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Abstract: Vitrification has attracted much attention as an efficient method for solidifying heavy metals
in hazardous solid wastes, but its effect is limited when hazardous solid wastes contain chlorides.
Aiming at fly ash, a normal chlorine-containing solid waste, a novel process of chlorination melting
and glass curing was developed to completely realize the harmlessness of heavy metals. Melting
temperature, time, and auxiliary agent were adequate to realize the harmlessness, and their influence
on the migration and transformation of Cl, Na, Pb, and Zn and the leaching of slag were studied. The
results showed that the majority of Cl, Na, Pb, and Zn in the fly ash had been transferred to the soot,
and the residual part in the slag had been solidified in glass by controlling the process conditions.
Under the optimized conditions (12 wt.% CaO and 5 wt.% SiO2 was added, the N2 flow ratio was
at 1 L/min, and the melting temperature was 1300 ◦C for 2 h), the leaching index was determined,
including the acid dissolution ratio, the Pb and Zn content of the water leaching solution, and the
acid leaching solution, which all met the requirements of the relevant standards. Furthermore, the
novel process provided a simple and efficient approach for the disposal of other similar solid wastes
containing chlorides and heavy metals.

Keywords: fly ash; heavy metal; harmless; chloride volatilization; leaching characteristics

1. Introduction

A large amount of solid waste produced in industrial production and urban life
has caused severe environmental and geological hazards and waste of land resources.
The treatment, disposal, and utilization of solid waste, especially hazardous solid waste,
has always been the key to restricting the construction of environmental protection and
ecological civilizations in various countries [1,2]. Chlorine-containing solid waste has
received particular attention because of its high toxicity and disposal difficulty. Chlorine in
nature mainly comes from seawater and brine, and a small part of chlorine comes from
natural ores. Seawater and brine are usually used as raw materials to produce raw salt,
mainly used to prepare edible salt and Chlor-alkali. In this way, chlorine enters the fields
of the organic chemical, medicine, and pesticide industry industries.

Many solid wastes containing chlorine are produced from chlorine-containing in-
dustries and discarded chlorine-containing products. Ordinary solid wastes containing
chlorine include domestic waste, medical waste, and incineration fly ash. Their main
chlorine-related components include chloroalkanes, chlorinated olefins, chlorobenzene
series, PbCl2, and ZnCl2. Solid waste containing chlorine, such as domestic waste or
medical waste, is usually disposed of by incineration, and chlorine will be enriched in
the flue gas collection device, resulting in chlorine-containing fly ash [3–5]. Fly ash is
classified as a hazardous substance for its high content of harmful heavy metals, such
as Pb and Zn, which should be placed safely after special treatment [6]. Besides Pb and
Zn and other heavy metals, fly ash also contains many halogens (Cl, Br, etc.) and alkali
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metals (Na, K, etc.) [7–9]. These elements have a negative effect on the harmless disposal
and material preparation of fly ash. The incineration method cannot solve the harmless
problem entirely, which only transfers the harm of raw materials to soot [10]. Therefore, the
disposal of chlorine-containing fly ash has become a critical factor in the harmless disposal
of chlorine-containing solid waste.

At present, vitrification technology is a harmless disposal method for solid waste,
which is considered the most promising technology. The primary process of vitrification
follows: solid waste mixed with fluxes and auxiliaries that are easy to form glass phase in
a high-temperature environment, where the organic materials are burned, vaporized, or
pyrolyzed, and inorganic materials form glassy substances with an amorphous structure
after melting and cooling [11,12]. To standardize the determination of vitrification products
of solid waste and to improve the environmental safety and quality management of vitrifi-
cation products, China has formulated the national standard “Technical requirements for
vitrification products of solid waste” (GB/T41015-2021) based on lessons from domestic
and foreign solid waste vitrification policies and standards, which is referred to as the ‘vit-
rification standard’ in the following article. Vitrification technology has the characteristics
of high disposal capacity and high incineration efficiency for fly ash, and high physical and
chemical stability for the resulting glass slag, which is especially suitable for hazardous
solid wastes containing heavy metals.

