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ABSTRACT

The purpose of this research was to use lignite fly ash from power plant and lime
as cement replacement for solidification mercury in spent fluorescent lamps. The effect of
binder ratio of cement to lime to lignite fly ash, waste ratio of spent fluorescent lamp to
binder, and curing time, on the properties of solidified samples, including, density,
unconfined compressive strength, and mercury leaching concentration, were investigated
in order to seek an optimum condition for spent fluorescent lamp solidification. In
addition, the effect of the different leachats on mercury leaching concentration was
observed. The resulting properties of solidified samples were classified by the Ministry of
Industry’s notification volume.6 (B.E.2540).

The experiment results indicated that solidified samples from all binder ratios
increased density and mercury leaching concentration as the waste ratio increased from
1:3 to 2:1. Different binder ratios and waste ratios produced different strength effects on
the solidified sample. However, all parameters of this study passed the standards of the
Ministry of Industry volume.6 (B.E.2540) after a 28-day curing time. In the effect of
curing times study, it was found that the properties of all solidified samples passed the
standards of the Ministry of Industry volume.6 notifications (B.E.2540). Mercury leaching
concentration decreased with increasing curing times whereas the density and the strength
trended to decrease after 14 days. In addition, type of leachant showed no significant
effect on the mercury leaching concentration.

By considering properties of solidified sample and cost of solidifying material,
a ratio of cement to lime to fly ash of 0:30:70 was found to be the optimum ratio for
solidifying spent fluorescent lamps at a ratio of spent fluorescent lamp to binder of 2:1,
with more than 7-days curing time. It costs only 696.83 baht/ton for material.
Accordingly, it is reasonable to assume lime and lignite fly ash are considerably better for
use as a cement replacement alternative for spent fluorescent lamp solidification.

KEY WORDS : SOLIDIFICATION / SPENT FLUORESCENT LAMP /
CEMENT REPLACEMENT/ FLY ASH /LIME
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CHAPTER 1
INTRODUCTION

1.1 State of Problem

As known, fluorescent lamp was widely used to provide the adequate light in
working and living environment (1). However, it was classified as hazardous waste,
because of the 10 to 23 milligrams of mercury containing in each fluorescent lamp to
converse of electrical power to light (2). When the lamp reached the end of its useful
life and discarded into landfill, mercury that remained in the lamp was contaminated
the environment (3). Annually, amount of spent fluorescent were 20,400 tons (4)
discarded into landfill without any treatment. This was considered to be the alarming
potential source of mercury contamination in environment of nearby landfills. The
dispersion in such route as ground water will enter the ecosystem through
bioaccumulation in plants, animal, and humans (5). This will cause a serious
ecological problem in Thailand. Therefore, proper spent fluorescent lamp management
is necessary to minimize release of mercury to the environment.

In actual, mercury can not be destroyed, but it can be converted into less
soluble or leachable forms to inhibit dispersion into the environment after disposal (6).
There are many methodologies to alleviate or minimize mercury contamination such
as retorting process, a municipal waste incinerator, and secured landfill (7).
At present, retorting process and a municipal waste incinerator are involve high capital
and operation costs and may also be associated with the generation of secondary
wastes which present treatment problems. In addition, skilled operators are also
required for its application (8).

The Stabilization/Solidification process (S/S) may be an appropriate
treatment option to immobilize and stabilize mercury within hazardous waste before
disposing secured landfill (7). This method involve mixing the waste with binder
materials to enhance the physical properties of the waste and to immobilize

contaminants that might be detrimental to the environment.
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There are a wide variety of materials, currently being evaluated for the
encapsulation and fixation of heavy metal in the hazardous waste as well as Portland
cement. It was mixed with waste and water to generate the hydration reaction and
form calcium silicate hydrate (CSH). This product helped to coat and hold the waste
particles together in a monolithic. Additionally, the large amount of free alkalinity
(calcium hydroxide: Ca(OH),) in the fixed waste form was beneficial as it counters the
effect of acids which might be presented in the leachant (9). However, Portland
cement presently becomes more costly and so much natural resources consumption. In
particular, the low-cost binding materials to solidify waste have been attempted for the
encapsulation and fixation of heavy metals (10).

Lignite fly ash, the waste from Mae Moh thermal power plants, had been
proven to be a cement substitute in solidifying mercury dispersed in waste (11-14).
Due to the high reactivity surface and it contents of high silica (SiO;) and alumina
(Al,03) (15), fly ash can chemically react with Ca(OH), from cement hydration
reaction to form more CSH, and hence improve the properties of the solidified sample
such as strength, workability, buffering capacity (capacity to resist pH changes) and
heavy metal leachability (16). However, the amount of fly ash as cement replacement
was just a small portion due to the low amount of Ca(OH), from cement hydration
reaction (11-14). The increasing of fly ash as cement replacement in S/S was required
more Ca(OH),, and, thus, investigation on Ca(OH), addition on S/S was necessary.
Lime, which contains high calcium hydroxide (17), was an attractive material to react
with fly ash as cement replacement. The pozzolanic materials in fly ash together with
calcium rich in lime are expected to produce cementitious products upon hydration,
which greatly reduced the leachability of mercury (18).

Therefore, this study is attempts to find out the feasibility of the spent
fluorescent lamp treatment by stabilization/Solidification process (S/S), in which
lignite fly ash from the coal power plant and lime were use instead of Portland

cement.
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1.2 Objectives

1.2.1 To study the properties of spent fluorescent lamp solidification by
adding lime and lignite fly ash as cement replacement.
1.2.2 To determine the optimum condition of spent fluorescent lamp

solidification by adding lime and lignite fly ash as cement replacement.

1.3 Hypothesis

Lime and lignite fly ash can replace cement in the process of spent

fluorescent lamp solidification.

1.4 Conceptual Framework

To approach the subject as mentioned in the hypothesis, the conceptual

framework has carried out as the following figure:

Independent Variables
e The ratio of Portland cement, lime and lignite fly ash

as binder
e The mixing ratio of spent fluorescent lamp to binder

e curing time of solidification process

' Control Variables
l‘ e Water to binder ratio
Dependent Variables * Ambient condition

Properties of solidified sample
¢ Density value
¢ Unconfined compressive strength value

e Mercury leaching concentration

v

Optimum condition of spent fluorescent lamp solidification

Figure 1-1 Conceptual Framework
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1.5 Scope of Study

The experiment of this study had scope and limitation as the following:

1.5.1 In this study, 4 feet spent fluorescent lamp was used as waste sample
that was collected by grab sampling from On-nuch solid waste disposal plant sub
division.

1.5.2 Cementitious binder is ASTM type-I Portland cement, Elephant
Brand manufactured by the Siam city public company limited.

1.5.3 Lignite fly ash used in this study was a waste product obtained from
Mae Moh thermal power plant of electrical generate authority of Thailand.

1.5.4 The spent fluorescent lamp ground waste (SFLG) and wastewater that
contained mercury were prepared to use in spent fluorescent lamp solidification study.

1.5.5 Hydrated lime with high content of 60% calcium hydroxide from CA
calcium company limited and fly ash used as cement replacement to improve the
properties of solidified sample. Therefore, they can reduce the amount of cement used
for less material cost.

1.5.6 The heavy metal leachate was investigated focusing on mercury
concentration.

1.5.7 Pretreatment procedure, Na,S was employed at 1.75 time
stochiometry of total mercury in sample to stabilize the waste to precipitate mercury
as mercury sulfide (12-13).

1.5.8 Water which contained mercury from sample preparation (crushed
lamp under water) was used for simulated sample in solidification process. Water to
binder ratio of 0.5 had been used throughout the experiment (10, 12-14).

1.5.9 All solidified samples were cured at ambient condition to simulate the
actual field practice.

1.5.10 Density, unconfined compressive strength and mercury leaching
concentration values as defined in notification of Ministry of Industry volume 6
(B.E.2540) (19) were considered to selecting the optimum ratio. It should had density
value not less than 1.15 ton/m’, unconfined compressive strength value not less than
3.5 kg/cm” andmercuryleachingconcentratiaraluenot morethanad ug/l. This
ratio could be low cost of binder material for solidification but it should be high

content of waste for economical evaluation.
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1.5.11 Acetic acid pH 5, 35 ppt seawater, 400 ppm SO4* and 600 ppm
HCOs;™ were used to preliminary study the leaching concentration of mercury in

leaching test in immersed leachant.

1.6 Expected Results

This study were expected the results as the following:

1.6.1 The optimal capability of lime and lignite fly ash as cement
replacement in the spent fluorescent lamp solidification

1.6.2 To be as a low cost alternative solidified mercury for the spent

fluorescent lamp management.

1.7 Definitions

The definition of the experiment were used in this study as the following:

1.7.1 SFL mean Spent fluorescent lamp was a used lamp or unused lamp
becomes a waste on the date it is discarded (20).

1.7.2  SFLG mean spent fluorescent lamp ground waste was glass portion of
spent fluorescent lamp that ground and sieved less than 9.5 mm.

1.7.3 Binder means Portland cement Type I, lime and lignite fly ash

1.7.4 Binder ratio mean the ratio of cement, lime and lignite fly ash
(C:L:F).

1.7.5 Waste ratio mean the mixing ratio of spent fluorescent lamp to binder.

1.7.6  Mercury wastewater mean water contained which mercury from
crushed lamp under water process in sample preparation.

1.7.7 Curing time mean the length of time that solidified sample left at
ambient condition after the spent fluorescent lamp ground waste (SFLG) was mixed
with binder. At the end of the period, the solidified samples were subjected to test.

1.7.8 Solidified sample mean the mixing of the spent fluorescent lamp
ground waste (SFLG), binder and water that poured in a cylindrical mold and cured at

ambient condition for the design length of time.
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CHAPTER 2
LITERATURE REVIEW

Literature Reviews/ 6

This research focused on the capability of lime and lignite fly ash was used to

replace for cement in SFL solidification. Related data in this research are as follows:

2.1
Z2
2.3
24
2.5
2.6
2.7
2.8
2.9

Hazardous waste

Spent fluorescent lamp

Stabilization and Solidification process

Portland cement

Fly ash

Lime

Solidification product testing

Standard of stabilization and solidification waste

Factor of solidification process

2.10 Relevant research

2.1 Hazardous waste

2.1.1 Definition of hazardous waste

The Pollution Control Department, Ministry of Science, Technology,

and Environment defined hazardous waste as a waste generated from the production

as usage of chemicals or hazardous substances in the production process of industry,

agriculture, sanitation, and other activities (21). Hazardous waste may cause danger to

human- beings, animals, plants, or the environment (22).
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2.1.2 The characteristics and properties of hazardous waste

A solid waste was classified as a hazardous waste if it is not excluded
from regulation as intended in the notification of the Ministry of Industry volume.6,
B.E.2540 (19) and it meets any of the description of items below:

1 Ignitable substances include liquids with a flash point, at standard
temperature and pressure, less than 140°F. It also includes liquids that are ignitable
through heat of friction or spontaneous chemical change, oxidizers, and ignitable
compresses gas.

2 Corrosive substances include aqueous wastes with a pH at or below
2.0 (acids), at, or below 12.5 (bases). Corrosives can also be designated by steel
corrosion testing overtime or animal test showing irreversible damage to skin tissue.

3 Reactive substances includes unstable chemicals, violet reactions
with water, formation of explosive reaction when exposed to pressure or heat, and/or
detonation or explosive decomposition or reaction at standard temperature and
pressure.

4 Toxic substances include poisons and other toxic substances that
pose a threat to human health, domestic livestock, pets, or wildlife through ingestion,
inhalation, or absorption. This is most often expressed in terms of toxicological lethal
dose rates of a substance and a certain.

5 Leachable substances include waste or unusable material is
extracted by standard method for extraction procedure and analysis as specified in the
notification of the Ministry of Industry and the extract contains either one of the

following heavy metal.

Arsenic (Total) greater than 5 mg/1
Cadmium (Total) greater than 1 mg/1
Chromium (Total) greater than 5 mg/1
Lead (Total) greater than 5 mg/1
Mercury (Total) greater than 0.2 mg/1
Selenium (Total) greater than 1 mg/1
Silver (Total) greater than 5 mg/1
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2.1.3 The sources of hazardous waste

The major sources of hazardous waste that have affect on human health
and environment (4) as follows:

1. Industrial waste was generated from all production processes since
the material-providing step, production step and after using the industrial products.

2. Household waste was generated from utilization and consumption
that consists of chemical and metal. When these products are expired or no longer in
use, the leftover products or the used containers become household hazardous waste.
Household waste such as light bulbs, dry cell, paint sprays, expired cosmetic,
batteries, chemical fertilizer containers and expired medicines.

3. Agriculture waste was generated from the used containers such as
chemical containers, herbicide containers, and insecticide containers.

4. Waste from hospital: for instant, infectious waste, tissues, organ,

body fluid from patient and medical.

2.2 Spent Fluorescent lamp

2.2.1 Mercury into the spent fluorescent lamp

Fluorescent lamps are an essential household item and widely used to
provide adequate light in working environment (1). Due to they produce light 2 to 4
times as efficient as incandescent lamps at the wavelengths that are useful to humans
and last a lot longer at a low cost (23). They work by passing the electric current
through the low-pressure gases (argon) and mercury amount of 10-23 mg to generate
ultraviolet (UV) in the lamp. The mercury vaporized (moving from the liquid phase
into the gas phase) when the electrical flow through the lamp (4). The phosphor
powder that coating on the inside of the lamps were very efficiently converts most of
the ultraviolet light to visible light (23). Overtime, some of the mercury in fluorescent
lamp migrates into the phosphor powder, the glass, and the aluminum electrodes in the
lamp end cap. As a result, insufficient mercury vapor to produce ultraviolet energy,
there would be no light (25). These lamps were considered spent fluorescent lamps

and discarded into landfill.
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Figure 2-1 Operation of fluorescent lamp
Source: (23)

Since the mercury containing phosphor powder can be mobile through
air and liquid phase during lamp breaking, their detachability might be an important
factor of public health concern. Raposa et.al.. (25) found that the total mercury
contents in phosphorus powder and glass waste of spent lamp were13,300 £1,300 pg/g
and 4,300+400 ng/g, respectively. Jang et.al.(26) were found that more mobile
mercury (400-2,000 pg/l) in the loose phosphor powder produced during lamp
breaking and subsequent leaching through washing with water. Amount of 10-70 pug/g
of mercury were remained onto broken glasses due to mercury ions can diffuse into
the glass matrix in the presence of an electric field. Na ions in soda lime glass are
mobile to support the flow of mercury ions. However, the mercury partitioning in the
glass matrix can be obstructed by coating with phosphor and observed the mercury
concentration on the glass was proportional to the square root of time and inversely
proportion to the quantity of phosphor. When leachate extraction test using TCLP
method were found 25-360 pg/l of mercury leached out from spent fluorescent lamp.
Their were higher than the limits of the LDR (Land disposal restriction) standard for
mercury of 0.025 mg/1 (27).

In addition, Anuwat (11), Douangsamorn (12) and Prasert (13) were
analyzed mercury concentration from SFL by using Leachate extraction. They were
found that mercury leached out about 770, 2,279 and 307 pg/l, respectively. These
value were higher that standard limit that defined by the notification of Ministry of

Industry volume.6 (200 pg/l). Therefore, these SFL were classified as hazardous
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waste. If they were disposed without any treatment 3-8 mg of the mercury in SFL
were released to the air during a two-week period immediately following breakage (3).
Thus, mercury contained in spent fluorescent lamp should be solidified before

disposal of in landfill.

2.2.2 Impacts of mercury on environment and human (28-30).

Spent fluorescent lamp was classified as hazardous because the
mercury containing in lamp. With the improper management, the mercury in these
lamps were contaminated the environment. They are persistent, cannot be biodegraded
and can thus follow a number of different pathways. It can enter the air as a vapor, can
adsorb onto the soil, runoff or leach in the groundwater, an important source of
drinking water. Mercury is absorbed by certain anaerobic bacteria in aquatic
ecosystems and converted into methyl mercury that can be absorbed by aquatic plants
and animals called bioaccumulation. When people eat fish and wildlife with
bioaccumulated chemicals such as mercury, they can suffer health problems, notably

impaired nervous system development or nursing infants.

2.2.3 Spent fluorescent lamp management
Spent fluorescent lamp can be treated in several different ways. The
main processes of spent fluorescent lamp treatment can be summarizing as below.
1. Recycle process
In the recycling process, the lamps are crushed and separated into
glass, end caps, and phosphor powder. The phosphor contains mercury, and mercury
vapor is recovered in a retorting process (5). The recovered glass is used as starting
material to prepare glass-ceramics (31) while, aluminium, nickel-copper alloys are
recycled in typical secondary aluminium, and nickel- copper operating (32). In
Thailand, Glass from SFL that discarded within Bangpoo Industrial Estrates were
recycled for incandescent bulb production by Philips Electronics, while, other material
such as mercury vapor, phosphor powder and aluminium end caps were sent to Genco
for proper treatment (33).
Recycling is a beneficial way to deal with the disposal of the lamps.

