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Article Information ABSTRACT

Cumene is a colotless, volatile liquid with a gasoline-like odor. It’s also known as
Received: August 06, 2024 isopropylbenzene, 2-phenylpropane, or (1-methylethyl) benzene. It’s a natural component
Accepted: September 10, 2024 (éf coal tar and crud§ 011,' and it can also bc;erfl.ployed in gasohne as ’(,l blending component.

umene hydroperoxide is produced by oxidizing cumene with benzene and propylene in
Published: September 14,2024  the presence of air. As a result, the cumene hydroperoxide is changed to cumyl alcohol,
which is then transformed to propylene without the use of oxygen. Propylene oxide is an
organic compound produced through various methods such as the cumene process and
the hydroperoxide process. The cumene method is preferred due to its low by-product
production and high market value of co-products. The reactive distillation process is a
feasible method for producing propylene oxide with high purity and reduced costs. Future
work includes optimizing processes, developing new catalysts, and improving efficiency.
Propylene oxide has practical applications in the production of polyurethane foams,

Keywords

Conversion/ Selectivity Attitude,
Chemical Process Simulation,
Continnons Stirred-Tank Reactor
(CSTR) Cascade, Total Annnal

Cost (TAC), Cumene To
Cumene Hydroperoxide (CHP),
Total Annual Cost ( TAC)

INTRODUCTION

PO, or propylene oxide, is an organic substance. It has
an cthereal odor and is a colotless, volatile liquid. A
few well-known techniques for producing PO are the
hydroperoxide and chlorohydrin procedures. Certain
restrictions of these procedures determine the price
of the PO in the economy. Among the restrictions are
the significant releases of dangerous chemicals and the
production of a lot of coproducts with little market
value. In a report on the market value of PO published by
MarketsandMarkets on August 18, 2017, it was projected
that by 2022, the global PO market would reach 17.53
billion USD. There arose the need to find a PO-only
production process that produces a significantly less
amount of by-product thus increasing the market value
of the PO; this brought about the discovery of PO
production by cumene by Sumitomo Chemical Limited
in 20006. It is the most recent PO-only production process
implemented. Propylene oxide is used in the production
of polyethers which is the primary component of
polyurethane foams. It is also used in the production of
propylene glycol which is used by the chemical, food, and
pharmaceutical industries. Propylene oxide also acts as
mild depressant in the central nervous system.

This project focuses on the production of PO by the
cumene method. Some notable unit processes that
occur in this method include oxidation, epoxidation,
hydrogenation and purification.

coatings, adhesives, polyether polyols, and propylene glycols.

LITERATURE REVIEW

Propylene oxide (PO) is a colotless, organic liquid that
has a low boiling point, an odor reminiscent of ether, and
is highly volatile. Propene oxide, sometimes referred to
as 1,2-epoxypropane, methyloxirane, or propylene oxide,
is a crucial raw material used in the chemical industry.
More than 10% of the propene produced is used in the
synthesis of propene oxide. Oser, a chemist, made the
initial discovery of it in 1861. Levene and Walti reported
on the first attempt to polymerize PO in 1927. Since PO
has been more and more in demand wotldwide over time,
the industry produces it as a high production volume
(HPV) chemical. Propylene is used as an ingredient in
many different products, including propylene glycols,
propylene glycol ethers, and polyether polyols. The
hydroperoxide and chlorohydrin processes are the ones
used in the industry right now to produce PO. As of now,
this method has proven to be straightforward, economical,
highly selective, yield-maximizing, and environmentally
benign because it solely generates water as a byproduct.
Propene oxide’s primary use is in the 65% synthesis of
polyether polyols, which are primarily utilized to make
(polyurethane) foams. The manufacturing of propene
glycol (30%) and propene glycol ethers (4%), respectively,
accounts for the second and third major applications.
While propene glycol ethers are largely utilized as solvents,
propene glycols are mostly used in the manufacture of
polyesters. Currently, the hydroperoxide process and the

! State Key Laboratory of Materials Oriented Chemical Engineering, College of Chemical Engineering, Nanjing Tech University,

Nanjing, 211816, China

% School of Environmental And Chemical Engineering, Jiangsu University of Science And Technology, Zhenjiang, 212000, China

* Corresponding author’s e-mail: asiedudaniel170@gmail.com




Am. J. Innov. Sci. Eng. 3(3) 1-15, 2024

ea||i

chlorohydrin process are the two different commercial
methods used to manufacture propene oxide. To produce
propene oxide, a significant amount of research has
gone into creating substitute direct epoxidation methods.
The goal has been to create a method for direct gas-
phase oxidation that is comparable to ethene’s direct
epoxidation. Unfortunately, the selectivity of the catalysts
discovered thus far for the direct epoxidation with air or
oxygen is simply too low to provide a practical process
(often less than 30%, with the remaining propene being
transformed to carbon dioxide). Hydrogen peroxide and
organic peroxides are better options for other epoxides
used in fine chemistry since their costs are significantly
lower than those of the final product. Another method
being developed to produce propene oxide is propene
epoxidation, which involves utilizing a gold-titanium
catalyst with a combination of hydrogen and oxygen.
Numerous research organizations worked on this catalyst
after Haruta and associates identified it nearly ten years
ago. Propene oxide selectivity is very high, however there
is still room for improvement in terms of low conversion
and hydrogen efficiency. Furthermore, it’s yet unknown
how the catalyst works.

MATERIALS AND METHODS

The need for propene oxide (PO), an essential building
element in industry, is constantly rising. The two main
technologies for producing PO, the hydroperoxide and
chlorohydrin processes, have various drawbacks, such
as the manufacture of a co-product whose market
dictates the process’s economy or the discharge of
significant quantities of toxic chemicals. These profitable
technologies continue to occupy the largest market share
of PO manufacturing, notwithstanding their drawbacks.

