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RECYCLING OF POLY (METHYL METHACRYLATE) SCRAP IN THE POLY
(METHYL METHACRYLATE)-POLYURETHANE COPOLYMER CASTING
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ABSTRACT

This research presents the recycling of poly(methyl methacrylate) (PMMA)
scrap in the poly(methyl methacrylate)-polyurethane copolymer (PMMA-co-PU) via
bulk polymerization and casting technique. The effects of influencing factors on the
preparation of PMMA-co-PU sheet mixed with PMMA scrap, such as the
concentrations of PMMA scrap and PU, were studied. The mechanical properties of
the PMMA-co-PU cast sheet, such as shore D hardness, impact strength, tensile
properties and flexural properties, and the physical properties, such as ultraviolet
resistance, heat resistance and opacity, were also examined.

The appropriate concentrations of PMMA scrap and PU for the preparation of
PMMA-co-PU sheet mixed with PMMA scrap were 2% w/w and 30% w/w,
respectively, which gave the following mechanical and physical properties: shore D
hardness of D/78.30+ 0.48/10, impact strength of 9.91+ 0.43 J, tensile stress at break
18.59+1.49 MPa, elongation at break of 40.76+ 1.54%, flexural strength of
49.01+0.76 MPa, yellowness shifting from the ultraviolet resistance of 0.72+ 0.03,
heat resistance of 2.51+ 0.02 and opacity of 12.30+ 0.08%.The evaluation of PMMA-
co-PU mixed with 2% PMMA scrap resulting from the agar overlay method revealed a
non-toxic level of cytotoxicity.

Finally, the environmental impact and economics from the recycling of PMMA
scrap were evaluated using the Life Cycle Inventory (LCI) data of the PMMA cast
sheet production process. The results show that the recycling of PMMA scrap can
decrease greenhouse gases (GHGs) emissions, with a consistency of 0.43 ton in CO,-
eq., 0.01 ton in N,O-eq., 1.28 ton in NOy-eq., 0.04 ton in CHy-eq., and 0.63 ton in CO-
eq. The eco-efficiency evaluation of the PMMA-co-PU mixed with PMMA scrap
showed the highest eco-efficiency compared to the PMMA-co-PU and PMMA cast
sheet process.

KEY WORDS: POLY(METHYL METHACRYLATE)/POLY(METHYL
METHACRYLATE) SCRAP/RECYCLE/POLYURETHANE
COPOLYMER CAST SHEET

100 pages
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CHAPTER I
INTRODUCTION

1.1 Background and significance

Poly(methyl methacrylate) (PMMA), which has been called in term of industry
as acrylic, is the amorphous polymer. The general properties of PMMA are hard,
delicate and transparent (same to glass). There are many methods to synthesize
PMMA such as solution polymerization, emulsion polymerization, suspension
polymerization and bulk polymerization. Bulk polymerization by casting process is the
simple and the lowest of cost that can produce the less contaminated product [1].

There are many type of PMMA practical usage such as vehicle part, lens,
accessories, transparency roof tile, dyed interior decorated product and dental material.
In the industry, the PMMA sheets were prepared by bulk polymerization process via
casting process technique. There were several steps involved in PMMA sheet
production process, starting with the prepolymerization to the cutting. PMMA scrap
was generated in the cutting step, and it comprises of approximately 3% of total
product [2]. Minor part of the scrap was sold to another company while majority was
sent to landfill. The amount of PMMA scrap was low comparison to the total amount
of PMMA cast sheet products. Moreover PMMA scrap from this process could be
caused pollution to environment.

By reviewing of many reports found that there have recycled of PMMA scrap in
the PMMA [3] and styrene-MMA copolymer casted sheets process [4]. But the
properties of PMMA, which was delicate and low resistance of impact strength, made
the limitation of PMMA usage. Therefore, there were many processes to develop the
properties of PMMA by adding high elastomer rubber such as butylene rubber,
styrene butadiene rubber, natural rubber [5,6] and copolymer with polyurethane (PU)
[7,8]. These can help to increase the higher resistance of impact strength in PMMA

cast sheets.
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This research was started by the preparation of poly(methyl methacrylate)-
polyurethane copolymer(PMMA-co-PU) cast sheet mixed with PMMA scrap. The
influent factors, which affects the PMMA-co-PU cast sheet from PMMA cast sheet
process such as quantity of PMMA scrap and amount of PU were investigated. The
mechanical, physical and toxicity properties of the prepared cast sheets were studied
along with the economic factors and environmental impact. This research is expected
to be the prototype concept, which can balance the environment and economic

dimensions of plastic production in future.

1.2 Research objectives

The study had following main objectives;

1.2.1 To examine the influence factors, consisted of the amount of PMMA scrap
and amount of PU, on the preparation of the PMMA-co-PU cast sheet mixed with
PMMA scrap.

1.2.2 To investigate the mechanical, physical and cytotoxic properties of the
prepared the PMMA-co-PU cast sheet mixed with PMMA scrap, such as shore D
hardness, impact strengths, tensile properties, flexural strength, opacity, UV resistance
and heat resistance.

1.2.4 To evaluate the environmental impact and economic outcome from the

preparation of PMMA-co-PU mixed with PMMA scrap.
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1.3 Conceptual framework

PMMA Transparent
q " Customer
cast sheet " PMMA cast sheet
.| PMMA scrap
v
4—
MMA PMMA-co-PU polyol
—
Ry > < polyisocyanate
v
Economic | Sustainable of PMMA Environmental
dimension cast sheet industry dimension

Figure 1.1 Conceptual framework chart
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1.4 Hypotheses

The hypothesis of this research was:
The PMMA scrap, which is generated from PMMA cast sheet process, can
be recycled within the PMMA-co-PU cast sheet process.

1.5 Outcomes

The outcomes of this research were:

1.5.1 The recycling of PMMA scrap can reduce the environmental impact and
production cost of the PMMA-co-PU cast sheet.

1.5.2 The research demonstrate the useful of PMMA scrap, which is generated
from the PMMA cast sheet process.
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CHAPTER 11
LITERATURE REVIEW

This chapter focuses on the theories, which are related to this research. There
are consist of concepts of plastic waste management, materials properties,
polymerization, casting process, recycling and eco-efficiency. Finally, the relevant
researches are referred. This chapter is following the subsequent outlines:

2.1 Industrial waste utilization in Thailand

2.2 Poly(methyl methacrylate) (PMMA)

2.3 Polyurethane (PU)

2.4 Copolymer

2.5 Polymerization

2.6 Casting process of poly(methyl methacrylate)

2.7 Framework for plastic waste management

2.8 Plastics waste recycling processes

2.9 Importance and of plastic recycling

2.10 Eco-efficiency by BASF

2.11 Relevant researches

2.1 Industrial waste utilization in Thailand [9]

In 2006, recyclable wastes generated from industrial sector were
approximately 12.88 million tons. These recycle wastes comprised glass, paper,
plastic, steel scrap, aluminum and rubber. 8.26 millions tons or 64% of wastes were
recycled (Figure2-1), increasing about 1.18 million tons compared to 2005. However,
when compared to 2005, recycle ratio was not different primarily due to petrol price
crisis affecting the production investment. As a result, the entrepreneurs had to collect
the domestic wastes and reuse or recycle those waste as raw material in their

processes. 2.99 million tons of recyclable wastes (36%) generated from industrial
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sector were commercial in the communities. The rests of 5.28 million tons (64%) were
exchanged though waste exchange system. Iron and aluminum industries were able to
effectively recycle the used packaging and product using deposit-refund system.
Approximately 94% and 71% of recyclable wastes from iron and aluminum industries
respectively were recycled because Thailand currently did not have primary steel-
making, aluminum-making industries. The industry which less effective recycled
program was plastic industry. Only 21% of plastic wastes were recycled. Furthermore,
28% of wastes from rubber industry were recycled of which 16,900 or 4% of used tires
were fed into cement kiln as alternative fuel. (Table 2-1)

Volume(million tons)

16 -

14.56

14
12
10

O Waste generation

B Waste utilization

o N O~ O

2002 2003 2004 2005 2006

Figure 2.1 Industrial waste in 2005-2006

Table 2.1 Industrial waste utilization in 2006

Quantity of waste utilization

Waste Waste Total
Type generation Commercial  exchange Method
(ton) (ton) system (ton) (percent)
(ton)
Glass 174,000 747,500 202,500 950,000 54 Recycle
926,900 250,000 250,000 14 Reuse
Paper 3,105,000 358,800 648,100 1,575,000 51 Recycle
Plastic 2,298,000 867,100 119,200 457,000 21 Recycle
Steel scrap 4,744,000 89,700 3,610,900 4,478,000 94 Recycle
Aluminum 597,400 335,300 425,000 71 Recycle
Rubber 394,400 62,000 62,000 16 Recycle
31,000 31,000 8 Reuse
16,900 16,900 4 Alternative

fuel
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2.2 Methyl methacrylate monomer (MMA) and poly(methyl methacrylate)
(PMMA) [10]

MMA is a monomer, produced by a two-step process in which acetone and
hydrogen cyanide react to form acetone cyanohydrins in first step. Then it is reacted
with methanol or other alcohols to yield methacrylate ester in the second step. MMA
is alert for free radical chain polymerization and can be initiated by a peroxide or
azocatalyst or by redox polymerization. After the process, this monomer will convert
into PMMA or acrylics (Figure 2.2). Common trade names of PMMA include
plexiglas, lucite and acrylite. PMMA used singly or in combination, sometimes with
other monomers, to give products ranging from soft, flexible elastomers to hard, stiff
thermoplastics and thermosets. With this wide range of characteristics, PMMA is
produced in many forms including sheets, rods, tubes, films, pellets, beads, solutions,
lactices and reactive syrup. PMMA have high amorphous properties which result in
hard, rigid, optically transparent, moisture resistant, high strength to weight ratio and
minimal light absorptive.

It posses desired coloring properties and can be easily heat formed without loss
of optical clarity. Prolonged exposure to moisture, or even total immersion in water,
does not significantly affect the mechanical or optical properties of PMMA. Most
commercial PMMA has been UV stabilized for good weather ability and resistance to

prolonged sunlight exposure.

