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Enzymatic Maodification in a Continuously Regenerated Packed Bed Column

Enzymatic reactions are increasingly used for processing materials on an industrial
scale. An important commercial step was the development of immobilized enzymes,
i.e. enzymes that are physically attached to a solid support - either by adsorption or
chemical bonds - to facilitate the separation of the enzyme from the reaction
solution. Immobilization also enables muitiple or repetitive use of the enzymes and
often increases the stability of the enzymes.

Several types of reactors are used in conjunction with immobilized enzymes: packed
bed reactors (also referred to as fixed bed reactors), fluidized bed reactors, stirred
batch reactors, continuously stirred tank reactors, and membrane reactors. In large-
scale production, packed bed reactors are commonly used for particular applications.
In such reactors, the immobilized enzyme is packed in a column or flat bed while
substrate and product streams are pumped into and out of the reactor, respectively.
The main advantages of this type of reactor are an easy adaptation to larger scales,
high efficiency, low costs, ease of operation and also an enhanced surface area per
unit volume compared to membrane reactor systems (cf. W.M, Willis and A.G.
Marangoni, Enzymatic Interesterification, in: Food Lipids — Chemistry, Nutrition, and
Biotechnology, edited by C.C. Akoh and D.B. Min, pages 839-875).

A type of reaction in which the use of enzymes as catalysts has become increasingly
important in recent years in the oils and fats industry is interesterification.
Interesterification is the exchange of acyl groups between an ester and an acid
(acidolysis), an ester and an alcoho! (alcoholysis) or between two esters
(transesterification). The enzymes capable of interesterification reactions are lipases
such as glycerol ester hydrolases (EC 3.1.1.3). These enzymes are predominantly
obtained from bacterial, yeast, and fungal sources. These microorganisms secrete
lipases into their environment to d'igest lipid materials for subsequent uptake. In an
aqueous environment, lipases catalyse the hydrolysis of triacylglycerides to produce
diacylglycerides, monoacylglycerides, glycerol and free fatty acids. However, under
water-limiting conditions, the reverse reaction, the synthesis of esters can also be
achieved. Therefore, the direction of the reaction can be manipulated by regulating
the water activity, At very low water concentrations ester synthesis predominates,
above a water content of more than a few percent hydrolysis is the prevailing
reaction, and in between, usually at a water content of less than 1% (w/v),

transesterification is most effective.
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Owusu-Ansar described in 1994 the use of immobilized lipases in a stitred tank
reactor for the large-scale production of cocoa butter equivalents by lipase-catalysed
interesterification (in: B.S. Carmail and Y. Kakuda (eds.) Technological Advances in
Improved and Alternative Sources of Lipids, pages 360-389).

A packed bed interesterification process has been disclosed in WO 83/03844 wherein
triacylglycerides are dissolved in a polar arganic solvent, The lipase was immobilized
by precipitation onto kieselguhr, hydroxyapatite or alumina particles.

WO 97/01632 is directed to another process for immobilization of an enzyme,
specifically, a lipase or a phospholipase, for the processing of triglyceride oils.

Unilever further disclosed a two-stage process for the production of cocoa butter
equivalents and Betapol using packed bed columns (P. Quinlan & S. Moore, Inform 4,
580-585 (1993); A. Rozendaal & A.R. Macrae, in: F.D. Gansdone & F.B. Padlee (eds.)
Lipid Technologies and Applications, 1997, pages 223-263).

X. Xu describes further processes with immobilized lipases, among them a packed
bed reactor with a capacity of 10 kg/day (in U.T. Bornscheuer, Enzymes in Lipid

Modiciation, 2000, pages 190-215).

The existing packed bed reactors suffer from the probtem of a decrease in
conversion rate over time. Though some enzymes such as lipases are quite stable,
their efficacy inevitably drops over time, which results in lower reaction rates and
non-uniform product guality. This lowering of quality can be counteracted by
decreasing the fiow rate and thereby increasing the residence time of the reactants
in the reactor. Such a reduction in the flow rate, however, leads to a non-uniform
output rate and while it can reduce the fluctuations in product quality, it cannot avoid
them completely. Furthermore, such a process often uses a number of discrete
reactors in series which requires a compiex flow control in order to run and maintain
the system. The current invention solves these and related problems by using a new
type of packed bed column process for enzymatic modification of a substrate.
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Summary of the invention

The invention relates to a process for the modification of a substrate which
comprises passing the substrate through a packed bed column of a specific volume
of immobilized enzyme with a flow of substrate in one direction and a periodic
exchange of immobilized enzyme in the opposite direction. The substrate enters the
column at or near one of its ends (the 'inlet end’) and the modified substrate is
discharged at or near its other end (the ‘outlet end”). A portion of the volume of
immobilized enzyme is periodically removed from the inlet end of the column, while
an equivalent portion of immobilized enzyme is periodically added at the outlet end,
thereby creating a flow of immobilized enzyme in the opposite direction of the
substrate flow. :

Whenever, in this application, reference is made to "near the inlet end" or "near the
outlet end"” the term "near” is intended to imply that materiat (e.g. substrate,
modified substrate, immobilised enzyme) is charged to or discharged from the
reactor (through an opening, vaive or similar) within a reasonable distance from said
end, as determined by a skilled person. That could be, for example, 1 to 5%, or 10%
of the length of a column measured from the actual end of the column referred to.
What is more, expressions such as "at the end” should be understood to Include “at
or near the end” when used in reference to the column, uniess specifically stated

atherwise.

Detailed description of the invention

Hereinafter, the terms “substrate” and “substrate solution” are synonymously used to
describe 3 liquid compound or mixture of compounds or a liquid solution of a
compound or of a mixture of compounds, which are meant to react in the presence
of the immobilized enzyme. Thereby a liquid compound or mixture of compounds or
a liquid solution of a compound or of a mixture of compounds is produced, which is
referred to as “product” or "modified substrate”, synonymously.

The invention relates to a process for the enzymatic modification of a substrate by
passing the substrate through a packed bed coiumn of immobilized enzyme. The
substrate enters the packed bed column at or near one end of the column
(hereinafter referred to as the “inlet end”) and passes through the column towards
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its other end (hereinafter referred to as the “outlet end”), where the substrate exits
the column. '

Preferably, the column is a vertical column with its inlet end at the bottom of the
column and its outlet end at the top of the column. In this embodiment, the
substrate will enter the bed first at or close to its lowermost portion and leave the

column at or close to its uppermost portion,

Advantageously, the substrate and modified substrate streams can be essentially
continuous. This means that, while the substrate and modified substrate streams
may be stopped to allow for the periodic change of a portion of the volume of
immobilized enzyme, there is no protonged downtime necessary. This differentiates
the present process from existing methods whereby extended periods of downtime
were required amongst other things for changing the whole volume of immobilized
enzyme. This not only reduces costs per se but can also prevent cost fluctuations.

According to the present invention, only a defined portion of the immobilized enzyme
is periodically removed from the column. This can be achieved, by way of illustration
only, with the following procedure. The continuous flow of substrate is stopped. A
discharge valve at the inlet end of the column is opened and a defined portion of the
slurry containing immobilized enzyme material from the bottom end of the column is
released. After a defined amount of this slurry is discharged, the discharge valve is
closed and a feeding valve at the outlet end, or in a pipeline feeding towards the

" outlet end of the reactor is opened, thereby allowing the entry of a fresh slurry of
immobitized enzyme material into the column from its supply vessel.

The sturry of immobilized enzyme may be formed by adding a defined amount of the
maodified substrate into the supply vessel. If necessary, to enhance mixing and to
improve the wetting of the pores of the immobilized enzyme, the vessel may be
equipped with a stirring device and/or may be operated under vacuum. When a fresh
charge of enzyme is to be added to the reactor, the supply vessel can be de-aerated
and-the slurry, or a portion thereof, emptied into the column. The feeding valve is
then closed allowing the fresh slurry to settle at the end of the packed bed. Finally,
the valves regulating the substrate and product streams are reopened.

The reactor may be operated under vacuum. Preferably, however, it will be operated
under a certain pressure (“design pressure”). The design pressure should be chosen
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to atlow for a maximum pressure drap over the length of the column. The pressure
drop will depend on the characteristics of the immobilized enzyme particles (e.g.
particle size distribution), the substrate flow rate and the height of the bed. By way
of example only, a suitable design pressure in a relatively high enzyme bed and with
a relatively high substrate flow rate might be about 10 Bar. With a lower bed height
and slower flow rate, that value might be closer to € Bar. The appropriate design
pressure for any given reactor will easily be determined by a skilled person.

To ensure that the design pressure is not exceeded by the feed pressure, the feeding
pumps should not have a capacity above the design pressure. What's more, the
reactor inlets should be equipped with non-return valves, open/close valves and flow-

rate control devices.

Ideally, the discharge of spent enzyme and addition of fresh enzyme will occur
concurrently or substantially concurrently. By this, it is meant that the discharge and
addition should be performed during the same downtime. It is also preferred that
substantially the same quantity of enzyme material is discharged as is added thereby
ensuring that the reactor maintains its packed bed characteristics, Exception to both
these rules may occur, for instance, after initial start-up of the reactor owing to a
certain amount of compaction in the coiumn. It may indeed be necessary in this
situation, to add a little more slurry than is discharged or even to add slurry without

any discharge.

By repeating this change of a portion of the bed material, a gradual flow of the
immobilized enzyme from the top to the bottom of the column is assured. In
consequence, the substrate solution will first come in contact with the most
exhausted enzyme material and lastly with the freshest enzyme.

Advantageously, the periodic change of a portion ¢f the immobilized enzyme can be
largely automated, thereby limiting operator involvement, reducing associated costs,
and restricting the probability of any maifunctions.

This system can be compared with multiple separate small basic reactors in series. In
comparison to such a series, the complexity of the present invention is greatly
reduced, particularly the number of input and output valves. Moreover, the
processed solution will not have to be transported between the multiple reactors.
This is particularly important when the substrate and/or product solution has to be
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kept at a certain temperature or when they have a high viscosity. In addition, a
system of small reactors requires that one or more of the reactors is periodically out
of service while spent enzyme is removed and fresh enzyme added. This is an
intensive manual operation and during this time the efficiency of the entire system is
greatly reduced. Accordingly, the overall capital and operating costs for such a
system are not optimal. What is more, the system of the present invention wiil aliow
for an almost infinite gradation of enzyme activity from fresh enzyme to spent
enzyme. This could not be achieved even with a great number of separate reactors.

The process of the invention allows for an essentially continuous flow rate as
basically all substrate encounters the same amount of enzyme activity during its
passage through the reactor. As the activity of the immobilized enzyme varies with
age and use, the uniform contact of substrate with enzyme at various stages of
activity is decisive to ensure a more constant product quality. Therefore, a constant

flow rate can be applied.

The frequency with which enzyme materiai is replaced will depend, amongst ather
things, on the rate of activity decrease of the enzyme over time and the desired
residence time of the substrate solution in the packed enzyme bed. The volume of
enzyme material changed and the length of the intervals between these changes can
gasily be adapted to the needs of the process and/or substrate. In addition, there
will be a relation between the frequency with which the enzyme is refreshed and the
volume of enzyme that is refreshed. With all other process variables remaining
constant, a small amount of enzyme can be refreshed frequently or a larger amount
of enzyme refreshed less frequently. Preferably, a fixed percentage of the entire
column volume will be refreshed on a daily basis. Ideally, that percentage will be
less than 35% of the totat volume of immobilized enzyme. Preferably, it will be less
than 25%, more preferably less than 10%, even more preferably less than 5%.
According to one possible embodiment, between about 0.3% and about 3% of the
total volume of immobilized enzyme will be refreshed on a daily basis. ’

After passing through the packed bed column of Immobilized enzyme, a sufficient
conversion of the substrate should be reached. At the top of the column, product
outlet may be facilitated by small cylindrically shaped filter screens. These regulate
the outflow of the product while the immobilized enzyme material is kept inside the
reactor. There are two types of screens: vent screens and standard screens. While
the standard screens are used for the actual outflow of product, the vent screens are
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higher up in the column and facilitate the flow of air or gas during draining and
refilling.

The pumps regulating the input and output of the enzyme material slurries should be
designed so that they do not break up the immobilized enzyme creating additional
fines. This will assist an even flow and prevent fines from passing subsequent

filtering devices.

The discharged enzyme will be a slurry of used (or “spent”) immobilized enzyme and
substrate solution. This slurry can be separated and the substrate solution can be re-
introduced into the tank which provides the input of substrate to the reaction
column. The used enzyme can be disposed of. Preferably, however, it will be
processed for further use.

The enzyme removed from the column can indeed be subject to recycling. For
instance, in some cases the enzyme removed from the cotumn stilt has some residual
activity, which may be accessed if the immobilize material is broken into smaller
particles, thereby revealing active sites of the enzyme that were previously not at all
or just restrictedly accessible to the substrate (this is known as “reactivation”).
Alternatively, the enzyme may be regenerated and reused. Thus, in a preferred
embodiment of the process according to the invention, the enzyme material ,
discharged from the column is regenerated or reactivated and reused, e.g. for pre-
treating the substrate prior to it entering the column or by being added to the tank
which supplies the input of immobilised enzyme. It may also be re-used in other
systems like batch-modification,

The process of the present invention may be operated in a single column or by
passing the substrate through two or more columns of immobilized enzyme disposed
in parallel. The term “immobilized enzyme” takes its normal meaning in the art, i.e.
that of an enzyme which is physically attached to a solid support. Preferred supports
include silica and resin supports. The immobilized enzyme may be present in the
form of granules, agglomerated particles or any other form deemed suitable by a

skilled person.

The choice of enzyme wiil of course depend on the type of reaction to be carried out,
i.e. on the nature of the substrate and its desired modification. It could be any
oxidoreductase, transferase, hydrolase, lysase, isomerase or ligase available in the
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art. By way of illustration, suitable hydrolases could include carboxylic ester
hydrolases (EC-3.1.1) such as carboxylesterases, triacylglycerol lipases,
phospholipase A2, sterot esterases, acylglycerol lipases, phospholipase Al, and wax-
ester hydrolases; and phosphoric diester hydrolases (EC-3.1.4) such as
phospholipase C and phospholipase D. These enzymes can be used, for example, to
catalyse hydrolysis, alcoholysis or the corresponding reverse conversion
(condensation). Other suitable enzymes will be known to the skifled person
depending on the specific modification to be performed.

The substrate will be any material or substance capable of being acted upon by an
enzyme. It may include, for instance, one or more lipids, one or more proteins, one
or more carbohydrates or a mixture thereof. The term “lipid” as used herein refers
not only to crude or processed oils and fractions thereof, but also to triacylglycerides,
diacylglycerides, monoacylglycerides, phospholipids, free fatty acids, fatty acid esters
and mixtures thereof. The term “protein” may refer, amongst others, to both
complex and simple polypeptides, whether in their folded or denatured state, to short
peptide sequences and to single amino-acids. The term “carbohydrate” refers, for
instance, to single monosaccharide units, disaccharides, oligosaccharides and
polysaccharides such as starch, celluiose and so on. The substrate may be mixed
with other reagents (such as an alcohol or water), or with a solvent if necessary. If
desired, the substrate may be refined before entering the column. Refining refers to
the remaval of impurities such as residues and by-products and will contribute to
extending the life of the immobilized enzymes.

As stated above, the process of the present invention may be used to perform any
type of enzymatic reaction. Nonetheless, a number of possible embodiments will now
be described in further detail by way of illustration. These should not be interpreted
in any way as limiting the scope of the invention. Rather, their teachings should be
understood, where appropriate, to apply to the invention as a whole.

Interesterification

This embodiment concerns the interesterification of oils. Interesterification changes
the acyl-glycerol profile of the oil or oil mixture thereby modifying its physical
properties.,
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According to this embodiment, the enzymze of choice is a lipase. It will ideally be
immobilized on a silica support. A suitable immobilized enzyme is the Lypozyme TL

IM lipase from Novozymes.

The substrate, which may be used in a refined or unrefined state depending on
requirements, will typically comprise an acylglyceride such as a triacylglyceride, a
diacylglyceride, a monoacyligiyceride or a mixture of two or more thereof. It may be
derived from a plant, animal, fish, algae or single-cell source. Preferably, it will be
derived from a plant source. Suitable substrates will therefore include, but are not
limited to, palm kernel oil, palm oil, coconut oil, olive oil, rapeseed oil, canola oil,
linseed oil, ground nut oil, soybean oil, cotton seed oil, sunflower seed oil, pumpkin
seed 0il, corn oil, castor oil, walnut oil and mixtures of two or more thereof. The
substrate may include whole oils and/or oll fractions such as stearins or oleins.

According to one embodiment, the substrate will comprise palm stearin, coconut olil,
palm kernel oil or a mixture of two or more thereof. Preferably, the substrate will
comprise a mixture of patm stearin plus coconut oil or a mixture of palm stearin plus
palm kernel oil. Even more preferably, the mixture will include 50-80 % by weight
palm stearin and 50-20% by weight coconut oil and/or palm kernel oil, based on total
substrate weight. Ideally, the mixture will include 65-75% by weight palm stearin
and 35-25% by weight coconut oil or 60-70% by weight_palm stearin and 40-30% by
weight palm kernel oil. According to a most preferred embodiment, the substrate of
the present invention will consist of a such a mixture.

The substrate will be pumped through one or more columns in paratiel filled with the
)Immobilized enzyme. The substrate and immobilized enzyme material will flow in
opposite directions with the oil input at or near the bottom of the column and the
fresh enzyme material being added at or near the top. Periodically, a part of the
immobitized enzyme will be exchanged with fresh enzyme material. Therefore, the
enzyme in the column will have a nearly constant quality profile. The immobilized
enzyme a the top of the column will be most fresh with nearly full activity and the
immobilized enzyme near the bottom of the column will be nearly exhausted of
activity. Accordingly, there will be a gradation of activity along the length of the

column.

The interesterification reaction should be carried out at a defined temperature, This
temperature will be chosen with a number of factors in mind:
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- as most of the interesterified oils and fats produced according to this process are
intended for nutritional products, the process will preferably be free of organic
solvents. As such, the process should be performed at a temperature which
guarantees that the oils/fats remain in a liquid state;

- the temperature should be high enough to allow a high reaction rate which, in turn,
will allow for shorter residence times; ‘

- the temperature should be low enough to not affect the stability and activity of the
enzyme. Microbial lipases are quite thermostable and immabilization was found to
further improve the stability of these enzymes so that the optimal temperatures for
many lipases range from 30°C to 62°C (W.M. Willis and A.G. Marangoni, in Enzymatic
Interesterification, Food Lipids - Chemistry, Nutrition, and Biotechnology, edited by
C.C. Akoh and D.B. Min). Some lipases even allow temperatures of 60°C-to 75°C
(WQ §7/01632). Future enzyme development couid include even more temperature
resistant varieties, e.g. resistant to 80°C, 90°C, 100°C or above, At these
temperatures, most triacylglycerides, even fully saturated ones, will be in a liquid

state.

Taking these factors into account, the skilled person will be able to determine the
ideal reaction temperature.

By way of example, interesterification of palm stearin with coconut oi! by Lypozyme
TL IM (Novozymes) will preferably be performed at about 70°C.

Aftér heating the oils to the desired temperature and mixing, if necessary, they are
directed to the input valve at or near the inlet end of the reactor. The reactor will
preferably be designed to operate under vacuum and up to a suitable pressure.

Fresh immobilized enzyme is supplied at the top of the column at regular intervals. A
defined amount of interesterified product oil may be pumped into the supply vessel
and mixed with the immobilized enzyme to produce a free-flowing slurry. To enhance
mixing and to improve the wetting of the pores of the immobilized enzyme, a
vacuum can be applied to the vessel. Advantageously, the vessel will be flushed with
nitrogen to prevent oxidation of the oil.
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When a fresh charge of enzyme is to be added to the column, the supply vessel is
de-aerated, if applicable, and the slurry or a portion thereof emptied into the reactor,
If required, the vessel and pipelines can be flushed with a certain volume of product
oil to ensure complete emptying of the vessel. Preferably, the supply vessel will be
situated above the reactor to facifitate enzyme loading.

The process of this embodiment will preferably be essentially continuous. The only
downtime will be the few moments that it takes to exchange a portion of the enzyme
from the column. This downtime is only a very small fraction of the overall running

time of the process.

Alcoholysis

Unless otherwise stated, the details of this embodiment are the same as for the
interesterification reaction described above.

The substrate will be a suitably agitated mixture of one or more oils and one or more
alcohols. Suitable alcohofs incfude but are not limited to methanoi, ethanol, glyceral,
monopropylene glycol, ethylene glycol, butane diol, erythritoi, pentaerythritol,
sorbitol, sterols, stanols, tocopherols, polyphenols, esters of such alcohols and
mixtures of two or more thereof, The immobilized enzyme will preferably be lipase.

The reaction will preferably be carried out at 50-70°C. After being collected at the
outlet of the reactor, the products (fatty acid esters and glycerol) can be isolated.
Isolation can be performed by cooling to a temperature where phase separation
occuss followed by isolation of the fatty acid ester phase and a drying step. The
alcohal can be recovered by evaporation directly from the mixture or after isofating

the fatty acid esters.

Glycerolysis

Glycerolysis is a specific type of alcoholysis, as described above. The substrate is a
mixture of one or mare oils and glycerol. The enzyme is a lipase immobilized on a
carrier which is inert against glycerol. '

The substrate is prepared by mixing or dissolving glycerol into the 0il(s) at reaction
temperature or slightly above. The amount of glycerol mixed with the oil can be
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increased by adding an emulsifier. Depending on the glycerol-to-oil ratio, the enzyme
closest to the inlet end of the reactor will act both as a substrate purifier and to
adjust the equilibrium concentration of glycerol in the substrate.

The reaction will preferably be carried out at 50-70°C. The product recovered after
modification will depend the glycerol-to-oil ratio of the substrate.

Hydrolysis

In this embodiment - which follows the interesterification embodiment described
above unless indicated to the contrary — the substrate is a pumpable lecithin or
lecithin solution. A lecithin solution may be obtained by mixing lecithin with a solvent
such as hexane and water.

The enzyme will be a lipase or phospholipase. Depending on the enzyme, different
products will be obtained. Thus, if a lipase is used, the product will be a mixture of
phospholipids and meno- and/or diglycerides. Using phdspholipase AorB,ata
preferred reaction temperature of 20-70°C, will lead to the production of
lysophospholipids. Using phospholipase C, at a preferred reaction temperature of 20-
50°C, will fead to the production of di- and/or triglycerides. Using phospholipase D, at
3 preferred reaction temperature of 20-70°C, will lead to the production. of
phasphatidic acid. If necessary, a mixture of different enzymes can be used to obtain

the desired product.

After conversion, the product mixtures can be used as such or after further
purification steps (e.g. washing, drying, evaporation, fractionation, etc.).

Isomerisation

Another possible reaction which could be performed according to the process of the
present invention is isomerisation. A typical example of isomerisation is the
conversion of glucose to fructose. Thus, according to one embodiment, the substrate
will preferably be glucose (or a glucose syrup) and the immobilised enzyme will
preferably be a glucose isomerase (EC 5.3.1.5). The reaction should ideally be
carried out between 55-75°C. The product will be a syrup containing both glucose
and fructose. If desired, the fructose content can be further increased by purification
or by splitting the glucose and fructose into separate products.
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1. A process for the modification of a substrate comprising passing the substrate
through a packed bed column of a specific volume of immobilized enzyme

wherein:

a) the substrate enters the column at or near one end of the column (the 'inlet end”)
and the modified substrate exits at or near the opposite end of the column (the

‘outlet end’),
b) a portion of the volume of immobilized enzyme is periodically removed at or near

to the inlet end of the column, and
c) a portion of immobilized enzyme is periodically added at or near to the outlet end

of the column.

2. A process according to claim 1 wherein the column is substahtially vertical with its
inlet end at or near the bottom of the column and its outlet end at or near the top

of the column.

3. A process according to claim 1 or claim 2, wherein the process is essentiaily a
continuous process.

4. A process according to any of the preceding claims wherein the portion of
immobilized enzyme which is removed from the column is less than 35% of the

total volume.

5. A process according to any onge of the preceding claims wherein the portion of
immobilized enzyme which is removed from the column is substantially equivalent
in volume to the portion of immobilized enzyme which is added.

6. A process according to any one of the preceding claims wherein steps of
removing immobilized enzyme from and of adding immabilized enzyme to the

column occur substantially concurrently.

7. A process according to any one of the preceding claims wherein the removed
portion of immobilized enzyme is used to pre-treat the substrate before it enters

the column.

0
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8. A process according to claim 7 wherein the removed portion of immabilized
enzyme is regenerated or reactivated before being used to pre-treat the
substrate.

9. A process according to any one of the preceding claims wherein the modification
is a condensation or includes condensation steps.

10. A process according to any one of claims 1 to 8 wherein the modification is an
interesterification.

11. A process according to any one of claims 1 to 8 wherein the modification is an
isomerisation.

12. A process according to any one of claims 1 to 10 wherein the enzyme is a
hydrolase.

13. A process according to claim 12 wherein the enzyme is a lipase or a lipid-
modifying enzyme and the substrate comprises one or more crude oils, one or

more processed 0ils or a mixture thereof,

14. A process according to claim 12 wherein the substrate comprises one or more
triacylglycerides, diacylglycerides, monoacylglycerides, phospholipids, free fatty
acids, fatty acid esters or mixtures of two or more thereof.

15. A process according to claim 14 wherein the substrate further comprises an
alcoho!.

16. A process according to claim 15 wherein the alcohol is selected from: methanol,
ethanol, glycerol, monopropylene glycol, ethylene glycol, butane diol, erythritol,
pentaerythritol, sorbitol, sterols, stanols, tocopherols, polyphenols, esters of such
alcohols and mixtures of two or more thereof,

17.A process according to any one of claims 14-16 wherein the substrate further
comprises water.,

18. A process according to claim 13 wherein the substrate comprises one or more
plant based oils or plant based oil fractions.
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19.A process according to claim 18 wherein the substrate comprises palm stearin,
coconut oil, palm kernel il or a8 mixture of two or more thereof.

20. A process according to claim 19 wherein the substrate comprises 50% to 80% by
weight palm stearin and 50% to 20% by weight coconut oil.

21.A process according to claim 20 wherein the substrate comprises 65 to 75% by
weight palm stearin and 35 to 25% by weight coconut 0i).

22.A process according to claim 19 wherein the substrate comprises 50% to 80% by
weight palm stearin and 50% to 20% by weight palm kernel oil.

23.A process according to claim 22 wherein the substrate comprises 60 to 70% by
weight palm stearin and 40 to 30% by weight palm kernel oil.
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MODIFICACION ENZIMATICA EN UNA COLUMNA DE LECHO EMPACADO

CONTINUAMENTE REGENERADO

CAMPO DE LA INVENCION

Las reacciones enzimaticas son cada vez mas usadas
para procesamientc de materiales en una escala 1industrial.
Una etapa comercial importante es el desarrcllo de enzimas
inmovilizadas, es decir, enzimas que estan fisicamente unidas
a un soporte sdélido, ya sea por adsorcidén o enlaces quimicos,
para facilitar la separacidén de la enzima a partir de la
solucidén de reaccidn. La inmovilizacidén también permite el
uso multiple o repetitivo de las enzimas y a menudo

incrementa la estabilidad de las enzimas.

ANTECEDENTES DE LA INVENCION

Se usan varios tipos de reactores junto con enzimas
inmovilizadas: reactores de lecho empacado (también referidos
como reactores de lecho fijo), reactores de lecho fluidizado,
reactores de lote agitado, reactores de tanque continuamente
agitado y reactores de membrana. En produccidén a gran escala,
los reactores de lecho empacado son comunmente usados para
aplicaciones particulares. En tales reactores, ' la enzima
inmovilizada es empacada en una columna o lecho plano
mientras el sustrato y corrientes del producto son bombeados

en vy fuera del reactor, respectivamente. Las ventaias

Ref No. 196881
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principales de este tipo de reactor son una adaptacidn facil
a gran escala, gran eficiencia, bajos costos, facilidad de
operacidn y también una superficie intensificada por volumen
de unidad comparada con sistemas de reactor de membrana
(cotéjese, W.M. Willis and A.G. Marangoni, Enzymatic
Interesterification, in: Food Lipids - Chemistry, Nutrition
and Biotechnology, editado por C.C. Akoh and D.B. Min,
paginas 839-875).

. Un tipo de reaccidén en el cual el uso de enzimas
como catalizadores ha llegado a ser cada vez méds importante
en anos reclentes en la industria de aceites y grasas es la
interesterificacidén. La interesterificacidn es el intercambio
de grupos acilo entre un éster y un acido (aciddlisis), un
éster y un alcohol (alcoholisis) o entre dos esteres
(transesterificacidn). Las enzimas capaces de reacciones de
interesterificacidn son lipasas tal como glicerol éster
hidrolasas (EC 3.1.1.3). Estas enzimas son predominantemente
cbtenidas de fuentes bacterianas, de levadura y fungicas.
Estos microorganismos secretan lipasa en su ambiente para
digerir materiales lipidcos para retencién subsecuente. En un

ambiente acuoso, las lipaesas catalizan la hidrédlisis de

triacilglicéridos para producir diacilglicéridos,
monoacilglicéridos, glicereol vy 4&cido grasos libres. Sin
embargo, bajo condiciones limitantes acuosas, la reaccidn

inversa, puede lograrse la sintesis de ésteres. Por lo tanto,
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la direccidn de la reaccidn puede ser manipulada regulando la
actividad acuosa. A  concentraciones acuosas muy bajas
predomina la sintesis de éster, arriba de un contenido de
agua de mas de algun porcentaje, la hidrdlisis es la reacciodn
dominante, y entre, usualmente a un contenido acuoso de menos
del 1% (p/v), la transesterificacidn es mas efectiva.

Owusu-Ansar describidé en 1994, el uso de lipasas
inmovilizadas en un reactor de tanque agitado para la
produccidén a gran escala de equivalentes de manteca de cacao
por interesterificacidén catalizada por lipasa (en: B.S.
Carmail and Y. Kakuda (eds) Technological Advances 1in
Improved and Alternative Sources of Lipids, paginas 360-389).

Se ha descrito un proceso de interesterificacidn de
lecho empacado en el documento WO 83/03844, en donde se
disuelven triacilglicéridos en un sclvente orgénicc polar. La
lipasa se inmoviliza por precipitacidén en particulas de
diatomita, hidroxiapatito o alumina.

El documento WO 97/01632 se dirige a otro proceso
para inmovilizacidén de una enzima, especificamente, una
lipasa o una fosfolipasa, para el procesamiento de aceites de
triglicerido.

Unilever ademas, describe un proceso de dos etapas
para la produccidn de eguivalentes de manteca de cacao vy
Betapol usando columnas de lecho empacade (P. Quinlan & S.

Moore, Inform 4, 580-585 (1993}); A. Rozendaal & A.R. Macrae;

A
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in: F.D. Gansdone & F.B. Padlee (eds.) Lipid Technologies and
Applications, 1997, paginas 223-263).

| X. Xu describe procescs adicicnales con lipasa
inmovilizada, entre estos un reactcr de lecho empacado con
una capacidad de 10 kg/dia (en U.T. Bornscheuer, Enzymes in
Lipid Modification, 2000, pa&ginas 190-215).

Los reactores de lecho empacado existentes sufren
del problema de una disminucién en la relacidn de conversidn
en tiempo. Sin embargo, algunas enzimas tales como lipasas
son muy estables, su eficacia inevitablemente cae con el
tiempo, lo cual resulta en velocidades de reaccidn bajas vy
calidad de produccidén no uniforme. Esto disminuye la calidad
que es contrarrestada por la disminucidn de velccidad de
flujo y con ello incrementa el tiempo de residencia  de los
reactivos en el reactor. Tal reduccidén en la velocidad de
flujo, conduce a una velocidad de salida nc uniforme vy
mientras puede reducir las fluctuaciones en calidad del
producto, no puede evitarse completamente. Ademés, tal
proceso a menudo usa un numero de reactores en serie
discretos lo cual requiere un control de flujo completo para
correr y mantener el sistema. La invencidn actual resuelve
estos problemas y los relacionados usandce un nuevo tipo de
proceso de columna empacada para modificacion enzimatica de

un sustrato.
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BREVE DESCRIPCION DE LA INVENCION

La invencidén se refiere a un proceso para la
modificacién de un sustrate, el cual comprende, pasar el
sustrato a través de una columna de lecho empacado de un
volumen especifico de enzima inmovilizada con un flujo de
sustrato en una direccién y un intercambio periédico de
enzima inmovilizada en la direccidn opuesta. El sustrato
entra a la columna en o cerca de unce de sus extremos (el
“extremo de entrada”) y el sustrato modificado es descargado
en o cerca de su otro extremo (el “extremo de salida”). Una
porcidn del volumen de la enzima modificada es periddicamente
removida del extremo de entrada de la columna, mientras una
porcidn equivalente de enzima inmovilizada es periddicamente
agregada en el extremo de salida, con ello se crea un flujo
de enzima inmovilizada en la direccidn opuesta del flujo del
sustrato.

Cuando, en esta solicitud, se hace referencia a
“cerca del éxtremo de entrada” o Y“cerca del extremo de
salida” el término “cerca”, se pretende para implicar que tal
material (por ejemplo, sustrato, sustrato modificado, enzima
inmovilizada) se carga a o descarga del reactor (a través de
una abertura, valvula o similar) dentro de una distancia

razonable del extremo, como se determina por la persona

o\e

experta. Esta puede ser, por ejemplo, 1 a 5%, o 10 de

longitud de una columna medida a partir del extremo actual de
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la columna referenciada. Lo que es mas, las expresiones tales

AN

como “en el extremo” se deben entender por incluir Yen o
cerca del extremo” cuando se usan en referencia a la columna,

a menos gue especificamente se declare de otra forma.

DESCRIPCION DETALLADA DE LA INVENCION

Posteriormente, los términos “sustratoe” y “solucidn
de sustrato” son usados con el mismo significado para
describir un compuesto liguido o mezcla de compuestos o una
solucién 1ligquida de un compuesto o de una mezcla de
compuestos, los cuales significan gque reaccionan en la
presencia de la enzima inmovilizada. De esta forma, se
produce un compuesto liquide ¢ mezcla de compuestos © una
solucidn ligquida de un compuesto o de una mezcla de
compuestos, el cual es referido como “producto” o “sustrato
modificado”, con el mismo significado.

La invencidén se refiere a un proceso para la
modificacién enzimdtica de un sustrato pasando el sustrato a
través de una columna de lecho empacado de enzima
inmovilizada. El sustrato entra a la columna de lecho
empacado en o cerca de un extremo de la columna (en adelante
referido como el "“extremo de entrada”) y pasa a través de la
columna hacia su otro extremo {en adelante referido como el
“extremo de salida”), en donde el sustrato sale en la

columna,
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Preferiblemente, la columna es una columna vertical
con su extremo de entrada en el fondo de la columna y su
extremo de salida en la parte superior de la columna. En esta
modalidad, el sustrato entrard al primer lecho en o cerca a
su porcidén mads baja y deja la columna en o cerca de su
porciodn mas alta.

