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Ever since the successful synthesis of polypropylene by G. Natta et al. in 1954, the catalyst has gradually been
refined along with significant improvement and simplification of the production process. The role of the donors

used as a catalytic component or external donors in improving the polymerization activity and controlling the

structure of polypropylene is very significant. In this article, we focus on the development trend of donors to

explain changes in catalysts for propylene polymerization and their current status.

This paper is translated from R&D Report, “SUMITOMO KAGAKU”, vol. 2022.

Introduction

Polypropylene (PP) is a general-purpose resin and
used for a variety of applications, including food pack-
aging, containers and other daily necessities, automo-
tive parts, textiles, and medical devices. Total global
PP production in 2019 is estimated to be about 90 mil-
lion tons?, and PP production is expected to continue
to grow at about 4% per year?, while responding to
lighter weight automobiles to reduce CO2 emissions
and more sophisticated containers and packaging to
contribute to food loss reduction.

Since the successful synthesis of PP by G. Natta et
al. in Italy in 19549, the PP market has experienced
remarkable growth. This was due to the continuous
improvement of catalyst performance, which dramati-
cally increased polymerization activity, improvements
to the primary structure of PP (stereoregularity, molec-
ular weight distribution, efc.) and the morphology of
polymerized powder, and achieving a balance between
low cost, ease of processing, and good physical proper-
ties compared to other resins. Propylene polymeriza-
tion catalysts are broadly classified into Ziegler-Natta
catalysts and complex catalysts such as metallocenes.
In this paper, based on literature and patent informa-
tion, we review the evolution of Ziegler-Natta catalysts
for propylene polymerization and the search and
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development of donor compounds, which have been
actively investigated since 2000.

Development of Ziegler-Natta catalysts for
propylene?-9

The TiCls/AlEt2Cl catalyst used in industrial process-
es in the early days of PP production had low produc-
tivity and stereoregularity”. Subsequently, Natta et al.
found that polymerization activity was enhanced when
TiCls was activated by aluminum reduction®-19. How-
ever, the activity and stereoregularity were still low, re-
quiring deashing and separation of the atactic polymer
component to remove catalyst residues. Subsequent
improvements')-19 led to the industrialization of cata-
lyst systems using AlEt2Cl as an auxiliary catalyst. In
bulk polymerization, an activity of 5 to 15 kg-PP/g-cat
was achieved, and polymers can now be produced that
do not require separation of the atactic polymer compo-
nent. This catalyst is still used in several plants!®-16),

High activity and high stereoregularity were achieved
by a combination of MgCle, TiCl4, an internal donor
which is the first Lewis base and is included in the solid
catalyst, trialkylaluminum, and an external donor which
is the second Lewis base and is added during polymer-
ization!?-21. Benzoate esters were used as Lewis bases
in the early stages of development??-24_ Later, it was
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found that catalysts using phthalates as internal donors
and alkoxysilanes as external donors had an excellent
balance of activity and stereoregularity?”. During this
period, the mechanism of action of both donors was
also elucidated. A mechanism was proposed in which
an external donor supplements the active site that has
had most of the internal donor removed from the cata-
lyst, such as in a complexation reaction with organoalu-
minum, and the active site formed develops high
stereoregularity?®. Catalyst development for even high-
er activity and stereoregularity continued, and 1,3-di-
ether was found as a new internal donor2”: 28, This
donor expressed a certain level of stereoregularity even
without the use of an external donor. The reason for
this is said to be that organoaluminum and 1,3-diether
are difficult to complex and remove from the cata-
lyst?9. In addition to catalysts designed for activity and
stereoregularity (pentad fraction (mmmm: isotactic
fraction in pentad units of methyl groups of polypropyl-
ene resin)), other catalysts were developed to improve
hydrogen reactivity (sensitivity to chain transfer by hy-
drogen) and control molecular weight distribution
(Mw/Mpn). It has been reported that the aforementioned
1,3-diether has excellent hydrogen reactivity and 2,1-in-
sertion proceeds with an isospecific active species, giv-
ing PP with a narrow molecular weight distribution2?.
In addition, the use of succinate ester as an internal do-
nor increases the ratio of highly regiospecific active
species, allowing the production of PPs with a wider
molecular weight distribution3?-32, Table 1 shows data
obtained from hexane slurry polymerization or bulk

polymerization.

LEL RN Results of bulk or hexane slurry polymerization3®
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Thus, the selection of the donor compound, which is
a Lewis base, is the key to controlling the polymeriza-
tion behavior and PP structure of Ziegler-Natta cata-
lysts for propylene. Therefore, the following is an
overview of donor compound exploration and develop-

ment trends, divided into internal and external donors.

