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bstract

The objective of this study is to investigate how cooling rate and basicity in a vitrification process govern the crystalline characteristics of slags.
n this experiment, the incineration fly ash mixtures with various SiO2 addition ratios were vitrified at 1450 ◦C and cooled down separately by air
r water. Different thermal analysis, scanning electron microscopy and X-ray diffraction analysis with an internal standard addition were applied
o investigate the crystalline characteristics of slags. The microanalytical mapping images showed that water quenching and the addition of SiO2,
oth enhanced the glassy amorphous phase to distribute more uniformly in slags. Addition of SiO2 would lower the melting temperature of fly ash
ixtures and retard the formation of crystalline phases in slags. When the basicity (mass ratio of CaO to SiO2 before vitrification) was >0.990, the
rofiles of crystalline phases in slags with equal basicity were similar no matter how they were cooled. However, when the basicity <0.674, water
uenching greatly enhanced the formation of the glassy amorphous phase in slags. For air cooled slags, an even lower basicity (<0.511) is required
o vitrify fly ash well.

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

Waste treatment is an important issue from the environmen-
al protection perspective due to an ever increasing amount of
azardous material which poses a serious threat to public health
1]. Vitrification is regarded as a promising technology to solve
hese problems and has been successfully applied to treat haz-
rdous materials such as fly ash, sludge or radioactive waste
2–4]. Its major advantage is that the glassy matrix possesses

good chemical stability and can incorporate waste with a
omplex chemical composition into its vitreous structure [5].
urthermore, vitrification can afford a significant volume reduc-

ion of waste, with evident benefit in terms of storage due to
iminishing availability of landfilling sites [6]. It has also been

erified that vitrification can homogeneously encapsulate heavy
etals into the glassy amorphous matrix and immobilize them

7].

∗ Corresponding author. Tel.: +886 6 2674567x854; fax: +886 6 2675049.
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The products of vitrification, including secondary fly ash
removed from the flue gas), slags and ingots, can be separated
uring the melting process and have a high potential to be uti-
ized as resources [8]. Evaporation orientation metals contained
n the secondary fly ash, such as Pb and Zn, can be recovered
ollowing a procedure, including extraction by acid, concentra-
ion sedimentation and refinement [9]. The ingot can be sent
o a smelter to recover Fe or other metals with a large specific
eight. The slags are often directly used as building materials

uch as cement admixture [10] or aggregates for paving, and
onsequently the long-term stability and chemical durability of
lags are extraordinarily important.

Leaching of hazardous metals is highly related to the struc-
ure of slags and is shown to be more encouraging in a crystalline
tructure [11]. This is probably due to the grain boundary pre-
ipitation of agglomerates, but no significant evidence supports
his assumption. A previous study reported that slow cooling

ould contribute to the crystallization of slags, whereas rapid

ooling would enhance the formation of a glassy amorphous
tructure [12]. In addition, the basicity (defined as the mass ratio
f CaO/SiO2 before vitrification) has also been found to govern

mailto:yiming@mail.hwai.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.07.081
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he crystalline characteristics of slag structures [13]. It stands to
eason that the cooling rate and basicity considerably affect the
eaching behavior of metal species. Nevertheless, how these two
actors govern the process of vitrification has not been further
nvestigated.

The object of this study is to evaluate the influence of cool-
ng rate and basicity on the characteristics of slags. Two sections
ere conducted in this investigation—part 1: crystalline char-

cteristics and part 2: chemical stability/acid resistance. Part 1
ttempted to determine the amount of crystalline phases of slags
ith various basicities and cooling rates. The influence of these

wo factors on the distribution of elements and the formation of
lag structures were also investigated together.

. Experimental Section

.1. Sampling and preparation

The fly ash used in this experiment was sampled from fab-
ic filters in air pollution control devices at a municipal solid
aste incinerator located in southern Taiwan. Crystallized SiO2

quartz) served as an additive to adjust the basicity of fly ash with
iO2/fly ash (S/A) mass mixing ratios of 0, 0.1, 0.2, 0.3 and 0.4,
enoted as Ash-0, Ash-1, Ash-2, Ash-3 and Ash-4, respectively.
sh mixtures were heated to 1450 ◦C with a heating rate of
◦C/min. Specimens were then cooled by air cooling or water
uenching. The air-cooled or water-quenched slags were labeled
ith such as A0–A4 and W0–W4, respectively.