Nevertheless, finding a more effective PO-only substitute

>
»>

is preferred. In the most recent PO synthesistechnique,
propane is oxidizing using aqueous hydrogen peroxide
(HPPO), which just yields water as a byproduct. The
synthesis of propylene glycols (mono-, di-, tri-, and
higher), which are basic ingredients for the creation
of unsaturated polyester resins used in the building
and textile industries, is the second major use of PO.
Ultimately, ethylene glycol ethers are gradually being
replaced by propylene glycol ethers as the solvent for
paints, coatings, inks, and other applications, thanks to a
developing market for PO (Perez Ferrandez, 2015). (PO
production techniques)

The Chlorohydrin Process

The chlorohydrin methods have historically been used to
manufacture propylene oxide (PO). The original purpose
of this technology was to produce ethylene oxide. This
process produces propylene chlorohydrin and a tiny
quantity of chlorinated organic coproducts, primarily
1,2-dichloropropane, by mixing propylene and chlorine
gases in roughly equimolar proportions with an excess
of water. The process of epoxidation, also known as
dehydrochlorination, involves treating the chlorohydrin
solution with either milk of lime (aqueous calcium
hydroxide) or caustic soda. The resulting sodium chloride
or calcium chloride brine is steam-treated to remove
propylene oxide and other organic materials. Before
being released, the brine is treated—typically through
biological oxidation—to lower its organic content.
Through distillation, the lighter and heavier components
are eliminated from the propylene oxide until it meets
sales requirements. As a by-product, two tons of sodium
or calcium chloride are produced for every ton of PO.
As a result, the procedure generates a significant amount
of waste water that contains the alkali salt and has a
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Figure 1: The chlorohydrin process (K. H. Simmrock, Hydrocarbon process)
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very high waste water load (Sumitomo, 2006).A major
challenge for appropriate disposal or reuse is the volume
of water effluent, which is around 40 times more than
the volume of propylene oxide produced during the
chlorohydrin process. Depending on the alkali employed,
there are many ways to handle the water effluent from the
epoxidation process. When lime is used in epoxidation, a
calcium chloride brine (4-6 weight percent) is produced
that is discharged because it has no market value. When
caustic soda is used in epoxidation, a sodium chloride
brine is produced. This brine can be recycled or released
into a chloroalkali electrolysis unit, which produces
caustic and chlorine. Before being discharged or recycled,
the effluent undergoes biological treatment to lower the
organic content. (Simmrock, 78).

The Perioxide Method
The peroxide method, which employs either ethylbenzene
or isobutane, is an additional production technique.Using
tertbutyl hydroperoxide or ethylbenzene hydroperoxide
as the organic peroxide, propene is indirectly oxidized
to produce propylene oxide. Procedure for Tert-Butyl
Hydroperoxide: The process begins with the liquid-phase
air oxidation of isobutane to tert-butyl hydroperoxide
(ITBHP) with 10-30 weight percent of tert-butyl alcohol
(TBA) present.
With a temperature range of 95-150 °C and a pressure
range of 2075-5535 kPa (300-800 psi), 20-30% of the
isobutane is converted, and there is a 60-80% selectivity
for TBHP and 20-40% for TBA. Temperature and
reaction time increases can be used to boost conversion
at the expense of TBHP selectivity. Recycled back into
the hydroperoxide-forming reactor are the unreacted
isobutane and a part of the TBA that were isolated from
the result. Equation 1 Oxidation of isobutane to tert-
butyl hydroperoxide

CH,

|
CILCTICH, - O,

——»  CH,C(CH,;),00H

Isabutane TBA
recycle

Crudation

Catalvst

PO
Propase prerification
Epestidation

In order to react with propylene, the tert-butyl
hydroperoxide is then combined with a catalyst solution.
During this stage of the process, some TBHP will
break down into TBA. Usually, an organometal that
dissolves in the reaction mixture serves as the catalyst.
The best combination of selectivity and reactivity can be
found in molybdenum complexes with napthenates or
carboxylates. The metal can be tungsten, vanadium, or
molybdenum. Usually, 200-500 ppm of catalyst is added
to a 55% TBHP and 45% TBA solution. There is less
than 0.5% water content.

In order to recycle or dispose of the homogenous metal
catalyst, it must be taken out of the solution. There is
some metal elution from the support surface, especially
molybdenum, even with the use of heterogeneous
catalysts.

To optimize hydroperoxide conversion and selectivity
to propylene oxide, an excess of 2—10 mol propylene is
utilized in place of hydroperoxide. The hydroperoxide
will convert more than 95% at this temperature and
pressure range of 1480-3550 kPa (215-515 psi) and
for a considerable amount of time (2 hours). One
possible solvent to use is an organic one, like t-butanol,
chlorobenzene, or benzene.

Based on TBHP and propylene, the selectivity to
propylene oxide is 95-98% and 97-98%, respectively.
Propylene glycol, methyl formate, and a propylene
dimer are the main byproducts. It can be challenging to
eliminate some of these byproducts from the propylene
oxide product. Reduced product selectivity occurs when
acids, such as carboxylic acids, are present. Following the
epoxidation process, a distillation is carried out in order
to extract the propylene, along with some of the TBHP
and TBA above. The catalyst residue, TBA, TBHPA, and
a few contaminants including acetic and formic acid are
all found in the distillation bottoms.

Evaporating the majority of the TBA and other organics,
adding other chemicals to produce a metal precipitate
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Figure 2: The tert-butyl hydroperoxide process to propylene oxide (PO) and tert-butanol (TBA)

(Source: U.S. Pat. 4,128,587)
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that is filtered from the organics, or liquid extraction
with water are the methods used to concentrate this
catalyst residue for recycling or disposal. Adsorption
on solid magnesium silicate can be used to remove low
(<500ppm) concentrations of soluble catalyst. Propylene
oxide is finally purified through a sequence of extractive
and ordinary distillations. Water, methyl formate, acetone,
methanol, formaldehyde, acetaldehyde, propionaldehyde,
and a few heavier hydrocarbons are among the impurities
found in the crude productIn order to utilize it as a
gasoline additive going forward, the tert-butanol (TBA)
co-product is refined.

