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bstract

The object of this study is to investigate how the cooling rate and the basicity during the vitrification process govern the chemical stability
nd acid resistance of slags. In this experiment, the incineration fly ashes with various basicities were vitrified at 1450 ◦C and cooled down by
ir cooling and water quenching, respectively. The amorphous volume fractions (AVF) in slags were estimated by X-ray diffraction analysis with
he addition of an internal standard. Scanning electron microscopy was applied to qualitatively examine the microstructures of the original and
he acid-immersed slags. It was verified that the addition of SiO2 and water quenching both significantly affected the crystalline characteristics of
he slag. When the basicity was >0.990, the AVF of slags was approximately equal regardless of the cooling rate. When the basicity was <0.674,

ater quenching greatly enhanced the formation of glassy amorphous phase and the immobilization of metals in slags. In contrast, a lower basicity

<0.511) is required if one wants to vitrify fly ash into slags and cool it down by air. As a whole, the glassy amorphous structure presented better
hemical resistance than the crystalline structure to decomposition by an acid.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Incineration is a popular technology to treat municipal solid
aste (MSW) in Taiwan due to the diminishing availability of

andfill sites. It causes toxic metals contained in MSW to either
vaporate into fly ash or remain in bottom ash. In general, about
0–30 wt% of original waste is left as ashes [1]. Fly ash must
e detoxified because it contains high concentrations of heavy

etals and organic pollutants [2]. Direct landfilling of fly ash is

ot suitable as it will result in serious contamination of ground-
ater and soil. Solidification and stabilization by cementation

∗ Corresponding author. Tel.: +886 6 2674567x854; fax: +886 6 2675049.
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ave been frequently used to treat fly ash worldwide [3]. How-
ver, this technology increases the waste volume. In addition,
rganic toxics, such as dioxins and PAHs, are difficult to sta-
ilize by cementation or other chemicals since the hydration of
ementation will be hindered by the high concentrations of alkali
hlorides in fly ash [4].

By contrast, vitrification can destroy dioxins, immobilize
eavy metals, and reduce the waste volume [5–8]. Useful prod-
cts, such as glass ceramics or road paving stones, could be
ade through such a thermal process [9]. Hence, vitrification is

egarded as a good technology to treat fly ash or other hazardous

aterials [10]. From an environmental point of view, the leach-

ng behavior of heavy metals in slags is especially important
ue to their serious threat to public health. It is well known that
eaching concentration of hazardous metals is highly related to

mailto:yiming@mail.hwai.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.07.017
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he structure of slags. A previous study also stated that the leach-
ng concentration of metals in crystalline slags is relatively high
n comparison to amorphous slags [11]. It has been reported
hat the grain boundary precipitation of agglomerates causes the
ncrease of leaching [12], but no direct evidence supports this

tatement. In part 1 of the current investigation, it was verified
hat the addition of SiO2 and water quenching both enhanced the
bility of Al and O to disperse uniformly and reduce the forma-
ion of crystalline phases in slags. Nevertheless, how these two

2

fi

Fig. 1. XRD analysis p
s Materials 152 (2008) 554–562 555

actors influenced the chemical stability of slags was not demon-
trated. In part 2 of this study, the effect of the amorphous glassy
tructures on the immobilization of metals and resistance to acid
orrosion is further investigated.
. Experimental

The fly ash used in this experiment was sampled from fabric
lters in an air pollution control device at a municipal solid waste

atterns of slags.
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Fig. 2. Behavior of amorphous volume fraction in slags vs. basicity.

ncinerator located in Southern Taiwan. To adjust the basicity
f the fly ash, SiO2 served as an additive with SiO2/fly ash
S/A) mass mixing ratios of 0, 0.1, 0.2, 0.3 and 0.4. Ash mix-
ures were heated to 1450 ◦C at 6 ◦C/min. Specimens were then
ooled down by air cooling and water quenching, respectively.
he specimens produced by air cooling and water quenching,
ere correspondingly labeled in numeric order as A-0 to A-4

nd W-0 to W-4, respectively.
The mobility of hazardous metal species in fly ash and slags

as evaluated by the toxicity characteristic leaching procedure
TCLP). The extracts of TCLP were digested and diluted to a
xed volume following the detailed procedure given in Method
311 [13]. The concentrations of metal species in extracts,
ncluding Cd, Cr, Cu, Pb, and Zn were determined by atomic

bsorption spectrometry.