Ventajosamente, el sustrato 3% corrientes de
sustratc modificados pueden ser esencialmente continuos. Esto
significa que, mientras el sustrato y corrientes del sustrato
modificado pueden ser detenidos para permitir el cambio
periédico de una porcidén del volumen de la  enzima
inmovilizada, no hay necesariamente tiempo de reposo
prolongado. Esto distingue el presente proceso de los métodos
existentes por los cuales se extienden los periodos de tiempo
de reposo, en donde se requieren entre otras cosas, cambiar
el volumen completo de enzima ihmovilizada. Esto no solamente
reduce los costos per se, sino también puede prevenir las
fluctuaciocnes de costos.

De conformidad con la presente invencidn, solamente
una porciodn definida de la enzima inmovilizada es
periddicamente removida de la columna. Esto se puede lograr,
por medio de ilustracidédn solamente, con el siguiente
precedimiento. E1 flujo continuo de sustrato es detenido. Se
abre una valvula de descarga en el extremo de entrada y una

porcién definida de la suspensidn gque contiene material
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enzimatico inmovilizado del extremo inferior de la columna es
liberada. Después qgue una cantidad definida de esta
suspensidn es descargada, la valvula de descarga es cerrada y
se abre una valvula de alimentacidn en el extremo de salida,
0 en una tuberia de alimentacidén hacia el extremo de salida
del reactor, de esta forma se permite el ingreso de una
suspensidén fresca de material enzimatico inmovilizado en la
columna del recipiente de suministro.

La suspensién de la enzima inmovilizada puede ser
formada agregando una cantidad definida del sustrato
modificado en el recipiente de suministro. Si es necesario,
para intensificar el mezclade y para mejorar la humedad de
los poros de la enzima inmovilizada, el recipiente puede ser
equipado con un dispositive de agitacidédn y/o puede ser
operado bajo vacio. Cuando una carga fresca de enzima es
agregada al reactor, el recipiente de suministro puede ser
des-aireado y la suspensién, o una porcidén de la misma,
vaciada en la cclumna. La valvula de alimentacidon es después
cerrada permitiendo a la suspensién fresca asentarse en el
extremo del lecho empacado. Finalmente, las valvulas gue
regulan el sustrato vy las <corrientes "~ del producto son
reabiertas.

El reactor puede ser operado bajo vacio.
Preferiblemente, sin embargo, sera operado bajo una cierta

presién (“presidn designada”). La presidn designada debe ser
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elegida para permitir una méxima caida de presidén sobre la
longitud de la columna. La caida de presién dependera de las
caracteristicas de las particulas de enzima inmovilizada (por
ejemplo, distribucién de tamafio de particula), la velocidad
de flujo del sustrato y la longitud del lecho. Por medio del
ejemplo solamente, una presidén designada adecuada en un lecho
de enzima relativamente alto y con una velocidad de flujo del
sustrato relativamente alta puede ser de aproximadamente 10
Bar. Con una longitud de lecho mas baja, y velocidad de flujo
mas lenta, tal valor podria ser cercano & 6 Bar. La presidn
designada apropiada para cualquier reactor proporcionado sera
facilmente determinada por una persona experta.

Para asegurar gque la presidn designada no exceda la
presién alimentada, las bombas de alimentacidn no tienen una
capacidad arriba de la presidédn designada. Y sobre todo, las
entradas del reactor deben ser eguipadas con valvulas sin
regreso, valvulas de abrir/cerrar y dispositivos de control
de velocidad de flujo.

Idealmente, la descarga de la enzima consumida vy
adicidén de enzima fresca puede ocurrir concurrentemente o
sustancialmente concurrentemente. Por esto, significa que la
descarga y adicidén seradn realizadas durante el mismo tiempo
de reposo. También se prefiere que sustancialmente la misma
cantidad de material enzimdticeo sea descargada conforme sea

agregada, con esto se asegura que el reactor mantenga sus
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caracteristicas de lechoc empacado. A excepcidn que ambas
reglas puedah ocurrir, por ejemplo, después del encendido
inicial del reactor debe haber una cierta cantidad de
compactaclidén en la columna. Puede realmente ser necesario en
esta situacidn, agregar una suspensidn mas pequefia que es
descargada © aun agregar suspensidn sin alguna descarga.

Repitiendo este cambio de una porcidn del material
de lecho, se garantiza un flujo gradual de 1la enzima
inmovilizada de la parte superior del fondo de la columna. En
consecuencia, la solucidn de sustrato primero llegard a estar
en contacto con el material enzimdtico agotado y finalmente
con la enzima mas fresca.

Ventajosamente, el cambio periddico de una porcidn
de la enzima inmovilizada puece ser principalmente
automatizado, de esta forma limitando la participacién del
operador, reduciendo costos asociados, y restringiendo la
probabilidad de algun mal funcionamiento.

Este sistema puede ser comparado con multiples
reactores bésicos pequefios separados en serie. En comparacién
a tales series, la complejidad de la presente invencidén es
muy reducida, particularmente el numero de valvulas de
entrada y salida. Sin embargo, la solucidn procesada no
tendra que ser transportada entre los miltiples reactores.
Esto es particularmente importante cuandoc el sustrate vy/o

solucidn del preducto tiene gue ser mantenido a una cierta
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temperatura o cuando tiene una alta viscosidad. Ademas, un
sistema de reactores pequefios requiere que uno o mas de los
reactores sean peridédicamente sacados de servicio mientras la
enzima agotada se remueve y se agrega enzima fresca. Esta es
una operacidén manual intensiva y durante este tiempo la
eficiencia del sistema completo es muy reducida. Por 1lo
tanto, el «capital total y costos de operacidn para tal
sistema no son oOptimos. Lo que es mas, el sistema de la
presente invencidn permitird una gradacidn casi infinita de
actividad enzimatica a partir de la enzima fresca a la enzima
agotada. Esto puede no ser logrado, aun con un numero mayor
de reactores separados.

El proceso de la invencién permite una velocidad de
flujo esencialmente continua ya gque basicamente en todo el
sustrato se encuentra la misma cantidad de actividad
enzimatica durante su paso a través del reactor. Como la
actividad de la enzima inmovilizada varia con la edad y uso,
el contacto uniforme del sustrato con la enzima en varias
etapas de actividad es decisive para asegurar una calidad de
oroducto ma&s constante. Por lo tanto, se puede aplicar una
velocidad de flujo constante.

La frecuencia con la cual el material enzimdtico es
reemplazado dependera, entre otras cosas, en la velocidad de
disminucién de actividad de la enzima durante un tiempo y el

tiempo de residencia deseado de la solucidén de sustrato en el
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lecho de enzima empacada. El volumen de material enzimé&tico
campbiado vy la longitud de los intervalos entre estos cambilos
pueden facilmente ser adaptados a las necesidades del proceso
y/0 sustrato. Ademds, puede existir una relacidn entre la
frecuencia con la cual la enzima es refrescada y el volumen
de la enzima que es refrescada. Con todas las otras variables
del procesc que permanecen constantes, una cantidad pequena
de enzima puede ser frecuentemente refrescada o una cantidad
mas grande de enzima refrescada menos frecuente.
Preferiblemente, un porcentaje fijado del volumen de coclumna
completa serda refrescadc en una base diaria. Idealmente, el
porcentaje sera menos de 35% del volumen total de enzima
inmovilizada. Preferiblemente, sera menos del 25%, mas
preferiblemente menos del 10%, aun mas preferiblemente menos

del 5 De conformidad a una poéible modalidad, entre

oe

aproximadamente 0.3% y aproximadamente 3% del volumen total
de enzima inmovilizada seran refrescados en una base diaria.
Después de pasar a través de la columna de lecho
empacado de la enzima inmovilizada, se alcanzard una
conversién suficiente del sustrato. En la parte superior de
la columna, la salida del producto puede ser facilitada por
tamices de filtro de forma cilindrica pequefios. Esto regula
el flujo de salida del producto mientras el material
enzimatico inmovilizado es mantenido dentro del reactor.

Existe dos tipos de tamices: tamices de abertura y tamices
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estandares. Mientras se usan los tamices estandares para el
flujo de salida actual del producto, los tamices de abertura
estdn mas arriba en la columna para facilitar el flujo de
aire o gas durante el drenado y rellenado.

Las bombas que regulan la entrada y salida de las
suspensiones del material enzimdtico deben ser disefiadas para
gue no se separe la enzima inmovilizada, creando una tarifa
adicional. Esto ayudara incluso a un flujo y previene a 1los
finos de pasar dispositivos de filtrado subsecuentes.

La enzima descargada serda una suspension de enzima
inmovilizada usada (o “agotada”) y solucidn de sustrato. Esta
suspensidon puede ser separada y la solucidn de‘sustrato puede
ser reintroducida en el tanque, el cual proporcicna la
entrada de sustrato a la columna de reaccidn. Puede ser
dispuesta la enzima usada. Preferiblemente, sin embargo, sera
procesada para uso adicional.

La enzima removida de la columna puede
efectivamente ser sometida a reciclaje. Por ejemplo, en
algunos casos la enzima removida de la columna todavia tiene
algo de actividad residual, a la cual se puede tener acceso
sl el material inmovilizado es roto en pequefias particulas,
con ello, revelando los sitios activos de la enzima gque no
fueron previamente en todo o solamente de manera restringida
accesibles al sustrato (esto se conoce como “reactivacidn”).

Alternativamente, la enzima puede ser regenerada y
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reutilizada. De esta forma, en una modalidad preferida del
proceso de conformidad con la invencidn, el material
enzimdtico descargado de la columna es regenerado ©
reactivado vy reutilizado, por ejemglo, para pretratar el
sustrato antes de entrar a la columna o siendo agregado al
tanque el cual suministra lé entrada de la enzima
inmovilizada. Puede fambién ser reutilizada en otros sistemas
similares a modificacidn de lote.

El proceso de la presente invencidén puede ser
operado en una columna unica o pasando el sustrato a través
de dos o mas columnas de enzimas 1nmovilizadas dispuestas en
paralelo. El término “enzima inmovilizada” toma su
significado normal en la técnica, es decir, aquella de una
enzima la cual esta fisicamente unida a un soporte sdlido.
Soporteés preferidcos incluyen soportes de silice y resina. La
enzima inmovilizada puede estar presente en la forma de
grénulos, particulas aglomeradas o cualgquier otra forma
considerada adecuada por una persona experta.

La eleccidén de la enzima serd por supuesto,
dependiendo del tipo de reaccidn a llevarse a cabo, es decir,
en la naturaleza del sustrato- y su modificacidn deseada.
Puede ser cualguier oxidoreductasa, transferasa, hidrolasa,
lipasa, 1isomerasa ¢ ligasa disponible en la teécnica. Por
medio de ilustracién, las hidrolasas adecuadas pueden incluir

hidrolasas de éster carboxilico (EC-3.1.1) tales como
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carboxiesterasas, triacilglicerol lipasas, fosfolipasa AZ,
esterol esterasas, acilglicerol lipasas, fosfolipasa Al e
cero-éster hidrolasas; y diéster fosférico hidrclasas (EC-

3.1.4) tales como fosfolipasa C vy fosfolipasa D. Estas

enzimas pueden ser usadas, por ejemplo, para catalizar
hidrélisis, alcohélisis o la correspondiente conversién
inversa (condensacidn) . Otras enzimas adecuadas seran

conocidas por la persona experta dependiendc de la
modificacidén especifica a ser realizada.

El sustrato serd cualquier material o sustancia
capaz de ser actuado por una enzima. Puede incluir, por
ejemplo, uno o mas lipidos, una o méds preoteinas, uno o mas
carbohidratos o una mezcla de los mismos. E1l término “lipido”
como se usa en este documento, se refiere no solamente a
aceites crudos o -procesados Y fracciones del mismo, sino
también a triacilglicéridos, ‘diacilglicéridos,
moncacilglicéridos, fosfolipidos, acidos grasos libres,
ésteres de 4acido graso y mezclas de los mismos. El1 término
“proteina” puede referirse, entre otros, tanto a polipéptidos
complejos como simples, ya sea en su estado plegado o
desnaturalizado, a secuencias de pébtido corto Y% a
aminodcidos unicos. El1 término “carbohidrato” se refiere, por
ejemplo, a unidades de monosacdrido unico, disacéaridos,
cligosacaridos y polisacéaridos tales como almiddn, celulosa

y etc. El sustrato puede ser mezclado con otros reactivos
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(tal como un alcohol o agua), o con un solvente si es
necesario. $i se desea, el sustrato puede ser refinado antes
de entfar a la columna. Refinacién se refiere a 1la
eliminacidén de impurezas tales como residuos y derivados, vy
puede contribuir a prolongar la vida de las enzimas
inmovilizadas.

Como se 1indicd anteriormente, el proceso de la
presente invencidén puede ser usado para realizar cualguier
tipo de reaccidédn enzimética. No obstante, ahora seran
descritas un numero de posibles modalidades en detalle
adicional por medio de ilustracién. Esto no debe ser
interpretado en cualquier modo, como limitante del alcance de
la invencidn. Mejor dicho, sus ensefanzas deben ser
entendidas, cuando sea apropiado, para aplicar la invencidn

como un todo.

Interesterificacidn

Esta modalidad se refiere a la interesterificaciédn
de aceites. La interesterificacién cambia el perfil acil-
glicerol del aceite o mezclas de aceite, de esta forma
modifica sus propiedades fisicas.

De conformidad con esta modalidad, la enzima de
eleccidén es una lipasa. Sera idealmente inmovilizada en un
soporte de silicg. Una enzima inmovilizada adecuada es la

lipasa Lypozyme TL IM de Novozymes.
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El sustrato, el cual puede ser usado en un estado
refinado © no refinado, dependiendo de los requerimientos,
tipicamente comprendera un acilglicérido tal como  un
triacilglicérido, un diacilglicérido, un moncacilglicérido o
una mezcla de dos o mas de los mismos. Puede ser derivado de
una fuente de planta, animal, pez, alga o de celula unica.
Preferiblemente, serd derivado de una fuente de planta.
Sustratos adecuados por lo tanto, incluirdn pero no se
limitardn a, aceite de palma kernel, aceite de palma, aceite
de coco, aceite de oliva, aceite de semillae de colza, aceite
de cancla, aceite de semilla de 1lino, aceite de cacahuate,
aceite de soya, aceite de semilla de algoddn, aceite de
semilla de girasol, aceite de semilla de calabaza, aceite de
mailz, aceite de ricino, aceite de nuez y mezclas de dos o mas
de los mismos. El sustrato puede incluir aceites completos
y/o fraccicnes de aceltes tal como estearinas u cleinas.

De conformidad con una modalidad, el sustrato
comprendera estearina de palma, aceite de c¢oco, aceite de
palma kernel o una mezcla de dos o mas de los mismos.
Preferiblemente, el sustrato comprendera una mezcla de
estearina de palma mas aceite de coco o0 una mezcla de
estearina de palma mas aceite de palma kernel. AlGn més
preferiblemente, la ~mezcla incluirad 50-80% en peso de
estearina de palma y 50-20% en peso de acelte de coco y/o

aceite de palma kernel, en base al peso total del sustrato.
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Idealmente, la mezcla incluird 65-75% en peso de estearina de
palma y 35-25% en peso de aceite de coco o 60-70% en peso de
estearina de palma y 40-30% en peso de aceite de palma
kernel. De conformidad a una modalidad mas preferida, el
sustratc de la presente invencidén consistird de una mezcla.

El sustrato puede ser bombeado a través de una o
mas columnas presentadas en paralelo con la enzima
inmovilizada. El sustrato y material enzimdtico inmovilizado
pueden fluir en direcciones opuestas con la entrada de aceite
en o cerca del fondo de la columna y el material enzimatico
fresco se agregard en o cerca de la parte superior.
Periédicamente, una parte de la enzima inmovilizada serd
intercambiada con material enzimdtico fresco. Por lo tanto,
la enzima en la columna puede tener un perfil de calidad casi
constante. La enzima inmovilizada en la parte superior de la
columna serd més fresca con actividad casi completa y la
enzima inmovilizada cercana al fondo de la columna serd casi
agotada de actividad. Por lo tanto, existird una gradacidn de
actividad a lo largo de la longitud de la columna.

La reaccién de interesterificacidn debe ser
realizada a una temperatura definida. Esta temperatura sera
elegida con un numero de factores en mente:

- como la mayoria de los aceites y grasas
interesterificado§ producidos de conformidad con este proceso

!
se planean para productos nutricionales, el proceso
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preferiblemente estarda libre de solventes organicos. Como
tal, el proceso debe ser realizado a una temperatura la cual
garantiza que los aceites/grasas permanezcan en un estado
liquido;

- la temperatura debe ser suficientemente alta para
permitir una velocidad de reaccidn elevada, a su vez,
permitirad tiempos de residencia cortos;

- la temperatura debe ser suficientemente baja para
no afectar la estabilidad y actividad de la enzima. Lipasas
microbianas son muy termoestables v se encontrd la
inmovilizacidén por mejorar adicionalmente la estabilidad de
estas enzimas, asi que las temperaturas éptimas para muchas
lipasas wvarian de 30°C a 62°C (W.M. Willis and A.G.
Marangoni, 1in Enzymatic Interesterification, Food Lipids -
Chemistry, Nutrition, and Biotechnology, editado por C.C,
Akoh and D.B. Min). Algunas lipasas aun permiten temperaturas
de 60°C a 75°C (WO 97/01632). El desarrollo enzimdtico futuro
puede incluir aun variedades mas resistentes a temperaturas,
por ejemplo, resistente a 80°C, 90°C, 100°C o superior. A
estas temperaturas, muchos triacilglicéridos, aun los mismos
completamente saturados, estaran en un estadd liguido.

Tomando en cuenta estos factores, la persona
experta seré& capaz de determinar la temperatura de reaccidn
ideal. S

Por medio de ejemplo, la interesterificacidn de
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estearina de palma con aceite de coco por Lypozyme TL 1IM
(Novozymes) preferiblemente serd realizada a aproximadamente
70°C.

Después de calentar los aceites a la temperatura vy
mezclado deseado, si es necesario, son dirigides a la valvula
de entrada en o cera del extremo de entrada del reactor. El
reactor preferiblemente, sera diseriado para cperar bajo vacio
y hasta una presidn adecuada.

La enzima fresca inmovilizada es suministrada en la
parte superior de la columna a intervalos regulares. Una
cantidad definida de aceite de producto interesterificado
puede ser bombeada en el recipiente de suministro y mezcladea
con la enzima 1inmovilizada para producir una suspensidén de
flujo libre. Para mejorar el mezclado y mejorar la humedad de
los poros de la enzima inmovilizada, se puede aplicar un
vacio al recipiente. Ventajosamente, el recipiente sera
chorreado con nitrdégeno para prevenir la oxidacidéon del
aceite.

Cuando una carga fresca de la enzima es agregada a
la columna, el recipiente de suministro es des-aireado, si es
aplicable, y la suspensidon o una porcidn de la misma vaciada
en el reactor. Si se requiere, el recipiente y tuberias
pueden ser chorreados con un clerto volumen de aceite de
producte para asegurar el vaciado completo del recipiente.

Preferiblemente, el recipiente de suministrec serd situado
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arriba del reactor para facilitar la carga de enzima.

El proceso de esta modalidad sera preferiblemente
esencialmente continuo. El tiempo de reposo solamente sera
algunos momentos gue toma para intercambiar una porcién de la
enzima a partir de la columna. Este tiempoc de reposo es
solamente una fraccidén muy peqguefia del tiempo de corrida

total del proceso.

Alcohdlisis

A menos que se declare de otro modo, los detalles
de esta modalidad son los mismos como para la reaccidn de
interesterificacidén descrita anteriormente.

E1l sustrato sera una mezcla adecuadamente agitada
de uno © mas aceites y uno o mas alcoholes. Los alcoholes
adecuados incluyen pero no se limitan a, metanocl, etanol,
glicerol, monopropilenglicol, etilenglicol, butandiol,
eritritol, pentaeritritol, sorbitol, esteroles, estancles,
tocoferoles, pclifencles, ésteres de tales alcoholes vy
mezclas de dos o mas de los mismos. La enzima inmovilizada
serd preferiblemente lipasa.

La reaccidn preferiblemente se llevara a cabo a 50-
70°C. Después de ser colectados en la salida del reactor, los
productos (ésteres de &cido graso y glicerol), pueden ser
aislados. El aislamiento puede ser realizado por enfriamiento

a una temperatura en donde ocurre la separacion de fase,
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seguido por aislamiento de la fase de éster de acido graso y
una etapa de secado. El1 alcochol puede ser recuperado por

evaporacién directamente de la mezcla o después de aislar los

ésteres de acido graso.

Glicerdlisis

La glicerélisis es un tipo especifico de
alcohdlisis, como se describe anteriormente. El1 sustrato es
una mezcla de uno o mas aceites y glicercl. La enzima é&s una
enzima inmovilizada en un portador el cual es inerte contra
glicerol.

El sustrato es preparado mezclando o disolviendo
glicerol en el{los) aceite(s) a temperatura de reaccidn o
ligeramente arriba. La cantidad de glicerol mezclado con el
aceite puede ser incrementada agregando un emulsificador.
Dependiendo de la relacidén de glicerol a aceite, la enzima
mas cercana al extremo de salida del reactor, actuara tanto
como un purificador de sustrate <como para ajustar la
concentracién de equilibric de glicerol en el sustrato.

La reacciéon preferiblemente se llevard a cabo a 50-
70°C. El producto recuperado después de la modificacidn,
dependerd de la relacidén de glicerol a aceite del

sustrato.
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Hidrélisis

En esta modalidad -la cual sigue a la modalidad de
interesterificacidén descrita antericrmente a menos dJue se
indique lo contrario- el sustrato es una solucldn de lecitina
o lecitina bombeable. Una solucidn de lecitina se puede
obtener mezclando lecitina con un solvente tal como hexano y
agua.

La enzima sera una lipasa o] fosfolipasa.
Dependiendo de la enzima, se obtendran productos diferentes.
De este modo, si se usa una lipasa, el producto sera una
mezcla de fosfolipidos vy mono vy/o diglicéridos. Usando
fosfolipasa A o B, a una temperatura de reaccidn preferida de
20-70°C, conducird a la produccién de 1lisofosfolipidos.
Usando fosfolipasa C, a una temperatura de reaccidn preferida
de 20-50°C, <conducird a la produccién de di vy/o tri-
glicéridos. Usando fosfolipasa D, a wuna temperatura de
reaccioén preferida de 20-70°C, conducird a la produccidn de
dcido fosfatidico. Si es necesaric, puede ser usada una
mezcla de enzimas diferentes para obtener el producto
deseado.

Después de la conversidén, las mezclas de producto
pueden ser usadas como tales o después de etapas de
purificacidén adicionales (por ejemplo, lavado, secado,

evaporacidén, fraccionacién, etc.).
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Isomerizaciodon

Otra posible reaccidn la cual podria ser realizada
de conformidad con el proceso de la presente invencidn, es
isomerizacidén. Un ejemplo tipico de isomerizacién es la
conversidén de glucosa a fructuosa. De este modo, de
conformidad con una modalidad, el sustrato preferiblemente
serd glucocsa (¢ un jarabe de glucosa) y la enzima
inmovilizada serd preferiblemente una glucosa isomerasa (EC
5.3.1.5). La reaccidén debe ser idealmente llevada a cabo
entre 55-75°C. El producto sera un jarabe que contiene tanto
glucosa como fructuosa. Si  se desea, el contenidd de
fructuosa puede ser ademas incrementado por purificacidn o
por division de la glucosa vy fructuosa en preductoes

separados.

Se hace constar que con relacidédn a esta fecha, el
mejor método conocido por la solicitante para llevar a la
practica la citada invencién, es el que resulta claro de la

presente descripcidn de la invencidn.
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REIVINDICACIONES

Habiéndose descrito la invencidn como antecede, se
reclama como propiedad 1lo contenido en las siguientes

reivindicaciones:

1. Proceso para la modificacién de un sustrato,
gue ccmprende pasar el sustrateo a través de una columna de
lecho empacado de un volumen especifico de enzima
inmovilizada, caracterizado porque:

a) el sustrato entra a la columna en © cerca de
un extremo de la columna (el “extremc de entrada”) y el
sustrato modificado sale en o cerca del extremo opuesto de la
columna (el “extremo de salida”),

b) una porcidn del volumen de la enzima
modificada es periddicamente removida en o cerca del extremo
de entrada de la columna, vy

aj una porcidn de enzima inmovilizada es
periddicamente agregada en o cerca del extremo de salida de
la columna.

2. Proceso de conformidad con la reivindicacidn
1, caracterizado porque la columna es sustancialmente
vertical con su extremo de entrada en o cerca del fondo de la
columna y su extremo de salida en o cerca de la parte
superior de la coliumna.

3. Proceso de conformidad con la reivindicacidén 1



10

15

20

25

Vb

o reivindicacién 2, caracterizado porgue es esencialmente un
proceso continuo.

4, Proceso de conformidad con cualguiera de las
reivindicaciones precedentes, caracterizadc porque la porcidn
de la enzima inmovilizada la cual es removida de la columna,
es menos de 35% del volumen total.

5. Proceso de conformidad con cualquiera de las
reivindicaciones precedentes, caracterizado porque la porcidn
de enzima inmovilizada la cual es removida de la columna, es
sustancialmente gquivalente en volumen a la porcidén de la
enzima inmovilizada la cual es agregada.

6. Proceso de conformidad con cualquiera de las
reivindicaciones precedentes, caracterizado porgue las etapas
de remover la enzima inmovilizada de y de agregar enzima
inmovilizada a la columna, ocurren sustancialmente de manera
concurrente.

7. Proceso de conformidad con cualquiera de las
reivindicaciones precedentes, caracterizado porgque la porcidn
removida de enzima inmovilizada es usada para pre-tratar el
sustrato antes de gue entre a la columna.

8. Proceso de conformidad con la reivindicacidn
7, caracterizado porque la porcidén removida de la enzima
inmovilizada es regenerada o reactivada antes de ser usada
para pre-tratar el sustrato.

9. Proceso de conformidad con cualguiera de las
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reivindicaciones precedentes, caracterizado porgue la
modificacién es una condensacidén o incluye etapas de
condensacidn.

10. Proceso de conformidad con cualquiera de las
reivindicaciones 1 a 8, caracterizadec porque la modificacién
es una interesterificaciodn.

11. Proceso de conformidad con cualguiera de las
reivindicaciones 1 a 8, caracterizadoe porque la modificacidn
es una lsomerizacidn.

12. Proceso de conformidad con cualguiera de las
reivindicaciones 1 a 10, caracterizado porque la enzima es
una hidrolasa.

13. Proceso de conformidad con la reivindicacién
12, caracterizado porgue la enzima es una lipasa © una enzima
que modifica la lipasa vy el sustrato comprende uno o mas
aceites crudos, uno o mas aceites procesados o una mezcla de
los mismos.

14. Proceso de conformidad con la reivindicacidn
1?2, caracterizado porgue el sustrato comprende uno © mas
triacilglicéridos, diacilglicéridos, meonoacilglicéridos,
fosfolipidos, acidos grascs libres, ésteres de acidos grasos
o mezclas de dos o mads de los mismos.

15. Proceso de conformidad con la reivindicacién
14, caracterizado porque el sustrato ademds comprende un

alcohol.
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16. Proceso de conformidad con la reivindicacidn
15, ~caracterizado porque el alcohol se selecciona de:

metanol, etanol, glicerecl, monopropilenglicol, etilenglicol,
butandiocl, eritritol, pentaeritritol, sorbitol, esteroles,
estanocles, tocoferoles, polifenocles, ésteres de tales
alcoholes y mezclas de dos o mas de los mismos.

17. Proceso de conformidad con cualquiera de las
reivindicaciones 14-16, <caracterizado porque el sustrato
ademas comprende agua.

18. Proceso de conformidad con la reivindicacion
13, caracterizado porgque el sustrato comprende uno © mas
aceites a base de planta o fracciones de aceite a base de
planta.

19. Proceso de conformidad con la reivindicacidn
18, caracterizado porque el sustrato comprende estearina de
palma, aceite de coco, aceite de palma kernel o una mezcla de
dos o mas de los mismos.

20. Proceso de conformidad con la reivindicacidn
19, caracterizado porque el sustrato comprende 50% hasta 80%
en peso de estearina de palma y 50% hasta 20% en peso de
aceite de coco.

21. Proceso de conformidad con la reivindicacién
20, caracterizado porgue el sustrato comprende 6©65% hasta 75%
en peso de estearina de palma y 35% hasta 25% en peso de

aceite de coco.
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22. Procesc de conformidad con la reivindicacion
19, caracterizado porque el sustrato comprende 50% hasta 80%
en peso de estearina de palma y 50% hasta 20% en peso de

aceite de palma kernel.

23. Proceso de conformidad con la reivindicacién
22, caracterizado porque el sustrato comprende 60% hasta 70%
en peso de estearina de palma y 40% hasta 30% en peso de

aceite de palma kernel.
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RESUMEN DE LA INVENCION

La presente 1invencidén se refiere a un proceso para
la modificacidén de un sustrato gue comprende, pasar el
sustrato a través de una columna de lecho empacado de un
volumen especifico de enzima inmovilizada, en donde el
sustrato entra a la columna en o cerca de un extremo de la
columna (el “extremo de entrada”) y el sustrato modificado
sale en o cerca del extremo opuesto de la columna (el
“extremo de salida”), una porcidén del volumen de la enzima
modificada es periddicamente removida en o cerca del extremo
de entrada de la columna, y una porcidn equivalente de enzima
inmovilizada es periddicamente agregada en o cerca del

extremo de salida de la columna.
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Box No.| Basis of the opinion

. With regard to the language, this opinion has been established on the basis of:
® the international application in the language in which it was filed

O a translation of the international application into , which is the language of a transiation furnished for the
purposes of international search (Rules 12.3(a) and 23.1 (b}).

. With regard io any nucleotide and/or amino acid sequence disclosed in the international application and
necessary to the claimed invention, this opinion has been established on the basis of:

a. type of material:
O a sequence listing
O table(s) related to the sequence listing
b. format of material:
O on paper
O in electronic form
c. time of filingfurnishing:
O contained in the international application as filed.
O filed together with the internaticnal application in electronic form.
O furnished subsequently to this Authority for the purposes of search.
. O In addition, in the case that more than one version ar copy of a sequence listing andbor table relating thereto
has been filed or furnished, the required statements that the information in the subsequent or additional

copies is identical to that in the application as filed or does not go beyond the application as filed, as
appropriate, were furnished. :
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WRITTEN OPINION OF THE International application No.
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Box No.V  Reasoned statement under Rule 43b/s.1{a){i) with regard to novelty, inventive step or
industrial applicability; citations and explanations supporting such statement

1. Statement

Novelty (N) Yes: Claims 1-23
. No: Claims
tnventive step (IS) Yes: Claims

No: Claims 1-23
Industrial applicability (1A) Yes: Claims 1-23

No: Claims

2. Citations and explanations

see separate sheet

Form PCTASA/237 (April 2005)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING ' 7
AUTHORITY (SEPARATE SHEET) PCT/EP2007/002596
Re ltem V

Reasoned statement with regard to novelty, inventive step or industrial applicability;
citations and explanations supporting such statement

1. Reference is made to the following documents:

D1: US-A-4629742
D2: US-A-4209591
D3: DE-U-9320595
D4: Eur. J. Lipid Sci. Technol. 105 (2003) pages 289-304.

2. The present application does not meet the requirements of Article 33 PCT because the
subject-matter of claim 1 does not involve an inventive step in the sense of Article 33(3)
PCT.

The document D1 is considered as the closest prior art to the subject-matter of claim 1.
This document describes (col. 7, line 54-col. 8, line 25; figure 1) a process for the
enzymatic modification of a substrate to produce a modified substrate comprising the
introduction of the substrate at the bottom of a column containing a packed bed of
immobilized enzyme and drawing off the modified substrate via a conduit on the top of the
column. The document D4 (page 298, figure 14) also describes a process as referred in
claim 1, comprising a packed bed of immabilized enzyme, addition of substrate at the
bottom of the column and outlet of the modified substrate at the top of the column.

The difference between the subject-matter of claim 1 and the process disclosed in D1 is
limited to the steps of removing periodically a portion of the immobilized enzyme at or near
the inlet end of the column and adding periodically a portion of immobilized enzyme at or
near the autlet of of the column.

The problem to be solved is to provide a process for the enzymatic modification of a
_ substrate having a constant and increased reaction yieid.

Form PCT/ISA/237 {Separale Shest) (Sheet 1) (EPO-April 2005)
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WRITTEN OPINION OF THE ~ International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/EP2007/002596

However, the distinguishing feature is described in the documents D2 (col. 3, lines 10-21;
claim 1; figure 1), related to a process for the enzymatic modification of a substrate using a
fluidized bed, and D3 (claim 1; page 3, paragraphs 5 and 6), related to a biological process
using a stirred bed, as providing the same advantages as in the present application. The
loss of activity of the enzyme during the process (see col. 3, lines 48-55 in D1) as well as '
the importance of maintaining a constant activity of the enzyme during the process (see
page 303 in D4) are known problems. The skilled person would therefore regard it as a
normal option to include the distinguishing feature as described in D2 or D3 in the process
described in the documents D1 or D4 in order to solve the problem posed.

3. The dependent claims 2-23 are related to features already disclosed in the prior art or
are directed to alternatives not giving rise to an unexpected technical effect. Accordingly,
the subject-matter of claims 2-23 does not involve an inventive step (Article 33(3) PCT).

Form PCT/ISA/237 (Separate Sheet) (Sheet 2) (EPO-April 2005)
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E} The appficant is hereby notitied that the international search report and the written opinion of the Inlernational Searching
Authority have been established and are transmitted herewith,

Fiting of amendments and statement under Article 19:
The applicant is &niitied. if he so wishes, 10 amend the claims of the International Application (see Rule 46):
When? The time limit for fiing such amendments is normally two months from the date of transinittal of the
International Search Repont,
Where? Directly to the International Bureau of WIPO, 34 chemin das Colombeties
1211 Geneva 20, Switzerland, Fascimile No.: (41-22) 338.82.70
For mare detailed instructions, see the notes on the accompanying sheet.

D The applicant is hareby nolilied that no international ssarch repart will be established and that the declaration unde:
Arlicle 17{2)(a) to that effect and the writtzn apinion af the nternational Searching Authority are transmitted herewith,

[_] With regard to the protest against payment ol (an) additional fee(s) under Rule 40.2, the applican! is netiticd that:

l:] e prolest togethaer witn the decision thereon has been transmitted 1o the international Bureau together with the
appticant’s request 1o lorward the exts of bolh the protest and the decision thereon 10 the designated Offices.

D no decision has been made yet on the pratest; the applicant will be notilied as soon as a decision is made.

. Reminders

Shaortly atter the expiration of 18 months from the priority date, the international application will be published by the
International Bureau. It the appiicant wishes 10 aveid o1 posipone publication, a notice of withdrawal of the international
application, or of the priority claim, must ieach tha International Bureau as provided in Rules 90bis.1 and 90bis.3, regpectively,
batore the completion of the technical preparations for international publication.

