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1. Introduction
1.1. Background
Thermosetting polyester resins are generally used in fiber reinforced plastics (FRP).
Unsaturated polyester (UP) resin, glass fiber, and inorganic filler such as CaCO3 are
cured by hot press machine to produce FRP. UP resin became thermosetting polyester
resin. FRP is widely applied to bathtubs in Japan and also various products such as
boats, various tanks, corrugated panels, automobile parts, motors, and so on in
worldwide as shown in Fig.1-1.
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Fig.1-1
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FRP composition and various applied products

Figure 1-2 shows a process from resin raw materials of unsaturated polyester (UP) to
form thermosetting polyester resin. Thermosetting polyester resin is obtained by
crosslinking unsaturated polyester (UP) polymer with styrene. The UP consists of glycol
and carboxylic acid such as fumaric acid and ortho- or isophthalic acid. Maleic
anhydride is used as the UP raw material, which isomerizes to fumaric acid during
polyesterification [1]. Styrene is added to the UP to produce UP resin which is very
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viscous liquid. The UP resin is mixed with glass fiber and inorganic filler such as
CaCO3 and then hot press cured. During curing process, styrene reacts with the fumaric
acid of the UP to create a styrene chain and three-dimensional resin matrix is developed
shown in Fig.1-2.
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Fig. 1-2 Process of producing thermosetting polyester resin

Thermosetting resins cannot be re-molded like thermoplastic resins. PET is same
polyester resin with no styrene bridge. When it is heated, alignment of each PET
polymer can be slipped. Therefore it can be re-molded. On the other hand, in the case of
thermosetting polyester resin, each alignment is fixed by styrene chain. Therefore, it
cannot be re-molded. In addition, high content of inorganic material in FRP creates
difficulties in incineration. Therefore, most FRPs have been landfilled. Environmental
legislation such as the EU-directives also requires true material recycling of FRP.
However, no chemical recycling technology of thermosetting polyester resins into raw
materials for resins or other organic compounds has been commercialized.
Chemical recycling of thermosetting polyester resins is worth considering not only
for a view point of horizontal recycling into resin raw material, but also for enhancing
recycling into functional polymer. Styrene chain has a molecular structure of functional
polymer. If all ester bonds trapping the styrene chain are hydrolyzed, styrene-fumaric
acid copolymer (SFC) should be obtained as described in Fig.1-2. The molecular
structure of SFC is similar to that of styrene maleic anhydride copolymer (SMA). SMA
is a functional polymer and is applied to high performance additives such as dispersing
agent, detergent builder, surface sizing agent for paper, emulsion polymerization,
overprint varnish, inks, textile/leather treatment, carpet cleaners, polymer modification,
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adhesives, and so on [2, 3]. Moreover, the styrene-maleic acid copolymer could become
more expensive due to a lack of benzene according to the demand-supply gap of
benzene, the raw material of styrene, which cannot be produced from shale gas [4].
Dicarboxylic acids of the SFC are assumed to have higher reactivity than anhydrides of
the SMA. However, copolymer of dicarboxylic acid and styrene does not exist in the
market due to difficulty of polymerization reaction. Therefore, the SFC is considered to
have a unique molecular structure and a possibility of generating new function. It is
expected that the new function of the SFC creates innovative new materials or products.
The SFC now existing in thermosetting polyester resin waste landfilled is a precious
functional polymer resources described above. It contains styrene which is prospected to
become more expensive in future due to the gap of demand and supply. Chemical
recycling of thermosetting polyester resin to obtain the SFC and applying it to high
performance additives should be significant outcome.
1.2. Previous studies and aim of this study
There are various strategies for recycling FRP. In the grinding method, mechanically
ground FRP is applied as inorganic filler in concrete, cement components, plastic, etc.
[5-7]. In the thermolysis method, glass fiber and/or inorganic filler are recovered after
pyrolysis or combustion [8-11]. In these approaches, thermosetting resin is not
recovered as precursor for new resins.
Various chemical recycling approaches of FRP such as solvolysis have also been
studied. Diethyleneglycol monomethylether (DGMM) and benzyl alcohol (BZA) [12],
glycol [13-15], amino alcohols, and polyamines [16, 17] were investigated.
Supercritical methanol was also applied to recover dimethyl phthalate (DMP) [18-22].
Water has also been applied as an agent for chemical recycling of FRP. Superheated
steam [23] and subcritical water [24, 25] have been used to recover glass fibers. Oliveux
et al. used subcritical water to recover propylene glycol and phthalic acid [26, 27].
Suyama et al. also used subcritical water to recover hydroxyl compounds having a long
alkyl chain and alkyl amines [28, 29]. The author reported that subcritical hydrolysis of
thermosetting polyester resin at 360°C, 18.7 MPa. Only glycols and fumaric acids were
recovered [30]. In the reaction product liquid, 60% of initial glycol and 23% of initial
fumaric acid were observed. However, their total weight was only 20% of the initial
thermosetting polyester resin. Moreover, there were many impurities. It was impossible
to separate them. Therefore, they were unable to recycle to resin raw materials although
existing in the reaction product liquid. [30]
In some of the above chemical recycling approaches, material recycling of the resin
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was demonstrated. However, all of them are horizontal recycling methods. Horizontal
recycling method recovers raw materials from the resin waste and recycle theme to the
new resin as raw materials. One example is recycling from PET bottle to PET bottle. In
horizontal recycling of thermosetting polyester resins, resin raw materials such as glycol
or phthalic acid or polystyrene derivative were recovered and re-crosslink them with
new resin raw materials. There has been no method to recover SFC as a functional
polymer from the thermosetting polyester resin waste and apply it to high performance
additives. This approach has a potential to clarify the unknown molecular structure of
the thermosetting polyester resin. It is expected to improve the property.
The main aims of this study are as follows.
i) The first aim is to establish the technology which can efficiently recycle
thermosetting polyester resin to recover resin raw materials and the SFC as
functional polymer with high yield and high quality. In this process, it is also
planned to clarify the unknown molecular structure of the thermosetting polyester
resin.
ii) The second aim is to verify the possibility for the SFC applying to high performance
additives. It should be not only for substituting existing commercial additives but
also for creating new additives. In addition, it is also planned to investigate the
mechanism of function to create a new concept of high performance additives and to
explore the possibility for new innovative materials or products utilizing them.
1.3 Concept of this study and actual works conducted
1.3.1 Concept of this study
Concept of recycling thermosetting polyester resins using subcritical water is
described in Fig.1-3.
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In order to recover the SFC, all ester bonds connecting to the SFC should be broken.
However, it is almost impossible for water on the condition of temperature less than
100°C. Then, we focused subcritical water. Figure 1-4 shows phase diagram of water.
Critical point of water is at a temperature of 374°C and at a pressure of 22.1 MPa.
Water in the area of temperature above 374°C and pressure above 22.1 MPa as shown
in Fig. 1-4 is called “supercritical water.” The supercritical water has extremely high
oxidation reactivity. It enables to decompose most of organic materials completely and
no organic materials can be recovered. Therefore, it is not suitable for recycling organic
materials. Supercritical water treatment plant requires extremely high pressure
resistance and corrosion resistance. High corrosive-resistance alloy metal such as
Hastelloy is needed inside the vessel. Hence, application of supercritical water oxidation
is limited for the hazardous materials which other methods cannot decompose such as
poly chlorinated biphenyl (PCB).
“Subcritical water” is high temperature and high pressure liquid water. The
temperature of subcritical water should be less than the critical temperature of 374°C.
The lowest temperature boundary is not defined clearly. The pressure should be equal to
or above the saturated vapor pressure at given temperature as shown in Fig. 1-4.
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Subcritical
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Fig. 1-4 Phase diagram of water
Figure 1-5 shows ion product and dielectric constant of water at temperature of a
range from 0°C to 800°C. Subcritical water is well known to have significant hydrolysis
reactivity [31]. Ion product (Kw) of subcritical water at the temperature above 200°C is
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approximately a range from 100 to 1,000 times greater than that of normal water.
Greater ion product should have an advantage for hydrolysis reaction. Dielectric
constant (ε) of water decreases with increasing temperature. Dielectric constant of
subcritical water at the temperature above 200°C is equivalent to that of organic solvent
It indicates the subcritical water should have sufficient affinity with organic materials
such as resin. Therefore, it has an advantage over other chemical recycling approaches
in terms of breaking ester bonds much more effectively. On the other hand, ion product
drastically decreases at the critical temperature. It is approximately 1/10,000 and
decreases further with increasing temperature. Therefore, it is considered that hydrolysis
cannot be dominant in supercritical water.
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Significant hydrolysis reactivity of subcritical water was applied to break ester bonds
of thermosetting polyester resin to recover resin raw materials such as glycol and
fumaric acid and styrene chain as the SFC. Resin raw materials are horizontal recycling
to UP with new resin raw materials. SFC is recovered as functional polymer then is
enhanced recycled into high performance additives.
1.3.2 Subcritical hydrolysis
In the study of subcritical hydrolysis of thermosetting polyester resin, firstly, the
fundamental verification of the reaction optimization hypothesis was conducted. The
thermosetting polyester resin sample based on the resin composition for FRP bathtub
was used in the experiments. After the fundamental verification, functional mechanism
of alkali was investigated. Then, the practical optimization of reaction conditions and
alkali catalysts were conducted using our manufacturing waste of FRP bathtub as shown
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in Fig. 1-6. They are defective products after hot press curing and treated by industry
waste disposer. Based on the experimental data, the reaction mechanism and the
molecular structure of the thermosetting polyester resin were investigated.

Fig. 1-6 FRP bathtub manufacturing waste.
In addition, the verification of the possibility of this method applying to other FRPs
than our bathtubs, such as bathtubs of other manufacturers, boats, tanks, automobile
parts, and so on was conducted. The reactivity and yield of the SFC for various FRPs
were evaluated. The molecular structure of SFC obtained from different FRP was also
analyzed directly by GPC and NMR. It represents the molecular structure information
of the styrene chain of various FRPs.
The molecular structure of the thermosetting polyester resin including the styrene
chain was unknown since the styrene chain could not be directly extracted. The distance
between the styrene chain and the ratio of styrene chain and polyester chain are consider
very valuable and useful information to design the thermosetting polyester resin. To
clarify the molecular structure should be of great significance in the industry of the
thermosetting polyester resin and its applied products since it is expected to contribute
to improve the mechanical property.
1.3.3 Application of styrene-fumaric acid copolymer （SFC）
In the study of application of SFC obtained, it was verified the possibility of the SFC
applying to various high performance additives. SFC has diester type, alkali salt
solution type, and dicarboxylic type. Scheme 1-1 shows molecular formula of SFC,
SMA, diester type, and alkali salt type.
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Candidates of application were selected for each type. SFC samples of each type were
evaluated with commercial additives to be compared.
Firstly, in the application of diester type, low profile additive (LPA) for FRP forming
was selected. The LPA is a key additive to determine product quality such as surface
appearance of FRP with controlling shrinkage during curing process. The effectiveness
of the LPA is shown in Fig.1-7. Without LPA, the FRP shrank with corrugation and
crack after curing process. The LPA produces voids during curing process to
compensate volume shrinkage to prevent corrugation and crack generation as shown in
Fig.1-7. In commercial LPA, polystyrene is used mainly. Styrene skeleton of SFC was
expected to create shrinkage control performance.

None

250μm

With LPA

×100

50μm

×500

LPA*:Low profile additive

Fig. 1-7

Low profile additive (LPA) for FRP forming

Secondly, in the application of alkali salt solution type for aqueous agent was
examined. There are various aqueous agent applications. Among them, dispersing agent,
detergent builder, and surface sizing agent for papers were selected. They should have
hydrophobic region and hydrophilic region. Alkali salt of SFC has styrene skeleton as
hydrophobic region and alkali salt of dicarboxylic acid as hydrophilic region. They were
expected to contribute to create performance as aqueous agent.
Dispersing agent contributes to promote the dispersion of powder uniformly with
preventing agglomeration. Figure 1-8 shows an example of dispersing agent effect for
carbon black in coating material. Without dispersing agent, many agglomerations were
observed. The dispersing agent contributes to prevent the agglomeration [32].
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Dispersion
time
30 min.

Dispersion
time
120 min.

None (without dispersing agent)

With dispersing agent

Fig. 1-8 Example of dispersing agent for carbon black [32]
Detergent builder is auxiliary agent for detergent to prevent cleaning performance
due to calcium ion, Ca2+ and pH change. The detergent builder is required Ca2+ trapping
ability and alkali buffering capacity mainly.
Surface sizing agent is used to prevent bleeding of ink on the paper surface. Figure
1-9 shows an example of effect for surface sizing agent [33]. The surface sizing agent
contributes to prevent the bleeding to make the border clear.

None
(without surface sizing agent)
Fig. 1-9

With surface sizing agent

Example of surface sizing agent [33]
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Third application of SFC is dicarboxylic type, SFC itself. Compatibilizing agent was
selected as a candidate for application of SFC. Polymer alloy has been attracted
attention to improve the resin property since improvements of the original resins should
be considered to have limitations. Polymer alloy is expected to break through the
limitations to create innovative polymer and its applied products. In polymer alloy of
two immiscible polymers, compatibilizing agent should be essential and it is the most
important key technology [34-37]. Figure 1-10 shows an example of compatibilizing
agent for polymer alloy of immiscible polymer A and B [37]. In general, block polymer
or graft polymer is used as compatibilizing agent. It has two regions which are
compatible with polymer A and B. Their each region grasp polymer A or B to show
anchoring effect to increase compatibility for both polymers.
Compatibilizing agent
Polymer A (Sea)

Polymer B

Polymer B

(Island, Domain)

(Island, Domain)

Fig. 1-10

Example of compatibilizing agent for polymer alloy[37]

In polymer alloy, reactive processing for immiscible polymers is expected to create
new innovative materials [36-38]. Reactive processing requires reactive compatibilizing
agent which reacts with one polymer during kneading process. SFC has styrene skeleton
and carboxylic acid which are hydrolyzed from polyester chain of thermosetting
polyester resin. Carboxylic acid can easily react with OH group of polymers. Therefore
it was assumed that SFC had a potential to be applied to reactive compatibilizing agent
for polymer alloy of polystyrene type resin and polyester type resin. They are
incompatible each other.
It was reported that polymer alloy of polyethylene naphthalate (PEN) and
syndiotactic polysrtyrene (SPS) could improve voltage resistance and processability of
PEN stretched thin film used in film capacitor [40, 41]. SPS is high performance
engineering plastic and has higher thermal stability [39].
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Polyethylene terephthalate (PET) stretched thin film is also used in film capacitor.
PET film capacitor is much more popular than PEN film capacitor and is widely used in
various electronic products such as lighting fixtures, home appliances, and so on.
Disadvantage of PET for film capacitor is thermal stability and voltage resistance.
PET/SPS polymer alloy is expected to improve them as PEN/SPS polymer alloy film.
SFC was verified the possibility applying to compatibilizing agent for polymer alloy of
PET and SPS.
PET/SPS polymer alloy film has a potential to reduce capacitor size drastically and to
realize same size of aluminum (Al) electrolytic capacitor. Al electrolytic capacitor is
used in most of electronic products such as LED lighting fixture and power conditioner
of PV system (Fig.1-11). Disadvantage of Al electrolytic capacitor is that its life is the
shortest in all parts of electronic products. Therefore, life of most of electronic products
is defined as life of Al electrolytic capacitor. If PET/SPS polymer alloy film can realize
same size as Al electrolytic capacitor, it should provide much longer life to most of
electronic products. It is expected the revolutionary impact for electronic products in
world wide.
PV system
Power
Conditioner

LED lighting fixture

PV system

Al electrolytic capacitor

Film capacitor
Power circuit

Fig. 1-11

Capacitors

Example of capacitor used in electronics products
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2. Subcritical hydrolysis of thermosetting polyester resin
2.1 Fundamental verification
2.1.1. Introduction
At the beginning of this research, the goal was set to achieve the reaction
time should be less than 20 minutes since the plant of subcritical water
hydrolysis with high temperature and high pressure was very expensive. To
achieve the reaction time of 20 min., temperature above 300°C was needed.
The reaction condition at temperature above 300°C, glycol and fumaric acid
was dissolved in the reaction product liquid but the SFC was not considered
to be recovered. Total weight of glycols and fumaric acid dissolved was less
than 20% of initial weight of thermosetting polyester resin. In these reaction
conditions, CaCO3 was the best catalyst [30]. The experiment using super
critical water on the reaction condition at a temperature of 380°C, at a
pressure of 25.3MPa, and a reaction time of 20min. was also conducted. The
results was as same as that of subcritical water above 300°C.
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Concept of recycling thermosetting polyester resins using subcritical water

Figure 2-1-1 shows concept of recycling thermosetting polyester resins using
subcritical water. Fundamental verification of this concept was conducted. In
optimization of reaction condition and catalyst, pyrolysis should be
suppressed.
2.1.2. Materials and methods
Thermosetting polyester resin sample was prepared according to the composition
given in Table 2-1-1. UP was prepared by polymerization with glycols and maleic
anhydride. Propylene glycol, dipropylene glycol, and neopentyl glycol were used as
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glycol. UP resin is viscous liquid consisting of styrene and the UP. The UP resin and
calcium carbonate (CaCO3) were mixed and cured at 100°C for 2 hours to produce
thermosetting polyester resin sample. The obtained material was then heated to release
unreacted styrene monomers after curing.
Table 2-1-1 Composition of thermosetting polyester resin sample
Material

Thermosetting
polyester
resin
sample

UP*
Resin

Content

Glycols

12 wt%

Maleic anhydride

12 wt%

Styrene

26 wt%

Calcium carbonate (CaCO3)

50 wt%

UP*
sample

Total

100 wt%

UP*:Unsaturated Polyester

Figure 2-1-2 shows experiment process flow of subcritical hydrolysis. Pure water
or alkali catalyst solution was added to the thermosetting polyester resin samples 5
times the weight. Sample and pure water or alkali catalyst solution was placed into a
20 mL batch tubular reactor. They were heated and kept in predetermined time in salt
bath. The pressure was the saturated vapor pressure of water at a given temperature.
Reactor tube
Sampler
Water

Subcritical water
hydrolysis

Catalyst
Water
Chloroform

Separation

Solid fraction

Liquid fraction

Water
soluble
fraction

Fig.2-1-2

Chloroform
soluble
fraction

Subcritical hydrolysis experiment process flow
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After the reaction, the reaction slurry was removed from the reactor. It was
filtered by filter paper to separate the solid fraction containing unreacted resin and
CaCO3 and the liquid fraction then measured the weight. Water was added to wash the
solid residue to recover water soluble solution containing water soluble ingredients.
Then, chloroform was added to wash the solid residue to recover chloroform soluble
solution containing chloroform soluble ingredients.
Concentration of glycols and organic acids in the liquid fraction was obtained by gas
chromatography (GC, Yanaco:G3800) and ion chromatography (IC, Dionex:DX-500),
respectively. To precipitate the SFC, hydrochloric acid was added to the liquid fraction
to pH 4. The SFC was filtered and then measured the weight after drying.
Resin conversion rate and production rate were calculated according to equations
(2-1-1) - (2-1-3):
Wr resid. = W solid. – W CaCO3

(2-1-1)

where Wr resid.; the weight of UP resin residue, W solid.; the total weight of solid fraction,
and W CaCO3; the initial weight of CaCO3.
Resin conversion rate (%) = (1-Wr resid. / Wr init.) X 100

(2-1-2)

where Wr init.; the initial weight of UP resin.
Production rate (%) = (Wp detect. / Wp init.) X 100
where Wp
product.

detect.;

the detected weight of product and Wp

(2-1-3)
init.;

the initial weight of

Weight-average molecular weights (Mw) in terms of polystyrene was analyzed by
Gel Permeation Chromatography (GPC,Tosoh Corporation: HLC8120 GPC) .
Molecular structure of SFC was analyzed by 13C Nuclear Magnetic Resonance (NMR,
JEOL Ltd.: AL-400S, 400 MHz) and Fourier Transform Infrared Spectroscopy
(FT-IR,Thermo Nicolet Inc.:Magna 550), and Gas Chromatograph Mass Spectrometer
(GC-MS,PerkinElmer Inc.:TurboMass and TurboMatrix ATD) .
2.1.3. Results and discussion
Subcritical hydrolysis of thermosetting polyester resin sample was conducted on the
reaction condition at a temperature of 360°C, a pressure of 18.7MPa, and a reaction
time of 20 min. The reaction product liquid after the reaction was black as shown in
Fig.2-1-3. Before the reaction, UP resin and water was almost transparent. The change
of color indicates the generation of various byproducts. Conversion was 100%.
Therefore, white powder shown in Fig.2-1-3 was CaCO3. Production rate of glycol
and fumaric acid were 46.6% and 21.2%, respectively. Their total weight indicated
－14－

only 16% of the initial weight of the thermosetting polyester resin sample. In the
reaction product liquid, 65% of organic ingredient was chloroform soluble ingredients
and rest of 35% was water soluble ingredients.

Fig.2-1-3

Reaction product liquid (360°C, 18.7MPa, 20min, CaCO3)

Figure 2-1-4 shows GC-MS chart of chloroform soluble ingredients. Many
byproducts derived from styrene chain were observed. It is known that in vaporizing
polystyrene in a temperature range from 310°C to 350°C, dimer and trimer generates
and it is reversible reaction [42].Therefore, it is obvious that pyrolysis of styrene chain
occurred.