In order to investigate the acid resistance of slags with
arious crystalline characteristics, the slags were pulverized
nd immersed in an acid solution of 3 wt% HCl for 7 days.

a
a
s
(

able 1
omposition of fly ash and slags (n = 3)

rust elements Ash-0 A-0

Range (%) Average (%) R.S.D. (%) Range (%)

l2O3 0.604–0.711 0.671 8.62 1.16–1.40
aO 19.4–23.0 21.1 8.44 39.4–43.2
e2O3 1.63–2.05 1.82 11.6 2.99–3.16
gO 0.918–1.03 0.972 6.01 1.63–1.72

iO2 0.757–1.60 1.31 36.6 2.05–2.25

nthropogenic
etals

Range
(mg/kg)

Average
(mg/kg)

R.S.D.
(%)

Range
(mg/kg)

d 35.2–38.7 36.8 4.80 3.52–4.32
r 470–573 508 11.1 332–360
u 253–300 276 8.46 607–645
n 283–352 311 11.7 458–478
i 14.4–28.7 21.2 33.9 123–132
b 2400–2520 2470 2.55 1250–1360
n 5150–7320 6110 18.1 48.7–60.3

.S.D. = relative standard deviation.
ig. 3. Leaching behavior of Cd vs. amorphous volume fraction (a) air cooled
lags; and (b) water cooled slags.

he specimens were rinsed by de-ionic water and then dried

t 105 C for 1 h. The microstructures of the original slags
nd the acid-immersed slags were qualitatively examined by
canning electron microscopy—energy dispersive spectroscopy
Jeol JXA-840 SEM-EDS). Specimens were adhered on a metal-

W-0

Average (%) R.S.D. (%) Range (%) Average (%) R.S.D. (%)

1.31 10.4 1.12–1.29 1.22 6.87
40.7 5.30 34.3–38.0 35.9 5.32
3.07 2.80 2.61–2.71 2.65 1.86
1.66 2.86 1.63–1.67 1.65 1.34
2.15 4.65 1.81–2.27 2.10 11.9

Average
(g/kg)

R.S.D.
(%)

Range
(mg/kg)

Average
(g/kg)

R.S.D.
(%)

3.80 11.8 6.62–6.67 6.64 0.38
348 4.19 353–370 364 2.64
626 3.06 403–422 412 2.23
471 2.36 455–468 461 1.46
127 3.53 42.7–54.0 48.0 11.9

1300 4.56 1170–1310 1230 5.99
53.3 11.6 54.2–73.3 65.1 15.2
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lower basicity according to the results of a previous study [18].
Apparently, an even lower basicity (<0.674) is required if one
wants to vitrify fly ash well with an air cooing process.
ig. 4. Leaching behavior of Cr vs. amorphous volume fraction (a) air cooled
lags; and (b) water cooled slags.

ic plate, coated with Au using an ion sputter coater, and then
canned by the microscope.

The crystalline phases in slags were determined by X-ray
iffraction (XRD) analysis. This was carried out by a powder
iffractometer (Geigerflex 3063) with Ni-filtered Cu K� radi-
tion on powders, at a particle size <20 �m, at 4◦/min, in the
θ = 10–60◦ range. The XRD analysis patterns, taken from part 1
f this study, are shown in Fig. 1. The crystalline phases in slags
ere specifically identified and the volume fractions of these
hases were quantitatively estimated in part 1 of our study. In
his work, the volume fraction of the crystalline phase in slags
as measured by an XRD analysis with an internal standard

ddition [14]. High-purity silica was used to mix with speci-
ens as an internal standard with a Si/sample mass ratio of 0.1.

t served as a reference material in the crystalline quantitative
nalysis. The approximate fraction of the crystalline phase was
hen determined according to the area of their specific peaks
n comparison with the internal standard and the details of the
rocedure given in previous reports [15]. The amorphous vol-
me fractions (AVF) of slags were calculated by the following
quation.
VF = 1 −
i=n∑

i=1

CPi

Pi: the volume fraction of ith crystalline phase.
F
s
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. Results and discussion

.1. Metal composition and amorphous volume fraction of
lags

Fig. 2 illustrates the behaviors of amorphous volume frac-
ion in slags with a variety of basicities and different cooling
ays. When the basicity >0.990, which is not favorable for vit-

ification [16], the AVFs were roughly equal, whether by air
ooling or water quenching. However, at basicity = 0.674, AVF
f water quenched slags elevated to 80–90%, whereas the AVF
f air cooled slags ranged from only about 40–50%. This clearly
emonstrates that water quenching actually has a significant
ffect on enhancing the formation of glassy amorphous struc-
ures if the basicity is <0.674. A previous study reported that the
ormation of glassy amorphous structures drastically reduces the
pecific surface area [17]. Therefore, it could be expected that
ater quenched slags would have a smaller surface area than

ir cooled slags, and this would affect the leaching behavior of
etals. For air cooled slags, the inverse of AVF at the basic-

ty <0.674 was observed, revealing that AVF will be elevated at
ig. 5. Leaching behavior of Cu vs. amorphous volume fraction (a) air cooled
lags; and (b) water cooled slags.
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The appearance of the fly ash was light gray and powdery.
After the vitrification process, air cooled slags agglomerated
and turned dark gray. In contrast, water quenched slags were
ig. 6. Leaching behavior of Pb vs. amorphous volume fraction (a) air cooled
lags; and (b) water cooled slags.

