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ABSTRACT: This review focuses on the world’s first process succeeded in development and industrialization by
Asahi Kasei Corp. for producing an aromatic polycarbonate (PC) using CO, as starting material.' The carbonate group
of PC links directly to the residual aromatic groups of the bisphenol. Until Asahi Kasei’s new process is revealed, all of
carbonate groups of PC in the world were derived from CO as starting material. Furthermore, more than about 90% of
PC has been produced by so-called “phosgene process”, and the PC contains Cl-impurities. It needs to use not only
highly toxic and corrosive phosgene made from CO and Cl, as a monomer, but also very large amounts of CH,Cl,
and water, and needs to clean a large amount of waste water. The new process enables high-yield production of the
two products, Cl-free and high-quality PC and high-purity monoethylene glycol (MEG), starting from ethylene oxide
(EO), by-produced CO, and bisphenol-A. PC produced by the new process has many excellent properties compared
with conventional PCs. The new process not only overcomes drawbacks in the conventional processes, but also ach-
ieves resource and energy conservation. The reduction of CO, emissions (0.173t/PC 1t) is also achieved in the
new process, because all CO, is utilized as the component consisting main chains of the products. The newly construct-
ed commercial plant of Chimei-Asahi Corp. (Taiwan), a joint venture between Asahi Kasei Corp. and Chi Mei Corp.,
has been successfully operating at full-production since June 2002. The initial capacity (PC:50,000t/y) is now increas-
ed to 150,000t/y. A typical example of the Green and Sustainable Chemistry (GSC) contributing to society and man-

kind has been realized. [doi:10.1295/polym].PJ2006140]
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An aromatic polycarbonate based on bisphenol-A
(hereafter usually abbreviated as PC) has been widely
employed as the most largely amounts consumed
engineering plastic in various applications basic to
the modern life style including automobiles, mobile
phones, notebook type personal computers, cameras
& video cameras, electric & electronic appliances, of-
fice equipments, life & living goods, and sheets, etc.
Especially, PC is important as an indispensable resin
for optical disks of music or data and image storage,
such as CDs and DVDs. Recently PC has become
more familiar to people, because a lot of people touch
PC many times in a day through handling their mobile
phones, which housings and buttons are made of PC.
The reasons for the largest consumption and highest
growth (more than 10% per year constantly) of PC
are excellent properties such as outstanding impact re-
sistance, transparency, heat resistance, and dimension-
al stability. In spite of the wide use, only four grades

distinguished by the melt viscosities have been pro-
duced as the commercial products of PC. These are
disk grade, low viscosity grade with high melt index
(MI), middle viscosity grade with middle MI and high
viscosity grade with low MI. Therefore, it is preferred
that a process can produce all these grades.

About 2.7 million tons of PC are produced annually
worldwide, and until 2002 all production used carbon
monoxide (CO) as starting material. The vast majority
of PC has been produced in the phosgene process
where CO and chlorine are combined to form phos-
gene, a highly toxic gas and its production and use
in factories have been very severely restricted as a
chemical weapon worldwide.

The development and industrialization of a new
process for producing a widely used important poly-
meric material by innovative concepts and technolo-
gies should contribute to the progress of polymer sci-
ence and technology. The contribution should become
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larger if the process produces the polymeric material
having higher quality and physical and chemical prop-
erties than the conventional materials, moreover if the
process is safer, environmentally benign and econom-
ical than the conventional processes and thus it is very
useful to society and mankind. This is a matter of
course, since one of the important mission of the poly-
mer science and technology is to contribute to man-
kind by offering the useful polymeric materials, which
can raise our human living levels more conveniently,
more comfortably, more safely and securely, etc.

Asahi Kasei’s novel process for producing high
quality PC using CO, as starting material without us-
ing highly toxic phosgene and CH,Cl, must be one of
such processes contributing for the progress of the
polymer science and technology.

In historically, a lot of aromatic polycarbonates
were investigated in the 1950’s. In these investiga-
tions, Schnell (Bayer AG:) and Fox (General Electric
Co.) reached independently the same conclusion that
the polycarbonate derived from 2,2-bis-(4-hydroxy-
phenyl)-propane (hereafter usually abbreviated as bis-
phenol-A) has excellent mechanical and electrical
properties and should become an important plastic
as an industrial material.>®

This bisphenol-A polycarbonate (BPA-PC) was
first produced industrially in Germany by Bayer AG
(1958) and then in USA by Mobay Chemicals Corp.
(1960) and by General Electric Co. (GE) (1960) re-
spectively.” The industrialized processes in these
companies have used phosgene and bisphenol-A as
raw materials, and thus have been called “phosgene
process.”

In Japan, Teijin Chemicals Ltd. (1960), Idemitsu
Petrochemicals Co. (1960) and Mitsubishi Gas Chem-
ical Co. (1961), have industrialized BPA-PC by using
the “phosgene process.” Then, Mitsubishi Chemical
Co. (1975) has begun producing PC by introducing
the phosgene process from Idemitsu, and lastly Dow
Chemical Co. (1985) has begun producing PC by
the phosgene process.® Since then, all PCs (more than
one million tons in a year) in the world have been pro-
duced by the above 6 company groups (Bayer, GE,
Teijin, Mitsubishi, Idemitsu, Dow) until Asahi Kasei’s
new process has been commercialized in 2002.

Bayer developed another process so-called “trans-
esterification process” or “melt process” using trans-
esterification reaction in the melt-state between bis-
phenol A and diphenyl carbonate (DPC) prepared
from phosgene, phenol and NaOH, and industrialized
the process in the early 1960s. Teijin Chemicals and
Mitsubishi Gas Chemicals introduced the “transester-
ification process” by licenses from Bayer and industri-
alized in 1964 and 1965 respectively.?

However, all these old-type “transesterification
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processes” faded out by the late 1970s. The reasons
for the fade-out of the old-type “transesterification
processes” are well known as follows. Generally, a
transesterification process requires a complicated
agitating polymerization reactor which can agitate
the very high viscous polymer at high temperatures
(>300°C) under high vacuum without any leaking
air into the reactor, however, such a reactor had not
been available. Moreover, the PCs produced by these
old-type transesterification processes were yellowish
colored due to side reactions under the severe condi-
tions. Namely, these processes could not produce the
nearly colorless products, key property of PC. In addi-
tion, the molecular weight control in these transester-
ification processes was difficult compared with the
phosgene process using a molecular weight control
agent to cap terminal groups of the polymer. Further-
more, these transesterification processes using me-
chanical agitation could not produce the high viscosity
grade of PCs, since such mechanical agitation could
not attain the sufficient surface renewal of the poly-
merizing material due to the ultra high melt viscosity.
The effective surface renewal of the polymerizing ma-
terial is necessary to progress polymerization to the
high viscosity grade by removing the phenol produced
and presented inside of the melt material. Hence, these
processes were not suitable for producing a broad
product range of PC.%!° The difficulties in the molec-
ular weight control and in the production of the high
viscosity grade of PCs are present even now in the
transesterification process.

Accordingly, the industrial production of the BPA-
PC has been continued only by the phosgene process-
es of the only above 6 company groups for more than
25 years since the fade out of the old type transester-
ification processes by the late 1970’s.!!

In such circumstances, our R & D to develop an
innovative process for producing PC without using
phosgene, that is, non-phosgene PC process, started
in 1977.

Our strong will was to attain the mission that con-
tributes to society and mankind by creating and prac-
ticing a “benign process to the earth.” Our mission is
in agreement with the principles of “The Green and
Sustainable Chemistry Network (GSCN)” organized
more than 25 years later. GSCN consists of many aca-
demic and industrial societies in Japan including The
Society of Polymer Science, Japan, and has the princi-
ples of promoting research and development for the
Environment and Human Health and Safety, through
the innovation of Chemistry. Asahi Kasei’s research-
ers and engineers have made substantial endeavors
to develop new non-phosgene process for the produc-
tion of PC for about 25 years. As a result, we have
succeeded in developing the innovative non-phosgene
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Since Start-Up, Full-production has been
continued without technicali troubles

i

I
Non-Phosgene PC Plant using Asahi Kasei Process
(CHIMEI-ASAHI Corp. : 65,000 ton/y)

1977 == Bench==p Pjlot = 2002.6. Start-Up

Figure 1. From basic research to success in industrialization.

process for producing PC from CO,; at the pilot stage
until in 1998 and in industrialization of the process in
2002 shown in Figure 1.

In the new process, the carbonyl groups consisting
the carbonate chains of PC come from CO,.

This is the world’s first polycarbonate production
process using CO, as starting material, in contrast to
all other conventional processes using CO as starting
material.

This review describes the innovative and inventive
process for producing PC including not only the new-
ly developed creative polymerization methods but
also how to produce the monomer from CO, industri-
ally, which monomer production step constitutes very
important part of the new process since the monomer,
diphenyl carbonate (DPC), has not been available
commercially.

