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ABSTRACT 

 

The overall objective of this joint ICCI/USDOE program is to develop a CFD model and 

to perform Computational Fluid Dynamic (CFD) simulations using Population Balance 

Equations (PBE) to describe the heterogeneous gas-solid absorption/regeneration and 

water-gas-shift (WGS) reactions in the context of multiphase CFD for a regenerative 

magnesium oxide-based (MgO-based) process for simultaneous removal of CO2 and 

enhancement of hydrogen production in coal gasification processes. 

 

The work performed in this ICCI-sponsored project is part of the joint USDOE/ICCI 3-yr 

project sponsored by the USDOE/NETL. The objective of the ICCI-sponsored portion of 

the work was geared toward Task 2 of the joint project to experimentally determine the 

key gas-solid reaction parameters for the absorption/regeneration and the WGS reactions, 

which are needed for CFD simulation of the sorbent/catalyst performance in the 

regenerative process. 

 

To achieve this objective, a large number of new sorbent formulations were prepared in 

smaller particle size (i.e., 150-180µm) and evaluated to identify the “best” sorbent.  

Among various variable studied, the Potassium/Magnesium (K/Mg) ratio was determined 

to have a significant impact on the CO2 capacity of the sorbents and the optimum K/Mg 

ratio appears to be about 0.15, which was generally achieved when the sorbent was 

impregnated using a 1M solution of potassium carbonate.  Furthermore, the optimum 

drying temperature during sorbent preparation appears to be in the range of 70-100C.  

Additionally, the CO2 capacity of the sorbent decreases as the re-calcination temperature 

is increased from 500C to 550C, suggesting possible sintering of the sorbent at the 

higher temperature. 

 

Based on the results obtained in this study, the sorbent formulation HD52-P2 was 

identified as the “best” sorbent formulation, which was prepared by partially calcining 

dolomite particle with diameters ranging from 150 to 180 micron at 520C for 8 hours, 

followed by impregnation using a 1M solution of potassium carbonate for 20 hours, 

drying at 90C for 24 hours, and re-calcining at 470C for 4 hours.  The results obtained 

in the carbonation test involving the HD52-P2 sorbent indicate that  the reactivity of the 

sorbent improves with increasing temperature up to 450°C, above which the reactivity of 

the sorbent declines due to thermodynamic limitation.    
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EXECUTIVE SUMMARY 

 

Advanced power generation technologies such as Integrated Gasification-Combined 

Cycle (IGCC) are among the leading contenders for power generation conversion in the 

21st century, because such processes offer significantly higher efficiencies and superior 

environmental performance, compared to coal combustion processes.  Development of 

IGCC processes is especially advantageous to high sulfur Illinois coal, in comparison to 

Western coal, because of its high Btu content. 

 

Global warming, which has been associated with the increasing concentration of 

greenhouse gases, mainly carbon dioxide (CO2), is regarded as one of the key 

environmental issues in the 21st century.  Near-term applications of pre-combustion CO2 

capture from IGCC processes will likely involve physical or chemical absorption 

processes.  However, the commercially available processes (e.g., SELEXOL) operate at 

low temperatures, imparting a severe energy penalty on the system and, consequently, 

their use can significantly increase the costs of electricity production. Therefore, 

development of high temperature regenerative processes based on solid sorbents offer an 

attractive alternative option for carbon capture, at competitive costs. 

 

The gas separation research team at the Illinois Institute of Technology (IIT) has 

developed a regenerative, high temperature CO2 capture process that is capable of 

removing over 98% of CO2 from a simulated coal gas mixture at the IGCC conditions 

using highly reactive and mechanically strong MgO-based sorbents. Furthermore, the 

sorbent exhibited some catalytic activity for the water-gas-shift (WGS) reaction at 300C, 

increasing hydrogen concentration from 37% (inlet) to about 70% in the reactor exit.  The 

initial results of modeling of the sorbent/catalyst performance in a packed bed indicate 

that hydrogen concentration in the simulated coal gas mixture can achieve over 95% 

conversion. These encouraging results indicate that both CO2 capture and enhancement of 

hydrogen production can be carried out in a single unit. 

 

Although the results obtained in the previous projects are promising, there are several key 

issues which need to be investigated to provide sufficient information for a scale-up of 

the process.  Computational Fluid Dynamics (CFD) provides an attractive option to 

accomplish this goal in a systematic and economically feasible way. However, in order to 

use CFD to perform simulations of the regenerative CO2 capture process, a model 

accounting for the variation of the particle porosity and its effects on the hydrodynamics 

is required.  

 

The overall objective of this program is to develop a CFD model and to perform 

Computational Fluid Dynamic (CFD) simulations using Population Balance Equations 

(PBE) to describe the heterogeneous gas-solid absorption/regeneration and WGS 

reactions in the context of multiphase CFD for a regenerative magnesium oxide-based 

(MgO-based) process for simultaneous removal of CO2 and enhancement of hydrogen 

production in coal gasification processes.   
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The work performed in this ICCI-sponsored is part of the joint USDOE/ICCI 3-yr project 

sponsored by the USDOE/NETL University Coal Reasearch (UCR) program.  The ICCI 

deliverable for this second year of funding is development of an improved sorbent and 

determination of the key gas-solid reaction parameters for the absorption/regeneration 

and WGS reactions described in Task 2.   

