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ABSTRACT

Cold plasma and heat treatment were selected as technologies to reduce unburned carbon in fly ash to less than 1.0%. Both

cold plasma and heat treatment made it possible to eliminate unburned carbon to less than 1.0%. In the case of fly ash, which

almost entirely eliminated unburned carbon with an ignition loss of 0.5%, heat treatment caused adhesion among particles and

the BET specific surface area rapidly decreased as the mean particle size increased. On the other hand, with cold plasma,

unburned carbon elimination caused the BET specific surface area to decrease and, as no adhesion occurred among particles, the

mean particle size became small. Also, cold plasma treatment allowed small spherical particles confined within the unburned car-

bon particles to be released with the elimination of the unburned carbon frame, so that the quantity of fine particles had a ten-

dency to slightly increase.
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1. Introduction

ly ash is the fine powdered coal ash recovered from an

electric dust collector by combustion in a temperature

range around 1,500oC after injection of coal into a boiler

after pulverization at a thermal power plant.1) Domestically,

although generation of the fly ash tends to be increased due

to an increase in electric power consumption, utilization

rates of fly ash are being gradually lowered due to environ-

ment changes and inadequacy of the key utilization technol-

ogies, requiring establishment of positive utilization

measures. Domestic fly ash exhibits severe variation of

about 2 ~ 10% in unburned carbon contents, making quality

control quite difficult. Since lowering of liquidity and an

increase in unity quantities occur particularly when the fly

ash with high unburned carbon contents is used as an

admixture, treatment facilities for reduction of unburned

carbon are essential.2-4) 

Methods for elimination of unburned carbon include wind

classification5), electrostatic classification6), and flotation,7)

etc. Although wind classification or electrostatic classifica-

tion is suitable for separation of large unburned carbon par-

ticles, elimination of even small unburned carbon particles

is difficult. While flotation can remove even small unburned

carbon particles, it has a disadvantage such as increased

manufacturing costs due to the use of a foaming agent or

addition of a drying process.7)

The method which is currently in wide use by the industry

is wind classification. In the wind classification, particle

sizes are separated using a centrifugal force produced by

wind force.5) Since the wind classification can effectively

classify down to 30 - 45 μm, sorting of unburned carbon par-

ticles is possible to a certain extent8). However, it has char-

acteristics of easy breakage as the unburned carbon has a

low density accompanied by porosity in comparison with

ash particles. Therefore, the wind classification has a lim-

itation in reduction of unburned carbon, since the particles

of unburned carbon are broken and moved to the part with a

small particle diameter or collide with other particles to be

further refined during rotation inside the classifier.

Recently, attempts have been made for utilization of fly

ash an admixture for super flowing concrete as a new appli-

cation.9) However, when the fly ash containing unburned

carbon is mixed with the super flowing concrete, there is a

problem that control of liquidity is difficult. This is due to

the fact that the unburned carbon in fly ash adsorbs a large

amount of organic admixture which provides air volume

and liquidity.10) Therefore, if the unburned carbon can be

eliminated to a level less than 1%, the fly ash may be used

as an admixture for super flowing concrete in a stable man-

ner. While the heat treatment is available as a method

capable of removing the unburned carbon in fly ash to less

than 1%, particle agglomeration phenomenon occurs by

heating, resulting in a disadvantage such as lowering of

powder characteristics. 

In the present study, cold plasma method was incorpo-

rated to solve disadvantages of the heat treatment, and

powder characteristics for the fly ash with unburned carbon

removed by heat treatment and cold plasma method were
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reviewed. Although the cold plasma method has problems of

large-capacity treatment, continuous process and economy,

etc., the present study was performed with an objective of

collecting basic data for commercialization in the future. 

2. Experimental Procedure

2.1 Fly ash

For fly ash, what was discharged from a thermal power

plant of pulverized coal combustion boiler has been

employed. The loss on ignition was 6.0%, Blaine specific sur-

face area 380 m2/kg, and the density 2.3 g/cm3. As indicated

in Table 1, the chemical composition of the employed fly ash

showed a typical fly ash of pulverized coal. Physical proper-

ties of the fly ash are as shown in Table 2.

2.2 Removal method for unburned carbon

2.2.1 Cold plasma method

Plasmas are divided into two types. One of those is high-

temperature plasma, and generally produced by a plasma

torch.11) Here, electrons and atoms realize thermal equilib-

rium having little difference in their temperatures. To pro-

duce such state, high electric energies are required. The

other one is cold plasma, which can be easily produced

under a relatively low pressure using a low energy.12)

Although the temperature of reaction gas are similar to that

of atmosphere, the temperature of electrons is characterized

as being in a state as high as 10 to 100 times of the latter

temperature. Cold plasma can promote chemical reactions

difficult to be realized by general methods through produc-

tion of reactants with a very high chemical reactivity.