Eventually, this way appears to be a very expensive for the materials recovered (5).
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There are still a lot of technical acknowledges and economic hurdles associated with
it. Additionally a limited number of recycling operations and mercury can be emitted
during the recover process (2,26).

2. Municipal waste incinerator.

The aim of incineration is to reduce the volume of municipal waste
to be landfill and to detoxify the hazardous components within the waste through
oxidation (34). The waste is converted to ash in the kiln at 1,000 — 2,000°C and
disposed of by landfilling. However, incineration was released toxic flue to the
atmosphere cause of environmental impact that required the emission control (5). For
this reason, the whole system has relatively high investment cost for high technical
and operational (34). Mercury in waste varies from one type of waste to another type
during incineration.

3. Municipal solid waste (MSW) landfill.

Landfill is a disposal facility where the hazardous waste are placed
and stored in the soil. The landfill site acts as a bioreactor in which the micro-
organisms in the municipal solid waste break down the component of hazardous.
However, municipal landfills can generate acidic conditions which can mobilize
metals leach out and reach drinking water wells (7).

4. Secure landfill.

The objective of such design is to minimise leachate into water
resource and gas migration into the atmosphere. Landfills are equipped with the
impermeable liners and leachate collection system. If the lamps are disposed into a
well- designed, licensed, and monitored landfill, most water- borne mercury should be
contained by the liner or otherwise be detected and mitigated (5). It is a safe method of
disposing of spent fluorescent lamp that provides a low cost disposal alternative (33).

Due to mercury into spent fluorescent lamp can not be destroyed or altered by
chemical or thermal methods. Therefore, it must be converted into less soluble or
leachable forms to inhibit migration into the environment (35). Secure landfill was
appropriate for SFL as mentioned above. Stabilization/Solidification process (S/S) for
mercury within waste immobilization and stabilization before disposal. Since this
study is focused on this method of which, the details of process are given in next

section.
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2.3 Stabilization and Solidification Process

2.3.1 Definition of Stabilization and Solidification process

Stabilization/solidification (S/S) is used as a pre-landfill waste
treatment technology that aim to make hazardous wastes safe for disposal (9). It was
designed to improve waste handling and physical characteristics, decrease surface area
across which pollutants can transfer or leach, limit the solubility or to detoxify the
hazardous constituents and a durable matrix of low permeability, which provides a
physical barrier to control leaching of contaminants into environment (36). During the
process, hazardous waste are mixed with alkaline and cementing agents to precipitate
the dissolved metals into insoluble form (stabilization) and produce a solid and/or
crystalline matrix (solidification) (9). The physical nature of the waste (as measured
by the engineering properties of strength, compressibility, and/or permeability) is
altered during the process (37). The S/S process will produce a material whose
physical placement should not cause any environmental or public health problems

upon disposal.

2.3.2 Mechanisms of Stabilization and Solidification process (9)

The fundamental mechanism that employs one or more mechanisms to
control the Stabilization and Solidification process as following:

1 Macroencapsulation is the mechanism by which hazardous waste
constituents are physically entrapped in a larger structural matrix, that is, the
hazardous waste constituents are held in discontinuous pores within the stabilizing
material.

2 Microencapsulation is entrapped hazardous waste within the
crystalline structure of the solidified matrix at a microscopic level. The stabilized
materials degrade into small particle size, most of the stabilized hazardous wastes
remains entrapped. However, the waste is not chemically altered or bound, the
contaminant release may increase as the particle size decreases and more surface area
is exposed.

3 Absorption is the process by which contaminants are taken into the

sorbent to soak up or absorb the free liquids in the waste to improve the waste-
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handling characteristics, that is, to solidify the waste. The absorbents such as soil, fly
ash, cement kiln dust, lime kiln dust, clay minerals, sawdust, hay and straw.

4 Adsorption is the phenomenon by which contaminants are
electrochemically bonded to stabilizing agents within the matrix. The nature of the
bonding may be through van der Waal’s or hydrogen bonding.

5 Precipitation is the stabilization process will precipitate
contaminants from the waste, resulting in a more stable form of the constituents within
the waste. Precipitates such as hydroxides, sulfides, silicates, carbonates, and
phosphates are then contained within the stabilized mass as part of the material
structure.

6 Detoxification is any mechanism that changes a chemical
constituent into another constituent (or form of the same constituent) that is either less
toxic or nontoxic

Poon et.al. (38) indicated that inability of mercury to form an insoluble
hydroxide or silicate with the solidifying material. The metal was remains in pore
solution or at most in only loosely bound to the hydrated products through sorption.
The metal is physically encapsulated within the cement structure. Mobilization of
mercury is rapid once in contact with water and the leachability dependent on the
permeability of the solidified product. Reduce leachability can be achieved by the
appropriate use of additives such as fly ash and fumed silica. These react with calcium
hydroxide to produce amorphous C-S-H, which fills the pores and reduces porosity. A
low water to cement ratio should be adopted in order to reduce porosity, thereby lower
the permeability, and minimize metal mobilization.

Next work, Poon et.al. (39) identified a mechanism, which consists of a
combination of chemical and physical isolation processes responsible for the
containment of mercury. The retaining potential of the cementing matrix for mercury
is related calcium from the matrix are calcium hydroxide, calcium silicate, calcium
aluminate hydrates, calcium silicate gel and unhydrated cement grains. Once this
structure has been removed then massive leaching of mercury concentration occur.
However, it is unlikely that C-S-H is involved in the fixation mechanism (40).

McWhinney et.al. (41) suggeted that physical sorbtion process are

mainly responsible for its containment in the matrix. The close association of calcium
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rich deposits and lack of silicate species due to the formation of calcium carbonate
around localized areas of mercury. Chang (42) also indicated that mercury metal
adsorbrd on pore surface of cememt past matrix and would leach out along with the
alkalinity in leachate. Qian et.al. (43) were suggested that physical encapsulated
mercury by filling of amorphous metal silicate in pore structure, which prevents the
less soluble HgO that formed in aqueous environment from physical leaching. The
chemical fixation is due to the formation of reaction products CSH and amorphous
metal silicate precipitates.

There are a wide variety of material currently being evaluated examination in
the process of S/S technique by which each of the binder acts to employ for stabilized
hazardous waste. In generally, cement has always been used as a binder. However,
cement has become more costly due to so much resource consumption. In particular,
the low cost binding material to solidify waste has been attempted for the encapsulated
and fixation of metal. For mercury solidification, several researchers were achieved to
use Portland cement with fly ash (11,12,14), rice husk ash (10,42) or lime (18) as
binder. They found that fly ash, rice husk ash, or lime was used for cement substitute
at 50%.

This study, fly ash, and lime were interesting materials to replace cement in
solidified mercury waste containment. Thus, the data related to cement, lime, and fly

ash were summarized as next section.
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2.4 Portland cement

Portland cements is a well know building material and has occupied and
indispensable place in construction work. Portland cements made by firing a mixture
of limestone and clay (or other silicate) in a kiln at high temperatures. The kiln
produces a clinker, which is ground to a powder that is a mixture of calcium oxide
(Ca0), silica (S10;), aluminum (Al,O3), and small quantities of magnesia (MgO), iron
oxides (Fe,0O3). The oxide composition of Portland cement can be expressed as shown

in Table 2-1.

Table 2-1 The oxide composition of Portland cement

Oxide Percentage
Calcium oxide (CaO) 60.0 — 65.0
Silica (Si0,) 17.0-25.0
Aluminum (Al,O3) 3.0-8.0
Iron oxides (Fe,03) 0.5-6.0
Magnesia (MgO) 0.1-5.5
Sulphur trioxide (SO;) 1.0-3.0
Soda and potash (Na,O and K,0) 05-1.3

Source: (9,44)

These oxides interact with each other to form a series of more complex

products during fusion. The main constituents as shown in Table 2-2.

Table 2-2 The main constituents of Portland cement

Compound Percentage Properties

Tricalcium silicate 59.90 Reacts quickly with water. Harden rapidly, giving rise
(3Ca0.Si0,: C55) to the initial set and early strength

Dicalcium silicate 14.50 Reacts slowly with water. Give the cured concrete its
(2Ca0.Si0,: C,S) strength increase beyond one week.

Tricalcium aluminate 9.60 Reacts repidly with water. Combine to rise the heat
(3Ca0.Al,03: C5A) release during the first couple of day and contribute the

early strength

Tetracalcium aluminoferrite 6.25 Reacts with water slower than C;A. Reduce the

(4Ca0.Al,05.Fe,05: C,AF) clinkering temperature. It cause most of the color effects

in the cured concrete.

Source: (9,10,35)
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When Portland cement is mixed with water, it was hydrated and form other
materials. First, C3A hydrate is caused the rapid setting that produces a rigid structure.
Setting rate is controlled by the amount of gypsum added in the cement. The ettringite
that forms does not contribute to set, but coats the cement particles and retards the
setting reactions to ensure a period of plasticity (35). Low Cs;A improves sulfate
resistance (10). The reaction between C3;A, water and gypsum (a compound present in
cement) produces a calcium monosulphoaluminate (37) can be expressed by the
reaction equation [1].

3Ca0.Al,03 + 10H,0 + CaS04.2H,0 — 3Ca0.Al,03; CaS0O4.12H,0 [1]

(tricalcium aluminate) (water) (gypsum) (calcium monosulphoaluminate)

Hydration of C3S and C,S is responsible for strength after the initial set. Both
of them give the same reaction product, that is, Ca(OH), which makes the cement
paste, highly alkaline (i.e. the pH of the pore water exceeds 12.5) (44). Moreover, it
was responsible for stabilization process. The metals are retained in the form of
insoluble hydroxide or carbonate salts within the hardened structure (37). This
technique is best suited for inorganic wastes, especially those containing heavy metals
(38). In addition, the hydration of both the C,S and C;S produces calcium silicate
hydrate, or tobermorite gel (3Ca0.2S10,.3H,0: C;S;H; = CSH). It is a poorly
crystalline porous solid, which is made of colloidal-size particles held together by
cohesion force and chemical bonds. These reactions are quite slow, contributing to the
lengthy curing time associated with Portland cement. Equation [2] and [3] can express

the reaction of the C3S and C,S (35).

2(3Ca0.Si0,) + 6H,O - 3Ca0.2Si0,.3H,0 + 3Ca(OH), [2]
(tricalcium silicate) (water) (tobermorite gel) (calcium hydroxide)

2(2Ca0.Si0,) + 4H,0 - 3Ca0.2Si0,.3H,0 + Ca(OH), [3]
(dicalcium silicate) (water) (tobermorite gel) (calcium hydroxide)

The calcium hydroxide was released by the CSH and water react with C;A
and C4AF forming hydrates of these compounds (10). The hydrates then react with
additional water in the mix to form the crystalline hydrate structure which constitutes

the solid matrix. The reaction can express in equation [4] and [5]. The hydration stop
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when the combined water has reduces to about one-half of the origianl water content.
This implies that the reduction is possible only when the mixing water is at least twice
the water/cement ratio (38).
3Ca0.AlLO3 + 12H,0 + 3Ca(OH), — 3Ca0.Al,05.Ca(OH),.12H,0 [4]
(tricalcium aluminate) (tetracalcium aluminate hydrate)
4Ca0.Al,03.Fe,03 + 10H,0 + 2Ca(OH), — 6Ca0.Al,03.Fe,05.12H,0  [3]

(tetracalcium aluminate) (calcium monosulpha aluminate)

Li et.al. (45) showed that sample with more cement had lower leaching.
Calcium hydroxide and CSH due to the alkaline nature and buffering capacity provide
the main reaction of metal immobilized in cement. Jawed er.al. (46) supported that
alkalis in concrete could act as catalysts in forming CSH at early age and promoting
early strength development. The high content of alkalis in cement could result in a
decrease of 28 day strength in concrete (the high alkali content in mixture deteriorate
the strength of the concrete at a late age). Poon ef.al. (38) were suggested that reduce
leachability can be achieved by the appropriate use of additives such as fly ash and
silica. These react with Ca(OH); to produce amorphous CSH, which fills the pores and

reduces porosity.

2.5 Lignite fly ash

Fly ash or pulverized fuel ash is the solid residue from the combustion of
pulverized coal on electricity generating power plants. It is captured from the exhaust
gases of the plants by electrostatic precipitators of bag houses, which leave relatively
clean air to escape from the stacks, which requires ultimate disposal. At Mae Moh, in
Lampang province on the northern of Thailand, the electricity power plant produces
more than 3 Million tons of lignite fly ash per annum (47). Due to its high surface
reactivity and its silica (SiO,) and alumina (Al,O3) content (see Table 2-3), some of
the lignite ash from Mae Moh is used in the cement industrial. However, there are
several tons left per year for landfill and disposal. The amounts that remain unused

obviously create acute environmental problems and inhibit the path towards
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sustainability. Adding fly ash to treat contaminated media would be a cost-effective

method of disposing of it.

Table 2-3 Chemical compositions of fly ash from Mae Moh power plant during year

1991-2001.
Chemical Average value in percent weight(%wt)
composition 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
SiO, 428 403 43.1 528 406 406 415 373 472 389 399
Al,O4 23 240 202 18.0 228 236 28.1 22,1 221 228 182
Fe,05 140 150 132 85 128 13.0 123 144 9.1 134 136
CaO 105 112 13.0 133 144 13.0 100 114 94 152 172
MgO 2.4 2.8 2.7 1.4 2.5 2.5 1.2 2.7 33 2.3 2.4
Na,O 0.8 1.0 1.3 0.9 0.7 1.2 0.6 1.1 1.7 0.8 1.3
K,0 2.3 2.6 2.4 2.0 2.0 3.0 33 Q.7 1.3 3.0 2.7
SO, 3.9 3.1 2.6 2.8 2.8 2.4 2.0 25 2.5 2.5 1.5

Source: (47)

The fly ash can be classified into two categories, according to standard
specification for coal fly as hand raw or calcined natural pozzolan for use as a mineral
admixture in concrete, ASTM C618-96 (48).

¢ C(lass F: fly ash normally produced from burning anthracite or bituminous
coal. This class of fly ash has pozzolanic properties.

e C(lass C: fly ash normally produced from lignite or subbituminous coal.
This class of fly ash has pozzolanic properties, also has some cementitious properties.

Lignite coals when burned, produce a low calcium fly ash, which is known as
class F (48). It does not readily exhibit self-cementing characteristics but upon lime
addition or a sufficiently large amount of Portland cement, pozzolanic reactions will
be initiated. It consumes Ca(OH), and create more calcium aluminum and calcium
silicate hydrate (CAH and CSH) cementitious product formation to increase the
available pozzolanic surface area (see the nd step)(49). Moreover, it was improved
strength, workability, buffering capacity (capacity to resist pH changes) and heavy
metal leachability (15) due to the continuing formation of hydrates fills the pores and
because there is no free lime which could be leached out (37), especially under the
seawater condition(17). The small particle size fly ash also helps to reduce binding

water, decrease the pore pH (35), and act as site of adsorption for metal ions (50).
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The mechanism of hydration of fly ash can be explained as follows. The first
step is the adsorption of Ca™ ions from solution on the surface of the megatively
charged fly ash particle. This is immediately followed by an attack on the Al,O3; and
Si-O bonds. The breakdown of the aluminosilicate framework will release alkali ion
into solution. The immediate product is likely to be an amorphous material with K*
and Na" as the dominant cations. The abundant supply of Ca™ ions and the lower
solubility of CSH are an indication that the CSH gel is the first intermediate roduct
formed. Afterwards, due to the removal of Ca™ and depression of solubility of lime
under the effect of increasing alkali concentration in solution, a low Ca/Si ratio is
expect to form. The addition of Al ion in solution will promote the formation of
C4AH ;3 which later converts to hydrogernet and C3AH,. The reactivity of fly ash/lime
mixture increases by optimization of the fine particle range, due to two factors,
enlargement of the reaction surface area and the enrichment of chemically active
constituents (52). Because of the slow pozzolanic reaction of fly ash, continuous wet
curing and favorable curing temperature are required for proper development of
strength (53). Their pozzolanic reaction is attributable to the pressure of SiO, and
AlL;O3 in amorphous form (51).

Reaction between pozzolanic materials and Portland cement are shown as

follow (35):

The 1% step:  2(3Ca0.Si0,) + 6H,O - 3Ca0.2S810,.3H,0 + 3Ca(OH),
2(2Ca0.S10,) + 4H,0 —> 3Ca0.2S10,.3H,0 + Ca(OH),
The 2" step:  3Ca(OH), + 2Si0, — 3Cao0.2510,.3H,0
3Ca(OH), + 2A1,03 — 3Ca0.2A1,03.3H,0

Many researchers such as Narumit (14), Anuwat (11), and Douangsanorm
(12) attempted to utilize fly ash as cement replacement in order to improve mercury
solidification. They were found that it was produced an impermeable, solid waste
form that limited the solubility and leachability of most metals than the cement alone.