CONVENTIONAL PHOSGENE
PROCESS AND DRAWBACKS

General Electric Company initially commercialized
PC production using bisphenol-A and phosgene in the
presence of pyridine (Pyridine Method). All phosgene
processes now involved interfacial polycondensation
with two immiscible solvents, in which the reaction
of di-sodium salts of bisphenol-A solved in water with
phosgene solved in a chlorinated organic solvent such
as CH,Cl, is carried out under strong agitation. Usu-
ally, the reaction is carried out in two steps. In the first
step, phosgenation of di-sodium salts of bisphenol-A
mainly produces chloroformates of bisphenol-A, and
in the following second step, a catalyst selected from
tertiary amines or quaternary ammonium salts is add-
ed and polycondensation of the chloroformates is car-
ried out to produce PC. CH,Cl, is especially preferred
for its very high solubility in PC as the chlorinated
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Figure 2. Phosgene process for PC production.

hydrocarbon solvent, the produced PC is obtained as
a solution of the chlorinated hydrocarbon solvent. In
the phosgene process, a mono hydroxyl aromatic com-
pound such as phenol and tert-butyl phenol is used as
a molecular weight control agent to cap the terminal
groups of the polymer.

However, it is well known that the phosgene proc-
ess (see Figure 2) entails a number of drawbacks in
environmental and economical terms as follows:

(1) A large quantity (more than 0.43 ton/PC 1 ton) of
very dangerous and corrosive phosgene must be used
as monomer. Phosgene is designated as a chemical
weapon, and thus the production and use have been
severely restricted worldwide.

(2) It is necessary to use a very large quantity (more
than 10 times by weight of the PC to be produced)
of CH,Cl, as a polymerization solvent. Methylene
chloride is a low boiling-point solvent with an expo-
sure limit reflecting its carcinogenic properties (IARC
classification: group-2B, possibly carcinogenic to hu-
mans; EPA classification: group-B2, probable human
carcinogen).
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Scheme 1. Oxidative carbonylation of bisphenol-A.

(3) A very large quantity of waste water containing
organic compounds must be treated to the environ-
mentally allowable level before discharging from the
factory. The process requires a very large quantity
of water (more than 10 times by weight of the PC to
be produced) in the polymerization step. In addition,
a very large quantity of water (usually more than 10
times by weight of the PC produced, or more than
100 times by weight in the case of production of op-
tical use grade) is used for washing and purification
of the obtained CH,Cl, solution of PC to remove
the contaminants, such as the NaCl produced, the un-
reacted sodium salt of bisphenol-A, the low molecular
weight oligomers, and polymerization catalyst used
etc. After the polymerization and purification steps,
the water layer is separated from the CH,Cl, layer
by the phase separation step. However, the water layer
contains much CH,Cl, dissolved in water (20g/L)
along with other contaminants.

(4) It is very difficult to prevent completely the release
of the CH,Cl, to the atmosphere due to its low boiling
point (40 °C).

(5) It is easy for corrosion of the equipments to occur
due to Cl, and chloride anion. Almost all systems
(such as phosgene production, interfacial polymeriza-
tion, washing and purification by water, recovering
of CH,Cl, from the solvent containing water, drying
the wet powder containing CH,Cl,, and palletizing
of powder polymer containing CH,Cl,) contain and
contact with chloride compounds, Cl,, hydrochloric
acid and aqueous solution of NaCl, which are highly
corrosive to the metallic materials. This means that
expensive metallic materials are necessary for con-
struction of the factory, and furthermore the mainte-
nance costs of the facilities increase.

(6) The raw materials, Cl, and NaOH produced by
electrolysis of aqueous NaCl and much electric power,
are consumed and converted to NaCl to become salt
water waste leading to greater running cost of the pro-
duction.

(7) The chloride impurities (CH,Cl,, NaCl, etc.) are
inevitably containing in the product PC to cause dete-
rioration of the properties such as heat resistance,
color tone, etc.

TECHNICAL BARRIERS TO BE OVERCOME

The phosgene process has a lot of drawbacks envi-
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ronmentally and economically as described above. In
order to solve these problems and to develop a safer
alternative process, there has been much investiga-
tions for long years. One of these attempts is oxidative
carbonylation of bisphenol-A by CO and oxygen as
shown in Scheme 1, which attempt was firstly dis-
closed by GE’s patents in 1978.2

This process may be most preferable, because this
reaction introduces CO group directly on to the bis-
phenol-A group accompanying with by-production
of H,O. However, this reaction needs a precious pal-
ladium catalyst and a very complex co-catalyst to
make progress the red-ox reaction and a large amount
of good solvent for PC such as CH,Cl,. Furthermore,
use of a lot amount of the dehydrating agents such as
molecular sieves is necessary, since product hydroly-
sis by the by-produced H,O occurs easier than the
desired reaction. It is also problem that the yield and
selectivity are not so high, especially based on CO.
Furthermore, it is too difficult to separate the catalyst
and co-catalyst without any loss and obtain a clear
high-pure PC containing none of impurities derived
from these catalysts and having nearly same proper-
ties as commercial PC. Molecular weight control is
also difficult in this process.

In the commercial production of a polymer, it is
most important to produce a polymer having good
properties with pre-determined range of molecular
weight at low cost. Especially, it is necessary for a
new process that the production cost is lower or at
least same comparing with the conventional process.

Although many attempts to improve the oxidative
carbonylation process have been proposed'? since the
disclosure by GE in 1978, this process seems too diffi-
cult to be commercialized due to the above reasons.

So what kind of the non-phosgene process for pro-
ducing PC is possible?

With increasing the consumption of PC in the early
1990s, the environmental and cost problems of the
phosgene process have become more serious and ur-
gently require solutions. As a result, a lot of attempts
to overcome the problems have been appeared in the
patents. Attention has been directed to improving
the old-type transesterification method and devising
a new non-phosgene process shown in Figure 3.

However, there have been a lot of technical barriers
to be overcome in order to solve the problems of the
old-type transesterification method and to succeed in
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Figure 3. Attempt to non-phosgene PC process.

1. Difficulties in DPC Production

(1) Ultra High Purity : Cl< 1 ppb, Metals (Fe, Na, Ti, Co, *** ) < 10 ppb
(2) Low Cost : Productivity, Yield & Selectivity must be High

2. Difficulties in Melt Polymerization ( Never Discoloration!!)
PhOH must be removed from Ultra High Viscous PC
(1) Need for High Temp. & Vacuum : >300°C, <1 mmHg
(2) Need for reactor : Effective Surface Renewal of high viscous material

For these Barriers, there have been no Newcomers for long years.

We have also taken 25 years for Break-Through and for Success.

Figure 4. Technical barriers in non-phosgene PC process.

development as a new non-phosgene process. The bar-
riers in the non-phosgene process being especially dif-
ficult to be overcome exist in both the production step
for the safe monomer of diphenyl carbonate (DPC) to
replace phosgene and the polymerization step to pro-
duce polycarbonate as shown in Figure 4.

A. Difficulties in the DPC Production Step.

(1) Even low pure DPC is not available commercially,
because DPC has not been produced industrially.
Therefore, how to produce DPC is the first considera-
tion. The process must produce ultra high pure DPC.
Especially, the contents of halogen impurities and
metals impurities in DPC must be extremely low,
for example, Cl-content must be less than 1 ppb, and
total content of metals (Fe, Na, Ti, Co, etc.) must be
less than 10 ppb.

(2) Such ultra high pure DPC must be obtainable at
lower costs than by the conventional process such as
reaction of phosgene with phenol. Productivity, yield
and selectivity of DPC must thus be high.

B. Difficulties in the Polymerization Step.
The equilibrium of the transesterification reaction
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Figure 5. Ideal process for PC production.

to produce PC favors the raw materials side, therefore,
in order to make progress the reaction, the phenol pro-
duced by the reaction and present in the molten ultra
high viscous polymer must be removed efficiently
from the polymer surface. Thus,
(1) To reduce the ultra high viscosity and to make
progress the polymerization, more and more severe
conditions (>300°C, <133 Pa) are necessary as pro-
ceeding the reaction. These severe conditions would
cause discoloration being fatal defect for transparency
and clearness of PC.
(2) A new type polymerization reactor, which enables
effective surface renewal of the ultra high viscous
polymer under not so severe conditions, is necessary.
Although many attempts to overcome the above
difficulties of A and B have been done until now, suc-
cess has been limited because these technological bar-
riers are extremely too hard and tough to overcome.
Except for Asahi Kasei’s process, one process devel-
oped by GE group using CO as a staring material
and conventional twin-screw type polymerization
apparatus has been commercialized.!!-!%!5-372

ASAHI KASEI'S GREEN AND INNOVATIVE
PROCESS FOR PRODUCING PC:
CLOSEST TO THE IDEAL PROCESS

If it were possible industrially that the direct dehy-
dration reaction between CO, and bisphenol-A to pro-
duce PC as shown in Figure 5, it would be the ideal
process for PC production. However, unfortunately,
it is impossible to practice the ideal process by today’s
industrial chemical technology.

As shown in Figure 6, in the Asahi Kasei’s new
process, two important products, high-quality poly-
carbonate (PC) and high-purity monoethylene glycol
(MEG), are produced in high yields respectively from
three starting materials, ethylene oxide (EO), CO,,
and bisphenol-A, in which EO and bisphenol-A are in-
dustrially mass-produced and CO; is also by-produced
largely in the world.
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Figure 6. Asahi Kasei’s new process: Closest to the ideal
process.

On comparing Figure 6 with Figure 5, it is easy to
understand that the new process is closest to the ideal
process, because CO, and bisphenol-A are supplied to
the factory as raw materials and PC is withdrawn from
the factory as a product. Assuming that the only one
reaction is carried out at the factory, the horizontal
reaction is basically same as the ideal PC produc-
tion process as shown in Figure 5, although no water
forms. We have made the closest ideal reaction possi-
ble with the aid of ethylene oxide (EO). The vertical
reaction is also the ideal process for monoethylene
glycol (MEG), because the reaction does not use water
absolutely for producing MEG quantitatively.

