mass 
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transfer effects excluded) for reactions (2) and (3) are 600,000 times and 3,000 times 
lower than a 5M MEA aqueous solution. Without a catalyst, intrinsic reactions of CO2 in 
the PC solution are much slower than that in MEA. 
 
Thus, a key technical issue for the IVCAP is to enhance the absorption rate of CO2 into 
the aqueous PC solution to a level that is practically acceptable for post-combustion 
capture applications. Most of the current efforts for promoting the absorption rate of CO2 
into a weak solvent include mixing of another solvent or a mixture of different solvents 
with stronger CO2 affinity with the prime solvent. This approach, however, will increase 
the heat of absorption of the solvent mixture and increase the energy use in the process. 
By contrast, employing a biocatalyst in the IVCAP will increase the absorption rate 
without changing the heat of absorption of the PC.  
 
The biocatalyst employed in the IVCAP is the carbonic anhydrase (CA) enzyme. The 
CA enzyme is a broad group of zinc metalloenzymes that are ubiquitous in all animals, 
photosynthesizing plants, and some non-photosynthetic bacteria. The CA enzyme 
catalyzes the CO2 hydration reaction with water according to the following mechanism:[5]  

EZn H2O  =  EZn OH- + H+       (4) 

EZn OH- + CO2 = EZn HCO3
-      (5) 

EZn HCO3
-+ H2O =  EZn H2O + HCO3

-     (6) 

Overall reaction: H2O+CO2 +CA= HCO3
-+H++CA    (7) 

The CA enzyme is the most effective catalyst known to date for the CO2 hydration 
reaction. Among many CA isozymes, CA II is known as the most effective hydration 
enzyme. At pH = 9 and 25°C, turnover of human CA II was reported as 1.4 x 106 sec-1.[6] 
This means that each CA II molecule can produce 1.4 million molecules of product CO2 

per second. In comparison, turnover of bovine CA II is about 1 x 106 sec-1.[6] Therefore, if 
a CA enzyme dosage level can reach hundreds to thousands of milligrams per liter of PC 
solution, the CO2 absorption rate could be accelerated to a value comparable to that of a 
5M MEA solution.  
 
The IVCAP can potentially employ both free and immobilized CA enzymes. While the 
free enzyme may offer homogeneous mixing in the solution and thus provide better 
overall activity per unit mass of enzyme, enzyme immobilization can help lower the cost 
of the process by improving thermal and chemical stabilities of the enzyme and 
eliminating enzyme elution in a continuous flow system.  
 
The CA enzyme can be either immobilized on suitable support material in a packed-bed 
absorption column, or on small particles suspended in the solvent. Enzyme 
immobilization can be achieved most commonly by covalently coupling methods.[7,8] 
Other methods include enzyme entrapment in capsules [9,10] and enzyme adsorption on 
supports.[11] Examples of support materials used in covalent coupling methods include 
controlled pore glass, iron filings, copolymer, silica, graphite, and alginate.[7,8,12] These 
studies reported that immobilization generally increased the thermal stability of the CA 
enzyme. For example, a bovine CA prepared by encapsulating a single CA molecule onto 
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a spherical nano-gel exhibited an increase in the enzyme unfolding (molten) temperature 
from 64 to 81C.[13]  
 
The potential application of the CA enzyme, in free and immobilized forms, as a catalyst 
for the K2CO3-based system was experimentally evaluated under various conditions 
employed in the IVCAP. In addition, several covalent binding-based methods were 
developed for enzyme immobilization onto activated carbon, glass, and celite support 
materials. Both free and immobilized CA enzymes were tested for their activities in the 
presence of typical acid gas impurities in the solvent. A techno-economic study evaluated 
the cost performance of the IVCAP installed in a conceptual 528 MWe (gross) power 
plant burning high-sulfur coal.  
 

EXPERIMENTAL PROCEDURES 
 
Enzyme Activity Test in a Tank Reactor  
 
Experimental Setup: Figure 2 presents the schematic diagram of the stirred tank reactor 
(STR) experimental system. The reactor is a Plexiglas vessel with 4-inch internal 
diameter and 7-inch height. A stainless steel coil (1/4” O.D.) with water circulation is 
installed inside the reactor to maintain the reaction temperature. The water is circulated 
through a temperature-controlled thermostatic water bath (Neslab, RTE-110). Four 
symmetrical baffles, each 0.5-inch wide, are attached inside the vessel to prevent 
formation of a vortex in the liquid phase. A magnetic stirrer (Corning stirrer/hotplate) 
with a 2-inch Telfon stir bar provides mixing at 60-1100 rpm in the liquid-phase. An 
overhead shaft-stirrer (Arrow Engineer, Model 1750) through a magnetic coupler 
provides mixing at 0-2000 rpm in the gas-phase (directly above the liquid-phase in the 
reactor). The reactor is equipped with a pH meter (Denver Instrument 220) and two 
thermocouples in the gas- and liquid-phases. The pressure inside the reactor is measured 
with a vacuum pressure transducer (Omegadyne, PX329-005AV). Downstream of the 
reactor, a vacuum pump (Dekker, RVL002H-01) provides the initial vacuum required in 
the system. Temperatures and pressures are monitored and recorded by a computer 
through a National Instrument Digital Data Acquisition System (NI USB 6009). Gas flow 
rate is measured by a mass flow meter (MFM, Alicat Scientific, M-200SCCM-D/5M), 
which is optional only when the system is not operated in batch mode. A small amount of 
liquid for chemical analyses can be sampled during the experiment using a syringe. High 
purity CO2 (99.99%) is used in all tests.  
 
Experimental Procedure: The STR system can be operated either in batch or semi-
continuous mode. Batch mode is operated as a closed system while in the semi-
continuous mode, CO2 gas flows in and out of the reactor. Most tests were performed in 
batch mode.  
 
In a typical batch test, 700 ml of PC solution is used. The PC solution is prepared by 
dissolving K2CO3 and KHCO3 granulates in water to obtain the required concentrations 
of each compound. Before the start of an experiment, the three-way ball valve, V2, is 
switched on, the gas supply valve, V1, is closed, and the gas inlet valve, V3, and gas 
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outlet valve, V4, are opened. The vacuum pump and the magnetic stirrer are turned on to 
degas the system. When pressure reaches the maximum vacuum and is stabilized, the gas 
outlet valve, V4, is closed and the solution is allowed to equilibrate at a reaction 
temperature. The water vapor pressure of the solution, after being stabilized, is recorded. 
The gas supply valve, V1, is then opened to allow pure CO2 to flow from the gas cylinder 
to the reactor. Once the pressure inside the reactor reaches a desired value, the gas inlet 
valve, V3, is closed, the liquid and gas stirrers are turned on, and the test starts.  
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Figure 2. Experimental Setup for CO2 Absorption Rate Measurements  
(pH: pH meter; V: valve; P: pressure transducer; TC: thermal couple;  

MFM: mass flow meter; DAQ: data acquisition) 
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In batch mode, pressure change is recorded over the time. The instant flux of CO2 
absorption into the liquid phase is estimated according to the following equation:  
 

(8) 
 
where JCO2 is CO2 flux into the liquid, PCO2 is CO2 partial pressure, t is time, Vg is gas 
volume in the reactor, R is universal gas constant, T is temperature, and AGL is gas-liquid 
interface area. CO2 partial pressure is obtained by subtracting the solution’s water vapor 
pressure, which is a constant during the experiment, from the total pressure.  

 
Enzyme Samples: The CA enzyme used in most of the tests was provided by a leading 
enzyme manufacturer (Company A). The as-received enzyme was in the form of 
concentrated free CA in a liquid solution at a concentration of about 3 g/l. The enzyme 
was an experimental, technical grade (not for commercial sale), containing small amounts 
of impurities such as low molecular weight fermentation residues, processing aids, salts, 
and other proteins present. The concentrated liquid CA was mixed with the PC solution 
to prepare a required dosage level. A second CA enzyme used for comparison purposes 
was purchased from Sigma-Aldrich. This high purity enzyme is in the form of a powder. 
 