The suitable ratio of lignite fly ash mixed with cement was 1:1.
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2.6 Lime

Limestone is most important chemical characteristic to decompose
chemically into lime with high temperature. This primary product, know as quick
lime, can then be hydrated, or slaked, into hydrated lime, (Ca(OH),),i.e., the water is
chemically combined with the CaO in an equimolecular ratio(54). Hydrated lime is
25% chemically combined water by weight. Its high content of calcium hydroxide
(17) that a strong alkali and neutralizes the strongest acids, forming neutral salts, such
as calcium sulfate, magnesium sulfate and chloride (55). This form is more common
used in stabilization than quicklime because it is easier and safer to store and handle.
Lime was added in S/S process to reach a high pH value necessary for the
cementitious reactions and it also buffers the pH of the sample. So the metals are kept
in a range where they are least soluble (35).

Lanas et.al. (56) reported that Lime mortars harden in two ways at early ages,
the excess water is lost and shrinkage occurs. Almost at the same time, the
carbonation process of the calcium hydroxide transforming into CSH starts. A longer
curing time allows a higher rate of carbonation and mortars with higher calcium
hydroxide contents clearly improve their strength. Calcium in lime reacted SiO, and
Al,O3 are increasingly dissolved from the glassy phase the waste or other reagents
such as fly ash into the pore solution and are subsequently binding lime and water
towards the generation of additional hydration to produce pozzolamic cation exchange
and flocculation/Agglomeration reaction (9). It products, CSH and CAH was helped to
hold and combinet small particle for hardened solid and nonleaching (54,57). The
addition of the lime to the Portland cement has been found to counteract the retarding
action, allow a proper set, and hardening to be achieved and its buffering capacity was
increased (35,58) but even more hydrated lime remains contingent in the pore solution
due to lower active silica present which reduce the strength of the hardened(59).
Phuping(19) was found 1:1 cement to lime greatly reduces the leachability of mercury

because metal in stable form with high alkalinity of lime.
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2.7 Solidification product Testing

The assessment of the effectiveness of stabilization and solidification requires
the measurement of physical, engineering, and chemical properties of the solidified

material. They were explained as below.

2.7.1 Physical and Engineering Property Testing method
A number of tests have been adapted from civil engineering area to
evaluate the physical integrity and engineering properties of stabilized materials.

These tests are summarized in Table 2-4.

Table 2-4 Physical, Engineering, and durability property tests

Property
Physical properties
= Moisture content
Wet and dry bulk density

Purpose

Phase calculations (saturation, void ratio)
Stress and volume calculations

Specific gravity
Particle size distribution
Pocket penetrometer
Microstructure examination
Supernatant formation during curing
Engineering properties

= Strength

= Compressibility (consolidation)

= Hydraulic conductivity

Phase calculations (saturation, void ratio)
Classification descriptor

As-mixed strength

Crystallization

Curing time

Stability analysis
Settlement analysis
Flow and transport calculations

Durability properties
= Wet/dry Long-term integrity
= Freeze/thaw Long-term integrity
Source: (9)

As seen Table 2-4, there are several test methods were used to
determine the physical characteristic of solidified sample. In Thailand, the notification
of Ministry of Industry focused on density and unconfined compressive strength.
Therefore, density and unconfined compressive strength have been used to physical
characteristics sample from this study. Detail of density and unconfined compressive

strength were explained as followed.
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1. Wet and dry bulk density

The bulking (increase in volume) associated with stabilization is
evaluated by using bulk unit weights. It provide information for weight- volume
relationships and for calculating density and void volume. These data are used to
determine space requirements for ultimate disposal and to compute earth pressure in
stability calculations. This parameter was depended on moisture content, material
specific gravity. Due to a solidified material contains a number of different materials
that each having a different specific gravity and water needs for hydration (9,37).
Difference observes in density would be due to loss of water through evaporation or
by change in the volume of the final product during curing (60).

2. Unconfined compressive strength test

The unconfined compressive strength test is conducted to
determine the strength of cohesive materials. Cohesive materials include materials
ranging from soft clays to concrete. In this test, a cylindrical specimen typically 2.8
inches in diameter by 5.6 inches tall is axially loaded to failure. The axial load and
corresponding deformation are measured. From these measurements, the stress-strain
relationship plotted (61-62). Stabilized and solidified materials must have adequate
strength to enable them to support the loads of materials placed over them. The
compressive strength of cement waste forms depends on a set of parameters, of which
the most important are water to cement ratio, cement to waste ratio, type of waste and

cure time (9).

2.7.2 Chemical property testing method
Chemical testing of stabilized material relates to the deterioration of
solidified sample after attacked by chemical solution. The extracted fluid or the
identification of contaminants in the waste was analyzed. A list of chemical tests
performed on the leachate frequently employed to evaluate the effectiveness of

stabilization as follows.
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1. Total waste analysis such as Metals by inductively coupled
plasma spectrometry or atomic absorption or Organic by gas chromatography
(GC) and mass spectrometry (MS)

2. Total organic carbon

3. Loss on ignition

4. pH
5. Fourier transform infrared spectra (FTIR)

6

Differential scanning calorimetry and thermal gravimetric analy

In most cases, a reduction in the rate at which contaminants can
migrate into the environment is the first and foremost reason for selecting stabilization
and solidification as a hazardous waste management technique. In the short term,
efforts are usually taken to minimize precipitation infiltration and to collect the
leachate before release into the surrounding environment. The fluid to which the
contaminants are leached is called the leachant. After the leachant has become
contaminated, it is termed the leachate. The process by which contaminants are
transferred from a solid or stabilized matrix to the leachant. Finally, the overall ability
of a stabilized material to leach contaminants is termed leachability. The main factors
affecting leachability are the alkalinity of the stabilized product, the surface to volume
ratio of the waste and the tortuosity, a measure of the path length for diffusion (9).

This experiment used leachate extraction procedure based on the
notification of Ministry of Industry of Thailand to investigate metal leaching
concentration from the solidified sample. This test is analyzed for a wide variety of
hazardous waste constitutes. In leachate extraction procedure, the initial acidic
environment of the extraction solution was significantly changed to an alkaline
envirionment by large amount of calcium and OH™ released during agitation. In this
test, little calcim is released to neutralize the low initial pH during extraction (63).

For this reason, leaching from different leachant type was
investigated. It provides the greatest relevance to actual field conditions. Because this
test method used samples more representative of concrete placed in the environment,
i.e., uncrushed (64). The main leaching mechanism for this test was by diffusion from

the surface. Hence, this experiment were used.
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2.8 Standard of Stabilization/Solidification waste

The notification of Ministry of Industrial volume.6 (B.E.2540) (19)
determined the characteristics of stabilized/solidified waste products as the following:

I Unconfined compressive strength that analyzed by the procedure
prescribed in ASTM D-1633 and D-2166, is not less than 3.5 kg/cm2 Or can receive
the higher compressive within secured landfill.

2 Density is not less than 1.15 ton/m”.

3 The leachable substances are extracted by leachate extraction procedure,
and analyzed by using US EPA 846 or standard methods for the examination of water
and wastewater according the notification of Ministry of Industry vol. 2 (B.E. 2539),

amount of heavy metals contained in leachate will be less than or equal following

value:
Arsenic (Total) greater than 5 mg/1
Cadmium (Total) greater than 1 mg/l
Chromium (Total) greater than 5 mg/l
Lead (Total) greater than 5 mg/1
Mercury (Total) greater than 0.2 mg/l
Selenium (Total) greater than 1 mg/1

Silver (Total) greater than 5 mg/1
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2.9 Factor of solidification process

S/S processes develop a very wide variety of their properties such as waste
type, water content, binder ratio, mix ratio, curing time, and temperature (35). Each

factor was explained as below.

2.9.1 Water/cement ratio

The cementitious or pozzolanic reactions are required sufficient free
water to go to completion (35). The inadequate or larger amount of water, which has
affected the degree of hydration and porosity of solidified sample also decrease
strength (65,66). When cement is mixed with large quantity of water, the degree of
hydration and crystallization is greater. On the other hand, they turn into capacity pore
and therefore the probability of leaching from waste became increased (67) and could
probably be attributed to the interference of the sludge on the properties of hardened

cementitious binders (68).

2.9.2 Waste characteristic

The amount and types of waste would effect the capacity of
hydration reaction that also affected strength (65). Solidified sample which contained
less amount of waste possess more strength than those samples which contained
higher amount of waste probably due to the minimal interference of the properties of
hardened cement (10,12-14,36,65,68,69) by retard the cement hydration reaction (11).
Different binders showed affinity for different types of waste (66,69). Youn (11) was
found that strength and leachability of mercury was increased with their increasing
initial amount. He was assumed that the addition of some interference led to an
increase in crystalline and changed the microstructure. Rijai (69) supported that
strength decreased due to the large amount of surface area provided by the waste to
the cement particles. So, less cement available for binding aggregates required to
provides adequate strength. While density was increased with increasing amount of
waste (12,13) which contrast with Phuping studied (18).

Moreover, Particle size and shape in the waste and of the hardened

binder can play an important role in the performance of treatment processes in the
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field. Viscosity of mix can change with particle size, shape, and affect water available
for reactions (9). Roy et.al.. (57) were studied the affecting of heavy metal on
hydration process. They were reported that the heavy metals retarded hydration of
calcium silicates as indicated by the amount of unhydrated silicate grain in the
sludge/CFA (cement-fly ash) binder mixtures whereas it was abundant in CFA binder
alone. However, the absence of calcium hydroxide in sludge/CFA binder could be due
to one of the following: A lower degree of hydration of calcium silicate could have
producing a smaller amount of calcium hydroxide or hydroxyl ions from calcium

hydroxide combine with heavy metals to form complexes.

2.9.3 Binding material

Rijai (69) was found that leaching of metal depended not only the
immobilizing capacity of the binder, but also on the nature of the metal. Fly ash and
silica was demand lower water than rice husk ash due to low specific surface area
which provide contact area to adsorb water (70). Doungsamorn (12), Presert(13),
Narumit(la) and Prapisala(71) were found that density and strength was decreased
with high silica alunima (12,13), fly ash (12,14) and lime (18,70), respectively. This
showed the pozzolanic material might not have proceed to a suffecient extent to allow
the strength of fly ash sample exceed that of the pure cement (71). Poon et.al. (72)
supported that density of sample decreased while the % of fly ash in the sample

increased. This was because fly ash had a lower density than cement.

2.9.4 Solidification condition

Temperature below 0°C will cause retardation of set while those over
30°C will accelerate setting and over 60°C may completely destroy the reactions. High
humidity can also accelerate setting. Extensive mixing, especially after the gel
formation phase may destroy the solids and result in an extremely low strength
product (36). With larger surface area per unit volume, solidified samples should be
more exposed to extraction which implied the high leachability (65).

The curing period provides the samples with a progressive hydration

and a subsequent reduction in the porosity and an increase in their strength. (11-14,

44,65,66).
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2.9.5 Leachate test

Natural CO,, sulfates, and chlorides common in ground and rain water
may bring about aggressive solutions below pH 6, which can be detrimental to the
Stabilized/Solidified waste product. Cation-exchange reactions can occur between the
external solution and the cement binder. Anoins in acidic solution that form solution
calcium salts (such as calcium chloride, acetate, and bicarbonate) will leach the
calcium from the Stabilized/Solidified waste product. This is particularly damaging
because it increases the permeability of the concrete, which increases the rate of
further exchange reaction (73). Mahta (74) was suggested that OPC mortar against
acidic attack due to the fact that they contain high lime (CaO) which upon hydration
releases a considerable portion of free lime. Cheng et.al. (75) and Shively et.al. (76)
were reported that the leaching mechanisms of solid waste in a mild acid environment
controlled by the acidity in the solution. The concentration of acidic in the aqueous
phase and in the solid phase drive the acids from the leachant into the waste form.
Acid might decompose cement paste by dissolving lime and some alumina. Cassell
and Walker (77) were commented that the heavy metals get precipitated by the cement
hydration product Ca(OH); or get enmeshed and/or adsorbed in the cement matrix in
the calcium silicates present in the binder. As every solidified sample possesses the
same capacity of adsorption —precipitation, the total amount of heavy metal in the
leachate increases when their initial amounts in the waste was increased.

Suwimol (78) who studied zinc, chromium and iron contain
electroplating sludge was solidified using cement with fly ash. She was observed that
concentration of metals in the leachants extract was higher compares to that extracted
from the monolithic samples with leachant pH 4,8,11. This effect is due to the increase
in surface area of contact, which can accelerate the release of metal from the solidified
waste.

Jian et.al. (79) was investigated the effect of CI', POs>, AC", SO,%,
COs” and Pb** on mercury leaching from solidified sample using reactivated carbon
(PAC). They found that mercury was release with increasing Cl° concentration is
attributed to the dissolution of the adsorbed mercury through its complexation.
Cement solidification of PAC stabilized surrogates significantly reduced interence by

the CI', by forming a barrier outside of the activated carbon particles.
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Wichai (64) was using ordinary portland cement and the mixture of
rice husk ash and ordinary portland cement as binder to stabilize chromium sludge.
The leachability test was used acetic acid, synthetic seawater, concentrated sulphate
solution (60 ppm), concentrated bicabonate solution (400 ppm) and deionize water as
extracted solution. The highest leachate of chromium was observed from the acetic
acid and synthertic seawater while the other extraction solutions showed no significant
difference. Due to acetic acid was deteriorated cement matrix while SO,> within
seawater was react with calcium hydroxide to produce gypsum sediment

(CaS04.2H,0) more than CSH that resulted more porous and the swell samples.
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Several researchers studied mercury contain waste solidification by using

various binding material. Their desired condition and optimum condition that affect on

solidification properties of sample was summarized as Table 2-5.

Table 2-5 Relevant research study on mercury solidification

Researcher Waste type Desired condition Optimum condition
Chang Synthetic waste Binder = OPC and PRHAC Ws/B =0.25
(1989) (Cr,Cu,Hg) Ws/B =0,0.1,0.25,0.5,1.0 W/B = 0.5 OPC and 0.7 PRHAC
W/B =0.35,0.5, 0.7 Curing time = 28
Curing time = 1,3,7,14,28
Youn COD wastewater  Binder = OPC and Lime-RHA  Ws/B = 0.25
(1990) (Cr,Hg) W/B OPC = 0.45, 0.5,0.6 W/B =0.5 OPC
W/B Lime —-RHA =0.85,0.90,1 and 0.9 lime —-RHA
Ws/B=0-1.0 Ws/B =0.5
Curing time = 1,3,7,14,28 Curing time = 28
Chang et.al. Chlor alkali sludge OPC/F/S = 50/0/50, OPC/F/S=30/30/40
(1993) (Hg) 40/15/35,2,35/15/50,40/10/40,40 Na,S = 15
/20/40,30/30/40 FeSO, =5
Na,S=5-25
FeSO, =5
Narumit COD wastewater Ws/B =0- 0.5 Ws/B =0.25
(1994) (Hg, Cr, Fe and Pb) W/B =0.35- 0.7 W/B =0.5
% fly ash=0- 75 % fly ash = 0 and 50
Curing time = 1,3,7,14,28 Curing time = 28
Anuwat(1996) COD wastewater  OPC: fly ash =1 : 1 Na,S =3
(Cr,Hg) Na,S=0-45 Ws/B =0.25
lamp sludge (FL)  Ws/B =0.25,0.35,0.5, 0.6, 0.6 Curing time = 28
(Hg,Cr) Curing time = 1,3,7,14,28
Doungsamorm metal hydroxide % silica=0— 40 COD and FL. % silica =40 COD and 20 FL
(1997) (Cr,Hg,Fe,Cu,Ni) % fly ash = 0-100 for FL % fly ash = 50 FL
lamp sludge (FL) Na,S=1.0-2.0 Na,S =1.75 fly ash and 0.5 silica
(Hg,Cr) Ws/B=0-0.75 Ws/B FL = 2.5 fly ash 1.5 silica
folder Sludge W/B =0.5 Ws/B COD = 0.75 for silica
(Hg,Cr) Curing time = 1,3,7,14,28 Curing time = 28 FL and 7 COD
COD wastewater
(Hg,Cr)
Phuping  Paint sludge Binder = OPC and 1:10PC:lime Binder = OPC paint sludge and
(1999) (Cd,Cr,Hg) Na,S =3 1:1 OPC:lime pam} dust
Paint dust Ws/B = 0,1:9,1:3,1:1,3:1 Ws/B = 1:1 for paint sludge
(Cd,Cr,Hg) W/B =03 — 07 and ,3:1 for paint dust
Curing time = 28 W/B =0.4
Prasert COD wastewater  Silica alumina = 50 — 100% Silica COD = 60 and 100FL
(1998)  (Cr,Hg) Na,$ = 1.75 Na,S =1.75
lamp sludge (FL) Ws/B =0 - 0.75 Ws/B =0.5 COD and 0.75 FL
(Hg,Cr) W/B = 0.5 Curing time =7 COD and 3 FL

Curing time = 1,3,7,14,28

Remark : Ws/B = waste to binder ratio, W/B = water to binder ratio, OPC = Portland cement,
FL=Fluorescent lamp, PRHAC= Portland cement rice husk ash, F=Fly ash, S=Sludge
Source: (10,11,12,13,14,18,42,80)
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From the previous report in the literature for mercury contain waste
solidification, the factor conditions were shown as following.

