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Abstract Both the incineration residues of the municipal solid waste (MSW) and
the residues of air pollution control facilities are frequently classified as hazardous
wastes if they do not pass the toxicity characteristic leaching procedure (TCLP)
testing. As the hazardous wastes, they may be either properly disposed of with a
cost or recycled for reuse with a value.

If the above-described residues or fly ashes are mainly composed of calcium and
silicon compounds, they have the potential for recycling. To utilize the waste
residues and reduce their negative environmental impact, three types of
pretreatment prior to recycling may be needed: (a) separation processes,
(b) solidification or stabilization processes, and (c) thermal processes. The major
problem preventing fly ashes from being recycled for reuse is their high content of
soluble salts, such as chloride. Water extraction process is a feasible pretreatment of
fly ashes for extracting many problematic soluble salts from the ash matrix, which
opens the windows for possible resources recovery. This chapter provides an
overview of existing intermediate treatment and recycling for fly ash from MSW
incinerator. These pretreatment and recycling technologies include melting, chem-
ical stabilization, chemical extraction, cement solidification, sintering or calcining,
and recycling. Environmental significance of chlorides in fly ash is emphasized.
Special topics covered in this chapter are (a) chloride reduction characteristics by
washing, (b) chloride speciation in fly ash, and (c) chloride behavior in washing
experiments. The authors also introduce further investigations and recent advances
by other researchers.

Keywords Municipal solid waste ¢ Incinerator ¢ Fly ash ¢ Recycling « Melting *
Chemical stabilization » Chemical extraction « Cement solidification ¢ Sintering o
Calcining * Chloride reduction « Washing ¢ Speciation * Chloride behavior ¢ Recent
advances

1 Overview of Existing Intermediate Treatment
and Recycling for Fly Ash from Municipal Solid Waste
Incinerator

Incineration or combustion is one of the main methods to treat municipal solid
waste besides landfill and compost. It has many advantages. First, it can effectively
reduce the volume of the waste and the volume reduction rate can reach even more
than 90 %. Second, it occupies much less area than landfill and compost, which is
very significant to the narrow place. Third, it can recover heat produced during
incineration to generate electricity or to get hot water. Those are the reasons why
the ratio of combustion treatment is rising while landfill is going down [1].
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However, incineration generates fly ash or air pollution control residue,
which contains considerable content of heavy metal and dioxins [2, 3]. The
heavy metals are zinc, copper, iron, lead, chromium, and so on, which will be
leached out in toxicity characteristic leaching procedure (TCLP) [4], and the
concentration will exceed the limitation for normal waste. As a result, it is
identified as hazardous waste.

To treat fly ash from municipal solid waste incinerator, there are several
methods: melting, chemical stabilization, chemical extraction, cement solidifica-
tion, sintering or calcining, and recycling.

1.1 Melting

Melting has been developed since the 1990s [5]. It is considered to be a prospective
technology for stabilizing MSWI fly ash and bottom ash [5], because the melting
process is to heat the fly ash or bottom ash to fusion temperature, normally above
1200 °C, and the residues including fly ash and bottom ash will be transformed to
more stable glassy molten slag [5—7]. During the melting process, the organic
pollutants decompose and the volume of fly ash and bottom ash can be reduced
by 70 %. Moreover, the molten slag can be used in the glass and ceramic industry by
some simple pretreatment since the heavy metal has been stabilized in the glassy
slag [5-9]. However, the problem of melting fly ash and salts has to be considered
and solved.

There are many types of ash melting furnace developed, such as plasma melting
furnace, a reflecting surface-melt furnace, a DC electric joule-heating system, etc
[10-13]. Figure 7.1 shows the principal of plasma torch and the plasma ash melting
system. There are two methods of using plasma torch by a counter-electrode,
namely, the transfer and the nontransfer methods [10]. Electricity is used as the
heat source for melting. In the actual plant, the electricity generated by the waste
incineration is used.

