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1. Introduction

This paper aims to clarify the mechanisms governing the calcination and sulfation of limestone during oxy-fuel

combustion. Apart from pure limestone, the mixtures of limestone with a low-rank brown coal at three different
mass ratios were combusted in an lab-scale drop-tube furnace (DTF) to systematically examine the influences of a 

number of single parameters, including gas composition (i.e. 27% O2/ 73% CO2 versus air), flame temperature, ash 
to limestone mass ratio and the concentration of SO2 in the furnace. The furnace temperature and nominal gas 

residence time were fixed at 1000oC and 4 sec, respectively. The ash sample was collected through dry ice 
quenching, and analyzed by TGA to quantify the unreacted CaCO3 fraction, X-ray fluorescence spectroscopy (XRF)

for elemental quantification and X-ray Diffraction Spectrometer (XRD) for the speciation of crystallized structures.
The results indicate that, for the pure limestone, its calcination in 27% O2/73% CO2 was significantly inhibited by 

the large pressure of CO2, as expected. However, once coal is added with limestone together into the furnace, the 
fl ame formed by coal volatile oxidation outweighed the negative in fluence of CO2 partial pressure, accordingly, the 

limestone decomposition in 27% O2/73% CO2 was increased to the similar level with that observed in air, due to the 
same fl ame temperature confirmed in these two gases. The coal-bound fly ash also posed promoting effect on the 

decomposition of limestone, potentially through the initial formation of calcium alumino-silicate on the limestone 
surface, which was subsequently shed away by bulk gas. A fresh surface of limestone was thus exposed into bulk 

gas to continue decomposition or undergo sulfation. It was also confirmed that, the direct sulfation of limestone to 
CaSO4 played an important role on the sulfur capture in O2/CO2. Its reaction rate is slightly slower than the 

sulfation reaction of calcium oxide at the higher SO2 content in flue gas.. 
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2. Research background

Oxy-fuel combustion is a promising technology for coal -fi red power plants to mitigate its greenhouse emission in 

the short/medium term. Since a large portion of flue gas is recycled, the gaseous impurities such as SO2/SO3 within 
it can gradually accumulate in a furnace, which in turn potentially causes extra fouling and tube corrosion problems 

through the deposition of sulfates, as well as affects the purity of the CO2 which is eventually stored or sequestered 
in the aquifer systems or underground. To solve these problems and to avoid the secondary pollutions of CO2, the 

efficient capture of SO2 for flue gas clean-up is pivotal for an oxy-fuel system. 

In-furnace capture of SO2 through the use of limestone is a cost-effective manner for sulfur removal. As has been 
confirmed for the conventional air combustion, the sulfur removal of limestone involves two consecutive steps, 

calcination of limestone and sulfation of calcium oxide, according to 

23 COCaOCaCO:nCalcinatio  (1)

422 CaSOOSOCaO:Sulfation  (2)

24223 COCaSOO5.0SOCaCO: SulfationDirect  (3)

The calcination of CaCO3 by reaction 1 is affected by two parameters, CO2 partial pressure and particle 
temperature. The high CO2 partial pressure in an oxy-fuel furnace is expected to play a negative role. However, it is 

unclear if the increase in the particle temperature through radiative heat transfer from coal flame will promote the 
calcination degree of CaCO3. Regarding the sulfation reaction, apart from reaction (2), the direct sulfation of 

limestone according to reaction (3) is also considerable for sul fur capture, in particular during oxy-fuel combustion.  
The conclusions about the direct sulfation of limestone are however contradictory from one another in the literature.  

Liu and his co-workers [1] considered that, as the sintering extent of limestone in C O2 is decreased substantially, the 
direct sulfation of limestone exhibits a comparable rate to that of the sulfation reaction of calcium oxide in O2/CO2. 

