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ABSTRACT

For a surfboard manufacturing process, acetone is used mainly as solvent for
cleaning or removing epoxy and polyester resin off tools and brushes from the
laminating processes as it is inexpensive. However, it is extremely flammable with a
flash point of -18 °C (0 °F). In human, acetone can elevate diabetes. Exposure to
exogenous acetone can be chronic due to acetone contamination of water, food, or the
air. It can, however, damage the mucosa of the mouth and can irritate and damage
skin. Apart from acetone, N-methylpyrrolidone (NMP) and dibasic esters (DBEs) are
commercial chemicals used for cleaning resin in the fiberglass reinforced plastic
(FRP) industry. They have low flammability and low volatility. Therefore, this
research aims to evaluate three solvents in order to select a greener and safer resin
cleaning process.

In this research, the environmental performance, hazard assessment, cleaning
efficiency and financial analysis are the evaluation criteria. The environmental
performance parameters consist of Volatile Organic Compounds (VOCs), Global
Warming Potential (GWP), and Ozone Depletion Potential (ODP). The hazard
assessment indicators cover the U.S. National Fire Protection Association (NFPA)
rating, evaporation rate and pH. The cleaning efficiency is determined by percentage
of resin removal from testing. For financia analysis, the costs are chemical
purchasing, waste disposal, and permission fee. The evauation process of each
criterion is a scoring system. From the total of 100 points, environmental performance,
hazard assessment, cleaning efficiency and financial analysis are given 25 points each.
The best solvent would be the highest score.

After the evaluation, DBE gained 73 points while acetone and NMP got 65 and
63 points respectively. Clearly, DBE is the best choice as a greener and safer resin
cleaning solvent. However, it is important to notify that different production process
may need adissimilar solvent. In addition, this research recommends Hyrofluoroethers
(HFES) and the co-solvents or aqueous blends for further study with the addition of
different parametersin each criterion in order to find the right substitution solvent.

KEY WORDS: EVALUATION/ ENVIRONMENTAL PERFOREMANCE/ HAZARD
ASSESSMENT/ RESIN CLEANING SOLVENT/ SUBSTITUTION
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CHAPTERI
INTRODUCTION

1.1 Background

Solvents are defined as substances able to dissolve or solvate other substances.
Most solvents are commonly used in manufacturing and laboratory processes and are
often indispensable for many applications such as cleaning, fire fighting, pesticide
delivery, coatings, synthetic chemistry, and separations (Grayson, 1983). Annually,
many tons of solvent wastes are released into the environment, either as volatile
emissions or with aqueous discharge streams (Anastas, 1994). Many of these solvents
are known to disturb ecosystems by depleting the ozone layer and participating in the
reactions that form tropospheric smog. In addition, some solvents may effect on
human health such as cancer, neurotoxins, and sterility. While contained use of these
solvents would be acceptable from both an environmental and a health perspective,
such operations are difficult to achieve, and alternative solvents are currently being
sought to minimize the problems inherent in solvent release to the environment
(Sherman et al., 1998).

Chlorinated solvents used to be preferred over other cleaning applications due
to their nonflammable quality. Many of these solvents including 1,1,1-trichloroethane
(TCA), 1,1,2-triclhloro-1,2,2-trifluoroethane (CFC113), triechloroethylene (TCE),
perchloroethylene (PERC) and methylene chloride were found to be a threat to the
environment and their usage became restricted under the Montreal Protocol and 1994
National Emission Standards for Hazardous Air Pollutants (NESHAPS). Industries
were forced to look for more environmental friendly alternatives for these chemicals
(DEQ, 2001). As each chemical is beneficial and preferred for its specific use, there is
no single solution that can replace all of them (D’Amico, 1995). Some alternatives
found were hydrochlorfluorocarbons (HCFCs), hydrofluorocarbons (HFCs),
hydrocarbon solvents, oxygenated solvents, aqueous solvents and super critical fluid

solvents (Hairston, 1995).



Ruttanachote Kulakool Introduction / 2

However, reducing the risks that solvents may cause for people and the
environment can be achieved in various ways. One of them is the substitution of
hazardous solvents by less hazardous alternatives or the substitution of a process with
one that is less hazardous (EIM, 2006). Thus a hazardous cleaning agent can be
replaced by a less harmful one, but is also possible for the product or the production
process to be redesigned in such a way that the cleaning step can be omitted. Some
alternatives offered as the “perfect” solutions have been found to be ineffective
cleaners, too expensive or present safety hazards. So, finding a cleaning agent

substitution is a challenging task.

1.2 Significant of problem

Acetone is commonly used to remove uncured fiberglass resins, varnish, and
lacquer and may be useful for applications that require a highly volatile cleaner. For a
surfboard manufacturing process, acetone is used mainly as solvent for cleaning
equipment as it is inexpensive and an excellent solvent for removing epoxy and
polyester resins. In laminating processes, epoxy and polyester resin are used for

laminating outer shell of the surfboard as shown in Figure 1 (Gale, 2006).
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Figure1.1: Surfboard process overview
Source: Adapted from Gale, 2006

Acetone cleans both epoxy and polyester resin off of tools and brushes (Figure
2). However, it is extremely flammable with a flash point of °@§0 °F). Thus, the
greatest danger of acetone use is that it poses a serious fire hazard (RTI, 1997). For
surfboard manufacturing, there are many raw materials such as foam, paper, plastic
and wood. If handled improperly, acetone may be a dangerous fire risk. Moreover,
small amounts of acetone are metabolically produced in the body, mainly from fat. In
humans, fasting significantly increases its endogenous production. Acetone can be
elevated in diabetes. Exposure to exogenous acetone can be chronic due to acetone

contamination of water, food, or the air. It can, however, damage the mucosa of the
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mouth and can irritate and damage skin. Accidental intake of large amounts of
acetone may lead to unconsciousness and death (ATSDR, 1994).

Figure 1.2: Resin cleaning process by acetone

From animal studies, the effects of long-term exposure to acetone can damage
kidney, liver, and nerve damage, and increase birth defects occurred in animals and
reduce reproduction ability of males only. It is not known if these same effects would
be exhibited in humans (EHRT, 1987). In Thailand, acetone is a hazardous substance,
Type 3 as categorized in Hazard Substance Act 1992. Type 3 hazardous substance is
for which the production, import, export, or in possession of requires a permit.
Acetone is also a hazardous substance as the working safety about hazardous
substance, Ministry of Interior Announcement 1991.

Apart from acetone, N-methylpyrrolidone (NMP) and dibasic esters (DBES)
are commercial chemical and used for cleaning in the fiberglass reinforced plastic
(FRP) industry. NMP is the lactam of 3-methylamino-butyric acid. It has low
flammability, low volatility, biodegradability, low aquatic toxicity and recyclability
(RTI, 2001). Another, DBEs is a mixture of the refineddimethyl esters of adipic,
glutaric and succinic acids which are all natural materials. DBESs’s ability to dissolve
many industrial soils makes it the product of choice in many areas where cleaning is
needed. Examples of application areas are in resin clean-up, paint booth cleaning,
degreasing, industrial cleaning, graffiti and hand-cleaning in an industrial setting. The
low miscibility of DBEs with water makes for easy separation from effluent, and
recycling if required (RTI, 1995). Even though DBEs and NMP can remove the resin,
they need further study to evaluate various criteria. After evaluation, the result can
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answer the question that “If acetone is replaced by other chemicals in the resin
cleaning process, which chemical would be the most suitable economically,
environmentally and according to health and safety standards as well as effectiveness
in serving the purpose between N-methylpyrrolidone (NMP) and Dibasic Esters
(DBEs)?” Then, the most suitable one could be selected for acetone substitution

which is also the objective of this research.

1.3 Resear ch objectives

The objectives of this research were as follows:

(1) To identify the chemical properties of acetone, N-methylpyrrolidone
(NMP) and Dibasic Esters (DBES).

(2) To evaluate the most environmentally, economically, safety, and efficient
alternatives for acetone used in the resin cleaning process between N-
methylpyrrolidone (NMP) and Dibasic Esters (DBES).

1.4 Conceptual framework

This research aims to find the greener and safer cleaning solvent in resin
cleaning process. Greener means the cleaning solvents that have lower or non
environmental impact such as lower or non volatile organic compounds (VOCSs),
Global Warming Potential (GWP), and Ozone Depletion Potential (ODP). Safer
means the cleaning solvents that have lower or no risk on human health and accident
such as lower fire hazard rate, evaporation rate and neutral pH. However, it should
have good economic performance as well as cleaning efficiency. After evaluation, the
most suitable solvent will be selected for resin cleaning process. The Figure 3 shows

the conceptual framework of this research.
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Cleaning solvents

A4
Resin clean up process

Environmental performance Hazard assessment Cleaning efficiency Financial analysis
- VOCs - NFPA Rating - Time - Chemical
- ODP - Evaporation - % removal purchasing
- GWP rate - Disposal cost
- pH - Permission
fee

Selected alternati'

Figure 1.3: Conceptual framework

1.5 Scope of the study

The scope of this research focuses only the cleaning process of surfboard
manufacturing of Cobra International Company Limited in Chonburi province. In
surfboard manufacturing, acetone is used to clean up resin that has contaminated
towels, blows, brushes and rollers etc. This research identified the chemical and
physical properties of acetone, NMP, and DBEs and compared them in environmental,

safety, cleaning efficiency and economical criteria.

1.5.1 Environmental criteria
- VOCs

- GWP

- ODP

1.5.2 Safety criteria
- The U.S. National Fire Protection Association (NFPA) rating
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- Evaporation rate
- pH

1.5.3 Cleaning efficiency
- Time

- Percentage of resin removal

1.5.4 Financial analysis
- Chemical purchasing
- Waste disposal cost

- Permission fee

The cleaning efficiency criterion is determined from testing and practical

using. The units of testing are percentage of cleaning and time.

1.6 Expected outcome

(1) Get the safer and greener solvent to replace acetone in resin clean up
process, so staff will have more safety work and better work condition.

(2) Reduce the cost of production

(3) Reduce the chance to have accident and chemical allergy numbers as well

as the cost of medical treatment from chemical allergies in resin cleaning process
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CHAPTER Il
LITERATURE REVIEW

2.1 Introduction

This chapter presents available literatures with regard to substitution of acetone
and evaluation of solvent substitutions, especially NMP and DBEs covering
environmental performance, hazard assessment, cleaning efficiency, and financial
analysis. In addition, the physical and chemical properties and application of acetone,
DBEs and NMP are described below.