 

A large (five-gallon) batch of dolomite was obtained, crushed, sized, dried, and a 

representative sample in the desired particle size (150-180m) was obtained for this 

study.  To prepare a sorbent, the dolomite was partially calcined, impregnated using a 

potassium carbonate solution, dried, and re-calcined.  The preparation parameters studied 

in this project included calcination temperature and duration, concentration of potassium 

carbonate in the impregnation solution, drying temperature and duration, and re-

calcination temperature  and duration.  The surface area and the composition of the 

sorbent formulations are determined by BET surface area analyzer and XRD analyzers, 

respectively.  To identify the best sorbent formulation, the CO2 absorption capacity of 

each sorbent was determined in a high pressure dispersed-bed reactor. 

 

The reproducibility of the experimental procedure involving the dispersed-bed reactor 

was assessed by conducting duplicates and the results indicate that the dispersed-bed test 

results can be reproduced with a good degree of accuracy.  The reproducibility of the 

XRD analysis was also assessed by analyzing mixtures of known composition  to emulate 

partially calcined, fresh sorbent, and reacted sorbent and the results indicates that the 

extent of error in sorbent composition determined by XRD analysis is negligible. 

 

Among various variable studied, the Potassium/Magnesium (K/Mg) ratio was shown to 

have a significant impact on the CO2 capacity of the sorbents and the optimum K/Mg 

ratio appears to be  about 0.15, which was generally achieved when the sorbent was 

impregnated using a 1M solution of potassium carbonate.  Furthermore, the optimum 

drying temperature during sorbent preparation appears to be in the range of 70-100C.  

Additionally, the CO2 capacity of the sorbent decreases as the re-calcination temperature 

is increased from 500C to 550C, suggesting possible sintering of the sorbent at the 

higher temperature. 

 

Based on the results obtained in this study, the sorbent formulation HD52-P2 was 

identified as the “best” sorbent formulation, which was prepared by partially calcining 

dolomite particle with diameters ranging from 150 to 180 micron at 520C for 8 hours, 

followed by impregnation using a 1M solution of potassium carbonate for 20 hours, 

drying at 90C for 24 hours, and re-calcining at 470C for 4 hours.   

 

The results obtained in the carbonation test involving the HD52-P2 sorbent indicate that 

the reactivity of the sorbent improves with increasing temperature up to 450°C, above 

which the reactivity of the sorbent declines due to thermodynamic limitation.   
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OBJECTIVES 

 

The overall objective of this program is to develop a CFD model and to perform 

Computational Fluid Dynamic (CFD) simulations using Population Balance Equations 

(PBE) to describe the heterogeneous gas-solid absorption/regeneration and WGS 

reactions in the context of multiphase CFD for a regenerative magnesium oxide-based 

(MgO-based) process for simultaneous removal of CO2 and enhancement of hydrogen 

production in coal gasification processes. 

 

The specific objectives of the proposed work are to: 

 Develop a CFD model to describe CO2 transport in the gas/solid CO2 absorption 

and sorbent regeneration reactions 

 Experimentally determine key gas-solid reaction parameters for the 

absorption/regeneration and WGS reactions  

 CFD simulations of the regenerative carbon dioxide removal process 

 Development of preliminary base case design for scale up 
 

To achieve the project objectives, a 3-year program of extensive experimental, analytical, 

and CFD modeling work has been undertaken which consists of the following four (4) 

tasks: 

Task 1. Development of a CFD/PBE model accounting for the particle (sorbent) porosity 

distribution and of a numerical technique to solve the CFD/PBE model 

Task 2. Determination of the key parameters of the absorption/regeneration and WGS 

reactions 

Task 3. CFD simulations of the regenerative carbon dioxide removal process  

Task 4. Development of preliminary base case design for scale up 

The work performed in this ICCI-sponsored is part of the joint USDOE/ICCI 3-yr project 

sponsored by the USDOE/NETL University Coal Research (UCR) program.  The ICCI 

deliverable for this second year of funding is development of an improved sorbent and 

determination of the key gas-solid reaction parameters for the absorption/regeneration 

and WGS reactions described in Task 2.   

 

INTRODUCTION AND BACKGROUND 

 

Coal-fired power plants currently account for about 50% of the electricity used in the 

United States.
1
.  With diminishing petroleum supplies, public concern regarding the 

overall safety of nuclear power, unpredictability of natural gas prices, and unavailability 

of alternative large-scale sources of energy, coal continues to play a leading role in the 

total energy picture. Advanced power generation technologies such as Integrated 

Gasification-Combined Cycle (IGCC) are among the leading contenders for power 

generation conversion in the 21st century, because such processes offer significantly 

higher efficiencies and superior environmental performance, compared to coal 

combustion processes.  It is envisioned that these advanced systems can competitively 

produce low-cost electricity at efficiencies higher than 60% with coal while achieving 

“near-zero discharge” energy plants, if the environmental concerns associated with these 
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processes, including the climate change, can be effectively eliminated at competitive 

costs.
2
 

 

Development of IGCC processes is especially advantageous to high sulfur Illinois coal, in 

comparison to Western coal, because of its high Btu content. With any coal (high or low 

sulfur), a gas cleaning treatment is always needed due to process requirements in the 

downstream units. The cost of sulfur removal is determined primarily by the gas 

throughput of the system rather than the sulfur content of the coal. Another advantage 

associated with the use of high sulfur Illinois coal is the value of the increased sulfur 

products generated in the cleaning process.  