1.2 Chemical Stabilization

Chemical stabilization is to use chemical reagent such as chelate reagent or other
chemical compounds to react with the heavy metal in fly ash to form stable
compounds such as chelate complex or precipitation [6, 14—18]. The chemical
reagents include ethylendiaminetetraacetate (EDTA), diethylenetriaminepen-
taacetate (DTPA), organic sulfide, thiourea, phosphate, ferrite, sulfide, and so on
[14-18]. One of the advantages of chelating agents is that they generally work
under moderate pH conditions [18]. EDTA can leach the heavy metals from the ash.
NaOH can be used for the leaching of zinc, but the resultant leaching residues
should be treated further [16]. Some even added CO, to carbonate fly ash to
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Fig. 7.1 Schematic of a double liner and leachate collection system for a hazardous landfill
(Source: [10]). (a) Principal of plasma torch (b) Plasma ash melting system flow chart

stabilize lead and zinc [19]. As to the phosphate phases, likely to precipitate are
extremely numerous, particularly Ca phosphates and heavy metal phosphates
[20]. The mechanism of those diverse compounds to stabilize fly ash is associated
with the successive precipitation of increasing stable phosphates [21, 22] and
microenvironment effects. In media rich in calcium, generally present in the form
of calcium carbonates, most of the leachable metals are trapped during the precip-
itation of calcium phosphates containing traces of metals [20]. Some researchers
tend to use polymers to stabilize fly ash; especially thermoplastic polymers which
encapsulate the residues in a matrix that coats and disperses them have already been
used [17]. Unsaturated polyester (UP) resins are some of the most common
thermoset polymers as well as commercial resins [17].
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Normally the chemical reagents are liquid and expensive, so as to the fly ash with
pH over 12, it had better be neutralized or be adjusted to pH around 10-11 and then
use chelate to stabilize. The addition of liquid reagent is around 1-5 % regularly;
however, Cu, Ni, Fe, Zn, and other heavy metals will also join in the reaction, so the
addition of reagent has to be adjusted.

1.3 Chemical Extraction

Chemical extraction is to use chemical reagent to react with the target element and
with the separated deposit or solution to recycle the target elements or stabilize
them [6]. To extract the heavy metal in fly ash is very similar to chemical
stabilization [23-27]. The difference is that some will use acid, alkaline, or water
to extract the heavy metal to get the solution and then use chemical compounds to
form deposits [23-26]. However, after the metals were extracted out as solution,
hydrometallurgy method is needed such as electrodialytic method. Here we empha-
size more on the purpose of recycling [20, 27]. The target metals are normally Cu,
Ni, Co, and Zn. There is a typical treatment method for this named “Acid
Extraction-Sulfide Stabilization Process (AES Process),” in which water is added
to fly ash to convert it to slurry, easily soluble heavy metals are extracted by acidic
agent, and sodium sulfide is added to slurry to stabilize the remaining heavy metals,
and thus heavy metal leaching from dewatered cake is prevented [28].

Though this method is a little complex and not easy to be carried out into reality,
researchers tend to utilize more the sequential extraction of metals in fly ash to
study the characteristics of the leaching behavior [29-33]. The sequential chemical
extraction (SCE) was first proposed by Tessier [34]. Now it has been widely used to
investigate the physicochemical forms of heavy metals in fly ash. To study the
characteristics of fly ashes, the sequential chemical extraction sometimes is com-
bined with other methods such as X-ray diffraction (XRD) analysis and X-ray
fluorescence (XRF) analysis [30]. The investigated characteristics of fly ash include
the chemical and mineralogical characteristics, releasing characteristics of some
special elements such as Cr, Cu, Mn, Pb, and Zn [32]. And sometimes the steps of
SCE will be simplified according to practical purposes [32].

1.4 Cement Solidification

Cement solidification is a method to treat fly ash by using cement as a combining
reagent to stabilize the heavy metal through the hydration process of cement in
normal temperature [6, 35-42]. It is a cheap disposal method.

Unconfined compressive strength (UCS) is an important factor to evaluate
solidification [35]. When ordinary Portland cement (OPC) is blended with fly ash,
with the increases of the fly ash to OPC ratio, the water demand of the mixed
cement increased and the strength decreased [35]. Lower strength resulted from the
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lower Portland cement and much higher waste contents. Generally, a waste/binder
ratio of 0.4:0.5 is used with a water/solid ratio of 0.4:0.6. The increase in the binder
(cement) content increases the bulk densities because the binders filled the void
space of solidified specimen. UCS decreased with increasing crystalline phases
[36]. So the initial setting time and hydration process is important in mixing. The
standard initial and final setting time reported for OPC should not be less than
45 min and no more than 10 h, respectively [37]. The rate of hydration was reported
to be insensitive to temperature over a range of 0—40 °C. It is reported that the lower
curing temperatures of a lead-bearing waste/cement matrix decrease the solubility
of lead salts formed in the cement, resulting in an increase in gelatinous coatings on
grains [38]. Carbonation is another factor to influence the UCS of the final product.
Carbonated stabilization/ solidification (S/S) product develops higher strength in
comparison to non-carbonated products [39-41]. Carbonation involves reaction
with phases like AFt/AFm (hydrated calcium aluminates based on the
hydrocalumite-like structure of 4CaO¢Al,03°13-19H,0), calcium silicate hydrate
(CSH) gel, and calcium hydrate (CH). CSH gels are recognized to play an important
role in the fixation of toxic species. The fixation will be significantly altered by
carbonation [36].

