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1 INTRODUCTION

1.1 Background

Since the book, “Silent Spring” ', was published in 1962, it was like a big bomb blasted
and people began to concern more about the environmental problems. Though we had
done something since long before % it was rough, unsafe and not effective enough 2,
since the negative impact on environment resulting from the development of our
society is not easily to be repaired and the our action or knowledge to protect
environment is not comprehensive *>. And now we are facing more and more serious
environment problems, which will in the end be the crisis for the existence of our own,

7

. . 6 . . . 8. 9
human beings, such as global warming > °, serious desertification ™ °, energy and

resources crisis. On the other aspects, we studied the feedback effect of influenced

13 That is, human beings should develop

environment on human beings
harmoniously together with our environment. By this we developed the concepts of
“Reduce, Reuse, Recycle” (3R) '* ', sustainable development '°'°, harmony society *°
and so on. We took and are taking actions to fulfill those concepts, which
simultaneously modify our life styles, economy style and so on 2" ~2*.

As one of the most important parts of environment, municipal solid waste also needs to
be set under environmentally and scientifically integrated management >. While, the
integrated management of municipal solid waste includes many aspects *, here I would
like to light on the special treatment technology —— incineration.

Incineration is a waste treatment technology that involves the combustion of organic
materials and/ or substances. It is the conversion of solid wastes into gaseous, liquid,
and solid conversion products, with the concurrent or subsequent release of heat energy
%23 As one of the traditional technology, incineration is widely adopted in Japan and
some European countries to treat municipal solid waste (MSW) ***’. Figure 1.1 shows
the amount of municipal solid waste treated in Japan from year 1996 to year 2005.
From Figure 1.1 it can be seen that in Japan more than 75% MSW was treated by
incineration. Not only in developed countries, but also in some big cities of several

developing countries such as China, incinerators are also gradually being built.”* %
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Figure 1.1 Amount of municipal solid waste treated in Japan (1996-2005)

Incineration 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, I can recover heat produced during incineration to generate
electricity or to get hot water.

However, everything has two aspects. There are disadvantages. High cost is one of the
main factors to prevent incineration from prevailing in developing countries. The
World Bank estimates that the cost of incineration is “an order of magnitude greater
than” direct landfilling *.

discharged gas and bottom ash. Except the original particles in the discharged gas, in

In spite of the high cost, there is second pollution:

order to neutralize the acid compound in the discharged gas, we have to inject alkaline
reagent, and we have to deal with the byproducts named fly ash produced through
discharged gas treatment to protect air environment and another main byproduct is
bottom ash, which remains at the bottom of incinerator as a direct incineration residue.

In the discharged gas, fly ashes and bottom ashes, there are famous hazardous

dioxins *'. Heavy metals such as Hg in discharged gas, and Cr and Pb
32,33

compounds

in fly ash and bottom ash are also highly concerned materials . In addition to them,

incineration is the considerable source of the carbon dioxide gas contributing to global

3436 "and though there are instruments improvement or energy transform or

34-36

warming
utilization, the efficiency is not high enough at present

However, considering the current situation of Japan, the dominant position of



incineration in municipal solid waste management will not change in recent years. So
how to reduce the negative effect of incineration to make it more environmentally
friendly is an urgent task for environment scientists. My research focuses on the fly ash
including the raw fly ash from the boiler and the residue from the air pollution control

system.

1.2 Existing Intermediate Treatment for Fly Ash from MSW
Incinerator (MSWI)

1.2.1 Melting

Melting has been developed since 1990s *”. It is considered to be a prospective
technology for stabilizing MSWI fly ash and bottom ash 37 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 >

. During the melting process, the organic pollutants
decompose and the volume of fly ash and bottom ash can be reduced by 70%. More
over, 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 3741

. However,
now it is not actually put into practice.

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 **™.
Figure 1.2 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 non-transfer methods **. Electricity is used as the heat source for

melting. In the actual plant, the electricity generated by the waste incineration is used.
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Figure 1.2 Schematic illustration of plasma melting system **

Melting is effective to reduce the amount of fly ash and the function of stabilization is

% However, melting process also produces fly ash and the

also very good
concentration of heavy metal in that fly ash is larger than in the original fly ash from
MSWI **%_ Tt is more poisonous ****. Some melting industries send the resulting fly

3946 1o recover the valuable metals by hydrometallurgy method

ash to mining industry
7. Some melting industries stabilize it and then send it to the final disposal site such as

landfill. Whatever, the fly ash is also a problem. In spite of this, high cost is another



critical problem for melting. According to the “Ledger of municipal solid waste
incineration facility (Continuous combustion) (2005)”, among 582 MSWI plants there
were only 22 plants adopted melting as the method to treat the fly ash **. One of the
reasons is the high cost of building a melting plant and the operation. Moreover, the
technology needs to be improved in certain areas, e.g., reducing the rate of repairing
refractory materials and improving control techniques to ensure stable operation of
high-temperature melting .

High concentration of chlorides and other salts with low boiling point will cause
troubles for the operation of melting instrument, so normally the fly ash from MSWI

should be pretreated ***°.
1.2.2 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

st : 38, 51-55
such as chelate complex or precipitation ~

. The chemical reagents include
ethylendiaminetetraacetate (EDTA), diethylenetriaminepentaacetate (DTPA), organic
sulfide, thiourea, phosphate, ferrite, sulfide and so on 3155 One of the advantages of
chelating agents is that they generally work under moderate pH conditions >°. 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 **. Some even added CO,
to carbonate fly ash to stabilize lead and zinc *°. As to the phosphate phases likely to
precipitate are extremely numerous, particularly Ca phosphates and heavy metal
phosphates; Cu, Pb, Zn (CaHPO4 - 2H,0; CasH(PO4); - 2.5H,0; Cas(POy);
CasH(PO4)3(OH,CLF); CusPO4OH; Cu3Als(PO4)3(OH)o* 4H,0; Cus(NO3)2(PO4)(OH)7;
(Cu,Zn)s(PO4)2(OH)s - H0O, Pbs(PO4);Br; KNa Pbg(POs)s; B -  Pbyo(POs)s;
Pbs(PO4);Br; KPbs(PO4)s; PbHPO, - HyO); (KZnyH(POy), - 2H0; « -CaZny(POs)s;
Zn3(POy), - 4H,0; Zn3(POs)y; and (Cu,Zn)s(PO4)2(OH)s H,0) *’. The mechanism of
those diverse compounds to stabilize fly ash is associated with the successive

58, > and microenvironment effects. In

precipitation of increasing stable phosphates
media rich in calcium, generally present in the form of calcium carbonates, most of the
leachable metals are trapped during the precipitation of calcium phosphates containing

traces of metals °

7. 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 **. Unsaturated polyesters (UP) resins are

- .54
some of the most common thermoset polymers as well as commercial resins ™.



After chemical stabilization, the heavy metals in fly ash are more stable than their
original status in fly ash. However, there is still risk for them to leach out and there is
still problem with the chelate complex and deposit. So some chemical treatments are
combined with other treatment such as solidification with cement *®. Moreover, the
cost for some chemical reagents is not cheap too, though chemical treatment is much

more widely adopted by the continuous MSWIs in Japan *.
1.2.3 Chemical extraction

The method of chemical extraction is very similar to that of chemical stabilization,
which 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 ** .

To extract the heavy metal in fly ash is very similar to chemical stabilization ****. 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 ***. While, after the
metals were extracted out as solution, hydrometallurgy method is needed such as
electrodialytic method. Here we emphasize more on the purpose of recycling **’. 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 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 ©.

Though, this method is a little complex and not easy to be carried out into reality,
researchers more tend to utilize the sequential extraction of metals in fly ash to study

the characteristics of the leaching behavior !

. The sequential chemical extraction
(SCE) was first proposed by Tessier '>. 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 combined with other methods
such as X-ray diffraction (XRD) analysis and X-ray fluorescence (XRF) analysis °°.
The investigated characteristics of fly ash include the chemical and mineralogical
characteristics, releasing characteristics of some special element such as Cr, Cu, Mn,
Pb and Zn "°. And sometimes the steps of SCE will be simplified according to practical

0
purposes .



1.2.4 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

387380 1t is a cheap disposal method.

temperature
Unconfined compressive strength (UCS) is an important factor to evaluate
solidification 7*. 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

. Lower strength is resulted from the lower

increased and the strength decrease
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 *. 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 . 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 decreases the solubility of lead salts formed in the cement,

7

resulting in an increase in gelatinous coatings on grains °. 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 """,
Carbonation involves reaction with phases like AFt/ AFm (hydrated calcium
aluminates based on the hydrocalumite-like structure of 4CaO - Al,O;3-13-19H,0),
calcium silicate hydrates (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 ",

The cement-solidified fly ash will mainly be sent at present to landfill and can not be
used as the blended cement because of the high concentration of chloride, sulphate and
alkali content **. As a result, there is still potential environmental risks due to the
complex reactions happened in landfill site *'. And in fact, fly ash solidified with
Portland cement presents some disadvantages, namely protection against humidity is

82-85
. Moreover, the

required to prevent breaking down and leaching of heavy metals
volume of the final product is enlarged because of adding cement and water to form a
rigid and porous solid 7381 leading to an increase in the cost of disposal >*. If we want
to recycle fly ash as good ingredient or additives in cement, fly ash should be

pretreated * *°. 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 (CaSOy-
2H,0), ettringite  (3Ca0+Al,03°3CaS04°32H,0), calcium  hydroxyzincate
(CaZny(OH)s- 2H,0) and laurionite (Pb(OH)CI) *” *. One draw back of washing
process is that adding the washing water to the mixture increases the final water/ solid
(w/s) ratio so that 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 .
1.2.5 Sintering or Calcinating

Sintering process or calcinating process is similar as melting process but the operation
temperature of both processes is lower than the temperature in melting process **.

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

?7-9% Because the operation temperature of both processes is

the problem of dioxins
not as high as that in melting process, the volume reduction ratio of final product is
less than that of melting process. Another draw back 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 characteristics *°. Also, pre-treatment had
better be adopted '

Some researchers studied sintering as the pretreatment of fly ash to reuse it as a
concrete aggregate '°'. 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 needs to
avoid the adverse chemical characteristics due to sulfate, chloride and vitrified oxide
contents contained in fly ashes '°'. 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 '*'.



1.2.6 Others

Except the single technologies above, some researchers proposed the mixed
technology for MSW incineration with multi-purposes.

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 years
1980s by Vehlow '*. The technology flow is showed in Figure 1.3. 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 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.
Flue gas— ] ESP | Wet scrubber
‘ Fly ash *Acid scrubbing solution
Acid extration | Hg separation Hg
Waste +
Combustion chamber Suspension Heavy metal recycling
v Y - 4
Bottom ash Filtration F'Itraﬁ Heavy metal separation ——=Cd, Zn, Cu
+
3R product Residue
Y Y
Feed back for - Neutral . Waste water
Compaction |« Neutralization
Dioxin destruction Sludge

Figure 1.3 Flow schematic of 3R process 102
While since 1990s to now, some researchers began to study the washing process *°°,
which is carried out as the pretreatment to reuse fly ash as the raw material or one of
the ingredients in cement *>"*°. Some researchers also suggest adding a heat treatment

86, 101, 103

after the washing process, normally sintering or calcinating . Many aspects

have been concerned such as the leaching behavior of heavy metals, intensity of the
final product, and so on % %% 101103,
For the fly ash resulting from neutralization by NaHCOj3, the Solvay company has a

patent named NEUTREC®, which is a recycling system for NaHCO; 104, Figure 1.4



shows the schematic flow of NEUTREC system. The system needs two sets of
particulate capture units: one is special for the original particles in the discharged gas
and the other is for the resulting particles by injecting NaHCOj to neutralize the acidic

compound in discharged gas. And there still needs to send waste to landfill.

sodium acfivated

bicarbonate carbon
1010 15kg 0.2510 0.5 kg
municipal elecirostafic
ipi bag filter
solid waste precipitator J ‘ g
Al V/\/‘V w
1000kg b Y
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wcns! activated carbon ion em:hunge resing
U = ' '
g Final wush
"er e Recyclable
________________ brina.
i Landfill site j (7 1010 kg salts)

!
Sodium carbonate
production

Figure 1.4 Schematic flow of NEUTREC process104

1.3 Proposal of New Recycling System
1.3.1 Sound material-cycle society

Since 2000 Japan has adopted the policy to build Sound Material-Cycle Society, the
concept of Reduce, Reuse and Recycle (the “3R” concept) has gradually been the basic

15106 1 will apply

principal to follow in every aspects of the solid waste management
the 3R concept to the management of fly ash from municipal solid waste incineration

to make it more positive and less negative influence on environment.
1.3.2 Description of the new system

Considering the advantage and disadvantage of the technologies described above and
the current situation, I propose a new recycling system of fly ash named “WCCB”;
“W” means washing, the first “C” means calcinating, and the “CB” means changing
the treated fly ash and bottom ash into raw material in cement industry. In this system I

will compare the technological superiority of two kinds of fly ashes resulting from two

10



alkaline reagents, Ca(OH), and NaHCOj. The schematic flow is in Figure 1.5:

— Discharged gas from incinerator n — — —» Washing process
------- » Injecting alkaline reagent — - — » Changing process
Ca(OH),
NaHCO,
ra |l _ ! |
| : . . * Waste water
! Tt T T _ - —@ashmg by wateD ( treatment (
' b o e ——C %

v
Bottom ash and calcinated - »{Pretreatment}— - —» Cement factory
washed-fly—ash

Figure 1.5 Schematic flow of proposed WCCB system

Fly ash from economizer, gas quenching tower and bag filter were firstly washed by
water, then being dried, and is sent back to incinerator for calcinating treatment. The
treated fly ash together with bottom ash will be used as the raw material in cement
industry. In the cement industry, I mean 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 1,200°C~1,500°C '"'%°  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

107- 109

dioxins . More over, in Japan, cement industry has utilized many kinds of wastes,

such as blast-furnace slag, coal ash, slug, MSW and so on including bottom ash ** '
"' 'Some cement industry can also receive fly ash but not so popular because of the
high concentration of chlorine in fly ash ',

Once WCCB system is well established, this new system will not discharge waste
residue such as fly ash and/ or bottom ash out of the system, because they all will be
used as the raw material for cement industry. As to the waste water resulting from the
washing process, I can pre-treat it by inverse penetration and then discharge it into the
municipal sewage system, or I can consider recycling it as the resource for industry salt.
I expected to recycle the heavy metal in cement industry with the original recycling

system in cement industry.

11



1.3.3 Purposes of this research

As to WCCB system there are two purposes. One is to reduce the amount of
discharged second pollution from incineration such ash fly ash and bottom ash as much
as possible. The other is to reuse the treated fly ash and/ or bottom ash as the raw
material in cement industry in maximum ratio.

According to 3R principle, Reduce is the first priority, next is to reuse and the last is to
recycle. So to reduce the amount of fly ash is the first purpose of our research. After
thinking of reducing the amount of waste produced, I want to reuse the treated residue
as much as possible as the raw material in cement industry. Because there is strict limit

113- 121 .
, to decrease the chlorine content

for chlorine concentration in the cement
becomes the main target for reusing fly ash as the raw material in cement industry.

To achieve the purposes I tried in two directions: one is from the aspect of cleaning
production, that is, I tried two kinds of alkaline reagents, Ca(OH), and NaHCOs; The

other is to find better operation condition for each step of WCCB system.
1.3.4 Research content

The WCCB system includes three steps: washing fly ash, calcinating the washed fly
ash and changing the treated fly ash and bottom ash into raw material in cement
industry. I mean to choose washing as the changing method too. So I will mainly study
the first two steps: washing fly ash and calcinating the washed fly ash. Just as I
discussed in the purposes of my research, in spite of reducing the amount of final
residue, another important target of this research is to lower the chlorine content in the
final product. I will compare under the same condition which alkaline reagent is better

in amount and chlorine reduction, Ca(OH), or NaHCO:s.
1.3.4.1 Chlorides in fly ash

Many chlorides have been detected in fly ash such as NaCl, KCl, CaCl,, CaCIOH,
CaCl,- Ca(OH), and so on % 37 7% 8% 90- 92 122135 " g6 researchers reported that

insoluble chloride in fly ash is Friedel’s salt '*°

. Except the chlorides produced in the
neutralization process with different alkaline reagents, the incineration itself also forms

chlorides and actually some chlorides were detected in raw fly ash from the boiler '*.

12



127-131

There are many chlorides sources in municipal solid waste . Food, especially the

cooked food is an important source for chlorides such as NaCl and KCI. Plastics is

127- 131

another considerable source for chlorine . In Japan food waste from the

manufacturing, distribution and consumption of food, makes up 30% percent of all

generated domestic waste 2. Figure 1.6 shows the variation of component in

municipal solid waste from main cities of China '**. In Sweden kitchen waste occupied
38.9% of the household waste for incineration in 2005 '**.

100% = HOE B B =
ks B s B S (N % A ! A s E==3 others
80% I FH H H B E £==1 china, tile
' - % e E glass
60% |- % ﬁ % ﬁ ﬁ £ metal
— 1 [ Wood or bamboo
a0% | |e " . DU I textiles
Imm plastics
1 papers
20% r 1 Kitchen refuse
—e— Water content
0%

1991 1992 1993 1994 1995 1996 1999 2000

Figure 1.6 The composition of MSW in main cities of China since 1991 to 2000

The concentration of chlorine in fly ash is significant, which is far larger than the limit,

135, 136

350 ppm, the cement required by industry . I have to reduce the chlorine

concentration as much as possible to promote the recycling sue of MSW fly ash.
1.3.4.2 Chlorine and mass reduction methods

Through the research of washing process, it has been found that washing is an effective

method to reduce chloride content %%

. That means the water-soluble chlorides might
contribute most of the chlorides in fly ash. Normally the melting point of chlorides is
not so high and is around 1,000°C for such as NaCl, KCI, CaCl, and so on 137- 138
However, melting needs larger cost than sintering or calcinating and after all the final
product from WCCB system will be sent to the rotary kiln in cement industry, where
the temperature is higher than 1,000°C, normally 1,200°C~1,500°C 7' So I would

not choose melting as the heating process. I will propose to utilize the zone with high

13



temperature in the incinerator as the heating part, which might cause calcinating
reaction.

Some researchers have developed some technology flow including washing fly ash
with calcium phosphate and then calcinating the washed treated fly ash, the aim of
which is to extract alkali chlorides in the water phase and retain the metal ions in the
solid phase . Figure 1.7 shows the example, the experimental set-up used in previous
study by other researchers. However, I would like to use only water in washing process.

One reason is to decrease the cost and the other reason is I have different purposes.

Proess water

NaCI"KCI
Fly ash =——» Wzl:"lcz:niH —>| Pump Filtration Dring

v

Calcinating

v

Solid residue

t0's
£ouv
s|els\

oyes 4oyl
2(*0d)eeD

SOAIIPPY

S}UE10BDY ——Pp

Figure 1.7 Experiment set up82

In addition to the optimization of the parameters in washing and calcinating process, it
should be decided what alkaline reagents is to be used in the air pollution control
(APC) system of incinerator. Different alkaline reagents will result in fly ash of

139142 Normally the

different characteristics as well as the corresponding mass amount
sodium-based alkaline reagent is more efficient than calcium-based alkaline reagent to
neutralize the acid compound in the discharged gas "% '*°. The higher effectiveness of
sodium-based sorbents (Na-sorbents) is particularly remarkable for hydrogen chloride,
whose concentration must always be kept below the values set by the environmental
regulations 140 Moreover, there is abundant CO; in the discharged gas, which affects
the behavior of HCI sorption by Ca-sorbents but does not influence the performance of
Na-sorbents in the temperature range 300-600°C '*'. As a result, I decided to compare
the results of Ca-sorbents with Na-sorbents in the WCCB system to find out which is
better in WCCB system. Currently, the most popular Ca-sorbents is Ca(OH),, while the
Na-sorbent put into practice is NaHCO3, though the number of incinerators which use

NaHCOs; is much less than that of incinerators which use Ca(OH),. As a result, I would
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compare those two alkaline reagents: Ca(OH), and NaHCO:s.

1.4 Structure of the doctor dissertation

The contents of this doctor dissertation include the research of washing and calcinating
process in the WCCB system. I will explain the research results along with the order of
the technology flow of the WCCB system. First I discuss the washing process and then
the calcinating process. The total research results are described in five chapters. Except
this chapter, there are other four chapters.

The first chapter, this chapter, gathered the background information of this research:
Such as why we should protect our environment, the importance of municipal solid
waste management, current problems of incineration as one of the main technologies to
treat MSW, especially the problem on fly ash. Then I listed the various intermediate
treatment methods of fly ash and compared the superiorities and draw backs. To build
the Sound Material-Cycle Society, I proposed a new technological recycling system for
fly ash, named WCCB, and set the research purposes.

The second chapter is to discuss the experiment condition of the washing process.
Firstly, I use raw fly ash from the boiler of the incinerator to do the preliminary
experiments to find the critical factors of washing experiment. Based on the results of
preliminary experiments, I design the washing experiment conditions. I apply the same
washing experiment condition to three kinds of fly ashes: raw fly ash from the boiler of
incinerator, fly ash collected in a bag filter with the injection of calcium hydroxide for
acid gas removal (CaFA) and fly ash collected in a bag filter with the injection of
sodium bicarbonate for acid gas removal (NaFA). With the results of those parallel
experiments, it is possible for me to find the washing characteristics of those three
kinds of fly ash and then I can find the difference between the injection of Ca(OH),

and the injection of NaHCO; in the washing process. I will set the most acceptable

washing condition for the next step calcinating.

The third chapter is to try to study the mechanism of removing chlorides from the three
kinds of fly ashes in washing experiments. Firstly I use the method of combining X-ray
absorption near edge structure (XANES) '*'* with X-ray diffraction (XRD) "*'* to
determine the chloride speciation in the three kinds of fly ashes. Then I will apply the
same method to the residues from the washing experiments in Chapter 2, to explain the
chloride behavior in those three kinds of fly ashes in the washing experiments. With

those results, I will explain the phenomena observed in the washing experiments, and
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examine which alkaline reagent is better, Ca(OH), or NaHCOs, for recycling use of fly
ash based o the governing mechanism.

The fourth chapter is about the calcinating process in the WCCB system. Similar as the
procedures used in washing experiments, first step is the preliminary experiments to
find the critical parameters for calcinating, and then I will process the main
experiments for all the three kinds of washed fly ashes. Comparing the final results, I
will determine the most acceptable condition for the calcinating process. I also discuss
on the mass balance of chlorine in the calcinating process.

The fifth chapter is the conclusions. I will summarize the results obtained in this

research and recommend further research.

1.5 References for Chapter 1

1  Carson R. Silent Spring (with an introduction by Vice President Al Gore). Houghton
Mifflin Company, New York, 1994 (c1962).