Heavy metals can be vitrified directly because fly ash contains many chlorides and
alkali metals. Chlorides readily react with heavy metals in fly ash to form highly volatile
metal chlorides during high-temperature disposal, which makes heavy metals migrate
to soot, making vitrification difficult. To realize the solidification of heavy metals in slag,
some researchers tried to suppress the chlorination and volatilization of heavy metals
utilizing water leaching [13] and raw material granulation [14]. The above research results
are not ideal because heavy metals are rarely solidified into glass slag due to their volatility.
Few studies have considered that chlorination and volatilization are helpful in achieving
the harmlessness of heavy metals in chlorine-containing solid waste. In addition, a large
number of alkali metals in fly ash provide free oxygen to increase the O/Si ratio in the glass
structure, thus reducing the degree of polymerization of the glass structure [15,16]. The
high content of alkali metals in fly ash is not conducive to forming a vitreous body, whose
vitrification disposal has been a lack of related research.

Unlike some studies aimed at inhibiting the chlorination reaction during the vitrifi-
cation process, the novel process proposed in this research, as shown in Figure 1, utilized
the chlorine contained by fly ash itself and controlled technical conditions to promote the
chlorination reaction. In this way, most heavy metals enter the soot to achieve enrichment,
which allowed the comprehensive utilization of resources such as some industrialized
projects [16,17]. The molten slag could be converted to general solid waste by glass so-
lidification or was used to prepare high added value materials by technological control.
Following route 1, the molten slag was completely harmless through glass solidification
of residual heavy metals, transformed into general solid waste. Most of the heavy metals
migrated into the soot due to the chlorination volatilization reaction, so glass curing was
very feasible because of the small number of heavy metals in slag that needed to be vitrifi-
cated. Following route 2, the slag could prepare high added value materials, such as slag
fiber or microcrystalline glass through technical control, which was not taken as research in
this paper [18–20]. The process can realize the harmless resource of fly ash efficiently and
provide ideas for the disposal of other similar solid wastes. To investigate the feasibility
of the new process, fly ash chlorination volatilization tests and slag toxicity leaching tests
were conducted under different conditions to investigate the migration, material phase
conversion, and leaching behavior characteristics of Cl, Na, Pb, and Zn in fly ash. These
works all revolve around the realization of environmental harmlessness of solid waste after
chlorination and vitrification.
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Some heavy metals are contained in the molten residue that are potentially hazard-
ous to the environment after the chlorination volatilization process, which needs further 
stabilization to make it harmless. Many previous studies have shown that vitrification has 
a good effect on curing a specific concentration of heavy metals, which is the advantage 
of this method. Its disadvantage is that it consumes a large amount of energy because the 
material needs to be heated to a temperature above the melting point, and its treatment 
temperature is between 1200 °C and 1500 °C. 

Figure 1. A novel process for harmless disposal of solid waste containing chlorine.

2. Experimental Procedure
2.1. Process Principle

The process of fly ash disposal mainly involves the melting chlorination process and
vitrification process, and its principle is shown in Figure 2. Melt chlorination refers to
the transformation of heavy metals in materials into gaseous chlorides with the help of
chlorination agents, so that metals can be separated from raw materials and the residue
melts at high temperatures. Chlorination is an enhanced chemical process, and many heavy
metals, including Pb, Zn, Cu, Cd, and Ni, readily react with chlorides. Therefore, the
separation and enrichment of heavy metals from solid waste are crucial to realizing solid
waste’s harmlessness and resource recovery.
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Figure 2. Schematic diagram of the novel process for fly ash disposal.

Because there is a large amount of NaCl in fly ash, the self-chlorination process can
be realized without an additional chlorination agent. Pb and Zn in fly ash participate in
the chlorination reaction in the form of oxides, and the chlorination reaction occurs as
follows [21].

PbO + 2NaCl = PbCl2 + Na2O (1)

ZnO + 2NaCl = ZnCl2 + Na2O (2)

Some heavy metals are contained in the molten residue that are potentially hazardous
to the environment after the chlorination volatilization process, which needs further sta-
bilization to make it harmless. Many previous studies have shown that vitrification has
a good effect on curing a specific concentration of heavy metals, which is the advantage
of this method. Its disadvantage is that it consumes a large amount of energy because the
material needs to be heated to a temperature above the melting point, and its treatment
temperature is between 1200 ◦C and 1500 ◦C.
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2.2. Starting Materials

Fly ash was used as a test raw material from an incineration plant for the treatment
of hazardous wastes, which used a rotary furnace incineration process in the temperature
range of 800 ◦C–950 ◦C.