1.  Water to binder ratio: the efficient of the solidification process was
influenced by water to binder ratio. From the relevant research, it was found water to
binder ratio that showed highest efficiency of solidification properties at 0.5. Thereby,
the recent study emphasizes on determining the optimum water to binder condition at
0.5 (12-14,42).

2. Sodium sulfide concentration: Anuwat(11), Doungamorn(12), Prasert
(13) and Chang et.al.(80) were reported that sodium sulfide was appropriate to
stabilize mercury before solidification process. They was found the reduction of
leachate were lowest when mercury was solidified in the sulfide form. Thereby, 1.75
time stochiometer of mercury was used in this study.

3. Proper ratio of waste to binder was varied from the ratio of 0.25:1 to
3:1, depend on binding material. The weight ratio of waste to binder of 1:3, 0.5:1, 1:1,

2:1 and 3:1 were used in this study.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Experimental Procedure

This research was designed to study the capability of lime and lignite fly ash
as cement replacement in spent fluorescent lamp solidification. The purpose of
studying lignite fly ash and lime was principally to improve the properties of the
binder, especially to decrease the cement using.

Moreover, the curing time for solidifying the samples including the leaching
of mercury that simulate the immersed solidified sample in different leachant could be
studied to investigate the optimum operating conditions. The experimental design was

separated into 2 sections as followed:

3.1.1 Solidification of spent fluorescent lamps

This section was to find the optimum ratio of cement, lime and fly ash
(binder ratio) and the mixing ratio of spent fluorescent lamp to binder (waste ratio) for
solidification process at 28-days curing time. The various experimental conditions
were conducted as followed:

e The ratios of cement, lime and lignite fly ash (binder ratio) were
50:00:50, 40:10:50, 40:20:40, 30:10:60, 30:20:50, 30:30:40 and 00:30:70.

e The mixing ratios of spent fluorescent lamp to binder (waste ratio)
were 1:3,0.5:1, 1:1, 2:1 and 3:1

The density, unconfined compressive strength, and mercury leaching
concentration of solidified sample as defined in notification of Ministry of Industry
volume.6 (B.E.2540) (19) were considered to selecting the optimum ratio. It should
had density value not less than 1.15 ton/m’, unconfined compressive strength value
not less than 3.5 kg/cm2 and mercury leaching concentration value not more than 200
pg/l. This ratio could be low cost of binder material for solidification but it should be

high content of waste for economical evaluation.
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3.1.2 Curing time investigation
In this section, the solidified sample which resulted from the
optimum mixing ratio in previous section was preceded. The effects of curing time on
density, unconfined compressive strength, and mercury leaching concentration were
investigated to find out the optimum curing time which passed the requirement of the
notification of Ministry of Industry volume.6 (B.E.2540).
e The curing time range of was 7, 14 and 28 days
In addition, the effect of four different leachants on solidified sample
was studied as well as the mercury leaching concentration of solidified sample was
evaluated and used to establish the optimum operating conditions.
e The leachants in this study were SO42', HCOy5", Acetic acid and
Seawater
All experiments were repeated three times to ensure the reproducibility. The
schematically diagram was shown in Figure 3-1 and the general procedure of this

study was described as follows:

Waste sample preparation ® Concentration of total mercury

e Crushed SFL and sieved —®

v

Solidification Process

® Mercury leaching concentration

e 7 binder ratio Properties of sample

¢ 5 waste ratio of L | ®Density - p{ Optimum binder ratio
SFLG:Binder e Strength and waste ratio

e Water/binder = 0.5 (12-14) e Mercury leaching

® Curing time = 28 days

¢ Properties of sample
—p{ ® Density
Curing time investigation e Strength
® 3 curing time N ® Mercury leaching
4 leachants for 5 Mercury Optimum
| immerse sample leaching g curing time

Figure 3-1 Flow diagram of the experimental procedure
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3.2 Materials and Instruments

3.2.1 Instruments
The instruments used in the experiment were as followed:
Sieve mesh
Balance
pH meter
Filter vacuum set
Cylindrical mold (7.1 mm in diameter and 15.2 in high)
Vernier
Testing machine (ELF model Autotest 3000)
3 liter plastic container
Orbital shaker
10 Microwave digester (CEM model 047919 MARX HP 1500)

O o0 9 N N B WD =

11 Atomic absorption spectrophotometer equipped with mercury
analyzer (Varian model 220FS with VGA-77)
12 Saline reflectrometer

13 Glass containers

3.2.2 Materials
Materials were used as binder in the experiment were as followed:
1 Portland cement type I, the Elephant brand
2 Lignite fly ash that was obtained from Maemoh power plant of
electrical generate authority of Thailand.

3 Lime that was supplied from CA calcium company limited.

3.2.3 Chemical reagents
The chemical reagents for all experiment were as followed:
1 Nitric acid (HNO3)
2 Sulfuric acid (H>,SOy)
3 Acetic acid (CH;COOH)
4 Sodium sulfide (Na,S)
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5 Sodium carbonate (Na,HCO5s)
6 Sodium sulfide (Na,SOy4)
7 Synthetic saline water
8 Distilled water
3.3 Methodology

The procedure to reach the objectives of this study were divided into 4 parts

as followed:

3.3.1 Waste Sample preparation

To prepare for the solidification process, the spent fluorescent lamps
were initially washed in tap water to remove dust and undesirable contaminants. All
lamps were hit under water to avoid the mercury releasing and then the glass waste
was separated from water followed by ground and sieved less than 9.5 mm. Thus, the
spent fluorescent lamp ground waste (SFLG) and wastewater that contained mercury
were prepared to use in the experiment. The figure of sample preparation was shown
in appendix C.

The original waste sample was first characterized, SFLG was analyzed
by the procedure prescribed in US.EPA method 3051A (81) and by the Ministry of
Industry notification vol. 6 (B.E.2540) (19). In addition, the concentration of mercury
contained in wastewater was analyzed by the standard method for the examination of

water and wastewater 19™ed (82).

3.3.2 Solidification of spent fluorescent lamps

SFLG from waste sample preparation was pretreated by adding sodium
sulfide (Na,S) 1.75 times stochiometer of mercury contained in original waste sample
(12-13). Then, both SFLG and wastewater were precipitated with mercury and turn
into mercury sulfide. During the experimental study, solidified sample was performed
in the same process by adding SFLG into binder material (as cement to lime to fly ash
or C:L:F) with desired binder ratio and mixing ratio (see the details design weight of
SFLG and binder (C:L:F) in appendix A), followed by addition of wastewater

contained mercury that used in the stimulated samples instead of tap water at water to
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binder ratio of 0.5 (12-14). Then, mixture was poured in cylindrical molds (14.2 cm.-
height and 7.1 cm.-diameter length). Produced solidified sample was left at ambient
condition for 28 days. In this section, density, unconfined compressive strength, and
mercury leaching concentration of solidified sample were investigated in order to find
an optimum condition according to the notification of Ministry of Industry volume.6
(B.E.2540) to solidify SFL which would be used in further studies.
Various experimental conditions and experimental procedure were

conducted as follows.

e Five difference mixing ratios of SFLG to binder (waste ratio)
were varied from 1:3, 0.5:1, 1:1, 2:1 and 3:1.

e Seven various binder ratios(C:L:F) were 50:00:50, 40:10:50,
40:20:40, 30:10:60, 30:20:50, 30:30:40 and 00:30:70.

3.3.3 Curing time investigation

This section was conducted to investigate the effect of different curing
times on solidified sample properties. The optimum mixing ratio of spent fluorescent
lamp ground waste to binder from the result of previous experiment was selected to
use in this section. Solidified samples were prepared according to previous experiment
(3.3.2) but placed at ambient condition after demold in different time of- 7, 14 and 28
days. After completion of each curing time, the density; unconfined compressive
strength and leaching of solidified samples were determined. The notification of
Ministry of Industry volume.6 (B.E.2540) (19) were considered to selecting the
optimum curing time.

Moreover, The effect of different leachants on mercury leaching
concentration of solidified samples by means of leaching test were investigated.
Acetic acid, Seawater, SO42', and HCOs; were used as the leachant (64). After
completion of the desired time length, solidified sample (uncrushed sample) were
immersed in 2.5 L of designed leachants into the 3 L container without agitation for 7
days (see figure of procedure in appendix C). Then, the leachates were removed and
filtered through 0.6-0.8 um filters to determine the mercury concentration.

The acetic acid solution was chosen to simulate the condition of

sanitary landfill environment during the acid stage of decomposition of municipal
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solid waste. It was prepared from 0.1 acetic acid diluted with distilled water to a pH
equal to 5.

Whereas, Seawater was used to observe mercury leaching from the
solidified sample which immersed near coastal area. Seawater was used in this study
was the synthetic seawater, which was prepared by dissolving 2000 g of substance in
distilled water and then diluted to 60 liters.

For 60 ppm of SO4>, It should be in a reproducible form, which was
allowed to predict the sulfates in ground and rainwater of solidified sample. It was
prepared by dissolving 8.88 g of Na,SO; in distilled water and diluted to 10 liters.

Furthermore, 400 ppm of HCO; was chosen to simulate the condition
of salts or alkalis to solidified sample. It was prepared by dissolving 8.88 g of
Na,HCOj; in distilled water and diluted to 10 liters (64).

3.4 Analytical methods

In this section, total mercury concentration and mercury leaching
concentration were examined for the characteristic of SFLG, and concentration of
total mercury was examined for mercury contained in wastewater. The ability of a
solidified sample was determined by density, unconfined compressive strength and
mercury leaching concentration. The methods for analyzing of each parameter were

summarized in Table 3-1 and their procedures were described as followed:

Table 3-1 Analytical parameters and methods

Parameters Methods/Equipment Ref
Total mercury concentration US.EPA method 3051A (81)
/ CEM model 047919 MARX HP1500
Mercury leaching concentration Leachate extraction test/ The notification (19)
of Ministry of Industry volume.6 (B.E.2540)
Unconfined compressive strength ASTM D 1633-90 and ASTM D 2166-91 (61,62)
/ ELF model Autotest 3000
Density Balance and Vernier

Concentration of total mercury APHA/ Varian 220FS with VGA-77 (82)
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3.4.1 Total mercury concentration
Total mercury concentration of the spent fluorescent lamp ground
waste was analyzed by using microwave-assisted leach method 3051 A according to
the US.EPA. At first about 0.5 g of sample was added with 10 ml concentrated HNOs3,
and then the acid mixtures were inserted in microwave digester (CEM model 047919
MARX HP1500) with an advanced composite vessel at 175 C for 5.0 min and hold at
175 C for 4.0 min. After cooling, the solution was filtered to analyze the mercury in

the filtrates.

3.4.2 Leachate extraction test

The leachate extraction test was used to assess the leaching of mercury
from the spent fluorescent lamp ground waste and solidified sample. Crushed sample
was passed through a 9.5-mm standard sieve. Then, about 10 g of crushed sample was
transferred into a 250 ml elmeryer flask which contained extraction leachant (prepare
from 80:20 of H,SO4 by HNO;) 20 time of the weight of crushed sample. After that,
shook at 200+5 rpm for 18 £2 hours at the temperature 25°C in orbital agitation device
and then separate the leachate through 0.6-0.8 pmfilters, ard the filtrates were

analyzed for mercury

3.4.3 Mercury analyze method
This method was used after the microwave-assisted leach method 3051
and the leachate extraction test. It was used to determine amount of mercury by using
a cold vapor atomic absorption: CV-AAS (EPA method 7470). VARIAN model
220FS atomic absorption spectrometer was equipped with VARIAN model VGA-77

cold vapor analyzer were used.

3.4.4 Density
An electronic balance was measured the mass of the solidified sample
using in the test at the room temperature. Whereas, height and diameter were

measured by the vernier. Thus, density could be reported as mass/volume.
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3.4.5 Unconfined compressive strength (UCS)

The unconfined compressive strength was measured the compressive
strength and/or the shear strength of a nomolithic matrix without lateral confinement
on sample having a diameter of 2.8-inch (7.1-cm) and a height of 5.6-inch (14.2-cm).
These specimens were then tested in a testing machine (ELF model Autotest 3000) to
determine their unconfined compressive strength. A modified ASTMD1633- 90 (75)
and ASTM D2166-91 (76) method was employed, i.e. the UCS test was continued
until the load on the solidified specimen peaked and decreased slightly. With only a
verticalloadamthespecimenthemajorprincipalstres o wasintheverticaldirection,
while the minor principal or horizontal or lateral stress was zero. The instantaneous
stress test on the specimen could be expressed as

c = P/A

Where P is the load on the specimen at any instant and

A is the cross sectional area of the specimen for the corresponding load

3.5 Data Analysis

Data was conducted as the average and the standard deviation to presented in
forms of table and line graphs. The results of density, unconfined compressive and the
leaching of mercury were compared with the standard limit as notification of Ministry
of Industry vol. 6 (B.E.2540) (19). The analysis of variance (ANOVA) that
determined the effect of mixing spent fluorescent lamp ground waste ratio to binder
ratio on density unconfined compressive strength and leaching test was conducted at
the alevelof0.05. when significant differences were observed, the Duncan’s multiple
range test (DMRT) multi- comparison test at 95% confidence level was further
determined. In investigation of different curing time and various leachant tests, the
effect of curing time and type of leachant were also conducted as in the mentioned.
Moreover, the effect of binder ratio at same curing time of solidification process and

at same leachant in each curing time were determined by paired t-test.
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CHAPTER 4
RESULTS AND DISCUSSION

This study investigated the capability of lime and lignite fly ash as cement
replacement for spent fluorescent lamp solidification. Initially, spent fluorescent lamp
were characterized in term of total mercury concentration and mercury leaching
concentration. Then, spent fluorescent lamps were mixed with binder at waste ratio
1:3,0.5:1, 1:1, 2:1 and 3:1 to prepare solidified sample at 28 days curing time. Binder
ratios were varied from 50:00:50, 40:10:50, 40:20:40, 30:10:60, 30:20:50, 30:30:40
and 00:30:70. These ratios were added to each waste ratio. All solidified samples were
tested to determine density, compressive strength, and mercury leaching concentration
under the required standard as defined by the notification of the Ministry of Industry
volume.6 (B.E.2540). Then, the optimum waste ratio and binder ratio were selected
and subjected to further experiment, when the solidified samples were cured in various
curing time, i.e. 7, 14 and 28 days. Thereafter, the properties solidified sample were
examined to find out the optimum curing time. In addition, types of leachant would
also be investigated to determine the effect of leachant on mercury leaching
concentration of solidified sample at different curing time. The results of experiment
were shown under 3 topics as the following:

4.1 Characteristics of the waste samples

4.2 Solidification of spent fluorescent lamps

4.3 Curing time investigation
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4.1 Characteristics of the waste samples

In this study, spent fluorescent lamps (SFL) were used as waste sample. They
were collected from the waste disposal plant by grab sampling during the experiment.
All the SFL were crushed under water to avoid mercury dispersion. Then, the glass
lamp was separated from water, ground and sieved passed the 9.5 mm sieve. From this
process, the waste was separated into two types. There were the spent fluorescent
lamp ground waste (SFLG) and Hg-wastewater as shown in Figure 4- 1 and their

characteristics were presented in Table 4- 1.

a) b)
Figure 4- 1 Two types of waste from the preparation process

a) Spent fluorescent ground waste (SFLG) and b) Hg-wastewater

Table 4- 1 Characteristics of the waste samples

Parameter Value  Analytical method
Spent fluorescent ground waste (SFLG)
e Total Hg concentration (1g/g) 31.9 US.EPA method 3051A (81)

e Mercury leaching concentration (ug/l) ~ 23.7  The notification of
the Ministry of Industry volume.6

Hg-wastewater
e Concentration of total mercury (ug/l)  240.0 APHA (82)

The result of SFLG analyzed by using US.EPA method 3051A, and found
that the total mercury concentration were 31.9 pg/g. This value was close to Jang et.
al. (26) studies, showing that 10-70 pg/g mercury remained onto broken glasses.

