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Outline of talk

1. Methods of capturing CO2

2. Limitations of conventional adsorbents
3. Adsorbents for CO2 capture from PF plants
4. Adsorbents for CO2 capture from IGCC 

plants
5. Conclusions
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Capturing CO2 commercially: 
Chemical absorption
Chemical absorption with monoethanolamine (MEA) only 
current commercial CO2 capture method

Some factors contributing to operating cost:

Under flue gas conditions MEA has limited lifetime

MEA is highly corrosive

Use of MEA requires heavy use of additives 

Regeneration stage is very energy intensive: can reduce power 
output by 20 %3

Overall, 75–80 % of cost of capturing and 
sequestering 90 % of CO2 from a power plant is 
attributable to capture and compression stage4

3 Chapel, D. G., Mariz, C. L. and Ernest, J. (2001). Recovery of CO2 from Flue Gases: Commercial Trends. First National 
Conference on Carbon Sequestration, NETL Publications
4 David, J. (2000) In Engineering Systems Division, MIT, Massachusetts, pp. 84.
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Emerging methods of capturing 
CO2 from flue gases

• Membranes
• Cryogenic separation
• Mineral carbonation

• Adsorption
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PF flue gas conditions

Typical temperature: 50-120 ºC

Typical pressure: Ambient

Typical volumetric composition:

13 % CO2 (low partial pressure)
3 % O2

73 % N2

10 % H2O

300-3,000 ppm SOx

100-1,000 ppm NOx
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CO2 Capture by physical adsorption: The 
problem of temperature and low partial pressure
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Principal factors affecting 
CO2 uptake of carbons

Surface area
− Greater the surface area, the greater the available contact 

area for the CO2 to be adsorbed by the sorbent

Surface chemistry: governed by:
− Presence of heteroatoms (oxygen, hydrogen, nitrogen)

− Precursor compounds / original heteroatom functionality 

− Method of carbon preparation / activation, leading to 
acidic or basic functional groups
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Amine impregnation: The hybrid 
adsorption-absorption process

Xu, et al.5 loaded the amine  polyethylenimine (PEI) 
onto a mesoporous crystalline silica (MCM-41) 
(diameter of pores in 2-50 nm size range)

Result: At 75 ºC, PEI increased silica’s CO2 adsorption 
capacity from 0.8 wt.% to 13.3 wt.%.

High performance at high temperatures & ambient pressures 
makes it ideal sorbent for CO2 capture from PF gases

5 Xu, X., Song, C., Andresen, J. M., Miller, B. G. and Scaroni, A. W. (2003). Preparation and 
characterization of novel CO2 "molecular basket" adsorbents based on polymer-modified mesoporous 
molecular sieve MCM-41, Microporous and Mesoporous Materials 62 (1-2), 29-45
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PFA - Pulverised Fuel Ash

• PFA is fly ash resulting 
from pulverised-coal 
combustion

• Particles < 0.5 mm in 
diameter

• Primarily comprised of 
alumino-silicates 

• Up to 25 wt.% of PFA is 
carbonaceous material 

• PFA is a very cheap source of carbon:
In 1997, UK produced 6.2 million tonnes, 43.6 % of which was 
landfilled6

45%

26%

10%

5%

10%
4%

SiO2 Al2O3
CaO Fe2O3
Carbon Other (Mg, K, S etc.)

6  Ash Resource Center (2004). University of North Dakota. Available at: 
<http://www.undeerc.org/carrc/html/Utilization.html>
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Procedure for converting 
PFA into a usable substrate

1) Beneficiation: Extract carbon fraction
• Froth flotation
• Demineralisation
• Incipient fluidisation
• Dry-sieving

2) Activation: Imbue carbon concentrates with a 
suitable pore structure capable of accepting 
amines
• Physical - CO2, steam
• Chemical - KOH, NaOH, K2CO3
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Amines used and 
their thermal stability
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CO2 uptake at 75 oC of amine 
impregnated PFA-derived 
carbon
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Pore structure dimensions of best PFA-
derived carbons from activation 
(determined from N2 isotherms 77K)

