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ABSTRACT 

 

The University of Illinois at Urbana-Champaign and URS Group, Inc. are developing a 

dry sorbent technology that is configured to combine the water-gas-shift (WGS) reaction 

with CO2 removal for coal gasification systems. The project aims to improve upon the 

current state-of-the-art by developing high performance sorbents that are capable of 

achieving 90% CO2 removal, have high capacities and stabilities, and operate at high 

temperatures and pressures typically encountered upstream of a WGS reactor. The result 

will be a sorption-enhanced water-gas shift (SEWGS) technology.  This report presents a 

summary of work performed during Phase I (1/1/2010 - 8/31/2011) of the project. 
 

To meet the project objectives, a combination of sorbent thermodynamic modeling, 

molecular simulation, and process simulation studies were used to identify key sorbent 

properties and operating conditions needed for SEWGS. Thermodynamic modeling 

identified seven promising sorbents, including two metal oxides (Mg, Ca), three 

zirconates (Li, Ca, Ba), one silicate (Ba), and one titanate (Ba). Molecular simulation 

studies revealed that a hollow particle structure favored higher CO2 capacity than a solid 

structure and a sorbent (CaO) doped with an inert (MgO) had a higher reactivity for CO2 

adsorption than CaO alone.  

 

More than 40 sorbents, mostly calcium-based, were successfully synthesized using 

mechanical alloying (MA), ultrasonic spray pyrolysis (USP), and flame spray pyrolysis 

(FSP) approaches. Most of these sorbents had high surface areas. USP sorbents featured a 

hollow structure. Both MA and USP CaCO3 sorbents exhibited improved CO2 adsorption 

capacities and stabilities compared to selected commercial CaCO3 materials. Doping of 

magnesium and aluminum further improved the sorbent stability. Wet ball-milled 

CaCO3:MgO (16-86 wt%) MA sorbents and a CaO:Ca12Al14O33 (25 wt%) USP sorbent 

retained greater than 90% of their initial capacities after 15 carbonation/calcination cycles. 
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EXECUTIVE SUMMARY 

 

The University of Illinois at Urbana-Champaign and URS Group, Inc. are developing a 

sorption-enhanced water-gas shift (SEWGS) technology that is configured to combine the 

water-gas-shift (WGS) reaction with CO2 removal for coal gasification systems. The 

project aims to improve upon the current state-of-the-art by developing high performance 

sorbents that are capable of achieving 90% CO2 removal, have high loading capacities 

and stabilities, and operate at high temperatures and pressures typically encountered 

upstream of a WGS reactor. Compared to the conventional pre-combustion physical 

absorption-based CO2 capture processes, the SEWGS technology does not require gas 

cooling prior to CO2 capture, gas heat up (reheating) prior to the gas turbine, and a 

separate CO2 capture system after WGS. The SEWGS achieves a higher CO conversion 

efficiency than the WGS reaction alone, thus reducing or eliminating the need for a 

separate WGS catalyst. As a result, the SEWGS reduces power requirements and the 

overall cost of energy production and carbon capture.  

 

The project is performed in two phases: Phase I from January 1, 2010 to August 31, 2011 

and Phase II from September 1, 2011 to March 31, 2013. This report is a summary of 

work completed during Phase I.   

 

To meet the project objectives, a combination of sorbent thermodynamic modeling, 

molecular simulation, and process simulation studies have been used to identify key 

sorbent properties and operating conditions needed for effective performance. FactSage 

was used to perform thermodynamic equilibrium calculations to identify suitable sorbent 

materials for SEWGS application. A total of 40 sorbents were evaluated at different 

process conditions and syngas environments. Seven candidate sorbents, including two 

metal oxides (Mg, Ca), three zirconates (Li, Ca, Ba), one silicate (Ba), and one titanate 

(Ba), were identified to be thermodynamically promising for the SEWGS application.  

 

ChemCad was used to perform process simulation studies for a 1187 MWth (thermal) 

IGCC-SEWGS plant employing each of the seven candidate sorbents. Process scenarios 

examined heat integration of SEWGS with the IGCC. Results showed that depending on 

the sorbent employed, IGCC-SEWGS had 0.5-2.4% higher net thermal efficiency than 

integrated gasification combined cycle (IGCC) with a conventional Selexol process for 

CO2 capture.  

 

Molecular simulation studies included quantum chemical (QC) calculations and 

molecular dynamics (MD) simulations with reactive field force (ReaxFF). Initial research 

focused on CaO and MgO sorbents. QC calculations provided adsorption energies, 

optimal packing structures, and basic datasets. MD with ReaxFF was successfully used to 

assess carbonation and calcination reactions of sorbents. Results revealed that a hollow 

CaO particle exhibits higher CO2 capacity than a solid CaO particle and CaO doped with 

MgO is more reactive than CaO sorbent alone. These thermodynamic and molecular 

simulation studies helped identify suitable sorbents and provided a guide to synthesize 

new, custom-designed sorbent materials for SEWGS application.  
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More than 40 sorbents, mostly calcium-based, were synthesized using mechanical 

alloying (MA), ultrasonic spray pyrolysis (USP), and flame spray pyrolysis (FSP) 

approaches. MA utilizes high energy impact forces of ball mills to flatten and fracture 

precursor particles, forming composite particles with layered structures. Both dry and wet 

ball-milled MA CaCO3 sorbents exhibited improved CO2 adsorption capacities and 

stabilities when compared with commercial CaCO3 materials; however, wet ball milling 

produced better performing sorbents than dry ball milling. The performance of CaCO3 

sorbents was improved by doping with inert MgO. Wet ball-milled CaCO3-MgO sorbents 

containing between 16 to 86 wt% MgO retained greater than 90% of their initial 

capacities after 15 adsorption/desorption cycles. 

 

Hollow, porous CaCO3 sorbents were successfully synthesized using the USP method. 

Sorbents were spheres of ~ 1m with a shell thickness of 50-100 nm. The CaO generated 

upon calcination of CaCO3 exhibited a high surface area (up to 75m
2
/g), compared to 9-

36 m
2
/g for CaO calcined from precipitated CaCO3 and 1-3 m

2
/g for commercial limes. 

The morphology of USP sorbents could be controlled by varying pyrolysis temperature, 

precursor solution concentration, and water content in the precursor/solvent. Compared to 

a solid CaCO3, the hollow USP CaCO3 offered improved stability over multiple cycles. 

Doping of magnesium and aluminum further improved the stability of USP sorbents. For 

example, a  UPS 75:25 w/w CaO:Ca12Al14O33 (mayenite) sorbent retained 91% of its 

initial capacity after 15 cycles while a  USP CaO only retained 43%. 

 

Nano-sized (<71 nm) CaO, ZrO2-doped CaO, MgO, MgO-doped CaO, and ZrO2-doped 

MgO sorbents were synthesized using FSP. These sorbents exhibited high surface areas 

between 21 and 54 m
2
/g. CO2 adsorption performance of FSP sorbents are currently 

being evaluated.  

 

A high temperature and pressure reactor (HTPR) system with the capability to operate at 

300 psig and 950C was upgraded. Shakedown tests were performed to evaluate the 

performance of major mechanical and electric components of the system and safety 

issues. The HTPR will be used to evaluate the performance of developed sorbents for 

CO2 adsorption/desorption and WGS reaction.  

 

Molecular simulation work will continue in Phase II to guide sorbent syntheses, including 

simulations of pore plugging and sintering processes, predictions of CO2 adsorption 

isotherms of selected sorbents, and simulations of impacts of system pressure and 

presence of impurity gases. Synthesis and/or procurement of candidate sorbents will 

continue in Phase II. Parametric tests will be performed to identify optimal regeneration 

conditions of sorbents and to determine the impact of impurities (H2S, COS, CH4, NH3, 

HCl) on CO2 capture. The HPTR will be used to evaluate the performance of sorbents at 

conditions simulating coal-derived WGS reactor gas. Finally, an engineering feasibility 

and cost analysis study will be conducted during Phase II. 
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OBJECTIVES 

 

The University of Illinois at Urbana-Champaign and URS Group, Inc. are developing a 

dry sorbent technology that is configured to combine the water-gas-shift (WGS) reaction 

with CO2 removal for coal gasification systems. This project aims to enhance the current 

state-of-the-art for dry CO2 sorbent technology by developing a means to predict and then 

fabricate and evaluate superior sorbent materials with capacities and reactivities in the 

coal syngas environment. The result will be a sorption-enhanced water-gas shift 

(SEWGS) technology. 

The project has two phases to achieve these objectives. Phase I lasted from January 1, 

2010 until August 31, 2011 and Phase II will be from September 1, 2011 to March 31, 

2013. The following work activities were performed in Phase I.  

 

Task 1 – Sorbent engineering analysis and selection: A thermodynamic modeling 

analysis was performed to identify sorbent materials suitable for the SEWGS application. 