O
O

CHO

OH

O
OH

Fig.2-1-4 GC-MS chart of chloroform soluble ingredients (360°C,20min.,CaCO3)
Figure 2-1-5 shows GC-MS chart of water soluble ingredients. Many byproducts,
such as fumaric acid ethyl ester were detected in the aqueous solution. They were
considered to be generated in the deterioration of glycol or fumaric acid. Their
molecular structures were similar to resin raw materials. Therefore, it was considered
impossible to be separated.
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Fig.2-1-5 GC-MS Chart of water soluble fragment(360℃, 20min., CaCO3)
Adschiri reported that glycol degradation by terepthalic acid (TPA) produced in
supercritical hydrolysis of PET [43]. In supercritical water at a temperature of 400°C
and a pressure of 40MPa, for 30 min., ethylene glycol (EG) decomposed 93.5%
accompanying with TPA although EG decomposed only 4.8% without TPA.
Secondary reaction of decomposing glycol by fumaric acid was verified. Figure
2-1-6 shows the experimental result. In subcritical water at temperature of 350°C and
a pressure of 16.5MPa, propylene glycol (PG), dipropylene glycol (DPG), and fumaric
acid (FA) were exposed. In the case of PG only and DPG only, more than 90% of
glycols were remained after 30 min. However, in the case of PG and DPG
accompanying with FA, PG and DPG drastically decreased and only 4% and 2% of
them were remained, respectively. It was obvious that fumaric acid decomposed
glycol on this reaction condition.
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Fig.2-1-6 Decomposition of glycols in subcritical water.(350°C, 16.5MPa)
On this reaction condition, pyrolysis of styrene chain and secondary reaction
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caused by fumaric acid were dominant although the conversion reached 100% for 20
min. Even 46.6% of glycol and 21.2% of fumaric acid were dissolved in the reaction
product liquid, they were only 16% of the initial thermosetting resin sample. In
addition, there were too many impurities. They were obviously impossible to be
separated. Therefore, all of them cannot be recycled to resin raw materials practically
even existing in the reaction product liquid.
Then, we conducted literature survey of previous study again and found the papers
which reported that the pyrolysis of styrene chain occurred above 230°C in glycolysis of
thermosetting polyester resin [13, 15]. Weight-average molecular weights (Mw) of
reactants tended to decrease with increasing reaction temperature.
Based on the information, the hypothesis of reaction optimization that reaction
condition of temperature under 230°C with longer time was proposed. It was suggested
that it enabled to suppress the pyrolysis and then to realize the ideal reaction which the
hydrolysis reaction was dominant. The saturated vapor pressure at 230°C is 2.8 MPa.
The weak point of this idea was that plant cost might be increased due to longer reaction
time. However, we also obtained the information that high pressure vessel of 2.8 MPa
was approximately only 50% more expensive than normal pressure vessel. In addition,
the share of the vessel cost was assumed only 10% of the total plant cost. There were
some processes of FRP solvolysis at normal pressure demonstrated. It was considered to
be close to commercialization even its reaction time was 12 hours. Therefore,
approximately 4 hours reaction time should be considered practical range in terms of
plant cost.
Then, the fundamental verification of the hypothesis to realize the ideal reaction to
suppress pyrolysis of styrene chain on the reaction condition at a temperature of 230°C,
at pressure of 2.8MPa was conducted. If it is effective, the SFC should be obtained.
Figure 2-1-7 shows the reaction product liquid at 230°C, 2.8MPa, for 4 hours. It was
drastically changed to transparent as shown in Fig.2-1-7.

Fig.2-1-7

Reaction product liquid (230°C, 2.8MPa, 20min, CaCO3)
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Chloroform soluble ingredients which were 65% of the organic matter at 360°C were
disappeared completely. No styrene derived ingredients were generated. Soluble
ingredients indicated 100%. It suggested that pyrolysis of styrene chain was almost
perfectly suppressed. Conversion, production rate of glycol and fumaric acid were
30.8%, 32.2%, and 1.2%, respectively.
Figure 2-1-8 shows GC-MS Chart of water soluble ingredients. Many byproducts
observed at 360°C were also disappeared. Only raw glycols were observed. Based the
fact that no styrene derived ingredients and no byproducts were observed and only raw
glycols were observed, it was definitely to suppress the pyrolysis of styrene chain and
secondary reaction. It was concluded that the hypothesis was successfully verified.
Glycols should be able to be recycled to UP since no impurities were existed.
OH
OH

HO

O

OH

OH

HO
HO

O

OH

O

OH
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HO

時間（分）

Time(min)

Fig.2-1-8 GC-MS Chart of water soluble fragment (230°C, 2.6MPa, 4h, CaCO3)
However, conversion was only 30.8%, the experiment with other catalysts was on the
same reaction condition was conducted to increase conversion. Table 2-1-2 shows the
experimental results of conversion and production rate of glycol and fumaric acid.
Table 2-1-2
Catalyst

Evaluation of various catalysts
Conversion

Glycol
production rate

(230°C, 4 h)
Fumaric acid
production rate

None

15.9%

33.7%

9.0%

CaCO3

30.8%

32.2%

1.2%

K3PO4

41.5%

58.6%

3.6%

KOH

96.9%

70.7%

21.8%

Potassium hydrate (KOH) showed 96.9% as conversion, 70.7% and 21.8% as glycol

production rate and fumaric acid production rate, respectively. It was concluded that
KOH was the best catalyst. Only uncross-linked fumaric acid was produced. That was
considered the reason why the fumaric acid production rate was lower than glycol. It
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suggested that the ideal reaction was almost realized. Then, the SFC existing in the
reaction product liquid was verified. When hydrochloric acid (HCl) was added to the
reaction product liquid, white precipitate was observed. It was filtered and dried and
then white powder was obtained as shown in Fig.2-1-9.

HCl

Acidification
and filtered

Reaction liquid after acidification

Fig.2-1-9

White precipitate

Precipitation experiment result (230°C, 4h, KOH)

The white powder was analyzed by GPC. Weight averaged molecular weight (Mw)
in terms of polystyrene was 30,000. If it is the SFC which has dicarboxylic acid,
anhydride should be generated by heating. Then, the white powder was heated at 180°C
and then analyzed by FR-IR. Figure 2-1-10 shows FT-IR spectrum of the white powder
heated. Peaks which indicate anhydride were observed. It indicated that the white power
had dicarboxylic acid.
anhyderide

ester

Fig.2-1-10 FT-IR spectrum of the precipitate
Next, 2 dimensional NMR analysis was conducted. Figure 2-1-11 shows 2
dimensional NMR spectrum of the white powder. The peak indicates relationship
between hydrogen atom of hydrocarbon of styrene and hydrogen atom of hydrocarbon
of fumaric acid was observed. It was identified that the white powder was the SFC.
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Fig.2-1-11 Two dimensional NMR spectrum of the white powder (230℃, 4h, KOH)
To evaluate the S/F molar ratio of the white powder, SFC, heated powder which
13

has anhydride was analyzed by NMR. Figure 2-1-12 shows C-NMR spectrum. Ratio
of peak area of styrene and fumaric acid was 2.2. S/F molar ratio was identified 2.2.
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C- NMR spectrum of the solid (230℃, 4h, KOH)

Base on the GPC analysis and
described in Scheme 2-1-1.

13

C- NMR, molecular formula of the SFC was
H
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Scheme 2-1-1

Styrene-fumaric acid copolymer (SFC)

The weight of SFC extracted from the reaction liquid was measured. It was 75% of
the initial thermosetting resin weight. Thus, it was shown that up to 96wt% amount of
the initial resin was existed in the reaction liquid as reusable matters. It was obvious that
hydrolysis was ideally dominant in this reaction condition. After the separation process
of glycol from the reaction liquid, 72% of the glycol in the reaction liquid was
recovered. Recovered glycol was used to produce the UP resin with new resin raw
materials.
2.1.4. Conclusions
Subcritical water hydrolysis of FRP was conducted. Reaction condition at 230°C, for
4 hours, with KOH, thermosetting resin was perfectly dissolved and 70.7wt% and
21.8wt% of initial glycol and fumaric acid, respectively, were detected in the reaction
liquid. SFC was extracted in the reaction liquid with 75wt% of the initial thermosetting
resin. It was shown that up to 96wt% amount of the initial resin was existed in the
reaction liquid as reusable matters.
The SFC had Mw of 30,000 and S/F molar ratio of 2.2 with almost no degradation of
carboxylic group. It indicates that the SFC has a high quality as functional polymer. It is
considered the first achievement to extract the styrene chain as functional polymer and
to clarify its molecular structure in the thermosetting polyester resin.
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2.2. Functional mechanism of alkali catalyst and optimization of
reaction conditions and catalysts
2.2.1. Introduction
In 2.1, subcritical hydrolysis at 230°C, 2,8MPa, 4 hours with KOH realized the ideal
reaction which hydrolysis was dominant and pyrolysis was minimized. Most of
thermosetting polyester resin was verified to be dissolved in the reaction product liquid
as SFC and resin raw materials. SFC has a high quality as functional polymer. In such
an ideal reaction, KOH seemed to play important role. Then, functional mechanism of
KOH affecting the reactivity represented by conversion and production rate was
investigated. Experiment of subcritical hydrolysis with KOH was conducted using
samples of thermosetting polyester resin and UP.
For commercialization, substitution of expensive KOH to less expensive NaOH is
preferred and optimization of reaction condition was investigated. Experiment of
subcritical hydrolysis using real FRP bathtub manufacturing waste was conducted to
find the effect of alkali concentration, reaction temperature, and reaction time on the
reactivity.
2.2.2. Materials and methods
2.2.2.1 Functional mechanism of alkali
Same thermosetting polyester resin sample described in Table 2-1-1 was used as
thermosetting polyester resin sample. The UP sample was prepared to heat the UP resin
before curing to vaporize styrene. Pure water or KOH aqueous solution (0.2-1.0 mL/L)
was added to the thermosetting polyester resin samples and to the UP samples 4 times
and 17.7 times the weight, respectively.
Experimental procedures, analyses, calculations were same as described in 2.1.2 The
reaction was carried out at 230 °C, 2.8MPa for 4 hours.
2.2.2.2 Optimization of reaction conditions and catalyst
Samples were taken from real manufacturing waste of FRP bathtub. Table 2-2-1
shows its composition. Other organic materials include commercial low profile
additive (LPA) and other additives. The composition of the UP resin was the same as
the UP resin described in Table 2-1-1. The commercial LPA is of polystyrene type and
has a weight-average molecular weight ranging from 150,000 to 250,000. It was
diluted with styrene at a ratio of 30 wt%. The weight ratio of FRP ground sample:
KOH or NaOH solution was 1:4. The samples were ground and placed in the reactor
described and treated as described in the section 2.1.
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Table 2-2-1

Composition of FRP sample

FRP raw material

Content (wt%)

UP* resin

25.6 wt%
5.1 wt%

Other organic materials
CaCO3

51.3 wt%

Glass fiber

18.0 wt%

UP* : Unsaturated polyester

The residue weight of UP resin (Wr resid.) was calculated according to equation
(2-2-1):
Wr resid. = Wsolid. – (W CaCO3

＋

W gf

＋

W other om)

(2-2-1)

where Wsolid.; the total weight of solid fraction, W CaCO3; the initial weight of CaCO3,
W gf; the initial weight of glass fiber W other om; the initial weight of other organic
materials.
The resin conversion rate and the glycols and SFC production rates were calculated
according to equations (2-1-2) and (2-1-3).
2.2.3. Results and discussion
2.2.3.1 Functional mechanism of alkali
In subcritical hydrolysis of thermosetting polyester resin, KOH seems to play an
important role to promote the reaction and to achieve high yield of SFC and glycols.
The effect of KOH concentration on the reaction was investigated under the conditions
of 230 °C, 2.8 MPa, and 4 hours. Ionic product and dielectric constant (DC) of water at
230 °C is about 10-11 and 33, respectively. Dielectric constant of subcritical water on
this condition is equivalent to that of methanol.
Figure 2-2-1 shows the resin conversion rate and the production rates of glycol,
organic acids, and SFC. The resin conversion rate and production rates increased with
increasing KOH concentration. There was a drastic change between 0.2 mol/L and 0.5
mol/L. The production rates of glycol at 0 mol/L and 0.2 mol/L were 47 % and 42 %,
respectively, although no SFC was produced. The production rate of glycols should be
related to the number of ester bonds broken. Glycols might be decomposed by oxidation
by the carboxylic acid produced during hydrolysis. Glycols degradation by carboxylic
acids in supercritical hydrolysis of PET [43] and subcritical hydrolysis of thermosetting
polyester resin [25] were reported.
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Subcritical water hydrolysis of thermosetting polyester resin samples

High ionic product and low dielectric constant of subcritical water caused breaking
ester bonds to produce glycols efficiently. However, it seemed to be insufficient to
break all ester bonds between glycol and fumaric acid which was cross-linked with
styrene to release the SFC. The hypothesis of the reaction at KOH (0mol/L) is described
in Fig.2-2-2. In this condition, approximately half of ester bonds were seemed to be
hydrolyzed but it was insufficient for releasing SFC. Most of styrene chain was still
connected to the next styrene chain. Even if only a few ester bonds connecting each
other remain, the SFC cannot be free.
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Oliveux reported that the thermosetting polyester resin composite sample was still
solid in subcritical hydrolysis at 275 °C during 3 hours [27]. Fumaric acids were used as
cross-linked with styrene and terephtalic acids were mainly used in polyester chain in
thermosetting polyester resin composite sample. Oliveux proposed the hypothesis that
there were two different ester bonds in the thermosetting polyester resin sample. One
was defined as “non-hydrolysable ester bonds” between glycol and fumaric acid which
was cross-linked with styrene. Another one was defined as “hydrolysable ester bonds”
between glycol and phthalic acid. “Non-hydrolysable ester bonds” could not be broken
by subcritical water even at 275 °C during 3 hours. That’s the reason why the
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thermosetting polyester resin sample still remained as solid. A certain amount of glycol
was observed because “hydrolysable ester bonds” were hydrolyzed to release glycol.
Figure 2-2-3 shows the hypothesis of “non-hydrolysable ester bonds” and
“hydrolysable ester bonds”, which Oliveux proposed [27]. Upper figure indicates before
the reaction and under figure indicate after the reaction. Figure 2-2-3 indicates 4 pattern
of polyester chain indicating from (i) to (iv) based on the number of phthalic acid from
0 to 3. In the thermosetting polyester resin composite sample which Oliveux used,
terephtalic acid mainly used in polyester chain between fumaric acid cross-linked with
styrene. “Non-hydrolysable ester bond” and “hydrolysable ester bond” defined by
Oliveux were indicated in Fig. 2-2-3. In polyester chain (i), glycol cannot be released
since both ester bonds of glycol are “non-hydrolysable ester bond.” In polyester chain
(ii), glycol also cannot be released since it has one “non-hydrolysable ester bond.”
Phthalic acid between two glycols can be released if both “hydrolysable ester bond” is
hydrolyzed. In polyester chain (iii), a center glycol can be released firstly if both
“hydrolysable ester bond” of the glycol is hydrolyzed. Two phthalic acids might be
released. In polyester chain (iv), two glycols and three phthalic acids might be released.
(i)

(ii)
Hydrolysable
ester bond

(iii)

(iv)

Hydrolysable
ester bond

Hydrolysable
ester bond

Glycol
Cross-linked
Fumaric acid

Phtharic acid
Styrene

Non-hydrolysable
ester bond
Non-hydrolysable
ester bond

Non-hydrolysable
ester bond
Before reaction

Non-hydrolysable
ester bond

Subcritical Hydrolysis

(i)

Non-hydrolysable
ester bond

(ii)

Non-hydrolysable
ester bond

(iii)

Non-hydrolysable
ester bond
Hydrolysable
ester bond
Carbon-carbon
bond

(iv)

Non-hydrolysable
ester bond
After reaction

Non-hydrolysable
ester bond

Fig. 2-2-3 Hypothesis of hydrolysable ester bond and non-hydrolysable ester bond
In this study, the difference was to use only fumaric acid and not to use terephthaic
acid. However, it was verified that this hypothesis could applied to the thermosetting
polyester resin sample of this study. In the section 2.1, S/F molar ratio was identified
by NMR analysis as the section 2.2. Table 2-1-1 shows composition of styrene and
fumaric acid in UP resin was 52% and 24%, respectively. Based on these information,
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fumaric acid which is cross-linked with styrene (cross-linked FA) and fumaric acid
which is not cross-linked with styrene (free FA) should be 73wt% and 27% of total
fumaric acid, respectively. Ratio of cross-linked FA / free FA (cl-FA /free-FA) should
be 2.7.
In order to consider the share of each polyester chain based on the above
information, ratio of cross-linked FA / free FA (cl-FA /free-FA) in each polyester chain
was described in Fig.2-2-4. If all ester bonds are hydrolyzed, in polyester chain (i)’
there is 1 cl-FA and no free-FA, thus cl-FA /free-FA is ∞. In polyester chain (ii)’,
there are 1 cl-FA and 1 free-FA, thus cl-FA /free-FA is 1. In polyester chains (iii)’ and
(iv)’, cl-FA /free-FA is 0.5 and 0.33, respectively. In total of the thermosetting polyester
resin, cl-FA /free-FA was calculated as 2.7. Therefore, polyester chains (i)’ and (ii)’
should be dominant. Polyester chain (iii)’ and (iv)’ should be very rare case.
cl-FA/free-FA=∞ cl-FA/free-FA=1

(i)’

(ii)’

cl-FA/free-FA=0.33

cl-FA/free-FA=0.5

Glycol

(iv)’

(iii)’

Cross-linked
Fumaric acid
(cl-FA)

Free fumaric
acid
(Free-FA)
Styrene

Non-hydrolysable
ester bond

Non-hydrolysable Non-hydrolysable ester bond
ester bond

Fig. 2-2-4
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Ratio of cross-linked fumaric acid and free fumaric acid

Calculation of share of polyester chains (i)’ and (ii)’ was described as follows.
cl-FA total = 1×X+1×Y=X+Y
(a)
free-FA total = 0*X+1*Y=Y
(b)
where, X: share of polyester chain (i)’, Y: share of polyester chain (ii)’
Share of polyester chain (ii)’:Y=1－X
(c)
cl-FA /free-FA calculated = 2.7 = (a)/(b)=(X+Y)／Y
2.7=(X+(1－X)) ／(1－X)

Result; X=0.63

Y=0.37

It indicated that polyester chain (i)’ and (ii)’ were 63% and 37% in the thermosetting
polyester resin sample, respectively. It suggests that it should be very rigid structure. It
is much more rigid than believed generally.
The stoichiometrically calculation result indicated polyester chains (i) and (ii) were
dominant. However, based on the hypothesis which Oliveux proposed [27], glycol was
not produced from both polyester chains. Glycol was produced at a production rate at
least 40% or more. Therefore, it was concluded that definition of “non-hydrolysable
ester bond” between glycol and fumaric acid cross-linked with styrene was not
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applicable for the thermosetting polyester resin sample in this study. However, concept
of the hydrolysability difference for each ester bond seemed to be reasonable.
Figure 2-2-5 shows a hypothesis of reaction condition at KOH=0mol/L. Based on
the above information, the hypothesis is proposed that there are two different ester
bonds called “hardly hydrolysable ester bond” and “easily-hydrolysable ester bond.” As
mentioned before, all ester bonds were hydrolyzed at 230°C, 4 hours, with KOH.
Therefore, the term, “non-hydrolysable”, is not proper. However, the experimental
results indicated the difference of hydolysable resistance in each ester bonds.
“Hardly-hydrolysable ester bond” was defined as ester bonds of glycol connected to
two cross-linked fumaric acid with styrene (cl-FA). “Easily-hydrolysable ester bond”
was defined as other ester bonds than “hardly hydrolysable ester bond.” In the case of
KOH=0mol/L, it was assumed that “hardly-hydrolysable ester bonds” were not broken
although some of “easily-hydrolysable ester bonds” were broken to produce 47% of
glycol. Styrene chain was assumed to be still connected to the next styrene chain by
some of “the hardly-hydrolysable ester bonds.” That is the reason why SFC was not
produced. In addition, the hardly-hydrolysable ester bond of propylene glycol may be
considered most hardly to be hydrolyzed due to the molecular size of PG.
Glycol
Cross-linked
Fumaric acid
Non cross-linked
(free) Fumaric acid
Hardly hydrolysable
ester bond

Solid
Before reaction

Easily hydrolysable
ester bond

Subcritical Hydrolysis

Styrene skeleton

After reaction
Filtration

Solid

Fig. 2-2-5

Hydrolized glycol and fhmaric acid

Hypothesis of hardly hydrolysable ester bond and
easily-hydrolysable ester bond (KOH=0 mol/L, 230°C, 4h)
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For other concentration of KOH in Fig.2-2-1, SFC was produced drastically from
0.5 mol/L with production rate of 70%. At 1.0 mol/L, production rate of SFC, glycol,
and fumaric acid were 80%, 67%, and 21%, respectively. In this case, most of ester
bonds were hydrolyzed and SFC was produced as potassium salt (SFC-K) as described
in Fig.2-2-6.
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Most of ester bonds including “hardly-hydrolysable ester bonds” were seemed to be
hydrolyzed to release much SFC described in Fig.2-2-7.
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(KOH=1.0 mol/L, 230℃, 4h)

