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(57) Abréegée/Abstract:

Methods, apparatus, and processes are provided for a condenser Including flowing a vapor stream including formaldehyde into a
tube bundle In a vertical upflow reflux condenser, where a tube In the tube bundle has a length to outside diameter ratio of greater
than about 170:1, flowing a cooling fluid on a shell-side of the vertical upflow reflux condenser to condense at least a portion of the
vapor stream, where the condensed portion of the vapor stream forms a wetted tube internal surface area on each tube In the
generally upright tube bundle; and maintaining the vapor stream velocity at a rate that provides a liguid residence time where
formaldehyde condensed on the wetted internal surface area of each tube can react with water to form methylene glycol, removing
at least sixty percent (60%) of formaldehyde from the vapor stream fed to the condenser.
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(57) Abstract: Methods, apparatus, and processes are
provided for a condenser including flowing a vapor stream
including formaldehyde into a tube bundle in a vertical upflow
reflux condenser, where a tube in the tube bundle has a length
to outside diameter ratio of greater than about 170:1, flowing
a cooling fluid on a shell-side of the vertical upflow reflux
condenser to condense at least a portion of the vapor stream,
where the condensed portion of the vapor stream forms a
wetted tube internal surface area on each tube in the generally
upright tube bundle; and maintaining the vapor stream
velocity at a rate that provides a liquid residence time where
formaldehyde condensed on the wetted internal surface area
of each tube can react with water to form methylene glycol,
removing at least sixty percent (60%) of formaldehyde from
the vapor stream fed to the condenser.
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REFLUX CONDENSER

Field of the Disclosure

This disclosure relates to a process and system for removing formaldehyde
from a vapor stream containing the same. More particularly, this disclosure relates to
an improved process for condensing a vapor feed stream containing formaldehyde to

remove formaldehyde from the vapor feed stream and recover a desired product.

Background

When ethylene oxide 1s prepared by a silver catalyzed, vapor phase, partial
oxidation of ethylene with molecular oxygen, a gaseous reaction effluent is obtained.
This effluent can be extremely dilute with respect to the desired ethylene oxide
product, containing, for example, from about 0.3 mole percent to about 5 mole
percent of the desired material. |

Since the ethylene oxide effluent is very dilute in the gaseous mixture
| produced from the oxidation reaction, this mixture is subsequently subjected to
various treatments (absorptions, distillations,ﬂash, and the like) 1n order to obtain
pure ethylene oxide. However, these treatments do not sufficiently deal with low
concentrations (€.g., concentrations measured in mole parts per million (ppm)) of
formaldehyde impurities which can be present in the ethylene oxide sought to be
purified.

For example, in some processes, formaldehyde can be removed as an overhead
stream following condensation of the ethylene oxide from a stripping column,
however, this has several disadvantages. If the formaldehyde concentration in the
overhead stream 1s high, a solid paraformaldehyde phase can form in the overhead
system of the column which can result in blockage and erratic operation and can
possibly require shutdown and cleanout. See, e.g., J. Frederic Walker, Formaldehyde,
pgs. 140-163 (3d Ed. Reinhold Publishing Corp.). On the other hand, in this process,
1f the overhead stream contains a low formaldehyde concentration, the relative

amount of ethylene oxide therein could be excessive, resulting in yield loss of desired

purified material.
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Summary

Embodiments of the present disclosure provide processes and apparatuses for removing
formaldehyde from a vapor feed stream. Embodiments are adaptable to commercial scale ethylené oxide

production.

According to one embodiment of the present invention, there is provided a method of
operating a condenser, comprising: flowing a vapor stream at a vapor stream velocity into a generally
upright tube bundle in a vertical upflow reflux condenser, where the vapor stream includes formaldehyde
and where a tube in the tube bundle has a length to outside diameter ratio of greater than 170:1; flowing a
cooling fluid on a shell-side of the vertical upflow reflux condenser to condense at least a portion of thé
vapor stream; forming a wetted tube internal surface area on each tube in the generally upright tube bundle
with the condensed portion of the vapor stream; maintaining the vapor stream velocity at a minimum of one
hundred percent of a critical exit entrainment velocity to entrain liquid from the wetted tube internal surface
area Into liquid droplets and to carry the liquid droplets out of the tube bundle; collecting the liquid droplets
of the condensed portion of the vapor stream carried out of the tube bundled as a liquid reflux on a top
tubesheet positioned at a top of the tube bundle; flowing the liquid reflux from the top tubesheet down the
internal surface area of each tube in the tube bundle in a direction countercurrent to the vapor stream; and
reacting the formaldehyde in the vapor stream with water in the condensed portion of the vapor stream and

the liquid reflux on the wetted tube internal surface area to form methylene glycol. '