The SEWGS process employing the thermodynamically promising sorbents was 

simulated to compare their energy performance with that of a conventional pre-

combustion CO2 capture process. Molecular simulation (MS) studies were conducted to 

investigate the impact of sorbent structure on sorbent activity and the role of inert dopant 

in protecting sorbent sintering and activity.  

 

Task 2 – Sorbent preparation: Three material synthesis approaches, ultrasonic spray 

pyrolysis (USP), mechanical alloying (MA), and flame spray pyrolysis (FSP), were 

employed to synthesize calcium-based sorbents in Phase I. Selected sorbents were 

characterized for morphology and composition using various analytical techniques (SEM, 

TEM, XRD, BET surface, etc.). Sorbent synthesis using MA was completed in Phase I. 

Synthesis of USP and FSP sorbents, including non-calcium-based sorbents, will continue 

in Phase II.  

 

Task 3 – Sorbent evaluation testing: CO2 adsorption capacities and multi-cycling 

performance of synthesized sorbents were screened and evaluated mostly by 

thermogravimetric analysis (TGA). An existing high temperature and pressure reactor 

(HTPR) system was redesigned and upgraded and shakedown tests were performed. 

Sorbent evaluation testing for CO2 adsorption/desorption and WGS reaction using TGA 

and HTPR will continue in Phase II. Syngas impurity testing and sorbent regeneration 

testing will be performed by URS in Phase II.  

 

INTRODUCTION AND BACKGROUND 

 

A conventional method to produce a high purity hydrogen gas stream from a coal 

gasification syngas involves a catalytic WGS reaction to convert CO and H2O to H2 and 

CO2, and then remove the CO2 in a separate unit, as shown in Figure 1. An alternative 

approach proposed by the authors is to combine the WGS reaction with CO2 capture in 

one unit, as shown in Figure 2. The process concept is to capture CO2 in situ on a solid 

sorbent bed and reduce or even eliminate the need for a WGS catalyst. 
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Figure 1: Flow Diagram of a Conventional IGCC Plant with CO2 Capture. 

 
 

 

 
 
 

 

 

 

Figure 2: Flow Diagram of IGCC Plant with Sorption-enhanced WGS. 

 

 

The WGS reaction is equilibrium limited, which implies that CO conversion increases 

with decreasing reaction temperature. In practice, however, both a high (300–400C) and 

a low temperature (180-300C) shift catalyst are operated in series to convert most of the 

CO at a high temperature and then achieve near complete CO conversion at a lower 

temperature. For CO2 removal, the WGS gas is further cooled before entering an 

absorption or adsorption unit. The proposed SEWGS has a number of significant 

advantages compared to conventional processes for H2 production and CO2 capture, 

including: (1) Complete conversion of CO to CO2 can be achieved at high temperatures 

(550-700°C); (2) Achieving a higher conversion level than limited by the WGS reaction 

equilibrium alone would reduce the WGS reaction steam requirements, which would 

subsequently increase plant efficiency and enhance operational flexibility of an IGCC 

system, including the CO2 capture process; (3) Removing CO2 from the WGS gas at a 

temperature close to the gas turbine inlet temperature will eliminate the need for gas 

cooling/reheating, thus improving thermal and economic performance of an IGCC plant. 

(4) SEWGS permits direct production of a CO/CO2-free H2 gas stream at the feed gas 

pressure and eliminates the need for a separate CO2 separation process. A high purity H2 

product gas, such as fuel-cell grade, can therefore be produced. 

 

Many studies have investigated solid sorbents for capturing CO2. Several
[1-6]

 studied CaO 

sorbents for SEWGS; however, these sorbents (calcite, dolomite, huntite, etc.) tend to 

suffer considerable sintering problems after multiple adsorption/regeneration cycles, 

especially at high regeneration temperatures. Further development of the SEWGS will 

require advanced sorbents that can achieve a high level of CO2 capture (≥90%), 

demonstrate a high selectivity for CO2 at high temperature, and be able to produce a CO2-

rich gas at elevated pressure (>1atm, the higher the better). Other important sorbent 
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features include high sorption capacity, acceptable thermal stability and integrity, and 

minimal deactivation over long-term sorption cycles. Heat integration between the 

SEWGS and the IGCC plant should also be considered.  

 

The key technical issue for advancement of the SEWGS is to identify high-performance, 

high-efficiency, commercial sorbents or to engineer new sorbents with tailored properties 

for CO2 capture. This proposal aims to identify and/or develop such sorbents. 

 

EXPERIMENTAL PROCEDURES 

 

Sorbent Engineering, Modeling, and Analysis 

 

Thermodynamic modeling: FactSage software package (Version 6.1) was employed in 

the thermodynamic study. Two modules, namely Reaction and Equilib, were used to 

calculate thermo-chemical equilibria of CO2 adsorption and WGS reaction for various 

sorbents. The Reaction module calculates extensive thermo-chemical properties of a 

single species or a mixture of species. With appropriate inputs, this module was used for 

solving simple reaction equilibria. The Equilib module was based on the minimization of 

Gibbs energy for a multi-reaction system where specified multi-component reactions 

occur. 

 

Process simulation: The process simulation was performed using ChemCAD software 

(Version 6.3), a primary process simulator developed by Chemstations for material and 

energy balance simulations. The energy efficiency of an IGCC plant equipped with a 

SEWGS system and having the same thermal input as the reference plant equipped with 

Selexol unit was analyzed. A typical Illinois #6 coal was used for the simulation. 

Thermodynamic data for sorbents that were not available in ChemCAD were obtained 

from the FactSage database. 

 

Molecular simulation: Ab initio quantum chemical (QC) calculations were performed 

using the commercial software package Material Studio. In QC calculations, generalized 

gradient-corrected periodic density function theory (DFT) was used to evaluate detailed 

interactions between adsorbates (CO2) and sorbent surfaces. Accurate force fields were 

developed from these results.  

 

Molecular dynamics (MD) simulations with the first-principle-based reactive force field 

(ReaxFF) were then employed to simulate the chemisorption of CO2 on sorbent surfaces 

(e.g., a process of carbonation/calcinations). Interactions were calculated between every 

atom pair regardless of connectivity and were shielded to avoid excessive repulsion at 

short distances. The ReaxFF was applied to simulate various combinations of adsorbates 

and sorbent materials in this study. 
 

Sorbent Preparation 

 

Various sorbents were synthesized using mechanical alloying (MA), ultrasonic spray 

pyrolysis (USP), and flame spray pyrolysis (FSP) approaches.  
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Synthesis of MA sorbents: The MA approach used to prepare mixture sorbents involved 

milling of pre-weighed multiple sorbent components at an atomic level. Dry milling was 

performed using a vibratory ball mill (SPEX 8000M). This mill consisted of a tungsten 

vial and two tungsten balls. All experiments were performed using a 5:1 weight ratio of 

balls to powder and operating the mill at 1000 rpm. Every 30 minutes, milling was 

suspended from operating for about five minutes to avoid overheating. Samples were 

collected after grinding for two hours.  

 

A Planetary ball mill (Pulverisette 7) was used for both wet and dry milling. This mill 

consists of an agate vial and multiple 5mm-diameter 3Y-TZP balls. All experiments were 

performed using a 40:1 weight ratio of balls to powder and operating the mill at 500 rpm. 

Ethanol was used as the grinding medium in wet milling. Every 15 minutes, the mill was 

suspended from operating for one minute to avoid overheating. Samples were collected 

after grinding for two hours. Wet-milled product was dried at 50C and 180 mbar using a 

rotary evaporator. 

 

 
 

 

Sorbent synthesis by USP: Ultrasonic spray pyrolysis (USP)
[7]

 was employed for 

synthesizing nano-sized calcium-based sorbents. The USP system consists of a nebulizer, 

a heated pyrolysis reactor, and a series of bubblers to collect the sorbent product, as 

shown in Figure 3. Ethanol was used as both the solvent for the precursor and a collection 

fluid in the bubblers. The precursor solution was nebulized by ultrasound and the aerosol 

particles were carried by a pure argon carrier gas to a quartz tube reactor (1-inch ID). The 

reactor was inserted in a tubular furnace which was preheated to 600C. Pyrolysis 

products exiting the reactor were collected in four serial bubblers filled with ethanol. A 

typical reaction condition employed in the test included: ethanol as a solvent for 

dissolving precursors, 1 SLPM argon carrier gas, and 600°C pyrolysis temperature.  

 

Figure 3: USP set-up (not to scale). 
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A series of calcium-based sorbents, including CaCO3, MgO-doped, alumina-doped, and   

ZrO2-doped CaCO3 sorbents were synthesized using USP. Ca(NO3)2•4H2O was used as a 

precursor for producing CaCO3 sorbents, and Mg(NO3)2•6H2O or Al(NO3)3•9H2O was 

used as precursors for producing magnesium- or aluminum-doped sorbents. 

