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ABSTRACT 

 
After industrial revolution, the increases of CO2 

concentration in the atmosphere are resulted from the 
consumption of huge amounts of fossil fuels; hence causes 
global climate changes including temperature increasing 
and ocean level rising. Technologies on the mitigation of 
carbon dioxide emission have been developed, and CO2 
removal from gas mixture by washing with solvent is one 
of the most widely practiced industrial gas-absorption 
processes. Wet scrubber requires large amount of water, 
resulting in decreasing the thermal efficiency of the system, 
hence the high temperature carbonation by dry techniques, 
such as adding sorbents of calcium and magnesium in the 
gasifier to react with carbon dioxide and form metal 
carbonate, is a trend for related fields. Therefore, reducing 
the cost of sorbents is of important in this technique. 
Consequently, two types of metal waste (slag and fly ash) 
are used to absorb carbon dioxide and identified their 
utilization under various conditions. 
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1 INTRODUCTION 
 
Carbon dioxide capture and storage is now included in 

most OECD (Organisation for Economic Co-operation and 
Development) countries' energy policies and R&D 
programmes as a potential contributor to carbon dioxide 
mitigation strategies. Techno-economic studies have 
generally concluded that in any widespread deployment 
capture is the most expensive element of the chain. 

A number of ways of achieving high levels of carbon 
capture have been identified with the proviso that some 
systems are more likely to be matched to particular power 
production methods. The majority of fossil fuel fired power 
plants produce a low pressure, low CO2 concentration flue 
gas and actions to remove these are more likely to be based 
on some form of solvent scrubbing with separate solvent 
regeneration and recycle. This is called post-combustion 
capture. 
Post-combustion capture of CO2 by solvents such as 
methanolamine (MEA) is commercially available now from 

well-known licensors. However, such processes were not 
originally designed for application in large fossil fuel fired 
power stations. About 40% of the world's power generation 
is based on the use of pulverised coal which, if linked to 
solvent-based CO2 capture, would present the solvent 
system with a range of contaminants. To use such solvents 
in an oxidising environment requires additives to reduce 
degradation. 

The CO2 Capture Project (CCP) is an award-winning 
partnership of seven major energy companies working to 
advance the CCS technologies that will underpin the 
deployment of industrial-scale CO2 capture and storage. 
Since its formation in 2000, the CCP has undertaken more 
than 150 projects to increase the science, economics and 
engineering applications of CO2 capture and storage (CCS). 
The group has been working closely with government 
organizations - including the US Department of Energy, the 
European Commission and more than 60 academic bodies 
and global research institutes. 

The CCP has completed the second of three phases and 
has now embarked upon the third phase of its crucial work 
to develop and test next generation CCS technologies. The 
insights of this work are critical in helping to reduce or 
eliminate CO2 emissions associated with ongoing use of 
fossil fuels. During the second phase of its work (Phase 
Two - 2004-2009), CCS moved from a theoretical construct 
to market ready. CCS is now accepted as an appropriate 
emissions reduction technology to help address the 
challenge of reducing CO2 emissions while the world 
develops alternative energy sources. Over the last ten years, 
CCP has done more than any other single industry body to 
advance the science of CCS. 

Technologies on CO2 removal from gas mixture by 
washing with solvent is one of the most widely practiced 
industrial gas-absorption processes. Wet scrubber requires 
large amount of water, resulting in decreasing the thermal 
efficiency of the system, hence the high temperature 
carbonation by dry techniques, such as adding sorbents of 
calcium and magnesium in the gasifier to react with carbon 
dioxide and form metal carbonate, is a trend for related 
fields. Therefore, reducing the cost of sorbents is of 
important in this technique. Consequently, two types of 
metal waste (slag and fly ash) are used to absorb carbon 
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dioxide and identified their utilization under various 
conditions. 

 
2 MATERIAL AND METHODS 

 
2.1 Sorbents preparation 

The wast metal oxyside powders were both the cinder of 
the steelmaking process and the ash of the air pollution 
control system for the steelmaking furnace. The waste 
metal oxydie were put into the oven at 105 °C for four 
hours and then pulverized the particle size in the range of 
30~50mesh. 

 
2.2 Sorbents characterization 

The sorbents' surface areas and average pore diameters 
were measured through N2 adsorption at liquid-nitrogen 
temperature by a surface area analyzer (Micromeritics 
ASAP 2400). 