H — CHs
/C=C
H C=0 Polymerization

Initiator

\

CH C

/
v
1 1

Fa\

CHs

MMA PMMA

Figure 2.2 MMA and PMMA structure
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2.3 Polyurethane (PU) [11]

A PU is made by mixing together the ingredient chemicals (isocyanate and
polyol) in predetermined proportions, which then react to form the polymer. Uniquely,
PU utilizes simultaneous polymerization and shaping of the part. The production of
consistent end products depends on mixing, in precise ratio, the ingredient chemicals
and maintenance of the appropriate processing temperatures. As the liquid isocyanate
and polyol react to form the PU, the liquid mix becomes increasingly viscous
eventually forming a solid mass. The reaction is exothermic and therefore heat is
involved. Other ingredients will be included in the polyol blend, for example the
catalyst which controls the rate at which the liquid mixture reacts to become solid.
There are no hard and fast rules for obtaining the optimum PU end product, success is
due to good formulation selection with well chosen and appropriate processing
parameters and mould geometry. The process by which liquid polymers are converted

to elastomeric or glassy solids is fundamental to the manufacture of PU products.

i )
s [l Ll "

Figure 2.3 General structure of polyurethane
2.3.1 Isocyanates

Many commercial grades of isocyanates used for making PU are aromatic
in nature. Each isocyanate will give different properties to the end product, requiring
different curing systems and, in most cases, different processing systems. An
important property of an isocyanate is its functionality, i.e. the number of isocyanate
groups (-NCO) per molecule. For crosslinked PU applications the average
functionality of the isocyanate is usually a little over two. The higher functionality
isocyanates are used for special applications. When a di-functional isocyanate is used
with a di-functional polyol a long linear PU molecule for elastomeric applications is
formed. The modified isocyanates and isocyanate pre-polymers with special reactivity

characteristics are used when it is impractical to use the more conventional
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isocyanates. Such derivatives are formed from the reaction of the isocyanate with

compounds such as amines, diols or triols.

2.3.2 Polyols

There are two main types of polyols used in the PU industry, polyethers
and polyesters.

1) Polyethers - The more widely used polyethers have a relatively low
molecular weight in the range of 500 to 3,000 and are manufactured from propylene
oxide (PO) and ethylene oxide (EO). PO is the major constituent of the polyol,
whereas EO is only included in small amounts to modify the properties of the
polyol.The functionality of the polyether polyol (number of active hydroxyl groups per
molecule) can be varied and is normally 2 for elastomers, approximately 3 for flexible

foams and up to 6 or more for rigid foams.

2) Polyesters - The polyester polyol are typically produced by the
condensation reaction of a diol such as ethylene glycol with a dicarboxylic acid.
Polyester polyol tend to be more expensive, are usually more viscous and difficult to
handle but develop PU with superior tensile, abrasion, flexing and oil resistance
properties. Consequently, they are used to make PU for more demanding applications.

A disadvantage of polyester based PU is their lower hydrolysis resistance.

2.4 Copolymer [12]

A copolymer is a polymer made from two or more different monomers. For
example, if styrene and acrylonitrile are allowed to polymerize in the same reaction
vessel, a copolymer will be formed which contains both styrene and acrylonitrile
residues (Figure 2.4). Many commercial synthetic polymers are copolymers. It should
be noted that the sequence of monomer units along a copolymer chain can vary

according to the method and mechanism of synthesis.
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nCH,—CH + mCsz CH—»+—CH,—CH o CH,—CH
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Figure 2.4 Example of copolymer

2.4.1 The type of copolymer systems:
1) Random copolymer — In random copolymers, no definite sequence of
monomer units exists. A copolymer of monomer A and B might be depicted by the

arrangement.

—AABEABABBAAABAABBA —

Figure 2.5 Random copolymer structure

2) Alternating copolymer — As the name implies, alternating copolymers

contain a regular alternating sequence of two monomer units.

— ABABABABABAB—

Figure 2.6 Alternating copolymer structure

3) Block copolymer — Block copolymers contain a block of one monomer

connected to a block of another, as illustrated.

—AAAAA  BEBEBEEB —AAAAAMAAM_ BEBBE—

Figure 2.7 Block copolymer structure

4) Graft copolymer - Sequences of one monomer (repeating unit) are

grafted onto a backbone of the another monomer type:
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Figure 2.8 Graft copolymer structure

2.5 Polymerization [13]

2.5.1 Polymerization mechanisms

Polymerization mechanisms can be classified into two main groups:

1) Addition polymerization - yields a product where the molecular formula
of the repeating unit is the same as that of the monomer. The chain-growth reaction of
ethylene monomer to form polyethylene is a classic example.

2) Condensation polymerization - yields a product where the repeating unit
contains fewer atoms than the monomer or monomers, and the balance of the atoms
form a by-product molecule, or condensation product. For example, ethylene glycol

and acid monomers form poly(ethylene terephthalate) (PET), with water as the

condensation product.

2.5.2 Polymerization methods
There are 4 types of polymerizations.
1. Bulk polymerization
2. Solution polymerization
3. Suspension polymerization

4. Emulsion polymerization
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Table 2.2 Comparison of polymerization systems [1]

Literature Review / 12

Type

Advantages

Disadvantages

Bulk (batch type)

Bulk (continuous)

Solution

Suspension

Emulsion

Minimum contamination.
Simple equipment for making

castings.

Lower conversion per pass
leads to better heat control
and narrower molecular-
weight distribution.

Ready control of heat of
polymerization. Solution may
be directly usable.

Ready control of heat of
polymerization. Suspension
or resulting granular polymer

may be directly usable.

Rapid polymerization to high
molecular weight and narrow
distribution, with ready heat
control. Emulsion may be

directly usable.

Strongly exothermic.
Broadened molecular-weight
distribution at high
conversion. Complex if small
particles required.

Requires agitation, material
transfer, separation, and

recycling.

Not useful for dry polymer
because of difficulty of
complete solvent removal.
Continuous agitation
required. Contamination by
stabilizer possible .Washing,
drying, possibly compacting
required.

Contamination with
emulsifier, etc., almost
inevitable, leading to poor
color and color stability.
Washing, drying and

compacting may be required.

2.5.2.1 Bulk Polymerization - This method involves no diluents or
solvents other than the monomer (or monomers). This procedure allows the monomers
to react with or without catalysts, to form the polymer. The polymer is soluble in the
monomer (liquid). Theoretically, the monomer can be a gas, liquid or solid but most of

all mass polymerization takes place in the liquid phase. A serious drawback to bulk
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polymerization is difficulty for controlling the heat of reaction. Both the monomer and
polymer are heat insulators and have low thermal conductivities. The generated
exothermic heat tends to stay within the mass and is not easily withdrawn. Stirring the
mass helps increasing viscosity but it might cause more difficulty and a less efficient
heat-dissipating mechanism. This causes difficulty in the control of molecular weight
of the final polymer. Normally, this method is suitable for small casting or batch.
Gaseous-phase bulk polymerization takes place under pressure often requiring specific
catalysts for conversion. The only additives present are activators, initiators, or chain
regulators. Initial viscosities are low but final viscosities are usually 100,000 - 500,000
centipoises (cp). The high final viscosities require the use of close clearance impellers.
Since these impellers are not effective at low viscosities, initiator or pre-polymer
reactors with AXF4 impellers are often used to take the reaction to the 10,000 - 30,000
cp range. The molten material is then transferred to the main polymerizes for the
balance of the reaction. The difficulty of heat transfer in viscous fluids limits bulk
polymerizations to relatively small tanks. Bulk polymerizations have also been run
successfully in continuous reactors using static mixer technology. The plug flow
characteristics of these reactors results in a narrower range of molecular weights in the
final polymers. Practically, prepolymerization step is required in order to reduce the
shrinkage in the casting cell. The resulting syrup, consisting of a solution of polymer
in monomer, is then filtered and stored in a refrigerator if it is not required for
immediate use. The heating involved in making the prepolymerization may also be of
assistance in removing oxygen dissolved in the monomer. The preparation of a
prepolymerization needs careful monitoring and control and can be difficult for large
scale operations. An alternative approach is to prepare syrup by dissolving some

polymer in the monomer and adding some peroxide to the mixture.

2.6 Casting process of poly(methyl methacrylate) [14]

The casting process is most frequently used to produce PMMA sheets. Cast
sheets can be made by cell-casting (a batch process that happens within a mold or
cell), or by continuous-casting (a process that happens between moving steel belts).

The continuous-casting process, which was developed in 1965, is similar to cell-
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casting, a much older process that was developed in the 1930s. Cell-casting is done
between two pieces of plate glass, and is limited to defined lengths and widths.
Continuous-casting is currently limited to 110 in widths; lengths are unlimited.
Thicknesses usually are between 0.080 and 0.500 in for continuous cast sheet, and
between 0.125 and 4 in for cell-cast. Cell-casting produces sheet with better optical
properties because of the casting medium used.

From Figure 2.9, molds or cells, two pieces of polished or tempered plate glass
held together by spring clips, are filled with monomers or partly polymerized syrups
(which also contain desired additives such as colorants, catalysts, etc.) and clamped,
the moved into and oven for curing. Thin sheets are cured for 12 to 16 hr. under a
temperature cycle that starts about45 °C and ends at almost 95 °C. Thicker sheet
(above 0.125 in) takes longer time to cure. After curing is complete, the cells are

cooled. The sheets are removed and trimmed.

glass

compound

/

\

spring clip

Figure 2.9 Cell casting process

Cell-cast sheets are available clear, translucent, or opaque, in a range of colors
and finishes. Available finishes include high-gloss and mattle. Production by cell-
casting for thicknesses 0.250 in. and below has diminished dramatically in the last ten
years. This production has been replaced mostly by sheet from the continuous process
and by extruded sheet. Extruded PMMA sheets are offered in fewer colors because the
extrusion process is not conductive to process changes for color. Also, extruded sheet

cannot be crosslinked and shrinked unevenly when heated for thermoforming.
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2.7 Framework for plastic waste management [15]

The flow chart of a plastic waste management operation system is
schematically shown in Figure 2.10. The major operations involved in a waste
management process include the collection of the plastic waste outside or inside the

municipal waste stream, disposal in landfills, energy recovery, recycling into useful

products, and the establishment of markets for the recycled products.

il

Plastic Wastes |

¥

Collection

Outside the
Municipal Waste
Stream

Inzide the
Municipal Waste
Stream

Separation/Purification

!

r

Recyeling

Landfill _| Incineralion

Energy

4 :

Thermal Chem

ical

Reprocessing Muodification

Fillers

Plastic/MNon-Plastic Products

Markel

b

r

Non-
Wasles
Management

Plastic

F 3

Figure 2.10 Plastic waste management process
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2.7.1 Collection

Plastic wastes could be retrieved in two ways. The first method consists
of collecting plastics after entering the municipal waste stream, and the second method
involves collection of plastics before entering the municipal waste stream. Most post-
consumer wastes end up in the municipal waste stream. Curlee [16] reported that these
plastic wastes are usually very contaminated and are difficult to economically recycle.
Therefore, the wastes are either disposed in landfills or incinerated to reduce their
volume and to recover their energy content. Conversely, plastic wastes collected
outside the municipal waste stream are relatively clean and can be recycled after

undergoing some separation and purification processes.