According to another embodiment of the present invention, there is provided a condenser
comprising elements arranged, sized, and dimensioned to remove at least sixty percent (60%) of
formaldehyde from a vapor stream fed to the condenser, comprising: a main body defining a cooling zone,
where the main body includes a cooling fluid inlet and a cooling fluid outlet to pass a cooling fluid on a
shell side of the condenser; a generally upright tube bundle disposed in the cooling zone to receive the
vapor stream, where the tube bundle provides an internal surface area for condensin g at least some of the
vapor stream as heat is removed by the cooling fluid, and the tube bundle has a ratio of total tube internal
surface area to tube internal volume of at least 20:1 1/length; and a top tubesheet positioned at a top of the
tube bundle, where a portion of the vapor stream exits the condenser through a condenser outlet and hquid

exiting the tubes falls onto the top tubesheet to flow back down the interior surface of the tubes where the

internal surface area is configured to produce methyleneglycol by providing a wetted internal surface area

on which the formaldehyde in the vapor stream reacts with water on the wetted internal surface area to form

methylene glycol.
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As used herein, an "ethylene oxide recovery column," or “column,” refers to,
for example, a generally upright, cylindrical column or tower containing plates and/or
pack'ing elements, where the plates and packing elements provide a surface area for a
liquid and a gas to come into contact, facilitatiﬁg mass transfer between the liquid and
the gas. As will be appréciated, the column can also have other shapes and general
orientations, including a polygonal shaped column that 1s positioned in a horizontal
orientation. The ethyléne oxide recovery column includes a strip'p'ing portion and a
r‘eabs.orption portion. | | '

As used hérein, the “stripping portion” is the section of the column where one |
or more'compo.nen_t‘s of an aqueous solution are removed by Being placed in contact
with a gas stream that is largely insoluble in the aqueous solution or by heating the
aqueous solution to cause a phase change in the one or more components to be
rem.oved{ In embodiments discussed herein, stripping can be performed on the
aqueous solution to purify, recover, and/or separate cthylene oxide, where the
"équeous solution” can be defined as a mixture of ethylene oxide, water, and other
compounds, in liquid form.

As used herein, the "reabsorbing portion” 1s the section of the column where -
components of a gas are removed by contacting the gas with a .rc'latively nonvolatile
liquid solvent that absorbs some components of the gas while not absorbing others.
Reabsorbing can be employed to remove trace components from gas streams.

- As used hereln, a "cbndcnser" 1S a device that converts vapor into liquid. In
embodiments discussed hefein, a vapor feed can enter the condenser, where some
compounds in the gas phase portion of the first aqueous solutioh condense while other
compounds pass thfough the condenser and remain in the gas phase. Alsd, as used

herein, a "reflux condenser” is a condenser where vapor condenses and can flow back

into the vessel as a reflux stream.

As used herein, “exit entrainment velocity” is the velocity of the gas exiting

the tube bundle at or above which some of the liquid becomes entrained in the vapor

exiting the tube bundle.

2a
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As used herein, a "tube sheet" refers to an apparatus that is connected to the
tubes 1n the tube bundle at each end. The tube sheet can serve to hold the tubes in

place and physically contain the shell side fluid.

Briet Description of the Drawings

Figures 1A and 1B provide an illustration of an embodiment of a condenser of

the present disclosure.

Figure 2 provides an illustration of an ethylene oxide recovery column of the

present disclosure.

Detailed Description

Embodiments of the present disclosure include methods and apparatuses for
removing formaldehyde from a vapor stream introduced into a condenser. The
apparatus embodiments include a condenser including elements arranged, si1zed, and
. dimensioned to remove at least sixty percent (60%) formaldehyde from a vapor
stream to the condenser. '

. Embodiments of the present disclosure remove formaldehyde from a vapor
stream entering a condenser. The condenser includes a main body defining a cooling
zone, where the main body includes a cooling fluid inlet and a cooling fluid outlet to
pass a'cbbling fluid on a shell side of the condenser, and a generally upright tube
bundle disposed in the cooling zone to receive ‘the vapor feed. The tube bundle
provides an internal surface area for condensing at least some of the vapor feed as
heat 1s removed by the cooling fluid. The condenser also includes a top tubesheet
positi'oned at a top of the tube bundle, where entrained fluid exiting the tube bundle
- disengages from the vapor stream, falls on the top tubesheet, and flows down the
internal surface area of each tube in the tube bundle to provide a wetted internal
surface area. Thus, formaldehyde i.n the vapor feed reacts with water on the wetted
internal surface area to form -methylene glycol, rémoving at least sixty percent (60%)
of formaldehyde in the vapor stream fed to the condenser.

Some embodiments of the present disclosure remove formaldehyde from an
‘aqueous solution containing ethylene oxide, for example, in an ethylene oxide process

| where.éthylene oxide is the desired product. Embodiments of the present disclosure,

s
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however, are not limited to ethylene oxide processes, but rather can be used in other
processes where the removal of formaldehvde is beneficial.