 

Global warming, which has been associated with the increasing concentration of 

greenhouse gases, mainly carbon dioxide (CO2), is regarded as one of the key 

environmental issues in the 21
st
 century.  Continued uncontrolled atmospheric emission 

of CO2 is believed to significantly contribute to undesirable climatic changes.  Given that 

a large fraction of the total CO2 emissions is from large stationary sources such as fossil 

fuel-based power plants, it is logical to assume that the initial efforts toward reducing 

CO2 emissions should focus on development of improved and novel technologies for 

removal of CO2 from conventional or advanced power generation processes.   

 

Near-term applications of CO2 capture from pre-combustion systems will likely involve 

physical or chemical absorption processes.  However, these commercially available 

processes (e.g., SELEXOL) operate at low temperatures, imparting a severe energy 

penalty on the system
3
 and, consequently, their use could significantly increase the costs 

of electricity production. Therefore, development of high temperature regenerative 

processes based on solid sorbents offer an attractive alternative option for carbon capture, 

at competitive costs. 

 

The gas separation research team at the Illinois Institute of Technology (IIT) has 

developed a regenerative high temperature CO2 capture process that is capable of 

removing over 98% of CO2 from a simulated coal gas mixture at IGCC conditions using 

a highly reactive and mechanically strong MgO-based sorbents (see Figure 1a) 

Furthermore, the catalytic activity is exhibited by the sorbent for the water-gas-shift 

(WGS) reaction at 300C (shown in Figure 1b), increasing hydrogen concentration from 

37% (inlet) to about 70% in the reactor exit.
4,5

  While CO2 absorption reaction is 

accomplished at IGCC process conditions, the regeneration reaction is carried out by 

using a CO2 free regeneration gas (e.g., steam) to produce a concentrated stream of CO2, 

to be utilized in another industrial application or sequestered. 

 

The cyclic chemical reactions for CO2 removal involving magnesium oxide are: 

 

 MgO + CO2  MgCO3  (CO2 Absorption Reaction)   (A) 

 MgCO3  MgO + CO2  (Regeneration Reaction)   (B) 

 CO + H2O  CO2 + H2   (Water-Gas-Shift Reaction)   (C) 
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Figure. 1: a (top), Extent of CO2 Removal at Different Operating Temperatures;  

                  b (bottom), CO2 Removal and H2 Production at 300 C 

 

The regenerability and long term durability of the sorbent has been demonstrated of over 

25 consecutive absorption/regeneration cycles, indicating that the sorbent is suitable for 

long-term applications. It was also shown that only the outer layer (40-50 μm thick) of 

the sorbent (particle diameter equal to 425-500 μm) reacted with CO2.
6,7

 Therefore, it is 

estimated that by reducing the particle size to about 100-150 μm, the CO2 absorption 

capacity of the sorbent can be significantly increased. A two-zone expanding grain model 

was developed to describe the gas-solid reaction to predict the sorbent performance in the 

cyclic process and the extent of CO2 capture and hydrogen production if the sorbent is 

mixed with an appropriate WGS catalyst.
5,7

 The results of theoretical modeling of the 

sorbent/catalyst performance in a packed bed indicate that hydrogen concentration in the 

simulated WGS mixture can achieve over 95% conversion. These encouraging results 

indicate that both CO2 capture and WGS reactions can be carried out in a single unit. 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70

Time, min

 (
M

o
le

 o
f 

C
O

2
 O

u
t)

 /
 (

M
o

le
 o

f 
C

O
2
 I

n
),

 %
m

o
l

350°C

300°C

400°C

425°C

System Pressure= 20 atm

CO2 inlet= 27 %mol (dry base)

H2 inlet= 37 %mol (dry base)

CO inlet=36 %mol (dry base)

0

10

20

30

40

50

60

70

80

0 10 20 30 40 50 60 70 80 90

Time, min

M
o

la
r 

P
e
rc

e
n

t 
(d

ry
 b

a
s
e

)

CO2

H2

CO

Bed Temperature= 300°C

System Pressure= 20 atm

Inlet Total Flow Rate= 200 cm
3
/min

CO2 inlet= 27 %mol (dry base)

H2 inlet= 37 %mol (dry base)

CO inlet=36 %mol (dry base)



 

7 

 

 

Although results were obtained in the previous related projects, there are several key 

issues which still need to be investigated to provide sufficient information to properly 

scale-up the process.  Computational Fluid Dynamics (CFD) provides an attractive option 

to accomplish this goal in a systematic and economically feasible way. However, in order 

to use CFD to perform simulations of the regenerative CO2 capture process, a model 

accounting for the variation of particle porosity and its effects is required. In this project, 

a population balance equation (PBE) approach is used to describe the evolution of the 

particle porosity distribution and is linked with the multiphase flow dynamics governing 

equations in order to perform simulations of the regenerative CO2 capture process, taking 

into account the absorption/regeneration and WGS reactions. The overall rate of 

absorption/regeneration reactions as well as the WGS reaction is experimentally 

determined and a model is developed to describe the porosity variation of a single sorbent 

particle as a function of sorbent conversion to describe the extent of the overall 

absorption/regeneration reactions. The PBE is solved with an efficient computational 

technique known as Finite size domain Complete set of trial functions Method Of 

Moments (FCMOM) recently developed by the IIT multiphase flow research team. 