2.7.2 Landfilling plastics
The disposal of plastics in landfills raises some concerns since the
material degrades very slowly. Wastes, such as paper and food wastes, are equally
very slow to be degraded in landfills. Therefore, the degradation of plastics and other
wastes should not make an issue since it has little effect on landfill capacity. Plastic
wastes do not create difficulties in landfill operations and also do not contribute to the

toxicity of leachate from the landfills [17].

2.7.3 Energy recovery

Plastics are almost all derived from oil and their wastes. They are waste
with a high calorific value. Energy recovered from plastic waste can make a major
contribution to energy production. Plastics can be co-incinerated with other wastes or
coal in several industrial processes. The energy content of plastic waste can be
recovered in other thermal and chemical processes such as pyrolysis. As plastic waste
is continuously recycled, they loss their physical and chemical properties at their end-
of-life cycle. Continuous recycling process lead the products with substandard and low
quality products. Hence, it would no longer be economically profitable for recycle

products.
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2.8 Plastics waste recycling processes

Plastics recycling or reprocessing is usually referred as the process that
plastic waste material in solid form are collected, separated, processed and returned to
use [18]. Development of an efficient and cost-effective method for recycling waste
plastics serves their intended purpose, retrieving them from the waste stream and
getting them back into the manufacturing process which requires collection, sorting
,cleaning and finally reclamation. For homogeneous plastic waste streams recycling,
the mechanical (or physical) methods is the economically preferred recovery option.
Heterogeneous plastic waste streams however are more efficiently treated or handled

by chemical and thermal processes, for recovery of basic chemicals and /or energy.

2.8.1 Mechanical recycling
Mechanical recycling of plastics refers to processes which involve
melting, shredding or granulation of waste plastics. Plastics must be sorted prior to
mechanical recycling. Technology is being introduced to sort plastics automatically,
using various techniques such as X-ray fluorescence, infrared and near infrared
spectroscopy, electrostatics and flotation. Following sorting, the plastic is either
melted down directly and moulded into a new shape, or melted down after being

shredded into flakes and than processed into granules called regranulate.

2.8.2 Chemical or feedstock recycling

Feedstock recycling describes a range of plastic recovery techniques to
make plastics, which break down polymers into their constituent monomers, which in
turn can be used again in refineries, or petrochemical and chemical production. A
range of feedstock recycling technologies is currently being explored. These include:
pyrolysis, hydrogenation, gasification and thermal-cracking. Feedstock recycling has a
greater flexibility over composition and is more tolerant to impurities than mechanical
recycling, although it is capital-intensive and requires very large quantities of used

plastic for reprocessing to be economically viable.
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2.8.2.1 Chemical modification.

Plastic can be recycled by chemical modification or
depolymerization. The two ways to achieve depolymerization are hydrolysis
(chemical decomposition) and pyrolysis (thermal decomposition). For example, PET
(polyethylene terephthalate) can be chemically modified to produce unsaturated
polyester, thermoset polyester typically used in bathtubs, boat hulls, and automobile
exterior panels. Another example is the thermal decomposition of acrylic wastes into
methyl methacrylate (MMA), a monomer typically used in aircraft windows and
neon signs. The technology of depolymerizing single condensation polymers, such
as urethanes, PET, nylon, and poly(methyl methacrylates) is relatively easy.
However, it is much more complicated to chemically modify mixed plastics to

produce useful and economical chemical feedstocks .

2.8.2.2 Thermal reprocessing
Thermal reprocessing consists of heating a thermoplastic at
very high temperatures, thus making the plastic flow. The plastic is then converted
into a new product as it cools. This method does not involve the modification of the
chemical composition of the plastics. For example, PET, being thermoplastic

polyester, can be heated and reprocessed into building panels,

2.9 Importance of plastic recycling

The benefits of recycling can be categorized into environmental and

economic. These are briefly explained below.

2.9.1 Environmental
There is only one environment and it must be treated with the respect it
deserves. If raw materials have already been extracted then it makes sense to use them
again if possible. This means that reserves last longer into the future. Moreover,
recycling of plastic waste conserves natural resources, particularly raw materials such
as oil and energy. The more that is recycled, the longer will natural resources be

available for future generations. It means that there is less environmental impact due to
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mining, quarrying, oil and gas drilling and deforestation. If there are fewer of these
operations, the environment will be safe from continuous destruction and degradation.
Another positive effect of recycling on the environment is that it may reduce
emissions of substances carbon dioxide (CO,) into the atmosphere. From ‘life-cycle’
analysis of reprocessed plastics and virgin plastics, it is known that the emissions of
CO,, SO,, NOx (NO and NO,) are much smaller for recycled plastics compared to that
for virgin materials. Hence the environment will be better safe from air pollution and
global warming if recycling is adopted on large scales. Recycling of plastic wastes will
also safe both ground and surface waters from pollution. This is because if discarded
randomly, they choke gutters and even find their way into water bodies that serve as
sources of drinking water for communities and towns. They also help to breed leachate

that can seep into the ground thereby contaminating groundwater bodies as well.

2.9.2 Economic
Resource recovery reduces the quantity of raw materials needed in
production processes. The reuse of plastics may, therefore, help to reduce the
dependence on ported raw materials and to save foreign currency. Due to increasing
cost of virgin plastics as a result of dwindling oil reserves. The low energy and water
consumption will save recycling companies from paying huge bills that could

otherwise have adverse effect on their operations.

2.10 The eco-efficiency by BASF [19]

The development and use of eco-efficiency analysis by BASF is intended as
a quantifiable contribution to comparing the sustainability of various products and
systems. The portfolio plot and scenario calculations can be used to identify the main
factors influencing the overall system. Ecological data are calculated in accordance to
the Life Cycle Assessment (LCA). The data are then summarized into six main factors
using a special method developed by BASF. Those six categories are considered in
determining the environmental impact. They are consumption of raw materials; energy
consumption; emissions to the air, water and soil (wastes); toxicity potential of

substances employed and produced, the risk potential of misuse; and the use of area.
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These parameters are weighted and combined to give an overall impact score. The six
impact categories result is shown in an ecological fingerprint (Figure 2.11). The
economic aspects of the alternative products or processes are represented in an overall
cost calculation, taking into account the flow of material and energy and including all
relevant secondary processes. Factors, which increase costs and potentials for cost
reduction, are easily identified in the process. Using the data on the relative cost and
environmental impact, an eco-efficiency portfolio is created. This portfolio makes it

easy to identify the strengths and weaknesses of a particular product.

Energy consumption — hard coal T =&= Alternative 1
1.00 oil lignite —__ Alternative 2 |
’ gas recoverediother
waterpower biomass
Area use 4. Emissions Air Gwp ——— co;
Water POCP N,O
AP ore
Waste oDP
A CH,
\\ Pkl
3 NH
Resources so,
consumption * Toxicity potential ﬁi‘
coal sulfur \.\
oil iron oFC

gas limestone
lignite sand Risk potential

1.00 = worst position, better results ordered relatively <1 |

Figure 2.11 The ecological fingerprint and the different categories behind the main

factors.

2.10 Relevant researches

Research related to PMMA and PU

Heim et al. [7] studied high impact cast sheets of PMMA with low levels of PU
by IPN (Interpenetrating polymer networks). This process will made higher impact
stress and transparency PMMA sheet. The highest impact stress was at critical PU
concentration level. The optical and mechanical properties depended on PMMA size

and crosslink density with PU.
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Wang, Shi and Zhang [20] studied three kinds of PU-PMMA such as linear
polymer, block copolymer, and IPN, that were synthesized by a simultaneous
polymerization process. The effects of several factors such as UV setting, heat setting,
chemical composition and physical structure on the morphological structure and
mechanical properties of polymers were studied by scanning electron micrograph,
dynamic mechanical loss spectrum, and mechanical tests. The results showed that PU-
PMMA was a partially compatible system with a two-phase structure; the linear
polymer had the highest elongation at break, and IPN had the strongest tensile
strength, while the block copolymer had poor mechanical properties. In addition, the
UV setting block copolymer and IPN system with regular microphase domain
structures had higher tensile strength and elongation at break than those of heat setting
polymers. With MMA content and hard segment in PU increased, the tensile strength

increases, and the elongation decreased.

Pankumnead and Rotpradit [8] studied the impact modification of PMMA
sheet by using PU. PMMA sheets were prepared by bulk polymerization with IPNs
and casting process. The results show that the highest impact was occured with PU
25% and the NCO/OH ratio is 1.2 with ABVN is 0.04% Moreover, they found the
hardness and tensile strength were decreased. The increase in PU volume showed a
good UV resistant properties. Transparent property was studied and the results showed

that the increase in PU volume did not affect transparent properties of PMMA.

Kumar et al. [21] studied microcrystalline parameters of PU/PMMA semi
interpenetrating polymer networks (SIPN) by wide angle x-ray scattering (WAXS)
.The weight percent ratios of PU and PMMA for synthesis were 90/10, 70/30, 60/40,
and 50/50. They found that the mechanical properties such as tensile modulus, surface,
hardness and toughness increased with increaseing in PMMA contents in IPN. On the
basis of mechanical properties it can be concluded that 60/40 PU/PMMA was the

optimum composition.

Sriprachuabwong [22] studied the influence of impact modifiers and laminator

on damage properties of PMMA sheets by falling weight impact and ballistic impact.
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The impact modified PMMA sheets, impact modified styrene-MMA copolymer cast
sheets and semi-IPN of PU and PMMA/PU semi-IPN, were prepared by bulk
polymerization via casting process. It was found that the hardness and flexural
strength of the impact modified PMMA sheets decreased with increasing the impact
modifiers content. The impact strength of the PMMA/PU semi-IPN sheets were higher
than that of Poly(Styrene-co-MMA)/BR sheets and the impact strength of laminated

sheets by mechanical process was higher than that of chemical process.

Research related to PMMA scrap

Horlaiad, Dulyarkorn and Charmondusit [3] studied recycling of PMMA scrap
in casting process of PMMA. 5% by weight of PMMA scrap was the most appropriate
ratio for the recycling for casting process and viscosity increased when amount of
PMMA scrap increased. Amount of PMMA scrap in the PMMA cast sheets had not
affect to impact strength and hardness but it caused better tensile property than

original PMMA cast sheet.