.2. Estimation of metal content in specimens

The slags and fly ash were pulverized to the size that passed
hrough a mesh 100 sieve to ensure uniform digestion efficiency.
ll samples with a 0.5 g weight were digested with an acid mix-

ure (1 mL HBF4 + 5 mL HNO3 + 10 mL HCl) in a hermetically
ealed Teflon tube at 180 ◦C for 1 h. The digestion solution was
iluted to exactly 25 mL, filtrated by a 0.8 cellulose ester fil-
er, and then analyzed. An inductively coupled plasma atomic
mission spectrometry (Jobin Yvon JY-38 Plus ICP-AES) was
pplied to analyze the metal species, including Al, Ca, Cd, Cu,
r, Fe, Mg, Mn, Ni, Pb, Si, and Zn, in sample digests to estimate

he metal composition of the slags and the fly ash. The basicity
f specimens can be calculated by the following equation:

asicity = CaO

SiO2
= [Ca] × 56/40

[Si] × 60/28

Ca]: content of Ca (%) in the ash mixture before vitrification;
Si]: content of Si (%) in the ash mixture before vitrification.

.3. Evaluation of crystalline and surface characteristics of
lags

Different thermal analysis (DTA) and thermogravimetric

nalysis (TGA) were utilized to measure the glass thermal
roperty and mass loss of the specimens, respectively. The anal-
sis was performed by a differential thermal analyzer (Setaram
etsys-Evolution-1600, France) with ash mixtures in platinum

Fig. 1. DTA curves of ash mixtures (a) Ash-0, (b) Ash-1, (c) Ash-2, (d) Ash-3
and (e) Ash-4.
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Table 1
Composition of fly ash and slags (n = 3)

Crust elements Ash-0 A-0 W-0

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

Al2O3 0.604–0.711 0.671 8.62 1.16–1.40 1.31 10.4 1.11 1.12–1.29 1.22 6.87 1.03
CaO 19.4–23.0 21.1 8.44 39.4–43.2 40.7 5.30 1.09 34.3–38.0 35.9 5.32 0.967
Fe2O3 1.63–2.05 1.82 11.6 2.99–3.16 3.07 2.80 0.955 2.61–2.71 2.65 1.86 0.826
MgO 0.918–1.03 0.972 6.01 1.63–1.72 1.66 2.86 0.969 1.63–1.67 1.65 1.34 0.961
SiO2 0.757–1.60 1.31 36.6 2.05–2.25 2.15 4.65 0.929 1.81–2.27 2.10 11.9 0.909

Anthropogenic metals Ash-0 A-0 W-0

Range (mg/kg) Average (mg/kg) R.S.D. (%) Range (mg/kg) Average (g/kg) R.S.D. (%) PMR Range (mg/kg) Average (g/kg) R.S.D. (%) PMR

Cd 35.2–38.7 36.8 4.80 3.52–4.32 3.80 11.8 0.059 6.62–6.67 6.64 0.38 0.102
Cr 470–573 508 11.1 332–360 348 4.19 0.388 353–370 364 2.64 0.406
Cu 253–300 276 8.46 607–645 626 3.06 1.28 403–422 412 2.23 0.846
Mn 283–352 311 11.7 458–478 471 2.36 0.860 455–468 461 1.46 0.841
Ni 14.4–28.7 21.2 33.9 123–132 127 3.53 3.39 42.7–54.0 48.0 11.9 1.28
Pb 2400–2520 2470 2.55 1250–1360 1300 4.56 0.298 1170–1310 1230 5.99 0.281
Zn 5150–7320 6110 18.1 48.7–60.3 53.3 11.6 0.005 54.2–73.3 65.1 15.2 0.006

R.S.D.: relative standard deviation.

Fig.2.
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Fig. 3. Microanalytical mapping images of Al, Ca, O and Si in spec

rucibles using a heating rate of 10 ◦C/min. The composition
f metal and the mass loss of specimens were used to eval-
ate percent mass retained (mass retained in the slag/mass in
he ash mixture, PMR) of the metal species during vitrifica-
ion. In addition, three notable temperatures, including Tg, Tc,
nd Te, were marked on the DTA curves. The definitions and
haracteristics of these temperatures are described in the next
aragraph.

