
1SUMITOMO KAGAKU (English Edition) 2019, Report 1 Copyright © 2019 Sumitomo Chemical Co., Ltd.

This paper is translated from R&D Repor t, “SUMITOMO KAGAKU”, vol. 2019.

can be roughly divided into three methodologies from

the viewpoint of their history. The first generation was

the chlorine method for manufacturing PO by using

chlorine (CL), and the second generation was a co-pro-

duction  method producing PO and co-products such as

styrene monomers (SM) or tert-butyl alcohol (TBA)

using organic hydroperoxide (PO/SM, PO/TBA).

These production methods have drawbacks such as

problems with processing of by-products or difficulties

in balancing the markets for PO and the co-products in

terms of economics. A new environmentally friendly PO-

only manufacturing process without any co-product has

become desirable. As a result, third-generation produc-

tion methods based on the use of cumene as an oxygen

carrier (POC) and hydrogen peroxide to propylene

Introduction

Propylene oxide (PO) is a major industrial product

with production of more than 10 million tons per year

worldwide. Approximately 70% of it is used for polyether

polyols (polyols) in the raw materials for polyurethanes,

and approximately 17% of it is used for propylene glycol

in the raw material for unsaturated polyesters, food

product additives and cosmetics (Fig. 1). The demand

for polyurethanes is growing remarkably, particularly in

Asia, and the world’s major PO producers have

announced start-up plans for new plants over recent

years (Fig. 2). Fig. 3 shows proportions of PO produc-

tion by production method worldwide.
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Fig. 1 Main applications of PO and market outlook
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oxide (HPPO) were commercialized. Since 2015, third-

generation production methods have accounted for half

or more of production capacity among new plants with

a production capacity of more than 200,000 tons/year.

Taking the opportunity of our successfully develop-

ment of a new epoxidation catalyst in 1998, Sumitomo

Chemical was successful in establishing POC technolo-

gy, and started 150,000 tons per year commercial pro-

duction at the Chiba Works in 2003. Thereafter, we

implemented a plant enhancement to 200,000 tons per

year in the fall of 2005 based on healthy demand in Asia,

and operations have been continuing smoothly with con-

stant working on rationalization for further enhancing

competitiveness and for reducing the environmental

impact. Through the fusion of the high performance

epoxidation catalyst technology developed independent-

ly by Sumitomo Chemical and process development

technology adopting thermally stable cumene hydroper-

oxide, we have been successful with an extremely high

PO yield and low energy consumption for separation

and purification, making for the method superior to

existing processes in terms of both yield and energy.

Therefore, we have received various awards such as the

2006 Chemical Society of Japan Chemical Technology

Award (2006), Minister of Economy, Trade and Indus-

try Award for the 8th Green Sustainable Chemistry

(GSC) Award (2008) and the 2008 Japan Petroleum

Institute Award (2008), so that this is highly regarded

as a technology that contributes to development of a

sustainable society.

At the same time, POC is a process with superior sta-

bility in plant operation than other production methods,

and there have been many requests for technology

licenses from overseas. Up to now we have implemented

three licenses (Table 1). In 2009, Petro Rabigh (joint

venture between the Saudi Arabian Oil Co. and Sumito-

mo Chemical Co., Ltd.) started up the first licensed

plant. S-Oil Corp. (South Korea) implemented a license

in 2015, and PTT Global Chemical Public Co., Ltd.

(Thailand) concluded a license agreement in 2017 and

is currently in construction building toward starting

operations in 2020.

In this article, we will give an explanation of trends

and views on the development of technologies for PO

production and will also introduce the features of POC.

Commercialized PO Production Methods

1. Chlorine Method

The chlorine method is the oldest PO production

method that has been implemented industrially, and

PO is manufactured through generating propylene

chlorohydrine with propylene, chlorine and water as

raw materials followed by dehydrochlorination. The

largest producer using this method is The Dow Chem-

ical Co. (currently DowDuPont, Inc.), and there are

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

Fig. 2 Forecast world PO production capacity 
(estimated by Sumitomo Chemical Co., 
Ltd.)