Mg(NO3)2•6H2O, ZrOCl2•8H2O, and ZrO(NO3)2•xH2O were selected as  precursors for 

producing ZrO2-doped sorbents.  

 

Sorbent synthesis by FSP: A new FSP experimental system was designed and fabricated 

in this project. It consists of a specifically designed nozzle to generate atomized precursor 

droplets and a mini-hood above the nozzle to collect product particles (see Figure 4). The 

main feature of the FSP is a reactor consisting of a nozzle atomizer, a natural gas (NG) 

line, two oxygen lines, and a liquid line. A syringe pump feeds the precursor/solvent 

liquid into the reactor. The mini-hood is equipped with a vacuum particulate filter located 

above the hood. In a typical test, the flow rate of NG was maintained at 450 ml/min and 

burned with a pre-mixed O2 stream at a volumetric O2/NG ratio of 1:1. An additional O2 

gas stream at 4.5 L/min was employed to atomize the precursor/solvent liquid stream and 

provide excess O2 for solvent and NG flames. 

 

Characterizations: Synthesized sorbents were analyzed using scanning electron 

microscope (SEM) and transmission electron microscope (TEM) for morphology 

examination, X-ray diffraction (XRD) for crystallinity and grain size analysis, nitrogen 

adsorption for BET surface area measurement, and elemental analysis.  

 

Sorbent Evaluation 

 

Atmospheric pressure TGA: The multi-cycling performance of sorbents for CO2 

absorption and desorption (carbonation/calcination) were evaluated using an atmospheric 

pressure thermogravimetric analyzer (TGA, Thermo Scientific VersaTherm). In each 

cycle, adsorption was performed at 650C for 30 minutes under 100% CO2 and 

desorption at 900C for five minutes under 100% N2, respectively. Before and after each 

adsorption segment, the TGA chamber was purged with N2 for 5 minutes at the 

adsorption temperature. Both CO2 and N2 flow rates were kept at 50 SCCM throughout 

all experiments.  

 

High pressure TGA (PTGA): A high pressure thermogravimetric analyzer (PTGA, 

Cahn Thermax 500) was shake-down tested for evaluating CO2 adsorption at high 

pressures. The PTGA system is capable of operating at high temperatures (up to 1100°C), 

high pressures (1000 psi at 1000°C), and corrosive atmospheres covering all SEWGS 

process conditions. It measures weight changes of sample under controlled conditions 

(temperature, pressure, gas flow rate, and composition).  

 

High temperature pressure reactor (HTPR): An existing HTPR system with the 

capability to operate at 300 psig and 950C was redesigned and upgraded for use in this 

project. The reactor system includes a gas delivery unit, an external preheater, a double 

shell reactor, a three-zone furnace, temperature controllers/displays, pressure 

http://en.wikipedia.org/wiki/Scanning_electron_microscope
http://en.wikipedia.org/wiki/Scanning_electron_microscope
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controllers/displays, and a data acquisition system. Details of the system and the progress 

of shakedown tests are summarized later in the next section of this report. 

 

In Phase I, most sorbent evaluation tests were carried out using the atmospheric pressure 

TGA. PTGA and HTPR will be employed for Phase II tests.  

 

RESULTS AND DISCUSSION 

 

Sorbent Engineering Analysis and Selection 

 

A topical report on thermodynamic analysis, process simulation, and molecular 

simulation studies was prepared and submitted to the ICCI in April 2011. The main 

results are briefly described below. Readers interested in detailed procedures and results 

of the modeling/simulation work may refer to the report.
[8]

 

 

Thermodynamic Analysis 

 

Sorbent screening: Thermodynamic sorbent screening was initially performed for 40 

compounds including major metal oxides, zirconates, silicates, and titanates. Three 

criteria were used for the sorbent screening, as shown in Figure 5. They are: 1) CO2 

adsorption – whether CO2 can be completely adsorbed at 200-600C; 2) Sorbent 

regeneration – whether equilibrium pressure of CO2 can be 1 bar at 900C (a condition 

selected as an indication of the difficulty level for sorbent regeneration); and 3) CO 

conversion in SEWGS – whether CO conversion can reach 98% at 400C. 

 

First, the adsorption criterion was applied for sorbent screening. To investigate the 

feasibility of CO2 capture under warm syngas conditions (200-600ºC and total pressure of 

~ 40 bar), an analysis was performed using the Equilib module for four CO2-sorbent 

reaction systems, which included: 1) sorbents and CO2 at 1 bar; 2) sorbents and CO2 at 10 

bar; 3) sorbents, CO2, and steam at 40 bar; and 4) sorbents, CO2, and typical syngas 

components (CO, CO2, H2, H2O) at 40 bar. The following two major reactions are 

involved in SEWGS: 

 CO + H2O  H2 + CO2       (1) 

 CO2 + Sorb  Sorb-CO2       (2) 

Other possible reactions between syngas and sorbent under equilibrium conditions were 

also considered in this analysis. 

 

Forty compounds were examined in the analysis.
[8]

 They included 26 metal oxides and 14 

metal compounds. A sorbent was selected only if it absorbs more than 99% of the initial 

CO2 in the systems at 200-600C. Eighteen sorbents were identified to be suitable for 

CO2 adsorption in this initial screening analysis. 
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Figure 5: Screening of sorbents for SEWGS application. 

 

 

These 18 sorbents were further evaluated for their tendency to meet the regeneration 

criterion, i.e., CO2 pressure 1 bar at 900C. Reactions between CO2 and metal oxides, 

zirconates, titanates, or silicates can be described as follows: 

 MO + CO2  MCO3        (3) 

 MZrO3 + CO2  MCO3 + ZrO2      (4) 

 MSiO3 + CO2  MCO3 + SiO2      (5) 

 MTiO3 + CO2  MCO3 + TiO2      (6) 

 

Equilibria of these sorbents were studied over a wide range of pressures and temperatures 

as shown in Figure 6. Due to strong alkalinity, oxides of Li, Na, K, Ba, Cs, and Sr have 

too strong of an affinity with acidic CO2, indicating that extremely high temperatures are 

required to regenerate them in their carbonate-state compared to other metal oxides (see 

Figure 6(a)). Results also revealed that compounds of zirconates, titanates, and silicates 

exhibit much higher CO2 equilibrium pressures than their metal oxides do at the same 

temperature, indicating that temperatures for sorbent regeneration can be lowered (see 

Figure 6(b)). For example, the equilibrium temperature for CaCO3 under 1 bar CO2 is 

about 860ºC while that for CaCO3:ZrO2 is only about 560ºC. Twelve sorbents met the 

regeneration criteria, including four metal oxides (Mg, Mn, Ca, Pb), three zirconates (Li, 

Ca, Ba), three silicates (Li, Ca, Ba), and two titanates (Ca, Ba). 

 

40 metal oxides, zirconates, silicates, titanates (Li, Na, K, Cs, Mg, 
Ca, Sr, Ba, Y, Zr, Ni, Cr, Mo, Mn, Fe, Cu, Ag, Zn, Al, Si, Pb, Ce) 

10 metal oxides (Mg, Mn, Sr, Cs, Ca, Li, Pb, Na, K, Ba), 3 
zirconates (Li, Ca, Ba), 3 silicates (Li, Ca, Ba), 2 titanates (Ca, Ba) 

2 metal oxides (Mg, Ca), 3 zirconates (Li, Ca, Ba), 1 silicate (Ba), 1 titanate (Ba) 

Initial screening thermo- 
analysis (40 sorbents) 

 

CO2 adsorption/desorption 
equlibria (18 sorbents) 

 

 

CO conversion under 
equilibrium  

 

 

Decomposition pressure 1 bar at 900 C? 

Adsorption at 200-600 C in: (1) sorb+CO2; 
(2) sorb+CO2+H2O; (3) sorb +CO2+H2O+CO+H2? 

High CO conversion at 400 C? (kinetics favored at high T) 

4 metal oxides (Mg, Mn, Ca, Pb); 3 zirconates (Li, Ca, Ba),  
3 silicates (Li, Ca, Ba), 2 titanates (Ca,Ba) 
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Figure 6: Equilibrium pressures of CO2 over various sorbents. 

 

 

Equilibrium simulations were further performed for simultaneous CO2 adsorption and 

WGS reactions for the 12 candidates identified above. Equilibria were calculated at 1, 5, 

10, 20, 40, and 60 bar between 200 and 900ºC. The feed gas selected was a typical syngas 

from a GE gasifier containing 10% CO2, 22% CO, 22% H2, and 46% H2O (by volume).
[9]

 

As a comparison, CO conversion of the WGS reaction without the presence of a sorbent 

is also included in Figure 7 (black curves with solid squares). Sorbents which allow a 

high level of CO conversion (>98%) at 400C were considered to be promising for the 

SEWGS application. These analyses reduced the number of potential sorbents to seven, 

which included two metal oxides (MgO, CaO), three zirconates (LiZrO3, CaZrO3, 

BaZrO3), one silicate (BaSiO3), and one titanate (BaTiO3).  
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Figure 7: Equilibrium CO conversions using CaO sorbent as an example.  