The removal of formaldehyde can be beneficial to reduce formaldehyde
reactions In refining equipment that can lead to quality problems in a desired product.
As an example, 1n an ethvlene oxide process, formaldehyde can react in refining
equipment to form byproducts (e.g., condensation products) which can le;ad to fatlure
to meet ultra violet (UV) specifications in refined monoethylene glycol (MEG), an
end-use product of ethylene oxide. |

Embodiments of the present disclosure include a shell and tube heat exchanger
that condenses a portion of the vapor stream containing formaldehyde entering the
heat exchanger, thus, the heat exchanger is termed a condenser. The condenser can
consist of a shell with a bundle of tubes inside it. One fluid runs through the tubes,
and another fluid flows over the tubes (through the shell) to transfer heat between the
two tluids. The set of tubes is called a tube bundle, and may be composed of several
types of tubes: plain, longitudinally finned, etc.

The two tluids, of different starting temperatures, flow through the condenser.
One flows through the tubes (the tube side) and fhe other flows outside the tubes but
inside the shell (the shell side). Heat is transferred from one fluid to the other through
the tube walls, either from tube side to shell side, or vice versa. In order to transfer
heat efficiently, a large heat transfer area should be used, therefore the condenser can
include many tubes, as discussed herein.

In embodiments of the present disclosure, heat is transferred from the vapor
stream entering the condenser to the cooling fluid flowing through the condenser shell
side. As heat is transferred, the temperature of the vapor stream decreases, causing
components in the vapor stream to condense into a liquid. By controlling, for
example, the tlow rate of the vapor stream, the cooling fluid flow rate, and the length
of the tube bundle, among other operating conditions, the condenser can be designed
to maximize the removal of certain components, for example, formaldehyde.

Besides monitoring flow rates and heat transfer surface areas, however, one
skilled in the art will appreciate that reactions involving formaldehyde can also atfect
the removal and the rate of removal of formaldehyde. As shown in Formula (I),

formaldehyde can react with water in a reversible reaction to form me'thylene glycol.
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kK
CH20 + Hzo —_— CHz(OH)Z
K Formula (1)

where k| <<k;. (Zietschrift fur Physikalische Chemie Neue, Bd 635, S. 221-224

(1969)). Also, formaldehyde can polymerize to produce, for example,
polyoxymethylene, among other polymers.

In embodiments of the present disclosure, the conversion of formaldehyde to
methylene glycol is a desired reaction since methylene glycol has a higher boiling
point (approximately ninety (90) degrees Celsius (°C)) as éompared to formaldehyde
(approximately negative nineteen (-19) °C). David R. Lide, Handbook of Chemistry

and Physics, Pub. 2005, Pages 3-262, 6-41. Thus, methylene glycol will condense

into a liquid more readily than formaldehyde, enhancing the removal of formaldehyde
from the vapor st!ream entering the condenser.

On the oth:er hand, the conversion of formaldehyde to various polymers is not
a desired reaction. In some embodiments, polymers that form on the internal surface
of the tubes in the tube bundle can build up on the internal surface, clogging the tubes.
To prevent the formation of polymers, thus, embodiments of the present disclosure
provide methods and apparatuses for maintaining a wetted internal surface area to
promote the methylene glycol reaction and to prevent the polymerization reaction.

Figure 1A is an illustration of a condenser 100 according to embodiments of
the present disclosure. As discussed herein, the condenser 100 can include elements
arranged, sized, and dimensioned to remove at least sixty percent (60%)
formaldehyde from a vapor stream 102 fed to the condenser 100. In some
embodiments, the condenser 100 can remove at least eighty percent (80%)
formaldehyde from the vapor stream 102 feed. In various embodiments, the
condenser 100 can remove at least eighty-five percent (85%) formaldehyde from the
vapor stream 102 feed. The condenser 100 includes a main body 104, or exterior
shell, detining a cooling zone 106. The cooling zone 106 is where heat is transterred
from the vapor stream 102 to a cooling fluid 108.

In some embodiments, the main body 104 can have a generally circular cross
sectional J'shape. Other shapes are also possible, including ovular, or polygonal. The
internal diameter of the main body 104, in embodiments including a circular main
body 104, can range from about one hundred (100) inches (2.54 meters) to about two

hundred tifty (250) inches (6.35 meters).
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In embodiments of the present disclosure, the main body 104 includes a
cooling fluid inlet 110 and a cooling fluid outlet 112, where cooling fluid 108 is
passed 1nto the cooling fluid inlet 110 to circulate through the main body 104 on a
shell side of the condenser 100. In some embodiments, the cooling fluid 108 can be
water, however, embodiments are not so limited.

As shown 1n Figure 1, the condenser 100 includes a generally upright tube
bundle 114 comprised of a number of vertically oriented tubes 116. The tube bundle
114 1s disposed in the cooling zone 106 of the main body 104. In some embodiments,
the tube bundle 114 can be affixed in position within the main body 104 using a top
tubesheet 118, a bottom tubesheet 120, and, in some embodiments, a number of
baftles 122. Other means for supporting the tube bundle 114 are also possible.

The tubes 116 1n the tube bundle 114 can be spaced apart to permit cooling
tfluid 108 to circulate between adjacent tubes 116 and remove heat from the tubes 116.
For purposes of illustration, only a small number of tubes 116 are shown in Figure 1,
also the spacing between the tubes 116 is exaggerated, again for purposes of
1llustration. Figure 1B illustrates an embodiment of a cross-section of the tubes 116
as they can be arranged in the tube bundle 114 inside the main body 104. Other
configurations are also possible.