2 Tchobanoglous G, Theisen H., Vigil S. Integrated solid waste management engineering
principles and management issues. McGraw-Hill, 1993

3 Vehlow J., Bergfeldt B., Visser R., Wilen C. European Union waste management strategy
and the importance of biogenic waste. Journal of Material Cycles and Waste Management,
2007, 9 (2), 130-139

4  Flint E. P. Changes in land use in south and south-east Asia from 1880 to 1980: a data
base prepared as part of a coordinated research program on carbon fluxes in the tropics.
Chemosphere, 1994, 29 (5), 1015-1062

5 Alauddin M., Quiggin J. Agricultural intensification, irrigation and the environment in
South Asia: Issues and policy options. Ecological Economics, 2008, 65 (1), 111-124

6  Global warming and our changing climate: Answers to frequently asked questions
http://yosemite.epa.gov/oar/globalwarming.nsf/UniqueKeyLookup/SHSUSBUNS59/$File/
gw_faq.pdf

7 Kont A., Jaagus J., Aunap R. Climate changes scenarios and the effect of sea-level rise
from Estonia. Global and Planetary Change, 2003, 36, 1-15

8 Newton C., Midant-Reynes B. Environmental change and settlement shifts in upper Egypt

during the predynastic: charcoal analysis at Adaima. Holocene, 2007, 17, 1109-1118

9  Chen Y., Tang H. Dust storm as an environmental problem in north China. Environmental
Management, 2003, 32 (4), 413-417

10 Giskes K., Kampbuis C.B.M., van Lenthe F. J., Kremers S., Droomers M., Brug J. A

16



11

12

13

14

15

16

17

18

19

20

21

22

23

24

systematic review of associations between environmental factors, energy and fat intakes
among adults: is there evidence for environments that encourage obesogenic dietary
intakes? Public Health Nutrition, 2007, 10, 1005-1017

Kamphuis B. M. C., Giskes K., de Bruijn G., Wendel-Vol W., Brug J., van Lenthe F. J.
Environmental determinants of fruit and vegetable consumption among adults: a
systematic review. British Journal of Nutrition, 2006, 96 (4), 620-635

He J., Klag J. M., Wu Z., Qian M., Chen J., Mo P., He G., Whelton P. Effects of migration
and related environmental changes on serum lipid levels in southwestern Chinese man.
American Journal of Epidemiology, 1996, 144 (9), 839-848

Wells C. K. J. Thermal environment and human birth weight. Journal of Theoretical
Biology, 2002, 214 (3), 413-425

Global Environment Centre Foundation. 3Rs technologies and techniques in Japan, 2006.

http://gec.jp/gec/EN/publications/ecotown-3R.pdf

Malek R.B., Waste minimization in Dewan Bandaraya Kuching Utara: an overview of the
strategies and achievements. 2007

http://www.dbku.gov.my/pdf/ WASTE%20MINIMIZATION%20IN%20DEWAN%20BA
NDARAYA%20KUCHING%20UTARA..pdf

Nader R. M., Salloum A. B., Karam N. Environment and sustainable development

indicators in Lebanon: A practical municipal level approach. Ecological Indicators, 2008,
8(5), 771-777

Lehtonen M. The environmental-social interface of sustainable development: capabilities,
social capital, institutions. Ecological Economics, 2004, 49 (2), 199-214

Mebratu D. Sustainability and sustainable development: Historical and conceptual review.
Environmental Impact Assessment Review, 1998, 18 (6), 493-520

Musters C.J.M., Grassf H.J. de, Keurs W.J. ter. Defining socio-environmental systems for
sustainable development. Ecological Economics, 1998, 26, 243-258

Introduction of Harmonious Society:

http://en.wikipedia.org/wiki/Harmonious Society

Jenkins T. N. Democratising the global economy by ecologicalising economics: The
example of global warming. Ecological Economics, 1996, 16 (3), 227-238

Ball K., Timperio A., Salmon J., Giles-Corti B., Roberts R., Crawford D. Personal, social
and environmental derminants of educational inequalities in walking: a multilevel study.
Journal of Epidemiology and Community Health, 2007, 61 (2), 108-114

Poortinga W. Perceptions of the environment, physical activity, and obesity. Social
Science & Medicine, 2006, 63, 2835-2846

Andersson S. O., Baron J., Wolk A., Lindgren C., Bergstrom R., Adami H. O. Early life

17



25

26

27

28

29

30

31

32

33

34

35

36

37

38

risk factors for prostate cancer: a population-based case-control study in Sweden. Cancer
Epidemiology Biomarkers & Prevention, 1995, 4 (3), 187-192

Knox A. An overview of incineration and EFW technology as applied to the management
of municipal solid waste. ONEIA Energy Subcommitee, February, 2005
http://www.oneia.ca/files/EFW%20-%20Knox.pdf

Investigation of the disposal of Municipal Solid Waste in Japan in 2004.

http://www.env.go.jp/recycle/waste/ippan/ippan_h16.pdf
The rate of recycling versus incineration with energy recovery of municipal waste, 2005

http://dataservice.eea.europa.eu/atlas/viewdata/viewpub.asp?id=2752

Li Lixin. Beijing’s domestic waste management has a heavy burden to shoulder and a
longer way to go. Environmental Economy, 2005, 22, 36~38

Vidanaarachchi K. C., Yuen T. S. S., Pilapitiya S. Municipal solid waste management in
the southern province of Sri Lanka: Problems, issues and challenges. Waste Management,
2006, 26, 920-930

Incineration of Municipal Solid Waste: Understanding the Costs and Financial Risks
http://pubs.pembina.org/reports/Incineration FS Costs.pdf

Olie K.; Vermeulen P. L.; Hutzinger O. Chlorodibenzo-p-dioxins and chlorodibenzofurans
are trace components of fly ash and flue gas of some municipal incinerators in the
Netherlands. Chemosphere, 1977, 6 (8), 455-459

Takaoka M. Removal of mercury in municipal solid waste incinerator flue gas using fly
ash. Doctor dissertation of Kyoto University, 2001

Chang F.Y.; Wey M.Y. Comparison of the characteristics of bottom and fly ashes
generated from various incineration process. Journal of Hazardous Materials, 2006, B138,
594-603

Ministry of the Environment of Japan, 2007. White book for environment and the Sound
Material-cycle Society of Japan, 2007,

Liamsanguan C., Gheewala S. H. Environmental assessment of energy production from
municipal solid waste incineration. The International Journal of Life Cycle Assessment,
2007, 12 (7), 529-536

Mendes M. R., Aramaki T., Hanaki K. Comparison of the environmental impact of
incineration and landfilling in Sao Paulo City as determined by LCA. Resources
Conservation & Recycling, 2004, 14, 47-63

LiR., Wang L., Yang T., Raninger B. Investigation of MSWI fly ash melting characteristic
by DSC-DTA. Waste Management, 2007, 27, 1383-1392

Takeda N., Wang W., He P. Dictionary for Special Words in Waste (Japanese, Chinese,
English). Ohmsha (Publisher of Scinece and Engineering Books), Tokyo, 2006

18



39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Sakai S., Hiraoka M. Municipal solid waste incinerator residue recycling by thermal
processes. Waste Management, 2000, 20, 249-258

Lin K.L., Chang C.T. Leaching characteristics of slag from the melting treatment of
municipal solid waste incinerator ash. Journal of Hazardous Materials, 2006, B135,
296-302

Arvelakis S., Folkedahl B., Frandasen F. J., Hurley J. Studying the melting behaviour of
fly ash from the incineration of MSW using viscosity and heated stage XRD data. Fuel,
2008,

Jimbo H., Plasma melting and useful application of molten slag. Waste Mangement, 1997,
16(5), 417-422

Yoshiie R., Nishimura M., Moritomi H. Influence of ash composition on heavy metal
emissions in ash melting process. Fuel, 2002, 81, 1335-1340

Nishigaki M. Reflecting surface-melt furnace and utilization of the slag. Waste
Management, 1997, 16(5), 445-452

Nishino J., Umeda J., Suzuki T., Tahara K., Matsuzawa Y., Ueno S., Yoshinari N. DC
electric joule-heating system for melting ash produced in municipal waste incinerators.
Journal of the Japan Society of Waste Management Experts, 2000, 11(3), 135-144

Okada T., Tojo Y., Tanaka N., Matsuto T. Recovery of zinc and lead from fly ash from
ash-melting and gasification-melting processes of MSW- Comparison and applicability of
chemical leaching methods. Waste Management, 2007, 27, 69-80

Takaoka M., Kawai T., Takeda N., Oshita K. Recovery of heavy metals in fly ash from ash
melting furnace by solvent extraction. Environmental Engineering Research, 2002, 39,
403-412

Ledger of municipal solid waste inciertion facility (continuous combustion). 2005, Japan
Waste Research Foundation

Kim J., Kim H. Glass-ceramic produced from a municipal waste incinerator fly ash with
high Cl content. Journal of the European Ceramic Society, 2004, 24, 2373-2382

Barbieri L., Karamanov A., Corradi A., Lancellotti 1., Pelino M., Rincon M. J. Structure,
chemical durability and crystallization behavior of incinerator-based glassy systems.
Journal of Non-Crystalline Solids, 2008, 354, 521-528

Mizutani S., Sloot van der H. A., Sakai S. Evaluation of treatment of gas cleaning residues
from MSWI with chemical agents. Waste Management, 2000, 20, 233-240

Eighmy TT., Crannell BS, Cartledge FK., Emery EF, Oblas D., Krzanowski JE., Shaw EL.,
Francis CA. Heavy metal stabilization in municipal solid waste combustion dry scrubber
residues using soluble phosphate. Environmental Science & Technology, 1997, 31,3330
Zhao Y., Song L., Li G. Chemical stabilization of MSW incinerator fly ashes. Journal of

19



54

55

56

57

58

59

60

61

62

63

64

65

66

67

Hazardous Materials, 2002, B95, 47-63

Fuoco R., Ceccarini A., Tassone P., Wei Y., Brongo A., Francesconi S. Innovative
stabilization/ solidification processes of fly ash from an incinerator plant of urban solid
waste. Mirochemical Journal, 2005, 79, 29-35

Hong K., Tokunaga S., Kajiuchi T. Extraction of heavy metals from MSW incinerator fly
ashes by chelating agents. Journal of Hazardous Materials, 2000, B75, 57-73

Ecke H. Sequestration of metals in carbonated municipal solid waste incineration (MSWTI)
fly ash. Waste Management, 2003, 23, 631-640

Piantone P., Bodenan F., Derie R., Depelsenaire G. Monitoring the stabilization of
municipal solid waste incineration fly ash by phosphation: mineralogical and balance
approach. Waste Management, 2003, 23, 225-243

Shyu L., Perez L., Zawacki S., Nancollas G. The solubility of octa calcium phosphate at
37°C in the system Ca(OH),-H;PO4-KNOs3-H,0. Journal of Dental Research, 1983, 62,
398

Nancollas GH, The nucleation and growth of phosphate minerals. In: Nriagu JO, Moore P,
editors. Phosphate minerals. Berlin: Springer-Verlag, 1984, 137

Kastuura H., Inoue T., Hiraoka M., Sakai S. Full-sacle plant study on fly ash treatment by
the acid extraction process. Waste Management, 1996, 16 (5/6), 491-499

Wilewska-Bien M., Lundberg M., Steenari B.M., Theliander H. Treatment process for
MSW combustion fly ash laboratory and pilot plant experiments. Waste Management,
2007, 27, 1213-1224

Nagib S., Inoue K. Recovery of lead and zinc from fly ash generated from municipal
incineration plants by means of acid and / or alkaline leaching. Hydrometallurgy, 2000, 56,
269-292

Zhang F., Itoh H. A novel process utilizing subcritical water and nitrilotriacetic acid to
extract hazardous elements from MSW incinerator fly ash. Science of the Total
Environment, 2006, 369, 273-279

Pedersen A. J. Evaluation of assisting agents for electrodialytic removal of Cd, Pb, Zn, Cu
and Cr from MSWI fly ash. Journal of Hazardous Materials, 2002, B95, 185-198
Katsuura H., Inoue T., Hiraoka M., Sakai S. Full-scale plant study on fly ash treatment by
the acid extraction process, Waste Management, 1996, 16(5/6), 491-499

Pedersen A. J., Ottosen L. M., Villumsen A. Electrodialytic removal of heavy metals from
municipal solid waste incineration fly ash using ammonium citrate as assisting agent.
Journal of Hazardous Materials, 2005, B122, 103-109

Huang S., Chang C., Mui D. Chang F., Lee M., Wang C. Sequential extraction for

evaluating the leaching behavior of selected elements in municipal solid waste

20



68

69

70

71

72

73

74

75

76

77

78

79

80

81

incineration fly ash. Journal of Hazardous Materials, 2007, 149, 180-188

Wan X., Wang W., Ye T., Guo Y., Gao X. A study on the chemical and mineralogical
characteriszation of MSWI fly ash using a sequential extraction procedure. Journal of
Hazardous Materials, 2006, B134, 197-201

IAWG, Municipal Solid Waste Incinerator Residues, Elesvier Science B.V., Amsterdam,
The Netherlands, 1997

Bruder-Hubscher V., Lagarde F., Leroy M.J.F., Coughanowr C., Enguehard F. Application
of a sequential extraction procedure to study the release of elements from municipal solid
waste incineration bottom ash, Analytica Chimica Acta, 2002, 451, 285-295

Karlfeldt K., Steenari B. M. Assessment of metal mobility in MSW incineration ashes
using water as the reagent. Fuel, 2007, 86, 1983-1993

Tessier A., Campbell P.G.C., Blsson M. Sequential extraction procedure for the speciation
particulate trace metals, Anal. Chem., 1979, 51(7), 844-851

Malviya R., Chaudhary R. Factors affecting hazardous waste solidification/ stabilization:
A review. Journal of Hazardous Materials, 2006, B137, 267-276

Roy A., Harvill E. C., Carteledge F. K., Tittlebaum M. E. The effect of sodium sulphate on
solidification/ stabilization of synthetic electroplating sludge in cementious binders.
Journal of Hazardous Material, 1992, 30, 297-316

Tay J. H. Sludge ash as a filler for Portland cement concrete, Journal of Environmental
Engineering, 1987, 113, 345-351

Janusa M. A., Heard E. G, Bourgeois J.C., Kliebert N. M., Landry A. Effects of curing
temperature on the leachability of lead undergoing solidification/ stabilization with
cement, Microchem. J., 2000, 60, 193-197

Stabilization/ solidification of CERCLA and RCRA wastes: physical tests, chemical
testing procedures, technology screening and field activities, EPA/625/6-89/022, May,
1989

Roy A., Carledge F. K. Long term behavior of a Portland cement-electroplating sludge
waste form in presence of copper nitrate, Journal of Hazardous Materials, 1997, 52,
265-286

Alba N., Vazquez E., Gasso S., Baldasano J. M. Stabilization/ solidification of MSW
incineration residues from facilities with different air pollution control systems. Durability
of matrices versus carbonation. Waste Management, 2001, 21, 313-323

Lombardi F., Mangialardi T., Piga L., Sirini P. Mechanical and leaching properties of
cement solidified hospital solid waste incinerator fly ash. Waste Management, 1998, 18,
99-106

Shimaoka T., Hanashima M. Behavior of stabilized fly ashes in solid waste landfills.

21



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

Waste Management, 1996, 16 (5/6), 545-554

Nzihou A., Sharrock P. Calcium phosphate stabilization of fly ash with chloride extraction.
Waste Management, 2002, 22, 235-239

Tsiliyannis CA. Report: Comparison of environmental impacts from solid waste treatment
and disposal facilities. Waste Manage Research, 1999, 17, 231

Andac M., Glasser FP. The effect of test conditions on the leaching of stabilised
MSWI-fly ash in Portland cement. Waste Management, 1998, 18, 309

Berardi R., Cioffi R., Santoro L. Matrix stability and leaching behavior in ettringite-based
stabilization systems doped with heavy metals. Waste Management, 1997, 17(8), 535

Casa G. D., Mangialardi T., Paolini A. E., Piga L. Physical-mechanical and environmental
properties of sintered municipal incinerator fly ash. Waste Management, 2007, 27 (2),
238-247

Mangialardi T., Paolini A. E., Polettini A., Sirini P. Optimization of the solidification/
stabilization process of MSW fly ash in cementitious matrics. Journal of Hazardous
Materials, 1999, B70, 53-70

Ubbryaco P., Bruno P., Traini A., Calabrese D. Fly ash reactivity formation of hydrate
phase. Journal of Thermal Analysis Calorimeter. 2001, 66, 293

Mangialardi T. Disposal of MSWI fly ash through a combined washing-immobilization
process. Journal of Hazardous Materials, 2003, B98, 225-240

Wang K., Chiang K., Lin K., Sun C. Effects of a water-extraction process on heavy metal
behavior in municipal solid waste incinerator fly ash. Hydrometallurgy, 2001, 62, 73-81
Abbas Z., Moghaddam P. A., Steenari M. B. Release of salts from municipal sollid waste
combustion residues. Waste Management, 2003, 291-305

Chimenos J. M., Fernadez A. 1., Cervantes A., Miralles L., Fernadez M. A., Espiell F.
Optimizing the APC residues washing process to minimize the release of chloride and
heavy metals. Waste Management, 2005, 25, 686-693

Collivignarelli C., Sorlini S. Reuse of municipal solid wastes incineration fly ashes in
concrete mixtures. Waste Management, 2002, 22, 909-912

Bertolini L., Carsana M., Cassago D., Curzio Q. A., Collepardi M. MSWI ashes as
mineral additions in concrete. Cement and Concrete Research, 2004, 34, 1899-1906
Aubert J. E., Husson B., Sarramone N. Utilizatioin of municipal solid waste incineration
(MSWI) fly ash in blended cement partl: Processing and characterization of MSWI fly
ash. Journal of Hazardous Materials, 2006, B136, 624-631

Gao X., Wang W., Ye T., Wang F., Lan Y. Utilization of washed MSWI fly ash as partial
cement substitute with addition of dithiocarbamic chelate. Journal of Environmental

Management, in press

22



97 Waunsch P., Greilinger C., Bieniek D., Kettrup A. Investigation of the binding of heavy
metals in thermally treated residues from waste incineration. Chemosphere, 1996, 32 (11),
2211-2218

98 Ward D. B., Goh Y. R., Clarkson P. J., Lee P. H., Nasserzadeh V., Swithenbank J. A novel
energy-efficient process utilizing regenerative burners for the detoxification of fly ash.
Process Safety and Environmental Protection, 2002, 80 (6), 315-324

99 Xhrouet C., Nadin C., Pauw E. D. Amines compounds as inhibitors of PCDD/Fs de novo
formation on sintering process fly ash. Eniron. Sci. & Technol., 2002, 36, 2760-2765

100 Wey M., Liu K., Tsai T., Chou J. Thermal treatment of the fly ash from municipal solid
waste incinerator with rotary kiln. Journal of Hazardous Materials, 2006, B137, 981-989

101 Mangialardi T. Sintering of MSW fly ash for reuse as a concrete aggregate. Journal of
Hazardous Materials, 2001, B87, 225-239

102 Vehlow J., Braun H., Horch K., Merz A., Schneider J., Stieglitz L., Vogg H.,
Semi-Technical Demonstration of The 3R Process. Waste Management & Research, 1990,
8,461-472

103 Sorensen M. A., Mogensen E. P. B., Lundtorp K., Jensen D. L., Christensen T. H. High
temperature co-treatment of bottom ash and stabilized fly ashes from waste incineration.
Waste Management, 2001, 21, 555-562

104 Introduction of the NEUTREC technology invented by Solvay company:
http://www.neutrec.com/library/bysection/result/0,0,- EN-1000037.00.html

105 Introduction of Sound Material-Cycle Society:

http://www.env.go.jp/en/recycle/

106 Nakajima K., Tamaki W., Fujimaki D., et al. Iron and steel scrap flow analysis in Japan.
Testu to Hagane- Journal of the Iron and Steel Institute of Japan. 2005, 91 (1), 150-153

107 Ottoboni A.P., Souza I. D., Menon G. J., Silva R.J.D. Efficiency of destruction of waste
used in the co-incineration in the rotary kilns. Energy Convers. Mgmt, 1998, 39(16-18),
1899-1909

108 Chen G., Lee H., Young K. L., Yue P.L., Wong A., Tao T., Choi K.K. Glass recycling in
cement production — an innovative approach. Waste Management, 2002, 22, 747-753

109 Mujumdar K.S., Ranade V.V. Simulation of rotary cement kilns using a one-dimensinal
model. Chemical Engineering Research and Design, 2006, 84(A3), 165-177

110 WNZATBHEAFT — 2L F—EXRMR SFAERBHRTMEER. [HIEREFY
YA IVERI G DAL ELE R iTR ¥ I &R ETEEHREE, 20006, 10

111 Introduction of eco-cement

http://www.taiheiyo-cement.co.jp/zero-hai/ecoc/index.html

112 Introduction of Pacific Cement Industry

23



http://www.taiheiyo-cement.co.jp/rd/inform_fr.html

113 Bolwerk R.. Co-processing of waste and energy efficiency by cement plants. /PPC
Conference, Vienna, Austria, Oct, 21-22, 2004.

114 Ahmad S., Al-Kutti W. A., Al-Amoudi O. S. B., Maslehuddin M. Compliance criteria for
quality concrete. Construction and Building Materials, 2008, 22, 1029-1036

115 Voinitchi D., Julien S., Lorente S. The relation between electrokinetics and chloride
transport through cement-based materials. Cement & Concrete Composites, 2008, 30,
157-166

116 Wang S., Llamazos E., Baxter L., Fonseca F. Durability of biomass fly ash concrete:
Freezing and thawing and rapid chloride permeability tests. Fuel, 2008, 87, 359-364

117 Zornoza E., Paya J., Garces P. Chloride-induced corrosion of steel embedded in mortars
containing fly ash and spent cracking catalyst. Corrosion Science, 2008, in press

118 Song H., Lee C., Ann Ki. Factors influencing chloride transport in concrete structures
exposed to marine environments. Cement & Concrete Composites, 2008, 30, 113-121

119 Glass G. K., Buenfeld N. R. The presentation of the chloride threshod level for corrosion
of steel in concrete. Corrosion Science, 1997, 39, 1001-1013

120 Hasson C. M., Frolund Th., Markussen J. B. The effect of chloride type on the corrosion
of steel in concrete by chloride salts. Cement and Concrete Research, 1985, 15, 65-73

121 Farag L. M., Abbas M. Practical limits for chlorine cycles in dry process cement plants
with precalcining and tertiary air ducting. ZEMENT-KALK-GIPS, 1995, 48 (1), 22-26

122 Kuchar D., Fukuta T., Onyango M. S. Matsuda H. Sulfidation treatment of molten
incineration fly ashes with Na,S for zinc, lead and copper resource recovery.
Chemosphere, 2007, 67, 1518-1525

123 Polettini A., Pomi R., Sirini P., Testa F. Properties of portland cement- stabilised MSWI
fly ashes. Journal of Hazardous Materials, 2001, B88, 123-138

124 Bodenan F.; Deniard Ph. Characterization of flue gas cleaning residues from European
solid waste incinerators: assessment of various Ca-based sorbent process. Chemosphere,
2003, 51, 335-347

125 Zhu F., Takaoka M., Shiota K., Oshita K., Kitajima Y. Chloride chemical form in various
types of fly ash. Environ. Sci. & Tech, Accepted

126 Ahn J. W.; Kim H. Recycling study of Korea’s fly ash in municipal solid waste
incineration ashes for cement raw material. Feb 17-21, TMS (The Minerals, Metals &
Materials Society) 2002, Seattle, Washington, USA

127 Chiang K., Wang K., Lin F., Chu W. Chloride effects on the speciation and partitioning of
heavy metal during the municipal solid waste incineration process. The Science of the
Total Environment, 1997, 203, 129-140

24



128 Guo X., Yang X., Li H., Wu C., Chen Y. Release of hydrogen chloride from combustibles
in municipal solid waste. Environ. Sci. & Technol., 2001, 35, 2001-2005

129 Cummins E. J., McDonnell K. P., Ward S. M. Dispersion modelling and measurement of
emissions from the co-combustion of meat and bone meal with peat in a fluidised bed.
Bioresource Technology, 2006, 97, 903-913

130 Yasuhar A., Katami T., Shibamoto T. Formation of dioxins from combustion of
polyvinylidene chloride in a well-controlled incinerator. Chemosphere, 2006, 62,
1899-1906

131 Yasuhara A., Katami T., Shibamoto T. Dioxin formation during combustion of nonchloride
plastic, polystyrene and its product. Environ. Contam. Toxicol. 2005, 74, 899-903

132 Waste management and recycling department: Aiming to establish a sound material-cycle
society:

http://www.env.go.jp/en/aboutus/pamph/html/00pan120.html

133 Du W, Gao Q., Zhang E., Miao Q., Wu J. The emission status and composition analysis on
municipal solid waste in China. Research of Environmental Sciences, 2006, 19(5), 85~90.