Seeluangsawat [4] studied the recycling of PMMA scrap in the styrene-MMA
copolymer cast sheets via bulk polymerization. In this study, An increase of
concentration of PMMA scrap and styrene monomer affected to the slightly decrease
of impact strength. PMMA scrap concentration did not affect the hardness while those
were affected by styrene concentration. PMMA scrap affected to the changing of
weathering properties of the copolymer sheets. While as, the weathering properties
was changed at the high styrene concentration. The increase of the styrene
concentration caused reduction of relative viscosity of the copolymer solution, in

contrast, the higher of PMMA scrap concentration caused the slightly increase of this

property.

Nasuwan [23] studied impact modification of PMMA recycle in the styrene-
MMA copolymer cast sheets by using butadiene rubber. In this study, increasing of
PMMA scrap concentrations cause on increase in hardness and tensile strength at

yield, but impact strength and elongation at break decreased.
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Chaikaew and Charmondusit [2] studied to compile the life cycle inventory of
PMMA cast sheet throughout the production phase and evaluate environmental

burdens associated with the PMMA cast sheet production process of each unit process.
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3.1

CHAPTER III
METHODOLOGY

Materials

3.1.1 Chemical substances

l.

b

Methyl methacrylate monomer (MMA) : (Thai MMA Co.,Ltd.)

2. Linear glycol adipate polyester polyol (T-2000) : (TPI POLYOL Co.,Ltd.)
3.
4

Aliphatic Polyisocyanate (N-75) : (Bayer Thai Co.,Ltd.)

. Poly(methyl methacrylate) scrap (PMMA scrap) : (Pan Asia Industrial Co.,

Ltd.)

Benzoyl peroxide (BPO) : (Merck)

Azobis-2, 4-dimethyl valenronitile (ABVN) : (Thai Special Chemical Co., Ltd.).
Dibutyl tin laurate (DBTL) : (Bayer Thai Co.,Ltd.)

3.1.2 Instruments.

1.

A

Falling weight tester

Shore D durometer (TECLOCK : GHS-7206)

QUV Tester

Color matching machine (GretagMacbeth : COLOR iMATCH)
Universal testing machine (Instron : 5566 H 1612 )

3.2 Methodology

The PMMA-co-PU cast sheets mixed with PMMA scrap were prepared via bulk

polymerization. The physical and mechanical properties of the copolymer cast sheets

were examined. The study was conducted in 16 experiments and each experiment has 3

replications with varying PMMA scrap and PU concentrations from 0-3% and 15-30%,
respectively shown in table 3.1. The ABVN 0.03 g and BPO 0.02 g were added to initiate

the reaction. 0.02 of DBTL was used to catalyst.
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Table 3.1 Experimental study of the PMMA-co-PU mixed with PMMA scrap cast sheet.

PU (%) PMMA scrap (%) MMA (g) Polyol (g) Polyisocyanate (g)

0 85 11.48 3.52

1 84 11.48 3.52
15

2 83 11.48 3.52

3 82 11.48 3.52

0 80 11.48 4.70

1 79 15.30 4.70
20

2 78 15.30 4.70

3 4l 11.48 4.70

0 75 19.13 5.87

1 74 19.13 5.87
25

2 73 19.13 5.87

3 172 19.13 5.87

0 70 22.96 7.04

1 69 22.96 7.04
30

2 68 22.96 7.04

3 67 22.96 7.04

3.2.1 Preparation of the poly(methyl methacrylate)-polyurethane copolymer
cast sheet mixed with PMMA scrap.

PMMA scrap was dissolved in MMA monomer at room temperature as a mixture
A. Polyol (N75), polyisocyanate (T-2000), ABVN, BPO, and DBTL were mixed together
at room temperature as a mixture B. The mixture A was then added into the mixture B.
The solution was stirred for 15 min and was degassed by vacuum pump. The solution was
then poured into the casting cell. The thickness of cast sheets can be controlled by the
thickness of PVC gasket. The casting cell was left into a water bath at 60°C for 5 h until

approximately 90% monomers conversion had taken place and then was placed in the



Jiranun Nutayasakul Methodology / 26

oven at 100°C for 15 hours in order to complete polymerization. The PMMA-co-PU cast
sheets were prepared by varying the proportions of PMMA scrap and PU as shown in
Table 3.1. The scope of this study is summarized in the Figure 3.1.

Copyright by Mahidol University
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Polyisocyanate+

DBTL

Solution mixed

Polyol+BPO+
ABVN

Holding at room
temperature

60°C for 15 hours —— »

A 4

Casting

Curing

Oven

—— Stirring at room temperature

for 15 minutes

<+—— 60°C for 5 hours

<+—— 100°C for 15 hours

Study the factors affect casting process

Cast sheets

A

1 Amount of PMMA scrap
2 Amount of PU

l

Testing of physical properties
1. UV resistance
2. Heat resistance

3. Opacity

A\ 4

A 4

Testing of mechanical properties

Cytotoxic
property

1. Impact strength
2. Hardness

3. Tensile properties

4. Flexural strength

Economic and environment analysis

Figure 3.1 Diagram of the preparation of PMMA-co-PU cast sheet mixed with

PMMA scrap.
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3.2.2 The mechanical properties testing

3.2.2.1 Hardness
The shore D hardness of the copolymer cast sheets was examined
according to ASTM D 2240 by using shore D durometer: TECLOCK GS-7206 as
shown in Figure 3.2. The indenter was pressed into the samples under a constant

load for 10 second per time.

Figure 3.2 Shore D durometer

3.2.2.2 Falling weight impact
Falling weight impact samples were prepared according to ISO 6603-
1. Prepared samples were tested by using the falling weight impact machine as shown in

Figure 3.3. The details of sample size and testing conditions are shown as follows:

Square sample = 60x60 mm
Sample thickness =y 1 mm
Nose radius of hemispherical striker = 10+1 mm
Specimen support ring (&) = 40+2 mm
Weight striker = 2,25 kg
Height of fall = Variable m

(b)

Figure 3.3 Falling weight tester
(a) Specimen support ring (b) Striker
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3.2.2.3 Flexural
Flexural samples were prepared equaling to ASTM D 790 as displayed
in Figure 3.4. Prepared samples were tested by using the universal testing machine

(INSTRON : 5566 H 1612) as shown in Figure 3.5.
: H
E
I HF

C

| A

ArslEmm B 127mm C: 1l

Figure 3.4 Flexural test specimens according to the ASTM D 790 standard.

Figure 3.5 Universal testing machine

3.2.2.4 Tensile properties
Tensile strength samples were prepared equaling to ASTM D 638
type IV as displayed in Figure 3.6. The tests were performed at room temperature with a
cross-head speed of 5.0 mm min" by using the universal testing machine (INSTRON

:5566 H 1612) as shown in Figure 3.5
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W : Width of narrow section =6 mm
G : Gage length =25 mm
LO  :Length overall = 115 mm
WO : Width overall =19 mm
T : Thickness =1 mm

Figure 3.6 Tensile test specimens according to the ASTM D 638 standard.

3.2.3 The physical properties testing

3.2.3.1 Opacity
The opacity of copolymer cast sheets were investigated according to
the Pan Asia Industrial Co., Ltd. Standard. The opacity of copolymer cast sheet specimens

(6 cm x 6 cm) were examined by using color matching machine.

Figure 3.7 Color matching machine
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3.2.3.2 UV resistance
UV resistance of the copolymer cast sheets was investigated according
to the Pan Asia Industrial Co., Ltd. standard. The opacity of copolymer cast sheet
(specimens 1.5 in x 4 in) were recorded by using color matching machine. After that the
specimens were placed in Q.U.V. cabinet using ultraviolet at wavelength 280 nm to 320
nm for 24 h. The color change in yellowness of the specimens was examined by using

color matching machine.

Figure 3.8 Q.U.V. Tester

3.2.3.3 Heat resistance
The heat resistances of the copolymer cast sheets were investigated
according to the Pan Asia Industrial Co., Ltd standard. Copolymer cast sheet specimens
(6 cm x 6 cm) were placed in oven at 165°C for 25 minutes. The yellowness change of

the specimens was examined by using color matching machine.

3.2.4 The toxic properties testing
Toxic samples were prepared diameter size 5 mm. The toxic was sent to test
by Agar overlay method then bring toxic sample to be evaluated by decolorization index

and lysis index.

3.2.4.1 Preparation of the copolymer cast sheets for testing.
Bringing cells 1.929 mouse fibroblast cell with density 2.5x10°
cells/em® and store into completed DMEM medium quantity of 10 ml. Then adding the

mixture into culture germs dish which has diameter size 90 ml. Storing inside CO,
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incubator which has temperature 37 °C, 95% absolute humidity, 5.0% CO; for 24 h. An
output was monolayer cells then removed cell food and adding agar medium that had
combined with completed medium (2X) DMEM and 3% agar medium. The solute was
waited until it turned to be solid and then dyed with 0.1 % neutral red.

An area inside culture germs dish was separated into 4 parts. The control set
such as negative control, positive control were stored on the top of agar medium surface
(top right and top left respectively). At 2 bottom parts, test samples were stored which has

diameter size 5 ml into CO, Incubator.

3.2.4.2 Assessment of the toxic properties testing
The response of target cells to the toxicity of test materials was
determined by measuring the extension of the decolorization zone (Table3.2) and grading
cell lysis in this zone (Table3.3), according to ISO 7405, around the test materials and
controls, assessed under a calibrate screen. The lysis index was assessed by the evaluation
of morphologic change of the cultured cells in the zone of decolorization an inverted

microscope.

Table 3.2 Decision criteria for toxic evaluation by decolorization index

Decolorization &

) Descriptions

index
0 No detectable decolorization zone around or under specimen
1 Decolorization zone limited to area under specimen
2 Decolorization zone extends less than 0.5 cm beyond specimen
3 Decolorization zone extends 0.5 cm to 1.0 cm beyond specimen
A Decolorization zone extends greater than 1.0 cm beyond

specimen but dose not involve entire dish

5 Decolorization zone involves entire dish
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Table 3.3 Decision criteria for toxic evaluation from lysis index data

Lysis index Description of decolorized zone
0 No observable cytotoxicity
1 Less than 20 % of the decolorized zone affected
2 20% to < 40% of the decolorized zone affected
3 40% to < 60% of the decolorized zone affected
4 60% to < 80% of the decolorized zone affected
5 Greater than 80% of the decolorized zone affected

An average decolorization index and a lysis index for each test bonding agent were

calculated and presented in the terms of cell response as follow:

Cell response =  Decolorization index

Lysis index
The interpretation of cell response to each test material was graded according to

ISO 7405 as in Table 3.4

Table 3.4 Decision criteria for toxic evaluation from decolorization index and lysis index

data
Scale Cell response Interpretation
(Decolorization index / lysis index)
0 0/0 Non cytotoxic
1 1/1 Mildly cytotoxic
2 2/2t0 3/3 Moderately cytotoxic

3 4/4 to 5/5 Severely cytotoxic
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3.2.5 Environmental impact and economics evaluation

The PMMA-co-PU mixed with PMMA scrap cast sheets were evaluated for
environmental impact and economics by using data of energy, material consumption and
price of materials and production from process produce. Besides, the data of greenhouse

gases emissions was evaluated environmental impact.

