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(54) METHOD FOR PRODUCING ACRYLAMIDE

(57) [Problem] The present invention provides a
method for producing acrylamide from acrylonitrile using
a biocatalyst with high productivity at low cost, in which
reaction heat can be efficiently removed even at an in-
dustrial reaction scale.

[Means for solving] The present invention relates to
a method for producing acrylamide by reacting acryloni-

trile in the presence of a biocatalyst, wherein the reaction
is performed using a reactor having a reaction volume of
1 m3 or more equipped with a tubular heat exchanger,
and wherein the difference between a temperature of a
cooling water to be introduced into the heat exchanger
and a reaction temperature is maintained from 5 to 20˚C.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a method for producing acrylamide from acrylonitrile using a biocatalyst.

BACKGROUND ART

[0002] A method for producing a compound of interest utilizing a biocatalyst has advantages that reaction conditions
are mild, that the purity of a reaction product is high with a small amount of a by-product, and that a production process
can be simplified. Therefore, such a biocatalyst is used for many compounds to be produced. In the case of production
of an amide compound, since nitrile hydratase, which is an enzyme for converting a nitrile compound into an amide
compound, was found, biocatalysts including the enzyme have been widely used.
In order to industrially utilize such a biocatalyst, producing an amide compound at low cost is essential. In general, a
biocatalyst is easily deactivated with respect to heat. Therefore, if a reaction heat is not sufficiently removed, the supply
amount of a catalyst is increased and the catalyst cost is increased. In addition, energy costs are increased because,
for example, the temperature of cooling water for removing heat is decreased and the supply amount of cooling water
is increased. As a result, it becomes difficult to produce acrylamide at low cost.
[0003] As methods for removing reaction heat, for example, a method for cooling in which a reaction solution is
circulated in a heat exchanger provided to the exterior portion of a reactor (Patent Document 1), a method of using a
double pipe type or a shell and tube type in a plug flow type reactor (Patent Document 2) and a method in which a
reaction tank is equipped with a jacket or a cooling coil (Patent Document 3) are known.

PRIOR ART DOCUMENTS

[Patent Documents]

[0004]

[Patent Document 1] Japanese National-phase PCT Laid-Open Patent Publication No. 2004-524047
[Patent Document 2] Japanese Laid-Open Patent Publication No. 2001-340091
[Patent Document 3] International Publication WO 03/00914 pamphlet

DISCLOSURE OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0005] However, when using the method described in the above-described Patent Document 1 (Japanese National-
phase PCT Laid-Open Patent Publication No. 2004-524047), costs for facilities are high due to complicated apparatuses,
and in addition, a great deal of energy is expended for circulating a reaction solution. As a result, production costs are
increased. Further, when using the methods described in the above-described Patent Documents 2 and 3 (Japanese
Laid-Open Patent Publication No. 2001-340091; International Publication WO 03/00914 pamphlet), if the productivity
per reactor is increased, an oversize heat exchanger is required, and economical load of facilities is increased. Moreover,
these methods have been examined with respect to the case of small-scale reactors, and effects of heat removal on
industrial scale have not been considered. In the case where a heat exchanger is provided to the inside of a reactor, in
view of industrial scale-up, the larger the volume of the reactor is, the smaller the ratio of a heat-transfer area used for
cooling per volume is, and therefore, it is more difficult to remove heat.
[0006] Therefore, the purpose of the present invention is to provide a method for producing acrylamide from acrylonitrile
using a biocatalyst with high productivity at low cost, in which reaction heat can be efficiently removed even at an
industrial reaction scale.

MEANS FOR SOLVING THE PROBLEMS

[0007] The present inventor diligently made researches in order to solve the above-described problem. As a result,
the present inventor found that the above-described problem can be solved by using an industrial-scale reactor equipped
with a tubular heat exchanger as a reactor and maintaining the difference between a reaction temperature and a tem-
perature of a cooling water to be introduced into the heat exchanger within a certain range, and thus the present invention
was achieved.
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[0008] Specifically, the present invention is as described below.
[0009] A method for producing acrylamide by reacting acrylonitrile in the presence of a biocatalyst, wherein the reaction
is performed using a reactor having a reaction volume of 1 m3 or more equipped with a tubular heat exchanger, and
wherein the difference between a temperature of a cooling water to be introduced into the heat exchanger and a reaction
temperature is maintained from 5 to 20˚C.
[0010] In the method of the present invention, examples of the reaction include a continuous reaction. Further, the
continuous reaction can be performed, for example, with a value that is obtained by dividing the difference between an
acrylamide concentration in a reaction mixture at an inlet of the reactor and that at an outlet of the reactor (wt%) by the
difference between the temperature of the cooling water and the reaction temperature (˚C) (wt%/˚C) being maintained
within a range of 1.5 to 2.5.
[0011] Moreover, in the method of the present invention, as the tubular heat exchanger, a multitubular heat exchanger,
a double or more coil type heat exchanger or the like can be used. As the multitubular heat exchanger, for example, a
U-tube type heat exchanger can be used. Examples of the multitubular heat exchanger (particularly U-tube type heat
exchanger) include those having 2 to 6 flow paths, those installed upright in the reactor, and those having a structure
in which a tube bundle is detachable.