I. Tg (glass transition temperature): It is a temperature below
which the physical properties of amorphous materials vary
in a manner similar to those of a crystalline phase (glassy
state), and above which amorphous materials behave like
liquids (rubbery state). It is also the mid-point of a temper-
ature range (usually at 600–700 ◦C) in which the materials
gradually become more viscous and change from being
liquid to solid.

II. Tc (crystallization temperature): Above this temperature,
a crystallization process which consists of nucleation and
crystal growth will occur in the specimen. During this pro-
cess, a sharp exothermic peak (usually between 700 and
800 ◦C) on the DTA figure could be clearly observed.

II. Te (liquid temperature): Liquid temperature is the temper-
ature at which the specimen changes from solid to liquid
state. It represents the temperature for the dissolution or
melting of crystals, and is usually above 1200 ◦C.
Scanning electron microscopy—energy dispersive spec-
roscopy (Jeol JXA-840 SEM-EDS) was applied to examine
he distribution of the elements on the surface by a mapping

icroanalysis. Pulverized specimens (<74 �m) were adhered

n
i
O
a

(a) Ash-0, (b) A-0, (c) A-2, (d) A-4, (e) W-0, (f) W-2 and (g) W-4.

n a metallic plate, coated with Au using an ion sputter coater,
nd then scanned by microscopy.

The crystalline phases in slags were determined by X-ray
iffraction (XRD) analysis. It was carried out by a powder
iffractometer (Geigerflex 3063) with Ni-filtered Cu K� radi-
tion on powders, at particle size <20 �m, at 4◦/min−1, in
he 2θ = 10–60◦ range. Crystalline phases were identified by
omparing intensities and positions of Bragg peaks with those
isted in the Joint Committee on Powder Diffraction Standards
JCPDS) data files.

In this work, the volume fraction of the crystalline phase
n slags was measured by an XRD analysis with an internal
tandard addition [14]. High-purity silica was used to mix with
pecimens as an internal standard with a Si/sample mass ratio of
.1. It served as a reference material in the crystalline quantita-
ive analysis. The approximate fraction of the crystalline phase
as then determined according to the area of their specific peaks

n comparison with the internal standard and the details of the
rocedure given in a previous report [15].

. Result and discussion

.1. Characteristics of fly ash and slags

Fig. 1 shows the DTA curves, on which Tg, Tc, Te, and
he mass losses of specimens are marked. Addition of SiO2
nhanced Tg and Te to shift to a lower temperature, but had

o significant effect on the shift of Tc. However, as the S/A
ncreased to 0.3, the exothermic peak of Tc almost disappeared.
bviously, the addition of SiO2 increased the amount of glassy

morphous phase in slags. The glass transition during vitrifica-
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ion was consequently promoted, causing the lowering of Tg.
ccording to the Al2O3–CaO–SiO2 ternary phase diagram, the

ddition of SiO2 in a silica-deficient condition for vitrification
ould also lower its melting temperature, supporting the drop
f Te in the DTA figures.

Our previous study has shown that SiO2 addition during vit-
ification will promote the formation of an amorphous phase,
n other words, retard the crystallization. Therefore, the peak of
rystallization temperature would gradually diminish as more
iO2 is added. The shift and diminishing behavior of tempera-

ure peaks in DTA curves offer preliminary verification that the
iO2 addition enhances the formation of a glassy amorphous
hase and promotes the vitrification process.