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

W
or

ld
 P

O
 C

ap
ac

ity
 (

10
3  t

/y
)

North America South America
Europe Middle East & Asia

Fig. 3 PO production technologies (2018)
(estimated by Sumitomo Chemical Co., 
Ltd.)

6%

14%

16%

26%

37%
CL

PO/SM

PO/TBA

HPPO

POC

Licensing history for Sumitomo POC technologyTable 1

200
200
300
200

Capacity (103 t/y)

Japan
Saudi Arabia
South Korea
Thailand

Location

Sumitomo Chemical Co., Ltd.
Rabigh Refining and Petrochemical Co. (Petro Rabigh)
S-Oil Corp.
PTT Global Chemical Public Co., Ltd. (PTTGC)

Plant

2003
2009
2018
2020

Start-up



Trends and Views in the Development of Technologies for Propylene Oxide Production

3SUMITOMO KAGAKU (English Edition) 2019, Report 1 Copyright © 2019 Sumitomo Chemical Co., Ltd.

two Japanese producers, AGC Inc. and Tokuyama

Corp. The impact on the environment of the waste pro-

cessing is high since approximately 40 tons of waste

water containing approximately 1.9 tons of calcium

chloride is generated per ton of PO. Even now the chlo-

rine method accounts for approximately 40% of the PO

production capacity worldwide, but it is difficult to con-

struct new facilities because of recent trends toward

increased restrictions regarding the environment.1)

2. Co-Production Method

The co-production method was first developed by Hal-

con International Inc. and Atlantic Richfield Co. (later

LyondellBasell Industries Holdings B.V.) in the 1970s.

Co-production methods include PO/SM and PO/TBA,

and they use ethyl benzene hydroperoxide and tert-butyl

hydroperoxide (TBHP), respectively, as organic perox-

ides for manufacturing PO by epoxidation of propylene.

At the same time, a styrene monomer (SM) or tert-

butanol (TBA) is produced as the co-product. Typical

producers using the PO/SM method are LyondellBasell

Industries Holdings B.V. and Royal Dutch Shell plc, and

representative producers using the PO/TBA method

are LyondellBasell Industries Holdings B.V. and Hunts-

man International LLC. In a reflection of the trends in

demand for the two sets of co-products in the 2000s, new

PO plants have mostly employed the PO/SM method,

but in recent years the PO/TBA method has mainly

been employed. The PO/TBA co-production process

will be described in the following.

In the PO/TBA method, PO is produced by generat-

ing TBHP by air oxidation of isobutane followed by

epoxidation of propylene by TBHP. Oxidation of isobu-

tane is carried out in the liquid phase under conditions

of 120 - 140 °C and 3 - 4 MPaG, and the isobutane con-

version is 35 - 50% and the TBHP selectivity is 50 - 60%.

Epoxidation of propylene is normally carried out in the

presence of a catalyst including a molybdenum com-

pound in the liquid phase under conditions of 90 - 130 °C

and 1.5 - 6 MPaG. The propylene conversion is approxi-

mately 10%, the TBHP conversion is 95% or greater and

the PO selectivity is approximately 90%. If TBA is dehy-

drated, it forms isobutylene, and if it is further reacted

with methanol, methyl tert-butyl ether (MTBE), which

is useful as an octane booster for gasoline, can be syn-

thesized. Since this method produces approximately 2.1

tons of MTBE as a by-product for each ton of PO, prof-

itability of the process is severely affected by the MTBE

market conditions. Similarly, profitability of the PO/SM

method is not independent of the market because the

method produces approximately 2.5 tons of SM as a by-

product per ton of PO.

3. Third-Generation Production Method 1 (POC)

The POC method and the hydrogen peroxide to

propylene oxide (HPPO) method, which substantially

only have water as a by-product, have been commercial-

ized one after the other as production methods that are

not affected by market conditions for co-products.