In order to evaluate the effectiveness of KOH addition for breaking ester bonds of
polyester chain, subcritical hydrolysis of uncured UP sample before curing was
conducted under the same reaction conditions, which therefore did not contain styrene.
Therefore all ester bonds are considered as “easily-hydrolysable ester bonds.” This UP
sample does not have styrene chains. Figure 2-2-8 shows the resin conversion rate and
production rates of glycol and organic acids for subcritical water hydrolysis of the UP
sample. The resin conversion rate was 100 % for all cases, even without KOH. However,
the production rate of glycol was only 59 % and the production rate of carboxylic acid
was 85 %. Organic acids included fumaric acid and other carboxylic acids such as malic
acid which was degraded from fumaric acid. It was assumed that a secondary reaction
decomposed the glycols. Therefore, it was reasonable to conclude that most of ester
bonds were broken even without KOH. It suggested that KOH was not essential for
breaking ester bonds in polyester chain of the thermosetting polyester resin,
“easily-hydrolysable ester bonds,” under these reaction conditions. KOH was assumed
to be necessary to break “easily-hydrolysable ester bonds.”
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Fig. 2-2-8 Subcritical water hydrolysis of UP * samples

KOH might contribute to provide the solubility with the SFC released to promote
the reaction. However, the SFC solubility in subcritical water is unknown. It might have
a sufficient solubility based on high ionic product and low dielectric constant (DC). DC
at 230°C of water is about 33, similar to that of methanol (DC=32.6). The SFC
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dissolves slightly in methanol. Dimethyl sulfoxide (DMSO, DC=48.9) and acetone
(DC=20.7) had higher solubility than methanol. On the other hand, it couldn’t be
dissolved in chloroform (DC=4.8). The SFC solubility seemed be difficult to be
estimated by only DC. The solubility of the SFC in subcritical water should be verified
to discuss about the diffusion limitation.
KOH seemed to play another role in realizing the ideal reaction. The organic acids
and SFC during the reaction were assumed to act as acid catalysts in a secondary
decomposition reaction. The carboxyl group of the SFC was also broken, causing loss
of quality of the functional polymer. However, KOH could neutralize the organic acid
and the SFC to suppress their catalytic activity and self-decomposition. Thus, KOH
contributed to the recovery of undamaged SFC.
In addition, the thermosetting polyester resins are generally used with inorganic
materials such as glass fibers and inorganic filler. After the reaction, the SFC (not
soluble in pure water at room temperature) was in the solid residue, coating the glass
fibers and the filler, and was therefore difficult to recover. On the other hand, the
potassium salt of the SFC was dissolved due to its water solubility. The reaction liquid
containing the potassium salt of the SFC was easily separated from the solid
component.
It is important to know the molar ratio of KOH according to carboxyl group of the
SFC. In the case of a KOH solution at 0.5 mol/L of KOH solution, the ratio was
approximately 4.8, whereas it was approximately 1.9 in the case at KOH concentration
of 0.2 mol/L KOH. A molar ratio of more than 1.9 is suggested as the minimum
requirement to completely dissolve SFC in water.
As described above, KOH was concluded to contribute to the reaction acceleration
and the maximization of SFC yield as following points.
i)
To accelerate to break “hardly-hydrolysable ester bonds.”
ii)

To prevent secondary reaction to keep higher quality level of SFC as functional
polymer.
iii)
To make the separation process efficiently by providing water solubility with
SFC to be dissolved in the reaction product liquid.
iv)
To a provide solubility with SFC in subcritical water.
However, point iv) should be verified since solubility of SFC in subcritical water at
230°C are unknown.
2.2.3.2 Optimization of reaction conditions and catalysts
The efficiency of KOH was shown in the section 2.2.3.1. However, in view of
commercilization, NaOH was investigated since it is less expensive than KOH.
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Optimization of reaction condition is also needed. Real manufacturing waste sample of
FRP bathtub was used in the experiment instead of the thermosetting polyester resin
sample. Experimental samples are shown in Fig.2-2-9.
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Recycled UP resin

Experimental sample using FRP bathtub manufacturing waste

Small board sample of real manufacturing waste of FRP bathtub was hydrolyzed.
Thermosetting polyester resin was completely dissolved and glass fiber and CaCO3
were exposed. They were filtered to separate solid fraction and reaction product liquid.
SFC was precipitated by acidification and was separated by filter. The glycol was
recovered by vaporizing of the filtrate, glycol solution. Recovered glycol was mixed
with new resin raw materials at concentration of 10% to produce the recycled UP resin.
FRP board used by the recycled UP resin was produced and tested. It showed the
equivalent strength to a FRP board used new commercial UP resin. Appearance was also
within the allowance level. Therefore, recovered glycol was verified to be horizontal
recycled to FRP.
The optimization of reaction conditions such as temperature, pressure, reaction time,
and concentration of KOH and NaOH was conducted. The resin conversion rate and
production rates of glycol and the SFC were then measured.

－31－

Conversion, Production rate (%)

100
KOH
Conversion
SFC production rate
Glycol production rate

80
60

NaOH
Conversion
SFC production rate
Glycol production rate

40
20

230℃,4h

0
0

0.2

0.4

0.6

0.8

1

1.2

Concentration (mol/L)
Fig. 2-2-10 Effect of concentration of KOH or NaOH (230°C, hours)
Figure 2-2-10 shows the effect of concentration of the KOH and NaOH
concentrations on the resin conversion rate and the production rates of glycols and SFC.
Reaction conditions were 230 °C and 2.8 MPa for 4 hours. In the case of KOH,
conversion and SFC production rate reached almost 1oo% at 0.38 mol/L. At a
concentration of more than 0.38 mol/L, they tended to decrease. In the case of NaOH,
conversion and production rate of SFC and glycol were increased with increasing
concentration and reached maximum value at 0.72 mol/L. Conversion and SFC
production rate were lower than KOH at all concentration, especially, SFC production
rate. SFC production rate at 0.38 mol/L was only 28.5%. However, glycol production
rate at 0.1 mol/L showed 42.8% which was higher than KOH and 64.4% at 0.38 mol/L
although SFC production rate was only 28.5%. It suggests that hydrolysis reactivity for
“easily-hydrolysable ester bonds” of NaOH was almost equivalent to KOH. However,
the hydrolysis reactivity for “hardly-hydrolysable ester bonds” of NaOH seemed to be
inferior to KOH.
Alkali concentration should be minimized not only for considering the initial raw material
cost but also for waste water treatment cost. Under these reaction conditions, the best

concentrations for KOH and NaOH were 0.38 mol/L and 0.72 mol/L, respectively. The
difference of suggested concentration for both alkalis was assumed to be based on the
difference of basicity. In addition, the suggested concentration of NaOH was considered
the upper limit based on the waste water treatment cost.
Figure 2-2-11 shows the effect of the temperature for a reaction time of 4 hours in
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solutions of KOH and NaOH at 0.38 mol/L and 0.72 mol/L respectively. The highest
value of resin conversion rate and production rates of SFC and glycols were obtained at
230 °C for both KOH and NaOH. The glycols production rates in presence of either
KOH or NaOH were similar from 200 °C to 230 °C. Over 230 °C, they tended to
decrease due to secondary reactions. The conversion rate and the SFC production rate
also tended to decrease for NaOH. Styrene chain destruction might be occurred. Kubota
reported that destruction of styrene chain of thermosetting polyester resin was observed
at 230°C in glycolysis and Mw of the decomposition products tended to decrease with
increasing temperature and time of decomposition [9, 11].
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SFC production rate
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Fig. 2-2-11 Effect of temperature (Reaction time; 4 hours)
On the reaction condition at a temperature of 230°C which pyrolysis of styrene chain
starts to occur, SFC production rate of NaOH (0.72 mol/L) was lower than that of
KOH(0.38 mol/L) at all concentrations described in Fig.2-2-10. It suggested that
hydrolysis reactivity of NaOH(0.72 mol/L) for “hardly-hydrolysable ester bonds” was
inferior to KOH(0.38 mol/L). However, it was worth to remark that conversion and SFC
production rate of NaOH(0.72 mol/L) were much higher than that of KOH(0.38 mol/L)
at 200°C. Moreover, SFC production rate was higher than glycol production rate. It
suggests that “hardly hydrolysable ester bond” was broken as same as
“easily-hydrolysable ester bond.” On the other hand, conversion and SFC production
rate of KOH(0.38 mol/L) at 200°C were much lower than glycol production rate. It
suggests that hydrolysis reactivity of “Hardly hydrolysable ester bond” was much lower
than that of “Easily-hydrolysable ester bond” at 200°C for KOH.
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Figure 2-2-12 shows the effect of reaction time. The reaction temperature and
pressure were 230 °C and 2.8 MPa. Solutions of KOH and NaOH were used at
concentrations of 0.38 mol/L and 0.72 mol/L respectively. In the case of KOH (0.38
mol/L), the resin conversion rate and the production rates of glycols and SFC increased
with the reaction time. The SFC production rate reached 100 % after 2 hours. In the case
of NaOH (0.72 mol/L), the resin conversion rate, the SFC production rate, and the
glycol production rate reached about 70 % , 80 % and 50 %, respectively after 0.5
hours. After 1 hour, they increased to 82 % and 90 %, respectively. The SFC production
rate almost reached its highest value. The NaOH (0.72 mol/L) was more efficient than
the KOH (0.38 mol/L) in terms of resin conversion rate and production of SFC. The
secondary reaction that degrades the glycols did not seem to occur. It was assumed that
increasing the temperature induce the destruction of the styrene chain resulting the
decrease of the SFC yield [13, 15, 43].

Fig. 2-2-12 Effect of temperature
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Effect of reaction time (230°C)

In this experimental results, the production behavior of glycols and the SFC was
different between NaOH (0.72 mol/L) and KOH (0.38 mol/L) as same as the case at 200
in Fig. 2-2-11. In the case of KOH, the glycol production rate was 60 % although the
SFC production rate was only 24 % at 0.5 hours. It also suggests the difference of
hydrolysis resistance for two types of ester bond. It was assumed that
“easily-hydrolysable ester bonds” in polyester chain were broken to produce glycols
rapidly but “hardly-hydrolysable ester bonds” were not broken sufficiently at 0.5 hours.
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After that, the SFC production rate was increased to 100% at 2 hours. KOH (0.38
mol/L) seemed to be very effective to break “hardly-hydrolysable ester bonds.” On the
other hand, in the case of NaOH (0.72 mol/L) at 0.5 hours, the production rates of
glycol and the SFC were 49 % and 80 %, respectively. It suggests that hydrolysis
activity for “hardly-hydrolysable ester bonds” was higher than “easily-hydrolysable
ester bonds.” It is hard to explain that “hardly-hydrolysable ester bonds” was selectively
broken. However, it should be remarkable fact to be investigated.
It was concluded that the optimized conditions based on the SFC yield were obtained
at either a reaction temperature of 230 °C, a reaction time of 2 hours and a KOH
concentration of 0.38 mol/L or 230 °C, 1 hour, and a NaOH concentration of 0.72 mol/L.
However, the difference in the SFC production rate between 0.5 hours and 1 hour was
only 10 %. It is worth considering the balance of the SFC yield and the plant capacity
based on those fundamental experimental data. There might be a possibility to improve
the reaction by a mixer or by the continuous operation with high solvent flow. In
addition, in terms of SFC yield according to the reaction time, NaOH would be
preferable for commercialization. The NaOH (0.72 mol/L) seemed to be more effective
than KOH (0.38 mol/L) to break “hardly-hydrolysable ester bonds” to produce SFC on
the reaction condition at 200°C for 4 hours and at 230°C for a reaction time less than 1
hour.
The difference of reactivity for hardly-hydrolysable ester bond between KOH and
NaOH was examined. On the reaction condition at temperature of 200°C for 4 hours
and at temperature at 230°C for 1 hour or less, NaOH (0.72 mol/L) showed the higher
reactivity for hardly-hydrolysable ester bond than KOH(0.38 mol/L). According to
solubility considering, dielectric constant (DC) at 230°C is 33 and almost equivalent to
that of methanol (DC=32.6). Solubility of KOH for methanol is higher than that of
NaOH. Therefore, it cannot explain the superiority of NaOH at 230°C for 1 hour or less.
The hypothesis is proposed based on the correlation between the length of polyester
chain between two styrene chains and the atomic size of alkali. It is assumed that
polyester chain (i) may not be uniformly distributed. The length of polyester chain (ii) is
roughly three times larger than that of polyester chain (i). Figure 2-2-13 shows a
hypothesis of curing process from unsaturated polyester (UP) resin to thermosetting
polyester resin. Firstly, one styrene is reacted with one fumaric acid in UP. Secondly,
the reacted fumaric acid reacts with another styrene and another fumaric acid in another
UP to develop styrene chain. In the case that another fumaric acid next to the
cross-linked fumaric acid in the first UP becomes reactive, the reacted fumaric acid
reasonably tends to react with the closest fumaric acid in the second UP to form the
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second styrene chain via styrene monomers. It should be a fumaric acid next to the
cross-linked fumaric acid in the second UP. The third fumaric acid from the
cross-linked fumaric acid in the second UP should be too far to be reacted to form the
second styrene chain. In this case, hardly-hydrolysable ester bonds are developed
between the both styrene chains. In this case, hardly-hydrolysable ester bonds are
developed between the both styrene chains. This tendency is considered to be succeeded
in the third UP continuously. The hardly-hydrolysable ester bonds should be developed
continuously in vertical direction. Finally, hardly-hydrolysable ester bonds are assumed
to be concentrated vertically described in Fig. 2-2-13. The molecular structure around
hardly-hydrolysable ester bond seems to be very rigid. The styrene chains and the
polyester chains there are assumed to be more strongly immobilized than the structure
around easily-hydrolysable ester bonds.
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Figure 2-2-13

Hypothesis of curing process from unsaturated polyester (UP) resin

This structure is considered to generate the difficulty of hydrolysis not only for the
steric hindrance but also for the limitation of movement of polyester chain. Hydrolysis
is reversible reaction, whereas alkaline hydrolysis is irreversible reaction. In hydrolysis
of the polyester chain (i) without alkali, even if the ester is reacted with water to be
unstable, the ends of both bonds easily reacts to produce ester bond again since the both
－36－

ends is too close due to the mobility limitation caused by rigid structure around the ester
bonds. Therefore, to break the hardly-hydrolysable ester bond in the narrow polyester
chain (i), alkaline ion should be needed to prevent reversible reaction.
Atomic size of sodium is smaller than potassium. Na+ ion seems to be able to
penetrate in the narrow polyester chain (i) faster than K+ ion to access
hardly-hydrolysable ester bond. The situation of gathering polyester chain (i), the
diffusion rate difference should be enhanced. On the reaction condition at temperature
of 200°C for 4 hours and at temperature at 230°C for 1 hour or less, it is assumed that
NaOH (0.72 mol/L) have an advantage due to the diffusion rate. The reaction condition
at higher temperature or longer reaction time, yield of the SFC of NaOH (0.72 mol/L) is
considered to be saturated and KOH (0.38mol/L) can catch up even its diffusion rate is
lower.
2.2.4. Conclusions
In subcritical water hydrolysis of the thermosetting polyester resin of FRP, it was
verified that the use of alkali catalysts such as KOH and NaOH played an important role
in the subcritical hydrolysis of thermosetting polyesters reinforced with glass fibers,
leading to high resin conversion rate and high production rates of glycols, organic acids,
and SFC.
The evaluation results suggested that there were two types of esters due to different
hydrolysable resistance as the hypothesis proposed by Oliveux [27]. However it was
concluded that the definition of “non-hydrolysable ester bond” between glycol and
fumaric acid in the hypothesis was not applicable for the thermosetting polyester resin
sample used in this study.
The results indicated that roughly 63% of the polyester chain (i) between two styrene
chains had only one glycol and roughly 37% of the polyester chain (ii) had only 2
glycols. It must be the first time to be proposed the molecular structure of the polyester
chain in the thermosetting polyester resin. Based on these results, new hypothesis and
definitions of “hardly-hydrolysable ester bond” and “easily-hydrolysable ester bond”
were proposed. “Hardly-hydrolysable ester bond” was defined as ester bonds between
glycol and two cross-linked fumaric acids in the polyester chain (i).
“Easily-hydrolysable ester bond” was defined as ester bonds other than
“hardly-hydrolysable ester bond.” However, this hypothesis should be verified.
More than 1.9 of molar ratio of KOH/carboxylic group of SFC was assumed to be
needed to break “hardly-hydrolysable ester bond” to produce SFC. KOH contributions
to the reaction acceleration and to the maximization of yield and quality of SFC were
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concluded as i) accelerating to break “hardly-hydrolysable ester bonds”, ii) preventing
secondary reaction, iii) making the separation process efficiently, and iv) providing
solubility in subcritical water. However, iv) should be verified since solubility of SFC in
subcritical water at 230°C are unknown.
The optimized conditions of subcritical hydrolysis using manufacturing waste of FRP
bathtub based on SFC yield corresponded to either a reaction temperature of 230 °C,
reaction time of 2 hours, and KOH concentration of 0.38 mol/L or 230 °C, 1 hour, and
NaOH concentration of 0.72 mol/L. Using these conditions, the resin conversion rate
and the production rate of SFC reached 92 % and 99.6 % respectively with KOH, and
82 % and 90 % respectively with NaOH.
The remarkable data which suggests the hydrolysis reactivity of NaOH and KOH for
two different ester bonds were obtained. The hypothesis to explain the difference of the
reactivity for the “hardly-hydrolysable ester bonds” between KOH and NaOH was
proposed. It is assumed the difference of diffusion rate due to the difference of atomic
size to penetrate the narrow polyester chain (i) to access the “hardly-hydrolysable ester
bonds.” However, this hypothesis should also be verified. Their investigation is
expected to provide new information of the structure of the thermosetting polyester
resin.
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2.3 Evaluation of subcritical hydrolysis process for various FRPs
2.3.1. Introduction
In 2.1 and 2.2, thermosetting polyester resin sample based on the same UP resin used
in FRP bathtub and real FRP bathtub manufacturing waste sample of our company were
used in the experiment. There are various FRPs in many applications with different
composition of composites, resin composition of UP, and forming process. There are
many UP resin in the market which has different composition of glycols and organic
acids. However, all UP resin have fumaric acid for cross-linking with styrene. Therefore,
styrene chain should be the SFC for all FRPs. In order to verify the possibility of this
subcritical hydrolysis method applying to other FRPs than FRP bathtub of our company,
various FRPs samples were tested.
Firstly, composition of each FRP was evaluated to know how much UP resin was
contained per unit weight of FRPs. Secondly, subcritical hydrolysis experiment was
conducted for each FRP to obtain the reactivity data such as conversion, the yield of
SFC and glycol. Thirdly, SFC obtained from each FRP was analyzed to identify the
molecular structure. They are considered to have a different Mw and S/F molar ratio.
They indicate the molecular structure of styrene chain in thermosetting polyester resin.
Such information was not existed since it was not able to analyze directly.
In FRP, there are various forming process. Sheet Molding Compound (SMC) 、Bulk
Molding Compound (BMC), and Hand lay-up(HL) are major forming process. SMC
process has been most popular forming process. About half of FRP is using this process.
Five bathtubs including our company and other companies were selected. HL process is
preferable to large size FRP. Boat, water tank, septic tank, chemical tank for light and
heavy chemical duty, and corrugated panel were selected. BMC process is used in small
size FRP. Automobile parts such as lamp reflector, casing of electric breaker and motors
were selected.
2.3.2. Materials and methods
In order to evaluate the possibility of applying subcritical hydrolysis to commercial
materials, samples from various FRPs produced by different forming processes were
tested. In the sheet molding compound (SMC) process, five samples from household
bathtubs were tested. Bathtub #1 had the same composition as that of FRP samples used
in paragraph 2.2. Samples from parts manufactured by hand lay-up, such as boat hull,
tanks and corrugated panels were tested. Finally samples from parts made of bulk
molding compound (BMC) and found in motors, breakers, and automobile parts such as
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head lamp reflector were tested as well.
The composition of each FRP sample was analyzed by calcination, TG-DTA (SII
Nano Technology Inc.:TG/TDA6300), and X-ray fluorescence (Rigaku:Syetem3080E),
and FT-IR. FRP samples were evaluated using procedure described in paragraph 2.1
with sodium hydroxide (NaOH). Reaction conditions were 230 °C and 2 hours with 0.8
mol/L of NaOH. The ratio of FRP:NaOH solution was 1:10 for HL FRP samples and
1:4 for other FRP samples in weight. Molecular structure analysis of SFC obtained from
each FRP sample was conducted as described in 2.1.
2.3.3. Results and discussion
In FT-IR analysis identified the kind of dicarboxylic acid used in each FRP sample.
In bathtub formed by SMC process and automobile parts, breaker, and motor formed by
BMC process, fumaric acid was mainly used. In HL process samples, boat, septic tank,
and corrugated panel mainly used orthophthalic acid and water tank, and chemical tanks
used isophthalic acid.
In TG-DTA analysis, TG-DTA curve become flat around 500°C. In general, total
weight loss from initial weight to that point is considered as total weight of organic
compound. Figures 2-3-1 and 2-3-2 show TG-DTA analysis result for bathtub#4 and
septic tank, respectively. In Fig.2-3-1, another weight loss from around 600°C to around
700°C was observed. It was considered decarbonization of CaCO3 converting to CaO.
Total weight of CaCO3 was calculated based on the weight loss of carbonation. In
Fig.2-3-2, another weight loss was not observed. It indicated no CaCO3 was contained.
The weight over 700°C was defined as glass fiber and other inorganic materials.
Total organic
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UP resin
Other
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compounds

CaCO3
decarbonation↓ .
CaO

Fig. 2-3-1

TG-DTA of Bathtub #4
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It is difficult to distinguish the UP resin and other organic compound such as LPA and
other additives in thermosetting polyester resin by any analysis. TG-DTA curve of all
FRP samples, gradient of TG-DTA curve changed around 400°C. Total weight loss from
initial weight to that point was assumed the weight loss of UP resin. This assumption
was verified by bathtub#1 which composition of organic compound was known.
Therefore, it was concluded the weight of UP resin. Rest of total organic compound
defined as other organic compound.
Bathtub #1