PFA is 75-710 μm fraction of High Marnham, carbon content (LOI) is 79 wt.%

-32.1Ash content (wt.%)

15.35.4  (7.96)Average mesopore 
diameter (nm)

1.880.10  (0.15)Mesopore vol (cm3/g)

283.4127  (185.5)BET surface area 
(m2/g)

Mesoporous 
Silica 

PFA-derived AC     
(ash-free)

Substrate

Demineralisation coupled with optimisation of activation procedure have 
potential to make PFA carbons competitive with MCM-41
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TSA regeneration of PEI 1800 MM 
loaded substrate  

(1 min desorb, 40 min 75 ºC sorption)
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Dynamic rig testing
Silica 40wt.%PEI - 15% CO2 85 % N2
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• Equilibrium (max) uptake achieved under simulated flue gas (15 %
CO2) commensurate with equilibrium CO2 uptake under CO2

• Effective at short contact times 

Contact times (s) – pore volume is 1.65ml:
4.9 2.0 1.0 0.7 0.5
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SO2 capture
Demonstration of highly effective SO2
removal potential

•Dynamic rig testing –
special gas 15% CO2, 
1000 ppm SO2

•No breakthrough of SO2
•Adsorption capacity of 
the “front end” of the 
adsorbent reduced after 
contacting with SO2

•Demonstrates SO2 only 
penetrates the front end 
of the adsorbent bed
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Adsorbents for CO2 capture from 
gasification plants

•Flue gas at pressure for capture so efficiency loss  
(ca. 6%) and associated cost lower than for other 
technologies

•Use of physical solvent processes (e.g. Selexol) for 
capture already established, but require pressure 
swing adsorption (PSA) for regeneration - major 
costs associated with recompression

•Opportunity for physical adsorbents –
more economic regeneration by mild thermal 
treatment
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Preparation of nitrogen 
enriched carbons

Carbonisation - 400 °C, 30 minutes

Surface area enhancement: Activation - physical or chemical

Hydrolysis of mixture with sulphuric acid

UR - Urea-formaldehyde 
resin

N

N
H

H
OH

O

N
H

NH2

O

NH2

acridine A proline P carbazole C urea U

Physical mixing of sugar with nitrogen source

MTX: Carbon matrix (sugar) 
infused with nitrogen source (X)

Nitrogen sources

Curing: 2 Hrs 120 oC under nitrogen
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Influence of temperature on CO2
uptake of co-pyrolysed sugars
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Influence of N content and 
surface area on CO2 uptake at 

25 ºC of sorbents
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MTC has lowest nitrogen 
content but highest CO2
uptake per m2 of its 
surface area
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XPS – surface composition 
analysis

Best performing adsorbent MTC has highest conc. of surface 
nitrogen and only adsorbent to contain oxidised nitrogen

Worst performing adsorbent (MTU) dominated by N-pyridine 

Atomic conc. (%) N 1s peak distribution (%)Sample

C N O N-pyridine N-P/Pa N-Xb

MTA 91 2 7 35 65 0

MTC 93 3 4 30 53 17

MTP 88 2 10 27 73 0

MTU 93 2 5 78* 0 0
aContribution assigned to pyridone and pyrrole N-functionalities
bContribution assigned to oxidised N
*Sample MTU present 22% of N 1s peak centred at 396 eV, which could correspond to the
presence of nitrides

Further information - Arenillas et al., J. Anal. Appl. Pyrolysis, 2005 (available online)
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CO2 uptake, N content and 
surface area of activated 

UF resins 

High activation temperatures conducive to high surface 
areas, but detrimental to nitrogen functionality

Nitrogen functionality most influential for CO2 adsorption   

Resin Activating 
agent 

Activation 
temperature 
(°C) 

CO2 uptake  
25 °C (wt 
%) 

CO2 uptake  
75 °C (wt 
%) 