The POC method established by Sumitomo Chemical

started commercial production in 2003 (Fig. 4), and is

a three-reaction-step process with a process for gener-

ating cumene hydroperoxide (CMHP) by air oxidation

of cumene (CUM), an epoxidation process for propylene

(C3’) using the CMHP, and a step for recovering cumene

by hydrogenation of α-cumyl alcohol (CMA) formed in

the epoxidation process.

CH3CHCH2Cl + CH3CHCH2OH + Ca(OH)2

2CH3CH = CH2 + 2HOCl CH3CHCH2Cl + CH3CHCH2OH

OH Cl

OH Cl

 + CaCl2 + 2H2O2CH3CH CH2

O

(CH3)3CH + O2 (CH3)3COOH

CH3CH = CH2 + (CH3)3COOH

(CH3)3COOH3

CH2 = C(CH3)2 + H2O

CH2 = C(CH3)2 + CH3OH

 + (CH3)3COH

(CH3)3COH

CH3CH CH2

O

Fig. 4 Sumitomo PO production process (POC)
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(1) POC Using a Ti-silicon Oxide High Performance

Epoxidation Catalyst

In the POC method, silicon oxide containing titanium

(Ti) (called Sumitomo Ti catalyst in the following) is

used as an epoxidation catalyst that is highly active and

has high PO selectivity. The Ti silicate catalyst (TS-1)

used in HPPO has a zeolite structure classified as an

MFI type in which Ti is substituted for Al. It is not suit-

able for reactions with large molecules since it only has

micropores of 5 - 6 Å. The Sumitomo Ti catalyst is char-

acterized by having nanoscale mesopores and was

designed to have high activity for reactions with large

molecules such as cumene hydroperoxide.

The reason for the high performance of the Sumito-

mo Ti catalyst can be ascribed to the following three

elements; the mesopores described above, and the tetra-

hedral titanium in the silica matrix in a highly dispersed

state, which is highly active in epoxidation reactions,

and high hydrophobicity superior to other Ti silicates.

Fig. 5 shows an atomic resolution electron microscope

image of the Sumitomo Ti catalyst, and the tetrahedral

Ti species, which has high epoxidation activity, was con-

firmed in the silica matrix in atomic form. The presence

of this local structure has also been confirmed from the

results of analysis such as Ti K-edge EXAFS.2)

Next, the hydrophobicity of the Sumitomo Ti catalyst

was evaluated, and the results of a comparison with TS-

1 and silica gel are shown in Fig. 6. When the catalyst

was immersed in an α-cumyl alcohol/cumene solution

containing water and the amount of H2O adsorption on

the catalyst was measured, it was found that the amount

of H2O adsorption was less than TS-1 which is known to

have high hydrophobicity. For the Sumitomo Ti catalyst,

this high hydrophobicity increases the affinity with

propylene and can be assumed to make for expression

of high epoxidation activity.

(2) Overview of POC Process

The characteristics of POC are an extremely high PO

yield by means of a high performance epoxidation cata-

lyst and much lower energy consumption for separation

and purification than other PO production methods. In

the following, we will explain each process.

(i) Oxidation Process

In the oxidation process, cumene is oxidized by air

and cumene hydroperoxide (CMHP) is obtained. Since

the oxidation process is carried out by automatic oxida-

tion, no catalyst is required.3) It is known that the reac-

tion rate of cumene oxidation is greater than that of eth-

ylbenzene oxidation, and the reaction normally

progresses under comparatively mild conditions of 90 -

130 °C at 0 - 1.0 MPa-G (Fig. 7).4) The yield for CMHP

is high, and the valuable component selectivity reaches

95% or greater. In addition, CMHP can be used with

Fig. 5 Atomic resolution TEM image of 
Sumitomo Ti catalyst
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Si

Fig. 6 Comparison of hydrophobicity in the view 
of H2O adsorption between TS-1, silica 
gel, and Sumitomo Ti catalyst
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tively to cumene. Cumene is recovered through purifi-

cation such as by separating out the water produced in

the hydrogenation reaction and recycled to the oxida-

tion process.