Fuertes et al [2] and Snow et al [3] suggested the kinetic control and fast diffusion of gases for this reaction. Our 
previous result also confirmed the large potential for reaction 3 in O2/CO2 under certain conditions

[5]
. In contrast, 

Iisa and Hupa [4] hypothesized the diffusion limit for the direction sulfation of limestone, and some other researchers
also proposed the comparable significance of reaction control and diffusivity limit 

[6,7]
. Moreover, the influence of 

the coal-bound inorganic metals on the behavior of limestone in O2/CO2 mixture has not yet been studied. At the 
typical pulverized coal-fired temperatures, the interaction between calcium and alumina/silicon for the formation of 

molten eutectics is a significant cause inhibiting the sulfation capture efficiency in air
[8]

. 

The present study aims to address these knowledge gaps to clarify the transformation behavior of CaCO3 in O2/CO2. 
The behavior of pure limestone without coal addition in 27% O2/73% CO2 versus air was first examined to examine 

the influence of CO2 partial pressure. Secondly, limestone mixed with a brown coal at a mass fraction as high as 
18% (in comparison to ca. 2 wt% ash in the coal) was injected into above two gases to evaluate the influence of coal 

fl ame temperature. Thirdly, the different limestone to coal mass ratios and different SO2 content in flue gas were 
tested to address the influence of coal -bound inorganic metals and gaseous SO2 on the reaction rates of calcination 

and sulfation of limestone in O2/CO2 mixture. 

3. Experiment

The reagent-grade limestone with a single nuclei size of 12 m was tested. The coal sample used to mix with 
limestone is an air-dried brown coal of Victoria, Australia. Its size is 106~153 μm, sulfur and overall inorganic 

metals (determined by high-temperature-ashing in muffle furnace) accounts for 0.9 wt% and 2.24 wt% , respectively.  
As has been confirmed, the inorganic metals within Victorian brown coal are dominated by organically bound 
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cations and ultra-fine mineral grains embedded firmly within the closed voids. These species are presumably highly 

reactive upon the collision with limestone particle. The volatile matter accounts for more than half of the dried coal,  
which thus forms a thick cloud and fl ame in the oxidizing atmosphere [9]. Calcination of pure limestone and the 

combustion of coal mixed with limestone were carried out in a lab-scale DTF as shown elsewhere
[10]

. The furnace 
temperature and nominal gas residence time were fixed at 1000oC and 4 sec, respectively. Pure limestone or coal-

limestone mixture at a feeding rate of 0.5 g/min was entrained by 1 L/min primary gas (cold) into the furnace. The 
pre-heated secondary gas of 9 L/min was also fed into the reactor. Two major bulk gases, air and 27% O2/73% CO2, 

were tested, considering the fact that they match each other in terms of fl ame propagation speed and burning coal 
particle temperature [9]. Three mass ratios of CaCO3 to coal were 

tested, 18%, 5%, 1%. A SO2 content of 1000 ppmV doped in flue 
gas, air or 27% O2/73% CO2, was also tested. No less than three 

repetitions were made for each condition.

The unreacted CaCO3 fraction in a solid product was quantified 
through the use of a thermogravimetric analyzer (TGA). The 

elemental compositions were quantified using X-ray fluorescence 
(XRF), and the crystalline structures were determined by X-ray 

Diffraction Spectrometer (XRD).

4. Results and Discussions

Table 1 shows the CaCO3

conversion extent in air and 27% 

O2/73% CO2. Obviously, for the 
pure CaCO3, its unreacted extent 

after a nominal gas residence time of 
4 s in O2/CO2 still accounts for 

55.4%, in comparison to an 
unreacted fraction of 18.9% in air.  

This is a direct reflection of the high 
CO2 partial pressure in the oxy-fuel 

atmosphere, which inhibited the 
right shift of reaction 1.  

Interestingly, mixing CaCO3 with 
coal at a mass ratio as high as 18% 

improved the limestone calcination 
extent in CO2 to the similar level 

with that obtained in air. The 
fraction of the unreacted CaCO3

remaining either in air or O2/CO2 in 
this case, is also considerably lower 

than that observed for the pure 
limestone. As the ash and sulfur contents in coal are extremely lower than CaCO3 addition percentage, the sole 

explanation for these phenomena is the formation of coal volatile fl ame during coal combustion, which substantially 
increased the limestone particle temperature to a level overweighing the inhibitory effect of CO2 partial pressure. 