S
M
C

Bathtub #2
Bathtub #3
Bathtub #4
Bathtub #5
Boat
Water tank

H
L

Septic tank
Chemical tank #1
Chemical tank #2
Corrugated panel

B
M
C

Automobile parts
Breaker
Motor
0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

Composition
UP resin

Other organic materials

CaCO3

Glass fiber & Other inorganic materials
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100%

Based on the analysis, composition of UP resin, other organic compounds, CaCO3,
and glass fiber and inorganic materials were calculated. Figure 2-3-3 shows the result
of analysis. In HL samples, CaCO3 was not contained. Ratio of UP resin was higher
than other FRPs at a range from 47 to 69%. Especially, boat and water tank showed
highest value. The higher SFC yield per unit weight of waste was expected. In BMC
samples, ratio of UP resin was smaller and ratio of CaCO3 was higher than other FRPs.
In order to verify the possibility of this method applying to thermosetting polyester
resin of various FRPs, subcritical hydrolysis experiment was conducted and products
obtained were analyzed. It is necessary to know the difference of reactivity and obtained
products between bathtub #1 and other FRPs to verify the possibility since most of
evaluation for various applications used SFC sample obtained from bathtub #1.
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Figure 2-3-4 shows the weight of UP resin and the yield of SFC and glycol per unit
weight of FRP for various FRPs. In all SMC and HL samples, SFC yields were almost
same as or higher than bathtub#1. HL samples showed higher yield of SFC than other
FRPs based on higher content of UP resin. In terms of SFC yield, HL process FRPs
have an advantage. However, only chemical tank#2 for heavy chemical duty showed
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relatively lower SFC yield than other HL samples. BMC samples showed relatively
lower SFC yield than that of bathtub #1. However, each SFC has different molecular
structure which affects the value of additives. In economical consideration of recycling,
income should be based on the yield multiply the value.
Figure 2-3-5 shows yield of SFC and glycol per unit weight of UP resin. A shade
diagonal area indicates unreacted resin residue. Rest of total area indicates conversion.
All FRPs except chemical tank#2 showed conversions more than 70%. Most of them
were more than 80% almost equivalent to bathtub#1 manufactured by our company.
Chemical tank#2 for heavy chemical duty was the lowest. It is required higher
resistance for chemical duty. Therefore, it is assumed that it should have higher
resistance for hydrolysis reactivity. Whereas, chemical tank#1 for light chemical duty,
corrugated panel, and motor, showed over 95% conversion. In weight ratio of SFC to
initial thermosetting polyester resin, all FRPs except water tank and Chemical tank#2
showed more than 45%. The different between bathtub#1 of 62% and most of them
were 20% or less. Therefore, it was concluded that this method was verified effective
for most of FRPs. Significant difference of sample using each dicarboxylic acid for the
reactivity was not observed.
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Figure 2-3-6 shows share of SFC and glycol in reactant. Share of SFC showed a
range from 48% to 82%. All SMC samples showed relatively higher share of SFC than
other FRPs. HL samples showed relatively lower share of SFC except chemical tank#1.
In those samples, phthalic acid as saturated carboxylic was used. They can be used only
for polyester chain. Therefore, it is assumed that the ratio of polyester chain to styrene
chain is higher which causes the relatively low share of SFC.
In the section 2.2, the hypothesis of two kinds of ester with different hydrolysable
resistance was proposed. It was assumed that “hardly-hydrolysable ester bonds” tend to
be remained in unreacted resin residues than “easily-hydrolysable ester bonds.”
Therefore, it is reasonable to consider that ratio of styrene chain as SFC in unreacted
residue resin was higher than polyester chain. It suggests that SFC share should be
increased if conversion reached 100%.
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Fig. 2-3-6 Composition of reactants
It is important for the SFC obtained from each FRP to explore the most appropriate
application based on the molecular structure. However, molecular structure of inside of
the thermosetting polyester resin including styrene chain was completely unknown.
There is no method to observe it directly. Subcritical hydrolysis with alkali enabled to
conduct it. The styrene chain could be extracted as the SFC from the thermosetting
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polyester resin with no damage. It should be the first time to clarify the molecular
structure of thermosetting polyester resin in various FRPs. Figure 2-3-7 shows the
weight-averaged molecular weight (Mw) of the SFC obtained from FRP samples. In
SMC samples, it was a range from 35,000 to 54,000 with an average of 46,000. In HL
samples, it was a range from 34,000 to 90,000 and averaged 55,000. In BMC samples, it
was a range from 23,000 to 30,000 and averaged 27,000. BMC samples showed a
relatively smaller Mw.
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Figure 2-3-8 shows the styrene/fumaric acid (S/F) molar ratios of the SFC obtained
from each FRP sample. In SMC samples, it was a range from 1.8 to 3.2 and averaged
2.34. In HL samples, it was a range from 2.40 to 3.2 and averaged 2.57. In BMC
samples, it was a range from 1.6 to 1.9 and averaged 1.73. BMC samples showed a
relatively smaller S/F molar ratio.
Mw and S/F molar ratio are assumed to affect the resin property. The formation of
the styrene chains during the curing process must be clarified. This method is also
expected to contribute to the fundamental research of thermosetting polyester resins.
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2.3.4. Conclusions
The practicality of this method was verified by evaluating the subcritical hydrolysis
applied to various types of commercial FRPs. Reaction conditions were 230 °C and 2
hours with 0.8 mol/L of NaOH. The results were compared with that of bathtub#1 of
our company. In all SMC and HL samples, SFC yields per unit weight of FRP were
almost same as or higher than bathtub#1. HL process FRPs have an advantage with
higher SFC yield based on high content of UP resin. In weight ratio of SFC to initial
thermosetting polyester resin, the difference between baththb#1 and most of FRP
samples were less than 20%. Therefore, it was concluded that this method was verified
effective for most of FRPs.
The analysis of the recovered products allowed the determination of the chemical
composition of the studied materials. In particular it allowed the characterization of the
SFC recovered after hydrolysis of the polyester resins. Mw was a range from 23,000 to
90,000. S/F molar ratio was a range from 1.6 to 3.2. The SFCs obtained from various
types of commercial FRPs are concluded to have a potential of applying to high
performance additives based on the molecular structure. This can also contribute to a
better understanding of the formation of the styrene network during the curing process.
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2.4 Overall Conclusions
(Subcritical hydrolysis of thermosetting polyester resin)
In recycling thermosetting polyester resin using subcritical water, the hypothesis
that subcritical hydrolysis on the reaction condition at a temperature of 230°C or less
with alkali catalyst was proposed. Firstly, fundamental verification was conducted using
thermosetting polyester resin based on the resin composition of our company’s FRP
bathtub. Secondly, functional mechanism of alkali catalyst and molecular structure of
thermosetting polyester resin were investigated. Thirdly, reaction conditions and
catalysts were optimized using real FRP manufacturing waste of our company’s bathtub.
Lastly, this method was verified the possibility applying to thermosetting polyester resin
used in other FRPs than our company’s bathtub.
Fundamental verification
Fundamental verification was conducted using thermosetting polyester resin sample.
The composition of UP resin used in the sample was based that used in FRP bathtub. On
the reaction condition at a temperature of 230°C, at a pressure of 2.8MPa, at a reaction
time of 4 hours with KOH, it was demonstrated to dissolve 96% of the initial
thermosetting polyester resin in the reaction product liquid as usable matters. SFC was
obtained with 75% of the initial thermosetting polyester resin.
It was concluded that the hypothesis was successfully verified to realize almost ideal
reaction condition which hydrolysis was dominant and pyrolysis was minimized.
Molecular structure analysis showed that the SFC had Mw of 30,000, S/F molar ratio of
2.2, and almost no degradation of carboxylic group. It indicates that the SFC has a high
quality as functional polymer. It is considered the first achievement to extract the SFC
as functional polymer and to clarify its molecular structure.

Functional mechanism of alkali catalyst and molecular structure of thermosetting
polyester resin
Subcritical hydrolysis experiment of thermosetting polyester resin and unsaturated
polyester (UP) before curing was conducted on the above reaction condition with
various concentration of KOH to clarify functional mechanism of KOH.
Investigation of molecular structure, the share of the polyester chain (i) which has
only one glycol was roughly 63% and the polyester chain (ii) which has two glycols was
roughly 37%. The hypothesis that there were two different types of ester bonds,
“hardly-hydrolysable ester bond” in the polyester chain (i) and “easily-hydrolysable
ester bond” for ester bonds other than “hardly-hydrolysable ester bond.” More than 1.9
of molar ratio of KOH/carboxylic group of SFC was assumed to be needed to break
“hardly-hydrolysable ester bond” to produce SFC. However, this hypothesis should be
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verified.
KOH is assumed to be necessary to break “hardly-hydrolysable ester bond.” Other
KOH contributions to the reaction acceleration and to the maximization of yield and
quality of SFC were also clarified.
Optimization of reaction conditions and catalysts
The optimized conditions of subcritical hydrolysis using manufacturing waste of FRP
bathtub based on SFC yield corresponded to either a reaction temperature of 230 °C,
reaction time of 2 hours, and KOH concentration of 0.38 mol/L or 230 °C, 1 hour, and
NaOH concentration of 0.72 mol/L.
The remarkable data which suggests the hydrolysis reactivity of NaOH and KOH for
two different ester bonds were obtained. NaOH (0.72mol/L) showed higher reactivity to
break “hardly-hydrolysable ester bonds” than KOH (0.38mol/L) at 200°C for 4 hours
and 230°C for 0.5 hours. In terms of SFC yield according to the reaction time, NaOH
would be preferable for commercialization.
The hypothesis to explain the difference of the reactivity for the “hardly-hydrolysable
ester bonds” between KOH and NaOH was proposed. It is assumed the difference of
diffusion rate due to the difference of atomic size to penetrate the narrow polyester
chain (i) to access the “hardly-hydrolysable ester bonds.” This hypothesis should also be
verified.
Evaluation of subcritical hydrolysis process for various FRPs
To verify this method applying to thermosetting polyester resin used in other FRPs,
subcritical hydrolysis experiments for various FRPs were conducted and SFC obtained
from each FRP was analyzed.
Reaction conditions were 230 °C and 2 hours with 0.8 mol/L of NaOH. In all SMC
and HL samples, SFC yields per unit weight of FRP were almost same as or higher than
bathtub#1. HL process FRPs have an advantage with higher SFC yield based on high
content of UP resin. It was concluded that this method was verified effective for most of
FRPs.
The SFCs obtained from various types of commercial FRPs are concluded to have a
potential of applying to high performance additives based on the molecular structure.
This can also contribute to a better understanding of the formation of the styrene
network during the curing process to improve the property.
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3. Application of styrene-fumaric acid copolymer (SFC)
3.1 Introduction
In chapter 2, the method of recycling thermosetting polyester resin using subcritical
water was established. Figure 3-1-1 shows concept of this method using NaOH.
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Fig. 3-1-1 Concept of thermosetting polyester resin recycling using subcritical water

In the study of application of SFC obtained, it was verified the possibility of the SFC
applying to various high performance additives. SFC has diester type, alkali salt
solution type, and dicarboxylic type. Scheme 3-1-1 shows molecular formula of SFC,
SMA, diester type, and alkali salt type.
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Scheme 3-1-1 Structure formula of SFC, Diester type, Alkali salt type

In addition, dicarboxylic type and diester type SFC which are not in the market are
expected to create new high performance additives and new products based on the new
additives.
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Firstly, application of diester type, low profile additives (LPA) for FRP forming was
selected. The LPA is a key additive to determine product quality such as surface
appearance of FRP with controlling shrinkage during curing process. In commercial
LPA, polystyrene mainly is used. Styrene skeleton of SFC was expected to create
shrinkage control performance.
Secondary, application of alkali salt solution type was aqueous agent. There are
various aqueous agent applications. Among them, dispersing agent, detergent builder,
and surface sizing agent for papers were selected. They should have hydrophobic region
and hydrophilic region. Alkali salt of SFC has styrene skeleton as hydrophobic region
and alkali salt of dicarboxyl acid as hydrophilic region. They were expected to
contribute to create performance as aqueous agent.
Third application of SFC is dicarboxylic type, SFC itself. Dicarboxylic type, SFC,
has higher reactivity than anhydride type, SMA, based on carboxylic acid. SFC has
styrene skeleton and carboxylic acid which are hydrolyzed from polyester chain of
thermosetting polyester resin. Therefore it was assumed that SFC had a potential to
applied to compatibilizing agent for polymer alloy of polystyrene type resin and
polyester type resin was selected as application of SFC..
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3.2 Low profile additive (LPA)
3.2.1. Introduction
The effectiveness of the LPA is shown in Fig.3-2-1. During curing process of FRP,
volume shrinkage of FRP board occurred based on the volume change of styrene from
liquid to solid without LPA. It caused corrugation and crack. In the case the LPA used, it
created voids during curing process to compensate volume shrinkage to prevent
corrugation and crack generation as shown in Fig.3-2-1.
None
Just after
stirring

Before
stirring

LPA*

Curing

UP resin

With LPA

250μm

LPA*:Low profile additive

×100

50μm

×500

Fig. 3-2-1 Low profile additive (LPA) for FRP forming

In general, polystyrene which has Mw of a range from 150,000 to 250,000 is main
component for commercial LPA used in sheet molding compound (SMC) type FRP.
SMC is major forming method applying to bathtub and other applications. The SFC was
considered to have the possibility to apply to the LPA since it also has styrene skeleton.
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Fig. 3-2-2 Process flow of FRP recycling using subcritical water.

Figure 3-2-2 shows process flow of FRP recycling using subcritical water. Firstly
FRP waste was ground and supplied to subcritical hydrolysis process. The thermosetting
polyester resin was dissolved by subcritical hydrolysis and then separated from the solid
such as glass fibers and inorganic filler. After the reaction, the glass fiber was no longer
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the reinforced fiber since it was hydrolyzed severely. Therefore, it cannot recycle to
FRP as the glass fiber. However, it could be recycled to FRP with inorganic filler again
as used inorganic filler. After the solid separation, resin raw materials and alkali salt of
the SFC was dissolved in the reaction product liquid. Acid was added to the reaction
product liquid to precipitate the SFC. It was separated from the reaction product liquid
and the modified to produce recycled LPA recycling to FRP again. Glycol in the
reaction product liquid was recovered and polyesterified with new resin raw materials to
produce recycled UP resin and then recycled to FRP again. That is the first application
of SFC as diester type.
Several subjects were investigated. The SFC is very difficult to be separated from the
reaction liquid due to its high hydrophilicity. Water content in the SFC after separation
using conventional filter press was 90%. The SFC:Water was 1:9. Water content should
be minimized for the next step, esterification process. Efficient separation process was
examined.
In enhanced recycling of the SFC, solubility with styrene is required to generate
shrinkage control effect. Therefore, the SFC has to be modified to be hydrophobic.
Several alcohols were selected to be esterified with SFC to produce the modified SFC.
Styrene was added to the modified SFC to produce a recycled LPA and then evaluated
the shrinkage control effect. FRP test board was produced using the recycled LAP and a
commercial LPA and compared. SFC derived from motor and water tank were also
modified to produce recycled LPA and then evaluated.
3.2.2. Materials and methods
3.2.2.1 Optimization of alcohol in esterification of SFC
In esterification of SFC with alcohol, alcohol, 1-buthanol, 2-ethyl-1-hexanol, and
1-octanol were selected as esterification agent. Esterification of SFC is described in
Scheme 3-2-1. They were completely esterified with SFC and the esterified SFC was
analyzed by FT-IR. When the peak of ester was observed and the peak of carboxylic
group was disappeared, it was defined as complete esterification.
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Styrene was added to the esterified SFC with a ratio of 7:3 to produce the recycled
LPA and observed by visual contact. Viscosity was also measured. The recycled LPA
was mixed with styrene and UP resin with a ratio of 1:4. They were stirred and observed
by visual contact and optical microscope with time to evaluate solubility. Shrinkage
control effect of each modified SFC was also evaluated. Thermosetting polyester resin
was prepared with UP resin and each recycled LPA. Content unit of the recycled LPA
was varied for 100 units of UP resin and measured volume shrinkage rate. The volume
shrinkage rate was cakcuated according to equation (3-2-1)
Volume shrinkage rate (%) = 100 × (Da – Db) ／Da

(3-2-1)

where Da; density after curing, Db; density before curing.
3.2.2.2 SFC separation and modification process
In SFC separation experiment, reaction liquid after inorganic materials separation
from reaction slurry was used. The reaction slurry was obtained from subcritical water
hydrolysis of FRP bathtub manufacturing waste on the reaction condition at 230°C,
2.8MPa, for 2 hours. FRP: 0.8 mo/L NaOH solution was 1:4.
3.2.2.3 Evaluation of the recycled LPA
The selected alcohol was esterified with SFC to produce the modified SFC. Styrene
was added to the modified SFC with a ratio of 7:3 to produce a recycled LPA. The
recycled LPA and 2 commercial LPAs were mixed with UP resin to be evaluated
solubility and compared.
FRP test board sample was produced using the recycled LAP and a commercial LPA.
The FRP sample board was evaluated shrinkage control effect and other product quality
item. Volume shrinkage ratio after curing was measured based on JIS K6911-1195;
Testing method for thermosetting platics, 5.7. Volume shrinkage rate and heating
shrinkage ratkanetu e (molding compound). In hot water durability test, appearance and
color change of the FRP sample board after dipping in 90°C hot water for 120 hours
were evaluated. Mechanical strength (pulling and bending strength, impact tenacity)
was also tested. FRP test board samples were cut and cross section was observed.
SFCs derived from motor and water tank were modified to produce the recycled
LPA. They were also used to produce FRP sample boards and then evaluated shrinkage
control .
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3.2.3. Results and discussion
3.2.3.1 Optimization of alcohol in esterification of SFC
Table 3-2-1 shows the reaction condition of each alcohol for complete esterification.
One- butanol and 1- octanol were same straight chain but the chain length was different.
Higher temperature was needed for 1-octanol than that of 1-butanol. Number of carbon
for 1-octanol and 2-ethyl-1-hexanol were same. Longer reaction time was needed for
1-octanol than that of 2-ethyl-1-hexanol.
Table 3-2-1

Each alcohol and esterification condition

Molecular formula

Temperature

Reaction time

1-Butanol

140 OC

17 h

2-Ethyl-1-hexanol

175 OC

5h

1-Octanol

175 OC

17 h

Table 3-2-2 shows the evaluation results of styrene solubility. The SFC esterified
with 1-butaol was powdered state. After styrene addition, it became swellheaded.
Viscosity was extremely high value of 1,800mPAs. The SFCs esterified with 1-octanol
and 2-ethyl-1-hexanol appeared caramel state. They were dissolved in styrene and
showed low viscosity.
Table 3-2-2

Alcohol

Solubility test results of the esterified SFC for styrene

Appearance

Styrene
solubility

1-butanol

Viscosity (RT:26.7℃)

1800 mPAs

2-ethyl-1-hexanol

65 mPas

1-octanol

69 mPas
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Table 3-2-3 shows solubility test results of the recycled LPA using the SFC
esterified with 1-butanol and 1-octanol for UP resin. In the recycled LPA using the SFC
esterified with 1-butanol, the recycled LPA was phase separated from UP resin with
averaged domain diameter of a range from 20 to 50 μm just after stirring. Each
domain was gradually combined together and domain size became larger after 15 min.
After 1 week, it was no longer dissolved in the UP resin and was separated with
agglomeration. On the other hand, the recycled LPA using the SFC esterified with
1-octanol was highly and uniformly dispersed in the UP resin with domain averaged
diameter meter of approximately 1μm just after stirring. The domain size became
slightly larger with time. But the domain size seemed be constant after 15 min. and they
were kept highly dispersed and dissolved in the UP resin even after 1 week. It was
concluded that longer alkyl chain alcohol was effective for solubility for styrene and UP
resin. It was expected to show higher shrinkage control effect.
Table 3-2-3

Solubility test results of the recycled LPA for UP resin
Just after
stirring

3 min

Observation area by optical microscope

15 min

1 week

Separation

1-butanol

1-octanol

Figure 3-2-3 shows the evaluation results of shrinkage control effect. It shows that
the volume shrinkage rate showed lower with increasing content of the recycled LPA.
The SFC esterified with 1-octanol showed the best performance. Scheme 3-2-2 shows
the esterification of SFC with 1-octanol.
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SFC and esterification reaction was conducted on the reaction condition at 175°C for
17 hours. Almost 100% of the SFC in 1-octanol was modified. After modification
reaction, water was added to the reaction liquid. They were stirred at 80°C for 1 hour to
remove impurities such as H2SO4. 90% of H2SO4 was removed.
3.2.3.2 SFC separation and modification process
In modification of the SFC, 1-octanol was most effective. We focused that 1-octanol
has higher solubility for the SFC than water. Figure 3-2-4 shows the experiment result
of the SFC separation and modification processes using 1-octanol. H2SO4 was added to
the reaction liquid containing styrene-sodium fumarate copolymer to separate out the
SFC. They became clouded as shown in Fig.3-2-4. 1-octanol was added to the white
water. They were stirred at 90°C for 1 hour to extract the SFC to 1-octano. After
extraction, it was cooled and left at 25°C for 1 hour. 1-octanol extracting the SFC and
aqueous solution were separated as shown in Fig.3-2-4. They were separated by
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liquid-liquid extraction. Almost 100% of the SFC in the white water was extracted to
1-octanol. The SFC:water was 1:0.25. Water content with the SFC was drastically
reduced against the conventional method. Sulfuric acid was added to 1-octanol phase
containing SFC as catalyst and then esterification reaction was conducted to produce
modified SFCat 175°C for 17 hours. Styrene was added to the modified SFC with a
ratio of 7:3 to produce a recycled LPA.
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3.2.3.3 Evaluation of the recycled LPA
The recycled LPA obtained from the SFC separation and modification process using
1-octanol was evaluated solubility for UP resin with a commercial LPA and compared.
Figure 3-2-5 shows the evaluation results. Firstly, two phases of the UP resin and the
LPA were observed for the commercial LPA and the recycled LPA. Just after stirring,
only one phase was observed for the both LPA. They were considered to be dissolved in
the UP resin. After 1 week, the recycled LPA was still continuously dissolved in the UP
resin, whereas the commercial LPA was separated from the UP resin. It was concluded
that the recycled LPA had much higher solubility for the UP resin than the commercial
LPA.
Before stirring

Commercial
LPA

Just after stirring

Recycled
LPA

Fig. 3-2-5

Commercial
LPA

Recycled
LPA

After 1 week

Commercial
LPA

Recycled
LPA

Evaluation results of solubility of recycled LPA for UP resin.
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The recycled LPA and 2 commercial LPAs were mixed with UP resin to evaluate their
solubility to UP resin. Fig. 3-2-6 shows the evaluation results. General commercial LPA
was described in 3.2.1. High performance LPA was block polymer of polyvinyl acetate
and polystyrene and much more expensive than general one. Mw was confidential.
Commercial LPA

High performance
Commercial LPA

Recycled LPA

Just
after
stirring

100μm

3 min.