 

The experimental section of this project focuses on determination of key parameters 

needed for the CFD modeling of the absorption/regeneration reactor system. These key 

parameters include the absorption/regeneration and WGS reaction rates and their 

dependence on the operating conditions (i.e., T, P, gas composition, catalyst/sorbent ratio, 

etc.).  Based on the results obtained earlier, the two-zone expanding grain model
5,8

 may 

be used or a new model is developed to describe the gas-solid reactions involving 

sorbent/catalyst and the syngas/steam reactions and to account for the changes in the 

sorbent porosity, and hence, the density of the sorbent, as a function of sorbent 

conversion in the absorber and the regenerator. The two-zone EGM model has been used 

to develop a model to predict the CO2 absorption and hydrogen production in a packed 

bed reactor and validated using the experimental packed-bed data.
7
 

 

This project is geared toward generating the necessary information for development of an 

integrated MgO-based regenerative process for simultaneous CO2 removal and hydrogen 

production in coal gasification processes.  The information that will be generated in this 

program can be used to expedite development and the commercialization of an integrated 

regenerative process for removal of CO2 and production of hydrogen at IGCC conditions. 

 

EXPERIMENTAL PROCEDURES 

 

To prepare the sorbents, a five-gallon batch of dolomite was obtained from Thornton 

quarry located in Illinois (Hansen Material Services Corporation), which was also used in 

the earlier study
7
.  The chemical composition of the dolomite was determined by X-Ray 

Diffraction (XRD) analyzer.  The dolomite was crushed, sized, dried, and a representative 

sample in the desired particle size (150-180m) was obtained for this study.  

 

To prepare a sorbent, the dolomite was partially calcined at the desired temperature, 

which was selected to be between the decomposition temperatures of magnesium and 

calcium carbonates (450- 650 C).  The partially calcined dolomite samples were 
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impregnated using a potassium carbonate solution, dried, and re-calcined.  The 

preparation parameters studied in this project included: 

 

 calcination temperature 

 calcination temperature ramp  

 duration of calcination 

 concentration of potassium carbonate in the impregnation solution 

 duration of impregnation 

 drying temperature (post-impregnation) 

 Humidity during drying 

 duration of drying 

 re-calcination temperature (post-drying) 

 re-calcination temperature ramp  

 duration of re-calcination 

 

The ranges of preparation parameters are presented in Table 1.  The surface area and the 

composition of the sorbent formulations are determined by BET surface area analyzer 

and XRD analyzers, respectively.  To identify the best sorbent formulation, the CO2 

absorption capacity of each sorbent was determined in a high pressure dispersed-bed 

reactor.   

 

Table 1.  Ranges of Sorbent Preparation Parameters  

 

Preparation Parameters Range 

Calcination temperature, C 490-600 

Calcination temperature ramp, C/min  1-5 

Duration of calcination, hr 4-12 

Concentration of potassium carbonate in the impregnation 

solution, mol/lit (M) 

0.5-2 

Duration of impregnation, hr 24 

Drying temperature, C 

(post-impregnation) 

15-120 

Humidity during drying, % 13-90 

Duration of drying, hr 24 

Re-calcination temperature, C 

(post-drying) 

470-625 

Calcination temperature ramp, C/min  1-5 

Duration of re-calcination, hr 1-6 

 

A schematic diagram of the packed-/fluidized-bed reactor unit is presented in Figure 2.  

The unit consists of three main subsections; the gas feeding section, the reactor section, 
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and the gas effluent section.  For the tests involving N2 /CO2 mixtures, the feed gases are 

supplied by the pressurized cylinders flow through pre-calibrated mass flow controllers 

(MFCs) to accurately achieve the desired mixture composition before entering the 

reactor.  Stainless steel tubing with 1/8” (0.318 cm) OD is used to deliver the gas mixture 

to the reactor.  A highly-sensitive backpressure regulator is used downstream of the 

reactor to maintain the total pressure of the reactor at a pre-determined setting. This 

regulator is comprised of a wide diaphragm-sensing area, which increases its accuracy, 

and a low-flow rate seat assembly, which damps flow fluctuations.  A manual bubble 

flow meter is placed at the very end of the unit to measure the changes in the flow rate of 

the reactor effluent. 

 

 

Figure 2. Schematic Diagram of the High-Pressure Dispersed-Bed Unit 

 

The reactor is a custom made 316 stainless steel tubular reactor with 1” (2.54 cm) OD × 

0.75” (1.905 cm) ID and 75 cm.  A porous frit with two-micron openings made of 
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Hastelloy®-276 alloys was welded 30 cm above the bottom of the reactor. Approximately 

45 cm of the reactor is externally heated with a single-zone electric tubular furnace. Two 

thermocouples are placed inside the bed of sorbents and below the porous frit and are 

connected to the data acquisition system.  The thermocouple inside the bed, with 0.04” 

(0.102 cm) OD, is placed inside a 1/8” (0.318 cm) thermo-well and is moved along the 

bed during each run to measure the temperature of the bed at different axial positions. 