Ethylbenzene Hydroperoxide Process

Ethylbenzene is oxidized in liquid phase with oxygen or
air at 206-275 kPa (30-40 psia) and 140-150 °C. It takes
2-2.5 hours for 10-15% of the ethylbenzene to convert
to hydroperoxide. Temperature regulation in reactors
is achieved through the recycling of inert gases, like
nitrogen. Water and other impurities in the ethylbenzene
are managed to reduce the hydroperoxide product’s
breakdown and occasionally added to promote product
production. Selectivity to by-products includes less than
1% organic acids, 5-7% 1-phenyl ethanol, and 8-10%
acetophenone. By distillation, EBHP is concentrated
to a 30—35% level. The oxidation reactor receives the
recycled overhead ethyl benzene. It is necessary to
neutralize the organic by-product acids with an alkali
hydroxide or carbonate wash because they break down
EBHP and reduce the activity of the epoxidation catalyst.
Equation 2 Oxidation of ethylbenzene to ethylbenzene
hydroperoxide
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Propylene is added to each compartment of a horizontally
that EBHP
combined with a catalyst solution. For 1-2 hours, the
reactor runs at 95-130 °C and 2500-4000 kPa (360-580
psi). It uses 5-7 mol propylene/1 mol EBHP to convert
EBHP 95-99% of the time and has a 92-96% selectivity
toward propylene oxide. An organic acid, such as acetate,

compartmentalized  reactor receives

napthenate, stearate, etc., plus molybdenum, tungsten,
or titanium are combined to create the homogenous
catalyst. The components of heterogeneous catalysts
are titanium oxides on silica supports. Propylene oxide,
surplus propylene, and propane are distilled overhead
following epoxidation. Propylene is returned to the
epoxidation reactor while propane is eliminated from
the process. To counteract the acids, a basic, like sodium
hydroxide, is added to the bottoms liquid. The 1-phenyl
ethanol is dehydrated to styrene by the acids in this
stream. In these conditions, styrene polymerizes easily.
Phase separation is made possible by neutralization and
water washing, allowing the molybdenum catalyst and
salts to stay in the aqueous phase. Following its separation
from the epoxidation reactor effluent, crude propylene
oxide is further refined by a sequence of traditional and
extractive distillations, which lowers the concentration
of acetone, water, ethylbenzene, and aldehydes. Together
with acetophenone from the hydroperoxide reactor and
the co-product 1-phenyl ethanol from the epoxidation
reactor, these two products are dehydrated to styrene in
a vapour-phase reaction over a catalyst made of titanium
dioxide or silica gel at 250-280 °C and atmospheric
pressure. Then, in order to recover putified styrene and
separate water and high-boiling organics for disposal, this
product is distilled.
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Figure 3: Propylene oxide (PO) and styrene are produced via the ethylbenzene (EB) hydroperoxide method

(Source: U.S. Pat. 3, 351, 635)
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The Hydroperioxide Method

Over time, more experimental methods for producing
PO have been devised. One of them employed
methyltrioxorhenium (MTO), a powerful organometallic
catalyst, in media to extract water from aqueous hydrogen
peroxide solutions.Low temperatures, as low as -10°C,
were used in this procedure to reduce the amount of
propylene glycol that was produced by hydrolyzing the
PO product.The industrial functioning of extremely
exothermic reactions is hindered by these temperatures.
H,0O, is needed for the oxidation in these reactions. Water
is the primary byproduct of this reaction, making it
potentially a green process. Nevertheless, this procedure
is dependent on the Anthraquinone-auto Oxidation
(AO) process, which is known to be a difficult and
incompletely green method of producing H,O, (Chen,
2008).Numerous characteristics, including the explosive

Table 1: Comparision of the po methods

nature of the reactants, the low solubility of hydrogen,
the low selectivity, and the instability of H,O,, are
known to contribute to the complexity of this reaction
(Samanta, 2008). Methods of productions in the chemical
engineering industries are mostly considered feasible to
industrialized base on the following factors;

1. Cost of plant design (Economics).

2. Operation conditions.

3. Percentage yield.

4. Availability of raw materials.

5. Safety of the process and designed.

6. Effect of the process on the environment etc.
The main factors/parameters considered for the choice
of method or process are the quantity of by-products
produced, market value of co-products and cost of
production. A summary is given in the table below;

Factors/Parameters

Chlorohydrin Method

Organic Peroxide methods

Hydroperoxide route

By products

The main by product for the
methods are alkali salts and
water. From the chemical
reaction, every mole of PO
produce generates a mole
of water and half a mole
of salt.

As a result, a remarkably
high

water containing alkali salt

amount of waste
is generated. This raises

serious  questions  about

reuse ot disposal.

Propylene  glycol,  methyl
formate, and a difficult-to-
remove propylene dimer are
the main byproducts.
This  methods

less waste compare to the

produces

chlorohydrin process

The only by product for this
process is water, making it
a clean technology

Co Products

This process has no co-
product

For this method styrene is
produced as the co-product
when ethylbenzene is used and
isobutylene when isobutene is

used.
2.5 tons of styrene are
created for methylbenzene

and 2.1 tons of isobutylene
are produced for isobutene
for every one ton of PO
produced.

It is challenging to determine
whether this approach is the
best one because the co-
products
impacted by market conditions

are  significantly

No co-products

Cost of Production

High cost in the treatment
of the huge amount of
waste produced.

Fluctuations in the market
value of the co-product makes
it the process economically

unstable.

High price of commercially
available hydrogen
peroxide as the main raw
material, makes the process
economically unfavourable

to produce PO.