The cement-solidified fly ash will mainly be sent at present to landfill and cannot
be used as the blended cement because of the high concentration of chloride,
sulfate, and alkali content [42]. As a result, there are still potential environmental
risks due to the complex reactions that happened in landfill site [43]. And in fact, fly
ash solidified with Portland cement presents some disadvantages, namely, protec-
tion against humidity is required to prevent breaking down and leaching of heavy
metals [44-47]. Moreover, the volume of the final product is enlarged because of
adding cement and water to form a rigid and porous solid [35-43], leading to an
increase in the cost of disposal [16]. If we want to recycle fly ash as good ingredient
or additives in cement, fly ash should be pretreated [48-58]. Also the fly ash
washing pretreatment improved the stabilizing behavior of fly ash-cement mixtures,
because the interaction of fly ash with water leads to a rapid formation of hydrate
compounds such as syngenite, gypsum (CaSO4*2H,0), ettringite
(3Ca0°+Al1,0523CaS0,4+32H,0), calcium hydroxyzincate (CaZn,(OH)g*2H,0),
and laurionite (Pb(OH)CI) [49, 50]. One drawback of washing process is that
adding the washing water to the mixture increases the final water/solid (w/s) ratio
so that it decreases the UCS of the final product. Also cement solidification is not
suited for Pb-rich fly ashes, since Pb tends to leach out from the solid phase at high
pH, which is caused by cement itself [18].

1.5 Sintering or Calcining

Sintering process or calcining process is similar as melting process, but the oper-
ation temperature of both processes is lower than the temperature in melting
process [6].
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Compared with melting, sintering needs less energy as the heating temperature is
lower, while sintering is also effective to stabilize and detoxify fly ash especially to
deal with the problem of dioxins [59-61]. Because the operation temperature of
both processes is not as high as that in melting process, the volume reduction ratio
of the final product is less than that of melting process. Another drawback is that the
performance of the sintering process is strongly related to the chemical composition
of raw fly ash, and in many cases, this process proves to be ineffective for the
conversion of raw fly ash into ceramic materials with good mechanical character-
istics [48]. Also, pretreatment had better be adopted [62].

Some researchers studied sintering as the pretreatment of fly ash to reuse it as a
concrete aggregate [63]. However, there also needs a washing pretreatment before
sintering, because the sintering of MSW fly ashes proved to be ineffective for
manufacturing sintered products for reuse as a construction material, and it needs to
avoid the adverse chemical characteristics due to sulfate, chloride, and vitrified
oxide contents contained in fly ashes [63]. On the other hand, the possibility of
using sintered products as concrete aggregates is largely depending on the operating
conditions adopted for sintering such as the compaction degree of powders, the
sintering temperature and time, as well as the chemical composition of fly ash.
Those factors can affect the type and amount of porosity and, consequently, the
specific gravity, mechanical strength, and heavy metals’ leachability of sintered
products, as well as their chemical stability in aqueous solutions [63].

1.6 Recycling

With the concept of 3R (reduce, reuse, recycle) or sustainable development,
recycling has been a very popular idea to guide the treatment of waste including
the fly ash from municipal solid waste.

One of the most famous technology flows is “3R” technology (3R being the
German acronym for Rauchgas-Reinigung mit Ruckstandsbehandlung, which
means flue gas purification including residue treatment). This process had been
developed in the 1980s by Vehlow [64]. The technology flow is shown in Fig. 7.2.
The final product, bottom ash + 3R products will be sent to landfill. The purpose of
3R process is to recover the valuable metals by acid extraction and to stabilize fly
ash by returning the residue into the zone of high temperature in the combustion
chamber. The 3R technology is suitable for the incinerators equipped with wet
scrubber, because the acid which is needed for acid extraction can be obtained from
wet scrubber. And the binder such as bentonite is necessary to be added to the
treated fly ash, which is sent back to the incinerator, to prevent direct release of
additional fly ash, which added the cost of 3R process.