 

In the tests conducted during this year, to evaluate the sorbent in a well dispersed 

differential reactor, about 1 gram of the sorbent was distributed in 8 cm of quartz beads 

(see Figure 3). The sorbent was exposed to pure CO2 at the desired temperature and 

pressure for pre-determine periods.  The ranges of the operating conditions are presented 

in Table 2.  Following each test, the sorbent was removed from the reactor and analyzed 

using XRD.  To assess the reproducibility of the packed-bed carbonation tests, several 

duplicate tests were conducted with few selected sorbents at pre-determined sorbent 

residence time.  

 

\  

Figure 3. Schematic Diagram of the Dispersed-Bed Reactor 

 

 

 

 

 

 

 

 

 

Frit 

Bed of Sorbent 

Quartz  Beads 
 

 
8 cm 

7 cm 

 

 

45 cm 

30 cm 

Thermocouple 

SS Annulus  

Reactor Body  



 

11 

 

 

Table 2.  Ranges of Operating Variables in the Dispersed-Bed Unit 

 

Operating Variable Range 

Sample Siz, g 1 

Absorption Temperature, C 300-500 

Pressure, atm 20 

Reactant Gas Composition, %  

    CO2 50-100 

    N2 0-50 

Sorbent residence time, min 1-40 

 

RESULTS AND DISCUSSION 

 

The results of the XRD analyses performed with the dolomite indicates that it consists of 

100% crystalline dolomite (i.e., CaMg(CO3)2), which is very similar to the dolomite used 

in the previous study (99.5% crystalline dolomite and 0.5% silica).   

 

The initial effort in sorbent preparation was directed toward reproducing the sorbent 

developed in the previous study (i.e., EP68).  Therefore, a large batch of dolomite was 

partially calcined at 520°C for four hours.  The partially calcined dolomite was 

impregnated using 2M potassium carbonate solution for 24 hours and the impregnated 

sorbent was re-calcined at 570°C for one hour. The CO2 absorption capacity of the 

sorbent was determined in the dispersed-bed reactor at different residence times.  The 

XRD results of the “reacted” sorbents are shown in Table 3, indicating significant 

differences in the composition of the reacted sorbents, especially with respect to MgO 

carbonation.  The conversion of the sorbent was calculated based on the XRD analysis in 

Table 3 and the results are presented in Figure 4. 

 

Table 3. Fresh and Treated Sorbent Analysis 

 

Sample Fresh “Reacted” 

5 min 

“Reacted” 

10 min 

“Reacted” 

20 min 

“Reacted” 

40 min 

“Reacted” 

40 min 

CaCO3, wt% 48.8 46 40.9 41.7 34.2 33.1 

MgO, wt% 29.1 22.9 22.9 20.2 18.8 15.5 

CaMg(CO3)2, 

wt% 

- 11.3 14.0 12.1 25.6 29.5 

MgCO3, wt% - 5.6 8.6 11.8 9.9 11.2 

K2Ca2(CO3)3, 

wt% 

21 13.6 13.2 14 11.1 10.2 

K2Ca(CO3)2 , 

wt% 

- 0.5 0.5 0.2 0.4 0.4 
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Figure 4. Reactivity of the Sorbent (Dispersed-Bed) 

 

The observed large variability in the sorbent conversion may be attributed to possible 

differences in the key operating parameters, experimental procedure, and/or XRD 

analysis procedure.  To determine the impact of XRD analysis, one of the reacted 

samples [“Reacted” for 10 min] was micronized and mixed with Silica prior to XRD 

analysis. The results are shown in Table 4, indicating that there are amorphous materials 

inside the sample, which may lead a systematic error in XRD analysis.  To quantify the 

accuracy of the XRD analysis, six mixtures of known composition (without amorphous 

phases) were prepared to emulate partially calcined, fresh sorbent, and reacted sorbent 

and subjected to XRD analysis.  Table 5 shows the composition of the six model sorbents 

determined by gravimetric measurement. Samples 20307-18-1, 20307-18-2, 20307-18-3 

and 20307-20 represent expected ranges of composition in the fresh sorbent (before being 

exposed to CO2).  Sample 20307-19 emulates partially calcined dolomite and Sample 

20307-21 represents carbonated sorbent (after being exposed to CO2).   

  

Table 4. Effect of Sorbent Particle Size on XRD Analysis 

 

Sample 

 

“Reacted” 

10 min 

Micronized 

“Reacted” 

10 min 

CaCO3, wt% 40.9 43.8 

MgO, wt% 22.9 20.3 

CaMg(CO3)2, wt% 14.0 14.0 

MgCO3, wt% 8.6 8.5 

K2Ca2(CO3)3, wt% 13.2 6.0 
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K2Ca(CO3)2 , wt% 0.5 0.2 

Amorphous, wt% - 7.2 

 