In some embodiments, the tube bundle 114 has a ratio of total tube internal
surface area to tube internal volume of at least approximately 20:1. In addition, in
some embodiments, each tube 116 in the tube bundle 114 can have a length to
diameter ratio of at least approximately 150:1. For example, embodiments of the
present disclosure include condensers 100 having tubes 116 with an outside diameter
1n a range of about 0.50 inches (1.27 centimeters (cm)) to about 2.5 inches (6.35 cm)
and an internal diameter in a range of about 0.37 inches (0.94 ¢cm) to about 2.37
inches (6.02 cm). In such embodiments, the number of tubes 116 in the tube bundle
can range from 1,000 to 115,000 depending on the size of the condenser 100. In
addition, the length of the tubes 116 can range frorﬁ, for example, about 21 feet (6.40
meters) to about 40 feet (12.19 meters). Thus, the tube length to outside diameter
ratio can range from, for example, about 170:1 to about 960:1 and the ratio of total
tube 1nternal surface area to tube internal volume can range from about 20:1 to about
130:1. Embodiments of the present disclosure, however, are not limited to these

dimensions.
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The tubes 116 can be formed of a material that can conduct heat through the
width of the tubes 116. In addition, the tube material can be chosen to withstand

thermal stresses that may occur during operation, for example, due to thermal
expansion that can occur at various temperatures and/or stress from high pressures
from the fluids themselves. The tubes 116 can also be formed of a material
compatible with both the shell side and tube side fluids for long periods under the
operating conditions (temperatures, pressures, pH, etc.) to minimize deterioration
such as corrosion.

As discussed herein, the tubes 116 can be held in place within the exterior
shell 104 via the top tube sheet 118 and the bottom tubesheet 120. Various types of
additional supports can be provided between the top 118 and bottom tubesheets 120 to
further stabilize the tube bundle 114. These supports can include additional
tubesheets, various types of brackets, and/or a number of baffles 122. In some
embodiments, the baffles 122 can direct the flow of the cooling fluid 108 through the
main body 104 cooling zone 106. In some embodiments, the baffles 120 can range
from approximately ten (10) to twenty (20).

The bottom tubesheet 120 can have openings which allow the vapor stream
102 to enter the tubes 116 from a condenser inlet 124. In some embodiments, the
tubes 116 may extend through the bottom tubesheet 120. In such embodiments, the
tubes 116 can have a tapered bottom 126, as shown in Figure 1, discussed further
herein. The tubes 116 are connected to the top tubesheet 118, which permits a portion
of the vapor stream, or in some embodiments, an ethylene oxide rich vapor stream, to
exit the condenser 100 through a condenser outlet 128 while liquid exiting the tubes
116 can fall onto the top tubesheet 118 and flow back down the interior surface of the
tubes 116.

As discussed herein, the condenser 100 also includes a condenser inlet 124
and a condenser outlet 128. In embodiments of the present disclosure, a vapor stream
102 including formaldehyde can be introduced into the condenser 100 through the
condenser inlet 124. From the condenser inlet 124, ’the vapor stream can enter the
tubes 116. To condense a portion of the vapor stream entering the condenser 100, the
cooling fluid 108 1s introduced to the condenser 100 via cooling fluid inlet 110, where
the cooling fluid flows through the condenser 100 on the shell-side, and exits the

condenser 100 via the cooling fluid outlet 112.
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As discussed herein, as the vapor stream 102 flows from the inlet 130 of the
tube bundle 114 to the outlet 132 of the tube bundle 114, a portion of the vapor stream
102 condenses into a liquid. The liquid condensate, or "reflux" flows down the
internal surface of the tubes 116, providing a wetted tube surface. The vapor stream
102 and liquid condensate, thus, flow in a countercurrent direction relative each other
inside the tubes 116. The cooling fluid 108, therefore, flows in a countercurrent
direction relative to the liquid condensate.

As one skilled 1n the art will appréciate, in the operation of most liquid reflux
condensers, a limiting factor in the design and operation of the condenser 100 can
occur when vapor velocity at the tube inlet 130 1nhibits condensate downflow from
the condenser 100, a concept known as "flooding." In other words, tlooding occurs
when the liquid 1s carried upwards by vapor instead of draining out by gravity. In the
present disclosure, a calculated critical flooding velocity, as used herein, refers to the
vapor stream velocity at which the vapor stream velocity at the tube inlet 130 inhibaits
condensate downflow through the tubes 116 in the tube bundle 114. In embodiments
of the present disclosure, the inlet and outlet flooding calculations are taken from the
computer program Heat Transfer Research, Inc. (HTRI) Xchanger Suite ® 3.0.

In some embodiments, the vapor stream velocity 1s approximately ninety
percent (90%) or less of the calculated critical flooding velocity at the inlet 130 of the
tube bundle 114. Additionally, in various embodiments, the vapor stream velocity
can be approximately 8.5 feet per second (2.59 meters per second) or less.

