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Abstract—The correlation between the ash composition of various incinerated waste residues and their melting tem-
peratures was examined by using their chemical composition parameters. There was a low correlation between the
melting temperatures and the acidic oxide content in the ashes. However, the composition parameters derived from
the basic oxides showed a good correlation with the ash melting temperature. The composition parameter, P;, which
is defined as the ratio of basic oxides (CaO+MgO+K,0+Na,0) to acidic oxides (SiO,+Al,0;+Fe,0;), showed a strong
correlation with the ash melting temperature. By fitting the composition parameter to the experimental data, the cor-
relation equation for the half fluid temperature (HFT) was found to be HFT=426.77P3—736.76P,+1592.3 with a cor-
relation coefficient of 0.91. The correlation equation could be used to predict the melting temperatures of various waste
incineration residues. The relative error between the measured and predicted melting temperature was approximately
5%. Overall, these parameters and correlation equations can be used to predict and reduce the melting temperature of

incineration residues.
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INTRODUCTION

The operating temperature for a melting treatment of incineration
residues needs to be generally kept at approximately 100-150 °C
higher than the melting temperature of the residue because the ash
need to be melted completely and run down smoothly. Therefore,
the melting temperature is a very important factor in the operation
of a melting furnace. In general, the melting process is operated at
temperatures above 1,300 °C. The very high operating temperature
of the process causes some problems, including high energy con-
sumption, reduced durability of the refractory, and the vaporization
of heavy metals [1,2].

Many studies have been carried out to reduce the melting tem-
perature of incineration residues and improve the fluidity of the melts
[2-5]. However, most studies have been performed on municipal
solid waste (MSW) and sewage sludge incineration residues. There-
fore, the results from these ashes cannot be applied directly to waste
incineration ashes, such as waste water sludge and industrial waste
incineration residues. Moreover, it is difficult to predict the melting
temperature of the residues and estimate how much the melting tem-
perature was reduced from previous studies. Therefore, the melting
temperature of the ash should always be measured whenever the
residues are treated by a melting process. In addition, the mixing
ratio of the fluxing agent or other wastes should be established in
order to lower the melting temperatures of ashes with various chemi-
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cal compositions.

Therefore, this study examined the correlation between the chem-
ical compositions and melting temperatures of ashes taken from
incineration processes of various wastes in order to predict and reduce
the melting temperature. In addition, an attempt was made to derive
the correlation equation that can be used to estimate the melting
temperature of ashes using only the ash composition. The results
showed that the correlation equation obtained could predict the melt-
ing temperature of ashes prepared artificially.

EXPERIMENTAL

1. Ash Characteristics

The ash samples were taken from incineration processes of vari-
ous wastes, such as industrial and municipal wastes, as well as the
studge produced from the waste water treatment processes. The melt-
ing temperature of the ash samples was measured using a micro-
scope heating stage (LEITZ, Model 1350). Prior to analyzing the
melting temperature, the samples were ignited in a muffle furnace
to reduce the experimental error caused by the presence of com-
bustibles in the ashes, and crushed in a ball mill (<270 mesh, 53 pum)
to obtain homogeneous samples.

In this study, the melting temperature of the ashes was classified
as the initial melting temperature (IMT), half fluid temperature (HFT)
and fluid temperature (FT) with the change in the ash pyramid width
when the ash sample had fused. IMT is the temperature at which
the belt around the ash cone begins to appear as evidence of fusion,
and it corresponds to the initial deformation temperature (IDT) of
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Table 1. Composition and melting temperature of the incineration ashes used in the experiment