134 Sahlin J., Ekvall T., Bisaillon M., Sundberg J. Introduction of a waste incineratioin tax:
Effects on the Swedish waste flows. Resources, Conservation and Recycling, 2007, 51,
827-846

135 Ahn J.W. Development of technology for raw material of oridnary portland cement and
practical use of sludge made from steel industry by complex treatment. Resources
Processing, 2004, 51 (1), 42-47

136 Japan Industry Standard (JIS) R5210 Ordinary Portland Cement, 2003

137 Lide D.R. CRC handbook of chemistry and physics: a ready-reference book of chemical
and physical data, 72nd ed., CRC Press, c1965

138 Adams L. H., Gibson R. E. The melting curve of sodium chloride dehydrate. An
experimetal study of an incongruent thousand atmospheres. Journal of the American
Chemical Society, 1930, 52, 4252-4264

139 Miyagawa M.; Sugimoto T. New dry-type flue gas treatment system using sodium-based
agent for MSW incinerator. 4¢h i-CIPEC, September 26-29, 2006, Kyoto, Japan, 295-298

140 Verdone N., Filippis P. D. Thermodynamic behavior of sodium and calcium based
sorbents in the emission control of waste incinerators. Chemosphere, 2004, 54, 975-985

141 Duo W., Kirkby, N.F. Kinetics of HCI reactions with calcium and sodium sorbents for
IGCC fuel gas cleaning. Chemical Engineering Science, 1996, 51(11), 2541-2546

142 Bodenan F., Deniard Ph. Characterization of flue gas cleaning residues from European
solid waste incinerators: assessment of various Ca-based sorbent processes. Chemosphere,

2003, 51, 335-347

25



143 Ressler T., Wong J., Roos J., Smith I. L. Quantitative speciation of Mn-bearing
particulates emitted from autos burning (methylcyclopentadienyl) manganese
tricarbonyl-added gasolines using XANES spectroscopy. Environmental Science &
Technology, 2000, 34, 950-958

144 Koningsberger D. C. X-ray absorption: principles, applications, techniques of EXAFS,
SEXAFS, and XANES. Wiley, 1988, New York

145 Takaoka M.; Shiono A.; Nishimura K.; Yamamoto T.; Uruga T.; Takeda N.; Tanaka T.;
Oshita K.; Matsumoto T.; Harada H. Dynamic change of copper in fly ash de Novo
synthesis of dioxins. Environ. Sci. Technol. 2005, 39(15), 5878-5884

146 Vainshtein B. K. Diffraction investigation of the atomic structure of matter. Acta
Crystallographica section B-Structural Science, 1991, 47, 145-154

147 Norby P. In-situ XRD as a tool to understanding zeolite crystallization. Current Opinion in
Colloid & Interface Science, 2006, 118-125

148 Zachariasen, W. H. Theory of X-ray diffraction in crystals. Wiley, 1945, New York

26



2 RESEARCH OF WASHING PROCESS

2.1 Introduction

Washing is the first step in the WCCB system. There are two main reasons for
washing: to cut down the amount of residue fed back to the incinerator, and to wash
out as much chloride as possible. Other than optimizing the washing conditions,
another way to achieve weight reduction of fly ash is to replace calcium hydroxide
with some other alkaline material used in the dry scrubber. While Ca(OH), is widely
used for acid gas treatment, sodium bicarbonate has been recently introduced in some
incineration plants 13 Under the same general conditions, the amount of Ca(OH),
required to remove a specific amount of HCI is much larger than the amount of
NaHCOj; required to remove HCI from the flue gas. I expect that replacing Ca(OH), by
NaHCO; will lead to a weight reduction of fly ash. I will investigate the characteristics
of three types of fly ash in washing experiments to obtain more information to confirm
the superiority of NaHCOj. 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 NaHCOs for acid gas removal (NaFA), and raw fly
ash collected from the boiler incinerator (RFA). Because RFA is the fly ash which was
not affected by the injection of alkaline reagents, it is necessary to conduct more
obvious comparison between CaFA and NaFA. The washing characteristics of NaFA
have never been reported before. The reason why we must reduce the amount of
chloride is related to the fact that the fly ash is to be used as the raw material in cement
industry. It is well known that chloride in cement will corrode steel *°. It is also known
that chloride cations affect the corrosion rate of steel in concrete; CaCl, is more
corrosive than NaCl or KCI °, for example. This points to another potential advantage
of using NaHCO:;.

I will determine the optimum conditions for washing fly ash produced with either
Ca(OH), or NaHCOs. There have been a number of studies on washing fly ash or
bottom ash "', In those previous researches, the liquid to solid (L/S) ratio ranged from
2 to 100 while the mixing time ranged from 10 min to 1 hr. In order to make our

research more reasonable, before the main experiments, I processed preliminary
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experiments of RFA to find out the hierarchical structure of parameters for washing

experiments. Then I design the main experiments.

2.2 Experiment material and method
2.2.1 Experiment material

Three types of fly ashes used: CaFA, NaFA and RFA. 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 2.1.

Table 2.1 Element content of CaFA, NaFA and RFA (weight %)

Element CaFA NaFA RFA Element CaFA NaFA RFA Element CaFA NaFA RFA

(0] 246 132 373 K 338 584 299 Fe 1.24 0.713 2.32
Si 2.68 128 497 Na 346 185 297 Zn 0.390 0.893 0.223
C 7.55 817 324 Ti 0.821 0.535 1.51 Cu 0.0639 0.147 0.238
Cl 196 373 6.36 Mg 0.722 0341 1.12 Pb 0.212 1.23 0.387
S 1.81 131 3.31 P 0.241 0.179 0.666 Br 0.269 0914 0.111
Ca 282 102 247 Al 430 592 399

2.2.2 Experiment method

Ion exchanged water (IEW) was used as the washing solution. The fly ash was mixed
with IEW by a vortex mixer (Iuchi Seiedo, Co, Ltd.) under different liquid (ml) to solid
(g) (L/S) ratio and separated by centrifuge (Himac CT4, Hitachi) for 15 min at 3,000
rpm after washing. The washed residue was dried in an oven at 105°C for 24 hours.

To decide the main experiment conditions, I first processed preliminary experiments to
discuss the influence of parameters of mixing time, L/S ratio and washing frequency
on the final results. Based on the results of preliminary experiments, I design the main

experiment conditions.
2.2.2.1 Preliminary experiments

In the preliminary experiments, only RFA was used. The parameters of interest are L/S
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ratio, mixing time and washing frequency.

L

Residue weight (%)

Discussion of the mixing time
In preliminary experiment I I varied the mixing time as 10 minutes, 30 minutes and
1 hour. The mixing speed was fixed at 150 rpm. I also compared the difference of
the results between L/S of 5 and L/S of 10. The amount of fly ash used for every
experiment is fixed at 10 gram. Therefore for example L/S of 5 means that 50ml

IEW was used to wash. The detailed experiment condition is shown in Table 2.2

Table 2.2 Experiment conditions for preliminary experiment I

Code L/S Mixing time Mixing speed | Code L/S Mixing time Mixing speed

P-1# 5 10 minutes 150 rpm P-4# 10 10 minutes 150 rpm
P2# 5 30 minutes 150 rpm P-5# 10 30 minutes 150 rpm
P3# 5 1 hour 150 rpm P-6# 10 1 hour 150 rpm

100

95

85 Ty
804

754 0.2 4| Material: RFA —Us=s |
4 Mixing speed: 150 rpm --L/S=10

o4 ]

I checked the weight percent of the residue after each experiment and marked it as
“R”. The definition is Formula 2.1. The chlorine content in the residue was
determined by XRF, and the results are in Figure 2.1.

— M as Swashed —dried
Mass

R x100% 2.1

origin
Where Mass,,,,, is the dry weight of fly ash used in each experiment and

Mass, . ,..-aieq 1S the amount of dry residue after the fly ash was washed.

|| Material: RFA —=—L/S=5 1.4
Mixing speed: 150 rpm --K--L/8=10

.-
R

084 — \,

0.64 ¥<

Cl content (%)

0.4+

T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Mixing time (min) Mixing time (min)

a) Amount of residue b) Chlorine content in the residue

Figure 2.1 Experiment results of preliminary experiment I
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Figure 2.1 shows that there is not so much difference among the results of P-1#,
P-2# and P-3#, or P-4#, P-5# and P-6#, and the trend is not so clear. While, the
difference caused by the L/S seems more obvious and manifest.

1. Discussion of L/S ratio

Residue weight (%)

Based on the results from preliminary experiment I, I fixed the mixing time as 5
minutes and varied the L/S ratio from 1 to 5 for the preliminary experiment II.
Same as preliminary experiment I, 10 gram RFA was used in every experiment. I
also did one experiment to check the function of mixing speed in single-washing.
Table 2.3 shows the condition of preliminary experiment II. Figure 2.2 presents the
corresponding results.

Table 2.3 Experiment conditions for preliminary experiment II

Code L/S Mixing time Mixing speed | Code L/S Mixing time Mixing speed
P-7# 1 5 minutes 150 rpm P-10# 4 5 minutes 150 rpm
P-8# 2 5 minutes 150 rpm P-11# 5 5 minutes 150 rpm
P-9# 3 5 minutes 150 rpm P-12# 5 5 minutes Static placed
100
1.4 ®
95 - ]
1.24
= ]
90 1.04
%\j/ 0.8—-
85 <
S 06|
80 o
0.4
75 - Material: RFA 1% 0.2- Material: RFA | —=— 150 rpm
Mixing time: 5 minutes 1 Mixing time: 5 minutes —&— static placed
i R e e D
L/S ratio L/S ratio
a) Weight of residue b) Chlorine content in the residue

Figure 2.2 Experiment results of preliminary experiment II
Figure 2.2 shows that with the increase of L/S ratio the residue weight decreases

and the chlorine content becomes lower. Comparing to the result without mixing,

the results with mixing have less residue weight and less chlorine left.
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1II.  Discussion of washing frequency
I also processed double-washing experiments. The experiment condition and
corresponding results are shown in Table 2.4. Obviously double washing gives

smaller residual and chlorine content.

Table 2.4 Experiment condition and result for preliminary experiment 11

Mixing Mixing Washing Residue Cl
Code L/S
time speed frequency percentage/ % content/ %
30
P-13# 10 ) 150 rpm 2 81.9 0.477
minutes
30
P-5# 10 ) 150 rpm 1 87.2 0.584
minutes
2.2.2.2 Final experiment condition

Based on the results from preliminary experiments I designed the main experiment
condition. I will process single-washing, double-washing and triple-washing

experiments. Table 2.6, 2.7 and 2.8 show the detailed experiment conditions.

Table 2.6 Experimental design of the single-washing experiments

Code L/S Experimental conditions | Code L/S Experimental conditions
1# 0 Fly ash S5# 5 150 rpm, 5 min
2# 2 By glass rod, 5 min 6# 6 150 rpm, 5 min
3# 3 150 rpm, 5 min T# 8 150 rpm, 5 min
4# 4 150 rpm, 5 min 8# 10 150 rpm, 5 min
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Table 2.7 Experimental design for the double-washing experiments

Experimental Experimental
Code L/S Code L/S
conditions conditions

9# 3-3 17# 3-3

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

11#  3-7 150 rpm, 30min 194  3-7 150 rpm, 10 min

124 3-10 20#  3-10

13%4 33 21# 3-3

14# 3-5 150 rpm, 5 min - | 22#  3-5 150 rpm, 5 min -

15# 3-7 250 rpm, 10 min 23# 3-7 250 rpm, 30 min

16# 3-10 24#  3-10

Table 2.8 Experimental design for the triple-washing experiment

Code L/S Experimental conditions

25#  3-3-3 150 rpm, 5 min — 150 rpm, 10 min —150 rpm, 10 min

The purpose of the single-washing experiments is to find a suitable L/S ratio for the
first step of the double-washing experiments, and to compare the different washing
characteristics of CaFA and NaFA. The purpose of the double-washing experiments is
to determine the suitable conditions for the first and second step of the triple-washing
experiments, and to provide a comparison for the single-washing results. The
triple-washing experiments were performed to determine if triple washing resulted in a
significant improvement over double washing.

[ used 20 g of fly ash in each experiment. An L/S ratio of 5 indicates that 100 ml water
was used to wash 20 g of fly ash. In the double-washing and triple-washing
experiments, the L/S ratio value was based on the 20 g of fly ash used in the first step.
For example, the L/S ratio of 3-3-3 shown in Table 2.8 means 20 g of fly ash was
washed by 60 ml of ion exchanged water in each step of the triple-washing experiment.
Note that for an L/S ratio of 2 (refer to Table 2.6), the amount of water is too small to

use the mixer, so those samples were stirred manually with a glass rod.

2.3 Experiment results and discussions
The washing process is the first step of the WCCB system, aiming at reducing the
weight of residue and the chlorine content. In this section, I discuss how well this

worked.
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2.3.1 Single-washing experiments

2.3.1.1 Reduction of weight and chloride content
In this section, I refer to the washed fly ash as residue. Figure 2.3 shows the change in
the residue weight percent mass and chlorine content in the residue as a result of the

single-washing experiments.

45

100
1 1 Mixing time: 5 min —=—RFA
09 = 404 Mixing speed: 150 rpm | |--®--CaFA
o] NN 1 - - NaFA
] . R B -4 B
~ 791 S 304 ¢
g 1 =
= 7 " & 25
° ¥ =
© 504 - ™ 3]
= 1 T e £ 204
S 404 48
2 1|—=—RFA o 154
& %04 |--m--caFA
50 | -3~ NaFA
10 1| Mixing time: 5 min
|| Mixing speed: 150 rpm
0 T T T T T T T T T T T T T T T O T T T T T T T T
0 1 2 3 4 5 6 8 9 10 0 4 5 6 7 8 9 10

L/S ratio

L/S ratio

a) Weight of residue b) Chlorine content in the residue

Figure 2.3 Results of single-washing experiments

The residue mass percent was also calculated with Formula 2.1. The amount of

chlorine washed out was calculated from Formula 2.2

M as Sorigin X CCI ,origin - M ass washed —dried X CCI ,washed —dried

Mass xC

origin Cl,origin

x100%
2.2)

Where ~¢-erigin is the chlorine concentration in the fly ash before the washing

experiments and — ¢/-washed-dried jg the chlorine concentration in the residue after the fly

ash was washed and then dried.

Obviously the larger water (the larger L/S ratio) resulted in the less residue and less
remaining chloride. For an L/S ratio of 10, the percent residue weight of CaFA, NaFA
and RFA are 86.1%, 76.0% and 41.8%, respectively. Thus, single washing reduced the
amount of RFA by about 14.0%, CaFA by about 24.0% and NaFA by 58.2%. In other

words, there was almost twice as much CaFA residue than NaFA under the same
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conditions. Thus, 83.3% of the chlorine in RFA, 86.6% of the chlorine in CaFA and
97.2% of the chlorine in NaFA can be washed out into water. The amount of chlorine
remaining in the residue of CaFA-8# was 2.5 times larger than that in the residue of
NaFA-8#. For L/S ratios above 4, the decrease was not as rapid as for L/S ratios in the
range of 1-3; this was more significant for CaFA and RFA. The decreasing slope as the
left derivative of the curves was calculated using Formula 2.3 and is shown in Table
2.9.

ﬁ(xl)z yx2 _yxl

(x,<x:x, =2,3,4,5,6,810;x, =0,2,3,4,5,6,8) 2.3)

Xy =X

Where x,,x, is the L/S ratio in consecutive single washing experiments and y_,y,

is the corresponding percent residue mass or chlorine content of each washing

experiments.

Table 2.9 Decreasing rate of residue weight percentage curve and C1% curve for CaFA

L/S 2 3 4 5 6 8 10
Residue -7.0 -5.3 -2.6 -2.7 -1.6 -1.8 -1.4
Cl1% -5.6 -1.2 -1.2 -1.1 -0.73 -0.08 -0.25

Table 2.9 indicates that an L/S ratio of 3 in the residue curve was a turning point.
Therefore, the L/S ratio of 3 is used for the first stage of the double-washing

experiments.
2.3.1.2 Comparison of NaFA and CaFA

I assumed that the HCI and particulate concentrations in the flue gas were 700 mg/m’N
and 3 g/m’N, respectively, and that the alkali reagent condition was such that the molar
ratio of HCl:Ca(OH), and HCI:NaHCO; were 1:2.8 and 1:1.2, respectively " .
Therefore, in 1 m°N discharge gas, there was 700 mg of HCI and 3 g of particulate that
was RFA.
Writing the reaction for HCIl and Ca(OH),,

2HCI+Ca(OH), — CaCl, +2H,0 (2.4

I can calculate the reacted HC1 molar amount as

__T00mg 4 0192mol (2.5)

m =
7 36.5g / mol

The reacted Ca(OH), molar amount is
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Meyomy, = 2.8 My, =2.8x0.0192mol = 0.0538mol (2.6)

The produced CaCl, molar amount is

My, = m;zcz =0.0192mol +2 = 0.0096mol (2.7)

The corresponding mass of CaCl, is

M e, =My, x111g/mol =0.0096mol x111g /mol =1.07g (2.8)

The remaining mass of Ca(OH); is
m
MCa(OH)Z,left = (mccl(om2 _%) x74g/mol

=(0.0538mol —0.0096mol)x74g /mol =3.27g (2.9)
Therefore, including the 3 g of RFA, there will be 7.34 g of CaFA. Writing the reaction
for HCI and NaHCOs,
HCl+ NaHCO, — NaCl+ H,0+ CO, (2.10)
By the same deduction process of CaFA, 4.44 g of NaFA will form for 1 m’N
discharged gas. Because the percent residue weight of CaFA and NaFA in the washing
experiments for an L/S ratio of 10 was 76.0% and 41.8%, respectively, the residual
CaFA and NaFA after washing were 5.58 g and 1.86 g. If we use NaHCOj; instead of
Ca(OH), as the alkaline reagent and wash the fly ash, we can reduce the amount of fly
ash returned to incinerator by 33.3%.
Using the above data, the Cl content in the residual CaFA and NaFA after washing was
0.192 g and 0.0470 g, respectively. Therefore we can reduce the amount of Cl returned
to the incinerator by 75.5% if we use NaHCO3 and wash the fly ash. Overall, NaHCO;
is much better in reducing the ash volume and the amount of Cl, both of which are

advantageous for the WCCB system.

2.3.2 Double and triple-washing experiments

2.3.2.1 Experiment results

The main purpose of the double-washing experiment is to find suitable washing
conditions for CaFA, NaFA and RFA. Figure 2.4 shows the percent residue weight and
ClI content of CaFA, NaFA and RFA in the double- and triple-washing experiments.

Appendix No.l gives the exact result of each experiment. In the double-washing

experiments, the weight of RFA was reduced by at most 18.2%, the weight of CaFA
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was reduced by 26.7%, and the weight of NaFA was reduced by 65.4%. In the
double-washing experiments, the lowest concentrations of CI for CaFA, NaFA and
RFA were 0.647%, 1.08% and 1.35%, respectively.

Residue weight (%)

Residue weight (%)

Residue weight (%)
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Figure 2.4 Double and triple washing experimental results
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2.3.2.2 Comparison of double-washing and single-washing experiments

As in the single washing experiments, a larger amount of washing water reduced more
residue weight and the Cl content in the double-washing experiments. However, the
decrease in either the residue weight or the Cl content was not as pronounced as in the
single-washing experiments. For example, in the CaFA double-washing experiments,
the difference in the percent residue weight between the CaFA-17# and CaFA-20#
experiments was 2.90%, which is the maximum value for CaFA-9# and CaFA-12#,
CaFA-13# and CaFA-16#, CaFA-17# and CaFA-20#, and CaFA-21# and CaFA-24#.
The L/S ratio of CaFA-17# in the second step was 3, while that of CaFA-20# was 10.
In the CaFA single-washing experiments, the difference in the percent residue weight
between CaFA-3# (L/S ratio=3) and CaFA-8# (L/S ratio=10) was 10.1%, which is 2
times larger than the 2.90% result. The same result was obtained for variations in the
chloride content. The difference between the chloride content in the residue of
CaFA-17# and the residue of CaFA-20# is 0.71%, which is 1/5th of the difference
between the chloride content in the residue of CaFA-3# and the residue of CaFA-8#,
3.67%. Similar results were also obtained for NaFA. It is clear that most of the easily
soluble compound had been dissolved into water in the first washing, and the
remaining compound was difficult to dissolve in the second washing. As a result, the
L/S ratio did not have a large impact on the second washing. The same was true for the
mixing time and speed.

In all double-washing experiments for each L/S ratio in the second step, the maximum
difference of residue weight in the RFA residue and the NaFA residue mass were 4.4%
and 2.4% respectively, while that of the RFA chlorine content and the NaFA chlorine
content were 0.242% and 1.42% respectively.

2.3.23 Washing frequency

A comparison of the single-washing and double-washing experiments shows that the
washing frequency is more important than other factors such as the L/S ratio, mixing
time, or mixing speed. To emphasize this finding, I examine the results of the
triple-washing experiments.

Figures 2.4 (c¢) and 2.4 (d) clearly show that the percent residue weight and the
chlorine content in the NaFA residue are much less after triple-washing than after
double-washing. For CaFA and RFA, the extra washing is not as effective. I compared

the percent residue weight and the amount of chlorine washed out from the CaFA-9#,
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CaFA-19#, and CaFA-25# experiments and summarized the results in Table 2.10. The
CaFA-25# experiment has the least weight residue and the most chlorine. Comparing
the experimental conditions of CaFA-9# and CaFA-25#, the total mixing time of
CaFA-9%# is 35 minutes and that of CaFA-25# is 25 minutes. Thus washing frequency is
more effective than the mixing time. Similarly, comparing the experimental conditions
of CaFA-19# and CaFA-25%#, it can be found that the total water used in the CaFA-19#
experiment is 100 ml compared to 90 ml in the CaFA-25# experiment. Since a larger
volume of water gave worse results, the washing frequency is more important than the
L/S ratio. If the data of RFA-9#, RFA-19# and RFA-25# were analyzed, I can get the
same conclusion and I show the corresponding data in Table 2.10 too.

Since the washing frequency is more critical than the L/S ratio, mixing time, or mixing

speed, double-washing is necessary.

Table 2.10. Comparison of results for CaFA-9#, 19#, and 25# and RFA-9#, 19# and 25#

Residue Chlorine

Code Experimental conditions weight washed

(%) out (%)
CaFA-9# 3:1, 150 rpm, 5 min — 3:1, 150 rpm, 30 min 74.3 933
CaFA-25# 3:1, 150 rpm, 5 min — 3:1, 150 rpm, 10 min — 3:1, 150 rpm, 10 min 72.3 94.1
CaFA-19# 3:1, 150 rpm, 5 min - 7:1, 150 rpm, 10 min 75.7 80.1
RFA-9% 3:1, 150 rpm, 5 min — 3:1, 150 rpm, 30 min 86.2 88.4
RFA-25# 3:1, 150 rpm, 5 min — 3:1, 150 rpm, 10 min — 3:1, 150 rpm, 10 min 83.3 92.0
RFA-19# 3:1, 150 rpm, 5 min - 7:1, 150 rpm, 10 min 84.3 89.7

2.3.24 Optimization of experimental conditions

Based on the results of the single-, double-, and triple-washing experiments, it is
possible to determine the most acceptable condition for each type of fly ash to proceed

to the next step of the WCCB system: the calcination process.

L Discussion of CaFA

As shown in Figure 2.4(a) and 2.4(b), the minimum percent residue weight obtained
after double-washing, which occurred in the CaFA-12# experiment, is almost the same
as the percent residue weight obtained after the triple-washing experiment. The
minimum chlorine content after double-washing also occurred in the CaFA-12#

experiment, but this value is 0.53% less than that of the triple-washing experiment. The
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mixing time of the CaFA-12# experiment is 10 min longer and the L/S ratio is 1 larger
than the conditions used for the triple-washing experiment. However, the extra time
and the water consumed to separate the residue from the mixture after the second
washing of the triple-washing experiment, followed by drying the residue, contribute
only to a marginal improvement.

However, although the percent residue weight and chlorine content of CaFA-12# are
the minimum values among double-washing experiments, just as I have analyzed in the
former section that the difference among the results of double-washing experiments is
not so significant. Considering the amount of waste water and time consumption, and
that there are other two steps of treatment followed after washing, 1 suggest the
washing condition of CaFA-17# as the most acceptable washing condition for WCCB
system of CaFA.

1. Discussion of NaFA

NaFA behaves somewhat different from CaFA. The minimum percent residue weight
after double-washing occurred in the NaFA-16# experiment (refer to Figure 2.4).
This value is 1.1% less than the result of the triple-washing (NaFA-25#) experiment,
which has the second lowest value. The minimum chlorine content after
double-washing occurred in the NaFA-25# (triple-washing) experiment, which is
0.45% less than that of the NaFA-24# (double-washing) experiment and 0.60% less
than that of the NaFA-16# (double-washing) experiment.

While, NaFA-16# conditions include a mixing speed of 250 rpm, which consumes
much more energy. As to NaFA-25# (triple-washing) experiment, same reason as that
explained in the discussion of CaFA that the amount of waste water, time consumption
of triple-washing and other double-washing experiments, and followed treatment, I
would like to adopt NaFA-17# as the washing condition for WCCB system of NaFA.
With this condition, I can compare the results directly with CaFA.

