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a b s t r a c t

In this study, municipal solid waste incinerator fly ash was vitrified using a plasma torch. The fly ash
contained rich Ca, causing a high basicity of 2.43. Pure quartz was used as an additive to adjust the
basicity. BET surface area analysis, X-ray diffraction analysis, and a scanning electron microscope were
used to examine the physical properties of slags. The chemical stability and the acid resistance of slags
were evaluated using the toxicity characteristics leaching procedure and tests of acid bathing. The results
eywords:
lasma torch
asicity
ly ash
eavy metal

mmobilization

indicate that the plasma torch effectively vitrified the fly ash. Anthropogenic metals with low boiling
points, such as Cd, Pb, and Zn, were predominately vaporized into flue gas. Most of the metals with high
boiling points, such as Cr, Cu, and Mn, remained in the slag. After the vitrification, hazardous metals were
noticeably immobilized in all slags. However, the slags with higher amorphous volume fractions were
more effective in metal immobilization and in resisting acid corrosion. This indicates that SiO2 enhanced
the formation of the glassy amorphous phase and improved the resistance of acid corrosion and the
immobilization of hazardous metals.
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. Introduction

Incineration is a technology widely used for the treatment of
unicipal solid waste (MSW) in many industrialized countries

ue to the diminishing availability of landfill sites. In Taiwan,
here are 23 incinerators with a total designed disposal capac-
ty of 24,150 tons/day. In 2006, the total amounts of incinerated
efuse and ashes (fly ash + bottom ash) in Taiwan were 5,683,000
nd 1,026,000 tons, respectively [1]. Incinerated ashes potentially
elease toxic substances, such as polychlorinated dibenzo-p-
ioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), polycyclic
romatic hydrocarbons (PAHs), and heavy metal compounds, into

he environment [2,3]. There are several technologies, includ-
ng cement immobilization, acid extraction/sulfide stabilization,
intering, and vitrification, that can be used to properly dis-
ose of the ashes [4–7]. Among these technologies, vitrification

s energy consuming but effective in treating ashes [8]. In addi-
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ion, it can also treat various hazardous materials such as fly
sh, spent catalysts, sewage sludge, and radioactive waste [9–12].
t has been reported that using vitrification to treat inciner-
tor ashes reduces the volume of wastes, immobilizes heavy
etals, destroys organic toxics, and recovers valuable metals

13–15].
There are three kinds of energy sources for vitrification: elec-

ric melting, burner melting, and blast melting. Vitrification using
plasma torch is the most common in the electric melting type

16]. In a previous study, a plasma process successfully vitrified
azardous waste into an amorphous and stabilized slag [17]. During
uch a vitrification process, the mobility of hazardous metals was
educed and metals with low boiling points were mostly vaporized
nto the flue gas [15]. The leaching behavior of heavy metals and the
rystalline characteristics in slags have been investigated in various
ypes of vitrification. However, the chemical stability of slags has
eldom been investigated.
The main object of this study is to investigate the physical and
hemical characteristics of plasma slags. Fly ash from an incin-
ration process was vitrified by a plasma torch. The crystalline
nd surface characteristics of slags were qualitatively examined
nd the leaching behavior of metals was evaluated. In addition,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yiming@mail.hwai.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.05.074
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Fig. 1. Description of the plasma system: (a)

he correlation between the chemical stability and the amorphous
lassy structure in slags was investigated.

. Experimental

.1. Sampling and vitrification

The fly ash used in this experiment was sampled from fabric
lters in air pollution control devices at a MSW incinerator located

n southern Taiwan. The unit in front of the fabric filters was a semi-
ry scrubber with an injection of Ca(OH)2 in a slurry form to remove
as acid pollutants. Crystallized SiO2 (quartz) was added to adjust
he basicity (mass ratio of CaO to SiO2 before vitrification) of the fly
sh with SiO2/fly ash mass mixing ratios (S/A) of 0, 0.1, 0.2, 0.3 and
.4. In a real scale plant, cullet or bottom ash serves as a source of
i because it is cost effective. However, there are many impurities
n the additives which may interfere with the results. Hence, pure
iO2 was used to avoid interference.

