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ABSTRACT

Characteristics of wet flue gas desulfurization and in-furnace desulfurization of domestic and overseas limestone with different

crystallinity and crystalline size are studied in this article. Properties of desulfurization were evaluated in relation to physico-

chemical/ mineralogical characteristics, degree of pore formation for different calcination temperatures and TNC(total neutraliz-

ing capability). TNC of domestic high crystalline limestone was lower than that of overseas one. On the other hand, the porosity

after calcination was shown to be relatively high for domestic limestone, which had high initial rates of desulfurization reactions

in-furnace. Based on low pore formation and porosity with high TNC of crystalline high-Ca limestones compared to macrocrystal-

line ones, the former  are  preferred for wet desulfurization processes.  
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1. Introduction

ulfur oxides containing sulfur dioxide gas discharged

from coal power plants using combustion coal act as the

major cause for acid rain and smog. Korea has made man-

datory the installation of flue-gas desulfurization facilities

mandatory by 2000 in coal power plants discharging a large

amount of sulfur oxides, and induced reduction through reg-

ulations on high-level emission allowances  in the case of

new construction. According to the 2014 environment statis-

tical yearbook published by Ministry of Environment of

Korea, the emission from the energy industry part of gas-

eous sulfur oxide including sulfur dioxide gas has been

reduced from the peak in 1996, down to 190,000 tons in

2003 and 81,000 tons in 2010.

However, due to additional construction of new coal power

plants resulting from the explosive increase in demands for

electric power as well as the increased use of low-grade coal

with economy and high effects on supply stability, possibili-

ties of an increase in the sulfur oxide emission from the

overall energy industry are being heightened.1,2) Lime used

as a representative desulfurizing absorbent is petrologically

one of carbonate rocks and includes calcite, low-Mg calcite,

high-Mg calcite, Mg calcite and aragonite in the crystalline

state along with clastic condition in the noncrystalline state

depending on the mineral structure and composition, and

there exist a variety of sizes from crypto-crystalline (smaller

than 0.004 mm) to very coarse-crystalline (larger than

1 mm) depending on the size of mineral crystals. And differ-

ences in chemical reactivity and activity occur due to a dif-

ference in chemical composition ratios of minor components

contained in the limestone such as Al
2
O

3
, Fe

2
O

3
, SiO

2, 
etc.

Accordingly, analyses of desulfurization characteristics for

limestones by the unit of mining place are being conducted

in a long term in relation to studies on efficiency improve-

ment for limestones used in not only wet desulfurization

reactions but also dry desulfurization processes allowing

additional installation in the existing power plants and in-

furnace desulfurization processes for the circulating fluid-

ized bed boilers which succeeded in scale-up.3,4) 

 High-temperature dry desulfurization process using lime-

stone, etc. as an absorbent is a reaction where sulfur oxides

are adsorbed under the high-temperature reaction condition

above 850oC which is higher than the absorption reaction

temperature of 150 ~ 200oC for general lime spray drying

(LSD) and duct sorbent injection (DSI) processes and

500 ~ 750oC for economizer sorbent injection(ESI) process.

Only oxides of some elements such as Ca, Zn, Fe, Mn, V, etc.

are applicable, and limestone as a Ca-based absorbent is

known to have the highest economy when supply stability

and economy are considered. Types of desulfurization pro-

cesses may be classified according to recycling status and

desulfurization reaction method as shown in Fig. 1 below.

Most of the domestic power plant companies operate the

forced oxidation process of limestone-gypsum as a trans-

formed form of LSFO process, owing to the fact that gypsum

with a commodity value can be produced. In the case of dry

desulfurization process, it is subdivided according to the

injection position(duct, economizer, absorber and furnace) of

S
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the absorbent and the reaction temperature.5)

Wet desulfurization reaction is a reaction where dissolu-

tion reaction of sulfur oxide gas and desulfurization reaction

of desulfurizing absorbent occur simultaneously. As shown

by the following equation 1, dissolution rates of SO
2 
in a gas-

eous state
 
are determined by partial pressure and concen-

tration conditions. Since desulfurization reaction of the

equation 2 is a reaction of lowering the concentrations of H+

and HSO
3

−, neutralization rates of the limestone act as an

important factor. 