N wt % BET m2g-1 

CO2 900 0.9 0.4 9.7 444 
400 3.0 1.3 7.9 55 
500 8.2 3.51 9.9 542 
600 5.7 2.14 8.8 910

K2CO3 
Urea-
formaldehyde 
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High pressure adsorption: 
UF resin
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Summary and conclusions: 
Amine loaded sorbents

Because of their low mesoporosity, PFA-derived activated 
carbons favour smaller amines.  High MM amines (PEI) however 
preferred because of greater thermal stability

PFA carbon’s competitiveness with silica MCM-41 restricted by 
high ash content.  Can be remedied through demineralisation

Regeneration of PEI-loaded substrates by TSA is feasible

Breakthrough capacity approaches parity with equilibrium 
capacity with increasing contact time

Amine-based sorbents can be used as a polishing stage in the 
capture of SO2
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Summary and conclusions: 
Nitrogen-enriched carbons

Carbons produced from co-pyrolysis of N-source compounds 
with sugar can adsorb over 8 wt.% CO2 at ambient conditions

Initial N-source starting material greatly influences CO2 uptake 
- carbazole derived active carbons providing the best uptake

Overall nitrogen content is not an indicator of CO2 adsorption 
performance: adsorption dependent upon nitrogen functionality  

Activated Urea-formaldehyde resins also attain high CO2

uptakes: 8.2 wt.% at 1 bar, 20 wt.% at 20 bar
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Questions?

Nick D. Kim, 1993, http://www.mrseiler.org/cartoons.html
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CO2 – Continuous flow 
adsorption

Silica-40%PEI - isotherms
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• Equivalent adsorption capacity achieved for continuous flow conditions 
as equilibrium uptake with simulated flue gas (15% CO2)
• Effective at short contact times
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Pore structure dimensions of best PFA-
derived carbons from activation 
(determined from N2 isotherms 77K)

Substrate CO2 
horizontal 

Steam – 
vertical 
(downward)

 

Chemical 
activation 
(NaOH) 

 

Mesoporous 
Silica  

BET surface 
area (m2/g) 

130.1 
(191.4) 

151.1 
(217.54) 51.0 283.4 

Mesopore vol 
(cm3/g) 

0.13 
(0.19) 

0.17 
(0.24) 0.20 1.88 

Average 
mesopore 

diameter (nm) 

8.8 
(13.05) 

6.0  
(8.72) 14.8 15.3 

Ash content 
(wt.%) 32.6 31 NA  

 

 

•PFA is 75-710 μm fraction of High Marnham, carbon content (LOI) is 79 wt.%

•Best CO2 uptake achieved with PEI 40 wt.% loading from PFA carbon is 4.7 wt.%.  
Ash content was 22 wt.%.
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Measurement of CO2 adsorption
Thermogravimetric analysis (TGA)

Increase of sample mass in a stream of CO2: 

Slow heating over a range of temperatures

− 1) Sample dried at 100 °C under N2 for 1hr

− 2) Sample held at 25 °C under a flow of CO2 for 2hrs

− 3) Sample heated at rate of 0.25 °C/min to 100 °C under CO2

− 4) Sample regenerated at 100 °C under N2 for 30 min 
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Isothermal uptake 25 °C

Temp dependent uptake
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TSA regime optimisation 
with TGA

3 cycle TSA program under CO2 (preceded by drying in N2 for 30 mins): 
Adsorption: 40 min, 75oC
Regeneration : Heating to regeneration temp at 15oC/min, 1 minute at 

regeneration temp, cooling at 10 oC/min to 75oC

160oC 160oC

Sorbent: SD4016 40 
wt.% PEI 1800 MM

160oC
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Effect of regeneration time on 
40 wt.% PEI 1800 MM loaded 

silica
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Lifetime analysis of 40 wt.% 
PEI 1800 MM loaded silica 
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Textural properties of N 
enriched carbons 

Dubinin-Radushkevich t-method
Sample

N
(wt%)

C
(wt%)