1II.  Discussion of RFA

RFA acts a little like NaFA. RFA-16# experiment has the minimum percent residue
weight, 81.8%, while RFA-25# experiment (triple-washing) is of the minimum
chlorine content, 0.610%. The minimum percent residue weight is 0.8% less than the
second lowest value (RFA-20#), while the minimum chlorine content is 0.037% less
than the second lowest value (RFA-20#). Similar reason as that explained in the
discussion of NaFA, I will select the experimental condition of RFA-17# as the
washing condition for WCCB of RFA
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2.4 Conclusion

In washing experiments for the WCCB system, I found that the CaFA and NaFA have
different characteristics. Under the same washing conditions, the percent residue
weight of NaFA is always less than that of CaFA because there are more soluble
compounds in NaFA than in CaFA. Although the chlorine content in the washed
residue of NaFA is comparable to that in the washed residue of CaFA, the percent
residue weight of NaFA is much less than that of CaFA, so the soluble chloride portion
in NaFA is also more than that in CaFA.

It is clear that washing frequency has a greater influence on reducing the amount of
residue and the chlorine content than the L/S ratio, mixing time, or mixing speed.
According to the results of the double- and triple-washing experiments for RFA, CaFA
and NaFA, the 17# experimental conditions (3:1, 150 rpm, 5 min; 3:1, 150 rpm, 10
min) are suggested to be the final washing condition for washing process. After the
three kinds of fly ashes are treated by this condition, the resulting residues will be

under calcinating process.

2.5 References for Chapter 2

1  Miyagawa M.; Sugimoto T. New dry-type flue gas treatment system using sodium-based
agent for MSW incinerator. 4th i-CIPEC, September 26-29, 2006, Kyoto, Japan, 295-298

2 Verdone N., Filippis P. D. Thermodynamic behavior of sodium and calcium based
sorbents in the emission control of waste incinerators. Chemosphere, 2004, 54, 975-985

3 Introduction of the NEUTREC technology invented by Solvay company:
http://www.neutrec.com/library/bysection/result/0,0,- EN-1000037.00.html

4  Glass GK., Buenfeld N.R. The presentation of the chloride threshold level for corrosion
of steel in concrete. Corrosion Science, 1997, 39 (5), 1001-1013.

5  Montemor M.F., M.P. Cunha, M.G. Ferreira, A.M. Simoes. Corrosion behavior of rebars in

fly ash mortar exposed to carbon dixoide and chlorides. Cement and Concrete Composites.
2002, 24 (1), 45-53

6  Hasson C.M., Frolund Th., Markussen J.B. The effect of chloride type on the corrosion of
steel in concrete by chloride salts. Cement and concrete research. 1985, 15 (1), 65-73.

7  Abbas Z., Moghaddam A.P., Steenari B.M. Release of salts from municipal solid waste
combustion residues. Waste Management, 2003, 23 (4), 291-305

40



10

11

12

13

Bertolini L., Carsana M., Cassago D., Curzio A.Q., Collepardi M. MSWI ashes as mineral
additions in concrete. Cement and Concrete Research, 2004, 34 (10), 1899-1906
Chimenos J.M., Fernandez A.l., Cervantes A. Optimizing the APC residue washing
process to minimize the release of chloride and heavy metals. Waste management, 2005,
25 (7), 686-693

Mangialardi T. Disposal of MSWI fly ash through a combined washing-immobilisation
process. Journal of Hazardous Materials, 2003, 98 (1-3), 225-240

Reijnders L. Disposal, uses and treatments of combustion ashes: a review. Resourses,
Conservation and Recycling, 2005, 43 (3), 313-336

Wang K.S., Chiang K.Y., Lin K.L., Sun C.J. Effects of a water-extraction process on
heavy metal behavior in municipal solid waste incinerator fly ash. Hydrometallurgy, 2001,
62 (2), 73-81

Zhang F.S, Itoh H. Extraction of metals from municipal solid waste incinerator fly ash by
hydrothermal process. Journal of Hazardous Materials, 2006, 136 (3), 663-670

41



42



3 CHLORIDE REDUCTION MECHANISM IN
WASHING PROCESS OF FLY ASHES

3.1 Introduction

The final product from WCCB system is to be the raw material in the cement industry.
While to be the raw material in cement industry, the chlorine content is a very
important factor to be concerned. One aspect is that the migration of chloride into
concrete accelerates the corrosion of embedded steel ', and different chloride cations
corrode steel in concrete to different degrees; CaCl, has a more deleterious effect than
either NaCl or KCI 2. Another issue is that cement kilns operate under alkaline
conditions because of abundant existence of CaO and CaCOj;. Thus, virtually all
chlorine entering a kiln is in the form of CaCl,, NaCl, or KCl and will sublimate in the
calcination zone and recrystallize in the decarbonization zone, which may lead to
blockages, e.g., in cyclone pipes, resulting in kiln shutdown **. To maximize the reuse
of fly ash, the chloride content in fly ash must therefore be reduced as much as
possible.

In the previous researches and our research I have found that washing is an effective
method to reduce chlorine content in fly ash *. However, there are few researches
which find out the reason or explained the corresponding mechanism 8 though some
studies have assessed the chloride in fly ash using X-ray diffraction (XRD) analysis
and successfully specified NaCl, KCI, CaCl,, and CaCIOH 67,9,

In this chapter, I will use the method of combining X-ray absorption near edge
structure (XANES) with X-ray diffraction (XRD) to find out the mechanism in
scientific way. Firstly, I will analyze the chloride speciation in the three kinds of fly
ashes, RFA, CaFA and NaFA. Then, I will discuss the chloride behavior in the washing

experiments.

3.2 Experiment material and method
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3.2.1 Experiment material

Three kinds of fly ashes were used: RFA, CaFA and NaFA. They are the same material
I used in the washing experiments. Here, I checked the chlorine content in those fly
ashes again by ion chromatography (DX-AQ AI-450, DIONEX Co., Ltd., Japan) and
the composition of those fly ashes is shown in Table 3.1. When I discuss the chloride
speciation in three kinds of fly ashes or chloride behavior in washing process, I will

introduce other corresponding samples in detail in corresponding content.

Table 3.1 Element content of RFA, CaFA and NaFA (weight %)

Element RFA CaFA NaFA Element RFA CaFA NaFA Element RFA CaFA NaFA

0] 37.3 246 132 K 299 338 5.84 Fe 232 124 0713
Si 497 2.68 1.28 Na 297 346 185 Zn 0.223  0.390 0.893
C 324 755 817 Ti 1.51 0.821 0.535 Cu 0.238 0.0639 0.147
Cl 6.81 162 339 Mg 1.12 0.722 0.341 Pb 0.387 0.212 1.23
S 331 1.81 1.31 P 0.666 0.241 0.179 Br 0.111 0.269 00914

Ca 247 282 10.2 Al 399 430 592

3.2.2 Experiment method

The main analytical methods used are XRD and XANES. The crystal chlorides were
identified using XRD (RINT-Ultima+/PCQ2, Rigaku, Japan).

The XRD method is now widely used for identification of crystals, following the basic
theory of the Bragg equation:

2dSinf = ni (3.1)

where d is the special distance between the crystal lattice, 0 is the angle of incidence, A
is the wavelength of the incidence wave, andn=1, 2, 3, 4...

When the incidence wave is fixed, as in a crystal, a special distance between the crystal
lattice is in accordance with the angle of incidence, at which direction the energy of the
ray will be strengthened. Thus, with the checked angle, it can be deduced can deduce
the special lattice distance, as well as the kind of crystal. XRD data are also presented

as basic information for XANES data analysis.

XANES
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The XANES experiments were carried out at beam-lines BL-9A and BL-11B at the
Photon Factory, a synchrotron radiation facility in Tsukuba, Japan. The energy range of
BL-9A is 2.1-15 keV [Si (111)] and that of BL-11B is 2.02-3.911 keV [Ge (111)] " '".
The spectral data were collected as fluorescence yield (FY) and total electron yield
(TEY) in BL-11B and conversion electron yield (CEY) in BL-9A.

The linear combination fit (LCF) technique of XANES spectra has been successfully
applied in environmental fields for quantitative speciation analysis of some identical

mixtures > 13

. The method compares the spectra of samples to the spectra of a series of
reference compounds. I conducted LCF using the commercial software REX 2000
version 2.3 (Rigaku Co. Ltd., Japan). The residual value (R) calculated by Formula.

(3.2) was used to evaluate the results deduced from the LCF method.

> (XANES — XANES

2
_ Measured Calculated ) (3 2)

Z (MN E SMeasured )2

3.3 Chloride speciation analysis in three kinds of fly ashes

3.3.1 Research contents and purposes

In this section I will accomplish the following two tasks. One is to identify what kind
of chlorides exists in the three kinds of fly ashes, and the other is to determine the
portion of chlorine in the corresponding form.

Some researchers have identified the existence of some chlorides in fly ashes by XRD
679 however, XRD is difficult to determine, among all the chlorides, how much
chlorine is in NaCl form, how much chlorine is in KC1 form, and moreover, XRD can
not distinguish amorphous chlorides, which are thought to be in fly ashes. So in
addition to XRD I utilize another method, XANES, which is effective for both crystal
and amorphous compound, and is possible to get the information of distribution of
each kind of chlorides.

3.3.2 Additional samples and Methods

3.3.21 Additional samples
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Except the three kinds of fly ashes, three other samples, i.e., RFAT1, CaFAT1 and
NaFAT1, were obtained from single-washing experiments, the procedures of which are
described in Figure 3.1. The washing conditions are L/S of 3, a mixing speed of 150
rpm, and a mixing time of 5 min. In Chapter 2 I found that under the condition of a
fixed mixing time of 5 min and mixing speed of 150 rpm, an L/S ratio of 3 was the
turning point in chlorine reduction in single-washing experiments for these three kinds
of fly ashes ®. RFAT1, CaFAT1, and NaFAT1 are the solids that were produced by
drying the washing solution from the RFA, CaFA, and NaFA single-washing
experiments (L/S = 3), respectively. The samples were dried at 105°C for 24 h.

L/s=3
150 rpm
5 min RFAT1
Dry
Q = 3000 rpm Solution ——> CaFAT1
ﬂ 15 min NaFAT1
ﬁg;ﬁ = ——> Centrifuge——>> Filter N Dry
Dld Sludge ——>

Residue

Figure 3.1 The procedure of single-washing experiment

3.3.2.2 Identification approach

First, reference chlorides were chosen based on the element content of the three fly
ashes and a literature review. Second, by comparing the chlorine K-edge XANES
spectra of fly ashes and those of reference chlorides and by examining the washing
experiment results, I excluded some chlorides from LCF analysis to produce a list of
“possible reference chlorides.”

After verifying the reliability of LCF method in this research, I discussed the chloride
chemical form found in RFA, CaFA, and NaFA separately. I first examined the XRD
spectra of fly ash and samples from the washing experiment. Based on the relationship
among RFA, CaFA, and NaFA, I then separated the “possible reference chlorides” into
three groups: A) chlorides that must be in fly ash, identified by the XRD spectra of fly
ash; B) chlorides that have a high possibility of being in fly ash, as determined by
XRD spectra of samples from washing experiments; and C) chlorides less likely to be
in fly ash, i.e., the remaining chlorides.

Lastly, I finalized the “A” group chlorides and selected one or two additional chlorides
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from the “B+C” group for LCF analysis. I chose the combination with the lowest R
value and used the results from previous research to verify that combination as well as
the corresponding distribution of chlorides. The diagram of the analysis procedure is

delineated in Figure 3.2.

(1 1)
{ {0 Preparation of reference and method )

1) Element content of RFA, CaFA and NaFA;
2)Literature review

:I Reference chlorides

| Chlorine K—edge XANES spectra of reference chlorides I

By comparing the basic information of those spectra
| Chlorine K—edge XANES spectra of RFA, CaFA, NaFA |*> such as the position of jump edge, peaks and valleys
to exclude some reference chlorides

| Information from washing experiments

—|LCF analysis is acceptable|<—| LCF analysis of known sample | | Possible reference chlorides

( A\
¢ [2) XRD analysis of samples )

| XRD spectra of RFA, CaFA, NaFA I :IA) Definitely existing chlorides I—

|
| XRD spectra of RFAT1, CaFAT1, NaFAT1 I———> B) Chlorides of high possibility to present

|C) Chlorides of less possibilityl

( i A\
{ (3] LCF analysis )

Free
running Free
running Fixed

Y

Principles:
1) Relationship between RFA, CaFA and NaFA
2) Logic estimation: minimum R value;

sisAjeue 407

. o
3) Molar percent > 0, better > 5%;
v 4) [Fixed compound (A)] + [1 more, or 2 more (B, C)]
———
| Acceptable combination of chlorides in RFA, CaFA, NaFA |
( R
{ [4) Testify )
h J
| Molar percent of chlorine in insoluble chloride form | Results of single-washing experiments

LAcceptabIe?—>| The approximate portion of chlorine in insoluble form

I—Yes—> Applicable results for chloride chemical form in fly ashes

*—Compare—bl Molar percent ratio of related elements in fly ashes |<—‘

| Acceptable combination of chlorides in RFA, CaFA, NaFA Element concentration in fly ashes

Figure 3.2 Analysis procedure speciation analysis of chlorides in RFA, CaFA and NaFA
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3.3.23 XANES spectra of the reference chlorides

According to the element contents of RFA, CaFA, and NaFA in Table 3.1 and previous
studies ', KCI, NaCl, CuCl,, FeCl;, MgCl,, PbCl,, ZnCl,, AICl3*6H,0,
FeCl,+4H,0, Friedel’s salt ([Ca,Al(OH)s]CI*2H,0), and calcium hydroxychloride
(CaCIOH) are chosen as the reference chlorides. When Friedel’s salt is heated up to
670°C, calcium chloroaluminate (11CaQ¢7Al,03°CaCl,) is formed 15 Thus, calcium
chloroaluminate is also included in the reference chlorides.

Friedel’s salt, calcium chloroaluminate, and calcium hydroxychloride were self made
and checked using XRD '>'* ' and the detailed procedure is shown in “Appendix No.
2.” Other reference chlorides were purchased from Nacalai Tesque (Kyoto, Japan),
Soegawa Rikagaku (Tokyo, Japan), or Nichika Corp (Kyoto, Japan). The Cl K-edge
XANES spectra of reference chlorides are shown in Figure 3.3.

AGLEHO T e
CaCIOH

11Ca0-7A1,0,-CaCl,

S 5 FeCl,
= a |
8 Friedel's salt 5]
¥ 2
S CaCl, ks
N 8 POC,
‘é NaCl g
] S
Kal cucl,
2815 2825 2835 2845 2855 2815 2825 2835 2845 2855
Photon energy (eV) Photon energy (eV)

Figure 3.3 Chlorine K-edge XANES spectra of reference chlorides

3.3.3 Results and discussion

3.3.3.1 XANES spectra of RFA, CaFA and NaFA

Figure 3.4 shows the chlorine K-edge XANES spectra of RFA, CaFA, and NaFA. The
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spectra of the three fly ashes share some similar characteristics. The first peak is
positioned near 2,826 eV, followed by a small second peak at approximately 2,837 eV,
which is very obvious in NaFA, but not so obvious in RFA and CaFA.

O NaFA
c

K]

s

[e]

2 CaFA
®

e

(]

N

g RFA
o

pz4

2815 2825 2835 2845 2855
Photon energy (eV)

Figure 3.4 Chlorine K-edge XANES spectra of RFA, CaFA, and NaFA

Comparison to the chlorine K-edge XANES spectra of the reference chlorides (See
Figure 3.3) indicates that FeCl; and CuCl, either are not present or are present at very
low levels in the three fly ashes because the pre-edge peak positions of the FeCl; and
CuCl, spectra are located before 2,822 eV. The presence of a valley in the spectral
profile of PbCl, at around 2,826 eV, rather than a peak, indicates that the concentration
of PbCl; is likely very low; therefore, I exclude PbCl,. ZnCl; is excluded with the
same reason. Considering incineration operating conditions of MSW, the presence of
FeCl,*4H,0 is unlikely. Because the concentration of magnesium is not very high,
magnesium chloride is also unlikely to be a considerable component of the chlorides in
fly ash. AICl3*6H,0 is soluble in water. In the solution from the washing experiments,
Na, K, and Ca were detected by ICP-AES at considerable concentrations, whereas Al
was detected at very low concentrations. As a result, AlICl;*6H,0 is also excluded.
Therefore, the “possible reference chlorides” are NaCl, KCl, CaCl,,
[Ca,Al(OH)6]CI2H,0, 11Ca0+7Al,03¢CaCl,, and CaCIOH. For convenience,
11Ca0*7Al,O3°CaCl, is hereafter described as “F670.”

3.3.3.2 LCF analysis of a known sample

I prepared a mixture of RFA and CaCl,, referred to as RCA, to evaluate the
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applicability of LCF analysis. RCA contains 23% chlorine from RFA and 77% chlorine
from CaCl,. LCF analysis was applied to the chlorine K-edge XANES spectrum of
RCA, and the results indicated that 21% of the chlorine was from RFA and 79% from
CaCl,, with an R value of 0.036 (see Figure 3.5). This result confirms that LCF

analysis can be applied well in my research.
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Figure 3.5 LCF analysis of chlorine K-edge XANES spectrum of RCA

3.3.3.3 Chemical forms of chloride in RFA

The XRD analysis of RFA and RFAT1 confirms the existence of KCI and NaCl in RFA
(See Figure 3.6a and b). Thus, NaCl and KCl belong in the “A” group of chlorides for
RFA. The chlorides of the “C” group are CaCl,, Friedel’s salt, F670, and CaCIOH. I
then process the LCF analysis of Cl K-edge XANES spectra for RFA by fixing NaCl
and KCl and including one or two chlorides from the “C” group (See Table 3.2). First,
I add one more compound to try three-compound combinations from #2 to #5. Among
the three-compound combinations, combination #2 has the lowest R value, indicating
the high possibility that CaCl, is present in RFA. Given the presence of NaCl, KCI, and
CaCl,, one more compound is added to process four-compound combinations. Because
the content of CaCIOH is negative in the combination “NaCl + KCl + CaCl, +
CaClOH,” only combinations #6 and #7 are possible. Of these two combinations, #6 is

more promising, with a lower R value; therefore, Friedel’s salt is thought to be present
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in RFA. Therefore, the chloride in RFA is composed of 15% NaCl, 10% KCI, 50%
CaCl,, and 25% Friedel’s salt.
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a) XRD analysis of RFA b) XRD analysis of RFAT1

Figure 3.6 XRD analysis of RFA and RFAT1

Table 3.2 Calculated molar percentage of chlorine in different chlorides form among all the
chlorine in RFA (molar %)
NaCl KCl CaCl, Friedel F670 CaClIOH R

#1 68 32 0.12
#2 14 13 73 0.067
#3 43 17 40 0.071
#4427 19 54 0.077
#5 46 27 26 0.10
#6 15 10 50 25 0.046
#7 13 14 57 16 0.065

According to our previous research °, approximately 78% of chlorine in RFA was
soluble. In combination #6, the soluble chloride is “NaCl + KCI + CaCl,,” and the total
molar percentage of chlorine in these forms is 75%. The two results are very similar.
When I checked RFAT1 by XRD, it was found to be very hygroscopic, suggesting the
presence of CaCl,. The typical XRD peak of Friedel’s salt is located around 26 = 11.3°;
in the XRD results for RFA, an obvious small peak was found around that area. As a
result, it is reasonable to conclude that among all of the chlorine in RFA, 15% is
present as NaCl, 10% as KCl, 50% as CaCl,, and the remainder as Friedel’s salt.

I would compare the molar percentage ratio of related elements in all chlorides with
that in RFA. Based on combination #6 (15% NaCl + 10% KCI + 50% CaCl, + 25%

Friedel’s salt), the element molar ratio of Na, K, Ca, and Al in all chlorides is as
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follows in Formula (3.3).
My cr My o My, o i My o =60:20:12:7.7 (3.3)

Based on the element content data from Table 3.1, the molar percentage ratio of Ca, Al,
Na, and K in RFA is presented in Formula (3.4).

Mg, p My p My, pin , =64:15:13:7.9 (3.4)

The calculation process for Formulas (3.3) and (3.4) is available in “Appendix No. 3.”
The calculated molar ratio of Ca, Al, Na, and K among the reference chlorides and the
practical molar ratio of Ca, Al, Na, and K in RFA are comparable, which suggests that
most of these elements are related to chlorides.

3.3.34 Chemical forms of chloride in CaFA

The XRD results of CaFA and CaFAT1 show that NaCl, KCIl, and CaCIOH must be
present in CaFA and therefore account for the CaFA “A” group of chlorides (See
Figure 3.7a and b). There is a high possibility that CaCl, exists in CaFA; thus it falls
into the “B” group for CaFA. Given the relationship between RFA and CaFA and the
limited possibility that F670 is present in RFA, F670 is excluded. Therefore, only
Friedel’s salt is in the “C” group. The LCF analysis of CaFA proceeds in a similar
manner as for RFA (See Table 3.3). Combination #4 has the lowest R value of 0.033,
indicating that among the chloride in CaFA, 35% is present as NaCl, 11% as KCI, 37%
as CaCl,, 13% as Friedel’s salt, and the remaining 4% as CaCIOH.
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Figure 3.7 XRD analysis of CaFA and CaFAT1
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Table 3.3 Calculated molar percentage of chlorine in different chlorides form among all the
chlorine in CaFA (molar %)
NaCl KCl CaCIOH CaCl, Friedel R

#1 54 22 24 0.065
#2 33 13 2 52 0.042
#3 46 15 18 21 0.045
#4 35 11 4 37 13 0.033

Our previous research indicates that approximately 83% of the chloride in CaFA is
soluble chloride ®. The data for combination #4 indicate a soluble portion of 87%
(NaCl + KCI + CaCl, + CaCIOH). Thus, the washing experiment and the LCF results
are in good agreement. It is reasonable to conclude that of the total chlorine in CaFA,
35% is in the form of NaCl, 11% is KCI, 37% is CaCl,, 13% is Friedel’s salt, and the
remaining 4% is in the form of CaClIOH.

The molar percentage ratio of Ca, Al, Na, and K in all chlorides in CaFA is presented

in Formula (3.5):
Moy e My cp My, o S My o = 45:12:32:10 (3.5)

Whereas the molar percentage ratio of Ca, Al, Na, and K in CaFA is as follows in
Formula (3.6):

Mg, p My p My, p oMy, =64:15:14:7.9 (3.6)

The calculation process is similar as that of RFA analysis. Considering the excess
injection of Ca(OH), in CaFA, it is understandable that the total calcium portion is

higher than that in the cations of all chlorides. For sodium, the data are different.
3.3.3.5 Chemical forms of chloride in NaFA

The XRD spectra for NaFA and NaFAT1 indicate the existence of NaCl and KCl, the
“A” group chlorides for NaFA (See Figure 3.8a and b). Considering the low portion of
CaCIOH in CaFA and the different formation of NaFA from CaFA, CaCIOH is
excluded from the LCF analysis of NaFA. F670 is also excluded for the same reason as
in CaFA. Thus, CaCl, and Friedel’s salt are the “C” group chlorides for NaFA. Because
there must be insoluble chlorides in NaFA, Friedel’s salt is included. The LCF results
are presented in Table 3.4. With the combination “NaCl + KCI + CaCl, + Friedel’s
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salt,” the molar percent of CaCl, is negative, so the result is not shown. With a lower R
value, combination #2 is clearly better than combination #1. For all of the chlorine in
NaFA, 79% is in the form of NaCl, 12% is KCl, and 9% is in the form of Friedel’s salt.
Our previous research indicated that approximately 5.5% of chlorine in NaFA is not
casily soluble ®, which is close to the 9% of chlorine in the form of Friedel’s salt, as
determined by LCF analysis. Considering the relationship between RFA and NaFA,
there might be some CaCl,, but possibly the portion of it is too little to be checked out.
Thus, approximately 79% of the total chlorine is in the form of NaCl, approximately
12% 1s KCl, and approximately 9% is in the form of Friedel’s salt.
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Figure 3.8 XRD analysis of NaFA and NaFAT1

Table 3.4 Calculated molar percentage of chlorine in different chlorides form among all the
chlorine in NaFA (molar %)
NaCl KCl Friedel R
#1183 17 0.032
#2 79 12 9 0.028

As with RFA and CaFA, I calculate the molar percentage ratio of Ca, Al, Na, and K in

all chlorides as shown in Formula (3.7):

Megcr My e My, o P My o = 15:7.4:68:10 (3.6)

The molar percentage ratio of Ca, Al, Na, and K in NaFA is as follows in Formula
(3.8):

My p My p My, p My , =18:15:56:11 (3.8)

The calculation processes is similar as that of RFA analysis or CaFA analysis. The two
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ratios are comparable, except for Al, which accounted for more than twice the

proportion of chloride in the NaFA ratio than in the all-chlorides ratio.
3.3.4 Brief summary and comments

Other research '* has shown that the neutralizing capacity of Ca(OH), powder is much
lower than that of NaHCO; powder for acid gas removal in flue gas in municipal solid
waste incinerators. Therefore, the injection of NaHCO; is more favorable in the mass
reduction of fly ash. It can be deduced that more newly formed insoluble chlorides are
present in CaFA than in NaFA, suggesting that NaHCOj is superior to Ca(OH), as an
alkaline reagent from the viewpoint of both chloride reduction and the chemical form
of chloride. Recently, various fly ash recycling processes, besides the reuse of fly ash
as a raw material in cement, have been proposed '°. My research provides basic
information that can be used to develop more effective processes.