From the above table, the drawbacks of the various PO
productions method have made the production PO by

the cumene the most suitable method. In this report, the
production of PO by the cumene is selected.
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Process Selection And Description

Process Selection Basis

Propylene production methods that have been
industrialized are the chlorohydrin method of PO
production and the organic peroxide method of PO
production. Direct oxidation of the propylene form
PO and the use of Hydrogen peroxide to oxidize
propene to produce PO are only methods perform in
the laboratory which are yet to be industrialized. Only
one company in Japan (Sumitomo Company) have been
able to industrialize the production of PO by the cumene
method.

Justification of Selected Process

The main by product for the production of PO by
the cumene in significant amount is the cumyl alcohol.
This alcohol is hydrogenated to regenerate cumene
which is recycle back to the oxidation section. The
other byproduct produce by side reaction are phenols,
acetophenone, dicumyl peroxide and the decomposition
of the hydroxide to form acids. These products are readily
remove from the main stream as it applies to the other
organic peroxide methods. The quantities of by-products
produce are negligible compare to the products of the
chlorohydrin process as such this method is referred to
as the PO only method. The method by cumene does not
produce any co-product hence, the market value of co-
product does not affect the gross income of the process.
The main raw materials needed for the process are cumene
and propylene. In Ghana propane is produce in sufficient
quantities, which is used to produce propylene for the
process as well as for sale to generate income. Propylene
has a low price in the chemical market industrially due to
its low demand compared to ethyl benzene.

Production of PO Using Cumene

This method of producing PO is fundamentally similar
to the organic peroxide methods but the distinguishing
feature with this is using cumene as the reaction medium
in the epoxidation catalyst. Also in the traditional
organic peroxide methods, co-products are produced
and undesirably, their demands on the market influences
the PO production process. Using cumene as a reaction
medium allows for a PO only process where a Ti based
epoxidation catalyst is used to catalyze the epoxidation
three
fundamental stages which leads to the final product,

step. The production method consists of
propylene oxide and the regeneration of cumene. The
stages of production are discussed in the sections below.

Cumene

Cumene is an organic molecule based on an aromatic
hydrocarbon with an aliphatic substitution. It is often
referred to as isopropylbenzene, 2-phenylpropane, or
(1-methylethyl) benzene, and its preferred IUPAC name
is Propan-2-yl) benzene. It has the chemical formula
C9H12’
of 0.862 ¢ cm—3. It is a component of both crude oil

a molar mass of 120.195 gemol—1 and a density

and refined fuels. It’s a colotless, combustible liquid with
a smell similar to gasoline, boiling at 152°C, melting at
-96°C, and having a vapour pressure of 8§ mm (20°C).
The majority of cumene generated on an industrial
scale as a pure compound is transformed into cumene
hydro peroxide, which is used as an intermediary in the
synthesis of several significant chemicals for industry,
mainly phenol, acetone, and methyl styrene. In turn,
these compounds have a wide range of chemical and
industrial applications. The manufacturing of polymers,
including polystyrene, phenol-formaldehyde resins, and
polycarbonates, is among its most significant applications.
With a viscosity of 0.777 cP (21 °C), cumene is miscible
with most organic solvents, ethyl alcohol, benzene,
ether, and acetone, but it is insoluble in water. Cumene
irritates the respiratory system, skin, and eyes. It can
induce headaches, sore throats, headaches, coughing, and
loss of muscle coordination if breathed. When used in
excessive quantities, it has a narcotic effect that can cause
unconsciousness as well as drowsiness and insensitivity
to pain and other stimuli. Cumene is present in emissions
from petroleum products, including vehicle exhaust
from the burning of some motor fuels, gasoline station
evaporation, and oil spills, due to its volatility and natural
occurrence as a component of crude oil. About 20%
of the world’s benzene demand is met by producers of
cumene (Ceresana, 2011).The initial method of producing
cumene involved alkylating benzene in the liquid phase
with sulfuric acid acting as a catalyst. However, this
process has been completely supplanted due to the
complex neutralization and recycling procedures needed,
as well as corrosion issues. An alternate catalyst was solid
phosphoric acid (SPA) supported on alumina. Equation

3 - Formation of cumene

HsC._ _CHa

HsPO, / SI05

@ v HC ol ——g—>

Commercial production has been using zeolite-based
catalysts since the mid-1990s. The manufacture of
cumene in this process typically has an efficiency of 70—
75%. Polyisopropyl benzenes make up the majority of
the remaining ingredients. An enhanced cumene method
employing aluminum chloride as a catalyst was created
in 1976. For this procedure, the cumene conversion rate
can reach 90% overall. Di-isopropylbenzene is produced
by adding two propylene equivalents (DIPB). DIPB is
comproportionated with benzene by means of trans-
alkylation (Vora Kocal ¢7 al., 2003).

Cumene Oxidation Process

In the cumene oxidation process, cumene is oxidized to
cumene hydroperoxide (CHP). The cumene oxidation
process takes advantage of the selective oxidation of
the tertiary C atom at the propyl group of the cumene
molecule. Hydroperoxide compounds are relatively
stable, especially in the starting hydrocarbon solutions.