The DTA-TGA (differential thermal analysis-
thermogravimetric analysis) analysis was carried out in 
4.7% H2 in He (100 mL min-1) on a thermogravimetric 
analyzer (Pyris Diamond TG/DTA, Perkin Elemer 
instruments); the temperature cycle was programmed from 
40 to 1,100 °C at a rate of 10 °C min-1. 

An X-ray diffractometer (Rigaku D/max III V XRD) 
was used to analyze the catalysts' structures. The radiation 
source was Cu Kα. The applied current and voltage were 30 
mA and 40 kV, respectively. During the analysis, the 
sample was scanned from 10 to 80 degree at a speed of 0.4 
degree min-1. 

Concentrations of the metal oxides were determined by 
inductively coupled plasma (ICP). After the digestion, 
filtration and dilution processes, the extracted solution was 
analyzed by inductively coupled plasma atomic emission 
spectrometry (ICP/AES, JY38P model, JOBIN YVON). 

Elementar vario EL III Heraeus CHNOS Rapid F002, 
equipped with a flash combustion furnace and thermal 
conductivity detector (TCD), was used for carbon and 
sulfur determination. 

 
2.3 Sorption experiments 

The CO2 mineralization experiment mainly consisted of 
three sections and shown in Figure 1: (1) a CO2 gas 
simulation system; (2) a mineralization reaction system; 
and (3) an effluent gas analyzing system. The composition 
of major simulation coal gases were composed of 40% CO2, 
and 60% N2, which were similar to the quenched exit gas of 
the Oxy-fule process. Gases were supplied from gas 
cylinders and flow rates were monitored through mass flow 
controllers. Prior to their use, the gases were conducted into 
a mixing pipe to confirm that mixture gases were in 
turbulence. 

 The mineralization of this study was conducted in a 
bench scale fixed bed reactor under atmospheric pressure. It 

consisted of a 1.5 cm i. d., 1.8 cm o. d., and 85 cm length 
quartz tube located inside an electrical furnace. A frit quartz 
disk was set in the reactor, 45 cm below the top of the tube, 
to support the sorbent. The weight of sorbent packing was 
1.5 g (thickness 0.85 cm). The temperature was monitored 
by a K-type thermocouple to the reactor so that its tip was 
exactly at the top of the sorbent bed and controlled by a 
TTE TM-4800 temperature controller. Blank breakthrough 
experiments were conducted at the reaction conditions and 
confirmed that no sorption/reaction of H2S was taking place 
anywhere along the lines. 

The inlet and outlet CO2 concentration analysis were 
conducted on-line with a CO2 analyzer. The inlet and outlet 
gas stream was sampled every three minutes in all cases. 

The mineralization test was conducted at 500 ºC by tube 
reactor and 700 ºC by TGA analysis, respectively, with 
40% CO2 gas and the weight hourly space velocity (WHSV) 
was controlled at 6,000 mL hr-1 g-1. The breakthrough point 
was defined as the time of the CO2 concentration reach to 
4,000 ppm and then abrupt change in the exit gas.  

 
3 RESULTS AND DISCUSSION 

 
3.1 Sorbents characterization 

In order to compare the desulfidation property of 
various sorbents, the CO2 mineralization capacity (CMC) 
was also used. The definition of the CO2 mineralization 
capacity was defined as follows: 

in out
0

g-SulfurCMC ( ) ( - )
100 g-Sorbent 24.5

tM
WHSV C C dt

⎡ ⎤⎛ ⎞
= × ×⎢ ⎥⎜ ⎟

⎝ ⎠ ⎣ ⎦
∫  (1) 

 
Where, WHSV is the weight hourly space velocity (mL 

h-1 g-1); M is the molecular weight of CO2; the mole volume 
of CO2 at 25ºC, 1atm, is 24.5 L mol-1; Cin and Cout are the 
CO2 inlet and outlet concentrations (%), respectively; t is 
the breakthrough time of mineralization process (min). 

The sorbent utilization (SU) of various sorbents can also 
be defined as equation (2) and the results shown in Table 1. 

0

CSCSU(%)= 100% 100%
TSC

t

t
× = ×  (2) 

where, t0 is the theoretical breakthrough time (min.), 
calculated by substituting theoretical CMC into equation (1). 