.2. Metal leaching behavior of slags

The metal leaching behaviors in slags versus the amorphous
olume fraction are illustrated in Figs. 3–7. Table 1 (taken form
art 1 of this study) shows the compositions of the fly ash and the
lags to serve as a reference to evaluate the leaching behaviors
f heavy metals. The composition A-0 and W-0 are on behalf
f air-cooled and water quenched slags, respectively. The metal
ontent (except for Si) in A-1 to A-4 and W-1 to W-4 decrease
roportionally due to the addition of SiO2. For Cd, no notewor-
hy trend of the leaching concentrations with a variety of AVF
alues could be observed in air cooled slags, whereas the avail-
bility of Cd in water quenched slags with higher AVF values
as significantly reduced. In Fig. 4, the leaching concentrations
f Cr in air cooled slags were relatively higher than those in
ater quenched slags. A similar result found that Cr would be
ore mobile with a slower cooling rate due to a more inten-

ive surface oxidation of the slag to form more leachable Cr+6

12].
For Cu, it was observed in both slags that the concentra-

ion in the extract decreased as the AVF increased. In water

uenched slags, leaching of Cu was undetectable while the AVF
as elevated to 70%. Fig. 6 shows that the leaching concen-

rations of Pb in slags were all under 0.5 mg/L, revealing that
VF had no notable influence on the mobility of Pb. After
ig. 7. Leaching behavior of Zn vs. amorphous volume fraction (a) air cooled
lags; and (b) water cooled slags.

itrifcation, leaching concentrations of Zn were <0.01 mg/L
n all slags, indicating that its availability was drastically
educed.

.3. Microstructure of fly ash and slags
Fig. 8. SEM images of the fly ash.
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ll fractured into pieces during the cooling process and turned
ed brown. Fig. 8 shows the SEM images of the fly ash, which
emonstrates that its structure is highly porous, uneven, and has
crystalline surface. Therefore, it could be expected that heavy

ig. 9. SEM images of air cooled slags (a) A-0; (b) A-1; (c) A-2; (d) A-3; (e)
-4.
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etals adsorbed on the fly ash particles could be easily leached
ut. Figs. 9 and 10 illustrate the SEM images of slags cooled
own by air and water quenching, respectively. After vitrifica-
ion, the formation of crystalline phases could be commonly

ig. 10. SEM images of water quenched slags (a)W-0; (b) W-1; (c) W-2; (d)
-3; (e) W-4.
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bserved in all air cooled slags. In Fig. 9(a), A-0 had an elon-
ated, highly porous, and fibric radial crystalline structure. The
RD analysis patterns showed that wollastonite, Ca3(Si3O9),
as the predominate crystalline phase in both A-0 and W-0. The

ppearance of Ca3(Si3O9) was fibrous, supporting the observa-
ion of the SEM images. In Fig. 9(b) and (c), glassy structures
ere initially observed in A-1 and A-2, and their characteristics
ere more obvious with an increase of SiO2. Comparing the

hape of crystalline phases in the air cooled slags, it can be seen
hat a transformation of the crystalline phase occurred. As more
iO2 was added, the crystalline phases in A-2 and A-3 were
artly embedded or encapsulated in the amorphous structure.
s for A-4, a compact and dense structure appeared to enclose

he crystalline phase, but a significant amount of pores was also
bserved.

As for the water quenched slags, shown in Fig. 10, the shape
f the crystalline phases in W-0 was needle-like and similar to A-
, but few glass-like agglomerates were observed. As the amount
f SiO2 increased, both the amount and volume of the glassy
morphous phase also increased. In W-2, the amorphous phase
tarted to encapsulate the crystalline phase, and the appearance
f the crystalline phase was similar to A-2. For W-3 and W-4,
he crystalline phases almost diminished and were completely
mbedded into the glassy amorphous structure, with only a
ew crystalline agglomerates observed on the surface, indicating
ood effect of vitrification.