.2. Metal content in fly ash and slags

The metal components of fly ash and slags (A-0 and W-0
s representative of air cooled and water quenching slags) are
hown in Table 1. The metal content (except for Si) in A-1 to
-4 and W-1 to W-4 decrease proportionally due to the addition
f SiO2. The ternary major glassy matrix elements in fly ash,
l2O3, CaO and SiO2, were 0.671, 21.1 and 1.31%, respectively.
he reason for the extremely high CaO content in the fly ash
as that the air pollution control device involved used Ca(OH)2

s an additive to remove acidic pollutants in the flue gas. This
lso caused the high basicity (basicity = 16.1) of the pure fly ash,
hich was thus not favorable for vitrification. The major anthro-
ogenic metals were Pb (2470 mg/kg), Zn (6110 mg/kg), Cr
508 mg/kg) and Cu (276 mg/kg), commonly seen in fly ash from
ther sources [16]. After vitrification, the contents of Al2O3,
aO, Cr, Cu Fe2O3, MgO, Mn, Ni, and SiO2 in A-0 and W-0
ere all elevated to roughly two times of those in Ash-0. The

esults of TGA are illustrated in Fig. 2 on which the total mass
osses of specimens are marked. The PMRs (all were ∼1) which
ere calculated according to the total mass loss and metal con-

ent of specimens indicated that these metal species were mostly
etained in the slags and this could also explain why the content
as elevated after vitrification. In contrast, the composition of
d, Pb and Zn was drastically reduced due to the vaporization of
etals during vitrification. The residual fractions of these metals
ere trapped in the secondary fly ash or exhausted into the flue
as, findings which were verified in our previous study [17]. The
etal behaviors of both retained and vaporized species during

itrification were all similar to the result of a previous study [7].
n addition, the similarity of composition of A-0 and W-0 also
evealed that the cooling rate would not noticeably affect the
omposition of slags.

.3. Distributions of elements on the surface of specimens

Fig. 3(a–g) displayed the microanalytical mapping images of
he fly ash, air cooled slags and water quenched slags. Obviously,
a distributed very uniformly and densely on the surface of all
pecimens. In Fig. 3(b), Al and O gathered more densely in some
egions of A-0 which were complementary to Si. In compari-
on to its mapping image, this indicated that the composition
f the crystalline phase on the surface of slags was predomi-

m
i

o

ig. 4. Microanalytical mapping images of Fe in slags (a) W-2 and (b) W-3.

ately Ca, Al and O, instead of Si. For A-2, Si and O presented
more uniform distribution, whereas Al was still distributed
ore densely in some regions. For A-4, all elements dispersed
ore uniformly and no obvious aggregations were found in the
apping area. In Fig. 3(e and f), no noticeable aggregations of

lements were found, but only some defects were observed in
he distribution of Al, O and Si, which matched the aggregates
n the surface of slags (on the image of mapping area). This
ndicated that the aggregates were composed of Ca and other
race elements, instead of the glassy matrix elements of slag. As
or W-4, all elements showed a dense and uniform distribution,
hich made it clear that water quenching and addition of SiO2
ould both enable Al and O to disperse more uniformly dur-

ng vitrification. Fig. 4(a and b) illustrates the mapping images
f Fe in W-2 and W-3. Some aggregates were observed and this
evealed the segregation of Fe caused by the gravity effect during
itrification [17]. With enough amounts of high specific weight

etals, they will be separated into the bottom of specimens as

ngot.
According to the mapping microanalysis, the distribution

f glass matrix elements, including Al, Ca, O, and Si, can
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Fig. 5. XRD ana

epresent the distribution of the glassy phase on the slag
urface. Therefore, the defectiveness of these elements on
he mapping graph revealed that these areas were not well

ncapsulated by the glassy amorphous phase. Thus, hazardous
etals depositing on these un-encapsulated areas would be

asily leached out due to the grain boundary precipitation.
he distribution of Al, O, and Si were more uniform in

a
s
a
s

atterns of slags.

ater quenched slags with higher SiO2 addition ratio. From
his viewpoint, the statement could be made with fair cer-
ainty that water quenching and SiO2 addition could enhance

more uniform distribution of the glassy amorphous phase in

lags. This can also explain the reason why leaching of haz-
rdous metals is more likely in a crystalline than an amorphous
tructure.
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Table 2
Crystalline characteristics of slags with various basicity and cooling method

Specimen Basicity Crystalline phase Volume fraction (%) Crystalline phase Volume fraction (%)