When leachate extraction test used for mercury leaching concentration
determination, it was found that 23.7 pg/l of mercury leached out from SFLG. This

value was lower than the notification of the Ministry of Industry volume.6 (B.E.2540)
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(200 png/l) and values from Anuwat (11), Douangsamorn (12) and Prasert (13) studies.
There were 770 pg/l, 2,279 ng/l, and 307 pg/l, respectively.

Jang et.al. (26) suggested that mercury existed on the glasses at various levels
depending on the different sources of waste. From the researches of Anuwat (11) and
Douangsamorn (12), waste was collected from broken fluorescent lamp residue from
the Samare-dum industrial waste treatment center. Prasert (13) was used sludge from
out of control treatment of fluorescent lamp factory. Therefore, low concentration of
mercury would be content in waste in this research, preparing in laboratory scale.
During the process of preparation, mercury that adsorbed into the phosphorus powder
(that coated along the inside of the glass) was conducted by water (25). Consequently,
total mercury from the wastewater, 240 pg/l, was higher than mercury leaching
concentration from SFLG. This result was similar to the concentration of total
mercury that reported by Jang et.al. (26), 400 — 2,000 pg/1.

It was interesting to point out that this value was higher than wastewater
quality standard from factory ( 5 pg/l) (83) and surface water standard ( 2 pg/l) (84).
Therefore, both of SFLG and of wastewater should be treated by solidification process

to minimize release of mercury in SFL to the environment.

4.2 Solidification of spent fluorescent lamps

This section cement, lime, and fly ash were used as binder for SFL
solidification process. Binder ratios were varied from 50:00:50, 40:10:50, 40:20:40,
30:10:60, 30:20:50, 30:30:40 and 00:30:70, and added to solidify SFLG at the mixing
ratio of SFLG to binder (waste ratio) of 1:3, 0.5:1, 1:1 and 2:1. In this experiment, the
waste ratio of 3:1 could not be taken in this study because the mixture became so dry
and did not retain their physical integrity after molding period. The water to binder
ratio consumption, by the laboratory mix, was kept at 0.3 for solidified sample. It was
lower than the anticipated ratio in the experiment design, water to binder ratio = 0.5,
because too much water leaked out of mold after molding period. The low water
demand in sample contained fly ash, due to low specific surface area to adsorb water

(70).
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This section, solidified samples were left on ambient condition for 28 days.
They subjected to density, unconfined compressive strength and the leaching of
mercury test as defined by the notification of the Ministry of Industry volume. 6
(B.E.2540), to investigate the optimum binder ratio to solidify optimum SFLG. The

results were explained as followed:

4.2.1 The effect binder ratios and waste ratios on density of solidified
samples

Table 4-2 showed the results of density values of solidified samples
that contained different binder ratios and waste ratios. There were observed that
density of the samples increased upwards as the waste ratio increased from 1:3 to 2:1
in all binder ratios. At 2:1 waste ratio highest density was detected at all binder ratios.
This result was similar to Narumit (14) and Prasert (13) studies. Prapisala (71) was
indicated that density was increased with the increasing of waste amount because the
higher specific gravity of waste than binder. With this reason, it was assumed in this
study that the SFLG had a higher specific gravity than binder: cement (3.15), lime
(2.3-2.9), and fly ash (2.10-2.16). The density was increased due to the increasing of
waste ratio. Statistical analysis showed that no statistically significantly difference
(p-value < 0.05) was shown in density value of different waste ratios, compared at
same binder ratio.

The density of the entire waste ratios, which solidified at 50:00:50
binder ratio was increased largely but at 00:30:70 binder ratio was increased smaller
(see Figure 4- 2). Poon et.al. (72) and Prapisala (71) reported that the replacement of
cement by lime and fly ash gave adversely affected on density because lime and fly
ash had lower specific surface area than cement as mentioned above. The density of
solidified sample decreased, when the amount of cement in binder was also decreased.
The lowest density (1.4246 ton/m?) of solidified samples was given by 1:3 waste ratio
with 00:30:70 binder ratio while the highest density (1.9970 ton/m”) was shown by 2:1
waste ratio with 50:00:50 binder ratio. However, density of all solidified samples was
higher than the requirement density (1.15 ton/m’) for secure landfill and no
statistically significantly difference (p-value < 0.05) was shown in density value of

different binder ratios, compared at same waste ratio.



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Appro Techn for Resou and Env Dev) / 43

From all above, it was concluded that the density was increased due to
the increasing of waste ratio, and decreased due to the increasing of lime and fly ash in

binder ratio.

Table 4-2 The results of density of solidified samples in various binder ratios and

waste ratios

, ) Density (ton/m’)* in various waste ratios
Binder ratios

1:3 Ol; 1:1 2:1
50:00:50 1.8668% 1.9569** 1.8989% 1.9970%*
40:10:50 1.7648** 1.8612%® 1.8695°° 1.9262°°
40:20:40 1.7011% 950 1.8562¢4° 1.8535"°
30:10:60 1.7057%# 1.7801**° e 11 1.9256¢
30:20:50 1.6567% 1.7375°° 1.8155¢ 1.8590"¢
30:30:40 1.6346% 1.7165°° 1.7969"¢ 1.8489°¢
00:30:70 1.4246°* 1.5817%#® 1.6592*° 1.7281*°

Remark: *Mean value, Different letters (row, column) is significant differences at p-value < 0.05
Notification of the Ministry of Industry No.6 (B.E.2540) is not less than 1.15 ton/m’

22 Ty

— Standard
—=— 50:0:50
—4&—40:10:50
—>%—40:20:40
—¥—30:10:60
—e—30:20:50
30:30:40
——(:30:70

—
o]
|
T

Density (ton/m’)
N
|

1 f f f |
0 1:3 0.5:1 1:1 2:1

Waste Ratio

Figure 4-2 Density of solidified samples in various binder ratios and waste ratios
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4.2.2 The effect of binder ratios and waste ratios on unconfined
compressive strength of solidified samples
The strength values of solidified samples in various binder ratios and
waste ratios were showed greater than the notification of the Ministry of Industry
volume.6 (B.E.2540), which required for landfill solidified waste (3.5 kg/crnz). The
highest strength was 133 kg/cm® at 1:1 waste ratio with 50:00:50 binder ratio and the
lowest was 14.48 kg/cm? at 2:1 waste ratio with 00:30:70 binder ratio. Another notice,
the result showed a statistically significant difference among binder ratios, compared
at same waste ratio. Additions of 2:1 waste ratios had the largest effect eliminated the
development of strength on all the binder ratios. The results were presented in Table

4-3.

Table 4-3 The results of unconfined compressive strength of solidified samples in

various binder ratios and waste ratios

Unconfined compressive strength (kg/cm®)” in various waste ratios

Binder ratios

1:3 0.5:1 1:1 2:1
50:00:50 121.60%* 129.40%° 133.30%° 85.33%°
40:10:50 122.68%° B\ V) 86.91%* 99,728
40:20:40 96.72°" 113.02%4¢ 87.21°° 69.17>*
30:10:60 76.99>? 104.50°*° 124.44°° 91.54%
30:20:50 118.30*° 80.46"* 69.00" 77.16™*
30:30:40 95.27°° 66.12°* 57.16™* 70.73>*
00:30:70 19.45%® 53.91*¢ 24.44*° 14.48"

Remark: *Mean value, Different letters (row, column) is significant differences at p-value < 0.05
Notification of the Ministry of Industry No.6 (B.E.2540) is not less than 3.5 kg/cm’

As shown in Figure 4-3, there were two different types of strength
curves. One was trend to increase slightly with the addition of small amount of waste.
The waste ratios were further increased, the strength of the samples was gradually
decreased. At 40:20:40 and 00:30:70 binder ratios, the maximum strength was reached
at 0.5:1 waste ratio. At 50:00:50 and 30:10:60 binder ratios, the maximum strength
was reached at 1:1 waste ratio. The other remaining binder ratios gave the other type

of curve, decreasing with the addition of waste from 1:3 to 2:1.
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Figure 4-3 Unconfined compressive strength of solidified samples

1n various binder ratios and waste ratios

Rijai (69) was reported that the various binder, produce different effect
on the solidified sample. Therefore, several ratios of cement, fly ash, and lime content
in binder were produced different strength effect.

Roy et.al. (57) were supported that the increasing of fly ash as cement
replacement was decreased the strength due to the less hydration reaction products,
Ca(OH,), to react with silica oxide and alumina oxide in fly ash. The result of
insufficient pozzolanic reaction was extended to allow the strength of the high amount
of fly ash exceed that of the high amount of cement binder (72). The result agreed
with the earlier work by Phuping (18) and Narumit (14).

Moreover, Lanas (56) and Antiohos (59) reported that the strength of
sample was increased with the increasing of lime into pozzolans material such as fly
ash. On the other hand, the larger amounts of lime caused the decreasing of strength in
sample contain cement. This behavior was correlated with the available of silica of
cementitious material. The active silica of pozzolans reacted with lime which
increased the strength. However, it was well known that lime did not have

cementitious properties. Thus, cement was substituted by more lime is similarly
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depleted the active silica, but even more lime remain in the sample due to lower active
silica present of unreacted lime which large pore. This result led to their severe weak
and reduced the strength.

Additionally, Jaggi (66) indicated that less amount of waste was
reduced interference by the waste on the properties of hardened binder. As a result, it
possess a higher strength than those samples that contained higher amount of waste.
Rijai (69) was supported that the higher waste content could cover on cement particle
and retard the hydration reaction process. This mean less Ca(OH), reacted with SiO,
formation of CSH occurred uncontinuously. The strength could not develop normally.
Many researchers such as Anuwat(11), Doungsamorn (12) and Narumit (14) also
supported this statement.

As mention above, it was indicated that waste ratio and the ratio of
cement to lime and fly ash affected the strength value. It was slightly decreased with

the waste ratio and the portion of lime and fly ash in binder was increased.

4.2.3 The effect of binder ratios and waste ratios on mercury leaching
concentration

Table 4-4 and Figure 4-4 showed the effect of binder and waste ratio on

mercury leaching concentration. The results indicated that at waste ratio 1:3 and 0.5:1

were low leaching of mercury from almost solidified samples. It was significantly

increased with increasing the ratio of waste. Mercury leaching concentration at

00:30:70 binder ratio was gradually increased with increasing of waste ratios.

Table 4-4 The results of mercury leaching concentration of solidified samples in

various binder ratios and waste ratios

Mercury leaching concentration (pg/l)” in various waste ratios

Binder ratios

1:3 0.5:1 1:1 2:1
50:00:50 0.53%4 0.80** 0.83%% 1.40*°
40:10:50 0.77% 0.97** 1.67°° 2.20°¢
40:20:40 0.77* 1.07* 1.80°° 2.27%¢
30:10:60 0.83** 1.10* 2.10bcd2 2,535
30:20:50 1.07% 1.13%* 2.20°4° 3.50%¢
30:30:40 1.10% 1.17% 2.50%° 3.90°%¢
00:30:70 1.27> 2.27™° 2.83°%¢ 4.03%

Remark: *Mean value, Different letters (row, column) is significant differences at p- value < 0.05
Notification of the Ministry of Industry No.6 (B.E.2540) is not more than 200 ng/l
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At 50:00:50 binder ratio gave significantly the lowest mercury leaching
for every waste ratio while 00:30:70 binder ratio gave the highest. However, the
amount of mercury leached out from all solidified samples were not excess the
Notification of the Ministry of Industry volume.6 (B.E.2540) requirement for landfill
solidified waste, which is less than 200 pg/l.

Rijai (69) was suggested that the mercury leaching concentration was
increased with the increasing of waste ratio due to the enlargement of the interference
caused of the waste constituents on binder. It was covered on binder particle and
retarded the hydration process. As a result, less Ca(OH), and also CSH, hydration
reaction product, was produced for enmeshed and/or adsorbed mercury in solidified
sample. Hence, the more SFLG contained in sample, the more mercury was leached
out. This result was corresponding to Anuwat (11), Prasert (13), Narumit (14) and

Phuping(18) studies.
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Figure 4-4 Mercury leaching concentration of solidified samples

in various binder ratios and waste ratios
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Furthermore, Poon et. al. (38) suggested that binding of heavy metal
and their consequent leaching was related to the binding mechanisms of mercury in
the binder. They were observed that mercury was located or adsorbed on pore surface
of solidified sample and would leach out along with the alkalinity in leachate. The
large cement replacement with fly ash was increased mercury leaching from sample
might be due to slightly less alkalinity produced during hydration reaction in binder.

It was well known that lime had high alkalinity but very porous and did
not have cementitious properties. Thus, lime increment lead to porosity increased (56).
This resulted in a less bond available between the complex compound and mercury,
meaning that less mercury could be entrapped in the complex compound allowing
more mercury leached out. Hence, mercury was higher absorbed in 50:00:50 binder
ratio than 00:30:70 binder ratio. This was agreed with Anuwat (11), Prasert (13) and

Narumit (14) studies.

4.2.4 Selection of optimum binder and waste ratio
The Notification of the Ministry of Industry No.6 (B.E.2540) required

for landfill solidified waste was used to investigate an optimum binder to solidify
optimum waste ratio. Thus, density, unconfined compressive strength, and mercury
leaching concentration were considered for selecting the optimum ratio in this study.
Their value presented as below.

e Density not less than 1.15 ton/m”,

e Unconfined compressive strength not less than 3.5 kg/cm®

e Mercury leaching concentration not more than 200 pg/l.

According to the results of the effect of various waste ratios and binder
ratios on density, unconfined compressive strength and mercury leaching
concentration as presented in section 4.2.1-4.2.3. It found that density and unconfined
compressive strength of all binder ratios and waste ratios were high enough for secure
landfill disposal while the mercury leaching concentration of those ratios were lower
than critical value. Therefore, it was indicated that every binder ratios could be used

for spent fluorescent lamp solidification. The result can be summarized in Table 4-5.
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Thus, the ratios that met the solidified sample properties were used to estimate the cost

of spent fluorescent lamp disposal and economic point of view was considered.

Table 4-5 The results of the properties of solidified samples in various binder ratios

and waste ratios

Binder Density® Strength” Hg concentration”

ratio 1:3  0.5:1 1:1 2:1 1:3 0.5:1 1:1 2:1 1:3 05:1 1:1 2:1
50:00:50 (1.8668 1.9569 1.8989 1.9970 |121.60 129.40 133.30 85.33 [0.53 0.80 0.83 1.40
40:10:50 [1.7648 1.8612 1.8695 1.9262 [122.68 115.13 86.91 99.72 |0.77 097 1.67 2.20
40:20:40 [1.7011 1.8252 1.8562 1.8535(96.72 113.02 87.21 69.17 |0.77 1.07 1.80 2.27
30:10:60 |1.7057 1.7801 1.8311 1.9256 | 76.99 104.50 124.44 91.54 |0.83 1.10 2.10 2.53
30:20:50 |1.6567 1.7375 1.8155 1.8590(118.30 80.46 69.00 77.16 [1.07 1.13 2.20 3.50
30:30:40 |1.6346 1.7165 1.7969 1.8489|95.27 66.12 57.16 70.73 |[1.10 1.17 2.50 3.90
00:30:70 (1.4246 1.5817 1.6592 1.7281|19.45 5391 24.44 1448 |1.27 227 2.83 4.03
Remark: “ Notification of the Ministry of Industry No.6 (B.E.2540) not less than 1.15 ton/m’

b Notification of the Ministry of Industry No.6 (B.E.2540) not less than 3.5 kg/cm®
¢ Notification of the Ministry of Industry No.6 (B.E.2540) not more than 200 pg/!

An economic study of binder ratio was done for 1000 kg (1 ton) of
waste material (SFL). The comparative study considered only the material cost that
based on market price, as shown in Table 4-6 while the production method,
equipment, labour and the other related expenditures are the same. The estimated cost

was evaluation under assumption as follows in Table 4-7.

Table 4-6 Unit cost of materials used in solidification process

Material Price (Baht/ton) Source of Material

Portland cement 2539, Siam city public company limited

lime 2,000 CA calcium company limited

Sodium sulfide 15,000 Eastern Thai Consulting 1992 Co.,Ltd.
Water 10 (per m?) Provincial waterwork Authority

fly ash 250 Electricity Generating Authority of Thailand

Remark: * Based on costs in April, 2005.
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Table 4-7 Cost of spent fluorescent lamp solidification in various binder ratios and

waste ratios.