ADVANTAGEOUS EFFECT OF THE INVENTION

[0012] According to the present invention, at the time of producing acrylamide from acrylonitrile using a biocatalyst,
reaction heat can be efficiently removed in an industrial-scale reactor, and it is possible to provide a method for producing
acrylamide with high productivity at low cost.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 shows an example of the reactor of the present invention in which multitubular heat exchangers (U-tube
type) which efficiently remove reaction heat are disposed.

BEST MODE FOR CARRYING OUT THE INVENTION

[0014] Hereinafter, the method for producing acrylamide of the present invention will be described in detail. The scope
of the present invention is not limited to the description. In addition to the following examples, the present invention can
be suitably changed and then practiced within a range in which the effects of the present invention are not reduced.
Note that the entire specification of Japanese Patent Application No. 2008-258240 (filed on October 3, 2008), to which
priority is claimed by the present application, is incorporated herein. In addition, all the publications such as prior art
documents, laid-open publications, patents and other patent documents cited herein are incorporated herein by reference.
[0015] As described above, the method for producing acrylamide of the present invention is a method for producing
acrylamide by reacting acrylonitrile in the presence of a biocatalyst, wherein the reaction is performed using a reactor
having a reaction volume of 1 m3 or more equipped with a tubular heat exchanger, and wherein the difference between
a temperature of a cooling water to be introduced into the heat exchanger and a reaction temperature is maintained
from 5 to 20˚C.
[0016] Examples of the biocatalyst used in the method of the present invention include an animal cell, plant cell,
organelle, bacterial cell (living cell or dead cell), and treated products thereof, all of which contain an enzyme for catalyzing
a reaction of interest. Examples of the treated products include a crude enzyme or purified enzyme extracted from a
cell, and a product in which an animal cell, plant cell, organelle, bacterial cell (living cell or dead cell) or enzyme itself is
immobilized using the entrapping method, cross-linking method, carrier binding method or the like. In this regard, the
entrapping method is a method in which a bacterial cell or enzyme is enclosed with a fine lattice of polymer gel or coated
with a semipermeable polymer membrane. The cross-linking method is a method in which an enzyme is crosslinked
with a reagent having 2 or more functional groups (polyfunctional crosslinking agent). The carrier binding method is a
method in which an enzyme is bound to a water-insoluble carrier.
Examples of immobilization carriers to be used for immobilization include glass beads, silica gel, polyurethane, polyacr-
ylamide, polyvinyl alcohol, carrageenan, alginic acid, agar and gelatin.
[0017] Examples of the bacterial cells include microorganisms belonging to Nocardia, Corynebacterium, Bacillus,
Pseudomonas, Micrococcus, Rhodococcus, Acinetobacter, Xanthobacter, Streptomyces, Rhizobium, Klebsiella, En-
terobavter, Erwinia, Aeromonas, Citrobacter, Achromobacter, Agrobacterium and Pseudonocardia.
[0018]  Examples of enzymes include nitrile hydratase produced by the aforementioned microorganisms.
[0019] The amount of the biocatalyst to be used varies depending on the type and form of the biocatalyst to be used,
but it is preferably adjusted so that the activity of the biocatalyst added to a reactor becomes about 50 to 200 U per 1
mg of dried cell at reaction temperature of 10˚C. Note that the aforementioned unit "U" means an amount of the enzyme
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by which 1 micromole of acrylamide is produced from acrylonitrile for 1 minute, and the value is measured using acry-
lonitrile to be used in the production.
[0020] In the production method of the present invention, any of the following reactions may be applied: (i) a method
in which the total amount of reaction raw materials (including a biocatalyst, acrylonitrile and raw material water) are fed
into a reactor at a time and then a reaction is performed (batch reaction); (ii) a method in which a part of reaction raw
materials are fed into a reactor and then remaining reaction raw materials are fed continuously or intermittently and a