In the case where hydroperoxides are made in high
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concentrations (80-90 percent), special safety measures
are necessaty for handing them, such

e Temperature control to prevent overheating

e Absence of decomposition catalyst- metals of
variable valency and their salts, acids etc.
The selectivity with respect to the hydroperoxide is
increased mainly by a decrease in temperature and degree
of conversion. It is useful to slower the temperature as
the hydroperoxide is formed in order to slow down its
decomposition. For instance, In the oxidation of cumene,
the successive conversion of the cumene hydroperoxide
can be prevented by limiting the degree of conversion
to the range of 30%. Also, the production of cumene
hydroperoxide can be strongly retarded by inhibitors such
as phenols, olefins and sulphuric compounds leading to
the appearance of an induction period, which is why the
starting hydrocarbons must be thoroughly purified from
undesirable impurities. For this reason, cumene produced
by the alkylation in the presence of solid phosphoric acid
catalyst is not suitable for oxidation. The elimination of the
induction period and the acceleration of the reaction at its
initial stage are favored by addition of the hydroperoxide
or the reaction mass containing the hydroperoxide to
the feedstock. Alkyl aromatic hydroperoxides are mainly
produced by using reactors of the tray-column type with
the counter flow of the liquid and the gas and the heat
being removed by means of internal coils placed on the
tray columns. The resultant solution of the hydroperoxide
and the by-products in the hydrocarbon feedstock is

CHy CHy

usually strengthened or concentrated by the distillation
of the hydrocarbon. For this purpose, a sufficiently
deep vacuum is used in the production of alkyl aromatic
hydroperoxides. In order to reduce the residence time
of the hydroperoxide at elevated temperatures and
lower the degree of its decomposition, it is suggested
that the hydrocarbon be distilled off in film apparatus.
In industrial processes, oxygen from air is used in large
bubble columns. Oxygen dissolves in the cumene/CHP
liquid and reacts according to the equation below:

CH, ?Ha
@— c-H + 0, —>» ¢ M—c-00H
= ] —— 1
CHgy CH,

Cumene CHP

Equation 4.1, Cumene oxidation. The radicals from
CHP’s thermal breakdown serve as the catalysts for the
free-radical chain reaction that creates CHP in industrial
cumene oxidation processes. According to Shannon
(2016), thermal breakdown releases 270 kJ/mol of heat.
As a result, auto-oxidation refers to the response of the
cumene oxidation process to CHP. The following steps
are involved in the oxidation of liquid phase by oxygen:
initiation, propagation, and termination. Where RH is
cumene, CHP is ROOH and R e is the cumyl radical.

Initiation

o OH |
; 0 C
Y f, YSN.
”"CHg + cH ———b @):C " + CH,

DMBA radical Cumene DMBA Cumyl radical
Equation 4.2
CH CHy CHy
H |
-.,, N
+* cHy ———— “CHy + CHy
DMBA radical Cumene DMBA, Cumyl radical
Equation 4.3
CH, f|3H3
ANy
CH; + “0OH — CH; + HZI:I
Cumene Cumyl radical

Equation 4.4
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Propagation
THi CHy
¢ o—o
\CH; "f,,
- CHy
+ & —
Cumyl radical CHP radical /
Equation 4.4
o G CHy CHy
p=—0" | =M
“y CHy L s,
CHy L T “CHy
+ —_—
CHP radical Cumeng Cumyl radical CHP

Equation 4.5

Termination (Examples)

CHP radical CHP radical
Eguation 4.6
CHy CH,
o—0" —0
“ “ —
CHy + CHy
CHP radical CHP radical

Equation 4.7

Equation 4.4 and Equation 4.5 are the chain reactions
which leads to the formation of CHP. A cumyl radical R
e reacts quickly with dissolved oxygen to form a peroxide
radical ROO e. The peroxide radical and cumene (RH)
combine in the second phase to create CHP (ROOH).
The chain reaction is determined by this slower reaction.
The newly generated cumyl radical R © returns to start the
reaction in Equation 4.4. The mechanism becomes more
selective the more times this cycle repeats. The average
number of cycles from a single commencement is the
chain length. The chain length in industrial oxidation
processes is typically 10. The chain is broken by the

CHy
o
©),,,C Hy

CHa
d’ll‘:'—la + Cz

DMBA radical

Cumene dimer

aforementioned termination reactions and needs to be
restarted by the thermal breakdown of CHP.
Dimethylbenzyl alcohol, or DMBA, is the main by-
product formed during the oxidation of cumene and
is created when CHP breaks down. Equation 4.2, the
reaction chain’s initiation step, where DMBA is ROH,
represents this reaction. When RO e breaks down,
acetophenone (ACP) and a methyl radical—which mostly
turns into methane—are produced. This is another
competing process. These responses are displayed in
Equation 4.8 and Equation 4.9 below.

c ;

DMBA radical ACP
Equation 4.8
CHy TH;
AN
*CHs + CHy ——P CHy & CHy
Cumene Cumyl radical

Equation 4.9
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From the reactions in Equation 4.2 and Equation 4.3, it
can be seen that they occur when there is an excess of
cumene. This does not mean cumene should be reduced
as these two reactions lead to the production of R ¢ which
goes into the propagation step where CHP is formed.
A decrease in cumene feed leads to the decomposition
of RO e as stated in Equation 4.8 and Equation 4.9.
Generally speaking, as an oxidation product, the molar
ratio of DMBA to ACP from moderate heat breakdown
is roughly 10:1. On the other hand, this ratio falls as more
ACP is generated if the decomposition is hastened due
to adiabatic conditions and a complete breakdown of
CHP eventually occurs at high temperatures (runaway).
Dicumylperoxide, commonly known as ROOR, is a
compound that occurs in trace amounts during the chain
reaction’s termination step. Cumene oxidation results in
the creation of numerous micro-impurities in addition
to the primary and minor by-products already described.
The methyl radical CH, ¢ from the thermal breakdown
of CHP is important. Formaldehyde and methyl
hydroperoxide (MHP) are produced when oxygen is
present. After further oxidation, formaldehyde becomes
formic acid, which can catalyze the acidic breakdown of
CHP into phenol and acetone. Since phenol is a potent
inhibitor of the radical chain reaction, it is necessary
to control these side reactions in order to maintain the
concentration of phenol below a few weight parts per
million. According to Shannon (2016), it is crucial to
bring the phenol and organic acid concentrations in
the cumene feed down to “zero” An alkali reagent is
added by adding additives like ammonia, (NH,),CO,, an
alkali metal ammonium carbonate, or the like, or alkali
metal compounds like NaOH or KOH, or alkali metal
carbonates like Na,CO, or NaHCO,.