I determined the chloride chemical form and the corresponding quantitative speciation
of chlorides in fly ash using a combination of XANES (XAFS) and XRD methods.
However, I used Friedel’s salt to represent all insoluble chlorides in fly ash, which is
not a comprehensive method, considering the complex conditions in incinerators and
the various compounds present in municipal solid waste. More insoluble chlorides
should be considered. Except for the presence of the typical peak of Friedel’s salt in
RFA XRD spectra, only the R value from LCF analysis provided strong evidence of its
presence. As a result, further experiments based on the characteristics of Friedel’s salt
should be carried out to confirm its presence. For example, fly ash can also be washed
by injecting CO; or after aging, heating, or adjusting the pH, and these results should
be compared with those from the normal washing experiment. With respect to the
XANES and LCF analysis methods, the reference spectra are very important to the
LCEF results. If the sample and reference spectra are measured on the same day in the
same beam line, the processed LCF results are more reliable. Also, it is necessary to

obtain and compare both FY and TEY sample data.

3.4 Comparison of chloride behavior in washing experiments between
CaFA and NaFA

3.4.1 Research contents and purposes
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Since I have got the information of chloride speciation in three kinds of fly ash, I am
going to analyze the chloride behavior in the washing experiments of those fly ashes.
And because it needs to compare the superiority of the alkaline reagent, I have to
discuss the chloride behavior in washing experiments of CaFA and NaFA together. To
find out the chloride behavior in washing experiments has another purpose, which is to

optimize the parameters of washing process.
3.4.2 Additional samples and Methods
34.2.1 Additional samples

Based on the results of the washing experiments, I selected some residue samples,
which are taken from the critical washing experiments. I analyzed them by XANES
and XRD. The detailed contents of those residues are outlined in Table 3.5. In
single-washing experiments, [ found that the L/S ratio is more important than mixing
time or mixing speed to reduce residue mass percentage and chlorine content. Thus, in
single-washing experiments, I fixed the mixing time at 5 min and the mixing speed at
150 rpm. I also found that an L/S ratio of 3 is a threshold; when the L/S ratio is larger
than 3, the residue mass percentage and chloride content in the residue decrease much
slower than the increasing speed of the L/S ratio. An L/S ratio of 10 is the maximum
L/S ratio in the single-washing experiments ®. Because NaFA contains more soluble
chloride than CaFA does *°, the movement of chloride may be more obvious at the
region with smaller L/S ratio than at the region with higher L/S ratio in single-washing
experiments. Thus, for NaFA I selected the single-washing residue with an L/S ratio of
5, and for CaFA I chose the single-washing residue with an L/S ratio of 6. I also
selected one residue sample from the double-washing experiment to evaluate the effect
of washing frequency on the washing process, which is accordant to the 17#
experiment condition in Chapter 2 (Refer to Table 2.7). The original fly ash, CaFA and
NaFA, are named as CaFA-0# and NaFA-0# respectively.
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Table 3.5 Samples from washing experiments

Code  Washing experiment  L/S ratio Mixing time Mixing speed Fly ash

3# 3 5 min 150 rpm Both
S# ) . 5 5 min 150 rpm NaFA
Single-washing

6# 6 5 min 150 rpm CaFA

8# 10 5 min 150 rpm Both
_ 1% step 3 5 min 150 rpm

II#  Double-washing _ Both
2" step 3 10 min 150 rpm

Additional samples (CaFAT1, CaFAT2, NaFAT1, and NaFAT2) were prepared from the
washing experiments. CaFAT1 is the dried solids from the washing solution of the first
step of the double-washing of CaFA. The drying condition is 105°C for 24 hr. CaFAT2
is the dried solids from the washing solution of the second step of the double-washing
of CaFA. NaFAT1 and NaFAT?2 are the corresponding materials for NaFA. The detailed
procedures are included in Figure 3.9. CaFAT1, CaFAT2, NaFAT1, and NaFAT2 are
also examined by XRD and XANES. CaFAT1 and NaFAT1 are just the same sample
“CaFAT1, NaFAT2” which I used in the section 3.3.

L/S=3
150 rpm

C \ 5 min
Dr
%? 3000 rpm Y CaFAT1
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Figure 3.9 Procedure of CaFA and NaFA double-washing experiments
3.4.2.2 Methods
I used the method of combing XANES with XRD to determine the chemical forms in

three kinds of fly ash and the chloride behavior in washing experiments *. First, based

. . . 20
on the element concentrations shown in Table 2.1, our previous research “°, and results
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of a literature review, I chose the possible reference chlorides. Second, based on XRD
spectra of samples, I confirmed the existence of some chlorides in residues, which I
called “A” group chlorides; the remaining chlorides were classified as “B” group
chlorides, which might be present in residues. I then fixed the “A” group chlorides and
added one, two, or even three more chlorides from the “B” group for the linear
combination fit analysis, as discussed below. The combination that produced the
minimum R value is chosen. XRD was used to confirm the existence of crystal

chlorides in washed residues of fly ash.
3.4.23 XANES spectra of the reference chlorides

In previous section or research 20, I found that in CaFA, 35% of chlorine presented as
NaCl, 11% as KCl, 37% as CaCl,, 13% as Friedel’s salt, and the remaining 4% as
CaClOH, whereas in NaFA, about 79% of chlorine was in NaCl, 12% was in KCl, and
9% was in Friedel’s salt. Therefore, I choose the following chlorides: NaCl, KCl,
CaCl,, CaCl,*2H,0, [CayAl(OH)s]Cl*2H,0, 11Ca0+7Al,03+CaCl,, and CaClOH.
CaCl,*2H,0 refers to the hydrates formed from CaCl, during the washing experiments.
[Ca,Al(OH)6]CI*2H,0 is Friedel’s salt, which, when heated, will gradually change to
calcium chloroaluminate (11CaO¢7Al,03°CaCl,) at 670°C. Because all washed
residues were dried at 105°C for 24 hr, 11CaO*7A1,03¢CaCl, is included in the
research. For convenience, I use “F670” to represent 11Ca0+7Al,03°CaCl, in the
following content. Figure 3.10 shows the Cl K-edge XANES spectra of the reference
chlorides. Friedel’s salt, F670, and calcium hydroxychloride (CaCIOH) were composed
and checked by XRD "> '®, and other reference chlorides were purchased from Nacalai
Tesque (Kyoto, Japan), Soegawa Rikagaku (Tokyo, Japan), or Nichika Corp. (Kyoto,
Japan).

58



11Ca0.7A1,0,-CaCl,

Friedel's salt

CaCl,-2H,0

Normalized absorption (-)

NaCl

2815 2825 2835 2845 2855
Photon energy (eV)

Figure 3.10 Chlorine K-edge XANES spectra of reference chlorides
3.4.3 Results and discussions
3.4.3.1 LCF analysis of CaFA samples with XRD results

Table 3.6 lists the element concentrations in CaFA-3#, CaFA-6#, CaFA-8#, and
CaFA-II# (“-3#7, “-4#”, “8#” and “-II#” mean the corresponding experiment code
showed in Table 3.5), and the corresponding residue weight percentages. The residue
weight percent is the ratio of the amount of remaining dried washed residue to the

amount of fly ash that was used in the washing experiments. Although the residue mass



percent of CaFA-8# is less than that of CaFA-II#, the total amount of chlorine left in
the residue of CaFA-8# is larger than that in the residue of CaFA-II#. The chlorine
concentrations in CaFAT1 and CaFAT?2 are 3.77% and 1.34%, respectively.

Table 3.6 Element concentration and residue weight percentage of CaFA-3#, CaFA-6#,
CaFA-8#, and CaFA-II# (weight %)
Samples Cl Ca Na K Al S Si  Residue weight percent

CaFA-3# 7.19 262 0972 154 2.03 222 3.88 85.5
CaFA-6# 4.47 265 0.790 1.22 2.13 2.09 4.11 79.2
CaFA-8# 3.61 27.2 0.790 1.03 2.08 2.13 4.11 76.0
CaFA-II# 2.67 26.0 0.694 087 2.17 233 4.23 76.9

Figure 3.11 presents the XRD spectra of the samples in Table 3.6, CaFAT1 and
CaFAT?2. It confirms that NaCl, KCI, and some kind of CaCl, hydrates exist in all
single-washing experiment residues. As I only have the chlorine K-edge XANES
spectrum of CaCl,*2H,0, I use CaCl,*2H,0 to represent the hydrates in the residues.
NaCl and KCI must exist in the residue of CaFA-II#. With this information, I begin
LCF analysis of those samples. Figure 3.12 shows the chlorine K-edge XANES spectra
of CaFA-0#, CaFA-3#, CaFA-6#, CaFA-8#, CaFA-II#, CaFATI1, and CaFAT2. The
spectra of residues have similar shapes; the first peak is around 2,826 eV, followed by a
valley. But there are more fine structures in the CaFA-0# spectrum than in the spectra
of other residues. The spectra of CaFAT1 and CaFAT2 are very similar to that of
CaCl,*2H,0, suggesting that most of the chlorides in CaFAT1 or CaFAT2 may be in
the form of CaCl,*2H,O0.
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a) XRD spectra of residues b) XRD spectra of CaFAT1 and CaFAT?2

Figure 3.11 XRD spectra of CaFA-3#, 6#, 8#, and 11# and CaFAT1 and CaFAT2
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Figure 3.12 Chlorine K-edge XANES spectra of CaFA washing samples

Here, I will examine in detail the results of the LCF analysis of CaFA-3# residue, as an
example. Based on the above analysis, I conclude that NaCl, KCl, and CaCl,*2H,0
must exist in the residue of CaFA-3#, and CaCIOH, Friedel’s salt, and F670 may be
present. Thus, the “A” group chlorides for CaFA-3# are NaCl, KCI, and CaCl,*2H,0,
and the “B” group chlorides are CaClOH, Friedel’s salt, and F670. Therefore, I fix
NaCl, KCI, and CaCl,*2H,O and add one more compound from the “B” group
chlorides to process a four-compound combination in the LCF analysis. The results are
combinations [2] and [3] in Table 3.7. The resulting value of the portion of CaCIOH in
the combination “NaCl + KCI + CaCl,*2H,0 + CaCIOH” is negative, so the result for
that combination is not shown, as with the other combinations including CaCIOH.
Combination [2] has a smaller R value than combination [3], suggesting that Friedel’s
salt is more likely than F670 to be found in the residue of CaFA-3#. Finally, I examine
NaCl, KCl, CaCl,*2H,0, Friedel’s salt, and F670 as a five-compound combination, i.e.,
combination [4] in Table 3.7. Combination [4] has the lowest R value; therefore, I

choose combination [4] as the possible combination for CaFA-3#.
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Table 3.7 The LCF analysis of chlorine K-edge XANES spectrum of CaFA-3# (%)
Combinations NaCl KCl CaClL*2H,0 CaClOH Friedel F670 R

1] 27 11 62 0.069
2] 19 5 49 27 0.034
3] 13 13 18 56 0.054
[4] 16 6 39 24 15 0.033

The LCF analysis of CaFA-6#, CaFA-8#, CaFA-II#, CaFAT1, and CaFAT?2 followed a
similar procedure as outlined above, and the results are listed in Table 3.8. Because
CaFA-0# was obtained from a bag filter and preserved in a sealed bottle, I used CaCl,
in the combination for CaFA-0#. According to the data in Table 3.8, CaCIOH cannot be
examined in the washed residue, CaFAT1 and CaFAT2. This may be because its
concentration is too low to be detected; alternatively, during the washing process it
may have changed into CaCl,*2H,0, considering that CaClIOH is one of the product of
the “Ca(OH), + CaCl,” system according to the molar ratio of Ca(OH); to CaCl,. If I
included Friedel’s salt and F670 together as “insoluble chlorides,” the portion of
insoluble chlorides increases as the L/S ratio or washing frequency increases.
Regarding the portion of chlorine in CaCl,*2H,0 form, there is little variation among
the residues, whereas the portion of chlorine in NaCl and KCI forms gradually
decreases from CaFA-0# to CaFA-II#. These results are discussed below, together with
the corresponding results of NaFA.

Table 3.8 LCF analysis of CaFA-0#, CaFA-3#, CaFA-6#, CaFA-8#, CaFA-II#, CaFAT1, and
CaFAT?2 (molar %)
Samples NaCl KClI CaCl, CaCl,>2H,O0 CaCIOH Friedel F670 R

CaFA-0# 35 11 37 4 13 0.033
CaFA-3# 16 6 39 24 15 0.033
CaFA-6# 16 3 42 32 7 0.040
CaFA-8# 11 3 31 36 19 0.047
CaFA-II# 6 2 35 33 24 0.039
CaFAT1 31 9 60 0.049
CaFAT2 31 9 60 0.045
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3.4.3.2 LCF analysis of NaFA samples with XRD results

Similar as the analysis of CaFA, I will first check the element content of the
corresponding NaFA samples. Table 3.9 lists the element concentrations in NaFA-3#,
NaFA-6#, NaFA-8#, and NaFA-9#, as well as the residue mass percents.
Double-washing clearly gives the minimum chlorine content and residue weight
percent. The chlorine content in NaFAT1 and NaFAT2 is 9.52% and 1.81%,
respectively. Figure 3.13 shows the XRD spectra of NaFAT1 and NaFAT2 residues.
The XRD spectra confirm that NaCl and KCl exist in all the samples and contribute to
the “A” group chlorides. Because CaCIOH was not found even in the residues from the
CaFA washing experiments, I exclude CaClOH here. As a result, CaCl,*2H,O0,
Friedel’s salt, and F670 are the “B” group chlorides.

Table 3.9 Element concentration and residue weight percentage of NaFA-3#, NaFA-6#,
NaFA-8#, and NaFA-II# (weight %)
Samples Cl Ca Na K Al S Si  Residue mass percent

NaFA-3# 13.8 146 291 191 225 1.51 3.92 47.7
NaFA-6# 7.71 162 216 1.65 249 1.59 428 45.4
NaFA-8# 4.48 167 143 1.19 246 138 429 41.8
NaFA-II# 398 15.1 1.28 0.963 2.55 122 4.52 37.1
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a) XRD spectra of residues b) XRD spectra of NaFAT1 and NaFAT2

Figure 3.13 XRD spectra of NaFA-3#, 5#, 8#, and 1I# and NaFAT1 and NaFAT2

Figure 3.14 presents the chlorine K-edge XANES spectra of NaFA-3#, NaFA-5#,
NaFA-8#, NaFA-II#, NaFAT1, and NaFAT?2. The variation in spectra from NaFA-0# to
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NaFA-II# is larger than that from CaFA-0# to CaFA-II#, and typical peaks
corresponding to the spectrum of NaCl gradually weakened and finally disappeared in
the spectrum of NaFA-II#. This pattern can be explained by the concentration of NaCl
in the residues decreasing with increasing L/S ratio and washing frequency. The
spectra of NaFAT1 and NaFAT?2 suggest that NaCl was washed out in both the first and

second steps of double-washing.
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Figure 3.14 Chlorine K-edge XANES spectra of NaFA washing samples

The LCF analysis results for NaFA samples are presented in Table 3.10. In a previous
study or section, I found the portion of CaCl, is considerable in raw fly ash (RFA) .
Considering the relationship between RFA and NaFA, it is understandable that
CaCl,*2H,0 is detected in the LCF results for NaFA-8#, NaFA-II#, NaFATI1, and
NaFAT2. The portion of chlorine as NaCl or as KCI also decreases from NaFA-0# to
NaFA-II#, the same trend as observed for CaFA. The portion of chlorine in the form of
insoluble chlorides, including Friedel’s salt and F670, increases. These results are

discussed in detail in the following section.
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Table 3.10 LCF analysis of NaFA-3#, NaFA-5#, NaFA-8#, NaFA-II#, NaFAT 1, and NaFAT2
(molar %)

Samples NaCl KCl CaCl,>2H,O Friedel F670 R

NaFA-0# 79 12 9 0.028

NaFA-3# 47 10 38 5 0.049

NaFA-5# 53 12 35 0.058

NaFA-8# 41 13 2 44 0.068
NaFA-II# 13 6 10 71 0.072

NaFAT1 81 17 2 0.098

NaFAT2 74 7 19 0.086

3.433 Comparison of chloride behavior in CaFA and NaFA washing experiments

Based on the LCF analysis of washing residues and the corresponding chlorine content
and residue weight percentage, the amount of chlorine in various chemical forms
remaining in the residue, if 100 g CaFA or NaFA were washed under each washing

condition, can be calculated, as shown in the example in Formula (3.9).
Clyoy =100g x residue%x Cl%xmg, v, (3.9)

where Cl,, 1s the amount of chlorine in the form of NaCl remaining in the residues

after 100 g raw fly ash were washed; residue% is the percentage of residue

remaining after washing the fly ash; and m, ,,, is the molar percentage of chlorine

in the form of NaCl among all chlorides in the residue. These data are from the
washing experiments 8 Other chlorides, such as CaClOH, KCI and so on, can be
calculated in the same way as NaCl. As a result, the behavior of chlorine in different
chemical form in 100 g CaFA or NaFA during washing experiments can be deduced as
in Figure 3.15, which shows the decreasing trend of chlorine in each kind of chemical
form in the CaFA and NaFA washing experiments. The amounts of all forms,
especially those of soluble chlorides, decrease with higher L/S ratio and washing
frequency. The amount of chlorine in the form of insoluble chlorides in NaFA appears
to decrease slightly more than that in CaFA. The relationship among samples including
CaFAT1, CaFAT2, NaFAT1, and NaFAT?2 is discussed further.
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Figure 3.15 Chloride behavior in CaFA and NaFA washing experiments

With the data in Figure 3.15, I can calculate the distribution of chlorides in CaFAT1,
CaFAT2, NaFAT1, and NaFAT2. For example, the chlorides in CaFAT1 represent the
difference between CaFA-0# and CaFA-3# and the chlorides in CaFAT2 are the
difference between CaFA-3# and CaFA-II#. I can calculate the amount of chlorine in
the form of CaCl,, NaCl, KCIl, or insoluble chloride in CaFATI1, and then can
determine the portion of chlorine in each form in CaFAT1. The same process can be
followed for CaFAT2, NaFAT1, and NaFAT2. The corresponding results are shown in
Table 3.11.

Table 3.11 Calculated chloride distribution in CaFAT1, CaFAT2, NaFAT1, and NaFAT?2
(molar %)

Samples NaCl KClI CaCl,»2H,0 CaCIOH Chlorine from insoluble chlorides

CaFAT1 44 14 35 7

CaFAT2 21 8 42 29
NaFAT1 87 12 1
NaFAT2 55 10 35

Comparison of the data in Table 3.11 with the corresponding data in Tables 3.8 and
3.10 reveals some differences. For convenience, I mark the data from the LCF analysis
in Table 3.8, 3.10 as “CaFATI1-L,” “CaFAT2-L,” “NaFATI1-L,” and “NaFAT2-L;” and
the data in Table 3.11 are marked as “CaFAT1-D,” “CaFAT2-D,” “NaFAT1-D,” and
“NaFAT2-D.” Four comparisons are made: “CaFAT1-L with CaFAT1-D,” “CaFAT2-L
with CaFAT2-D,” “NaFAT1-L with NaFAT1-D,” and “NaFAT2-L with NaFAT2-D.”
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The CaFAT1-L data is not comparable to the CaFAT1-D (CaFAT2-D) data, neither is
CaFAT2-L data comparable to CaFAT2-D data. However, if I include the portion of
insoluble chloride in CaFAT2-D in the portion of CaCl,*2H,0, the data for CaFAT2-L
are relatively comparable to the CaFAT2-D data. In the second step of washing, it
appears that some CaCl,, originating from the insoluble chlorides in CaFA, dissolved
into water. The relationship between CaFAT1-L and CaFATI1-D is somewhat more
complicated. The ratio of chlorine in NaCl to the chlorine in KCI in CaFAT1-L is 3.44,
which is comparable to the ratio for CaFAT1-D (3.14), while the ratio of chlorine in
CaCl,*2H,0O form to that in KCI form in CaFAT1-L was 6.67, almost 2.7 times the
corresponding ratio based on the CaFAT1-D data (2.5). Extra CaCl, seems to be
present. The insoluble chlorides in CaFA may have contributed to this. Friedel’s salt,
[Ca,Al(OH)s|CI+2H,0, which I successfully used in an earlier study and section to
represent the insoluble chlorides in CaFA for LCF analysis *°, is the product of the
system “Ca0O/Ca(OH), — Al,O3/Al(OH); —
CaCl,/CaCl,*2H,0/CaCly*4H,0/CaCly*6H,0 — H,0” °. That system is easily built in
the CaFA washing process, since there is abundant Ca(OH),, considerable CaCl,, and
ALO; in CaFA. Also, that system is reactive and will change according to the
compounds and their corresponding concentrations '. Considering the complex
components in CaFA, that system could likely be influenced during the washing
process. If it is considered that the portion of chlorine from insoluble chlorides as
chlorine in CaCl,*2H,0O form, the portion of chlorine in CaCl,*2H,O for CaFAT2-D
will change to 72%, which differs from that for CaFAT2-L by 11%. However, this
result is relatively acceptable because the LCF analysis error of XANES can be about
10%. Based on the discussion above, I conclude that the insoluble chlorides in CaFA
must have some reaction with CaCl,, such as combination or release.

The relationship is not so strong for NaCl. The NaFAT1-L data are comparable to those
for NaFAT1-D, while NaFAT2-L data are not comparable to the NaFAT2-D data. In the
NaFAT2-L data, there is a larger portion of chlorine present in NaCl and CaCl,*2H,0
form. Compared with the data for NaFAT2-D, the extra portion of chlorine in NaCl
form (19%) is the same as the portion of chlorine in CaCl,*2H,0 form in NaFAT2-L.
The total amount is 38%, which is similar to the portion of chlorine present as
insoluble chlorides in NaFAT2-D. If I assume that the chlorine from insoluble chlorides
is in the form of NaCl and CaCl,*2H,0, and that the distribution is equal, the
phenomenon can be explained; however, it is unlikely that the distribution is equal.
The fact that the data for NaFAT1-L are comparable to the NaFAT1-D data suggests

that the insoluble chlorides were not affected much by the washing process in the first
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step of double-washing. In other words, the injected NaHCO; and its resulting
compounds including NaCl have little relationship with the insoluble chlorides system
during the washing process. As a result, I consider most of the chlorine from insoluble
chlorides in NaFAT2 as chlorine in CaCl,*2H,O form. Thus, even if 100% of the
chlorine from insoluble chlorides is in CaCl,*2H,0O form, the difference between the
portion of chlorine in NaCl form in NaFAT2-L and that in NaFAT2-D is 19%, and the
difference between the portion of chlorine in CaCl,*2H,0 form in NaFAT2-L and that
in NaFAT2-D is 16%. The degree of error in LCF analysis of XANES might be
acceptable. These comparisons suggest that the insoluble chlorides in both CaFA and
NaFA must be related to CaCl,, and possibly have little relationship with NaCl; they
can combine to form CaCl, and will release chlorides under some conditions, but little

NacCl is involved.