Although flooding can occur when the vapor stream velocity is greater than
the calculated critical flooding velocity, flooding is also impacted by the geometry of
the tubes 116. As such, in some embodiments, each tube 114 in the tube bundle 116
can include a tapered bottom portion 126. In such embodiments, the bottom portion
126 ot the tube 116 can extend past the bottom tube sheet 120. The tapered bottom
portions 126 increase the effective cross sectional area of the inlet of the tubes 116.
By increasing the cross-sectional area of the inlet of the tubes 116, the calculated
critical flooding velocity is higher as compared to when the tubes 116 do not include a
tapered bottom portion 126 extending past the bottom tube sheet 120.

Flooding can also occur at different places within a tube 116, depending on the
vapor stream and liquid condensate flow rates. For example, flooding at the outlet
132 of the tube 116 can also occur, a phenomenon known as droplet entrainment,

where vapor leaving the tubes 116 entrains liquid droplets out of the condenser 100.
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Embodiments of the present disclosure use a vapor stream flow rate into the tube
bundle 114 that provides a vapor stream exit velocity in excess of a critical exit
entrainment velocity. As used herein, the "critical exit entrainment velocity" refers to
the velocity of the gas exiting the tube bundle 114 at or above which some of the
liquid becomes entrained in the vapor exiting the tube bundle 114. In some
embodiments, the vapor stream exit velocity is greater than approximately two
hundred percent (200%) of the critical exit entrainment velocity. In various
embodiments, the vapor stream exit velocity can be at least one hundred fifty percent
(150%) of the critical exit entrainment velocity.

In various embodiments, the vapor stream exit velocity can be operated at a
minimum of one hundred percent (100%) of the critical exit entrainment velocity. As
the vapor stream exit velocity is decreased below 100% of the critical exit
entrainment velocity, it is possible that the entire length of the internal surface area of
the tubes 116 would not remain wetted. In such instances, it is possible that
formaldehyde can react to form polymers on the internal surface area of the tubes 116,
as discussed herein. Such reactions can cause clogging, or fouling, inside the tubes
116.

When the liquid droplets get carried out of the tube outlets 132, the liquid
droplets are sprayed out of the top of the tubes 116, where the liquid droplets can
disengage from the vapor and fall onto the top tubesheet 118. The liquid droplets
collect and flow back down the tubes 116 in the tube bundle 114. By flowing the
vapor stream 102 at a velocity 1in excess of the critical exit entrainment velocity, the
likelihood of having tube wetting along the entire internal surface of the tubes 116 can
be improved.

In addition, in some embodiments, the vapor stream velocity can be monitored
to provide adequate liquid residence time for the formaldehyde to react with the
water. In some embodiments, vapor stream velocity allows for a liquid residence time
of at least approximately 0.5 seconds.

As discussed herein, the removal of formaldehyde can be increased by
encouraging the reaction between formaldehyde and water to form methylene glycol.
By providing a wetted surface, formaldehyde in the vapor stream can react readily
with water on the wetted surface to form methylene glycol. Since methylene glycol
has a higher boiling point than formaldehyde, as discussed herein, the methylene

glycol produced from the reaction can readily condense into a liquid and drain down
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the internal surface area of the tubes. As such, the removal of formaldehyde is
dependent on the amount of surface area available for reaction and heat transfer. By
providing a tube bundle 114 with a total tube internal surface area to tube internal
volume of at least approximately 20:1 and tubes having a length to diameter ratio of at
least approximately 150:1, as discussed herein, the condenser 100 of the present
disclosure can remove at least sixty percent (60%) formaldehyde from the vapor

stream.

As discussed herein, the condenser of the present diéclosure can be used 1n an
ethylene oxide process, where formaldehyde is removed from a vapor stream
containing ethylene oxide. In such embodiments, the condenser can be located inside
an ethylene oxide recovery column between a stripping portién and a reabsorbing
portion of the column, where the vapor stream is produced in the stripping portion of
the column.

Betore ethylene oxide can be recovered from the ethylene oxide recovery
column, however, several steps can be performed. As described herein, the steps to
produce ethylene oxide and to use ethylene oxide in further reactions can occur in one
place, for example, in an ethylene oxide processing plant. The various steps,
however, can also occur 1n separate facilities.

Alkylenes (olefins) employed in the process of this disclosure can be

characterized by the following structural formula (I):

R4 C—C—R,

|

H H (D

wherein R and R, are each individually selected from hydrogen and lower
monovalent radicals, preferably C;-Cg alkyl radicals including methyl, ethyl, propyl,
butyl, and higher homologues having up to six carbon atoms. Preferably, R; and R,
are each individually selected from hydrogen, methyl, and ethyl. More preferably,
each R and R; 1s hydrogen, and the preferred olefin is ethylene. The corresponding
alkylene oxides produced in the process of this disclosure are preferably characterized
by the following structural formula (II):

O

A

H H (1)

10



CA 02712985 2010-07-22
WO 2009/094103 PCT/US2009/000121

wherein R and R, are 1dentified herein in connection with the reactant olefin. Most
preferably, the alkylene oxide is ethylene oxide (i.e., R} and R, are both hydrogen).