4. Third-Generation Production Method 2 (Hydrogen

Peroxide to Propylene Oxide (HPPO))

In 2009, BASF SE-The Dow Chemical Co. and Evonik

Degussa GmbH-thyssenkrupp AG started commercial

operations with HPPO independently, in which PO is

produced from propylene and hydrogen peroxide

(H2O2) using the TS-1 catalyst.

HPPO itself has a one-step reaction process for propy-

lene epoxidation using hydrogen peroxide (H2O2), but

it is essentially a three step process in the case that the

production of H2O2 through the alkylanthraquinone oxi-

dation/reduction cycle (called the anthraquinone

process) is included (Fig. 8). It can be said that there

are only a few differences fundamentally from POC. As

an example, Fig. 9 gives an overview of the process

greater concentration due to its higher stability than eth-

ylbenzene oxidation and isobutane oxidation. Thus,

large reduction in energy consumption can be achieved

by reducing the amount of cumene circulating in the

whole production process.

(ii) Epoxidation Process

Epoxidation is a process for reacting CMHP and

propylene to obtain PO and α-cumyl alcohol. With the

use of the high performance epoxidation catalyst devel-

oped by Sumitomo Chemical and a non-aqueous system,

the hydrolysis reaction from PO to propylene glycol is

suppressed, and an extremely high PO selectivity of 95%

or greater is achieved. In addition, use of cumene, which

is substantially inert for PO, as a solvent contributes to

the high PO selectivity because there is no PO loss by

sequential reactions with the solvent. As will be dis-

cussed later, in the hydrogen peroxide to propylene

oxide (HPPO) method, the PO selectivity seems to be

lower than that for POC because the HPPO method is

carried out in an aqueous, methanol-containing solvent,

which is highly reactive with PO. In addition, CMHP is

much more thermally stable than hydrogen peroxide

and the reaction in the case of POC takes place at a high-

er temperature than that for HPPO.

(iii) Hydrogenation Process

Hydrogenation is a process for obtaining cumene

from α-cumyl alcohol (CMA) and hydrogen.

The reaction is a normal fixed bed process where the

bed is packed with a hydrogenation catalyst, and it is

carried out by supplying the CMA/cumene solution

and hydrogen. Unlike the α-phenylethanol and tert-

butanol produced in the PO/SM and PO/TBA meth-

ods, respectively, CMA is converted almost quantita-

Fig. 9 Evonik/thyssenkrupp HPPO process
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As Fig. 10 shows, POC is superior to HPPO in terms

of the total energy consumption and can be said to be

an economical and eco-friendly process. One of the rea-

sons for the superiority is efficiency of oxygen carriers.

In all HPPO cases, H2O2 is produced by using

anthraquinone (AQ) as an oxygen carrier, and the effi-

ciency of alkylanthraquinone (oxygen/AQ = 32/264) is

much worse than cumene (oxygen/cumene = 32/120).

Additionally, the solubility of AQ in hydrocarbon media

is low; therefore, there is a problem with the energy

required for liquid circulation being high. In addition,

in HPPO, the epoxidation reaction is carried out in

MeOH, and the evaporative latent heat of MeOH is 1,100

kJ/kg, which is three times higher than that of cumene

at 330 kJ/kg; therefore, it is estimated that the recovery

energy is much greater than that for POC.

With the increasing international consciousness of

environmental problems such as global warming in

recent years, countermeasures for climate change such

as reduction of carbon dioxide and greenhouse gases

will surely be required. The value of POC, which has

achieved greater reduction of resources and energy

than other PO production methods, will increase even

further.