As a whole, the morphology of slags pairs, including those
f A-0/W-0, A-1/W-1, and A-2/W-2, were roughly similar.
onversely, the appearances of A-3/W-3 and A-4/W-4 were
ompletely different from each other. The similarity of the slag
ppearance obviously depended on the basicity and the way
f being cooled down during vitrification. When the addition
f SiO2 was insufficient to vitrify the fly ash well, the appear-
nce of slags was similar as long as their basicities were equal,
egardless of the method of cooling down. In contrast, water
uenching or air cooling govern the crystalline structure of slags

ith adequate basicity (<0.674). This statement is also supported
y the results from the XRD analysis reported in part I of this
tudy.

ig. 11. SEM images of the fly ash after being immersed in a 3% HCl solution
or 7 days.

F
s

3

a

ig. 12. SEM images of air cooled slags after being immersed in a 3% HCl
olution for 7 days (a) A-0; (b) A-1; (c) A-2; (d) A-3; (e) A-4.
.4. Acid resistance of slags

Figs. 11–13 show images of the slags with severe corrosion in
n acid solution with 3 wt% HCl. In Fig. 11, the fly ash changed
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amorphous glassy structure to improve the chemical stability of
ig. 13. SEM images of water quenched slags after being immersed in a 3%
Cl solution for 7 days (a) W-0; (b) W-1; (c) W-2; (d) W-3; (e) W-4.

nto a sphere after the harsh corrosion of HCl. In Fig. 12(a)–(c),

t can be obviously seen that the fabric crystalline phases were
eriously corroded to a powder and the crystalline structure of
he slags was destroyed.

s
t
s
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However, for A-3 and A-4, a drastic difference between the
rystalline and amorphous phases was seen in the SEM pho-
ographs. Some porous or powdered structures which appeared
n the surface of slags due to the immersion in HCl solution
ere clearly observed, while the glassy amorphous structures

howed stability even after being exposed to the acid solution.
For water quenched slags, Fig. 13(a)–(c) approved that an

cid attack resulted in a large number of pores in W-0 to W-2.
s for W-3 and W-4, no sign of decomposition was seen on the

urface of the amorphous glassy structure. Even for the crys-
alline phase depositing on the amorphous glassy phase, only
light wear mark was observed, revealing that W-3 and W-4 had
better chemical stability to resist decomposition by an acid.
ccording to the XRD analysis in part 1 of this paper, similar

rystalline patterns were found in the slag pairs of A-0/W-0, A-
/W-1 and A-2/W-2. On examining SEM photographs of these
lag pairs, the appearances of slags before the corrosion of HCl
ere found to be in accordance with the XRD analysis. With

ower AVF, more crystalline structure could be observed on the
urface of slags. In contrast, a more obviously glassy amorphous
tructure was found with higher AVF. After the corrosion of acid,
t was found that all slags were seriously decomposed, except
or W-3 and W-4, which contained a higher AVF. Those areas
hich were seriously corroded had a crystalline structure. This

hows that slags with a higher AVF have better ability to resist
he acid. However, the glassy amorphous phase will decrease
he hardness and bending stress of slags due to the wrecking
f the crystalline structure [19]. Therefore, it is difficult to give
onsideration to both chemical and physical properties.

As the basicity decreased to 0.674, significant differences
etween air cooled and water quenched slags were distinguished
ccording to the XRD and SEM analysis. By combining the
esults, it was clearly found that water quenching with a basicity
0.674 could obtain good effect of vitrification. By contrast, a
asicity <0.511 would be required to vitrify fly ash well if the
lag was cooled down by air.

. Conclusions

The basicity and cooling down method appeared to greatly
ffect the crystalline characteristics of the structure in slags.

hen the basicity was higher than 0.990, no matter how the slags
ere cooled down, the AVF in slags were approximately equal

nd the appearance of the crystalline phases was also roughly
imilar. The XRD analysis in part 1 of this study supported the
bove statement. When the basicity decreased to 0.674, water
uenching significantly enhanced the formation of glassy amor-
hous structures, while, hazardous metal species in the slags
ere also well immobilized. In slags, the glassy amorphous

tructure also presented better resistance to the decomposition
y an acid than the crystalline structure. It can be concluded that
he addition of SiO2 and water quenching both are important
actors during vitrification that can enhance the formation of an
lags. Such an amorphous structure will weaken a slag, and thus
he choosing of an amorphous or a crystalline structure of the
lag depends on how the slags are reused. When a highly toxic
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aste is treated, the safety of reusing the slag is the most impor-
ant consideration, in other words, a glassy amorphous structure
s suitable. Contrarily, a crystallized structure is preferred when
hysical strength is an important requirement for recycling.
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