The raw material was magnified 1500 times and 3000 times under a scanning electron
microscope, as shown in Figure 3a. The raw material mainly showed an irregular angular
junction morphology, its particle size distribution was uneven, and a large gap between
particles. The average volume size of fly ash was 36.9 µm, and the particle size less than
90 µm accounted for more than 90%, as shown in Figure 3b. According to the XRD test
results, as shown in Figure 3c, the main phases of the raw materials were sodium chloride
and sodalite.
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magnifications; (b) particle size distribution, and (c) XRD spectra.

The characteristics of high Na and high Cl as raw materials can be seen in Table 1, and
their contents were 19.40 wt.% and 19.47 wt.%, respectively. The primary heavy metals in
fly ash are Pb and Zn, with contents of 0.74 wt.% and 0.76 wt.%, respectively, which has a
recovery value. The content of Pb and Zn in fly ash is low, which may cause the diffraction
peak in Figure 3c. The phase of Pb and Zn in fly ash was usually in the form of PbO and
ZnO because they were obtained by high-temperature roasting.

Table 1. The main elements of fly ash.

Element Na K Cl Fe Ca Mg Al Si Pb Zn LOI

wt (%) 19.47 0.41 19.40 6.51 3.10 0.73 3.03 4.89 0.74 0.76 5.99

2.3. Research Methods
2.3.1. Selection of Test Factors

The melting temperature, time, and additives were investigated because they are
important factors affecting chlorination melting and slag leaching. Fly ash fusibility tests
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were carried out to initially determine the temperature required for chlorination smelting,
as shown in Table 2. The results of the ash melting test showed that fly ash began to soften
at 970 ◦C and had good fluidity at 1270 ◦C. Considering the requirement of overheating in
the glass process, the temperature range of the study was selected from 1000 ◦C to 1450 ◦C.

Table 2. Test and analysis results of the ash fusibility of fly ash (◦C).

Deformation
Temperature (DT)

Softening
Temperature (ST)

Hemispheric
Temperature (HT)

Flow Temperature
(FT)

970 1030 1050 1270

The melting time significantly affects the chlorination and volatilization in the melting
process. Before reaching chemical equilibrium, prolonging the melting time can increase
the degree of chlorination and volatilization [22]. Moreover, it takes a specific time to form
a homogeneous glass liquid after the fly ash is melted, so it is necessary to investigate the
effect of melting time in the process. Based on previous exploratory experiments, it was
determined that the melting time range had been 1.0 h~3.0 h. The additives of SiO2 and
CaO were considered for forming the vitreous body and reducing the process temperature.
SiO2 is a vital oxide formed by glass, but high SiO2 content increases the melting point of
the raw material. Thus, CaO is added as a flux.

2.3.2. The Method of the Test

The sample was put into the electric furnace (equipment model: SX-10-12, made
in China) after being heated to the target temperature and continuously pumped with
nitrogen for ten minutes. After chlorinated and melted for a period of time, the sample was
taken out of the furnace and cooled in the air to form a solid slag. The chlorination melting
test device is shown in Figure 4. The slag was used for element analysis, phase analysis,
and the toxicity leaching test for Cl, Na, Pb, and Zn.
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Figure 4. Schematic diagram of chlorination melting device for fly ash: 1-gas mixing chamber;
2-gas cylinder; 3-gas flow meter; 4-electrical control cabinet; 5-electrical furnace; 6-high-temperature
thermocouple; 7-sample crucible; 8-exhaust absorbing flask; 9-exhaust fan; 10-cooling chamber.

To clearly express the volatilization and distribution characteristics of the main el-
ements, such as Cl, Na, Pb, and Zn before and after chlorination melting, slag ratio η1,
burning loss ratio η2, and element distribution ratio η3 were defined. The slag ratio referred
to the weight ratio of the slag to the raw material after the reaction, and the burning loss
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ratio referred to the weight proportion of the substance transferred to the smoke and dust
to the raw material after the chlorination and melting process. The element distribution
ratio in soot referred to the weight proportion of the mass of an element transferred to soot
to the total mass of the element in the raw material.

η1 =
Mslag

M
(3)

η2 = 1 −
Mslag

M
(4)

η3 = 1 −
Mslag × Wslag

M × W
(5)

Mslag-Slag mass; M-Sample mass; Wslag-Mass fraction of a heavy metal in slag; W-mass
fraction of a heavy metal in a sample.

The environmental risk of slag after smelting needs to be assessed by a leaching test.
The toxic leaching analysis of the slag was carried out according to the vitrification standard
shown in Table 3, including the acid dissolution test, water leaching test, and acid leaching
test [23]. Although there is no provision for Cl and Na in the vitrification standard, they
will be considered to control them at a lower level in this research.