3.4.34 Insoluble chlorides behavior in CaFA and NaFA during the washing process

The above discussion suggests that the insoluble chlorides in both CaFA and NaFA
might change during the washing process. To test this hypothesis, I use the chlorine
K-edge XANES spectra of CaFA-3# and CaFAT1 to simulate that of CaFA-0#, and the
chlorine K-edge XANES spectra of CaFA-II# and CaFAT2 to simulate that of CaFA-3#.
The same process is applied on NaFA-0# and NaFA-3#. The simulation results can be
seen in Figure 3.16. The simulation for CaFA-0# and CaFA-3# is unsatisfactory, while
the simulation for NaFA-0# and NaFA-3# is acceptable.

CaFA-0# CaFA-3#
——H—— Simulation —F—— Simulation
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= =
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K 3
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© ©
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a) Simulation result of CaFA-0# b) Simulation results of CaFA-3#
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Figure 3.16 Simulation results of CaFA-0#, CaFA-3#, NaFA-0#, and NaFA-3#

From Figure 3.15, I can calculate how much chlorine went to CaFAT1, CaFAT2,
NaFAT1, and NaFAT2. I can then determine the chlorine distribution between CaFA-3#
and CaFAT1, CaFA-II# and CaFAT2, NaFA-3# and NaFAT1, and NaFAT-1I# and
NaFAT2. Relative to CaFA-0#, 35% of chlorine was left in CaFA-3# and the rest went
to CaFAT1; relative to CaFA-3#, 34% of chlorine was left in CaFA-II# and 66% went
to CaFAT?2; relative to NaFA-0#, 18% of chlorine remained in NaFA-3# and 82% was
transferred to NaFAT1; relative to NaFA-3#, 21% was kept in NaFA-II# and 78%
transferred to NaFAT2. CaFA differs greatly between the data in Figure 3.16 and the
above calculations.

For CaFA-0#, not only is the ratio not comparable, but also the simulation is
unsatisfactory. For CaFA-3#, although the ratio is somewhat acceptable, the low R
value in the simulation is not a good indicator. These results suggest that the insoluble
chlorides in CaFA changed in both steps of double-washing, and the change in the first
step may be stronger than that in the second step. According to the above analysis, I
assume that the change in the second step of double-washing may be to release CaCl,
into water. Regarding the change in the first step of double-washing, I think it is
complicated, and, as discussed in the previous section, it may involve reactions among
the insoluble chlorides, CaCl,, and some other compounds in CaFA.

For NaFA, the simulations are acceptable, and a linear relationship among NaFA-0#,
NaFA-3#, and NaFAT1 can be achieved, although the relationship among NaFA-3#,
NaFA-II#, and NaFAT2 is not very strong. These results suggest that the insoluble
chlorides in NaFA did not change much in the first step of double-washing, which

agrees with the analysis in the previous section. In the second step, the insoluble
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chlorides in NaFA-3# changed, in accordance with the variation trend in the amount of
insoluble chlorides shown in Figure 3.15b. The change in insoluble chlorides in the
second step of double-washing may be to release CaCl, and possibly together with a
small amount of NaCl. Thus even with such high production of NaCl during the
neutralization process of discharged gas, the formed insoluble chlorides in NaFA were
not greatly affected by the NaCl form.

These discussions suggest that insoluble chlorides in both CaFA and NaFA have a
strong relationship with CaCl, and little with NaCl, and under some conditions they
will release CaCl,. With the data in Figure 3.15, I find that under the same conditions,
the total amount of chlorine remaining in CaFA residue is larger than that left in NaFA
residue; furthermore, the amount of insoluble chlorides in CaFA residue is always
larger than that in NaFA residue. For example, the amount of insoluble chlorides in
CaFA-II# 1s 31% more than that in NaFA-II#. Much more CaCl,*2H,O remains in
CaFA-II# than in NaFA-II#. Given the same conditions, the amount of chlorine
removed from NaFA is much greater than that from CaFA. Thus, not only is the
neutralization ability of NaHCOs better than that of Ca(OH), ', but the efficiency at
reducing the resulting chlorides is also better in NaFA than in CaFA.

3.4.4 Brief summary

Based on the above results and discussion, I conclude that the insoluble chlorides in
both CaFA and NaFA are strongly connected with CaCl,, and have little relationship
with NaCl, and will be released under some conditions. By comparing the chloride
behavior in CaFA washing experiments to that in NaFA washing experiments, CaFA is
found to be more dangerous as a raw material in the cement industry because more
total chlorine, insoluble chlorine, and CaCl, are retained in CaFA. The efficiency of
chlorine reduction is much larger in NaFA than in CaFA. Therefore, I conclude that
NaHCO; is superior to Ca(OH), as a neutralization reagent for reducing acid

compounds in gas discharged from MSWIs.

3.5 Chloride behavior in washing experiments of RFA

3.5.1 Research content
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After I discussed the difference between the chlorides behavior in washing experiments
of CaFA and NaFA, I will discuss the chloride behavior in washing experiments of
RFA with nearly the same method. Moreover, in this part I will utilize the results of

washing experiments more and strengthened it in the discussion of the LCF results.

3.5.2 Additional samples and method

3.5.21 Additional samples

Single- and double-washing experiments were performed. Samples from washing
experiments are listed in Table 3.12. The reason why I chose those samples is similar
as the reasons explained in section 3.4.2.1. In the preliminary single-washing
experiments, I found that the L/S ratio is more important to reduce chlorine content in
the residue than mixing time and speed. Therefore, I fixed the mixing time and speed
and set the L/S ratio from 2 to 10 in single-washing experiments. I found that when the
L/S ratio was greater than 3, the chlorine content in the residue decreased much
slower; hence I chose the residue from the RFA-3# experiment for analysis. Residues
from the RFA-6# and RFA-8# experiments were chosen for chloride analysis from
samples with L/S > 3. To determine how washing frequency affects the washing
process, I selected one residue from the double-washing experiment. The washing
solution is ion exchange water. The samples were dried by heating to 105°C for 24 h.
The washing solution from both steps of the double-washing protocol was dried to
attain solid samples RFAT1 and RFAT2. RFAT1 is the dried solid of the washing
solution from the first step and is similar to the washing solution of the RFA-3#
experiment. RFAT?2 is the dried solid of the washing solution from the second step.
This detailed process is shown in Fig. 3.17. The original RFA is marked as RFA-0#.

Table 3.12 samples from washing experiments

Code  Washing experiment  L/S ratio Mixing time Mixing speed

3# 3 5 min 150 rpm
6# Single-washing 6 5 min 150 rpm
8# 10 5 min 150 rpm

1% step 3 5 min 150 rpm

I# Double-washing .
2" step 3 10 min 150 rpm
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Figure 3.17 Washing process of RFA double-washing experiment
3.5.2.2 Analysis procedure

The analysis procedure is just like the procedure I adopted in section 3.4.2.2. I chose
reference chlorides based upon elemental concentration, our previous studies 20, and
information found in other reports. Based on the XRD spectra of samples and their
relationships among the samples, I confirmed the existence of some chlorides in the
residues (“A” group chlorides); the chlorides that were left formed the “B” group
chlorides. I then fixed the “A” group chlorides and added one to three more chlorides
from the “B” group for LCF analysis. The combination with the minimum R value was
chosen. In previous studies *°, I successfully deduced the chloride chemical forms in
three kinds of fly ashes by combining data from XANES with XRD data; however, in

this study, the maximum number of “B” group chlorides was three.
3.5.23 XANES spectra of the reference chlorides

In the previous research and section I have deduced that about 15% of the chlorine in
RFA was estimated to be in the form of NaCl, 10% in KCI, 51% in CaCl,, and the
remainder was in the form of Friedel’s salt *°. So the following reference chlorides will
be selected in this search: NaCl, KCl, CaCl,-2H,0, [Ca,Al(OH)¢]Cl-2H,0, 11Ca0O-
7AL 05 CaCl,. Because of the same reason I explained in the section 3.4.2.3, here I
use CaCl, - 2H,O instead of CaCl,, and [Ca,Al(OH)s]CIe2H,O and its related
compound 11Ca0O+7Al,03+CaCl; are also included. Similarly, [Ca,Al(OH)]CI+2H,0 is
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also named as Friedel’s salt, and 11Ca0O+7Al,03+CaCl, is named as “F670”. Figure
3.18 shows the CI K-edge XANES spectra of the reference chlorides.

11Ca0-7A1,0,-CaCl,

Friedel's salt

Cl

CaCl,-2H,0

NaCl

KCl

Normalized absorption (-)

2815 2825 2835 2845 2855
Photon energy (eV)

Figure 3.18 Chlorine K-edge XANES spectra of reference chlorides

Friedel’s salt, calcium chloroaluminate, and calcium hydroxychloride were made and
checked by XRD '*'%2° and other reference chlorides were purchased from Nacalai
Tesque (Kyoto, Japan), Soegawa Rikagaku (Tokyo, Japan), or Nichika Corp (Kyoto,
Japan).

3.5.3 Results and discussion

3.5.3.1 Element concentration in residues from RFA washing experiments as well as

residue mass percent

The concentration of Cl, Ca, Na, K, Al S, and Si and their corresponding mass
percentages are shown in Table 3.13. Chlorine content was assessed by ion
chromatography (DX-AQ AI-450; Nippon Dionex KK); other elements were examined
by X-ray fluorescence (XRF-1700; Shimadzu Corp.). The residue weight percent
represents the ratio of the amount of remaining dried washed residue to the amount of

RFA that was used in the washing experiments. Data shown in Table 3.13 suggest that
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double-washing does significantly change the chlorine content or the residue mass
percent. The L/S ratio has less of an influence than washing frequency on the chlorine
content and mass residue when the L/S ratio is larger than 6, because in the RFA-6#
experiment, | used the same amount of water as in the double-washing protocol, and in
the RFA-8# experiment, I used more water during double-washing. The chlorine
concentrations in RFAT1 and RFAT?2 are 1.66% and 0.511%, respectively.

Table 3.13 Concentration of some elements in the RFA washing residues and residue weight

percent (weight %)
Samples ClI Ca Na K Al S Si  Residue weight percent
RFA-3# 281 23.0 0.773 1.14 3.50 3.76 5.31 89.2
RFA-6# 2.11 245 0.831 1.29 3.39 3.88 522 87.0
RFA-8# 1.76 242 0.807 1.23 349 3.94 5.38 86.1
RFA-II# 0961 245 0.682 1.02 3.71 3.86 5.62 84.8

3.53.2 XRD and LCF analysis of samples

RFA-3#, RFA-6#, RFA-8#, RFA-II#, RFAT1, and RFAT2 were examined by XRD (Fig.
3.19), and RFA-3# is confirmed to contain NaCl and KCI. Because RFA-6# and
RFA-8# comprise residues from single-washing, the presence of NaCl and KCI in
RFATT1 suggests that NaCl and KCl must also exist in RFA-6# and RFA-8#. Because
RFAT2 is the dried solid of the washing solution from the second step of the
double-washing experiment, NaCl and KCI should also be found in RFA-II#; however,
the concentration of these chloride salts might be too low to be detected by XRD. NaCl
and KCI, therefore, are designated as “A” group chlorides for RFA-3#, RFA-6#,
RFA-8#, and RFA-II#. The remaining chlorides are CaCl,*2H,0, Friedel’s salt, and
F670.
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Figure 3.19 XRD results of samples from RFA washing experiments
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Figure 3.20 Chlorine K-edge XANES spectra of RFA washing samples

Figure 3.20 shows the chlorine K-edge XANES spectra of RFA-0#, RFA-3#, RFA-6#,
RFA-8#, RFA-II#, RFAT1, and RFAT2. The shapes of the spectra from the residues are
similar, with a vale appearing after the first peak. The absorption threshold is ~2,820
eV, and the photon energy of the atomic absorption peak is ~2,826 eV. The spectrum of
RFA-0# has more fine structures compared to RFA-3#, RFA-6#, RFA-8#, and RFA-II#,
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and the differences between these individual samples are related to the height of the
atomic absorption jump and the overall curve characteristics. The spectrum of RFAT1
has many characteristics that are similar to the spectrum of CaCl,*2H,0, which
suggests that CaCl,*2H,O might also exist in residues from single-washing
experiments. Although the spectrum of RFAT2 has some NaCl characteristics (e.g., a
peak ~2,837 eV), the shape of the spectrum of RFAT? is most like that of CaCl,*2H,0,
suggesting that a portion of chlorine in RFAT2 was in the NaCl form.

I next analyze the chlorine K-edge XANES spectrum of RFA-3# and conclude that the
“A” group chlorides in RFA-3# are NaCl and KCl and that the “B” group chlorides are
CaCl,*2H,0, Friedel’s salt, and F670. Hence, I fix NaCl and KCI and combine one
more compound from the “B” group for LCF analysis. The results are shown in
Table 3.14. Among mixtures [1] to [4], mixture [4] has the minimum R value, which
suggests that F670 is possibly in RFA-3# among the “B” group chlorides. Next, I fix
NaCl, KCl, and F670 and add one more chloride to get combination [5]. I then try the
combination of “NaCl + KCI1 + CaCl,*2H,0 + Friedel’s salt + F670” and the result is
combination [6] (Table 3.14). Mixture [6] has the lowest R value of all the mixtures.
The portion of chlorine in the insoluble chloride form in combination [4], combination
[5], and combination [6] are 72%, 79%, and 44%, respectively. The remaining chlorine
in RFA-8# is ~61% of the chlorine in RFA-3#, which suggests that the portion of
chlorine in an insoluble chloride form in RFA-3# should be less than 61%. Therefore,
combination [6] is the most reliable. Using similar analyses, the distributions of
chloride in RFA-6#, RFA-8#, and RFA-II# are also obtained (Table 3.15). For

comparison, I include the distribution of chlorides in RFA-0#.

Table 3.14 LCF analysis results of RFA-3# (molar %)
Code NaCl KCl CaCl,-2H,O Friedel F670 R

] 58 42 0.143
2] 23 21 56 0.091
B3] 29 19 52 0.083
[4] 5 23 72 0.076
5] 6 15 33 46 0.049
6] 12 11 33 38 6 0.043
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Table 3.15 LCF analysis results of RFA-0#, RFA-3#, RFA-6#, RFA-8#, RFA- I #, RFAT1 and
RFAT2 (molar %)
Samples NaCl KCl CaCl, CaCl,:2H,0 Friedel F670 R

RFA-0# 15 10 51 25 0.046
RFA-3# 12 11 33 38 6 0.043
RFA-6# 13 9 32 45 1 0.052
RFA-8# 11 11 20 42 16 0.052
RFA-II# 6 3 19 40 33 0.078

RFAT1 25 6 69 0.057

RFAT2 30 10 60 0.069

Because RFA (RFA-0#) is gathered from the boiler of the incinerator, and after I got
the sample I sealed it in a bottle, I use CaCl, in the combination for RFA-0#. Friedel’s
salt and F670 are regarded as insoluble chlorides. From the data in Table 3.15, it can be
found that the portion of insoluble chlorides gradually goes higher with the increasing
of L/S ratio or washing frequency, while, the portion of soluble chlorides such as NaCl,
KClI and CaCl,- 2H,0 decreases.

With the increasing value of R from RFA-0# to RFA-II#, it might suggest the insoluble

chlorides have changed during the washing process. I will discuss it later.
3.533 Chloride behavior in RFA washing experiments

Using results from LCF analysis of the residues shown in Table 3.15 and the chlorine
content and residue weight percent from Table 3.13, the amount of chlorine in different
chemical forms in the RFA and the washed residues can be calculated by Formula 3.9
after 100 g of RFA was washed under each condition.

Figure 3.21 shows the amount of chlorine in different chemical forms in the residues.
Both the soluble and insoluble portions decrease, especially in residues from RFA-6#,
RFA-8#, and RFA-II#. I include Friedel’s salt and F670 together as “insoluble
chloride”; Friedel’s salt belongs to the AFm phases in the cement field '. These phases
include Kuzel’s salt (3Ca0O- Al,03-0.5CaCl,-0.5CaSO4- 10H,0), sulfate AFm (3CaO-
ALO; - CaSO4 - nH,O), hydroxy AFm (3CaO - ALO; - Ca(OH), - nH,0),
hemicarboaluminate (3CaO - Al,O; - 0.5Ca(OH), - 0.5CaCO; - 10.5H,0),
monocarboaluminate (3CaO - Al,O;-CaCOj;- 10H,0), stratlingite (2CaO - Al,O3*Si0; -
8H,0), and U-phase (4CaO - 0.9A1,0;1.1S10; - 0.5Na,0 - 16H,0) L According to

Glassers, Friedel’s salt can easily change to Kuzel’s salt or U-phase in the presence of
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Ca’" and SO4* or OH . In other studies ', at least 80% of insoluble chlorine (which
was confirmed to be Friedel’s salt by XRD) could be removed by continuous washing
16 at pH 9 and in the presence of Ca’" and SO,>. The pH values of all washing
solutions in our experiments are less than 10. I also checked the concentration of Ca**
and SO,” in RFAT1 and RFAT2. RFATI contained 3,466 mg/l Ca*" and 2,258 mg/l
SO,”", and RFAT2 contained 1,783 mg/l Ca*" and 2,497 mg/l SO,*". Hence, Friedel’s

salt could have gradually changed into Kuzel’s salt or U-phase.
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Figure 3.21 Behavior of chlorine in different chemical form in washing residues of RFA

Double-washing is generally more effect in removing soluble chlorides than
single-washing (Fig. 3.21). In the RFA-6# experiment (single-washing), the same L/S
ratio as in the RFA-II# experiment (double-washing) was used, but less soluble and
insoluble chlorides remained in RFA-II# than in RFA-6#. Hence, some insoluble
chlorides were washed out. Moreover, some chlorides in RFAT1 and RFAT2 must
have come from the insoluble chlorides in RFA. This may be particularly true for
chlorides in RFAT2 because reductions in the amount of chlorine from insoluble
chlorides are the largest from RFA-3# to RFA-II#. Nevertheless, the above information
does not reveal the kinds of chlorides released by the insoluble chlorides in RFA or
their proportional amounts. Therefore, I calculated the chloride distribution in RFAT1
and RFAT2 from the data given in Fig. 3.21; the chloride distributions are shown in
Table 3.16. Because the difference of chlorine amount in different chloride forms
between RFA-0# and RFA-3# is the chloride distribution in RFAT1, and that difference
between RFA-3# and RFA-II# is the chloride distribution in RFAT2. For example,
there is 1.04 gram chlorine in NaCl form in RFA-0#, and 0.29 gram chlorine in NaCl
form in RFA-3#, so there should be 0.75 gram chlorine in NaCl form which went to
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RFAT1. By the same calculation method, I can calculate how much chlorine in other
chloride form in RFATI, and then I can get the molar portion of chlorine in different
chloride form in RFAT1 (Refer to Table 3.16). By comparing data in Table 3.16 with
data in Table 3.15, I can deduce what kinds of chlorides the chlorine released from
insoluble chlorides formed, NaCl, KCIl, or CaCl,*2H,0. Using these data, I also
compared the LCF data with the calculated data in Table 3.16; for RFAT2, the amount
of chlorine in CaCl, or NaCl are similar, but the level of KCl is different. Similarly,
chlorine released from insoluble chlorides in RFAT1 appears to be in the form of CaCl,
and NaCl.

Table 3.16 chlorides distribution in RFAT1 and RFAT2 deduced from the former data
(molar %)

Samples NaCl KCl CaCl,:2H;O Chlorine from insoluble chlorides

RFAT1 17 9 61 13

RFAT2 14 15 40 31

Next, the concentration of Na” and K™ in RFAT1 and RFAT2 was assessed. The molar
amount of each element was calculated based on the concentration of each element per
liter. The molar ratios of Na*, K*, and Ca*" were calculated and are shown in Table
3.17. The Ca® increases in the second step of double-washing, and Na™ and K"
decrease in this step. Since soluble calcium compounds are relatively rare, I speculate
that most of the chlorides from insoluble chlorides were in the form of CaCl,, which is
in accordance with our analyses. Taking together, I conclude that the washing process

removes mostly CaCls.

Table 3.17 concentration and molar ratio of Na", K" and Ca®" in RFAT1 and RFAT2

Samples Na" K" Ca*
Concentration (mg/1) 4141 3745 3466
RFAT1
Molar ratio (%) 49.6 26.5 239
Concentration (mg/1) 1547 1368 1783
RFAT?2 _
Molar ratio (%) 45.8 239 303
3534 Insoluble chlorides behavior in RFA during washing experiments

Collectively, our results suggest that the insoluble chlorides might have changed during
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the washing process. Therefore, I use the chlorine K-edge XANES spectra of RFA-3#
and RFAT1 to simulate RFA-0# and the chlorine K-edge XANES spectra of RFA-II#
and RFAT2 to simulate RFA-3# (Fig. 3.22). From the data shown in Fig. 3.21, I
calculated the amount of chlorine move to RFAT1 and RFAT2 to determine the
chlorine distribution between RFAT1 and RFA-3#, and chlorine distribution between
RAT?2 and RFA-II#. Relative to REA-0#, 34% of the chlorine went to RFA-3# and 66%
of the chlorine was derived from RFAT1. Relative to RFA-3#, 35% of the chlorine
remained in RFA-II# and 65% of the chlorine went to RFAT2. I express those

relationships in the following formulas.

Clipasy = 34% % Cly, o, (3.10)
Clipar = 66%x Clyy, o, (3.11)
Cligaeiny =35%0 % Clypy s, (3.12)
Clipary = 65% % Clyp s, (3.13)

Where CI,,, ,, 1s the amount of chlorine in the residue of RFA-3#; CI,,, ,, 1s the
amount of chlorine in RFA-0#; CI,,,;, 1s the amount of chlorine in the sample of
RFAT1; Cl,,., ;. 1s the amount of chlorine in the residue of RFA-II#; and Cl,,,,, 1s
the amount of chlorine in the sample of RFAT2. According to Formula 3.10, 3.11, 3.12
and 3.13, the relationship of the absorption coefficients of chlorine in RFA-0#, RFA-3#
and RFAT1 should be as Formula 3.14, and that of the absorption coefficient of
chlorine in RFA-3#, RFA-II# and RFAT?2 should be as Formula 3.15.

Deduce: fic; pryou = 34%0 le) prasy +66% Ly rpari (3.16)

Hcr,rrass = 3370 Hey pairs + 05%0 1y i (3.17)

Where ¢, zryo4 18 the absorption coefficient of X-ray from 2,815 eV to 2,855 eV by
chlorine in the residue of RFA-0#; i, pry 5, 18 the absorption coefficient of X-ray

from 2,815 eV to 2,855 eV by chlorine in the residue of RFA-3#; 1, 4 iry 18 the

absorption coefficient of X-ray from 2,815 eV to 2,855 eV by chlorine in RFATI;

Heygrans 18 the absorption coefficient of X-ray from 2,815 eV to 2,855 eV by

chlorine in the residue of RFA-II#; and 4, z.r, 18 the absorption coefficient of X-ray
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from 2,815 eV to 2,855 eV by chlorine in RFAT2.
While, based on the data in Figure 3.22, actually, the relationships are as Formula 3.16
and 3.17.

Actual : fey gy o5 = 00%0 ey g3 +40% Ly prsry (3.16)

Hep rrass = 30%:“01,RFA—11# + 70%IUCI,RFAT2 (3.17)

By comparing Formula 3.14 with Formula 3.16 and Formula 3.15 with Formula 3.17,
it can be found that the simulation of RFA-0# does not demonstrate a linear
relationship among RFA-0#, RFA-3#, and RFAT1, while that of RFA-3# exhibits a
linear relationship with RFA-3#, RFA-II#, and RFAT2. However, the R value of the
simulation of RFA-3# with RFA-II# and RFAT2 is 0.072, and the R value of the LCF
analysis of RFA-II# is 0.078 (Table 3.15), both of which are considered high. These
results suggest that the insoluble chlorides changed in both the first and second steps of
the double-washing procedure and that most of the released chlorides were CaCl,. The
chlorine content in RFAT1 and RFAT2 and the data from Table 3.16 are then used to
calculate the amount of chlorine released from insoluble chlorides: 0.216% in RFAT1
and 0.158% in RFAT2. In all, these analyses are consistent with the former
measurements that indicate a decreased amount of chlorine in insoluble chlorides with

increasing L/S ratios or washing frequencies.