The applicant may subimit comments on an informal basis on the written opinion of the Internationat Searching Authority (o the
Internationsi Bureau. The inlernational Bureau will send a copy ¢f such comments to all designated Offices unless an
intgrnalional preliminary examination report has been or is to be established. These comments would also be made available to
the puplic but not before the expiration of 30 months trom the priority daie.

Within 19 months rom the pricrity date, but only in respeci of some designated Otfices. a demanc for international preliminary
examination must be fied if the applicant wishes to postpone ihe entry into the natienal phase until 30 months from Ihe priority
daie (in some Qilices even later); stherwise, the applicant must, within 20 months from the priority date, peitorm the prescribed
acts tor enlry into the national phase betore those designated Ofices.

In respect of cther designated Offices, thie time limit of 30 months {or later) will apply even if no demand is filed within 19
months.

See the Annex to Form PCT/I8/301 and. for details about the applicable time limits, Olfice by Office, see the PCT Applicant's
Guige, Volume I, National Chapteis and the WIPQ Internet site.

Name and mailing addiess of the International Searching Autherity | Authorized officer

Tet, (+31-70) 340-2040, Tx. 31 851 epo nl,

T European Patent Oifice, P.B. 5818 Patentlaan 2 )
‘0)» NL-2280 HV Rijswijk Diana Dreschers
=" Fax: (+31-70) 340--3016

Form PCTASA/220 (October 2005) (See noies on accompanying sheet)
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NOTES TO FORM PCT/ISA/220

These Notgs are intended to give the basic instructions concarning the liling of amendments under article 19. The
Notes are nased on the requirements of the Patent Coaperation Treaty, the Regulations and the Administrative Instructions
under that Treaty. In case ol discrepancy between these Notes and Ihose requirements, the latter are applicable. For more
detailed intormation, see also the PCT Applicant’s Guide, a publication o1 WIPQ.

In these Notes, “Articte™, *Rule”, and "Seclion” refer 10 the provisions of the PCT, the PCT Regulations and the PCT
Administrative Instructions, respeclively,

INSTRUCTIONS CONCERNING AMENDMENTS UNDER ARTICLE 19

The applicant has, atter having received the internationa! search report and the written opinion of the International
Searching Authority, one opportunity to amend the claims ol the infernational application. it should however be emphasized
that. since alf parts of the international application (claims,description and drawings) may be amended during the
internationat prefiminary examination procedure, there is usually no need 1o lilg amendments of ths claims under Article 19
except where, e.9. the applicant wants the latter (o be published for the purposes of provisionat protection or has another
reason for amending the claims before international publication. Furthermore, it should be emphasized that provisional
protection is available in some States only (see PCT Applicant’s Guide, Volume /A, Annexes B1 and B2).

The attention of the applicant is drawn to the lact that amendments to the ¢laims under Articte 19 are nol allowed where
he international Searching Authority has deglared, under Article 17(2), that no international search repon would be
estahlished (see PCT Applicant's Guide, volume I/A, paragraph 296).

What parts of the international application may be amended?

Under Article 19, only the claims may be amanded.

During the international phase. Ihe ¢laims may also be amended (or turther amended) under Article 34 belore the
International Prafiminary Examining Authority. The description and drawings may only be amended under

Article 34 before the International Examining Authority,

Upon entry into the national phase, all parts of the internationai application may be amended under Article 28 or,
where applicable, Article 4.

When? Within 2 months from the date ol kransmiltal of the internaiional search report or 16 months fram the priority date,
whichever time limit expires tater. It should be noted, however, that the amendments will be considered as having
neen received on time il they are received by the International Bureau after the expiration of the applicable time
limit but batore the complation of the technical preéparations lor internalionat publicaton (Rule 48.1).

Where not to file the amendments?

The amendments may only be filed with 1he International Bureau and nol wilh the recelving OHice or the
International Searching Authority (Rule 48.2).

Where a demand 10r international pre'liminary examination has been/is filed. see below.

How? Either by cancelling one or morg entire claims, by adding one or more new claims or by amending the 1ext of ong
ot more of the claims as tiled.

A replacement sheet must be submitted tor cach sheet al the claims which, on accounl ¢f an amenament or
amendments, ditfers from the sheet originally filed.

All the claims appeaaring on a replacement sheet must be numbered in Arabic numerals, Where a claim is
cancellad, ne renumbering of the other claims is required. In all cases where Cliims gre renumbered, they must be
renumbered consecutively (Secton 205(b)).

The smendments must be made in the language in which the international application is lo be published,

What documents must/may accampany the amendments?
Letter (Section 205(b));
The amendments must be submitied with a lelier.

The letter will not be published with the international application and the amended claims. 11 should not ba
confused with the "Statement under Article 15(1)" {see below, under *Statement under Arlicle 19(1)).

The letter must be in English or French, at the choice of the applicant. However, if the language of the
international application is English, the letter must be in English; if the language ot the international application
is French, the letter must be in French.

Notes to Form PCT/ISA/220 {first sheet) {Qctober 2005}
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PCT/EP2007/002596 23/03/2007 31/03/2006
Applican:

'ARGILL, INCORPORATED

This international search report has been prepared by this Inlernational Searching Authority and is ransmitted 10 the applicant
according to Adicie 18. A copy is being transmitted ta the International Bureau.

This international search report consists of a total of 4 sheels.

ﬂ It is also accompanied by 3 copy ol each prigr art document ciied in this report,

1. Basis of the report
a.  With 1egard to the language, the intemational search was carried out on the basis of:
E] the international application in the language in which it was filed

D a wanslation of the international application inle . which is the language
ot & ranslation turnished lor the purposes of imernational search (Rules 12.3(a) and 23, 1(b}}

0

wilh regary 1o any nucleotide and/or amino ocid scquence disclosed in the international application, see Bux No. I

el
L]

Certain claims were found unsearchable (See Box No. 1)

O

Unity of invention is facking (see Box No Il

4L With regard 1o e title,
the text is approved as submitted by the agplicant

the lext has been established by this Authorily 10 read as follows:

(5]

-

5. With regard (o the abstract,
Ihe text is aporoved as submitted by the applicant

ihe lext has been established. according to Rule 38.2(b). by this Authority as it appears in Box No. IV. The applicani
may. within one manih from the date of mailing of this international search report, submit comments 10 this Authority

5. With regard to the drawings,
a. the figure of the drawings to be published with the abstract is Figure Na. ___
D as suggested by the applicant
D as selected by this Authority, because the applicant tailed to suggest a figure
D as selected by this Autherity, because this figure better characterizes the invention
b. D none of the figures is 10 be published with the abstract

Form PCT/ISA/210Q (lirst sheet) (April 2005)
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PCT/EP2007/002596

A. CLASSIFICATION OF SUBJECT MATTER

INV. C12M1/40 C12P7/64

Accarding 1o intsrmanonal Falent Ciassitication (120G} or to boll national classilication and 1PC

B. FIELDS SEARCHED

C1zMm Cl2P BOLJ

Minimum documentation searched (dassilication system tollowed by classitcation symboks)

Dacomentalicn searched other than tininwm documentation to the extent thal such docuinents are included in the liekds scarched

EPO-Internal, WPI Data

Eleclrenic data base consulled during lhe international search (name of data base and, where praclical, search terms psed)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Catogory®

Cilation of document, with indicalion. where appropriate, ot the reievant passages

Ralavan! o ctaim Na.

Y US 4 629 742 A (BRADY ET AL)
" . 16 December 1986 (1986-12-16)
column 3, line 48 - line 55

24 June 1980 (1980-06-24)

76185 KARLSRUHE, DE)

20 October 1994 (1994-10-20)
page 3

claim 1

1-23

column 7, line 54 - column &, line 25
figure 1
Y US 4 209 591 A {HENDRIKS. PETRUS F A M) 1-23

column 3. line 10 - tine 21
cltaim 1
figure 1
A DE 93 20 595 U1 (KUNZ, PETER, PROF. DR., 1-23

Further documanis are lisled in the cenlinualion of Box

See paten! lamity annex

Hpecial CAlggonns of ciled dociiments ;

A ocunent dakining e gennral siahe of e an which is nol
considentlo ge ol particular relevance

Lt oeadicn decumant i published on or attar the inlernational
lierey 131tz

LT doenment winch inay ihrow doubls on prioty  claim{sy or
which is cited to astablish the publication date ul asnther
cilatlion or olher speciai rcason {(as specilied)

O decument relerring 10 an oral disclosure, use, exhibilion or
ofher nmwsans

‘B ancument publishend prior (o the international filing date but
tater Wan the prionty date claimed

‘1 1aler dogument published ater the intemational tiling date
oF priotily date and aot in conllict with he application but
ciled 1o undersiand the princple or theory underlying the
invention

X gocuinent of panticular relevancs; the claimed invention
cannol e cunsiverad novel or caanol be considered 1
involve an inventive step when the docurmant is laken alone

*¥Y* docuinent of paricular relevance; the claimed invention
cannot be considered io involve an inventive slep when the
document is combined wilh one or more other such docu-
mens, such conbination baing obvious 10 a person skiled
i e ad,

‘&' document mamber ol the same patent tarmity

Oate of the aciual conpletion of 1he internalional search

6 June 2007

Dale of mailing of the inicmalional search repon

14/06/2007

Name and mailing address of the ISAf
Eurepean Patent Ollice, 2.8 5818 Palenitaan 2
HI. -~ 2280 1V Rijswilk
Tel (+31-70) 340-2040, Tx. 31 651 epo nl.
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY PCT/EP2007002596

Box No.| Basis of the opinion

1. With regard to the language, this opinion has been established on the basis of:
©  the inlernationat application in the language in which it was filed

[J atranslation of the international application into . which is the language of a transtalicn furnished for the
purposes of international search (Rules 12.3(a) and 23.1 (b)).

2. With regard 1o any nucleotide and/or amino acid sequence disclosed in the international application and
necessary to the claimed invenlion, this opinion has been established on the basis of:

a type of material:
O a sequence listing
L] tahlefs) relaled to the sequence listing
b, lormal ol material:
J  onpaper
{3 in electronic form
¢. time of filingdurnishing:
0 contained in the international applicalion as filed.
[CI filed together wilh the internationat application in electronic form.

il furnished subsequently to this Authority lor the purposes of search.

o5 )

- O Inaddiion, in the case thal more than one version or copy of a sequence listing andor table relating thereto
has been filed or furnished, the required statements that the information in the subsequent or additional
copies is identical to thal in the application as filed or does not go beyond the application as filed, as
approprigie. were furnished.

A4, Additional comments:

Form PCTASAI 237 (April 2005)
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International application No.
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Box No.V  Reasoned statement under Rule 43bis.1(a)(i) with regard to novelty, inventive step or
industrial applicability; citations and explanations supporting such statement

1. Statement
MNovelty (N) Yes:
No:
-Inventive step (1S) Yes:
No:
Industrial applicability (1A) Yes:
No:

2. Citations and explanations

see separate sheet
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING

AUTHORITY (SEPARATE SHEET) PCT/EP2007/002596
Re ltem V

Reasoned statement with regard to novelty, inventive step or industrial applicability;
citations and explanations supporting such statement

1. Reference is made to the following documents:

D1: US-A-4629742
D2: US-A-4209591
D3: DE-U-9320585
D4: Eur. J. Lipid Sci. Technol. 105 (2003) pages 289-304.

2. The present application does not meet the requirements of Article 33 PCT because the
subject-matter of claim 1 does not involve an inventive step in the sense of Article 33(3)
PCT.

The document D1 is considered as the closest prior art 1o the subjecl-matler of claim 1.
This document describes (col. 7, line 54-col. 8, line 25; figure 1) a process for the
enzymatic modification of a substrate o produce a modified substrate comprising the
introduction of the substrate at the bottom of a column containing a packed bed of
immobilized enzyme and drawing off the modified substrate via a conduit on the top of the
column. The document D4 (page 296, figure 14) also describes a process as relerred in
claim 1, comprising a packed bed of immobilized enzyme, addition of substrale at the
bottom of the column and outlet of the modified substrate at the top of the column.

The dilference between the subjecl-matter of claim 1 and the process disclosed in D1 is
limited to the steps of removing periodically a portion of the immobilized enzyme at or near
the inlel end of the column and adding periodically a portion of immobilized enzyme at or
near the outlet of of the column.

The problem to be solved is 1o provide a process lor the enzymatic modification of a
substrate having a constant and increased reaction yield.

Form PCTASA237 (Separate Sheel) (Sheet 1) (EPO-Aptil 2005)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/EP2007/002536

However, the distinguishing leature is described in the documents D2 (col. 3. lines 10-21;
claim 1; figure 1}, related to a process for the enzymatic modification of a substrate using a
fluidized bed, and D3 (claim 1, page 3, paragraphs 5 and 6), related to a biological process
using a stirred bed, as providing the same advantages as in the present application. The
loss of activily of the enzyme during the process {see col. 3, lines 48-55in D1) as well as
the importance of maintaining a constant activity of the enzyme during the process (see
page 303 in D4) are known problems. The skilled person would therefore regard it as a
normal option o include the distinquishing feature as described in D2 or D3 in the process
described in the documents D1 or D4 in order to solve the problem posed.

3. The dependent claims 2-23 are related to features already disclosed in the prior arl or
are directed (o alternatives not giving rise to an unexpected technical effect. Accordingly,
the subject-maller of claims 2-23 does not involve an inventive step (Article 33(3) PCT).

Form PCTHGAV237 (Separate Sheet) (Sheet 2) (ERPO-April 2005)
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croporous Hydrophobic Membrane Bioreactor”, by
HO®Q et al, JAOCS, vol. 62, No. 6, (Jun. 1985).
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[57) ABSTRACT

A process for the hydrolysis of liquid fats comprising
contacting the fats, in the presence of water at hydro-
lyzing conditions, with lipase immobilized by adsorp-
tion from aqueous solution without pretreatment or
pretreatment with a polar solvent on a microporous
structure comprising a synthetic hydrophobic thermo-
plastic polymer selected from the group consisting of
aliphatic olefinic polymers, oxidaticn poalymers, ionic
polymers and blends thereof. Various embodiments of
the invention include immobilized lipase itself and an
embodiment that employs a vertical packed column of
parsticles of the immobilized lipase through which the
liquid fat and water feed streams may be passed cocur-
rent or countercurrent, one that employs a honzontally
disposed diaphragm that includes a layer of fibers of the
immobilized lipase and an embodiment that employs a
stirred reactor wherein a suspension of particles of the
immobilized lpase is maintained in the reaction me-
dium. The process of the invention has exhibited sur-
prisingly high activity in the hydrolysis of fats and the
immobilized lipase possesses significant Jongevity.

38 Claims, 11 Drawing Figures
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HYDROLYSIS OF FATS

BACKGROUND OF THE INVENTION

The hydrolysis of fats, also known as fat splitting, has
long been accomplished by the use of high pressure
steam. Steam splitter reaction conditions are typically
about 250° C. and 750 psig. To maintain these condi-
tions a boiler is required to supply the high pressure
steam as well as sophisticated pumps capable of pump-
ing feedstock and water into the steam splitting column
at high pressure. The costs involved for this type of
operation, as required for capital investment as well as
process costs such as for energy in the forms of steam,
natural gas and electricity, are of course, very high.

There is thus a significant economic incentive 1o
develop new more efficient processes for the hydrolysis
of fats, and, as has already been demonstrated in Japan,
enzymatic fat splitting is clearly the process of choice.
The enzyme that catalyzes the hydrolysis of fats is
called lipase, or more formally E.C. 3.1.1.3 glycerol-
ester hydrolase. The overall chemistry of the reaction is
shown below for a typical triglyceride:

H:CDER]
o 11;COH o
RJ'CEOCH i .\H;O@Hoéu + mxgou
o H1COH
n;»col([:n-_-.
TG <+ wWates glycerel = FA

It may be noted that the above reaction actualty pro-
ceeds via stepwise hydrolysis of the acyl groups on the
glyceride, so that any given time, the reaction mixture
contains not only triglyceride, water, glycerol, and fatty
acid, but also diglycerides and monoglycerides, Fur-
thermore the reaction is reversible. The reverse reac-
tion between an alcoho! and a fatty acid to form an ester
is calied estenfication. To force the forward reaction to
completion, it is necessary to remove one of the prod-
ucts from the reaction mixture. This task is made casy
by the fact that the reaction actually takes place in o
biphasic medium. The triglyceride and fatty acid form
an oil layer, while the water and giycerol form an ague-
ous layer. Thus the hydrolysis is easily forced 1o com-
pletion in the splitter by removing the glycerol in the
sweetwater,

Lipase can be isolated from several sources soil,
plants, animals, or microorgunisms. However, there are
important differences in the substrate specificity of the
lipases harvested from different sources. For example,
porcine pancreatic lipuse is position specific for the
terminal {sn-1 and sn-3) ester bonds on the triglyceride.
Lipasc from several micrabes, such as Rhizopus arrhizus
and Mucor miehef also show the same positional prefer-
ence for the end acyl groups. Another type of specific-
iy is exhibited by the lipase secreted by Geotrichum
candida. This lipase preferentially liberates unsaturated
fatty acid groups containing a cis double bond in the
S-position of the acyl group, such as oleic and linoleic
acids. '

A third type of substrate specificity shown by some
lipases is rhat of chain length. Pregastric esterases of
larab, goat, and kid selectively split shorter carbon
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chain length acyl groups (Cs-Cg). These lipases, are
used in the manufacture of {talian cheeses. The distine-
tive flavor of these cheeses is caused by the release of
short chain fatty acids. Lipase from Aspergitlus niger has
also shown a similar specificity for shorter chain
lengths.

Lipases that show no substrate specificity and are
thus tandom in their attack on the glyceride molecule
also exist. This is the type of enzyme cataiyst that is
needed for the fat splitting reaction. The most prevalent
nonspecific lipase is isolated from the yeast Candida
cylindracea, which has been reclassified recently to Can-
dida rugosa. Pseudomonas type bacteria have also been
found to excrete a nonspecific lipase.

There are many references concerned with enzy-
matic fat hydrolysis. In Household & Personal Products
Industry, August 1981, Page 11, there was disclosed the
use of lipase in an enzymatic process in which oil and fat
are separated into fatty acid and glycerine. Likewise,
the following references discuss various methods of
effecting enzymatic far hydrolysis: ’

A. Mitsuani, Research & Development Review Report

No. 27, Application of Microbiological Technology to

Chemical Process, Nippon Chemtec Consulting, Inc.,

March 1984,

W. Linfield, R. Barauskas, L. Sivieri, S. Serota, R.

Stevenson, “Enzymatic Fat Hydrolysis and Synthe-

sis™, JAOCS, 61 (2), Feb. 1984, pp. i91-195.

W. Linfield, D. O'Brien, 8. Serota, R. Barauskas,

“Lipid-lipase Interactions I. Fat Splitting with Lipase

from Cundida rugosa”. JAOCS, 61 (6), June 1984, pp.

1067-1071.

(. Benzonana, S. Espesito, *On the Positional and

Chain Specificities of Candida Cylindracea Lipase”,

Biochim, Biophys. Acra, 231 (1971) pp. 15-22.

None of the above references discusses the use of
immobilized enzymes. The inmobilization of enzymes
on solid supports has advantages thut have long been
recognized. A particular advantage is that the immobi-
lized enzyme remains bonded to the support rather than
passing through with the substrate upon which it is
acting so that there is no need 10 recover the enzyme
from the substrate and so that the enzyme remains in the
supporl where it may be reused.

Japanese Patent Publication JP No. 84091883 (Ab-
stract No. 84-168208) of May 5, 1984 discloses that an
immobilized enzyme may be produced by bringing an
aqueous solution of enzyme into contact with a porous
synthetic hydrophobic adsorbent. Examples given of
adsorbent materials are styrene and methacrylic acid
ester. The reference, however, gives no hint to the
hydrolysis of fats, nor to lipase as the enzyme.

Russian Patent Publication No. SU 804647 (Absiract
No. 83249D) of Feb. 15, 1981 discloses crosslinked
porous styrene polymers used as activity enhancing
carriers for immobilized enzymes, but also does not hint
o the composition, pracess, metheds or apparatus of
the present invention,

There is alsc arl that leaches the hydrolysis of fats by
use of immobilized lipase. In Chemica! Week. Vol. 133,
No. 22, Nov. 30, 1983, on page 33, it is generaliy men-
tioned that 2 number of useful enzymes may be immobi-
lized by locking them to a carrier by adsorption, cross-
linking or covalent bonding, and on page 34 there is
mention that lipasc may be used to hydrolyze fat, but
there is no teaching in this reference of polymeric carri-
ers, and there is a waming on page 33 that an enzyme
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free in solution and the same enzyme Jocked to a carrier
do not behave the same.

lir J. Lavayre, J. Baratt, “Preparation and Properties
of Iinmobilized Lipases”, Biotech & Bivengr., 24 (1952),
pp. 1007-1013, hereinafter referred to as “Lavayre et
al”, there is discussed the use of lipase immobilized by
adsorption onto a hydrophobic support for the hydroly-
sis of olive ail. The Lavayre et al article, however,
states that when purified pancreatic lipase was vsed, the
specific activity of the immobilized enzyme was 17 to
25% that of the sofuble enzyme. Furthermore, the only
support used in the hydrolysis tests was the iodopropyl
derivative of porous glass {Spherosil).

The use of lipase immobilized onto polyacrylamide
beads for the hydrolysis of triglyceride is discussed in
“Bell, Todd, Blain, Paterson and Shaw”, Hydrolysis of
Trigtyceride by Solid Phase Lipolytic Enzymes of Rhi-
zopus arrhizus in “"Continuous Reactar Systems', Bi-
olech & Bioengr., 23 (1981), pp. 1703-171Y, and in Licb-
erman and Ollis, “Hydrolvsis of Particuiate Tributyrin
m o Fluidized Lipase Reactor”, Biorech & Bioengr., 17
(1975). pp. 1401-1419. In those references, however, the
immobilization s effected by covalent bonding (e.g.
dazonium intermediate), not adsorption. The results
were a significant decrease in the activity of the immo-
bilized as compared to the free enzyme.

The hydrolysis of fats with lipase is a reversibie reac-
tion and there are teachings in the an of methods of
producing fats by reacting a fatty acid with water and
glveerol in the presence of hipase. One such reference is
M. M. Hog. T. Yamane, S. Shimizu, T. Funada, S.
[shida, “Continuous Synthesis of Glycerides by Lipase
in Microporous Membrane Bioreactor”, JAOCS. 61 (4),
April 1984, pp 776-781, hereinafier referred 10 as “Hog
ctal™. Hog et al advises against the use of immobilized
lipasc [or the stated reason that its activity is commonly
onty several percent of the original activity of the free
Himase. Hog employs o device, 1t refers 10 as a bioreactor,
which comprises supported hydrophobic microporous
membrane, i particular one made from polypropylene,
that is pheced at the interface of an upper phase of fatty
acid and jower phase of a solution of glycerol, water
and tipase. The reactants and lipase come info contact at
the interfuce of the two phases thereby causing the
reaction, the glycendes diffusing back tnto the bolk
flow of the fulty acid phase.

The present invention is based on the surprising dis-
covery that lipase immobilized on certain porous poly-
meric supports in a certain manner loses very little of its
fat hydrolysis activity as compared to soluble lipase,
natwithstanding teachings of prior art such as Lavayre
et ol and Hoy et al that immobilization of lipase causes
such activity to diminish 10 a small fraction of the free
lipass

SUMMARY OF THE INVENTION

It s a primary objective of the present invention (0
obtain 2 composition compnising an immobilized lipase
that has a unique suitability for use in a process for the
hydrolysis of fats. Another objective is 1o obtain a pro-
cess for the hydrolysis of fats using such immobilized
lipase without significant sacrifice of lipase activity as
compared 1o frec soluble lipase. Other objectives are to
provide o method for the immobilization of the hpase as
well as means and devices which use the immobilized
lipase of the invention in a practical and cfficient man-
ner.
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Accordingly, the present invention, in a first embodi-
ment is @ composition compnsing lipase immobilized by
sdsorption from aqueous solulion on a microporous
structure comprising a synthetic hydrophobic thermo-
plastic polymer selected from the group consisting of
aliphatic olefinic polymers, oxidation polymers, ionic
polymers and blends thereof. The strncture is not pre-
treated prior 1o the adsorption or is pretreated by wet-
ting with a polar water miscible organic solvent in
which the polymer is insoluble and which does not
deactivate the lipase.

In 2 second embodiment, the present invention com-
prises 2 method for the immobilization of lipase on a
microparous structure comprising a synthctic hydro-
phobic thermoplastic polymer sclected from the group
consisting of aliphatic olefinic polymers, oxidation pol-
ymers, ionic polymers and blends thereof. The immobil-
ization is effected cither without pretreatment of the
structure or is pretreated by first wetting the polymer
with o polar water miscible organic solvent in which
such polymer is insoluble and which does not deactivaie
the lipase. The support is then soaked in a dilue ague-
ous solution of the lipase.

fn a third embodiment. the present invention com-
prises a process for the hydeolysis of liquid fats. The
process comprises contacting liquid fats, in the presence
of water at hydrolyzing conditions, with lipase, immo-
bilized by adsorption from agueous solution on a micro-
porous structure. The structure comprises a synthetic
hydraphobic thermoplastic polymer selected from the
group consisting of aliphatic olefinic polymers, oxida-
tion polymers, iontc polymers and blends thereof. The
structure may be pretreated priar to adsarption only by
wetling with a polar water miscible organic solvent in
which the polymer is insoluble and which does not
deactivate the lipase. Pretreatment, however, is not
cssential.

In a fourth embadiment, the present invention com-
prises a process for the hydrolysis of liquid fats compris-
ing contacting the fats in the presence of water at hy-
drolyzing conditions with lipase immobilized by ad-
sorption from agueous solution on i MICTOPOrous struc-
ture comprising a synthetic hydrophobic thermoplastic
polymer selected from the group consisiing of aliphatic
olefinic polymers, oxidation polymers, ionic polymers
and blends thercof. The structure is either not pre-
treated or is pretreated prior to adsorption only by
wetting with a polar water miscible organic solvent in
which the polymer is insoluble and which does not
deactivale the lipase, The contacting is cffected by
means of a column packed with a powder of the struc-
ture on which the lipase is immobilized. The powder in
the cocurrent embodiment is preferably from about 150
10 about 450 micron particle sizc.

In a fifth embodiment, the present invention is a pro-
cess far the hydrolysis of faws. The process comprises
maintaining a lower liquid phase of {aws and an upper
liquid phase which comprises water. The phases are
separated at their interface with a horizontaily disposed
diaphragm which comprises three layers. The bottom
most layer is a hydrophebic filter cloth. The middle
layer is fibers of a support comprising a synthetic micro-
porous thermoplastic polymer having lipase immobi-
lized thereon. The top most layer of the diaphragm is a
retaining means capable of maintaining the fibers of the
middle layer in place. The fats flow upward through the
botiom layer and into contact with the supported lipase
of the middle layer, where in the presence of water from
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the upper phase, and, at hydrolvzing conditions, the
hydrolysis of the fats occurs. The fatty acids product of
the hydrolysis rises to the surface of the upper phase to
form a separate uppermost phase. The glyceral product
of the hydrolysis dissolves in the upper phase and the
fatty acids are removed as the uppermost phase and
glycerol products are recovered from the upper phase.
Additional fats and water are added as required to main-
tain the desired inventory of each.

In a siath embodiment, the present invention is a
process for the hydrolysis of fats which comprises main-
taining a suspension comprising lipase immobilized by
adsorption from agueous solution on particles of a mi-
croporous structure. The process employs a synthetic
hydrophobic thermoplastic polymer which is sclected
from the group consisting of aliphatic olefinic polymers,
oxidation polymers, ionic polymers and biends thereof,
in a liquid reaction mixture. The structure may be pre-
treated prior to the adsorption by wetting with a polar
water miscible organic solvent in which the polymer is
insoluble and which does not deactivate the lipase. Pre-
treatment, however, Is not essential. The reaction mix-
ture comprises fals and water and is maintained by the
continuous addition thereto of a siream of liquid fats
and water. A portion of the reaction mixture containing
reaction products which comprise fatty acids and 2
glycerol solution is continuously withdrawn.

A seventh embodiment of the present invention is an
apparatus related to the aboeve fifth embodiment com-
prising a diaphragm suitable for use in the hydrolysis of
fats comprising:

. u first layer consisting of a hydrophobic filter cloth
having openings from uboul 3 10 about 5 microns in
size;

. a second layer adjucent to said first layer comprising
fihers of a hydrophobic microporous thermoplastic
polymer sclected from the group consisting of ali-
phatic olefinic polvimers, oxidation polymers, wnic
polymers and blends thereo!, having lipase immobi-
lized on the fibers by adsorption from an aqueous
solution either without pretreatment or following
pretreatment of the fhers only by wetting with a
polar water miscible organic solvent in which the
polymer i insoluble and which does not deactivate
the lipase; and

c. a third lzyer adjacent 1o the side of szid second layer

opposite said first Javer comprising a retaimng means

capable of mainiaining the fibers of the second laver
in place. ‘

Other embodiments of the present invention encom-
pass <ietails about process flow schemes, reaction condi-
vions and matcerials compositions, and mechanical de-
tails all of which arc hereinafier disclosed in the follow-
ing discussion of cach of the facets of the present inven-
Lon.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 and 2 are, respectively, clevation views of
the embodiment of the invention compnsing cocusrent
and countercurrent flow packed columns.

FIG. 3 is illustrative of the embodiment of the inven-
tion ¢mploying a mulii-layered diaphragm.

FIG. 4 is illustrative of a multi-diaphragm embodi-
ment of the invention.

FIG. 3 is illustrative of the stirred rcaction embodi-
ment of the invention.

FIGS. 6 through 11 comprise graphic presentations
of data chtained as described in the examples.
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DESCRIPTION OF THE INVENTION

There has long been an interest and unfulfilled need
to immobilize lipase for use in fat splitting, particularly
Candida lipases in view of their high activity for that
purpose. A pnmary reason for such need is the high
cost of such lipasc which dictaies that it be used in an
immobilized form so that it can be reused many fimes.
Otherwise, the enzymatic fat splitling process, at least in
view of current costs of enzymes and encrgy, could
never be competitive with non-catalytic high pressure
steam fat splitting.

As mentioned above, however, the prior ar teaches
that the immobilization of lhipase causes iis activity 1o
diminish to a small fraction of free lipase. The present
inventors, therefore, were greatly surprised to find that
little if any of such activity was lost when the lipase was
immobilized on an appropnate porous polymeric sup-
port.

At about the time of the discovery of the surprising
utility of lipase immobilized on porous polymeric sup-
port for fat sphitting was the discovery that when immo-
bilization was carried out in a certain way, an even
superior product was obtained. The method then
thought to be best for immebilization involved pretreat-
ing the polymer with a metal salt solution (e.g. stannous
chloride) and/or a long chain cationic solution (c.g. a
salt of N-coco-1,3-diaminopropane or trimethylial-
lowammonium c¢hloride). The enzyme was then immo-
bilized onto the petreated polymer. When immobiliza-
tion experimemts started with lipase and polymeric sup-
parts for the splitting of fats, however, it was noted that
nol only did the pretreatment have no positive effect on
the activity of the immobilized lipase, a lack of pretreat-
ment (other than wetting the support with a polar sol-
vent) was found 1o be beneficial.

The method of immobilization found to be most cf-
fective is 1o simply soak the support in a dilute agqueous
solution of the lipase, or, optionally, first wet the poly-
mes siructure with a polar water miscible organic sol-
vent in which the polymer is insoluble and which does
not deactivate the lipase. The concentration of the lip-
ase solution may vary. A dilute solution is about 35
tipase untts per ml., while concentrated would be about
500 units per mt. A unit is defined as the amount of
lipase required 10 produce one micro-mole of faity acid
per minuvte from an olive oil subsirate under the condi-
tions of the assay, typically at a pH of 7° and 35* C. The
pH of the lipase salution is not important, and may be
buffered to any value, with an optimum between about
4 to about 7.

The term “polar” as used herein shall mean the prop-
eny of having a dipole moment of at least 0.1 debye.
The term “water miscible” shall mean capable of mixing
in any ratio with water without separation of phases.
The term “insoluble” shall mean a solubility in the sol-
vent in question of not greater than 0.1 g/1. The term
“deactivate” shall mean the loss of the ability to cata-
tyze the hydralysis reaction.

The hydrophobic microporous cellular polymer se-
lected must be a microporous (about 0.j-500 micron
average pore diameter) synthetic hydrophobic thermno-
plastic polymer selected from the group consisting of
aliphatic olefinic polymers, oxidation polymers, ionic
polymers and blends thereof. Polypropylene and poly-
ethylene are examples of nonionic polymers. The bind-
ing of lipase to the nonionic polymers is by hydrophobic
adsorption. A minimum hydrophobicity is essential for
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the nonionie polymers. Nonionic polymers effective for
the present invention, and having a sufficient degree of
hydrophobicity, are considered to be those having a
surface tension less than 41 dynes/cm which includes
polyethylene and polypropylene. For the ionic poly-
mers, e.g. Surlyn ®). the binding of lipase 1o polymer
may no longer be simply hydrophobic bonding, but
rather complicated by ionic interactions. Thus, surface
tension would no longer be a relevant parameter. For
these polymers for which surface tension is not a rele-

vant parameter, the term “hydrophebic”™ may have its.

commonly understood meaning as defined in Hackh's
Chemical Dictionary, 41th Edition, i.e. a substance that
does not adsorb or absorb water.

The ideal microporous structure for the polymeric
supports and method of obtaining such structure are as
disclosed in U.S. Pat. Nos. 4,247,498 and 4,519,909 is-
sued to Castro, hoth incorporated by reference herein in
their entirety. These patents disclose micorporous cel-
lular polymer structures known by the trademark Ac-.
curcl () which are marketed by Enka America Incorpo-
rated, 1827 Walden Office Sq., Suite 480, Schaumburg,
it 60195. Accurel ® structures may be characienzed
i one of three ways:

1. a cellular microporous structure which comprises a
plurality of substantially spherical cells having an aver-
age pore diameter from about 0.5 to about 100 microns,
distributed substanuially uniformly throughout the
structure, adjacent cells being interconnected by porcs
smaller in diameter than the microcells, the ratio of the
averape ccll diameter 10 the average pore diameter
being from about 2:1 to about 200:1, the pores and the
cells being void.

2. A cetlular microporous structure which is cellular
and s characterized by a C/P ratio of from about 2 to
aboui 200, an S value of from about 1 1o about 30, and
an average cell size from aboul Q.5 to about 100 mi-
Crons.

3. Anisotropic microporous siructure that is charac-
terized by an average pore diameter of from about 0.1 10
ahout 5 microns and an S value of from about | 10 about
10
In numbers 2 and 3 above "C™ means average diameter
of cedls, “P" the average diameter of the pores, and 8"
is the sharpness factor, determined by use of a Microme-
ntics Mercury Penetralion Porosimeter, and defined as
the ratio of the pressure at which 85 percent of the
mercury penclraies the siructure 10 the pressure at
which 15 percent of the mercury penetrates.