Items A B C D E F G H I J
Proximate (wt%)
Moisture 4.55 4.15 10.41 7.43 12.13 8.63 8.41 0.51 322 047
Volatile matter 18.54 14.06 18.16 13.36 12.14 9.15 41.86 1.59 3.61 2.16
Fixed carbon 30.04 21.72 0.98 1.07 1.25 1.25 4.14 0.09 2.30 1.29
Ash 46.87 60.07 70.45 78.14 74.48 80.96 45.59 97.81 90.88 96.08
Ultimate (dry basis, wt%)
C 24.16 17.04 3.02 2.26 4.19 3.07 17.58 0.59 0.44 0.47
H 1.25 1.03 1.86 1.42 2.48 1.85 6.24 0.21 0.51 0.39
N 0.69 0.95 1.38 1.33 1.16 1.18 2.46 0.48 1.57 1.22
S 2.07 2.18 0.46 0.32 0.49 0.34 0.37 0.40 2.44 0.003
O (difference) 22.73 16.12 14.6 10.26 6.92 4.94 23.57 0.01 1.14 1.39
Ash analysis (wt%)
Sio, 19.60 31.10 23.74 34.18 0.55 4.93 30.04 52.67 35.13 36.38
AlO, 5.74 5.48 543 6.30 2.20 3.08 13.47 17.75 5.55 8.54
CaO 8.69 15.23 9.64 14.82 3.33 12.21 6.71 6.86 33.06 30.15
Fe,O, 52.70 33.22 47.31 29.87 85.33 65.71 29.39 12.97 245 3.94
K,0 1.14 2.05 0.52 0.60 0.32 1.73 1.74 2.86 5.38 1.14
MgO 341 4.11 0.79 2.62 0.84 2.25 2.06 2.76 5.52 7.41
Na,O 5.12 4.68 5.16 3.56 1.50 441 2.90 3.85 891 4.12
P,O; 347 4.01 7.19 791 5.73 5.53 13.57 - 3.81 8.09
TiO, 0.12 0.12 0.21 0.14 0.18 0.16 0.12 0.26 0.19 0.22
Melting temperature (°C)
IMT 1256 1241 1243 1240 1450 1300 1260 1290 1100 1110
HFT 1460 1325 1485 1390 1500 1470 1480 1406 1325 1290
FT 1499 1380 1500 1425 1500 1500 1500 1465 1338 1320

A, B: Industrial waste incineration ash; C, D: Metal plating sludge ash; E, F: Dyeing sludge ash; G, H: Sewage sludge ash; I, J: MSW incin-

eration ash

the American Society for Testing and Materials (ASTM) standards.
HFT is the temperature at which the ash width reduces to half that
of the initial ash cone, and corresponds to the hemispherical tem-
perature (HT) of the ASTM standards. The FT is the temperature
at which the ash cone tums completely into a liquid phase, and cor-
responds to the fluid temperature (FT) of the ASTM standards.

As shown in Table 1, the results of the proximate, ultimate and
ash analyses varied with the types of waste. Samples A-F are the
ashes produced from the incineration processes of industrial waste
and sludge. It was found that the ashes from the metal plating sludge
(C, D) and the dyeing sludge (E, F) have a high Fe,O; content. Sam-
ples G and H, which are sewage sludge ashes, have a high content
of Si0,, AL O, and Fe,O;. In addition, the MSW incineration ashes
(I, J) have a high CaO and SiO, content.

The melting temperatures of the MSW incineration ashes (1, J),
which have a high content of basic oxides, were lower than those
of the other waste ashes, as shown in Table 1. The melting tempera-
tures of the sludge ashes (C, E, F and G), which have a higher Fe,O,
content, were very high, and their fluid temperatures exceeded the
detection limit. The melting temperature of the ash measured in the
microscope heating stage was approximately 100 °C higher than the
result measured by the ASTM [6]. This was attributed to differences
in the definition of the extent of pyramid changes in the sample mold.
2. Selection of Composition Parameters (P,-P,;)

In general, the melting temperature of the ash and the viscosity

of the melt are strongly affected by the chemical composition of the
ash. It was reported that the melting temperature and viscosity of the
ash increased with increasing acidic oxide content. However, the
ash melting temperature decreased with decreasing AL O,/SiO, molar
ratio when the molar ratio of basic to acidic oxides was unity [2,7].

In this study, several parameters were selected to determine the
effect of the ash composition on the melting temperature of the in-
cineration ashes, as shown in Table 2. The parameters selected were
classified into two groups, the first group (P,-P,,) was already sug-
gested for an estimating the fusion behavior of the ash in a coal boiler,
and the second group (P,,-P,¢) was recently developed.