Furthermore, any CO, is available in the new proc-
ess, but it is preferable to utilize the by-produced CO,
in the ethylene oxide (EO) production step by oxida-
tion of ethylene, because the oxidation of ethylene
with oxygen to EO is necessarily accompanied with
the by-production of CO, in about 15-20% yield,
and it has been released into the atmosphere until
now. The chemical reactivity of CO, is very low,
and thus difficult to be incorporated into the polycar-
bonate main chain. However, in the new process, the
several novel methods have been developed to acti-
vate the CO,, in which the methods enable to proceed
the desired reactions effectively and selectively, as a
result, all used CO, is successfully introduced into
PC and monoethylene glycol (MEG) as the compo-
nents consisting their main chains. That is, the CO,
is chemically divided into CO part and O part, and
the CO part becomes PC component and the O part
becomes MEG component.

Figure 7 shows the detail reactions 1 to 4 in the new
process. In the first reaction, CO, reacts with ethylene
oxide (EO) to produce ethylene carbonate (EC). In the
second reaction, EC reacts with MeOH to produce di-
methyl carbonate (DMC) and ethylene glycol (EG). In
the third reaction, DMC reacts with PhOH to produce
diphenyl carbonate (DPC) and MeOH. In the fourth
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Figure 7. Asahi Kasei’s non-phosgene PC process.

reaction, DPC reacts with bisphenol-A to produce
PC and PhOH.

Main characteristic features of Asahi Kasei’s new
process are as follows:
(1) The new process has no environmental drawbacks
that are present in the phosgene process described
above. The new process is phosgene free, CH,Cl,
free, Cl free, no-corrosive.
(2) CO, as starting material is preferably the by-prod-
uct in the production of ethylene oxide (EO), which
has been mass-produced as a raw material of ethylene
glycol (EG) for PET bottles, films, and fibers, etc.
(3) High yields and high selectivities are achieved in
both the monomer production step and the polymer
production step.
(4) All intermediate products, ethylene carbonate
(EC), dimethyl carbonate (DMC), MeOH, diphenyl
carbonate (DPC), and PhOH are completely used up
or recycled as raw material for the next or preceding
reaction.
(5) There are no wastes, and no waste water necessary
for disposal treatment before discharging.
(6) Monoethylene glycol (MEG) can be produced
quantitatively with energy-saving.
(7) The melt polymerization step uses a unique origi-
nal reactor which utilizes only gravity of the earth
without using mechanical agitation, although mechan-
ical agitation is indispensable for the conventional
twin-screw type reactors developed in the many other
companies.
(8) Purification and separation steps for the PC are un-
necessary. The molten PC obtained from the polymer-
ization step is directly introduced to extruder and pal-
letized, thus the energy for producing PC pellets being
commercial product from the PC polymer is lower
than the phosgene process. In contrast to this process,
PC polymer is obtained in powder form in the phos-
gene process, and thus the powder form PC must be
heated to melt and pelletized through extruder to
obtain PC pellets.

Polym. J., Vol. 39, No. 2, 2007
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As described above, the new process is totally
green, because not only the CO, being released into
the atmosphere is effectively utilized, but also no
waste, no waste process water necessary for disposal,
and materials- and energy-savings are all achieved.

MONOMER PRODUCTION PROCESS

In order to produce high-purity and high-perform-
ance polycarbonate (PC) by the non-phosgene proc-
esses, it is indispensable to use very high pure bisphe-
nol-A and diphenyl carbonate (DPC). High-purity
bisphenol-A is commercialized in large quantity and
available for producing PC in industrial scale. How-
ever, DPC has not been commercialized for industrial
scale production of PC. Only several hundreds tons of
DPC containing Cl-compounds impurities has been
produced for chemical reagent use by using the reac-
tion of phosgene with phenol, but the price is several
times that of PC itself.

In order to prepare DPC without using phosgene,
several attempts have been proposed. Among them,
the direct synthesis of DPC by oxidative carbonyla-
tion reaction of phenol with CO and oxygen may have
some potential for commercialization. Since GE pat-
ents have disclosed the possibilities of this reaction
using Pd compounds as main catalyst and co-catalyst
performing red-ox action in the presence of complex
amines in 1978,'> more than 100 patens and reports
have been published until now. Various catalyst sys-
tems or the means for proceeding the reaction have
been proposed to improve the turn over number of
Pd or the yield of DPC.'6

We have discovered the simplest catalyst system
enable to produce clear DPC with high selectivity in
a moderate yield.!” The catalyst system consists of
only Pd and iodide components such as Nal. This sim-
ple catalyst system does not need to use both any co-
catalyst containing other transition metals and any
amines. When Pd metal such as Pd black and Nal
are used as the catalyst system, the clear PhOH solu-
tion containing the reaction mixture is obtained after
filtering off the Pd black. And pure DPC is obtained
after distillation of the reaction mixture.

However, the technology of the direct synthesis of
DPC by oxidative carbonylation of PhOH is not pos-
sible at a level to permit commercialization.

Thus, it is very difficult to produce DPC industrially
except by reaction of phosgene with phenol. Non-
phosgene and high-purity DPC production technology
should thus be developed for industrialization. Espe-
cially, the impurities, such as chloride compounds,
alkali and alkaline earth metal compounds, must not
be contained in DPC, because even very small amount
of them as less than 10 ppb, they exert bad effect on
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the polymerization step and properties of PC.

We have succeeded in development and industrial-
ization the new process for producing very high-purity
DPC containing none of these impurities in high yield
with high selectivity from CO,, ethylene oxide (EO)
and phenol. This new process for DPC production
consists of three steps, ethylene carbonate (EC) pro-
duction step, dimethyl carbonate (DMC) and mono-
ethylene glycol (MEG) production step, and DPC pro-
duction step.

Ethylene Carbonate (EC) Production Step

There are a lot of EOG (ethylene oxide and ethyl-
ene glycol) plants, and EO is produced annually at
about 16 million tons all over the world. In all EO
plants, EO is produced by oxidation of ethylene with
oxygen. The yield of EO does not exceed about 80—
85% by no means, because this oxidation reaction
using oxygen at high temperature in the presence of
Ag catalyst necessarily by-produces CO, in about
15-20% yield.'® (Scheme 2). Almost all CO, by-pro-
duced at EOG plants is usually released into the atmo-
sphere.

However, in the Asahi Kasei’s new process, the
CO; by-produced in the EO plant is effectively utiliz-
ed as raw material, and EC is produced almost quan-
titatively by reaction of CO, with EO in the liquid
phase or super critical phase (Scheme 3).

Reaction (c) proceeds smoothly using a catalyst,
such as alkali or alkaline earth metal halides, amines,
quaternary ammonium or phosphonium salts, guani-
dine, Lewis acid-amine complex compounds and
anion-exchange resins containing quaternary ammo-
nium salts to give EC continuously in a high yield.!
The commercial production of EC is performed by
this method, but several process improvements for
the new EC plant have been made to produce high-
quality EC quantitatively. For DPC production, the
new EC plant has been constructed near EO plant
and has been smoothly operating.

CHy,=CH, + 120, —> Cbz}CH2 (a)
o)

CHp=CH, + 30, ——= 2C0, + 2H,0 (b)
Scheme 2. Reaction (a): EO formation, and reaction (b): CO,
by-production.

C\Hg}CHZ + C02 I (FHQ*(‘:Hz (C)

0.0
¢
& (Eo)

Scheme 3. Reaction (c): EC formation.
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CHy-CHy + 2MeOH <— MeO-C-OMe + HOCH,CHOH  (d)

0.0
c o

O (EC) (DMC) (MEG)

Scheme 4. Reaction (d): DMC and MEG formation.

Dimethyl Carbonate (DMC) and Monoethylene Gly-
col (MEG) Production Step

Reaction (d) of ethylene carbonate (EC) with
MeOH to produce DMC and Ethylene Glycol (EG)
is an equilibrium reaction as shown in Scheme 4.
The equilibrium constant is very low (K = about
0.07), and thus high conversion of EC and completion
of reaction without using extremely excess of MeOH
are usually not possible.

Until our development, three methods had been
proposed to progress this reaction. The first one is a
complete batch method in which the reaction is con-
ducted in an autoclave at the temperature of higher
than the boiling point of MeOH in the presence of a
catalyst under pressure.”’ The second one is a batch
reaction method using a batch reactor fitted with a dis-
tillation column on the reactor. In this method, reac-
tion occurs only in the reactor existing a catalyst,
while the distillation column works for separation of
azeotropic mixture of DMC/MeOH and MeOH va-
porized and works for returning the MeOH to the re-
actor.”! However, it is very difficult to obtain DMC
and MEG in high yields by this method, because the
MEG produced easily reacts with the unreacted EC
in the reactor to give higher molecular weight by-
products, such as diethylene glycol carbonate, trieth-
ylene glycol carabonate etc. Although the selectivity
of MEG can be improved some degree by use of a
large excess of MeOH, the degree of the improvement
is not enough.

The third one is a continuous method using a tubular
reactor.?? However, this method does not achieve high
conversion of EC, because of the low equilibrium
constant, even with excess MeOH such as MeOH/
EC = 4/1 (molar ratio). The conversion of EC is only
about 25% at 130°C.