Cumene Epoxidation Process

For a considerable amount of time, the synthesis of
o-oxides using organic hydroperoxides did not yield
excellent results. It was not until the early 1960s that the
use of metal complex catalysts in the liquid phase for
epoxidation produced satisfactory results. The equation
below (Equation 5) shows the general epoxidation
reaction with organic hydroperoxides and olefins.

RHC
ROH + \

o
R—00H & NN —— ROH #
CH;

Equation 5

The nature of the metal in the catalyst strongly determines
the rate and selectivity of the reaction as well as the
form in which the catalyst is used. The nature of the
hydroperoxide has a substantial effect on the selectivity
and conversion parameters. For example, the following
conversions  were

achieved wusing a molybdenum

naphthenate catalyst at 100° in 15 minutes.

Table 2: Variations in conversion of differenthydroperoxides

Organic Hydroperoxide Conversion
Ethyl benzene hydroperoxide 92%
Propyl benzene hydroperoxide 79%
Isopentane hydroperoxide 29%

Mechanism

In the study of the epoxidation of olefins by
hydroperoxides, the reaction kinetics has shown the
existence of an induction period, during which an active
catalyst is formed. It has been observed that the reaction
is retarded by a number of compounds including the
a-oxides formed, showing the characteristics of metal-
complex catalysis.

Let metal catalyst = Cat.

Hydroperoxide = ROOH

The formation of the active metal catalyst corresponds to
the following scheme of process:

Adsorption

Cat + _

ROOH ==  CatROOH

Equation 6.1

Surface reaction:

CatROOH 4 RCH==CH, —— CatROH + R-d

Equation 6.2

Desorption:
CatROH = ca +*+ R—OH

Equation 6.3

It is presumed that the role of the catalyst is to activate
the hydroperoxide metals which coordinates by its oxygen
atom with the central metal ion which is in one of the
higher valence states (Ti3+). The main side reaction to
this reaction is the decomposition of the hydroperoxide
which can also occur in the surface of the catalyst as
shown in Equation 6.4 below
—_

ROCH ROH 4+ 050,

With respect to the hydroperoxide the differential
selectivity of the reaction can be approximated to

equation 6.5 below

1 1
‘.l": =
r

Try 1+

ko
ky(olefin)
Equation 6.5

To increase the selectivity of the ROOH and RCH=1CH,,
the ratio k_2/k_1
minimum. This can be achieved by increasing the

would need to be reduced to the

concentration of the unsaturated propylene (which
requires a high pressure for gaseous olefins) and also
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using a moderate temperature since the activation energy
of the decomposition of the hydroperoxide is higher
than the activation energy of the epoxidation reaction.
Due to the above conditions, the reaction is dictated to
be carried out in the liquid phase, and for this reaction, it
would be carried out in the solution of the hydrocarbon
(hydroperoxide solution), at 90 — 110° and about 2 — 5-fold
excess of the propene. Propylene oxide and cumyl alcohol
are produced during the epoxidation step. Propylene and
cumene hydroperoxide, which was produced during the
oxidation process, react to accomplish this. In order to
achieve high yield and high selectivity, the epoxidation
step is best carried out in the presence of an epoxidation
catalyst, more specifically, a catalyst comprising silicon
oxide that contains titanium. The reaction for this step is
shown in Equation 6.6 below:

e O0OH OH
[Tica)
O~ 27 O

Cumene hydroperoxide Propyleng Propylene oxide Cumyl alcohol
Equation 6.6

the
extraordinarily high reaction rates attained and the good

Sumitomo Chemical claims that because of
stability of the cumene hydroperoxide and the highly
active T1 epoxidation catalyst, the reaction may be carried
out at a relatively mild temperature. Propylene must be
brought into liquid phase with cumene hydroperoxide
using a solvent to initiate the epoxidation process. At
the reaction’s operational temperature and pressure,
this solvent ought to be liquid. This solvent could be a
compound that was initially discovered to be present in
the hydroperoxide solution, such as cumene, which is
the raw material used to make CHP. Generally speaking,
the epoxidation temperature ranges from 0 to 200°C,
with 25 to 200°C being the ideal range (EP1681288A1,
2004). A level of pressure that is adequate to maintain
the reaction mixture’s liquid state should be maintained.
The pressure range that is typically employed is 100—
10,000 kPa (EP1681288A1, 2004). Ti-silica catalysts,
which have titanium chemically linked to silicon oxide,
are the best option for the catalyst. These could include

¥

®

AMS

. @5 Slas

zeolite compounds containing titanium, catalysts made
by supporting titanium compounds on silica carriers,
and catalysts made by mixing titanium compounds
with silicon oxide using the sol gel or co-precipitation
methods. Because the epoxidation reaction mentioned
above is exothermic, the extra heat causes the breakdown
of CHP, which in turn causes a surge in side reactions.
This necessitates the use of heat exchangers for adequate
cooling. Propylene oxide needs to be extracted by
distillation from the reaction solution following the
epoxidation reaction. Crude petroleum oil (Crude PO)
is the light stream obtained during distillation, whereas
cumyl alcohol (CMA) and cumene—the solvent used for
the epoxidation—make up the heavy stream.