Oxygen may be provided to the process as pure molecular oxygen.
Alternatively, oxygen may be provided as an oxygen-containing gas, where the gas
further contains one or more gaseous components, for example, gaseous diluents such
as nitrogen, helium, methane, and argon, which are essentially inert with respect to
the oxidation process. In some embodiments, a suitable oxygen-cdntaining gas 1S air.
Additionally, the oxygen-containing gas may contain one or more of the following
gaseous components: water, carbon dioxide, and various gaseous promoters and/or
gaseous by-product inhibitors, as discussed herein.

The relative volumetric ratio of alkylene to oxygen in the feed gas may range
in accordance with any of such known conventional values. Typically, the volumetric
ratio of alkylene to oxygen in the feed may vary from about 2:1 to about 6:1.
Likewise, the quantity of inert gases, diluents, or other gaseous components such as
water, carbon dioxide, and gaseous promoters and gaseous by-product inhibitors, may
vary in accordance with known conventional ranges as found in the art.

The present disclosure is applicable to epoxidation reactions in any suitable
reactor, for example, fixed bed reactors, fixed bed tubular reactors, continuous stirred
tank reactors (CSTRs), and fluid bed reactors, a wide variety of which are well known
in the art. The desirability of recycling unreacted feed, employing a single-pass
system, or using successive reactions to increase ethylene conversion by employing
reactors 1n a series arrangement can also be readily déter_mined by those skilled in the
art.

The particular mode of operations selected can be dictated by process
economics. Conversion of alkylene (olefin), preferably ethylene, to alkylene oxide,
preferably ethylene oxide, can be carried out, for example, by continuously
introducing a feed stream containing alkylene (e.g., ethylene) and oxygen, or an
oxygen-containing gas, to a catalyst-containing reactor at a temperature of from about
two hundred (200) degrees Celsius (°C) to about three hundred (300) °C, and a
pressure which may be in a range of from approximately five (5) atmospheres (five
hundred six (506) kilopascals (kPa)) to approximately thirty atmospheres (3040 kPa)
depending on the mass velocity and productivity desired. Residence times in large

scale reactors can be on the order of about 0.1 to about five (5) seconds. The resulting
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alkylene oxide, preterably ethylene oxide, can then be separated and recovered from
the reaction products using further processes.

The alkylene oxide produced according to the present disclosure may be
converted 1nto alkylene glvcols, alkanolamines, and glycol ethers. Ethylene glycol
can be used 1n two applications: as a raw material for poly(ethylene terephthalate) for
use 1n polyester fiber, film, and containers, and as automotive antifreeze. Also, di-,
tri-, and tetraethylene glycols are coproducts of ethylene glycol.

Ethylene glycol can be produced by the (catalyzed or uncatalyzed) hydrolysis
of ethylene oxide. Ethylene oxide hydrolysis can proceed with either acid or base
catalysis or uncatalyzed in neutral medium. Acid catalyzed hydrolysis activates the
ethylene oxide by protonation for the reaction with water. Base catalyzed hydrolysis,
however, results in considerably lower selectivity to ethylene glycol, producing
diethylene glycol and higher glycols (e.g., triethylene and tetraethylene glycols) in
addition to the ethylene glycol. Ethylene glycol monoethers can be manufactured by
the reaction of an alcohol with ethylene oxide. Also, ethanolamine can be
manufactured by the reaction of ethylene oxide with ammonia. See, for example, US
Patent No. 4,845.296.

In some embodiments, the per-pass conversion of ethylene to ethylene oxide
can be low (1.e., on the order of one (1) percent or less), producing a mixture
containing dilute concentrations of ethylene oxide along with unreacted ethylene and
oxygen, aldehydes, acidic impurities, nitrogen, and argon, among others. In some
embodiments, the aldehydes can include formaldehyde and acetaldehyde. In some
embodiments, the per-pass conversion of ethylene to ethylene oxide can range from
five (5) percent to twenty-five (25) percent.

The dilute ethylene oxide mixture obtained can be scrubbed in an absorber
with water to form an aqueous solution including ethylene oxide and to thereby
separate the ethylene oxide from the unreacted ethylene and oxygen and other gaseous
components of the reaction mixture (e.g., carbon dioxide, nitrogen, argon). The
remaining separated gaseous materials can be recycled as cycle gas to be mixed with
the feedstock of ethylene and pure oxygen.

The aqueous solﬁtion is then passed to the ethylene oxide recovery column
including the condenser of the present disclosure, where the aqueous solution is used
to produce an ethylene oxide stream with a higher ethylene oxide weight percent. The

ethylene oxide stream can be removed from the column and passed to other
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equipment 1n the ethylene oxide processing plant for further purification or for use in
other reactions. For example, in some embodiments, the ethylene oxide stream can be
routed to a glycol unit reactor, where ethylene oxide 1s converted to ethylene glycol
by reaction with water. The ethylene glycol produced can be monoethylene glycol,
diethylene glycol, and/or triethylene glycol.