10 min.

15 min.

Fig. 3-2-6

Solubility of LPA for UP resin

Just after stirring, commercial LPA and high performance commercial LPA were
dispersed as a certain level of small domain (island). However, after 15 min., the
domains became much larger which indicated solubility drastically decreased. On the
other hand, the recycled LPA was dispersed more uniformly with smaller size of
domains than other commercial LPAs. It was remarkable that the domain were kept
small even after 15 min. which indicated solubility was highly stable. It was expected to
show high performance as LPA.
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The recycled LPA and a commercial LPA was used to produce FRP sample boards
and tested. Figure 3-2-7 shows the recycled LPA and the commercial LPA the FRP
sample boards. Table 3-2-4 shows evaluation results. The recycled LPA showed higher
shrinkage control effect than the commercial LPA even content was 74% of the
commercial LPA. Other product quality items were equivalent to the commercial LPA.
It suggested that the recycled LPA had about 69% higher shrinkage control performance
per unit weight than that of the commercial LPA. The price of the commercial LPA is
from 5 to 10times more expensive than styrene. It suggests “enhanced recycling.”

Commercial
LPA

Recycled LPA 100％

Commercial LPA 100％

Recycled
LPA

Fig.3-2-7 The recycled LPA, the commercial LPA , and the FRP sample boards.
Table 3-2-4

Evaluation results of the recycled LPA and the commercial LPA
FRP sample ①

FRP sample ②

FRP sample③

16.7 unit

8.3 unit

－

Commercial LPA

LPA content

－

Recycled LPA
Quality item
Shrinking control
Hot water durability

7.5 unit

12，4 unit

0.20 %

0.15 %

0.16 %

OK
⊿E＝1.69

OK
⊿E＝1.50

OK
⊿E＝0.47

Measurement method and criteria
Shrinkage rate

（0.15%～0.19%）

90℃ hot water 115h
Color change （⊿E≦3.5）

Appearance

Observation (Color heterogenity)

OK

OK

OK

Mechanical strength

Pulling and Bending strength,
Impact tenacity

OK

OK

OK

Figure 3-2-8 shows cross section observation results of FRP sample boards using
commercial LPA and recycled LPA. In commercial LPA, larger voids were observed.
Whereas, in recycled LPA, many fine voids were uniformly dispersed. It was reasonable
to consider that small domains due to higher solubility generated the many fine voids.
However, the relationship between shrinkage control performance per unit weight and
solubility should be the subject to be investigated. If total volume of all voids is same,
many fine voids have higher total surface area. Stress was divided by total surface area.
Therefore, FRP using recycled LPA with higher total surface area is expected to have
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stronger mechanical strength. In addition, surface appearance and smoothness are also
expected to be improved.

Commercial LPA

×100

Recycled LPA

×100

250μm
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250μm

×100

250μm

×500

50μm

×500

50μm

*LPA：Low Profile Additive
Fig. 3-2-8

Cross section observation of FRP sample board using the commercial LPA
and the recycled LPA

As mentioned above, the recycled LPA using the modified SFC derived from bathtub
showed superior performance to the commercial LAP. The SFCs derived from other
FRPs were esterified with 1-octanol to produce the recycled LPA. To examine the
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correlation between the shrinkage control effect and the molecular structure, the SFCs
derived from the motor and the water tank were selected. The SFC derived from the
motor has the smallest Mw with relatively lower styrene/fumaric acid (S/F) molar ratio,
whereas the SFC derived from the water tank has the largest Mw with relatively higher
S/F molar ratio. The evaluation results were compared with the results for the SFC
derived from the bathtub#1 and the commercial LPA.
Figures 3-2-9 A shows the correlation between the shrinkage control effect and the
weight-averaged molecular weight (Mw) of the modified SFC after the esterification
with 1-octanol. The Mw represent the entire molecular weight not only for the styrene
skeleton main chain but also for the branch chains of octyl group. The smaller Mw of
the SFC derived from the motor showed the higher shrinkage control effect, whereas the
larger Mw of the SFC derived from the water tank in the recycled LPA showed the
lower shrinkage control effect and almost equivalent to that of the commercial LPA. In
the recycled LPAs, there seems to be a correlation between the shrinkage control effect
and Mw of the modified SFC with the fitted curve indicated by the equation described
in Fig.3-2-9 A. The value of the commercial LPA was not fitted in the fitted curve.
7%
Water tank
6%
5%
Motor
Shrinkage rate

Recycled LPA

Bathtub #1
y = 0.0078ln(x) - 0.0301
R² = 0.955

Commercial LPA

Fitting curve for
recycled LPA
Commercial LPA

4%
3%
2%
1%

LPA: Low profile additive
Mw: Weight-averaged
molecular weight

0%
0

50,000

100,000
150,000
Mw of the modified SFC

200,000

Figures 3-2-9 A The shrinkage control effect and the Mw of the modified SFC
after the esterification.
In the commercial LPA, the straight polystyrene having the Mw of a range from
150,000 to 200,000 is generally used. In general, it is considered that the larger Mw
shows the higher shrinkage control effect. However, the recycled LPA has the opposite
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tendency. The modified SFC derived from the motor showed approximately 17% higher
effect than the commercial LPA although the Mw was only about one sixth of that of the
commercial LPA. It suggests that the mechanism of expression effect was different
between the recycled LPA and the commercial LPA.
Figures 3-2-9 B shows the correlation between the shrinkage control effect and the
Mw of the original SFC before the esterification with 1-octanol. The Mw represents
only the styrene skeleton main chain in the recycled LPA. It also shows that there seems
to be a correlation between the shrinkage control effect and Mw of the original SFC.
The original SFC derived from the motor showed approximately 17% higher effect than
the commercial LPA although the Mw was only about one ninth of that of the
commercial LPA.
7%
Water tank

6%

Commercial LPA

y = 0.0057ln(x) - 0.0058
R² = 0.9336

5%
Motor
Shrinkage rate

Recycled LPA

Bathtub #1

Fitting curve for
recycled LPA
Commercial LPA

4%

3%
2%
1%

LPA: Low profile additive
Mw: Weight-averaged
molecular weight

0%
0

Fig. 3-2-9 B

50,000

100,000
150,000
Mw of the original SFC

200,000

Shrinkage control effect of the original SFC derived from various FRPs
before esterification.

Figures 3-2-10 shows the correlation between the shrinkage control effect of the
recycled LPA and the styrene/fumaric acid (S/F) molar ratio of the original SFC. It
showed the highly linear correlation. The lower S/F molar ratio indicates more branch
chains of otcyl group. The SFC esterified with 1-octanol showed the higher shrinkage
control effect than the SFC esterified with 1-butanol and with 2-ethyl-1-hexanol. It
suggests that the branch chain highly affects the shrinkage control effect. More branch
chains and longer alkyl chains are assumed to contribute the higher shrinkage control
effect.
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y = 0.0063x + 0.0384
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Fig. 3-2-10

0.5

1
1.5
2
2.5
Styrene/Fumaric acid (S/F) molar ratio

3

3.5

Shrinkage control effect and S/F molar ratio of the original SFC derived
from various FRPs

As mentioned above, the molecular structure of the recycled LPA highly affects the
shrinkage control effect. The mechanism of expression function is assumed different
from the commercial LPA. It propose new concept for the LPA. In Fig. 3-2-8, the
number of voids of the recycled LPA was observed more than that of the commercial
LPA. The size of each void of the recycled LPA was smaller than that of the commercial
LPA. The smaller Mw is considered to promote the recycled LPA disperse easily and
uniformly. The higher dispersion should realize the many smaller agglomerations. The
smaller molecular size also contributes to the smaller agglomeration. The size of void
produced by the smaller agglomeration must be small. The many smaller voids increase
surface area of the interface. The stress per unit surface area should be smaller. It should
contribute to provide stronger mechanical strength.
It should be noted that there was no intention to generate the shrinkage control
effect in the styrene chain of the thermosetting polyester resin. However, the SFC
showed such a superior shrinkage control effect to that of the commercial LPA. This
new concept and information obtained can be applied to develop a new LPA which has
much superior performance to the best recycled LPA. The new LPA based on this new
concept should have a potential to create innovative FRP which has much stronger
mechanical strengths. It enables to reduce the material quantity and weight. The light
weight can contribute the fuel consumption if it is used in vehicle.
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3.2.4. Conclusions
In evaluation of SFC esterified with alcohol, 1-octanol showed the best shrinkage
control performance and selected as esterification agent for SFC.
SFC separation and modification processes using 1-octanol was established. Almost
100% of the SFC was extracted from reaction liquid to 1-octanol with extremely less
water than conventional method. The SFC extracted was esterified with 1- octanol
with H2SO4 as catalyst at 175°C for 17 hours to produce the modified SFC with almost
100% conversion. The recycled LPA was produced by styrene addition to the modified
SFC.
The recycled LPA showed higher solubility to UP resin than commercial LPA and
high performance commercial LPA. The recycled LPA was used to produce FRP sample
board and then evaluated with a commercial LPA. The recycled LPA showed about 69%
higher shrinkage control performance per unit weight than that of the commercial LPA.
Other product quality items were also equivalent to the commercial LPA. Hence, it was
concluded that the SFC was successfully verified the possibility of applying to the LPA.
It suggests the possibility of from 5 to 10 times “enhanced recycling.” In cross section
observation,
FRP sample board using recycled LPA showed many fine voids
uniformly dispersed base on higher solubility to UP resin. It is expected to have stronger
mechanical strength and better surface appearance and smoothness.
The recycled LPA using the modified SFC derived from motors and water tank were
also evaluated with modified SFC derived from bathtub. The recycled LPA using the
modified SFC derived from motors showed the best shrinkage control performance. The
correlation between the shrinkage control effect and the molecular size was also
examined. The longer alkyl chain, the smaller Mw, and the lower S/F molar ratio
showed the higher shrinkage control effect. Based on the results, new concept of the
LPA was proposed. It is expected that the superior LPA creates the innovative FRP
which has much stronger mechanical strengths.
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3.3 Aqueous agent
3.3.1 Introduction
Figures 3-3-1 shows a concept of recycling thermosetting polyester resin using
subcritical water with NaOH. After the reaction, SFC is dissolved in the reaction liquid
as sodium salt (SFC-Na). SFC-Na has practically the same molecular structure as alkali
salt of styrene-maleic anhydride (SMA) which is widely used in various aqueous agents,
such as dispersing agent, surface sizing agent, detergent agent, chelating agent,
emulsifying agent, and so on [2, 3]. Therefore, the alkali salt of SFC should have a
highly potential for applying to such applications.
Unsaturated polyester (UP)

o

o

o

o

o

o

o
o

o

o

o

Resin raw materials

H2O
O

o

O

HO

O

HO

OH
O

O

Polymeri- Maleic anhydride
zation

O

OH

Glycol

High performance additives

Styrene

O
H

Na+ -O

O- Na+ HO

After reaction

OH
O
H

Na+ -O

Na+ -O

O- Na+

O- Na+

O

O- Na+ HO

O

O
O

o

Na+ -O

Subcritical
water
hydrolysis
230℃,2.8MPa, 4 h

O- Na+ HO

O

o

o

o

o

o
o
o

o
o

o

o

Thermo-setting polyester resin

OH Na+ -O

O

o

o

o

o

o

O

o

o

O

o

o

O

o

o

HO

O

o

o

Na+ -O

Na+

O

o

o

o

O-

O

o

o

H2O
NaOH

Sodium salt of SFC
(SFC-Na)

emulsion
polymerization,
overprint varnish,
textile/leather treatment,
carpet cleaners,
polymer modification,
adhesives, inks

Fig. 3-3-1 Recycling thermosetting polyester resin using subcritical water with NaOH
The dispersing agent is widely needed to increase dispersibility for hydrophilic
powder and hydrophobic powder. Kaolin, TiO2, and CaCO3 were selected as
hydrophilic powders. Phthalocyanine blue, pigment used widely, was selected as
hydrophobic powder. The reaction product liquid containing sodium salt of the SFC
(SFC-Na) was evaluated with commercial dispersing agent.
The detergent builder is widely used with detergent to prevent the performance loss
of detergent caused by calcium (Ca) ion and pH change. Ca ion trapping ability and
alkali buffering capacity are required for the detergent builder. They were evaluated for
the reaction product liquid and commercial detergent builder. In those applications, the
strong merit is to use the reaction product liquid directly with no additional process.
The surface sizing agent is used for papers to prevent bleeding of aqueous ink. The
surface sizing agent should have hydrophilic region which contributes to be dispersed
on paper surface uniformly and hydrophobic region which contributes to provide
hydrophobicity to paper surface to prevent aqueous ink bleeding. Ammonium salt of
SFC (SFC-NH4) was evaluated with commercial surface sizing agent.
Evaluation results of alkali salt solution of SFC were compared with commercial
aqueous agent to be verified the possibility of SFC applying to those applications.
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3.3.2. Materials and methods
3.3.2.1 Dispersing agent
The target powders were kaolin, titanium oxide (TiO2) and CaCO3 as Hydrophilic
inorganic pigment, and phthalocyanine blue as hydrophobic organic pigment. Pictures
and molecular structure of phthalocyanine blue were described in Fig. 3-3-2. To verify
the possibility of SFC-Na applying to Dispersing agent, dispersing agent was dissolved
in water with 4wt% concentration to produce dispersing agent solution.
White : Hydrogen (H)

Light blue : Carbon (C)
Purple : Nitrogen (N)
Cu

Navy blue : Copper (Cu)

Fig 3-3-2 Phthalocyanine blue
To verify the possibility of SFC-Na applying to dispersing agent, dispersing agent
was dissolved in water with 4 wt% concentration to produce dispersing agent solution.
In the case of reaction liquid, the SFC-Na in the reaction liquid was defined as
dispersing agent. A target powder was mixed with the dispersing agent solution. Target
powder: the dispersing agent solution was 1:10. They were stirred for 1 min. at 15,000
rpm by homogenizer (HG-200, AS ONE Corporation). After stirring, the liquid
containing the powder was filtered by 0.2 μm mesh membrane filter to remove
excessive dispersing agent solution. The filtered powder was dried at 105°C for 1 hour.
The dried powder, untreated powder, and dispersing agent solid after drying the
dispersing agent solution were evaluated by heat analysis to quantify how much the
dispersing agent adsorbed on the powder by calculation based on the weight loss curve
of the TG-DTA.
In evaluation of dispersibility, each dispersing agent solution sample with targeting
powder after stirring was filtered by different membrane filters designed to filter the
powder over 0.45 μm and 1.2 μm. The powder weight filtered by each membrane filter
was measured. They were substituted from initial powder weight to obtain the powder
weight passed through 0.45μm membrane filter. More powder weight passed through
the membrane filter indicates higher dispersibility. Syringe filter, minisart (Sartrius
stedim) was used as membrane filters. Targeting powders were kaolin, TiO2, and CaCO3
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as hydrophilic inorganic pigment, and phthalocyanine blue as hydrophobic organic
pigment. At first, 0.1 g of powder and 10g of the dispersing agent solution sample with
the dispersing agent concentration of 0.5 wt% were put in the 30cc test bottle. Total
weight of the dispersing agent was considered to be 0.05 g. They were stirred for 3
minutes by homogenizer with 15,000 rpm. Water was added to them until total weight
reached 20 g. After stirring, they were stayed for 5 minutes and then were filtered by
membrane filter. Firstly, they were filtered with 1.2 μm membrane filter. The dispersing
agent solution sample containing the target powder passed through 1.2 μm membrane
filter was stirred again and then filtered with 1.2μm membrane filter.
3.3.2.2 Detergent builder
As detergent builder, calcium (Ca) ion trapping ability and alkali buffering capacity
were evaluated. For evaluation of Ca ion trapping ability, 50 mL of aqueous solutions
which have 0.05 % of solid content of detergent builder and pure water were prepared at
the beginning. In the case of reaction product liquid, SFC-Na content was defined as
solid content of detergent builder. Secondary, 0.25 mL of aqueous solution of
n-alkyl-benzene sulfonic acid with concentration of 10% was added to them. NaOH or
HCl with concentration of 0.1 mol/L was added to them to control pH level to achieve
to produce a sample solution. Then calcium acetate solution had been dropped to the
sample solution with stirring until they became white. Concentration of calcium acetate
was 1% based on calcium acetate monohydrate. The total volume of calcium acetate
solution was measured as titer. Ca ion trapping ability is defined as equation 3-3-1.

Q= M vm
w

(3-3-1)

Q : Ca ion trapping ability (CaCO3 mg/g)
M : Molar mass of CaCO3
v : total volume of titer (mL)
m : mol of Ca ion per unit volume of titer
w : total weight of detergent builder (g)
For evaluation of alkali buffering capacity, 50 mL of the above detergent builder
solutions which have 2% of solid content and pure water were prepared. Secondary,
NaOH or HCl of 0.1 mol/L was added to control pH level to achieve pH 10. Then 0.1
mol/L of HCl had been dropped to the solution with stirring until they reached pH 8.
The titer was defined as alkali buffering capacity (mL)
3.3.2.3 Surface sizing agent
To verify the possibility of SFC-NH4 applying to surface sizing agent, the
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commercial SA#1 containing styrene skeleton as hydrophobic region as same as the
SFC was used. Styrene amount dispersed on the paper surface per unit area is
considered to affect water repellency effect. Adsorbed weight of sizing agent per unit
area (i) was multiplied with number of moles per unit weight of sizing agent obtained
by NMR analysis (ii) to calculate number of moles per unit area (iii).
Ferrous chloride solution

Thiocyanate（After reaction）

Paper filter
penetrated
with sample

Ammonium thiocyanate solution

Fig. 3-3-3

Stőckigt sizing method

Surface sizing effect was evaluated based on Stőckigt method (JIS P8812) described
in Fig.3-3-3. A given amount of surface sizing agent solution sample was penetrated in
paper filter and they were dried. The dried paper filter was put on the surface of
ammonium thiocyanate solution. Ferrous chloride solution was dropped and then
reacted with ammonium thiocyanate solution to be converted to thiocyanate with color
changing to red. The transient time of changing color to red was measured as Stőckigt
sizing degree and compared with commercial SD#1. Longer transient time indicates
higher surface sizing effect base on water repellency.
3.3.3. Results and discussion
3.3.3.1 SFC and commercial aqueous agents
Table 3-3-1 shows molecular formula and Mw in terms of polyethylene glycol of
commercial dispersing agent (DA) and reaction product liquid. Polyacrylic sodium salt
which has 5,000 of Mw was selected as commercial DA #1 targeting for hydrophilic
powders. Styrene-sodium malate-methyl methacrylate copolymer was selected as
commercial DA #2 targeting for hydrophobic powders. It also has styrene skeleton
which is seemed to be effective for poising the surface of hydrophobic powder. Reaction
product liquid contains sodium salt of SFC-Na and glycol, fumaric acid and other
organic acids derived from degradation of fumaric acid. Mw of SFC-Na was 80,000 in
terms of polyethylene glycol and was the largest among samples.
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Table 3-3-1 Commercial dispersing agent (DA) , reaction product liquid
Commercial DA #2

Commercial DA #1

Sample

Polyacrylic sodium salt

Material

Molecular
formula

CH

Mw*

CH
C O
ONa

2

Styrene-sodium malate-methyl
methacrylate copolymer

CH CH
2

l

n

Reaction product liquid (PL)

CH CH
O C C O
ONaONa

m

CH3
CH C
2
C O
OCH3

Sodium salt of SFC
(with glycol, fumaric acid, etc.)
CH CH2

n

10,000

5,000

CH CH
O C C O
ONaONa
2.2

n

80,000

Table 3-3-2 shows molecular formula and Mw of commercial detergent builder (DB),
commercial surface sizing agent (SA), and SFC-NH4. Polyacrylic sodium salt which
has 22,000 of Mw was selected as commercial DB#1 Styrene-ammonium acrylate
copolymer was selected as commercial SA#1. It has both hydrophilic region of
ammonium acrylate and strong hydrophobic region of styrene skeleton.
Table 3-3-2