reaction is performed (semibatch reaction); and (iii) a method of continuous production by continuously or intermittently
supplying reaction raw materials and continuously or intermittently taking out a reaction mixture (including reaction raw
materials and acrylamide produced) without taking out the total amount of the reaction mixture in the reactor (continuous
reaction). Since it is easy to produce a large amount of acrylamide industrially and efficiently, continuous reaction is
preferred. Further, one reactor or a plurality of reactors may be used. When continuously performing a reaction using
a plurality of reactors, the reactor into which the biocatalyst and acrylonitrile are to be supplied is not limited to the most
upstream reactor, and the materials may also be introduced into a reactor downstream thereof, as long as it is within a
range in which efficiency of the reaction, etc. are not reduced too much. The reaction temperature (reaction mixture
temperature) in the production method of the present invention is not limited, but is preferably 10 to 40˚C, and more
preferably 20 to 35˚C. When the reaction temperature is 10˚C or higher, not only the reaction activity of the biocatalyst
can be sufficiently increased, but also the temperature of cooling water can be increased. Therefore, a cooling tower
can be utilized instead of a refrigerating machine, and cooling energy of cooling water can be reduced. Further, when
the reaction temperature is 40˚C or lower, it becomes easier to suppress deactivation of the biocatalyst.
Further, the reaction time in the production method of the present invention is not limited, but is, for example, preferably
1 to 50 hours, and more preferably 3 to 20 hours.
Preferred examples of the tubular heat exchanger to be used in the production method of the present invention include
a multitubular heat exchanger and a double or more coil type heat exchanger.
[0021] The above-described multitubular heat exchanger means a heat exchanger having a structure in which many
heat-transfer tubes are fixed to a tube plate by means of welding or the like. It is a heat exchanger having a structure
in which cooling water is introduced into the inside of each of the heat-transfer tubes and heat exchange with the reaction
mixture is performed via walls of the heat-transfer tubes. The arrangement method for the heat-transfer tubes is not
particularly limited, and examples thereof include a method of triangular arrangement and a method of quadrangular
arrangement. Further, in the arrangement of the heat-transfer tubes, the center distance between two adjacent tubes
is preferably 1 to 5 times, and more preferably 1.25 to 3 times the outer diameter of the tube. The flow rate of cooling
water in the heat-transfer tube is preferably 0.5 to 5 m/s, and more preferably 1 to 3 m/s.
Preferred examples of the multitubular heat exchanger include a U-tube type heat exchanger and a straight tube type
heat exchanger. Among them, a U-tube type heat exchanger is more preferred.
The U-tube type heat exchanger is a heat exchanger in which heat-transfer tubes are bent into the U shape and tube
ends are attached to a tube plate. The minimum bending radius of the U-tube is preferably 1 to 3 times, and more
preferably 1.5 to 2.5 times the outer diameter of the heat-transfer tube.
[0022] In the U-tube type heat exchanger, since tube ends are fixed to one tube plate, expansion and contraction of
heat-transfer tubes due to temperature of a fluid becomes flexible, and the combination of the reaction temperature and
the temperature of cooling water can be easily set in a wide range. In addition, because of the simple structure, the U-
tube type heat exchanger can be produced or obtained relatively inexpensively. Moreover, since a tube bundle can be
pulled out for cleaning and checking, the U-tube type heat exchanger provides ease of maintenance.
In the multitubular heat exchanger (particularly the U-tube type heat exchanger) to be used in the present invention, for
example, the number of flow paths is preferably 2 to 6, and more preferably 2 to 4. Usually, the inlet/outlet for cooling
water of the heat-transfer tube of the heat exchanger has a divided chamber, and to the inside thereof, division plates
for introducing cooling water are attached. The number of flow paths means the number of divisions in the divided
chamber divided by the division plates (hereinafter referred to as N) (for example, see "Process Equipment Structural