RFA-0#

—HB— Simulation
R=0.051

RFA-3#
—F— Simulation
R=0.072

-
60% from RFA-3#

Normalized absorption (-)
Normalized absorption (-)

70% fom RFAT2
s ——— TS~

30% from RFA-Ii#

RO TN

AN R T - N /. N

i/ N YT 40% fom RFATI
N - AEALLSN |

~.

R -

2815 2825 2835 2845 2855 2815 2825 2835 2845 2855

Photon energy (eV) Photon energy (eV)
a) Simulation result of RFA-0# b) Simulation result of RFA-3#

Figure 3.22 Simulation results of RFA-0# and RFA-3#
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3.5.4 Brief summary

The analysis of XANES spectra by LCF combined with XRD is effective for the
determination of chloride behavior from RFA. Our washing experiments further
suggest that suitable combinations of chloride compounds in the washing residues of
RFA. Furthermore, I found that it was reasonable to use Friedel’s salt and its related
compound as standards for the insoluble chlorides in RFA and its residues. The
insoluble chlorides in RFA are complex and are strongly related to CaCl, or similar
chloride compounds. They appear to change during the washing process, and this
released chloride was mostly found in the CaCl, form. Double-washing was more
effective than single-washing to reduce chlorides from FA.

Based on the discussion above, the method that LCF analysis of XANES spectra
combined with XRD is effective. With the results from washing experiments, I can get

the suitable combination.

3.6 Conclusion

I used the method of combining XANES with XRD to do the speciation analysis of
chlorides in three kinds of fly ashes and their corresponding residues from washing
experiments. The method is effective and useful.

I found that 15% of the chlorine in raw fly ash (RFA) was estimated to be in the form
of NaCl, 10% in KCl, 50% in CaCl,, and the remainder in the form of Friedel’s salt, fly
ash collected in a bag filter with the injection of calcium hydroxide for acid gas
removal (CaFA) contained 35% of chlorine as NaCl, 11% as KCl, 37% as CaCl,, 13%
as Friedel’s salt, and the remaining 4% as CaCIOH, and in fly ash collected in a bag
filter with the injection of sodium bicarbonate for acid gas removal (NaFA),
approximately 79% of chlorine was in NaCl, 12% was in KCl, and 9% was in Friedel’s
salt.

By comparing the chloride behavior in the residues of CaFA and those in NaFA, I
concluded that NaFA is more suitable for being recycled as the raw material in cement
industry, because under the same condition, both the total amount of left chlorine and
that of the chlorine in the form of insoluble chlorides in the residues of NaFA are less
than those in CaFA as well as the amount of chlorine in CaCl, related form, which is
more dangerous to cement than NaCl and KCl. Another result is that the insoluble

chlorides in both CaFA and NaFA changed during the washing process. They are

82



strongly related to CaCl, and will release some CaCl, into water phase during the
washing process. Double washing is effective to remove soluble chlorides from fly ash.
As to insoluble chlorides, the effect is not so obvious. The analysis of chloride
behavior of residues from RFA washing experiments shows the similar trends that
double washing has more significant effect than single washing on reducing the
amount of residue and chlorine in RFA, and the insoluble chlorides in RFA is strongly
related to CaCl,, which will be released during the washing process.

However, there are limitations in the application of that method. First of all, there must
be crystal compounds in considerable concentration among the chemical forms that
need to be identified, so that I can use XRD to prove the existence of some crystal.
Second, there should be sound reasons to include the amorphous compounds or crystal
compounds that can not be identified by XRD in the LCF analysis. Third, because of
the error of LCF analysis and the instability of the spectra of reference compounds, I
had better utilize the results from some related experiments, for example, here they are

the washing experiments, to examine the reliability of the LCF analysis results.
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4 RESEARCH OF CALCINATING PROCESS

4.1 Introduction

Calcinating is an important step of WCCB system after the washing process. One
aspect is that calcinating is effective to stailize and detoxify fly ash ', the other aspect
is that most of the chlorides are of low melting points *, and that calcinating can
evaporate some chlorides and so reduce the chlorine content. In this chapter, I will
mainly discuss the influence of calinating on the chlorides in the washed residue of
three kinds of fly ashes. As found in Chapter 3, there are very possibly chloride
hydrates such as Friedel’s salt, CaCl,-2H,0 or CaCl, - 6H,0 in the washed residues >°,
so heating the residues can reduce the residue mass. And Friedel’s salt is sensitive to
heat ’, when it is heated, Friedel’s salt will decompose, which benefits the third step of
WCCB system

material in cement industry. Besides the chloride hydrates, there must be other hydrates

changing the treated fly ash with bottom ash together to the raw

or compounds unstable or of low melting point existing in the washed residue, such as
CaS0O,4-2H,0, C, CaCOs3, which all contribute to the mass of residue.

Moreover, as [ want to utilize the MSW incinerator to process the heating process and I
want to get the information of sending the residue directly into the rotary kiln in
cement industry, I will process the calcinating experiment from 400°C to 1,200°C.
According to the previous researches > °, I set the longest dwell time or heating time as
2 hours, and I tried two kinds of atmosphere, pure N, and 10% O, with 90% N, for
balance. Similar as the procedures I used in the research of washing process, first I
carried out the preliminary experiment to find out the more critical factors in
calcinating process, and then I designed the formal experiment condition for the
residues of all the three kinds of fly ashes. Besides chlorine, I checked the variation of
the concentration of Cr®" in the treated residues, because Cr®" is sensitive to O, and

heat with the existence of unburned carbon.

4.2 Experiment material and method
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4.2.1 Experiment material

Washed residues from 17# washing experiment (3:1, 150 rpm, Smin—3:1, 150 rpm, 10
min, refer to Table 2.7) of the three kinds of fly ashes were used: RFA-II#, CaFA-II#
and NaFA-II#. The composition of the three kinds of fly ash was examined by X-ray
fluorescence (XRF-1700, Shimadzu Corporation) and ion chromatography (DX-AQ
AlI-450, DIONEX Co., Ltd., Japan). The element composition of those residues is
shown in Table 4.1.

Table 4.1 Element content of RFA-II#, CaFA-11# and NaFA-1I# (weight %)
Element RFA-II# CaFA-1I# NaFA-II# Element RFA-II# CaFA-II# NaFA-11#

(0] 45.0 413 34.8 K 0.985 0.865 0.963
Si 542 4.23 4.52 Na 0.663 0.694 1.29
C 2.78 11.4 14.7 Ti 1.48 1.15 1.44
Cl 0.961 2.67 3.98 Mg 1.35 1.34 1.39
S 3.72 2.33 1.22 P 0.740 0.400 0.603
Ca 23.5 26.0 15.1 Al 3.59 2.17 2.55
Fe 5.27 1.97 2.33 Cu 0.551 0.148 0.690
Zn 2.11 2.63 8.13 Pb 0.954 0.369 6.38
Br 0.0164 0.0440 0.139 Cr 0.196 0.0605 0.104

4.2.2 Experiment method

The washed residue was heated by High Temperature Tube Ovens (KRB-24HH,
ISUZU SEISAKUSHO Co., Ltd; KTF-045, Kyoto Thermo System Co., Ltd.).

4.2.2.1 Preliminary experiments

Based on literature review °, T found there are three main important parameters to
affect the finial results of calcinating and they are heating temperature, dwell time and
atmosphere. I first tested the importance of heating temperature and dwell time. The
condition of preliminary experiments is shown in Table 4.2. The atmosphere flux is
fixed as N, 25 ml/min, because if the flux is too big, the gas will bring away some of
the residues, while I also need proper gas flux to move. I set the heating temperature as
700°C, 800°C and 900°C respectively, because normally the highest temperature in

MSW incinerator is 900°C. In the preliminary experiments, about 5 gram residue
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(RFA-II#, CaFA-II#, NaFA-II#) was used in each experiment condition and each

experiment condition was repeated for at least twice.

Table 4.2 Experiment conditions for preliminary experiment

Heating Dwell time Heating Dwell time

Code Code

temperature (C) (hr) temperature (C) (hr)
P-1# 700 0.5 P-6# 800 2
P-2# 700 1 P-7# 900 0.5
P-3# 700 2 P-8# 900 1
P-4# 800 0.5 P-9# 900 2
P-5# 800 1

In preliminary experiments, I heated the heating tube to the target temperature with the
chosen atmosphere, which I named that time range as heating time. And then I put the
sample in the heating tube and kept the heating tube at the target temperature for 0.5
hour, 1 hour or 2 hours, which I call as dwell time. However, in the formal experiments,
I put the sample in the heating tube at room temperature and then heated them together
with set program including heating period and dwelling period. The reason why I
adopted different heating method is that one is because of the slow heat transferring
characteristics of the heating tube, which is not able to endure big thermal shock, and
the other reason is that [ want to get some information about the influence of heating
method on chlorine reduction and other factors, which would be the further study of
calcinating process.

In the preliminary experiments I only checked the loss of residue (LOR) expressed in

Formula 4.1

LOR =

Masswashed—dried — Masswashed—dried—calcinated X 1 00% (4 1 )
M ass washed —dried

Where Mass, .0 miea 15 the weight of residue being washed and dried in each

experiment and Mass , 1s the weight of residue after being washed,

washed —dried —calcinate
dried and calcinated.
Figure 4.1 shows the LOR value of each kind of fly ashes under preliminary

experiments.
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Figure 4.1 LOR results of calcinating preliminary experiments
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From Figure 4.1 it can be found that the influence of heating temperature is more
obvious than dwell time on the LOR value of residues. At any fixed dwell time the
LOR value at 900°C is the maximum, the second biggest value is at 800°C and the
minimum is at 700°C. Normally even if the residue is heated at 700°C or 800°C for 2
hours, the LOR value is less than that in 800°C or 900°C for 0.5 hour.

As I explained before that Cr®" is sensitive to O, and heating with the existence of
unburned carbon, I also checked the variation of Cr®" in the preliminary experiments.
Figure 4.2 shows the corresponding results. For RFA-II#, the variation of Cr®
concentration in the residues is more influenced by temperature than by dwell time, for
CaFA-II# and NaFA-I1# dwell time began to show its impact, especially for NaFA-II#,
however, in all, the Cr®" concentration in CaFA-II# and NaFA-II# is not high, the
maximum Cr®" concentration of which is 21.8 mg/ kg and 7.32 mg/ kg, respectively,
while Cr®" concentration in RFA-II# is 274 mg/ kg.
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Figure 4.2 Variation of Cr®" concentration in calcinating preliminary experiments

4.2.2.2 Formal experiments

Based on the results of preliminary experiment and literature review °, it can be found
that heating temperature is the most important parameter, so I carried out the formal
experiments according to the routine as Table 4.3, 4.4 and 4.5 shows: 1) Experiment I
(Table 4.3), I want to find the suitable heating temperature, so I vary the heating
temperature from 400°C to 1,100°C. Because that temperature range includes almost
all the temperature range in the MSW incinerator, and because RFA-I1# will be melted
at 1,200°C and difficult to be removed from the combustion boat. I fix the other
parameters as that the atmosphere is 100% N, with 25 ml/min, the heating time and
dwelling time is one hour respectively so that the total time range is not more than 2
hours; 2) Experiment II (Table 4.4), after getting the suitable heating temperature, I

want to know the influence of atmosphere on calcinating process, so I change the
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atmosphere from N; to 10% O, (N, for balance) and the flux is set as 25 ml/min, 50
ml/min and 75 ml/min; 3) Experiment III (Table 4.5), definitely longer dwell time is
better, however, I do not know the exact difference, so as a comparison I fix the
atmosphere, gas flux, and heating temperature and use only RFA-II# to discuss the
influence of dwelling time. The detailed information of the formal experiments is
shown in Table 4.3, 4.4 and 4.5.

Table 4.3 Experimental design of the formal experiments |

Temperature Heating Dwell Temperature Heating Dwell time
Code . Code .
©) time (hr) time (hr) ©) time (hr) (hr)
1# 400 5# 800
2# 500 1 1 o# 900 1 1
3# 600 TH# 1000
4# 700 8# 1100

Note: the atmosphere is N, 25 ml/min.

Table 4.4 Experimental design of the formal experiments 11

Temperature Heating time Dwell time Flux
Code o Atmosphere
0 (hr) (hr) (ml/min)
9%# 25
10# 1000 1 1 10% O, 50
11# 75

Table 4.5 Experimental design of the formal experiments I11

Temperature Heating time Dwell time Flux
Code o Atmosphere
4®)) (hr) (hr) (ml/min)
12# 1000 1 0.5 10% O, 50

Every experiment condition was repeated for three times. Each time 5 gram sample
was loaded in a combustion boat (14 X 12 X 140 mm”).

4.3 Results and discussions
4.3.1 Discussion on heating temperature

I calculated standard deviation of LOR value for each repeated experiment. To
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RFA-II#, the maximum standard deviation is 0.44%; to CaFA-II#, the maximum
standard deviation is 1.05%; and to NaFA-II#, the maximum standard deviation is
0.69%. As to chlorine content, I checked it in each sample by XRF two times and then
I used the average value of those two results.

Figure 4.3 presents the LOR and chlorine content of the calcinated residues.
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Figure 4.3 Experiment results of calcinating formal experiment I

From Figure 4.3 it can be seen that temperature has very significant impact on the LOR
value and chlorine content of the calcinated product of RFA-II#, CaFA-II# and
NaFA-I1#, especially CaFA-II# and NaFA-II#. The LOR value continues to increase
with the increasing of heating temperature. However, the chlorine content shows
different performance. To NaFA and CaFA, the chlorine content gradually increases
with the increasing of heating temperature from room temperature to 800°C, while,
when the heating temperature is higher than 800°C, the chlorine content goes down
sharply. To RFA, that turning point is around 600-700°C. The first gradual increasing
might be due to the loss of other chlorine-free compounds in the residues and the latter
sharp decrease could be due to the sublimation of chlorides. The detailed discussion

will be carried out in the following sections.

4.3.1.1 Decision on the heating temperature

Similar as I did in the research of washing condition, I will use Formula 2.3 to
calculate the left derivative of the LOR curves, because that value represents the

decreasing/increasing speed of “y” value, such as LOR value and/ or chlorine amount,

at the corresponding point. The results are showed in Figure 4.4. As to chlorine amount
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I assume that there is 100 gram of each RFA-II#, CaFA-II# and NaFA-II#, and then
according to the results shown in Figure 4.3 I calculate the total amount of chlorine left
in the residue after being calcinated (Figure 4.4b)as well as the left derivative of the
corresponding curve (Figure 4.4c). The amount of chlorine left was calculated in
Formula 4.2.
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Figure 4.4 Data process from Figure 4.3

From Figure 4.4a, it can be found that in the temperature range from 400°C to 1,100°C,
the maximum left derivative value of RFA-II# LOR curve happens at 1,100°C, that of
CaFA-II# LOR curve is at 700°C and that of NaFA-II# LOR curve is at 1,000°C.
While as to chlorine decreasing, according to Figure 4.4c, the maximum decreasing
speed of RFA-II# positions at 800°C, that of CaFA-II# is at 1,000°C and that of

NaFA-II# is at 900°C (The second maximum decreasing rate of the chlorine amount in
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NaFA-1I# positioned at 1,000°C). As a result, I set the heating temperature at 1,000°C.

Certainly the loss of weight is directly related to the component in RFA-II#, CaFA-I1#
and NaFA-II#. As all those three samples were got from the washing experiment and
dried at 105°C for 24 hours, there is thought to be some hydrates *!', which will loss
the combined H,O when the residues are heated. Another reason should be the
volatilization of the compounds with low melting point or boiling point. Besides
chlorine I checked the variation of the element concentration in the residues, and I

noticed that the concentration of carbon decreased very fast. As a result I calculate, if
100 gram residue was heated, the lost amount of carbon, C,

ost

, and the lost amount of

residue, R, ,, and corresponding contribution ratio of C, to R, ,, C, . . The
relationship amongC, ., R, and C_ . .~ isdescribed in Formula 4.3.

C S x100% 4.3

contribution ~ 0 ( : )

lost

The value of C is shown in Figure 4.5. Obviously the loss of carbon attributes

contribution

to considerable portion of the residue weight loss, especially to CaFA-II# and
NaFA-II#. With the increasing of temperature, the contribution decreases slowly. That

might be due to the volatilization of other compounds such as chloride.
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Figure 4.5 Contribution of carbon loss to residue weight loss
4.3.1.2 Comparison of RFA-I1#, CaFA-II# and NaFA-II#
From Figure 4.3a and Figure 4.4b, it is clear that comparing to CaFA-II#, both the loss
of residue mass percent and the loss of chlorine weight percent of NaFA-II# are larger.

For example, at 1,000°C, the LOR value of NaFA-II# is 27.7% and that of CaFA-II# is
23.2%, and the corresponding LOR value of RFA-II# is 7.54%. If 100 gram residue is
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calcinated, the amount of chlorine left in the calcinated residue of NaFA-II# is 0.944
gram, that of CaFA-II# is 1.17 gram and that of RFA-II# is 0.209 gram. The loss of
chlorine weight percent of those three kinds of residues can be defined as Formula 4.4,
so the corresponding values of NaFA-II# and CaFA-II# are 76.2% and 56.3%
respectively, while that of RFA-II# is 78.2%.

Cl

origin Clleﬁ
Corigin T Ul o 1(00% (4.4)
Cl

origin

From this point, the injection of NaHCO; has more positive influence on reducing
chlorine amount in calcinating process than the injection of Ca(OH),, because the
washed residue from NaFA (NaFA-II#) is easier to release chloride than the washed
residue (CaFA-II#) from CaFA. This might be the existing status of chlorine in
CaFA-II# is different from that of chlorine in NaFA-II#, so do other components. For
example, in Chapter 3, it was found that chloride speciation in CaFA-II# is different
from that in NaFA-II#, and there are more calcium chloride and insoluble chlorides in
CaFA-II# than in NaFA-11#.

4.3.2 Discussion on atmosphere and corresponding flux
Figure 4.6 shows the LOR value and chlorine content results of formal experiments II.

I also includes the results of RFA-II#-7#, CaFA-1I#-7# and NaFA-II#-7# in formal

experiments I to compare.
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Figure 4.6 Experiment results of formal experiment II
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The LOR value under the condition of pure N, gas atmosphere is always larger than
that under the condition of 10% O, gas atmosphere, especially to CaFA-II#. While, as
to chlorine content, the situation is opposite to RFA-II# and NaFA-II#. 10% O, has
better influence on removing chloride out from RFA-II# and NaFA-II# than N,
especially to NaFA-II#. For CaFA-II#, pure N, gas is better than 10% O, gas (90% N,
as balance) to reduce chlorides. However, that predominance is not so obvious. As a
result, I chose 10% O, (90% N as balance) as the atmosphere for experiments.

I varied the flux of atmosphere gas of 10% O, at 25 ml/ min, 50 ml/ min and 75 ml/
min. From Figure 4.6, as to LOR value of RFA-II#, larger flux is better and the
maximum value happened at 75 ml/min. As to LOR value of CaFA-II# and NaFA-I1#,
the situation is opposite and smaller gas flux is better with the maximum LOR value at
25 ml/ min. Among the current flux range, the influence of gas flux on reducing the
amount of residue and chlorine is not very obvious. As to the chlorine content in the
final residue, RFA-II# and CaFA-II# have the minimum chlorine content at 50 ml/ min,
while NaFA-II# is at 75 ml/ min. So at last I decide to adopt 50 ml/ min 10% O, (90%
Ny as balance).

As to the reason why O, gas can accelerate the reduction of chlorides in residue, it is
thought that oxygen atom will replace chlorine in some compounds, because the ability
of oxidation of oxygen is stronger than that of chlorine. However, that influence is not
so obvious according to the results.

0O, gas will certainly change the status of Cr in the residue, so I checked the
concentration of Cr®" in the residues. Figure 4.7 shows the results. In order to compare,
I also includes the results of RFA-II#-7#, CaFA-II#-7# and NaFA-11#-7#. The influence
of O, on the production of Cr®" in the residue is positive, especially to RFA-II#, then
CaFA-II# and the last is NaFA-II#. From this point, NaFA-II# calcinated is safer than
CaFA-11# calcinated, however, long dwell time is not good for NaFA-II#.
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Figure 4.7 Cr®" concentration in the residues of formal experiments II

4.3.3 Discussion on dwell time

I have discussed in the preliminary experiments that dwell time is less important than
heating temperature to reduce the amount of residue and chlorine content. According to
literature reviews * °, normally the longest dwell time is 2 hours. Now in formal
experiments | and II, both the heating time and dwell time are set as 1 hour. From the
results in formal experiments I, I know that since 400°C there is change in the residue
weight and chlorine content, so the heating method of heating for one hour and
dwelling for one hour equals to the heating method of dwelling than one hour longer
but less than 2 hours. Longer time is not so necessary, nor is too short time. So I only
tried one experiment by changing the dwell time from 1 hour to 30 minutes, fixing the
heating and dwelling temperature at 1,000°C, using atmosphere as 10% O, (90% N,).
RFA-II# was chosen as the experiment material. The result is presented in Table 4.6. In
order to better comparison I includes the result of RFA-II#-10#.

Table 4.6 Experimental results of the formal experiments I11
Code LOR (%) Chlorine content (%) Cr® (mg/ Kg) Dwell time (hr)

10# 7.18 0.0921 76.5 1
12# 6.70 0.262 81.1 0.5

* As to experiment condition, please refer to Table 4.4 and 4.5

Obviously the dwell time of 1 hour has better results than dwell time of 0.5 hour. The
chlorine amount left in the residue of RFA-II#-10# is 0.0855 gram, if 100 gram
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RFA-II# is treated under the 10# experiment condition, while chlorine amount left in
the residue of RFA-II#-12# is 0.244 gram, which is almost three times of that in the
residue of RFA-II#-10#. Also the concentration of Cr®" in the residue of RFA-II#-10#
is less than that in RFA-II#-12#. So at last I decide to use the dwell time as one hour.

In all, I decide the final experiment condition for calcinating is that heating time is 1
hour, dwell time is one hour, temperature is 1,000°C and the atmosphere is 10% O at
50 ml/min. To choose that condition is just based on the current results in calcinating
process with the aim to reduce chlorine content. In the future, when considering the
WCCB system in whole with the aspects of energy and cost, that condition possibly

will be changed, so does the condition of washing process.

4.3.4 Chlorine flow of WCCB system

After I decided the final condition for calcinating process, together with the condition

for washing process, I can calculate the chlorine flow from washing to calcinating.

100 gram RFA

First step of washing
L/S=3, mixing time=5 minutes,
ixing speed=150 rp.

Figure 4.8 shows the detailed information.

10.8% weight
@«66%-73% chlorine

89.2% weight
27%~37% chlorine

!

89.2 gram RFA-3#

Second step of washing
L/S=3, mixing time=10 minutes,
mixing speed=150 rpm

Weight reduction:  21.3%
Chlorine reduction: 98.9%

4.9% weight
Ej]*m%%ﬁ% chlorine

95.1% weight
32%~39% chlorine

!

84.8 gram RFA-II#

Calcinating
Temperature: 1000 T,
Heating time: 1 hr, Dwell time: 1 hr
Atmosphere: 10% O, 50 ml/min

7.18% weight

92.8% weight
~8.9% chlorine

-78.7 gram RFA-II#-7# "

a) Chlorine flow in RFA from washing to calcinating
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100 gram CaFA

First step of washing
L/S=3, mixing time=5 minutes,
ixing speed=150 rpi

Waste water - 14.5% weight
300 ml, 37721 mg/l 65%~70% chlorine

85.5% weight
30%~38% chlorine

85.5 gram CaFA-3#

‘Second step of washing
L/S=3, mixing time=10 minutes,
mixing speed=150 rpm

Weight reduction:  34.9%
Chlorine reduction: 94.0%

Waste water |« 10.1% weight
300 ml, 13395.4 mg/l| ~ 65%~66% chlorine

89.9% weight
33%~34% chlorine

Calcinating

Temperature: 1000 T,
Heating time: 1 hr, Dwell time: 1 hr
Atmosphere: 10% O,, 50 ml/min

15.4% weight
~52% chlorine

84.6% weight
~48% chlorine

b) Chlorine flow in CaFA from washing to calcinating

100 gram NaFA|

First step of washing
L/S=3, mixing time=5 minutes,
ixing speed=150 rp.