Search and development of internal donors

1. Search for alternative compounds to phthalates,
and opportunities for development

A variety of compounds have been reported as inter-
nal donors, such as 1,3-ethers, succinate esters, alkoxyes-
ters®-39_ and malonate esters!?=% (Fig. 1). However,
catalysts using phthalates as internal donors are still
used in the majority of industrial polymerization pro-
cesses for propylene polymerization. On the other
hand, the toxicity of phthalates, when administered in
large doses to rodents, led to restrictions on their use
in all countries and regions, with infants as the main
target for protection, and a movement to avoid phthal-
ates began9). 47,

In 1999, the EU banned poly (vinyl chloride) (PVC)
toys and child care products that contain more than
0.1% phthalates (DEHP: bis(2-ethylhexyl) phthalate,
DBP: dibutyl phthalate, BBP: butylbenzyl phthalate,
DINP: diisononyl phthalate, DIDP: diisodecyl phthal-
ate, and DNOP: dioctyl phthalate) and are intended to
be placed in the mouths of children under 3 years of
age. Subsequently, in 2002, Japan banned the use of
PVC toys with DEHP and DINP content exceeding
0.1%®. However, similar toxicity has not been observed

. Catalyst System Example Productivity 1®  mmmm Process
Generation Year
Mg Ti Internal donor AIR3 External donor kg-pp/g-cat % % -
1st 1954 5-TiCls AlEt2C1 CO2R! 2-4 90-94 Slurry
2nd 1970 - 5-TiCls AlEt2C1 - 10-15 94-97 Slurry, Bulk
1968 MgCl2 TiCla - AlIRs3 Silane 15 40 50-60
3rd . Bulk or Gas
1971 MgCl2 TiCl4 @COle AlIRs3 @coml 15-30 95-97  90-94
CO:R!
4th 1980 MgClz2 TiCla @: ) AlR3 Silane 40-70 95-99 94-99 Bulk or Gas
CO2R?
R! OR3
1988 MgCl2 TiCla Rg{ AlIRs Silane 70-130 95-99  95-99
OR*
5th COR. Bulk or Gas
1999 MgCl2 TiCl4 [ AlRs Silane 40-70 95-99  95-99
CO2R?

a) II: Isotactic Index, originally based on heptane hot extractables
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in primates, and these restrictions were taken as pre-
cautionary measures*”- 48, However, the listing of
DEHP, DBP, and BBP on the 2008 Candidate List of
Substances of Very High Concern for Authorisation un-
der REACH accelerated the movement to avoid phthal-
ate compounds. In Japan, DEHP was designated as a

priority evaluation chemical substance on April 1, 2011,

oR1 1
gs COR g COR

4
R COzR? R OR?

Malonic ester Alkoxy ester

BEEEM Chemical structure of malonic ester and

alkoxy ester
OR OR OR
Rll
O 0 O
O (0} (0}
RHI
OR' OR' OR'
Phthalate
B Chemical structure of phthalate and
phthalate analogs

R
R" >:0 R"
(0]
N > .
0
RH /EO Rll
RV

diol

OH

BN  Chemical structure of diol and catechol derivatives
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and is scheduled to undergo a two-step risk assessment
by the government to determine whether it is a Class 2
Specified Chemical Substance?”-59. DEHP and other
phthalates present technical challenges in risk assess-
ment at this time, such as contamination and clarifica-
tion of contamination pathways. It is still difficult to
establish appropriate elution tests and elution stan-
dards, and in Japan, it has been judged appropriate to
regulate the use of the product within a defined
range®D,

This accelerated the development of catalysts using
internal donors as alternatives to phthalates. There are
two main structures of internal donors used as alterna-
tives to phthalates. One is maleates®® and cyclic di-
esters® 59 that, like phthalates, can achieve a strong
coordination structure to metal atoms (Fig. 2). The
other is diester compounds derived from diols or cate-
chols with a high degree of freedom of coordination to
the metal atom (Fig. 3).

2. Maleates and cyclic diesters

Maleate analogues®® and cyclic diesters®: %9 were
also found to be highly active and highly stereoregu-
lar as internal donors (Table 2).

R 0

RH

\¢ \f R"/\/ OH

s

RM O R" OH
R'AO

Catechol

1L Comparison of activity and stereo regularity between maleate analog and cyclic diester

Activi St lari
Internal donor External donor ctivity ereor'egu arlty Literature
PP-kg/Cat-g X1 wt%
R _CO2Et O\ /Q
\[ Si 41-54 97.1-97.4 52)
COEL MeO' OMe
R =1iBu, n-Pentyl, cycloHexyl
A&\COZ& O\ . Me 35 99.1 53)
COz2Et

MeO OMe

a) X.I. is/represents the amount of insolubles crystallized and precipitated from mixed xylene solution
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Recently, it has been reported that the use of bis(2-
ethylhexyl) citraconate as an internal donor reduces
residual volatile components (VOC: volatile organic
compounds, FOG: Fogging compounds) due to its im-
proved hydrogen reactivity compared to phthalates
(Table 3)%.