Material content / 1000kg of waste
Binder (Waste Cement Lime Fly ash Water Na,S™ Total cost
ratio | ratio | (2.532 Baht/kg)| (2.3 Baht/kg) | (0.25 Baht/kg) | (0.01 Baht/L) |(0.015 Baht/g)| = *b+e+d+e
kg | Baht" | kg | Baht” | kg | Baht" | Liter |Baht'| g |Baht®

50:00:50 1500 [{3798.00| 0O 0.00 | 1500 | 375.00 | 900.00 | 9.00 ({21.87| 0.33 | 5307.33
40:10:50 1200 |{3038.40|300 | 690.00 | 1500 |{375..00]| 900.00 | 9.00 |21.87| 0.33 | 5237.73
40:20:40 1200 |{3038.40| 600 |1380.00| 1200 | 300.00 | 900.00 | 9.00 |21.87| 0.33 | 5627.73
30:10:60 | 1:3 | 900 [2278.80{300 | 690.00 | 1800 | 450.00 | 900.00 | 9.00 |21.87| 0.33 | 4778.13
30:20:50 900 |2278.80] 600 |1380.00] 1500 | 375.00 | 900.00 | 9.00 {21.87| 0.33 | 5168.13
30:30:40 900 [2278.80[900 |2070.00] 1200 | 300.00 | 900.00 | 9.00 |21.87| 0.33 | 5558.13
00:30:70 0 0.00 1900 |2070.00] 2100 | 525.00 | 900.00 | 9.00 |21.87| 0.33 | 4179.33
50:00:50 1000 |2532.00f 0 | 0.00 | 1000 | 250.00 | 600.00 | 6.00 (21.80| 0.33 | 3538.33
40:10:50 800 |2025.60|200 | 460.00 | 1000 | 250.00 | 600.00 | 6.00 [21.80| 0.33 | 3491.93
40:20:40 800 |2025.60/400 | 920.00 | 800 | 200.00 | 600.00 | 6.00 (21.80| 0.33 | 3751.93
30:10:60|0.5:1 | 600 |1519.20{200 | 460.00 | 1200 | 300.00 | 600.00 | 6.00 |21.80| 0.33 | 3185.53
30:20:50 600 [1519.20(400 | 920.00 | 1000 | 250.00 | 600.00 | 6.00 [21.80| 0.33 | 3445.53
30:30:40 600 |1519.20(600 |1380.00[ 800 |200.00 | 600.00 | 6.00 {21.80| 0.33 | 3705.53
00:30:70 0 0.00 [600]1380.00( 1400 | 350.00 | 600.00 | 6.00 [21.80| 0.33 | 2786.33
50:00:50 500 [1266.00| 0 0.00 | 500 | 125.00 | 300.00 | 3.00 [21.75| 0.33 | 1769.33
40:10:50 400 [1012.80{ 100 | 230.00 | 500 | 125.00 [ 300.00 | 3.00 [21.75| 0.33 | 1746.13
40:20:40 400 [1012.80{200| 460.00 | 400 | 100.00 | 300.00 | 3.00 [21.75| 0.33 | 1876.13
30:10:60 | 1:1 | 300 [759.60 |100 |230.00| 600 |150.00 |300.00| 3.00 |21.75| 0.33 | 1592.93
30:20:50 300 | 759.60 200 | 460.00 | 500 | 125.00 [ 300.00 | 3.00 (21.75] 0.33 | 1722.93
30:30:40 300 |759.60 [300 | 690.00 | 400 | 100.00 | 300.00 | 3.00 (21.75| 0.33 | 1852.93
00:30:70 0 0.00 [300]690.00 | 700 | 175.00 | 300.00 | 3.00 |21.75]| 0.33 | 1393.33
50:00:50 250 [633.00 O | 0.00 | 250 | 62.50 | 150.00 | 1.50 [21.73| 0.33 | 884.83
40:10:50 200 [506.40 | 50 | 115.00 | 250 | 62.50 | 150.00 | 1.50 [21.73| 0.33 | 873.23
40:20:40 200 |506.40 (100 | 230.00 | 200 | 50.00 | 150.00 | 1.50 [21.73| 0.33 | 938.23
30:10:60 21 150 [379.80 | 50 [ 115.00 | 300 | 75.00 | 150.00 | 1.50 ({21.73| 0.33 | 796.63
30:20:50| 150 |379.80 [ 100|230.00 | 250 | 62.50 | 150.00 | 1.50 (21.73] 0.33 | 861.63
30:30:40 150 |379.80|150|345.00 | 200 | 50.00 | 150.00 | 1.50 |21.73| 0.33 | 926.63
00:30:70 0 0.00 |150|345.00 | 350 | 87.50 | 150.00 | 1.50 |21.73| 0.33 | 696.83
10:20:70 50 |126.60|100|230.00 | 350 | 87.50 | 150.00 | 1.50 |21.73| 0.33 | 708.43

Remark: "~ Depend on the amount of total mercury in waste sample

The result of this study showed that the price of 00:30:70 binder ratio at

waste ratio 2:1 is the cheapest among the binder ratio with 696.83 Baht / ton of waste

while the cost of GENCO is about 3,000-4,500 bath/ton of waste or 1,500 bath/ton for

assuming 50% of margin. It concluded that the cost of this study is substantially

lower. In order to reduce the use of costly cement, the use of 00:30:70 binder ratios to

study the effect of curing time on solidified 2:1 waste ratio in the further experiments.

The different of cement ratios from 0 to 30 were shown the strength up

to 3 times in approximate (Table 4-5). So, in considerate the quite optimum ratio have

to pay the attention on this performance. As well the study has increased the ratio of
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cement to the ratio of 10 and it can conclude that as the increasing more cement ratio,

the strength will be increased (Table 4-9).

4.3 Curing time investigation

The purpose of this section was to determine the optimum curing time and
the effect of leachant to solidified sample. The waste ratio of 2:1 with 00:30:70 and
10:20:70 binder ratio were used in this section.

This section, solidified samples were curing in ambient condition for 7, 14
and 28 days. The solidified samples were analyzed to investigate the effect of curing
time on the density, unconfined compressive strength and mercury concentration.
Moreover, the leaching of mercury was determined for SO42', HCOj5", Seawater and
acetic acid by immersing the solidified samples in each solution for 7 days.

The experimental results were shown as followed.
4.3.1 The effect of curing times on density
The density of 00:30:70 and 10:20:70 binder ratios of 2:1 waste ratio at

7, 14 and 28 days curing times were shown in Table 4- 8.

Table 4-8 The results of density of solidified samples at different curing times.

Density (ton/m’)” at different curing times

Binder Ratio

7 days 14 days 28 days

00:30:70 1.8080" 1.8437° 1.8395°

10:20:70 1.8869° 1.8977* 1.8500°
Paired T-test NS NS NS

Remark: *Mean value, Different letters (row) is significant differences at p - value < 0.05
Notification of the Ministry of Industry No.6 (B.E.2540) is not less than 1.15 ton/m’
The t-test was used to compare 0:30:70 and 10:20:70, NS is not significant differences
at p - value < 0.05



Petcharat Jekjuntuk Results and Discussion / 52

22 -+
~ o 43\0
ME l 8 R x_/+ —N
=
3
2
g 14 +
1 1 1 |
0 7 14 28
Curing Time(days)
—— Standard —%— 0:30:70 —— 10:20:70

Figure 4-5 Density of solidified samples at different curing times

The density of both binder ratios slightly increased with the increasing
of curing time to 14 days and then it tended to gradually decrease at 28 days. This
results were not accordance with the study of Anuwat (11) and Prasert (13) studies.
Those reported that the density increased with the increasing of curing time. It was
possible due to the incompletion of the hydration reaction, which was the results of the
reduction of combined water to about one-half of the original water content through
evaporation (44). Furthermore, it was observed that the volume of the final product
was decreased during curing time. Binder ratios 10:20:70 gave higher density than
00:30:70 binder ratios as shown in Figure 4- 5.

The results indicated that amount of cement had effect to density. The
density was increasing due to the cement increased. This was also accordance with the

results section 4.2.1.
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4.3.2 The effect of curing times on unconfined compressive strength

The effect of curing time on the strength of 2:1 waste ratio with
00:30:70 and 10:20:70 binder ratios were shown in Table 4-9 and Figure 4-6. It can be
notices that the strength of both binder ratios increased with the increasing of curing
time from 7 to 14 days. Their strength slightly decreased when increasing curing time
to 28 days. The maximum strength value was reached at 14 days curing time. Most of
the strength values higher than the standard requirement for secure landfill (3.5
kg/cmz). At 00:30:70 binder ratios will have the strength value passed the critical at

more than 7-day of curing time.

Table 4-9 The results of unconfined compressive strength of solidified samples at

different curing times

unconfined compressive strength (kgf/cm’) at different curing times

BIET &8 7 days 14 days 28 days

00:30:70 1.88° 14.88" 11.91°

10:20:70 7.18° 39.88° 30.76°
Paired T-test DS DS DS

Remark: *Mean value, Different letters (row) is significant differences at p- value < 0.05
Notification of the Ministry of Industry No.6 (B.E.2540) is not less than 3.5 kg/cm’
The t-test was used to compare 0:30:70 and 10:20:70, DS is significant differences
at p - value < 0.05

Normally, the strength of solidified samples increased with the
increasing of curing time as observed in Anuwat (11), Doungsamorm(12), Prasert (13)
and Narumit(14) studies. The decreasing of strength after 14 days of curing time was
probably due to the incompletetion of hydration reaction as mention in section 4.3.1.
Lanas et.al. (56) were found that the strength determined at early age (between 3 and
28 day) are strongly influenced by the water content of the mixture. Most of the
sample are still losing water at 28 day as a result of limit the pozzolanic effect and
thereby reduce the strength of the solidified sample. Jawed et.al. (46) were found that
the alkalis in sample could act as catalysts in forming CSH at early age, and
promoting early strength development but high content of lime in sample could result

in a decreased of 28 day strength in solidified sample.
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Figure 4-6 Unconfined compressive strength of solidified samples

at different curing times

CSH gel, which produced from the reaction of fly ash, cement and lime
was retarded the diffusion of water and thereby slowing the process for strength
development (10). Rijai (69) was suggested that the reaction of sulphate content in fly
ash with free calcium hydroxide was led to the reduction of the pozzolanic reaction of

fly ash and the expansion of volume and deterioration of the strength.
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4.3.3 The effect of curing times on mercury leaching concentration
The mercury leaching concentration of 2:1 waste ratio at 00:30:70 and
10:20:70 binder ratios were investigated as a function of curing time and were

summarized in Table 4- 10.

Table 4-10 The results of mercury leaching concentration of solidified samples at

different curing times

Mercury leaching concentration (pg/l) at different curing times

Binder Ratio

7 days 14 days 28 days
00:30:70 6.75 4.23° 2.17°
10:20:70 3.47" 0.49" 0.16
Paired T-test DS DS DS

Remark: *Mean value, Different letters (row) is significant differences at p - value < 0.05
Notification of the Ministry of Industry No.6 (B.E.2540) is not more than 200 (ug/l)
The t-test was used to compare 0:30:70 and 10:20:70, DS is significant differences
at p - value < 0.05

It was indicated that curing time was inversely proportional to the
mercury concentration, leaching from solidified samples. The binding effect of the
cementitious binder was increased due to more hydration and reduction in the porosity
and less permeability occurred over the curing time (10). At shorter curing time, the
hydration reaction was not completely occurred so the product of complex compound
was still not completely built up CSH. However, it was still in the form of liquid gel
and not being built the strong bond to mercury. This process allowed mercury in the
shorter curing time to leach out at higher concentration than those of the solidified
sample with longer curing time. At longer curing time, the leaching of mercury
became lower, because of completely hydration reaction and strong CSH structure.

However, this study found that there was incompletion of the hydration
reaction after 14 days of curing time, which was the result of the reduction of
combined water while Hg still decreased. It may cause by the alkalinity of binding

material.
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Figure 4-7 Mercury leaching concentration of solidified samples

at different curing times

As compared, mercury leaching concentration of solidified samples at
00:30:70 binder ratio was higher that at 10:20:70 binder ratio. It was indicated that the
increasing amount of cement in binder ratio influenced the reduction of mercury
concentration, the more amounts of cement as binder, the more hydration reaction.
Therefore, the binding effect of the cementitious binder was increased. It was
supported by Anuwat (11), Doungsamorn (12) and Prasert (13) studies. This can be
further verified by examining Figure 4-7, which clearly shown that the lower the

curing time, the higher the mercury leached.
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4.3.4 The effect of curing times and leachant types on the mercury
leaching concentration

This mercury leaching concentration of 00:30:70 and 10:20:70 in 2:1

waste ratio were determined as a function of curing time, when using the various type

of leachant e.g. SO42', HCOy5", seawater and acetic acid. The results were shown in

Table 4- 11.

Table 4-11 The results of mercury leaching concentration of solidified samples at

different curing times and leachant types.

Mercury leaching concentration ( pug/l)

Binder Ratio  Leachant type

7 days 14 days 28 days
00:30:70 SeaWater 3.09%% 2.25>° 1.18%¢
HCO;5 3.07%% 2.16*° 0.52°¢
SO%, e it 2.24%° 0.45%¢
Acetic Acid p= iy 2.25%0 0.31>¢
10:20:70 SeaWater 7 e 1.25°° 0.67°¢
HCO5 2.15%2 1.23%P 0.45%¢
SO%, 2.16%% 1.245° 0.37%0¢
Acetic Acid A 1.26°° 0.35%¢

Remark: *Mean value, Different letters (row, column) is not significant differences at p - value < 0.05
Notification of the Ministry of Industry No.6 (B.E.2540) is not more than 200 (ug/l)
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10:20:70 28
S04 Acetic  Acetic

Figure 4-8 Mercury leaching concentration of solidified samples

at different curing times and leachant types
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Table 4-12 Paired T-test between 0:30:70 and 10:20:70 in different leachant types

Levene's Test t-test 95% Confidence Interval
F Sig. t df Sig.” of the Difference
(2-tailed) Lower Upper
Seawater |assumed 1.923 | .238 57.991 4 .000 .8633 9501
7 days not assumed 57.991 2.616 .000 .8525 .9608
HCOy assumed 4.000 | .116 159.349 4 .000 .9040 9360
7 days not assumed 159.349 | 2.000 .000 .8952 .9448
SO~ assumed 7.692 | .050 50.647 4 .000 .8444 .9423
7 days not assumed 50.647 2.000 .000 .8174 .9692
Acetic assumed 4.797 | .094 28.094 4 .000 .8050 9816
7 days not assumed 28.094 2.000 .001 7565 1.0301
Seawater  |assumed .800 422 77.460 4 .000 9642 1.0358
14 days not assumed 77.460 2.941 .000 9584 1.0416
HCOy assumed 16.000 | .016 | 280.000 4 .000 9241 9426
14 days not assumed 280.000 | 2.000 .000 9190 9477
Acetic assumed 16.000 | .016 | 296.000 4 .000 9774 .9959
14 days not assumed 296.000 | 2.000 .000 9723 1.0010
Seawater |assumed 2.065 | 224 3.638 4 .022 1207 .8993
28 days not assumed 3.638 2.269 056 |-2.9592E-02| 1.0496
HCOy assumed 2.571 | .184 2.475 4 .069  |-8.5297E-03| .1485
28 days not assumed 2.475 2.560 104 |-2.9431E-02| .1694
SO~ assumed 727 442 3.637 4 .022 1.813E-02 1352
28 days not assumed 3.637 3.448 .028 1.425E-02 1391
Acetic assumed .000 | 1.000 -1.947 4 123 -9.7051E-02| 1.705E-02
28 days not assumed -1.947 4.000 123 -9.7051E-02| 1.705E-02

Remark: *Mean value, p - value < 0.05 is significant differences

It was noticed that the mercury concentration of leached from both
binder ratios with all leachant types slightly decreased when curing time increased
from 7 to 28 days. The lower mercury concentration of leached from 10:20:70 binder
ratios was observed with all leachant types at 7 and 14 days curing time. However,
there was no significant different (p<0.05) in mercury leaching concentration of
00:30:70 and 10:20:70 binder ratio at 28 days curing time, when HCOj3; and acetic
acid were used as a leachant. Moreover, the statistical analysis revealed that there was
significantly different (p<0.05) in mercury concentration of leached which obtained
from both binder ratios at 7, 14 and 28 days curing time for all leachant types.

In comparison, acetic had the highest significantly effect (p<0.05) on
mercury leaching concentration for both binder ratio at 7 and 14 days curing time.
Seawater had the higher significantly effect (p<0.05) on mercury leaching
concentration of both binder ratios than other leachant at 28 days curing time as

shown in Figure 4- 8.
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This result was similar to Wichai (64) study which reported that the
highest leaching concentration by Acetic acid was due to the deterioration of cement
matrix. In case of leached out by seawater, he suggested that the reaction between Ca
(OH), and sulphate in seawater was produced gypsum to reduce CSH for mercury
immobilization.