Since the 1990s til now, some researchers began to study the washing
process [48-58], which is carried out as the pretreatment to reuse fly ash as the
raw material or one of the ingredients in cement [55-58]. Some researchers also
suggest adding a heat treatment after the washing process, normally sintering
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or calcining [48, 63, 65]. Many aspects have been of concern such as the
leaching behavior of heavy metals, intensity of the final product, and so on
[48-58, 63, 65]. Also, NaHCO; was applied to act as a neutralization reagent and
some company has successfully used a recycling system for NaHCOj; such as the
Solvay Company. It has a patent named NEUTREC®, which is a recycling system
for NaHCOj; [66].

There is a new recycling system trying to integrate the above concepts named as
WCCB. “W” means washing, the first “C” means calcining, and the “CB” means
changing the treated fly ash and bottom ash into raw material in cement industry. In
this system two alkaline reagents, both Ca(OH), and NaHCO; are suitable. The
schematic flow is shown in Fig. 7.3. Fly ash from economizer, gas quenching tower,
and bag filter was firstly washed by water, then dried, and sent back to incinerator
for calcining treatment, which can save the energy and cost to dry the washed
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residue because of a separate new instrument. The treated fly ash together with
bottom ash will be used as the raw material in cement industry. In the cement
industry, it has been meant to recycle the heavy metal in the treated fly ash and
bottom ash by the original heavy metal recycling system combined with rotary kiln
or other equipments. Another important aspect is that in the rotary kiln, the
temperature is around 1200-1500 °C [68—70], the residence time is long (the gas
retention time is approximately 5s), and the turbulence is strong, which can ensure
the complete destruction of even the most stable organic compounds such as PCB
and dioxins [68—70]. Moreover, heavy metal can be stabilized in the crystal
structure of cement product at high temperature.

2 Chlorides in Fly Ash

Many chlorides have been detected in fly ash such as NaCl, KCl, CaCl,, CaCIOH,
CaCl,*Ca(OH),, and so on [20, 25, 41, 51-54, 71-74]. Some researchers reported
that insoluble chloride in fly ash is Friedel’s salt [75]. Besides the chlorides
produced in the neutralization process with different alkaline reagents, the inciner-
ation itself also forms chlorides and actually some chlorides were detected in raw
fly ash from the boiler [74].

There are many chloride sources in municipal solid waste [76—80]. Food, espe-
cially the cooked food, is an important source for chlorides such as NaCl and KCI.
Plastics is another considerable source for chlorine [76—-80]. And the concentration
of chlorides is considerable, which are varied from about 6 % to 40 % depending on
the alkaline reagent used and the practical condition.

2.1 The Importance of Studying Chlorides in Fly Ash

Chlorides are normal compounds in fly ash with considerable concentration. They
will act a negative role in the treatment or recycling process of fly ash. As to
melting, at the operation temperature, most of chlorides will surely evaporate and
be cooled down on the inner side of the pipes, then finally erode the pipes or block
them. As to cement solidification, they will be washed out by rain and then go into
the leachate, which will make the leachate more difficult to treat. As to chemical
treatment, it is like cement solidification. As to recycling the fly ash for construction
material, for example, as the raw material for cement industry, salt is a very critical
factor because chlorides in the cement product will erode the embedded steel and
high concentration of chlorides in the raw material will finally make the rotary kiln
stop working by blocking the pipes at low temperature zone [81-89].
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2.2 Chloride Reduction Characteristics by Washing

The three types of fly ashes are fly ash collected in a bag filter with the injection of
Ca(OH), for acid gas removal (CaFA), the fly ash collected in a bag filter with the
injection of NaHCOj for acid gas removal (NaFA), and raw fly ash collected from
the boiler incinerator (RFA). The incinerator is a continuously operated stoker in
Japan. The composition of the three types of fly ash was examined by X-ray
fluorescence (XRF-1700, Shimadzu Corporation) and inductively coupled
plasma-atomic emission spectrometry (ICP-AES, IRIS Intrepid, Optronics Co.,
Ltd.). The results are shown in Table 7.1.