Cumen hydrogenation process

This is the stage where cumyl alcohol is recycled back
into cumene so as to be fed back to the oxidation stage
described in earlier sections. There are two methods
through which this conversion can be done. One is the
dehydration-hydrogenation process, which involves first
dehydrating cumyl alcohol to produce a-methylstyrene
(AMS) and then hydrogenating AMS to get cumene.
Another technique is to directly convert cumyl alcohol
into cumene by hydrogenolysis. First, the dehydration-
hydrogenation process would be explained. This process
involves separating the PO that is produced during
epoxidation from the cumyl alcohol solution prior to
dehydration. Acids like sulfuric acid, phosphoric acid,
and p-toluene sulfonic acid, as well as metal oxides like
titania, zirconia, silica-alumina, and zeolites, are utilized
as catalysts in the dehydration process. Activated alumina
is the preferred catalyst in terms of selectivity, life, and
separation from the reaction mixture (EP1681288A1,
2004). Because cumene and alpha-methyl styrene stay
on the hydrogenation bed after being created, significant
amounts of i-propylcyclohexane and cumene dimer
are produced as unwanted by-products during the
hydrogenation stage (W0O2005005402A2, 2004). The
hydrogenation reaction is shown below:

+

cumene dimers

“H

Equation 7

Oil-water separation or a similar method can be
used to separate the produced water. One reactor or
more reactors may be used for the hydrogenation
and dehydration processes. Because the reaction is
endothermic (as opposed to exothermic due to Equation
7’s hydrogenation), the temperature decreases as the
process proceeds. The temperature and pressure of

the reaction are chosen to prevent condensation of the
water present in the a-methylstyrene solution following
dehydration. Water may condense at the dehydration
catalyst’s outflow when the temperature is too low or the
pressure is too high, which would impair the catalyst’s
effectiveness. Furthermore, an excessively high pressure
is detrimental to the dehydration reaction equilibrium.
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It may become detrimental when the temperature or
pressure are too high or too low because excessive gas
phase component production might create wailing or
other similar effects that decrease the catalyst’s life.

The amount of dehydration catalyst employed might be
sufficient to convert cumyl alcohol, and a conversion
rate of 90% or more is preferred. The quantity of
hydrogenation catalyst utilized can be sufficient to
change o-methylstyrene into cumene, with a minimum
conversion rate of 98%. Regarding the second method
of hydrogenolysis-based cumyl alcohol regeneration.
Hydrogen and cumyl alcohol are combined with a
catalyst to initiate the hydrogenolysis process. Any
catalyst with the ability to hydrogenate can be employed,
regardless of the type of catalyst. Copper-based catalysts
are preferred from the perspective of suppressing by-
products, even though examples of catalysts include
metal-based catalysts of metals of Groups 8 to 10 such
as cobalt, nickel, and palladium metal and metal-based
catalysts of metals of Groups 11 and 12 such as copper
and zinc (EP1681288A1, 2004). FEither a gas phase or a
liquid phase with a solvent can be used to carry out the
reaction. Reactants and products should be largely inert
to the solvent. The material present in a cumyl may serve
as the solvent.

Purification of Unit PO

Some by-products of epoxidation processes may be
readily separable by distillation. Taking epoxidation with
an organic hydroperoxide (cumene hydroperoxide) as an
example, the organic hydroperoxide is predominantly
reduced to the corresponding alcohol (cumyl alcohol),
which tends to be easy to separate. Also produced, are
small amounts of acetophenone, dicumyl peroxide and
cumene. It is known to employ fractional distillation
techniques to help separate impurities from propylene

oxide.
/J\ J% Condenser
(cggllgwgr) — Reflux Distillate product
Feed Receiver
B
T Reboiler
Bottoms J
Effluent

Figure 4: Tray Simple Distillation Column

Process

Prior to purification, the propylene oxide typically
contains 95-99 wt% of propylene oxide and 1-5 wt%
impurities. The propylene oxide to be purified is fed
into the distillation column at the centre, the Propylene
oxide vaporises out through the overhead and pumped
to the storage tanks. The bottom stream consists
of the impurities contained in the PO feed stream.
The distillation takes place at atmospheric pressure,
a rectification temperature of 50°-70° and stripping
pressure of 90°-120°. The impurities namely cumyl
alcohol, acetophenone, dicumyl peroxide and cumene
have boiling points of 202°, 202°,130° and 152.4°
respectively, and thus the need to keep the rectification
temperature below these boiling points so as to keep the
impurities in liquid state and prevent them from joining
the pure propylene oxide stream at the overhead. Part of
the overhead is recycled as well as the bottom stream to
maintain the temperature in the column.

RESULTS AND DISCUSSION

More than 10% of the propene produced is used in the
synthesis of propene oxide. Usually, the conversion of
propylene is less than 2%. Propylene oxide selectivities
are higher than 50% when propylene is oxidized gas-
phase with oxygen in the presence of a molten nitrate salt
(sodium, potassium, ot lithium nitrate) and a co-catalyst
(sodium hydroxide). The amount of dehydration catalyst
employed might be sufficient to convert cumyl alcohol,
and a conversion rate of 90% or more is preferred.
The quantity of hydrogenation catalyst utilized can be
sufficient to change a-methylstyrene into cumene, with
a minimum conversion rate of 98%. The market for
propylene oxide is anticipated to expand at a compound
annual growth rate (CAGR) of roughly 5.9% from 2019
to 2024.Propylene oxide capacity has grown at an average
annual rate of 3% since 2013, primarily due to recent
advancements in Asia.In the meantime, the industry as a
whole has seen an increase in average operating rates and
a tightening of markets due to the faster-than-average
growth in propane oxide consumption (4.2% annually).

Table 3: Components of output stream of oxidation
reactor and their selectivity.

Compound Selectivity
CHP 80.4
Dimethylbenzylalcohol 11.6
Acetophenone 1.8
Dicumylperoxide 0.2

Before being fed into the reactor, a propane feed
with a purity of at least 99.5% 1is supplied into a
charge heater where it is vaporized and heated to the
reaction temperature.Cumene is oxidized to cumene
hydroperoxide (CHP), which is then used to produce
propylene oxide. Since this is a vapour-liquid reaction, the
right reactor is required. Cumene and cleaned ambient air




Am. J. Innov. Sci. Eng. 3(3) 1-15, 2024

e Oa| i

are used in enormous bubble columns for this reaction.  values lower than 40% so as to increase the selectivity

The scheme of arrangement of feed and output streams
are shown in the image below Since it is advisable to limit
the conversion of cumene to cumene hydroperoxide to

of the reaction to the formation of CHP, oxidation is
done using a series of bubble column reactors to meet
the quantity requirements of CHP of the plant.

 off-gas

—>'='d...