Enzyme Immobilization and Activity Assay 
 
Materials: Two support materials, an activated carbon (AC) and a controlled pore glass 
(CPG), were used in the enzyme immobilization study. Calgon Carbon Corporation 
provided the AC (CAL-AC) sample. CAL-AC is a porous carbon (micropore to 
mesopore volume ratio of 2) with a BET surface area of 920 m2/g. As-received CAL-AC 
had a particle size range of 12-40 mesh. It was ground and sieved to 40-60 mesh in this 
study. CPG material was selected because it has a narrow pore size distribution and a 
relatively large BET surface area (~30 m2/g). CPGs with a broad range of pore diameters 
and densities are commercially available. Because the molecular diameter of a dissolved 
CA enzyme is measured in a few nanometers, the pore size of the support martial should 
be at least several times larger to facilitate enzyme diffusion into pores of the support 
material. A commercial CPG (PG1000200, Sigma-Aldrich) with a pore size of 100nm 
and a particle size range of 100-200 mesh (75-150µm) was selected for this study.   
 
Besides CAL-AC and CPG, a few initial trials were also conducted using celite as a 
support material. The celite sample was acquired from a beer brewery company. The as-
received material was in a form of powder (~20 m). 
 
Both the CA enzyme from Sigma-Aldrich and the enzyme from Company A were 
employed in the immobilization study. However, because this study focused on 
development of suitable methods for CA enzyme immobilization, the Sigma-Aldrich CA 
was mostly used to eliminate any effects of impurities in the enzyme sample on the 
immobilization process.  
 
Enzyme Immobilization Approaches: The method employed to covalently immobilize 
the CA enzyme onto the AC support (CA-AC) was developed based on the carbodiimide 
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V
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method.[14] Preparation steps included AC cleaning, AC surface functionalization 
treatment, and enzyme binding. The enzyme immobilization process involves the 
following main reactions:  

          

(9) 

 
The method developed to covalently immobilize the CA enzyme onto the CPG support 
(CA-CPG) was based on the silane method.[15] This method involves silanization and 
aldehydization treatments of CPG surface and enzyme coupling. The following reactions 
occur in the enzyme immobilization process:  
 

 
 
 
           

(10) 
 
            
            
           
 

 
 
A silane method similar to that used for preparing CA-CPG was employed for CA 
immobilization onto the celite support (CA-celite). The silane solution used is 3-
glycidyloxy-propyl-trimetoxysilane dissolved in toluene. The celite, after being activated 
by the silane, contains the epoxy group (-COO-) for the coupling reaction with the 
enzyme. 
 
CA Activity Assay: The p-NPA hydrolysis assay [16] was employed to measure activity 
levels of both free and immobilized CA enzymes. The measurement was based on the 
hydrolysis reaction of p-NPA catalyzed by the CA enzyme: 

acetateNPTlateNitrophenoOHNPAacetatelNitropheny CA  )()( 2
  (11) 

The extent of the reaction, and thus the activity of the CA enzyme, was determined by 
measuring the concentration of nitropheolate (NPT) anions in the hydrolysis solution 
using a UV-visible spectrophotometer (Shimadzu UV-1800). 
 
For the free CA enzyme assay, the enzyme was added to a solution containing 4.8ml 
Na2HPO4-KH2PO4 buffer (100mM, pH 8.05 at 25C) and 0.2ml p-NPA (1g/l, dissolved 
in acetonitrile). The concentration of the NPT anion is measured by recording the 
absorbance at 400nm wavelength at three-minute intervals for 15 minutes at room 
temperature. The molar extinction coefficient of p-NPT at 400nm was 17,500 M-1cm-1. 
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For the immobilized CA enzyme assay, the immobilized enzyme was added into a 
solution containing 7.2ml Na2HPO4-KH2PO4 buffer (100mM, pH 8.05) and 0.3ml p-NPA 
(with a final p-NPA concentration of 2.210-4 M). The NPA hydrolysis was carried out in 
a rotary incubator at a high rpm for 15 minutes. The absorbance of the solution was then 
measured at 400nm wavelength at room temperature to determine the NPT concentration. 
 
Immobilized Enzyme Characterization: A few analyses were performed to 
characterize functional groups on treated surfaces and enzyme loading levels on support 
materials. The amount of the enzyme loaded onto a support material was determined by 
measuring concentrations of free CA enzyme before and after the immobilization 
treatment. The protein measurement is referred to as the Bradford method for protein 
quantitation.[17] The density of the amine (–NH2) functional group on the treated CPG 
surface was determined by the Aldehyde test method.[18] The density of the carboxyl (-
COOH) group on the support surface was measured by a base titration method based on 
the principle that the carboxyl group is more acidic than other acidic groups and can be 
exclusively neutralized by NaHCO3.

[19]  
 
Process Simulation and Cost Analysis 
 
Process Simulation: A process simulation software, CHEMCAD (Version 7.3),[20] 
developed by Chemstations Inc., was used to perform steady state process simulations for 
a reference pulverized coal-fired (R/PC) power plant (528 MWe gross output) in two 
configurations. The first is the power plant with the proposed IVCAP installed. The 
second is the power plant with the MEA process installed.  
 
CO2 absorption and stripping columns of the IVCAP were modeled by a rigorous multi-
stage vapor-liquid equilibrium module (SCDS). The vapor-liquid equilibrium (VLE) 
calculation was selected in the SCDS module. Fifteen stages were assumed for both 
absorption and stripping columns. While the level of CO2 removal was fixed in 
absorption, the liquid-to-gas ratio (L/G) was adjustable by varying the stage equilibrium 
efficiency. The thermodynamic equilibrium constant values (K values) were calculated 
using the electrolyte Non-Randomness-Two-Liquid (NRTL) model for the liquid-phase 
and the ideal vapor model for the gas phase. Binary interaction parameters for the species 
in the H2O-CO2-K2CO3-KHCO3 solution were adopted from the CHEMCAD database. 
Enthalpy and entropy modeling was based on the latent heat method. Chemical reaction 
equilibrium constants and transport properties of the system, both of which are 
temperature-dependent, were based on regression equations incorporated in CHEMCAD.  
 
The SCDS module was also used for the process simulation of the MEA process. The 
procedure of the VLE calculation was similar to that for the IVCAP. Thermodynamic 
equilibrium K values for the CO2-MEA aqueous solution were calculated by the amine 
K-value model, which is based on the Soave-Redlich-Kwong (SRK) equation of state. 
Chemical reaction equilibrium constants involved in the CO2-MEA aqueous solution 
were built into the CHEMCAD package. Enthalpies of chemical components were 
estimated by the amine enthalpy model, which employs the SRK equation for the vapor 
enthalpy and the method of Crynes and Maddox for the liquid enthalpy.  
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Cost Analysis: The Integrated Environmental Control Model (IECM) developed by Dr. 
Rubin’s group at Carnegie Mellon University [21] was employed to estimate the cost of 
the MEA process, based on default financial assumptions built into the model and process 
parameters input from this study. A preliminary cost analysis of the IVCAP was 
performed according to IECM model results obtained for the MEA process. Capital costs 
of IVCAP devices were mainly postulated from those of the MEA process based on gas 
or liquid volumetric flow rates to be treated. Fixed operating and maintenance (FOM) 
costs were assumed to be proportional to capital costs. Variable operating and 
maintenance (VOM) costs were estimated based on material and energy uses calculated 
from process simulations. The cost of electricity (COE) and the CO2 avoidance cost were 
estimated and compared for ICVAP and MEA processes. 
 

RESULTS AND DISCUSSION 
 

Task 1. Experimental Setup for Enzyme Catalytic Activity Test 
 
Details of the experimental setup for enzyme activity tests were described in the 
Experimental Procedure section. Before conducting any enzyme activity tests, the 
experimental setup and procedure were validated by testing CO2 absorption into MEA 
and reference PC solutions and comparing results with data reported in the literature. 
 
Physical Mass Transfer Performance: Physical mass transfer performance was 
measured for the STR. Since pure CO2 gas was used as the reacting gas, absorption rate 
data were measured in the absence of the gas-phase mass transfer limitation. Therefore, 
the physical mass transfer performance was only measured for the liquid phase. The 
measurement was made in the semi-batch STR mode by absorbing pure CO2 into acidic 
water at 25C and atmospheric pressure. The flow rate of CO2 gas exiting the STR was 
recorded to calculate the CO2 absorption rate. 
 