In Table 2, P, is defined as the silica value [7] and P, is the em-
pirical parameter developed by Schaeffer 8] for predicting the ash
fusion behavior. Py was suggested to be the parameter most suit-
able for predicting the melting behavior of coal ash [2,7]. P, is the
sum of the typical acidic oxides, such as Si and Al. P; is defined as
the sum of Fe, Si and Al by assuming Fe,O, is an acidic oxide under
oxidizing conditions [3].

The composition parameter, P, represents the typical base/acid
ratio. A typical basic oxide is considered to be Na, K, Ca, Mg and
Fe oxides, and acidic oxide includes Al and Si oxides. This param-
eter is often used to forecast the slagging characteristics of bitumi-
nous ash [7,9,10]. On the other hand, P; is defined as the base/acid
ratio considering Fe oxides as acid oxides. Kiiglikbayrak et al. [3]
reported good relationships between the ash composition parameters
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Table 2. Composition parameters used in the experiment

Empirical parameter

Base parameter

P,=100Si0,/(Si0,+Fe,0,+Ca0+MgO)

P,=ALO,(Si0,+ALO,)/SiO,[Fe,0,+0.6 (CaO+MgO+Na,0+K,0)]

P,=Fe,0;+Ca0+MgO+K,0+Na,0

Acid parameter

P,,=CaO+MgO+K,0+Na,0

P,=ALO,/SiO,
P,=Si0,+ALO;
P,=Si0,+ALO, +Fe,0,

P,,=K,0+Na,O
P,=MgO+CaO
P,;=Ca0+Na,O

Base/Acid parameter

P,,=Na,O

P,=(Fe,0,+Ca0+MgO+K,0+Na,0)/(Si0,+AlL0,)
P,=(Ca0+MgO+K,0+Na,0)/(SiO,+ALO,+Fe,0,)
P,=Ca0/SiO,

P;s=Fe,0;,
P,,=CaO

and the ash fusion temperatures if Fe,O, is considered an acidic ash
constituent. The parameter Py, which is frequently used as an index
of basicity for the melting process of the sewage sludge, represents
the CaO to SiO, molar ratio. In general, it has been reported that
the melting temperature of sewage sludge incineration ash is low-
est when Py is 0.3 or 1.0, and the melting temperature increases if
Py is higher or lower than 0.3 and 1.0, respectively [4,11,12].

The composition parameters, Py-P,;, are derived from base oxides.
P, represents the sum of typical basic oxides in ash. P,, is defined
as the sum of the basic constituents of ashes by assuming Fe,O, to
be an acidic oxide. P,, represents the sum of Na and K oxides that
have the lowest ionic potential and a significant fluxing action. P,,
is defined as the sum of Mg and Ca oxides. In general, the ash melting
temperatures of incineration ash decrease with increasing CaO and
MgO content. The MgO content in incineration ash is generally low,
and behaves like CaO in terms of its effect on the characteristics of
ash fusion. However, the fluxing action of CaO is higher than that of
MgO because the ionic potential of Ca* and Mg™" is 2.0 and 3.0,
respectively. P, represents the sum of CaO and Na,O. These com-
pounds are generally used as fluxing agents in the melting process.

The composition parameters of P,,-P,, are defined as the single
constituent of basic oxide. The composition parameter, P,,, is de-
fined as Na,O, which has significant potential fluxing activity. Na,0
is the origin of the melting phenomena observed under the initial
deformation temperature (IDT) of ash. The reason is that the Na,O
component in ash functions as a fluxing agent that can form a molten
material at temperatures 300400 °C lower than the ash melting tem-
perature [13]. P, represents the Fe oxide content, which is a very
important component because the Fe content in ash can be as high
as 5-40%. In addition, it was reported that the fluxing action of Fe
oxide is enhanced when its content is up to 20% but decreases at
higher levels [14]. The composition parameter, P,, is defined as CaO,
which is an alkaline earth metal oxide that is often used as a base
controlling or fluxing agent.