MEANS TO ACHIEVE THE CONTACTING OF
THE REACTANTS WITH THE IMMOBILIZED
LIPASE

Qne means te achieve the contacting of the fiquid fats
with the immobilized lipase 1s a columun packed with
discrete particles of the immobilized lipase. The fixed
bed column reactor is a very common desiga for immo-
bilized enzyme reactors. In this type of reactor fats and
water may either be passed cocurrently through the
column in a direction parallel to the longitudinal axis of
the column, or countercurrently through the column in
directions parailel 10 the longitudingl axis of the col-
umn. In a packed column, the activity of the lipase may
be restored by first flushing the contents of the column
with a solvent suitable for the removal of spent lipase
and residual fat from the porous polymeric support {e.g.
alcohol), then flushing the contents of the column with
water to remove the solvent, then flushing with a broth
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of fresh lipase and finally flushing the contents of the
column with water to wash away excess enzyme.

With the cocurrent type flow scheme fats and water
are passed into the column at one end and reaction
products comprising glycerol and fatty acids are re-
moved at the opposite end. FIG. 1 illustrates the cocur-
rent fixed bed immobilized lipase reactor including
vertical column 1 packed with bed 2 of particles of
immobilized lipase. The particles are preferably in the
form of powder of from about 150 to about 450 microns
in particle size. Liquid fats are passed {rom tank 3 via
conduit 4 and pump 5 into mixing conduit 6, and water
is passed from tank 7 via conduit 8 and pump 9 into
mixing conduit 6. In mixing conduit 6 vigorous mixing
is effected 50 as to obt2in a fat/water emuision which
passes into column 1 and gne end of bed 2. The reaction
mixture is passed through bed 2 over a period of time
from about 2 10 about 10 hours (or longer, depending on
the degree of conversion desired). The reaction mixture
exits the top of bed 2 and separates into an agueous
phase 10, also referred 10 as “sweetwater” since that is
where dissolved glyeral product accumnlates, and fatty
acid phase 11. Aqueous phase product may periodically
or continuously be drawn off via conduit 12 and fauy
acid phase product may be drawn off via conduit 13.

FIG. 2 illustrates the countercurrem fixed bed immo-
bilized lipase reactor, including vertical column 20
packed with bed 21 of particles of immobilized lipase.
Liquid fats are passed from tank 22 via conduit 23,
pump 24 and conduit 25 into the bottom of column 20
and first aqueous phase 26. Water is passed from tank 27
via conduit 28, pump 29 and conduit 30 into the top of
column 20 and second aqueous phase 31. The water and
fats will flow ccuntercurrently through bed 21 due to
the effect of gravity and the difference in specific grav-
ity between the phases, the fats being the lighter of the
two phases. The temperature and residence time of the
reactants in bed 21 will be about the same as for the
above cocurrent reactor. Fatty acid will accumulate in
fatty acid phase 32 und may periedically or continu-
ously be drawn off via condun 33, while al the same
time sweetwater is drawn from agucous phase 26 via
conduit 34 and pump 35,

Another type of continuous fal hvdrolysis reactor is
the diaphragm reactor as illustrated in FIG. 3. Fatina
tiquid form enters a bottom portion of vessel 4) via
conduit 41. Vessel 40 is separated into a bottom and top
portion by a horizontal diaphragm comprising three
layers. The botiom most layer 4215 a hydrophobic filter
cloth. Suitable materials for fiter cloth 42 are PTFE
(Teflon) and polypropylene. The middle layer 43 com-
prises fibers of the porous polymeric support on which
the lipase is immobilized. The fibers that have hereto-
fore been used averaged about 3-7 microns in diameter.
The thickness of the fiber layer herctafore observed,
fallowing compression through use was about 2-4 mm.
The top most layer 44 is a retaining means capable of
keeping the fibers in place and may comprise any type
of screen having appropriately sized openings. There
may be an additional screen 45 supporting the entire
diaphragm if filter cloth 42 is considered inadequate for
that purposc.

Choice of the hydrophobic filter cloth comprising
bottorn most layer 42 is particularly important. The
openings in the cloth must be large enough to permit an
acceptable flow rate of fat through the cloth, but not so
large that water would pour through from above. Filter
cloths found 1o be effective were Gore-Tex ® Ex-
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panded PTFE Membranes and Laminates with 3-5 p
openings from W. L. Gore and Associales, Inc. and
0.5-1.0 CFM rated (air low measured at 4 Ha0 pres-
sure on a Frazier Permeometer) PP cloth from Crosl-
ble, Inc.

In operation, the diaphragm will serve to separate at
~their interface a lower liquid fat phase 46 and an upper
water phase 47. The fats will flow upward through
bottom layer 42 and come into contact with the sup-
poried lipase of middle layer 43 where in the presence
of the water from the upper phase 47, and with a resi-
dence time in the diaphragm itself of from about 20
minutes 10 about 60 minutes, the hydrolysis of the fats
will occur. The fatty acids that are formed, rather than
remaining in the fat phase, will advantageously due to
their inherent buoyancy, rise to the surface of the vpper

“phase 47 to form a separate uppermost phase 48. The

glycerol product of the hydrolysis will dissolve in the
upper aqueous phase 47.

Water may enter the top portion of tank 40 via con-
duit 49. Fauy acid may be withdrawn as a product
stream via conduit 51 and glycerol via conduit 50. Stir-
rer 52 will serve to maintain a reasonably homogeneous
solution in phase 47. Additional fat and watcr may be
added as required 1o maintain the desired inventory of
euch.

In the process as shown in FIG. 3, the activity of the
lipase with respect to the hydrolysis of the fats may be
restored by flushing the diaphragm sequentially with
three flushing liquids which enter the diaphragm at top
layer 44 and exit through a means provided to bypass
the filter cloth, such as a conduit and vatve. The first
Mushing liquid comprises 2 solution of water and 2 sol-
vent suitable for the removal of spent lipase from the
suppart. Suitable solvents are the same as those that
may be used to pretrest the polymer in effecting the
mitiat immobilization. The second flushing liquid com-
prises a broth of fresh lipase. The third {lushing liquid
COMPNSes waler.

A multi-stuge diaphragm reactor is as illustrated in
F1(5. 4. Each stage in this illusiration comprises a sepa-
rute vessel in which a diaphragm is contained. Three
vessels. 53e, 53b and S3c, arc shown. but any number
(two or more) may be used. Diaphragms 53a, 535 and
53¢, as described above, of horizomtal oricntation are
placed in sealed contact with the interior surface of the
walls of vessels 54a, 546 and 54¢, respectively. Conduits
55z and 55b connect vessels 53¢ 1o 83b and vessels 530
to §3c, respectively, at points immediately above the
diaphragms in each vessel. Conduits 55¢ and 554 con-
nect vessels 53¢ to 536 and vessels 536 to 534, respee-
tively, at points above the diaphragms of vesscls 53¢ and
53b and at or near the tops of those vessels o below the
diaphragms of vessels 53b and 53a. There is a water-
glyceral product withdrawal conduit 56 connected to
vessel 53¢ immediately above diaphragm 54¢. Therc is a
fatty acid proaduct withdrawal conduit 57 connecied to
vessel 53z above diaphragm 549 and at or near the top
of the vessel. There is a water inlet condmit 58 con-
nected to vessel 53a above diaphragm 54a There is a
hguid far (oil) inlet conduit 59 connected 1o vessel §3c¢
below diaphragm 54¢.

The apparatus of FIG. 4 may be used for that embodi-
ment of the process of the present invention, employing
a multiplicity of the diaphragms discussed above with
reference to FIG. 3. Since the conversion per pass of
the diaphragm appears to not be exwremely high, multi-
ple stages are considered advantageous. In using the
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multi-diaphragm scheme of the invention, as shown in
F1G. 4, each diaphragm is associated with a stage which
also includes the lower, upper and uppermost phases as
discussed above. Each stage is contained in a separate
vessel. For reason of simplicity, vanous pumps and
control valves that one skilled in the art would under-
stand to be required are not shown in FIG. 4.

In the operation of the apparatus of FIG. 4, the direc-
tion of flow of the non-aqueous streams from vessels 53¢
10 534 1o 53¢ via lines 55¢ and 554 is considered “‘down-
stream” flow. Conversely, the direction of flow of the
aqueous streams from vessels 53a to 53b to 53¢ via lines
55¢ and 555 is considered “upstream” flow and counter-
current to the non-aqueous stream. The liquid fat to the
process is intraduced to vessel 53¢ via line 59 below
diaphragm 54c into the lower phase of the first up-
stream stage. The waler to the process is introduced to
vessel 53a via linc 58 into the upper phase of the last
downsiream stage above diaphragm 54a. Although line
58 is shown as passing the water directly into the upper
phase in vessel 534, it may be morc convenient to intro-
duce the water at the top of the vessel into the upper-
most phase whereupon it would simply flow through
the uppermost non-aqueous phase, with which it is im-
miscible, and thereby, in effect, be intreduced into the
upper phase. The aqueous stream from the upper phase
of cach stage in vessels 53¢ and 534 is passed via lines
55¢ and 585, respectively, to the upper phases of vessels
53b and 53¢, respectively, while the agueous stream
from the upper phase of the first upstream stage in ves-
sel 53c is withdrawn as the glycerol product steam via
line 56. The non-aqueous stream (rom the uppermost
phases of the stages in vessels 53¢ and 535 are passed via
lines 55¢ and 554, respectively, to the lower phases of
the stages in vessels 536 and 53a. respectively, while the
non-aqueous stream from the uppermost phase of the
stage in vessel 53a is withdrawn as the fatty acid prod-
uct stream via line §7.

The embodiment of the present invention ilustrated
in F1G. 4 is only onc possible way of achieving a multi-
stage configuration. There arc other possibilities includ-
ing a multiplicity of diaphragms in a single vessel. The
FIG. 4 configuration, however, is considered advanta-
geous from the standpoint of simphcity of construction
of the equipment and its operation.

Yet another type of continuous fat hydroelysis reactor
is one as ijlustrated in FIG. § which employs a suspen-
sion in the liquid reaction mixture of particles of immo-
bilized lipase. This embodiment of the invention may be
referred to as the “stirred reactor™ or “CSTR".

Looking to FIG. 5, fats and water streams are contin-
vously introduced into vessel 60 via hines 61 and 62,
respectively. Particles or a powder of the palymer sup-
port on which the lipase is adsorbed are kept in suspen-
sion in reaction medium 63 by means of stirrer 64. A
portion of the reaciion mixture containing the fatty
acids and glycerot solution products is continuously
withdrawn via line 65. The residence time in reaction
medivm 63 may comprise from abou 2 to aboul 60
hours.

There 15 preferably a filter 66 associated with line 65
10 enable recovery of the products along with the reten-
tion of the particles in the reaction mixture.

As far as reaction conditions for the fat splitting pro-
cess of the present invention are concerned, the most
important consideration is that the temperature be high
enough to enable the fat to be in liquid phase but not so
high as to cause deactivation of the lipase. Deactivation
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of Candide Cylindracea becomes significant at about 30°
C. The pH of the reaction mixture is not critical, but it
may be maintained at about 7.0 by use of water reactant
buffered with sodium phosphate.

EXAMPLES

The following non-limiting examples will serve to
illustrate the preferred and advantageous method for
achicving immobilization of lipase on a porous poly-
meric suppor, the superiority of fipase immobilized on
such support in a process for the hydrolysis of fats, and
various embodiments of the present invention employ-
ing certain devices and flow schemes,

EXAMPLE 1

In his example is it shown thai pretrcaiment of Ac-
curel @ pror to lipase immobilization thereon with
anything other than a polar solveat is disadvantageaus.
Four samples were prepared of Candide cylindraceo
lipase immobilized on polypropylene Accurel ® pow-
der. The Candida cplindracea lipase for this example
was obtained from Sigma Chemical Co. as its Type V11
Lipase, catalog no. L-1754, with a stated activity of 470
U/mg solid. On three of the four samples Accurel ()
was pretreated with various materials. On one sample
the tmmobilization was effected by first wetting the
polvmer with ethanol and then, without further pre-
treatment, soaking the support in a dilute aqueous solu-
tion of the lipase. The results obtained are as shown in

Tabie 1.
TABLE |

Pretrezupent Lipase Aciivity® (fLi/g)
1. Eihanol 103
2 Sl + ethsaol a
A, Ne-coco-1.3-diaminopropane 83

cthanol
4. 8nCiy 5 N—coco-1.3- it

diaminopropans -+ cthinol

"Lapase activity wnits {108y arc o meawire of the micro moles of fany acia per
minuaie tiraed from aa alive ait substrare ot 3 pll of £ and 1com lemperatuse.

The results from Table 1 ilinstrate that not only iy
pretreatment (other than only with a polar solvent)
unnecessary, sigmlicantly improved activity is realized
when pretreatment, other thun with a polar solvent, is
svoided.

EXAMPLE 2

In this exanple there was an investigation of the use
of various solvents to prewet Accurel () polypropylene
powder (150-450u) before the immobilization on such
powders of lipuse (Cendida eylindracea) from solution.
The lipase obtained for this cxample was from Enzyme
Development Corporation, and is known as Enzeco ®
lipase with a stated sctivity of 30,000 U/g. Also investi-
gated was the sume powder that was not prewetted
priar ta immohilization. The procedure in each case to
obtatn the unnobilized lipuse was as follows:

1. 1 g of powder was prewet with solvent (except where

prewetling was not to occur); ‘

2. 0.2 p. of the lipase was dissolved in 100 m). of water
buffered 10 pH 7.0 with 0.1M sodium phosphate;

. the powder was soaked in the lipase solution for
thirtv minutes; and

. the resulting immobilized lipase was filtered from the
soiution and flushed three times with additional quan-
tities of water buffered as above.

A series of tests was then run wherein each of the

immobilized lipase samples prepared by the above pro-
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cedure was uscd to hydrolyze fat. In each test 50 ml. of
Blcachable Fancy Tallow was stirred in a beaker with
the immobilized lipasc and 100 ml of buffered water at
42° C. over a 24 hr. period. The results obtained, in
terms of % fatty acids in the non-aqueous product
phase, at the end of the 24 hour period, are as given in
the following Table 2:

TABLE 2
Preurcatmen T FA
cthanal 38.0
isopropanc! 58.2
methano! 358
accione 51.0
tetrahydrofuran 2.6
none 460

The above results show that high levels of fatty acid
may be obtained either when pretreatment is effected
with a polar solvent. or where there has been no pre-
treatment. In the latter case the highest degree of fa
hydrolysis is achieved, but as will be discussed in the
following example, - prewetting wilh a polar solvent
greatly facilitates the rate at which the lipase may be
immobilized.

EXAMPLE 3

To illustrate a further advantage of the method of
lipase immobilization of the present invention, a deter-
mination was made of the time required to obiain the
immobilization of lipase on a polypropylene Accurel ®)
in 2 powdered lorm (130-450u) and pretreated with
ethanol. Immobilization could be effected in about two
minutes. Without any pretreatinent immobilization took
about five times as long. Thus. although pretreatment
with the approprate polar solvent is nat necessary to
obtain high activity immobilized lipase, it will enable
rapid loading of the lipase onto the support which is
panticularly advantageous with in situ loading and re-
generation.

EXAMPLE 4

For this example Cundida cylindracea lipase (the same
as the aforementioned Enzeco ® lipase) was immobi-
lized on untreated Accure!® products (treated only
with a polar organic solvent) by simple adsorption from
a buffered enzyme solution. The procedure for a typical
immobilization was to dissalve 0.20 grams of lipuse in
100 milliliters of 0.1M sodinm phosphate, pH 7.0 buiTer.
Next, 1.0 gram of Accurel () powder was prewet with
as little 3A ethanol as possible and added to the enzyme
solution. After stirring for 5-60 winutes, the immobi-
lized catalyst was filtered and then rinsed with several
bed volumes of bufTer. The immobilized lipase was
assayed for activity using a toglyceride substrate, such
as olive oil or Bleachabie Fancy Tallow.

Other materials, besides Accurel () were screened as
supports for lipase. Table 3 lists all the enzyme suppornt
matcrials that were screened and lhists the fatty acid
levels generated during the assay at 6 and 24 hourson a
tallow substrate relative to the soluble lipase as a con-
wrol. The surprising result was that the porous polymer
powdcrs of the present invention performed as vastly
superior supports for lipase. Specifically, polypropyleae
(PP), high density polycthylene (HDPE), and Surlyn ®)
Accurel @ powders, the more hydrophobic of the poly-
mers used, were supenor supports.
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On the other hand, infefor results were obtained
from polymers of low hydrophobicity such as celluiose
and nylon (nylon is also a condensation polymer which
is not a genus of polymer included in the invention),
olefinic polymers which are not aliphatic (styrene) and
non-polymeric material as well as non-porous material.

Furthermare, comparison of the immobilized enzyme
results with those of the soluble lipase control in Table
3 indicates that very little of the lipase activity was lost
upon immobilization on these supports. This result is
diametrically opposite claims in the literature, as previ-
ously discussed, that lipase loses 75-99% of its activity
upon immobilization.

TABLE 3
Lipase Immobilization Suppons
%% FA by

GPC*® Relative

(o Soluble Lipase
Suppart & HR 24 HR
Johns-Ainville
Culite 45 3% 125
Celkate 12
R-600 15
R-640 is 19
CS-30K s 17
Misc
Microzvsiatline Cellulase:
Avice) 13 2
Av 25 19 23
Avicel, S 16 19
byl Cellulose 3 82
Sifica Gul 22 1
Kiesetpuhr 1% 0
Hentone Cluy 12 13
Alumina, neutral & q
CPG-H0 42
Glycophave-G 15
Styrene dvb > 4% (non-puorous) 1]
Celrard 2500 (Celanese Corpacation} 75 85
Amberlite XAD-2 (porous styrene) § 1
Hercules Profax-PP (non-porous) 15 4
LS) diciothene-HDPE (non-porous) 13 12
Tenas ¢porous uxidation pulymer of 75 52
2,6 di-phenylparaphenylene oxide)
Versapor 200 (porous werylic copolymer 9 9
st un noawgven nylon)
AP-200 (poraus aerylic capolymer 9 11
casl ou nonwoven polyester)
Accurel Powders
Nylon 16 18
Sorlyn £ L1
HIJPE 50 93 88
HDPE 150—450u 62 76
PP - std. grind 3 a8
PP - Eaka 18 88
PP - Friahle 86 99
PP . Friable n 91
PP - Fnable n 44
PP . Friabic L1} 33
Caontrol
Soluble Lipase 100 100

210 gm capport, 3750 (U's Lipase. 1 bour immohidizaton; 30 ris BFT. 100 mls
buffer, 40" C. f

1
EXAMPLE ¢

This exampie deseribes the operation of fixed bed
column reactors as illustrated in FIGS. 1 and 2.

The fixed bed column reactor is a very common
design for immobilized enzyme reactors. The columns
studied for splitting fat contained lipase immobilized on
some form of Accurel ®. Accurel ® products used as
support materials in the columns were Enka America
Incorporated melt blown PP Accurel @ fibers, Enka's
HDPE Accurel @ granules (2-3 mm), and HDPE Ac-
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curel @ powder (150-450 microns). The lipase was
immobilized on the Accurel () by simple adsorption. In
all cases, lipase from Candida (Enzeco @), as specified
above) was dissolved in 0.1M, pH 7.0, sodium phos-
phate buffer, the support was prewet with JA ethanol,
and then the support was contacted with the lipase
solution. These steps were performed either in a batch-
wise process in a beaker or in the column reactor isell.

To get an idea of how much of the lipase actually
adsorbed on the support, samples of the lipase solution
before and after contact with the support and/or sam-
ples of the support material before and after contact
with the Jipase were analyzed for lipase content using
the ANTEK model 707 Chemiluminescent Nitrogen
Annlyzer. For example, 8.0 g of HDPE Accurel ®
powder were placed in a glass column, wet with 100 mis
of 3JA ethanol, rinsed with 200 mis of buffered water,
contacted with 100 mls of lipase solution containing 1.0
g of lipase dissolved in 100 mls of buffered water, and
then rinscd with 150 mls of buffered water. Analysis of
the lipase solution before and after contact with the
support indicated that 64.5% of the lipase was removed
from solution. Assuming all the removed lipase was
immobilized on the powder, the support contained
(0.645 g/(8.0-+0.645) g) X 100%="7.5% lipase w/w.

The fixcd bed reactors were glass columns jacketed
with plexiglass sleeves. The columns were maintained
at 40° C., by circulating water baths. The actual column
dimensions varied. Continuing the example involving
8.0 g of HDPE powder, the dimensions of the fixed bed
were 1.7 cm diameter by 21 cm in length (48 cm?).

Substrate was pumped into the columns (5-20 ml/hr),
with a pision pump 1o maintain close control over the
rate. The substrate most used was 25/75 olive 01/ 0. 1M,
pH 7.0 phosphate buffer. Two column flow patterns
were investigated: (1) countercurrent flow of the buff-
ered water (enters column at 10p) and olive oil {enters at
bottom), and {2) cocurrent flow of the oil and bufTered
water (both enter at bottom).

F1G. 1 illustrates the cocurrent fixed bed immobilized
lipase reactor. Trigiycerides (TG) and buffercd water
were pumped in the bottom of the column. As men-
tioned earlier, a variety of Accurel () materials were
tried as support for the lipase. Table 4 below compares
with % FA obtained from three {ixed bed cocurrent
reactors operated under conditions which were similar
except for suppon material:

TABLE 4
Support Weight {(gm) 5 FA
PP, melt blown fibers 4 k3
HDPE granules 10 42
HDPE powdear -3 84

Since the HDPE pawder, 150-450 micron particle
size, was clearly a superior support 1o 2 very surprising
and unexpected extent as compared 10 the fibers, this
powder was used in all the subsequent reactor columns.
Conditions for two of these columns are given below:

Column | Calumn 1l
Substrate: 25/7% o.vil/bufiered 25/75 o.cil/buflered
water water
Erulsion Feed Separate Feed
Total Flowrate: 10-15 mi/hr 20 mi/hr
Temperature: 40 C 40" C.
Suppart wi: 8.0 gm 10.0 gm
Bed size: 1.7 ¢m diameter X 2.1 em diareter X,
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~-continued

Colemn 1 Column )1

18 cm fength
975 mg.

2t cm length

Lipase adsorbed: 650 mp.

Column I was still in operation after 1100 hours. In
this column the olive oil and buffered water were mixed
logether in a beaker prior to entering the cotumn. Con-
tinuous agitation was supplied to the emulsion by 2
agnetic stirrer. A single pump drew off emulsion to
feed the column. The volumes of buffer and oil that
flowed out of the column were recorded daily. Consid-
erable variation was observed in the ratios of cil:water
that were collected from the 25:75 ratio which was
supplied to the emulsion reservair. Thus, throughout
the run of this column, the substrate composition was
not fixed. The half-life (time for the activity of the im-
mobilized lipase to decrease by 50%) of the immobi-
lized lipase in this column was 234 hrs. The results for
this column in terms of % fatty acid in the nonaqueous
product over time are graphically shown in FIG. 6.

Column 11 was operated for 310 hours before being
terminated. This column had a higher support load and
a hgher support:lipase ratio in hopes of increasing the
half-life of the lipase. In addition, separate pumps were
used 10 puinp the olive oil at 5 ml/hr and the buffered
water at 15 mlZhr in order 1o mainiain a constant sub-
strate composition to the column. Also, in the bottom of
the column was a glass frit which was vsed to break the
oil ity smaller droplets hefore contact with the lipase.
T'his column in spite of the efforts made, achieved a
half-tife of only 137 hrs. The results for this column are
graphically shown in FIG. 7.

F1G. 2 illustrates the countercurrent fixed bed immo-
bilized lipuse reactor. The column bed contained 10
grams of HDPE Accurel ® granules. Lipase was im-
mobilized on the granules prior 1o packing of the col-
winn. The eatalyst bed measured 2.5 cm diameter by 26
cm in length.

Ruffered water was pumped into the 1op of the col-
umn and mut the bottom at § mi/hr by using two pump
heads on the same pump drive. Olive oil was pumped in
the bottom of the column at approximately 10 ml/hr.
Problemss were encountered in balancing the flows of
the oil und water to maintain a steady state in the col-
umn. Yields of only 10-209: FA were obtained on the
olive oil substrate, but it is believed that far better re-
sults will be obtained from this embodiment of the in-
vention once it is optimized.

EXAMPLE 6

A study was made using the fixed bed co-current
flow column reactor of the effect of maintaining a high
glycerol content i the water phase. It was observed
that such content had a profound cffect in maintaining
the acnvity of the lipase although there is a reduction in
the degres of fat splitting due to reacuion equilibrium
effects. FIG. 8 comprises a plot of datz of the Fat split
obtained over an extended period of time with the reac-
tion medium having various levels of glycerine concen-
tration, ancd shows the surprising improvement in Jipase
longevity that can be achieved by maintaining a concen-
tration of about 40 wt. % glycerol. Concentrations in
excess of 40 wt. % would probably not be practical
because of the low conversion of fats that would be
obtained.
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EXAMPLE 7

The vertical diaphragm reactor embodiment of the
invention is shown in FIG. 3. The reactor was con-
structed of 6" plexiglass pipe, conained a lower olive
oil reservoir and an upper buffered water reservoir.
Olive oil was pumped into the lower reservoir and was
forced up through the diaphragm that separated the
upper and lower reservoirs. The diaphragm was sup-
ported on top and bottom by plastic mesh screens. The
diaphragm itself consisted of three layers including the
top screen. Olive oil first passed through the bottom
layer which was a teflon filter cloth which broke the oil
into fine droplets. Next the oil passed up through a
middle layer comprising a pad of lipasc immobilized on
melt blown polypropylene Accurel @ fibers made by
Enka America Incorporated. The fat was split as it
passed through the pad. The fatty acid then rose to the
top of the upper reservoir which was initially filled with
1.8 L of 0.05M EDTA buffered water to pH 7.0, to
form an uppermost phase. Overhead agitation was sup-
plied to the upper reservoir,

To evaluate the operational stability of the immobi-
lized lipase, this diaphragm reactor was run in a batch
mode for approximately two months. The reactor con-
tained 5.0 g of meh blown Accurel ® polypropylene
fibers that contained approximately 0.3 g. of lipase from
Candida (Enzeco @) as stated above). Each day, 450 mls
of olive oil were fed into the reactor by gravity feed
over a 6 hour period. At the end of ¢ hours, the fatty
acid layer on top of the upper reservair was analyzed by
GPC. The top reservoir was then emptied and filled
with fresh bufTer the following day.

The plot of % FA versus time in hours, as shown in
FIG. 9, gives an indication of the half-life of the immo-
bilized lipase. Linear regression of 9 FA versus time of
actuzl operation indicates a half-life of 223 hours.

Qne can use data from the fiest day to calculate an
estimate of the productivity of the reactor. On that day
450 mls of 71% FA were coliected 10 arrive at a pro-
duction rate of 301 mg FA/hr/em?.

EXAMPLE 8

This example illustrates the stirred reacior embodi-
ment of the present invention as shown in FIG. 5.

In a first test run immobitized Candida cylindracea
lipase (Maxazyme LP from Gist-Brocades N.V.) was
prepared in the following manner:

1. 10.0 gm. of HDPE Accurel ® powder (150450 um
diameter) was wetted with 20.0 ml of 3A ethanol.

. 1.0 gm of Maxazyme LP lipase was disselved in 100
mi of 0.1M NazHPO; in aqueous solution at pH 7 by
stirring for 10 min.

. The lipase solution was centrifuged to remove any
unsokuble material,

4. The lipase solution was added (o the wetted Ac-

curel @ powder and stirred for 30 min.

The immobilized Accurel @ powder was filicred

using a Buchner funncl and washed with 300 ml of

bufiered water before it went into the reactor.

A bench scale reactor was construcicd comprising a 500

ml round bottom flask with four necks. Two of the

necks were for the inlet of liquid fats (oil) and buffered

water, the third was for the product stream outlet, and
the fourth was for an overhead stirrer. A glass wool
plug was placed in the product stream outlet neck.

The 500 ml flusk was filled with deionized water.
Then the above immobilized enzyme was added. The

(5]
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reactor was assembled, an overhead stirrer stared, and
two feed pumps were turned on. one for each of the
feed streams with a combined flow rate of 12 m)/hr. and
a volume ratio of oil 10 water of 4.5/7.5. The reaction
wwas at room temperature.

The results of the first test run are shown in FIG. 10
in terms of fatty acid concentration in the non-aqueous
product phase vs. time, The figure shows o rapid initial
fall-off in conversion of fals to a rather low constant
level.

The first test run was repeated except that 2.0 g. of
lipase immobilized on 20.0 g. of suppornt were added to
the reactor. Al other conditions and details of the pro-
cedure and apparatus remained the same. The results
are shown in FIG. 11.

The results of FIG. 11 are startling. Unlike in the first
test run where less amount of lipase was present, in the
second run there was no initial fall-off of conversion
and almost no fall-off of conversion even after 600
hours of operation were approached. There thus ap-
pears to be an amazing and uncxpected criticality in a
mimmum amount of lipase that must be present in the
reactor nuxture for optimum cffect.

Since it was determined that only zbout 65% of lipase
initially introduced into the CSTR reactor is retained on
the support within a short time afier initiation of the test
runs, the critical lipase concentration is calculated to be
about 2.5 g per liter of reactor volume for the oil charge
rate of 4.5 mi/hr, or 556 grams per liter of reactor vol-
ume per liters per hour of hquid fat charge.

EXAMPLE 9

This example provides a further comparison of the
performance of the previously discussed cinbodiments
of the present invention comprising the diaphragm,
cocurrent fixed bed and stirred tank reactors. In each
case the embodiment used was the onc known to be the
optimum, incleding the diaphragm as described in Ex-
ample 7, the cocurrent fiacd bed as in Example 5 with
the HDPE Accurel (R) Powder and the stirred tank and
immobilized lipase on Accurel @) as described in Exam-
ple §

The results of the comparison are shown in Table 5
where the hall-life (in hours) and productivily (pounds
fatty acid produced per pound of immobilized lipase)
are given for each embodiment. Two runs were made
for cach of the fixed bed and sticred reactor embodi-
ments.

The results show that the diaphragm clearly com-
prises the best mode of the process of the invention at
least as far as productivity is concerned. In the course of
the half-life of the immobilized lipase in the diaphragm,
the productivity of the diaphragm was over five times
that of the best run of the stirred reactor and over ten
times that of the fixed bed reuctor.

hwas also abserved that the production rate of the
diaphragm in wrms of mp/br. per om? of fatty acid
produced was, depending on the choice of hydrophobic
filler cloth, as high as 301,

TABLE §

IMMOBILIZED LIPASE REACTOR SUMMARY
Olive Oit Substrule

. Productivity —2FA_
Type Hall-Life (hours) Jbs IME
Diaphragm 223 1695
Fixed Hed 378 e
(Powder columns) 207 L1
Stirred Reactor 348 342
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TABLE 5-continued

IMMOBILIZED LIPASE REACTOR SUMMARY
Olive Oil Subsirale

s Fa
Half-Life (hoursy T roduetivity 5 50

468 214

Type

As can be seen from the above examples, and corre-
sponding FI1GS. 6 through 11, regardless of the embodi-
ment of the invention employed, whether it be a packed
column reactor with cocurrent or countercurrent flow,
a diaphragm reactor or a stirred reactor, not only is the
initial activity of the immobilized lipase comparable to
that of free lipase, the activity remains usefully high for
a significant time. Enzymatic fat splitting has thus be-
came an economic reality.

What is claimed is:

1. A composition comprising lipase immobilized by
adsorption from aguecus solution on a microporous
structure comprising a synthetic hydrophobic thermo-

- plastic aliphatic olefin polymer selected from the group
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consisting of aliphatic olefinic polymers, oxidation pol-
ymers, ionic polymers and blends thereof, said structure
not being pretreated prior 1o said adsorption or being
pretreated only by wetting with a polar water miscible
organic solvent in which said polymer is insoluble and
which does not deactivate said lipase.

2. The composition of claim 1 wherein said micropo-
rous structure is ceilular and comprises a plurality of
substantially spherical cells having an average diameter
from about 0.5 to about 100 microns, distributed sub-
stantially uniformly throughout the structure, adjacent
cells being interconnected by pores smaller in diameter
than said microcells, the ratio of the average cell diame-
ter 10 the average pore diameter being from about 2:1 to
about 200:1, said pores and said cells being void.

3. The composition of claim 1 wherein said micropo-
rous structure 15 celiular and is characterized by-a C/P
ratio of from abeut 2 10 about 200, an § value of from
about I to about 30, and an average cell size from about
0.5 to about 100 microns.

4. The composttion of claim } wherein said micropo-
rous polymer siructure is isotropic and is charactenized
by an average pore diameter of from about 0.1 to about
5 microns and an § value of from about 1 to about 10.

5. The composition of claim 1 wherein said organic
solvent comprises an alcohol having from | to 4 carbon
atoms per molecule.

6. A method for the immobilization of lipase on a
miCToporous structuse comprising a synthetic hydro-
phobic thermoplastic atiphatic olefin polymer selected
from the group consisting of aiiphatic olefinic polymers,
oxidation polymers, ionic polvmers and blends thereof,
said immobilization being effected without pretreat-
ment of said structure or pretreatment by first wetting
said polymer with a polar water miscible organic sol-
vent in which such polymer is insoluble and which does
not deactivate satd lipase, and then soaking said support
in 2 dilute aqueous solution of said lipase.

7. The method of claim 6 wherein said organic sol-
vent comprises an alcohol having from 1 to 4 carbon
atoms per molecule, said solution is pH adjusted from
about 4.0 to about 7.0 and the concentration of said
lipase in said solution is such as to provide at least about
35 lipase units per ml, but less than 500 lipase units per
ml.
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8. A process for the hydrolysis of liquid fats compris-
ing conuacting said fats in the presence of water at hy-
drolyzing conditions with lipasc immobilized by ad-

sarption from aqueous solution en a microporous struc-

ture comprising a syntheiic hydrophobic thermoplastic
aliphatic olefin polymer selected from the group con-
sisting of aliphatic oleftnic. polymers, oxidation poly-
mers, ionic polymers and blends thereof, said structure
not having been pretreated prior to said adsorption or
being pretreated only by wetting with a polar water
miscible organic solvent in which said polymer is insol-
uble and which does not deactivate said lipase.

9. The prozess of claim 8 wherein said contacting
occurs in a column packed with discrete particles of
said perous polymeric support having said lipase immo-
bilized thercon.

10. The process of claim 9 wherein said liquid fats and
said waler are passed cocurrently through said column
in a dircction paralle! to the longitudinal axis of said
column.

11. The process of claim 9 wherein said liquid fats and
smd water are passed countercurrently through said
column in directions parallel to the longitudinal axis of
sad cohunn.

12, The process of claim 10 wherein said liguid tats
and water are passed into said column at one end and
reaction products comprising glveerol and fatty acids
are removed at the opposite end.

13. The process of claim 11 wherein said column is
vertical with respect to its longitudinal axis, said liquid
fars and said waier being passed into said column at
opposite ends thereof, satd fats being passed into said
column at the lawer end, a reaction product comprising
fatty acids being removed from said column at the
upper end of said column, and a reachion product com-
prising glycerol being removed from said column at the
fower end thereof.