Plasma types can be divided into ICP (Inductively Cou-

pled Plasma) type and CCP (Capacitively Coupled Plasma)

type.13) The ICP type is a method of generating plasma by

application of an AC voltage, allowing high-density plasma

to be obtained. The CCP type is a method of applying DC or

AC, which has an advantage that wide areas can be evenly

reacted by formation of uniform plasma although it does not

have a high density. Therefore, the CCP type was adopted

in the present study where wide areas should be evenly

treated by dispersion of powder samples in a container. 

The drawing and the picture of the plasma equipment

produced for the experiments are shown in Fig. 1. For fly

ash, 10 g of sample was evenly dispersed in a thin layer to

allow plasma to reach even the inside after fixing a guide to

1 mm-thick silicon wafer. And the experiments for elimina-

tion of unburned carbon were conducted with the silicon

wafer placed in the plasma equipment. For the vacuum

gauge and controller device, Type146 of MKS Co. was used,

and plasma reaction was implemented by maintaining the

vacuum of 0.5 torr after treatment first at 10−3 torr. Since

the fly ash is an electrical insulator, RF of 13.56 MHz was

used. The experiments were conducted with the tempera-

ture of the substrate for placement of a sample container

inside the vacuum chamber being set at 150oC. For the gas

injected into the plasma apparatus, O
2 

was used. Experi-

mental conditions employed for the cold plasma are shown

in Table 3. 

Table 1. Chemical Compositions of Fly Ash (mass%)

LOI SiO
2

Al
2
O

3
Fe

2
O

3
CaO MgO SO

3
K

2
O

A 6.0 53.0 22.1 6.8 3.2 0.9 0.8 1.9

*LOI : Loss on ignition

Table 2. Physical Properties of Fly Ash

Item Value Unit

Density 2.3 g/cm3

Loss on ignition 6 %

Particle size 16.6 µm

Blaine surface area 380 m2/kg

Fig. 1. Cold plasma equipment  for experiment : (a) schematic diagram and (b) exterior appearance. 
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2.2 heat treatment

To identify changes in crystal phases as a function of heat-

ing temperature for fly ash according to the experimental

results of Lee et al, the fly ash heated in the range of

500 ~ 1200oC for 3 h was examined.10) According to the

result, sintering phenomenon occurred among particles

starting from 600oC although there was little change in the

fly ash heated to 500oC, and feldspar peaks began to appear

for a change in mineral phases resulting from a chemical

reaction at 1000oC. Based on such result, tests for the pres-

ent experiment were conducted in air. within a box furnace

set at 500oC. 

2.3 Measurement of physicochemical properties

For the fly ash before and after removal of unburned car-

bon, the loss on ignition, BET specific surface area (Micro-

trac Co. Adsotrac DN-04) and the particle size distribution

(Microtrack-9320 HRA) were measured. Also, the particle

shapes and the localized elements were analyzed by using

SEM (Hitachi Co. S-4800)-EDS (Horiba Co. EX-250). And

the extents of reduction in unburned carbon were evaluated

by using the loss on ignition, which was measured by igni-

tion until a constant weight was reached at 950oC according

to KS L 5405.

3. Results and Discussion

3.1 Property changes resulting from plasma treatment

3.1.1 Loss on ignition

Figure 2 shows a change in the loss on ignition as a func-

tion of treatment time by two methods. For the change form

in the loss on ignition, the two treatment methods exhibited

a similar tendency except for the fact that the treatment

took a long time in the case of heat treatment. To obtain

samples with the loss on ignition less than 1.0%, 6 times of

treatment for 10 min each was required for the cold plasma

method, and the loss on ignition by the heat treatment was

0.9% when heat treated at 500oC for 5 h.

3.1.2 BET specific surface area

The change in BET specific surface areas as a function of

the loss on ignition for fly ash is shown in Fig. 3. In the case

of cold plasma method, BET specific surface areas were

reduced in proportion to the loss on ignition as indicated by

9,250 m2/kg, for the loss on ignition of 6.0%, 4,250 m2/kg for

the ignition of 3.0%, and 1,690 m2/kg for the loss on ignition

of 1,690 m2/kg, while the reduction width in BET specific

surface areas was small at 1,100 m2/kg for the heat treat-

ment. In the case of cold plasma, micro fine pores governing

the specific surface areas among unburned carbon are con-

sidered to have been removed. In the case of cold plasma,

Table 3. Experimental Conditions Studied in this Work for
Elimination of Unburned Carbon in Fly Ash 

Item Value Unit

Working pressure 0.5 torr

Substrate heater 150
oC

Plasma power 150 W

Gas flow 80 sccm

Fig. 2. Effects of treatment time on the loss on ignition of fly
ash : (a) plasma treatment and (b) heat treatment. 