RESULTS AND DISCUSSION

1. Correlation between the Composition Parameters and the
Melting Temperature
1-1. Empirical Parameters (P, and P,)

Analyses were carried out to determine the correlation between
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Fig. 1. Correlation between the half fluid temperature (HFT) and
the empirical parameters, P, and P,.

the composition parameters (P, and P,) and the melting temperature
of incineration ash. As described above, P, was defined as the silica
value reported by Ghosh et al. [7], and P, was developed by Schaef-
fer [8] to predict the melting behavior of ash. Fig. 1 shows the re-
sults of correlation analysis. There was a low correlation between the
empirical parameters and melting temperature, and the correlation
coefficients of P, and P, were 0.67 and 0.3, respectively. Kiiciik-
bayrak et al. [3] reported the correlation between the ash composi-
tion of brown coal and the melting temperature. Compared with
their results, P, showed a similar trend, but P, showed a poorer cor-
relation. This might be due to the significant differences in constit-
uents such as SiO,, Al,O,, and Fe,O; in the ashes of Turkish lignite
and the wastes used in this study. Therefore, P, and P, are unsuit-
able for predicting the ash melting temperature.
1-2. Acid Parameters (P, P, and P)

Fig. 2 shows the correlation between the acid parameters and melt-
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Fig. 2. Correlation between the half fluid temperature (HFT) and
the empirical parameters, P;, P, and P..

ing temperature. Silicon and aluminum oxides in the ash are typical
acidic constituents. Therefore, the acid parameter P; is defined as
the ratio of ALO; to SiO,. Ghosh [7] and Huggins et al. [2] already
used this parameter to determine the correlation between the coal
ash composition and melting temperature. As shown in Fig. 2, P,
did not show a good correlation with a correlation coefficient of
0.72. P, showed a correlation coefficient of 0.66. Fe,O, is often con-
sidered to be an acidic constituent due to its action under oxidation
atmospheres. Therefore, P; was defined as the sum of typical acidic
constituents including Fe,O,. As shown in Fig. 2, the correlation
coefficient of P; with the melting temperature was 0.8, which is a
better than the correlation with P,. Overall, the acid parameters can
be used to predict the melting temperature of the incinerated waste
residues used in this study.

1-3. Base/Acid Parameters (P,, P; and Py)

In general, the basic constituents in ash function as fluxing agents
to reduce the melting temperature of the ash with the formation of
a eutectic mixture in the low temperature region. The acidic con-
stituents also reduce the melting temperature because the silicon
(Si) in the acidic constituents reacts with basic compounds, and forms
a silicate melt at a relatively low melting temperature [15]. There-
fore, it is important to examine the correlation between the molar
ratio of basic to acidic oxides and the melting temperature.

P, did not show a good correlation with a correlation coefficient
of 0.61, as shown in Fig. 3. This is similar to Kiiciikbayrak et al.
[3], who reported a correlation coefficient of 0.65. In their study,
the values for P, were mainly concentrated in the 0.2-1.5 range but
those in this study were distributed between 1-4.

The melting temperature decreased with increasing P,, and the
lowest temperature was observed at approximately P,=0.8. In addi-
tion, P, showed a good correlation with a correlation coefficient of
0.91. The correlation of P, was better than that of P,, which con-
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Fig. 3. Correlation between the half fluid temperature (HFT) and
the empirical parameters, P, P, and P,.

sidered ferric oxides to be basic oxides. Therefore, the Fe,O; in incin-
eration residues in this experiment behave as an acidic oxide.

It was reported that the melting temperature of sewage sludge
ash was the lowest at a CaO/SiO, ratio of 1, and can be reduced by
controlling the ash composition by varying the two constituents only
[12]. The simplified base/acid parameter, Py, was defined as the CaO
to SiO, ratio. As shown in Fig, 3, there was a low correlation be-
tween Py and the melting temperature with a correlation coefficient
of 0.7. Therefore, among the base/acid parameters, only P; is suit-
able for predicting the melting temperature of incineration residues.
1-4. Base Parameters (P,-P,)

Si0, is a typical acidic oxide that causes vitrification. It has a 3-
dimensional network structure that is bound by the tetrahedral coor-
dination of Si and bridged oxygen. However, in case of alkaline
earth metal addition, additives such as Na and Ca constituents are
altermatively bound with bridged oxygen in a 3 dimensional network
structure, which decreases the bonding force in the silicate struc-
ture. Therefore, the silicate structure is partly disjoined, and the in-
cineration residue can melt in the low temperature region.