It is interesting to note that a mixture of cis-trans
isomers of cyclohexanedicarboxylic acid derivatives
yields PPs with a wider molecular weight distribution
than either cis or trans isomers alone (Table 4)50. 57,
It was also reported that PP with a wider molecular
weight distribution can be obtained by using a mix-
ture of cis-trans isomers of two cyclohexanedicarbox-
ylic acid derivatives, rather than a mixture of cis-trans
isomers of one cyclohexanedicarboxylic acid deriva-
tive (Table 4)°%.

3. Diester compounds derived from diols or

catechols

Catalysts using diester compounds derived from di-
ols as internal donors have been reported®-6D. The
compound 2,4-pentanediol dibenzoate has been found
to be more active than di-z-butylphthalate and gives
higher stereoregularity (Table 5)°9. Characteristically,
it can maintain high activity and high stereoregularity
even in the absence of an external donor. The reason
for this may be that, as with 1,3-diether, organoalumi-
num and 2,4-pentanediol dibenzoate do not complex
easily and are not easily removed from the catalyst.

Catalysts using 5-tert-butyl-3-methyl-1,2-phenylened-
ibenzoate derived from catechol®®-%9 were found to
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give PP with lower residual volatile content than those
using diisobutyl phthalate or 1,3-diether as an internal
donor (Table 6)69,

Other catalysts using 1,8-naphthalenediyl dibenzo-
ate®) derived from dihydroxynaphthalene or methyl
3-benzoyloxybutyrate®® derived from aliphatic esters
with hydroxyl groups as internal donors have also
been found to exhibit high activity and stereoregulari-
ty (Table 7).

Search and development of external donors

1. Study of catalyst systems that simultaneously
exhibit high stereospecificity and high
hydrogen reactivity

Catalyst systems that simultaneously exhibit high
stereoregularity and high hydrogen reactivity are be-
ing actively investigated, including the application of
impact copolymers (ICP: compositions consisting of
propylene monopolymers and ethylene-propylene co-
polymers) to injection molding materials. This may be
because catalysts with high hydrogen reactivity may
also contribute to the reduction of VOC and FOG. Al-
kylalkoxysilanes (RnSi(OR')4n) with moderate bulk
density and electron density have been reported to be
suitable for producing highly stereoregular PPs67)-70)
and are also used industrially. Among them, N-(triethox-
ysilyl) diethylamine (U donor) with an amino group was
reported to exhibit high hydrogen reactivity and high

stereoregularity (Table 8)7.

After the development of the U donor, it was reported

L EEN Comparison of VOC and FOG between bis-(2-ethylhexyl)citraconate and phthalate

roop (H-PP1) 1GPR(H-PP1) T Pellets
Internal donor Hz2/Cs Hz2/Cs 10 mi og mrr;mm voC FOG
mol/kol mol/kmol £/10 min v ppm ppm
(0}
0\/(/\/
\¢() 1.1 12.9 165.0 95.6 45 114
X /\C\/\
COzR
@[ 1.2 14.2 162.5 96.0 55 200
COzR

R = n-octyl or 2-ethylhexyl

WY,

MeO OMe
External donor
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YN Results of molecular weight distribution using cyclohexane dicarboxylates

Amount of
Activity C10 insoluble
Internal donor Muw/Mn Mz/Muw
PP-kg/Cat-g component
wit
COz2Et COzEt
O/ C{ 20.6 94.9 13.7 4.7

"/CO2Et CO2Et

33% 67%

CO2Et
O/ 20.8 96.5 6.6 46
/COzEL
CO2Et CO2Et
\O/ \C{ 185 93.3 9.6 43
"/CO2EL CO2Et

mixture

CO2Et
\C{ 20.2 92.4 6.0 5.1
CO2Et
CO2iBu CO2iBu
O:: 34.2 98.1 14.6 10.8
CO2iBu CO2iBu

CO2Et CO2Et
32.7 98.0 134 12.6
"/CO2EL CO2Et
mixture
CO2Et CO2Et
O/ C{ 25.0 96.7 9.4 45
COEL | CO:zEt
mixture