Sample
Material

Molecular
formula

Mw*

Commercial detergent builder(DB) and surface sizing agent (SA),
SFC-NH4
Commercial DB #1
Polyacrylic sodium salt

CH

2

CH
C O
ONa

22,000

Commercial SA #1
Styrene-ammonium
acrylate copolymer
CH CH
2

n

SFC-NH4

Ammonium salt of SFC

CH CH2
O C
2～3

ONH4

CH CH2

n

40,000

CH CH
O C
C O
ONH4 ONH4
2.2

n

80,000

Mw*:Weight averaged molecular weight (in terms of polyethylene glycol)

3.3.3.2 Dispersing agent
Molecular formula of sodium salt of the SFC (SFC-Na) is described in Scheme
3-3-1. SFC-Na has styrene skeleton as a hydrophobic region and sodium carboxylate as
a hydrophilic region. Figure 3-3-4 shows hypothetic mechanism of SFC-Na as
dispersing agent. Powders tend to be agglomerated each other by intermolecular force.
Surface of powder is charged positive. Carbonyl ion of SFC-Na is negatively charged
and is attached to positive charge powder surface. Powder surface is covered by
SFC-Na which has negative charge. Electrostatic repulsion is developed between each
negatively charged powder. The electrostatic repulsion is expected to prevent
agglomeration and to increase dispersibility. Steric hindrance caused by SFC-Na is also
expected to prevent agglomeration.
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Fig. 3-3-4 Hypothetic mechanism of SFC-Na as dispersing agent
Figure 3-3-5 shows hypothesis for mechanism of SFC-Na as dispersing agent for
hydrophobic powder. Hydrophobic powder cannot be dispersed in water since
hydrophobic surface has no affinity to water molecule. Hydrophobic materials tend to
be agglomerated each other since water molecule cannot access the surface. Dispersing
agent should have hydrophobic region and a hydrophilic region. Hydrophobic region of
SFC-Na is poised on the surface of hydrophobic powder. Hydrophilic region of SFC-Na
is expected to provide water solubility acting like cilium.
H2O

H2O

H2O

H2O H2O
H2O
H2O H2O H2O H2O
H2O
H2O
H2ONaOOC
COONa H2O

H2O H2O

Water repellency

Hydrophobic
powder

Hydrophobic
powder

Fig. 3-3-5

Hypothesis for mechanism of SFC-Na as dispersing agent for
hydrophobic powder

Table 3-3-3 shows evaluation results of dispersing agent adsorption on each powder.
As described in Figs.3-3-4 and 3-3-5, the dispersing agent is required to adsorb the
powder surface to express dispersing effect. The adsorbed amount of SFC in reaction
product liquid was more than that of both commercial DA#1 and DA#2. Therefore, the
reaction product liquid is expected to have a dispersing effect for both powders.
Table 3-3-3

Dispersing agent (DA) adsorption on each powder

Powder
Kaolin (hydrophiliic pigment)
CaCO3 (hydrophiliic pigment)

Phthalocyanine blue (hydrophobic pigment)

Reaction liquid
8.1
5.1
11.1
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Commercial DA #1
2.5
3.1
-

(mg/g)

Commercial DA #2
7.5

Filtering test result for kaolin, TiO2, CaCO3, and phthalocyanine blue were described
in Figs 3-3-6 (a), (b), (c), and (d), respectively. In case of all targeting powder, particle
size of most of powder without the dispersing agent was over 1.2μm. If the dispersing
agent is effective, the weight of particle size over 1.2μm should be decreased. Total
weight of the dispersing agent was 0.05g. Most of them were considered to have
particle size less than 0.45μm.
In filtering test result for kaolin described in Fig. 3-3-6 (a), the reaction product
liquid almost didn’t show a dispersing effect for kaolin even weight of particle size
range between 0.45μm and 1.2μm was slightly increased. Commercial DA#1 showed a
slight dispersing effect.
In filtering test result for TiO2 described in Fig. 3-3-6 (b), the reaction product liquid
showed a slight dispersing effect. However, the dispersing effect of commercial DA#1
was larger than reaction liquid.
In filtering test result for CaCO3 described in Fig. 3-3-6 (c), reaction product liquid
showed a slight dispersing effect. Commercial DA#1 almost didn’t show a dispersing
effect. It was concluded that the dispersing effect of the reaction product liquid for
hydrophilic powders were small.
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Fig. 3-3-6 (a)
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Filtering test result (Kaolin)
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Fig. 3-3-6 (b) Filtering test result (TiO2)
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CaCO3
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The dispersing effect mechanism by SFC-Na for hydrophilic powders is considered
electrostatic repulsion and steric hindrance. Amount of carbonyl ion per unit weight of
SFC-Na is less than that of commercial DA#1. It is assumed insufficient although its
adsorption amount was more than commercial DA#1. Mw is also suggested to be
important factor for uniform distribution on powder surface. Mw of SFC-Na is assumed
to be too large to be distributed uniformly to create the dispersing effect.
Figure 3-3-6 (d) shows filtering test result of phthalocyanine blue. It was obvious
that the weight of particle size over 1.2μm was decreased by reaction liquid to indicate
the dispersing effect. The weight of particle size over 1.2μm of commercial DA#2 was
also decreased. However, the weight of particle size less than 0.45μm of the reaction
product liquid was much more than that of commercial DA#2. The reaction product
liquid has the powder finer than commercial DA#2. Styrene skeleton of the SFC-Na
seemed to have sufficient affinity with styrene skeleton of the phthalocyanine blue.
Dicarboxylic sodium salt of the SFC-Na seemed to provide the powder with
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dispersibility on water. Commercial DA#2 also has styrene skeleton and dicarboxylic
sodium salt. However, their ratio is unknown. It is suggested that the ratio of
hydrophobic region and hydrophilic region affected to dispersing effect. Mw might be
also another factor for dispersing effect.
The reaction product liquid successfully demonstrated the superior dispersing effect
for phthalocyanine blue to commercial SD#2. It was concluded that the reaction product
liquid was verified the possibility for applying to the dispersing agent for hydrophobic
powders.
3.3.3.3 Detergent builder
Figure 3-3-7 shows hypothesis for mechanism of SFC-Na trapping Ca ion as
dispersing agent. Dicarboxyl sodium salt is expected to trap Ca2+ effectively.

COO-

COONa
COONa

Ca

COO
Ca

+
Na

2+

+
Na

Fig.3-3-7 Hypothesis for mechanism of SFC-Na for trapping calcium (Ca) ion
Figure 3-3-8 shows the evaluation result of Ca ion trapping ability. The reaction
product liquid showed higher Ca ion trapping ability than pure water with no detergent
builder. Carbonyl ion of SFC-Na seemed to trap Ca2+ effectively. Commercial DB#1
showed higher performance than the reaction product liquid. The commercial DB#1 has
the higher molar ratio of carbonyl ion per unit weight than SFC-Na. It is assumed to
affect the higher Ca ion trapping ability.
Ca ion trapping ability (CaCO3 mg/g)

Ca ion trapping ability
900

800
700

600
500
400

300
200

100
0

None

Commercial DB#1
The reaction PL
DB:Detergent builder, PL:product liquid

Fig.3-3-8 Evaluation result of Ca ion trapping ability
Figure 3-3-9 shows the evaluation result of alkali buffering capacity. The reaction
product liquid showed significant performance. Alkali buffering capacity of the reaction
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product liquid was about 6.6 times higher than that of commercial DB#1. In the reaction
product liquid, there were certain amounts of carboxylic acid sodium salt other than the
sodium salt of SFC. Sodium salt of fumaric acid and other carboxylic acid such as
maleic acid, glycolic acid, acetic acid, and so on. It was suggested that they also
contributed to buffer alkali.
The reaction product liquid successfully demonstrated the superior alkali buffering
capacity to commercial DB#1. It also showed Ca ion trapping ability. It was concluded
that the reaction product liquid was verified the possibility for applying to the detergent
builder.

Alkali buffering capacity

Alkali buffering capacity (mL)
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9
8

7
6
5
4
3
2
1
0

None

Commercial DB#1
The reaction PL
DB:Detergent builder, PL:product liquid

Fig.3-3-9 Evaluation result of alkali buffering capacity
3.3.3.4 Surface sizing agent
In the case of surface sizing agent, ammonia was used as alkali of SFC instead of Na.
Figure 3-3-10 shows hypothetic mechanism of SFC-NH4 as surface sizing agent. Paper
surface is hydrophilic due to OH group of cellulose. Firstly, SFC-NH4 is dispersed
uniformly on paper surface due to its hydrophilic ammonium carboxylate. After
dispersion, ammonia is vaporized to produce carboxyl acid which is less hydrophilic
than ammonium carboxylate then SFC is fixed on paper surface. Hydrophobic region of
the SFC is expected to provide water repellency.
H2O H2O

H2O H2O H2O H2O H2O
Water repellency

NH3

COONH4
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COONH4 COONH4
OH
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Fig. 3-3-10
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Hypothetic mechanism of SFC-NH4 as surface sizing agent
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COOH
OH

Table 3-3-4

Surface sizing agent (SA) adsorption comparison
Reaction liquid

Commercial SA #1
7.8

(a) Sizing agent adsorption amount per unit area

(×10-4 g/cm2)

10.0

(b) Styrene (mol) per unit weight of sizing agent

（×10 -3 mol/g）

6.4

7.3

(c) Styrene (mol) per unit area ( =(a)×(b) )

（×10 -6 mol/cm2）

6.4

5.7

Table 3-3-4 shows the evaluation result of number of styrene moles per unit area in
paper. Styrene (mol) per unit weight of the reaction liquid was less than that of
commercial SD#1. However, adsorption amount per unit area of the reaction product
liquid was larger than that of commercial SD#1. The difference was assumed to be
caused by the molar ratio of carbonyl ion and styrene. SFC has di-carbonyl ion and
commercial SD#1 has mono-carbonyl ion. The higher molar ratio of carbonyl ion
provides higher hydrophilicity to contribute to increase adsorption amount on paper.
SFC-NH4 totally provided more amount of styrene to paper than commercial SA#1.
Therefore, it was expected to create a surface sizing effect equivalent to commercial
SA#1.
Figure 3-3-11 shows the Stőckigt sizing test result. In the case of no additive,
dropped ferrous chloride solution was immediately reacted with ammonium thiocyanate
solution, thus infiltration time was 0 sec. In the case that the paper filter was penetrated
with the reaction product liquid containing mainly SFC-Na, it showed a slightly sizing
effect due to its styrene skeleton although SFC-Na itself was hydrophilic entirely. In the
case of SFC-NH4, it showed about 20% higher sizing effect than that of commercial
SD#1. It was assumed that larger amount of styrene per unit area of SFC-NH4 than
commercial SD#1 contributed the higher sizing effect.
90
80

Infiltration time (sec)

70
60

50
40
30
20
10
0
None

Reaction product
liquid

Fig. 3-3-11

Commercial
SA#1

SFC-NH4

Stőckigt sizing test result
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The SFC-NH4 successfully demonstrated the superior surface sizing effect than
commercial SD#1. It is concluded that the SFC-NH4 was verified the possibility to be
applied to surface sizing agent. However, in the case of SFC-NH4, paper was slightly
colored by unknown impurities. It has to be improved.
3.3.4. Conclusions
In verification of applying to dispersing agent, the reaction product liquid showed
less dispersing effect than commercial DA#1 for hydrophilic powder such as kaolin,
TiO2, and CaCO3. On the other hand, the reaction product liquid showed superior
dispersing effect to commercial DA#2 for phthalocyanine blue. Styrene skeleton of
SFC-Na is assumed to contribute to increase the dispersing effect. The reaction product
liquid has the possibility for applying to the dispersing agent for hydrophobic powders.
In verification of applying to detergent builder, the reaction product liquid showed
about 6.6 times higher alkali buffering capacity than that of commercial DB#1. It also
showed Ca ion trapping ability. The reaction product liquid has the possibility for
applying to the detergent builder.
In verification of applying to surface sizing agent, SFC-NH4 showed about 20%
higher sizing effect than that of commercial SA#1. SFC-NH4 has possibility to be
applied to surface sizing agent.
It was concluded that SFC alkali salt has a potential to substitute to the commercial
high performance aqueous agents. The SFC is expected to be applied to other
applications widely.
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3.4 Compatibilizing agent for polymer alloy
3.4.1 Introduction
3.4.1.1 SFC applying to reactive compatibilizing agent for polymer alloy
Compatibilizing agent for polymer alloy was selected as a candidate for application
of SFC. Polymer alloy has been attracted attention to improve the resin property. The
property improvement of each polymer is considered to have a limitation. Polymer alloy
is expected to break through the limitations to create innovative polymer and its applied
products [34-37]. Polymer alloy is also considered effective for recycling plastic waste
[34].
In polymer alloy of two incompatibles polymers, compatibilizing agent should be
essential. Figure 3-4-1 shows an example of compatibilizing agent for polymer alloy of
immiscible polymer A and B. Block polymer is described as an example of
compatibilizing agent. When immiscible polymer A and B were mixed, “sea-island”
structure will appear as shown in Fig.3-4-1.

Polymer A (Sea)

Compatibilizing agent

Polymer B
(Island, Domain)

Polymer A (Sea)

20μm

Fig. 3-4-1

Polymer B
(Island, Domain)

Compatibilizing
agent

Example of compatibilizing agent for polymer alloy

“Sea” structure consists of Polymer A and island (domain) structure consists of
polymer B. Domain size represents compatibility. In considering mechanical strength of
polymer alloy, stress adding to the polymer alloy is divided by total surface area of
interface between polymer A and B since the interface should be weak in strength. If the
domain size is not small, total surface area becomes small. Consequently, the
mechanical strength should be low since the stress per unit surface area is high.
Therefore, high compatibility indicating small domain size is required for polymer alloy.
To increase compatibility, compatibilizing agent is essential for polymer alloy.
Compatibilizing agent such as block polymer or graft polymer has two parts which are
compatible with polymer A and B. Each part grasps the polymer respectively to increase
the compatibility described in Fig.3-4-1.
In polymer alloy, reactive processing for immiscible polymers is expected to create
new innovative materials [36-38]. Reactive processing requires reactive compatibilizing
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agent which reacts with polymer during kneading. Figure 3-4-2 shows reactive
processing using reactive compatibilizing agent for polymer alloy of immiscible
polymer A and B. In general, content of reactive compatibilizing agent is less than that
of non-reactive compatibilizing agent. It is usually more effective to compatibilize
immscible polymers due to reaction with one of the polymers. Non-reactive
compatibilizing agent is considered difficult to be dispersed effectively since they tend
to be agglomerated.
Kneading process
B

Reactive
region
Reactive compatibilizing agent

Fig. 3-4-2

Reacted with polymer B

Polymer alloy

Reactive processing for polymer alloy [36]

Reactive region of reactive compatibilizing agent reacts with one polymer to grasp
the polymer. Another region should have the affinity with another polymer. An
anchoring effect is produced by both regions. It contributes to make the domain size
smaller to increase the compatibility during kneading process.
Block polymer or graft polymer which has reactive monomer is generally used as the
reactive compatibilizing agent. Maleic anhydride is applied to the reactive monomer for
graft polymer. Random copolymer is also applied to the reactive compatibilizing agent
although it doesn’t have 2 different parts like block polymer or graft polymer [34, 37].
Styrene-maleic anhydride copolymer (SMA) which has a similar molecular structure to
SFC is most often used as the reactive compatibilizing agent in the random copolymers
such as polymer alloy for nylon and polyphenylwne ether [34]. Maleic anhydride in the
SMA has been widely used in graft reactions for various polymers due to its high
reactivity with various functional groups [38]. The SMA is also applied to polymer
alloy for polystyrene and polyamide 6 [44], acrylonitrile-butadiene-styrene (ABS) and
poly (ethylene terephthalate) (PET) [45], ABS and poly (butylene terephthalate) (PBT)
[46] and PET and polystyrene (PS) [47, 48].
SFC has a similar molecular structure to the SMA including styrene skeleton. Therefore,
it was assumed that SFC also had a potential to be applied to reactive compatibilizing
agent for polymer alloy of polystyrene type resin and polyester type resin. It should
have higher reactivity with PET than SMA since its carboxylic group can easily react
with OH group of polymers. SMA was reported to have low reactivity with PET without
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the presence of catalyst [37]. Therefore, complex dual compatibilizing system of SMA
and other materials were proposed [47, 48]. Tetra-glycidyl ether of diphenyl diamino
methane (TGDDM) [47] or poly (methylene (phenylene isocyanate)) (PMPI) [48] was
added to PET and PS with the SMA and it reacts with PET and SMA at the interface to
produce copolymer. It is considered a kind of a block copolymer of SMA and other
compound.
3.4.1.2. PET/SPS polymer alloy for film capacitor
It was reported that new polymer alloy of polyethylene naphthalate (PEN) and
Syndiotactic polystyrene (SPS) improved the voltage resistance and processability for
stretched thin film for film capacitor [40, 41]. Film capacitor is widely used in various
kinds of products such as lighting fixtures, home appliances, and so on. Figure 3-4-3
shows an example of film capacitor. Stretched thin film of thermoplastic and aluminum
(Al) deposited film are laminated. Thickness of the film is approximately sub μm.
Electricity is stored in the gap between Al deposited films.
L
L : Length of film capacitor
D : Diameter of film capacitor
d : thickness of film

D

Film

Al deposited film

d

Fig. 3-4-3 Film capacitor
It has a potential to substitute aluminum (Al) electrostatic capacitor [49]. Al
electrostatic capacitor is much smaller than film capacitor. Therefore, it is widely used
in most of electronics products such as lighting fixtures, home appliances, car
electronics, and so on. However, the biggest disadvantage of Al electrolytic capacitor is
life. Its life is a range from 5 to 7 years, whereas life of film capacitor is approximately
20 years [49]. In addition, life of Al electrolytic capacitor depends on ambient
temperature. If the temperature is 10°C higher than prospected, the life should be a half.
In most of electronics products using Al electrolytic capacitor, the shortest life of
each component or device used in the products is that of Al electrolytic capacitor.
Therefore, the life of the electronics products is subject to the life of Al electrolytic
capacitor. Much longer life of film capacitor enables to provide much longer life to
electronics products which should cause the cost reduction not for only products
replacement, but also for maintenance fee.
Film capacitor was started to be supply to hybrid electric vehicles (HEV) several
years ago instead of Al electrolytic capacitors due to its longer life and superior electric
properties [49, 50]. The mass volume of film capacitor for HEV contributed to reduce
the cost. It caused the increasing of demand for film capacitor to substitute Al
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electrolytic capacitors for many applications such as converter of photovoltaic
generation (PV) systems.
However, the film capacitor size is still larger than Al electrolytic capacitor. Further
size reduction is required to expand applications. The size of film capacitor depends on
electrostatic capacity. The elecrtostatic capacity is described as equation (3-4-1).

C=

ԑS
d

(3-4-1)

where C : Elecrtostatic capacity [F], ԑ : Dielectric constant
S : Surface area of film [m2], d: Thickness of film [m]
Equation (3-4-1) indicates the following points of relationship between each factor
and the surface area (S) which represents the size of the film capacitors if the
electrostatic capacity is set up the constant value.
- Higher dielectric constant (ԑ) requires smaller S
- Smaller thickness of film (d) requires smaller S
Thickness of film highly affects the size of capacitor. If the thickness becomes a half,
surface requires a half for the given electrostatic capacity. In Fig.3-4-3, for simplifying
the size estimation, length of film capacitor (L) should be a half. Diameter of film
capacitor (D) also should be a half since the diameter depends on the film thickness
mainly. Thickness of Al deposited film is negligibly thin. Hence, the size should be
one-fourth generally [49]. It is roughly estimated the size should be proportion to the
square of thickness.