A-0 16.1 Wollastonite, Ca3(Si3O9) 12.5 Calcium Aluminate Ca12Al14O33 3.06
A-1 1.87 Larnite, Ca2SiO4 6.00 Grossular, Ca3Al2(SiO4)3 1.42
A-2 0.990 Grossular, Ca3Al2(SiO4)3 8.17 Leucite, KAlSi2O6 6.45
A-3 0.674 Grossular, Ca3Al2(SiO4)3 13.7 Leucite, KAlSi2O6 10.5
A-4 0.511 Anorthite, CaAl2Si2O8 3.08 Akermanite, Ca2MgSi2O7 1.92
W-0 16.1 Calcium Aluminate, Ca12Al14O33 10.4 Wollastonite Ca3(Si3O9) 6.69
W-1 1.87 Larnite, Ca2SiO4 15.0 Wollastonite Ca3(Si3O9) 1.88
W
W
W
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-2 0.990 Larnite, Ca2SiO4 7.49
-3 0.674 Wollastonite, Ca3(Si3O9) 0.88
-4 0.511 Wollastonite, Ca3(Si3O9) 3.89

.4. Characteristics of crystalline phases in slags

Fig. 5 illustrates the XRD analysis diagrams and crystalline
hases of slags, and the crystalline characteristics of slags are
hown in Table 2. The predominant crystalline phases of A-0
nd W-0 were both Wollastonite [Ca3(Si3O9)] and Calcium Alu-
inate (Ca12Al14O33), but varied in their amounts. For A-1 and
-1, the major crystalline phase of both was Larnite (Ca2SiO4).
owever, the predominant crystalline phase in A-2 and W-2 was
ot completely the same, although Larnite (Ca2SiO4), Grossu-
ar [Ca3Al2(SiO4)3] and Gehlenite (Ca2Al2SiO7) were found in
hese two slags from the XRD analysis.

In comparison to the XRD diagrams of A-0/W-0, A-1/W-1
nd A-2/W-2, identical but various amounts of crystalline phases
ere found in these slag pairs. Therefore, it demonstrated that

he profiles of crystalline phases in slags with the same basicity
ere similar at a basicity >0.990, no matter how the slags were

ooled.
As for W-3 and W-4, the major crystalline phase was Wol-

astonite [Ca3(Si3O9)] but the amounts were both <5%. In
-3, the amounts of Grossular, [Ca3Al2(SiO4)3] and Leucite,

KAlSi2O6] were 13.7 and 10.5%. Meanwhile, for A-4,
he amounts of Anorthite, [CaAl2Si2O8] and Akermanite,
Ca2MgSi2O7] were 3.08 and 1.92%, respectively. This clearly
ndicated that W-3 and W-4 were well vitrified and no signifi-
ant crystalline phase was detected. In contrast, the growth of
rystalline phases was still encouraged in A-3 but was reduced
n A-4. This study showed that either lower basicity or water
uenching would retard the formation of crystalline phases. Nev-
rtheless, the effect of vitrification could be achieved completely
nly on the condition that slags were cooled by water quench-
ng with a basicity <0.674. For air cooled slags, an even lower
asicity (<0.511) was required to vitrify fly ash well.

. Conclusion

Addition of SiO2 would lower the glass transition temper-
ture of fly ash mixture due to the increase in the amount of
lassy phase. It also reduced the peak height of crystallization

emperature in the DTA curves, revealing a retardation of the
rystalline phase formation in slags. In addition, water quench-
ng also improved the effect provided that enough SiO2 is added
uring vitrification. When the basicity was >0.990, the profiles

[

Grossular, Ca3Al2(SiO4)3 3.92
– –
– –

f crystalline phases in slags with equal basicity were simi-
ar no matter how they were cooled. However, when basicity
0.674, drastically different structure between air cooled and
ater quenched slags could be clearly observed. This suggests
ut that water quenching plays as a critical role, at the basicity
0.674, to enhance the formation of glassy amorphous phase

n slags. For air cooled slags, a basicity <0.511 is required to
itrify fly ash well. Lower basicity and water quenching would
oth enhance Al, Si, and O to disperse more uniformly in slags.
he addition of SiO2 can increase the amount of glassy phase
nd hence make Si distribute more densely in slags. This kind
f distribution of these glass matrix elements means a uniform
ncapsulation of the glassy phase in slag, and also potentially a
etter immobilization of hazardous metals.
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