Table 5. Gravimetric Compositions of Mixtures 

 

wt% 20307-18-1 20307-18-2 20307-18-3 20307-19 20307-20 20307-21 

CaCO3  41.59 35.77 31.74 24.05 47.7 41.21 

MgO  24.98 22.16 16.39 9.81 29.9 19.2 

CaMg(CO3)2 14.83 22.72 30.95 66.14 0 0 

MgCO3 5.88 6.78 7.42 0 0 13.27 

K2Ca2(CO3)3 10.87 10.76 11.56 0 19.1 22.63 

K2Ca(CO3)2 1.82 1.81 1.94 0 3.3 3.72 

Sum 99.97 98.19 98.06 100 96.7 100.03 

 

Rietveld refinements were carried out using data for each of the “pure” components, to 

optimize the lattice parameters, profile coefficients, and structural models. These were all 

fixed in the first Rietveld refinements using data for the mixtures 20307-18-n. These 

refinements yielded an average concentration error of 1.4 wt% absolute. Refining 

additional parameters (cells and profiles) did not change the errors much. This result was 

disappointing, so an attempt was made to investigate the details of the errors by mainly 

focusing on the negative errors, since it is generally easier to increase the concentration 

of a phase by refining additional parameters than to decrease it. 

 

The largest errors were positive for the concentration of MgCO3. This phase was present 

in relatively low concentrations, and its peaks are broad. Refining the profile X (size 

broadening) coefficient tended to result in values which were too high, based on 

examining the difference curve. The correlation between the profile coefficient and the 

background parameters made it hard to describe the tails of the weak magnesite peaks. 

Better concentrations were obtained by fixing the magnesite profile coefficient to a 

reasonable value based on visual examination of the raw patterns. The most accurate 

concentrations were obtained by slightly modifying the CaCO3 and MgO structural 

models, and including preferred orientation corrections for dolomite and fairchildite. The 

final results are reported in Table 6. The average concentration error is 0.8 wt% absolute. 

However, the average error on the MgO concentration is 0.3 wt% absolute. A comparison 

of the calculated sorbent conversion before and after XRD re-calibration is presented in 

Figure 5, indicating that the effect of XRD analysis error on the extent of conversion is 

negligible. 
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Table 6. Quantitative Error Analyses for Mixtures  

 

Wt% 20307-18-1 20307-18-2 20307-18-3 20307-19 20307-20 20307-21 

CaCO3 0.21 -0.57 -0.54 0.05 0.6 0.49 

MgO -0.38 -0.56 0.21 -0.21 0.4 0.3 

CaMg(CO3)2 0.77 1.08 1.25 0.16 0 0 

MgCO3 0.92 1.42 1.38 0 0 1.33 

K2Ca2(CO3)3 -0.32 -0.41 -0.74 0 -0.8 -1.63 

K2Ca(CO3)2 -1.27 -1.46 -1.56 0 -0.2 -0.52 

Sum -0.07 -0.50 0.00 0.00 0.00 -0.03 

 

To determine the effect of drying condition after impregnation on sorbents reactivity and 

CO2 sorption capacity, six identical dolomite samples (A through F) were calcined at 

550C for 4 hours followed by impregnation using 2M potassium carbonate solution for 

24 hours.  The prepared samples were dried at different temperatures, humidity, and 

exposed solid/air interface areas and were re-calcinated at 600 °C for one hour.  The 

drying conditions for these sorbents are presented in Table 7.  The evaporation rates were 

measured by weight loss using an electric dryer with an accuracy of 0.1g. In a typical 

drying test, a tared pan is loaded on the balance, and sorbent is poured into the tray, and 

the weight loss is measured over time. In this series of experiments, three major variables 

were selected to control the rate of evaporation. These variables included the drying 

temperature, the exposed surface area at the air/sorbent interface, and the relative 

humidity of the air.  The results obtained in the drying tests are presented in Figure 6, 

indicating that rate of evaporation in sample C is significantly lower than the other 

samples.  The CO2 absorption capacities of these six samples [i.e, A through F] were 

determined in the dispersed-bed reactor.  In these tests, the selected sorbents were 

exposed to pure CO2
 
at 425°C and 20 atm. Following the test, the sorbent was removed 

from the reactor and analyzed using XRD. The results are presented in Figure 7, 

indicating that sample E has the highest conversion leading to the conclusion that 

optimum drying temperature is about 90°C.  
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Figure 5. Calibration of XRD Analysis  

 

Table 7. Drying Conditions of Sorbent at Different Conditions 

 

Sample 
A B C D E F 

Drying Temperature, °C 50 50 15 15 80 120 

Drying Humidity, % 13 55 90 90 Ambient Ambient 

Solid/Air Interface  

Area to Weight Ratio cm
2
/gr   10.4 10.4 0.74 10.4 0.74 10.4 
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Figure 6. Effect of Drying Condition on Weight Loss of Sorbent 

 

Figure 7. Effect of Drying Procedure on Sorbent Reactivity 

 

To assess the reproducibility of the dispersed-bed results, two series of tests (triplicates) 

were conducted with sorbents A and F at temperature of 425°C and 20 atm.  The results 

of these tests are presented in Table 8, indicating that the dispersed-bed test results can be 

reproduced with a good degree of accuracy. 