Stretching process
Kneading
process
Producing
thick film
process

Fig 3-4-4

Example of 2 axes stretching machine [51]

However, thickness of film is subjected to voltage resistance and processability for
production process of stretched thin film. Sub μm order of stretched thin film requires
high mechanical strength to prevent tearing during the stretching process. Figure 3-4-4
shows an example of 2 axes stretching machine [51]. Polymer is supplied to this
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machine and then is kneaded to produce thick film. The thick film is stretched to both of
vertical direction and horizontal direction to produce the stretched thin film with sub μm
order. If mechanical strength is in sufficient, the film should be tore up during the
stretching process or manufacturing process of capacitor. Therefore, extremely high
mechanical strength should be required for the polymer.
SPS is a high performance engineering plastic and has higher thermal stability [39].
Molecular structure and thermal property of SPS and other type of polystyrene are
described in Table 3-4-1. Its higher thermal stability is considered to be based on its
unique molecular structure.
Table 3-4-1 Syndiotactic polystyrene [39].
Steric alignment and thermal stability

Atactic

Syndiotactic

Isotactic

Tg=100℃
Tm；－

Tg=100℃
Tm=240℃

Tg=100℃
Tm=240～270℃

SPS

In film capacitor, polypropylene (PP) and polyethylene terephthalate (PET) are
generally used for the thermoplastic resin. Table 3-4-2 shows the comparison of film
capacitors.
Table 3-4-2 Comparison of film capacitors
PP

PET

Dielectric
constant (ԑ)

×

2.2

◎

AC Voltage
Resistance(kV/mm)

◎

200 ~ 400

×

Temperature dependence
of electric property

◎

Independent △

Processability for thin film

×

Thick

Size

×

○

3.2

SPS(neat resin)
△

2.6

PET/SPS
(Assumption)
○

3.0

120 ~ 280

○

(Assumption)

○

Improved by
SPS

Dependent

○

(Assumption)

○

Improved by
SPS

Thinner than
PP

ー

N/A

○

Thinner than PP

ー

N/A

◎

Improved by
SPS

△

PET:SPS=70%:30%

The surface area (S) of PET requires only about two-thirds of PP since dielectric
constant (ԑ) of PET (3.2) is about 1.5 times higher than that of PP (2.2). It indicates that
the size of PET film capacitor requires only about two-thirds of PP film capacitor. PET
can be produced thinner film than PP. The size of capacitor is roughly proportion to the
square of film thickness. It should be remarkable advantage. However, PET has a lower
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limit of thickness since AC voltage resistance is lower than PP. Another disadvantage of
PET is temperature dependence of electric property. Once the temperature increases in
some reason, there is a possibility that a negative cycle starts and then cause thermal
runaway phenomenon at the worst case. PP doesn’t depend on temperature and has a
highly thermal stability. These disadvantages of PET are expected to be improved by
SPS. The same disadvantage of PEN stretched thin film was verified to be improved by
SPS [40, 41]. If PET/SPS polymer alloy film could realize to improve disadvantage of
PET, it was assumed to decrease the film thickness to the minimum size which is
realized in terms of processability. The film capacitor size is roughly proportion to the
square of film thickness. It suggests the possibility to achieve the same size as Al
electrolytic capacitor. It is expected the revolutionary impact for electronic products.
As mentioned above, in exploring the application of SFC, the compatibilizing agent
for polymer alloy of polyethylene terephthalate (PET) and syndiotactic polystyrene
(SPS) was selected to create new innovative film capacitor which has extremely small
size as same as Al electrolytic capacitor.
3.4.1.3 Hypothesis of SFC applying to the reactive compatibilizing agent
Figure 3-4-5 shows PET and SPS after kneading at a temperature of 300°C and a
rotation speed at 35 rpm with no compatibilizing agent. “Sea” area consists of PET and
island (domain) consists of SPS. Averaged diameter of domain was 40.6μm. The
averaged diameter seemed to be too large. The stretched thin film with thickness of sub
μm order requires extremely high compatibility. It is obvious that superior
compatibilizing agent should be needed.

PET(Sea)

SPS
(Island)
20μm

PET
SPS
(syndiotactic
polystyrene)

×
Incompatible

Fig. 3-4-5 SPS and PET (Kneading condition, 300°C, 35rpm)
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Hypothesis of SFC applying to compatibilizing agent for PET/SPS polymer alloy is
described in Fig. 3-4-6. Firstly, carboxylic acid of SFC reacts with OH group at the end
of PET polymer to generate ester bond to be integrated. The SFC integrated with PET
polymer is dispersed on the interface of PET agglomeration. Styrene skeleton of SFC
should be affinitive for SPS agglomeration. Hence, compatibility should be increased.
H20
o

OH

HO

o

o
OH

HO

o

SPS
(syndiotactic
polystyrene)

o
OH

HO

o
o
OH

HO

o

H20

SFC
Styrene
skeleton

o
O

HO

o
o
OH

HO

o

SPS
(syndiotactic
polystyrene)

o
OH

HO

o
o
O
HO

o

SFC

o
O

HO

o
o
OH

HO

o

o
OH

HO

o

o
O
HO

o

Fig. 3-4-6. Hypothesis of SFC applying to compatibilizing agent for PET/SPS polymer alloy

PET/SPS polymer alloy has a potential to improve the PET film capacitor to solve its
disadvantage resulting to create new smeller film capacitor. In future, it is proposed to
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realize same size film capacitor as Al electrolytic capacitor with semi-permanent life. It
suggests that it might provide semi-permanent life to most of electronic products. It is
expected the revolutionary impact for electronic products in world wide
In this study, fundamental verification of the hypothesis which SFC could be applied
to compatibilizing agent for PRT/SPS polymer alloy described above was conducted.
PET, SPS were mixed with SFC or other commercial compatibilizing agent and then
were kneaded by kneading machine to produce PET/SPS polymer alloy. The PET/SPS
polymer alloy using various compatibilizing agents were evaluated the compatibility. To
investigate the mechanism of compatibilizing effect and to improve the hypothesis,
thermal stability analyses of SFC and SFC esterified with 1-octanol were conducted. To
identify the molecular structure of compatibilizing agents in PET/SPS polymer alloy
after kneading process, separation process was examined and then the solid obtained
was analyzed by FT-IR and Diffusion Ordered Spectroscopy (DOSY) NMR.
3.4.2 Materials and methods
PET (SK Chemical: Skypet-BB8055) and SPS (Idemitsu Kosan Co., Ltd.; Xarec,
S105) were used to produce polymer alloy sample. Content ratio of PET, SPS, and
compaibilizing agent were 69wt%, 30wt%, and 1wt%, respectively. In the case of no
compaibilizing agent, Content ratio of PET and SPS were 70wt%, 30wt%, respectively.
Figure 3-4-7 shows kneading experiment to produce polymer alloy. Two-axes kneading
machine (Imoto Machinery Co., Ltd.; IMC-168D) was used. Kneading condition was at
a temperature of 300°C with rotation speed was 35 rpm.
SPS pellet

PET pellet

69％

Compatibilizing agent

30％

1％

Mixing
Kneading Condition：300℃、35rpm

Two axis kneading machine

Thick film withdrawing from dye

Test film

Cross section
observation
Domain size
measurement

Fig. 3-4-7

Kneading experiment of polymer alloy
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Test film was cut and cross section was observed by laser microscope
(Keyence;VK-9510) and software (Keyence;VK-viewer). Domain size in graphic data
obtained was measured by Mac-View (Mountech Co., Ltd.)
Various products of SMA (Kawahara Petrochemical Co., Ltd.) were tested with SFC
for comparison. Commercial compatibilizing agent described in [40], Epocros
(Oxazolyn type polystyrene, Nippon Shokubai Co., Ltd.; RPS-1005) [52] and styrene
-acrylic acid copolymer (Seiko PMC Corporation; RS-1192), were also tested. They are
defined as the best compatibilizing agents for PEN/SPS polymer alloy [40]. Epocros is a
graft polymer which has polystyrene skeleton with oxazolyn group. It has a
compatibility with polystyrene and PPE. Its oxazolyn group can reacts with PET, PBT,
PPS, PC [53]. Detail molecular structure is confidential. RS1192 is styrene-acrylic acid
copolymer which has Mw of 11,800 and styrene/acid molar ratio is 0.84. It should be
equivalent to 1.68 as S/F molar ration since acrylic acid is mono carboxylic acid.
In thermal stability analyses, TG-DTA, TG at constant temperature, Thermogravity
Mass Spectrometry (TG-MS), Trap GC/MS were conducted. TG-DTA and TG at
constant temperature were analyzed by SII Nano Technology Inc., TG/TDA6300.
TG-MS was analyzed by Shimadzu Corporation, TG-40 type GC/MS QP2010. Trap
GC/MS was analyzed by Shimadzu Corporation, GC/MS QP5050A.
SFC and styrene acrylic acid copolymer were extracted from polymer alloy after
kneading process and analyzed. Figure 3-4-8 shows a separation process flow in the
case of SFC after kneading process. It was extremely difficult to extract the
compatibilizing agent which has a similar structure of both polymers at content ratio of
only 1wt%. Firstly, PET/SPS polymer alloy sample using SFC was frost shuttered.
Secondly, 8 g of Potassium hydrate (KOH) and 100mL of pure water were added to the
polymer alloy sample powder and then stirred at a temperature of 100°C for 16 hours.
PET was hydrolyzed to ethylene glycol (EG) and potassium terephthalate (TPA-K).
SFC should become potassium salt (SFC-K). They were dissolved into water since they
were water soluble. SPS was not hydrolyzed and remained as solid. It was filtered to be
separated from the solution containing EG, TPA-K, and SFC-K.
Next, 200mL of hydrochloric acid solution at a concentration of 0.2mol/L was added
to the filtrate and the stirred. TPA-K and SFC-K were acidified to terephthalic acid
(TPA) and SFC, respectively and then precipitated. They were filtered to be separated
from the solution. After filtering TPA and SFC, 30mL of glacial acetic acid was added to
theme to separate TPA and SFC. SFC could be dissolved in glacial acetic acid, whereas
TPA could not be dissolved. TPA was filtered as solid to be separate from glacial acetic
acid solution containing SFC. The glacial acetic acid solution was vacuum evaporated
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to vaporize acetic acid and then the precipitated sample was obtained.
The precipitated sample obtained was analyzed by FT-IR to clarify to have carboxylic
acid and styrene skeleton. After FT-IR analysis, Diffusion Ordered Spectroscopy
(DOSY) 13C NMR (13C DOSY analysis) was conducted to identify that the carboxylic
acid and the styrene skeleton existed in same one molecule to verify that it was SFC
originally. In identification of each compound among mixture sample, DOSY method
enables to obtain 13C NMR spectrums of each compound without separation them from
mixture sample due to the difference diffusion rate in the solution based on the size of
molecule. It has been applied to analyze various complex mixtures as a powerful tool
[53-56].
Firstly of pre-treatment for 13C DOSY analysis, 10 mL of methanol was added to the
precipitated sample to dissolve it. Secondly, 2 mL of hexane solution containing
trimethylamine diazomethane at a concentration of 10% was added to the methanol
solution. Then, the methanol solution became cloudy with generating nitrogen gas and
SFC esterified with methanol was precipitated. The solution was naturally evaporated at
room temperature for 12 hours. Finally, 0.5 mL of deuterated chloroform was added to
the evaporated sample to prepare a sample solution for DOSY analysis.
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PET
SPS
SFC

Sample 20 g

EG : Ethylene glycol
TPA : Terephthalic acid
TPA-K : Potassium terephthalate
SFC : Styrene-fumaric acid copolymer
SFC-K : SFC potassium salt

Frost shutterring
KOH 8 g
Pure water 100 mL
Hydrolysis (100℃, 16 hours)

EG
TPA-K
SFC-K
Water

Filetering
SPS
Solid

Filtrate

0.2mol/L HCl 200 mL
Filetering

TPA
SFC

EG and Water
Solid

Filtrate
Glacial acetic acid 30 mL

Filetering
SFC

TPA
Solid

Filtrate
Vacuum evaporating
Acetic acid
Sample（FT-IR analysis）
Methanol 10 mL
Trimethylamine diazomethane
/10% Hexane solution 2 mL
Natural evaporation
(Room temperature, 12 hours)
Methanol
Deuterated chloroform 0.5 mL
Sample（13C-DOSY analysis）

Fig. 3-4-8

Process flow of extracting compatibilizing agent (In case of SFC)
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3.4.3 Results and discussion
Tables 3-4-3A and 3-4-3B show kneading experimental results of PET/SPS
polymer alloy using various compatibilizing agents. Kneading condition was at a
temperature of 300°C. The graphic data was cross section observation of test film.
Scale factor is 1,000 times. Their order is based on averaged diameter (μm).
Table 3-4-3 A Kneading experimental results of PET/SPS polymer alloy

Sample

Mw

S/F
molar
ratio

Averaged
diameter
[um]

SFC
（Dicarboxylic acid
type）

30,000

2.2

8.6

SMA 3000P
（Anhydride type）

9,500

3.0

17.8

SMA 2625P
（Half-ester type）

9,000

2.0

18.7

RS1192
（Styrene-acrylic acid
copolymer）

11,800

0.84

19.8

SMA 2000I
（Imide type）

4,000

2.0

20.0

SMA 17352P
（Half-ester type）

7,000

1.0

20.8

SMA 2000P
（Anhydride type）

7,500

2.0

21.3

EF-30
（Anhydride type）

9,500

3.0

25.6
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×1,000

Table 3-4-3 B Kneading experimental results of PET/SPS polymer alloy

Sample

Mw

S/F
molar
ratio

Averaged
diameter
[um]

1440
（Half-ester type）

7,000

1.0

31.4

3840F
（Half-ester type）

10,500

4.0

37.0

－

－

40.6

EF-40
（Anhydride type）

11,000

4.0

41.3

SMA-1000P
（Anhydride type）

5,000

1.0

48.3

EF-60
（Anhydride type）

11,500

6.0

63.4

－

－

70.6

14,000

8.0

80.3

None

RPS-1005
Epocross
Oxazolyn type
Polystyrene
EF-80
（Anhydride type）

×1,000

In graphic data, domain (island) was SPS and “sea” was PET. SFC showed the best
performance for compatibilizing PET and SPS with averaged domain size of 8.6μm.
The second best was SMA3000P with 17.8μm which was twice as SFC. SMA has a
similar molecular structure to SFC. One reason was assumed the different of reactivity
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of dicarboxylic acid type and anhydride type. SFC, dicarboxylic acid type, should have
higher reactivity. Another reason was assumed that Mw of SMAs was a range from
4,000 to 14,000. As described in Fig.3-4-1, a certain length of molecules represented by
Mw might be needed to grasp each polymer to create compatibilizing effect. Mw of
SFC was 30,000. Mw of SMAs was assumed to be too small.
Epocross (Oxazolyn type polystyrene) was not effective and showed larger
averaged diameter than no compatibilizing agent (None) although it was described as
effective compatibilizing agent for PEN/SPS polymer alloy in patent [32].
Relationship between averaged diameter and Mw or S/F molar ratio of
compatibilizing agents were examined. Fig.3-4-9 shows the relationship between
averaged diameter and Mw. No compatibilizing agent (None) and Epocross (Oxazolyn
type polystyrene) was plot at Mw=0. Molecular structure of Epocross was unknown due
to confidentiality. In Mw at a range less than 14,000, it seemed to have a tendency that
averaged diameter increase with increasing Mw. However, Mw of SFC was 30,000. It
should not be able to consider as same extension. Styrene-acrylic acid copolymer
showed small averaged diameter even Mw was 11,800.
Averaged diameter and Mw
90

Averaged diameter (μm)

80
Epocross

70
60

SFC

50

SMA

40

SMA Half ester

30

SMA Imide
Others

Styrene-acrylic
acid copolymer

20

None

10
0
0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

Weight averaged molecular weight (Mw)

Fig.3-4-9 The relationship between averaged diameter and Mw
Fig.3-4-10 shows the relationship between averaged diameter and Styrene/Acid
(S/A) molar ratio. No compatibilizing agent (None) and Epocross (Oxazolyn type
polystyrene) was plot at S/A molar ratio=0. In S/A molar ratio is over 2.9, averaged
diameter became larger with increasing S/A molar ratio. At S/A molar ratio is around
1.0, compatibilizing agents have averaged diameter at a range from 20 to 48. SFC has
S/A molar ratio of 2.2. It is seemed to contribute small averaged diameter consisting
with other compatibilizing agents.
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Averaged diameter and S/A molar ratio
90

80
Epocross

Averaged diameter (μm)
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60

SFC
50

SMA

40

SMA Half ester

SMA Imide
30
20
10

Others
None

Styrene-acrylic
acid copolymer

0
0

1

2

3
4
5
6
7
Styrene /Acid (S/A) molar ratio

8

9

Fig.3-4-10 The relationship between averaged diameter and S/A molar ratio
The above evaluation results suggested that Mw and S/A molar ratio affected the
compatibility represented by averaged diameter. To clarify the each independent
effectiveness of Mw and S/A molar ratio, the relationships between averaged diameter
and S/A molar ratio at a similar Mw and Mw at a similar S/A molar ratio were
examined.
Fig.3-4-11shows the relationship between averaged diameter and S/A molar ratio in
Mw at a range from 9,000 to 14,000. Averaged diameter became smaller with
decreasing S/A molar ratio until S/A molar ratio=3.0. In S/A molar ratio was less than
3.0, averaged diameters were same level around 20μm.
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The relationship between averaged diameter and S/A molar ratio.
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Fig.3-4-12 shows the relationship between averaged diameter and Mw in S/A molar
ratio at a range from 0.8 to 1.0. Averaged diameter became smaller with increasing Mw.
S/A molar ratio at a range from 0.8 to 1.0
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The relationship between averaged diameter and Mw

Fig.3-4-13 shows the relationship between averaged diameter and Mw in S/A molar
ratio at a range from 2.0 to 2.2. Averaged diameter also became smaller with increasing
Mw. It seemed that SFC was an extension of tendency of SMAs. In S/A molar ratio was
less than 2.2, averaged diameter became smaller with increasing Mw for dicarboxylic
acid type, anhydride type, half ester type, and imide type.
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Whereas, in S/A molar ratio was over 3.0, the tendency was opposite described in
Fig. 3-4-14. Averaged diameter became larger with increasing Mw.
S/A molar ratio at a range from 3 to 4
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It was assumed that Mw and S/A molar ratio affected to compatibility for PET/SPS
polymer alloy. In S/A molar ratio was less than 2.2, averaged diameter became smaller
with increasing Mw. Mw of 30,000 for SFC seemed to contribute the best performance
of compatibility. In Mw was around 30,000, the effectiveness of S/A molar ratio were
unknown since there was no compatibilizing agent which had same level of Mw.
However, In Mw at a range from 9,000 to 14,000, S/A molar ratio of 2.0 or less seemed
to be effective. Therefore, both of the higher Mw and the lower S/A molar ratio of SFC
were concluded to contribute to generate the compatibilizing effect.
Mechanism of compatibilizing effect for SFC was seemed to be explained by the
hypothesis of dehydration condensation between carboxylic acid of SFC and OH group
at the end of PET described in Fig.3-3-4. However, it was assumed that the hypothesis
should be improved. Unreacted carboxylic acid should be converted to be hydrophobic.
Based on previous literature and the evaluation result of thermal stability test of SFC
and SFC esterified with 1-octanol, the hypothesis was re-considered to explain the
compatibilization mechanism.
M. Swaitala-Zeliazkow conducted the TG-DTA analysis of SMA, styrene-maleic
acid copolymer (SMAC) and styrene-fumaric acid copolymer (SFC) [57 58]. It was
reported that SMA showed thermal stability, but SMAC and SFC were thermally
unstable. Fig.3-4-15 shows TG-DTA result of SMA and SMAC [57]. SMA was stable
up to around 300°C and then decreasing. SMAC, dicarboxylic type, started to decrease
at around 100°C.
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Fig.3-4-15

TG-DTA of SMA and SMAC [57]

Fig. 3-4-16 shows TG-DTA of SFC and SFC esterified with 1-octanol (SFC-C8).
SFC also started to degrade at around 100°C. SFC-C8 was very stable up to around
350°C.
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TG-DTA of SFC and SFC-C8
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500
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Figure 3-4-17 A, B shows TG curve at temperature of SFC and SFC-C8. SFC
decreased with 20% at 180°C. Whereas, SFC-C8 decreased with only 5% at a
temperature range from 140°C to180°C for 3 hours. It suggests that SFC thermal
stability should become higher once esterified.
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Fig. 3-4-17 A TG at constant temperature (SFC)
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Fig. 3-4-17 B TG at constant temperature (SFC-C8)
Fig. 3-4-18 A shows TG-DTA results of SFC. Fig. 3-4-18 B shows TG-MS results
of SFC which indicates various gas generations. Fig. 3-4-18 C shows TG-MS results
which indicate accumulation of gas generated.
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Water started to generated around 150°C and had a peak around 210°C and then
decrease. It suggests that dicarboxylic acid converted to anhydride. CO2 started to
generated around 210°C and had a maximum generation around 280°C. It suggests that
decarbonization of carboxylic acid. Styrene had the first peak around 180°C and then
slightly generated and had the second small peak around 250°C. After 300°C, it
generated explosively. It suggests that demolition of styrene skeleton. C10H14O had the
first peak around 180°C and had the second peak around 250°C. Both peaks of styrene
and C10H14O at 180°C were assumed vaporization of styrene remaining. Both peaks at
250°C were assumed to be derived from the pyrolysis of styrene chain. It should be
supported by the Kubota’s report which indicated the pyrolysis of styrene chain started
around 230°C in glycolysis of thermosetting polyester resin [13, 15].

Fig. 3-4-18 A TG-DTA results of SFC.
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The sample after vacuum evaporation to remove acetic acid in process flow described
in Fig.3-4-8 was analyzed by FT-IR. Fig. 3-4-19 shows the result of FT-IR spectrum for
a sample extracted from PET/SPS polymer alloy using SFC. Peaks which indicated
styrene skeleton and carboxylic group were observed. However, it was not identified
that styrene skeleton and carboxylic group existed in a same molecule. There is a
possibility that both peaks were derived from two different molecules. OH
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Fig. 3-4-19

FT-IR spectrum for a sample extracted from PET/SPS polymer alloy
using SFC

To identify that the sample has the styrene skeleton and the carboxylic acid in one
molecule, 13C DOSY analysis was conducted. This identification indicates the sample
should be the SFC. Fig.3-4-20 shows the spectrum chart of 13C DOSY for the sample
extracted from PET/SPS polymer alloy using SFC. The 13C DOSY spectrums described
in Fig.3-4-20 are separated based on diffusion coefficient. The upper spectrum indicates
the large molecule with low diffusion coefficient, whereas the lower spectrum indicates
the small molecule with high diffusion coefficient. Figure 3-4-21 A shows square of the
peak strength of each diffusion coefficient for ester, benzene circle of styrene, and
chloroform as analyzing agent. Peak of ester indicates carboxylic acid since the
carboxylic acid was esterified with methanol in the pre-treatment described in the
section 3.4.2. Figure 3-4-21 B shows the standardized square of peak strength of each
diffusion coefficient. The square of peak strength of each diffusion coefficient was
divided by the square of peak strength of the fastest diffusion coefficient.
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for the sample extracted from PET/SPS polymer alloy using SFC.