• [Wet desulfurization process, low temperature] 

SO
2
(g)+ H

2
O → SO

2
· H

2
O → H+ + HSO

3

− (1)

H+ + CaCO
3 
↔ Ca2++HSO

3

− + 2H
2
O 

    ↔ CaSO
3
· 2H

2
O + H+ (2)

High-temperature dry desulfurization reaction in circulat-

ing fluidized bed boilers with limestone being employed as

an absorbent is a reaction where calcination reaction of the

following equation 3, stepwise desulfurization reaction such

as the equations 4 and 5, ‘two phase heterogeneous reaction’

such as the equations 6 and 7 occur simultaneously at a

high temperature. Each reaction phase such as this is

affected by factors different from those for wet desulfuriza-

tion reaction such as temperature of reactor, composition of

gas inside the reactor, size of limestone particles, etc.6)

 

•[CaCO
3
 calcination, about 850oC] 

CaCO
3
 (s) → CaO (s) + CO

2
 (g)

 ΔH=182.1 kJ/gmol (3)

•[CaO desulfurization, about 450oC] 

CaO + SO
2
 → CaSO

3
 (4)

•[CaO desulfurization, above 740oC] 

CaO + SO
2
 + ½O

2
→ CaSO

4
       ΔH=-481.4 kJ/gmol (5)

•[desulfurization in the absence of Oxygen, above 830oC] 

4CaSO
3
 → 3CaSO

4
 + CaS (6)

Fig. 1. Classification of flue gas desulfurization process according to once through & regenerable.
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• [CaS oxidized to CaSO
4
, above 830oC] 

CaS + 2O
2
 → CaSO

4
(7)

Calcium oxide with calcination reaction completed accord-

ing to the in-furnace desulfurization reaction of the equa-

tion 3 exists as CaSO
3 
up to 450oC as in the equation 4, as a

mixture of CaSO
3 
and CaSO

4 
up to 740oC, and then only as

CaSO
4 
above 740oC as in the equation 5. And, when oxygen

in the atmosphere is insufficient, it exists as a mixture of

CaS, CaSO
3 
and CaSO

4 
as in the equation 6, only as a mix-

ture of CaS and CaSO
4
 above 830oC as in the equation 6,

and CaS is oxidized to be converted to CaSO
4 
at a high tem-

perature when oxygen is sufficient as in the equation 7.7)

And in terms of the overall reaction rate, only 56.7 % of the

total calcium composition can participate in desulfurization

reaction in a theoretical dry reaction process since the molar

volume of CaSO
4 
as the reaction product is larger than that

of CaCO
3 
or CaO. Thus, desulfurization efficiencies may be

expected to be determined by pore plugging and pore mouth

closure phenomena caused by the pores produced on CaO

surfaces. 

Desulfurization process of limestone in the particle and

pore model is divided into diffusion of SO
2 
and O

2 
within the

gas film outside particles, diffusion of SO
2 

and O
2 

in pores

inside the particles and solid diffusion in the product

layer.8,9) Since the reaction gas required for desulfurization

reaction in such diffusion processes reaches inlet and sur-

face of the limestone particles first , it acts as the cause for

expansion and closure of the surrounding area of pore sur-

face or increase in the diffusion distance, resulting in reduc-

tion of desulfurization efficiencies. Thus, intial pore

structure and pore size produced in the calcination process

of limestone act as an important factor for the kinetics of

gas-solid reactions.

In the present study, in-furnace desulfurization technol-

ogy and market applied for circulating fluidized bed boiler

(CFBC) domestically taking the spotlight as one of the clean

power generation technologies were analyzed, and 4 types of

limestone mined from Donghae-Samcheok region, 1 type of

limestone from Jecheon-Danyang region and 2 types of cal-

cite from Europe region were selected among the limestones

used as an in-furnace desulfurization absorbent and optical

microscope observation was conducted by using thin sec-

tions for mineralogical characteristics analysis. And reactiv-

ities of limestones were evaluated through ASTM C1318-95

for total neutralizing capability experiment of desulfurizing

limestone and lime.5) To evaluate pore volume and pore size

acting as the major factors for desulfurization reaction char-

acteristics, surface observation and porosity analysis for the

limestone calcined at 850oC, 950oC and 1,050oC, respec-

tively, were conducted by using a scanning electron micro-

scope (SEM) and a porosity meter. Through these methods,

the characteristics of limestones suitable for in-furnace

desulfurization application were considered.