Thus, these three methods proposed until now have
several drawbacks such as the reaction time is long,
a large excess of MeOH must be used to lower pro-
duction of high boiling point by-products, high yields
of DMC and MEG with high selectivity are not possi-
ble and complete recovery of the unreacted EC in the
presence of EG is difficult. These methods are thus not
suited for commercial scale.

In the above-described situation, we have made ex-
tensive and intensive studies to develop a process free
from the drawbacks of these methods.?? As a result,
we have developed the process enables to produce
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MeO-C-OMe
1l
o

Dimethyl Carbonate
(DMC)

HOCH,CH,OH

Ethylene Glycol
(EG)

Ethylene Oxide
(EC) Y > 99%

By-Product in EO
Production Step

Methanol (Recycled from DPC Step)

Break-Through

i

- High Yield & Selectivity
- High Pure EG & DMC
- No Use of Water

Barrier in Reaction 2
Conventional :
Yield < 40 %

Figure 8. Break-through (1) in the monomer production step.
(EC, DMC-EG steps)

2MeOH + CO + 1/2 0, —= MeO-C-OMe + H,0 + (COp) (o)
o}

Scheme 5. Reaction (e): Oxidative carbonylation of MeOH.

high-purity DMC and high-purity MEG from EC
and methanol (MeOH) in quantitative yields respec-
tively, despite the reaction restricted by equilibrium.
This is one of the excellent break-through in the
monomer process (see Figure 8)

In the new method, the inherent characteristics of
the reaction of EC with MeOH, for example, the equi-
librium reaction, high reactivity of EC with the hy-
droxy compounds, and azeotrope formation of the
raw materials and the products etc., have been fully
considered, and the facilities and the operation condi-
tions have been designed to achieve almost complete
conversion with avoiding the side reactions.

Thus, in the second step of monomer production
process, very high-purity DMC containing none of
chlorides impurities are produced in contrast to other
conventional DMC processes.

For the use of PC production, another process for
production of DMC has been already industrialized
by GE group, in which oxidative carbonylation reac-
tion (e) of MeOH with CO and oxygen is conducted
in the presence of a large amount of CuCl-CuCl, slur-
ry catalyst developed by Enichem Synthesis S.p.A.>*
(Scheme 5)

However, it is said that this oxidative carbonylation
process has several shortcomings and, has to be more
improved to establish as a greener process.”

(1) The selectivity of DMC based on CO is low as 65—
70%, and significant amounts of CO, (about 30%) by-
production is unavoidable.

(2) The reaction system is highly corrosive and ero-
sive, because it contains HCI, high concentrated
CuCl-CuCl; slurry and the water produced. It has
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1. Oxidation of Ethylene to Ethylene Oxide ( EO )
CH,=CH, + O, — EO + CO,

EO Yield : 80-85%,

By-Produced CO, : 20-15%

2. Hydration of EO : Hitherto, all of EG (16 Mt/y) has been produced

EO + 25H,0 —> EG + DEG + TEG
(Dimer)  (Trimer)

2 Problems
- T

(1) Low EG Yield : 90 % ( Need for Separations of Dimer & Trimer )

(2) High Excess Use of H,0 :
Distillation Energy of H,O after reaction : Very Large

Figure 9. Problems in the conventional EOG process.

been easily supposed that the DMC plant has faced the
severe troubles of corrosion, because the patents ap-
plied after operation of the DMC plant have describe
about corrosion of the facilities.?®

(3) The DMC contains chlorides impurities (methyl
chloroformate, HCI etc.) derived from the catalyst
system which are difficult to remove. It is well known
that very small amounts (<0.1 ppm) of chlorides im-
purities exert bad effects not only on the polymeriza-
tion reaction but also on the performance of polycar-
bonate produced. In order to obtain high-purity DMC,
the precise separation steps are necessary. However,
these steps would lead to lower the yield of DMC
and to increase energy consumption.

(4) The water, another product, must be separated
from the reaction mixture and treated before dis-
charge.

DMC production step in the Asahi Kasei’s new
process has none of these shortcomings, therefore, it
is greener than the conventional process.

Furthermore, in the second step, an attention must
be paid to the EG production. High-purity MEG can
be produced in high yield. All of ethylene glycol
(EG) in the world (15 million tons/year) has been pro-
duced by reaction of EO with water.

However, the conventional EOG processes have
serious problems as shown in Figure 9.

At first, EO yield is low as 80-85% already describ-
ed in the ethylene carbonate (EC) production step.
Secondly, EG production process consisting of EO
hydration has at least two big problems to be solved
as follows.

(1) The yield of MEG is low, and oligomers such as
diethylene glycol (DEG), triethylene glycol (TEG)
are necessarily by-produced in more than 10% yield.
Much energy is required to separate these by-products
by distillation.

(2) In order to produce MEG with about 90% selectiv-
ity, a very large excess of H,O as much as 22-25
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2MeO-C-OMe + 2PhOH <— 2MeO-C-OPh + 2MeOH ®
0 o}
(DMC) T (MPC)
2MeO-C-OPh — PhO-C-OPh + MeO-C-OMe (9)
o}
(MPC) (DPC) (DMC)

Scheme 6. Reaction (f): Transesterification reaction of DMC
with PhOH, and Reaction (g): Disproportionation reaction of
MPC.

times in mol to EO must be used. This means that
the very large amounts of H,O remaining in the reac-
tion mixture must be separated by distillation from the
products, so a very large quantity of energy must be
consumed for the distillation.

In contrast with the conventional EG process, the
second step of the Asahi Kasei’s new process can pro-
duce high-purity MEG in a high yield with high selec-
tively (more than 99%, respectively) using MeOH in-
stead of H,O, wherein the molar ratio of MeOH to EC
is not so large. The new process thus achieves energy-
saving in a high level, because there are none of H,O
and by-products such as DEG to be distilled off, and
the amount of MeOH to be distilled off after the reac-
tion is not so much, and further both values of the
latent heat for vaporization and the specific heat of
MeOH are only about half those of H,O.

Diphenyl Carbonate (DPC) Production Step

In the third step of the Asahi Kasei’s monomer
process, DPC is produced by using the combination
of two reactions from dimethyl carbonate (DMC)
and PhOH. Main reactions occurring in the process
are as follows. At first, methylphenyl carbonate
(MPC) is produced by transesterification reaction of
DMC with PhOH (reaction (f)), then 2 moles MPC
are disproportionated to DPC and DMC by self-trans-
esterification reaction (reaction (g)). The DMC pro-
duced in the reaction (g) is recycled to the first trans-
esterification reaction (f), and the MeOH produced in
the reaction is recycled to the DMC and MEG produc-
tion step (Scheme 6).

Both of these reactions are equilibrium reactions
having low equilibrium constants respectively. Espe-
cially, the reaction (f) has an extremely small equilib-
rium constant (K = 1073-107%), and is quite slow.
And also the side reactions such as etherification
and decarboxylation easily occur to give anisol and
C0O,.” (Scheme 7). Commercialization using these
reactions is thus attended with difficult problems.

Our innovative process produces very high-purity
DPC, which is indispensable for high performance
polycarbonate, in a high production rate with high se-
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MeO-g-OMe + PhOH —> PhOMe + CO, + MeOH
O

MeO-Q-OPh —> PhOMe + CO,

Scheme 7. Anisol and CO, formation: Etherification of DMC
with PhOH, and Decarboxylation of MPC.

¢ Recycle |
2 MeO-(ﬁ-OMe MeO-(ﬁ-OMe

2Me0-%‘-OPh
o [22]
Methylphenyl
Carbonate (MPC) Reactive
Distillation

o]

Dimethyl Carbonate
(bmC)

2 MeOH o
Recycled from

Methanol .
Polymerization Diphenyl Carbonate

Step Recycle to DMC Step ‘J (DPC)

Break-Through

(DMC)
Reactive
Distillation

PhO-C-OPh
Phenol A

Barriers in Reaction 3-1 Reaction & Distillation | 2PC
(A) Hardly Proceeds Simultaneously ina | * Ultra High Pure

Same Column !!

Extremely Small K (103-104) - High Productivity

(B) Easily Occurs De-CO, = | .High Selectivity
(C) Conventional Trials : Batch Asahi Kasei's World-First Pat. Continuously !!

USP 5,210,268

Figure 10. Break-through (2) in the monomer production
step. (DPC step)

lectivity (>99%). The two reactions (f) and (g) are
conducted using two continuous multi-stage distilla-
tion columns connected to each other. The reaction
and products separation by distillation are carried
out simultaneously in the each column. The technolo-
gy that the reaction and the products separation by dis-
tillation are carried out simultaneously in the same
distillation column is called a reactive distillation.
This reactive distillation technology for producing
DPC was firstly disclosed in the world by our pat-
ents.”® This is the most important break-through in
the monomer production process (see Figure 10)

Before the disclosure of our patents, all efforts for
producing DPC had been focusing on development
of the catalyst to enhance reaction rate of DMC with
PhOH and on prevention of taking away of DMC from
the reaction system by azeotrope with produced
MeOH. In these researches and developments, the re-
actions were carried out batch-wisely in the reactor
(tank or flask) fitted with distillation column on the re-
actor, in which the reaction occurred only in the reac-
tor existing the catalyst and no reaction occurred in
the column portion.?? At that time, there was only
one method for producing DPC continuously using a
tube reactor packed with molecular sieves to absorb
produced MeOH,*° and thus differs completely from
the reactive distillation method. Subsequent to the dis-
closure of our patents, many patent applications for
DPC production using the reactive distillation tech-
nology have been made.?!
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In this step, at least two reactive distillation col-
umns connected to each other must be used, therefore,
it is more complicated and difficult to produce high-
purity DPC smoothly. We had to construct the pilot
scale facilities in several times. The pilot facilities
were capable for reaction and distillations under pres-
sure in the first column and under reduced pressure in
the second column, and we had to practice the long
term operations under different conditions in many,
many times, because it is very difficult to make the
steady states to operate the combined two or more dis-
tillation columns with conducting many reactions,
many distillations and many recycling of the materi-
als. Such hard and long term endeavors lead to the es-
tablishment of this technology. As a result, we have
able to obtain the ultra high pure DPC with high pro-
ductivity and high selectivity continuously at industri-
al scale. Concerning about this step, we have made a
lot of patent applications.*

POLYCARBONATE PRODUCTION PROCESS

When we try to produce the PC in a large scale by
transesterification reaction of bisphenol-A (Bis-A)
with DPC accompanying with removal of the PhOH
by-produced from the reaction mixture under high
vacuum, we face to very difficult problem. This prob-
lem is particularly troublesome, because it is based on
the essential feature existing in the polycondensation
reaction of PC itself. In order to progress the polymer-
ization, it is necessary to remove the PhOH produced
by the equilibrium reaction effectively from the reac-
tion mixture through the surface of the polymer.