In this study, regression analysis was carried out to examine the
correlation between the basic oxide content in ash and the melting
temperature. The results are plotted in Fig. 4. P, is defined as the
sum of basic oxides such as Fe, Ca, Mg, K and Na oxides. As shown
in Fig. 4, P, did not show a good correlation with a correlation co-
efficient of 0.63. However, the melting temperature decreased with
increasing P,,, and its correlation coefficient was 0.9. The lowest
melting temperature was predicted at P,;=45-50%. These results
showed a similar trend with those reported by Kiiiikbayrak et al.
[3]. P,, showed a poor correlation with a correlation coefficient of
0.57. As mentioned above, P,, is defined as the sum of MgO and
CaO, which have similar fluxing activity. The melting temperature
of incineration ash decreased with increasing P,,, and the minimum
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Fig. 4. Correlation between the half fluid temperature (HFT) and
the empirical parameters, P,, P, P, and P,,.

melting temperature was observed at P,,=35-40% with a good cor-
relation coefficient of 0.90. From these results, the fluxing action of
alkaline earth metal such as MgO and CaO in the ashes was greater
than that of alkali metal oxides such as K,O and Na,O. CaO and
Na,O are generally used as fluxing agents in the ash melting process,
and P, is defined as the sum of these compounds. The melting tem-
perature decreased with increasing P,;, and the minimum melting
temperature was observed at P;=35-45%. The correlation coeffi-
cient was 0.85, which is similar to P,,. P,, is defined as the Na,O
content in ash. As shown in Fig. 5, melting temperature of inciner-
ation ash decreased considerably with increasing Na,O content in
the ash but there was a poor association with a correlation coeffi-
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Fig. 5. Correlation between the half fluid temperature (HFT) and
the empirical parameters, P;;, P,,, P;s and P,,.

cient of 0.53. The melting temperature of incineration ash increased
with increasing P,s value with a correlation coefficient of 0.82. As
listed in Table 2, the Fe,O, content in most incineration ashes is >20%.
Regression analysis showed that the Fe,O; content in ash increases
the melting temperature rather than acting as a fluxing agent. The
melting temperature decreased with increasing P, with a correlation
coefficient was 0.87. The melting temperature of ash was lowest at
P,=25-35% and was a similar to the result reported by Ninomiya
etal. [16].
2. Application of the Composition Parameters to Artificial
Ash Mixtures

In general, the aim is to reduce the melting temperature and im-



Correlation between the ash composition and melting temperature of waste incineration residue 1033
Table 3. Correlation equation and coefficient from regression analysis
Parameters Equation Coefficient
P, HFT=426.77P3—736.76P,+1592.3 0.9069
Py HFT=0.1506P},— 14.246P ,+1642.56 0.9029
P, HFT=0.2278P3,— 16.632P,+1609.1385 0.9039
P, HFT=0.1815P3,—14.777P;+1608.6 0.8526
Py HFT=0.2773P},—17.5797P ,+1586.2 0.8678
Table 4. Ash analysis data and melting temperature of the mixed ashes in the experiment
Ash analysis (wt%) Melting temp. (°C)
Sample - -
SiO, ALO, CaO Fe,0, K,0 MgO Na,O TiO, IMT HFT FT
H 52.67 17.75 6.86 12.97 2.86 2.76 3.85 0.26 1290 1406 1465
K 51.06 17.21 6.65 12.58 2.78 2.68 6.80 0.25 1240 1402 1460
L 48.33 16.29 14.55 11.90 2.62 2.53 3.53 0.24 1290 1366 1393
M 36.13 12.17 36.13 8.90 1.96 1.89 2.64 0.18 1255 1329 1349
K: 0.97H+0.03Na,0, L: 0.92H+0.08CaO, M: 0.69H+0.31CaO
Table 5. Relative error between the measured and predicted melting temperatures of the test samples
Melting temperature (°C) )
Relative error (%)
Parameter K L M
Tmm Tmp Tmm Tmp Tmm Tmp K L M
P, 1443 1409 1280 2.95 3.15 3.67
Py 1427 1393 1309 1.79 1.98 1.51
Py, 1402 1474 1366 1392 1329 1306 5.12 1.90 1.72
P 1443 1401 1309 2.90 2.56 1.54
Py 1482 1389 1313 5.67 1.68 1.20