W

MeO OMe
External donor

1N Comparison of 2,4-pentanediol dibenzoate with di-z-butyl phthalate

Internal d External d Activity rmmm

nternal aonor Xternal aonor PP—kg / Cat—g %
OCOPh yes 51.0 99.5
OCOPh no 53.4 98.1

CO2nBu
©: yes 32.5 98.7
CO2nBu
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LELCIENEN  Comparison of 5-t-butyl-3-methyl-1,2-phenyl-
ene dibenzoate with dii-butyl phthalate

Volatiles content
Internal donor

ug/g
0COPh

21-26
OCOPh

******* CO:#Bu
@i 47.7-55.6
CO02iBu
1,3-diether 46.9
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that cyclopentyl(diethylamino)dimethoxysilane”®,
which has a similar structure to the U donor, exhibits
high stereoregularity (Table 9)7.

It has also been found that dialkyl bis(ethylamino)
silane exhibits higher hydrogen reactivity than
N-(triethoxysilyl) diisopropylamine, which has a simi-
lar structure to the U donor’. Since dialkyl bis(ethyl-
amino)silane has active hydrogen, it is believed to
react with alkylaluminum used in polymerization and
oligomerize due to reaction heat (Scheme 1)7. How-
ever, it is not known how dialkyl bis(ethylamino)silane

acts on the catalyst as an external donor.

LELIEWA Comparison of activity and stereo regularity between 1,8-Naphthalenediyl dibenzoate and methyl

3-benzoyloxybutyrate

Activi Stereo regulari
Internal donor External donor PPke/ CtZt-g %gu ty
0 OCOPh Cold xylene soluble
. _Me 51.2 1.82
O OCOPh MeO OMe
CO:zMe Isotacticity
/[ _Me 193 98.9
Si
/N
OCOPh MeO OMe
LELIEKEN  Effect of N-(triethoxysilyl)diethylamine
Activity MFR Tm mmmm
External donor .
PP-kg/Cat-g /10 min °C %
EteN_. OEt
Si 43.9 444 162.7 98.9
EtO OEt
EteN___Et ™
Si 37.8 120 162.3 98.1
MeO OMe
EteN ___Et
,S} 32.3 600 161.8 97.1
EtO OEt
O\SiMe 42,6 765 162.2 98.0
MeO OMe
Polymerization conditions: 70 °C, H2: 0.4MPa, in heptane
ROR ARG R R kit B, N R
Bt O _Et 'Si Et RN N-Al=N=Sike
N N —_— Et\N’ N - si” CAIE R2Si —N-AI-N
! ! rt N heat M AR heat / N
H H I H CAIES R" N B’ p Bt
(R = ¢-Pen) ok

EEEE  Reaction of dialkylbis(ethylamino)silane with AlEts
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LELIEXN  Effect of cyclopentyl(diethyl)aminodimethoxysilane

Development of Catalyst Technologies for Polypropylene

Amount of
Activity MFR C10 soluble mmmm
External donor . Muw/Mn
PP-kg/Cat-g 2/10 min component %
%
EtN 35.1 32 0.58 99.8 7.9
MeO OMe
I
QSi/Q 40.0 27 0.39 98.0 6.4 nternal donor
MeO OMe [ICOZiBu
g Me 23.0 33 0.72 98.0 55 CO=iBu
MeO OMe
Et2N_. OEt
Si 25.3 30 0.39 99.3 4.6
EtO OEt
Polymerization conditions: 70 °C, in propylene
LELIENON Hydrogen response in propylene polymerization
Temperature Activity MFR XSa)
External donor .
°C PP-kg/Cat-g /10 min wt%
O\ Me 75 55.2 260 1.8
Si 80 64.3 330 1.7
EtHN NHEt
O\ Me 75 49.2 320 16
Si 80 57.0 350 L5
EtHN NHEt
O\ /Q 75 57.3 190 14
Si 80 63.6 240 17
EtHN NHEt

Polymerization conditions: Hz gas/propylene =4 L/1.4 L
a) Cold xylene soluble

It has been reported that asymmetric cyclopentyl-
methylbis(ethylamino)silane or cyclohexylmethyl-
bis(ethylamino)silane, in which one of the two alkyl
groups on the silicon is bulkier, has equal or better po-
lymerization activity and stereoregularity than dialkyl-
bis (ethylamino)silane in which both substituents are
bulky, and has improved hydrogen reactivity in polym-
erization at 80 °C (Table 10)79. In the polymerization of
ICP, the hydrogen reactivity of the homo stage and
whole polymers was improved without a decrease in
polymerization activity compared to dicyclopentyl-
bis (ethylamino)silane (Table 11)79).