Figure 2 provides an 1llustration of an embodiment of an ethylene oxide
recovery column according to the present disclosure. As shown in the embodiment of
Figure 2, the column 234 can include the condenser 200 positioned between a
stripping portion 236 and a reabsorption portion 238. In some embodiments, the
stripping portion 236 can be located in a lower half of the column 234 and the
reabsorption portion 238 can be located in an upper half of the column 234.

‘ The ethylene oxide recovery column 234, or column 234, as discussed herein,
can have a diameter ranging from, for example, sixtv-five (65) centimeters (cm) to six
(6) meters (m) and have a height ranging from, for example, six (6) to sixty (60) m or
more. As one skilled in the art will appreciate, in embodiments where the condenser
200 1s located 1nside the column 234, the number of tubes in the tube bundle, as
discussed herein, can be limited by the size of the column 234.

In some embodiments, the aqueous solution 240 entering the column 234 can
include water, ethylene oxide, formaldehvde, and other light gases and impurities.
Examples of further possible compounds in the aqueous solution 240 include
methane, carbon dioxide, oxygen, nitrogen, argon, aceialdehyde, and ethylene, among
others.

In some embodiments, the vapor stream 202 entering the condenser 200 can
include between five (5) and about sixty (60) mole percent ethylene oxide. In
addition, the condensed liquid 242 leaving the condenser 200 can include ethylene
oxide in a range of about one (1) to about twenty (20) mole percent. The vapor
stream 202 entering the condenser 200 can also include water in a range of about
fifteen (15) to about eighty (80) mole percent, about five (5) to about two thousand
(2,000) mole parts per million (ppm) formaldehyde, and about one (1) to about twenty
(20) mole percent light gases and other impurities, as discussed herein.

As discussed herein, the condenser 200 1s operated to remove approximately
eighty (80) mole percent formaldehyde from the vapor stream 202.entering the
condenser 200. As such, in some embodiments, the vapor inlet 202 can enter the

condenser 200 at about 124,000 kilograms per hour (kg/hr) at about ninety-three (93)
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degrees Celsius (°C) and at a pressure of about nineteen (19) pounds-force per square
inch absolute (psia). The condenser 200, thus, can be operated to cool the vapor inlet
to about thirty-seven (37) °C with an approximate pressure drop along the tube side of
the condenser 200 of about 0.2 (psi). To accomplish the appropriate temperature
drop, the cooling water can be supplied to the condenser 200, as discussed herein, at
about 33 °C with a flow of about three million ninety thousand (3,090,000) kg/hr.

The aqueous solution 240 produced from absorbing the dilute ethylene oxide
mixture in the absorber, as discussed herein, can Be introduced to the stripping portion
236 of the column 234. In the stripping portion 236, ethylene oxide can be removed
from the aqueous solution 240 by converting a portion of the aqueous solution 240 to
a gas phase. The gas phase, as used herein, is the portion of the aqueous solution 240
that undergoes a phase change and subsequently enters the condenser 200 of the
present disclosure, as the vapor stream 202.

While a portion 202 of the aqueous solution 240 is converted to a gas phase,
the remaining portion 244 of the aqueous solution 240 including water, ethylene
oxide, and other compounds can be removed from the stripping portion 236 and
routed back to the absorber, as discussed herein, to collect more ethylene oxide to be
brought back to the column 234 in the aqueous solution 240.

As 1llustrated 1n Figure 2, in some embodiments, the condenser 200 can be
located at a top portion of the stripping portion 236 integral with the column 200. In
such embodiments, the condensed liquid stream flowing down the internal surface of
the tubes 1n the tube bundie can return directly to the stripping portion 236, and the
ethylene oxide rich vapor stream 246 produced in the condenser 200 can be released
at the top of the condenser 200. In some embodiments, the condensed liquid stream
242 tlowing into the stripping portion 236 can include approximately eight (8) weight
percent ethylene oxide.

In some embodiments, the ethylene oxide rich vapor stream 246 can be
introduced to the reabsorption portion 238 of the column. In some embodiments, the
reabsorption portion 238 can absorb ethylene oxide in the ethylene oxide rich vapor
stream 246 by contacting with a water stream 248 to absorb the ethylene oxide
content thereof.

As discussed herein, in some embodiments, the ethylene oxide stream 250
produced 1n the reabsorption portion 238 can be routed to the glycol unit reactor

where ethylene oxide 1s converted to ethylene glycol by reaction with water. In some
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embodiments, water, 1n excess 1n the glycol unit reactor, can be distilled away from
the ethylene glycol, condensed, and sent back to the column 234 in the form of the
water stream 248 to reabsorb more ethylene oxide. The ethylene oxide stream 250
can also be routed for further purification, or for other reactions.

It 1s to be understood that the above description has been made in an
illustrative fashion, and not a restrictive one. Although specific embodiments have
been 1llustrated and described herein, those of ordinary skill in the art will appreciate
that other component arrangements can be substituted for the specific embodiments
shown. The claims are intended to cover such adaptations or variations of various
embodiments of the disclosure, except to the extent limited by the prior art.