14. The pracess of claim 9 wherein the sctivity of said
lipase with respect to the hydrolysis of said fats is re-
stored by ftest fiushing the contemts of said column with
a salvent suitable for the remaval of spent lipase and
residual fats from said porous polymeric support, then
flushing the contents of said column with water 1o re-
move said solvent, then passing o broth of fresh lipase
through said column and finally flushing the contents of
said column with water 1o remove excess lipase.

15. The pracess of claim 8 wherein said contacting
occurs in a suspension of said iminobilized lipase in a
liquid reaction mixture comprising fats and water main-
tained by the continuous addition thereto of a stream of
liquid futs and a stream of water, and by the continuous
withdrawal therefrom of a portion of said mixiure con-
taining reacnon products comprsing fatty acids and a
glveerol solution.

16. The process of cluim 8 wherein said hvdrolyzing

conditions comprise a residence time of from abour 2 1o
about 60 hours, and a temnperature high enough to en-
able said fat to be in liguid phase and less than the deac-
tivating emperature of the lipase.

17. The process of claim 8 wherein said microporous
structurce 1s cellular and comprises a plurality of substan-
tially sphencal cells having an average diameter from
about 0.5 to about 100 microns, distributed substantiaily
uniformly throughout the structure, adjacent cells being
interconnected by pores smaller in diameter than said
microcells, the ratio of the average cell diameter to the
average pore diameter being from about 2:1 10 about
200:1, said pores and said cells being void.
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18. The process of claim 8 wherein said microporous
structure is cellular and is characterized by a C/P ratio
of from about 2 to ahout 200, an S value of from about
1 to about 30, and an average cell size from about 0.5 1o
about 100 microns.

19. The process of clzim 8 wherein said microporous
pelymer structure is isotropic and is characicrized by an
average pore diameter of from about 0.1 to about 3
microns and an S value of from about 1 to about 10.

20. The process of claim 8 wherein a concentration of
glycerol 5 maintained in said water of not greater than
about 40 wt. %.

21. A process for the hydrolysis of liquid fats com.-
prising contacting said fats in the presence of water at
hydrolyzing conditions with lipase immobilized by ad-
sorption from aqueous solution on a microporous struc-
ture comprising a synthetic hydrophobic thermoplastic
aliphatic olefin polymer sclected from the group con-
sisting of aliphatic olefinic polymers, oxidation poly-
mers, jonic polymers and blends thereof, said structure
not having been pretreated or having been pretreated
prior 1o said adsorption only by wetting with a polar
water miscible organic solvent in which said potymer is
insoluble and which does not deactivate said lipase, said
contacting being effecied by means of a column packed
with a powder of said structure on which said lipase is
immobilized, the flow of said liquid fats and said water
in said column being cocurrent, said powder being from
about 150 to about 450 micron particle size.

22. The process of claim 21 wherein said microporous
structure is cellular and comprises a plurality of substan-
tially spherical cells having an average diameter from
about 0.5 to 2bout 100 microns, distributed substantially
uniformly throughout the structure, adjacent cells being
interconnected by pores smaller in diameter than said
microcells, the ratio of the average pore diameter being
from about 2:1 to about 200:1, said pores and said cells
being void.

23. The process of claim 21 wherein said microporous
structure is celiutar and is characterized by a C/P ratio
of from about 2 1o about 200, an S value of from about
| 10 about 30, and an average cel size from about 0.5 to
about 100 microns.

24. The process of claim 21 wherein said microporons
polymer structure is isotropic and is characterized by an
average pore diameter of from about 0.1 to about 5
microns and an S value of from about 1 10 about 10.

25. A process for the hydrolysis of fals comprising
maintaining a lower liquid phase of said fats and an
upper liquid phase comprising water, said phases being
separated at their interface with a horizontally disposed
diaphragm comprising three layers, the bottom most of
said layers being s hydrophobic filter cloth, the middle
laver being fibers of a support comprising a synthetic
hydrophobic micropornus thermoplastic aliphatic ole-
fin polymer, said fibers of said support in said middle
layer having lipase immobilized thercon, the 1op most
layer of said diaphragm being a retaining means capable
of maintaining the fibers of said middie layer in place,
said fats flowing upward through said bottom layer and
into contact with said supported lipase of said middle
layer where in the presence of water from said upper
phase, and at hydrolyzing conditions, the hydrolysis of
said fats occurs, the fatty acids product of said hydroly-
sis rising to the surface of said upper phase to form a
separate uppermost phase and the glycerol product of
said hydrolysis dissolving in said upper phase, said fatty
acids being removed as said uppermost phase and glye-
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erol produets in aqueous solution being recovered from
said upper phase and additional fats and water being
added as reguired to maintzin the desired inventory of
cach.

26. The pracess of claim 25 wherein the activity of
said lipase with respect to the hydrolysis of said fats is
restored by sequentially flushing said diaphragm with
three flushing liquids which enter said diaphragm at the
top layer and exit through means provided to bypass the
bottom layer, the first said flushing liquid comprising a
solution of water and a solvent suitable for the removal
of spent lipase from said support, the second flushing
liquid compnsing a broth of fresh lipase and the last
liguid comprising water.

27. The process of claim 25 wherein said hydrolyzing
conditions comprise a temperature high enough to en-
able said fat to be in liquid phase and less than the deac-
tivating temperature of the lipase and a residence time
of about 20 minutes to about 60 minutes.

28, The process of claim 25 wherein the average
diameter of said fibers is about 3 to about 7 microns.

29. The process of claim 25 wherein the openings in
said hydrophobic filter cloth are from about 3 to about
3 micrans in size.

30. The process of claim 25 wherein said lipase being
immobilized on said suppont by adsorption from aque-
ous solution either without pretreatment or following
pretreatment of said structure only by wetting with a
polar water miscible organmc solvent in which said poly-
mer is insoluble and which does not deactivate said
lipase.

31. The proes=ss of clatm 30 wherein said microporous
structure is cellular and comprises o plurality of substan-
tially spherical cells having an average diameter from
about 0.5 1o about 100 mricrons, distributed substantially
uniformly throughout the structure, adjacent cells being
interconnceted by pores smalter in diameter than said
microcells, the ratio of the average cell diameter 1o the
average pore diameter being from abouwr 2:1 10 about
200:1, said pores and said cells being void.

32. The process of claim 30 wherein said microporous
structure is cellular and charucterized by a C/F ratio of
from about 2 to about 200, an S value of from about 1 1o
about 30, and an average cell size from about 0.5 to
about 100 microns.

33. The process of ¢claim 30 wherein said microporous
polymer structure is isotropic and is characterized by an
average pore diameter of from about 0.1 to about 5
microns and an S value of from about 1 to about 10.

34. A process for the hydrolysis of fauts comprising a
series of a1 least two suages in senies, each stage compris-
ing the phases and diaphragm as defined in claim 25, the

L SUETAEAY |

0

w

L)
w

40

45

55

&5

22

liquid flow in sai¢ series being considered downstream
with respect to the direction of flow of the non-aquecus
phase from one stage to another in said series, the direc-
tion of flow of the aqueous phase from onc stage to
another being considered upstream and countercurrent
10 said non-agueous phase, the liquid fat to said process
being introduced into the lower phase of the first up-
stream stage in said series and the water to said process
being introduced into the upper phase of the last down-
stream stage in said series, an aqueous stream from the
upper phase of cach stage being passed to the upper
phase of the next upstream stage, except that the ague-
ous stream from the upper phase of said first upstream
stage is withdrawn as the glycerol product stream, the
non-agqueous stream from the uppermost phase of each
stage being passed to the lower phase of the next down-
stream stage, except that the non-aqueous stream from
the uppermost phase of said last downstream stage is
withdrawn as the fatty acid product stream.

35. A process for the hydrolysis of fats comprising
maintaining a suspension comprising lipase immobilized
by adsorption from agueous soiution on particles of a
microporaus structure comprising a synthetic hydro-
phobic thermoplastic aliphatic clefin  polymer and
blends thereof, said structure having not being pre-
treated, or having been pretreated prior (o said adsorp-
tion only by wening with a polar water miscible or-
ganic solvent in which such potymer is insoluble and
which does not deactivate said lipase, said suspension
being in a liquid reaction mixture comprising fats and
water by the continuous addition thereto of a stream of
liquid fats and a stream of water, and by the continuous
withdrawal thercfrom of a portion of said mixture con-
taining reaction products comprising fatty acids and a
glycerol solution, the concentration of lipase in said
liquid reaction mixture being at icast about 556 grams
per liter of reactor volume per liter per hour of liguid
fats added.

36. The process of claim 35 wherein said hydrolyzing
conditions comprisc a residence time of from about 2 to
about 60 hours and a temperature sufficicnt to maintain
liquid phase and less than the deactivating temperature
of the lipase.

37. The process of claim 35 wherein a stirring means
js operated in said rcaction mixture to maintain said
suspension.

38. The process of claim 35 wherein said portion of
said reaction mixture withdrawn is passed through 2
filter means to enable recovery of said products and the

retention of said particles in said reaction mixture.
L] * L4 » L
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Chemical enzymatic conversions are conducted by con-
tacting an aqueous solution of the substrate with a gran-
ular immobilized enzyme, the substrate solution being
passed through several series-connected, separatc fluid-
ized beds of the granuvlar enzyme, while the enzyme
particles are passed from one fluidized bed 10 the next
countercurrently and against the direction of flow of
the substrate solution. Multi-compartment reactor col-
umns are also disclosed.
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1
ENZYMATIC CONVERSION PROCESS

BACKGRQUND OF THE INVENTION

The invention relates to a process for effecting a
chemical conversion by contacting a substrate in the
liquid phase with an immobilized enzyme.

It is known 1o chemically convert an organic or inor-
ganic compound into one or more other compounds by
putting a selution of the substrate into contact with an
immobilized enzyme or mixture of enzymes. Chemical
conversion here comprises any change of the molecular
structure of an organic or inorganic compound, such as
those cavsed by hydrolysis, oxidation, reduction, isom-
erization, or racemization. Enzymes can be immobilized
by physical or chemical binding to an organic or inor-
panic malterial or by crosslinking the enzyme or cell
material with enzymatic activity, optionaily in the pres-
ence of a filler.

On a technical scale, glucose is thus.converted into a
mixture of glucose and fructose by mcans of immobi-
lized glucose isomerase, and N-acetyl L-amino acids are
deacylated by means of immobilized amino acylase. In
this process it is customary 1o pass the solution of the
substrate through a fixed or fluidized bed of immobi-
lized enzyme particles. Owing 1o the loss of enzymatic
activity, the content of the reactor must be renewed at
intervals. For reasons of process economy, it is custom-
ary in nearly all cases to replace the immobilized en-
Zyme preparation as snon as its activity has dropped to
a given value, usuvally 20 to 25% of the original activity,
beth in a discontinuous process in a single reactor and in
4 semicontinuous process in a single series-connected
reactors. A drwaback of this process is that the residual
activity of the enzyme preparations is not utilized.

The vse of 0 fixed bed of enzyme particles has the
additional drawback that the pressure build-up of such a
bed is great owing to coagulation or swelling of the
enzyme particles. It is also possible that channels are
formed in the fixed enzyme bed. It is an object of the
present invention to provide a process in which the
enzymatic activity of the enzyme preparation can be
utihized fulty or almost fully, Another object is to make
the conversion of the substrate as complete as possible.

DETAILED DESCRIPTION OF THE
INVENTION

According to the present invention, the chemical
conversion of 1 compound is effected by putting an
aqueous solution of the substrate into contact with a
granular immuobilized ¢nzyme so that the substrate solu-
fion is passed through a number of series-connected,
separate fluidized beds of granular immobilized en-
zyme, while the enzyme particles are passed discontinu-
ously from a {fluidized bed 10 an adjacent Nuidized bed
countercurrently against the direction of flow of the
substrate solution.

Some advantages of the process according (o the
present invention are that it can be effected continu-
ousiy in a direct manner that the enzyme preparation
can be used until the activity has dropped to only a
small percemtage of the original activity, that the pres-
sure differences over the column are small, and that the
degree of conversion of the substrate can be very high,
especially when dilute substrate solutions are used. A
further advantage is that the costs of construction and
operation of the column used according to the present
invention are lower than for known processes even
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when the process is conducted untit 20 or 25% of the
activity remains, as in the known processes mentioned
above.

The process of the present invention is conveniently
conducted in a column reactor filled with liquid, the
column being divided by horizontal partitions, which
are pervious to the substrate solution, into several su-
perposed compartments, each such compartment con-
taining a Auidized bed of granular immobilized enzyme.
The reactor is provided with means for the transport of
enzyme from one compartment to the next against the
direction of flow of the substrate solution. A column
reactor of this type is compact and can be constructed
and operated in a simple manner.

According to onc process aspect of the present inven-
tion, a granular immobilized enzyme is used with a
specific gravity lower than that of the substrate solu-
tion. In this case the substrate solution is fed to the top
of the column and discharged at the bottom, while the
fresh immobilized enzyme is fed to the lowest compart-
ment of the column. An immobilized enzyme for use in
this embodiment can be obtained by immobilizing a free
eazyme by cross-linking in the absence of fillers, or by
using a filler or support of low specific gravity in the
immobilization. In this casc the fluidization is brougit
about by the tendency of the enzyme particles to rise in
the contacted liquid and the oppasite downward force
of the flow of substrate solution.

It is preferred to use a granular immobilized enzyme
with a specific gravity greater than that of the substrate
soiution. In this casc thc substrate solution is passed
upwards through the column and fresh enzyme s fed 1o
the top compartment of the reactor. From the top com-
partment of the reactor it is passed successively through
the lower serics of compartments, in cach of which the
enzyme loses part of its activity. A more detailed discus-
sion of this embodiment follows. This cmbodiment is to
be preferred us it is compatible with the technological
know-how of fluid-beds and allows greater variation in
the types of granular immobilized enzyme to be used.

The process according to the present invention has
some marked advantages in addition to the utilization of
the enzyme and the almost complete canversion of the
substrate as mentioned above. Thus, the column can be
operated at a constant feed rate of the substrate solution
and, unlike the reaction in a fixed bed, it is not nccessary
to make up for the loss in activity of the enzyme prepa-
ration by decreasing the amount of substrate supplied 1o
the column. In conversions in which a gascous reactant
is used, such as air in oxidative conversions, the sir may
be fed to the bottom of the column. A number of sieve
trays or grids are used causing the gas to be redistrib-
uted over and over again, and no channels or large gas
bubbles are formed.

The reaction conditions can be accurately and conve-
niently controlled by adding some reactants or auxiliary
substances to one or more of the compartments. For
instance, when a base or acid is released in the conver-
sion, the best pH can still be maintained by adding an
acid, base or buffer to the column as required in one or
several places.

Substrate characteristics can be matched with en-
zyme aclivity requirements most conveniently accord--
ing to this process. Thus, if the substrate itself has an
activating effect, this effect is utilized fully, as the sub-
strate concentration is highest in those parts of the reac-
tor where the enzymatic activity of the enzyme prepa-
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ration has fallen most. Conversely, inhibition, if any, by
the conversion products or byproducts causes compara-
tively less interference, as the concentration of such
inhibitors is highest in those places where the activity of
the enzyme preparations is also highest. The process
furthermore has the advantages inherent in the use of a
fluidized bed, such as beuer temperature coutrol,
proper transfer of matter, and reduced susceptibility to
contamination, such as infections and bacierial growth.

The process of the present invention is particelacly
suitable for effecting reactions that take place fully or
partly in the Michaclis range. In this range, the conver-
sion rate depends not only on the enzymatic activity,
but also on the substrate concentration. The substrate
concentration is low in the vpper part of the column,
but the activity of the immobilized enzyme preparation
is high, so that a satisfactory conversion rate can still be
reached. As a result, the process of this invention can be
used for conversions with an enzyme with a low Mi-
chaelis constant and for conversions that have to pro-
cecd as completely as possible. Some examples are the
treatment of waste water from which materials such as
phenol sre removed by means of phenol oxidase, or
urea is removed by means of urease; the treatment of
aoptically active substrates, such as the preferential hy-
drolysis of L-phenyl-glycine amide in the presence of
D-phenyl-glycine amide by means of amino-acid amide
deamidase; and the conversion of peniciilin G into 6-
amino-penicillunic acid by means of penicillin amidase.
The advantage of the invention clearly appears from the
fact that the urea content of a waste-water flow can be
reduced to below 10 p.p.m. by the present process.

The process according 1o the present invention fur-
thermore has the advantage that the apparatus required
is simpler 1o construct and to operate. In the known
processes at most three or five reactors could be ar-
ranged in series. In such system the reactor that has
operated longest may be shut down at regular intervals,
emptied and filled with fresh enzyme and started again
as the last of the series. Each time the substrate solution
is connected to another reactor. A larger number of
reactors is hardly feasible because of the cost and the
pressure drop across the system. In the invention ten or
more fluidized beds can be used in serics without any
prablem, so that the enzyme can be more efliciently
uscd and a more completle conversion of the substrate s
possible. .

The transport of enzyme particles from one compart-
ment to the next lower compartment may be effected in
vartous ways, illustrative embodiments of which will
now be described. As a first embodiment, overflow
pipes may be installed that pass through the partition
between two compartments and connect the two com-
partments. The overflow pipe ends at the 1op side at
some distance over the partition. The distance between
the end of the overflow pipe and the partition is the
mazximum height of the fluidized bed. When fresh en-
zyme particles are fed to the top compartment, the
height of the fluidized bed rises and the surplus flows
through the overflow pipe to the next lower compart-
ment, where it causes the transport of enzyme particles
to the next Jower compartment. Enzyme particles that
have completely lost their activity or nearly all of their
activity are discharged from the lowest compartment.

[n this first embodiment, the partition between the
compartments permits passage of the substrate solution
only. under normal operating conditions. The partition
used may be a sieve plate or guaze. The overflow pipes
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may also be arranged to extend to the outside of the
column with cutlet opening in the column wall. The
lower side of the overflow pipe ends in the fluidized bed
and preferably tapers towards the end. The pipes are
staggered with respect to each other. A column reactor
of this type is simple to construct and to operate. A
minor drawback is that the flow rate of the substrate
solution must be controlled properly, otherwise the
fluidized bed might expand too strongly at peak values
of the flow rate, so that enzyme products would flow
prematurely to the lower compartment. .

Enzyme particle movement and transfer may also be
controlled by praviding cach compartment with a pipe
through which enzyme particles cam be discharged 1o
the next lower compartment by a pump, optionally by
way of a buffer vessel. The procedure may be such that
the enzyme is first discharged from the lowest compart-
ment. Next, the enzyme is pumped from the last com-
pariment in the form of a slurry which is transferred to
the lowest compartment, optionally by way of a buffer
vessel. In this embodiment the flow rate of the substrate
solution is much less critical. The larger investment in
equipment pipes and a pump is usually ofTset by greater
reliability in operation.

The transport of immobilized enzyme particles can
also be controlied by partitioning the compartments
using sieve trays or other functionally equivalent mem.
bers that do not allow enzyme product to pass at a liquid
flow rate of over a given predetermined threshhold
value, but do allow enzyme product to pass to the next
lower zone at a flow rate between the minimum fluid-
ization rate and that threshhold value. Such a partition
may consist of a plate with a number of adjacent trun-
cated conical recesses that are open at the lower end. In
this case the liquid feed is reduced periodically, so that
the enzyme particles sink (o the lower zone and ex-
hausted enzyme particles are discharged from the bot-
tom of the column while an equal amount of fresh en-
zyme purticles is supplied to the top of the column.

It will be understood that further embodiments for
the transport of the enzyme particles are possible. Use
might also be mede of tray s provided with valves, cither
located flush with the surface or mounted in short over-
flow tubes. If the above-described methods, the hrst
two are preferred because of their simplicity and reli-
ability.

The reaction conditions are preferably selected such
that the reactivity of the enzyme discharged from the
reactor is al most 10 to 15% of the initial activity, and,
preferably, less than 5% of the starting activity. Under
certain conditions it may be advantageous, as described
below hereinafter, to have one or more compartments
even contain fully desctivated enzyme. Other reaction
conditions will depend on the nature of the liquid phase
substrate being treated and the particular enzymatic
conversion or conversions to be accomplished. In some
cases il may be economically sound to carry out the
reaction under such conditions that the residual activity
of the discarded ¢nzyme is somewhat higher, for in-
stanct between 13% and 20% of the initial activity.

The typical reactor will include at least three scparate
compartments and, preferably, at least five. For practi-
cal reasons, one will preferably use a reactor from § to
20 compartments. The compartments, or the fluidized
beds contained in them, need not all have the same
volume.

The average retention time of the granular immobi-
lized enzyme in the reactor 10 a farge extent depends on
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whe type of enzyme. the substrate and the reaction con-
ditions. The average retention thne will generally range
between about 2 week and several months. The average
retention time of the substrate in 1he reactor depends on
a number of factors, some of which include the type of
substrate, the type of enzyme, the subsirate concentra-
tion and the desired degree of conversion. The average
retention time of the substrate generally ranges between
0.5 and 120 minutes, in most cases between 5 and 60
minutes.

The substrate to be converted is fed into the reactor
in the form of a solution, preferably aqucous, that may
opticnally contain other reactants as may be required,
such as pH regulutors, activators, agents for binding
interfering impurities, and inert compounds. Emulsions
may also be used. If so desired, the substrate sotution
may bheen pre-treated, such as by degassing, steriliza-
tion, treatment with activated carbon, or similar cus-
tomary procedures. The substrate solution first contacts
the enzyme product that has fully or largely lost its
enzymatic activity.

The substrate solution rnay contain impurities, for
instance, heavy metals, that deactivate the enzyme by
physteal or chemical combination with the enzyme. In
this case it ts advantageous to use a first zone containing
a sufficient number of enzyme particles such that the
impurities are substantially or completely to the enzyme
particles that are then discharged from the system.

The concentration of the substrate in the solution
may vury within wide limits, the only requirement
being that the solwtion can still cause proper fluidization
of the enzyme particles as described above. If the con-
version step is part of a synthesis system, the substrate
concentration may be as much as 50% by wecight or
maore, but in most cases it will be between about 5 and
about 30% by weight, which also depends on the solu-
bility of the substrate. However, if the object of the
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cornversion is to remove impuritics, the concentration is .

usually much lower, in the order of abour 0.01 to about
19 by weight. The rate a1t which the substrate solution
15 passed through the column primarily depends on the
fluidization behavior of the enzyme particles and the
reactor design. The optimum flow rate can be deter-
mined from theoretical calculations or ests by a skilled
aperator. In most cases, a low rate of between about 0.5
and about 20 cm/sec may be used.

The granular enzyme products used in the process of
the present invention are prepared in various ways.
Preference is gencrally given to products of a granular
organic or inorganic support to which the enzyme,
cells, or cell parts containing enzyme have been bound
either directly or by means of a coupling agent. Prod-
ucts obtained by cross-linking enzymes ar cell materials,
optionally in the presence of a filler, followed by shap-
ing or any other process yielding fluidizable particles
are also used. Various other enzyme products may be
used, for instance, producis obtained by precipitation of
enzymes or a cell marenal with a flocculant, followed
by moiding, or products gblained by incorporation of
enzymes or cell material in an organic polymer matrix,
ur binding cnzymes or cell material 1o 2 polymer, which
may be cross-linked. Particularly suitable supports or
fillers include glass, sand, silica, carbon, alumina, zirco-
mium oxide, titanium exide and metals such as nickel. If
desired, the support or filler may have been pretreated
1o effect a better bond. Specific coupling agent may be
selected from poly-functional compounds such a glu-
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6
taric aldehyde, silanes, polyisocyanates, azides, polycar-
boxylic acids and anhydrides thereof.

The overall dimensions, shape and specific gravity of
the particles of the enzyme product are chosen such
that these particles are readily fluidized and do not anly
slightly separate into various fractions under operating
conditions. As is generally known and reported, there
exists a relationship between the diameter and shape of
the particles, their specific gravity, and the flow rate to
be used in the fluidized bed in the liquid phase. When
possible, the dimensions and shape of the particles are
selected such that the bed expansion is about 2 a1 a flow
rate of about 4 to about 5 cm/sce. The specific gravity
of the particles depends largely on the amount and the
nature of the filicr.

Many of the granular enzyme products useful in the
present invention are themselves described in the art,
including their manner of peeparation, physical size and
properties as well as their biological specificity for the
substrate which is to be treated. The physical aspects of
these granules such as specific weight and size are se-
lected so as to be funclional to best advantage in the
process of the present invention by maintaining a sub-
stantially or completely fluidized condition in the sub-
strate liquid under operational conditions.

The particular type of enzyme used in the process of
the present invention depends upon the type of enzy-
matic conversion desired provided. of course, the en-
zyme has sufficient activity once immobilized to carry
oul the required conversion. The choice of enzyme type
need not be limited and as representative classes or
types of enzymes belonging to the classes of the hydro-
lases, the oxidascs, the isomerases and the transferases
may be used. Some specific examples include amino-
acid acylase, amino-acid amidase, peptidase, urease,
phenol oxidase, inulase, luctase, asparaginase, fumarase,
glucose-oxidase, penicillin amiduse, hydantoinase, tryp-
sin, papain, chymotrypsin, aminopeptidase. It is also
possible to use a mixture of enzymes instead of only one
enzyme. One may also feed an additional amount of
granular immobilized enzyme into the column at a posi-
tion belween the inlet and outlet of the epzyme. This
additional enzyme may be un ¢nzyme type other than
the one fed 1o the top of the column.

The temperature at which the conversion reaction is
conducted is selected within the range defined by the
melting point of the substrate solution and the tempera-
ture at which the enzyme is deactivated, which range is
generally between 0° and 80° C. and preferabty between
about 20° and about 60° C. It will be apparent that the
temperature chosen depends primarily on the enzyme
used.

The pressure at which the conversion is effected is of
little importance in most cases the process is conve-
niently conducted a1 approximately atmospheric pres-
sure. If gaseous reactants are used in the conversion, or
gaseous products are formed, it may be sdvantageous to
use a higher reaction pressure in order to maintain the
gascous compounds dissolved in the ugueous phase. As
an example, in the decomposition of urea with immobi-
lized urease, an absolute pressure of between § and 10
bar may be used in order to keep ammonia and carbon
dioxide in solution. The reaction may also be effected at
a lower pressure so that gascous reactants or products
are present. In this case the column must be provided
with a gas-liquid separator connected to a gas outlet.

The pH at which the conversion is effected is selected
such that the optimum enzymatic activity of the immo-
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bilized cnzyme is obtained which, or course, is related
to the particular enzyme employed. In most cases this is
a pH of between 6.0 and 8.0. However, there are certain
enzymes which may used at a much lower pH such as
between 3.5 and 5, or on the other hand, at higher pH
such as between 8.5 and 10.5. The skilied operator will
casily determined the appropriate pH required for opti-
mum activity of the cnzyme or enzyme system uscd.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention, in both its process and appara-
tus aspects will now be elucidated with reference to the
appended drawings, in which

FIG. 1 is & cross-section view of an interconnected
campartment counterfllow fluidized-type reactor; and

FIG. 2 is a part schematic, part-cross-sectional view
of a multi-compartment resclor including a common
transfer pipe system, and associated fluid transfer equip-
ment according to the present invention.

DETAILED DESCRIFTION OF THE
DRAWINGS

In FIG. 1 a column reactor 118 provided at the bot-
tom with a supply tube 2 for substrate solution and at
the top with an owtlet 3 for the discharge of the con-
verted product sotution. The column is also provided at
the top with an enzyme supply tube 4 for immobilized
granular enzyme in dry form or in the form of an aque-
ous slurry.,

A nuinber of horizontal sieve trays 5, §°, 5 divide the
column into a corresponding number of compartments
containing fluidized beds 6, 6’ and 6" of enzyme parti-
cles. The compartments comimunicate through over-
flow pipes 7, 7' and 7"

Overflow pipe 8 from the lowest compartment be-
comes a discharge pipe 9 for the exhausted enzyme,
which is connected through valve 10 with a scttling
vessel or ather means for separating und discharging the
enzyme.

Under operating conditions the column is completely
Nlled with liquid; the substrate solution is passed
through the column from the bottomn to the top. The
level of the fluidised beds is preferably maintained
somewhat below the top of the overflow pipes. Just
before fresh particulate immobilised enzyme is fed 10
the column the level of the fluidiscd beds may be
brought up to the top of the overflow pipes by increas-
ing the liquid tow. Intermittently an amount of fresh
enzyme in the form of a sturry is forced in the cojumn
through valve 11 and conduit 4. This causes a transport
of enzyme downwards through the column and dis-
charge of cnzvme through overflow 8, pipe 9 and valve
1), The outlet may be connected to a gas-liquid separa-
tor 12, If the presence of enzyme particles in the prod-
uct solution is not 1olerated, utlet 3 may also be con-

‘nected ta a flter in order to remove any fine particles
that may have been entrained by the liquid flow.

Anather embaodiment of the nvention is shown in
FIG. 2 in which the column reactor 21 is provided with
a number of sieve trays 22 1hat divide the reacior inte a
corresponding number of compartments o, b, ¢, d and e.
The reaclor is also fitted with a supply tube 23 for Lhe
subsirate solution, an outlet 24 for the process liquor
containing the substrate, and a feed tube 25 for fresh
granular enzyme. Each compartment is provided witha
pipe 26 connected to a common pipe 27, which in torn,
terminafes in a storage tank 28. Storage tank 28 is pro-
vided, at the top, with a liquid discharge pipe 29 that is
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connected to the suction side of a pump 33. Tank 28 is
also provided, at the resiricted side, with a liquid feed
pipe 30 that is connected to the delivery side of pump
33. Pipe 31 connects pipe 24 1o the suction side of pump
23 and pipe 24 connects the delivery side of pump 33 to
pipe 23. Valves 35, 35’ and 35" arc provided in pipes 26,
26" and 26". Pipe 29 is provided with valve 36, pipe 30
with valve 38, pipe 31 with valve 37, and pipe 34 with
valve 39. Pipe 27 is connected to a discharge pipe 32
with valve 40 for discharging the exhausted cnzyme,

Under normal operating conditions the entire system
is Mled with liquid and all valves are closed. The sub-
strate solution flows upwardly through the column and
keep the enzyme in each of the compartments a through
3 in a fluidized state. In the enzyme transfer mode the
enzyme in compartment ¢ is empticd first. While the
supply of substrate solution is maintained unchanged,
pipe 33 is started and valves 35, 36 and 39 are opened.
As a result, the enzyme pacticles are passed in the fluid-
ized state or as a slurry from compartment ¢ through
conduits 26 and 27 into tank 28,

The liguid flow thus transferred is so small that con-
ditions in the other compartments hardly change. Com-
mon pipe 27 terminates at the bottom of tank 28 which
is provided with a restricted poriion which serves to
promote discharge of the particles under conditions of
permanent fluidization. As the liquid flow pumped
through pipes 29 and 34 is small, the enzyme particles
collect in tank 28 in the fluidized state while pipes 29
and 34 and pump 33 remain free of solids. When all the
cnzyme has been removed {rom compartment ¢, valves
35, 36 and 39 are closed and valves 37, 38 and 40 are
opened. The enzyme particles are then pushed (rom
tank 28 and discharged through pipes 27 and 32. In the
next step, the contents of compartment d are trans-
ported to the tank in the manner described above and
then transporied to compartment ¢. Likewise, the con-
tents of the other compartments are transferred o the
next lower compartment. Finally 4 charge of fresh en-
zyme particles is fed to the top compartment. If so de-
sired, the various pipes, valves and the intermediate
storage tank may be provided with connections 10 a
rinsing system for rinsing the cquipment with clean
waier.

It will be noted that the pipes 26. 26, 26" and 26
extend inte the fluid beds at an angle of for instance
between 30 and 80" to the horizontal. The purpose of
this positioning is so the interior of these pipes stays free
of solid particles when valve 35 is closed. The restricted
lower portion of the intermediate storage tank is impor-
tant to ensure that all enzyme particles can be removed
from the tank again with the aid of the delivery pipe.
The transport medivm used for cmptying the various
compartments is substrate solution, which is returned to
the column, The medivm used to fill the various com-
partments is the substrate-free cffluent. In this manner,
contamination 18 avoided. For convenienee of illustra-
tion, a reactor having only five compartments is shown
in the figure. 1t will be understood that a greater aum-
ber of compartments, such as 10 or more, will be used in
a practice with this type of reactor.

The partitions may consist of sicve trays provided
with apertures having a diameter grealer than the size
of the particulate matcrial. If the liquid Row decreases
or is interrupted. The enzyme could in such case fall
down the length of the column and gather at the bot-
tom. In order to avoid this other partitions, e.g. bubble-
cap trays, may be used or obstructions may be provided.
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Very suitable are beams, Of triangular cross-section
mounted above each row. of aperturés, such that the
basc of the beam which is wider than the diameter of the
apertures is at a small distance above the surface of the
tray, The subsirate solution can flow upwards through
the apertures and the space between the tray and the
base of the béam. If the liyuid flow decreases, the partic-
ulate material- gathers and seules i the through-like
space between adjacent beams. When the liquid flow
again reaches the fluidisation velocity the particles
move upwards and are fluidised.

The invention will be further described by means of
the following working Examples. Unless otherwise
indicated all parts and percentages are by weight.

EXAMPLE 1

150 grams of sand (screening fraction 175-250 pm)
are added with stirring and under nitrogen conditions
2150 ml of fermentation liquid obtained by culturing
Baciilus pasteuri in a 5-liter vessel. Then over a period of
10 minutes, 350 ml of 0.1% solulion of the flocculant
Pracstol 44 K were added, after which stirding was
continued for another 15 minutes. The precipitate was
filtered and washed threc times with 300 ml of water
contgining 1 mmolAl of mercapto-ethanol. The solid
mass consisting of sand and cellular material was dried
at 55° C. and a pressure of 16 kPa for 2.5 hours. 151.2
grams of dry solid product were obtained.

fn the next stage, 149 g of the solid mass were stirred
in a mixture of 175 m! of acetone and 69 ml of an aque-
ous solution of mercapto-ethanol (1 mmol/1) while ni-
trogen was passed through. Over a period of 2 minutes
6.5 m! of a 209 aqucous solution of glutaric dialdehyde
at 3 pH of 7.0 were added 10 this suspension at room
temperature, after which stirning was continued for
another 20 minutes. The solid mass was then filtered,
washed four times with 150 ml of aqueous mercapto-
ethanol soluton {1 mmol/), dried for 2 hours at 50" C.
under reduced pressure (16 kPa) and ground into parti-
cles. ‘

The urease activity of the resulting granular product
was 28.5 units per gram of solids. The activity was
determined according to known procedures by adding
2.0 g of sotids 10 50 mi of a 27% urea solution in a 0.1
mofar Sorensen glycine buffer with a pH of 9.2 at a
temperature of 40° C. The amount of CO; formed at 40°
C.in 15 minutes was determined calorimetrically, The
activity was expressed in units, being the amount of
substrate, in micromoles, that is converted per weight
unit of enzyme in one minutg.

When the sand cousists of the screening {raction in
excess of 250 pm granelar immobilized enzyme is ob-
tatned which has an acuvity of 26.6 units per gram of
sotids.

These granular enzyme preparations are used in the
apparatus described in the following Example.