It has been found that the use of a catalytic compo-
nent pre-contacted with divinyldimethylsilane prior to
contact with propylene and further contacted with

SUMITOMO KAGAKU (English Edition) 2022, Report 2

tert-butyl methyl bis(ethylamino)silane in the presence
of organoaluminum improves hydrogen reactivity com-
pared to the use of fert-butylmethylbis (ethylamino)si-
lane as an external donor (Table 12)7?. This method
has also been shown to be effective for alkylalkoxysila-
nes (Table 13). The improvement of hydrogen reactivi-
ty by prior contact of the catalyst with an external donor
prior to polymerization is interesting, but there are
likely to be issues regarding the reduction of stereoreg-
ularity and storage stability from catalyst preparation to
its production and use.

It was found that #-propyltrimethoxysilane was more
hydrogen-reactive than diisopropyldimethoxysilane
(Table 14)7. As a result, #-propyltrimethoxysilane gave
PP with lower FOG than diisopropyldimethoxysilane.
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LG EREN Hydrogen controllability in ICP polymeriz

ation

Development of Catalyst Technologies for Polypropylene

Polymerization activity Ethylene-propylene

Temperature L. . ICP-MFR
External donor oc at homo stage copolymerization activity /10 mi
min
PP-kg/Cat-g ICP-kg/Cat-g &
O\ ‘Me 75 50.2 66.6 37
Si 80 60.3 70.2 120
EtHN NHEt
O\ Me 75 474 63.7 35
/51\ 80 53.9 63.6 140
EtHN NHEt
O\ /Q 75 54.6 1.7 28
St 80 46.5 59.4 64
EtHN NHEt

LELIERPY  Effect of pre-mixing solid component with divinyldimetylsilane and fert-butylmetylbis (etylamino)silane

Method A AlEts

Activity MFR XS
j\ PP-kg/Cat-g /10 min wit%
Me
N /Si\/\ Si”
) Me" Me EtHN NHEt AlEts
Solid component > > 55.8 260 2.6
Heptane Heptane Hz gas/propylene
70°C,2h 30°C,2h =4L/14L
70°c
Method B AlEts
j\ _Me
Si
StHN NHE
solid component Ei ¢ 47.8 80 1.9
Hz gas/propylene
=41L/14L
70°C

a) Cold xylene soluble

LGN EY  Effect of pre-mixing solid component with external donor

Activity MFR .
External donor Method PPkg/Cat-g /10 min Literature
O\ /Q A 59.3 200 77)
/Si\ B 50.2 170 74)
EtHN NHEt
O\ Me A 42.5 35 77)
Si B 57.7 17 74)
/N
MeO OMe

Polymerization conditions: 70 °C, Hz gas/propylene =4 L/1.4 L

The combination of a catalyst using 5-tert-butyl-3-
methyl-1,2-phenylenedibenzoate as an internal donor
and an aliphatic diester listed in Table 15 showed
high hydrogen reactivity while maintaining stereoreg-
ularity™. It has been reported that alkylalkoxysilanes
are useful as external donors when phthalates are

SUMITOMO KAGAKU (English Edition) 2022, Report 2

used as internal donors, and alkylalkoxysilanes are
also useful as internal donors other than phthalates.
However, the results suggest that each internal donor
has an optimal external donor other than alkoxysilane
and that new effects may be found.
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LELIEREY  Comparison of FOG between n-propyltorimethxysilane and isopropyldimethoxysilane

Hz2/Cs MFR FOG
External donor Catalyst mol/mol dg/min we
AP g OMe A 0.0175 20 987
Med OMe B 0.0085 20 166
)\ L A 0.061 20 378
St 0.0376 20 301
MeO OMe
A: US patent 4866022
B: US patent 5093415
LELIEREN Comparison of diester and alkylalkoxysilane
Activity MFR XI9)
External donor n .
PP-kg/Cat-g 2/10 min wt%
n 4 66 40 98.1
FtOsC %\)CO Et 75 52 98.3
’ ’ 6 61 49 98.5
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Internal donor
OCOPh
‘Me 104 11 98.6
/Si
MeO OMe OCOPh
O\/ . /O 90 7 98.9
MeO OMe

Polymerization conditions: 70 °C, in hexane
a) The amount of insoluble xylene

2. Use of multiple donors, polymerization
behavior in combination with polymerization
methods, control of PP structure

External donors control polymerization activity,
hydrogen reactivity and stereoregularity of PP, and
molecular weight distribution. However, it is often dif-
ficult to control multiple parameters with a single ex-
ternal donor. Even if multiple external donors are
appliable, it is not easy because one external donor
may dominate and suppress the effects of the other,
or cancel out the effects of both. There have been re-
ports of cases in which such problems were overcome
and the effects of both external donors were effectively
brought out®?-8) For example, by taking advantage of
the fact that the effect of one external donor is prefer-
entially expressed, one type of external donor is used
in the first step, and by adding a different type of exter-
nal donor and using a mixture of external donors in

the second step, PP with high stereoregularity and

SUMITOMO KAGAKU (English Edition) 2022, Report 2

relatively high melting properties has been successful-
ly obtaineds?.