3.2.6 Data analysis

Average and standard diviation values described each experiment. F-test at

95% confidence was used for analyzing and comparing each experiment. Data values

were shown in table and line graph.
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CHAPTER IV
RESULTS AND DISCUSSION

This chapter presents the results obtained from this research. In this research,
the impact modification of PMMA scrap recycle in PMMA-co-PU cast sheet by using
PU was studied. The influence factors, such as concentration of PMMA scrap and
monomer ratios of MMA and PU, on the preparation of PMMA-co-PU cast sheets
were studied. The mechanical properties, consisting of impact strength, shore D
hardness, flexural strength and tensile properties, of the PMMA-co-PU cast sheets
were measured. The physical properties, including heat resistance, ultraviolet
resistance and opacity, of the PMMA-co-PU cast sheets were investigated. The
toxicity of PMMA-co-PU cast sheets was observed. Finally, environmental and
economical evaluation of the PMMA scrap recycling in the PMMA-co-PU cast sheet

process were studied.

4.1 The effects of PMMA scrap and monomer ratios on the preparation of
PMMA-co-PU cast sheets.

In this study, PMMA-co-PU cast sheets were prepared from various monomer
ratios. The PMMA scrap generated from PMMA cast sheet process was recycled in
the PMMA-co-PU cast sheet with concentration in the range of 0-3% by weight. Table
4.1 shows effects of PMMA scrap and monomer ratios on the preparation of PMMA-
co-PU. In the range of 0-2% PMMA scrap recycled, transparent PMMA-co-PU cast
sheets without bubble points at 0-2% were observed. Beyond 2% of PMMA scrap
recycled, the phase separation in the PMMA-co-PU cast sheets was occurred, which
leads to the non-transparent sheet with bubble points. It can be explained that the
PMMA scrap is not copolymerized with PU matrix resulting in phase separation of
PMMA scrap particle and PU copolymer matrix. On the other hand, the concentrations
of PU monomer did not affect the preparation of PMMA-co-PU cast sheets.
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Table 4.1 The effects of PMMA scrap and monomer ratios on the preparation of
PMMA-co-PU cast sheets.

EXp. PMMA scrap MMA PU Characteristic of copolymer sheet
(%) (%) (%)
1 0 85 15 Transparent sheet
2 80 20 Transparent sheet
3 75 25 Transparent sheet
4 70 30 Transparent sheet
5 1 84 15 Transparent sheet
6 79 20 Transparent sheet
7 74 A Transparent sheet
8 69 30 Transparent sheet
9 2 83 %, Transparent sheet
10 78 20 Transparent sheet
11 73 2% Transparent sheet
12 68 30 Transparent sheet
13 3 82 15 Phase separation (non-transparent sheet)
14 4 20 Phase separation (non-transparent sheet)
15 /7 25 Phase separation (non-transparent sheet)
16 67 30 Phase separation (non-transparent sheet)

4.2 Mechanical properties of the prepared PMMA-co-PU cast sheets mixed with

PMMA scrap.

4.2.1 Hardness

The effects of PMMA scrap and PU concentrations on the Shore D
hardness of PMMA-co-PU cast sheets are shown in Table 4.2 and Figure 4.1. As

usually conceived, hardness is a composite property combining concepts of

resistance to penetration, scratching, and marring. Most hardness tests for plastics

are based on resistance to penetration by an indenter pressed into the plastic under

a constant load. The Figure 4.1 shows that the shore D hardness of the PMMA-co-PU

cast sheets was decreased with increasing the amount of PU. This can be explained by

the structure of PU copolymer, which consists of the soft segment. Therefore, the

increase of PU can lead to the decrease of shore D hardness. The decrease of shore D
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hardness with increasing PU concentration was also observed on impact modification
of PMMA sheets by using PU without PMMA scrap [8].

At low amount of PU concentration (15% by weight), the PMMA scrap did not
affect the shore D hardness of PMMA-co-PU cast sheets. At higher concentration of
PU, the shore D hardness of PMMA-co-PU cast sheets was slightly with increased
with increasing the PMMA scrap, which was not highly significant by F-test at 95%
confidence (see in Appendix C). The maximum shore D hardness was found
D/84.30+0.48/10 at 2% of PMMA scrap concentration and at 15% of PU
concentration. The minimum shore D hardness was found at 0% of PMMA scrap

concentration and 30 % of PU concentration with the value of D/74.05+0.16/10.

Table 4.2 The effects of PMMA scrap and PU concentrations on the shore D hardness

of the copolymer cast sheets.

Amount of PMMA scrap (%) Amount of PU (%) Shore D hardness
15 D/84.22+0.44/10

0 20 D/80.10+0.23/10
25 D/75.15+0.24/10

30 D/74.05+0.16/10

15 D/84.00+0.00/10

1 20 D/81.05+0.16/10
25 D/80.00+0.62/10

30 D/76.80+0.42/10

15 D/84.30+0.48/10

’ 20 D/82.15+0.34/10
25 D/80.35+0.47/10

30 D/78.30+0.48/10

Note: D = Type of shore hardness, 10 = Pressed time (second)
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Figure 4.1 The effects of PMMA scrap and PU concentrations on the shore D

hardness.

4.2.1 Impact strength

The effects of PMMA scrap and PU concentration on impact strength of
the PMMA-co-PU cast sheets are shown in Table 4.3 and Figure 4.2. Impact strength
of the PMMA-co-PU cast sheets were slightly decreased with increasing amount of
PMMA scrap, which was not highly significant by F-test at 95% confidence. The
slightly decrease of impact strength might be from the increasing of PMMA particle,
which is not copolymerized with PMMA-PU matrix.

On the other hand, impact strength values of the PMMA-co-PU cast were
increased when concentrations of PU increased. This can be explained by the elastic
property of the PU, which can lead the PMMA-co-PU cast sheets become more
flexible. Similar observations were found for recycling of PMMA scrap in the PMMA
cast sheet [3] and the impact modification of PMMA cast sheet by using PU. The
maximum impact strength was found at 0% of PMMA scrap concentration and 30%
of PU concentration. The minimum value impact strength was 5.49+0.76 at 2% of

PMMA scrap concentration and 15% of PU concentration.
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Table 4.3 The effects of PMMA scrap and PU concentrations on the impact strength

of the copolymer cast sheet.

Amount of PMMA scrap (%) Amount of PU (%) Impact strength
)
15 5.75+0.99
0 20 8.64+0.17
25 10.06+0.30
30 10.160.37
15 5.61+0.67
1 20 8.54+0.62
25 10.01+1.02
30 10.10£1.25
15 5.49+0.76
) 20 8.34+1.32
25 9.87+0.79
30 9.91+£0.43
12.0 -
11.0 -
10.0 -
2: 9.0 -
B
£ 801
(7]
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Figure 4.2 The effects of PMMA scrap and PU concentrations on the impact
strength.
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4.2.2 Tensile properties

4.2.2.1 Tensile stress at break

The tensile stress at break of copolymer cast sheets is shown in
Table 4.4 and Figure 4.3. The tensile stress at break of PMMA-co-PU increased when
PMMA scrap concentrations were increased but tensile stress at break decreased
when PU concentrations were increased. Similar observations were found for the
study recycling of PMMA scrap in casting process of PMMA [3]. The increasing in
PMMA scrap affected the trend of tensile stress at break increased. Morover, the
impact modification of PMMA sheet by using PU [8] that the increase of PU has
affected the trend of tensile stress at break decreased. The hard material usually shows
a high tensile stress at break, and the soft material usually gives a low tensile stress at
break. Therefore, the increase of PMMA scrap can lead to an increase of the tensile
stress at break. While the increase PU, which has an elastic property, can lead to a
decrease of tensile stress at break. The maximum value of tensile stress at break was
40.77£1.83 at 2% of PMMA scrap concentration and 15% of PU concentration. The
minimum value of tensile stress at break was 13.75+£02.95 at 0% of PMMA scrap

concentration and 30 % of PU concentration.
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Table 4.4 The effects of PMMA scrap and PU concentrations on the tensile stress at

break of the copolymer cast sheets.

Amount of PMMA scrap (%) Amount of PU (%) Tensile stress at break
(MPa)
15 38.16+0.98
0 20 34.26%1.51
25 16.37+2.50
30 13.75£2.95
15 39.35+1.09
1 20 35.010.11
25 18.74+0.78
30 15.91+1.47
15 40.77+1.83
’ 20 37.96+1.69
53 20.26%0.92
30 18.59+1.49
45.0
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Figure 4.3 The effects of PMMA scrap and PU concentrations on the tensile stress at

break of the copolymer cast sheets.
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4.2.2.2 Elongation at break
Table 4.5 and Figure 4.4 show the effects of PMMA scrap and
PU concentration on the elongation at break of the PMMA-co-PU cast sheets. It can be
seen that the elongation at break of PMMA-co-PU cast sheets was increased when PU
concentrations increased but elongation at break values were slightly decreased
when PMMA scrap concentrations increased. From the F-test at 95% confidence, the
increase of PMMA scrap was not highly significant on the decrease of elongation at
break. The high toughness material usually shows a high elongation at break, and the
brittle material usually gives a low elongation at break. Therefore, the increase of PU
which has an elastic property can lead to the increase in the elongation at break. While
PMMA scrap which was not copolymerized with PMMA-co-PU can lead to a
decrease of elongation at break. The maximum value of elongation at break is
42.86+1.34% at 0% of PMMA scrap concentration and at 30% of PU concentration.
The minimum value elongation at break was 4.72+0.32% at 2% of PMMA scrap

concentration and 15% of PU concentration.