The ash mixtures were spindled into 10 g pellets and moist-
ned using 1 mL ionized water to avoid being blown off by the
arrier gas of the plasma system. The specimens were then vitri-
ed by a non-transferred type of plasma torch operating at 2550 W

or 20 min. Fig. 1 schematically depicts the non-transferred type
f plasma torch which was used in this study. The internal elec-
rode of the plasma torch was tungsten and the tip of the torch was
opper. Argon, the carrier gas, metered at 1.0 L/min, was introduced
nto the system, with recirculated cooling water used as the cooling
ystem for the plasma torch. The center temperature of the plasma
orch was about 4000–10,000 ◦C. The vitrified slags were labeled as
-0–S-4 according to their S/A ratios, respectively. The metal com-
osition and the mass loss of specimens were both determined to
valuate percent mass retained (mass retained in the slag/mass in
he ash mixture, PMR) of the metal species after vitrification.
.2. Estimation of metal content in specimens

The slags and fly ash were both pulverized to a particle size that
assed through a mesh 100 sieve to ensure a consistent digestion
fficiency. All 0.5 g samples were digested with an acid mixture

i
a
a
a
t

able 1
omposition of fly ash and slag

tem Crust metal (%) Anthr

Al2O3
a CaOa Fe2O3

a SiO2
a Cda

ly ash 0.604 19.4 1.63 7.97 36.8
-0 0.793 28.0 2.20 17.6 9.07
RM (dimensionless) 0.768 0.844 0.790 1.29 0.14

a Species.
onents and (b) scheme of the plasma torch.

1 mL HBF4 + 5 mL HNO3 + 5 mL HClO4) in a hermetically sealed
eflon tube by a microwave digester. The heating program was:
0–180 ◦C at 10 ◦C/min and held isothermally for 30 min. The diges-
ion solution was diluted to 25 mL with deionized water, filtrated
y a cellulose ester filter, and then analyzed. An inductively cou-
led plasma atomic emission spectrometer (Jobin Yvon JY-38 Plus

CP-AES) was used to analyze the metal species, including Al, Ca,
d, Cr, Cu, Fe, Mn, Pb, and Zn, in the sample digests to measure
he metal composition of the slags and the fly ash. The relative
omposition of Si and Ca was determined using scanning elec-
ron microscopy–energy dispersive spectroscopy (JEOL JXA-840,
EM–EDS). The content of Ca was used to estimate the approximate
ass fraction of Si in the specimens. The basicity of ash mixtures

an be calculated using the following equation:

asicity = [CaO]
[SiO2]

= [Ca] × (56/40)
[Si] × (60/28)

Ca] is the content of Ca (%) in the ash mixture before vitrification
nd [Si] is the content of Si (%) in the ash mixture before vitrification.

.3. Evaluation of crystalline characteristics and amorphous
hases of slags

The crystalline phases in slags were determined using X-ray
iffraction (XRD) analysis. The analysis was carried out using a
owder diffractometer (Geigerflex 3063) with Ni-filtered Cu K�
adiation on powders, at a particle size smaller than 20 �m, at
◦ min−1, in the 2� = 20–60◦ range. Crystalline phases were iden-
ified by comparing intensities and positions of Bragg peaks with
hose listed in the Joint Committee on Powder Diffraction Standards
JCPDS) data files.

In this work, the volume fraction of the crystalline phase in slags
as further measured with an XRD analysis using internal standard

ddition [18]. High-purity silica was mixed with specimens as an

nternal standard with a Si/sample mass ratio of 0.1. This served
s a reference material in the crystalline quantitative analysis. The
pproximate fraction of the crystalline phase was then determined
ccording to the area of the specific peaks in comparison with
he internal standard. The details of the procedure are given in a

opogenic metal (mg/kg)

Cra Cua Mna Pba Zna

508 300 285 2,520 7,320
1092 832 465 1,485 4,350

4 1.26 1.62 0.954 0.345 0.348
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Table 2
Basicity, mass-specific BET surface, and AVF of specimens

Item Basicity (dimensionless) BET surface (m2/g) AVF (%)
Y.-M. Kuo et al. / Journal of Haza

revious report [19]. The amorphous volume fractions (AVF) of slags
ere calculated using the following equation:

n∑

VF = 1 −

i=1

CPi

Pi is the volume fraction of the ith crystalline phase.

Fig. 2. XRD patterns of slags: (a) S-0, (b) S-1, (c) S-2, (d) S-3, and (e) S-4.

Fly ash – 5.03 –
S-0 2.43 0.154 38.5
S-1 1.87 0.644 43.3
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-2 0.990 0.090 48.6
-3 0.674 0.585 56.1
-4 0.511 0.089 70.2

.4. Evaluation of the chemical stability and microstructure of
pecimens

The mobility of hazardous metal species in fly ash and slags
as evaluated using the toxicity characteristic leaching procedure

TCLP). The extracts of TCLP were digested and diluted to a fixed
olume following the detailed procedure given in Method 1311
20]. In order to investigate the acid resistance of slags with various
rystalline characteristics, the slags were pulverized and immersed
n an acid solution of 3 wt% HCl for 7 days. The specimens were
insed with deionized water and then dried at 105 ◦C for 1 h. The
icrostructures of the original and the acid-immersed slags were

oth qualitatively examined using a scanning electron microscope
SEM, Jeol JXA-840). Pulverized specimens (smaller than 74 �m)

ere adhered on a metallic plate, coated with Au using an ion

putter coater, and then scanned by the microscope. The concentra-
ions of metal species in TCLP extracts and acid immersed solutions,
ncluding Cd, Cr, Cu, Mn, Pb, and Zn, were determined using atomic
bsorption spectrometry (SensAA, GBC).