(Figures for other sorbents are available in the topical report.
[8]

) 

 

 

Impact of water vapor pressure: The impact of steam partial pressure on CO 

conversion rate was investigated at pressures equivalent to H2O to CO molar ratios of 1.4 

(30:22) and 2.1 (46:22), representing a normal range of steam addition in the feed stream 
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of the WGS reactor. As expected, the conversion of CO under equilibrium is favored at a 

higher steam pressure, as shown in Figure 8. This indicates that less steam could be fed 

while high CO conversion is still achievable in the SEWGS. 
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Figure 8: Equilibrium CO conversions vs. temperature at 2 water vapor pressures. 

 

 

Process Simulation Analyses 

 

A 1187 MWth (thermal) IGCC plant equipped with a conventional WGS for H2 

production and a Selexol process for CO2 capture was used as a reference plant. The 

reference was based on an IGCC plant with an advanced F-type combustion turbine 

design and a heat recovery steam generation (HRSG)/steam turbine cycle of 1800 psig 

/1000°F/1000°F.
[8]

 A typical Illinois #6 coal was used in the simulation.  

 

 

 

Figure 9: Schematic of SEWGS process used in simulation. 

 

 

An IGCC plant equipped with a SEWGS system, with the same thermal input as the 

reference plant described above, was also simulated for the comparison. A schematic 

diagram of the SEWGS process configuration option employed in the current simulation 

is shown in Figure 9. Other process components such as the ASU or steam cycle of the 

IGCC plant are identical to those in the reference plant. In the SEWGS process, a portion 
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(20-40%) of syngas from the gasifier was withdrawn and burned with pure oxygen (95%) 

to provide the heat required for sorbent regeneration. All of the seven candidate sorbents 

selected from the thermodynamic analysis study were investigated in this simulation. 

 

As shown in Figure 9, a two-stage SEWGS reactor was applied in the process simulation. 

For each sorbent, the first-stage SEWGS converter operated at a higher temperature than 

that of the second-stage converter. A higher temperature at the first stage favors reaction 

kinetics. Because the WGS reaction (CO +H2OCO2 + H2) is exothermic, decreasing 

temperature at the second stage of the SEWGS will favor the chemical equilibrium 

moving to the right resulting in higher levels of CO2 and H2 production. In the current 

study, a non-optimal regeneration pressure of 1 bar was adopted for all sorbents. In more 

detailed studies, an optimal regeneration pressure for each sorbent needs to be identified 

to maximize energy efficiency. 

 

The CO2 product stream was then cooled for heat recovery and water vapor in the stream 

was condensed. As stated earlier, heat required for sorbent regeneration was supplied by 

burning syngas withdrawn from the gasifier. The heat recovered from the SEWGS 

reactor and from cooling the CO2 stream was used to produce steam for electricity 

generation. Temperatures for SEWGS reactions and sorbent regeneration were assumed 

for individual sorbents to achieve a >98% CO conversion in the SEWGS reactor and a 

CO2 equilibrium pressure of about 2 bar in the sorbent regenerator (vs. 1 bar operating 

pressure described above to generate a driving force for CO2 release). 

 

 

Table 1: Energy use performance of ~ 440 MWe (net) IGCC plant using Illinois coal. 

Simulated Scenario 

Gross  

Power 

(kWe) 

Auxiliary 

Power 

(kWe) 

Net  

Power 

(kWe) 

Net  

Efficiency 

(% HHV) 

WGS + Selexol 535,614 95,296 440,317 37.1% 

SEWGS using CaO sorbent 568,194 118,979 449,215 37.9% 

SEWGS using MgO Sorbent 555,737 108,281 447,456 37.7% 

SEWGS using Li2ZrO3 sorbent 585,708 117,328 468,380 39.5% 

SEWGS using CaZrO3 sorbent 559,787 113,520 446,267 37.6% 

SEWGS using BaZrO3 sorbent 567,733 116,600 451,133 38.0% 

SEWGS using BaSiO3 sorbent 558,664 108,662 450,002 37.9% 

SEWGS using BaTiO3 sorbent 562,189 111,086 451,103 38.0% 

 

 

A comparison of the overall energy use performance between the IGCC+SEWGS plant 

and the reference plant is presented in Table 1. Net thermal efficiencies of the 

IGCC+SEWGS plant, depending on sorbents used, were about 0.5% to 2.4% higher than 

that of the reference plant for CaZrO3 and Li2ZrO3, respectively. The gain in thermal 

efficiency is attributed to the reduced requirement for gas cooling/reheating prior to the 

gas combustion turbine, and the recovery of high quality heat from high temperature CO2 

adsorption in the SEWGS; however, it should be noted that such a comparison is rather 
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qualitative because the IGCC+SEWGS plant was not optimized (such as for regeneration 

pressure and temperature) in the current simulation study.  

 

Molecular Simulations 

 

QC calculations for CO2 adsorption on sorbent surfaces: CO2 adsorption modes on 

surfaces of CaO, MgO, and their alloy mixture (denoted as MO) were initially evaluated. 

CaO and MgO have different surface behaviors, resulting in different CO2 adsorption 

energies for carbon capture.
[10, 11]

 CO2 adsorption on these metal oxides also varies on 

different facets [e.g., (100), (111), (310)] of a MO crystal. To understand such a 

difference and obtain optimal packing structures of these sorbents required for further 

MD-ReaxFF simulation studies, four possible CO2 adsorption modes on MO(100) 

surfaces were initially investigated. These four CO2 adsorption modes are shown in 

Figure 10. They included: Mode 1: carbon in CO2 on top of the oxygen, oriented along 

OMO rows (two M-O interactions); Mode 2: carbon in CO2 on top of the oxygen, 

oriented along OOO rows; Mode 3: two oxygen atoms in CO2 above two M cations; and 

Mode 4: one oxygen in CO2 above the M cation, oriented vertically.  
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Figure 10: Top and side views of CO2 adsorption modes on MO(100) surfaces. 

(Color code: green for M; red for O on surface; grey for C; and light-blue for O in CO2.) 
 

 

Table 2 lists results of CO2 adsorption energies and final geometry data for all 12 packing 

structures. Results of adsorption energies for these periodic systems suggest that the 

stable adsorption mode was Mode 1 (C on top of the Osurface, oriented along OMO rows) 

for CaO(100) and Mode 3 (two oxygen atoms in CO2 above two M atoms) for MgO(100). 

 

When MgO (19.3%wt) is doped in CaO, both Mode 1 and Mode 3 (both have a very 

close adsorption energy) are stable for CO2 adsorption, indicating that the MgO dopant 
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does have an impact on CO2 adsorption onto CaO. A further comparison of CO2 

adsorption energy between Mode 1 and Mode 4 shows that the doping of MgO has a 

much more significant impact in Mode 4 than that in Mode 1.  

 

 

Table 2: CO2 adsorption energies and geometry data from QC calculations for proposed 

adsorption modes on sorbent surfaces CaO(100), MgO(100), and CaO/MgO(100). 

Surface Mode 1 Mode 2 Mode 3 Mode 4 

CO2 Adsorption Energy (kJ/mol) 

CaO(100) -79.73 -77.51 -12.18 -2.44 

MgO(100) 8.91 -0.56 -1.55 0.45 

CaO/MgO (100) (3:1) -78.36 -72.09 -78.41 -5.75 

Bond Distance C-Osurface (Ǻ) 

CaO(100) 1.464 1.450 - - 

MgO(100) 1.517 3.774 - - 

CaO/MgO (100) (3:1) 1.441 1.465 - - 

Bond Distance OCO2-Msurface (Ǻ) 

CaO(100) 2.403 2.657 2.995 2.879 

MgO(100) 2.217 4.195 3.083 3.354 

CaO/MgO (100) (3:1) 2.559 2.451 2.454 2.918 

Bond Angle C-O-C in Adsorbed CO2 Molecule (degree) 

CaO(100) 130.26 131.93 177.20 179.97 

MgO(100) 135.68 179.83 179.33 179.93 

CaO/MgO (100) (3:1) 132.02 131.19 131.02 179.82 

 

 

MD simulations on carbonation of solid and hollow CaO particles: MD simulations 

with the ReaxFF were performed to investigate the carbonation of a solid and a hollow 

CaO particle. Five sorbent systems were simulated as shown in Table 3.  

 

 

Table 3: Five simulated systems for carbonation of solid and hollow CO2 sorbents. 