The absorption rate through liquid film is based on film theory and can be expressed as 
follows: 

           (12) 

where CCO2* is CO2 concentration at the interface, CCO2 is concentration of molecular 
CO2 in the bulk liquid, kL is mass transfer coefficient in the liquid phase, and a is 
interface area. CCO2* was determined based on Henry’s constant of CO2 in water. CCO2 
was determined by assuming that all absorbed CO2 existed in the form of molecular CO2 
when water becomes acidic (pH<5).  
 

(13) 
 
where VL is liquid volume, Qi and Qo are volumetric flow rate of CO2 at inlet and outlet, 
respectively, and PCO2 is CO2 pressure (CO2 pressure was kept constant at 1 atm during  
mass transfer measurements). The mass transfer coefficient kL can thus be obtained from 
the slope of the line of JCO2 versus (CCO2*-CCO2). The kL obtained for the CO2-water 
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system can be applied to the CO2-PC system at various temperatures by calibrations of 
viscosity and density.  
 
The liquid-phase mass transfer coefficient kL at 25C was measured at three stirring 
speeds: 200, 300, and 400 rpm. Mass transfer resistance decreased with increasing 
stirring rate (Figure 3), but did not level-off in the range of mixing rate employed. A 
stirring speed of 400 rpm was adopted for all experiments to assure that physical mass 
transfer resistance is comparable in all experiments.  
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Figure 3. Liquid Phase Mass Transfer Coefficient at T = 25°C 

 
Validation of Experimental Method: MEA and reference PC solutions (without 
catalysts) were used in the validation test since their kinetic data for CO2 absorption have 
been widely reported in the literature.  
 
Several test conditions were selected for MEA tests. Figure 4 shows results of CO2 
absorption into a 3M MEA solution with an initial 40% conversion at 25°C and 50°C. 
The CO2 reaction with MEA is 2nd order with respect to concentrations of CO2 and MEA 
in the aqueous solution. In order to reach the pseudo 1st order region, the Hatta number 
must meet the following criteria:[22] 

(14) 

where Einf is the infinite enhancement factor, and Ha is the Hatta number (an indication of 
the rate ratio of reaction to liquid mass transfer). In this region, the rate constant can be 
assumed to be linear with respect to concentration or partial pressure of CO2. In 
accordance, CO2 partial pressure must meet the following criteria: 
 

PCO2 << 2.8 psia, for 3M MEA with initial 40% conversion at 25°C, and 
PCO2 << 3.5 psia, for 3M MEA with initial 40% conversion at 50°C. 
 

inf2 EHaandHa 
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In Figure 4(a) and (b), at CO2 partial pressure < 0.6 psia, a linear relationship between 
CO2 flux and partial pressure is clearly observed. The slope of the curve in this region 
was therefore used to estimate the rate constant of the MEA-CO2 absorption reaction.[22] 

 

 
Figure 4. CO2 Absorption into 3M MEA with Initial 40% Conversion 

 
Table 1. Kinetic Data Comparison – This Study Versus Literature Reports 

Source 
Temp.  

(ºC) 
MEA  

(mol/L) 
Rate Constant kam 

(L/mol.s) 
E 

(kJ/mol) 
Experimental 

Technique 

This study 25 3 8,066 - 
Stirred cell, 
semi-cont. 

This study 25 1.8 4,682 48.8 
Stirred cell, 

batch 

This study 25 0.6 2,404 39.0 
Stirred cell, 

batch 

This study 50 1.8 21,532 48.8 
Stirred cell, 

batch 

This study 50 0.6 8,137 39.0 
Stirred cell, 

batch 
Clarke et al [23] 25 1.6,3.2,4.8 7,500 - Laminar jet 

Laddha & Danckwerts 
[24] 

25 0.49-1.71 5,720 - Stirred cell 

Alvarez-Fuster et  al. 
[25] 

20 0.2-2.02 4,300 - 
Wetted wall 

column 
Danckwerts & Sharma 

[26] 
18 0.0152-0.177 log k=10.99-2152/T 41.8 Laminar jet 

Danckwerts & Sharma 
[26] 

35 1.0 9,700-13,000 41.8 Laminar jet 

Leder et al. [27] 80 - 94,000 39.7 Stirred cell 
 
For comparison purposes, kinetic data obtained from the validation test were compared to 
those reported in the literature, as shown in Table 1. Rate constants obtained in this study 
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are in good agreement with literature values, indicating that the experimental setup is 
suitable for a fast reaction system. 
 
A similar series of tests were conducted for CO2 absorption into the reference PC solution 
(20%wt K2CO3 with no initial presence of bicarbonate) at 25°C. Without addition of the 
biocatalyst, CO2 absorption into the PC is dominated by the reaction between dissolved 
CO2 and OH- in the solution (Equation (3)). This reaction is 2nd order with respect to 
concentrations of CO2 and OH-. The pseudo 1st order region was estimated to be valid 
only at PCO2 << 0.2 psia under testing conditions. Based on experimental data of CO2 flux 
versus partial pressure in this region, the rate constant of the CO2-OH- reaction was 
estimated as: 
 
 
 
In comparison, the literature value of k1 is reported to be 38.8 m3/mol.s at the same 
experimental conditions.[28] These two results are within 6%, indicating the experimental 
setup is also suitable for measuring the absorption rate of a slow reaction system. The 
absorption rate of CO2 into the enzyme-promoted PC solution is between those of the 
reference PC and MEA systems.  
 
Task 2. Evaluation and Optimization of CA Activity 
 
Activity of CA Enzyme in PC Solution: The rate of CO2 absorption into the PC solution 
mixed with the CA enzyme (PC+CA) was evaluated at three different levels of enzyme 
dosage (0, 30, and 300 mg/l), four levels of initial carbonate-to-bicarbonate (CTB, a 
measure of CO2 loading in solution) conversion (0%, 20%, 40%, and 60%) in the PC, 
two temperatures (25°C and 50°C), two PC concentrations (20% and 30% wt), and 
various CO2 partial pressures (from 0.15 to 2.90 psia). Results of these experiments are 
displayed in Figure 5. 
 
These results show that at the CA dosage level of 30 mg/l, only a slightly higher 
absorption rate (<4 times higher at 25°C and <2 times higher at 50°C) is observed 
compared to the reference PC.  However, at the 300 mg/l CA level, the absorption rate is 
effectively promoted by 6-20 times at 25°C and 2-8 times at 50°C. It is also observed that 
at the 300 mg/L CA dosage, the absorption rates into PC solutions with different CTB 
conversion levels are comparable. As aforementioned, there are two parallel reactions 
contributing to CO2 absorption in the PC+CA solution.  

Rx (1): CO2 + H2O +CA H2CO3 +CA     

Rx (2): CO2 + OH-  HCO3
-       

Hydration Rx (1) is no longer insignificant with the addition of the CA catalyst. Rx (2) is 
important only at pH > 10. At a high CA dosage level, Rx (1) can become more 
important than Rx (2). The rate of Rx (1) is independent of OH- concentration and, thus, 
independent of CTB conversion levels in the PC.  
 

smolmk  /9.36 3
1
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Figure 5. CO2 Absorption Flux in PC+CA Solution 

 
Without CA addition, the reference PC at 50C presented an absorption rate 50-100% 
higher than that at 25C. However, increasing the reaction temperature showed little or 
negative impact on the absorption rate into the PC+CA solution (Figures 5(a-d)). At the 
30 mg/L CA dosage, the absorption rate at 50C is comparable to that at 25C and at the 
300 mg/l CA dosage, the adsorption rate at 50C is slightly slower than that at 25C. This 
observation can be explained by considering two temperature-dependent parameters: CO2 
solubility and reaction kinetics. CO2 solubility decreases while the intrinsic rate constants 
of Rx (1) and (2) increase with increasing temperature. For Rx (1), the dependency of the 
rate constant on temperature becomes less pronounced than that of Rx (2) because the 
activation energy of the reaction is reduced by the presence of the CA catalyst. Therefore, 
the kinetics of Rx (1) are not significantly improved by increasing temperature while CO2 
solubility is adversely affected. As a result, the CO2 absorption rate could decrease with 
increasing temperature, especially at higher CA dosage levels and, thus, Rx (1) is less 
sensitive to temperature. The impact of the temperature on the absorption rate also 
depends on the alkalinity of the PC solution. At the 300mg/L CA dosage, the absorption 
rate into a more alkaline PC+CA (or lower CTB conversion level) can still be slightly 
higher at 50C than at 25C. It is believed that Rx (2) contributes more to the overall 
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absorption rate in a more alkaline PC+CA, thus, the adverse impact of temperature on 
CO2 solubility and Rx (1) kinetics is partly offset.  
 