Design Series 1 -Heat exchanger-", Society for Chemical Engineers Ed., p. 23 (Maruzen Co., Ltd.)). Specifically, for
example, when N is 2, the number of flow paths is 2. When N is 3, the number of flow paths is 4. When N is 4, the
number of flow paths is 6. Constitutionally, the number of flow paths of the U-tube type heat exchanger is 2 or more.
When the number of flow paths is more than 6, the number of divisions is increased and the structure for heat exchange
becomes complicated. As a result, it is impossible to produce or obtain the heat exchanger inexpensively.
[0023] In the multitubular heat exchanger (particularly the U-tube type heat exchanger) to be used in the present
invention, for example, it is preferred to have a structure in which a tube bundle is detachable. The structure means a
structure in which a tube bundle, which is fixed to a reactor, for example, by tightening a flange bolt, can be removed
from the reactor. When the tube bundle is detachable, dirt adhered to the heat-transfer tubes can be cleaned easily and
safely outside the reactor. The tube bundle means a state in which many heat-transfer tubes and reinforcing materials
of the heat-transfer tubes are incorporated into a tube plate.
When the reactor to be used in the production method of the present invention is equipped with the multitubular heat
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exchanger (in its inside), in the inside of the reactor to which the reaction raw materials are supplied, heat exchange
between the reaction mixture and cooling water is performed via the heat-transfer tubes of the tubular heat exchanger.
At the time of mixing operation such as stirring, flow of the reaction mixture is disturbed by the multitubular heat exchanger
as a barrier, and therefore, the heat-transfer coefficient of the heat-transfer tube is increased. Therefore, more efficient
heat exchange can be performed compared to a jacket-type cooling system and a single coil type heat exchanger
provided to the inside of the reactor.
[0024] Further, when the reactor to be used in the present invention is equipped with the multitubular heat exchanger,
it is preferred that the multitubular heat exchanger (particularly the U-tube type heat exchanger) is installed upright in
the reactor. In this regard, to be installed upright means a form in which the heat exchanger is disposed in the reactor
with the longitudinal direction of the heat-transfer tubes of the heat exchanger being vertical. When the heat exchanger
is installed upright, at the time of mixing operation such as stirring for the reaction mixture, the heat exchanger disturbs
flow of the reaction mixture, and thereby the heat-transfer coefficient of the outside of the heat-transfer tube (the side
in contact with the reaction mixture) is increased. Therefore, the cooling efficiency of the reaction mixture can be improved.
The aforementioned double or more coil type heat exchanger is a heat exchanger in which a tube bundle, in which two
or more heat-transfer tubes are wound in a coil-like manner, is provided to the inside of a reactor, and is also called a
corrugated tube heat exchanger. A coil usually has a structure in which a tube made of copper, steel, special steel or
the like is spirally wound.
The number of coils to be used in the present invention is not particularly limited. It is sufficient when the number is two
or more. For example, double or triple is preferred, and double is more preferred. When comparison is made based on
the same heat-transfer area, if the number of coils is one (single coil), in order to ensure the heat-transfer area required,
the distance between spirally-wound adjacent heat-transfer tubes in the height direction (coil pitch) becomes smaller.
Therefore, at the time of mixing operation such as stirring, flow of the reaction mixture at the inside and outside of the
spirally-wound coil is suppressed, and as a result, heat exchange cannot be efficiently performed.
[0025] Further, when compared to a cooling method using a heat exchanger provided to the outside of a reactor, the
present invention can achieve a lower cost because costs for a circulation equipment and pipe arrangement for introducing
the reaction mixture to an external heat exchanger and energy costs for driving the circulation equipment are not required.
Regarding the reactor to be used in the present invention, it is sufficient when the reactor is in a form in which a tubular
heat exchanger can be placed in the inside of the reactor. Examples thereof include a tank type reactor.