However, in the case of PC, there is great increase
in melt viscosity with progressing of the polymeriza-
tion and the surface renewal of the polymer by me-
chanical stirring for removing PhOH becomes very
difficult before reaching the required molecular
weight. Thus, polymerization hardly progresses. In
order to lower the melt viscosity and to progress the
polymerization, it is necessary to make the reaction
conditions more severely, that is, the higher reaction
temperature than about 300°C under high vacuum
less than about 133 Pa for a fairly long time. However,
these severe reaction conditions are easy to give fatal
damages to the PC produced, such as discoloration
and deterioration of the physical properties. Thus,
the difficult problems in the melt polymerization for
PC without giving fatal damages have been remaining
for long time. In this respect, the polycondensation
reaction of PC is essentially different from the other
condensation polymers, such as polyethylene tere-
phthalate (PET) and polyamides (Nylons). One of the
reasons why none of new comers could enter the com-
mercial production of PC for long time until now is
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Transesterification of DPC and Bis-A ‘

CH,
n-PhO-C-OPh + n- HO-@-C-@-OH
[}
0 cn-|3

High Temp. &
High Vacuum

Melt

o
{o@-ﬁ:@-o—%% + 2n- PhOH
n
o)

H,

Barriers
L |

+ Steep Rise in Viscosity (n>10): n=35-65 for PC

* Need for PhOH Removal from very High Viscous Material

+ >300°C, <1 mmHg : Discoloration, Lowering of Property

Figure 11. Barriers in the melt polymerization of PC.

because of the presence of these barriers difficult to be
solved in the polymerization step. (See Figure 11)

In the pre-polymerization step, the PC pre-polymer
having the polymerization degree n = about 10 from
the molten mixture of Bis-A and DPC can be obtain
without such difficulty owing to the relatively low
melt viscosity. However, the polymerization degree
becomes more than about 10, the melt behavior rapid-
ly changes from the previous one and a drastic in-
crease in melt viscosity occurs. The required polymer-
ization degree (n) of PC as an engineering plastic is
about 35-65, so post-polymerization step is necessary.
For the post-polymerization step, we have developed
successfully two different processes capable of indus-
trialization to overcome these barriers based on the
extremely high melt viscosity of PC. One is the sol-
id-state polymerization process, and the other is the
melt polymerization using unique reactor without
mechanical stirring. The melt polymerization process
using the latter reactor has been industrialized.

Solid-state Polymerization Process

This post-polymerization process of PC is based
on our new concept of solid-state polymerization for
amorphous polymer, and it is published in “Green
Chemistry, Designing Chemistry for the Environ-
ment” (ACS Symposium Series 626, Chapter 2).%3
Different from amorphous polymer such as PC, crys-
talline polymers such as PET and Nylon are known
that the solid-state polymerization of the pellets hav-
ing sufficient molecular weight for general purpose
is carried out to obtain higher molecular weight poly-
mer for special use such as tire cord.’* However, none
of trials to produce PC resins by solid-state polymer-
ization appeared prior to our disclosure. The reasons
is possibly that PC is an amorphous polymer having
T, =154°C and even if the molecular weight is
enough for an engineering plastic, the molten state
occurs before reaching the temperature necessary for
polymerization (>200°C). Therefore, it is practical
sense that solid-state polymerization of the PC pre-
polymer having lower T, than that of PC polymer as
the post-polymerization has been thought to be impos-
sible.

We have overcome such practical sense by devel-
oping the following technologies.
(1) The technology for turning the amorphous PC pre-
polymer to a crystallized porous pre-polymer having
high melting point sufficient to maintain the solid-
state at the polymerization temperature:
The technology is based on the finding that amor-
phous PC pre-polymer having polymerization degree
n = about 10-20 easily crystallizes on contact with
a solvent such as acetone to give a porous crystalline
powdery pre-polymer having melting point of 225—
230°C and surface area exceeding about 2m?/g (see
Figure 12). At first, this fact was found when acetone

Amorphous PC Pre-polymer

Non-Porous
Porous
—
Pre-polymer

Acetone

Easy to

Eliminate Phenol

Crystallized PC Pre-polymer

17-. M,f *«
«’z*‘* J.»_,.‘ 3,
*ﬁf” Wiy

.66M

Porous (2m2.-g)

High

polymerization Rate

Figure 12. Crystallization of amorphous PC pre-polymer.
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was poured into the glass flask containing the amor-
phous PC pre-polymer fixed to the surface of the glass
to remove off the pre-polymer from the flask. When
the surface of the pre-polymer immersed in acetone
was scrubbed with a spatula, a small amount of white
powder material was obtained and found to be a crys-
tallized porous PC pre-polymer. In the bench stage de-
velopment, this crystallization step was improved as
that many strands of molten amorphous PC pre-poly-
mer were immersed into the acetone with stirring to
produce white crystallized pre-polymer powder. In
the pilot facilities, further improvements for reducing
the amount of the crystallization solvent had been
done. Instead of immersing amorphous pre-polymer,
the new crystallization step has been developed, in
which the small particles of the amorphous pre-poly-
mer were pulverized in the presence of small amount
of the solvent to cause crystallization. These small
particles of the amorphous pre-polymer can be also
crystallized by remaining in the atmosphere of the
crystallization solvent vapor or only with heat applica-
tion without solvent vapor.

(2) The technology conducting solid-state polymeriza-
tion without adhesion of crystallized pre-polymer:

In the laboratory scale, the porous crystallized PC pre-
polymer easily polymerizes at relatively low tempera-
tures as 210-220°C with effective removal of PhOH
under reduced pressure and/or under blowing of inert
gas (N, CO,, Lower hydrocarbon, etc.). However,
when we try to make scale-up the solid-state polymer-
ization of PC, we faced to the troublesome problems
that the powdery crystallized PC pre-polymer easily
adhesive with each other. This troublesome problem
has been solved by the two different kinds of ap-
proaches. One is based on the fact that the crystallized
pre-polymer having small pellet shape can extremely
reduced the adhesion. And the continuous process
for preparing the small pellet shape crystallized pre-
polymer has been developed. The other is based on
the development of the solid-state polymerization
facilities for avoiding adhesion. Various solid-state
polymerization facilities at bench and pilot stages
have been set up capable industrialization could thus
be developed (see Figure 13).

In 1987, we made the world’s first patent applica-
tion for the solid-state polymerization of PC with re-
moval of PhOH, and this patent application was dis-
closed in 1989, and has been patented in the many
countries (U.S. Patent. in 1990, Eur. Pat. in 1994,
Jap. Pat. in 1995, etc.).

In our solid-state polymerization, the obtained PC
has excellent properties without discoloration and de-
terioration because the polymerization temperature is
lower about 70-80°C than the conventional melt
polymerization being necessary more than 300 °C.
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Figure 13. Break-through (3) in the polymer production step:
Solid-state polymerization of PC.

In order to explain the principle of the solid-state
polymerization of PC from bisphenol-A and DPC,
one example of the laboratory scale experiments is
shown as follows.

68.4 g of bisphenol-A and 77.0 g of DPC produced
by the reactive distillation method described above
were put into a 500 mL three-necked flask provided
with a stirrer, a gas inlet and a gas suction port.
De-aeration by applying vacuum and introduction of
dry nitrogen were performed five to six times. Then,
the flask was immersed in an oil bath kept at from
180 to 190 °C, thereby melting the content of the flask.
Again, de-aeration by applying vacuum and intro-
duction of dry nitrogen were performed. Thereafter,
the temperature of the oil bath was elevated up to
230°C, and dry nitrogen was introduced into the flask
at a rate of 251/h (volume at normal temperature and
pressure) while stirring so as to distill off formed phe-
nol. About 50 min later, the reaction system was evac-
uated, and the reaction mixture was stirred at from
260 to 660Pa for about 15min, thereby distilling
off phenol and DPC. As a result, there was obtained
7g of a colorless, transparent pre-polymer having
M,, = 6,200. The pre-polymer had terminal-OCOOPh
groups and terminal-OH groups in amounts of 72
mole % and 28 mole %, respectively, based on the to-
tal number of moles of all the terminal groups of the
pre-polymer. The pre-polymer was taken out of the
flask and pulverized. The resultant powdery pre-poly-
mer was immersed in 250 mL of acetone, thereby ef-
fecting crystallization of the pre-polymer. The crystal-
lization of the pre-polymer occurred immediately after
the immersion. 30 Min after the immersion, sufficient
crystallinity was obtained, but immersion was further
continued for 1h. The resultant white powdery crys-
tallized pre-polymer was filtered off and dried. From
the powder X-ray diffraction patterns, it has been
found that the crystallized pre-polymer had a crystal-
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linity of about 30%. With respect to the ratio of each
of the terminal groups, there was substantially no
change between the pre-polymer before the crystalli-
zation, i.e., amorphous pre-polymer, and that after
crystallization, i.e., crystallized pre-polymer.