EXAMPLE 2
Flow Rate And Bed Expansion Study

A reactor for conducting the process according to-

the present invention consisled of a tube with an inter-
nal diameter of 114 mm and a length of 2200 mm, in
which six trays were fitted 300 mm apart. Each tray was
pravided with 42 apertures 2 mm in diameter and was
perforated by an overflow pipe 11 mm in internal diam-
eter extending 100 mm above the tray and 280 mm
below the tray. The lower end of cach overflow pipe
was tapered to a diameter of 5 mm. The lower end of
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" the tube commuricated with a collecting tank fitted
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wirh stop-cock for exhausted enzyme and a liquid feed
pipe. The tube was provided at the top with 2 liquid
outlet. The apparatus'can be used at flow rates of up to
0.05 m/s. At a flow rate of 0.01 m/s the bed expansion
is about 2 if particies having an irregular shape with a
diameter of 176-320 um and a spccific gravity weight of
2650 kg/m? are used. When particies of 516-840 um in
diameter are used a bed expansion of 2 is reached at a
flow rate of 0.025 m/s.

EXAMPLE 3
Treatment of Urea-Containing Waste Liquid

Waste-water containing 1.0 wt. %6 of vera can be
treated by the process according to the present inven-
tion in a reactor formed by a column 9.45 m length and
.20 m in internal diameter that is divided, by means of
horizontal sieve trays, into ten compartments cach with
a height of 0.67 m and containing 453 kg of immobilized
urcase granules in the fluidized state. The sicve trays are
designed as described in Example 2 and are provided
with overflow pipes reaching to 0.46 m above the trays.
The top of the column is provided with a liguid inlet
unt the bottom is provided with a liguid outlet. A feed
pipe for fresh immobilized cnzyme empties itself in the
top compartment and the overflow pipe of the lowest
compartment is connected to a discharge line.

A suitable enzyme preparation is obtained by immobi-
lising cell material containing urease, obtained from a
culture of Bacillus pastenri. with sands as a filler in a
weight ratio of 1 to 5. A fluidisable particulate material
is thus obtained with an average particle size of 300 to
700 um, a specific gravity of 1780 kg/m3, un initial
activiry of J00 units/g and a half-life of 1000 hours. The
fluidisation velocity is from 0.0035 to 0.025 m/s. The
amount of waste-water is about 30.9 mi/hr, at a pH of
about 9, a temperature of 35° C. and a pressure of 300
kPa. Each compartment contains 45} kg of cnzyme
preparation and under normal conditions the bed height
is 0.45 m. The amount of urea left in the treated waste-
waler and the residuid activity of the enzyme which is
discarded both depend on the amount of fresh enzyme.
If 72 kg of the fresh particulate immobilised enzyme are
introduced once every 48 hours, the treated solution
will contain about 10 ppm of urea and the activity of the
enzyme discarded will be about 9% of the initial activ-
ity. If 100 kg of enzyme are introduced once every 48
hours the treated solution will contain about 2 ppm of
urea and the activily of the enzyme discarded will be
about 16.5% of the initial activity.

What is claimed is:

1. A continuous process for the enzymatic chemicat
conversion of a substrate solution by contacting the
substrate solution with granular immobilized enzyme in
an expanded or fluidized state, said process comprising:

(2) passing a substrate solution coniinuously in an

upward direction through a single column reactor
which is divided by horizontal partitions pervious
to the substrate solution into at least three compart-
menis, cach compartment containing a fuidized
bed of granular immobilized enzyme having a spe-
cific gravity greater than that of the substrate solu-
tion, said partitions being substantially impervious
to the granular enzyme

{b) periodically passing said granular immobilized

enzyme in a downward direction from each com-
paniment to the next lower compartment, fecding
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fresh enzyme to the upper compartment and dis-
charging spent enzyme from the lowest compan-
ment, and
(c) continuously removing the solution containing
converted substrate from the top of the column,
2. The process according to claim 1 wherein the
granular immobilized enzyme has a specific weight in
excess of about 1.0 and is passed downwardly while the
substrate solution passes through ssid enzyme in an
upward direction.
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3. The process according to claim 1 wherein said
discharged spent enzyme has less than about 13% of its
original enzymatic activity.

4. The process according to claim 3 wherein said
discharged spent enzyme has less than about 5% of that
original enzymatic activity.

S. The process according to claim 1 wherein said
column reactor contains from 5 to 20 of said compart-

ments.
L
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Vorrichtung zur Optimierung biclogischer Festbett-Reaktoren

Beschreibung

Die Erfindung bewrifft efne Vorrichtung zur Optimierung kontinuierlicher
biologischer Prozesse far die mikrobielle Wirkstoffproduktion oder auch
Behandlung von Emissionen in Bereichen, in denen triagerfixierte Mikro-
organismen einen Vorteil darstellen.

Es ist bekannt, Abwasser und Abluft biclogisch mit Hilfe von immobili-
sierten oder suspendierten Mikroorganismen in Form von Tropfkérper-Rie-
selfilm-Systemen oder auch mit eingetauchten Tragermaterialien in Form
von Scheiben, Waben, "Lockenwickler"-Paketen oder Pellets unterschied-
licher Ausprigung von Aktivkohie bls zu Schaumstoffwilrfein zu reinigen
(s.d. zusfiihrlich KUNZ, P.: Behandlung von Abwasser - Kapitel 5, Vogel-
Verlag, Wirzburg; 3. Atuflage 1992). :
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Weiterhin ist bekannt, daf} auf Festbetten immobiiisierte Mikroorganismen
Vortelie bel der imikrobigiien Syinihese von Wirkstoffen in der pharmazeu-
tischen und chemischen Produktion bringen {vgl. SCHUGERL, DELLWEG,
EINSELE/FINN/SAMHABER: Grundlagen der Biotechnologie,

Bioverfahrenstechnik u.s.w.).

Weniger bekannt sind die in der Praxis mit dem Einsatz der Festbetten ver-
bundenen Probleme und Nachteile: Zum einen Oberziehen sich im Laufe
der Zeit die eingesetzten Trdgermaterialien mit unkontrollierbaren Biofilm-
schichten, so daR ein groRer Teil der Blomasse abstirbt oder ineffektiv ist,
weil der Stoffaustausch mit dem Fluid zu gering ist. Zum anderen wachsen
die Zwischenrdume zu. Als Vorteil von Submersreaktoren wird weiterhin
beispielsweise im Vergleich 1u Festbettreaktoren angefithrt, daR iiber die
Vermischung des Fluids eine gleichmdRigere Verteiiung der Inhaltsstoffe
und ein Zugriff auf die Biomasse besteht. Als Zwischending versuchte man
deshzalb schwebende Trager aus Schaumstoffwiirfeln (LINDE) oder
verschiedene Kohlesorten (Aktivkohle, Anthrazitstaub usw.) einzusetzen.

Der Erfindung liegt deshalb konkret die Aufgabe zugrunde, eine Vorrich-
tung zu schaffen, die die oben genannten Einsatzgrenzen der Verwendung
von leistungsidhigen immobilisierten Mikroorganismen aufhebt.

Die Aufgabe wird erfindungsgemall dadurch geldst, dal in den biologisch
virksanien Reaktionsraum eine Art "Foérderschnecke" eingebaut wird, die
selbst auch einen Triger fir die Besiedelung mit Mikroorganismen dar-
stellt, wobei der Raum lja'ngs der Forderschnecke durch geschlitzte oder ge-
fochte Trennbleche segmentiert ist und in die Zwischenrdume zwischen
Scineckenwende!l/ Trennblech/zyvlindrischer AuBenbegrenzung zusidrtzliche
Trigermaterialien in lockerer Form eingefillt werden. Die dabei verwen-
deten Tragermaterialien werden auf die jeweilige Aufgabe angepalt und
kdnnen angefangen bel sich auflosenden Calciumcarbonat-haltigen Struktu-
ren bis hin zu Tennisbali-groRen Kunststoffgerippen mit Nihtboden-Uber-
1ug den gesamten bekannten Trdgermaterialienbereich berspannen.
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Die Vorrichtung kann gemiR spezieller Aufgabensiellungen so gestaliet
sein, dall die Schnneckenwendei das zu benhandeinde Floid epher zum Ablauf
transportiert, um eine zielgerichtete Rohrreaktor-Kinetik zu ermoglichen;
sie kann aber auch entgegen dem Einlauf gerichtet sein, um dem Zulauf
stdndig aktive Biomasse entgegenzufiihren und eine ideale Vermischung wie
in einem idealen Mischungsreaktor innerhalb des jeweiligen Segmentes her-
beizuflihren.

Die Vorrichtung kann horizontal, schrdag oder vertikal aufgestellt werden.

Die Vorrichtung kann in einem zylindrischen Behdlter, aber auch in einem
rechteckigen untergebracht werden, wenn im letzteren Fall ein gitternerz-
artiger Kifig die Schneckenwendel in geringem Abstand umspannt. In
diesem Fall kénnen dber aulenliegende Einrichtungen zusatzliche
Versorgungsmaflnahmen der DBiomasse eingeleitet werden (Beliiftung,
Nihrigsungsdosierung usw.). Der umspannende Kiafig kann auch in
entgegengesetzter Richwung zur Schneckenwendel gedreht werden, um eine
noch bessere Durchmischung herbeizufiihren,

Die Vorrichtung ist weiterhin darauf ausgelegt, die Tricer auch enthehmen

7it kdnnen.

Die Vorrichtung kann auch ohne Segmentierung vorteilhaft sein, wenn die
Trdgermaterialien von Zeit zu Zeit entnommen und beispielsweise extern
reaktiviert werden sollen.

L .
Die Vorrichtung sieht in diesem Fall auch einen Umlauf der Trigermate-
rialien vom Kopf der Anlage zum Full, aber auch umgekehrt vor, wie auch
bei horizontaler Aufstellung von Anfang zum Ende und auch hier in umge-

kehrier Richtung.

Die Vorrichtung kann auch in einen vorhandenen biologischen Reaktor
{bspw. Abwasserreinigungsanlage aus Belebungsbecken) eingebaut und pa-
ralle! oder sequentiell angestrémt werden.

BNSOKGIY <DE 835056501 1 -
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Tragermaterialien in eine relative Bewegung zueinander zu bingen. In die-
ser Vorrichtunegsform lassen sich bestehende Scheibentauchk&rperanlagen

optimieren.

Die Vorteile des erfindungsgemallen Verfahrens liegen auf der Hand: In
einfacher Weise k&nnen die bekannten kinetischen Verfahrensprinzipien
nun auch in einem Festbettreaktor-System realisierc werden.

Die Biomasse-Konzentration kann im Vergleich zu Gblichen Festbettreaktor-
Systemen gewaltig erhdht werden, well die Stoffaustausch-Limitierungen
positiv beeinflufRt und Verstopfungen vermieden werden kdnnen. ;

Die erfindungsgemidle Vorrichiung Gberwindet somit die Leistungsgrenzen
der bekannten Festbetrverfahren. Das Prinzip ist duferst einfach und ro-
bust. Die Energiekosten sind vergleichsweise gering wie bei einem Schei-

benrauchkdérper-verfahren.

Die erfindungsgemille Vorrichtung ermdelicht den Betrieb als toral ae-
robes oder total anaerobes Reaktionssystem.

Anhand Figur 1 13Rt sich die Vorrichtung schematisch veranschaulichen:
Dzas Fluid strdmt uber den Zulauf {zu) in einen Trommelreaktar (a),
in dessen Inneren cine Schneckenwendel {d) eingesetzt ist. In auf den
jewejligen Anwendungsfall optimierten Abstinden weist der Trommel-
reaktor Trennelemente (b,e) mit Schlitzen oder Lochern auf, die das
Fluid passieren kann, jedoch die Tragermaterialien {(c) zuriickhalten.
Der Trommelreakior (a) kann dabei unterschizdiiche Zonierungen mit
(B) und ohne (A,C) Tragermaterialien enthalten. Die Trdgermateriali-
en kénnen (ber Schieber (nicht eingezeichnet) sowdhl aus den
Segmenten (hier B) Uber die Trommelwand oder 'Uber die Trennwand
{(hier e} entnomimen bzw. weitertransportiert werden.

| DAIDRELUT -
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Vorrichtung zur Optimierung bioltogischer Festbett-Reaktoren ¢
.P-axamfénsorﬂche
A

I, Vorrichtung zur kontinuierlichen biologischen Wirkstoffproduktion,
Reinigung von Abluft oder Abwasser mittels Festbetten, dadurch
gekennzeichnet, daR der biologisch wirksame Reaktionsraum in
mehrere Sektoren unterteift ist und eine Forderschnecke aufweist,
innerhalb deren Ziigen Tragermaterialien fiir den Aufwuchs von Mi-
kroorganismen eingebracht sind, die die einzelnen Sektoren nicht
verlassen kénnen.

2. Vorrichtung nach Anspruch 1, dadurch gekennzeichnetr, dall der
biologisch wirksame Reaktionsraum zylindrisch ummantelt ist oder
die Forderschnecke von einem gitternetzartig begrenzien Kifig um-
mantelr wird.

3. Varrichitung nach den Anspriichen | und 2, dadurch gekennzeich-
net, daR auRerhalb des gitternetzartigen Kafigs Einrichtungen fir
den Eintrag von Gasen oder Fliissigkeiten angeordnet sind.

4, Vorrichtung nach den Anspriichen it bis 3, dadurch gekennzeich-
net, dafl die Trdgermaterialien kugelfGrmige oder quaderfdormige,
offene oder geschlossene, im Inneren hohle, mit Querrippen ver-
sehene Kunststoffkdrper mit definierter Oberfliche sind.
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Vorrichtung nach den Anspriichen 1 bis 3, dadurch gekennzeich-
nat, daR die Trigermaterialien organisclier oder anorganischer
Natur sind und sich im Vertauf der Zeit aufldsen kénnen.

Vorrichtung nach den Anspriichen 1 bis 3 sowie 5, dadurch ge-
kennzeichnet, daR die Wand des biologisch wirksamen Reaktions-
raumes oder der gitternetzartige Kiafig Offnungen Zur Aufgabe und/
oder Entnahme der Trigermaterialien aufweist.

Vorrichtung nach den Ansprichen 1 bis 6, dadurch gekennzeich-
net, dal anstelle der die Sektoren begrenzenden geschlitzten oder
selochten Trennwinde eine Entnalhime der mit dem Fluid in Rich-
tung des Ablaufes transportierten Triagermaterialien durch eine seit-
lich neben dem biologisch wirksamen Reaktionsraum angeordnete
mechanische Rickfithrung der Tragermaterialien mdglich ist.

Vorrichtung nach den Anspriichen 1! bis &, dadurch gekennzexch-
net, daB anstelle der Forderschnecke ein Krahiarm emgebaut ist,
der die Trigermaterialien wihrend der Rotation des biologisch
wirksamen Reaktionsraumes in realtiver Bewegung zueinander halt.

Vorrichtung nach den Ansprichen 1 bis 8, dadurch gekennzeich-
net, dafl mehrere der genannten Vorrlchtungen parallel oder se-
quenu«ll angeordnet weirden.

Vorrichtung nach den Anspriichen 1 bis 9, dacurch gekennzeich-
net, daR die genannten Vorrichtungen in  einen groReren
Reaktionsraum eingebracht und sowohl an den Stirnseiten als auch
quer angestrédmt werden kénnen.

[
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Engineering of enzymatic reactions
and reactors for lipid modification and
synthesis

Xuebing Xu

Food Biotechnology and Engineering, BioCentrum-DTU,
Technical University ol Denmark, Lyngby, Denmark

1 Introduction

Enzymaltic lipid modification and synthesis have been
dramalically developed in the last 20 years from a simpte
labaratory idea at the beginning to an industrial reality at
vresent. This developmemnt has produced countiess sci-
entific publications woridwide through various channels. A
simple Literature search through uselul databases such as
131 and Faod Science and Technology Abstract can give
more than 3000 of re'aled publications in the area of
lipids. This development has also generated a varety of
polential products in every pan ot ipid processing and ap-
phicaiions. This in wen has atiracted wide altention from
our related industry sectors, A strong push from this trend
1o the industrial strategies for future development has
been quielly under way. More and more companies have
arganized their efforts to expioit the possibility using en-
zyme technology for their luiure commerciat business. So
far more than len international companies have used en-
zyme technology for their product development and in-
rhasteial praduction. Alew products are also in commercial
markets such as human mitk fat substitutes {HMFS}, co-
coa butlar equivalants (CBE), contectionary anti-bloom
agents, diacylglycerol (DAG) cooking oil, polyunsaturated
fatty acid concantrates, etc.

Thase interesting progresses are fargely altribuled 1o the
developmeat of micro-agueous enzymology, Traditionally,
enzymes of such kind (hydrolases) are supposed 1o work
in water-abundant systems for hydrolysis, as demonstiat-
ed in nature. Under thase conditions, hydrolysis is the on-
ly reaction that can be applied {or limited applications in
lipid areas. Although lipases for lipid hydrolysis have been
krown {or decades belore the discovery of possible uses
ol enzymes in micro-aqueous syslems, none of the in-
dustrial applications had really been used in practice. In
1984, Zaks and Kfibanov published a paper in Science,
indicating that enzymes coult work in a soivent micro-
agueous medium at 100 °C [1]. Thisis an imponant mile-
stone n enzyme history. It means that enzymes can also
be used for the catalysis ol reverse reaction, /.e. esterili-

Correspondence: Xusbing Xu, BiwoCentrum-OTY, Technical
University of Denmark, Building 221, DK-2800 Lyngby, Denmark,
Phone: +45-452-527-73, Fax: +45-458-849-22; ¢-mail. xx@ bio-
centrum. diu.dk
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cation. This cpens up a variely ol potential applications. In
the lipid area, a reaction such as inleresterification {aci-
dolysis, alcoholysis, and esier-ester exchange) is atso
possible with the catalysis ol lipases in a probable hydrol-
ysis-esterification two-step mechanism. Thus chemical
interesterification, which has been implemented in the
current industry can be lully replaced.

However, the current situalion is the joint resull of many
progresses. A simple summary of thase progresses can

be given in the {ollowing list:

- understanding of the enzyme 3D structure based on
pratein engineering,

~ understanding of interfacial activation of fipases,

- use ol genetic engineering in enzyme production,

- improvement of lipase immobilization technology,

- understanding ot water thermodynamics in microaqua-
ous enzymatic reaclions,

- use of “solvent” engineering for certain reactions,

- development of new interesting pronucts and the in-
crease of their marke: demands,

- davetopment of more efficient enzyrme processes.

ltis cenain thatmore items can be added to this list by dil-
ferent people in ditierent areas ol research. In general,
the joint eftort of all these developmenis provides us with
the possibilily, flexibility, versatility. and economical poten-
tiality to be applied in commercial sectc:s and industrial
exploitation. The driving forces tor the invelvernent of in-
dustrial sectors can be also listed as follows:

—- very imeresing products and potential market de-
mands.

- impravement ol product quality relerceing to mild con-
ditions, )

- reduction of enzyme price and balanced economy in
general,

—~ sirnple pracesses and low investment,

- environimental considerations,

- customer perception and markeling strategy,

- know-how preparation and technology takeover/icon-
trol.

This list can be prolonged: “image” strategy by using en-
zyme technology is imporant for many industrial corpa-
nies; energy-efficiency of the technology is afso olten
mentioned. A healthy indusirializatian of the technology
can be reflected by the economical turnover and overall
pedormance of e commercial seclors. The latier is often
more complicaled than the technology itself.

* This paper i5 dedicated to Professor Car-Enk Hoy, Biochem-
istry and Nutrilion, BioCentrum-DTU, who was one ol my dose
colieagues and fnends. He died on February 8, 2003.

L0087
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There are many updated books, journal reviews, and
book chapters that have been dedicated to the progress-
es in the area. A few selected releences, purely Irom the
author's preference, are provided ior jurther reading [2-7].
In this paper, an overview of the enzymatic reactions and
reactors for the modilicalion and synthesis is provided.
The rajor enzymatic reaclions for the moditication of
lipits are often referring 10 hydrolysis, esterilication, aci-
dalysis, alcoholysis, and ester-ester exchange from the
reaction mechanisms. Inieresterification or transesterili-
calion is also commonly used in literature to describe
some of the above reactions. A detail description is given
below 1or the lollowing two terms:

~ interesterification: g general term for the resclions
between an ester and a fally acid, an alcohol, or an-
other gsier, which includes acidolysis, alcoholysis, and
aster-ester exchange. In lileralure, it somctimes de-
scribes omly ester-ester exchange or alkaline-cat-
alyzed randomization ol qils and fats.

- Transesterification: o term ohen used lor ester-ester
exchange. liis also used in literature lor the acidolysis
reaction or as a general term for all the three reaclions
including alcoholysis,

Particular concern is given 1o some selected examples to
illustrate the progresses in the area. The engineering as-
pects ol rgactions and reactors lie in the stable and prac-
lical reaction systern, acceleration of the reaction equilib-
ritnn, shilting of reaction equilibrium towards products
hrough process design, reaction and reactor optimiz:tion
through modeling of related factaes, and others. Some of
these points will be discussed in this paper,

2 Enzymatic hydrolysis

There are three major rowtes currently used for the hy-
drolysis of fats and oils in the produclion ol latty acids:
high pressure steam splitting, alkaline and enzymatic hy-
drolysis, The high temperatures and pressures (typically
250 °C, 7 x 10% Pa neecded for steam spiitting make this
process unsuitable lor splitting sensitive triacylglycerols
(TAGs). There are also diflicullics associaled with alkaline
hydrotysis, niamely high energy ¢osis and the need to
acichty the soaps lormed. Thus enzymatic processes are
imparative alternatives in cenain circumstances.

Lipases are known in nature lor hydrolysis. This reaction
catalyzed by lipases has been well known for more than
live decades. There had been some applications in early
stages tor the purpose of producing free tatty acids in cer-
tain industrial seciors. However, this application had not
really attracled much interest, probably due 1o the high
cosl of the lipases, limited product polentialities, and com-
plex reaction sysioms.

FAGHTTHA ) -
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Lipayr Ligrase Lipuc
10 “HO

'll'n
TAG 2= DAG + FFA 2= MAG + FFA T Glyccrol + FFA
CH,G “HO K0

TAG: triacylglycerol  MAG: menoacylglycero}
DAG: diacylglycerol  FFA: free aty acids

Fig. 1. Steps of enzymalic hydrolysis of oils and fats.

Substrate
enzyme
media

Fig. 2. A simplified illusiration of a balch-stirred tank reac-
tor. )

This siluation has been changed much in the last 10-20
years due (o Ihe overall progresses in the area. Enzymat-
ic hydrolysis ot oils and fats involves three steps from
TAGs 10 glycerol and free falty acids (FFA). The reaction
is described in Fig. 1.

As shown in the ligure the reaclion is a muiti-phase sys-
tem consisling of at least the oil phase and the water
phase. In most cases, a liquid enzyme is used which is
dissolved in the water phase. A batch-slirred tank reactor
(STRY) is often used for the reaction (Fig. 2). Enzyme re-
covery lor long-term reuse is not possidle since the latier
will be in the same phase with water and glycerol, even
though circulation of the water phase can be used in cer-
iain applications. In some cases, a solven! syslem is used
in order to oblain a practical systern, especially with im-
mobilized lhpases. A few laclors attecting the reaction
equilibriurn and elliciency are listed Tab. 1.

Packed bed reactors {PBR) are another type of reactors
that can be used for the hydrolysis ol oits and fals through
lipase catalysis. Solvent media might help to maintain the
stable system. In general this is not very practicable. es-
pecially in targe scales. The large amount of water and
the production of glycerol will easily clog the packed bed
and make it impossible to operate. However, lor low-de-
gree hydrolysis, the operation might be slitl leasible with
limited amounts of water in the system, as in the applica-
tion described in the last paragraph of this section.

One af the inleresting systems for the enzymatic hydroly-
sis of oils and fals is the applicalion of a rnembrane reac-
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Tab. 1. A description of factors that influgnce the reaction equilibrivm and efficiency ol enzymatic hydrolysis.

Factors Remarks

Lipase Lipase dispersion is the main concern (o atleci the reaction efficiency. Lipase waler salulion can

be dispersed in a few diferent ways:

- Mechanistic stirring: this is often difficull in large-scale operation for a strong stirring. In a small-
scale operation, reaclion rates were increased with the increase of stirring rates to 1000 pm
(unpublished resulls). Strong stirfing enlorces the contact between oils and water/lipase phase.

- Elecuostatic dispersion: negatively charged lipase solution is sprayed inlo the ail phase. This
aperalinn provides very small droplets into the oit phase and the conlact surface is increased.
The dispersion is much more stable due to the negative charges.

- Emulsion syslem wilh surlactanis: surfactant is added in the beginning (¢ increase the conlact
between oil and waterllipase.

Water The increase of water content can shilt the reaction 1o hydrolysis as shown in Fig. 1. On the other
hand, 1o much water also dilules the lipase and makes the system more difticult. 5-50 wi-% water
has been used in various publications. In case solvent is used, the supply of waler is oflen con-
ductled by the maintenance of waler aclivity in the system.

FFA FFA are tormed during the reaction. They are inhibitive to the reaction. in certain cases, FFA can
be continuously removed from the syslem by certain manipulalion such as membrane separation,

soap tormation, etc.

Glycerat is also the direct product from the reaction. Glycerot exists in the waler phase. This can

Glyceral
be separated through water phase circulalion or membrane separation.

tor [B-9]. In the typical exarnple, the lipase is immobilized can be also further trealed before being circulaled back

on the surface of the mambranea (Fig. 3). The ail phasea is
circwlated in the lipase seclion and the waler phase is cir-
culated an the ather side. Aeactions occur on the mem-
brane surtace and the formed glycerol will be transported
through the membrane 10 the waler phiase. The FFAn the
oit phase can be separated by a separate membrane sys-
1em ar by distillation and the acylqlycerols are re-circulal-
ed tor funher hydrolysis. The glycerol in the waler phase

r
(il phase

N Y ! Lijxse
= nwrohiized

Whater phase

(<3
=

Fig. 3. A tmembrane sysiem for the enzymalic hydrolysis
ol oils and {fals lor the production of lree latty acids.

L PAEBSSA b

by a third membrane system or anolher purilication slep.
In theory 1his is a perfect set-up. However, much effort
has to be made betorg the aclua! applicalion is leasible.
The membrane might be the hurdle to develop lhis
process inio polential production,

One of the interesting applications of hydrolysis is the en-
richment ol polyunsalurated fatly acids (PUFA) trom lish
0il {10-11}. Some lipases have less aclivity lowards very
long chain fatly acids such as docosahexaenoic acid
{DHA) and eicosapentaenoic acid (EPA}. Partial hydroly-
sis of fish oil can largely release thase shoriaer chain fatty
acids suich as 12, 14, 16, ad 18 carbon fatty acids. There-
fore the content of PUFA in the acylglycerois can be dra-
malically increased. A typical operalion in a 1-kg scale
could produce a acylglycerol product with more than 50%
PUFA from a fish oil with 23% PUFA (2. Zhou, X. Xu, un-
published observations). A time course of the reaclion (s
given in Fig. 4.

3 Enzymatic esterification

Esteritication is the reverse reaction ol hydrolysis. This
reaction is only possible and useful in a microagueous re-
action systemn where hydiolysis can be minimized and
conlrolted with limited amounts of water in the sysiem. In
waler-abundant reaction systems, hydrolysis is the main
reaclion and il is difficult to make a useful reaction for es-
leafication. A large number ol applications has baen
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2 2 ig. 5. A simple discription of enzymatic esterilication.
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—E = &0 studied on the basis of extensive studies of microaqueous

E § o | enzymology. This gives a variely of possibililies 1o exploit

<9 ) the enzyme technology for esler synthesis.

Us 4 Content of PUFAin acylghycerols

§ :T» 10 Eslerification is the simple reaction between an organic

g8 acid and an alcohol. The reactian is depicled in Fig. 5.

] 0 Water is one of 1he direct products from Ihe reaction and

é 10 it has dramatic efects on the shiiting of reaction equilibii-
um. It has to be continuausly rermnoved from the reaction

¢ o s 10 15 2 25 system in order (o minimize the reverse hydrolysis reac-

tion. The common metheds 1o remove waler irom the re-
action system in laboratery experiments or industrial ap-
plications are listed in Tab. 2.

Reaaction timo (h)

Fig. 4. Time course of the polyunsalurated fally acids
(PUFA, EPA+DHA) in acylglycercls and PUFA yields for
the Lipozyme RM IM-catalyzed hydrolysis of fish oil in a
1-kg level batch stirred tank reaclor. Reaction conditions;
6 wi-% lipase, 45 °C, water/oil 0.6/1 {w¥wt), slirring
500 rpm, and 100 ppm Toco 50.

Waler in the reaction syslem is in one way the reaclion
by-product, which should be removed in order to lorce the
reaction to the producl side. On the other hand, a cenain
dynamic water environment should be maintained in or-

Tab. 2. Possible methods to rernove water {from the reaction system in laboratory experiments or industrial applications dur-
ing the enzymatic estenfication.

The system is simply applied with vacuum. The optimal vacuum should be used 1o maintain a
certain water activity in the reaction sysiem. A vacuum too high may lead ta low enzyme activi-
ty due 1o the non-oplimal waler activity in the reaction sysiem.

Vacuum evaporation

Membrane pervaporation A membrane pervaporation syslem with vacuum is applied 1o remave the water {rom the reac-
tion system. A suilable table water activity in the reaction system can be maintained by an
automalic reiro-control sysiem with’ a humidity sensor,

Azeotropic solven!
distillation {extemal
drying agenis)

The azentiope propeny of alcohol or other solvent mediurn can be used 1o remove water
Irom the reaction syslem. A disiillation system is applied and the distilled solvent or alcoho!
can be dried in @ separate connecled chamber with a drying agenl. Atler drying the solvent
alcohol can be ted back to the reaction system.

Drying agent
(intemal or extemal)

Drying agents such as a molecular sieve or silica ge! are added to the reaction system in
cenain stages of the reaciion lo remove waler. It is very usefut for farge-scale plant cperations.
In a sotvent system, non-contaci drying can also be used by placing the drying agents in the

vapor.

Air or N3 bubble

Bubbling by dry air or nilrbgen can be also used to remove waler, particularly in small-scale
exparniments

Alcohol partition

Water will bg largely kepl in the alcoho! phase in the panition between the hydrophilic alcohol
phase and ihe hydrophobic fatty acids phase. By using a large amount of alcohol phase, the
water in the systom can be kepl away lrom the reaction interlace.

Solvant engineacring

In cenain laborutory operatians, a hydraphilic solvent inay be used 10 extract water and keep
waler away lrom the reaction.

Salt pair (inlemal)

tn laboratory experiments. sall pairs with certain waier aclivily can be used 10 maintain the
waler aclivily of the system.

Water activity control
{extemal)

Vapor phases in Ihe reaction system are circulated with the vapor phase of the saturated
salt solution or sah pair. Waler contenl or activity in the reaction system can be thus regutaled,
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der io have a high enzyre activily. This is especiaily im-
porant kor he Jong-term production in an industrial plant.
The evacualion rale ol water from the reaction system
should he carcfully controlled in order nol to dry out the
whole sysiern, In cenain developments, automatic conlrol
ol waler humidity is a useful solution with a humidity sen-
sor in the reaction sysiem and a retro-conlrol system to
the vacuum pump.

Ahigher lipase activity usually requires a cerlain waler ac-
livity (a..} that often locates in tne higher a,, range. The
product yield, however, requires an a,, as low as possible
in praclical experiments. For this reason, the lirs) stage of
reaction can be contiolled at a higher level ot a,, 1o main-
tain a higher reaclion rate. For the last stage of reaction,
however, lower a, can be used in order to improve the
product yickls.. This stralegy has been used in a large
number of studies {12-13). The reaction efficiency and
yieldg have been indeed improved.

in Fig. 5, a number of dilferent arganic acids and a large
range of alcohols can be used for the synthesis of a vari-
2ly of products. Some selecled examples are listed in
Tab. 3. In most oi these applications, the reactions involve
three phases in the simple reaction system in a balch
STR: a hydrophobic phase, a hydigphilic phase, and a
solid enzyme phase (Fig. 6). Panicular concern should be
paid to ensure an eflicient reachon sysiem inciuding wa-
ler camoval, homogeneity, and system sus{ainability. |a
many cases, solvenis have 1o be used as the medium 1o
increase the homogeneity depending on the particular ap-
plication. Solid-phase biocatalysis has ol50 been used for
the: reaction system in ciases like sugar esters and other
carhohydrale csters [14]

Packed bed reaclors have been applied in previous work
for the estesification 1o produce eslers | 15). Oue to the dil-
liculty to rermove water from the sysiem, a cirgutation sys-

X
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Fig. 6. An illustration of the three-phases reaction sysiem.

Enzyme
bed

Fig. 7. A circulation system with a packed bed reactor unil
and a storage tank with vacuum applied for esterification
o producea aslers.

tern is often used. in which a packed enzyme bed is lhe
reaction unit (Fig. 7). Vacuum is applied lo the circulation
1ank 1o remove water. in a practical process, slepwise op-
eralion instead ol circulation can be implemented in which
a packed bed together with a tank is a unit siep. The num-

Tab. 3. Typical acids and alcohols for the enzymalic esterification together with a list of uselul ester praducts that have been

studied,

-COOH providers -OH pr'oviders

Products

Fatty acids (C1-C26)
Other acidds:
Fenulic acid
Sinapic acid

Glyceral (DAG, MAG)
Glycals
Geraniol (citronellol)

Cafieic acid Sierots

Anthranilic acid Ftavonoids

Quinic acid Lulein

Glucuronic acid Ascorbic acid

Kojic acid Glucose

Qthers Lysn-phospholipids
Pyridoxine
Others

Slraigl'n or branched chain alcchols {(C1-C28)

Biodiesels, fatty acit eslers, wax
MAG, DAG, TAG

Giycol eslers

Terpene esters and short chain esters
Sterol estars

Flavonoid esters

Lutein esters

Ascorbyl esters

Sugar eslers

Phospholipids

Sunscreens

Others

L _RAESIESA_)_»
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her ol steps can be designed depending on the reaclion
efticiency in each step and the linal producl quatlity. An on-
line waler removal along the packed enzyme bed, in prin-
cipte, can be also designed wilh an internal fayer penetra-
live only for water vapor or with a tube in order to alfow
continuous vacuum. Other technical solutions 10 improve
the feasibility of easy and praciical operalion, process ei-
liciency and stability, efc. ¢an be expected.

Membrane reaciors have heen widely used in the esterifi-
cation system tor diflerent purposes [16]. As in the hydro-
lysis system for the production of FFA, the two-phases
system can be also used for esterilication applications
(Fig. 3). Lipase can be immaobilized on the membrane sur-
tace and products formed will be either in the hydrophobic
phasa or the hydrophilic phase depending on the product
property. In most cases, products are likely to be in the
hydrophobic phase such as aéylgiycerols formed irom the
reaclion between giycerol and FFA.

Membrane has been alse used lor the removal of water
through water pervaporation |17]. This is betier imple-
mented in large-scale or practical processes. Waier can
be more elliciently removed through the membrane ma-
trix and oil phase will no! be aliected. A process diagram
is provided to illustrate the process {Fig. 8).