N/C
ratio

SBET

(m2 g-1)
W0

(cm3 g-1)
L

(nm)
Smi

(m2 g-1)
SD

(m2 g-1)
Vmicro

(cm3 g-1)
Vmeso

(cm3 g-1)
S 0.0 73.8 - 1480 0.775 1.1 1440 2182 0.5894 0.1943

ST 0.0 88.9 - 1107 0.504 1.4 711 1420 0.3170 0.3305
SA 2.1 62.9 0.03 113 0.068 2.1 64 191 0.0496 0.0193
SC 1.7 58.8 0.02 185 0.110 2.0 112 310 0.0796 0.0351
SP 4.4 71.0 0.05 207 0.103 2.1 97 289 0.1012 -
SU 7.5 86.2 0.07 534 0.318 1.2 532 897 0.2405 0.0822

STA 3.4 87.5 0.03 597 0.313 0.8 740 882 0.2447 0.0618
STC 1.6 89.0 0.02 361 0.315 1.4 391 513 0.1322 0.1908
STP 3.6 85.6 0.04 501 0.230 1.0 453 647 0.1769 0.0510
STU 4.9 81.1 0.05 415 0.217 1.2 362 612 0.1679 0.0444
MTA 3.9 76.0 0.04 518 0.309 1.3 480 871 0.2330 0.0782
MTC 2.3 81.0 0.02 416 0.247 0.9 545 697 0.1863 0.0739
MTP 3.4 74.9 0.04 306 0.182 1.7 214 512 0.1340 0.0507
MTU 6.3 76.8 0.07 544 0.324 1.3 482 914 0.2434 0.0847
UR 9.7 80.5 0.10 444 0.230 1.8 260 649 0.1714 0.1097

PAN 6.0 62.0 0.08 222 0.132 1.1 242 373 0.1006 0.0323
CC 0.5 96.2 0.01 1225 0.620 1.2 1012 1875 0.4874 0.2940

Acid treatment only has a small influence on N contentAcid treatment only has a small influence on N contentCoCo--pyrolysis with Npyrolysis with N--compounds reduces advantageous textural propertiescompounds reduces advantageous textural propertiesAdsorbents prepared are dominantly 
microporous
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Amines tested

Polyethylenimine (PEI) - NH2(CH2CH2-NH)nH 
3 molecular mass (MM) forms used:

1800, 600, 423

Diethanolamine (DEA) - MM 105 – (C2H4OH)2NH

Tetraethylenepentaamineacrylonitrile
(TEPAN) MM 311

CNCH2CH2NHCNCH2CH2NHCNCNCHCH2NHCNCH2CH2NHCNCH2CH2NHCNCH2CH2CN
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Testing under simulated 
flue gas conditions

At 75oC and in a 
gas flow of 100 
ml/min 
comprising 85 % 
N2 + 15 % CO2, 
best uptake from 
40 wt.% PEI 423 
MM sample is 
4.7 wt.%
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Dry-sieving of PFA -
separation by size
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Froth flotation v. 
incipient fluidisation
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Summary - influence of N 
content on CO2 uptake
Sample N (wt%) C (wt%) C/N ratio CO2 uptake at 75oC (wt.%)

Silica 
40wt.% PEI 

1800mm
12 20.7 0.58 11.2

Silica 
60wt.% 

DEA
6.8 23.8 0.29 5.1

Silica 
60wt.% 
TEPAN

15.5 28 0.55 6.5
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Chemistry of CO2 adsorption

Surface adsorption using aminesSurface adsorption using amines

COCO22 + 2R+ 2R22’’NH NH ↔↔ RR22’’NCOONCOO-- + RR+ RR’’NHNH22
++ (1)(1)

COCO22 + 2H+ 2H22OO + R+ R22’’NCOONCOO-- ↔↔ 2HCO2HCO33
-- + R+ R22’’NHNH22

++ (2)(2)

Bicarbonate (HCOBicarbonate (HCO33
--) might also be formed directly from the amine + CO) might also be formed directly from the amine + CO22