Fig. 3. The relationship between loss on ignition of fly ash
and BET specific surface area of fly ash as a func-
tion of treatment methods.
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since the temperature of electrons are characterized as

being in the state as high as about 10 to 100 times of the

temperature of reaction gas although the latter tempera-

ture is similar to the temperature of atmosphere, Radicals

and electrons are considered to penetrate through interior

of the unburned carbon particles to remove micro fine pores.

In the case of heat treatment, however, since treatment

times are short and removal reaction occurs slowly from

particle surfaces of unburned carbon, the change in BET

specific surface areas down to the loss on ignition of 3% is

small compared with the case of plasma method. However,

in the case of heat treatment, the BET specific surface areas

are drastically reduced after the loss on ignition of 3%. As

the reason for such observation, adhesion phenomenon

between particles is considered to have occurred along with

elimination of pores within the fly ash. 

3.1.3 Change in particle size distribution

Particle size distribution curves for the fly ash with

unburned carbon treatment are shown in Fig. 4. In the case

of cold plasma treatment method, the phenomenon was dis-

played where large particles were reduced and small parti-

cles were slightly increased when the loss on ignition was

lowered to less than 1.0%. Such changes may be interpreted

as the phenomenon occurring when the small particles con-

fined within were freed as the carbon component was

removed by plasma. On the other hand, in the case of heat

treatment, although the phenomenon was observed where

fine powder was reduced together with coarse powder at the

loss on ignition of 0.3% in a similar fashion to that of cold

plasma, the phenomenon of increase of coarse powder

occurred at the loss on ignition of 0.5%. This suggests that

adhesion phenomenon of particles appeared because of con-

tinuous heating. 

Particle size distribution characteristics for fly ash due to

elimination of unburned carbon were evaluated by Rosin-

Rammler distribution function. Eq. (1) shows Rosin-Rammler

particle size distribution.

(1)

where, R(D
p
)=accumulated fraction (%), D

p
=particle diame-

ter(μm), b=particle diameter coefficient, n=particle diame-

ter index. The Eq. (1) may be revised as follows.

For the particle diameter De for which 

, the Eq. (2) is obtained since b=(1/De)n.

(2)

where the n value is an integer showing the range of par-

ticle size distribution and the range of particle size distribu-

tion becomes the wider, the smaller the n value. Particle

characteristics values for Rosin-Rammler distribution func-

tion are shown in Table 4.

In the case of cold plasma, the particle size (De) was

reduced from 30.6 μm to 20.6 μm as the loss on ignition for

fly ash was lowered. Also, the n value was increased from

0.82 to 1.23, where such change means that the overall par-

ticle size distribution was narrowed down. 

While the particle size (De) was reduced for the loss on

ignition down to 3.0% in the heat treatment unlike in the

cold plasma treatment, the particle size showed a tendency

for increase at the loss on ignition of 0.5%. The n value was

R Dp( ) 10.0 e
bD

p

n
–

⋅=

.
R Dp( ) .=

100e
1–
=36.8 %( )

R Dp( ) 10e
D
p
/D

e
( )

n
–

=

Fig. 4. Particle size distribution curves of fly ash as a func-
tion of loss on ignition (LOI) : (a) plasma treatment
and (b) heat treatment. 

Table 4. Rosin-Rammler Parameters of Fly Ashes as a Func-
tion of Treatment Methods

Sample
*P: Cold plasma , 
H: Heat treatment

Rosin-Rammler parameter

n De (μm) R2

Raw fly ash 6.0% 0.82 30.6 0.99

P LOI 3.0% 1.11 26.0 0.99

P LOI 0.5% 1.33 18.6 0.99

H LOI 3.0% 0.93 25.6 0.99

H LOI 0.5% 0.78 29.7 0.99
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slightly increased to 0.93 at the loss on ignition of 3.0% and

reduced to 0.78 at 0.5%. Namely, although the particle size

distribution was narrowed as the loss on ignition was

reduced from 6.0% to 3.0%, it was widened again as the loss

on ignition was reduced from 3.0% to 0.5%. To find the

cause for such phenomenon, a SEM picture is presented

which shows a change in particle forms for fly ash. In the

case of cold plasma, particle forms for the fly ash according

to changes in the loss on ignition of the fly ash.