Other PO Production Methods Under

Development

1. Improved Hydrogen Peroxide to Propylene

Oxide (Improved HPPO)

As described previously, there are issues with PO

yield improvement and reducing the amount of energy

used in the case of HPPO at present and various com-

panies are thought to be carrying out investigations into

improvements independently. As an example, we will

give a descriptive outline of technology being investigat-

ed based on patent information disclosed publicly start-

ing in 2015.

developed by Evonik Degussa GmbH-thyssenkrupp

AG.5) The main process other than epoxidation is the

recovery and recycling process for the methanol sol-

vent, and this process consumes a large amount of ener-

gy for separation and purification of the solvent.

(i) Epoxidation Process

Epoxidation is a process for obtaining PO by reacting

H2O2 and propylene.

The reaction is carried out by flowing propylene and

H2O2 with a methanol (MeOH) solvent into a reactor

filled with the TS-1 catalyst. A shell-and-tube type reactor

is used, and the catalyst is repeatedly regenerated by

baking or MeOH washing. The reaction temperature is

held to around 50 °C, and the upper limit of the PO con-

centration in the reaction solution is around 10 wt%6)

because the thermal stability of H2O2 is low, and PO

reacts easily with water and MeOH. It is predicted that

reaction heat recovery at this low reaction temperature

would be difficult and that there would be limits to uti-

lizing the reaction heat for other processes.

(ii) MeOH Recovery Process

MeOH recovery is a process for separation and recov-

ery of MeOH from the epoxidation reaction solution.

Gas components and crude PO are separated sequen-

tially from the reaction solution obtained in the epoxi-

dation process and then a MeOH/water mixture con-

taining sequential reaction products such as propylene

glycol and other high-boiling-point impurities is

obtained. MeOH is recovered by distillation and is recy-

cled to the epoxidation reaction. As was described pre-

viously, the PO concentration in the epoxidation reaction

solution is kept low; therefore, a large excess in the

amount of MeOH as a solvent to the PO is necessary.

The evaporative latent heat of MeOH is as large as 1,100

kJ/kg; therefore, it can be presumed that energy con-

sumption per amount of PO produced will be compara-

tively high in the case of HPPO.

Comparison of Energy Consumption for POC

and Hydrogen Peroxide to Propylene Oxide

Fig. 10 compares POC and HPPO7) in terms of ener-

gy used by the production process as a whole. Since

POC includes the oxidation process for producing the

hydroperoxide, the energy required for producing the

raw material H2O2 8) is also taken into account in the

case of HPPO.

Fig. 10 Comparison of unit energy consumption 
between POC and HPPO

Unit energy consumption based on Joule

steam & electricity

POC
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Evonik Degussa GmbH constructed a reaction

process with a water/propylene two-phase system using

a homogenous Mn complex catalyst that dissolved in

water.9) An epoxidation reaction of olefins by H2O2 using

a water-soluble Mn complex had been known previously,

but there have been problems with low yields of epoxi-

dation products based on H2O2 consumed because the

H2O2 decomposition activity for Mn complexes is

high.10) The process envisioned by Evonik Degussa

GmbH as described in the publicly disclosed patent is

shown in Fig. 11. A loop type reactor is adopted, and

epoxidation is carried out using a two phase system of

a water phase and an oil phase (propylene (C3’)). The

purposes of this improvement are reducing the separa-

tion energy by not using a solvent such as methanol,

and improving PO yield by controlling H2O2 decompo-

sition and sequential reaction of PO by shortening the

contact time. However, even though it is a low tempera-

ture reaction at around 15 °C, the PO yield does not

exceed around 75%, and the problem of suppressing

H2O2 decomposition appears to remain.

BASF Corporation and Dow Chemical Company are

jointly developing a method for reducing the energy con-

sumption by changing the solvent.11) Ti-MWW, which

has a zeolite structure that is a modification of zinc

oxide, is presumed to be used as the epoxidation cata-

lyst.12) The MWW has a unique crystal structure that

includes a 12 member ring side pocket, two types of 10

member ring pores that are independent of each other

and a 12 oxygen member ring supercage,13) which

offers larger spaces that can be utilized for reaction than

TS-1, which only has one 10 member ring pore.