+ water reaction:+ water reaction:

COCO22 + H+ H22OO + RR+ RR’’NH NH ↔↔ HCOHCO33
-- + RR+ RR’’NHNH22

++ (3)(3)

Potential for capture of other acid gases SOPotential for capture of other acid gases SOxx and and NONOxx and and 

recovery by selective regenerationrecovery by selective regeneration
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Effect of acid treatment
TGA thermal degradation profiles

Temperature oC
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Urea-formaldehyde and Melamine-
formaldehyde resin chemical 

activation  

Chemical activation* co-cured with 
KOH and K2CO3, 400, 500, 600, 700 

oC, 1 hour N2 atmosphere

Carbonisation - 400 °C, 30 minutes, 
heating 10 °C min-1

CO2 activation  - 900 °C, 30 minutes
Water wash + dry

Urea-formaldehyde resin + Melamine-foremaldehyde resin

OH N
H

N
H

N

O

CH2

N

N
H

N
H

N
H

O

O

N
H

OH
N

NH 2

NH2NNH2

N

*Hayashi et al., 2002
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Pore structure dimensions of best PFA-
derived carbons from activation 
(determined from N2 isotherms 77K)

Substrate CO2 
horizontal 

Steam – 
vertical 
(downward)

 

Chemical 
activation 
(NaOH) 

 

Mesoporous 
Silica  

BET surface 
area (m2/g) 130.1 151.1 51.0 283.4 

Mesopore vol 
(cm3/g) 0.13 0.17 0.20 1.88 

Average 
mesopore 

diameter (nm) 
8.8 6 14.8 15.3 

 

 

PFA is 75-710 μm fraction of High Marnham, 
carbon content (LOI) is 79 wt.%
Best CO2 uptake achieved with PEI 40 wt.% loading from PFA 
carbon is 4.7 wt.%.  Ash content was 22 wt.%.
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Pore structure dimensions of best PFA-
derived carbons from activation 
(determined from N2 isotherms 77K)

PFA is 75-710 μm fraction of High Marnham, carbon content (LOI) is 79 wt.%

-32.1Ash content (wt.%)

15.3Averaage mesopore 
diameter (m2/g)

1.880.10Mesopore vol (cm3/g)

283.4127BET surface area 
(m2/g) (car

Mesoporous 
Silica 

PFA-derived AC Substrate

Demineralisation has potential to make PFA carbons more competitive
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Future work

• Activation of PFA-derived carbons from 
other sources and utilisation of 
demineralisation to remove ash fraction

• High pressure studies
• Testing under dynamic simulated flue 

gas conditions 
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The Problem: CO2

• CO2 in atmosphere contributes to global warming

• Fossil fuel burning supplies 85% of world’s energy

(IEA, 2001)

• In 2000, coal burning was responsible for 37.8% of 
all CO2 produced from burning of fossil fuels 
(IEA, 2002)

• IEA (International Energy Agency), 2001, World Energy Outlook
• IEA, 2002, Capture & Storage of CO2
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Options for captured CO2

COAL 
PLANT

Sequestration

CO2 emissions to 
atmosphere:

Utilisation:
Commercial 
and industrial
Annual 
consumption: 

1 gigatonne2

Vegetation: 
Unknown

The ocean: 1000s 
gigatonnes2

8.8 gigatonnes
(1999)1

1 IEA Statistics (2001). CO2 Emissions from Fuel Combustion  (1971-1999), Paris, OECD/IEA
2 Herzog, H. J. (2001). What Future for Carbon Capture and Sequestration?, ENVIRON. SCI. TECHNOL. 35 (7), 148 A - 153 A

Coal seams, deep saline formations, depleted 
oil and gas reservoirs: 100s gigatonnes2
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Cured Urea formaldehyde 
(UF) resin
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Methods of capturing 
CO2 from flue gases

• Chemical absorption using new 
amines

• Membranes
• Cryogenic separation
• Mineral carbonation
• Adsorption
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CO2 capture and sequestration

Fossil fuels account for the supply of most of the worlds energyFossil fuels account for the supply of most of the worlds energy
needs.needs.