 

10

11

12

13

14

15

16

17

18

19

0 500 1000 1500 2000 2500 3000

W
e

ig
h

t 
,g

r 

Time, min 

Sample A

Sample B

Sample C

Sample D

0

5

10

15

20

25

30

35

40

0 10 20 30 40 50

M
gO

 C
o

n
ve

rs
io

n
, %

 

Time, min 

Sample A

Sample C

Sample D

Sample E

Sample F



 

17 

 

 

Table 8. Reproducibility of the Dispersed-bed Runs 

Sample A F 

CO2 Exposed time, min 10 40 

Conversion ( Run1), % 16.3 31.5 

Conversion ( Run2), % 17.5 30.7 

Conversion ( Run3), % 18.6 28.3 

 

To confirm the reproducibility of the sorbent preparation technique and to directly 

compare the sorbent produced in this project with the “best” sorbent formulation 

developed in the earlier study (i.e., EP68), the sorbent formulation EP68 was reproduced 

and evaluated in the dispersed-bed reactor.  To produce this duplicate sorbent formulation 

(HD37-P1), a batch of the same dolomite (i.e., D245) with a particle diameter of 425-

600m was prepared and calcined at 550 ºC for four hours. The calcined sorbent was 

impregnated using 2M potassium carbonate solution for 20 hours and dried in the oven at 

120°C for four hours.  The dried impregnated sorbent was re-calcined at 550°C for four 

hours.   

 

The effect of the particle size on the CO2 absorption capacity of the sorbent was 

investigated by preparing a new sorbent (HD38-P1) in the particle diameter of 150-

180m using the same dolomite (D245) and preparation procedure used for HD37-

P1sorbent. To minimize sintering during re-calcination and possible pore closure during 

impregnation, another sorbent formulation (HD43-P2) was prepared at a lower re-

calcination temperature of 500°C using a lower molarity potassium carbonate solution 

(1M) during impregnation. 

 

A comparison of the CO2 capacities of various reacted sorbents obtained from dispersed-

bed reactor and determined from the XRD analysis is presented in Table 9.  The results 

indicate that the CO2 capacity of the HD37-P1sorbent was 9.7% which is close to that 

reported with EP68 sorbent (9.3%), confirming the reproducibility of the sorbent 

preparation procedure.  The results also indicate that the CO2 capacity of the sorbent is 

decreasing with decreasing particle size, which may be attributed to the higher potential 

for pore closure caused by the higher potassium incorporated into the sorbent during 

impregnation. Comparison of the XRD results obtained with HD43-P1 and HD-38-P1 

indicate that by lowering the potassium carbonate concentration in the impregnation 

solution, and reducing the re-calcination temperature, the CO2 capacity of the sorbent 

increases from 8.2% to 8.7%.   

 

The effect of Potassium/Magnesium (K/Mg) ratio on the CO2 capacity of all sorbents 

after 40 minutes residence time in the dispersed-bed reactor is shown in Figure 8.  The 

result clearly indicates that the optimum K/Mg ratio is about 0.15 that has generally been 

achieved when the sorbent was impregnated using a 1M solution of potassium carbonate.  

Furthermore, as shown in Figure 9, that the optimum drying temperature during sorbent 

preparation appears to be in the range of 70-100C.  Additionally, as shown in Figure 
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10, the CO2 capacity of the sorbent decreases as the re-calcination temperature is 

increased from 500C to 550C, suggesting possible sintering of the sorbent at the higher 

temperature. 

 

Table 9. CO2 Capacities of Various Sorbents 

 

Sorbent property EP68 HD37-P1 HD38-P1 HD43-P2 

CO2 capacity, gr/100gr of sorbent 9.3 9.7 8.2 8.7 

Particle diameter, m 425-600 425-600 150-180 150-180 

Impregnation Solution Molarity, M 2 2 2 1 

Re-Calcination Temperature, F 550 550 550 500 

K/Mg , molar ratio  0.14 0.25  

 

Figure 8. Effect of K/Mg Ratio on the Capacity of the Sorbent  
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Figure 9. Effect of Drying Temperature on K/Mg Ratio and CO2 Capacity of the Sorbent  

 

 
Figure 10. Effect of Re-calcination Temperature on CO2 Capacity of the Sorbent  
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5
, the depth of penetration of potassium carbonate solution 

was limited to a relatively thin outer layer (about 40 m thick), which limited the sorbent 

capacity.  The short depth of penetration in the sorbent may be attributed to the low 

porosity of the uncalcined inner core of the sorbent following the initial calcination stage 

before impregnation.  Therefore, to confirm this postulate, the HD43-P2 sorbent was 

exposed to XRD test before impregnation by potassium carbonate.  The XRD results 

indicate that a major fraction of dolomite does not decompose during the 4-hr calcination, 

and that the residual dolomite from partially calcination process is decomposed during re-

calcination process.  To determine the effect of calcination time on the depth of 
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potassium carbonate penetration (and consequently on sorbent capacity) during 

impregnation, three additional sorbents (HD50-P2, HD45-P2, and HD46-P2) were 

prepared using identical preparation procedure (1M potassium carbonate impregnation 

and 500 C re-calcination), except for different duration of calcination at 550C (4, 8, and 

12 hours, respectively). The CO2 absorption capacities of the sorbents were determined in 

the dispersed-bed reactor. In these tests, the sorbents were exposed to pure CO2
 
at 425°C 

and 20 atm for 40 min.  To improve the accuracy of the results obtained in these tests, 

duplicate tests were conducted with each sorbent.  The effect of the duration of initial 

calcination on the CO2 capacities of the sorbents is presented in Figure 11; indicating that 

the capacity of the sorbent generally increases by increasing the duration of the initial 

calcination stage.   