Ion exchanged water IEW) was used as the washing solution. The fly ash was
mixed with IEW by a vortex mixer (Iuchi Seieido Co., Ltd.) under different liquid
(ml) to solid (g) (L/S) ratio and separated by centrifuge (Himac CT4, Hitachi) for
15 min at 3000 rpm after washing. The washed residue was dried in an oven at
105 °C for 24 h. With the literature review and preliminary experiments, it can be
identified that washing frequency, L/S ratio, and mixing time are important param-
eters to influence the results, while washing frequency and L/S ratio act more
effective than mixing time [26, 52-54, 56, 67, 90-92].

Tables 7.2, 7.3, and 7.4 shows the washing experiment condition and Figs. 7.4
and 7.5 shows the corresponding results.

Table 7.1 Element content of CaFA, NaFA, and RFA (weight %) [67]

Element CaFA NaFA RFA
(0] 24.6 13.2 37.3

Si 2.68 1.28 4.97
C 7.55 8.17 3.24
Cl 19.6 37.3 6.36
S 1.81 1.31 3.31
Ca 28.2 10.2 24.7

K 3.38 5.84 2.99
Na 3.46 18.5 2.97
Ti 0.821 0.535 1.51
Mg 0.722 0.341 1.12
P 0.241 0.179 0.666
Al 4.30 5.92 3.99
Fe 1.24 0.713 2.32
Zn 0.390 0.893 0.223
Cu 0.0639 0.147 0.238
Pb 0.212 1.23 0.387
Br 0.269 0.914 0.111
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Table 7.2 Experimental
design of the single-washing
experiments [67]

Table 7.3 Experimental
design for the double-washing
experiments [67]

Table 7.4 Experimental
design for the thrice-washing
experiment [67]

Code L/S Experimental conditions
1# 0 Fly ash

2# 2 By glass rod, 5 min

3# 3 150 rpm, 5 min

44 4 150 rpm, 5 min

5# 5 150 rpm, 5 min

ot 6 150 rpm, 5 min

TH# 8 150 rpm, 5 min

8# 10 150 rpm, 5 min

Code L/S Experimental conditions

O# 3-3 150 rpm, 5 min—150 rpm, 30 min
104 3-5

11# 3-7

124 3-10

13# 3-3 150 rpm, 5 min-250 rpm, 10 min
14# 3-5

15# 3-7

16# 3-10

17# 3-3 150 rpm, 5 min—150 rpm, 10 min
18# 3-5

19# 3-7

20# 3-10

21# 3-3 150 rpm, 5 min-250 rpm, 30 min
22# 3-5

23# 3-7

24# 3-10

Code | L/S Experimental conditions

25# | 3-3-3 | 150 rpm, 5 min—150 rpm,

10 min—150 rpm, 10 min

2.3 Chloride Speciation in Fly Ash

The experimental materials are the same as those in Sect. 2.2. X-ray diffraction is
normally used to detect the existence of crystal chlorides in fly ash. And washing
experiments are used to identify the percentage of soluble chlorides in fly ash. Many
chlorides have been detected in fly ash such as NaCl, KCl, CaCl,, CaCIOH,
CaCl,*Ca(OH),, and so on [20, 25, 41, 51-54, 71-74]. Some researchers reported
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that insoluble chloride in fly ash is Friedel’s salt [75]. Besides those researches,
some researchers have tried to use X-ray absorption near edge structure (XANES)

combined with X-ray diffraction (XRD) to do quantitative
fly ash [74]. The final results are shown in Fig. 7.6.

analysis of chlorides in
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Fig. 7.5 Double- and thrice-washing experimental results [67]. (a) Residue weight of CaFA, (b)
chlorine content in the residue of CaFA, (c) residue weight of NaFA, (d) chlorine content in the
residue of NaFA, (e) residue weight of RFA, (f) chlorine content in the residue of RFA
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2.4 Chloride Behavior in Washing Experiments

Washing is a very popular pretreatment method for fly ash to reduce chlorides. As a
result, chloride behavior in washing experiments is an abstractive issue. The
experimental materials are the same as those in Sect. 2.2. Washing experiment
condition is shown in Tables 7.3 and 7.4. Figure 7.7 shows the chloride behavior in
washing experiments.