ig. 3. Concentration of Cd in: (a) TCLP extracts and (b) acid immersing solutions.
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0.644 m /g, were one-order of magnitude lower than that of the
fly ash (5.03 m2/g). This indicates that the pores in the fly ash were
filled and sealed during the vitrification. These results are consis-
tent with the appearance of the specimens. The addition of SiO2
gradually changed the basicity from 2.43 to 0.511 and caused the
ig. 4. Concentration of metals in acid immersing solutions: (a) Cr and (b) Cu.

. Results and discussion

.1. Composition of metal species in specimens

The fly ash was gray, powdery, and porous. After vitrification, the
pecimens with low S/A ratios were dark gray and had an uneven
xterior. An increase in the S/A ratio made the slags gradually turn
nto dark green amorphous glasses. Table 1 illustrates the compo-
ition and PMR of metals in the fly ash and the slags. According
o the toxicity, these metals can be divided into two categories:
nthropogenic metals and crust metals, which are represented in
lemental and oxide forms, respectively. The specimen of S-0 was
sed to represent other slags because the compositions of these
lags were roughly similar, except for SiO2, which was added dur-
ng the vitrification. The ternary major glassy matrix elements,
l2O3, CaO, and SiO2, made up 0.604, 19.4 and 7.97% of the fly
sh, respectively and 0.793, 28.0, and 17.6% of S-0, respectively.
he CaO content was extremely high in these specimens because
he fly ash was sampled from the semi-dry scrubbers with the
njection of Ca(OH)2 to remove acidic pollutants in the flue gas.
his also caused a high basicity of 2.43, which is not suitable to
e directly vitrified without additives [21]. The major constituents
f anthropogenic metals in the fly ash included: Cd (36.8 mg/kg),
r (508 mg/kg), Cu (300 mg/kg), Mn (285 mg/kg), Pb (2520 mg/kg),

nd Zn (7320 mg/kg). After vitrification, the levels of Cr, Cu, and Mn
ere slightly elevated to 1090, 832, and 465 mg/kg, respectively.

he mass reduction during vitrification caused these metals to be
oncentrated in the slags. The levels of Cd, Pb, and Zn were notice- F
Materials 162 (2009) 469–475

bly reduced to 9.07, 1485, and 4350 mg/kg, respectively. According
o the results of PMRs, metals with low boiling points, like Cd, Pb,
nd Zn, were predominately vaporized into the flue gas [15]. The
MRs of these metals were higher than those from another vit-
ification process [20]. This is probably due to the relatively short
itrification time (20 min), which is considerably shorter than those
n other processes. Therefore, there was insufficient time for Cd, Pb,
nd Zn to evaporate.

.2. Crystalline and amorphous phases in slags

The XRD analysis patterns of the slags are shown in Fig. 2,
n which the major crystalline phases are marked. The peaks
t 2� = 28.4, 47.2, and 56.1◦ are the peaks of Si, which was the
nternal standard. Other silicon-related phases, including diopside
CaMgSi2O6), akermanite (Ca2MgSi2O7), gehlenite (Ca2Al2SiO7),
arnite (Ca2SiO4), and grossular (Ca3Al2Si3O12), were identified.
hese crystalline phases were slender or acicular in appearance
nd are commonly seen in igneous rocks. According to the XRD
atterns of these slags, no new significant phases were found with
n increase of added SiO2.

Table 2 lists the basicity, mass-specific areas, and AVF of the
pecimens. The mass-specific areas of slags, ranging from 0.089 to

2

ig. 5. Concentration of Mn in: (a) TCLP extracts and (b) acid immersing solutions.
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number of acicular crystalline structures are clearly visible on the
surface of all specimens. With more added SiO2, bulks of amor-
phous glassy matrix started to form and the crystalline phases were
reduced in quantity and became embedded inside the amorphous
phase, but the shape of the crystalline phases remained acicular.
ig. 6. Concentration of Pb in: (a) TCLP extracts and (b) acid immersing solutions.

VF to increase from 38.5 to 70.2%. According to results of the XRD
nalysis and the estimation of AVF, the addition of SiO2 caused an
ncrease of AVF but did not cause the formation of a new crystalline
hase in the plasma vitrification process. In our previous study, the
dequate addition of SiO2 in a melting process enhanced the trans-
ormation of crystalline phases and caused the formation of a glassy
morphous phase [22]. For the corresponding vitrification process,
he fly ash was heated to 1400 ◦C by electricity, held for 2 h, and
hen cooled. There is a noticeable difference between the forma-
ions of crystalline phases in the slags from the two-vitrification
rocesses. The most probable governing factors are the duration
nd temperature of vitrification.