The powdery crystallized pre-polymer, was put into
the same type flask as that used in the pre-polymer
preparation. While introducing a little amount of dry
nitrogen into the flask which was under 260 to 660 Pa,
the flask was put in a oil bath kept at 190 °C. While
stirring the content of the flask, the temperature of
the oil bath was elevated at a rate of 5°C/h. After
the temperature of the oil bath reached 220 °C, stirring
of the content of the flask was continued at this tem-
perature for 8 h under a reduced pressure of 260 to
660 Pa while introducing a little amount of dry nitro-
gen, thereby effecting solid-state polymerization. As a
result, there was obtained a white powdery crystal-
lized PC having My, = 28,000 (My,/M, = 2.4). The
thus obtained crystallized PC had a hydroxyl terminal
group content of 0.001% by weight, based on the
weight of the polymer. In contrast, with respect to
commercially available PCs, the content of terminal
hydroxyl groups is in the range of from about 0.01
to 0.05% by weight.

Test pieces were obtained by subjecting the white
crystallized polycarbonate to customary injection
molding. The testing pieces were colorless, transpar-
ent and tough. The test pieces were subjected to test-
ing for boiling water resistance by putting in an auto-
clave containing water and heating at 120 °C for 50 h.
As a result, although the M,, had been slightly reduced
to 25,000, no occurrence of crazing or discoloration
was observed.

We had constructed three types (batch, semi-contin-
uous and continuous) of the pilot scale facilities for
producing PC by the solid-state polymerization. The
white crystallized PC produced by these pilot facilities
had been turned to the clear transparent amorphous
PC pellets by means of melt extrusion and pelletiza-
tion. These PC pellets produced by the pilot facilities
had been evaluated by three PC producing companies
and several molders from the late 1980s to the early
1990s. Their evaluations were all sufficient to satisfy
us that Asahi’s PC by the solid-state polymerization
had some excellent features compared with the con-
ventional PC produced by the phosgene process, and
the other properties were at least as same levels as
the conventional PC. They had also described that
the Asahi’s PC could have sufficient properties to
compete with the conventional PC on the market.

Solid-state polymerization of PC has no relation to
the ultra high melt viscosity which makes extremely
difficult the melt polymerization of PC, and can pro-
duce high performance PC. Furthermore, our solid-
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state polymerization process can easily produce the
higher molecular weight PC than the commercial
PC, which the higher molecular weight PC has excel-
lent properties such as solvent resistance and abrasion
resistant.

After disclosure of the Asahi Kasei’s technologies
of the solid-state polymerization of PC, a lot of works
from universities and companies in this field has been
published.*¢

As a pioneer of the solid-state polymerization of
amorphous PC, we are very glad to see the expansion
of this technical field.

Melt Polymerization Process

In order to obtain the PC having the molecular
weight required for engineering plastic (about n =
35-65), post-polymerization is inevitably necessary
as described above. There have been a lot of trials
to practice the post-polymerization in the melt state.
However, all of them have used the horizontal reac-
tors, which have been developed for the polymer-
ization of polymer having ultra high viscosity. These
reactors have self-cleaning type twin-screw for me-
chanical mixing and surface renewal of ultra high
viscosity polymer.” However, it is well known that
these reactors have several problems as shown in
Figure 14.
(1) It is liable to discoloration of PC:Air or small size
contaminants are easy to leak into the reactor through
the seals of rotary axes, because the operation is
carried out at high temperature under high vacuum.
These leaks damage the color tone and physical prop-
erties of PC.
(2) It is liable to deterioration of PC: In order to obtain
the PC having desired molecular weight, the residence
time of the polymer in the reactor must be long. Such
residence under at high temperature (>300°C) and
hjgh shear force by mechanical agitation causes to de-
teriorate the physical properties of PC. Furthermore,
dead-spaces are present in this type reactor, and the
polymer staying in these dead-spaces at high tem-
perature for long time inevitably discolors to yellow,
brown or black. The contamination of the discolored
polymer into the product is fatal for the transparent PC.
(3) It is unable to produce all grades necessary for
commercial products.: It is difficult to produce the
PC grades having middle to high viscosity. The grades
are important for injection and extrusion products.
Thus, even the most effective stirring systems now
available cannot produce all grades of PC for general
purpose.
(4) It is not energy-saving type reactor.: It needs to use
a high power motor for rotating the twin axes and con-
sume much electric energy for mixing very high vis-
cosity polymer.
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Twin-Screw Type Reactor
High Temp. : >300°C
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Figure 14. Conventional melt-state post-polymerization.
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Figure 15. Break-through (4) in the polymer production step:

Gravity-utilized, non-agitation polymerization (Melt-state post-
polymerization).

We have tried to the melt polymerization from the
new standpoint, and we have endeavored to solve the
problems having these mechanical mixing type reac-
tors for long times, we have succeeded in developing
a new unique polymerization reactor.® This innova-
tive reactor utilizes only earth gravity without using
any mechanical mixing system, so we would like to
call this reactor “A Gravity-utilized, Non-agitation
Polymerization Reactor.” This is the world’s first re-
actor for the polycondensation of PC (see Figure 15).
This is the great break-through in the polymerization
step.

The new reactor can smoothly conducts the post-
polymerization reaction of PC during the pre-polymer
flows down along the guides fitted vertically in the
space of the reactor. In order to practice the surface
renewal of the high viscosity material, it is usual that
the mechanical agitation methods are tried and inves-
tigated what type of agitator is useful to achieve effec-
tive mixing.
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It is a great surprise that in this reactor very effec-
tive surface renewal and agitation of the pre-polymer
during flowing down along the guides is practiced and
effective removal of the by-produced PhOH is at-
tained, though there is no mechanical agitation. Con-
sequently the polymerization reaction occurs easily
and the desired molecular weight PC is obtained at
the end of the guides.

The phenomena that when the highly viscous mate-
rial is flowing down along the guide such as a wire the
effective surface renewal and mixing of the high vis-
cous material occurs, has been first established by the
model experimental. The reactor model was made of
transparent PVC pipe (inner diameter = about 10 cm,
length = 5m) and a stainless steel wire (outer diame-
ter = about 2 mm) was fitted at the center of the pipe
fixed vertically. Transparent viscous starch syrup was
continuously fed from the top of the wire and flowed
down along the wire at room temperature. The starch
syrup flowed down continuously as rod-like material
surrounding the wire. In the steady state, a spot of
red color dye was added to the starch syrup at the
top of the reactor model. As flowing down the starch
syrup, the spot of red color dye was spreading in the
syrup and the pink colored homogeneous zone was
observed. This means that the diffusion of the red spot
into the rod-like material occurred by the effective
mixing. Furthermore, more and more effective surface
renewal and mixing were observed when the system
was made under the reduced pressure, because a part
of the water containing in the starch syrup was re-
moved from the surface and the inside of the flowing
material accompanying with vigorous foaming inside
and surface of the starch syrup.

In order to explain the principle of the melt poly-
merization of PC using the Gravity-utilized, Non-
agitation Polymerization Reactor, one example of
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the pilot scale experiments is shown as follows.

The polymerization was carried out using a vertical,
cylindrical reactor which has an internal volume of
0.6m> and is equipped with thirty column-shaped
guides made of stainless steel, each having a diameter
of 1 mm and a length of 8 m. The reactor is also equip-
ped with distributing plate at upper position, through
which pre-polymer fed to the reactor can be distribut-
ed to cylindrical guides so that the distributed pre-
polymer can be caused to uniformly fall along and
in contact with the surface of each of cylindrical
guides. Further, the reactor has an external jacket,
and the inside is adapted to be heated by passing a
heating medium through the jacket. The reactor has
no agitating means for the pre-polymer. The pre-poly-
mer having a M, = 6,200, which had been prepared
by reacting bisphenol-A with diphenyl carbonate pro-
duced by the method described above in a molar ratio
of 1:1.05, was continuously fed to the polymerization
reactor through the inlet fitted on the top part of the
reactor at a flow rate of 18 kg/h, so that a polymeriza-
tion reaction of pre-polymer was carried out under
the conditions wherein the reaction temperature was
265°C, and the reaction pressure was 67 Pa, while
continuously withdrawing a produced aromatic poly-
carbonate from outlet fitted under the bottom part of
the reactor. Each of the polycarbonate products ob-
tained 25h and 50h after the start of the polymeriza-
tion reaction had a M,, = 11,7000. Both of the aromat-
ic polycarbonate products were colorless, transparent
and contained no impurities and thermal decomposi-
tion products.