Table 3. The toxicity index of fly ash leaching should be in accordance with the vitrification standard
of solid waste.

Index Acid Dissolution Ratio (%) Water Leaching Solution (mg/L) Acid Leaching Solution (mg/L)

Requirements ≤2.00
Pb Zn Pb Zn

≤0.01 ≤1.00 ≤0.30 ≤1.00

Acid dissolution ratio referred to the weight proportion of the loss in acetic acid/sodium
acetate buffer solution to the raw material before dissolution, and it was used as a reference
index to measure the proportion of soluble substances in vitrification products. The acid
dissolution test process was to put a 100 g slag sample and 1 L acetic acid-sodium acetate
buffer solution (pH 4.6) into an airtight leaching bottle. Then, the leaching bottle was
rotated for 6 h at a rate of 20 rpm. Finally, the leaching pulp was filtered, and the filter
residue was weighed after drying. The acid loss ratio was calculated according to the
following formula:

PM =
100 − (M2 − M1)

100
× 100

In the formula:
PM-Acid dissolution ratio of vitrification products, %;
M1-Dry mass of filter membrane before acid dissolution test, g;
M2-The dry mass of filter membrane and residual solid after acid dissolution test, g.
Water leaching and acid leaching tests were used to simulate the leaching risk of heavy

metals in slag in the natural environment. In the water leaching test, 100 g glass slag sample
and 1 L deionized water were placed into a 2 L smooth bottle, which oscillated for 8 h at a
frequency of 110 Hz, and left to stand for 16 h. The leachate was obtained from the filtered
slurry, which was sent to determine the contents of Cl, Na, Pb, and Zn. In the acid leaching
test, 10 g glass slag and 500 mL deionized water were put in a 1 L beaker and then reacted
for 2 h under rotor stirring. The filtered residue of the leaching pulp and 500 mL deionized
water were put into the beaker, the pH was controlled at 3.2 ± 0.5, and then reacted for
7 h. Finally, the filtered solution was mixed with the filtrate that had been reacted for 2 h,
and the volume of mixed liquid was fixed to 2 L as the acid leaching solution, which was
sent to determine the contents of Cl, Na, Pb, and Zn. The potential of hydrogen (pH) was
regulated by NaOH solution and the mixed solution of sulfuric acid and nitric acid in the
reaction process.
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2.4. Material Characterization Techniques

The element content was determined by ICP-OES/MS, which was an inductively
coupled plasma spectrometer with a model ICPS-7510 PLUS and a wavelength range of
160–850 nm. The main crystalline species in the fly ash and slag were detected by XRD
(Rigaku Dmax-2400, RIGAKU, Tokyo, Japan) with Cu Kα radiation. Scanning electron
microscopy was performed on a field emission Hitachi Smart 4800 instrument operating at
an accelerating voltage of 10 kV.

3. Results and Discussion

Before the experimental study via the process, the direct leaching test of fly ash was
conducted as a reference, and the test results are shown in Table 4. The acid loss ratio of fly
ash was 51.05 wt.%. The direct leaching test showed that there were more than half of the
soluble substances contained in the fly ash, which have a great impact on the environment.
Na and Cl were leached in large quantities in water and acidic medium. Although Na and
Cl are not stipulated in the vitrification standard, excessive leaching was obviously not
conducive to harmlessness and resource utilization. The leaching value of Pb and Zn in
water and acid medium far exceeded the provisions of the standard, which would do great
harm to the environment and needed to be disposed of properly.

Table 4. Test results of direct leaching of fly ash.

Index
Acid Dissolution

Ratio (%)
Water Leaching Solution (mg/L) Acid Leaching Solution (mg/L)