2.2 Substitution of solvent

Like other hazards, solvent exposure should be controlled according to the
hierarchy of control measures. The basic principles for controlling chemical hazards
can be broken down into three broad categories: engineering controls, administrative
controls, and personal protective equipment. Engineering controls are the most
effective hazard control methods when introduced at the conceptual stage of planning
and control measures are integrated into the design. Engineering controls can remove
or reduce the hazard by initial design specifications or by applying methods of
substitution, minimization, isolation, or ventilation. They tend to be more effective
than other hazard controls because they remove the source of the hazard or reduce the
hazard rather than lessen the damage that may result from the hazard. Substitution is
usually the least expensive and the most positive method of controlling hazards and
should always be the first engineering hazard control measure considered (Department
of Risk Management and Safety, 2004).

Substitution usually pertains to more than just replacing one chemical by
another one. The selection of a substitute can be a very complex process. Oosterhuis
(2006), Kehren (2001), and the U.S. Army Crops of Engineer (1999) presented the
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major considerations to look at when considering the suitability of potential substitutes

that can group into four criteria as follow:

(1) Environmental performance: obviously, for a substitution to be
environmentally desirable this performance should be unequivocally better than the
current practice; tools such as life cycle analysis or substance flow analysis may be
needed to determine this. For cleaning solvent, the significant environmental
indicators are Volatile Organic Compounds (VOC), Global Warming Potential (GWP)
and Ozone Depletion Potential (PDP).

(2) Hazard assessmenta hazard assessment should be done to decide
whether to substitute a different chemical or material. Not only that, the risk of other
negative effects both for the firm itself and for others should be considered that these

may include indirect, cumulative and long term effects.

(3) Effectiveness:the material should meet the technical requirements for the
job or process such as solubility or drying time, etc. In addition, the substitute must
not interfere or react with the process, the other materials or the equipment. In this

research, efficiency of surface cleaning is mainly considered.

(4) Financial analysis: these should be affordable and acceptable for the
innovating firm, even though they do not necessarily have to be lower than the costs of
the current practice. Considerations such as better product quality, consumer demand,
anticipated regulation or a green company image may justify higher costs.

As an example, the U.S. Picken’'s Plastics, a manufacturer of fiberglass
products, regularly used acetone to clean tools. This worked well, but led to several
fires, so Picken’s Plastic needed a solvent that had a lower flash point than acetone.
At the same time, the environmental performance, economic benefit and cleaning
efficient were considered. In 1993 Picken’s Plastics switched to a solvent blend and
highly concentrated detergent (a water-based cleaner) as alternatives to acetone. The
alternative solvents cost more than acetone, but Picken has determined that these costs

were justifiable. Both the detergent and the solvent blend were much less flammable
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than acetone because of their higher flash points. After switching, Picken’s Plastic got
the safety, environmental, and economic benefits as well as cleaning efficiency from
the acetone substitution. The facility’s insurance costs have decreased, and employee
safety has significantly improved. Since the switch, Picken’s Plastics has experienced
no fires, and no production time has been lost. Picken’s Plastics has a permit to
discharge the detergent wastewater to the municipal sewage treatment plant, and the
solvent vendor disposes of the spent solvent blend in accordance with local, state, and
federal requirements (Office of Pollution Prevention Ohio, 1998).

For the cleaning process, however, the first and most important part of the
search for an alternative is to define cleaning needs by asking the following (Thomas,
Laplante, and Buckley, 1997):

(1) What are the parts that need to be cleaned? Examples are materials of
construction, surface type, size, shape.

(2) What are the contaminants to be removed? Examples are petroleum-based
oil, water-based oil, vegetable-based oil, grease, wax, flux, dirt, salts.

(3) Why are the parts being cleaned? Companies have saved money by
eliminating unnecessary processes that cause contamination.

(4) Who is applying the contaminants to the parts? Minimizing the amount of
contaminants or switching to an “easy to clean” contaminant, will ease the cleaning
load and difficulty. If suppliers are applying the contaminants, work with them to use
less contaminants and find alternatives to “hard to clean” contaminants.

(5) What are the cleaning requirements? If cleaning must be done, it is
necessary to know to what degree. This is a difficult step. Consider what happens to
the parts following cleaning. Once cleaning needs have been assessed, evaluation of
the alternatives can begin.

However, no single solvent provides the perfect cleaning solution for all
applications. When choosing a solvent, there are many things to consider the potential

substitution as mentioned above.
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2.3 Chemical properties

Firstly, it is very important to review the chemical properties and application of

cleaning solvents that are acetone, NMP, and DBEs.

2.3.1 Acetone
In chemistry, acetone is the simplest representative of the ketones
(ATSDR, 1995). The chemical formula is gEOCH;. It is also called dimethyl
ketone, 2-propanone, and beta-ketopropane (Figure 2.1).

@

A

Figure 2.1: Chemical structure of Acetone

Acetone is commonly used for cleaning in the fiberglass reinforced
plastics (FRPs) industry that it is commonly used to remove uncured fiberglass resins,
varnish, and lacque(U.S.EPA, 1991). The physical and chemical propsrif

acetone are shown in Appendix A.

2.3.2 Dibasic esters (DBES)

DBEs are a mixture of 66% dimethyl glutarate, 17% dimethyl succinate
and 17% dimethyl adipate. The material is soluble in water, alcohol, ketone, ether,
and most other hydrocarbons (Thomas, Laplante, and Buckley, 1997) (Figures 2.2 and
2.3).

Dimethyl Succinate Dimethyl Adipate Dimethyl Glutarate

I‘;:I I;:I 1] n

C _OCHs G OCHz C C
CHgO/ ‘\-’A“(I:I: Cchlj M@x CHBDf e T 0 H

Figure 2.2: Chemical structure of dimethyl glutarate, dimethyl succinate and

dimethyl adipate
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Figure 2.3: Chemical structure of dibasic esters

DBEs are commonly used as a paint stripper. It has been used to clean
paint guns and lines. DBEs are used as the active component in paint-removing hand
cleaners (RTI, 1995). It dissolves many resins and solubilizes many polar soils. The

physical and chemical properties of DBEs are shown in Appendix B.

2.3.3 N-methylpyrrolidone (NMP)
A chemical formula of NMP is £§gNO. It is an organic solvent
(Thomas, Laplante, and Buckley, 199F)gure 2.4). NMP is an excellent solvent for
many coatings, including polyurethanes, printing inks, epoxy resins, polyamidimide-
based wire enamels, and water-based coatings. Many plastics, including polystyrene,

polyesters, and polyvinyl chloride are soluble in NMP (Cummins, 1999).

Lo

N
|
CH,
Figure 2.4: Chemical structure of N-methylpyrrolidone (NMP)

For further application, it is an excellent cleaning solvent for resin and

other soils. The physical and chemical properties of NMP are shown in Appendix C.

2.4 Evaluation of solvent substitutes

Following four criteria above, the substitution of solvent can be evaluated as

shown below.
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2.4.1 Environmental performance

In the early 1980s, solvents, in particular chlorofluorocarbons (CFCs),
were the cleaning medium of choice in the disk drive industry. Due to their high ODP,
environmental regulations on CFCs were tightened resulting in a phase out of these
solvents in the mid-1990s. At that time, no other solvents were able to match the
properties of CFCs and the industry transitioned to aqueous cleaning. However, as the
complexity and sensitivity of components increase along with aerial density,
manufacturers are looking at alternatives to aqueous cleaning to resolve issues with
cleaning performance, drying and corrosion (Kehren, 2001). Moreover, many solvents
contain VOCs. VOC means any organic compound having an initial boiling point less
than or equal to 256C measured at a standard pressure of 101,3 kPa. Henry's
constant is an important factor in the mass transfer process of VOCs that describing
the portioning of VOCs between vapor and water has been applied in solvent (Lin and
Chou, 2006). Emissions of VOCs, in and of themselves, do not necessarily give rise to
health or environmental concerns. In many areas, however, they react with oxides of
nitrogen (NOXx) in the presence of heat and sunlight to form ground-level ozone — the
primary component of “smog” (American Solvent Council, 2002jus, the Surface
Solution Laboratory (SSL), Toxics Use Reduction Institute (TURI), University of
Massachusetts at Lowell (2004) and the U.S. Army Crops of Engineer (1999)
developed indicators to help make the selection process easier, they conducted a
preliminary screening of products using three environmental indicators that are VOCs,
GWP, and ODP. Additional items may include solubility in water, atmospheric
lifetime, regulatory status as hazardous materials, waste disposal, and aquatic toxicity
(Nimitz, Dhooge, and Glass, 1998) (Kehren, 2001). For evaluation, they developed a
point scale of 0-10 for data values for each criterion, where 0 is least attractive and 10
is most attractive, and assigned scores for each candidate for each criterion.

As mentioned, acetone, NMP and DBEs are organic solvents which have
the important indicators in environmental performance of VOCs, GWP, and ODP as
shown in Table 2.1.
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Table 2.1: VOCs, GWP and ODP values of acetone, DBEs and NMP

Parameter
VOCs value (g/l) GWP Value ODP Value
Solvent
Acetone 797 0 0
DBEs 1075 0 0
NMP 1030 0 0

Source: Derived from SSL, 2004

The table shows that acetone is the lowest solvent VOCs value and DBESs
is the highest VOCs value. For GWP and ODP values, they are no values in both

parameters.

2.4.2 Hazard assessment

Basically, there is no safe solvent. All solvents, natural or synthetic, are
toxic. Contact with the liquid solvents or inhalation of the vapors they emit into the
air are both hazardous. In general, solvents can irritate and damage the skin, eyes, and
respiratory tract, cause a narcotic effect on the nervous system, and damage internal
organs such as liver and kidney. These kinds of damage can be acute or chronic. In
addition, some solvents are especially hazardous to specific organs or can cause
specific diseases such as cancer (Rossol, 1995). Solvents have two properties which
cause fires and explosions that are evaporation rates and flash points (Nimitz and
Lankford, 1993). From this information, the SSL (2004) gives the scoring for
Hazardous Material Information System/ National Fire Protection Association
(HMIS/NFPA) and pH. Nimitz, Dhooge, and Glass (1998) sets another safety factors
including flammability and toxicity such as Ames test, Lethal Concentration 50%
(LCsp), permissible exposure levels, cardiac sensitization levels, and teratogenicity.
Like environmental factors, they evaluate the safety performance by a point scale. In
addition, Rossol (1995) purposed the rules for choosing safer solvent. The parameters
for comparing are Threshold Limit Values (TLVs), evaporation rates, flash points, and
toxic effects. All of these parameters provide the necessary information for
identifying potential alternatives (SSL, 2004).