Regarding the reactor to be used in the present invention, the reaction volume is 1 m3 or more, preferably 2 m3 or more,
and more preferably 5 m3. In this regard, the reaction volume means a net volume of the reaction mixture that can be
introduced (fed) into the reactor. In the case of a multi-tank continuous reactor, the reaction volume means a net volume
of the reaction mixture per tank.
In the production method of the preset invention, the cooling water is used for introducing into a tubular heat exchanger
(specifically a heat-transfer tube of the heat exchanger) for the purpose of removing reaction heat produced at the time
of reaction. The type of the cooling water is not particularly limited, and examples thereof include chloride solutions such
as calcium chloride solution, sodium chloride solution and magnesium chloride solution, alcohol solutions such as
ethylene glycol solution, and industrial water.
[0026] In the production method of the present invention, it is important that the difference between the temperature
of the cooling water and the reaction temperature (reaction mixture temperature) (˚C) (hereinafter represented by ∆T)
is maintained from 5 to 20˚C (preferably 4 to 18˚C, and more preferably 3 to 15˚C) during the reaction. When ∆T is
smaller than 5˚C, an excessive flow rate of the cooling water and an excessive heat-transfer area of the heat exchanger
are required. Therefore, not only costs for equipments such as pumps and pipe arrangement are increased, but also
energy costs for pump circulation are increased, and as a result, economical load is increased. Further, when ∆T is
more than 20˚C, there is a case where the temperature of the cooling water must be decreased to 0˚C or lower. As a
result, the operation efficiency of a cooling apparatus such as a refrigerating machine is reduced, and energy costs are
increased. The method for controlling ∆T is not limited, and for example, it can be controlled by suitably adjusting the
flow rate (flow velocity) of the cooling water to be introduced into the heat exchanger. Note that since the temperature
of cooling water and the reaction temperature are usually changed at each point on the heat-transfer surface, in the
present invention, AT means a mean temperature difference. In this regard, as the mean temperature difference, for
example, the logarithmic mean temperature difference described in Chemical Engineering Handbook, 6th revised edition,
page 392 (published by Maruzen Co., Ltd.) can be used.
[0027] In the continuous reaction of the present invention, the reaction is performed with a value that is obtained by
dividing the difference between an acrylamide concentration in the reaction mixture at an inlet of the reactor and that at
an outlet of the reactor (wt%) (hereinafter represented by ∆C) by ∆T (wt%/˚C) (hereinafter represented by ∆C/∆T) being
maintained preferably within a range of 1.5 to 2.5, and more preferably within a range of 1.6 to 2.2. The concentration
at the inlet of the reactor means an acrylamide concentration in the reaction mixture flowing from the upstream side of
the reaction into the inlet of the reactor. The concentration at the outlet of the reactor means an acrylamide concentration
in the reaction mixture flowing out from the outlet of the reactor into the downstream side.
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The amount of heat generated by the reaction is proportional to ∆C, and the amount of heat removed by the heat
exchanger is proportional to ∆T. When the value of ∆C/∆T is more than 2.5, since acrylamide productivity per reactor
is too high, not only an excessive heat-transfer area is required for removing heat, but also the reaction efficiency is
reduced, resulting in increase of a supplied amount of a catalyst. Therefore, it becomes impossible to produce acrylamide
inexpensively.
In the production method of the present invention, the rate of conversion from acrylonitrile as the raw material compound
to acrylamide as the product of interest is, for example, preferably 85% or higher, more preferably 90% or higher, and
even more preferably 95% or higher based on the weight concentration.
In the production method of the present invention, collection and purification of acrylamide after the reaction can be
carried out, for example, by concentration operation (evaporative concentration, etc.), activated carbon treatment, ion-
exchange treatment, filtration treatment, crystallization operation, etc.