Conclusion

After the successful synthesis of PP by G. Natta et
al. in 1954, catalyst technology development to achieve
higher performance, productivity, and polymerization
process stability of PP has continued, including the de-
velopment of catalyst technology to achieve internal
donor phthalate-free and VOC reduction®?89 in auto-
mobile cabins®®: 9. 78 In order to reduce VOCs and
increase the strength of PP for thinner wall thickness,
there is a need to continue improving catalyst technol-
ogy, such as controlling hydrogen reactivity and im-
proving stereospecificity. The use of Al based on
accumulated data is expected not only to accelerate the
search for donor components and the development of

catalyst technology, but also to lead to the emergence
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of catalysts with unprecedented features. It will remain
a fact that it is the polymerization catalyst that deter-
mines the productivity and primary structure of PP, and
technological development of PP catalysts, including

the polymerization process, is expected to continue.

Reference

1) Japanese Ministry of Economy, Trade and Industry,
Sekai no sekiyukagakuseihin no kongo no jukyu-
doko (October 2019) [Future Supply-Demand
Trends for World Petrochemicals, October, 2019],
https://www.meti.go.jp/policy/mono_info_service/
mono/chemistry/sekaijukyuudoukou201910.html
(Ref. 2022/2/3).

2) Sekiyukagakushimpo, 2021/11/26, p.2-3.

3) G. Natta et al., J. Am. Chem. Soc., 77, 1708 (1955).

4) Nello Pasquini (Translation Supervisor: Yutaka Yo-
koyama, Hiroki Sakamoto), Shinpan Polypropylene
Handbook [New Edition Polypropylene Handbook],
Nikkan Kogyo Shimbun, (2012), p.17-22.

5) J. R. Severn, “Multimodal Polymers with Supported
Catalysts. Design and Production (Eds.: A. R. Al-
bunia ef al.)”, Springer Nature (2019), p.1-53.

6) C. Paulik ef al., Macromol. Chem. Phys., 222 (23),
2100302 (2021).

7) P. Galli, “International Union of Pure and Applied
Chemistry, Structural Order in Polymers, (Eds.: F.
Ciardelli and P. Giusti)”, Pergamon Press (1981), p.63.

8) Esso Res. & Eng. Co., US 3032510 A (1962).

9) Esso Res. & Eng. Co., US 3128252 A (1964).

10) Esso Res. & Eng. Co., US 3130003 A (1964).

11) Anderson, Chem. Co., Division of Stauffer Chem.
Co., “Technical Bulletin Titanium Trichloride An-
hydrous”, August 1959.

12) Solvay & Cie, DE 2213086 C2 (1972).

13) Ivay&CIE, US 113769233 (1973).

14) A. Bernard and B. Fiasse (Eds.: Keii, T., Soga, K.),
“Catalytic Olefin Polymerization”, Kodansha, Else-
vier (1990), p.405.

15) Borealis AG, WO 2013/004781 Al (2013).

16) Idemitsu Kosan Co., Ltd., W02005/097842 Al
(2005).

17) Montedison S.p.A, GB 1286867 A (1968).

18) 1. Pasquon and U. Giannini, (Eds.: J. R. Anderson
and M. Boudart), “Catalysis Science and Technolo-
gy”, Springer Verlag, Berlin (1984), Vol. 6, Chapter 2.

19) Montedison S.p.A, BE 785332 A (1972).

20) Montedison S.p.A, BE 785334 A (1972).

SUMITOMO KAGAKU (English Edition) 2022, Report 2

Development of Catalyst Technologies for Polypropylene

21) Montedison S.p.A and Mitsui Petrochemical Indus-
tries Tokyo. C, DE 2643143 C2 (1977).

22) Shell Oil, US 4414132 (1979).

23) Shell Oil, US 4393182 (1979).

24) B. L. Goodall, (Eds.: R. P. Quirk), “Transition Metal
Catalyzed Polymerizations, Alkenes and Dienes”,
Harwood Academic Publishers, NewYork (1983),
Part A, p.355.

25) Montedison S.p.A, EP 45977 B2 (1982).

26) M. C. Sacchi et al., Macromolecules, 24, 6823 (1991).

27) HIMONT Incorporated, US 4971937 A (1990).