System 

Particle 

Radius 

(nm) 

Shell 

Thickness 

(nm) 

Number 

of CaO 

Number 

of CO2 

Simulation 

Cubic Box  

(nm) 

Total 

Atoms 

1 1.2 1.2 (solid) 236 100 (4.5×4.5×4.5) 772 

2 1.2 0.3 120 100 (4.5×4.5×4.5) 540 

3 2.0 0.3 469 300 (6.0×6.0×6.0) 1838 

4 2.0 0.6 787 300 (6.0×6.0×6.0) 2474 

5 2.0 0.9 1004 300 (6.0×6.0×6.0) 2908 

 

 

Figures 11(a) and 11(b) show profiles of system potential energy and temperature, 

respectively, during the carbonation process of a solid spherical CaO particle (System 1). 
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The observed increase in system temperature indicated that a carbonation reaction 

occurred during the simulation time period. Results also suggested that the CaO particle 

has higher carbonation potential at the starting temperature of 1000K than at 800K. 

However, with an increase in the starting temperature to 1500K, the carbonation reaction 

was slowed down because the formed CaCO3 molecules started to decompose. This was 

also confirmed from the increasing total number of fragments in the system after 8ps at 

the starting temperature of 1500K as shown in Figure 12(a). The profile of the number 

of unreacted (free) CO2 molecules, as shown in Figure 12(b), suggested that the system at 

a higher starting temperature (1000K) had a faster carbonation reaction than that at a 

lower starting temperature (800K). 
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Figure 11: (a) Potential energy; and (b) temperature profiles for carbonation of solid 

spherical CaO particle (r=1.2nm) in CO2 from NVE-MD simulations  

starting at 800K (black), 1000K (blue) and 1500K (red). 
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Figure 12: (a) All fragments; and (b) free (unreacted) CO2 molecules for carbonation of 

solid spherical CaO particle (r=1.2nm) in CO2 from NVE-MD simulations  

starting at 800K (black), 1000K (blue) and 1500K (red). 

 

 

A hollow CaO particle with the same size as the solid one described above (r=1.2nm) and 

a shell thickness of 0.3nm (denoted as shell=0.3nm) was further employed for the 

simulation, as shown in Figure 13. The hollow particle was placed in a cube containing 
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100 CO2 molecules (see Table 3). Results show that the temperature increase during the 

CO2 adsorption of the hollow CaO particle (blue line) was much faster than that of the 

solid particle (black line), indicating that the hollow particle had a higher CO2 adsorption 

reactivity than the solid one at simulated conditions. Carbonation experiments with 

hollow and solid CaO sorbents confirmed these observations.  
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Figure 13: Temperature profiles for carbonation of spherical solid (black) and hollow 

(blue) sorbent CaO particles (r=1.2nm) from NVE-MD simulations starting at 800K. 

(Images at the right column illustrate package structures of solid and hollow sorbents.) 
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Figure 14: (a) Free CO2 molecules; and (b) sorbent weight change (%) for carbonation of 

spherical solid and hollow sorbent CaO particles (r=1.2nm, shell=0.3nm)  

from NVE-MD simulations starting at 1000K. 

 

 

Evolving particle configurations from the simulation revealed that during sorbent 

carbonation, the size of the hollow particle became smaller while that of the solid particle 

showed no significant change. Shrinkage of the hollow sorbent with a thin shell distorted 

the spherical surface by generating sharp edges, which might result in more reactivity for 

carbonation. Results, shown in Figure 14, suggest that hollow sorbents would perform 
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better in term of the amount of CO2 adsorption per unit mass of the sorbent. To elucidate 

the effect of shell thickness on CO2 adsorption, three larger CaO particles (r=2.0nm) with 

varying shell thicknesses (shell=0.3, 0.6, and 0.9nm) were generated. Similar to the CaO 

sorbent previously mentioned (r=1.2nm), simulations for these three hollow sorbents 

were run in NVE systems starting at 1000K for 30ps (300,000 MD steps).  Results show 

that decreasing shell thickness increased the system temperature, suggesting that the 

sorbent with a thinner shell improved the carbonation reaction.  

 

MD simulations on role of MgO in CaO carbonation: Two sorbent configuration 

boxes were created to study the role of MgO dopant in the carbonation reaction of CaO 

with CO2. Both boxes had the same size (1.92nm×1.92nm×3.44nm), in which a 2.0 nm 

pore was formed by two parallel CaO(100) surfaces. One box did not contain MgO and 

the other had a 1.0 nm MgO particle placed in the nanopore. The MgO content in this 

case is 15 wt% (i.e., mass ratio of CaO to MgO is 85:15).  

 

Results, shown in Figure 15, indicate that CO2 adsorption on the CaO doped with MgO 

was improved at simulated conditions. It should be noted that there is no previous 

molecular simulation study on such reactions available in open literature, particularly for 

a system involving a sorbent doped with MgO. Work is in progress to validate force field 

parameters used and the role of dopants in sorbent carbonation will be further examined.  
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Figure 15: Free CO2 molecules in a nanopore formed by two CaO (100) surfaces from 

NVE-MD simulation starting 1200K. 

 

 

MD simulations on calcination process of solid calcite particles: A solid spherical 

calcite (CaCO3) particle (r=1.0nm) was created for simulation of the calcination process. 

The system consisted of 70 CaCO3 molecules (350 atoms) in a cubic box of 

4.5nm×4.5nm×4.5nm. The system temperature and CO2 evolving profiles shown in 

Figure 16 demonstrated that simulation could successfully predict the calcination process. 

 

Figure 16(b) also provides some insight on the kinetics of the calcination process by 

determining the starting time of reaction, τCO2, at which the first CO2 molecule is 

produced in the system. The starting time was identified as 31.1ps for the system at the 
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starting temperature of 1500K, 4.26ps for 2000K, 4.18ps for 2500K, and 1.12ps for 

4000K (not shown in Figure 16(b)). A linear relationship between ln(1/ τCO2) and (1/T) 

was obtained (R
2
=0.936). From the slope, S, the activation energy, Ea, can be determined 

by the following equation: 

RSEa           (7) 

where R is the universal gas constant, 8.314 J/mol·K. For the particular size (r=1.0nm) of 

CaCO3 examined, the activation energy was estimated to be 63.0 kJ/mol.  

 

Experimental studies reported in the literature show a wide range of activation energy for 

the CaCO3 calcination reaction (50-300 kJ/mol)
[12-14]

, depending on calcination 

temperature, heating rate, particle size, sample source, and reaction mechanism. A 

comparison of activation energy between simulation predictions and literature values 

demonstrates that molecular simulation can potentially provide an alternative and a quick 

method for estimating the activation energy of the calcination reaction of various sorbents. 
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Figure 16: (a) Temperature profiles; and (b) free (produced) CO2 molecules for 

calcination of a solid spherical calcite (CaCO3) particle (r=1.0nm) from NVE-MD 

simulations starting at 1500K (black), 2000K (blue) and 2500K (red). 

 

 

Sorbent Preparation, Characterization, and Evaluation 

 

MA Sorbents 

 

CaCO3 sorbents with different origins: As-received CaCO3 (Sigma-Aldrich, particle 

size of 29 µm) was employed to prepare dry and wet ball-milled sorbents. The as-

received Sigma-Aldrich CaCO3 and an as-received CalCarb limestone (Mississippi Lime 

Company, particle size of ~ 3 µm) were employed as reference. Prior to BET 

measurements, samples were degassed under vacuum at 300C for three hours. BET 

surface area results are summarized in Table 4. 
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Table 4: BET surface areas of CaCO3 sorbents (m
2
/g). 

Wet planetary-milled Sigma-Aldrich CaCO3  17.24 

Dry planetary-milled Sigma-Aldrich CaCO3  4.99 

Dry vibratory ball-milled Sigma-Aldrich CaCO3 4.09 

As-received Mississippi Lime CalCarb CaCO3 0.25 

As-received Sigma-Aldrich CaCO3 0.01 

 

 

Figure 17 shows CO2 adsorption capacities (represented by % weight change) of these 

five sorbents during 15 cycles of continuous adsorption and desorption. CO2 capacities of 

all sorbents decreased to different extents during multiple cycles; however, the loss of 

CO2 capacity was less for both the wet- and dry-milled sorbents. Among these sorbents, 

wet-milled CaCO3 (17.2 m
2
/g) displayed the best CO2 capacity performance.  

 

 

 
Figure 17: CO2 adsorption capacities of 5 sorbents through 15 cycles. 

 

 

CaCO3:MgO MA sorbents – dry milling: CaCO3:MgO mixture sorbents were first 

prepared in the dry vibratory ball mill. Resulting sorbents were subjected to a 

calcination/carbonation cycle which included a calcination step at 900C under 35 cc/min 

N2 for ten minutes and a carbonation step at 650C under 35 cc/min of pure CO2 for one 

hour. CO2 adsorption capacities of sorbents are presented in Figure 18.  