The peak of chloroform became smaller with increasing the diffusion rate and the
size of molecules. On the other hand, the peaks of ester and benzene circle were
constant in all diffusion coefficients. Even in the lowest diffusion coefficients, the
squares of peak strength for ester and benzene circle were almost same level of that in
the fastest diffusion coefficient although that of chloroform the lowest diffusion
coefficientwas only 1.6% on that in the fastest diffusion rate. There is no other organic
compound than the SFC which has the ester in large molecules with the lowest diffusion
rate. Therefore, it was concluded that the sample must be the SFC.
The PET/SPS polymer alloy using styrene-acrylic acid copolymer (RS1192) was also
analyzed in the same procedure as the case for the SFC. Fig.3-4-22 shows the spectrum
chart of 13C DOSY for the sample extracted from PET/SPS polymer alloy using RS1192.
As same as the case for the SFC, the peaks of ester and benzene circle were almost
constant although peak of chloroform decrease with increasing diffusion coefficient.
Figure 3-4-23 A shows square of the peak strength of each diffusion coefficient for
ester, benzene circle, and chloroform. Figure 3-4-23 B shows the standardized square of
peak strength. The results indicated that the sample extracted has ester and benzene
circle. Therefore, it was concluded that the sample must be the RS1192.
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Spectrum chart of 13C DOSY for the sample extracted from PET/SPS
polymer alloy using RS1192.
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Based on the information described as above, the new hypotheses of the SFC which
creates compatibilizing effect for PET/SPS polymer alloy was proposed. Figures 3-4-24
A and B show the first hypothesis. Figure 3-4-24 A shows the first stage of
compatibilizing effect until 200°C. After the dehydration condensation between OH
group at the end of PET polymer and carboxylic acid of SFC, rest of unreacted
carboxylic acid was assumed not to have affinity with SPS. If all of them are react with
PET, PET would surround SFC to prevent SFC accessing to SPS. In such situation,
compatibilizing effect is not expected. Around 150°C, dehydration of dicarboxylic was
assumed to occur. Dicarboxlylic acid should be converted to anhydride. It is assumed to
have stronger hydrophobicity than carboxylic acid. Dehydration of dicarboxylic acid is
assumed to be continued until 200°C. For this period, dehydration condensation
between OH group of PET and carboxylic acid of SFC is also assumed to be continued.
They should be competitively occurred until 200 °C.
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Fig. 3-4-24 A The first hypothesis of compatibilization mechanism of SFC(1st stage)
Fig. 3-4-24 B shows the second stage of compatibilizing effect above at 200°C.
Around 200°C, decarbonizing of carboxylic acid starts to occur. Ester bond between
PET and SFC should be stable. Anhydride also should be stable. Therefore, carbonating
is considered to be occurred only in unreacted carboxylic acid. In this stage, dehydration
condensation between PET and SFC may still occur. The decarbonization should
provide hydrophobicity to the region. Hence, all hydrophilic carboxylic acids of SFC
were disappeared by esterifying with PET or being dehydrated or being decarbonized.
SFC is assumed to grasp PET and to exist at interface of PET. SFC on the interface of
PET should have sufficient affinity with SPS. This is the new hypothesis.
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The kneading experimental results described in Tables 3-4-3A and 3-4-3B suggested

that a certain length of molecules might be needed to grasp each polymer to create
compatibilizing effect as described in Fig.3-4-1. To explain it, the new concept was
introduced to the first hypothesis to propose the second hypothesis. Figs. 3-4-25 A ,B,
and C.
Firstly, carboxylic acid of SFC reacts with OH group at the end of PET polymer to
generate ester bond to be integrated as same as the first hypothesis described in
Fug.3-4-25A.
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Secondly, both sides of carboxylic acids react with PET polymer continuously and
integration is progressed. Upper part (in figure) of SFC is started to be drawn into the
body of PET as described in Fig.3-4-25 B. Once esterified, it should be thermally very
stable.
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Fig. 3-4-25 B The second hypothesis of compatibilization mechanism of SFC (2nd stage)
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n

Lower part (in figure) of SFC is outsid of the body of PET. At a temperature range
from 150°C to 200°C, dicarboxylic acids were converted to anhydrides to be
hydrophobic. Affity with SPS is becoming higher.
Thirdly, all carboxylic acides in the upper part of SFC are esterified with PET. It is
completely drawn into the body of PET and is well-integrated with PET. In lower part
of SFC, decarbonization of rest of carboxylic acid occurs over 200°C. All carboxylic
acids in lower part of SFC were converted to anhydride or were decarbonized and then
converted to be hydrophobic entirely. It penetrates into the body of SPS to grasp it as
described in Fig. 3-4-25 C.
Hence, SFC was assumed to show significant compatibilizing effect for PET and
SPS.In this hypothesis, a certain level of molecular lemgth (Mw) is needed. Shoter
moleculle cannnot grasp the polymer sufficiently. In addition, lower S/A molar ratio
indicates higher molar ratio of carboxylic acid. It should be effective to be integrated
with PET to grasp it.
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Fig. 3-4-25 C The second hypothesis of compatibilization mechanism of SFC (3rd stage)
Figure 3-4-11 showed that averaged diemeter became smaller with decreasing S/A
molar ratio at Mw of a range from 9,000 to 14,000. In Fig. 3-4-12 and Fig.3-4-13, in
S/A molar ratio was less than 2.2, averaged diameter became smaller with increasing
Mw. Based on this 2nd hypothesis, in the case S/A molar ration is low, the
compatibilizing agent should have enough carboxylic acid to be integrated with PET to
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grasp the body of PET for generating compatibilizing effect. For the cpmpatibilizing
agent which have enough carboxylic acid to be integrated with PET, in the case the Mw
is small, it was assumed that the compatibilizing agent shoud not have a sufficient
molecular length outside the body of PET to grasp the body of SPS for generating
compatibilizing effect.
In Fig. 3-4-14, averaged diameter became larger with increasing Mw at S/A molar
ratio at a range from 3 to 4. It was the opposite tendency. The 2nd hypothesis seemed to
be difficult to be applied. The first hypothesis is considered applicable. In this case, the
first step of integration with PET seemed to be rate-limiting reaction due to loewer ratio
of carboxylic acid. The shorter molecules should have an advantage to be dispersed on
interface between PET and SPS.
In the second hypothesis, SFC was assumed to be defined as block polymer. The SFC
as randam copolymer was transformed to block polymer during the kneading process. In
general, block polymer or graft polymer is applied to the reactive compatibilizing agent
since two different parts should be needed to grasp the body of each imcompatible
polymer. SMA, as a random copolymer, is rarely applied to the reactive compatibilizing
agent. However, the application is limited. It is assumed that SMA could not be
transformed to block polymer structure like SFC case since anhydride has highly themal
stability until 300°C. In TG-DTA results of SMA described in Fig.3-4-15 showed
almost no weight loss until 300°C. It indicates that no dehydration or decarbonization
occurred. It is assumed that integration with PET is low due to low reactivity of
anhydride. Therefore, it should be still SMA itself. On the other hand, SFC could be
converted to block polymer structure due to thermal instability and high reactivity of
carboxylic acid.
In addition, during the kneading process, the reactive compatibilizing agent needs to
be dispersed in viscous polymer. It is assumed the rate-controlling step. The block
polymer is originally designed that each part should have sufficient reactivity or affinity
with each polymer, respectively. Therefore, the reactivity of one part should be higher
than averaged reactivity of SFC. However, reactivity and dispersion is conflicted each
other. At the beginning of kneading process, the bulk of the reactive compatibilizing
agent is mixed with two incompatible polymers. It is not reasonable to consider the
three polymers could be mixed simultaneously and uniformly. The mixing should be
applied to two polymers initially. At that time, one part of the reactive compatibilizing
agent easily reacts with one polymer and then most of the reactive compatibilizing agent
should be trapped by the polymer. After the trapping, it should be hard for the reactive
compatibilizing agent to be dispersed to have a chance to react with another polymer. If
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the affinity or the integration is too high, the agent bulk should be drawn to the bulk of
one polymer.
On the other hand, reactivity or affinity of a certain part of SFC is lower than that of
block polymer. In another words, SFC doesn’t have sufficient reactivity or affinity for
both polymers. Therefore, both polymers reject SFC and then SFC tends to be existed
interface between two polymers. SFC gradually reacts with PET and then trapped
continuously. Rest of them could be dispersed in interface between two polymers since
affinity with SPS is still insufficient. After all SFC is dispersed uniformly, not integrated
part is transformed to high affinity part for SPS by hydration and decarbonization. In
terms of initial dispersion, SFC is assumed to have advantage over block polymer or
graft polymer.
It suggestes that these results propose a concept of the reactive compatibilizing agent
using random copolymer transforming to block polymer during kneading process.
Random copolymer applying to the reactive compatibilizing agent is reported only SMA
[33]. SMA could not be transformed to block polymer. Other random copolymers have
not been studied intensively. If the random copolymer has functional group which has
highly reactivity and thermal instability like SFC, it should have the possibility applying
to this concept reactive compatibilizing agent. It is proposed to name “transforming
reactive compatibilizing agent.” In general, block polymer and graft polymer are very
expensive, whereas random copolymer is affordable. Moreover, the SFC is obtained
from thermosetting polyester resin waste which is now landfilled. It is expected to open
the door for less expensive existing random copolymer and random copolymer obtained
from the resin waste, SFC, to apply to reactive processing to create new polymer alloy
for many innovative applications.
3.4.4 Conclusions
In polymer alloy of PET and SPS, SFC succesfully showed the best performance for
compatibilizing effect among commercial compatibilizing agent. It was verified the
possibility applying to compatibilizing agent for PET/SPS polymer alloy.
Compatibilizing mechanism was investigated based on thermal analysis of SFC and two
new hypotheses were proposd. The first hypothesis is that carboxylic acid of SFC reacts
with OH group at the end of PET polymer to be integrated and dehydration and
decarbonization of diarboxylic acid provides hydrophobicity to SFC to generate higher
affinity to SPS. They should contribute to increase compatibility of PET/SPS polymer
alloy.
The second hypothesis is that all carboxylic acids of the first half part of SFC were
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esterified to be well-integrated with PET. All carboxylic acids of the second half part of
SFC were dehydrated or decarbonized to generate higher affinity to SPS. The structure
seemd to be similar to that of block polymer. In general, block polymer or graft polymer
is applied to the reactive compatibilizing agent. These resuts suggests that it is porposed
a new concept named “transforming reactive compatibilizing agent” of randam
copolymer transforming to block pokymer during kneading process. It is suggested that
there is a possibility of randome copolymer to have advantage over expensive block
polymer or graft polymer. It is expected that less expensive existing random copolymer
and randome copolymer obtained from thermosetting poulyester resin waste, SFC,
applying to the reactive processing for creating new polymer in many innovative
applications.
The correlations between the molecular structure and the compatibilizing effect was
also examined. It suggests that the optimization of the molecular structure can increase
compatibilizing effect. It is expected the new compatibilizing agent based on the new
concept realize the PET/SPS polymer alloy film capacitor and other new innovative
materials and products.
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3.5 Overall Conclusion
(Application of styrene-fumaric acid copolymer (SFC))
As described as above, SFC was verified the possibility applying to various high
performance additives.
Low profile additive (LPA)
In evaluation of SFC esterified with alcohol, 1-octanol showed the best shrinkage
control performance and was selected as esterification agent for SFC. SFC separation
and modification processes using 1-octanol was established. The recycled LPA was
produced by adding styrene to the modified SFC.
The recycled LPA showed about 69% higher shrinkage control performance per unit
weight than that of the commercial LPA. It was concluded that the SFC was
successfully verified the possibility of applying to the LPA. It suggests the possibility of
a range from 5 to 10 times “enhanced recycling.” In cross section observation, FRP
sample board using recycled LPA showed many fine voids uniformly dispersed base on
higher solubility to UP resin. It is expected to have stronger mechanical strength.
The correlation between the shrinkage control effect and the molecular size was also
examined. The longer alkyl chain, the smaller Mw, and the lower S/F molar ratio
showed the higher shrinkage control effect. Based on the results, new concept of the
LPA was proposed. It is expected that the superior LPA creates the innovative FRP
which has much stronger mechanical strengths.
Aqueous agent
In verification of applying to dispersing agent, the reaction product liquid showed
superior dispersing effect to commercial DA#2 for phthalocyanine blue. In verification
of applying to detergent builder, the reaction product liquid showed about 6.6 times
higher alkali buffering capacity than that of commercial DB#1. In verification of
applying to surface sizing agent, SFC-NH4 showed about 20% higher sizing effect than
that of commercial SA#1.
It was concluded that SFC alkali salt has a potential to substitute to the commercial
high performance aqueous agents. The SFC is expected to be applied to other
applications widely.
Compatibilizing agent for polymer alloy
It was verified the possibility of the SFC applying to compatibilizing agent for
PET/SPS polymer alloy. Investigation of compatibilizing mechanism based on thermal
analysis of SFC suggests two new hypotheses. The first hypothesis is that carboxylic
acid of SFC reacts with OH group at the end of PET polymer to be integrated and
dehydration and dicarbonization of diarboxylic acid provides hydrophobicity to SFC to
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generate higher affinity to SPS.
The second hypothesis is that all carboxylic acids of the first half part of SFC were
esterified to be well-integrated with PET. All carboxylic acids of the second half part of
SFC were dehydrated or decarbonized to generate higher affinity to SPS. The structure
seemd to be similar to that of block polymer. These resuts suggest to porposed a new
concept of the reactive compatibilizing agent named “transforming compatibilizing
agent” of randam copolymer transforming to block pokymer during kneading process. It
suggestes that there is a possibility of randome copolymer to have advantage over
expensive block polymer or graft polymer. However, this hypothesin should be verified.
It is expected that less expensive existing random copolymer and randome copolymer
obtained from thermosetting poulyester resin waste, SFC, applying to the reactive
processing for creating new polymer alloy using this new concept copatibilizing agent
in many innovative applications.
Evaluation results suggest that the optimization of the molecular structure is
suggested to increase compatibilizing effect. It is expected the new compatibilizing
agent based on the new concept realize the PET/SPS polymer alloy film capacitor and
other new innovative materials and products.
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4. Overall Conclusions
(Study on Recycling Thermosetting Polyester Resin into High
Performance Additives Using Subcritical Water)
4.1. Subcritical hydrolysis of thermosetting polyester resin
In recycling thermosetting polyester resin using subcritical water, the hypothesis that
subcritical hydrolysis on the reaction condition at a temperature of 230°C or less with
alkali catalyst was proposed.
Fundamental verification
The hypothesis was successfully verified and demonstrated. On the reaction condition
at a temperature of 230°C, at a pressure of 2.8MPa, at a reaction time of 4 hours with
KOH, 96% of the initial thermosetting polyester resin was dissolved in the reaction
product liquid as usable matters. SFC was obtained with 75% of the initial
thermosetting polyester resin. The SFC had Mw of 30,000 and a S/F molar ratio of 2.2.
It was the first time to demonstrate to extract the SFC as functional polymer which
has a similar molecular structure to the SMA widely applied as high performance
additives. The SFC obtained should also have a potential to be applied to the high
performance additives.
Functional mechanism of alkali catalyst and molecular structure of thermosetting
polyester resin
Investigation of molecular structure suggests that there are two types of polyester
chains, the polyester chain (i) which has only one glycol and the polyester chain (ii)
which has two glycols. The share of them is roughly 63% and 37%, respectively. It is
considered the first achievement to clarify the molecular structure of styrene chain and
polyester chain in the thermosetting polyester resin. The hypothesis is proposed that
there are “hardly-hydrolysable ester bond” in the polyester chain (i) and
“easily-hydrolysable ester bond” for ester bonds other than “hardly-hydrolysable ester
bond.” More than 1.9 of molar ratio of KOH/carboxylic group of SFC was assumed to
be needed to break “hardly-hydrolysable ester bond” to produce SFC. However, this
hypothesis should be verified.
KOH contributions to the reaction acceleration and the maximization of yield and
quality of SFC were concluded as i) accelerating to break “hardly-hydrolysable ester
bonds”, ii) preventing secondary reaction, iii) making the separation process efficiently,
and iv) providing solubility in subcritical water. However, iv) should be verified since
solubility of SFC in subcritical water at 230°C are unknown.
Optimization of reaction conditions and catalysts
－112－

The optimized conditions of subcritical hydrolysis using manufacturing waste of FRP
bathtub based on SFC yield were concluded as follows:
Concentration

Temperature

Reaction time

Conversion

SFC production rate

KOH 0.38 mol/L
230 °C
2 hours
92 %
99.6 %
NaOH 0.72 mol/L
230 °C
1 hours
82 %
90 %
The results suggest that NaOH would be preferable for commercialization in terms of
SFC yield according to the reaction time.
The hypothesis to explain the difference of the reactivity for the “hardly-hydrolysable
ester bonds” between KOH and NaOH based on the difference of diffusion rate due to
atomic size was proposed. This hypothesis should also be verified.
Evaluation of subcritical hydrolysis process for various FRPs
The experimental results of subcritical hydrolysis for various FRPs showed almost
equivalent reactivity and the SFC yield to those of the bathtub#1. The difference is
considered to be within the acceptable range. Therefore, it was verified the possibility of
this method applying to other various FRPs.
It was also the achievement to clarify the molecular structure of the styrene chain in
various FRPs. They are expected to be utilized to improve the property. The SFCs
obtained from various FRPs were also verified the possibility of applying to high
performance additives based on the molecular structure.

4.2. Application of styrene-fumaric acid copolymer (SFC))
SFC was successfully verified the possibility applying to various high performance
additives.
Low profile additive (LPA)
The recycled LPA using the SFC esterified with 1-octanol showed about 69% higher
shrinkage control performance per unit weight than that of the commercial LPA. Other
product quality items were also equivalent to the commercial LPA. Hence, it was
concluded that the SFC was successfully verified the possibility of applying to the LPA.
It suggests the possibility of a range from 5 to 10 times “enhanced recycling.” Many
fine voids produced by the recycled LPA are expected to have stronger mechanical
strength and better surface appearance and smoothness.
The correlation between the shrinkage control effect and the molecular structure was
also examined. The longer alkyl chain, the smaller Mw, and the lower S/F molar ratio
showed the higher shrinkage control effect. Based on the results, new concept of the
LPA was proposed. It is expected that the new LPA based on the new concept creates
the innovative FRP which has much stronger mechanical strengths.
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Aqueous agent
In verification of applying to dispersing agent, the reaction product liquid showed
less dispersing effect than commercial DA#1 for hydrophilic powder, whereas it showed
superior dispersing effect to commercial DA#2 for phthalocyanine blue as hydrophobic
powder. In verification of applying to detergent builder, the reaction product liquid
showed about 6.6 times higher alkali buffering capacity than that of commercial DB#1.
It also showed Ca ion trapping ability. In verification of applying to surface sizing agent,
SFC-NH4 showed about 20% higher sizing effect than that of commercial SA#1.
It was concluded that SFC alkali salt has a potential to substitute to the commercial
high performance additives. The SFC is also expected to be applied to other applications
widely.
Compatibilizing agent for polymer alloy
In polymer alloy of PET and SPS, SFC succesfully showed the best performance
for compatibizing effect among commercial compatibilizing agent. It was verified the
possibility applying to compatibilizing agent for PET/SPS polymer alloy. Two new
hypotheses were proposed. The first hypothesis is that carboxylic acid of SFC reacts
with OH group at the end of PET polymer to be integrated and dehydration and
dicarbonization of diarboxylic acid provides hydrophobicity to SFC to generate higher
affinity to SPS. The second hypothesis is that all carboxylic acids of the first half part of
SFC were esterified to be well-integrated with PET. All carboxylic acids of the second
half part of SFC were dehydrated or decarbonized to generate higher affinity to SPS.
The structure seemd to be similar to that of block polymer. These resuts suggests that it
is porposed a new concept of the reactive compatibilizing agent named “transforming
compatibilizing agent” of randam copolymer transforming to block pokymer during
kneading process.
The optimization of the molecular structure is considered to increase compatibilizing
effect. It is assumed that the new compatibilizing agent based on the new concept
realize the PET/SPS polymer alloy film capacitor.

4.3 Future prospect
Most of SFC in thermosetting polyester resin waste is now wastefully landfilled
although it has a potential to apply to high performance additives. This method proposes
a new concept of “enhanced recycling” which can recycle the resin waste into higher
value product than raw materials. It is expected that this study contributes to accelerate
the study of recycling thermosetting resin.
This study could firstly provide many valuable information of the molecular structure
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of the thermosetting polyester resin which has been unknown. This method was verified
very effective for the molecular structure analysis. The molecular structure information
and this analyzing method are expected to be utilized to improve the property of the
thermosetting polyester resin.
SFC has a potential not only to substitute for existing high performance additives, but
also to create new type of high performance additives based on unique molecular
structure which existing commercial additives don’t have. It is expected to be utilized to
create new innovative materials and products.
In addition, this study proposed new concept of high performance additives. It should
be noted that there was no intention for the SFC to generate the function for the high
performance additives. However, it showed the superior performance in the LPA, some
of the aqueous agent, and the compatibilizing agent to the commercial additives. The
new concept of the LPA having smaller molecular size with alkyl branches has a
potential to create new innovative FRP which has much stronger mechanical strength.
Another new concept of compatibilizing agent named “transforming compatibilizing
agent” proposed the possibility of less expensive random copolymer applying to
compatibilizing agent substituting the expensive block polymer or graft polymer. It is
also expected to develop new type compatibizing agent to create new innovative
materials and products.
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