Comparison of the leachate from different leachant types and extraction
test, it was found that mercury from extraction test higher than the other was. Due to
the less surface area of contact with leachant, consequently, the less leachant was
attributed to the dissolution of the adsorbed mercury through its complexation with
binder. Additionally, leachant was rapidly buffered to an alkali leachate during
penetrating into the pore water due to reaction with Ca(OH),. This resulted in an
increase leachate to its steady state value while having contact during the sample and

reduced leachability of mercury.
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4.3.5 Selection of optimum curing time

An optimum curing time to simulate the worst condition of an actual
field practice where many time intervals may not be available between solidification
and disposal of solidified sample. Three factors, density, unconfined compressive
strength and mercury leaching were considered in selecting the optimum curing time.
The notification of the Ministry of Industry volume.6 (B.E.2540) requirement for
landfill solidified waste to have not a density less than 1.15 ton/m’, unconfined
compressive strength was not less than 3.5 kg/cm2 and mercury leaching was not more
than 200 pg/l. The less curing time with high enough to the requirement for landfill
disposal was the optimum curing time for solidified sample.

It was clearly seen that, the density of 00:30:70 binder ratio was highly
enough for securing landfill disposal. The leaching of mercury from standard
procedure and various leachant types of those ratios were lower than critical value at
all curing time. Nevertheless, the results showed that the curing time had effect on
strength. It gave the strength met the notification of the Ministry of Industry volume.6
(B.E.2540) at more than 7-days of curing time (see Figure 4-6), which was an
optimum curing time for solidify 2:1 waste ratios. In addition, the solidification
properties of 10:20:70 binder ratio was met the requirement to secure landfill disposal
at all curing time, due to the binding properties of cement that increased strength with

increasing of curing time.
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The aim of this study was to find the capability of lime and lignite fly ash in
order to replace cement in spent fluorescent lamp solidification process. The purpose
of lignite fly ash and lime addition in this study was improved the properties of the
binder, especially to decrease the use of cement. Density, unconfined compressive
strength, and mercury leaching concentration of solidified sample were under the
criteria of the notification of Ministry if Industry volume.6 (B.E.2540). Moreover, the

results found that.

5.1.1 Solidification of spent fluorescent lamps

From the results, density and mercury leaching concentration
increased with the increase of waste ratio (from 1:3 to 2:1). However, strength
increased slightly when added small amount of waste. The large amount of cement
replaced by fly ash and lime could decrease density and strength value, while increase
the mercury leached out. However, all density and strength of solidified samples were
high enough for safety landfill, as well as the mercury leaching concentration was
lower than the critical value.

In order to reduce the use of costly cement, the binder ratio of 0:30:70

was chosen to solidify spent fluorescent lamp at ratio 2:1 (waste: binder).
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5.1.2 Curing time investigation

When the curing time increased, the mercury leaching concentration
had a decreasing trend. Meanwhile, the density and the strength got started decreasing
after 14 days. The binder ratio of 0:30:70 had strength met the notification of Ministry
of Industry volume 6 (B.E. 2540) requirement for secure landfill at more than 7-day
curing time.

For different leachant types studied, acetic acid was leached mercury
out of solidified sample highest significant than other due to it was deteriorated of
cement matrix. However, this study did not affect the mercury leaching concentration
of solidified sample than leachate extraction test. It could be indicated that this
leachant was not affect on solidified sample after disposal in secured landfill.

From the result, solidified sample of 2:1 waste ratio with 0:30:70
binder ratio at more than 7 days curing time was appropriate for this study, due to pass
the required of the notification of Ministry of Industry volume 6 (B.E.2540) with less

material cost.

5.2 Recommendations

5.2.1 These experiments were performed in laboratory scale and only
studied on waste sample from laboratory preparation, but the real waste were
consisted of many others that could effect to solidification property. Therefore, the
field waste should be further studied.

5.2.2 Due to water/binder ratio in this study was constant. It was used to
stimulate waste and binder at 0.3. It could be the cause of density and strength of
solidified sample was decreased during curing time. Therefore, the effect of water and
binder should be further studied.

5.2.3 The other type of waste such as metal sludge, silica fume and lime
mud should be furthering studied.

5.2.4 The longer curing time should be studied.

5.2.5 The effect of waste particle size on the property of solidified sample

should be further investigated.
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5.2.6 The longer time of immersion should be investigated for leaching
behavior.

5.2.77 Adding cement in more ratio from 0 to 30 had about 3 times strength
more than 00:30:70. It may cause by the completely hydration reaction so it should be
done in further investigation.

5.2.8 It can be see that the density, strength and mercury leaching
concentration of 2:1 waste ratio solidified sample was higher than the limitation of the
notification of Ministry of Industry. Thus, it is possible to add more waste. However,
the curing time is the condition that should be study.

5.2.9 More work should be done to fully understand the reaction and

interaction that occur between these various mixtures.
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APPENDIX A
DATA OF THE EXPERIMENT

TableA-1 Characteristics of the waste sample

Appendix / 74

Parameter No.1 No.2 No.3 mean S.D.
Spent fluorescent ground waste (SFLG)
®  Total Hg concentration (jg/g) 31.4 327.0 31.6 31.9 0.0007
® Mercury leaching concentration (ug/1) 24.6 229.0 23.7 23.7 0.0009
Hg wastewater
®  Concentration of total mercury (ug/l) 220.0 240.0 260.0 240.0 0.200
TableA-2 Amount of mixtures at waste ratio 1:3 in various binder ratios
Bind i Material content
§ 1 Waste(g) Cement(g) Lime(g) Fly Ash(g)  Water(ml) Na,S(mg)
50:0:50 262.50 393.75 0.00 393.75 236.25 5.74
40:10:50 262.50 315.00 78.75 393.75 236.25 5.74
40:20:40 262.50 315.00 157.50 315.00 236.25 5.74
30:10:60 262.50 236.25 78.75 472.50 236.25 5.74
30:20:50 262.50 236.25 157.50 393.75 236.25 5.74
30:30:40 262.50 236.25 236.25 315.00 236.25 5.74
0:30:70 262.50 0.00 236.25 551.25 236.25 5.74
TableA-3 Amount of mixtures at waste ratio 0.5:1 in various binder ratios
Binder rati Material content
tnder ratio Waste(g) Cement(g) Lime(g) Fly Ash(g) Water(ml) Na,S(mg)
50:0:50 350.00 350.00 0.00 350.00 210.00 7.63
40:10:50 350.00 280.00 70.00 350.00 210.00 7.63
40:20:40 350.00 280.00 140.00 280.00 210.00 7.63
30:10:60 350.00 210.00 70.00 420.00 210.00 7.63
30:20:50 350.00 210.00 140.00 350.00 210.00 7.63
30:30:40 350.00 210.00 210.00 280.00 210.00 7.63
0:30:70 350.00 0.00 210.00 490.00 210.00 7.63
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TableA-4 Amount of mixtures at waste ratio 1:1 in various binder ratios

Material content

Binder ratio Waste(g) Cement(g) Lime(g) Fly Ash(g) Water(ml) Na,S(mg)

50:0:50 525.00 262.50 0.00 262.50 157.50 11.42
40:10:50 525.00 210.00 52.50 262.50 157.50 11.42
40:20:40 525.00 210.00 105.00 210.00 157.50 11.42
30:10:60 525.00 157.50 52.50 315.00 157.50 11.42
30:20:50 525.00 157.50 105.00 262.50 157.50 11.42
30:30:40 525.00 157.50 157.50 210.00 157.50 11.42
0:30:70 525.00 0.00 157.50 367.50 157.50 11.42

TableA-5 Amount of mixtures at waste ratio 2:1 in various binder ratios

Material content

Bindegigfio Waste(g) Cement(g) Lime(g) Fly Ash(g)  Water(ml) Na,S(mg)

50:0:50 700.00 175.00 0.00 175.00 105.00 15.21
40:10:50 700.00 140.00 35.00 175.00 105.00 15.21
40:20:40 700.00 140.00 70.00 140.00 105.00 15.21
30:10:60 700.00 105.00 35.00 210.00 105.00 15.21
30:20:50 700.00 105.00 70.00 175.00 105.00 15.21
30:30:40 700.00 105.00 105.00 140.00 105.00 15.21
0:30:70 700.00 0.00 105.00 245.00 105.00 15.21

TableA-6 Amount of mixtures at waste ratio 3:1 in various binder ratios

Material content
Waste(g) Cement(g) Lime(g) Fly Ash(g) Water(ml) Na,S(mg)

Binder ratio

50:0:50 787.50 13128 0.00 131.25 78.75 17.10
40:10:50 787.50 105.00 26.25 131.25 78.75 17.10
40:20:40 787.50 105.00 52.50 105.00 78.75 17.10
30:10:60 787.50 78.75 26.25 157.50 78.75 17.10
30:20:50 787.50 78.75 52.50 13 1P 78.75 17.10
30:30:40 787.50 78.75 78.75 105.00 78.75 17.10
0:30:70 787.50 0.00 78.75 183.75 78.75 17.10

TableA-7 Amount of mixtures with binder ratio 0:30:70 and 10:20:70 in waste ratio
2:1

Binder ratio Material content
Waste(g) Cement(g) Lime(g) Fly Ash(g) = Water(ml) Na,S(mg)
0:30:70 700.00 0.00 105.00 245.00 105.00 15.21

10:20:70 700.00 35.00 70.00 245.00 105.00 15.21
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TableA-8 Density of solidified samples in various binder and waste ratios
: 3
Waste Ratio  Binder Ratio Exp.No.1 Der;g (l\tl(z)r.lém ) Exp. No.3 Mean S.D.

1:3 50:00:50 2.0268 1.7685 1.8052 1.8668 0.1397
40:10:50 1.7794 1.7335 1.7816 1.7648 0.0272

40:20:40 1.7370 1.6673 1.6991 1.7011 0.0349

30:10:60 1.6812 1.7327 1.7032 1.7057 0.0258

30:20:50 1.6624 1.6436 1.6640 1.6567 0.0113

30:30:40 1.6330 1.6550 1.6158 1.6346 0.0196

00:30:70 1.4289 1.3752 1.4697 1.4246 0.0474

0.5:1 50:00:50 1.9235 1.9802 1.9671 1.9569 0.0297
40:10:50 1.8347 1.7860 1.9628 1.8612 0.0913

40:20:40 1.8197 1.8271 1.8289 1.8252 0.0049

30:10:60 1.7294 1.8194 1.7916 1.7801 0.0461

30:20:50 1.7589 1.7445 1.7091 1.7375 0.0256

30:30:40 1.7213 1.7387 1.6895 1.7165 0.0249

00:30:70 1.7225 1.5069 1.5156 1.5817 0.1220

1:1 50:00:50 1.9270 1.8740 1.8958 1.8989 0.0266
40:10:50 1.8638 1.9107 1.8341 1.8695 0.0386

40:20:40 1.8876 1.8380 1.8429 1.8562 0.0273

30:10:60 1.8069 1.8378 1.8486 1.8311 0.0216

30:20:50 1.7963 1.8471 1.8030 1.8155 0.0276

30:30:40 1.8324 18 .57 1.7826 1.7969 0.0309

00:30:70 1.6622 1.6844 1.6311 1.6592 0.0268

2;:'l 50:00:50 2.0125 1.9834 1.9950 1.9970 0.0146
40:10:50 1.9165 1.9351 1.9271 1.9262 0.0093

40:20:40 1.8687 1.8388 1.8531 1.8535 0.0150

30:10:60 1.9239 1.9204 1.9326 1.9256 0.0063

30:20:50 1.8447 1.8826 1.8496 1.8590 0.0206

30:30:40 1.8428 1.8603 1.8435 1.8489 0.0099

00:30:70 1.7725 1.7134 1.6983 1.7281 0.0392
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TableA-9 Strength of solidified samples in various binder and waste ratios

unconfined compressive strength (kg/cm®)

Waste Ratio  Binder Ratio Exp.No. | Exp. No.2 Exp. No.3 Mean S.D.

1:3 50:00:50 118.86 129.68 116.26 121.60 7.1172
40:10:50 132.13 112.41 123.49 122.68 9.8851
40:20:40 105.92 83.46 100.78 96.72 11.7676
30:10:60 77.95 65.53 87.50 76.99 11.0162

30:20:50 114.39 112.73 127.79 118.30 8.2575

30:30:40 90.26 95.81 99.74 95.27 4.7630

00:30:70 16.92 21.37 20.05 19.45 2.2855
0.5:1 50:00:50 124.20 118.53 145.46 129.40 14.1972
40:10:50 118.20 95.94 131.26 115.13 17.8586

40:20:40 120.85 112.32 105.88 113.02 7.5093
30:10:60 118.82 86.90 107.77 104.50 16.2098

30:20:50 80.27 74.71 86.39 80.46 5.8422
30:30:40 53.87 77.43 67.07 66.12 11.8085

00:30:70 60.17 53.73 47.84 53.91 6.1670
1:1 50:00:50 143.71 122.39 133.81 133.30 10.6690
40:10:50 106.06 80.60 74.07 86.91 16.9027

40:20:40 94.35 81.01 86.27 87.21 6.7195
30:10:60 148.46 121.47 103.38 124.44 22.6860

30:20:50 61.47 67.53 78.00 69.00 8.3625

30:30:40 59.21 61.72 50.56 57.16 5.8547

00:30:70 25%AL 23.59 24.03 24.44 1.1188
2:1 50:00:50 74.35 97.56 84.08 85.33 11.6554
40:10:50 101.07 102.79 95.31 99.72 3.9176

40:20:40 75.76 59.33 72.41 69.17 8.6819

30:10:60 90.39 96.41 87.82 91.54 4.4090

30:20:50 81.84 74.30 75.33 77.16 4.0885

30:30:40 74.33 68.90 68.96 70.73 3.1178

00:30:70 13.10 15.06 15.28 14.48 1.2002
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TableA-10 Hg concentration in various binder and waste ratios

Waste Ratio  Binder Ratio Exp.No.PlIg COIg:;Tr;z?; (ug/é)xp. No3 Mean S-D.

1:3 50:00:50 0.70 0.40 0.50 0.53 0.1528
40:10:50 0.50 1.10 0.70 0.77 0.3055

40:20:40 0.70 0.80 0.80 0.77 0.0577

30:10:60 0.80 0.80 0.90 0.83 0.0577

30:20:50 1.10 1.00 1.10 1.07 0.0577

30:30:40 1.10 1.10 1.10 1.10 0.0000

00:30:70 1.20 1.30 1.30 1.27 0.0577

0.5:1 50:00:50 0.70 0.70 1.00 0.80 0.1732
40:10:50 1.10 0.90 0.90 0.97 0.1155

40:20:40 1.10 1.00 1.10 1.07 0.0577

30:10:60 1.10 1.10 1.10 1.10 0.0000

30:20:50 1.20 1.10 1.10 1.13 0.0577

30:30:40 1.10 1.20 1.20 1.17 0.0577

00:30:70 2.30 2.20 2.30 2.27 0.0577

Il 41 50:00:50 1.10 0.80 0.60 0.83 0.2517
40:10:50 1.50 1.60 1.90 1.67 0.2082

40:20:40 1.80 2.00 1.60 1.80 0.2000

30:10:60 2.10 2.10 2.10 2.10 0.0000

30:20:50 2.50 2 2() 1.90 2.20 0.3000

30:30:40 2.70 2.50 2.30 2.50 0.2000

00:30:70 2.50 3.20 2.80 2.83 0.3512

2.1, 50:00:50 1.20 1.40 1.60 1.40 0.2000
40:10:50 2.00 2.20 2.40 2.20 0.2000

40:20:40 2.00 2.30 2.50 2.27 0.2517

30:10:60 2.20 2.90 2.50 2.53 0.3512

30:20:50 3.50 3.10 3.90 3.50 0.4000

30:30:40 4.00 3.80 3.90 3.90 0.1000

00:30:70 4.20 4.00 3.90 4.03 0.1528
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TableA-11 Density of solidified samples in different curing times

- 3
Binder Ratio  Curing Time Exp.No.l Den;(tg.l(\;gflzlm ) Exp.No.3 Mean SD.