The results presented in Figure 5 also reveal that the activity of the CA enzyme highly 
depends on the CTB conversion level. At those temperatures and CA dosage levels 
employed, the CO2 absorption rate into the PC with higher CTB conversion levels (or 
high CO2 loading levels) is more effectively promoted by the CA. For example, the rate 
into the PC+CA (300mg/l) with 40% CTB conversion at 50C increased by > 400% 
compared to only 30% for the PC+CA with 0% CTB conversion. In general, the CA 
promotes the absorption rate into PC solution more effectively at higher CO2 loading 
levels and at lower temperatures. Such a feature is beneficial for practical applications of 
the CA enzyme as a catalyst for CO2 absorption because the height of an absorption 
column is mostly determined by the absorption zone where the PC solution reaches a 
high CO2 loading level and the reaction rate is slow.   

 
Comparison of PC+CA with MEA in STR: A comparison of experimental results 
between PC+CA and MEA systems is displayed in Figure 6. The CO2 absorption rate 
into the PC+CA solution is 7-15 times and 5-11 times lower than that of the MEA system 
at 50C and 25C, respectively. The difference is more significant at higher CO2 
pressures and lower initial CTB conversion levels in the PC solution. It should be noted 
that in the STR, the CO2 absorption rate into the solvent is not limited by the gas-phase 
mass transfer resistance since pure CO2 gas is used.  
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Figure 6. CO2 Absorption Rates into PC+CA and MEA Solutions Measured in STR 

 
Impact of Gas-phase Mass Transfer in a Packed-bed Column: In a packed-bed 
absorption column configuration, the gas-phase mass transfer resistance could be 
significant especially when a high reactivity solvent is used. As a result, the net 
difference between CO2 absorption rates into MEA and PC+CA solutions could be much 
smaller. A 3M MEA solution with 40% conversion and a PC solution with 40% CTB 
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conversion mixed with 300 mg/l CA were compared to evaluate the impact of the gas-
phase mass transfer on the overall absorption rate in a packed-bed column. 
 
The following correlation can be used to estimate the gas-phase mass transfer coefficient 
in a packed-bed column: [29] 
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where G is the gas density, G is the gas viscosity, u is the gas velocity in the column, 
and DCO2 is the CO2 diffusivity in the gas phase. For the flue gas at 50C, the following 
physical properties are obtained from the literature: [30] 
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The following packing material was further assumed:[31] ceramic Raschig ring; diameter 
of the ring: dh=50 mm; specific interface area: a = 95 m2/m3; voidage fraction of packing: 
 = 0.83; packing constant: CL=1.416. Therefore, 
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The liquid-phase mass transfer coefficient is estimated for the physical absorption of CO2 
into water. The following correlation was adopted for the packed bed: [32] 
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uL is liquid velocity in the column,  hL is column holdup, L is dynamic viscosity of 
liquid,  DL is the CO2 diffusivity in liquid, a is specified surface area of the packing, aph is 
specified interface area, CL is packing constant,  L is liquid density, L is liquid surface 
tension, and dh is diameter of the ring.  The following typical physical properties of water 
and operating conditions are used to proximately estimate the mass transfer coefficient: 

,/1072,./10868.0,/1.997 2333 skgsmkgmkg LLL
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 kL  = 0.00143 m/s 
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The overall mass transfer coefficient can be calculated as follows: 

LGG HEkkK

111
         (20) 

where kG and kL are gas- and liquid-phase mass transfer coefficients, E is the 
enhancement factor due to the chemical reaction, and H is Henry’s constant (0.62 for CO2 

into water at 25C).  Here the enhancement factor E is defined as: 

C25atdiffusion  phase gas w/owaterinto rate absorptionCO

diffusion phase gas /osolution wintorate absorptionCO
o

2

2EfactortEnhancemen (21) 

For the 3M MEA with 40% conversion, the enhancement factor E=66 (ratio of the MEA 
to water rates) was obtained from the experimental measurements using the STR. The 
overall mass transfer coefficient is thus estimated as KG=0.0105 m/s in the packed-bed 
column. Note that 1/kg and 1/HEkl are the gas-phase mass transfer resistance and 
combined liquid-phase mass transfer and reaction resistance, respectively. A comparison 
between 1/kg and 1/HEkl shows that gas-phase resistance is 4.6 times higher than liquid-
phase resistance. This indicates that for the MEA system, gas-phase resistance (82%) is 
dominant over liquid-phase resistance (18%). Therefore, the overall absorption rate will 
not be significantly increased without reducing gas-phase diffusion resistance.  
 
Similarly, the overall mass transfer coefficient KG and relative importance of gas-phase 
and liquid-phase resistances were evaluated for the PC+CA and the reference PC solution 
(see Table 2). For PC+CA, the gas-phase mass transfer contributes to about 30% of total 
absorption resistance, indicating that liquid-phase mass transfer and reaction are limiting 
factors impacting the overall absorption rate. 
  

Table 2. Mass Transfer Coefficient and Mass Transfer Resistance 

 
Enhancement 

factor E in 
tank reactor 

Overall 
KG, m/s 

Absorption resistance in packed-bed  
Gas phase Liquid phase 

s/m       % s/m       % 
3M MEA 66.0 1.110-2 77.9 82.0 17.1 18.0 
20% PC with 40% 
CTB conversion 
+300mg/L CA 

6.2 3.810-3 77.9 30.0 181.9 70.0 

20% PC with 40% 
CTB conversion 

1.4 1.110-3 77.9 8.9 794.3 91.1 

 
An overall enhancement factor Eov, including both gas-phase and liquid-phase 
resistances, is further defined for the packed-bed column to assess the improvement of 
the absorption rate in a chemical solvent compared to water: 

C25atwaterintofluxabsorptionCO

solutionintofluxabsorptionCO
o

2

2ovEfactortenhancemenOverall  (22) 

In other words, the overall enhancement factor Eov is the ratio of the overall mass 
transfer coefficient KG of the solvent to that of water.  
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o
GGov /KKE           (23) 

where KG
o is the overall mass transfer coefficient for CO2 absorption into water at 25°C. 

According to Equation (20), the overall mass transfer coefficient in water is estimated as 
KG

o = 2.810-5 m/s in the STR (kl =4.5310-5m/s, H=0.62, and E=1) whereas in the 
packed column it is KG

o = 8.310-4 m/s (kl =1.4310-3m/s, H=0.62, and E=66). A 
comparison of the overall enhancement factor between PC+CA, 3M MEA, and reference 
PC, is displayed in Figure 7. These results reveal that while absorption rates into PC+CA 
and MEA solutions in the STR differed by 10 times, those in the packed-bed column only 
differed by 2.8 times. The existence of gas-phase diffusion resistance means that the 
relative contribution of the reactivity of a solvent has a lesser impact on the overall 
absorption rate in an actual absorption column.  
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Figure 7. Overall enhancement factor in stirred tank reactor and packed-bed column 

 
In the IVCAP, the PC solution enters the absorption column at a CTB conversion level of 
about 20% and leaves at about 60% conversion level. Further analyses showed that in a 
packed-bed absorption column, the overall absorption rate into the PC solution mixed 
with 300 mg/L CA would range between 1.5 and 5 times slower than the MEA, with rates 
more comparable with MEA at higher conversions.  
 
Task 3. CA Immobilization and Activity Test 
 
Parametric Tests of CA Immobilization Conditions: 
 
Effect of Initial CA-to-CPG Weight Ratio on CA Loading onto CPG Support. The amount 
of CA enzyme immobilized onto the CPG support was measured at two initial CA-to-
CPG weight ratios. Increasing initial CA-to-CPG weight ratios between 80 and 110 mg/g 
resulted in decreasing the percentage of CA immobilized; however, CA loading levels 
(36 vs. 32 mg/g support) were comparable (see Table 3). This indicates that even at a 
lower initial CA-to-CPG weight ratio, CA molecules were attached onto all available 
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active sites of the CPG. If a higher level of CA loading is desired, more functionalized 
sites on the support surface may be required. Testing of CA-CPG samples in other 
experiments was done with CA loading of 36 mg/g.  
 