Although we had found principle that the PC hav-
ing high molecular weight could be obtained from
the pre-polymer and the new polymerization reactor
would be useful for the post-polymerization of PC,
we had faced to the difficult problem, which had been
to overcome for industrialization. That is, the re-
mained problem was to establish the technology ena-
ble to produce the PC having the desired molecular
weight necessary for the commercial products stably
for long time such as more than several thousands
hours.

A lot of factors that may make fluctuations of the
molecular weight in this new polymerization method
have been examined thoroughly. Those factors are
for example as follows.

(1) Pre-polymer: molecular weight, kind of and
amount of the polymerization catalyst, ratio of the
terminal group (-OH/-OPh), etc.

(2) Guide, apparatus: type, length, shape, distance of
the neighboring guides, etc.

(3) Polymerization conditions: feeding rate, tempera-
ture, pressure, etc.

(4) Uniformity of vertical changing: piston flow, resi-
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dence time, changing in the adhesive power, etc.
(5) Horizontal uniformity: distributor, similar degree
of the surface renewal, etc.

We have had to try innumerable cycles of planning
based on the hypotheses, doing, seeing and thinking
for stable production of PC in consideration of the
above factors. Accordingly we have also had to con-
struct several types of the pilot facilities suitable for
the hypotheses and repeat again and again the opera-
tion and the improvements of the pilot plants. As a re-
sult, the stable production technology has been estab-
lished. This stable production technology has been
applied to the commercial plant, and the transition
curve of the melt index (MI) in Figure 15 is an exam-
ple showing the stable production of one of the grades
of the commercial products.

The Gravity-utilized, Non-agitation Polymerization
Reactor can easily produce the PC covering all of
ranges of molecular weight of the commercial PCs
from disk grade (n = about 35) to high viscosity
grade for extrusion processing (n = about 65). Fur-
thermore, this reactor can also produce the PC having
a molecular weight higher than n = about 65.

This new reactor can produce the high-purity and
high-performance PC having colorless and good trans-
parency and good properties because the new reactor
can produce the PC at less than 270 °C, which is lower
more than 30 °C the conventional melt polymerization
using the twin-screw type reactors. There is no need
for any type of agitators, which cause air leaks and
small foreign contaminants.

The Gravity-utilized, Non-agitation Polymerization
Reactor accords with the natural principle only utiliz-
ing the gravity of the earth, and it can also contribute
to energy-saving. It is clear that the ultra high melt
viscosity of PC makes melt polymerization of PC
extremely difficult. To the contrary, the new reactor
effectively utilizes the high viscosity of PC as the ad-
hesive power to the guides maintaining the stable
flowing down of the PC pre-polymer.

EXCELLENT FEATURES OF PC PRODUCED
BY THE ASAHI KASEI PROCESS

The PCs produced by the new process have not
only high-purity and high performance, and excellent
in transparency but also other outstanding features,
which can’t be attained in the PCs produced by the
conventional process.

(1) Cl-Free

The PCs produced by the Asahi Kasei Process con-
tain none of chloride compounds because the process
does not use any kind of chloride compounds in both
the monomer production step and polymer production
step. The PCs produced by the phosgene process
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Figure 16. Excellent features of the PCs produced by the Asahi Kasei’s process.

inevitably contain some chloride compounds such
as NaCl, chloroformates, chlorinated hydrocarbon
(CH;Cl,, chlorobenzene etc.). These chloride impuri-
ties cause to corrode the molding machines and the
molds. Even the thoroughly purified disk grade PCs
produced by phosgene process contains about several
10ppm to several 100ppm of the chloride com-
pounds. The optical disk produced from these PCs
may possibly corrode the recording layers during long
time storage.

The microscopic photographs in Figure 16.1 show

the results of the acceleration tests on optical disks
at high temperature (80°C) and high humidity
(85%RH) for 300h. None of holes of the recording
layer can be observed in the Asahi’s PC after testing
(b) as is the case before testing (a). However, a lot
of holes (white points) of the recording layer can be
seen in the Phosgene-PC after testing (d).
Today, more than 500 thousands tons PC per year are
used for optical disks in the world. It is clear that the
PCs produced by the Asahi Kasei Process are suitable
for the use of optical disks required for long life sto-
rages such as DVDs.

Recently, IC related industries have eagerly desired
to get the materials containing none of chloride com-
pounds. They have hated remarkably the presence of
the chloride compounds in the materials contacting
to the electronic parts even very small amount, be-
cause the chloride compounds cause the false working
of the parts. As the PCs produced by the Asahi Kasei
Process can completely satisfy the requirements of the
IC related industries, the PCs produced by the Asahi
Kasei process for the use of these field, for example,
the carriers for the semi-conductor parts such as sili-
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cone wafers and for the precision instrument parts will
increase.
(2) Low Mold Deposits

The PCs produced by the Asahi Kasei Process con-
tain very small amount of the oligomers having Mw of
less than 1000, therefore the amount of the mold de-
posits during the molding is quite small compared
with the PCs produced by the conventional process.
Accordingly, very long time molding operation can
be attained without interruption of the molding for
wiping or cleaning of the mold or the stamper. Pro-
longed molding operation is useful not only for the
productivity improvement but also the man power-,
material- and energy-savings. Thus, the molders have
highly evaluated the PCs produced by the Asahi Kasei
Process.

Figure 16.2 shows the photographs of the stampers
after molding of DVD-RAM (2000 pieces) using PC
produced by the phosgene process (Phosgene-PC)
and PC produced by the Asahi Kasei Process (Asahi’s
PC) respectively (molding temperature: 380 °C, mold
temperature: 100 °C). On the left-side stamper (Phos-
gene-PC), large amount of the mold deposit (MD) ow-
ing to oligomers is observed. However, on the right-
side stamper (Asahi’s PC), none of MD is observed.
(3) Excellent Moldability

The PCs produced by the Asahi Kasei Process have
good flow characteristics compared with the Phos-
gene-PC under the molding conditions. Figure 17
shows the comparison of the spiral flow distances
(SFD) between Asahi Kasei’s-PC and Phosgene-PC
having the same melt index (MI = 14, 300°C,
12 kg) under the same molding conditions.

Figure 17 clearly shows that the SFDs of the Asahi
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Figure 17. Comparison of the spiral flow distance (SFD)
between Asahi Kasei’s-PC and phosgene-PC (MI = 14, 300°C,
12kg).

Kasei’s-PC are longer than those of the Phosgene-PC
at any temperatures using usual injection molding.
Therefore, the PCs produced by the Asahi Kasei Proc-
ess are very suitable for the uses to produce the preci-
sion moldings. Especially, they are fit for the uses of
the optical disks for information storages (DVDs)
and the precision molding parts having fine and com-
plex shapes. Because of their excellent flow character-
istics, they can precisely transfer the ultra fine pits or
grooves from the stampers for the optical disks, and
can flow into the fine cavities of the precision molds.
(4) High-Cycle Molding

The PCs produced by the Asahi Kasei Process low-
ers the molding temperature by at least about 10°C
and the mold temperature about 3-5°C compared to
the PCs produced by the phosgene process. Therefore,
the PCs produced by the Asahi Kasei Process make
the high-cycle molding possible. The long time
high-cycle molding (high productivity) is also possi-
ble owing to their features of the low MD.

CONCLUSIONS AND FUTURE DEVELOPMENT

Asahi Kasei’s new non-phosgene PC process using
CO, as raw material satisfies almost all 12 Articles for
Green Chemistry proposed by Dr. Anastas and Dr.
Warner.*® That is, (1) no waste, and no waste water
necessary for disposal treatment, (2) material-saving
due to high yields and selectivity (>99%), complete
reuse by recycling of the all intermediates, (3) use
of low toxic reactants: phosgene-free and CH,Cl,-
free, (4) safer products: DPC alternates phosgene,
(5) no use of sub-materials (solvent-free), (6) ener-
gy-saving due to high yields and selectivity; no use
of H>O in EG production step, (7) CO, as a raw ma-
terial can be regenerated, (8) no chemical modifica-
tion, (9) use of a small amount of catalysts and they
are recycled in the monomer production steps, (10)
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Realization of Green Sustainable Chemistry

1. Utilization of By-Product CO, Emitted into Air
(1) Into PC Main-Chains
(2) CO, Emission Reduction: 173t/PC 1kt

2. Safer Plant
(1) No-Use of Highly Toxic Phosgene
(2) No-Use of CH,CI,

3. Environmentally Benign Process
(1) Wastes : None

(2) Waste Water to be treated : None

Figure 18. Contribution of Asahi Kasei’s PC process to soci-
ety.

good process control by using many instruments
for analysis and control system, (11) phosgene-free,
which means hard for a hazardous chemical accidents
to occur. (12) There are no run-away reactions. All
reactions are hard to occur chemical accidents.

Asahi Kasei’s new non-phosgene process practicing
Green and Sustainable Chemistry can contribute to so-
ciety in several aspects. For example, utilization of
CO; emitted into air, safer plant and environmentally
benign process as shown in Figure 18.

In addition to the above contribution in “Green and
Sustainable Chemistry,” the new process has also eco-
nomic advantages to the conventional phosgene proc-
esses both in the plant construction cost*’ and in the
feedstock cost.*!*? Therefore, in order to satisfy the
demand for increasing consumption of PC, the new
plants using Asahi Kasei non-phosgene process are
preferred to construct in the world. For this purpose,
the Asahi Kasei Corp. group is willing to license
the new technology to respond to the requirements
without monopolizing, because there are a lot of
requirements for licensing of the new process from
about 20 companies involving the conventional PC
producers.