Smith (1984) said that in the coatings industry, solvents are generally
classified according to evaporation rate. To a large extent the evaporation rate of the
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solvent determines where and how it can be used. In determining the evaporation rate
of solvents, n-butyl acetate is used as the standard and is assigned an evaporation rate
value of 1. Other solvents are assigned evaporation rate values that indicate how they
evaporate in relation to n-butyl acetate. Solvents for the coatings industry are
generally grouped into three classes of evaporation rate -fast, medium or slow.
Solvents with evaporation rates greater than 2.5 (n-butyl acetate = 1), in the fast-
evaporating group. In the medium-evaporating group, solvents with evaporation rates
between 0.8 and 2.5, and in the slow-evaporation rate range, solvents with evaporation
rate of less than 0.8.

The pH scale is a measure of the hydrogen ion concentration. It spans
from O to 14 with the middle point (pH 7.0) being neutral (neither acidic nor basic).
Any pH number greater than 7.0 is considered a base and any pH number less than 7.0
is considered an acid. Thus, 0 is the strongest acid and 14 is the strongest base. It is
important to know the pH of substances because they may be corrosive or react with
incompatible materials. In accident cases, if the substances spill to skin or eyes, strong
acids and strong bases are very dangerous and can burn eyes or skin (Logan, 1996). As
mentioned, the important indicators of cleaning solvent are flammability and toxic
effect. Flammability and toxic effect can be showed by NFPA rating, evaporation rate
and pH (Table 2.2).

Table 2.2: NFPA rating evaporation rate and pH of Acetone, DBEs and NMP

arameter NFPA Rating oH Evaporation rate
Solvent Health Flammable | Reactivity (Butyl Acetate=1.0)
Acetone 1 3 0 7 7.7
DBEs 1 1 0 7 <0.1
NMP 2 1 0 7.2 0.06

Source: Derived from SSL, 2004 and laboratory test, 2007

In Table 2.2, it shows that acetone is the highest flammability and fast-
evaporating group. In general, faster it evaporates and the more readily it can create
explosive or flammable air/vapor mixtures. Materials with flash points at around
room temperature or lower are particularly dangerous. But for health effect, NMP has

the highest toxicity being rated 2 on a scale from O.
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2.4.3 Cleaning efficiency

The SSL (2004) purposed the analytical method for determining “How
clean is clean?” including Fluorescence, Gravimetric Analysis, Goniometry and
Optically Stimulated Electron Emission (OSEE) or Photo Electron Emission (PEE).
Most of surface cleaning test, SSL uses the gravimetric analysis. The SSL
recommends that the gravimetric analysis can be the most inexpensive and revealing
of all surface measurement techniques. Ideally, the part or test coupon is weighed a
total of three times with the same analytical balance and under the same atmospheric
conditions. Weights are taken (1) before artificial contamination, (2) after artificial
contamination and (3) after cleaning. These tests should be duplicated a number of
times to ensure reproducibility of results. Percent of soil removal and standard
deviations can then be calculated. Some difficulty may arise in arriving at a pre-
contamination weight under actual plant/production settings, though estimates may be
possible. Care must be taken in selecting near-identical substrate pieces and applying
the contaminant in a consistent manner.

LeBlanc (2001) developed a test method or experimental design to
perform the actual trials for surface cleaning. This protocol had to be in a format that
was applicable for a variety of aqueous/semi-aqueous cleaners to be tested. She used
the gravimetric analysis method. For testing, cleaning coupons were used that the test
coupons or panels are pieces of flat, rectangular substrate surfaces matched to a part’'s
materials. The cleaning parameters are time, agitation, concentration and temperature,
collectively known as TACTPercent soil removal rates can then be calculated.

For resin cleaning process, the gravimetric analysis method can
determine the cleaning efficiency as resin contaminates the tools and equipment on
surface as shown in figure below. The testing parameters for this research are time

and percent of removal.
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Figure 2.5: Tools and equipments of surfboard production process that

contaminate with resin

2.4.4 Financial analysis

It is not easy to assess the cost of the current cleaning process due to a
number of factors. The analysis should not be limited to comparing the costs of
chemical purchases. It is easy to look at the costs of cleaning solvents and their
alternatives on a kilogram for kilogram basis. Often the difference in price will seem
extreme.

When actual usage is considered, newer, more expensive chemicals may
cost less than the current process. Table 2.3 lists some of the costs to consider when
performing a financial analysis. It is divided into two parts: one-time or capital costs
and recurring costs (Thomas, Laplante, and Buckley, 1997). This list is not
comprehensive but should provide some ideas of costs that one might not normally
consider when doing simple financial calculations. Some time should be spent
ensuring that everything is covered when listing the costs. The more complete the cost
tabulations are the clearer and more accurate a picture will be generated about the

potential benefits of conversion.
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Table 2.3: Summary of one-time and recurring costs

One-time costs Recurring costs

Equipment Purchase Chemical Purchases

- equipment Waste Management

- sales tax - treatment chemicals

- installation - testing

- spare parts - disposal

- monitoring & safety equipment | Safety Training
Old Equipment Disposal Safety Equipment

- removal labor Insurance

- scrap value or disposal charge | Regulatory Fees
Research and Design Regulatory Paperwork

- planning Annual Permit Fees

- engineering Production Costs

- consultants Maintenance

- accounting - labor

- supervision - materials
Initial Permits Utilities
Building Changes - water

- addition of space - electricity

- addition/movement of utilities - gas

- steam

Source: Tomas, Laplante, and Buckley, 1997

For financial analysis of the resin cleaning process in surfboard
manufacturing, there are permission fee, chemical purchasing, and waste disposal
only. Under the Hazardous Substance Act 1992, the user must pay fees for the
certificate of registration is 5,000 THB and the permit for possession is 3,000 THB per
year but NMP and DBEs do not have any fees.

Table 2.4: Permission fee, chemical price and disposal cost of acetone, NMP and

DBEs
Cost Annual permit fee Chemical price Disposal cost
Solvent (THB/year) (THB/Kg) (THB/ton)
Acetone 5,000 30 1,000
NMP 0 200 1,000
DBE 0 75 1,000

Source: Purchasing Department, 2006
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All costs will be calculated in the same unit that is THB per year. After
financial calculation, they will be compared. However, there are some benefits that
may be difficult to assign a monetary value too. Therefore, such benefits should be
considered in a project assessment even if they are not directly factored into the
financial analysis. Thomas, Laplante, and Buckley (1997) show some of these benefits
which are:

(1) Improved employee health and safety:Reduced employee
exposure to dangerous solvents or other toxic materials may have a large financial
impact on a company. A cleaner working atmosphere may reduce productivity losses
from sick-time. Reducing the risk of toxic overexposure will reduce the risk of

potential future health claims against the company.

(2) Lower maintenance: Older equipment may require more frequent
maintenance due to wear and tear. It may be difficult to compare maintenance costs
with a potential replacement system; especially of nobody within the organization has
experience with the new technology. There may be a savings here to consider,

however.

(3) “Green” marketing: However, new cleaning systems may open
doors into “green” markets and generate more business for the company. It may lead
to maintaining or creating a relationship with a large company that wants its suppliers

to be environmentally responsible.

(4) Efficient chemical usageThe new system could be very efficient
because it is designed to work with the new alternative solvents. While these
chemicals may be very expensive, annual usage could be much lower when compared

to current chemical requirements.

(5) Improved production rates: Some new cleaning processes may be
more effective in removing the soil. This is because many products are now
engineered for specific applications - they do not use “one size fits all” approach that

traditional solvents have used.
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(6) Reduced regulatory burden: If the new system completely
exempts the company from environmental regulatory reporting, calculating savings
should be fairly straightforward. @ However, if reporting and training are not
completely eliminated, the reduction may be difficult to compute. It may also be
difficult to calculate the value of other activities that can now fill the time made

available.

(7) Lower future liability: If the insurance company reduces rates for
liability based on the elimination of the current toxic chemical, calculating savings is
easy. Perhaps reducing the risk of a single, multi-million baht lawsuit against the
company or reducing the risk of a clean-up is enough to convince them to switch to a
safer process. Generators of hazardous waste are responsible for their waste streams

from “cradle to grave.”

Some of the considerations may be inconvenient or difficult to include in
the financial analysis of the alternative cleaning system. This research, however, will
consider these benefits but they will be not assigned in monetary values. So, some
discussion of them should be included in the overall analysis of the cleaning system.

According to four criteria above, Roelofs and Ellenbecker (2003)
investigated four cases of methylene chloride substitute from four companies in
Massachusetts, the U.S. The result shows that companies’ evaluation efforts focused
on technical or efficiency performance concerns. However, potential substitute
chemistries with obvious environmental concerns were not evaluated to see if they
would work. Financial, environmental and safety evaluations of substitutes were
minimal.

For Cobra International Company Limited, the results of 456
guestionnaires show that the proportion of each criterion is 25 percent. So, they need
to focus on all criteria same weight. Chief Operation Officer (COO), Surfboard
Specialists and a Safety Division Manager also recommend that all criteria should be
considered on same weight. From interview management level, Chief Executive
Officer (CEO) said that safety and environmental performance should be a priority

consideration for substitution. In the same time, all staff wants to work quickly and
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easy as well as effectiveness. For the financial benefit, it is not more important than

staff's health so it should be last part to consider. This research needs to promote the
user to use the safe solvent and environmental friendly solvent but the efficiency have

not to reduce as well. Thus, all criteria will be focused on the same weight.