Table 3. CA Loadings on CPG Supports at Different Initial CA-to-CPG Weight Ratios  
No. Ratio of initial CA 

to CPG (mg/g) 
Percent of CA 

Immobilized (%) 
CA loading on support 

(mg/g) 
1 108.7 29.6 32.2 
2 79.2 45.1 35.9 

 
Effect of Surface -NH2 Group Density on Immobilized CA Activity. The –NH2 group 
formed during treatment of the CPG surface (containing silanol Si-OH) with silane was 
further treated with glutaldehyde to introduce the –CHO group by which CA molecules 
could be immobilized via the Schiff bond (N=CH). The –NH2 group is an important 
intermediate for immobilization of the CA enzyme.  
 
Dissolving silane into different solvents could impact the density of the –NH2 group 
formed during the silanization treatment of the CPG’s surface. A non-aqueous solvent, 
toluene, and an aqueous solvent, alcohol/water, were selected for comparison purposes. 
Results showed that the density of the surface –NH2 group formed, when using toluene, 
was 10 times higher than that formed with alcohol/water (see Table 4). This is mainly 
because the siloxane group (Si-O-Si) formed from the silanization reaction between the 
silanol on the CPG surface and the silane reagent is hydrolyzed in the presence of water. 
The treated CPG with a higher surface –NH2 density could therefore be loaded with a 
larger amount of enzyme, thus resulting in a CA-CPG with a higher gross activity (on the 
basis of per unit mass of CA-CPG). 
 
Table 4. Density of the –NH2 Group on Silanized CPG and Resulting CA-CPG Activity* 

Solvent used for silanizing 
treatment  

-NH2 density 
(μmol/g CPG) 

Activity of immobilized CA 
(U/g support)** 

Alcohol/water (50:50, v/v)  5.66 0.058 
Toluene 65.8 0.199 

* 10% (γ-Aminopropyl) triethoxysilane (γ-APTES) used as the silanizing reagent.  
** 1U (enzyme activity unit) is defined here as the quantity of CA-support for 1μmol/min p-NPA 

conversion or p-NPT production at the testing condition described in the Experimental 
Procedures section - CA activity assay.  

 
Table 5. Utilization of the –NH2 Group on CPG Surface for CA Immobilization 

 
Density of 

surface -NH2 
(μmol/g CPG) 

Utilization of    
-NH2 group 

(%)* 

Activity of  
immobilized CA  

(U/g support) 

Specific activity 
(U/g CA on  

support) 
Silanized 
CPG-1 

65.8 1.63% 0.199 6.19 

Silanized 
CPG-2 

82.8 1.46% 0.240 6.69 

* The -CHO group (derived from –NH2 at 1:1) coupling with CA at a molar ratio of 1:1 assumed. 
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It was observed that only a small portion of the -NH2 group on the treated CPG surface 
was utilized for enzyme immobilization. Assuming the binding reaction between –CHO 
and CA occurs at a molar ratio of 1:1, only < 2% of the –NH2 group formed in the 
toluene solvent was utilized (see Table 5). Several factors could contribute to this 
observation. First, some adjacent –NH2 groups were potentially connected to each other 
and thus lost their reactivity to produce –CHO groups. As a result, only those –NH2 
groups that were far enough from each other participated in the aldehydization reaction. 
Second, the coupling reaction between the –CHO group (derived from the -NH2 group at 
a molar ratio of 1:1) and CA could occur at a molar ratio higher than 1:1. Therefore, a 
larger amount of the –CHO group was required for enzyme coupling. In addition, –NH2 
groups in micropores and some mesopores might not be accessible to the relatively large 
CA molecules. In order to optimize CA loading and its activity, further investigation is 
being undertaken to optimize densities of –NH2 and –CHO functional groups.  
 
Effect of CA-CPG Dosage on CA Activity Measurement. The p-NPA hydrolysis reaction 
was studied at different dosage levels of CA-CPG. The concentration of the NPT product 
during the hydrolysis was determined by measuring the absorbance of the reacting 
solution at 400nm wavelength. The change of absorbance during the first 15 minutes was 
used to calculate the average rate of the hydrolysis, given the fact that the amount of NPA 
converted was so small that its concentration remained almost constant. Results showed 
that the rate of NPA hydrolysis increased proportionally with increasing dosage levels of 
CA-CPG (see Table 6).  In accordance, measured specific CA activity was comparable 
between different CA-CPG dosage levels tested. This indicates that absorption of NPT 
product on the CPG surface is negligible during the hydrolysis reaction.  
 

Table 6. Activities of CA-CPG at different dosage levels for p-NPA hydrolysis 
Dosage of CA-CPG  

(mg/ml) 
Average formation 

rate of  p-NPT 
(μmol/L·min) 

Immobilized CA 
activity 

(U/g support) 

Specific activity  
 

(U/g CA on support) 
3.5 0.696 0.199 6.19 
1.6 0.309 0.193 6.00 
0.7 0.135 0.195 6.06 

 
Effect of CA-AC Dosage on CA Activity Measurement. The effect of CA-AC dosage on 
the rate of p-NPA hydrolysis was experimentally evaluated and results are presented in 
Table 7. The highest rate, amongst three dosage levels tested, did not occur at the highest 
CA-AC (3.4mg/ml) concentration level. It has been reported that AC strongly adsorbs 
NPT.[33] At a high CA-AC dosage level, NPT product formed during NPA hydrolysis was 
largely adsorbed onto the AC. As a result, the NPT concentration in the reacting solution 
was significantly lower than if the NPT adsorption did not occur. Therefore, the reaction 
rate based on the measured NPT concentration can be highly underestimated.  
 
To obtain CA-AC activity correctly, a small level of CA-AC addition is required to 
minimize NPT adsorption. In this study, increasing CA-AC dosage from 0.6 to 1.7 mg/l 
(2.8 times) increased the rate of NPA hydrolysis only by 2.2 times indicating more NPT 
adsorption occurred at the 1.7 mg/l dosage. This was also demonstrated by observed 
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changes (see Table 7) in specific CA activity between these two dosage levels. It is 
concluded that NPT adsorption was minimal at the CA-AC dosage of 0.6mg/l. 
 

Table 7. Activities of CA-AC at Different Dosage Levels for p-NPA Hydrolysis * 
Dosage of CA-AC 

(mg/ml) 
Average formation 

rate of  p-NPT 
(μmol/L·min) 

Immobilized CA 
activity 

(U/g support) 

Apparent specific 
activity  

(U/g CA on support) 
3.4 0.216 0.064 3.04 
1.7 0.416 0.244 11.6 
0.6 0.189 0.315 15.1 

* The CA-AC prepared in this study had a CA loading of 21.1 mg/g AC support.  
 
Activity Comparison Between Free and Immobilized CA Enzymes: 
 
Activity of Free CA Enzyme. The rate of NPA hydrolysis catalyzed by free CA enzymes 
can be described by the Michaelis-Menten Equation. The measured kinetics is intrinsic 
since free CA enzyme is homogeneously dissolved in the solution.  
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where  is the intrinsic reaction rate, S is the substrate concentration, m is the maximum 
reaction rate if all the enzyme molecules bound with the substrate, and Km is the 
Michaelis constant. The intrinsic reaction rate is 1st order with CO2 at low substrate 
concentration and zero order at high substrate concentration. According to Equation (24), 
the Lineweaver-Burk plot (1/ vs. 1/S) is linear and kinetic parameters can be calculated 
from the slope and the intercept of the line.  
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Figure 8. Lineweaver-Burk Plot for NPA Hydrolysis Catalyzed by Free CA Enzyme 

 
The rate of NPA hydrolysis at various substrate concentrations are displayed in Figure 8. 
Kinetic parameters obtained for the free CA enzyme were compared to those reported by 
Pocker et al.[16] (see Table 8). Because experimental conditions and CA enzyme sources 
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used are different, some discrepancy in kinetic parameter values exists between these two 
studies. 
 