2. Experimental Procedure

 For the desulfurizing absorbent samples, 4 types of Pung-

chon formation limestone located in Donghae-Samcheok

region (A ~ D), 1 type of Gapsan formation limestone

located in Jecheon-Danyang region and 2 types of overseas

limestone (F, G) were employed. Among these samples, the

limestone from Donghae-Samcheok region was used by one

domestic CFBC power plant in the past, and selected as an

increase in its future usage was expected when economy

and proximity were considered. In the case of the limestone

from Jecheon-Danyang region, it was affirmed to be used by

a private power plant company as well as some industry

areas and hence was selected although economy tended to

be low due to its mining method, the transportation dis-

tance, etc. In the case of overseas limestones, crystalline,

high-class limestone from Graz region of Austria known to

have been generated in the paleozoic era Devonian

period(F) and crystalline limestone from Milano region

known to have been generated in the mesozoic era upper

Jurassic period(G) were selected since they were considered

to be appropriate as the control group due to their high sim-

ilarity in geological and mineralogical characteristics to

those of domestic limestones.

The samples collected per mine were dried at 110oC after

undergoing cleaning process to remove foreign objects from

surfaces. After preparation of thin sections by using a cutter

and a grinder for optical analysis, crystalline phase analysis

was conducted through a polarization microscope (Olympus,

BX51, Japan). 

For physicochemical analysis, each type of samples was

pulverized into a size less than 5mm and an average density

of the sample was measured by using a gas density meter

(Pro-tech, Accupyc 1340, Korea). And after execution of fine

pulverization per sample to obtain sizes smaller than

d
90

= 44 µm, thermogravimetric differential scanning ther-

mal analysis (NETZSCH, STA 449C Jupiter, Germany), X-

ray fluorescence analysis (Rigaku, primus-2, Japan), X-ray

diffraction analysis (Rigaku, D/MAX 2500 V/PC, Japan)

were conducted.

To predict in-furnace desulfurization and wet perfor-

mance of desulfurizing limestones, surface observation

using a scanning electron microscope, porosity measure-

ment and total neutralizing capability experiment using

ASTM experiment method were conducted following calci-

nation. Evaluation methods for the wet desulfurization per-

formance utilizing limestones may be divided into the batch

type and the continuous type. In the case of batch type,

there are limitations in evaluation of desulfurizing efficien-

cies in continuous process flows although quantitative eval-

uations for particular desulfurizing performance are

possible. However, since internationally standardized eval-

uation regulations for continuous desulfurizing test method

have not been established yet, desulfurizing performance

has been compared in the present study according to the

experimental method of ASTM C 1318-95 ‘Standard Test
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Method for Determination of Total Neutralizing Capability

and Dissolved Calcium and Magnesium Oxide in Lime for

Flue Gas Desulfurization (FGD)’ which minimized reaction

impediments among the batch-type experimental meth-

ods.10) 

For evaluation of in-furnace desulfurizing performance,

each limestone sample with its surfaces ground by using a

cutter and a grinder was calcined for 1 hour at 850oC, 950oC,

1,050oC, respectively, by using a box-type electric furnace

under the temperature rise condition of 10oC per minute.

Surfaces of the samples calcined under each condition were

observed through a scanning electron microscope (S-4300,

HITACHI, Japan) after being cooled in a desiccator. To

check for pore volume and pore size , surfaces of the calcined

limestone particles were cut and subjected to examination

of pore size and distribution by using a porosity meter

(Autopore IV 9520, PRO-TECH, Korea).