The mass ratio of limestone to the ash in coal and the concentration of SO2 in flue gas were also confirmed playing

noticeable role on the calcination extent of limestone. As demonstrated in figure 1(a), in either pure gas, air versus 
27% O2/73% CO2, with the decrease in the addition percentage of limestone, i.e. increase in the mass ratio of coal 

ash/sulfur to limestone, the fraction of unreacted CaCO3 was decreased drastically. If the reactions 1 and 2 shown 
above are the single routes for limestone calcination and sulfation, the presence of coal ash and sulfur in the furnace 

Air  
27% O2/73% 

CO2

Pure CaCO3 18.9 55.5

18% CaCO3 mixed 

with coal
12.31 13.9

Table 1 Fractions of unreacted CaCO2
for the injection of pure limestone
and its mixture with coal at a mass

percentage of 18% into DTF
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Fig 1 Variation of the fractions of unreacted limestone 
and sulphate with limestone addition percentage in coal
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should not affect the extent of the right shift of reaction 1, because they do not participant in this reaction. This 

clearly indicates the direction interaction between limestone and coal ash/sulfur, according to the following reaction 
4 and above-mentioned reaction 3, respectively. 

22322323 COSiOOAlCaOSiOOAlCaCO  (4)

The reaction 4 should occur slowly when compared with the interaction between calcium oxide (derived from 

limestone calcination) and coal ash which is predominant in air, as indicated by the constantly higher unreacted 
CaCO3 fraction over the mass ratio of limestone to coal in O2/CO2 than in air. Moreover, as suggested by the results 

for adding 1000 ppmV SO2 in figure 1a, it is clear that the unreacted limestone fraction was reduced quickly with 
the addition of SO2, thus suggestive of the importance of the direct sulfation reaction 3 than reaction 4 for the 

decomposition of limestone at high SO2 concentration.       

The influences of ash and SO2 content on the sulfation extent 
of calcium were also intriguingly observed and demonstrated 

in the panel (b) of figure 1. For the two pure gases, air versus 
O2/CO2, the slowest sulfation extent for the 18 wt% limestone 

addition to coal can be attributed to the insufficient of SO2

emitted from coal -bound sulfur. Decreasing the mass 

percentage of limestone to 2% increased the molar ratio o f 
calcium to sulfur, thus resulting in the sulfation of about 30% 

of limestone in air, in comparison to a slow increase for the 
fraction of CaSO4 to about 15% in O2/CO2. This evidences the 

slow reaction for the direction sulfation of limestone through 
reaction 3 in O2/CO2. Adding 1000 ppm SO2 into flue gas 

greatly increased the sulfation extent of calcium. The lower 
sulfation extent in O2/CO2 than in air was further confirmed.

Moreover, by comparing the results for a given limestone 
addition percentage in the two panels of figure 1, it is 

inferable to clarify the importance of the direction sulfation 
reaction of limestone. Figure 2 depicts the changes to the fractions of unreacted limestone and CaSO4 upon the 

addition of 1000 ppm SO2 to O2/CO2. For the addition 18% limestone to coal, the reduction on its unreacted 
fraction is nearly equal to the increase in the percentage of CaSO4, thus proving the sole significance of the direction 

sulfation reaction 3 for a low Ma/S molar ratio. For another two low limestone addition percentages, the reduction 
in the CaCO3 fraction upon SO2 addition is far lower than the increase in the fraction of CaSO4, particularly for the 

case of 1% limestone added to coal, indicative of the overwhelming importance of reaction 2 for the sulfation of 
calcium. Apart from the increase in the Ca/S molar ratio, the interaction of coal ash with limestone via reaction 4 

may also be the cause for this phenomenon. The molten C a-Al-Si formed from reaction 4 could be shed away from 
limestone surface, which in turn ensured the exposure of fresh surface of limestone to undergo decomposition and 

react with SO2. 
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