Waste water -« 52.3% weight
300 ml, 95194 mg/I 81%~84% chlorine

47.7% weight
16%~19% chlorine

47.7 gram NaFA-3#

Second step of washing
L/S=3, mixing time=10 minutes,
mixing speed=150 rpm

Weight reduction:  72.1%
Chlorine reduction: 99.8%

Waste water |« 22.2% weight
300 ml, 18093 mg/l 79%~82% chlorine

77.8% weight
18%~27% chlorine

37.1 gram NaFA-lI#

Calcinating
Temperature: 1000 T,
Heating time: 1 hr, Dwell time: 1 hr
Atmosphere: 10% O, 50 ml/min

24.7% weight
~95.9% chlorine

75.3% weight
~4.1% chlorine

27.9 gram NaFA-lI#-7#

c¢) Chlorine flow in NaFA from washing to calcinating

Figure 4.8 Chlorine flow in fly ashes from washing to calcinating
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From Figure 4.8 I can conclude that “washing + calcinating” is effective to reduce the
amount of fly ash and chlorine, especially to NaFA. Calcinating is not so effective to
reduce the amount of washed fly ash, but it is good to reduce the chlorine in the
washed fly ash, for example, relative to RFA-II#, about 91% chlorine can be reduced
by calcinating, relative to CaFA-II#, about 52% chlorine can be reduced and relative to
NaFA-II#, about 96% chlorine can be reduced. So calcinating process is also necessary.
Figure 4.8 also clearly shows the superiority of NaFA over CaFA in mass reduction and
chlorine reduction.

To evaluate the importance of washing process, I heated RFA, CaFA and NaFA under
the condition I decided for calinating process. The LOR value of RFA is 12.0+£1.4%
and chlorine content is 3.72%. As to the case of CaFA, the LOR value changed with
time range that I put the sample open to the air after it was calcinated. It is possibly due
to the big portion of CaCl,, which is very hygroscopic. The chlorine content in the
calcinated residue of CaFA is 16.8%, which is checked by XRF. Comparing the results
with those of the corresponding washed residue, washing is a necessary step to reduce
chlorides. As to NaFA, at that condition, it was melted. It seems that washing process

had removed the compounds of low-melting point out from NaFA.

4.4 Conclusion

From the experiment results, I can conclude that calcinating is an important step of
WCCB system. It can reduce 91% chlorine from washed residue of RFA, 52% chlorine
from washed residue of CaFA and 96% chlorine from washed residue of NaFA. It
should be the different chloride speciation among those residues.

In preliminary experiments, it was found that heating temperature was more important
than dwell time. Based on that, I designed the formal experiments to discuss the
influence of heating temperature, atmosphere and dwell time step by step. At last I
decided one condition for calcinating process: heating temperature is 1,000°C, heating
time is 1 hour, dwell time is 1 hour, and atmosphere gas is 10% O, (90% N,) at the flux
of 50 ml/min.

The experiment results of both preliminary experiments and formal experiments show
that the washed residue of NaFA can be reduced 24.7% by weight, while that of CaFA
can be reduced only 15.4%. As to chlorine decrease, the data of the washed residue of
NaFA is 95.9%, while that of CaFA is 52%. So I can get the similar conclusion as in
washing process that NaFA is better than CaFA to be recycled.
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Calcinating process is at least as complex as washing process or even more
complicated. I normally thought pure N, might be better than O, to reduce the amount
of residue and chlorides, because oxides usually have higher melting point or boiling
point than the corresponding chlorides. However, the result was not all like that. The
result is that O, gas showed positive influence on the reduction of chloride in RFA and
NaFA, but negative on CaFA.

In this research I mainly concerned about the reduction of chlorine and a little about
Cr®". T had better do more research about the behavior of other factors such as dioxins,
leaching characteristics of Pb and other heavy metals, also, I have to take the issue of
energy and cost into account, so that I can evaluate and optimize the whole WCCB

system in comprehensive and truly environmentally friendly way.
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5 CONCLUSION

This is the last chapter for this dissertation. In this chapter I will summarize briefly the

research content and main results in the former chapters.

Chapter 1

In Chapter 1, I first explained the serious situation of the problem of environment, and
then I put forward the problem of municipal solid waste. As one of the most important
treatment, incineration is very popular in Japan and some European countries.
However, incinerator still has second pollutions such as fly ash, bottom ash and
discharged gas, and other troubles. So to find out a more environmentally management
system for incineration is critical for Sound Material-Cycle Society. After having an
comprehensive review for the current treatments for fly ash and our former research, I
“WCCB”. “W” means washing; the

first “C” means calcinating: the “CB” means changing the treated fly ash with bottom

proposed a new recycling system for fly ashes

ash into raw material in cement industry. The detailed technology flow is in Figure 1.4.
I mean to use WCCB system to minimize the amount of fly ash discharged out of the
whole system and maximize the recycling ratio of fly ashes as the raw material in
cement industry. As a result, there are two purposes for our research. According to 3R
principals, the first purpose is to cut down the amount of residue as much as possible,
and because of the high limitation for chlorine content in cement industry, to reduce
the chlorine content in the fly ash is another important purpose. In WCCB system, |
also tried the fly ash gathered from the bag filter resulting from the neutralizing the
acid compound in discharged gas by injecting NaHCO;. From comparing the results of
that fly ash resulting from injecting NaHCO3 (NaFA) with the fly ash resulting from
injecting Ca(OH), (CaFA), I are able to optimize the WCCB system in another aspect,
which is to use new alkaline reagent. So including the raw fly ash from the boiler
(RFA), I will discuss three kinds of fly ash in this research: RFA, CaFA and NaFA.
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Chapter 2

In Chapter 2, I started the research of washing process in WCCB system. In this
chapter, I mainly concerned about the most suitable parameters for washing process.
Based on the literature review and our preliminary experiments results, I designed the
formal washing experiments for all the three kinds of fly ashes. I first carried out single
washing experiments, then double washing experiments and last triple washing
experiments. Triple washing experiments conditions were designed according to the
results of double washing experiments, while double washing experiments conditions
were set referenced to the results of single washing experiments. In the washing
experiments it was found that washing frequency is more important than liquid to solid
ratio, mixing time and mixing speed to reduce the amount of residue and chlorides in
fly ash. In addition of reducing residue mass and chloride amount, I also thought about
problems of energy, consumption time. At last I decided one condition for washing
process: double washing and the detailed parameters are that liquid to solid ratio is 3 at
the first and second step, mixing speed is 150 rpm at both step, and mixing time is 5
minutes in the first step and 10 minutes in the second step. Just as what other
researchers have discovered that washing is effective to remove chloride content, our
experiments showed the similar trend: about 88% chlorine in RFA, about 87.3%
chlorine in CaFA and 95.6% chlorine in NaFA can be removed by washing process.
With the results from washing experiments, I also compared the difference between
CaFA and NaFA. It is obviously that NaFA is better than CaFA at mass reduction and
chloride reduction. For example, the amount of NaFA could be reduced 62.9% through
the washing experiment with the decided parameter, while that value of CaFA is only
23.1%. Less residue amount is more beneficial, because after all waste is waste, there
are negative factors, and less residue amount will consume less energy in the next step.
The same trend happened in the chloride reduction. Another aspect is that the
neutralization efficiency of Ca(OH); is lower than that of NaHCO3, which resulted in
more CaFA than NaFA with the same condition of discharged gas. So in all I

recommend to use NaHCOj as the neutralization reagent in stead of Ca(OH),.

Chapter 3
In Chapter 3, I meant to explain the chloride reduction mechanism of washing
experiments. In order to do this, I first have to do a speciation analysis of chlorides in

those three kinds of fly ashes and the corresponding residues from the washing
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experiments. There is few literature that have reported the detailed information of that
except using washing experiment to deduce how much chlorides are soluble or
insoluble or using X-ray diffraction (XRD) to identify the existence of some chlorides.
So I explored a new method of combining X-ray near edge structure (XANES) with
XRD to do the speciation analysis. I summarize the deduction methods in the

following content.

Identification approach

First, reference chlorides were chosen based on the element content of the three fly
ashes and a literature review. Second, by comparing the chlorine K-edge XANES
spectra of fly ashes and those of reference chlorides and by examining the washing
experiment results, I excluded some chlorides from LCF analysis to produce a list of
“possible reference chlorides.”

After verifying the reliability of LCF method in this research, I discussed the chloride
chemical form found in RFA, CaFA, and NaFA separately. I first showed the XRD
spectra of fly ash and samples from the washing experiment. Based on the relationship
among RFA, CaFA, and NaFA, I then separated the “possible reference chlorides” into
three groups: A) chlorides that must be in fly ash, identified by the XRD spectra of fly
ash; B) chlorides that have a high possibility of being in fly ash, as determined by
XRD spectra of samples from washing experiments; and C) chlorides less likely to be
in fly ash, i.e., the remaining chlorides.

Lastly, I finalized the “A” group chlorides and selected one or two additional chlorides
from the “B+C” group for LCF analysis. I chose the combination with the lowest R
value and used the results from previous research to verify that combination as well as
the corresponding distribution of chlorides. A diagram of the analysis procedure is

available in Figure 3.2.

Chloride speciation analysis for three kinds of fly ashes
With the identification methods I successfully processed the speciation analysis of
RFA, CaFA and NaFA.

Chloride behavior in washing process of three kinds of fly ashes

Also I applied that method to the residues from washing experiments so that I can
study the chloride behavior in the washing experiments. By comparing the chloride
behavior in the residues of CaFA and those in NaFA, I concluded that NaFA is more

suitable to be the raw material in cement industry, because under the same condition
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both the total amount of left chlorine and that of the chlorine in insoluble chlorides in
the residues of NaFA are less than that in CaFA as well as the chlorine in CaCl, related
form, which is more dangerous to cement than NaCl and KCI. Another result is that the
insoluble chlorides in both CaFA and NaFA changed during the washing process. They
are strongly related to CaCl, and will release some CaCl, during the washing process.
Double washing is effective to remove soluble chlorides. As to insoluble chlorides, the
influence is not so obvious. The analysis of chloride speciation in residues from RFA
washing experiments shows the similar trends that double washing is more significant
than single washing, and the insoluble chlorides in RFA is strongly related to CaCl,,

which will be released during the washing process.

Chapter 4

In Chapter 4, I discussed the calcinating condition for the residues from the washing
process. I adopted the same procedure as I have done in the study of washing process.
Firstly, I carried out the preliminary experiments to find out the hierarchy of the
parameters of calinating experiments such as temperature, heating time, dwell time and
atmosphere. The results of preliminary experiments show that temperature is more
critical than other factors to influence the final results of calcinating. Then I designed

the formal experiment condition in three parts.

Discussion on temperature

[ testified the temperature from 400°C to 1100°C. The residue mass goes down when
the temperature rises, which is more obvious to CaFA and NaFA when the temperature
is higher than 600°C. I deduced there were about three factors contributing to the loss
of residues. One is the decomposition of some hydrates in the washed residues, the
other is the loss of carbon and the last is the vapor or sublimation of compounds of low
melting point and boiling point, which includes most of chlorides. However, the
variation of chlorine concentration in the residues is different from that of residue mass.
When the temperature is higher than 700°C, the chlorine concentration goes down
sharply. While, 1000°C is the point that the decreasing speed of chlorine content or

amount becomes slower. So I decided 1000°C as the heating temperature.
Discussion on atmosphere

In this part I compared the results under the condition of 100% N, at 25 ml/min, 10%
0, (90% N) at 25 ml/min, 50 ml/min and 75 ml/min. To RFA and NaFA, 10% O, is
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more positive to reduce the mass residue and chlorine, especially to NaFA. While to
CaFA, 10% O, seems a little negative, however, it is tiny. More over, it was found that
the result under the condition of 10% O, at 50 ml/min was better. As a result, the final
condition decided is that heating temperature is 1000°C, heating time is 1 hour, dwell
time is 1 hour and atmosphere is 10% O, at 50 ml/min. Under that condition the
residue mass of washed residue of RFA can be reduced 7.18%, that of CaFA can be
reduced 15.4% and that of NaFA can be reduced 24.7%. As to chlorine amount, about
91% in the washed residue of RFA can be removed, 52% chlorine in the washed
residue of CaFA can be removed and 95.9% chlorine in the washed residue of NaFA
can be removed. So from the above data I also conclude that NaFA has superiority than

CaFA at the mass reduction and chloride reduction.

Discussion on dwell time

Because of the characteristics of the heating tube, to skip the step of heating phase is
difficult. And normally the dwell time is not longer than 2 hour, so I tried only one
other condition for the washed residues of RFA to see the influence of dwell time. I
shortened the dwell time from 1 hour to 0.5 hour and kept the heating time as 1 hour,
heating temperature as 1000°C, atmosphere as 10% O, at 50 ml/min. The result shows
that longer dwell time is better to reduce the residue weight percent and chlorine

content, especially chlorine content.

Recommendation for future research

WCCB. Based on

our research, considering the residue weight reduction and chloride reduction as well

I have set up a relatively reasonable recycling system for fly ash

as energy and consumption time, I chose the most acceptable condition for washing
process and calcinating process. The final condition for washing process is that liquid
to solid ratio is 3 at the first and second step, mixing speed is 150 rpm at both step, and
mixing time is 5 minutes at the first step and 10 minutes at the second step. The final
condition for calcinating process is that heating temperature is 1000°C, heating time is
1 hour, dwell time is 1 hour, and the atmosphere is 10% O, (90% N;) at 50 ml/min. I
also successfully explained the chloride reduction mechanism in washing experiments.
With all the research I conclude WCCB system is the promising system for recycling
fly ash, and NaHCO; is better than Ca(OH), to be used as alkaline reagent to neutralize
the acid compound in discharged gas from the view of recycling.

However, in my doctor dissertation, I studied WCCB system mainly from the

technological factors. If WCCB system is required to be applied into practice, some
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work is necessary. The other work can be a comprehensive evaluation, which includes
the calculation of the cost and energy consumption, the evaluation of environmental
risk and impact, and their interrelationship. Based on that comprehensive evaluation, it
is possible for us to choose proper operating conditions for what I prefer. In order to
fulfill a successful evaluation, I would recommend some possible tasks to be done:

a) It is better to process the WCCB system under two or three sets of operating
parameters for further analysis and comparison.

b). Make a mass balance study of WCCB system under each set operation parameters
of WCCB system. The concerned elements can be chlorine, sulfur, sodium, potassium,
calcium, copper, zinc, iron, lead and chromium.

c¢). Detect the behavior of other poisonous compound such as dioxins in WCCB
system.

d). Process a risk evaluation for environment. Based on the research in the second and
third step, I will have gathered the basic information to do a risk evaluation of WCCB
system in the view of environmental impact.

e). Make energy and economic analysis.

f). Optimize the operation factors of WCCB system.

After the above steps were finished, I am supposed to obtain the following results or
achievement: 1). A practical welcomed WCCB system for fly ash from municipal solid
waste incinerator (MSWI). And I can apply it to the waste which has similar
characteristics as fly ash from MSWI; 2) A model to simulate and optimize WCCB
system; 3) A revolution on the use of the neutralization reagent in MSWIL.
Neutralization reagent in sodium compounds is possibly to substitute the traditional
calcium compounds; 4) A good resource for urban mine; 5) A good example for the

Sound Material-Cycle Society.

WCCB system is more than a recycling system for fly ash. I can apply it to other solid
wastes with similar characteristics such as the ash from the electric power production
industry, which consumes coal to produce electricity, the ash from the steel industry
and so on. Also I can adopt the concepts in WCCB system to choose better additive in
the corresponding industry, for example, in incinerator I prefer NaHCO; than Ca(OH),,
while in treatment of discharged gas of power industry, similar question also exists. So

WCCB system has a broad application field.
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APPENDIX

Appendix No.1

Table A-1 experiment results of CaFA, NaFA and RFA double- and triple washing (%)

CaFA NaFA RFA CaFA NaFA RFA

Code Code
R Cl R Cl R Cl R Cl R Cl R Cl

9# 743 1.76 394 179 862 0854| 17# 769 197 393 235 853 0.830
10# 742 182 39.6 1.78 854 0.815| 18 76.0 1.86 39.0 291 848 0.744
11# 735 148 377 145 848 1.00 19# 757 1.67 380 199 843 0.781
12# 722 1.08 37.0 145 827 0.677| 20# 74.0 126 375 149 82.6 0.647
13# 748 191 379 2.03 851 0889 | 21# 763 185 379 1.60 852 0.817
14# 746 154 369 1.78 84.0 0.716| 22# 755 1.59 375 155 84.6 0.726
15# 741 160 381 1.65 83.1 0.752| 23# 749 145 367 144 838 0.723
16# 733 122 34.6 150 81.8 0.655| 24# 74.0 132 36.1 135 83.0 0.687
25# 723 1.61 357 090 833 0.610

< “R” stands for “residue weight percent”; “C1” means the chlorine content

Appendix No.2
Making Friedel’s salt

Figure A-1 illustrated the procedure to making Friedel’s salt. During that process, we
found that it took less time to get pure 3CaO- Al,Os in higher heating temperature,
especially 1350°C. In the incinerator, 900°C is the normal temperature in the after
burning zone or secondary combustion chamber, and in some places the temperature
might be higher than 900°C or 1000°C. The heating process can be fulfilled in the
incinerator, as there is sure to be CaO and Al,Os. As to the second step of mixing 3CaO
- Al,O3 with CaCl, - 6H,0 and water, because the water content in the original MSW is
considerable, in gas quenching tower quick cooling of discharged gas will lead to a lot

of water produced.



As a result, we think the existence of Friedel’s salt is of high possibility.

CaCO3;: 100 g/mol |—3—»
Heating at 300~1350°C,better>840°C,

Continued, intermediate grinding, until Ca0<0.5%

9|qidon.o id

Al;0;: 102 g/mol |—1—»

1 S
N o =
o0V O»n Q
g—‘% S o1 3Ca0-Al;,03
. <8 q6Z
Ca,Al(OH)sCI-2H,0 |«Drying— % g o @
3230
N o 9 2 je—1—] CaCl,-6H,0: 219 g/mol
o= 350
c o<
. Double distilled,
WIS ratio=10 CO,-free water

Figure A-1 The procedure for making Friedel’s salt
Making Calcium chloroaluminate (11CaQ+7Al,0;°CaCl,)

Figure A-2 illustrated the procedure of making Calcium chloroaluminate
(11Ca0+7Al1,05+CaCl,). It seems easier to get calcium chloroaluminate than Friedel’s
salt. However, calcium chloroaluminate will decompose when temperature is higher
than 670°C. 3CaO- Al,Os is more stable. That is the reason why the insoluble chlorides

in fly ashes are closer to Friedel’s salt.

Cao

—11
}Heating at 670°C
ALO; |—T7 . .
Heating at 670°C— 11Ca0-7Al,05-CaCl,

Calcium chloroaluminate

CaCl;

Figure A-2 The procedure for making calcium chloroaluminate

Making gehlenites (Ca,Al,SiO;)

Figure A-3 illustrated the procedure of making Gehlenites (Ca,Al,Si07), because in the
XRD spectra of RFA and CaFA we found the existence of gehlenites (CayAl,Si07,
2Ca0- Al,03- Si10,), which has the structure of 2CaO - Al,0O53.




CaCO;: 100 g/mol |—2—»

Heating at 1350°C
Al;O3: 102 g/mol |—1—» —  Continued, intermediate grinding, until Ca0<0.5%

SiO,: 60 g/mol  |—1—
— 2Ca0-Al,05-SiO;

Figure A-3 The procedure for making gehlenite

a|qIonJo

The heating condition is very similar as that of 3CaO - AL,Os, but it need a little longer
time than the time to make 3CaO- Al,Os. Since we can find gehlenite, the production

of 3Ca0- Al,Os is very possible, so is Friedel’s salt.
Making Calcium hydroxychloride (CaCIOH)

We made calcium hydroxychloride (CaClOH) according to Formula A-1. The heating
temperature is around 200°C for about 2 hours, and then we can check out the peaks of
CaCIOH by XRD. The temperature in bag filter is around 200°C, and the time range,
from the calcium hydroxide was injected into the pipe of the discharged gas to that the
mixture arrives at bag filter and is caught by bag filter, is enough to get CaCIOH. Other

researchers also verified it '® 7.

Ca(OH), + CaCl, =2CaCIOH + H,0 (A-1)

Appendix No.3

The following content presented the calculation process of the element molar ratio

among RFA and among all the chlorides in RFA.

0 Me, o p =24.6%%x2=49.2%
My o arcom) im0 = 24.6% = e 24.6% a2
Mica somycamo ——— The corresponding  [Ca,Al(OH)]CI:2H,0  molar

percentage deduced from the LCF analysis of chlorine molar percentage in
[Ca,Al(OH)4]CI+2H,0 form among all the chlorine in fly ash

M, - The corresponding  calcium  molar  percentage in



[Ca;Al(OH)6]CI-2H,0 form deduced from myc, ycom), 1cre2m,0
m,, -—-- The corresponding aluminum molar percentage in

[Ca;Al(OH)6]C1-2H,0 form de-duced from myc, com)jcream,0

Meye, =50.5%+2=253% = me, o coer, =25.3% (A-3)
Mey o1 = Moy o p + Moy, =49.2%+25.3% =T74.5% (A-4)
Me,e, ---- The corresponding CaCl, molar percentage deduced from the LCF

analysis of chlorine molar percentage in CaCl, form among all the chlorine in fly ash

Me, ¢ cae, —--- The corresponding calcium molar percentage in CaCl, form
deduced from mg,,

me, o ---- The corresponding calcium molar percentage in both CaCl, form and
[Ca;Al(OH)6]C1-2H,0 form deduced from my¢, com) jcimamo a4 Meye,
M =me, o +my o +my, o +myg o =74.5%+24.6%+15.3%+9.5%=123.9% (A-5)

my, o -—-- The corresponding sodium molar percentage in NaCl form deduced

from the LCF analysis of chlorine molar percentage in NaCl form among all the

chlorine in fly ash

my o ---- The corresponding potassium molar percentage in KCI form deduced

from the LCF analysis of chlorine molar percentage in KCl form among all the
chlorine in fly ash
M, ---- The total metal molar percentage in all kinds of chlorides deduced from

the LCF analysis of chlorines in fly ash

m m m m
Moy e Mgy - My, o - My o = ASI‘”CI : Aj{”a : AZ”’CI : A;’Cl =60.1:19.8:12.3:7.7 (A-6)
Cl Cl Cl Cl

From table 1 the actual molar ratio of Ca, Al, Na and K in RFA can be calculated:



My p = 24.7%+40=0.6175%
m,, ,=3.99%+27 = 0.1478%
My, p =2.97%+23=0.1291% (A-7)
My » =2.99%+39 =0.0767%

— — 0
M,=mg, p+my p+my, ,+m , =09711%

Megp Myp My,p Mg p
Mgy p My p My, pilly ,=——"—————=—:—2-=63.6:152:13.3:7.9  (A-8)
M, M, M, M

P

me, p ---- Molar amount of calcium in N gram fly ash

m,, p ---- Molar amount of aluminum in N gram fly ash

my, » ---- Molar amount of sodium in N gram fly ash

my , ---- Molar amount of potassium in N gram fly ash

M, ---- Total molar amount of calcium, aluminum, sodium and potassium in N
gram fly ash
Appendix No.3

List of abbreviation

3R: Reduce, Reuse, Recycle

AES process: Acid Extraction-Sulfide Stabilization process
CaFA: fly ash collected in a bag filter with the injection of calcium hydroxide for acid gas removal
CEY: Conversion Electron Yield

CH: Calcium Hydrate

CSH: Calcium Silicate Hydrates

DTPA: Diethylenetriaminepentaacetate

EDTA: Ethylendiaminetetraacetate

FY: Fluorescence Yield

IEW: Ton Exchanged Water

LCF: Linear Combination Fit

L/S ratio: Liquid (ml) to solid (g) ratio



MSW: Municipal Solid Waste

MSWI. Municipal Solid Waste Incinerator

NaFA: fly ash collected in a bag filter with the injection of sodium bicarbonate for acid gas removal
OPC: Ordinary Portland Cement

RFA: Raw fly ash from the boiler or economizer of incinerator
SCE: Sequential Chemical Extraction

S/S: Stabilization/ Solidification

TEY: Total Electron Yield

UCS: Unconfined Compressive Strength

UP: Unsaturated Polyesters

XANES: X-ray Absorption Near Edge Structure

XRD: X-ray Diffraction

XRF: X-ray Fluorescence
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