T,... Measured melting temperature, T,,,: Predicted melting temperature

e

_ [Predicted temperature — Measured temperature]

Relati %)= - -
clative error (%) Predicted melting temperature

prove the viscosity of the melts to treat waste with a higher melting
temperature by adding fluxing agents and/or mixing with other wastes.
However, it is very difficult to determine the appropriate addition
of fluxing agent and ash composition experimentally in the industrial
field. Therefore, in order to improve on these difficulties, the meas-
ured and predicted melting temperatures were compared by using
the composition parameters, P, Py, P,,, P}, and P;;. As mentioned
above, these parameters were selected because of their good corre-
lation. Table 3 shows that correlation equation and regression coef-
ficient between these parameters and the melting temperature. The
melting temperature can be predicted from the ash composition us-
ing the correlation equation. The composition parameter, P,, which
is defined as the ratio of (CaO+MgO+K,0+Na,0)/(SiO,+Al,0;+
Fe,0;), showed the best correlation with a correlation coefficient of
0.91. The correlation equation was HFT=426.77 P3—736.76 P+
1592.3, as shown in Table 3.

Na,O and CaO were selected as fluxing agents to reduce the melt-
ing temperature. As shown in Table 4, the basic ash selected was
the sewage sludge ash(H) listed in Table 1. In addition, artificially
mixed ashes (K, L and M) were prepared based on the general melt-
ing index, which has a CaO to SiO, ratio of 0.3 or 1.0. Table 4 lists
the ash analysis data and melting temperature of the mixed ashes.

x100

Regression analysis was performed to examine the correlation
between the selected parameter and the melting temperature of the
artificial ash mixtures. Table 4 shows the relative error between the
measured and predicted melting temperatures of the test samples.

As shown in Table 5, the predicted melting temperature was higher
than the measured value for the artificial mixtures, K and L, but
the result was the opposite for mixture M. In addition, the relative
error between the measured and predicted melting temperatures was
quite low at approximately 5%. As a result, these parameters appear
to be suitable for predicting the melting temperature artificial ash
mixtures.

CONCLUSIONS

1. The ash compositions of waste incineration residue varied ac-
cording to their source with corresponding variations in their melt-
ing temperature. Therefore, the ash composition has a significant
effect on the ash melting temperature.

2. The correlation between the melting temperature and acid oxides
in the ash was poor, but the composition parameters (P, P, P,
P,s, Ps) derived from basic oxides generally showed a good corre-
lation with the ash melting temperature.
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3. The best correlation obtained was between the melting tem-
perature (HFT) and P,, which is defined as the ratio of (CaO+MgO+
K,0+Na,0)/(Si0,+Al,0;+Fe,0,). The correlation equation was
HFT=426.77 P,>~736.76 P,+1592.3 with a correlation coefficient
of 0.91. In addition, the melting temperature of ashes tested was
the lowest when P, approached 0.8.

4. The reliability of the correlation equations represented in P,
Py, P1, Py; and P, was verified, and the relative error between the
measured and predicted melting temperatures was approximately
5%. Therefore, these composition parameters and correlation equa-
tions can be used to predict the melting temperature of various waste
ashes. Moreover, it is expected that the ash melting temperature can
be reduced by adjusting the ash composition and adding fluxing
agents and/or mixing with other ash types.
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