Na Cl Pb Zn Na Cl Pb Zn

Requirements
[23] ≤2.00 — — ≤0.010 ≤1.000 — — ≤0.300 ≤1.000

Test results 51.05 11,136.9 13,450.0 0.339 1.746 1103.7 959.5 2.36 11.56

3.1. The Effect of Melting Temperature on the Migration and Transformation of Elements

As shown in Figure 5, with the increasing reaction temperature, the slag ratio of molten
slag decreased significantly, and the corresponding ignition loss ratio increased greatly.
At 1450 ◦C, the slag ratio was 54.08 wt.% and the burning loss ratio was 45.92 wt.%. It
showed that a large amount of material in the fly ash migrated into the smoke and dust at
high temperatures. According to the results of elemental analysis of glass slag, Cl, Na, and
heavy metals were mainly transferred to soot. The heavy metals Pd and Zn are focused on
their high ratio values in raw materials. With the increasing temperature, the contents of
Cl and Na in glass slag decreased, and the decrease was obvious when the temperature
was higher than 1300 ◦C. After the treatment at the temperature 1450 ◦C, the contents of Cl
and Na in glass slag were 0.35 wt.% and 13.17 wt.%, respectively, and the distribution ratio
in soot was as high as 99.02% and 63.42%. The XRD spectra s of the soot collected after
smelting were shown in Figure 6a, which suggests that the main substance was halite. It
could be concluded that most of the sodium chloride in the raw material was converted
into halite to soot in the process of high temperature.

Most Cl was in the gas phase, while a certain amount of Na remained in the glass
slag, as shown in the previous experimental results. Inorganic salts containing Na were
generally soluble in water, which would seriously affect the use of vitrification products in
the preparation of materials, so it was necessary to analyze the phase of Na in slag. After
melting at different temperatures and cooling via, the obtained XRD test results are shown
in Figure 6b.
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The diffraction peaks of the slag were sharp at 1000 ◦C and 1200 ◦C temperatures,
indicating that no glass was formed. When the melting temperature was above 1300 ◦C,
there was an apparent steamed bread peak on the XRD peak at the crystal plane angle of
22.0◦–38.0◦ [23], which was the XRD diffraction characteristic of the glassy state. The melt
slag can be prepared into glass when the process temperature is higher than its fluidity
temperature (1270 ◦C). However, there was also a crystallization peak in the diffraction
spectra of the slag obtained at temperatures above 1270 ◦C, which was due to an insufficient
cooling rate resulting in incomplete vitreous formation. The main phases of Na and Cl in
slag at different temperatures are shown in Table 5: sodium chloride, sodalite, and sodium
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chlorite below 1300 ◦C. Sodium chlorate was the main phase of Cl at 1300 ◦C and 1400 ◦C.
Sodium aluminosilicate and nepheline formed at 1400 ◦C and 1450 ◦C, respectively were
insoluble. Therefore, the phase of Na and Cl in the slag was converted from highly soluble
NaCl to insoluble matter as the temperature increased [24].

Table 5. The phases of Na and Cl mainly existed in the residue at different temperatures.

Temperature/◦C 1000 1200 1300 1400 1450

Main phase

Sodium chloride
(NaCl)

Sodalite
(Na4 Cl (Al3 Si3 O12))

Sodium chloride
(NaCl)

Sodalite
(Na4 Cl (Al3 Si3 O12))

Sodium chlorate
(NaClO4)

Sodium aluminum
silicate

(NaAlSi2O6)

Sodium chlorate
(NaClO4)

Sodium aluminum
silicate

(NaAlSi2O6)

Nepheline
(Na6.65Al6.24Si9.76O32)

Cl, Na, and most of the Pb and Zn in fly ash migrated to the flue gas. With the increase
in temperature, the content of Pb and Zn in slag decreased gradually, especially for the
content of Pb. When the temperature was higher than 1200 ◦C, the decrease was significant.
When the temperature was 1450 ◦C, the content of Pb and Zn in the slag was 0.022 wt.%
and 0.072 wt.%, respectively. Additionally, the distribution ratios in smoke and dust were
98.38% and 45.92%, respectively, as shown in Figure 5. Pb and Zn existed mainly in the
form of oxides in fly ash, and most of them migrated to the flue gas because of chlorination
volatilization. Melting temperature is an important factor affecting chlorination reaction
and volatilization [25]. With the increase in temperature, the standard Gibbs free energy of
the chlorination reaction of heavy metal oxides gradually decreased, as shown in Figure 7,
which resulted in the gradual enhancement of the chlorination volatilization effect.
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Decomposition reaction of NaCl:

2NaCl + 1/2O2 = Na2O + Cl2 (6)

2NaCl + 1/2O2 + SiO2 = Na2SiO3 + Cl2 (7)
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Chlorination of heavy metal oxides:

PbO + 1/2Cl2 = PbCl2 + 1/2O2 (8)

ZnO + 1/2Cl2 = ZnCl2 + 1/2O2 (9)

The reaction process of sodium chloride in raw materials with PbO and ZnO at high
temperatures may be complex [21]. It was difficult for NaCl to react directly with metal
oxides, as in reactions (1) and (2). The chlorination reaction was likely to be carried out step
by step. First, NaCl was decomposed to obtain Cl2, such as reaction formula (3), and then
Cl2 reacted with metal oxides, as shown in reverse reactions (5) and (6). NaCl decomposition
was an essential step and usually promoted chlorination with the participation of acid
oxides, such as reaction (4). Compared with PbO, the degree of chlorination reaction of
ZnO was lower, which was concluded from Figure 7. The binding ability of Pb to Cl is more
vital than that of Zn to Cl, and Zn can form stable compounds such as silicate ZnSiO4 and
aluminate ZnAlO4 [3]. Pb and Zn can be selectively separated according to their differences
in the chlorination melting process.