Table 4.5 The effects of PMMA scrap and PU concentrations on the elongation at

break of the copolymer cast sheet

Amount of PMMA scrap (%)  Amount of PU (%) Elongation at break (%)

15 6.21£1.50
0 20 8.75+0.79
25 34.93£1.12
30 42.86+1.34
15 5.39+0.82
1 20 7.97£0.57
25 33.11+1.71
30 41.52+0.95
15 4.72+0.32
) 20 6.40+1.26
25 32.21£1.01

30 40.76+1.54
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Figure 4.4 The effects of PMMA scrap and PU concentrations on the elongation at

break of the copolymer cast sheets.
4.2.3  Flexural properties

The flexural strength of a material is defined as its ability to resist
deformation under load. The flexural strength of PMMA-co-PU cast sheets is shown
in Table 4.6 and Figure 4.5. It can be seen that the flexural strength of PMMA-co-PU
cast sheets was decreased when PU concentrations increased. The analysis of F-test at
95% confidence can be concluded that the increase of PMMA scrap concentrations
was not affect the flexural strength of PMMA-co-PU cast sheets. The increase of
flexural strength with respect to concentration of PU can be explained by the highly
elastomer characteristic of PU copolymer. The maximum value of flexural was
67.05£1.00% at 2% of PMMA scrap concentration and 15% of PU concentration.
The minimum value flexural strength was 47.52+0.10% at 0% of PMMA scrap

concentration and 30% of PU concentration.
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Table 4.6 The effects of PMMA scrap and PU concentrations on the flexural of the

copolymer cast sheet

Amount of PMMA scrap Amount of PU (%) Flexural strength (MPa)

(%)
15 65.07+0.74
0 20 58.79+0.65
25 55.36+0.83
30 47.52+0.10
15 66.13+0.86
1 20 59.07+0.91
25 56.91+0.24
30 48.22+0.62
15 67.05+1.00
) 20 60.41+0.98
25 57.37+0.86
30 49.01+0.76
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Figure 4.5 The effects of PMMA scrap and PU concentrations on flexural of the

copolymer cast sheets
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4.3 The effects of PMMA scrap and PU concentrations on the physical properties

of the copolymer cast sheets.

4.3.1 Opacity

Opacity is an important property of PMMA cast sheet product, which can
refer to a transparent property of product. Average 15% opacity is expected for the
PMMA cast sheet of the Pan Asia Industrial Co., Ltd. The influence of the PU and
PMMA scrap concentrations on the opacity of the copolymer cast sheet is shown in
Table 4.7 and Figure 4.6. From Figure 4.6, it can be seen that opacity of PMMA-co-
PU cast sheet increased as the concentrations of PMMA and PU increased but it is
still under the opacity standard of the Pan Asia Industrial Co., Ltd. In the range of 15-
30% of the PU concentration at 1% and 2% PMMA scrap, the opacity were observed
in the range of 11.59-12.14. In summary, it can be said that the PMMA scrap did not
affect the opacity of the PMMA-co-PU. The maximum value of opacity was
12.14+0.08 at 2% of PMMA scrap concentration and 30% of PU concentration. The
minimum value of opacity was 11.61+£0.06 at 0% of PMMA scrap concentration and

15% of PU concentration.

Table 4.7 The effects of PMMA scrap and PU concentrations on the opacity of the

copolymer cast sheets.

Amount of PMMA scrap (%) Amount of PU (%) Opacity (%)
15 11.61+0.06

0 20 11.66 £0.03
25 11.80+0.03

30 11.85+0.02

15 11.63+0.03

1 20 11.59+0.03
25 11.60£0.06

30 11.69+0.02

15 11.65+0.04

) 20 11.76+0.02
25 11.67£0.01

30 12.14%0.08
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Figure 4.6 The effects of PMMA scrap and PU concentrations on the opacity of the

copolymer cast sheets
4.2.2 Heat resistance

Table 4.8 and Figure 4.7 show the values of heat resistance of the
PMMA-co-PU cast sheets. Heat resistance was examined by monitoring the
yellowness shifts and reported in the term of AE. From Figure 4.7, it can be seen that
the AE of PMMA-co-PU cast sheet increased as the PU copolymer loading was
increased. On the other hand, the AE values of the copolymer cast sheet slightly
increased as the PMMA scrap concentration was increased. From the F-test at 95%
confidence suggested that the PU concentration has a positive effect on the heat
resistance of the PMMA-co-PU cast sheets. The increasing of AE with increasing the
PU can be explained by the carbonyl group in the PU structure, which easily oxidized
by heat and oxygen in air [24]. So, the increase of oxidation point in the PMMA-co-
PU cast sheets leads to a decrease in the heat resistance. From Table 4.8 and Figure
4.7, the maximum value of AE was 2.51+0.02 at 2% of PMMA scrap concentration
and at 30% of PU concentration. The minimum value of AE was 1.37+0.03 at 0% of

PMMA scrap concentration and 15% of PU concentration.
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Table 4.8 The effects of PMMA scrap and PU concentrations on the heat resistance

of the copolymer cast sheets.

Amount of PMMA scrap (%) Amount of PU (%) AE

15 1.37+£0.03

0 20 1.43+0.03

25 1.62+0.05

30 2.23+0.02

15 1.90+0.29

1 20 2.08+0.01

25 2.22+0.04

30 2.30+0.06

15 2.14+0.05

2 20 2.29+0.02

25 2.41+0.14

30 2.51+0.02
4.4 (T " <y §>, €' Y 1R PMMA Scrap 0%
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Figure 4.7 The effects of PMMA scrap and PU concentrations on the heat resistance

of the copolymer cast sheets.
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4.2.4 Ultraviolet resistance

The ultraviolet resistance of the PMMA-co-PU cast sheets is shown in Table
4.9 and Figure 4.8. From Figure 4.8, it can be seen that the AE of PMMA-co-PU cast
sheets decreased as the PU concentration increased. The PMMA scrap loading did not
affect the UV resistance of PMMA-co-PU cast sheets, which can confirm by the F-test
at 95% confidence. This can be explained by the amine (N-H) group in the structure of
PU copolymer, which can protect the oxidation reaction by UV [24]. Therefore, the
increase of PU in the PMMA-co-PU cast sheet leads to an increase of the ultraviolet
resistance. The maximum value of color change (AE) was 1.96+0.09 at 2% of
PMMA scrap concentration and 15% of PU concentration. The minimum value of
color change (AE) was 0.33+£0.02 at 0% of PMMA scrap concentration and 30 % of

PU concentration.

Table 4.9 The effects of PMMA scrap and PU concentrations on the ultraviolet

resistance of the copolymer cast sheets.

Amount of PMMA scrap (%) Amount of PU (%) AE
15 1.67+0.03
0 20 1.32+0.22
25 0.41+0.06
30 0.33+0.02
15 1.82+0.09
1 20 1.60£0.09
25 0.84+0.03
30 0.57+0.03
15 1.96+0.09
> 20 1.73£0.12
25 1.09+0.04

30 0.72+0.03
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Figure 4.8 The effects of PMMA scrap and PU concentrations on the ultraviolet

resistance of the copolymer cast sheet

4.3 The cytotoxicity of the copolymer cast sheets.

The cytotoxicity of PMMA-co-PU cast sheet at 2% of PMMA scrap and 30% of
PU was evaluated according to the agar overlay method. The results of the cytotoxicity
of PMMA-co-PU cast sheet are shown in Table 4.9, which was evaluated from
decolorization index and lysis index data of PMMA-co-PU cast sheet. From
decolorization zone of positive control exhibited 4.75 (extends less than 0.5 cm
beyond specimen) with the decolorization index of 2. The positive control disc
exhibited 20-40% cell lysis with the lysis index of 2. No cell lysis was observed under
the negative control disc. The cell response (decolorization index / lysis index)
exhibited noncytotoxic. Positive control showed moderate cytotoxic and negative
control was noncytotoxic. The results can be summarized that PMMA-co-PU mixed
scrap cast sheet was noncytotoxic, which can used to produce a product into the

human without any harmful.
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Table 4.9 The cytotoxicity of PMMA-co-PU cast sheet mixed with 2% PMMA scrap

Decolorization  Decolorization — Lysis Cell
Materials ) ) Result
zone (mm.) index index Response
Positive control Moderately
4.75 2 2 272
cytotoxic
Negative .
0 0 0 0/0 Noncytotoxic
control
PMMA-co- PU
cast sggpt at 0 0 0 0/0 Noncytotoxic

PMMA scrap
2% and PU 30%

4.4 Environmental impact and economic evaluations of the PMMA -co-PU mixed

with PMMA scrap cast sheets.

4.4.1 Environmental impact evaluation

From the examination of physical and mechanical properties, the
appropriate condition for preparing the PMMA-co-PU mixed with PMMA scrap are
observed at 2% of PMMA scrap concentration and 30 % of PU concentration. At this
condition, the prepolymerization in production process is not required and shows the
maximum value of impact strength. Though, ultraviolet resistance and heat resistance
properties were decreased but these can modified by additive. Therefore, the
environmental impact evaluation of the PMMA-co-PU mixed with PMMA scrap were
studied at this condition. The environmental impacts such as material consumption,
energy intensity, water consumption and greenhouse gas (GHGs) of PMMA-co-PU
cast sheet process mixed with PMMA scrap comparing with sheet the PMMA-co-PU
and PMMA cast sheets were studied.

4.4.1.1 Material consumption
Material consumptions of PMMA, PMMA-co-PU and PMMA-
co-PU mixed with PMMA scrap are shown in Figure 4.9. The material consumption

of PMMA, PMMA-co-PU and PMMA-co-PU mixed with PMMA scrap were
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8,148.89 ton/year, 7,969.12 ton/year and 7,849.42 ton/year, respectively. The results
show that PMMA-co-PU with PMMA scrap used the lowest material consumption,
which could help us to save material around 299.47 ton/year when comparing with

PMMA cast sheets. The calculations were shown in Appendix D.

Materials consumption

. 6,148.8¢ 7,969.12 7,849.42
' /aad Fuel oil
8,000.004 Coal
7,000.00 H PVC compound
6,000.00- PVC resin
B Catalyst

5,000.001 O Initiators
4,000.004 Polyisocyanate
3,000.00 =R & Polyal

4,069.80 MMA monomer
2,000.004
1,000.00+ I

, A/

PMMA PMMA-co-PU PMMA-co-PU mixed
with 2% PMMA scrap

Figure 4.9 Material consumption of PMMA, PMMA-co-PU and PMMA-co-PU
mixed with 2% PMMA scrap

4.4.1.2 The energy consumption

From Figure 4.10 show the energy consumption in the PMMA
cast sheet production was 58.34 TJ, which were separated into pre-polymerization
0.46 TJ, mold preparation 0.11 TJ, pouring and air expelling 0.89 TJ, polymerization
11.78 TJ, annealing 40.54 TJ, cooling 0.09 TJ and cutting 0.04 TJ [2]. The
prepolymerization step is not required for the PMMA-co-PU and PMMA-co-PU
mixed with 2% PMMA scrap cast sheet. The total energy consumption of PMMA-co-
PU and PMMA-co-PU mixed with 2% PMMA scrap cast sheet were 53.82 TJ, 53.92

TJ, respectively. The results can summarize that PMMA-co-PU the lowest energy and
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the manufacturing of sheet PMMA-co-PU and PMMA consume less energy. The

calculations were shown in Appendix D.