To evaluate wet desulfurization performance, each sample

was separated into a total of 3 particle sizes consisting of

smaller than 0.045 mm , 0.045 ~ 0.1 mm and 0.1 ~ 1.0 mm

according to ‘KS A 0517 [General rules for sieving test

method]’ and subsequently experimented. 1.402 g of lime-

stone separated per particle size and 50 mL of distilled

water were agitated by using a titrator (SI, Titronic Basic &

Titroline 6000, USA) for 30 minutes, and evaluation was

made for total neutralizing capability(TNC
(as CaO)

) as the

usage of 1 N hydrochloric acid fed until the pH was main-

tained at 6 ± 0.4. The rate of feeding the hydrochloric acid

into a slurry solution containing limestone was set to be 0.2

mL per 10 seconds, and the condition was maintained for 30

minutes by feeding 0.1 ~ 0.2 mL upon increase to pH higher

than 6.04 after pH 6 was reached. Three mean values

excluding the maximum and the minimum values were uti-

lized as the experimental result among the fed amounts of

hydrochloric acid subjected to the experiments repeated for

5 times, respectively. The calculation equation for TNC
(as CaO)

is given by the equation 8.

(8)

where A is the consumed amount (mL) of HCl during 30

minutes, B the concentration (N) of HCl, C the chemical

constant (2.804), W the weight (g) of limestone sample.

3. Results and Discussion

3.1 Analysis of limestone characteristics

After removal of surface contaminants through cleaning

process as much as possible from the collected limestones

mined at 7 domestic and overseas mines, an optical analysis

was performed as shown in Fig. 2. In the case of A and C

samples, typical characteristics of Pungchon formation

high-class limestones having white-grey colors of almost

similar ratios were observed due to the adjacent nature of

mines, and the samples were affirmed to be crystalline lime-

stone having relatively uniform crystal sizes. Although B

and D samples were Pungchon formation limestone from

the same generation age, their colors were not uniform due

to a large amount of impurities, and affirmed to have an

anhedral structure without a unique crystalline form due to

hindrance by other minerals along with a hypidiomorphic

crystalline structure having an incompletely developed sur-

face for the mineral crystals. E sample as one of the repre-

sentative Gapsan formation limestone had a crystalline

structure which was similar to that of G sample as an over-

seas limestone, while F sample showed a typical character-

istics inherent to crystalline calcite.

The analysis results for chemical composition using XRF

are shown in Table 1. A, C and E samples are high-class

limestones with CaO class higher than 54%. B sample is a

limestone satisfying the quality of limestone for in-furnace

desulfurization where MgO composition is relatively higher

than that for other samples. In general, Pungchon forma-

tion upper limestones have formation of a layer with a

%TNC CaO
as
( )

A B C1××

W
------------------------=

Fig. 2. Optical micrographs of limestone samples.
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bright hue mineralogically resulting from recrystallization

with no large deviations having been reported to occur in

the chemical composition aspect, and are known to have

characteristics containing a large amount of dolomite com-

position along with a high CaO content. As affirmed by XRD

analysis of Fig. 3. D specimen was affirmed to be a lime-

stone at the level allowed to be used only for cement applica-

tions since most impurities contained Quartz (SiO
2
) and

Muscovite as a clayey composition. Presence of these

impure minerals may be considered in good agreement with

an increase in SiO
2
, Al

2
O

3
 and Fe

2
O

3
 contents showing dis-

tinct differences from other samples as suggested by the

XRF analysis result. Meanwhile, both F and G samples are

high-class limestones with CaO contents of more than 54%.

G sample of these had more than 55% indicating that it was

a limestone of very good quality except for a very small

amount of dolomite composition, and most of the peaks were

identified to be crystalline calcite through XRD analysis.

Density measurement results for each sample are shown

in Table 2. All of 5 domestic samples showed a value around

2.75 g/cm3 . In the case of G sample among the limestones

from Europe regions, the repeatedly measured values were

2.72 g/cm3, 2.71 g/cm3 and 2.69 g/cm3, respectively, showing

slightly lower densities compared with other samples. When

the Pungchon formation limestones of A-D samples were

compared, densities were shown to have an increasing ten-

dency, the lower the class of CaO, so that the mineral

phases including impurities were considered to have an

overall effect. 