2. Direct Oxidation

Direct oxidation is a production method for air oxi-

dation of propylene in the gas phase, which is the

same system used in the production of industrial eth-

ylene oxide (EO). From the standpoint of energy con-

sumption, it is the ideal PO production method, but it

is difficult to control combustion reactions accompa-

nied by dehydrogenation of allylic methyl groups of

propylene, and it has yet to be established industrially.

Table 2 shows representative examples of reports

extracted from publicly disclosed patent applications

and academic papers since 2014. The catalyst systems

being investigated are roughly divided into Ag catalyst

systems used in the EO process and radical reaction

catalyst systems.

3. Other Production Methods

LyondellBasell Industries Holdings B.V. and China

Petroleum & Chemical Corp. (Sinopec Corp.) have dis-

closed a method (called in-situ HPPO) for generating

hydrogen peroxide (H2O2) in the liquid phase from

hydrogen/oxygen by means of a noble metal such as

Pd and carrying out epoxidation of propylene using this

H2O2 in the same reactor. For the most part, noble metal

supported Ti silicates are used as catalysts.

For example, LyondellBasell Industries Holdings B.V.

has found that quinone-derived additives are effective

for suppressing propane produced as a by-product from

the reaction of propylene with hydrogen,20) but it can

be presumed that practical application is dif ficult

because of low PO productivity and low PO selectivity

(< 50%) based on the hydrogen consumed.

Example of published research of PO production by direct propylene epoxidation (2014 ~)Table 2

PO sel. 40~50%
PO sel. <15%
propylene conv. 12%, PO sel. 58%
propylene conv. 0.04%, PO sel. 71%
propylene conv. 1%, PO sel. 84%
propylene conv. 12%, PO sel. 60%

Typical results

14)
15)
16)
17)
18)
19)

Reference

Ag-Mo/CaCO3

Nano hollow Fe2(MoO4)3

Ag-(Mo-W)/ZrO2

NiAg0.4/SBA-15
Ag-Cu-Cl/BaCO3

Fe2O3-MoO3-Bi2SiO5/SiO2

Catalyst

LyondellBasell Industries Holdings B. V.
China Petroleum & Chemical Corp.
LOTTE Chemical Corp.
University of Oxford
East China University of Science and Technology
Fuzhou University

Company or research institution

Fig. 11 Evonik modified process 
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As another method, LyondellBasell Industries Hold-

ings B.V. has disclosed a PO production method using

Ti-MWW as the epoxidation catalyst with α-methylben-

zyl alcohol (MBA) both as the H2O2 carrier and the sol-

vent (Fig. 12).21) This same company found the princi-

ples for producing H2O2 by using MBA as an oxygen

carrier in the 1990s,22) and it can be assumed that this

process was considered by combining discovering the

Ti-MWW catalyst described previously. To separate and

remove bis-α-methylbenzyl ether (BAMBE) produced

as a by-product, all of the unreacted MBA is distilled

and recycled to the oxidation process. The evaporative

latent heat of MBA is 400 kJ/kg, and the energy con-

sumption is lower than the methanol used in HPPO, but

it can be presumed that the energy consumption will be

larger than that for the POC method (evaporative latent

heat of cumene being 330 kJ/kg).

Conclusion

Currently, the first generation to third generation pro-

duction methods have roughly equal proportions among

the PO production technologies, but the third-genera-

tion production methods are taking over the main role.

The POC method, which was introduced in this article,

is a process with a low environmental impact and is com-

patible with the Sumitomo Chemical Group concept

regarding the furthering of sustainability. We hope that

we can contribute to the continued development of soci-

ety by improving POC even further and developing new

technology in the future.
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