3.2. The Effect of Melting Temperature on Leaching of Slag

According to Figure 8, the acid dissolution ratio decreased rapidly with increasing
melting temperature and slightly after 1400 ◦C. The lowest acid dissolution ratio was 7.30%
at 1400 ◦C, which was significantly lower than the proportion of 51.05% of direct acid
dissolution of raw materials. The acid dissolution ratio illustrates the content of soluble
crystals in the slag. The main reason for the decrease of the content was that NaCl, which
belonged to the soluble crystal phase in the raw material, had migrated ratios to the flue
gas through chlorination volatilization, and most of the residue had been converted into
the glass phase.
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Figure 8a suggests that the reaction and migration of NaCl could impact acid dis-
solution because the variation trend of Cl and Na content in an aqueous extract with
temperature was consistent with the acid dissolution ratio. The content of Cl and Cl and
Na in the three water extracts reached the lowest value at 1400 ◦C and was 229.00 mg/L
and 344.05 mg/L, respectively. Compared with the direct leaching of fly ash, the content
was significantly reduced, even though it was still at a relatively high leaching value, which
will be further optimized in the follow-up. Figure 8b shows that the melting temperature
had a significant effect on the leaching result of the slag, and the Pb and Zn of the leaching
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solution decreased gradually with the increase of temperature. When the temperature was
1450 ◦C, the Pb and Zn in the water extract were 0.007 mg/L and 0.147 mg/L, respectively,
in the water extract that met the corresponding standard.

Figure 9 shows the test results of slag acid leaching at different temperatures. Com-
pared with water leaching, the acid leaching concentrations of Cl and Na were lower. It
was generally believed that salts could be leached easily under acidic conditions, but the
acid leaching result of Cl and Na is not consistent with it. This showed that the leaching
of Cl and Na compounds was not sensitive to the medium’s acidity. This may be due to
the higher liquid-solid ratio in the water immersion test and better conditions for mass
transfer [24]. The acid leaching concentration of Pb and Zn was much higher than that of
water leaching, for they had better soluble properties in an acidic medium. At 1400 ◦C, the
Pb and Zn concentrations of the acid leaching solution were 0.020 mg/L and 1.013 mg/L,
respectively, which accorded with the standard of Pb and slightly exceeded the standard
of Zn.
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Regardless of whether it is water leaching or acid leaching, the concentration of Cl and
Na in the leaching solution increases at 1450 ◦C compared with that at 1400 ◦C, which is
mainly caused by the decrease in vitreous body content, as shown in Figure 6b. The degree
of vitrification of the slag decreases gradually with the temperature changing from 1300 ◦C
to 1450 ◦C. This was mainly due to the strong crystallization trend caused by insufficient
cooling speed, when the temperature difference between slag and the environment was
large. Combined with the diffraction spectra of slag at different temperatures in Figure 6b
and electron microscope-energy spectrum in Figure 10, it was known that the main crys-
talline phases at 1400 ◦C were sodium chlorite and sodium aluminosilicate, and the main
crystalline phase at 1450 ◦C was nepheline. Crystal nepheline is insoluble and should not
dissolve much, but a large amount of Na was dissolved in the actual slag. The possible
reason is that except nepheline, there are other soluble phases containing Na and Cl in the
crystal phase, and they are not detected because of their low content. Therefore, increasing
the vitreous body content is an effective way to prevent the leaching of Na and Cl.
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The leaching solution of Pb and Zn decreased with increasing temperature in the water
leaching or acid leaching test and was not obviously affected by the glass transition degree
of the slag. Because the leaching characteristics of elements in the slag were determined
by chlorination and glass curing, Pb and Zn were mainly affected by chlorination reaction,
and the difference in vitreous body content was not enough to affect the changing trend of
leaching concentration.