Combustion of fossil fuels is one of major sources of Combustion of fossil fuels is one of major sources of 
greenhouse gas COgreenhouse gas CO22

Influence of greenhouse gasses on global climate change has Influence of greenhouse gasses on global climate change has 
led to attempts to develop strategies for reduction of COled to attempts to develop strategies for reduction of CO22

emissionsemissions

Popular strategy involves the capture of COPopular strategy involves the capture of CO22 from large point from large point 
sources and storage underground or in the oceansources and storage underground or in the ocean

Commercial COCommercial CO22 capture technology that exists today is capture technology that exists today is 

expensive and energy intensiveexpensive and energy intensive
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Improved technologies are 
required for CO2 capture

Why consider adsorption for 
post-combustion CO2 capture? 

Disadvantages of amine plants

Flue gas SOx, soot and fly ash have to be removed 

Amine solutions have a limited life due to degradation engenderAmine solutions have a limited life due to degradation engendered ed 
by oxidation of the amine and irreversible complex formation witby oxidation of the amine and irreversible complex formation with h 
other acid gases. other acid gases. 

In order to keep machinery corrosion rates at an acceptable levIn order to keep machinery corrosion rates at an acceptable level, el, 
the concentration of MEA must be kept low and so reducing the concentration of MEA must be kept low and so reducing 
effectiveness.effectiveness.

PFA in the COPFA in the CO22 absorption solvent can cause foaming in the absorption solvent can cause foaming in the 
absorber and stripper, scaling and plugging of equipmentabsorber and stripper, scaling and plugging of equipment. . 

Overall, Overall, MEA scrubbing systems can reduce the power output of a MEA scrubbing systems can reduce the power output of a 
coalcoal--fired power plant by 10fired power plant by 10--20% (Chapel20% (Chapel, et al., et al., 2001, NETL).  The , 2001, NETL).  The 
effects of this extra energy consumption are increased costs andeffects of this extra energy consumption are increased costs and
ironically increased COironically increased CO22 emissions. emissions. 

Present cost of postPresent cost of post--combustion capture is commonly quoted in combustion capture is commonly quoted in 
the range of US$30the range of US$30--60/tonne of 60/tonne of COCO22 captured (Cook, 2002, captured (Cook, 2002, World World 
Coal Institute 44 Coal Institute 44 ). ). 
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Strategies for CO2 adsorption 
Impregnation technologies 

Impregnation of mesoporous / microporous materials (Silicas / Impregnation of mesoporous / microporous materials (Silicas / 
PFA) with amine functionalised polymers, e.g. Polyethylenimine PFA) with amine functionalised polymers, e.g. Polyethylenimine 
(PEI).  e.g Xu (PEI).  e.g Xu et al.et al. 2002 2002 

Potential problems:Potential problems:
−Alteration / degradation of the polymer during successive adsorption-
regeneration cycles

−Stability during high temp selective regeneration
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Strategies for CO2 adsorption 
Preparation of activated carbons 

Activated carbons - surface chemistry governed by:
− Presence of heteroatoms (oxygen, hydrogen, nitrogen)

− Precursor compounds / original heteroatom functionality 

− Method of carbon preparation / activation, leading to acidic or
basic functional groups

− Delocalized pi-electrons  (Leon y Leon and Radovic 1992)

Preparation of high N carbon based adsorbents

− Prepared at high temperature - thermostable

− Functionality and texture can be tailored

Sugar - Amino acid reactions (Maillard / Browning)

− Pyrolysis results in a decrease in H/C and O/C ratio but 
preservation of nitrogen

− N/C ratios of 0.1 commonly achieved  (Sharma et al., 2003)
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CO2 uptake
Adsorption profiles 
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CO2 uptake
Normalisation of surface area + 

nitrogen
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XPS Analysis
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Nitrogen functionality influence on 
CO2 adsorption
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