 

The percent weight increase in the figure is based on the initial CaO:MgO weight (after 

calcining CaCO3:MgO). Since MgO is inert, gross weight gain due to CO2 adsorption 

decreased with increasing MgO content of the sorbent. However, percent weight 

increases of ball-milled CaCO3:MgO sorbents are higher than those predicted based on 

initial CaO contents (after calcining CaCO3:MgO) of samples and the capacity of pure 

CaO. In fact, CaO utilization for CO2 adsorption increased with increasing MgO content 

up to 30 wt% (see Figure 19). Little or no further increase in CaO utilization was 
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observed with MgO content between 30 and 80 wt% and a reduction was observed at 

MgO content greater than 80 wt%. 

 

 

 
 

 

Selected CaCO3:MgO sorbents were tested over 15 cycles of adsorption and desorption 

using TGA. Results of cycling tests are shown in Figure 20. The addition of inert MgO 

reduced CO2 capacities of fresh sorbents but improved their deactivation performances 

over multiple cycles. As a net effect, the sorbent with 29.8 wt% MgO in CaO:MgO (after 

calcining CaCO3:MgO) displayed the highest CO2 adsorption capacity over 15 cycles. 

The sample containing 15.9 wt% MgO in CaO:MgO showed the lowest CaO utilization; 

however, samples containing 30 to 80 wt% MgO had comparable calcium utilization.  

 

 

 
Figure 20: (a) Wt % increase based on initial CaO:MgO weight vs. cycle number; and  

(b) CaO utilization vs. cycle number for multi-cycle tests of dry-milled sorbents.  

 

 

Results of SEM analysis performed for a fresh CaO:MgO sorbent with 15.9 wt% MgO 

and the sorbent after carbonation and calcination over 15 cycles are shown in Figure 21. 
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Figure 18:  Wt% CO2 adsorption of fresh 

CaO:MgO sorbent vs. MgO content in 1 cycle. 

Figure 19: CaO utilization vs. MgO 

content in fresh sorbent in 1 cycle. 
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SEM images show that slight sintering occurred in the sorbent subjected to the 

calcination/carbonation cycle, which is consistent with the observed loss of CO2 capacity 

over 15 cycles as shown in Figure 20.  

 

 

 
 

Figure 21: SEM images of (a) fresh CaO:MgO sorbent (15.9 wt% MgO); 

and (b) sorbent after 15 cycles. 

 

 

CaCO3:MgO MA sorbents – wet milling: CaCO3 and MgO (Sigma-Aldrich) with 

varying compositions (0-86 wt% MgO) were used as starting materials for preparing 

CaCO3:MgO MA sorbents in the wet planetary ball mill.  

 

Results from one-cycle tests on wet-milled sorbents showed that the CO2 adsorption 

capacity of sorbents decreased constantly with increasing MgO content. Compared to dry 

vibratory ball-milled sorbents, wet-milled sorbents exhibited higher CO2 adsorption 

capacities (see Figure 18). Wet-milled sorbents also showed higher CaO utilization rates 

than those of their dry-milled counterparts (see Figure 19). In particular, CaO utilization 

of wet-milled sorbents increased with increasing MgO content and approached 100% 

when MgO content became greater than ~ 70 wt%. The improved performance of wet-

milled sorbents could be due to the smaller size of product particles from wet milling 

(submicron particles) and thus more surface area available for adsorption and/or more 

CO2 reactivity.   

 

Wet ball milling significantly improved deactivation of the sorbent. Figure 22 is an 

example of the stability comparison between a CaCO3 sorbent and a wet-milled 82/18 

CaCO3:MgO sorbent. All wet-milled sorbents exhibited excellent multi-cycling stability. 

After 15 cycles, most of the wet-milled sorbents with varying MgO contents retained 

more than 90% of their initial capacities (see Figure 23). In comparison, the capacity 

retention of dry-milled sorbents was generally lower than 80%. Characterization studies 

of these sorbents (XRD, etc.) are in progress to interpret the observed improvement in 

stability. 

 

b a 

a 
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Figure 22: Multi-cycle tests of (a) CaCO3; and (b) 82/18 CaO-MgO wet-milled sorbents. 

(Red is temperature; blue is weight percent.) 

 

 

 

Figure 23: Percent capacity retention after 15 cycles for dry and wet ball-milled sorbents. 

 

 

USP Sorbents 

 

Molecular simulation studies showed that compared to solid particles, sorbent particles 

with hollow structures could have improved CO2 adsorption capacity and reactivity. 

Efforts in Phase I were made to synthesize calcium-based sorbents with hollow structures. 

 

CaCO3 sorbents: A baseline sorbent was synthesized by pyrolysis of ultrasound-

generated liquid droplets at 600°C using 0.25M Ca(NO3)2•H2O as a precursor, ethanol as 

a solvent, and 1 SLPM Argon as a carrier gas. XRD measurements revealed that calcium 

carbonate is dominant in the white, solid product. It is believed that the pyrolysis of 

ethanol solvent likely produces enough CO2 to carbonate the product in collecting 

bubblers. Elemental analysis also revealed that the carbon content of the fresh product 

was about 12% (typical carbon content in CaCO3) indicating that only a minimal amount 

of carbon contamination from ethanol pyrolysis was expected. SEM and TME images of 

sorbent particles clearly showed a hollow morphology, as seen in Figure 24. The average 

(b) 
(a) 
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grain size in the sorbent particle as determined by peak width in XRD was 1332 Å. BET 

analysis after heat treatment at 500°C for four hours under air showed a surface area of 

74.5 m
2
/g.  Heat treatment at 600°C for nine hours under air, however, did convert all of 

the calcium carbonate to calcium oxide (see Figure 25) with the resulting sphere having a 

grain size of 393 Å. Various CaCO3 sorbents were synthesized at various furnace 

temperatures, precursor solution concentrations, and precursor-solvent compositions to 

investigate their impacts on the structure of resulting sorbent particles.  

 

 

 
 

 

 
Figure 26: TEM images of USP-synthesized CaCO3 obtained at (a) 600°C; (b) 700°C;  

and (c) 800°C furnace temperatures. 

 

 

Effect of pyrolysis temperature: No product was obtained from USP at 400°C or 

500°C, because these temperatures are below the decomposition temperature of Ca(NO3)2 

(550°C). As described, the product obtained from USP at 600°C was composed of hollow 

CaCO3 spheres (see Figures 24 and 26(a)). Similar structures were obtained from USP at 

700°C (see Figure 26(b)). At 800°C, however, there was a clear change in particle 

1 μm 1 μm

Figure 24: Calcium carbonate 

particle prepared by USP.  
. 

Figure 25: Calcium oxide particle  

after calcination at 600°C. 

TEM TEM 

SEM SEM 
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morphology. Instead of hollow particles, slightly elongated, macroporous particles were 

produced as shown in Figure 26(c). This structure change was likely induced by the 

increased rate of solvent evaporation and precipitation/decomposition of the precursor. 

 

Effect of precursor solution concentration: Three different concentrations of 

Ca(NO3)2•4H2O in 95% ethanol nebulized using 1.65 MHz ultrasound were studied: 

0.125 M, 0.25 M, and 0.50 M. A concentration of 0.75 M was also investigated, however 

this solution was too viscous to nebulize.  

 

TEM images of resulting particles from each of the three precursor solutions reveal the 

interior particle structure shown in Figure 27. Particles formed from a 0.125 M solution 

and a 0.25 M solution have similar morphologies with both precursor solutions producing 

a mixture of hollow and large macropore-containing, spherical particles of ~ 1 μm in 

diameter. Particles produced from a 0.50 M precursor solution were a mixture of ~ 50% 

round, hollow spheres and ~ 50% oval-shaped spheres with hollow centers.  

 
 

 

Figure 27: TEM images of USP-synthesized CaCO3 from (a) 0.125 M; (b) 0.25 M; and 

(c) 0.50 M solutions of Ca(NO3)2•4H2O in 95% ethanol. 

 

 

Effect of precursor solvent composition: Particles were produced from solutions of 

Ca(NO3)2•4H2O in 0%, 6.7%, 10%, and 20% water content (by volume) in ethanol. With 

the exception of the 6.7% water content solution, solutions were prepared by first 

dehydrating Ca(NO3)2•4H2O at 230°C for 30 minutes under argon. Dehydrated Ca(NO3)2 

was then dissolved volumetrically in the appropriate amount of water and 200 proof 

ethanol. The baseline 6.7% water content solution was prepared by dissolving 

Ca(NO3)2•4H2O in 95% ethanol (the additional 1.7% water content originates from 

hydration water). 