28) E. Albizzati et al., (Eds.: G. Fink et al.), “Ziegler
Catalysts. Recent Scientific Innovatios and
Technological Improvements”, Springer-Verlag
(1995), p.413.

29) J. R. Severn, (Eds.: A. R. Albunia et al.), “Multimodal
Polymers with Supported Catalysts. Design and
Production”, Springer Nature (2019), p.5.

30) Basell Polyolefine, WO 200063261 Al (2000).

31) G. Cecchin et al., Macromolecular Symposia, 173,
1951 (2001).

32) J. C. Chadwick et al., Macromolecules, 37, 9722
(2004).

33) Nello Pasquini (Translation Supervisor: Yutaka
Yokoyama, Hiroki Sakamoto), Shinpan Polypropylene
Handbook [New Edition Polypropylene Handbook],
Nikkan Kogyo Shimbun, (2012), p.21.

34) Showa Denko K.K., JP 2931388 B2 (1990).

35) Showa Denko K.K., JP 4173809 A (1990).

36) Showa Denko K.K., JP 2908866 B2 (1990).

37) Showa Denko K.K., JP 8143619 A (1994).

38) Showa Denko K.K., JP 8143622 A (1994).

39) Japan Polyethylene Corp., JP 10298224 A (1997).

40) Showa Denko K.K., JP 3489889 B2 (1994).

41) Idemitsu Kosan Co., Ltd., WO 9910390 A (1997).

42) Idemitsu Kosan Co., Ltd., JP 11199628 A (1998).

43) Montell Technology Company, WO 9856830 A (1998).

44) Montell Technology Company, WO 9856833 A (1998).

45) Montell Technology Company, WO 9856834 A (1998).

46) Japanese Cabinet Office Food Safety Commission,
Dai 14 kai kigu yokihoso semmonchosakai kai-
gishiryo [14th Technical Committee on Utensils,
Containers and Packaging Meeting Materials],
https://www.fsc.go.jp/fsciis/meetingMaterial/
show/kai20101001ky1 (Ref. 2022/3/9).

47) Vinyl Environmental Council, Kasozai o meguru
saikin no doko [Recent Trends in Plasticizers]
https://www.vec.gr.jp/anzen/anzen2_4.html (Ref.
2022/2/10).

Copyright © 2022 Sumitomo Chemical Co., Ltd. 10



48) Japanese Ministry of Health, Labour and Welfare,
Nippon, EU, Beikouku ni okeru futarusanesuteru
ganyu omochato kinshisochi no soihikakuhyo
[Comparative Table of Differences in Bans on Toys
Containing Phthalates in Japan, the EU, and the
U.S.], https://www.mhlw.go.jp/shingi/2009/06/
dl/s0608-8d.pdf (Ref. 2022/2/10).

49) Japanese Ministry of Health, Labour and Welfare,
Shokuhin tenkabutsuto no kikakukijun (Showa
34nen Koseisho kokuji 370th) no ichibukaisei (kigu
oyobi yokihoso narabini omocha) ni taishite yoser-
areta goikento ni tsuite [Comments Received on
Partial Amendment to Partial Revision of Standards
for Foods, Additives, efc. (Showa 34nen Kouseisyou
kokuzi 370th) (Apparatus and containers and pack-
aging, and toys)], https://www.mhlw.go.jp/public/
kekka/2002/p0318-1a.html (Ref. 2022/2/10).

50) National Institute of Technology and Evaluation,
Dai2syu tokuteikagakubusshitsu [List of Class 2
Designated Chemical Substances] https://www.
nite.go.jp/chem/jcheck/list6.action?categor y=
212&request_locale=ja (Ref. 2022/2/10).

51) Japanese Ministry of Health, Labour and Welfare,
Shokuhin tenkabutsuto no kikakukijun (Showa
34nen Koseisho kokuji 370th) no ichibukaisei
(kigu oyobi yokihoso narabini omocha) ni taishite
yoserareta goikento ni tsuite [Comments Received
on Partial Amendment to Partial Revision of Stan-
dards for Foods, Additives, efc. (Showa 34nen Kou-
seisyou kokuzi 370th) (Apparatus and containers
and packaging, and toys)] , https://www.mhlw.go.
jp/public/kekka/2002/p0318-1c.html (Ref. 2022/
2/10).

52) BASELL POLIOLEFINE ITALIA SPA, JP 4295101
B (2005).

53) HANWHA TOTAL PETROCHEMICAL, WO
2011087231 A (2011).

54) PetroChina Co. Ltd., CN 101824106 A (2009).

55) Borealis AG, JP 2016537463 A (2016).