3 Conclusion, Further Investigations, and Recent
Advances

Both the incineration residues of the municipal solid waste (MSW) and the residues
of air pollution control facilities are frequently classified as hazardous wastes if they
do not pass the toxicity characteristic leaching procedure (TCLP) testing. As the
hazardous wastes, they may be either properly disposed of with a cost, or recycled
for reuse with a value.

If the above-described residues or fly ashes are mainly composed of calcium and
silicon compounds, they have the potential for recycling. In order to utilize the
waste residues and reduce their negative environmental impact, the treatment for fly
ashes can be generally grouped into three classes: (a) separation processes,
(b) solidification or stabilization processes, and (c) thermal processes. The major
problem preventing fly ashes from being recycled for reuse is their high content of
soluble salts, such as chloride. Water extraction process is a feasible pretreatment of
fly ashes for extracting many problematic soluble salts from the ash matrix, which
opens the windows for possible resource recovery [95—-101].
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Fig. 7.7 Chloride behavior in washing experiments [93, 94]

Many researchers have reviewed and discussed the fly ash pretreatment tech-
nologies, such as solidification/stabilization, thermal process, and separation pro-
cesses [96, 98, 101]. Lam et al. have (a) studied the chemical properties of the fly
ashes, (b) reviewed possible pretreatment prior to utilization of fly ashes, and
(c) explored various applications of pretreated fly ashes, such as concrete produc-
tion, road pavement, glass/ceramic manufacturing, agricultural utilization, stabili-
zation of agent production, adsorption of pollutants, and zeolite production
[96]. The practical use of these pretreated waste fly ashes shows a great contribution
to waste minimization as well as resource conservation.

Kirkelund et al. have studied the incineration residues (fly ashes) of MSW and
other air pollution control residues using an electrodialytic remediation technology
[95]. Their results show that the leaching of Cd, Cu, Pb, and Zn can be reduced
compared to the initial heavy metal leaching, except when the pH of the residue in
suspension is reduced to a level below 8 for the fly ashes. On the other hand, Cr
leaching has increased by the electrodialytic treatment. Chloride (CI™) leaching
from the incineration residues of MSW has been less dependent on experimental
conditions and has been significantly reduced in all experiments, compared to the
initial levels. Shammas and Wang [101] describe the electrodialytic treatment
process in detail.
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Although coal ash from power stations has long been used successfully in the
cement industry as binders in several Portland formulations, the use of fly ash from
MSW has not been successful because the MSW incinerator’s fly ash has high
concentrations of chloride ranging from 10 to 200 g Cl/kg fly ash (dry weight),
exceeding the maximum allowable concentration in most cement mixtures. To
reduce chloride content in MSW bottom ash, a laboratory investigation has been
carried by Boghetich et al. [99] to study chloride extraction for quality improve-
ment of municipal solid waste incinerator ash for the concrete industry, based on the
exhaustive washing in tap water. The influence of operative parameters such as
temperature, granulometric properties, and solid/liquid ratio of extraction has been
evaluated. In addition to optimization of the operational parameters for full-scale
application, their research gives preliminary indications on mechanistic aspects of
the washing operation.

Rodella et al. [97] have discussed a new remediation method, based on the use of
silica fume, for heavy metal stabilization. The inertization procedure is reported by
them and compared with other technologies, involving the use of amorphous silica
as stabilizing agent for MSW incinerator fly ash treatment (i.e., colloidal silica and
rice husk ash). The produced final materials are characterized in terms of phase
analysis and chemical composition. Their reported heavy metal stabilization pro-
cess appears to be economically and environmentally sustainable.

Ko et al. [100] have reported that the MSW incinerators in Taiwan generate
about 300,000 tons of fly ash annually, which is mainly composed of calcium and
silicon compounds, and thus have high potential for recycling. They have tried to
use a hydrocyclone for reduction of the heavy metals and chloride salts in the MSW
incinerator ash in order to make the fly ash nonhazardous.

Their results show that chloride salts can be removed from the fly ash during the
hydrocyclone separation process. The presence of a dense medium (quartz sand) is
helpful for the removal of chloride salts and separation of the fly ash particles. After
the dense-medium hydrocyclone separation process, heavy metals including Pb and
Zn have been concentrated in the fine particles so that the rest of the fly ash contain
less heavy metal and become both nonhazardous and recyclable [100].
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