 

Sorbents
Experimental 
breakthrough 

time (min) 

Theoretical 
breakthrough

time (min) 

Utilization 
(%) 

Ca(OH)2 97.1 99 95.5 
CaO 26.1 131 18.3 

Mg(OH)2 3.5 126 2.3 
MgO 7.0  183 3.0  

Table1 Sorbents utilization for CO2 removal at 773K 

 
3.2 Sorption experiments 
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According to realize the characteristic of the 
mineralization reaction for the Ca(OH)2, CaO, Mg(OH)2, 
and MgO. The TGA analysis was conducted in this study at 
temperature increasing rate 10 K min-1. The results shown 
in Figure 1 to Figure 4. As shown in Figure 1, a weight 
incrrease phonomine (32% weight) for the Ca(OH)2 at the 
temperature range from 573K to 833K. The theoretical 
weight ingreas percentage was about 35%, this indicated 
that the SU of Ca(OH)2 is more than 91%. 
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Figure 3 Temperature-programmed reduction profile of 

Mg(OH)2 under 100% CO2 
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Figure 1 Temperature-programmed reduction profile of 

Ca(OH)2 under 100% CO2. 

As shown in Figure 2, a weight incrrease phonomine 
(20% weight) for the CaO at the temperature range from 
573K to 973K. The theoretical weight ingreas percentage 
was about 79%, this indicated that the SU of CaO is about 
25%. Figure 4 Temperature-programmed reduction profile of 

MgO under 100% CO2 

100 200 300 400 500 600 700

0

20

40

60

80

-200

-150

-100

-50

0

50

TG
 (%

)

90

100

110

120

130

DTA (μV) 
DTG (μg/min) 
TG (%) 

D
TA

 ( μ
V

)

D
TG

 ( μ
g/

m
in

)

Temperature ( )℃  
Figure 2 Temperature-programmed reduction profile of 

CaO under 100% CO2. 

As shown in Figure 3 and 4, a weight incrrease 
phonomine for the Mg(OH)2 and MgO can neglect.  

The wast matel oxide sorbent was taken out for the x-
ray diffraction analysis and the results are shown in Figure 
5.  

As shown in Figure 5, the principal peaks represent 
Ca(OH)2 crystal phase in the spectrum of slag. The 
principal peaks represent Ca(OH)2 crystal phase in the 
spectrum of slag. 
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Figure 5 X-ray power diffraction (XRD) patterns for 
the fresh slag and fly ash 
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Table 2 shows the BET surface area and total pore 
volume for fresh slag and fly ash. As the result shown, the 
surface area of slag is large than fly ash, and the average 
pore diameter show the opposite phenomena. 

 

Sorbents BET Surface  
Area(m2/g) 

Total pore  
volume (cm3/g) 

Average pore 
diameter (nm)

Slag 2.9 0.0077 293.6  
Fly ash 2.4 0.0028 399.5  

Table 2 BET surface area and total pore volume for fresh 
slag and fly ash 

Figure 6 show the pore diameter distribution for slag 
and fly ash. As the results shown, the pore distribution for 
the fresh slag and fly ash were mainly in macropores range 
(300~3,000 nm). 
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Fig. 6 Pore diameter distribution for slag and fly ash. 

Table 3 show the sorbent utilization of slag and fly ash. 
As the results shown, the slag has a good sorbent utilization 
than fly ash did. 

 
  

Sorbents 
  

Experimental 
breakthrough 

time (min) 

Theoretical 
breakthrough 

time (min) 

Utilization
(%) 

Fly ash 0.91 3.3 15.7

Slag 8.0 25.0 25.0

Table 3 Sorbents utilization for CO2 removal at 773K 

 
4 CONCLUSION 

 
Results of this study are described as follows: (1) 

Regarding the carbonation by using Ca(OH)2, CaO, 
Mg(OH)2 and MgO in TGA, the results show Ca(OH)2 has 
the best utilization of about 91%. (2) According to the 
results of ICP and XRD analysis, the Ca content of slag is 

high than that of fly ash. Furthermore, the Ca in slag 
existing as the Ca(OH)2 type, hence has a great potential on 
the carbonation. (3) The results show that slag is the better 
choice between these two metal wastes for the removal of 
CO2, and the utilization is a function of calcium content of 
the metal wastes. (4)The optimal operating temperature is 
about 500°C for the CO2 removal with slag. (5) The results 
with regarded to regeneration of sorbent show that the 
carbonated slag releases CO2 much more completely at over 
825°C. (6) The effects of several parameters on the removal 
of CO2 by slag were studied. The results indicate that the 
relative humidity (RH) can enhance the carbonated reaction 
and the optimal condition is 10%. However, the utilization 
decreases as the RH increases over 10%, resulting from 
blocking of carbonation by extreme RH. Additionally, the 
utilization increases with the CO2 concentration when the 
concentration of CO2 is less than 60%. The space velocity 
between 2,000 and 6,000 mL/hr/g has no significant effect 
on slag utilization. 
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