2.5 Conclusion

The literature review has shown that most effective methods to control hazard
of solvent can be substituted. However, substitution is not just replacing one solvent
with another. It is also important to consider the performance of safety, environment,
economy and efficiency. Another important step is evaluation of solvent substitutes.
For evaluation of environmental performance, the important indicators of organic
solvent are VOCs, GWP, and ODP. DBEs have the highest value of VOCs while
acetone has the highest evaporation rate. For hazard assessment, the important
indicators of cleaning solvent are flammability and toxic effect. Flammability and
toxic effect can be shown by NFPA rating, evaporation rate and pH. From these
parameters, acetone has the highest flammability and NMP has the highest health
effects. However, some researchers and users use the scoring method to evaluate the
safety and environmental performance of solvent. For cleaning efficiency, the popular
method is gravimetric analysis that uses for surface cleaning measurement techniques.
The parameters are time and percentage of removal. For financial analysis, the resin
cleaning solvent concerns permission fees, chemical purchasing and waste disposal
costs only. Under Thailand law, acetone has a permission fee but NMP and DBEs do
not. However, DBEs and NMP are more expensive than acetone. Therefore the next
chapter will explain the method of the four criteria’s evaluation. And then compare

and select the most suitable alternative for resin cleaning purposes.
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CHAPTER Il
METHODOLOGY

3.1 Resear ch procedure

This chapter aims to describe the research methodology to be used in
evaluation three solvents in order to select a greener and safer resin cleaning solvent.

The steps of this research are shown in Figure 3.1.

Literature Review

v v v v
Environmental Hazard Cleaning Financial
Perfor mance Assessment Efficiency Analysis
A A\ 4 A
Data Collection Data Collection Testing Data Collection

l

Questionnaire
and interview

l

Evaluation

l

Comparison

l

Selection

Figure 3.1: Research procedure
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3.2 Data collection

As mentioned in Chapter Il, Environmental and safety data was collected from
Material Safety Data Sheet (MSDS) of each solvent and various literature reviews.
The data for financial calculation was collected from Purchasing Department, Safety

Division and Production Section of Cobra International Company Limited.

3.3 Questionnairesand interviews

Four hundred and fifty six staff of the Surf Business Unit of Cobra
International Company Limited, who work with acetone for resin cleaning process,
were surveyed about the evaluation criteria of acetone substitution by the
guestionnaires as shown in Appendix E. Moreover, five key persons, the Chief
Executive Officer (CEO), the Chief Operation Officer (COO), Specialists, Production
Managers and Safety Division Manager were interviewed.

3.4 Evaluation methods

In order to encourage users to employ solvent, they expressed rating of
solvent’s cleaning performance and financial benefits. This section intends to explain
the evaluation method of each criterion. From the total score of 100 points,
environmental performance, hazard assessment, cleaning efficiency and financial
analysis are awarded 25 points each as below. The best solvent is summed up for the
highest score.

3.4.1 Environmental performance
There are four parameters to collect that are Volatile Organic Compounds
(VOCs), Global Warming Potential (GWP), and Ozone Depletion Potential (ODP).
The score for each parameter is considered by the CEO, the COO, Specialists,
Production Managers and Safety Division Manager of Cobra International Company
Limited. They discussed and recommended that the full score for VOCs are 9 points
but GWP and ODP are 8 points. As VOCs is harmful to both environment and health,
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they should have full score more than other. The scoring of three parameters will be

adapted from the SSL as shown below.

3.4.1.1. Volatile organic compounds

The term “organic” indicates that the compounds contain carbon.
VOCs can harm the environment such as depleting the ozone layer and participating in
the reaction that forms tropospheric smog. For health effects, VOCs exposures are
often associated with an odor while other times there are no odor. Both can be
harmful. Acute Hazards of VOCs are eye irritation or watering, nose irritation, throat
irritation, headaches, nausea or vomiting, dizziness and asthma exacerbation. Chronic
hazards of VOCs are cancer, liver damage, kidney damage and Central Nervous
System (CNS) damage (U.S.EPA, 2007).

This research aims to promote solvents that have low VOCs. The
interviewed persons agreed with the SSL that the range of VOCs of each point is 25
g/l. The full point is 9. And if the VOCs value more than 225 g/l, it would be 0 point
as table below.

Table 3.1: Volatile organic compounds (VOCs) assessment

VOCs assessment

VOCsvalue (g/l) Points
0-25
26-50
51-75
76-100
101-125
126-150
151-175
176-200
201-225
>225

ORINW| A~ OO0

Source: Adapted from the SSL, 2004. Available: http://www.cleanersolutions.org/?

action=safety_score_full_help [2007, January 15].
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3.4.1.2. Global warming potential
Global warming potentials (GWP) are used to compare the

abilities of different greenhouse gases to trap heat in the atmosphere. The GWP is
based on the radiative efficiency (heat-absorbing ability) of each gas relative to that of
carbon dioxide (C@), as well as the decay rate of each gas (the amount removed from
the atmosphere over a given number of years) relative to that ofEI& 2002). The

GWP provides a construct for converting emissions of various gases into a common
measure, which allows climate analysts to aggregate the radiative impacts of various
greenhouse gases into a uniform measure denominated in carbon or carbon dioxide

equivalents as below table.

Table 3.2: Global warming potential of green house effect gases

Gas GWP?
Carbon dioxide (C¢) s
Methane (CH)° 21
Nitrous oxide (NO) 310
HFC-23 11,700
HFC-32 650
HFC-125 2,800
HFC-134a 1,300
HFC-143a 3,800
HFC-152a 140
HFC-227ea 2,900
HFC-236fa 6,300
HFC-4310mee 1,300
CF, 6,500
CoFs 9,200
C4F10 7,000
CoF14 7,400
Sk 23,900

4100 year time horizon

® The methane GWP includes the direct effects and those indirect effects due to the production of
tropospheric ozone and stratospheric water vapor. The indirect effect due to the productigisof CO
not included.

Source: The U.S. Environmental Protection Agency, 2006. Available:
http://www.epa.gov/nonco2/econ-inv/table.html [2007, March 25]

Table 3.2 shows that Gas the least GWP value. This research

encourages users to use solvents that have no green house effect gasses. So, if a
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solvent has no GWP, it receives full points. However if the level is equal $tatCO

gains 4 points.

Table 3.3: Global war ming potential (GWP) assessment

GWP Assessment
GWP value Points
GWP =0 8
GWP =1 (CQ) 4
GWP >1 0

Source: Adapted from the SSL, 2004. Available: http://www.cleanersolutions.org/?
action=safety_score_full_help [2007, January 15].

3.4.1.3. Ozone depletion potential
Ozone layer screens out the sun’s harmful ultraviolet radiation.
Small amounts of ozone are constantly being made by the action of sunlight on
oxygen. At the same time, ozone is being broken down by natural processes. The
total amount of ozone usually stays constant because its formation and destruction
occur at about the same rate. Human activity has recently changed the natural balance.
The ratio of the amount of ozone depletion of a chemical compared to the amount of
ozone depletion of the same mass of CFC-11. Certain manufactured substances can
destroy stratospheric ozone much faster than it is formed (SSL, 2004). Ozone
depletion was a yes or no result. If a product has an ozone depletion level, it receives

no points.

Table 3.4: Ozonedepletion potential (ODP) assessment

ODP Assessment
ODP value Points
ODP =0 8
ODP >0 0

Source: Adapted from the SSL, 2004. Available: http://www.cleanersolutions.org/?

action=safety score_full_help [2007, January 15].
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3.4.2 Hazard assessment

There are three parameters to determine that are the U.S. National Fire
Protection AssociatiofNFPA) rating, evaporation rate and pH. The score for each
parameter is also considered by the CEO, the COO, Specialists, Production Managers
and Safety Division Manager of Cobra International Company Limited. They had
discussed and recommended that the full score of NFPA rating is 9 points, but
evaporation rate and pH are 8 points. Due to NFPA rating can show health effect,
flammability, and reactivity, it should have more full score than other. The scoring

also will be adapted from the safety score screening criteria of the SSL.

3.4.2.1 The U.S. National Fire Protection Association (NFPA) rating

Originally, NFPA developed this set of hazard rankings for their
own purposes. However, the rankings have proven to be very useful in the chemical
industry. The four divisions are typically color-coded, with blue indicating level of
health hazard (H), red indicating flammability (F), yellow (chemical) reactivity (R),
and white containing special codes for unique hazards. Health, flammability and
reactivity is rated on a scale from 0 (no hazard; normal substance) to 4 (severe risk).
The detail of NFPA will be shown in Appendix D.

4 = Severe Hazard

3 = Serious Hazard
2 = Moderate Hazard
1 = Slight Hazard

0 = Minimal Hazard

This research attempts to use solvents with a hazard less than 3 on
the scale because this number indicates serious hazard. In addition, if a solvent has 4
on a scale of any division, it will be cancelled because this number indicates severe
hazard. For this research, a hazard means the rating of H and F. Therefore they will be
scored only 2 points. Besides, if they are 3 rating both, the point will be 0 due to they
have the serious hazard for health and fire accident. The total points of the rating of
each division will be determined by minus with 9 and the result is the point of each
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alternative. Thus the hazard assessment uses below table to determine the number of

points to assess.

Table3.5: The U.S. National Fire Protection Association rating assessment

NFPA Assessment

Points Examples
H-0 F-0 R-0

H-0 F-0 R-1, H-O F-1 R-0

H-1 F-1 R-0, H-2 F-0 R-0

H-1 F-1 R-1, H-2 F-1 R-0

H-3 F-0 R-0

H-2 F-2 R-0, H-1 F-2 R-1

H-1 F-3 R-0

H-2 F-2 R-1

H-1 F-3 R-1, H-2 F-3 R-0

H-2 F-2 R-2

H-3 F-3 R-0

H-3 F-3R-1, H-3 F-3 R-2
Source: Adapted from the SSL, 2004. Available: http://www.cleanersolutions.org/?

OO|WO|I~FLIOIINIO|IN||O©

action=safety score_full_help [2007, January 15].