In Fig. 4, TG-DSC analysis results for limestone are

shown. All 7 types of samples had an increase in thermal

decomposition rates at 700oC, and the thermal decomposi-

tion reaction proceeded most actively in the section of

800 ~ 850oC. And the reaction was affirmed to have ended

at 940 ~ 960oC, where about 35 ~ 43 % of weight reduction

occurred. While thermal decomposition characteristics of A

& E samples among 5 domestic samples were very similar,

desulfurizing oxidation was ended at a relatively low tem-

perature in the case of B, C and D samples. Among these, A

and C samples which were geographically adjacent and very

similar chemically can be affirmed to have had occurrence of

a difference in thermal decomposition characteristics, which

is attributable to the occurrence of fine content differences

in the component mineral phases and of differences in pore

formation characteristics, heat transfer rates of limestone

and in diffusion characteristics of carbon dioxide.11) In the

case of D sample, as it not only contained a large amount of

Quartz(SiO
2
) as an impurity but also had very irregular

crystal sizes, thermal decomposition rates could be affirmed

to be increased in comparison with other samples, and a

weight reduction rate of 35% was observed which was lower

Table 1. Chemical Composition of Limestone Samples

Component(%) A B C D E F G

SiO
2

0.95 0.20 0.37 11.98 1.78 1.09 0.08

Al
2
O

3
0.59 0.12 0.19 3.32 0.11 0.24 0.03

Fe
2
O

3
0.29 0.28 0.22 1.25 0.21 0.12 0.01

CaO 54.31 50.85 54.40 46.03 54.17 54.54 55.28

MgO 0.49 3.80 0.95 0.90 0.65 0.56 0.73

Table 2. Density of Limestone Samples

Division Volume (cm³) Volume Deviation (cm³) Density (g/cm³) Density Deviation (g/cm³) Temperature (oC)

A 1.8810 0.0011 2.7561 0.0016 22.02

B 2.7759 0.0011 2.7607 0.0001 25.65

C 1.5453 0.0029 2.7550 0.0053 21.00

D 1.9061 0.0015 2.8318 0.0022 26.14

E 1.7137 0.0018 2.7609 0.0029 22.55

F 0.4726 0.0012 2.7445 0.0068 24.20

G 0.4191 0.0016 2.7120 0.0103 24.20

Fig. 3. XRD patterns of limestone samples.
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than that for 4 other samples(about 43%) by about 8%.

While 2 overseas (F-G) samples had a constant weight

reduction rate despite of being a high-class limestone with

more than 54% of CaO content, endothermic peak tempera-

ture was 939oC for F sample and 893oC for G sample, exhib-

iting a large difference. As with the optical microscope

analysis results, this suggests that the temperature differ-

ence was brought about since the thermal decomposition

rate was increased in G sample due to its fine grain sizes

whereas the thermal decomposition rate was decreased in F

sample due to its coarse grain sizes.

3.2 Calcination characteristics analysis for limestone

For the surface analysis after calcination, the samples

were processed to a rectangular parallelepiped and ground,

followed by calcination, and some of the calcined face was

Fig. 4. TG-DSC analysis results of limestone samples.
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cut off for SEM analysis as shown in Fig. 5. In the case of A

and C samples, a shrunk core of a constant sphere form

could be affirmed at 850oC, and deformation of crystals and

an increase in plugging phenomenon could be seen as the

calcination temperature was increased. In the case of B

sample, the shapes of the core as a function of calcination

temperature were close to a rod type, while some uncalcined

faces were observed at 850oC and continued pore expansion

was also observed at 1,050oC so that desulfurization reac-

tion characteristics below 900oC were expected to be rela-

tively low. In the case of D sample, although the core shape

had a characteristic of being formed into a rod appearance

Fig. 5. Surface images of limestone samples by different calcination temperatures.
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in the section of 950oC as with C sample, the core shape and

the pore distribution could be affirmed to become the more

favorable, the higher the calcination temperature. In the

case of E sample having microcrystalline structures, the dis-

tributed amounts of pores were affirmed to be small under

the calcination temperature conditions excluding 950oC

according to the analysis results in connection with pore dis-

tribution characteristics, and hence the temperature width

for the occurrence of formation and deformation of the core

was so small that its precise control deemed necessary. In

the case of F sample, although pore formation was not

observed to be completed in the calcination section of 850oC,

relatively fine formation of grains occurred under the calci-

nation condition of 950oC and the tendency for pore reduc-

tion at 1,050oC was also small so that high initial

desulfurization efficiencies are expected to be provided. In

the case of G sample, relatively active formation of a linear

core was affirmed to be realized from 850oC and up, and no

agglomeration phenomenon of crystals was observed at

1,050oC, either, exhibiting a different tendency from that of

E sample as a similar microcrystalline calcite.