Energy consumption

TJ 58.34

53.82 53.92

Electricity
Steam

PMMA PMMA-co-PU PMMA-co-PU mixed
with 2% PMMA scrap

Figure 4.10 Energy consumption of PMMA, PMMA-co-PU and PMMA-co-PU
mixed with 2% PMMA scrap

4.4.1.3 Water consumption

The manufacturing of PMMA, PMMA-co-PU and PMMA-co-
PU mixed with PMMA scrap cast sheets used total water consumption 9,896.07

3 was used in the

m’.The largest amount of water approximately 4,963.94 m
polymerlization step. The following steps were cooling, pouring and mold preparation,

which consumed water at 2,382.01, 682.54, 120.28 m’ respectively.

4.4.1.4 The greenhouse gases emissions

This research focused on only CO,, N,O, NOy, CHs and CO
emitted from steam energy, which used coal (lignite) and fuel oil [25] as an energy
source for prepolymerization, polymerization and annealing step. Figure 4.11 shows
the total of GHGs emitted around 29.91 ton/year of PMMA cast sheet. PMMA-co-PU
and PMMA-co-PU mixed with 2% PMMA scrap cast sheet had GHGs emissions

around 27.53 ton/year that has the reduction 2.39 ton/year, consistence of 0.43 ton in
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COs-eq., 0.01 T in N,O-eq., 1.28 ton in NOx-eq., 0.04 ton in CHy-eq., and 0.63 ton in

CO-eq. The calculations were shown in Appendix D.

Greenhouse gas emissions

29.91

Ton/year 27.53 27.53 NO

30.00
Cco

25.00
CH,

20.00-

co,
15.00

N
10.00- Q,

5.00-

PMMA-co-PU mixed
PMMA PMMA-co-PU with 2% PMMA scrap

Figure 4.11 GHGs emission of PMMA, PMMA-co-PU and PMMA-co-PU mixed
with 2% PMMA scrap

4.5 Economic evaluation

The economical evaluated in this research has important to investor because it can
be used to determine for an investment. The production process of the PMMA cast
sheet uses MMA monomer as 5,985 ton/year. The cost and profit of PMMA-co-PU
mixed with PMMA scrap sheets processes was compared to the PMMA and PMMA-
co-PU. It is apparent in Figure 4.12 that total costs of the PMMA, PMMA-co-PU and
PMMA-co-PU mixed with PMMA scrap were 495.92 million baht/year, 667.24
million baht/year and 658.86 million baht/year, respectively. The profit of the PMMA,
PMMA-co-PU and PMMA-co-PU mixed with PMMA scrap were 401.83 million
baht/year, 410.06 million baht/year and 418.44 million baht/year respectively. The
results show that the manufacturing of PMMA-co-PU mixed with PMMA scrap gives
the highest profit compared to PMMA and PMMA-co-PU by 16.61 million baht/year

and 8.38 million baht/year respectively. The calculation were shown in Appendix D.
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Total cost
Million baht/year
1,077.30 1,077.30
1,200.00 - 897.75
1,000.00 Profit
800.00 Cost

600.00

400.00

200.00

PMMA PMMA-co-PU PMMA-co-PU mixed
with 2% PMMA scrap

Figure 4.12 Economic evaluation of PMMA, PMMA-co-PU and PMMA-co-PU
mixed with 2% PMMA scrap

4.6 The Eco-efficiency

The Eco-efficiency is the relation between environment and economic. This
research was studied the eco-efficiency of PMMA-co-PU mixed with 2% PMMA
scrap comparing with PMMA and PMMA-co-PU. Figure 4.13 shows the profit and
environmental factors consisted of GHGs, water, material and energy. It was
obsereved that PMMA-co-PU mixed with 2% PMMA scrap comparing with PMMA
reduced the consumption of raw material, energy and GHGs and increase the profit to

entrepreneur.
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Figure 4.13 Eco fingerprint of PMMA-co-PU mixed with 2% PMMA scrap
comparing with PMMA and PMMA-co-PU.

Figure 4.14 shows the eco-efficiency evaluation of the PMMA-co-PU mixed
with 2% PMMA scrap, PMMA-co-PU and PMMA cast sheet. The eco-efficiency of
PMMA-co-PU mixed with 2% PMMA scrap cast sheet process had better than that of
PMMA and PMMA-co-PU cast sheet processes. When comparing, the material and
energy of PMMA-co-PU mixed with 2% PMMA scrap cast sheet process was
smallest amount and also produce fewer gas emission, which showed the lowest
values of environmental factor (closed to 0). Also, PMMA-co-PU mixed with 2%
PMMA scrap cast sheet process can produced greastest profit which showed the

highest values of economic (closed to 1). The calculation were shown in Appendix D.
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Portfolio

Environmental impact (normalized)
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Figure 4.14 The portfolio of PMMA-co-PU mixed with 2% PMMA scrap comparing
with PMMA and PMMA-co-PU.
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CHAPTER V
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The appropriate concentrations of PMMA scrap and PU for the preparation of
PMMA-co-PU were 2% w/w and 30% w/w, respectively. It gave the mechanical and
physical properties as follows: Shore D hardness D/78.30+ 0.48/10, impact strength
991+ 0.43 J, tensile stress at break 18.59+1.49 MPa, eclongation at break
40.76 £ 1.54%, flexural strength 49.01+0.76 MPa, the yellowness shifts from the
ultraviolet resistance 0.72+0.03, heat resistance 2.51+£0.02 and opacity value

12.3£0.08%.

The mechanical properties of the PMMA-co-PU sheets, consistence of hardness,
impact strength, tensile and flexural properties were examined. The shore D hardness
of the PMMA-co-PU sheets was increased when the concentrations of poly(methyl
methacrylate) scrap increased but it was decreased as the polyurethane
concentrations increased. The impact strength of the PMMA-co-PU sheets decreased
when PMMA scrap concentrations increased, but it was increased as the PU
concentrations increased. The tensile properties of this study were separated into
tensile stress and elongation at break. The tensile stress at break of the PMMA-co-PU
sheets increased with increasing of the PMMA scrap concentration but it decreased
as the polyurethane concentration increased. The elongation at break of the
copolymer cast sheets was increased when PU concentration increased. But the
decrease of the elongation a break was observed when PMMA scrap concentration
increased. The flexural properties of the copolymer cast sheet increased when PU
concentration increase concentration but it decreased as PMMA scrap concentrate

ratio increased.
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The physical properties of the PMMA-co-PU sheets, consistence of ultraviolet
resistance, heat resistance and opacity were investigated. The ultraviolet resistance
was reported in the term of color difference (AE), that the AE of PMMA-co-PU sheets
increased as the polyurethane and PMMA scrap increased. Therefore, the increase of
ultraviolet absorption point in the PMMA-co-PU sheets leads to a decrease of the
ultraviolet resistance. The heat resistance was reported in the term of AE. The heat
resistance of PMMA-co-PU sheets decreased with increasing the amount of
polyurethane. The PMMA has not affected the heat resistance property. That opacity
of the PMMA-co-PU sheets increased as the concentrations of PMMA and PU
increased but it was still under the opacity standard. Therefore, the PU concentration
in the range 15-30% and PMMA scrap concentration in the range of 1-2% did not
affect the transparency of the PMMA-co-PU sheets

The toxic properties of the PMMA-co-PU sheets at PMMA scrap 2 % and
polyurethane 30% was noncytotoxic. Therefore, assume that the PMMA-co-PU mixed
with PMMA scrap cast sheets was not much different of the PMMA-co-PU cast

sheets.

The environmental impact of PMMA-co-PU mixed with PMMA scrap were
evaluated consistence of material, energy, water and GHGs. At the appropriate
condition, it can save material around 299.47 ton/year when comparing with PMMA
cast sheets. At this condition, the prepolymerization in production process was not
required. Therefore, the energy in the production process of the PMMA-co-PU mixed
with PMMA scrap decrease 4.42 TJ when compare with PMMA cast sheet. The
PMMA-co-PU mixed with PMMA scrap process, emitted the total of GHGs around
2.39 ton in GHGs-eq., comprising of of 0.43 ton in CO,-eq., 0.01 ton in N,O-eq.,
1.28 ton in NOx-€q., 0.04 ton in CHs-eq., and 0.63 ton in CO-eq.

Form economic study, the manufacturing of PMMA-co-PU mixed with PMMA
scrap gives the highest profit compared to PMMA and PMMA-co-PU by 16.61
million baht/year and 8.38 million baht/year, respectively

When applied to environmental and economic factors to think together. The eco-
efficiency of PMMA-co-PU mixed with PMMA scrap cast sheet had better tend than
that of PMMA and PMMA-co-PU cast sheet.
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5.2 Recommendation

From the result of this study, PMMA-co-PU mixed with PMMA scrap could
be applied into the pilot scale for further commercialization. Moreover, the decrease in
ultraviolet resistant property when PMMA increased could be improved by adding the
ultraviolet resistance additives, such as benzophenon and benzotriazol. The industry
can apply additive into the process for increasing ultraviolet resistance. From
cytotoxicity test, we can conclude that it is safe to use with human without any
harmful. We can apply it in many useful things such as use for retainer, translucent

orthodontics. Also it can be colored for various and value added.
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APPENDIX A
MACHANICAL PROPERTIES CALCULATION

The flexural strength was calculated using the following formula:

FS = 3 pl/2bd?
Where
FS = Flexural strength
p = Peak load applied
1 = Span length
b = Specimen width
d = Specimen thickness

The tensile properties were calculated using the following formula:

G = W/A
& = AL/ Ly > (L- Lo)/L
% E & € x 100
Where
G = Tensile stress
e = Elongation or strain
%E = Percentage elongation
w = Load
A = Cross-sectional area
Lo = Original distance between gage marks

AL = Increment of distance between gage marks
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Formula of impact strength:

E5() = mXxgx H5() (A—l)
Hsy = H,+AH(A/N-0.5) (A-2)
s = 1.62 AE[(NB-A*N?)+0.029] (A-3)

Where
Eso is the energy that will cause 50% of the test specimens to fail (J)
Hso  is the height that will cause 50% of the test specimens to fail (m)
m is the falling mass (kg)
g is the acceleration due to gravity (9.81 m/s%)
S is standard diviation (J)
H, is the smallest height among the k height steps Hi (i=1 to k)
from the main (m)
AH is the height increment (m)
N is the number of specimens that have failed
h is the height of fall increment (m)