Table 8. Comparison of Michaelis-Menten Parameters for Free CA Enzyme 
 Km104  

(M) 
’m106 

(M/min)* 
k2  

(min-1)* 
Conditions 

This work 116 134 418 
pH8.05, 0.1M phosphate buffer, 

3.210-7 M CA, 24℃ 

Pocker et al [16] 79 418 137 
pH8.01, 0.02M NaHCO3, 

3.0410-6 M CA, 25℃ 

* ’m=k2[CA] where k2 is  the rate constant of enzyme intermediate breakdown reaction. 
 
Activities of Immobilized CA Enzymes. The CA enzyme is subjected to irreversible 
chemical/structure transformations during the process of coupling with active functional 
groups of the support material. Some enzyme activity is therefore lost during 
immobilization. In addition, internal (intra-particle) mass transfer resistances could also 
greatly reduce overall enzyme activity. The immobilization factor (IF), defined as the 
activity ratio of immobilized and free CA enzymes, describes activity retention of the 
enzyme after immobilization.  

mv
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where v and v’ are reaction rates in free and immobilized CA systems, respectively, and 
m and m’ are masses of free and immobilized CA enzymes, respectively. The v’/v ratio is 
determined by comparing production rates of NPT during NPA hydrolysis catalyzed by 
immobilized and free CA enzymes. Initial tests revealed a negligible change in the NPA 
substrate concentration during the first 15 minutes of reaction time. The average reaction 
rate, indicated by the slope of the absorbance curve within the first 15 minutes, was 
therefore used to calculate v’ and v. These values of IF for CA immobilized onto CPG, 
AC, and celite supports are listed in Table 9. The IF is about 3.0% for CA-CPG and 8.6% 
for CA-AC. IF values for the two CA-celite materials are about 3 and 7 times higher than 
those of CA-AC and CA-CPG, respectively.  
 

Table 9. Immobilization Factor (IF) of Immobilized CAs for p-NPA Hydrolysis  

 Pore size 
Active 
group 

CA loading 
(mg/g support) 

Particle size 
(μm) 

IF 

CA-CPG 
Macro-pore (pore 
size of 100nm) 

-CHO 35.9 
100 0.030 
25 0.038 

CA-AC 
Meso/micro-pore 
(ratio of 1:2) 

-NH2 21.1 300 0.086 

CA-Celite Meso/micro-pore -COO 
0.4 ~20 0.270 
0.6 ~20 0.244 

 
Impact of Intra-particle Diffusion on Immobilized CA Activity. For a reaction system 
catalyzed by CA immobilized on a porous support, where the diffusion of the substrate 
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molecules in internal pores occurs, the apparent kinetics includes contributions from both 
the intrinsic reaction and the internal diffusion, as seen in the following equation:  
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where η is the effectiveness factor representing the influence of the internal mass transfer 
resistance, ’ is the apparent reaction rate, and ’m and K’m have the same definitions as 
those for the free CA system. The effectiveness factor η is defined as: 

ceresistransfermasswithoutratereaction

ratereactionapparent
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    (27) 

and its value is 0 η 1 with a lower η value representing a higher mass transfer 
resistance. It should be noted that S is the concentration of the substrate in bulk liquid 
rather than that in internal pores of the support material. Bulk and internal concentrations 
are comparable only if the mass transfer resistance is negligible (η =1). The dependence 
of the apparent reaction rate on the substrate concentration indicates that the Michaelis-
Menten equation can be used to describe the immobilized CA enzyme system of this 
study (see Figure 3(a)). 
 
The Equation (26) can be rearranged to: 
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A linear relationship between ’/S and ’ is expected if the internal mass transfer 
resistance is negligible (η=~1). If resistance exists, the effectiveness factor η depends on 
the substrate concentration S and the relationship between ’/S and ’ is thus not  linear. 
At low S levels, the intrinsic rate ’ increases almost linearly with increasing S according 
to Equation (26). Since mass transfer resistance decreases and thus η increases with 
increasing S, then ’/S increases with increasing S or ’. When S is large enough, intrinsic 
reaction rate reaches maximum value. Because η (and thus ’) increases with increasing 
S, but at a slower rate, then ’/S decreases with increasing S or ’ at higher S levels. Such 
different trends between ’/S and ’ at low and high levels of substrate concentration are 
demonstrated in Figure 9. The significance of mass transfer resistance can be evaluated 
based on the value of ’/S as the substrate concentration S and ’ approach zero.  
 
To identify the significance of mass transfer resistance to the loss of activity of the 
immobilized CA, a comparison was made between CA immobilized onto the CPG 
support with the as-received size of 100μm (CA-CPG-100) and with the size reduced to 
25μm (CA-CPG-25). Eadie-Hofstee plots displayed in Figure 9 show that the apparent 
reaction rate of CA-CPG-25 is about 20-30% higher than that of CA-CPG-100.  
 
The turnover number of the CA enzyme used for catalyzing NPA hydrolysis (418 min-1 at 
pH=8.05 and 25C)(see Table 8) is much lower than that for catalyzing the CO2 
hydration reaction (6.0107min-1 at pH=9.0 and 25C[34]). The reaction rate of p-NPA 
hydrolysis is much slower than that of CO2 hydration at a comparable enzyme 
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concentration. As a result, the intrinsic reaction rate could be more important to the 
overall reaction rate in the CA assay employed in this study. In addition, CPG contains 
mostly macro-pores (100nm) which could help lower the internal diffusion resistance. It 
is therefore believed that the activity loss of the immobilized CA-CPG was mainly 
attributed to chemical transformations incurred during CA immobilization. Further study 
is required to optimize support surface treatment and enzyme immobilization conditions 
to maximize immobilized CA activity. 
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Figure 9. Eadie-Hofstee Plot for p-NPA Hydrolysis  

Catalyzed by CA-CPG-100 and CA-CPG-25 at 1.6g/l Dosage 
 
Task 4. Effects of Gas Contaminants on Catalyst Activity 
 
Coal combustion flue gases contain gas contaminants such as SO2, NOx, and HCl. These 
contaminants are important especially for Illinois coal which contains high levels of 
sulfur and chlorine. These gas contaminants may affect the CA enzyme only after they 
are transferred into the liquid. The enzyme could form inactive complexes with some 
anions by binding them at a site which is linked to the ionizing group. The dissociation of 
H+ from the ionizing group could reduce but might not abolish the binding of anions.[34] 

Therefore, effects of anions SO4
2-, NO3

-, and Cl- on CA enzyme activity were simulated. 
In wastewater from a wet FGD (blowdown), anion concentration ranges from 0.03-0.05M 
for SO4

2-, 0.005-0.02M for NO3
-, and 0.3-0.7M for Cl-.[35] Concentration levels of 

impurities used in this study were selected to match or exceed these typical values.  
 
Sigma-Aldrich CA Enzyme: The Sigma-Aldrich CA enzyme, both in free and 
immobilized forms, was tested for activity in the presence of impurity anions. Anion 
concentrations of 0.002M NO3

-, 0.2M SO4
2-, and 0.35M Cl- were employed. Activities of 

free and immobilized CA enzymes were measured based on the p-NPA hydrolysis assay 
because this method uses only a small amount of the sample (at a milligram level). CA-
CPG was selected as the immobilized CA for the test. 
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Results of CA activity in the presence of impurities are summarized in Figure 10. The 
presence of 0.35M Cl- resulted in a 46% loss of CA activity while 0.2M SO4

2- increased 
activity by 10%. No inhibition was observed for 0.002M NO3

-. A combination of all three 
anions led to a 25% loss of CA activity. It is reported in the literature that the inhibition 
effect of 0.35M of the Cl- anion reduced CA activity by 37%.[34] 
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Figure 10. Effects of Anion Impurities on the Activity of Immobilized CA 

 
Effects of SO4

2- and Cl- on immobilized CA activity show a trend similar to free CA. 
However, compared to free CA, the activity of immobilized CA was more significantly 
enhanced with the addition of SO4

2- (119% vs. 110%) and more significantly inhibited 
with the addition of Cl- (16% vs. 54%). This indicates that in the presence of these anion 
impurities, the activity of the immobilized enzyme may also be impacted by the imposed 
change of enzyme-coupling functionalities on the support surface in addition to direct 
interactions between impurity anions and the enzyme.  
 