56) Mitsui Chemicals, Inc., WO 2006077946 A (2006).

57) Mitsui Chemicals, Inc., WO 2006077946 A (2006).

58) Mitsui Chemicals, Inc., WO 2009069483 A (2009).

59) BEIJING RESEARCH INSTITUTE OF CHEMICAL
INDUSTRY, CHINA PETROLEUM & CHEMICAL
CORPORATION, WO 2003068828 A (2003).

60) CHINA PETROLEUM & CHEMICA, CN 101824112
A (2009).

61) CHINA PETROLEUM & CHEMICA, CN 101864009
A (2009).

SUMITOMO KAGAKU (English Edition) 2022, Report 2

Development of Catalyst Technologies for Polypropylene

62) DOW GLOBAL TECHNOLOGIES INC, WO
2010078480 A (2009).

63) DOW GLOBAL TECHNOLOGIES INC, WO
2010078485 A (2009).

64) DOW GLOBAL TECHNOLOGIES INC, WO
2010078503 A (2009).

65) BASF CATALYSTS LLC, WO 2010014320 A (2010).

66) CHINA PETROLEUM & CHEMICAL, WO
2005105858 A (2005).

67) Hiarkonen, M., & Seppala, J. V., Macromolecular
Chemistry, 160, 2535 (1989).

68) Hiarkonen, M., & Seppala, J. V., Studies in Surface
Science, 56, 87 (1990).

69) Hiarkonen, M., & Seppala, J. V., Macromolecular
Chemistry, 192, 721 (1991).

70) Hiarkonen, M., & Seppala, J. V., Macromolecular
Chemistry, 193, 1413 (1992).

71) UBE Corporation, WO 2004016662 Al (2004).

72) UBE Corporation, JP 08003215 A (1996).

73) Mitsui Chemicals, Inc., WO 2019004418 Al (2019).

74) Toho Titanium Co., Ltd., JP5158856 B (2006).

75) Passarelli et al., Dalton Trans., 2004, 1424,

76) Toho Titanium Co., Ltd., WO 2018207642 Al (2018).

77) Toho Titanium Co., Ltd., WO 2010106888 Al (2010).

78) Sabic Global Technologies B. V., WO 2016198344 Al
(2016).

79) BASELL POLIOLEFINE ITALIA S. R. L., WO
2013092205 Al (2013).

80) Mitsui Chemicals, Inc., JP03007703 A (1991).

81) Fina Technology, Inc., US6133385 A (1994).

82) EXXONMOBIL CHEMICAL PATENTS Inc., WO
1995021203 Al (1995).

83) EXXONMOBIL CHEMICAL PATENTS Inc., WO
1999058585 Al (1999).

84) Sumitomo Chemical Co., Ltd., US 6337377 B1
(2000).

85) UNION CARBIDE CHEMICALS&PLASTICS
TECHNOLOGY, WO 2003106512 A2 (2003).

86) EXXONMOBIL CHEMICAL PATENTS Inc., WO
2005111089 A2 (2005).

87) Japanese Ministry of Health, Labour and Wel-
fare, Kurumashitsunai VOC no teigen ni taisuru
Jikokai jishutorikumi ni tsuite [Initiatives of Ja-
pan Automobile Manufacturers Association,Inc.
to Reduce VOCsin Vehicles], https://www.mhlw.go.
jp/file/05-Shingikai-11121000-Iyakushokuhinkyoku-
Soumuka/0000015434.pdf (Ref. 2022/2/17).

88) Japan Automobile Manufacturers Association,Inc.,
JAMA-Kurumashitsunai VOCteigen ni taisuru

Copyright © 2022 Sumitomo Chemical Co., Ltd. 1



jishutorikumi [JAMA- Initiatives to Reduce VOCs in
Vehicles], https://www.jama.or.jp/eco/voc/voc_03.
html (Ref. 2022/2/17).

89) Shanghai ALM Trade Co., LTD Teruaki Hayashida,
Chugoku ni okeru VOCKkisei — Saishindoko to GB-

Development of Catalyst Technologies for Polypropylene

kikaku heno taio ni tsuite — [VOC Regulations in
China -Latest Trends and Compliance with GB Stan-
dards- (chematels.com)], https://chematels.com/
article/ckhjs43z419ny0b24rhtqbpf0 (Ref. 2022/
2/17).

Masayuki HASEGAWA

Sumitomo Chemical Co., Ltd.
Essential Chemicals Research Laboratory
Senior Research Associate, Ph.D.

SUMITOMO KAGAKU (English Edition) 2022, Report 2

PROFILE

Copyright © 2022 Sumitomo Chemical Co., Ltd. 12