.3. Metal leaching behavior of slags

Figs. 3–7 illustrate the concentration of metals in extracts of
CLP and acid immersion. For Cd, the TCLP results were all below
.1 mg/L and the concentration in the acid bath solution ranged
etween 0.028 and 0.378 mg/L. No significant relationship between
he Cd leaching concentration and AVF was observed. The Cr and
u concentrations in TCLP extracts were all below detection limits,
o the corresponding figures are not shown. The concentrations of
r in the acid bath solutions were about 4 mg/L. The values were
lightly reduced in the slags containing higher AVF. For Cu, the con-

entrations in the acid bath solutions ranged from 10 to 40 mg/L,
ith no significant correlation between the Cu concentration and
VF. This shows that Cr and Cu were immobilized after vitrification,
ut slags with higher AVF were not more effective in encapsulating
hem. F
Materials 162 (2009) 469–475 473

In Fig. 5, the concentrations of Mn were all lower than 0.05 mg/L
n TCLP extracts and were about 4 mg/L in the acid bath solutions.
o significant trends were observed with a variety of AVF values.

n Fig. 6, the concentration of Pb ranged from 0.393 to 0.712 and
.429 to 2.41 mg/L in TCLP extracts and acid bath solutions, respec-
ively. For Zn, the concentrations of TCLP extracts were all below
.1 mg/L. The Zn concentration in acid bath solutions ranged from
0 to 150 mg/L. The leaching results of Pb and Zn show that slags
ith higher AVF potentially offer better immobilization of these

wo metals.
The Taiwanese regulated standards for heavy metals in a TCLP

olution are Cd (1 mg/L), Cr (5 mg/L), Cu (15 mg/L), and Pb (5 mg/L)
nd the TCLP results of the slags are all below these limits [23]. For
CLP tests, slags with higher AVF offered better encapsulation of
b and Zn, but not of the other metal species. When the slags were
mmersed in a strong acid, higher AVF also showed a noteworthy
ffect on the immobilization of Cr, Pb, and Zn. The mobility of heavy
etals was reduced by vitrification; slags with higher AVF can fur-

her immobilize heavy metals in a glassy amorphous matrix with a
etter ability to resist acid attacks.

.4. Microstructure and acid resistance of slags

Fig. 8 shows the microstructure of the plasma slags. A large
ig. 7. Concentration of Zn in: (a) TCLP extracts and (b) acid immersing solutions.
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Fig. 8. Morphology of slags: (a) S-0, (b) S-1, (c) S-2, (d) S-3 and (e) S-4. Fig. 9. Morphology of acid immersed slags: (a) S-0, (b) S-1, (c) S-2, (d) S-3 and (e)
S-4.
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[22] Y.M. Kuo, J.W. Wang, C.T. Wang, C.H. Tsai, Effect of water quenching and SiO
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his implies that the addition of SiO2 enhanced the formation of
glassy amorphous phase but did not cause a transformation of

he crystalline phase. The SEM images of the crystalline phases
nd the amorphous phases agree with the results of XRD analy-
is. Fig. 9 shows the microstructure of slags after acid bathing. In
hese SEM images, no acicular crystalline phases are present, but
igns of corrosion or porous powder were observed on the surface
f the specimens. This shows that the glassy amorphous phase had
etter acid resistance than did the crystalline phase.

. Conclusion

The results show that a plasma torch effectively vitrified fly ash
nto an inert slag. The specific surfaces of slags were reduced to a

agnitude of about 1/10. The major ternary constituents of the slag
atrix were Al2O3 (0.604%), CaO (19.4%), and SiO2 (7.97%). Anthro-

ogenic metals with low boiling points, such as Cd, Pb, and Zn, were
redominately vaporized into flue gas. Most of the metals with high
oiling points, such Cr, Cu, and Mn, remained in the slag. The XRD
nalysis shows that the addition of SiO2 during plasma vitrification
ncreases the AVF in slags but does not cause the formation of new
rystalline phases. After the vitrification, the mobility of hazardous
etals was significantly reduced in slags containing either high or

ow AVF. In the tests of acid bathing, the slags with higher AVF were
ore effective in metal immobilization and in resisting acid corro-

ion. The SEM images of slags show that a glassy amorphous phase
ad better acid resistance, which also verifies that TCLP leaching
nd acid bath concentrations are relatively lower in slags with
igher AVF. Therefore, the addition of SiO2 during plasma vitrifi-
ation enhanced the formation of a glassy amorphous phase and
mproved the acid resistance and the immobilization of hazardous

etals.
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