3.4.2.2 pH readings

The pH provides a measure on a scale from 0 to 14 of the acidity
or alkalinity of a solution. Safety Division Manager, Production Managers and
Specialists were interviewed by interviewed and responded to questionnaires, they
avoid to use solvents that have a scale more than 11 and less than 3 as they can cause
corrosion or/and damage tissue. So, neutral substances receive the highest individual
indicator points. Both very acidic and very basic are avoided. The range of each point
is 0.5. The neutral scale (6.5 — 7.5) gains 8 points and others are lesser point as below.
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Table 3.6: pH assessment

pH assessment

pH value Points
0.0-2.9
3.0-3.4
3.5-3.9
4.0-4.4
4.5-4.9
5.0-5.4
5.5-5.9
6.0-6.4
6.5-7.5
7.6-8.0
8.1-8.5
8.6-9.0
9.1-9.5
9.6-10.0
10.1-10.5
10.6-11.0
11.1-14.0

ORINW AR OGODOINIOINIO|IOIAIW|IN|IFLIO

Source: Adapted from the SSL, 2004. Available: http://www.cleanersolutions.org/?

action=safety score_full_help [2007, January 15].

3.4.2.3 Evaporation rate
From Smith (1984) presented that in determining the evaporation
rate of solvents, n-butyl acetate is used as the standard and is assigned an evaporation
rate value of 1. Other solvents are assigned evaporation rate values that indicate how
they evaporate in relation to n-butyl acetate. solvents are generally grouped into three

classes-fast, medium or slow - according to their evaporation rate.

Fast-evaporating group > 2.5
Medium-evaporating group = between 0.8 to 2.5
Slow-evaporating group < 0.8

As mentioned, the higher a solvent’'s evaporation rate the faster it

evaporates and the more readily it can create explosive or flammable air/vapor
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mixtures. Therefore solvents that have the evaporation rate greater than 2.5 are given

0 point, 4 points for medium-evaporation rate and 8 points for slow-evaporation rate.

Table 3.7: Evaporation rate assessment

Evaporation rate assessment
Falue Points
(n-Butyl Acetate=1.0)
> 245 0
0.8-25 4
<0.8 8

Source: Adapted from Smith, 1984

3.4.3 Cleaning efficiency
Gravimetric analysis was used to determine the cleaning efficiency. The

testing procedures are as follows (Adapted from LeBlanc, 2001)

1. Coupon is weighed and recorded the weight of before artificial contamination.

2. Epoxy resin is spread on the coupons. Then it is weighed and recorded for after
resin contamination.

3. Solvent is poured in the 100 ml beaker. Then the contaminated coupon is
immersed in the solvent for 5 minutes.

4. After 5 minutes, the coupon is weighed after cleaning and also recorded.

5. Solvent is tested 3 times and determined the average percentage of removal.

6. Calculate the percentage of removal as below formula

% removal = (after artificial contamination — after cleaning)*100

(after artificial contamination — before artificial contamination)

The percent of removal that is calculated from tgstiesult is scored as
Table 3.8. For scoring system, Production Managers and Surfboard Specialists of
Cobra International Company Limited said that the satisfied percent of cleaning is at

least 60 percent because this process staff will agitate the resin contaminated tools or
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equipments with solvent while they are cleaning for easy and quickly. So, at 60
percent is given 13 points from 25 points but if the cleaning efficiency more that 90
percent should get full point. However, they said that if solvent can remove resin less
than 30 percent, it should be given O point due to staff will use longer time and tools or

equipment still contaminated with much resin.

Table 3.8: Cleaning efficiency assessment

Cleaning efficiency assessment

Per cent of removal Points
90.00 — 100.00 25
85.00 — 89.99 23
80.00 — 84.99 21
75.00 — 79.99 19
70.00 — 74.99 17
65.00 — 69.99 15
60.00 — 64.99 13
55.00 — 59.99 11
50.00 — 54.99 9
45.00 — 49.99 7
40.00 — 44.99 5
35.00 — 39.99 3
30.00 — 34.99 1
00.00 —29.99 0

Source: Field survey, 2007

3.4.4 Financial analysis

For financial calculation, the costs are registration and permission fee,
chemical purchasing, and waste disposal only. All costs will be calculated in the term
of THB per year. Statistical data obtained from Cobra International Company Limited,
Purchase Department for the year 2006 shows that a total of 6,106,760 THB was spent
on chemicals. This amount accounts for 202,880 Kg. of acetone, its disposal process
and an annual permit fee. The acetone costs 6,086,400 THB where as the disposal
process costs 15,360 THB and the annual permit fee is 5,000 THB. The CEO of Cobra

International Company Limited wants to reduce cost of solvent usage around 1 million
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THB, so at this cost should be full score. The full score is 25 point. For 6,300,000
THB per year, the score is 13 points. Every reduction of 200,000 THB results in an
increase of 2 points. In contrast, every increasing of 200,000 THB results in a
reduction of 2 points.

Table 3.9: Financial assessment

Financial assessment

Costs (THB/year) Points

< 5,300,000 25
5,300,000 - 5,499,999 23
5,500,000 - 5,699,999 21
5,700,000 - 5,899,999 19
5,900,000 - 6,099,999 17
6,100,000 — 6,299,999 15
6,300,000 — 6,499,999 13
6,500,000 — 6,699,999 11
6,700,000 — 6,899,999 9
6,900,000 — 7,099,999 7
7,100,000 — 7,299,999 5
7,300,000 — 7,499,999 3
7,500,000 - 7,699,999 1

> 7,700,000 0

Source: Field survey, 2007

3.5 Comparison and selection

Total scores are compared by using a numerical approach in order to explain,
compare and interpret the results. Then, the alternative that gains the highest score is

selected for the resin cleaning process.
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CHAPTER IV
RESULTS AND DISCUSSIONS

This chapter wants to answer the research objectives. The results will be
documented, calculated and interpreted based on the theoretical and practical
knowledge with the discussion on substitution of solvent. In addition, it was seeking
to recommend further resin cleaning solvents based on the findings and the literature

review.

4.1 The chemical properties of acetone, N-methylpyrrolidone (NMP) and Dibasic
Esters (DBES)

As previously reviewed, acetone, N-methylpyrrolidone (NMP) and Dibasic
Esters (DBEs) are the organic solvents. Acetone is the simplest representative of the
ketones. It is also called dimethyl ketone, 2-propanone, and beta-ketopropane. DBEs
are a mixture of dimethyl glutarate, dimethyl succinate and dimethyl adipate. N-
Methyl-2-pyrrolidone (NMP) is a chemical compound with 5-membered lactam
structure. It also belongs to the class of dipolar aprotic solvents (Tomas, Laplante, and
Buckley, 1997).

For application, acetone is commonly used to remove uncured fiberglass
resins, varnish, and lacquer. Due to its good solvency properties NMP is used to
dissolve a wide range of chemicals, especially in the polymers field. It also used as a
solvent for surface treatment of textiles, resins and metal coated plastics or as a paint
stripper. Many plastics, including polystyrene, polyesters, and polyvinyl chloride are
soluble in NMP. In the same application, DBEs are commonly used as a paint stripper.
It has been used to clean paint guns and lines. It dissolves many resins and solubilizes
many polar soils (RTI, 1995).
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4.2 Opinions of staff in using substituted solvent

Table 4.1 clearly showed that most staff focus on the same weight of
substituted solvent. All of them wanted to reach the highest safety and environmental
performances. However, most of them thought the effectiveness of cleaning solvent
was very important. For financial benefit, some staff thought its important was

between moderate (7.89%) to very high (16.89%) and highest (75.22%) respectively.

Table 4.1: Opinions of Staff in Safety Performance, Cleaning Efficiency,
Environmental Performance, and Financial Benefit of Cleaning

Solvent
Levels of Safety Number in Levels of Cleaning .
o Number in person
performance person Efficiency
| 0 1 0
2 0 2
3 0 3
4 0 4 53
5 456 5 403
Levels of _ : ;
_ Number in Levels of Financial .
Environmental _ Number in person
person Benefit
Performance
1 0 1
2 0 2
3 0 3 36
4 0 4 77
5 456 5 343

Source: Field survey, 2007

In addition, the Chief Executive Officer (CEO), the Chief Operation Officer
(COO0), Specialists, Production Managers and Safety Division Manager were

interviewed for confirmation of the weighting of substituted solvdrite COO,
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Surfboard Specialists and a Safety Division Manager also recommend that all criteria
should be considered on the same weightt The CEO said that safety and
environmental performance should be a priority consideration for substitution. In the
same time, all staff wanted to work quickly, easy and effectively. For the financial
benefit, it is not more important than staff's health so that it should be last issue to
consider. Regarding to most of them gave the same weight of substituted solvent, so it

can be concluded that the percentage of each criterion is 25 percent from 100 percent.

4.3 Substitute’s evaluation

In order to choose the best cleaning solvent, acetone, DBE and NMP were
evaluated by four criteria — environmental performance, hazard assessment, cleaning

efficiency, and financial analysis. Each criterion can be showed in detail below.

4.3.1 Environmental performance

Table 2.1 showed that the Volatile Organic Compounds (VOCs) value of
acetone, DBE and NMP are 797, 1,075 and 1,030 g/l respectively. However, all of
them have no values of the Global Warming Potential (GWP) and the Ozone
Depletion Potential (ODP). VOCs, GWP and ODP of each solvent were evaluated in
Tables 3.1, 3.3 and 3.4 respectively. From the full score of 25 points, there are 9
points for VOCs, 8 points for GWP, and 8 points for ODP. The total score for

environmental performance of each solvent was later determined.

4.3.1.1 Volatile organic compounds
According to Table 3.1, acetone, DBE and NMP have no point
due to they are the organic solvents which have the VOCs value more than 225 g/l. As
noted above, VOCs can harm people and the environment such as depleting the ozone
layer and participating in the reaction that forms tropospheric smog. In addition,
exposure to VOCs can cause irritation of the eyes, nose and throat, skin problems,
nausea and dizziness (U.S.EPA, 2007). Thus acetone, DBE and NMP have to be

managed properly when using them, especially, the ventilation and the storage of
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opened containers of the organic solvents within working area in order to reduce

VOCs to the environment.