Following the first commercial plant of Chimei-
Asahi Corp. in Taiwan, on the basis of license con-
tracts, the plants of the company in Russian, the two
companies in Korean and the company in the Middle
East are now under construction. Since the licensing
to the other companies has been continued, the total
capacities of PC production by the Asahi Kasei new
non-phosgene process should become to share more
than 25% in the world in the near future.

It is sure that the success in the industrialization
of the new Asahi Kasei non-phosgene PC process
in Chimei-Asahi corp. should accelerate the process
changing of the PC production from the phosgene
process to the non-phosgene process. Among them it
is a good possibility that the Asahi Kasei’s process
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should become a global standard process for the pro-
duction of PC in the future. Furthermore, it is also a
good possibility that the Asahi Kasei’s process should
accelerate the process changing of the monoethylen-
glycol (MEG) from the conventional EO hydration
process.

It is great pleasure for us that the new technology
contributes to mankind by practicing Green and
Sustainable Chemistry all over the world.
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plant of “T. Co.” in Singapore. Sekiyu-Kagaku-Shinbun
(Japanese) [The “Petro-Chemical Press” (weekly)], Dec. 6,
1999.

(i1) About 20 thousand million ¥ for 40,000 ton/year plant
of “S.D. Co.” in Japan. Kagaku Kogyo Nippo (Japanese)
[The Chemical Daily], Oct. 7, 1993.

(b) Non-phosgene Asahi Kasei process

About 9 thousand million yen (¥) for 50,000 ton/year plant
of Chimei-Asahi Corp. in Taiwan. Kagaku Kogyo Nippo
(Japanese) [The Chemical Daily], Nov. 8, 1999.

In the Asahi Kasei process, all raw materials (EO, CO, and
Bis-A) are converted to the products (PC and MEG). The
cost for purchasing EO can be fully covered by selling the
monoethyleneglycol (MEG). This is reasonable because
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MEG is the product and EO is the raw material and the price
of the product is usually higher than the price of the raw ma-
terial. The CO, is also by-product emitted into the atmo-
sphere at EO production step. However, in the phosgene
process, Cl, and NaOH (raw materials) are wasted as NaCl.
At least this point shows that Asahi Kasei Process is more
economical than the phosgene process.

European Chemical News (ECN) describes our process in
the article of Polycarbonate” July 2002/Process Review
pp. 32-34, the extraction is as follows:

“Phosgene is a toxic chemical that requires rigorous process
design standards to protect the health and safety of workers.
Investment requirements are increased by the need for close
analytical monitoring and control, equipment designs for
lethal service, and treatment of vent streams by caustic
scrubbing or incineration. Toughening of environmental
restrictions worldwide has added impetus to the search for
non-phosgene routes to polycarbonate.

In addition to phosgene concerns, the interfacial polymeriza-
tion process typically uses a chlorinated solvent, methylene
chloride, another material with exposure limits. A further in-
centive to eliminate the use of phosgene is the economic
penalty incurred because the chlorine content of the phos-
gene is wasted and converted to sodium chloride. Caustic
soda is consumed in the conversion, and the disposal of
waste salt solutions presents ecological problems in itself.

In a second stage reactor, the ethylene carbonate is transes-
terified with methanol to give two products—dimethyl car-
bonate and ethylene glycol. Since a large portion of ethylene
oxide is normally converted to ethylene glycol for use in
polyester production, this approach in essence converts
methanol to dimethyl carbonate with virtually no addition
raw material costs. And, as an extra bonus, selectivity to eth-
ylene glycol is very high, avoiding diethylene glycol and
triethylene glycol, which are by-products of conventional
ethylene glycol processes via hydrolysis of ethylene oxide.”

Dr. Shinsuke Fukuoka was born in Osaka Prefecture, Japan in 1943. He received his B.S. degree in 1966 from Osa-
ka University and his Doctoral degree of Engineering in 1971 from Osaka University under the supervision of late
Professor Shigeru Tsutsumi. He joined Asahi Chemical Industry Co. (Japan) in 1971. He was engaged in the R & D
of aromatic polyamides and spinning thereof, and a plastic optical fiber in Fiber Development Laboratory from
1971 to 1978. From 1977, he by oneself had started the thorough investigation of the prior arts and the basic re-
search for developing a non-phosgene process for polycarbonate. He was transferred to Petrochemical Research
Laboratory in 1979, since then, he had led the R & D of the non-phosgene processes for producing PC or isocya-

nates (MDI, HDI) until 2000. He was a general manager of Chemistry & Chemical Process Laboratory (1992—
1995). Then, he became the general manager of the project for developing the non-phosgene PC process, which
project had to establish the technology enabling the industrialization in a foreign country at pilot stage (1995—
2000). He was a recipient of Green and Sustainable Chemistry Award 2002 (Japan’s Minister of Economy, Trade
and Industry Award) (GSC Network), 35-th Japan Chemical Industry Association Award in 2003, Nikkei Global
Environment Technology Award in 2004 (Nihon Keizai Shinbun, Inc.), The Chemical Society of Japan Award
for Technical Development for 2004, Japan Patent Office Commissioner Award 2005, The Okochi Memorial Grand
Technology Prize 2005 (Okochi Memorial Foundation) and The Award of the Society of Polymer Science, Japan

(2005). He is the author and coauthor of ca. 30 original papers, reviews and books, and ca. 850 patents.

Masahiro Tojo was born in Nagoya, Japan in 1955. He received his master degree from Faculty of Science, Kyoto
University in 1980. In the same year he joined Asahi Chemical Industry Co. and started his R & D at Petrochemical
Research Laboratory. He has been mainly engaged in the R & D of producing process of various chemicals. He was
engaged in the development of DMC and DPC production process from flask scale research to pilot stage (1985—
1990, 1995-2000). He is currently a group leader at Central Research and Development Laboratories. His current
research interests include syntheses of organic functional materials and process chemistry. He was a recipient of
Green and Sustainable Chemistry Award 2002 (Japan’s Minister of Economy, Trade and Industry Award) (GSC
Network), 35-th Japan Chemical Industry Association Award in 2003, Nikkei Global Environment Technology
Award in 2004 (Nihon Keizai Shinbun, Inc.) and The Award of the Society of Polymer Science, Japan (2005).

Polym. J., Vol. 39, No. 2, 2007 113



114

S. FUKUOKA et al.

Dr. Hirosi Hachiya was born in Saga Prefecture, Japan in 1954. He received his Doctoral degree of Engineering in
2000 from Shibaura Institute of Technology under the supervision of Professor Kunihiko Takeda. He joined Asahi
Chemical Industry Co. (Japan) in 1975. Since then he has been mainly engaged in the R & D of polymeric materials
such as polyolefins (1975-1985), aromatic polyether ketones (1985-1990) and aromatic polycarbonate (1986—
2000). After establishing the products technology of the PC, which is inevitable for the commercial products,
he is currently a group leader at Technology Licensing Department. He was a recipient of 35-th Japan Chemical
Industry Association Award in 2003, Nikkei Global Environment Technology Award in 2004 (Nihon Keizai
Shinbun, Inc.) and The Award of the Society of Polymer Science, Japan (2005).

Muneaki Aminaka was born in Tokyo, Japan in 1954. He graduated Tokyo National College of Technology in
1975. He joined Asahi Chemical Industry Co. (Japan) in 1975. Since then he has been mainly engaged in the R
& D of polymer production process such as polyacetals (1975-1985), aromatic polyether ketones (1985-1986)
and aromatic polycarbonate (1986-2000). After establishing the new polymerization process for PC at the pilot
stage, he became a member of the construction and operation technology transfer group for the PC plant in Taiwan
(2000-2002). He was a recipient of Nikkei Global Environment Technology Award in 2004 (Nihon Keizai
Shinbun, Inc.), Japan Patent Office Commissioner Award 2005 and The Award of the Society of Polymer Science,
Japan (2005).

Kazumi Hasegawa was born in Kagawa Prefecture, Japan in 1953. He graduated Ube Technical High School in
1972. He joined Asahi Chemical Industry Co. (Japan) in 1972. He was engaged in the operating of HDPE plant
until 1975. After that he has been engaged in the R & D of several fields such as catalysts for HDPE and LLDPE,
new polymerization methods for aromatic polyether ketones, atomizing of metals. From 1986, he had been engaged
in the development of PC at the bench and pilot stages. He was one of the main members who established the new
PC process at pilot stage. He was a member of the construction and operation technology transfer group for the PC
plant (2000-2002). He was a recipient of Nikkei Global Environment Technology Award in 2004 (Nihon Keizai
Shinbun, Inc.), Japan Patent Office Commissioner Award 2005 and The Award of the Society of Polymer Science,
Japan (2005).

Polym. J., Vol. 39, No. 2, 2007



	Green and Sustainable Chemistry in Practice: Development and Industrialization of a Novel Process for Polycarbonate Production from CO2 without Using Phosgene
	CONVENTIONAL PHOSGENE PROCESS AND DRAWBACKS
	TECHNICAL BARRIERS TO BE OVERCOME
	ASAHI KASEI’S GREEN AND INNOVATIVE PROCESS FOR PRODUCING PC:CLOSEST TO THE IDEAL PROCESS
	MONOMER PRODUCTION PROCESS
	POLYCARBONATE PRODUCTION PROCESS
	EXCELLENT FEATURES OF PC PRODUCED BY THE ASAHI KASEI PROCESS
	CONCLUSIONS AND FUTURE DEVELOPMENT
	REFERENCES