 

TEM images seen in Figure 28 show that macroporous particles were produced from the 

0% water precursor solution; no particles with a discrete hollow center were visible. The 

6.7% water content precursor solution produced a mixture of roughly 1:1 macroporous 

and hollow particles; the 10% water content precursor solution produced a similar ratio of 

particles. At 20% water content, the majority of particles were hollow with some 

macroporous particles present. Diameters of hollow particles were larger than those 

produced from the 10% water content solution.  
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Figure 28: TEM images showing effects of (a) 0% H2O; (b) 6.7% H2O; (c) 10% H2O; and 

(d) 20% H2O in ethanol precursor solution on USP-synthesized CaCO3 particle structure. 

 

 

Effect of structure on sorbent stability: The series of CaCO3 sorbents synthesized from 

precursor solutions containing various amounts of water in ethanol as described above 

were tested to determine if differences in particle morphologies have any effect on 

sorbent stability for CO2 adsorption. Figure 29 shows that there is no strong correlation 

between particle structure (macroporous vs. hollow) and stability of the sorbent over 15 

cycles. SEM images of the sorbent from the baseline 6.7% H2O precursor solution, before 

and after 15 cycles, clearly show severe sintering and loss of original morphology as seen 

in Figure 30.  

 

 

 
 

 

The stability of USP CaCO3 was compared to that of CaCO3 obtained from Fisher 

Scientific and 3 μm CaCO3 produced by CalCarb. As shown in Figure 31, after 15 cycles 

USP CaCO3 retained the highest capacity (43%) among the three. The 3 μm sorbent is 

Figure 29: Sorbent stability of USP 

CaCO3 synthesized from different 

precursor solutions. 

 

Figure 30: SEM images of USP CaCO3 sorbent 

at (a) low magnification before cycling;  

and (b) low magnification after 15 cycles;  

and at (c) high magnification before cycling; 

and (d) high magnification after 15 cycles. 
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approximately the same size as the USP sorbent (~ 1 μm), so improved stability is not 

exclusively due to the reduced size of USP particles. The hollow, porous structure of the 

USP sorbent offers additional stability over multiple cycles. 

 

 

 
Figure 31: Sorbent stability of USP CaCO3 compared to two commercial CaCO3 samples. 

 

 

Magnesium-doped CaCO3 sorbents: Magnesium oxide was used as an inert dopant to 

improve sorbent stability. TEM images of the 75:25 w/w CaO:MgO USP product show 

that the particles are ruffled, porous spheres. These pores alleviate strain from particle 

expansion during carbonation. XRD patterns showed the MgO was amorphous after USP 

at 600°C (see Figure 32), but elemental analysis for Ca, Mg, and C matched theoretical 

values, which confirmed the presence of MgO. The presence of the MgO binder caused 

the CaCO3 crystallite size to decrease from 1332 Å to 750 Å, which produces more grain 

boundaries through which CO2 can diffuse and improves sorbent stability.  
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Figure 32: XRD patterns of particles synthesized at baseline conditions with 75:25wt% 

ratio of CaO to MgO. 
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Cycling the 75:25 Mg-sorbent on the TGA for 15 times demonstrated that this sorbent 

had higher stability (58% capacity retention) and capacity compared to pure USP CaCO3 

(43% capacity retention), as seen in Figure 33. These results suggest that MgO might 

serve as an inert support during cycling, but also that smaller sorbent grain sizes may be 

beneficial for stability.  
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Figure 33: TGA graphs of 15 cycles for (a) USP pure CaCO3; and (b) 75:25wt% 

CaO:MgO calcined for 5 minutes under N2 and carbonated 30 minutes under CO2. 

(Blue is temperature; red is weight percent.) 

 

 

Mayenite-doped calcium sorbent: It has been reported that adding aluminum to CaO 

sorbents can dramatically improve cycling stability.
[15]

 Al(NO3)3•9H2O was mixed into 

the calcium precursor solution to generate aluminum-doped CaO sorbent to overcome the 

loss of capacity due to sintering and pore-filling of USP CaO. 

 

 

 

Figure 34: XRD patterns of Al-containing sorbent (a) before; and (b) after calcination at 

900°C. 

 

 

XRD patters of the 75:25 Al-containing sorbent product (composition equivalent to 75:25 

w/w CaO:Ca12Al14O33) show only calcite peaks, which is the stable form of CaCO3 at 

(a) (b) 

(a) (b) 
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room temperature (see Figure 34(a)); however, XRD taken after the 75:25 Al-containing 

sorbent was calcined at 900°C for 1.5 hours under air shows CaO peaks as well as 

mayenite (Ca12Al14O33) peaks (see Figure 34(b)). These results suggest that the aluminum 

oxide in the Al-containing sorbents exists as an amorphous phase when the product is 

collected from the bubblers. Under calcining conditions (900°C), the aluminum forms an 

inert, stable, and crystalline mayenite phase. The presence of the aluminum phase 

reduced the CaCO3 crystallite size from 1332 Å to 445 Å. Smaller crystallites are 

beneficial for carbonation because CO2 diffuses along grain boundaries to react with the 

interior of the particle. For multi-cycling tests, the powder is isolated from the USP 

bubblers and placed in the TGA with no additional pretreatments; calcination of the 

sorbent prior to XRD was purely for characterization purposes. 

 

Al-containing sorbents with various CaO:Ca12Al14O33 ratios were further synthesized. 

TEM images reveal that there is little correlation between the CaO:Ca12Al14O33 ratio and 

the particle structure (see Figure 35). The addition of just 5 wt% Ca12Al14O33 makes 

particles denser and all of the Al-containing sorbents appear denser than pure CaCO3. 

Each sorbent, however, is still visibly composed of macroporous particles.  

 

 

 

Figure 35: TEM images of Al-containing sorbents with (a) 100:0; (b) 95:5; (c) 85:15;   

(d) 75:25; (e) 65:35; (f) 50:50; (g) 35:65; and (h) 0:100 CaO:Ca12Al14O33 wt% ratios. 

 

 

Each of the Al-containing sorbents was tested for 15 cycles. As expected, there was a 

correlation between the initial capacity of each sorbent and the CaO content in the 

sorbent. Sorbents with higher CaO content initially had higher capacities. Each sorbent 

demonstrated a loss of capacity over the 15 cycles  as shown in Figure 36, which can be 

attributed to particle sintering. SEM images of the 75:25 Al-sorbent (representative of all 

Al-sorbents) before cycling, after 2 cycles, and after 15 cycles clearly show progressive 

agglomeration of particles (see Figures 37(a), 37(b), and 37(c), respectively). Higher 

magnification images of sintered particle surfaces reveal that the original spherical 
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structure is still intact after two cycles and spheres are still visible after 15 cycles (see 

Figures 37(e) and 37(f),  respectively), which suggests that the mayenite dopant offers 

structural support to the sorbent. In contrast, the pure USP CaCO3 sorbent lost nearly all 

of the original spherical shape. 
 

 

 
Figure 36: Graphs of the Al-containing sorbents with various CaO:Ca12Al14O33 ratios 

showing (a) sorbent capacity; and (b) sorbent stability over 15 cycles (cycle zero 

represents theoretical capacity). 

 

 

 

Figure 37: SEM images of 75:25 w/w CaO:Ca12Al14O33 Al-sorbent at low magnification 

(a) before cycling; (b) after 2 cycles; and (c) after 15 cycles; and at high magnification   

(d) before cycling; (e) after 2 cycles; and (f) after 15 cycles. 

 

 

There is a very obvious initial increase in sorbent stability for the 50:50 Al-sorbent and 

the 35:65 Al-sorbent (see Figure 36(b)). The mayenite phase forms slowly during the first 
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few calcinations and, as it does, makes more CaO available for CO2 capture. Cycling data 

showed that the 75:25 Al-sorbent is the most stable and retains the highest capacity after 

15 cycles. 

 

Both capacity and stability are necessary metrics for complete analysis of sorbents. For 

example, the 65:35 Al-sorbent shows a moderate capacity of about 0.5 g CO2/g sorbent 

but excellent stability over the course of 15 cycles, which indicates that the 65:35 Al-

sorbent could be a potential sorbent for cycle numbers significantly larger than 15 (i.e., 

hundreds of cycles). The 95:5, 85:15, and 75:25 Al-sorbents captured the most CO2 per 

gram of sorbent after 15 cycles (see Figure 36). The 75:25 Al-sorbent was the most stable 

over 15 cycles (93% capacity retention); however, all three sorbents have the same 

capacity after 15 cycles. In general, the literature reports that the higher dopant content 

sorbents tend to be the most stable over long cycles. 

 

FSP Sorbents 

 

Twelve sorbents, including CaO, ZrO2-doped CaO, MgO, MgO-doped CaO, and ZrO2-

doped MgO, were synthesized using FSP. Single point N2-BET surface areas of these 

products ranged between 21 and 54 m
2
/g, as shown in Table 5. The diameter of the 

sorbent particle was estimated assuming that the particle is spherical and composed of 

metal oxide (the presence of carbonate was ignored) using the following equation:  

dBET=6/(ρ*SSA)        (8) 

where ρ is the density of the sorbent and SSA is the specific surface area. The density of 

the sorbent was estimated by using a weighted average of the metal oxide components in 

the expected FSP products. The estimated diameters of these sorbents ranged from 33 to 

71 nm, as shown in Table 5.  