4.3.1.2 Global warming potential
Acetone, DBE and NMP have no value of global warming

potential (GWP). They get 8 points or full score (Table 3.3). As described so far,
GWP is used to compare the abilities of different greenhouse gases to trap heat in the
atmosphere. Increase of greenhouse gases concentration causes a reduction in
outgoing infrared radiation, thus the Earth’s climate must change somehow to restore
the balance between incoming and outgoing radiation. However, a small rise in
temperature will induce many other changes, for example, cloud cover and wind
patterns. If global warming takes place, sea level will rise due to two different
processes. Firstly, warmer temperature cause sea level to rise due to the thermal
expansion of seawater. Secondly, water from melting glaciers and the ice sheets of
Greenland and the Antarctica would also add water to the ocean (Hong Kong
Observatory, 2003). Moreover, this climate change has the potential impact on human
life such as economic impact, agricultural impact, effects on aquatic system and
hydrological cycle. Due to they are non GWP, it clearly said that acetone, DBE and
NMP have no effect to climate change and other impacts.

4.3.1.3 Ozone depletion potential
Acetone, DBE and NMP have no value of ozone depletion

potential (ODP). Therefore they get 8 points or full score in this evaluation. The ODP
of a compound is a simple measure of its ability to destroy stratospheric ozone. For
primary concern are the enhanced levels of UV radiation that reach the Earth’s surface
for depletion in stratospheric ozone. The more energetic UV-B portion of the
spectrum is responsible for sunburn, cataracts, potential ecological damage, and skin
cancer (Global Change Program, 2002). Global Change Program of University of
Michigan (2002) shows that a 1 percent decrease in ozone abundance causes about 2
percent increase in UV-B. Increased UV-B exposure at the Earth’s surface can affect
human, agriculture and forest growth, marine ecosystems, biogeochemical cycles, and

materials. In 1990, the Montreal Protocol was amended to take into account the severe
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losses during the ozone hole events and the downward trends in global ozone. The
participating countries substantially strengthened the protocol, calling for accelerated
reductions in emissions, and requiring complete phase out of CFCs and other major
ozone-depleting substances by 2000. The Montreal Protocol was further amended in
1992, calling for the complete phase out of CFCs, etc, by 1996 (Global Change
Program, 2002). Clearly, the properties of acetone, DBE and NMP comply with the
Montreal Protocol which can safe the stratospheric ozone in order to protect UV-B
increased at the Earth’s surface.

4.3.1.4 Total environmental performance

Table 4.2 showed the total environmental performance scores of
each solvent which revealed that VOCs assessment would have zero value. Due to
they are the organic solvents which is harmful to human health, the workers need good
ventilation system, the personal protective equipments and safety procedure (Worksafe
Reps, 2004). Another reason is to reduce the amount of solvent usage which helps
lessen its volume releasing to the environment. However, with no GWP and ODP
values, they are the environmental friendly to climate change and ozone depletion that

can affect human life, ecosystem, agricultural and economic systems.

Table 4.2: Total environmental performance score of acetone, DBE and NMP

Assessment score
Solvent Total score
VOCs GWP ODP
Acetone 0 8 8 16
DBE 0 8 8 16
NMP 0 8 8 16

4.3.2 Hazard assessment

There are three parameters to determine which are the NFPA rating,
evaporation rate and pH. For this assessment, the full score is 25 points comprising 9
points for NFPA rating, 8 points for the evaporation rate and 8 points for pH. The total

score of each solvent would be determined later.
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4.3.2.1 The U.S. National Fire Protection Association (NFPA) rating

Regarding to Table 2.2, flammability is rated at 3 for acetone and
1 for DBE and NMP. For health hazard, NMP is rated at 2 but acetone and DBE are
rated at 1. For reactivity, they are rated at 0. According to Table 3.5, acetone gets
only 1 point due to its high flammability and irritation. Due to DBE has low
flammability and could cause irritation, it gets 7 points from 9 points; while NMP gets
6 points which has lesser score than DBE because it has more health hazard than DBE
and acetone. NMP is rated at 2 for health hazard that means it could cause temporary
incapacitation or possible residual injury for non-chronic exposure (NFPA 704, 2006,
http://en.wikipedia.org/wiki/NFPA_704).

4.3.2.2 pH readings
As mentioned in Chapter 3, the pH value of acetone, DBEs were

7 and NMP was 7.2. Thus they get 8 points as shown in Table 3.6. They do not cause
corrosion or damage tissue that the users are safed when using them. However, while
the users are using chemical, they should wear the personal protective equipments
such as gloves and goggles or immediately washing with water when exposure
(Worksafe Reps, 2004). Three solvents comply with the requirements of Safety
Division Manager, Production Managers and Specialists that they want to avoid the
solvents at the pH more than 11 and less than 3.

4.3.2.3 Evaporation rate
Table 2.2 showed the evaporation rate of acetone, DBE and NMP
which were 7.7, <0.1 and 0.06, respectively. According to Table 3.7, acetone get O
point but DBE and NMP get 8 points. Acetone is in the high evaporation rate group
which has the evaporation rate value more than DBE and NMP around 77 and 128
times respectively. As mentioned, the higher a solvent’'s evaporation rate the faster it
evaporates and the more readily it can create explosive or flammable air or vapor
mixtures. Thus acetone need good handle in areas of free from ignition sources.
When working with acetone, use a fume hood due to ventilation will help reduce the
vapor concentration (CPSC, 2007). In addition, never use acetone in a room with

open flames or other ignition sources present. In contrast, DBE and NMP is in the
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slow — evaporation rate that mean they are safe from fire and explosion at room
temperature (RTI, 1995 and 2001).

Table 4.3: Total hazard assessment score of acetone, DBE and NMP

Assessment score
Solvent : : Total score
NFPA rating pH Evaporation rate
Acetone ds 8 0 9
DBE 7 8 8 23
NMP 6 8 8 22

Table 4.3 revealed that DBE is the safest cleaning solvent and
second is NMP. Due to acetone has high flammability and evaporation rate, it is the
most hazard solvent for fire and explosive accidents. However, the evaporation rate
would be effected the amount of chemical usage due to if any solvent has high the
evaporation rate, it will easy lose its mass. Therefore the cost of a solvent cleaning
process is greatly impacted by solvent losses during operation. If interpreted as in
table above, so acetone would be the highest amount of usage. In addition, DBE and

NMP do not cause corrosion or damage tissue because they are the neutral solvents.

4.3.3 Cleaning efficiency
The gravimetric analysis method was used to determine the cleaning
efficiency. For score evaluation, the percentages of removal are assessed by Table
3.8.

4.3.3.1 Testing results
In order to determine cleaning efficiency, the gravimetric analysis
was used to determine the cleaning efficiency. The testing procedures were adapted
from LeBlanc. Firstly, the coupon was weighed and recorded the weight before resin
contamination as show in Figure 4.1. Then, epoxy resin was spread on the coupons. It
was weighed and recorded the weight after resin contamination (Figure 4.2). Next,

Figure 4.3 shows that the contaminated coupons were immersed in the solvent for 5
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minutes. After 5 minutes, the coupon was weighed after cleaning and also recorded.
Figure 4.4 shows the result of after cleaning. The testing were repeated 3 times

(Appendix F) and determined the average percentage of removal as Table 4.4.

Figure 4.3: resin contamination in acetone, DBE and NMP

Copyright by Mahidol University
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Figure 4.4: Results of after cleaning with acetone, DBE and NMP

The percentages of removal were determined in order to evaluate

the effectiveness of cleaning as below formula.

% removal = (after artificial contamination — after cleaning)*100

(after artificial contamination — before artificial contamination)

Table 4.4: Percentage of removal of acetone, DBE and NMP

Percentage of removal
solvent ] . d
1% test 2" test 3% test Average
Acetone 100 100 100 100.0
DBE 60 40 60 53.3
NMP 80 100 100 93.3

Source: Laboratory test, 2007

The effectiveness is evaluated by Table 3.8. According to results
above, acetone and NMP get 25 points but DBE gets 9 points. Acetone is the highest
cleaning efficiency as well as NMP. The results confirmed that acetone and NMP are
the excellent resin cleaning solvents due to they can remove resin clearly. In 5 minutes
of testing, acetone can remove resin within 3-4 minutes completely, NMP can remove
resin within 4-5 minutes but DBE can remove resin around 50 percent only. For

satisfied condition, Production Managers and Surfboard Specialists of Cobra
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International Company Limited said that the satisfied percent of cleaning testing is at
least 60 percent. Table 4.4 shows that DBE can clean resin at around 50 percent only
that is less than the satisfied values. In the real cleaning process, however, staff will
agitate the resin contaminated stuff with solvent during they are cleaning, so that it is

easy and quickly to remove resin.
4.3.4 Financial analysis

Data of chemical usage which was collected from 6 sections of the Cobra
International Co., Ltd can be determined cost of a cleaning process as shown in
Appendix G. Table 4.5 shows the total amount of chemical usages that are used for
cleaning resin. It revealed that NMP is the least amount of usage per day, second is
DBE and the last is acetone. Due to acetone has high evaporation rate, it can lose

mass during operation.

Table 4.5: Amount of chemical usage of acetone, DBE and NMP

Amount of usage
Solvent Total day (day) Total usage (kg)
(kg/day)
Acetone 23 3,630 157.82
DBE 23 1,205 52.39
NMP 4 185 46.25

Source: Field survey, 2007
4.3.4.1 Determine amount of substitution
This section determined the amount of acetone’s substitution. In
order to determine the amount of substitute, amount of usage of DBE and NMP

(kg/day) were divided by amount of usage of acetone as below.

From Table 4.5, Acetone usage = 157.82 kg/day
DBE usage =52.39 kg/day
NMP usage =46.25 kg/day

Thus, DBE can substitute acetone = 157.17 / 52.39 = 3.01 kg
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NMP can substitute acetone = 157.82 / 46.25 = 3.41 kg

The results showed that 1 kg of NMP can substitute acetone 3.41

kg and 1 kg of DBE can substitute acetone 3.01 Kherefore NMP is the least

amount of chemical and waste as well as it released to the environment.

4.3.4.2 Determine the total cost of DBE and NMP usages

Next, the total costs of three solvents were determined. Firstly, the

amounts of chemical usage per year were calculated. From data in 2006, the

Purchasing Department of Cobra International company Limited brought acetone in
total of 202,880 kg. Regarding to 4.3.4.1, DBE can substitute acetone 3.01 kg and
NMP can substitute acetone 3.41 kg.

Thus, Amount of DBE usage

Amount of NMP usage

= 202,880/ 3.01 = 67,401.99 kgl/year

= 202,880 / 3.41 = 59,495.60 kg/year

Then, the amount of usage was multiplied by the price of each chemical as below.