It should also be noted that the addition of 0.2M SO4

2- and 0.35M Cl- into the NPT-buffer 
solution changed the solution pH from 8.04 to 7.94 and 7.91, respectively. A 0.1 unit of 
pH decrease could result in 6% decrease in activity measured using the NPA hydrolysis 
assay. Therefore, real activity of free and immobilized CA enzymes should be 
accordingly higher than measured values.  
 
CA Enzyme from Company A: Chemical resistance of the CA enzyme to impurities 
derived from flue gas also depends on its source of origin. The CA enzyme provided by 
Company A is a secreted enzyme (extra-cellular) of microbial origin produced in a non-
pathogenic host strain, which is believed to be very different from the Sigma-Aldrich CA 
enzyme. Only free CA enzyme from Company A was evaluated in this study. 
 
The activity of the CA enzyme from Company A in the presence of impurity anions was 
evaluated using the STR system to represent a testing condition more realistic to the 
IVCAP. The experimental system and approach were described earlier. Testing was 
performed in a 20wt% PC solution with 20% CTB conversion mixed with 300 mg/l CA 
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enzyme at 50C. A broad range of concentrations of SO4
2-(0.1-0.9M), NO3

- (0.05-0.2M), 
and Cl- (0.3-0.7M) impurities in the PC was examined. Potassium salts were used to 
control concentrations of corresponding anions so that no new cations were introduced 
into the system. CO2 absorption flux obtained from measurement of CO2 partial pressure 
change over the time was used to characterize CA activity for CO2 absorption rate.  
 

 
Figure 11. Effects of SO4

2-, Cl- and NO3
- on CA Activity 

 
Figure 11(a) shows the effect of SO4

2- on CA activity at three concentration levels: 0.1, 
0.4, and 0.9 M. It can be seen that the presence of SO4

2- slightly reduced the CO2 
absorption rate at CO2 pressures > 3 psi, whereas little effect was observed at lower CO2 
pressures. This trend increased when SO4

2- concentration increased from 0.1M to 0.4M. 
However, the impurity effect on CA activity diminishes at K2SO4 concentrations higher 
than 0.4M. It should be noted that at the 0.9M K2SO4 concentration, salt precipitation was 
observed and the PC solution was over-saturated with K2SO4. 
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The effect of Cl- impurity on CO2 absorption rate was tested at two concentration levels: 
0.3M and 0.7M. As shown in Figure 11(b), the presence of Cl- does not significantly 
reduce CO2 absorption rate, particularly at CO2 pressure < 3 psi. However, the effect is 
slightly greater when Cl- impurity concentration increases from 0.3M to 0.7M.  
 
Compared to SO4

2- and Cl- anions, the concentration of NO3
- in flue gas is much lower. 

Thus, its effect on CA activity was examined at 0.05M and 0.2M.  As shown in Figure 
11(c), the CO2 absorption rate was not reduced in the presence of NO3

- impurity in this 
concentration range.  
 
Figure 11(d) shows the combined effect of SO4

2-, Cl-, and NO3
- anions on CA activity. 

Impurity concentrations in the solution were 0.4M SO4
2-, 0.3M Cl-, and 0.05M NO3

-, 
respectively. It can be noticed that the combined effect is slightly more significant than 
that caused by any individual impurity but it is less than the sum of all individual effects.  
 
In all the tests described above, the presence of sulfate, nitrate, and chloride up to the 
concentration of 0.9M, 0.2M and 0.7M, either separately present or combined together in 
the 20%wt PC solution, only resulted in less than 11% loss of CA enzyme activity. 
 
Task 5. Techno-Economic Analysis 
 
Process Simulations: The major operating conditions employed in the process 
simulation are listed in Table 10. Other process parameters, such as stripping 
temperature, heat duty of the reboiler, and steam extraction pressure, were derived from 
process simulations. A typical Illinois coal was selected as the fuel. This coal has 
moisture content of 6.08%, ash content of 8.90%, and HHV of 12,475 Btu/lb.[36]  
 
Results of the MEA process simulation are shown in Figure 11(a). A CO2 removal level 
of 90% in the absorption column was assumed. Steam extracted from the IP turbine exit 
was at 175 psia and was expanded to 60 psia before entering the stripper reboiler. MEA 
regeneration from the rich solution required a heat duty of about 1,400 MMBtu/hr in the 
reboiler, equivalent to 1,680 Btu/lb CO2 removed.  
 
Mass and heat balances for the IVCAP were simulated for several process scenarios. 
Results at a stripping pressure of 3 psia are presented in Figure 12. These calculations 
were based on a 20%wt PC with 1%wt CO2 loading in the lean solution. The liquid-to-
gas mass ratio (L/G) used in this example was 1.2 times the minimum L/G ratio, (L/G)min. 
This L/G ratio (7.92) is roughly double that of the MEA process (3.86).  
 
Based on process simulation results, energy performances of power plants equipped with 
IVCAP and MEA processes were compared (see Table 11). The electricity needed for 
CO2 compressing to 1200 psia was also included. The difference in CO2 compression 
work between the two processes was due to different starting pressures (14.7 and 25 psia, 
respectively). The steam extraction loss in the IVCAP was as low as about 38 MWe, of 
which 52% was due to stripping steam and 48% was due to reboiler steam. However, in 
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the IVCAP a significant amount of electricity was consumed by the vacuum pump to 
pressurize the CO2 stream from vacuum to one atmospheric pressure (14.7 psia). The 
IVCAP also required large pumps to circulate the absorption solution due to its higher 
L/G ratio. Overall, a total of about 103 MWe was consumed in the IVCAP, compared to 
137 MWe in the MEA process, an energy saving of about 24%.  It should be noted that 
calculations for the IVCAP were based on a stripping pressure of 3 psia, which is not 
optimized for minimal energy use. Process optimization is required to determine optimal 
CO2 lean loading, L/G ratio, and PC concentration in the IVCAP. 

 
Table 10.  Main Operating Conditions Used in Simulations 

Pulverized coal power plant 
Gross output, MWe 528 
Unit type Sub-critical 
Coal IL bituminous 
Excess Air, %  15% 

Gas temp. exiting air preheater, F 295 
Main steam condition 2,415 psia/1000 F 
Reheat steam condition 545 psia/1000 F 
Turbine efficiency, % 88.5% 
SO2 removal, % 98% (Limestone Forced Oxidation) 
Particle removal, % 99% (ESP) 

CO2 capture and compression 
 MEA process K2CO3 process 
Solvent concentration, %wt 30%wt MEA 20%wt K2CO3 
Pressure drop in absorber, psia 2 2 

Temp. of flue gas entering absorber, F 129 129 

Temp. of solvent entering absorber, F 104 122 
Liquid to gas ratio, lb/lb 3.86 1, 1.2, 1.5 (L/G)min 
Lean CO2 loading, %wt 5.5% 0.5%, 1%, 1.5% 
Pressure at the top of stripper, psia 25 2 ,3, 4, 8 
Pressure drop in stripper, psia 2 1 
Vacuum pump efficiency, %  - 85% 
CO2 removal, % 90% 90% 
Compressor efficiency, % 82% (4-stage, inter-stage cooling) 

Inter-stage cooling temperature, F 104 
Compression end pressure, psia 1,200 
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Condensate 

Cleaned gas 
126.8 F, 14.4 P 

3,883,166 W 
-3,723 H 

Water make-up
68 F 

260,625 W 
-1,781 H

Gas-Liquid 
Separator 

Rich 
solution 

Lean
Solution

To dry and 
compress 

Stripper

Absorber 

Reboiler

Cooler

Steam from  
IP turbine  

Water to 
boiler feed 
287.5 F 
-9,129 H 

Cooler

Heat 
exchanger

202.8 F
17,840,666 W

-92,553 H

202.8 F, 25 P 
1,077,198 W 

-4,569 H 

3 H 3 H

164.5 F
-87,698 H

104 F 
226,998 W 
-1,537 H

104 F, 25 P 
850,200 W 
 -3293 H 

Recovery 
Turbine 

702.3 F, 175 P 
1,380,364 W 
-7,585 H 

475.2 F 
60 P 

-7,730 H

Water for 
de-superheat 

240.9 F 
16,763,466 W

-86,584 H

129.2 F, 16.4 P 
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(a) MEA Process  
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(b) IVCAP Process 
(20wt% PC, 1% CO2 lean loading, L/G=1.2 (L/G)min, Stripping at 3 psia) 