EXAMPLES

[0028] Hereinafter, the present invention will be more specifically described by way of working examples. However,
the present invention is not limited only to these examples.

[Example 1]

Preparation of biocatalyst

[0029] Rhodococcus rhodochrous J1 having nitrile hydratase activity (Accession number: PERM BP-1478; interna-
tionally deposited to International Patent Organism Depositary, National Institute of Advanced Industrial Science and
Technology (Chuo 6, Higashi 1-1-1, Tsukuba-shi, Ibaraki) on September 18, 1987) was aerobically cultured in a medium
containing 2% glucose, 1% urea, 0.5% peptone, 0.3% yeast extract and 0.05% cobalt chloride (% by mass in each case)
(pH 7.0) at 30˚C. Using a centrifuge and 50 mM phosphate buffer (pH 7.0), the obtained culture was subjected to harvest
and washing, thereby preparing a bacterial cell suspension as a biocatalyst (dried cell: 15% by mass).

Reaction from acrylonitrile to acrylamide

(Reaction volume: 2 m3, acrylamide production reaction using a U-tube type heat exchanger, ∆T = 20˚C)

[0030] Two U-tube type heat exchangers (outer diameter of a heat-transfer tube: 8 mm, the number of heat-transfer
tubes: 50, the number of flow paths: 4, heat-transfer area: 3.0 m2) were placed in a reactor with a jacket made of SUS
(inner diameter: 1.3 m, height: 2.0 m, bottom face: 1/4 semi-ellipsoid).
[0031] To the reactor, 800 L/hr of 50 mM phosphate buffer (pH 7.0), 350 L/hr of acrylonitrile and 2.5 L/hr of the bacterial
cell suspension after the above-described preparation were continuously added, and the flow rate of discharging at the
outlet of the reactor was controlled so that the liquid amount of the reaction mixture in the reactor became 2 m3.
[0032] A cooling water (10% aqueous solution of ethylene glycol) was introduced into the U-tube type heat exchangers,
and temperatures of the cooling water were measured using thermometers placed at the inlet side and the outlet side
of the heat exchangers. The flow rate of the cooling water was controlled so that the liquid temperature (reaction
temperature) in the reactor was maintained at 25˚C. Note that the cooling water was not run through the jacket. The
temperatures of the cooling water at the inlet and the outlet of the heat exchangers were 3˚C and 6.5˚C, respectively
(∆T = 20˚C).
10 hours after the initiation of the reaction, the reaction solution (25˚C) flowing out from the reactor was measured by
means of gas chromatography (column: manufactured by Waters, PoraPak-PS, 1 m, 180˚C, carrier gas: helium, detector:
FID) and a refractometer (ATAGO, RX-1000). Using the calibration curve measured in advance, the acrylonitrile con-
centration and the acrylamide concentration in the reaction solution were calculated. The acrylonitrile concentration was
1.1 wt%, and the acrylamide concentration was 33.4 wt% (∆C/∆T = 1.7). 96% or more of the acrylonitrile supplied to the
reactor was converted into acrylamide.

[Example 2]

Reaction volume: 2 m3, double coil type heat exchanger, ∆T = 20˚C

[0033] A reaction from acrylonitrile to acrylamide was performed in a manner similar to that in Example 1, except that
the U-tube type heat exchangers were replaced by double coil type heat exchangers (outer diameter of a heat-transfer
tube: 34.0 mm, outer coil: coil winding diameter 1.0 m - 10 turns, inner coil: coil winding diameter 0.7 m - 10 turns, heat-
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transfer area: 6.0 m2).
[0034] 10 hours after the initiation of the reaction, the reaction solution (25˚C) flowing out from the reactor was analyzed
by means of gas chromatography and a refractometer. The acrylonitrile concentration was 1.3 wt%, and the acrylamide
concentration was 33.2 wt% (∆C/∆T = 1.7). 95% or more of the acrylonitrile introduced into the reactor was converted
into acrylamide.

[Comparative Example 1]

Jacket-type heat exchanger, ∆T = 20˚C

[0035] A reaction from acrylonitrile to acrylamide was performed in a manner similar to that in Example 2, except that
the double coil type heat exchangers were removed from the reactor and cooling water was run through a jacket of the
reactor (heat-transfer area: 6.0 m2).
[0036] 10 hours after the initiation of the reaction, reaction heat was not sufficiently removed because the heat-transfer
coefficient in the case of the jacket-type heat exchanger was low. As a result, the heat temperature was increased to
28˚C (∆T =-23˚C). The reaction solution flowing out from the reactor was analyzed using gas chromatography and a
refractometer. Since the biocatalyst was deactivated due to increase in the temperature, the acrylonitrile concentration
became 4.8 wt%, and the acrylamide concentration became 28.5 wt% (∆C/∆T = 1.2). Only 82% of the acrylonitrile
supplied to the reactor was converted into acrylamide.

[Comparative Example 2]

Single coil type heat exchanger, ∆T = 20˚C

[0037] A reaction from acrylonitrile to acrylamide was performed in a manner similar to that in Example 2, except that
single coil type heat exchangers (outer diameter of a heat-transfer tube: 34.0 mm, coil winding diameter: 1.0 m - 18
turns, heat-transfer area: 6.0 m2) were placed in the reactor.
[0038] 10 hours after the initiation of the reaction, like the case of Comparative Example 1, it was impossible to maintain
the reaction temperature at 25˚C, and the reaction temperature was increased to 27˚C (∆T6 22˚C). The reaction solution
flowing out from the reactor was analyzed using gas chromatography and a refractometer. Since the biocatalyst was
deactivated due to increase in the temperature, the acrylonitrile concentration became 4.1 wt%, and the acrylamide
concentration became 29.4 wt% (∆C/∆T = 1.3). Only 84% of the acrylonitrile supplied to the reactor was converted into
acrylamide.