Thus, Cost of DBE usage

Cost of NMP usage

=67,401.99 x 75 =5,055,149.25 THB/year

= 59,495.60 x 200 =11,899,120.00 THB/year

For this research, the total costs are chemical usage, disposal cost

and permit fee. The waste amount was assumed as the amount of chemical usage. The

waste disposal cost was calculated from the waste amount (ton) multiplied by a

thousand THB per ton. All costs are calculated and shown in Table 4.6.

Table 4.6: Total cost of acetone, DBE and NMP

Cost Usage Disposal Annual Total
Solvent (THB) (THB) permit (THB) (THB)
Acetone 6,086,400.00 15,360.00 5,000.00| 6,106,760.00
DBE 5,055,149.25 67,401.99 0.00 5,122,551.24
NMP 11,899,120 59,495.60 0.00 11,958,615

60



Ruttanachote Kulakool Results and Discussion /44

For evaluating score by Table 3.9, acetone gets 15 points, DBE
gets 25 points or full points but NMP gets 0 points. Regarding to its price, NMP is the
highest total cost even though it is the least usage. The total cost of DBE is saver than
acetone around 1 million THB and cheaper than NMP around 6.7 million THB
addition, DBE and NMP have no permission fees as statéthmard Substance Act
1992.

4.4 Comparison and selection

After finding the four evaluations, Table 4.7 shows the total score of each

solvent in each criterion.

Table 4.7: Comparison of total scores of acetone, DBE and NMP

afterid Environmental Hazarq Clt_aa_ming Financi_al Total
Solvent perforr_nance ana!y5|s eff|C|_ency anal_y5|s score
(point) (point) (point) (point) (point)
Acetone 16 9 25 15 65
DBE 16 23 9 25 73
NMP 16 28 25 0 63

It clearly revealed that DBE has the highest score even though it has the lowest
cleaning performance. Therefore it is selected for greener and safer resin cleaning
solvent. For this research, greener means good environmental property and safer
means good safety property which DBE complies the objective and aim. Then, DBE
was presented to the management of Cobra International Co., Ltd. in order to replace

acetone in the resin cleaning process.
4.5 Conclusion

This chapter presented and discussed results of the evaluation of resin cleaning
solvent substitution in order to select the best resin cleaning solvent that has the right
balance of environmental and safety properties, effectiveness and economic for

cleaning application.
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This research result showed that DBE was the selected solvent for cleaning
resins which has the right balance of environmental, safety, economical performance
and effectiveness. Due to the good balance of effectiveness and economical
performances, acetone has the second total score. Even though NMP shows good
benefit of safety and effectiveness properties, it is costly. Regarding to DBE’s fair

level of effectiveness, it will consume the operation time more than acetone and NMP.
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CHAPTER YV

CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the key findings on the study “Greener and safer resin
cleaning process: a resin manufacturing process” to meet the objectives and the
research question formulated in Chapter |. This chapter also provided

recommendations for further study.

5.1. Conclusions

The findings can be concluded following the maineghiyes of this study.

The first research objective wéaso identify the chemical properties of acetone, N-
methylpyrrolidone (NMP) and Dibasic Esters (DBEsyhe second objective wé&go
evaluate the most environmentally, economically, safety, and efficient alternatives for
acetone used in the resin cleaning process between N-methylpyrrolidone (NMP) and
Dibasic Esters (DBEs)"To fulfill two objectives, the conclusions are as follows:

Acetone, NMP and DBE are the organic solvents due to they contain carbon
(©), hydrogen (H), oxygen (O), or nitrogen (N) in their structures. Acetone is the
simplest representative of the ketones. It is also called dimethyl ketone, 2-propanone,
and beta-ketopropane. DBEs are a mixture of dimethyl glutarate, dimethyl succinate
and dimethyl adipate. NMP is a chemical compound with 5-membered lactam
structure. It also belongs to the class of dipolar aprotic solvents. For application,
acetone, DBE and NMP can dissolve many resins so that they are used as resin
cleaning solvent.

In the evaluation process of solvent substitution, acetone, DBE and NMP were
evaluated by the environmental performance, hazard assessment, cleaning efficiency
and financial analysis. The results showed that they have the same environmental
performance. They did not gain any point from Volatile Organic Compounds (VOCSs)
assessment because they have VOCs values over 225 g¢g/l, so they need good

ventilation system, the personal protective equipments and safety procedure in order to
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protect users to expose directly. Another reason is to reduce the amount of solvent
usage which helps lessen its volume releasing to the environment. However, with no
GWP and ODP values, they are good for focusing in climate change and ozone
depletion that can impact on human life, ecosystem, agricultural impact and economic
impact.

For hazard assessment, it revealed that DBE is the safest cleaning solvent
because it has neutral pH, low flammability and low evaporation rate. In contrast,
acetone is the most hazard solvent for fire and explosive accidents due to it high
flammability and fast evaporation rate. Besides, the evaporation rate results in the
amount of chemical usage because the high evaporation rate causes high investment.
Therefore the cost of a solvent cleaning process is greatly impacted by the solvent
losses during operation.

The lab testing showed that acetone and NMP can remove 100 percent of resin
but DBE can remove resin around 50 percent only. The results confirmed that acetone
and NMP are the excellent resin cleaning solvents. For satisfied condition, Production
Managers and Surfboard Specialists of Cobra International Company Limited said that
the satisfied percent of cleaning testing is at least 60 pei@&f can clean resin at
around 50 percents only that less than satisfied vaBugsthe test just immersed the
contaminated coupon in solvent only. In the real cleaning process, however, staff will
agitate the resin contaminated stuff with solvent during they are cleaning, so that it is
easy and quickly to remove resin.

For financial analysis, NMP has the highest total cost regards to its price, even
though it is the least usage amount. The total cost of DBE is saver than acetone around
1 million THB and cheaper than NMP around 6.7 million THB. Even though it
consumes biggest amount of usage, the total cost of acetone is cheaper than NMP
around 5.6 million THB. In addition, DBE and NMP have no permission fees as
Hazard Substance Act 1992.

After finding four evaluations, it clearly said that DBE is the right balance of
all criteria in order to answer the research questibacetone is to be replaced by
other chemicals in the resin cleaning process, which chemical would be the most
suitable economically, environmentally and according to health and safety standards

as well as effectiveness in serving the purpose between N-methylpyrrolidone (NMP)
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and Dibasic Esters (DBEs)” Therefore it is selected for greener and safer resin
cleaning solvent. For this research, greener means good environmental property and

safer means good safety property which DBE complies with the objectives and aim.

5.2 Recommendationsfor further study

Apart from acetone, DBE and NMP, there are other solvents for cleaning resins
that recommend for further study, especially for VOCs reduction.  Firstly,
Hyrofluoroethers (HFES) were recommended because they have no VOCs, zero ozone
depletion potential, short atmospheric lifetimes and low global warming potential.
They also have low flammability and low toxicity.

Another approach to solvent replacement is to switch from pure solvent to
agueous blends. These semi-agueous solutions contain organic additives such as
terpenes, alcohols, and aliphatic hydrocarbons. In order to remove resin, terpenes are
recommended for further study. They are very effective in dilute aqueous solutions for
removing grease, resin, and adhesives. They are naturally derived from plants and can
be disposed of fairly easily. In addition, these compounds are not ozone depleters.

In addition, co-solvents are recommended. In most applications, blends are
used rather than single solvents. Each component in a blend has a purpose. The most
economical solvents blends generally contain the maximum amount of low cost
diluents that the resin can tolerate and the minimum amount of active solvents
necessary to dissolve the resin such as a mixture of DBE and NMP or other in order to
increase the cleaning efficiency and reduce cosmpatibility of two solvents should
also be considered .They must not interfere or react together or with the process, the
other materials or the equipment.

There are still many parameters in order to find the right a ternative. For
environmental performance, additional items may include solubility in water,
atmospheric lifetime, regulatory status as hazardous materials, waste disposal, and
aguatic toxicity as mentioned in Chapter 3. Another safety factors including Threshold
Limit Values (TLVs), flash points, and toxic effects such assgL@nd cardiac
sensitization levels are recommended. Apart from permission fee, chemical

purchasing, and waste disposal, there are other costs can be considered in order to
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perform the financial analysis such as safety training, operation cost, safety equipment,
utilities, and maintenance etc. The importance of knowing which environmental
regulations apply to both the current and the alternative cleaning systems cannot be
overstated. Decisions to change cleaning systems or exclude alternatives from further
study may be made from the regulatory analysis alone. Knowing the current laws
regarding cleaning chemicals being considered as alternatives may save the effort of
evaluating them for technical feasibility only to find out that their use is cost
prohibitive due to the regulatory requirements.

In using the four evaluative criteria described above, it is important to
remember that each project and facility may have different priorities for making
decisions. This was clearly demonstrated in this research as the participating
companies had different motives for seeking substitute solvents. This in turn, dictated
which evaluative step was most important to them and indicates that the results of any
one of the four can be the driving factor in a decision. In order to research most

completely, besides, all criteria data should be collected as the same condition.
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APPENDIX A

PHYSICAL AND CHEMICAL PROPERTIY OF ACETONE

CAS no.: 67-64-1

molecular weight: 58.08

appearance: colorless liquid

odor: pungent, aromatic-like
melting point: -123.5°C

boiling point at 1 atm: clem.

vapor pressure at 20°C: 24.7 kPa (185 mm Hg)
specific gravity: 0.783

(at 20°C relative to water at 4°C)

solubility: Miscible with water, alcohols, chloroforn

—

ether, and most oils

flash point (closed cup): -18°C
autoignition temperature: 538°C
flammable (explosive) limits: lower 2.1
(% by volume in air) upper 13

Threshold Limit Value (TLV) 750 ppm

synonyms: 2-propanone, dimethyl-ketone, beta-keto-

propane, pyroacetic acid

formula: CH;COCH;

Source: Adapted from RTI (Research Triangle Institute, (1997). Available:
http://clean.rti.org/alt.cfm?id=an&cat=02006, October 10].
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PHYSICAL AND CHEMICAL PROPERTIY OF DIBASIC ESTER