Figure 5 shows a SEM picture for the treatments by cold

plasma and heat treatment, where severe adhesion phe-

nomenon among small particles is observed in the case of

heat treatment, although particle agglomeration due to

plasma is not visible. Therefore, in the case of heat treat-

ment, coarse powder is increased due to occurrence of adhe-

sion phenomenon with elimination of unburned carbon

although the coarse powder is reduced initially due to elimi-

nation of the unburned carbon. Since the particle agglomer-

ation phenomenon does not occur in the cold plasma,

however, the particle size distribution curves showing

reduction of coarse powder as a result of reduction of the

loss on ignition are displayed.

3.1.4 Change in forms of unburned carbon as a function of

loss on ignition

Changes in the unburned carbon particles among fly ash

are shown in Fig. 6 as a function of loss on ignition due to

the use of cold plasma and heat treatment. In Fig. 6, the

content results for localized C element according to EDS are

also indicated. As shown in Fig. 6 (a), the unburned carbon

is porous, having the interior filled with spherical particles

composed of Al and Si elements, etc. When the loss on igni-

tion is lowered to 4.5% (b) by using cold plasma, large pores

come to exist as fine pores in the unburned carbon are elim-

inated. When the loss on ignition is lowered to 3.0% (d), the

frameworks of carbon powder are removed, exposing spheri-

cal particles contained within. For the loss on ignition of

0.5% (f), no particles of unburned carbon powder could be

found, and spherical particles which were confined within

the unburned carbon are observed to have been freed. Also,

heteromorphic particles of 15 μm are the ash powder with

unburned carbon removed, and the carbon element was not

analyzed. 

On the other hand, although unburned carbon particles

were cut when the loss on ignition was lowered to 4.5% (c)

by heat treatment , fine pores were partly visible in a simi-

lar way to the untreated case. When the loss on ignition was

lowered to 3.0% (e) by heat treatment at 500oC for more

than 3 h, the framework part of unburned carbon was disin-

tegrated to expose particles inside without occurrence of

adhesion phenomenon. When the loss on ignition was

reduced to 0.5% (g) by ignition for more than 6 h, the adhe-

sion phenomenon of inside particles was observed although

the unburned carbon powder was almost entirely elimi-

nated. Schematic diagrams for elimination of unburned car-

bon by cold plasma and heat treatment derived on the basis

of such phenomenon are shown in Fig. 7 and Fig. 8.

Fig. 5. SEM photographs of fly ashes at loss on ignition
0.5% : (a) plasma treatment and (b) heat treatment.

Fig. 6. SEM images of fly ash according to variation of loss
on ignition (LOI) : (a) LOI 6.0%, raw fly ash, (b) LOI
4.5%, plasma treatment, (c) LOI 4.5%, heat treat-
ment, (d) LOI 3.0%, plasma treatment, (e) LOI 3.0%
heat treatment, (f) LOI 0.5%, plasma treatment, and
(g) LOI 0.5%, heat treatment.
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4. Conclusions

By selection of cold plasma method and heat treatment as

technologies for reduction of unburned carbon to less than

1.0% for the fly ash containing high unburned powder, the

powder characteristics were reviewed as a function of loss

on ignition. Elimination of unburned carbon to less than

1.0% was possible by both cold plasma and 500oC heat treat-

ment. When the unburned carbon was removed down to

3.0%, the reduction of BET specific surface areas was more

drastic for cold plasma than for heat treatment. On the other

hand, in the case of heat treatment, the reduction ratio of spe-

cific surface areas down to the loss on ignition of 3.0% was

smaller, since the carbon powder was removed from the parti-

cle surfaces of unburned carbon. Up to the loss on ignition of

3.0%, the mean particle diameters were reduced, showing a

tendency toward narrowing down of the particle size distribu-

tion, irrespective of treatment methods. In the case of loss on

ignition of 0,5% with unburned carbon almost entirely elimi-

nated, adhesion phenomenon between particles occurred in

the heat treatment, resulting in drastic reduction of specific

surface areas and increase of mean particle diameters In

the cold plasma, on the other hand, no adhesion phenome-

non occurred so that mean particle diameters were reduced

for improvement in powder characteristics, although spe-

cific surface areas were reduced due to elimination of

unburned carbon. In addition, fine powder was slightly

increased as small spherical particles which were confined

within unburned carbon particles were freed due to elimina-

tion of the framework parts of unburned carbon. 
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