3.3. Effect of Melting Time on the Migration and Transformation of Elements

Time is an essential kinetic parameter related to the degree of chlorination reaction
and the homogenization of molten slag [26]. This section investigated the effects of time on
the migration and phase transformation for Cl, Na, Pb, and Zn in the chlorination melting
process. Figure 11 shows that the slag ratio of molten slag decreased significantly with
melting temperature, and the corresponding burning loss ratio increased significantly. The
reaction lasted for 3.0 h at 1300 ◦C, and the burning loss ratio of the reaction was 46.54%. It
showed that when the temperature was not high, such as 1300 ◦C, enough melting time
could make a large amount of material in the fly ash migrate to the dust.

With the extension of smelting time, the distribution ratio of Cl and Na in soot in-
creased gradually, and almost reached the maximum at 2.5 h. When the melting time was
2.5 h, the content of Cl and Na in the slag was 0.50 wt.% and 12.47 wt.%, respectively,
and the corresponding distribution ratio was as high as 98.64% and 66.16% in the dust,
respectively. Most of the Cl in the fly ash had migrated to the gas phase, while a certain
amount of Na remained in the glass slag. The XRD spectra of the slag obtained from
different melting times are shown in Figure 12.

According to the XRD results of the slag, as shown in Figure 12, the main phase in
the slag after a melting time of 1.0 h was sodium chloride, which was the same as fly ash.
The glass was formed when the melting time was more than 1.5 h. When the melting
temperature was 1300 ◦C, enough melting time was needed to maintain the excellent
fluidity of the melt and facilitate the formation of glass. As shown in Table 6, the phase
occurrence states of Cl and Na in the slag were affected by melting times: sodium chloride
and sodium aluminosilicate at 1.5 h and sodium aluminum silicate and sodium chlorate
at more than 2 h. These different phases containing Cl and Na may affect their leaching
characteristics.
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Table 6. The main occurrence phases of Na and Cl in slag with different melting time.

Melting Time/h 1.0 1.5 2.0 2.5 3.0

Main phase Sodium chloride
(NaCl)

Sodium chloride
(NaCl)

Sodium Aluminum
Silicate (NaAlSi2O6)

Sodium Chlorate
(NaClO4)

Sodium Aluminum
Silicate (NaAlSi2O6)

Sodium Chlorate
(NaClO4)

Sodium Aluminum
Silicate (NaAlSi2O6)

Sodium Chlorate
(NaClO4)

Sodium Aluminum
Silicate (NaAlSi2O6)

3.4. Effect of Melting Time on the Leaching of Slag

Figure 13a shows that the content of Cl and Na in the aqueous extract of slag decreased
gradually with increasing melting time from 1.0 h to 2.5 h. When the melting time was
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prolonged, more Cl and Na had migrated ratios into the flue gas, as shown in Figure 11d,
so the amount of slag that could be leached was less. The acid loss ratio was positively
correlated with the content of the soluble crystalline phase, so its trend change was very
similar to the Cl content in the water leaching solution. With increasing melting time,
the content of Pb and Zn in the aqueous extract of the mixture decreased gradually, and
increased from 2.5 h to 3.0 h, as shown in Figure 13b. The melting time was 2.5 h, and the
Pb and Zn content of the mixture water extract was 0.006 mg/L and 0.2916 mg/L, which
met the vitrification standard.

In the acid leaching test, the content of Pb and Zn in the leaching solution gradually
decreased, and then increased with the extension of melting time from 2.5 h to 3.0 h, as
shown in Figure 14, which was similar to the trend of water leaching. When the melting
time was 2.5 h, the Pb and Zn content in the acid leaching solution was 0.017 mg/L and
2.004 mg/L, respectively, in which Pb met the relevant standard, but Zn did not. Figure 12
shows that the fly ash was transformed into glassy slag when the melting treatment time
ranged from 1.5 h to 3.0 h, but a sharp crystallization peak appeared in the diffraction
spectrum at 3.0 h. It can be deduced that melting for 3.0 h had the appearance of a soluble
crystalline phase, which led to the increase of Cl, Na, Pb, and Zn content in water leaching
solution and acid leaching solution.
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3.5. Effect of Auxiliary Agent on the Leaching of Slag

Compared with direct leaching, fly ash was leached after chlorination melting and
air cooling, which led to significantly reduced Pb and Zn content in the leaching solution,
as shown in the above experimental results. However, the leaching index did not fully
meet the standard, and the acid dissolution ratio did not reach an index of less than 2%.
Moreover, only at 1450 ◦C could Pb and Zn meet the standard completely, which would
consume a large amount of energy. Therefore, it is necessary to promote the formation
of glass through an appropriate auxiliary agent and simultaneously reduce the energy
consumption of the process. The auxiliary agent adjusts the structure to form glass with a
higher degree of polymerization, which is conducive to the solidification of heavy metals.