[Example 3]

Reaction volume: 2 m3, U-tube type heat exchanger, ∆T = 5˚C

[0039] The same type of U-tube type heat exchangers as Example 1 were used. To a reactor, 1200 L/hr of 50 mM
phosphate buffer (pH 7.0), 140 L/hr of acrylonitrile and 0.9 L/hr of the bacterial cell suspension after the above-described
preparation were continuously added, and the flow rate of discharging at the outlet of the reactor was controlled so that
the liquid amount of the reaction mixture in the reactor became 2 m3.
[0040] A cooling water (10% aqueous solution of ethylene glycol) was introduced into the U-tube type heat exchangers,
and temperatures of the cooling water were measured using thermometers placed at the inlet side and the outlet side
of the heat exchangers. The flow rate of the cooling water was controlled so that the liquid temperature (reaction
temperature) in the reactor was maintained at 25˚C. Note that the cooling water was not run through the jacket. The
temperatures of the cooling water at the inlet and the outlet of the heat exchangers were 17˚C and 22˚C, respectively
(∆T = 5˚C). A reaction from acrylonitrile to acrylamide was performed.
[0041] 10 hours after the initiation of the reaction, the reaction solution (25˚C) flowing out from the reactor was analyzed
by means of gas chromatography and a refractometer. The acrylonitrile concentration was 0.4 wt%, and the acrylamide
concentration was 11.0 wt% (∆T/∆C = 2.2). 95% or more of the acrylonitrile introduced into the reactor was converted
into acrylamide.

[Example 4]

Reaction volume: 2 m3, double coil type heat exchanger, ∆T = 5˚C

[0042] A reaction from acrylonitrile to acrylamide was performed in a manner similar to that in Example 3, except that
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the same double coil type heat exchangers as Example 2 were used.
10 hours after the initiation of the reaction, the reaction solution (25˚C) flowing out from the reactor was analyzed by
means of gas chromatography and a refractometer. The acrylonitrile concentration was 0.6 wt%, and the acrylamide
concentration was 10.7 wt% (∆C/∆T = 2.1). 93% or more of the acrylonitrile introduced into the reactor was converted
into acrylamide.

[Comparative Example 3]

External circulation type heat exchanger, ∆T = 5˚C

[0043] A reaction from acrylonitrile to acrylamide was performed in a manner similar to that in Example 4, except that:
the double coil type heat exchangers were removed from the reactor, and a circulation path of the reaction solution was
provided to the outside of the reactor; a circulation pump and a fixed tube sheet type heat exchanger (outer diameter
of a heat-transfer tube: 13.9 mm, length: 2.5 m, the number of heat-transfer tubes: 55, heat-transfer area: 6.0 m2) were
provided to the circulation path; the reaction solution was flowed into the heat-transfer tubes; and cooling water was run
at the shell side.
[0044] 10 hours after the initiation of the reaction, the reaction solution (25˚C) flowing out from the reactor was analyzed
by means of gas chromatography and a refractometer. Since the biocatalyst was deactivated due to circulation of the
reaction solution, the acrylonitrile concentration was 1.2 wt%, and the acrylamide concentration was 9.9 wt% (∆C/∆T =
2.0). Only 86% of the acrylonitrile supplied to the reactor was converted into acrylamide.
[0045] Further, costs for ancillary facilities such as pump and pipe arrangement for circulating the reaction solution
and costs for circulation power were significantly increased compared to those in Examples 3 and 4.

[Comparative Example 4]

Reaction volume: 15 L, acrylamide production reaction using jacket-type heat exchanger

Reactor with jacket made of SUS (inner diameter: 25 cm, height: 40 cm, jacket heat-transfer area: 2360 cm2)

[0046] 9.0 L/hr of 50 mM phosphate buffer (pH 7.0), 1.05 L/hr of acrylonitrile and 200 g/hr of diluted solution, in which
the bacterial cell suspension produced in Example 1 was diluted 100-fold using 50 mM phosphate buffer, were contin-
uously added, and the flow rate of discharging at the outlet of the reactor was controlled so that the liquid amount of the
reaction mixture in the reactor became 15 L.
[0047] Cooling water was run through the jacket to control the temperature of the reaction mixture to become 25˚C.
[0048] The temperatures of the cooling water at the inlet and the outlet of the jacket were set at 17˚C and 22˚C,
respectively (∆T = 5˚C). 10 hours after the initiation of the reaction, the reaction solution (25˚C) flowing out from the
reactor was measured by means of gas chromatography and a refractometer. The acrylonitrile concentration was 0.3
wt%, and the acrylamide concentration was 11.1 wt% (∆C/∆T = 2.2). 95% or more of the acrylonitrile supplied to the
reactor was converted into acrylamide.
[0049] Results regarding ∆T, temperature controllability, analysis of the reaction solution taken out from the reactor,
etc. in the above-described working examples and comparative examples are shown in Table 1.
[0050]