 

 

Figure 11. Effect of Calcination Time on the Capacity of the Sorbent  

 

Based on the results obtained in this study, the sorbent formulation HD52-P2 was 

identified as the “best” sorbent formulation and a large batch (one kg) of the HD52-P2 

sorbent was prepared for the parametric study.  The preparation parameters for the HD52-

P2 are presented in Table 10.   

 

The effect of the reaction temperature on the carbonation reaction rate involving HD52-

P2 sorbent was investigated in a series of tests in which the sorbent was exposed to pure 

CO2 at 20 atm different temperatures and sorbent residence times.  The extent of sorbent 

conversion at each operating condition was determined by analyzing the reacted sorbent 

using XRD.  The results obtained in this series of tests are presented in Figure 12, 

indicating that as long as the absorption temperature is below 450°C, the reactivity of the 

sorbent improves with increasing temperature (i.e. 340° to 450°C). The lower conversion 

in the sorbent reactivity at 490°C is due to the significantly higher equilibrium CO2 

partial pressure in carbonation reaction at higher temperatures, as shown in Figure 13.  

The higher equilibrium CO2 partial pressure results in lower concentration driving force, 

which is the difference between the CO2
 
partial pressure in the gas mixture and the CO2
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equilibrium pressure at the reaction operating temperature (PCO2-Pe), leading to lower 

reaction rate at higher temperatures. 

 

Table 10.  Preparation Parameters for HD52-P2 Sorbent 

 

Preparation Parameters HD52-P2 

Sorbent particle diameter, m  150-180 

Calcination temperature, C 520 

Calcination temperature ramp, C/min  1 

Duration of calcination, hr 8 

Concentration of potassium carbonate in the impregnation 

solution, mol/lit (M) 

1 

Duration of impregnation, hr 20 

Drying temperature, C 

(post-impregnation) 

90 

Humidity during drying, % ambient 

Duration of drying, hr 24 

Re-calcination temperature, C 

(post-drying) 

470 

Calcination temperature ramp, C/min  1 

Duration of re-calcination, hr 4 

 

 

 
Figure 12.  Effect of Temperature on the Absorption Reactivity of the HD52-P2 Sorbent 
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Figure 13.  MgO-CO2
 
Reaction Equilibrium 

(Data obtained from JANAF Tables, 1986)
9 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

The reproducibility of the experimental procedure involving the dispersed-bed reactor 

was assessed by conducting duplicates and the results indicate that the dispersed-bed test 

results can be reproduced with a good degree of accuracy.  The reproducibility of the 

XRD analysis was also assessed by analyzing six mixtures of known composition 

(without amorphous phases) to emulate partially calcined, fresh sorbent, and reacted 

sorbent and the results indicates that the extent of error in sorbent composition 

determined by XRD analysis is negligible. 

 

To confirm the reproducibility of the sorbent preparation technique and directly compare 

the sorbent produced in this project with the “best” sorbent formulation developed in the 

earlier study (i.e., EP68), the sorbent formulation EP68 was reproduced and evaluated in 

the dispersed-bed reactor.  The results indicate that the CO2 capacity of the HD37-

P1sorbent was 9.7% which is close to that reported with EP68 sorbent (9.3%), confirming 

the reproducibility of the sorbent preparation procedure.   

 

Among various variable studied, the Potassium/Magnesium (K/Mg) ratio was shown to 

have a significant impact on the CO2 capacity of the sorbents and the optimum K/Mg 

ratio appears to be  about 0.15, which was generally achieved when the sorbent was 

impregnated using a 1M solution of potassium carbonate.  Furthermore, the optimum 

drying temperature during sorbent preparation appears to be in the range of 70-100C.  

Additionally, the CO2 capacity of the sorbent decreases as the re-calcination temperature 

is increased from 500C to 550C, suggesting possible sintering of the sorbent at the 

0.01

0.1

1

10

100

250 300 350 400 450 500 550

P
C

O
2

 , 
at

m
 

Temp, C 

Absorption 

Desorption 



 

23 

 

 

higher temperature. 

 

Based on the results obtained in this study, the sorbent formulation HD52-P2 was 

identified as the “best” sorbent formulation, which was prepared by partially calcining 

dolomite particle with diameters ranging from 150 to 180 micron at 520C for 8 hours, 

followed by impregnation using a 1M solution of potassium carbonate for 20 hours, 

drying at 90C for 24 hours, and re-calcining at 470C for 4 hours.   

 

The results obtained in the carbonation test involving the HD52-P2 sorbent indicate that 

as long as the absorption temperature is below 450°C, the reactivity of the sorbent 

improves with increasing temperature (i.e. 340° to 450°C). The lower conversion in the 

sorbent reactivity at 490°C is due to the significantly higher equilibrium CO2 partial 

pressure in carbonation reaction at higher temperatures resulting in lower concentration 

driving force, which is the difference between the CO2
 
partial pressure in the gas mixture 

and the CO2
 
equilibrium pressure at the reaction operating temperature (PCO2-Pe). 
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