00:30:70 7 day 1.8187 1.7859 1.8193 1.8080 0.0191

14 day 1.8528 1.8326 1.8456 1.8437 0.0102

28 day 1.8451 1.8419 1.8315 1.8395 0.0071

10:20:70 7 day 1.9094 1.8521 1.8991 1.8869 0.0305

14 day 1.9070 1.8596 1.9266 1.8977 0.0344

28 day 1.8473 1.8416 1.8611 1.8500 0.0100

TableA-12 Strength of solidified samples in different curing times

Binder Ratio  Curing Time unconfined compressive strength (kg/cm?) Mean S.D.
Exp.No.1 Exp.No.2 Exp.No.3
00:30:70 7 day 2.12 1.82 /4 1.88 0.2134
14 day 14.52 14.80 15.33 14.88 0.4096
28 day 12.53 12.03 11.16 11.91 0.6908
10:20:70 7 day 7.13 6.51 7.88 7.18 0.6869
14 day 38.61 40.58 40.46 39.88 1.1062
28 day 30.39 32.46 29.43 30.76 1.5457

TableA-13 Hg concentration of solidified samples in different curing times

Binder Curing Hg concentration (ug/l) Mean S.D.
Ratio Time Exp.No.1 Exp.No.2 Exp.No.3
00:30:70 7 day 6.89 6.96 6.41 6.75 0.2994
14 day 4.51 3.88 4.29 4.23 0.3197
28 day 2.04 2.55 1.91 2.17 0.3383
10:20:70 7 day 3.20 3.08 4.12 3.47 0.5690
14 day 0.34 0.47 0.65 0.49 0.1557

28 day 0.19 0.16 0.13 0.16 0.0300
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Table A-14 Hg concentration of solidified samples in different curing times and
various leachant

Binder Ratio  Curing Time Leached type Hg concentration (ug/l) Mean S.D.
Exp. No.l Exp.No.2 Exp.No.3
00:30:70 7 day seawater 3.06 3.11 3.09 3.09  0.0252
HCO 3.06 3.08 3.07 3.07  0.0100
SO.* 3.02 3.08 3.06 3.05 0.0306
Acetic Acid 3.16 3.05 3.10 3.10  0.0551
14 day seawater 2.23 22,7 2.25 225 0.0200
HCO 2.16 2.16 2.16 2.16  0.0000
S0~ 2.24 2.24 2.24 2.24  0.0000
Acetic Acid 2.25 2.25 2.25 225  0.0000
28 day Seawater 1.41 0.94 1.18 1.18  0.2350
HCO 0.54 0.51 0.51 0.52  0.0173
SO,” 0.47 0.43 0.45 0.45  0.0200
Acetic Acid 0.34 0.29 0.31 0.31  0.0252
10:20:70 7 day seawater 2.17 2.19 2.18 2.18  0.0100
HCO 2.15 2.15 2.15 2.15  0.0000
SO,* 2.16 2.16 2.16 2.16  0.0000
Acetic Acid 221 2.21 221 221 0.0000
14 day seawater 1.26 1.24 .25 1.25  0.0100
HCO 1.23 1.23 1.22 1.23  0.0058
SO~ 1.24 1.24 1.24 1.24  0.0000
Acetic Acid 1.26 1.27 1.26 1.26  0.0058
28 day seawater 0.72 0.68 0.60 0.67  0.0611
HCO 0.49 0.46 0.40 0.45  0.0458
SO, 0.40 0.34 0.38 0.37  0.0306
Acetic Acid 0.38 0.33 0.35 0.35  0.0252
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APPENDIX B
STATISTIC ANALYSIS

Statistical comparison of Density, Unconfined compressive strength and
mercury leaching in various binder and waste ratio at 28 days was analyzed with One-
way ANOVA at oo = 0.05. When significant difference were observed, the Duncan’s
multiple range (DMRT), multi-comparison test was applied to the ANOVA to
determine which means were significantly different in case assumed equal variance.
On the other hand, Tamhame’s multiple range was applied in case assumed equal
variance i.e., density tests in various waste ratios at 50:0:50 binder ratio. In
investigation of different curing time and various leachant test, the effect of curing
time and type of leachant also conduct as same as the mentioned. The effect of binder

ratio determined by paired t-test.
This is the example of statistic analysis of various binder ratio at waste ratio
1:3 by Oneway ANOVA using SPSS (version10). Density, Unconfined compressive

strength and mercury leaching were determined.

Example of ANOVA Test

Waste ratio 1:3 in various binder ratios

Test of Homogeneity of Variances

Levene Statistic dfl df2 Sig.
Density 6.238 6 14 .002
Compressive Strength 1.241 6 14 344
Leached Mercury 4.425 6 14 .010
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ANOVA test
Sum of Squares | df | Mean Square F Sig.
Density Between Groups 333 6 5.552E-02 | 15.600 | .000
'Within Groups 4.983E-02 14 3.559E-03
Total .383 20
Compressive Strength Between Groups 24072.662 6 4012.110 | 55.691 | .000
'Within Groups 1008.598 14 72.043
Total 25081.261 20
Leached Mercury Between Groups 1.130 6 .188 10.137| .000
'Within Groups .260 14 1.857E-02
Total 1.390 20
PostHoc Tests
Density
Waste Ratio N Subset for alpha = .05
1 2 3 4
0:30:70 3 1.424600
30:30:40 3 1.634600
30:20:50 3 1.656667 1.656667
40:20:40 3 1.701133 1.701133
30:10:60 3 1.705700 1.705700
40:10:50 3 1.764833 1.764833
50:0:50 3 1.866833
Sig. 1.000 .199 .058 .055
Means for groups in homogeneous subsets are displayed.
a Uses Harmonic Mean Sample Size = 3.000.
Compressive Strength
Waste Ratio N Subset for alpha = .05
1 2 3 4
0:30:70 3 19.446667
30:10:60 3 76.993333
30:30:40 3 95.270000
40:20:40 3 96.720000
30:20:50 3 118.303333
50:0:50 3 121.600000
40:10:50 3 122.676667
Sig. 1.000 1.000 .837 .559

Means for groups in homogeneous subsets are displayed.
a Uses Harmonic Mean Sample Size = 3.000.
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Leached Mercury
Waste Ratio N Subset for alpha = .05
1 2 3 4
40:10:50 3 .5333
40:20:40 3 7667 7667
50:0:50 3 7667 71667
30:10:60 3 .8333 .8333
30:20:50 3 1.0667 1.0667
30:30:40 3 1.1000
0:30:70 3 1.2667
Sig. .065 579 .055 .109

Means for groups in homogeneous subsets are displayed.
a Uses Harmonic Mean Sample Size = 3.000.

This is the example of statistic analysis of various waste ratio at binder ratio
50:0:50 by Oneway ANOVA wusing SPSS (versionl0). Density, Unconfined

compressive strength and mercury leaching were determined.

Example of ANOVA Test

Binder ratio 50:0:50 in various waste ratios

Test of Homogeneity of Variances

Levene Statistic dfl df2 Sig.
Density 8.562 3 8 .007
Compressive Strength 547 3 8 .664
Leached Mercury 251 3 8 .859
ANOVA test
Sum of Squares df |[Mean Square F Sig.
Density Between Groups 3.050E-02 3 1.017E-02 | 1.906 207
IWithin Groups 4.267E-02 8 5.334E-03
Total 7.316E-02 11
Compressive Strength Between Groups 4328.882 3 1442.961 11.500 .003
'Within Groups 1003.782 8 125.473
Total 5332.664 11
Leached Mercury Between Groups 1.196 3 .399 10.177 .004
IWithin Groups 313 8 3.917E-02
Total 1.509 11
PostHoc Tests
Compressive Strength
Binder Ratio N Subset for alpha = .05
1 2
1:1 3 85.330000
2:1 3 121.600000
0.5:1 3 129.396667
1:3 3 133.303333
Sig. 1.000 254
Sig. 1.000 254

Means for groups in homogeneous subsets are displayed.
a Uses Harmonic Mean Sample Size = 3.000.
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Mercury Leached
Binder Ratio N Subset for alpha = .05
1 2
1:3 3 .5333
.1 3 .8000
0.5:1 3 .8333
2:1 3 1.4000
Sig. b, 1.000
Means for groups in homogeneous subsets are displayed.
a Uses Harmonic Mean Sample Size = 3.000.
Tamhane :Dependent Variable: Density
(I) Binder (J) Binder MF (I-J) Sig. 95% Confidence Interval
Lower Bound Upper Bound
1:3 15
0.5:1 -9.010000E-02 944 -.859555 .679355
1:1 -3.210000E-02 1.000 -.818280 754080
2:1 -.130133 .818 -.971442 11176
0.5:1 1:3 9.01000E-02 944 -.679355 .859555
0.5:1
1:1 5.80000E-02 337 -5.396243E-02 .169962
2:1 -4.003333E-02 .566 -.161682 8.16158E-02
1:1 1:3 3.21000E-02 1.000 -.754080 .818280
0.5:1 -5.800000E-02 8227/ -.169962 5.39624E-02
1:1
2:1 -9.803333E-02 .060 -.202755 6.68789E-03
2:1 1:3 .130133 .818 -711176 971442
0.5:1 4.00333E-02 .566 -8.161581E-02 161682
1:1 9.80333E-02 .060 -6.687887E-03 202755
2:1
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This 1s the example of statistic analysis at 0:30:70 and 10:20:70 binder ratio

in differernt curing time by Oneway ANOVA using SPSS (versionl0). Density,

Unconfined compressive strength and mercury leaching were determined.

Example ANOVA Test at different curing times
Binder ratio 0:30:70 at different curing times

Test of Homogeneity of Variances

Levene Statistic dfl df2 Sig.
Density 3.051 2 6 122
Compressive Strength 1.719 2 6 257
Leached Mercury .040 2 6 961
ANOVA test
Sum of Squares df Mean Square F Sig.
Density Between Groups 2.286E-03 2 1.143E-03 | 6.586 .031
IWithin Groups 1.041E-03 6 1.736E-04
Total 3.328E-03 8
Compressive Strength Between Groups 278.328 2 139.164 |600.794| .000
IWithin Groups 1.390 6 932
Total 279.718 8
Leached Mercury Between Groups 31.665 2 15.833 155.069 | .000
IWithin Groups .613 6 102
Total 32.278 8
ANOVA Test at binder ratio 10:20:70 at different curing times
Test of Homogeneity of Variances
Levene Statistic dfl df2 Sig.
Density 2.393 2 6 172
Compressive Strength 1.328 2 6 333
Leached Mercury 9.385 2 6 .014
ANOVA test
Sum of Squares | df Mean Square F Sig.
Density Between Groups 3.756E-03 2 1.878E-03 2.537 | .159
IWithin Groups 4.440E-03 6 7.401E-04
Total 8.196E-03 8
Compressive Strength [Between Groups 1709.510 2 854.755 627.241| .000
'Within Groups 8.176 6 1.363
Total 1717.686 8
Leached Mercury Between Groups 19.921 2 9.961 85.654 | .000
'Within Groups .698 6 116
'Within Groups .698 6 116
Total 20.619 8
Total 20.619 8
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The t-test at 95% confidence intervals was used to compare values of density,
unconfined compressive strength and mercury concentration with 0:30:70 and
10:20:70 in different curing time, and to compare mercury concentration in different

leachant type.

Paired-Sample T-Test

Compare 0:30:70 with 10:20:70 at different curing times

Levene' s Tes t-test 95% Confidence Interval of the
F Sig. t df Sig. Difference
(2-tailed) Lower Upper

Density [assumed 1.281| .321 |-3.793 | 4 .019 -.136660 -2.114023E-02
7 days ot assumed -3.793 [3.358| .026 -.141288 -1.651214E-02
Strength [assumed 2.026| .228 |[-12.759| 4 .000 -6.441100 -4.138900
7 days  |not assumed -12.75912.379| .003 -6.827246 -3.752754
Mercury [assumed 2.552| .185 | 8.854 4 .001 2.2561 4.3173
7 days ot assumed 8.854 [3.029| .003 2.1116 4.4617
Density [assumed 4.064| .114 | -2.606 | 4 .060 -.111673 3.53964E-03
14 days |not assumed -2.606 |2.351| .103 -.131719 2.35857E-02
Strength jassumed 5.208| .085 |-36.743| 4 .000 -26.889116 -23.110884
14 days [not assumed -36.743 12.545| .000 -27.402030 -22.597970
Mercury [assumed 1.569| 279 |18.216| 4 .000 3.1699 4.3101
14 days |not assumed 18.216 |2.898 | .000 3.0733 4.4067
Density |assumed 488 | 524 | -1.480 | 4 213 | -3.020363E-02 | 9.20363E-03
28 days [not assumed -1.480 |3.606| .221 -3.108343E-02 | 1.00834E-02
Strength |assumed 2.089| .222 |-19.247| 4 .000 -21.572990 -16.133677
28 days [not assumed -19.247(2.771| .000 -22.121776 -15.584890
Mercury [assumed 9.926| .034 |10.234| 4 .001 1.4623 2.5511
28 days |not assumed 10.234 12.031| .009 1.1754 2.8379

Pait t-Test in different leachant types

Binder ratio 0:30:70 in different leachant types

Test of Homogeneity of Variances

Levene Statistic dfl df2 Sig.
Seawater leached 3.339 2 6 .106
HCO leached 6.000 2 6 .037
SO leached 3.455 2 6 .100
Acetic leached 3.056 2 6 122
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Pair t-test
Sum of Squares df Mean Square F Sig.
Seawater leached  [Between Groups 5.500 2 2.750 146.627 .000
IWithin Groups 113 6 1.876E-02
Total 5.613 8
HCO leached Between Groups 10.020 2 5.010 37575.750 | .000
IWithin Groups 8.000E-04 6 1.333E-04
Total 10.021 8
SO leached Between Groups 10.643 2 5.321 11973.325| .000
IWithin Groups 2.667E-03 6 4.444E-04
Total 10.646 8
Acetic leached Between Groups 12.263 2 6.131 5016.664 | .000
IWithin Groups 7.333E-03 6 1.222E-03
Total 12.270 8
ANOVA Test at binder ratio 10:20:70 in different leachant types
Test of Homogeneity of Variances
Levene Statistic dfl df2 Sig.
Seawater leached 5.115 2 6 .051
HCO leached 6.746 2 6 .029
SO leached 7.692 2 6 .022
Acetic leached 4.727 2 6 .059
Pair t-test
Sum of Squares | df |Mean Square F Sig.
Seawater leached  Between Groups 3.495 2 1.748 1332.975 | .000
'Within Groups 7.867E-03 6 1.311E-03
Total 3.503 8
HCO leached Between Groups 4.346 2 2.173 3055.609 | .000
'Within Groups 4.267E-03 6 7.111E-04
Total 4.350 8
SO leached Between Groups 4.790 2 2.395 7697.714 | .000
'Within Groups 1.867E-03 6 3.111E-04
Total 4.792 8
Acetic leached Between Groups 5.171 2 2.586 11635.850 | .000
'Within Groups 1.333E-03 6 2.222E-04
Total 5.173 8
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Levene' s Test

t-test

95% Confidence Interval

F Sig. t df Sig. of the Difference
(2-tailed) Lower Upper
Seawater jassumed 1.923 | .238 57.991 4 .000 .8633 9501
7 days not assumed 57.991 2.616 .000 .8525 .9608
HCO assumed 4.000 | .116 159.349 4 .000 9040 9360
7 days not assumed 159.349 | 2.000 .000 .8952 .9448
SO assumed 7.692 | .050 50.647 4 .000 .8444 .9423
7 days not assumed 50.647 | 2.000 .000 8174 9692
Acetic assumed 4797 | .094 28.094 4 .000 .8050 9816
7 days not assumed 28.094 | 2.000 .001 7565 1.0301
Seawater fassumed .800 422 77.460 4 .000 9642 1.0358
14 days not assumed 77460 | 2.941 .000 9584 1.0416
HCO assumed 16.000 | .016 | 280.000 4 .000 9241 .9426
14 days not assumed 280.000 | 2.000 .000 9190 9477
Acetic assumed 16.000 | .016 | 296.000 4 .000 9774 9959
14 days not assumed 296.000 | 2.000 .000 9723 1.0010
Seawater fassumed 2.065 | .224 3.638 4 .022 1207 .8993
28 days not assumed 3.638 2.269 056 |-2.9592E-02| 1.0496
HCO assumed 2.571 | .184 2475 4 .069  |-8.5297E-03| .1485
28 days not assumed 2475 2.560 104 |-2.9431E-02]  .1694
SO assumed 27 | 442 3.637 4 .022 1.813E-02 1352
28 days not assumed 3.637 3.448 .028 1.425E-02 1391
Acetic assumed .000 | 1.000 | -1.947 4 123 |-9.7051E-02| 1.705E-02
28 days not assumed -1.947 4.000 123 -9.7051E-02| 1.705E-02
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APPENDIX C
FIGURE OF INSTRUMENTS

ELF model Autotest3000 Incubator for shaken at 200 rpm
To determine unconfined compressive strength

CEM model 047919 MARX,HP1500 VARIAN SpectrAA220FS
TO determined total mercury concentration equipped with VARIAN VGA-77

to analyzed mercury concentration
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FIGURES OF THE EXPERIMENTS

e) f)

Processing of waste sample preparation were shown according to Figure a) — f)

a)
b)
c)
d)
€)
f)

Wash all lamps with tap water

Pour water into pipe to avoid mercury release
Put the lamp into the pipe

Hit lamp with steel

Separate glass from previous step from water
Pass glass though 9.5 mm sieved
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Figure of solidified samples in various binder and waste ratios at 28-days curing time

Binder Waste ratio
Ratio 1:3 0.5:1 1:1 2:1

50:0:50

40:10:50

40:20:40

30:10:60

30:20:50

30:30:40

0:30:70
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Figure of solidified samples at 0:30:70 and 10:20:70 binder ratios in different curing
times

Binder Curing Times
ratio

0:30:70

10:20:70

Immerse solidified sample into the 2.5 L leachant for 7 days
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