Liquid feed

[ Heal exchanger

Sieve plale — e

Gaseous fegd -------------

'..ﬁ_.::

Liguid product

Figure 5: Bubble Column configuration for Cumene Oxidation (Adapted from Hans-Jirgen (2015)).

Air is pumped through the column filled with cumene
liquid. The residence time for this reaction is about 10
hours. The conversion is to be maintained at 30%. The
reaction mixture from the bottom of the bubble column
reactors, which is comprised of about 30% CHP and
70% Cumene, is then sent to the concentration unit. The
concentration unit comprises vacuum distillation columns

20+

0 2. I L L L L L L L

which are used to separate cumene from CHP. Vacuum
distillation is carried out at a temperature of about 80°
and a pressure of 10kPa to obtain a bottoms stream that
comprises of 50%
pressure curve simulated with Aspen Plus of Cumene.

CHP. Figure 6 shows the vapour

The stream’s cumene is removed via distillation, cleaned
and then recycled back into oxidation reactor. To purify

vs. Temperature

== LIQUID PLISOPR-01

10 15 20 25 30 35 40 45 30 55 60 65 70 V3 80 83

L L L L
90 95 100 15 110 115 120 125 130 135 140 145 150 155 160 165 17

Temperature C

Figure 6: Vapour pressute curve of cumene.

the distilled cumene, water is added to the stream to
dissolve trace amounts of phenol and acetone which are
produced from the decomposition of the CHP as a result
of acids such as formic acid. The presence of phenol in
the cumene feed inhibits the formation of CHP hence
this step is required. The cumene/water stream is then

separated using liquid-liquid gravity separators. Since
cumene is not soluble in water, it is assumed that no
cumene is lost in the separation process. The purified
cumene is added to the stream of fresh cumene and
reheated to the oxidation temperature. The output stream
from the vacuum distillation column at this point is made
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up of 50 vol% CHP and the rest is cumene. This solution is
then stored and used as reactants in the epoxidation reactor.

Table 4: (a) and (b) are material balances for input and output epoxidation while (c) and (d) are material balances for

Am. J. Innov. Sci. Eng. 3(3) 1-15, 2024

input and output oxidation respectively

a) Input stream

Material Balances
Epoxidation

Components Molar flow rates(km /h) | Mass flow rates(kg/h) Mass Fractions
CH, 307.52396 12940.5161 0.205073495
ROOH 170.60438 25964.3500 0.411467361
ROH 22.90521 3119.4846 0.049435711
ACP 3.5542580 427.03877 0.006767453
ROOR 0.19745 53.38616 0.000846032
CH, 3.55425 57.01918 0.000903606
RH 170.89423 20540.05098 0.325506341
TOTAL 63101.84587 1.000000000
b) Output stream
Components Molar flow rates(km/h) | Mass flow rates(kg/h) Mass fractions
PO 153.76198 8930.35749 0.14152292
CH, 153.76198 6470.25805 0.102536748
ROOH 11.43049 1739.611451 0.027568313
ROH 182.07911 24797.53641 0.392976403
ACP 3.5542580 427.03877 0.006767453
ROOR 0.19745 53.38616 0.000846032
CH, 3.55425 57.01918 0.000903606
02 31.9988 86.587351 0.001372184
RH 170.89423 20540.05098 0.325506341
TOTAL 63101.84587 1.000000000
Oxidation
c) Input stream
Components Moler flow rates(km/h) | Mass flow rates(kg/h) Mass fractions
RH 658.19594 79109.6232 0.724752
ROOH 27.58725 4173.79597 0.038237
ROH 3.68203 501.46036 0.004594
ACP 0.57135 68.6403 0.000628
ROOR 0.031741 8.58188 0.000078
CH, 0.57135 9.16589 0.000083
C, 184.03185 5888.78988 0.053949
N, 692.30929 19393.9372 0.177675
TOTAL 109154.0014 1.000000
d) Output stream
Components Molar flow rates(km/h) | Mass flow rates (kg/h) Mass fractions
RH 460.73715 55376.73624 0.5073285
ROOH 198.02921 30138.146 0.2761076
ROH 26.5872 3620.94501 0.0331729
ACP 4.12560 495.68569 0.0045411
ROOR 0.22900 1.96804 0.0000180
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CH, 4.12560 66.18507 0.0006063

0, 0 0

N, 692.30929 19393.93732 0.1776756

TOTAL 109153.6033 1.0000000
CONCLUSION Journées Annuelles du Pétrole.

The high purity evidence that propylene oxide can
be produced in a reactive distillation (RD) column by
epoxidizing propylene with an oxidant such peracetic acid
(PAA) serves as part of the foundation for the current
invention.Distillation and the epoxidation process occur
simultaneously. Capital equipment costs are reduced
when both reaction and distillation are done on the RD
column. Moreovert, the reboiler duty during the distillation
process can be decreased due to the heat produced by
the exothermic reaction.Modeling based on experimental
kinetic data validated the correctness of the mechanism
inferred from the experimental results. A portion of the
invention focuses on a reactive distillation method that
involves

(a) feeding propylene into a vertical column that has
a feed zone, a top zone, and a bottom zone in order to
continuously epoxidize it and produce propylene oxide.

(b) adding ethyl acetate, a solvent, and peracetic acid to
the vertical column.

(c)reacting propylene and peracetic acid in a vertical
column with a homogenous catalyst to produce propylene
oxide, and then extracting the propylene oxide-containing
mixture.
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