Figure 12. Mass and Energy Balances of IVCAP and MEA Processes 
(F=temperature, F; P=absolute pressure, psi; W=mass flow, lb/hr; H=enthalpy, Btu/lb) 

 
Table 11. Electricity Use/Output in Three Pulverized Coal Power Plant Scenarios 

Process R/PC R/PC + IVCAP R/PC + MEA 
CO2 Capture - Steam Extraction Loss 0 37.81 89.43 
CO2 Capture - Gas Blower  0 10.03 10.03 
CO2 Capture - Liquid Pump  0 2.81 1.79 
CO2 Capture - Vacuum Pump  0 13.96 0 
CO2 Compression 0 39.65 35.42 
Auxiliary Energy Use 34.74 33.27 32.00 
Net Electricity Output 492.86 390.07 358.93 
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Cost analysis: The cost analysis of the MEA process was performed using the Integrated 
Environmental Control Model (IECM) and validated with the literature.[37] The cost 
analysis for the IVCAP was based on the set of process conditions used in Figure 12(b). 
As a preliminary estimation, the capital cost of the IVCAP absorber was assumed to be 
1.5 times greater than the MEA process, considering the absorption rate in the IVCAP is 
~2 times (1.5-5) slower but the L/G ratio is already 2 times higher. The capital cost of the 
IVCAP stripper was estimated to be about 2.4 times higher than the MEA, allowing for a 
larger gas volume under a vacuum condition. The expenditure for the vacuum pump is 
assumed to be $10MM based on a number of telephone conversations with several pump 
vendors. FOM costs were assumed to be proportional to the capital costs. VOM costs, 
including energy and other material uses, were obtained based on results of energy/heat 
balance calculations.  
 
The result of the cost comparison is displayed in Figure 13.  Due to the slower absorption 
rate and lower stripping pressure, the capital cost of the IVCAP is assumed to be about 
50% higher than the MEA process. However, due to lower energy use and less solvent 
loss, VOM costs for the IVCAP are nearly half of the MEA process. As a result, the CO2 
capture cost of the IVCAP at the examined process conditions is ~20% less than the 
MEA process. 
 

0%

20%

40%

60%

80%

100%

120%

MEA IVCAP MEA+FGD

R
el

at
iv

e 
C

O
2 

ca
pt

ur
e 

co
st

, %
   

Capital cost FOM VOM-energy VOM-others Total FGD cost

 
Figure 13. Cost Comparison Between IVCAP and MEA Processes 

 
The IVCAP can potentially combine SO2 removal with CO2 capture. A large amount of 
capital and O&M costs can be saved if a separate wet FGD system is not required 
upstream of the CO2 capture process. Installing a wet FGD system can contribute 10-15% 
of total power plant capital and 20% of total O&M cost. The annual total cost savings of 
SO2 removal in the IVCAP could amount to $10.5MM/yr based on IECM modeling 
results. Therefore, the CO2 capture cost of the IVCAP can be > 30% lower than a 
MEA+FGD configuration (see Figure 13).  
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CONCLUSIONS AND RECOMMENDATIONS 
 
The following conclusions are drawn based on work completed in this project:  
 
 The CA enzyme is effective for promoting CO2 absorption into a PC solution. At a 

CA dosage level of 300 mg/L, the CO2 absorption rate into the PC was promoted by 
6-20 times at 25°C and 2-8 times at 50°C. In general, the CA is a more effective 
catalyst with increasing CO2 loading in the solution and decreasing reaction 
temperature.  

 In absence of gas-phase diffusion resistance, the CO2 absorption rate into the 
PC+CA (300 mg/l) was 5-11 times and 7-15 times lower than those of the MEA at 
25°C and 50°C, respectively. In a packed-bed absorption column, the gas-phase 
diffusion resistance is significant and the overall rate of CO2 absorption into the 
PC+CA was estimated to be only 1.5-5 times slower than that of the MEA. The 
rates were more comparable with increasing CO2 loading levels. 

 The CA enzyme was successfully immobilized onto CPG, AC, and celite using 
covalent binding approaches. The loading of the CA enzyme reached up to 36 mg/g 
support and the activity (including intra-particle diffusion) of the immobilized CA 
approached 27% of that of the free CA. With high levels of CA loading on supports, 
the overall absorption rate can be promoted more significantly than that in the free 
CA system with 300 mg/l concentration.  

 Chemical resistance of the CA enzyme to impurities derived from the flue gas 
depends on its source of origin. For a Sigma-Aldrich CA, the presence of 0.35M Cl- 
reduced the free CA activity by ~50% while 0.2M SO4

2- increased the activity by 
~10%. Impacts of these anions on the immobilized CA were more significant than 
on the free CA. For a CA provided by Company A, the presence of SO4

2-, NO3
-, and 

Cl- at concentrations up to 0.9M, 0.2M and 0.7M, respectively, either separately or 
combined in the PC solution, only resulted in less than 11% loss of CA activity. 

 The overall electricity loss in the IVCAP is about 24% lower than that of the MEA 
process. The cost analysis revealed that the capital cost of the IVCAP is about 50% 
higher than the MEA counterpart, while VOM costs are only half those of the MEA 
process. Overall, the CO2 capture cost of the IVCAP is about 20% less than the 
MEA process. The IVCAP can potentially combine SO2 removal with CO2 capture 
and reduce the CO2 capture cost to more than 30% lower than a MEA+FGD 
configuration. Additional cost savings would be possible with an optimized IVCAP. 

 
Based on these conclusions, the IVCAP is shown to be a viable and a cost-effective 
technology for further engineering and scale up studies.  We recommend that additional 
lab experiments be performed to obtain engineering and scale up data for a pilot plant 
testing. Specific recommendations are:  
 
(1) The catalytic activity of the CA enzyme and its thermal and chemical stability are 

critical to the technical feasibility of the IVCAP and its cost performance. A robust 
CA enzyme with high activity and stability will further improve the competitiveness 
of the IVCAP. The following research activities are important for further improving 
the CA and its process performances: 
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 Long-term CA stability and activity study 
 Development of immobilized CA enzymes with improved stability 
 Optimization of absorber configurations to improve the CO2 absorption rate 

 
(2) Combining SO2 removal in the IVCAP can potentially eliminate the use of a 

separate FGD system in the power plant. This is especially important for the 
competitiveness of high-sulfur Illinois coal. In the IVCAP, SO2 can be easily 
absorbed into the PC solution and forms potassium sulfate (K2SO4). The key to 
achieving combined CO2/SO2 removal is to be able to continuously reclaim the PC 
solvent spent by SO2. A novel process concept is being developed at the AETI-
INRS at the UIUC to address this issue. The following research is recommended in 
this respect: 
 Proof of concept study of the sulfate reclamation process 
 Kinetic study of reclamation reactions 
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University of Illinois at Urbana-Champaign (INRS-UIUC), with support, in part, by 
grants made possible by the Illinois Department of Commerce and Economic 
Opportunity through the Office of Coal Development and the Illinois Clean Coal 
Institute. Neither Dr. Lu and INRS-UIUC, nor any of its subcontractors, nor the Illinois 
Department of Commerce and Economic Opportunity, Office of Coal Development, the 
Illinois Clean Coal Institute, nor any person acting on behalf of either:  
 
(A) Makes any warranty of representation, express or implied, with respect to the 
accuracy, completeness, or usefulness of the information contained in this report, or that 
the use of any information, apparatus, method, or process disclosed in this report may not 
infringe privately-owned rights; or  
 
(B) Assumes any liabilities with respect to the use of, or for damages resulting from the 
use of, any information, apparatus, method or process disclosed in this report.  
 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring; nor do the views and opinions of authors 
expressed herein necessarily state or reflect those of the Illinois Department of 
Commerce and Economic Opportunity, Office of Coal Development, or the Illinois Clean 
Coal Institute.  
 
Notice to Journalists and Publishers: If you borrow information from any part of this 
report, you must include a statement about the state of Illinois’ support of the project. 
 