[Table 1]

Heat
exchanger

Setting ∆T
[˚C]

Reaction
scale

Temperature
control

∆C/∆T [wt%/
˚C]

Rate of
acrylamide
conversion

Example 1
Multitubular

type
20 2m3 s 1.7 95% or more

Example 2
Double coil

type
20 2m3 s 1.7 95% or more

Example3
Multitubular

type
5 2m3 s 2.2 95% or more

Example4
Double coli

type
5 2m3 s 2. 1 90% or more
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[0051] As shown in Table 1, in Examples 1-4 according to the production method of the present invention, in the 2
m3 reaction that is an industrial scale, reaction heat was efficiently removed, and the rate of conversion from acrylonitrile
to acrylamide was successfully 90% or more.
On the other hand, in Comparative Examples 1 and 2, in the 2 m3 reaction, reaction heat was not sufficiently removed,
and the rate of conversion from acrylonitrile to acrylamide was decreased.
In Comparative Example 3, in the reaction of 2 m3 scale, reaction heat was successfully removed, but since the catalyst
was deactivated due to circulation of the reaction solution, the rate of conversion from acrylonitrile to acrylamide was
decreased. Further, costs for equipments for external circulation of the reaction solution and energy costs for circulation
were increased, and costs for the production of acrylamide were significantly increased compared to Examples 3 and 4.
In Comparative Example 4, since it was a reaction at a scale of 15 L which is much smaller than the industrial scale,
reaction heat was successfully removed even by jacket-type cooling.

INDUSTRIAL APPLICABILITY

[0052] In the production method of the present invention, at the time of producing acrylamide at an industrial scale
using a biocatalyst, reaction heat can be efficiently removed. Therefore, energy costs for cooling can be decreased, and
the rate of conversion from acrylonitrile to acrylamide can be increased. Accordingly, it is possible to produce acrylamide
with high productivity at low cost.

EXPLANATIONS OF LETTERS OR NUMERALS

[0053]

1 heat-transfer tube

2 reactor

3 division plate (the number of divisions: 3, the number of flow paths: 4)

4 fixing support plate

5 divided chamber

6 tube plate

Claims

1. A method for producing acrylamide by reacting acrylonitrile in the presence of a biocatalyst, wherein the reaction
is performed using a reactor having a reaction volume of 1 m3 or more equipped with a tubular heat exchanger,
and wherein the difference between a temperature of a cooling water to be introduced into the heat exchanger and

(continued)

Heat
exchanger

Setting ∆T
[˚C]

Reaction
scale

Temperature
control

∆C/∆T [wt%/
˚C]

Rate of
acrylamide
conversion

Comparative
Example1

Jacket
cooling

20 2m3 3 1.3 85% or more

Comparative
Example2

single coil
type

20 2m3 3 1.3 85% or more

Comparative
Example 3

External
circulation

type
5 2m3 s 2.0 90% or more

Comparative
Example 4

Jacket
cooling

5 15L s 2.2 95% or more
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a reaction temperature is maintained from 5 to 20˚C.

2. The method according to claim 1, wherein the reaction is a continuous reaction.

3. The method according to claim 2, wherein the reaction is performed with a value that is obtained by dividing the
difference between an acrylamide concentration in a reaction mixture at an inlet of the reactor and that at an outlet
of the reactor (wt%) by the difference between the temperature of the cooling water and the reaction temperature
(˚C) being maintained within a range of 1.5 to 2.5.

4. The method according to any one of claims 1 to 3, wherein the tubular heat exchanger is a double or more coil type
heat exchanger.

5. The method according to any one of claims 1 to 3, wherein the tubular heat exchanger is a multitubular heat
exchanger.

6. The method according to claim 5, wherein the multitubular heat exchanger is a U-tube type heat exchanger.

7. The method according to claim 6, wherein the number of flow paths of the U-tube type heat exchanger is 2 to 6.

8. The method according to claim 6 or 7, wherein the U-tube type heat exchanger is installed upright in the reactor.

9. The method according to any one of claims 6 to 8, wherein the U-tube type heat exchanger has a structure in which
a tube bundle thereof is detachable.
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