After melting chlorination, the slag composition is characterized by low SiO2 and high
Na2O. SiO2 is a vital glass-forming oxide that uses the structural components of [SiO4]
to form a continuous irregular network, which is used as the skeleton of the glass [23].
According to the characteristics of the material, the SiO2 content should be increased
appropriately. As an external oxide of the glass network, Na2O provides free oxygen to
increase the ratio of O/Si in the glass structure and reduce the degree of polymerization of
the glass structure. The high content of Na2O in the slag is not conducive to the formation
of the vitreous body, which is why the vitreous body often contains the crystalline phase in
the previous test. CaO can be added to strengthen sodium silicate glass because of the solid
chemical bonding force between alkaline earth metal-oxygen ions and nonbridging oxygen,
and calcium ions can accumulate to strengthen the network to weaken the dissociation
of Na2O [27].

The CaO-SiO2-Al2O3 ternary phase diagram was drawn by FactSage thermodynamics
software under the restriction of slag composition. The green zone is the liquid surface of
SiO2-Na2O-CaO ternary system [28], as shown in Figure 15, in which it was easy to form
glass [29,30]. By adding 12%CaO+5%SiO2, the composition point of fly ash was from the
O point (the starting point of the arrow) to the E point (the starting point of the arrow),
which was in the glass forming area. Because of the addition of CaO as a fluxing agent, a
lower temperature of 1300 ◦C was selected for melting for 2 h. The diffraction result of the
slag obtained from the experiment is shown in Figure 15b. The XRD spectra displayed the
steamed bread peak as a characteristic of the glassy substance, and there was no diffraction
peak of crystal. Consequently, vitreous bodies with few crystals were obtained in the test,
indicating that the composition design has been achieved. The toxic leaching test of the
slag obtained from the test was carried out, and the results are shown in Table 7, and all
the leaching indexes met the standard. In this way, the fly ash was completely harmless
through the process with proper composition adjustment at low temperatures.
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Figure 15. (a) The phase diagram of CaO-SiO2-Al2O3; (b) X-ray diffraction results of slag from
additive test.

Table 7. The leaching test results of slag from the auxiliary agent test.

Index Acid Dissolution
Ratio (%) Water Leaching Solution (mg/L) Acid Leaching Solution (mg/L)

Test results 2.00
Pb Zn Pb Zn

0.008 0.313 0.003 0.453

4. Conclusions

In this research, a new harmless process with fly ash as the representative of chlorine-
containing solid waste was developed, which ultimately realized the innocuity of heavy
metals in fly ash through two stages, chlorination melting and glass curing. The main
results are listed as follows:

(1) Chlorination melting can efficiently transfer heavy metals, Pb and Zn, from raw
materials to soot and enrich them, which is beneficial to comprehensively recover and
reduce the vitrification pressure of heavy metals in slag. The heavy metals retained in the
slag after chlorination can be solidified by vitrification, which can realize the harmlessness
of heavy metals. The process technology has been well applied in the solid waste disposal
project in Hebei Province.

(2) Increasing melting temperature and roasting time can significantly promote the
distribution ratio of Cl, Na, Pb, and Zn in soot. After the raw materials were smelted at
1450 ◦C for 2 h under a nitrogen atmosphere with a flow ratio of 1 L/min, the distribution
ratios of Cl, Na, Pb, and Zn in soot were 99.02%, 63.41%, 98.38%, and 45.92%, respectively.

(3) The leaching effect of Na and Cl in slag is determined by chlorination and vitrifica-
tion, while the leaching effect of Pb and Zn is mainly affected by the degree of chlorination
reaction. According to the change in roasting temperature and time, the phases of Na and
Cl in the slag are different.

(4) When 12 wt.% CaO and 5 wt.% SiO2 were added, the N2 flow ratio was at 1 L/min,
and held the melting temperature of 1300 ◦C for 2 h. The leaching index was determined;
the acid dissolution ratio was 2.00%, and the Pb and Zn content of the water leaching
solution was 0.008 mg/L, 0.313 mg/L respectively. In addition, the Pb and Zn content of
the acid leaching solution was 0.003 mg/L, 0.453 mg/L respectively. Above all, the results
met the vitrification standard.
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