 

TEM images of MgO/CaO (1:10) particles revealed particle size of the sorbent was 

smaller between 15 and 40 nm, as shown in Figure 38. The overestimated particle size 

based on Equation (8) could be a result of under-measured specific surface area due to 

the deposition of precursors in particles. In addition, TEM images (specifically the left 

image in Figure 38) clearly exhibited the presence of crystallites. Additional 

characterization of FSP sorbents is planned to provide more insight on physical and 

chemical properties of FSP sorbents.  

 

 

Table 5: BET surface-based particle diameters (assuming spherical particles). 

Expected FSP Product BET SSA, m
2
/g Density, kg/m

3
 dBET, nm 

CaO 54 3346 33 

ZrO2/CaO (1:10) 43 3452 40 

ZrO2/CaO (1:1) 21 4052 71 

MgO/CaO (1:10) 28 3362 64 
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Figure 38: TEM images of MgO:CaO (1:10) FSP particles. 

 

 

Synthesis and characterization of FSP particles with various compositions and synthesis 

conditions are currently in progress and will continue in Phase II. CO2 adsorption and 

multi-cycling stability of FSP sorbents will also be evaluated using the TGA and the 

HTPR in Phase II. 

 

Modification and Shakedown Tests of a High Temperature and Pressure Reactor (HTPR)  

 

A HTPR system with the capability to operate at 300 psig and 950C was redesigned and 

upgraded to furnish and replace electrical components, improve instrumentation and 

monitoring capability, and ensure safe operation.  

 

 
 

 

A schematic diagram of the HTPR is displayed in Figure 39. Overall design 

specifications conform to ASME Section VIII pressure vessel codes. Components of the 

reactor system include a gas delivery unit, an external preheater, a double-shell reactor, a 

three-zone furnace, temperature controllers/displays, pressure controllers/displays, and a 

data acquisition system. The pressurized reactor is a double-shell reactor with an internal 

Figure 39: Schematic diagram of the HTPR. 

Figure 40: Photograph of the HTPR 

(left: control panel, middle: two pre-

heating tube furnaces, right: HTPR). 
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three-zone furnace. The double-shell design was chosen to reduce metal stress and 

fatigue. The outer shell is constructed of a 19-inch type 316L stainless steel tube 

(schedule 40) and has a length of 29 inches. The reactor tube is 30 inches long and has a 

nominal diameter of one inch (schedule 80). A porous distribution plate made of 

Hastelloy-X material (1/4-inch thick, 5 m holes) is welded at a location of 20 inches 

from the bottom of the tube. Sorbent samples are placed above the plate and the portion 

of the tube below the plate is used to preheat the reaction gas. The three-zone furnace is 

constructed from Lindberg replacement furnace heating units. Two 4-inch units rated at 

280 watts each and four 8-inch units rated at 690 watts each were used. These heating 

units are attached together by casting in Inswool moldable ceramic fibers. Two half 

furnaces are manufactured, tapped with thermocouples, and banded together to form one 

split furnace. The two 4-inch units are placed at the top portion of the reactor where the 

porous plate is located. The four 8-inch units were wired in parallel and used in the 

preheater section of the reactor. The entire furnace assembly is surrounded by five inches 

of insulation to maximize heat transfer to the reactor tube and to prevent overheating of 

the outer shell.  

 

During upgrading, heat transfer calculations were performed to determine the feasibility 

of using two existing tube furnaces in series to preheat reactant gases and generate steam 

by vaporizing water. An existing high pressure water pump was tested for injecting water 

into the first preheating tube furnace. Temperature controllers were installed to control 

and monitor the two preheating furnaces. Piping size calculations were also performed to 

determine the required thickness of tubing at desired operating temperatures and 

pressures. Based on these calculations, the HTPR system was assembled with installation 

of accessory devices and tubing. In addition, a gas collection system (IsoTube) 

manufactured by IsoTech Corporation, Champaign, IL, was installed at the exhaust end 

of the reactor to collect gas samples for gas chromatography (GC) analysis. A photograph 

of the HTPR system is shown in Figure 40. 

 

Shake-down tests were performed to evaluate the performance of major components 

(temperature, pressure, and flow controls; heating elements; etc.) of the HTPR system. 

Calibration of electronic components of the control panel, such as temperature and 

pressure displays was also conducted. The assembled system was tested for leaks at 

various operating pressures under N2 and related problems were indentified and resolved. 

The HTPR system will be used to evaluate the performance of sorbents for CO2 

adsorption/desorption and sorption enhanced WGS reaction in Phase II.  

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Conclusions 

 

Seven candidate sorbents, including two metal oxides (Mg, Ca), three zirconates (Li, Ca, 

Ba), one silicate (Ba), and one titanate (Ba), were identified to be thermodynamically 

promising for SEWGS application. Process simulation studies revealed that depending on 

individual sorbents, net thermal efficiency of IGCC-SEWGS is 0.5-2.4% higher than 

IGCC with a conventional Selexol process for CO2 capture.  
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Molecular simulation studies including QC calculations and MD simulations assessed 

carbonation and calcination reactions of CaO-based sorbents. Results revealed that a 

hollow sorbent particle (CaO) exhibits higher CO2 capacity than a solid structure and 

CaO doped with MgO is more reactive than CaO sorbent alone.  

 

More than 40 SEWGS sorbents, mostly Ca-based, were synthesized using MA, USP, and 

FSP approaches in Phase I. Most of these sorbents were characterized and evaluated for 

their capacities and stabilities for CO2 adsorption/desorption over multiple cycles. Both 

dry and wet ball-milled MA CaCO3 sorbents exhibited CO2 adsorption capacities and 

stabilities that were an improvement over commercial CaCO3 materials. The performance 

of CaCO3 sorbents was improved by doping with inert MgO. The wet ball-milled 

CaCO3:MgO sorbents containing between 16 to 86 wt%  MgO retained greater than 90% 

of their initial capacities after 15 adsorption-desorption cycles. Hollow, porous CaCO3 

sorbents were synthesized using the USP method. Sorbents were spheres of ~ 1 m with 

a shell thickness of 50-100 nm. The CaO generated upon calcination of CaCO3 exhibited 

a high surface area (up to 75m
2
/g). Compared to a solid CaCO3, the hollow USP-

synthesized CaCO3 offered improved stability over multiple cycles. Doping of 

magnesium and aluminum further improved the stability of USP sorbents. For example, a 

75:25 w/w CaO:Ca12Al14O33 (mayenite) sorbent retained 91% of its initial capacity after 

15 cycles while a USP CaO only retained 43%. Nano-sized (<71 nm) CaO, ZrO2-doped 

CaO, MgO, MgO-doped CaO, and ZrO2-doped MgO sorbents were synthesized using 

FSP. These sorbents exhibited high surface areas between 21 and 54 m
2
/g. 

 

A high temperature and pressure reactor (HTPR) system with the capability to operate at 

300 psig and 950C was upgraded. Shakedown tests were performed to evaluate the 

performance of major mechanical and electric components of the system and safety 

issues. The HTPR will be used to evaluate the performance of developed sorbents for 

CO2 capture and WGS reaction.  

 

Future Work in Phase II 

 

The following molecular simulation work will continue in Phase II to guide sorbent 

synthesis studies: 1) dynamic behavior of adsorbate-sorbent interaction, pore plugging 

and sintering mechanisms, and surface morphology evolution; 2) CO2 adsorption 

isotherms (NVT ensembles) on selected sorbents and their macroscopic thermodynamic 

properties required for process analyses; 3) CO2 adsorption/desorption on selected 

sorbents and impacts of system pressure and presence of impurity gases (such as H2O); 

and 4) creation/validation of force field parameters used in ReaxFF for these new systems.   

 

Candidate sorbents identified from thermodynamic studies will be procured and/or 

synthesized using USP, FSP, and other approaches. They will be experimentally 

evaluated for their CO2 adsorption kinetics and the impact of selected dopants will be 

examined. Sorbents demonstrating acceptable kinetics, capacity, and stability will be 

selected for parametric tests to evaluate optimal regeneration conditions and the impact of 

impurities (H2S, COS, CH4, NH3, HCl) for CO2 capture. A high temperature and pressure 
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reactor (HTPR) will evaluate CO2 adsorption performance of sorbents at conditions 

simulating coal-derived WGS reactor gas. Finally, an engineering feasibility/cost study of 

a 1187 MWth IGCC-SEWGS plant using optimal material(s) and operating conditions 

identified in this research will be conducted during Phase II. 
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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 
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