AE is the difference of energy =m x g x h



Appendix / 66

Jiranun Nutayasakul

[ +¢co = {6200+ :Noﬁ\N:v-AmeoC: X (SO0XIS6XST) XTI = S (¢-v) uonenby woiy
[ 96 = €T0XIg6XGST = 09 (z-v) uonenby woxy
w €T0 = (SO-€1/1IT) XS00+C0 = OH (1-V) uonenby woxy
d[qerre A = [1eJ Jo 1ySoH
3¢ = w : ssew JuI[eq
0C = suawroads Jo JaquinN
@ | (v) (N=N) | (N) | CN)
s[e10],
vl | Tl 1 1 6
v |z lc I I 0 |1 X| €0
or 1ot [ o1 o1 0 lz| X X X »4 X X X X X X ST0
oo lo 0 0 6 |¢ 0 0 0 0 0 0 0 0 0
b, N ~ N oz |61 | ST |LI|9T|SI|{vI et |ci|T1r|O1|6|8]|L]|9 plelg|1| W
J2u | 2|z u X)'u | (0)u | 1 YS1oH
(aanjrej-uou = Q) ¢ aInjrej = X) 1S9, JO dwWoiNO doiq

159) Jy31om Juryrey s yisuans joedur 1593 Jo uonenored jo ddwexy ['V qeL



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Appro. Techn. for Resou. and Env. Dev.) / 67

APPENDIX B
PHYSICAL PROPERTY CALCULATION

The coloring machine can indicate the 3 color positions, identifying the 3

standard values, L*, a*, b* according to CIELAB equation:

Note:

L* = 116(Y/Y)'" - 16
a* = 500[(X/Xn)" = (Y/Y:)'"]
b* = 200[(Y/Yn)" - (Z/Z)'"]
XXy Y/Yn: ZIZy > 0.01

Xn,Yn,Z, are hue value, brightness value and chroma value of standard

specimens, respectively. Normally, X/X, : Y/Y, : Z/Z, < 0.01, therefore, standard

values were modified as following:

L* = 903.3(Y/Y,) "Y/Y, <0.008856
a* = 500[] (X/X,)= JOY/Y)]
b* = 200[] (Y/Y.) - [ (Z/Z,)]

[(X/X,) = XX )" X/X, > 0.008856
[(X/X,) = 7.787(X/X,) + 16/116 X/X, < 0.008856
[OYIY ) = (YY) Y/Y, > 0.008856
[(YIY,0) =7.787(YIY,) + 16/116 Y/Y, < 0.008856
l(ziz,) = 2iz,)"? Z/Z, > 0.008856
l(z12,)=7.787(Z/Z,) + 16/116 Z/Z, < 0.008856

For identifying the standard value by using L*, a*, b* according to 3D color

system, h(hue angles) and C* (CIE 1976 chromas) are used, which h and C* are

obtained from a* and b* value as following:

h = tan'l(b*/a*)
C* = [(a*) - (b*)’] "?
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Figure B.1 Methodology of using L*, a*, b*, h and C* on 3D system

The difference of color between standard piece and sample specimens will be

in form of AE value, which can be calculated as from following formula:

AE = [(AL*)? + (Aa*)? +(Ab*)?]

Where T =1\ R |
(Aa*) =a* -a%

(Ab¥) =b* -b%,

+ AL* = More brightness

- AL* = More darkness

+ Aa* = More red (Less green)

- Aa* = More green (Less red)

+ Ab* = More yellow (Less blue)
- Ab* = More blue (Less yellow)
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APPENDIX C
THE DATA OF TESTING FOR MECHANICAL

PROPERTIES AND PHYSICAL PROPERTIES
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APPENDIX D
THE EVALUATION IMPACT OF
ENVIRONMENT AND ECONOMIC
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1. Material

Table D.4 Quantity of materials for cast sheet production.

Quantity of materials (ton/year)
Materails PMMA-co-PU
PMMA PMMA-co-PU mixed with
2% PMMA scrap
MMA monomer 5,985.00 4,189.50 4,069.80
Polyol - 1,374.16 1,374.16
Polyisocyanate - 442 .89 442.89
Initiators 0.16 0.16 0.16
Catalyst - 0.64 0.64
PVC resin 94.50 94.50 94.50
PVC compound 7.87 7.87 7.87
Coal 2,024.00 1,825.76 1,825.76
Fuel oil 37.36 33.64 33.64
Total materials 8,148.89 7,969.12 7,849.42

Quantity of materials decrease compare PMMA-co-PU mixed with 2 % PMMA scrap
and PMMA-co-PU cast sheet
7,969.12 - 7,849.42 = 119.70 tonlyear

Quantity of materials decrease compare PMMA-co-PU mixed with 2 % PMMA scrap
and PMMA cast sheet
8,148.89 - 7,849.42 = 299.47 ton/year
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2. Energy

Table D.5 Quantity of energy for cast sheet production
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Quantity of energy (TJ)
Energy PMMA-co-PU
PMMA PMMA-co-PU mixed with
2% PMMA scrap
Electricity 4.33 4.12 4.21
Steam 54.01 49.70 49.71
Total energy 58.34 53.82 53.92

Quantity of energy decrease compare PMMA-co-PU mixed with 2 % PMMA scrap
and PMMA-co-PU cast sheet

SEEAR B 52 ° O

010 TJ

Quantity of materials decrease compare PMMA-co-PU mixed with 2 % PMMA scrap

and PMMA cast sheet

58.34-53.92 =

3. Greenhouse gas emission

4.42 TJ

Table D.6 Quantity of lignite and fuel from prepolymerization, polymerization and

annealing for cast sheet production

Step Quantity of fuel consumed (TJ)

Coal (lignite) Fuel oil
Pre-polymertization 4.17 0.14
Polymerization 10.99 0.36
Annealing 37.15 1.20
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Table D.7 Emissions factor of coal and fuel oil [25]

Emission factor (kg/TJ)

Gas

Coal (lignite) Fuel oil
CO 150 10
CO; 101 77.37
N-O 14 0.6
NO, 300 200
CH, 10 2

Formular calculate of GHG

Emission = Quantity of fuel consumed (TJ) x Emission factor (kg/TJ)

Example calculate

CO emissions jignite

CO emissions el oil

= Quantity of lignite used (TJ) X EFco.iignite
= 4.171 (TJ) x 150 (kg/TJ)
= 625.65 kg CO -eq.

= Quantity of lignite used (TJ) X EFco-fuel oil
= 0.14 (TJ) x 10 (kg/TJ)
= 1.4kg CO-eq.
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Table D.8 The quantities of GHGs emissions from lignite and fuel oil combustion of

cast sheet production.

ka of kg of kg of kg of kg of
Steps Cg-eq. CO,-eq. | N,O-eq. | NO, -eq. | CH,-eq. TOTAL
Pre- 626.99 | 432.06 592 | 1,279.17 41.99 | 2,386.13
polymerization
Lignite 62559 | 421.23 584 | 1,251.17 41.71| 2,345.53
Fuel oil 1.40 10.83 0.08 28.00 0.26 40.60
Polymerization | 1,652.10 | 1,137.97 15.60 |  3,369.00 | 11062 | 6,285.3
Lignite 1,648.50 | 1,109.99 15.39 | 3,297.00 | 109.90 | 6,180.78
Fuel oil 3.60 27.98 0.22 72.00 0.72 104.52
Annealing 5,584.50 | 3,845.43 52.73 | 11,385.00 | 373.90 | 21,241.56
Lignite 5572.50 | 3,752.15 52.01 | 11,145.00 | 371.50 | 20,893.16
Fuel oil 12.00 93.28 0.72 240.00 2.40 348.40
TOTAL 7,863.59 | 5415.46 7425 | 16,033.17 | 526.51 | 29,912.98
Decrease 7,236.60 | 4,983.40 68.33 | 14,754.00 | 484.52 | 27,526.85
polymerization

Table D.9 Table compare quantity of GHGs emissions PMMA, PMMA-co-PU and
PMMA-co-PU mixed with 2% PMMA scrap sheets.

Quantity of GHGs emissions (kg)
Gases ; :
PMMA-co-PU mixed with 2%
PMMA PMMA-co-PU PMMA scrap
CO 7,863.59 7,236.60 7,236.60
CO, 5,415.46 4,983.40 4,983.40
N,O 74.25 68.33 68.33
NO, 16,033.17 14,754.00 14,754.00
CH, 526.51 48452 48452
Total
GHG 29,912.98 27,526.85 27,526.85
Total
GHG (ton) 29.91 27.53 27.53
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The calculation of eco-efficiency
Identify the factor of environment and economics.
1. Identify the factor of environment. Environment factor such as energy, water,

material and GHGs and economic factor such as profit.

Table D.11 The factor of environment and economic between PMMA, PMMA-co-PU
and PMMA-co-PU mixed with 2% PMMA scrap sheet.

PMMA-co-PU mixed
Factors PMMA PMMA-co-PU
with 2% PMMA scrap
Energy (MJ) 53,914,483.45 53,812,677.93 58,337,364.80
Water (rn3 ) 9896.07 9896.07 9896.07
Material (ton) 7,849.42 7,969.12 8,148.89
GHG (ton) 2991 27.53 27.53
Profit (baht) 401,832,900.00 410,063,472.00 418,442,472.00

2. Normalization by group their data to be same group. The maximum value will

be divided on each factor. Therefore the maximum is 1 on each factor.

Table D.12 The result of normalization of each factor (plot on finger print)

PMMA-co-PU mixed
Factors PMMA PMMA-co-PU
with 2% PMMA scrap
Energy (MJ) 0.92 0.92 1
Water (m”) 1 1 1
Material (ton) 0.96 0.98 1
GHG (ton) 1 0.92 0.92
Profit (baht) 0.96 0.98 1
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3. Grouping the environment factor by weighting on each factor. Therefore every

weight of each factor = 0.25

Table D.13 The weight of each factor

PMMA-co-PU
Environmental
PMMA | PMMA-co-PU mixed with
factors
2% PMMA scrap

Energy 0.23 0.23 0.25

Water 0.25 0.25 0.25
Material 0.24 0.25 0.25

GHG 0.25 0.23 0.23

Total 0.97 0.96 0.98

Table D.14 The summary of environmental and economic factors plotted on

portfolio
PMMA-co-PU mixed
Factors PMMA | PMMA-co-PU
with 2% PMMA scrap
Environmental 0.97 0.96 0.98
Economic 0.96 0.98 1
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