Measured results for the pore characteristics as a function

of calcination temperature are shown in Table 3. Although

most limestone samples employed for calcination showed

high porosities at 950oC, some samples showed a phenome-

non of porosity reduction due to welding and melting at

1,050oC. In the case of crystalline limestone of C and F sam-

ples, although pores of a relatively small proportion are

formed at 850oC, pore formation was active under the calci-

nation conditions above 950oC so as to be considered advan-

tageous to the in-furnace desulfurization reaction. However,

in E sample where crystal sizes were relatively small, poros-

ities were greatly reduced at 1,050oC according to the poros-

ity measurement results as in the SEM analysis results. In

the case of G sample, it was affirmed to have very excellent

pore-forming characteristics unlike E sample of similar

crystal sizes, and thus the impact of pore-forming character-

istics on the crystal sizes could be expected to be low.

3.3. Analysis of desulfurization performance for

limestone

Prior to measurement of desulfurization performance for

limestone samples, total neutralization capacity (TNC) was

evaluated by using regent-grade calcium carbonate (Sigma

Aldrich BioX) and industrial slaked lime as the control

group. In the case of added amount of HCl required for two

samples to maintain pH 6 ± 0.4 for 30 minutes, the regent-

grade calcium carbonate was affirmed to have a mean TNC

of 5.88 (HCl 2.93 ~ 2.96 mL), and the industrial slaked lime

a mean TNC of 61.57 (HCl 60.35 ~ 62.36 mL). And in an

overseas study utilizing the ASTM test method, a mean

TNC value for 28 types of limestones was surveyed to be

4.86 with a mean TNC value for the upper 10 limestones

being 5.86.12) 

Mean TNC values for 21 samples including 7 types of

limestone as analysis object and classified per particle size

are shown in Fig. 6. While A and C samples as Pungchon

formation limestone had almost similar crystal forms min-

eralogically, C limestone having a high MgO content known

to enhance reactivities when crystal sizes are small and its

contents are less than 3% showed a slightly high measured

TNC as a whole.13) For D and F samples with larger crystals

Table 3. Total Pore Area and Porosity of Limestone Samples with Different Calcination Temperature 

Calcination Temperature

850oC 950oC 1,050oC

Total Pore Area (m2/g) Porosity (%) Total Pore Area (m2/g) Porosity (%) Total Pore Area (m2/g) Porosity (%)

A 3.86 13.85 13.26 45.38 9.20 42.57

B 9.68 32.97 16.24 40.16 8.05 40.29

C 10.20 25.54 14.57 44.51 9.83 59.63

D 1.33 7.96 12.90 48.56 12.76 38.20

E 3.39 16.79 7.25 46.33 3.50 31.73

F 9.15 32.79 9.25 49.36 6.09 45.64

G 11.23 38.19 2.98 52.79 1.42 50.43

Fig. 6. The effect of TNC with different particle size in lime-
stone samples.
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as compared with B sample which exhibited the lowest

desulfurization characteristics, very excellent desulfuriza-

tion characteristics were measured presumably due to the

particle shape and size formed in pulverization process. In

the case of E sample with relatively small crystal sizes,

higher TNC was measured than with microcrystalline G

sample, so that the former is expected to be suitable for

application to wet desulfurization. Consequently, desulfur-

ization performance of the limestone together with its chem-

ical composition are expected to have greater effects on the

characteristics of particle size and shape in physical pulver-

ization process.14)

4. Conclusions

By conducting analyses of physicochemical characteristics

and evaluations of calcination characteristics together with

desulfurization performance for the object of 7 types of lime-

stone samples with different generation ages and crystal

sizes, the following results could be obtained. 

• In terms of the pores of limestone generated in calcina-

tion process, A and C samples as Pungchon formation lime-

stone had high porosities according to SEM and porosity

analyses, making them suitable for in-furnace desulfuriza-

tion process, while E and F samples had a high TNC allow-

ing expectation as a limestone suitable for application to

wet desulfurization.

• Since differences in desulfurization characteristics of

limestones occur as a result of having diversified chemical

compositions and crystals and also as a function of process

methods, the applications should be secured according to

the mineral characteristics and the features in chemical

composition. 
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