4 Enzymatic acidolysis

Aciaolysis has been more widely explored for the moditi-
cation of lipids using enzyme iechnojogy. Chemical aci-
dolysis has lewer applications in reakty due 10 no posi-
tional specificity. The progress of enzyme technology
makes acidolysis an imponant key word. The reaciion
takes place between an ester and an acid. The acid will
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Fig. 8. A membranc reactor system together with perva-
poration and circulation through a storage lank ior esteri-
lication to produce esters.
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Fig. 9. A principle illusiration of enzymalic acidolysis
between a TAG (XXX) and a fatty acid (Y).

be exchanged with the acid in the ester. The reaction is
depicted belween a triacylglycerol and a FFA with a sn-
1,3 specilic lipase {Fig. 9).

in principle the reaction can be conducted belween any
organic esters and acids. In most applications in the lipid
field, esters can be tri-(di-, or mono-Jacylglycerols, glyc-
erophospholipids, alky! fatty acid esters, elc. and acids
can be tatty acids or other acids as listed in Tab. 3 in the
esteritication section,

£nzymatic acidolysis reaction is a reversible reaction.
The reaction is commonly considered as a two-step reac-
tion: hydrolysis and esterification. For this consideration,
diacylgiycerols are considered as the reaction intermedi-
ates. Through steps of hydrolysis and esterification, the
new fatty acids in the sysiem are incorporated into triacyl-
glycerols. The reaction will finally reach equilibrium. This
procedure for the reaction between a TAG (LLL) and a iat-
ty acid (M) is depicted in Fig. 10.

Q\U
EL ja (ha 31&?!! E n-; ﬁQ\L E:‘
Sutrirate lmu'mxﬁ.m: Prabo
riaylghywed wiacylghycerd iacyhyoerod

I.and M sz rwo types of famy acids.

Fig. 10. Reaction illustration of enzymatic acidolysis be-
tween LLL and M with 51,3 specilic lipases.

Diacylglycerals (DAGs) are also the precursor of side re-
aclions since they are nol thermodynamically stable [18].
The fatty acids will migrate 1o the neighbor posilion in the
glyceirol backbone. This leads to a positional non-speci-
ficity of the lipases and the lormation of by-products. The
whoie reaction belween LLL and M is depicted in Fig. 11.
There are relalionships between DAGs and preduct and
byproduct yields. The relationship is illustraled in a reac-
lion between a lincleic acid-based oil and capric acid for
the production ot C10:0/C18:2/C10:0 (Fig. 12).
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Fig. 12. Helationship between diacylgtyceral content and
acyl incorporation, ooyl migration, and tricaprin contenl in
ihe acidolysis reaction batween sunflower oil and capric
acid for the production of structured lipids. Reaciion con-
ditions: Lipozyme FM IM 10 wi-%, temperatlure 650 °C,
sunflower cilfcapric acid 1:6 (mol/mal), and water content
7 wi-% based on enzyime. This shows that diacylglycerols
are both intermediates for the main reactions and afso
side reactions. '

Enzymatic acidolysis is a reversible reaction and the equi-
fiiom will be eventually reached. The product yield un-
der reaction equilibrium is decided by the substrate ratio,
i.e. the ratio between latty acids and eslers [19). For the
reaction between TAGs and FFA, the incorporated faty
acids in the product can be calculated as shown in Tab. 4.
Howaver, the rale to reach equilibium is related 10 many
parameters such  as rcaction temperalure, enzyme
dosage, waler content, and reaction system. H inhibition
and other tactors exisl, the time 1o reach equilibrium will
also be longer.

To shift the reaction equilibrium to the product side as
shown in Fig. 10, we can try to move the products out of

Fig. 11. A step-by-step reaction pathway for the
main reactions and side reactions during the
enzymalic acidolysis between LLL and M. Sn-
1,3 specilic lipases are used.

the reaction system. As for structured TAGs, the main
product may not be easy 10 be separated lrom the system
since its property is very simitar to the starting oil. Howev-
ef, the released FFA can be rernoved in sorme cases [20-
21): for example in the reaction belwesn tricaprylin and
DHA for the purpose to produce DHA/CB:0/DHA, the
caprylic acid is released. Caprylic acid has a much small-
er size than DHA. This difference can be used lor the re-
moval ol caprylic acid hom the sysiem by an internat
meinbrane system. More than 15% additional incorpora-
tion beyond the reaction equilibrium has been obtained by
this operation. in the case of tri-PUFA production by the
reaction hetween tri-C4:0 and PUFA, the released buiyric
acid (C4:0) can be removed continually out ol the reaction

Tab. 4. Theoratical caontent of incorporaied fally acids at
diiferent subslrate ratios and reaction types provided that
the reaction equilibriuim is reached.

Ratio Contenl of incomorated tatly

between acids [mol-%]

FFA and TAG o o

{mabmol] s 1_,3 s.pecmc Non-sgecmc
reachons reaciions

(no migration)

1 22.2 25.0

2 33.3 40.0

3 40.0 50.0

4 44.4 57.1

5 47.6 62.5

6 50.0 86.7

7 51.8 70.0

8 53.3 72.7

9 54.5 75.0

10 55.6 76.9

Maximum contentt 66.7 100.0

t Maximurn contert o incorporated latty acids under the
assumed structure of the products.
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systemn by simple vacuum. This leads (o a yield of ti-PU-
FA of up to 95% compared lo very small yields without
vacuum application since bulyric acid is strongly inhibitive
for many tipases. This has been an alternatively good
methed tor the synthesis of tr-PUFA instead of esterifica-

finn method.

The reaction has been widely used for the production of
structured TAGS such as cocoa outler substitules (SOS;
S = salurated fatty acids. O = oleic acid), anti-bloom agent
{BOB; B = behenic acid), structured lipids (MLM; M =
mediun-chain latly acids, L. = long-chain potyunsalurated
fatty acids), hurnan milk [at substituies (UPU; U = unsalu-
rated fatty acids, P = palmitic acid), eflc. The reactions are
obviousty catalyzed by s5n-1,3 specific lipases since the
positional specilicity is essential for the final product.

The system [or this reaction is considerably simple com-
parad to esteritication since both material oils and acyl
donors are hydrophobic and in the same phase tor most
applications. This makes the process setup simplg and
easy. Both batch STHs and PEHs have been widely used
for this reaction system from laboralary small scales to in-
duslriagl plants. Since positional specilicity is essential (or
this reaction in most applications, the reaction time should
be as short as possible since acy! migration during the re-
action process is proportional (o the reaclion time. For this
consideration, PBRs have been considered the best re-
actors for this reaction system [22-23). Reaction in a PBR
has shown to generale very low acyl migration compared
10 the reactionin a STR (Fig. 13). A simple pilot plant set-
up of the PBA is given in Fig. 14,

33
- £
e
g3 oz
« P -
Qo
Q
g5 oz
ggée
o - O
g_’_‘.'_" 0,15
™~
388
og o O1
5§
=] PBR
« E
2= 0¥,y ETR
£ E
z L~
0
o 0 0 60 80

Reaction timo (h)

Fig. 13. Acomparison between packed bed reactor (PBA)
and stirred tank reactor (STR) with respect 1o the extent of
acyl migratian formed per unit ol sr+1,3 incorporalion dur-
ing the time course ol the acidolysis reaction between
rapeseed ol and capric acid with the calalysis of
Lipozyme RM IM. Very low acyl migralion occurs in PBR
because of the much shorter reaction time.

UNSIXUSID <XP__ 236660bA__I>

)

-7

(%

Eur. J. Lipid Sci. Technol. 105 (2003) 289~-304

F Sumpling
S
— Y
Product
container g
Packed
auyme
bexi

Substrate container
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5 Enzymatic alcoholysis

Aicoholysis is the reaclion between an esier and an alco-
hol. Chernical alcoholysis has been widely used in indus-
Iry for the production of partial acylgiycerols, such as
MAGs and DAGs, and biodiesels such as fatty acid
methyl esters or ethyl esters. In the case of the former the
reaction between oils and {ats and glycerot (glycerolysis)
is used, whereas the reaclion between oils and fats and
methanol or ethanol (methanoiysis or ethanolysis, re-
spectively) is exploted for the tatter. Enzymatic alcoholy-
sis has been widely sludied for the production of similar
products. The benefils of using enzyme processes vary
trom case to case but the general advantagas ol enzyme
technology can be applied as described in the introduc-
lion section. Some particular applications can be high-
ighted as follows;

— 512 MAGs, the interinediate for the synihesis of struc-
tured TAGs, can be produced with sn 1,3 specific ii-
pases.

- MAGs containing PUFA of higher quality can be pro-
duced, since milder conditions are applied than in
chemical processes.

- Easy recovery of glycerol and possibte uses of waste
oils and {ats are a panial argument lor the enzymalic
production of biodiesels.

Alcoholysis is also a reversible reaction as shown in Fig.
15. The starting ester (Ester'y can be acylglycerols, TAGs
or alkyl esters for example. The starling alcoho! (Alcohol*)
can be glyceiol, methanol, ethanol, or sterol for example.
The product esters (Esler?) can be partial acyiglycerols,

Lipme

fisieel 4+ Alcuhol)! = Ester? + Aleohol?

Fig. 15. An illustration enzymatic alcoholysis.
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Fig. 16. Scheme and methods to drive |he enzymatic
giycerolysis of ails and fats towards the formation of
monoacylglycerols (MAGs). DAGs - diacylglycerols.

alkyl fatty acid esters, or sterol esters and product alcohol
{Alcohol?) can be glycerol or other alcohals.

To drive the reaction to the direction of the product side,
we can use the different propenties ol the starting maleri-
als, which commonly exist for most applications {24-25).
For the reaction of glycerolysis, the product ester and al-
cohol are bolth MAGs and DAGs. In order to force the re-
action towards inore MAGS {or example, we can isoiate
the tormed MAGS from the reaction system by many dif-
terent ways {Fig. 16). A brie! description of the techniques
is summanzed in Tab. 5.

For the reaction of methanolysis or ethanolysis of oils and
fais, the main products are the fatty acid methyl esters or
gthyl esters and glycerol will ber the by-product. Giycerol
can be separated with the help of A membrane inledace

O
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through nano-filtration by applying pressure, or mem-
brane extraclion by applying methanol or ethanol as the
extraction phase on the other side of the membrane. The
lormed glycerol will be transponed lo the alcohol side.
The alcohnl phase will also supply necessary alcohol for
the proceeding of the reaction in the oil and fat phase.

Analher way lo drive the reaction to the product side is the
use of special chemical agents, vinyl esler for example.
For the production of MAGs, the reaclion between vinyl
fatty acid ester and glycerol can be conducted. The reac-
tion shoutd produce MAG and vinyi aicohol. The lormed
vinyl alcohol will quickly change ta acetaldehyde. The lat-
ter is volatile even at low temperature and can be easily
removed. This makes the alcoholysis reaction irreversible
and direclly leads lo the formation of MAGs.

Glycerolysis of oils and fats has been widely used for the
production of partial acylglycerols since 1 mo! TAG and 2
mol giycerol can, in principle, form 3 mol MAG, with no un-
wanled byproducts. The content of partial acylglycerols is

" reached after reaction equilibriurm and can be theoretically

calcutaled from the ratio between glycerol and TAGs, pro-
vided the reaction is fully non-specific. The progress of the
acylglycerols profile with the increase o! the substrate mo-
lar ratio is described in Fig. 17. It shows that maximum 44%
MAGs ¢can be obtained at reaclion equilibrium under the ra-
tio of 2. Wilh the increase ol the ratio, the yieid of MAGs is
nolincreased it glycerol is inchuded. Usually glycerol can be

Tab. 5. A description of techniques |o isolate monoacylglycerois {MAGS) from the enzymatlic glycerolysis of oits and 1ats

system.

Methaods Briefl description

Crystahization

MAGs have ditierent melting points from TAGs and DAGs. The dilference {s shown in Tab. 6
lor typical fatty acids. From this difference, the sysiem can be controlled in a lower temper-

alure atter a cenain peviod ol reaction at higher tlemperatures. Under the lower lemperature,
MAGs will be solidified and this will drive the reaclion 1o the lormalion of MAGs. Higher yield
of MAGs up to 90% has been reported. Since the solidification, the system cannol be stirred
al the lower temperalure and the reaclion is aclually slow. Reaclion tikne can be a few days.
Every oil or 1at has a suitable iemperature to achieve this elecl. This temperature is called

critical termperature (Te). Usually the lipase cannol be reused since it is difficult 1o separate it

from the systern.

Exiraction

Paricular salvents have difierent solubility to MAGs trom oils and tats, DAGs, and glycerol.

By this difierence, the reaction can be droven to the formation of MAGs. In rnany cases, the
system is actually no need to apply a separation stage during the reaction. The solubility dil-
lerence makes MAGs away Irom the reaction interface,

Adsormption

in a two-phase operation system especially wilh a membrane between the oils and lats
phase and glycerol phase (as shown in Fig. 3), the formed MAGs can be continuously re-
moved by an exlernal adsorption column implemented i the oil phase circulation ling and
the TAGs and DAGS left will be re-circulated back to the system lor further reaction.

Distillation

Distillation is a separate operation to remove MAGs. The residues can be led back lor fur-
ther reaction. This in generat also drives the reaction toward MAG lormation. Usuaily molec-
ular cr short path distillation can be used.

MNSDUCIO NP MAMERIRA | >
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Molar content of oach specias

3 4 5 &
Molar ratio between Glycerol and LLL
Fig. 17. The relationships belween substrate molar ralio
{glycerol/LLL) and the contents of acylglycerol species at
equilibrium during. reactions catalyzed by nonspecitic li-
pases, which are assumed o have the same preference
to the three positions, LLL, tracylgtycerol; DAG, diacyl-
glycercl; MAG, monoacylglyceral; Gly, glycerol.

easily removed and is nol present in the {inal products. The
conment of MAGs can thus be increased and the amount of
leftlover TAGs can be further reduced.

Besides the production of partial acyiglycerols and alkyl
asiers, alconolysis can be used as parn of the reaction
steps lor the production of structured TAGs. Ethanolysis
is ollen used in this case lor the lirst step ol reactian to
produce sn-2 MAGs wiln sn1.3 specific lipase. The
formed sn-2 MAGS can thus be used for the esterilication
with a particular lalty acid 1o lorm ABA-lype stiuciured
TAGs [27. 28). With dilerent process sel-ups, the formed
sn-2 MAGs can be separaled through crystallization be-
lote junher esterification is conducted, or the reaction can
he driven to lorm high purity MAGS in the syslem using
particular lipases and reaction systems in which no purifi-
calion steps are necessary belore the esteritication is pro-
ceeded. This process can lead to stiuctured TAGs of high
purity compared 10 a single-acidolysis process.

Alcoholysis is usually a three-phase system as described
in Fig. 6. 5TRs are usually used since it is more difficult to

g
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make a homogeneous system, in panicular when no sol-
vents are used. For the glycerolysis of oils and fats, glyc-
erol is the difficuli part, limiting the reaction rate. Glycerol
usually binds to ine lipase suriace and makes the reaction
impossibte since oils and fals are very ditficull o ditluse
through this hydrophilic medium. The reaction rate is thus
very low in a simple mixing system. Many ideas have
been explored to increase the reaction rate {24-25). Some
of these ideas can in one way improve the reaclion etfi-
ciency by impraving the distribution of glycercl in the sys-
lem as lisied befow:

~ absorption of glycerol in silica gel.

- migelte formation by adding dioctyl sultosuccinate in a
solvent syslem,

— micro-emulsion system,

- use of solvents sych as methyl-tent-bulyi ether,

- use ot supercritical fluids to form the system,

- two-phase syslem with a membrane interface.

Unless a stable single-phase system can be buill, PBRs
are not practicat ior the alcoholysis reaction since the re-
aclion needs two phases in the stable fluid. For methano-
lysis or ethanolysis of oils and fats, a stable syslem using
a lower alcohol ratio can be easily created at higher lem-
peratures. Since alcohol at a high ratio can lead 1o lipase
inhibition, stepwise addition of alcoho! is imperative [29].
Therefore it is not a big probtein to apply the conlinuous
operation with PBRs. However, pressure drop of the PBR
will be high and the system will need special care to en-
sure a siable syslem. For the glyceralysis reaction of oils
and ats, solvent(s) has/have to be used lo ablain a s1able
system in order lo use a continuous process with PBRs.
With the use ol pariicular solvents, this can be achieved
without big problems.

6 Enzymatic ester-ester exchange

Ester-esler exchange is a reaction between lwo eslers.
Acids will be exchanged betwean the hydroxyl moieties.
Chemical esier-ester exchange, often relerring o as
chemical interesierification, is dominanily used for the
randomizalion of oils and lats, which has been widely ap-
plied in indusliy for oil and lat madilication. Enzymalic
esler-ester exchange is an allernative o the chemica

Tab. 6. Ditterence of metiing points of different acylglycerots with different fatty acids’.

Fatly acigs FFA sn-2 MAG sn-1(3) MAG sm1,2(2,3) DAG sn-1,3 DAG TAG
Ci6:0 62.9 69.0 77.0 62.8 73.2 65.5
C18:0 €69.6 5.2 81.5 71.0 78.2 72.5
C18:1 13.0 23.5 35.2 - 25.8 49
ci8:2 -5.2 8.9 12.3 - -2.6 -131

T Figures are obtained Irom Lipid Bank for web (lpid.bio.m.u-lokyo.ac.jp).
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Fig. 18. Reaction scheme of enzymatic esler-ester ex-
change beiween two triacyiglycerols (XXX and YYY} with
sr+1,3 specilic lipases.

meihod for the moditication oi oils and tals. The reaction
is given in Fig. 18.

Enzymatic interesterilication is ditterent, in principle, from
the chemical onc in the case thal the lipase uscd is s7-1.3
specific. 11 is not a randaorn reaclion in this case as shawn
in Fig. 18, The s»1.3 positions will be exchanged and the
s1+-2 posilion will be maintained. In chemical interesterifi-
cation, all positions will he randomized even though 8 tri-
acyiglycerols are still lormed as shown in Fig. 18, but the
contenls of each TAG will be dillerant, depending on how
the faly acids are located in sn-1.3 positions and sn-2 po-
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sition. Since the DAGs are lormed as internediales, acyl
migraiion is also taking piace during the reaction. This will
lead to randornization if the reaction time is notl limiled.
Suppose thal the reaclion is randomized. the TAG profile
ol the interesteritied product can be calculaied from its
tally acid composition. The equations for the calcufalion
of ditlerent types of TAG species arg lisled below:

{AAA] (mol-%)=a%/10*
{ABB]} (mol-%)=3ab?/10"
[ABC] {mol-%)=6abc/10*

where a, b, ¢ are the fatly acid contenl (mol-%) of A, B, C,
respeciively, Compating o the blended mixture, the TAG
proliles of randomized and enzymalically interesterified
products differ a lot. The two intereslarified praducts are
slightly different even though they are very close in TAG
proliles (Fig.'19).

In Fig. 18, the reaction is reversible and the equilibrium
should be reached ail the end. The reaction is ditferen!
srom other reactions discussed above such as hydrolysis,
esterilication, acidolysis, or alcoholysis. All other reac-
tions often lead 1o the forration of “side-products” such
as dlycerol, water. released laliy acids, and released al-

pv ?
Feedstock (1525)
8.CE Q)| (Pslm stearin/Coconat oll)
6 OF +O3
4. CE-mM
2.0E+03
0.0£ +00}
'
Y.0E+OY
8 0 «Q)!
400+ 8
Rt HIes
O0E+00
Lipase-catalyzed . . . N
Interesterifioation Fig. 19. A comparison belvsfeen HPLC Chlu.
matograms of the palm stearin and coconut oil
blend {feedslock), and products from chemical
randornization and lipase-catalyzed interester-
ification. Peaks A and B are particularly differ-
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Margarine fas Marpanne fats

cohol, respedtively. These products can be removed,
since they have other properies than the reaction sub-
strates. This gperation can ofien Iead to higher product
yields by breaking the reaction equilibrium and driving the
reaction lowards the product side. In the TAG-TAG reac-
tion in Fig. 18 from the left to the right side, the conside-
alion is ditlerenl from the points depicted above and the
purpase is 1o minimize the difference between “products”
and the starting ocils and fals. Therefore it is nol so easy lo
apnly any special aperation to drive the reaction towards
the right side by breaking the reaclion equilibrivm.

On the other hand the reaction can be driven 1o the leh
sidde to form solid fat and liquid oil fractions by reducing
the reaclion lemperature to a certain low level depending
on the slarting oils and fats. During the reaclion catalyzed
by a lipase. the solid fraction, XXX for example, will be so-
liditied to move out of the systern. This leads (o the for-
mation of more XXX through the ester-esler exchange
among ditferent TAG species. The reaction can lead to
the tinal formation of two main fractions, a solid [raction
{XXX) and a liquid Iraction (YYY for example). This oper-
ation is named “directed interesterification™ and has been
used far the chemical modilication of gils and fals as well.

As applied in the chemical modification of ails and fats,
Ihe major application of cster-ester exchange has been
focused on ine production ol margarine lals, which have
a big and strong marke!. Margaiing fals are daily-used but
usually low-priced products. The uses of enzyme lechnol-
ogy will meet lurther challenge with respect 1o economical
balance of the costs and lurmovers, comparing to the ap-
plications {ur those higher-vaiued products. The benelits
and shortcomings ol the technology should be clearly ex-

plored and weighted against each other. Among them,
process and side reactions, which are the topics of this
paper, are two aspects that shauld be concerned 10 make
the enzyme method a benefils-weighted technology. En-
zyme processes are simpler in general than chemical in-
teresterilication. A simple comparisen between chemical
and enzymatic processes using batch STRs is given in
Fig. 20. For conlinuous operalions, enzyme process is
even simpler in which a PBR can be used as shown in
Fig. 14. The product or the etfiuent can then be pumped to
the deodorizer lor physical efining.

Side reactions of hydimlysis in the enzyme process are a
companion since enzymes, in general, require a cerain
amount of water in the system. This oflen leads 1o the
lormation of FFA and DAGs inw the final products. The
amount of water required for the aclive reaction depends
on the type of lipases. Lipozyme TL IM {or example is less
allected by the amouni of water and therefore the amount
of water in the system can be reduced lo a very low level
[30). The lormation of FFA can thus be minirized. In gen-
eral it is believed thal water aftecis the rate of reaction. The
reaction can be described as the hydrolysis-esterilicalion
mechanism. For the hydrolysis step, water is aclually re-
quired acting as a reactant. The tormed DAG can eslerify
with another FFA Lo form a new TAG. DAGs are therelore
\he inlenmediates 1o allow the exchange ¢of acyls between
hydroxyl groups {-OH) in 1he glycero! backbone. The rate of
DAG formation is related to the waler content in the sys-
lem. However, water in lhe system will resull in the forma-
tion of FFA and DAGs at the end. For the consideration of
both, a high reaction rale and a low FFA contenl, the latter
period of the reaction can be conducted at a reduced water
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contenl through the application of vacuum. This will iead to
moie esterfication and less hydiolysis.

tsler-esier exchange can also be used for the production
of slructured TAGs with the reaction belween TAGs and
fally acid ethy! esters. The reaction scheme is aclyally
simitar 1o the one of acidolysis, and regio-incorporation of
particular fatty acids into sn-1,3 positions can be accom-
plished with specilic tipases, This is promising especially
for those lipases being inhibited by free fatly acids. The
reaction and process engineering is very close to that lor
acigalysis.

7 Reaction and reactor optimization

Optimization is the way of getting the beslt out of a given
syslem. ln most aspects of indusinal applications of en2y-
matic modifications, continual improvement is an impor-
1ant teature. This is required toth for quality improvement
of the products and tor highest ecanomical turnover, Opti-
mization is a lormal presentalion of these ideas. Opli-
mizaiion is usualty an engineering operation that is in-
volved in physical and/er chemical modeling and mathe-
matical manipulation. However, in a real reaction system,
complete theoretical modets predicting the truth of the re-
aclion o1 the reactor are not always avaitable. In many cir-
cumstances, (he attempt 1o develop a model axpressing
physical, chemical. or thermnodynamical laws could be of
et diflicutty dand probably unjustitied. tn all these situa-
tions, the practical optimizalion of a real system can be
made wilh mathemalical tools such as the commonly
used rasponse surface meathodology (RSM).

RSMis an experimenial strategy consisling of a panicutar
set of malhematical and siatistical methods. Many com-
mercial programs have been daveloped and can be used
10 assist the optimization of a system. This has made op-
imization easier and accessible to common researchers
who may nal be a mathematician.

Optimization using ASM is very usetul lor enzyemalic mod-
Hicatinn systems. One reason is that thare are no true the-
orelical models able to lutly predict such a complex sys-
tem including the effacts of enzyme characteristics, mass
and heat vansfer, lactors, stability, watet ihermodynam-
ics, enc. Another reasen is ihat several factors have intor-
actions and joinlly and sirnultaneously influence the de-
sited responscs. A satistactory RSM oplirization can pro-
vide a lot of vaiuable inlormation for the applied syslem.
{i) Opinimizalion can provide a statisiical mathernatical
rmiodel between responses and tactors. Usually quadralic
polynomial models are used to approximale the resgons-
es. Alier the response Lrom experimenits is filted, a math-
ernatical relationship is set up between the response and
all tactors. The model obtained can therelore be used lor
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any malhematical manipulations like any other theoretical
models, tor example, lo predicl responses at any given
variable condilions in the defined ranges. (i} Response
surfaces and contour plots can be generated to charac-
terize 1he shape of the suraces and locale the oplimum,
(iii) An evaluation of the significance of lactors can be per-
formed. The main eliect of each laclor on the response
can also be evaluated.

The shortcoming of using RSM lor experimental oplimiza-
tion shouid be always keptin mind. Since the model is de-
rived from the delined ranges of each lactor, extrapolation
is impossible. The model can only be used in the defined
ranges tor optimization or prediction {31}

8 Product development

Enzymatic lipid moditication and synthesis tor product de-
velopment can be generally applied in the following two
calegories:

- Process development of conventionally available prod-
uets with improved quality

~ Product and process devetopment of new products,
especially products impossible to be produced by
chemical or traditional methads

In principle, many chemical methods can be replaced by
enzymatic ones. Therefore lipid products that can be pro-
duced by enzymatic routes are numerous and difficull lo
be summarized here. For acylglycerols associaled with
falty acids. many diflerent products can be produced
through enzymalic re-structuring. The possibilities are de-
picied in Fig. 21. In the first row, alky) esters can be pro-
duced via alcohalysis of ails and fats, Falty acid (raclion-
ation is suitable lor the enrichmen of paricular fatty acids
by using the seleclivity of hipases toward different latly
acids. Particular applications for the enrichment of PUFA
such as EPA and DHA, GLA (gamma-linolemc acid), and
CLA (conjugated linoleic acid) have becn studied. Differ-
ent reactions have been used to achieve lhe largets and

t— leviors Faay acids oty acid fractionat
Alkylesters Rl Fatty acid lmc\m_tlahun

fﬁl
xfi

R R’
ER‘ EF( R .
R R R ] +—~Nan-specific

Specific -
Series of isomers

Fig. 21. Roules to re-slructure acylglycerols.
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elliciency, such as hydrolysis, eslerilication, aicoholysis,
elc. [32-33).

Fartial acylglycerols are located in the second row of Fig.
21. MAGs are lradilional lipid products used as lood emul-
sifiers or surtactanis in other applications, DAGs are also
nlensively discussed lor the reduction of fat accumulation
in human body. Both MAGs and DAGs are the intermedi-
ates between TAGs and glycerol/FFA, which can be syn-
thesized by ditlerent reaction routes [24-25]. A summary of
these routes is depicied in Fig. 22. As shown in the figure,
DAGs and MAGs are pan of the reaction equilibriurm. The
onty way lo generate more products is to break the equilib-
rium and force the equilibriurn to the tormation of these
products. This has been discussed in the early sections.

Struciured 1AGs are located in the bottom row of Fig. 21.
For ihose specific siructured TAGs, enzymalic methods
are only feasible ways tor large-scale productions. This
has been the major focus of altention lor decades due 10
the failowing considerations: )

— products are valuable and high-priced reletring 1o nu-
tritional and functignal properties,

- chemica! methods are irnpossible [or wide uses for the
progduction ol focd related ingredients,

— markel demands of related products are in high con-
cern,

- economal balance can be mainiained even with high
cost of linases.

There are a number of products available with a sperific
struciure, which have been developed in the last 20
years. Some of them have been commercialized. The typ-
ical products are depicted in Fig. 23 lor thei {argeted
structure. The production of these structured TAGS main-
ly involves the acidolysis reaction or the TAG-cthyl ester
exchange raaction in order to exploil the regiospecilicity
of lipases [5). Steps of olher reactions can also tead to the
formation of specifically structured TAGs [27-28). This has
heen discussed in the above sections. For the non-spe-

A | Yy Y |

- .
—4[:- TL"—+R
—R -

FFA

l—n [P

TAG DAG ) MAG

U

tHydrolysisfclhunalysis

T Tl

3
Estenhcation Glyucro]vsij

Fig. 22. Diacylgiycerol (DAG) and monocacylgiycerol
{MAQG) are inlermediates o! all the reaction methods in-
cluding hydralysis, alcoholysis, esterification, and glyc-
erolysis in the equilibrium sysiems.
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B:0 (10:0 or 6:0) S
— 1B:2n-6(1%:3n-3) 18:1
8:0(10:0 0r 6.0) S

— 50 (10:0 or £:0) 22:0
t EPA and/or DHA ': 18:1
- 22.0

8:0 (10:0 or 6:0)

8:0 (10:0 or 6:0) ~— U
EF,FA {: 16:0
U

8:0 (10:0 or 6:0)
Fig. 23. Typical specific structured triacylglycerals. EFA -
essential latty acid, S ~ saturated fafty acids, U - unsalu-
raied tatty acids.

cific TAG products, 1he research has been focused on
margarine fals, which nearly exclusively involves the es-
ter-ester exchange reaction.

g Process technology

Enzyme reaclors are ceniral part of enzyme processes.
Many diflerent reactors have been studied and used for the
enzyrnaiic modification ot lipids, such as STRs, PBRs,
membrane reactors, gas-lifting reactors, fluidized reactors,
simple circulaling reactors, spraying reaclors, loam reac-
tors, efc. withAwithoul intermal or extemai extraclive or sep-
aration sleps or other enforcing sleps [34-37]. This list is
centainly not a scienltilic classification. Some of those typi-
cal reactors or process conligurations or their combinations
have been discussed in some of tha above sechions.

There are no universal criteria tor the choice of a reactor.
The lollowing can be used lor the avaluation ol a suilable
reaclor for a particular systern and process:

~ reaction efficiency (homogeneity, dispersion, enzyme
activily, eic.}),

— progduct quality {yield and purity),

-~ enzyrme reuses or slability,

- process feasibility and practicality,

— process productivily,

- process invesirent and avaitability,

~ process and product change flexibility,

— easiness ol process operation, control, and monitoring.

The influence of each above-mentioned criterion can be
arbirary broim case lo case, however in general, factors
are listed by decreasing significance Irom scientilic poini
of view. An efficient reaction is the mos| essential require-
ment 1oi a particular system.

PBRs are one of the most interesting reactor types that
have currenlly received a lot of allention and applications
in the lipid modification induslry. The padicular concerns
for the applicaiion of PBAs in lipid modification can be:
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- simple process and operation,

- no filtration of enzyme necessary,

- less darnage lor the enzyme panicie size and struc-
lre,

- continuous process easy and enzyme reusas simple,

- low investmen,

- less reaction time and in turn leading 10 less side reac-
tions in those specitic reactions {better quality),

- ellficient reaction under optimal operation.

A lew things on the other hand should be carefully con-
trolled or avoided, such as:

~ internal and external mass transler limitations,

- ¢channeling under either upward or downward flow,

- pressure drops under smaller size ol enzyme panicle
or higher flow rate,

- waler cantent control and regulation,

- louling of enzyre bed during the process running.

All these issues require a thorough understanding of the
process and system. In general the design of the unit PBR
snould Lmit to a certain capacity in order 10 achieve above
issues under opliinal opeiations. in general a smaller sice
of the unii PBR has many advanlages such as: Easy to
change, low pressure drop. easy te avaid channeling, low
cost lor oplimizalion, easy o control mass/heal transter,
easy !0 maintain a stable productivity, easy ta maintain a
suilable linear tlow rale, easy lo expand the capacily by
parailel connection of a few PBAs.

Considering the reduction of enryme activity, How rales
should be constantly adjusied and reduced to obtain a sta-
ble product quality and yield in a single PBR system. Thisis
often not practical lor the implemeniation of the technology
inthe industrial planis since stable process capacily cannot
be mudntained, even though the aulomatic adjustment of
llow rates can be conducted in the present elecironic mod-
£ world, The way 1o mainiain a stable production capaci-
ty for & practical process is 1o make a series PBR design in
which a nuinber of unit PBRs are set in series atong the
fiow line and the ages of the enzyme in each PBR are dif-
ferent {Fig. 24). The used-up PBA can be moved out of the
series from the lisst stlep ana the new one is then insered
inlo the series n the fasl step. in this way a stable produc-
tion capacity can be maintained with little fluctuaiion # the
numbaer of unit PBRs is sulficient. in a PBR system for the

| smamomm- g
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Fig. 24. Series setup ol packed bed reactors.
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Fig. 25. Paraliel setup of packed bed reactors.

Fig. 26. Seres and paralle! setup of packed bed reactors.

production of structured lipids from sunfiower oil and
caprylic acid with the reaction of acidolysis, lour columns in
a series resulled in a 2-3 mol-% fluctuation from the aver-
age incorporalion of caprylic acid inlo sunfiower oil {47 mal-
%) compared to the two columns in series with 4-5 mal-%
ftuctuation from the average (43 mol-%). In principle. seven
columns in series can lead (o a production yield or capaci-
ty with the tluctuation less than 5% with whatever the en-
zyme aclivity and stanility.

With relerence to the benefits ol using a smaller size
PBR, process capacily can be enlarged by paraliel con-
neclions of more than one PBA (Fig. 25}). Considering the
necessily ol series connection setup for a siable produc-
lion capacily, parallel and series conneclions can be im-
plernenied in the same process setup {Fig. 26). By this
operation, 1he process can provide the required flexibili-
lies with a stable and practical production.
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£57] ABSTRACT

A column apparatus and process is provided for immo-
bilized enzyme reactions using a bed of regenerated
sponge material chemically modified to incorporate
enzyme-immobilizing groups. The sponge material se-
lected for use in column apparatus has a flow of direc-
tion length of 2 to § feet or more, a density of less than
1 gram for each 18 cc. of bed volume (e.g. 1 g./20-70
cc. bed vol.), and a water flow porosity such that over
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through the bed. The apparatus and process can be
used with a wide varicty of enzymes, but has particular
applicability to the cnzymatic conversion of starch
hydrolysates. Starch-derived sugur syrups having D.E.’s
of 40 10 97 can be produced. Also, isomerization of
glucose syrups can be carried out to produce a syrup of
enhanced sweetness, comprising a mixture of glucose
and fructose.
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IMMOBILIZED ENZYME REACTIONS

BACKGROUND AND PRIOR ART

The properties of ion exchange celluloses have been
studied for chromatographic separations and immobili-
zation of enzymes. See, for example, Guthrie et al, Ind.
) Eng. Chem., 52, 915-916 (Nov. 1960); Barker ct al,
Carbohyd. Res., 8, 491497 (1968); and Wilson et al,
Biotech. ) Bioeng., X1, 349-361. Natural celluloses
modificd Lo incorporate cationic groups, such as ter-
tiary amine or quaternary ammonium groups, are avail-
able commercially in microgranular and fibrous forms.
The di- and tri-ethylaminoethylated cellutoses are re-
ferred to, respectively, as DEAE-cellulose and TEAE-
cellulose, while the cationic derivative of cellulose
prepared by reaction with epichlorohydrin and trietha-
nolamine is known as ECTAEOLA-celtulose. Compa-
nies which are understood to have produced cationic
celluloses for commercial use include Brown Com-
puny, New York, NY., W. & R. Balsion, Lid., Kent,
England, and Servi Co., Heidetherg, Germany.