In the foregoing Detailed Description, various features aré grouped together 1n
exemplary embodiments for the purpose of streamlining the disclosure. This method
ot disclosure is not to be interpreted as reflecting an intention that aﬁy claim requires
more features than are expressly recited in the claim. Rather, as the following claims
reflect, inventive subject matter lies in less than all features of a single disclosed
embodiment. Thus, the following claims are hereby incorporated into the Detailed
Description, with each claim standing on its own as a separate embodiment of the

invention.

Specific embodiments of the Disclosure

The tollowing examples are provided for illustrative purposes only and are not
intended to limit the scope of the present disclosure. The examples provided herein
disclose exemplary dimensions for the elements included in condensers of the present
disclosure, where condensers including such elements thus sized can remove about

eighty (80) mole percent formaldehyde from an inlet stream including formaldehyde.

EXAMPLE 1

__Element  Condenser 1 Condenser 2 Condenser 3 Condenser 4 Condenser 5

Shell

Internal 138 142 200 134 141.7
Diameter

(Inches)
Tube
Outside
Diameter

(Inches)

1.75 1.25 1.50 2.00 1.5
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Tube
Internal
Diameter
(Inches)
Number of
Tubes
Tube
Length 32.50 21.00 26.25 39.00 26.2

(Feet)

1.62 - 1.12 1.37 1.87 - 1.37

3,468 7,423 10,070 2,503 5,008
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CLAIMS:

1. A method of operating a condenser, comprising:

flowing a vapor stream at a vapor stream velocity into a génerally upright
tube bundle 1n a vertical uptflow reflux condenser, where the vapor stream includes
formaldehyde and where a tube in the tube bundle has a length to outside diameter ratio of

greater than 170:1;

flowing a cooling fluid on a shell-side of the vertical upflow reflux condenser

to condense at least a portion of the vapor stream;

forming a wetted tube internal surface area on each tube in the generally

upright tube bundle with the condensed portion of the vapor stream;

maintaining the vapor stream velocity at a minimum of one hundred pe‘rcerit of
a critical exit entrainment velocity to entrain liquid from the wetted tube internal surface area

into liquid droplets and to carry the liquid droplets out of the tube bundle;

collecting the liquid droplets of the condensed portion of the vapor stream
carried out of the tube bundled as a liquid reflux on a top tubesheet positioned at a top of the

tube bundle;

flowing the liquid reflux from the top tubesheet down the internal surface area

of each tube in the tube bundle in a direction countercurrent to the vapor stream; and

reacting the formaldehyde in the vapor stream with water in the condensed

portion of the vapor stream and the liquid reflux on the wetted tube internal surface area to

form methylene glycol.

2. The method of claim 1, where flowing the vapor stream into the generally
upright tube bundle includes flowing the vapor stream such that a vapor stream exit velocity 1s

in excess of a critical exit entrainment velocity to form the wetted tube internal surface area

on each tube in the generally upright tube bundle.
17



10

15

20

CA 02712985 2015-09-17

53918-4

3. The method of claim 1 or 2, where the vapor stream velocity is 8.5 feet per

second (2.59 meters per second) or less.

4, The method of any one of claims 1 to 3, where the vapor stream velocity is

ninety percent (90%) or less of a calculated critical flooding velocity at an inlet of the tube

bundle.

5. The method of any one of claims 1 to 4, where a liquid residence time 1s at

least 0.5 seconds.

6. A condenser comprising elements arranged, sized, and dimensioned to remove
at least sixty percent (60%) ot formaldehyde from a vapor stream fed to the condenser,

comprising:

a main body defining a cooling zone, where the main body includes a cooling

fluid inlet and a cooling fluid outlet to pass a cooling fluid on a shell side of the condenser;

a generally upright tube bundle disposed in the cooling zone to receive the
vapor stream, where the tube bundle provides an internal surface area for condensing at least
some of the vapor stream as heat is removed by the cooling fluid, and the tube bundle has a

ratio of total tube internal surface area to tube internal volume of at least 20:1 1/length; and

a top tubesheet positioned at a top of the tube bundle, where a portion of the
vapor stream exits the condenser through a condenser outlet and liquid exiting the tubes falls
onto the top tubesheet to flow back down the interior surface of the tubes where the internal
surface area 1s configured to produce methylene glycol by providing a wetted internal surface
area on which the formaldehyde in the vapor stream reacts with water on the wetted internal

surface area to form methylene glycol.

7. The condenser of claim 6, where each tube in the tube bundle includes a

tapered bottom portion.
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8. The condenser of claim 6 or 7, where each tube in the tube bundle has a length

to diameter ratio of at least 150:1.

9. The condenser of any one of claims 6 to 8, where the vapor stream includes

ethylene oxide, and an ethylene oxide rich vapor stream exiting the condenser is at least 85

mole percent ethylene oxide.

10. The condenser of any one of claims 6 to 9, where each tube in the tube bundle

has an outside diameter 1n a range of about 1 inch to about 2 inches.
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