(DBE)
CAS no.
Dimethyl Gluturate 1119-40-0
Dimethyl Adipate 627-93-0
Dimethyl Succinate 106-65-0
molecular weight: Avg. 159
appearance: Colorless
odor: Sweet
melting point: ~-20°C (~ -4°F)

boiling point at 1 atm:

196-225°C (385-437°F)

vapor pressure at 20°C:

<0.1 (Butyl Acetate=1.0)

specific gravity:
(at 20°C relative to water at 4°C)

1.092 @ 20C (68°F)

solubility:

53 WT% @ 20C (68°F)

flash point (closed cup):

100°C (212°F)

autoignition temperature:

370°C (698°F)

flammable (explosive) limits: Lower 0.9
(% by volume in air) Upper 8.0
Threshold Limit Value (TLV) 1.5 ppm

synonyms:

Aliphatic Dibasic Esters - DBE

formula:

CH3;00C(CH)n-COOCH;

Source: Adapted from RTI (Research Triangle Institute), (1995). Available:

http://clean.rti.org/alt.cfm?id=dbe&cat=0v[2006, October 10].
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APPENDIX C

PHYSICAL AND CHEMICAL PROPERTIY OF

N-METHYLPYRROLIDONE (NMP)

CAS no.: 872-50-4

molecular weight: 99.1

appearance: Colorless or light yellow liquid

odor: Amine odor

melting point: -23°C

boiling point at 1 atm: 202°C

vapor pressure at 20°C: 0.29 mm Hg at 26C(68°F)

specific gravity: 1.033

(at 20°C relative to water at 4°C)

solubility: > 10% wiw at 20C

flash point (closed cup): 95.C

autoignition temperature: 346°C (655°F)

flammable (explosive) limits: Lower 1.3

(% by volume in air) Upper 9.5

Threshold Limit Value (TLV) Has not been establish

synonyms: N-methyl-2-pyrrolidone, 1-methyl-2-
pyrrolidinone, NMP

formula: CsH9NO

Source: Adapted from RTI (Research Triangle Institute), (1995). Available:
http://clean.rti.org/alt.cfm?id=nmp&cat=0v[2006, October 10].
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APPENDIX D
THE U.S. NATIONAL FIRE PROTECTION ASSOCIATION
(NFPA) RATING

NFPA 704 is a standard maintained by the U.S. National Fire Protection Association.
It defines the colloquial “fire diamond” used by emergency personnel to quickly and
easily identify the risks posed by nearby hazardous materials. This is necessary to help
determine what, if any, specialty equipment should be used, procedures followed, or
precautions taken during the first moments of an emergency response. The fire
diamond is separated into four divisions that are typically color-coded, with blue
indicating level of health hazard, red indicating flammability, yellow (chemical)
reactivity, and white containing special codes for unique hazards. Each of health,
flammability and reactivity is rated on a scale from 0 (no hazard; normal substance) to

4 (severe risk).

Blue/Health

4. Very short exposure could cause death or major residual injury.

3. Short exposure could cause serious temporary or residual injury.

2. Intense or continued but not chronic exposure could cause temporary incapacitation
or possible residual injury.

1. Exposure would cause irritation but only minor residual injury.

0. Exposure under fire conditions would offer no hazard beyond that of ordinary

combustible material.

Red/Flammability

4. Will rapidly or completely vaporize at normal atmospheric pressure and
temperature, or is readily dispersed in air and will burn readily.

3. Liquids and solids that can be ignited under almost all ambient temperature
conditions. Flash point below 38°C (100°F) but above 23°C (73°F).
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2. Must be moderately heated or exposed to relatively high ambient temperature
before ignition can occur. Flash point between 38°C (100°F) and 93°C (200°F).
1. Must be pre-heated before ignition can occur. Flash point over 93°C (200°F).
0. Will not burn.

Yellow/Reactivity

4. Readily capable of detonation or explosive decomposition at normal temperatures
and pressures.

3. Capable of detonation or explosive decomposition but requires a strong initiating
source, must be heated under confinement before initiation, reacts explosively with
water, or will detonate if severely shocked.

2. Undergoes violent chemical change at elevated temperatures and pressures, reacts
violently with water, or may form explosive mixtures with water.

1. Normally stable, but can become unstable at elevated temperatures and pressures.
0. Normally stable, even under fire exposure conditions, and is not reactive with

water.

White/Special

The white “banda” area can contain several symbols:

W - Reacts with water in an unusual or dangerous manner

OX- oxidizer

COR - corrosive; strong acid or base

ACID and ALK to be more specific.

BIO - Biohazardous

The radioactive trefoil&) - is radioactive

CRYO - Cryogenic

Note: Only W and OX are officially part of the NFPA 704 standard, but other self-

explanatory symbols are occasionally used in an unofficial manner.
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(If we would like to replace acetone to other alternatives for resin cleaning solvent,

APPENDIX E
ACETONE SUBSTITUTE QUESTIONNAIRE

how will you prioritize the following criteria?)

Please mark X on number that you chodgeamnumuugaaviivinaden

Safety Environmental Cleaning Financial
Performance | Performance Efficiency Benefit
dl 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
5 5 5 5

Where 1= least important

2= slight important

3= moderate important

4= very important

5= most important

Appendix /60
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APPENDIX F
EFFECTIVENESS TESTING RESULTS
OF ACETONE, DBE AND NMP

1% Testing
Before resin After resin )
Solvent o N After cleaning (g)
contamination (g) contamination (g)
Acetone 3.0 3.5 3.0
DBE 25 3.0 2.7
NMP 3.0 3.5 3.0
2" Testing
Before resin After resin )
Solvent  \/ o After cleaning (g)
contamination (g) contamination (g)
Acetone 3.0 3.5 3.0
DBE 25 3.0 2.8
NMP 3.0 A3 3.1
3 Testing
Before resin After resin )
Solvent Mo - After cleaning (g)
contamination (g) contamination (g)
Acetone 3.0 3.5 3.0
DBE 25 3.0 2.7
NMP 3.0 35 3.0
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RESULTS OF CHEMICAL USAGE (ACETONE, DBE AND NMP)
IN 4 WEEK TIME

I) Acetone usage

1*' Week
Section Monday Tuesday Wednesday | Thursday | Friday | Saturday
(kg) (kg) (kg) (kg) (kg) (kg)
Lean 1,2,3 45 45 45 45 45 45
Design 15 15 15 0 0 15
PU Foam 60 45 60 45 60 60
Laminate 30 30 30 30 30 75
Plug-
B 1Y 0 0 0 0 15 0
Coating 15 15 15 15 15 15
Total 165 150 165 135 165 210
2" Week
Section Monday Tuesday Wednesday | Thursday | Friday | Saturday
(kg) (kg) (kg) (kg) (kg) (kg)
Lean 1,2,3 45 45 45 45 60 0
Design 15 0 15 0 15 0
PU Foam 30 45 30 45 60 0
Laminate 60 30 45 45 60 0
Plug-fitting 0 0 0 0 0 0
Coating 15 30 0 15 15 0
Total 165 150 135 150 210 0
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37 Week
Section Monday Tuesday Wednesday | Thursday | Friday | Saturday
(kg) (kg) (kg) (kg) (kg) (kg)
Lean 1,2,3 45 45 45 45 45 45
Design 15 0 0 15 0 15
PU Foam 30 45 45 30 30 60
Laminate 45 30 45 30 30 75
Plug-
fitting 15 0 0 0 0 0
Coating 0 15 15 0 15 30
Total 150 135 150 120 120 225
4™ Week
Section Monday Tuesday Wednesday | Thursday | Friday | Saturday
(kg) (kg) (ka) (kg) (kg) (kg)
Lean 1,2,3 60 45 45 60 15 45
Design 15 15 0 15 0 0
PU Foam 60 45 60 30 45 45
Laminate 60 15 30 30 45 60
Plug-
ftting 0 15 0 0 0 0
Coating 15 0 0 30 0 30
Total 210 135 135 165 105 180
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Il) DBE usage
1% Week
Section Monday Tuesday Wednesday | Thursday | Friday | Saturday
(kg) (kg) (kg) (kg) (kg) (kg)
Lean 1,2,3 25 20 10 10 15 15
Design 10 0 0 5 0 5
PU Foam 30 20 20 10 15 15
Laminate 20 10 10 10 10 20
Plug-
ftting 0 0 5 0 0 5
Coating 10 5 10 5 5 10
Total 95 55 55 40 45 70
2" Week
Section Monday Tuesday Wednesday | Thursday | Friday | Saturday
(kg) (ka) (kg) (kg) (kg) (kg)
Lean 1,2,3 15 10 15 15 20 0
Design 5 0 5} 0 5 0
PU Foam 10 10 10 10 15 0
Laminate 15 15 10 10 15 0
Plug-
fiting 5 0 0 5 0 0
Coating 10 10 5] 5 10 0
Total 60 45 45 45 65
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37 Week
Section Monday Tuesday Wednesday | Thursday | Friday | Saturday
(kg) (kg) (kg) (kg) (kg) (kg)
Lean 1,2,3 10 10 15 10 15 15
Design 5 0 5 0 5 0
PU Foam 10 10 10 10 10 15
Laminate 10 10 10 10 10 10
Plug-
fiting 5 0 5 0 0 5
Coating 10 5 5 5 5 10
Total 50 35 50 35 45 55
4™ Week
Section Monday Tuesday Wednesday | Thursday | Friday | Saturday
(kg) (kg) (ka) (kg) (kg) (kg)
Lean 1,2,3 15 10 10 10 10 15
Design 5 0 5 0 5 0
PU Foam 15 15 15 10 15 15
Laminate 25 10 10 15 15 20
Plug-
ftting 5 0 5 0 0 5
Coating 10 5 0 10 0 10
Total 75 40 45 45 45 65
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[I) NMP usage
1* Week
Section Monday Tuesday Wednesday | Thursday | Friday Saturday
(kg) (kg) (kg) (kg) (kg) (kg)
Lean 1,2,3 15 5 15 10 - -
Design 5 0 0 5 - -
PU Foam 15 5 15 10 - -
Laminate 25 10 10 10 - -
Plug-
] .g 5 0 0 5 - -
fitting
Coating 10 0 10 0 - -
Total 75 20 50 40 - -

Remark: Due to budget constraint, data of NMP usage can be collected only 4 days.

However, the four days data is enough to be use for prediction

calculation.

using in mathematical
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