As fur as is known, however, the only commercial
application of enzymes immobilized on an ion ex-
change cellulose has been in connnection with the
partial conversion of starch-derived glucose to fruc-
tose, thereby obtaining a syrup of increased sweetness.
Far this purpose, glucose isomerase enzyme is bound 10
DEAE-cetlulose (or similar cationic cellulose), and the
glucose syrup is passed through a series of very thin
heds of the isomerase-containing celiulese. See, Schny-
der, B, F., “Continuous Tsomenzation of Glucose to
Fructose an a Commercial Basis™, e Starke, 26,
409-412 (1974); and Thompson et al U.S. Pat. Ne.
3,788,945, granted Jan. 29, £974. This technology, us
applicd commercially by Standurd Brands Incorpo-
rated and AL, Staley & Company, involves the use of
contact beds of | to 5 inches in thickness. This is neces-
sary so that the pressure drop across each bed is small
and the compaction of the bed is minimal. But because
of the thinness of the beds, in order w avoid the effects
of substrate channcling, it 1s essentiul to employ a series
of such beds. Consequently, fixed-bed columns, such as
are used for processes involving lon-exchange resins,
cunnot he employed. Instead, pressure leaf filters are
used, The glucose isomerase bound to the cellulose
carrier is pumped as an agueous slurry through the
pressure leaf filter in such & manner as to cover each
leaf evenly with a thin layer of the cellulose material.
As disclosed in U.S. Pai. No. 3,788,945, the depth to
width ratio of the beds is preferably limited to from
about 0.02 w0 0.05.

Because of the expense and inconvenience of carry-
ing out glucose isomerization in pressure leaf filters, the
corn syrup industry has been actively scarching for
alternative processes where the glucose isomerase en-
zyme can be immobilized on a material usable in com-
mercial-size fixed bed columns. Such column materials
must effectively immohilize the enzyme; be chemically
and physically stable, resisting disintegration under
conditons of use; and being sufficiently porous while
minimizing channeling effects, so that there is adequate
and uniform contacting but with no cxcessive pressure
drop across the bed. Some microorganisms which pro-
duce isomerase contain this enzyme in the cefl, and the
enzyme is bound therein, or can be bound by a heat
treatment, For example, a colomn material can be
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prepared for Arthrobacter cells. One process is de-
scribed in U.S. Pat. No. 3,821,086. Such natural col-
umn material shows considerable promise, and pro-
vides advantages over the use of shallow beds of cel-
tulose-immobilized isomerase. However, the need is
great for a column material of general utility, which can
be used for immobilizing soluble isomerase, as well as
ather soluble enzymes, such as those used for the con-
version of starch oligosaccharides to dextrose and mal-
tose. Such a column material could be used to immobil-
ize alpha amylase, glucoamylase, or mixtures thereof,
for commerciat production of corn starch-derived syr-
ups having D.E.'s from 40 to 97.

In particular, to minimize capitol investment, in-
crease plant capacity and reduce production costs,
there has been a manifest need for a column process 1o
produce intermediate D.E. com syrups, such as the
syrups now preduced by enzymatic hydrolysis of corn
starch to obtain syrups having a D.E. in the range of
about 40 1o 70. As far as is known, all present commer-
cial processes for producing this type of syrup utilize a
final stage batch enzyme treatment in which the soluble
enzymes arg dissolved in the syrup. This is a one-time
cnzyme use. Usually, the final stage involves treatmem
simultaneously with an alpha-amylase and a glucoamy-
lase. Therefore it would be desirable to provide a col-
umn material to which a mixture of these enzymes can
be chemically bonded and immobilized therein. Such a
column material and column apparatus would also
have many other applications, and could be used, in
general, wherever batch enzyme treatments of sub-
strates with soluble enzymes are now used.

SUMMARY OF INVENTION

The novel column apparatus and process for immobi-
lized enzyme reactions of this invention is based in part
on the discovery that an efficient and relatively inex-
pensive column material for immobilizing enzymes can
be prepared from regencrated cellulose in sponge form.
It is the physical properties of the selected cellulose
sponge material, which primarily characterize the nov-
elty of the column apparatus and process of this inven-
tion. Although regencrated celluloses are known to
have substantially lower molecular weights and degrees
of polymerization than native cellulose, it has been
found that regenerated cellulose in sponge form can be
readily modified by known chemical processes to in-
corporate cffective amounts of enzyme-immobilizing
groups. In fact, it is one of the surprising aspects of the
present invention that all of the chemistry needed to
practice the invention has been well-known for many
years, being described in detail in the chemical litera-
ture and prior patents for application to natural cellu-
lose. For example, as has been done commnercially for
native cellulose, regenerated cellulose sponge material
can be chemically modified by known processes to
produce DEAE-, TEAE-, ECTEOLA -sponge ccilulose.

The regenerated cellulose sponge can be used us a
starting malerial for the purpose of the present inven-
tion and is readily available, being manufactured by a
number of companies for sale as household or indus-
trial cleaning sponges. Moreover, the scrap or waste
from the preparation of cellulose cleaning sponges can
be used. One type of such waste material is known as
“D-slab™. It consists of the trim ends of the cellulose
spenge sheets as formed before cutting into sponge
blocks. Heretofore, this trim end material has had rela-
tively little commercial value, although it has had some
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use, such as filling for inexpensive pillows and similur
upholstering uscs, [t is therefore unexpected that D-
slab trim sponge wastes can be used for immobilized
enzyme columns,

The preparation and characteristics of cellulose
sponge material for use in the column apparatus and
immobilized enzyme reaction processes of this inven.
tion will subsequently be described in detwil. However,
certain important features may be indicated here. By
selecting and processing the cellulose sponge material
sa that it has a density under conditions of use of less
than a certain maximum, and preferably within a speci-
fied range, the sponge material may be employed in
deep beds of the kind conventionally used for fixed-bed
culumns. Morcover, high flow-through rates can be
employed without substantial liquid pressure drop
across the beds. As will be appreciated, therefore, the
resuiting column apparatus and immobilized enzyme
reAClion process represents a great improvement over
the prior art of thin-bed enzyme-immaobilizing cellulose
materils.

As far as is known, it is broadly new 10 employ cellu-
lose sponge in a column apparatus or process fur immo-
bilized enzyme reactions. With respect 1o a column
muterial in sponge form, u recent US. Pat. No.
(3,916,048} describes the use of ground natural sponge
for enzyme immobilization, and propoeses the nastural
sponge as a column filling. Howcver, nawral sponge
differs both chemicully and physically from regener-
ated cellulose sponge. Natural sponge s formed of
spangin, which consists mainly of protein. In large
pieces, it has lurge openings forming channels there-
through. When ground it is as dense as powdered natu-
ral cellutose.

Experiments have also been conducted of other natu-
ral proteinacecus materials for insolubilization of en-
eymes, namely collugen powder and coltagen spunge.
Silman et af, Biopolymers, 4. 441448 (1966}, The
purpose was to study the cffect on papain, und no sug-
gestion iy made to use collagen sponge for fixed-bed
column-type enzyme reasctions.

it is therefore quite surprisiog and uncxpected that
cellelose sponge, which is available as a scrap material,
and which. as far as s known, has not heretofore been
used in any enzymatic processes, can be employed as
the key clement of a column apparatus and process for
immobilized enzyme reactions.

THE DRAWING

The accompimying drawing in FIG. 1 illustrates a
fixed-bed column apparatus utilizing a bed of regener-
ated celivlose sponge material i accordance with the
present invention, the apparatus being illustrated in
conjunction with a preferred process, namcly, the enzy-
matic conversion of syrops.

FIG. 2 is a greatly enlarged view of the material of the
bed, which, in the illustration given, consists of a mix-
ture of rectilinear picces of sponge and sponge shreads.

DETAILED DESCRIPTION

Celulosce sponge material for use in practicing the
present invention is available commercially, and in-
clude the cellulose sponge scrap known commercially
as “D-slub™ trim cnds. When the sheets of cellulose
sponge are molded in the forming boxes, it is necessary
1o trim the ends of the sheets before they are cut into
sponge blocks for sale as cleaning sponges. However,
there is a variation in the density of cellulose sponge
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muteeial as supplied commercially, both in the form in
which it is shipped, and after being wet with water to
expand the sponge lo its maximum volume. Some
sponge material is compressed for compactness in mar-
keting, and in that form may have a density as great as
I gram (dry basis) of sponge mulerial per 3 to 4 cubic
centimeters (cc.). When such sponges are wet and fully
expanded, their volume increases 1o a stible volume of
about 25 to 32 cc. per g. Other cellulose sponge mate.
rial as shipped by the manufacturer have a density in
the range of 13 to 16 ce/p., and on being wet with water
expand to 1 maximum stable volume having a density
as low as | g./25 cc. As will be discussed below, select-
ing a sponge material which provides the proper den-
sity under conditions of column use is important. if
necessary, cetlulose sponge materials can be prepared
to a specified density; the poraosity and thereby the
density, being controlable by the relative proportion of
water-soluble salt mixed with the viscose prior to the
molding operation,

The process for the manufacture of cetlulose sponges
parallels the manufacture of rayon by the viscose pro-
cess but docs not require the more ¢laborate finishing
steps. Instead of betng pumped to the spinning ma-
chine, the viscose is mixed with a minor proportion of
a fibrous reinforcing material consisting of cotton,
hemp, ramie, flax, jute, coco, staple fiber, ete. (either
in a natural or alkali swollen state), and a crystalline
pore-forming material capable of inducing coagulation
of the viscose on heating, usually a hydrated salt with a
low melting point such as Glauber's salt, Na,80,. 10
H,O. The content of fibrous material is usvally about 5
o 10% by weight basis on the celtulose content.

The mixture of viscose, fibrous reinfurcing material
and crystalline pore-forming material is then formed
and the ccllulose coagulated and regenerated. The
finished sponge is washed free of salts and other con-
taminants. Modem processes incorporate colored pig-
ments into the viscose/fiber/erystalline mixture, and
generally also add softening agents, usually polyhydric
alcohols, and bleaching agents such as hydrogen perox-
ide to the regenerating baths 10 improve the physical
properties of the sponge and increuse the salcability of
the product. Sodium sulfate and cerbon disulfide are
recavered in the process. The fibrous content of the
regenerated cellulose sponge is desirable but not essen-
tial. for the purposes of this invention. The physical
stability of the cellulose sponge material for column
use, particularly when the material is employed in sub-
divided condition, as preferred, is believed to be im-
proved by the content of fibrous reinforcing material.
Water soluble additives, such as softening agents, are
removed by washing the sponge material with water
prior to use for enzyme immubilization. Such washing
can be carried oul either before the sponge material is
charged to the columns, or the washing can be carried
out in the columns.

Detailed procedures for the manufacture of cellulose
sponges are set in the patent Diterature, such as the
patents of E. [. duPont de Nemours & Company, 4
major commercial producer of cellulose sponges. Sce,
for example, U.S. Pat. Nos, 2,133 810 and 3,284,229
DuPont cellulose sponge as sold commercially for
cleaning sponges, or the D-slab trim ends of such Du-
Pont sponge material, has been found to have excellent
physical propertics for the purposes of the present
invention. Another suitable spange material is sold
commercially by a division of Genera! Mills, Tona-




J

wanda, N.Y., a5 the *0-Cel-O” cellulose sponge. For
such sponge materials, hemp is a particularly suitahle
reinforcing fiber, and may be incorporated in an
amount of about 6 1o 8% by weight hemp (dry basis)
based on the weight of the regencrated ceflulose. As
indicated above, however, although the incorporation
of a minor amount of a fibrous reinforcing material tn
the cellulose sponge muterial is desirable, the amount
and kind of reinforcing material can be varied widely.
Desirably, however, the reinforcing material is in the
range of 5 to 10% by weight (dry basis) based on the
regenerated cellulose, and is ielf o cellulosic material,
so that its fibrous form is not affected by enzymes other
than cellulases.

While the celiulose sponge material can be employed
in the form of large sheets, pads, or blocks, it is prefer-
ably used in a subdivided form, which facilitates the
filling and uniform packing of a fixed-bed column. For
example, D-slab cellulose sponge scrap can be shred-
ded to produce a mixture of shreds having a size in the
range of 0.263 to 0.525 Tyler Equivalent Screen Size.
Qversized material is not objectionable, that is pieccs
of matcrial having a size greater.than 1,050 screen size
(Tyler), but it will usuatly be desirable to scparate the
ultra-fine material, which muy result from the shred-
ding operation, namely, the particles having a screen
size less than 0,185 (Tyler). Alternatively, or addition-
ally, the cellulose scrap or other cellulose sponge start-
ing material can be cut into small generally rectilinear
chunks or blocks having approximate averuge dimen-
sions of from 0.25 X 0.25 % 0.25 inches up to at least
0.75 x 0.75 = 0,75 inches, These sizes are not critical,
bat simply advantageous. Further, it has been found
desirable to mix the sponge shreds with the sponge
blocks, such as from B0 to 120 parts by weight of the
spange shreds per 100 parts of the small blocks.

The objective is t produce a column packing mate-
rigl huving a density under conditions of use such that
less than 1 gram of sponge material (dry basis) fills 18
cubic centimeters of bed volume or mose. For exampte,
the density of the sponge material can be such tha 1
gram of the material {dry basis) fills from 20 to 70
cubic centimeters of bed volume. For certain pro-
cesses, densities within the range of 1 gram of sponge
material (dry basis) per at least 25 cc., such as 30 to 60
ce. of bed volume are preferred. The sponge material
need not be compressed in the column bed, but can be
allowed to occupy its natural stable volume after being
thoroughly wet with water. Once expanded by water-
wetting, the volume of the cellulose sponge muaterial
does not change appreciably. Further, the contacting
operations are carried out with aqueous solutions, so
that during contacting, the velume of the sponge mate-
rial per unit weight remains substantially unchanged.

Since the sponge material is modified, as will be subse- ¢

quently described, 1o incorporate enzyme immobilizing
groups therein, it will be undérstood that the density
will 'be on the basis of the modified sponge material,
such as sponge material in cationic form, but that all
water soluble components of the sponge as supplied by
the manufacturer, have been remaved, and are not
included in caleulating the column density.

With cellulose sponge beds of the character de-
scribed, there will be litlle or no pressure drop across
the beds duc to the flow resistance of the sponge mate-
rial. Deep beds can therefore be employed. Even if a
series of beds are used, the bed depths will be at least 2
feet in the direction of Row, and preferably at least §
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feet. The maximum bed depth or height, where the
column extends verticalty, can extend for as much as
40 to 50 feet, although typical columns may range from
5 to 20 feet in the dircction of flow. The beds may be
used in column apparatus having round, square, or
rectilinear cross-sections. Usually the cross-sectional
area wil be substantially uniform throughout the length
of the column. There is no imit on the lateral extent of
the beds, although usually the diameter or lateral ex-
tents of the beds will range from about 5 1o 15 fect. A
typical column apparitus, therefore, might comprise a
vertically-extending  column, for cither upflow or
downflow countacting, having a height sufficient that a
bed can bhe incorporated therein with some head room
thercabove, having a height of from 8 to 20 feet, and a
diameter of from 5 to 10 feet.

Columns prepared as described, will have a high
degree of ‘liquid porosity while avoiding channeling
cifects. More specifically, water can be flowed through
beds of over 10 feet in height at flow rates in excess of
0.5 and preferably in cxcess of 1.0 gullon per minute
per square foot of bed cross-sectional area. If the cross-
section of the bed varies the smallest cross-section is
used to determine flow rate. When an enzyme conver-
sion is being conducted in the column, the rate of flaw
is only limited by the contact time nccessary o achieve
the desired conversion. There will be substantially no
liquid pressure drop across the bed due to the flow
resistance of the sponge material, For example, the
solution to be contacted can be pumped into the wop of
o column having a head space above the fixed-bed of
cellulose sponge material, at & rate maintaining a liquid
level above the 1op of the bed. The outflow rate from
the bottorn of the bed can be controlled correspond-
ingly, so that the liquid, in effect, percolates through
the bed without any pump pressure being required. The
difference in static head between the top and the bot-
tom of the bed, will be due to the height of the liquid in
the column, and not to the resistance of the cellulose
hed. Alternatively, the solution to be contacted can be
pumped inte the bottom of the column flowing up-
wardly through the bed, the head space above the bed
being maintained substantially full of the contacted
liguid. The outflow will be controlled in relation to the
in-flow, and the pump pressure required for the opera-
tion being only that nccessary to move the liquid
against its uwn static head, and not due to the resis-
tance of the sponge material itself. As will be under-
stood, the beds can also be used so that the flow direc-
tion is horizontal, aithough more commonly, the beds
witl be used in vertically-extending columns with
downwardly direction of flow.

In preparing the column material, it has been found
undesirable to grind the cetlulose sponge o a very fine
state of subdivision, where the sponge structure is
largely eliminated. As the extent of suhdivision in-
creases to that of a fine powder, the density of the
ground sponge material increases until it is comparable
to that of present commercial cationic celiulose pow-
ders, such as DEAE-cellulose prepared from natural
cellulose. In one test, ground cellulose sponge was
found to have a density after wetting and full expansion
corresponding to | gram of sponge material per 18 cc.
The material was still much more permeable to water
than natural cellulose powder, but the porosity for use
in deep bed columns was not as satisfactory as where
the sponge material under conditions of use has a den-
sity (dry basis) of less than 20 ce. per gram of sponge
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material. In general, column-fill densities under condi-
tions of use of less than 18 cc. per gram (dry basis) of
sponge material are undesirable.

For the purpose of the present invention, the cellu-
lose sponge material is chemically modified to incorpo-
rate an effective amount of enzyme-immobilizing
groups. 1o general, reagents bonding immobilizing
groups to the regenerated cellulose chains through
cther linkages can be employed. Cationic groups are
preferred but enzyme-immobilizing anionic groups are
also known, and could be used for some purposes. A
wide varicty of cationic etherifying agents can be em-
ploeyed, such as those described in US. Pat. Nos.
3,823,133 and 3.809.605. Further, where required to
chemically stabilize the celiulose, cross-linking proce-
dures can be used o permit a higher degrec of substitu-
lion to be obtained, thereby increasing the capacity of
the regenerated cellulose. Suitable procedures for this
purpose are described in the literature, for example, in
Guthric et al, /nd. » Engr. Chem., 52, 915917 (1960).
As is known in the ar, tertiary amine and quaternary
ammonium groups are particularly effective for immo-
bilizing enzymes. The regenerated cellulose may there-
fore be modificd 1o incorporate the di- and tri-
ethyluminocthyl groups, providing DEAE-regenerated
cellulose and TEAl-regencrated cellulase, respec-
tively, The regenerated cellulose can be reacted ac-
cording to known procedures with epichlorohydrin and
triethunolarmine o torm LCTOLA-regenerated cellu-
luse. It will be understood that all of these derivatives
are formed while the regenerated celtulose material
remains in sponge form,

Where the cellulose sponge material is to be subdi-
vided in preparing the column Hill, this can be done
first, the undersized fines removed by sereening, and
the grated subdivided sponge materiat washed with
water to remove any soluble constituents. The subdi-
vided sponge malterial can then be derivatized, using
the procedures and reagents indicated above. A variety
of such reagents and procedures are also illustrated in
the Sollowing example. Since the chemistry involved in
the reaction procedures are well-known, it 15 not be-
heved 1t will be necessary 1o further discuss them
herein.

Contrary 1o what might have been expected, it has
not been found necessary to incorparate high levels of
the cnzyme-immobilizing groups in the cellulose
sponge capacity in column use. In general, where cati-
enic nitrogen groups are introduced as the immobiliz-
ing groups, the number of such groups on the basis of
added nitrogen can correspond from 0.2 0 2.0 percent
by weight nitrogen based on the dry weight of the cati-
onic sponge material. Moreover, for many purposes,
adequate copacity s obtaimed where the cationic nitro-

gen groups, such as tertiary amine groups or quaternary -

ammanivm groups, arc present in the celtulose sponge
material in an amount corresponding to only 0.3 10 1.0
percent added nitrogen based on the dry weight of the
cationic sponge material.

The column apparatus and column process of this
invention for immohilized enzyme reactions is applica-
ble to all enzymes which are unmobilized by the func-
tional groups and which do not attack or degrade the
cellulose structure of the sponge. In general, enzymes
as a class are adsorbed and immobilized by cationic
nitrogen groups, such as tertiary amine or quaternary
ammonium groups, Cellulase enzymes are not desir-
able, since their primary action is digest cellulose.
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Cross-linking of the cellutase can increase its resistance
to cellulotytic attack, and therefore enzymes contain-
ing trace amounts of cellulases may be employéd. How-
cver, preferably, cellulose sponge material is not em-
ploved for reactions requiring the presence of immobi-
lized cellulase, and, aiso, it is preferred that the en-
zymes applied to the column be substantially free of
cellulase.

For enzymatic conversion of glucose, and mixtures of
glucose with oligo-saccharides derived {rom natural
starch, such as comn starch, the enzymes will be those
which have heretofore been employed for such pur-
poses, particularty alpha-amylase, glucoamylase, or
mixtures of these enzymes. For conversions of glucose
syrups, 10 mixtures of glucose and fructose, glucose
isomerase can be employed. For this purpose, a high
D.E. feed stock is preferred, such as a starch derived
glucose solution having a D.E. of 93 to 97, indicating
that it is composed of large amounts of dextrose. For
producing intermediate D.E. syrups from corn starch
or other starch materials, the fced stock can be a starch
denved mixture of glucose and oligosaccharides hiving
a D.E. in the runge of 15 to 45. For example, a mixture
of alpha-umylase and glucoamylase e¢nzymes can be
applied to the cellulose sponge material, and employed
with a feed stock of the character deseribed to produce
products having D.E.'s in the range of 42 to 70. These
are important commercial products which are now
produced eatirely by batch-type enzyme canversions
involving ane-time use of the enzymes. With the pro-
ccss of the present invention, the useful life of the en-
zymes may be greatly extended, being usable for con-
verting at feast 10 to 20 times the amount of substrate
16 the intermediate D.E. comn syrup of commerce.

Other enzymes which can be used in the process and
apparatus of this invention include trypsin, papuin,
chymotrypsin, lactase, urcase, acylase, catakise, peni-
cillin-amidase, beta-amylase, lipase, glucose oxidase,
protease, gelatinase, hemicellulase, pectinase, lyso-
Zyme, pepsin, elc.

The following Experimental Examples are illustrative
and provide further information about the enzyme-
immobilizing cellulose sponge material prepared for
use in the apparatus and process of this invention, The
starting material was cetlulose sponge or sponge scrap
{D-slab) produced by E. 1. duPont, Wilmington, DEL.
The fiber content of the cellulose sponge material was
not specifically determined, but is belicved to comprise
about 6 to B percent by weight of hemp fibers based on
the dry weight of the regenerated celluiose. This mate-
rial was found to be identical in propertics to duPont
ccliulose sponges purchased in retail stores. In general,
the duPont cellulose spunige as received has a density of
about | gram per 13-16 cc. of material. On thorough
welling with water, the cellulose sponge, in the form of
sheets or blocks expands ta a stable density averaging |
gram per 28 cc. When the cellulose sponpe material is
subdivided, such as by shredding, the deasity can be
further decreased. Such shredded material on being
thoroughly wet with water, expanded to a stable density
averaging about 51 cc. per gram (dry basis). It will be
undersiood that the density after expansion by water
wetting corresponds with the density expected of the
material under ordinary conditions of use. The density,
however, is related to the dry weight of the cellulose
spange material, which includes the regenerated cellu-
lose, the fibrous reinforcing material, and the added
enzyme-immobilizing groups, but excludes water-solu-
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ble substances that are removed from the sponge cellu-
lose material before it is used in columns for immobi-
lized enzyme reactions.

EXPERIMENTAL EXAMPLES

10
added was found o be 0.66%. This is a measure of the
cationic groups which are trimethyl ammonium butan-
oyl-2-cellulose ether groups in chloride form. The re-
sulting cationic sponge can be used as a column mate-

5 rial for immobilized enzyme reactions.
EXAMPLE |
I EXAMPLE 3
Derivatives of regencrated cellulose sponge (DuPont . .
Cellulose Sponge) were prepared by reaction with ca- Us'mg the procedure c.)f E?(ample I, and following the
lionizing reagents according o the following general details of Rf"" A, a derivative of cellulose Sponge was
procedure: The sponge was shredded to produce thin 10 prepared using as u reagent 213'€P°XYl’f°PYl trimethyl-
pieces (“'shreds™) of an average size of around G,25 to ammonium bromide. After recovery m the manner
0.75 inches in length. The sponge shreds were washed previousty described, the nmmlnl of nitrogen addc_d
in hot water, dried, and resuspended in water contain- was found to be 0.24%. This is a measure of the cati-
ing an amount of saft from a strong acid and a strong onic groups which are 2-hydroxy-propyl trimethyl am-
hasc represcnting supersaturation and a strong base !5 monium cellulose cther groups in bromide form. The
consisting of an alkali metal hydroxide was added. The resulting cationic sponge can be used as a column ma-
cationizing reagent was then added and reaction con- terial for immobilized enzyme reactions.
tinued with stirring at an cievated temperature for N -
about 2 hours. A%Ler this, the c:uioni'i.zd cellutose EXAMPLE 4
sponge was recovered by neutralizing to about pH 4 51 20 A variant of the reagent described in Example 3 was
with mineral acid, filtered, washed with water and dried reacted in the same manner, using 3-chloro-2-hydroxy-
to equilibrium moisture in an air aven. propyl trimethylammonium chloride. The recovered
Applying this procedure to a specific example 20 product was found to comain 0.35% added’ nitrogen.
grams (0.125 mole) of washed, shredded cellulose This is a measure of the cationic groups which are
sponge was suspended in 970 grams of water contain- 25 2-hydroxypropyktrimethyl ammonium cellulose ether
ing 580 grums of sodium sulfate. An amount of 12 groups in chloride form. The resulting caticnic sponge
grams of 50% sadium hydroxide solution (0.15 male} can be vsed as a colomn material for immobilized en-
was added followed by 10.3 grams (0.06 mole) of die- zyme reactions.
thytaminoe-ethylchloride  hydrochloride (DEC). The
mixture was stirred at 45° C for 130 to 190 minutes. 30 EXAMPLE 5
Thereafer, the mixture was adjusted to pH 4 with hy- Using the procedure described in Example 1, and
drochloric acid, held for 1 hour, filtered, and washed  faliywing the details of Run A, a derivative of the re-
by resuspending in & successive '2-I|ler portions of generated cellulose sponge was prepared using as a
water 1o remove the salts of reaction and the sodium rcagent, 4-bromobutyl trimethylimmonium bromide.
sulfate present adu‘rmg the reaction. The final product 35 ;e il obury in the manner previously described, the
was dricd at 80°C, and allowed to equitibrate at room amount of nit'rogt:n added was found to be 0.45%. This
temperature to obtain diethylaminoethyl (DEAE) oy meagure of the cationic groups which are butyl
sponge cellulose, usable as 2 column material for im- trimethyl ammonium cellulose cther groups in bromide
mobtlized enzyme reactions. Nitrogen was determined 40 form. The resulting cationic sponge can be used as a
on thc‘ product to determine the amount added as column material for immobilized cizyme reactions.
shown in Table 1.
Also shown in Table | are the results of other experi- EXAMPLE 6
ments wherein thc.mole r"tfo of lhe. reagent 1o the Cellulose sponge shreds cationized according to Run
regenerated cellulose of the sponge was varied as well A E le 1 with DEC 1 win | 26% added
as the amount of alkali catalyst added, on a dry celly. 45 7 ! Exampe 1wt © contawn 1,26 adde
lose basis (d.b. cellulose). nitropen, as DE-A!; celiulose sponge, was treated with
an enzyme solution to cause the enzyme to be adsorbed
Fable | onto the cationic sponge.
Mol Rato  Reaction & NaoOM An amount of 10 grams d.b. of cationic sponge was
BEC/ Jin on db. % Nitrogen ¢ mixed with 10 grams of glucoamylase ( Diazyme L-108,
Run Cellulose Minutes Cellulose Added 0 ; . - I
Miles Laboratories, Elkhart, Ind.} in ton-exchanged
',} 1'23 :ig Zg :;g water at room temperature for four hours, and filtered,
e b 150 10 a1 yielding 4 mixture containing 770 IGU of enzyme activ-
n 18 ton 30 085 ity. The sponge was separated from the liguid by filier-
i v 130 o 204 ss ing and analysis showed an activity of 35.4 1GU/gram.
1GU = an immobilized glucoamylase unit and is the
The nitrogen added is a measure of the DEAE groups amount of enzyme which will catalyze, under the assay
honded to the spange cellulose, which are available for conditions, the production of one gram of glucose in i
enzyme immobilization. hour. Assay conditions constitute use of a solution of
O » - i T e Tt ot
0 0 s il skl e 32
Using the procedure described in Example 1, and calculating the ncrease in glucose concentration.
following the details of Run A, a derivative of a cellu- Six grams of sponge containing glucoamylase was
lose sponge column material was prepared using as a wetted with water, placed in a | -inch diameter column,
reagent, 4-chloro-2-buteny! trimethylammenium chior- 65 and 30% solids concentration syrup at 35% dextrose
ide, except that the produce was adjusted to pH {, held equivalent {D.E., Standard Analytical Methods, Corn
for 1 hour, und washed as before. After recovery in the Refiners Association, Method E-26) flowed through
manner previously described, the amount of nitgrogen the column at a rate of 4 ml./minute at pH 4.2 and 138°
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F. The D.E. of the c¢ffluent syrup was maintained at
45%. After 7 days an arnount of 14,870 grams of syrup
(dry solids basis) had heen passed through the column.

EXAMPLE 7

Cellelose sponge shreds eationized according to Run
A in Example | with DEC to contain 0.33% added
nitregen, as DEAE celiulose sponge, was treated with
Diuzyme L-100 enzyme solution as in Example 6 and
found on analysis to contain an activity of 24.3 IGU per
gram.

Eight grams of the sponge comaining enzyme was
placed in a l-inch diameter column and room tempera-
ture. A 30% sobds 1on exchange syrup at 36% D.E. was
flowed into the column at pH 4.5, The column was
gradually heated o 140° F. and the effluent syrup flow-
ing at a rate of 6 ml./minute yielded 62% D.L.

As flow was continued, the percent D.E. gradually
dropped to 51% D.E. after 7200 grams by dry sub-
stance produce had been coilecied. The flow was then
reduced w0 3 ml./minute and the percent D.E. recov
ered to 60.

The column was briefly exposed to 152° F. which
inactivated the enzyme present. An additional amount
of a glucoamylase (G-zyme; Enzyme Development
Corp., New York, N.Y.) was added to the column by
adding it to the feed syrup and flowing it anto the col-
umn. The column was adjusted w 140° F.oand 36%
D.E. ion exchanged syrup flowed through the column
at 3 mi/minute uniil a quantity of 60% D.E. syrup
equivident to 42,000 grams dry substance Syrup had
been produced over a 24-duy period.

EXAMPLE 8

This example shows the capability of o column of 3

cationized cellulose sponge to contain g nuxture of
enzymes, and vary the sugar balunce of the resulting
syrup product. Ten grams of cellutose sponge shreds
cationized with DEC aceording to Run A in Example |
to contain 0.8§5% nitregen, as DEAE cellulose sponge,
was treated with a blend of 1,16 grams of a fungal
a-amylase (Aspurzyme; Enzyme Development Corp.)
and 0.60 gram of G-zyme (See Exumple 7). The en-
zymes were dissofved in 42% D.E. syrup at 30% solids
and Nowed through the column several times before
beginning o flow of syrup at pH 5.5 at a rate of 3
ml./minuate. The cffluent syrup was 64.1% D.E., and
showed on analysis, 40.3% dextrose and 30.6% mal-
tose.

After 7 days, o quantity of 10318 grams dry sub-
stnce syrup had been produced with the D.E. gradu-
ally falling to 4¥% at the same flow rate.

EXAMPLE Y

This example shows a different method of mixing the
enzyme with the cationized sponge.

Six grams of DEAE sponge material (identical to that
in Example 8) were treated with the same quantity of
Asperzyme und Gezyme (sce Examples 7 and 8) and
atlowed to mix over night in 42% D.E. syrup at 35%
solids concentration and pH 5.5 at 130° F. The column
was then filled with ion exchanged syrup at 44% D.E.
and at a flow rate of 4 ml/minute the effluent syrup was
669 D.L. Analysis showed a sugar balance of 47.6%
dextrose and 22.3% maltose.

After observing that the pH of the effluent syrup
began to drift downward to 4.7, the feed syrup was
switched to carbon refined syrup. Hereafter, the pH of
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the effluent syrup was the same as the influent syrup.
At a flow rate of 3.4 mb/minute at pH 5.5, the syrup
produced was 62.2% D.E., und the sugar balance was
found o be 42.6% dextrose and 22.5% maliose.

EXAMPLE 10

This example shows the effect of varying the influent
D.E. of a syrup and its conversion by a fungal alpha
amylase. Eight grams of cationized regenerated ccltu-
lose sponge shreds {DEAE) containing (.48% added
nitrogen was treated with 2 grams of Asperzyme (see
Example B), a fungal alpha amylase dissolved in water.
The mixture was added to a column and 35% D.E.
carbon refined syrup containing 0.01% sodium bisulfite
at pH 5.5 and 35% solids was flowed onto the column
at room temperature. The column temperature was
raised 10 130° F.

The effluent syrup collected at a flow rate of 3
mi./minute was 50.7% D.E. and had a sugar balance of
20.2% dextrose and 37.7 maltose.

After a period of time, the influent syrup was
changed to 19.4% D.E., all other parameters being the
same. The effluent syrup had a sugar balance of 4.83%
dextrase and 40% maltose.

EXAMPLE 1

This example is similar to Examnple 8 ¢xcept that the
cationized (DEAE) sponge material contained 0.38%
adderd nitrogen. The same ratio of Asperzyme and G-
zyme (see Examples 7 and 8) was added in the manner
of Example 10. Influent syrup at 43.5% D.E., 35%
solids concentration, pH 5.5, and containing 0.01%
sodium bisulfite was flowed through the column at 130°
F. at a rate of 3 ml./minute.

Effluent syrup contained 63.6% D.E. and had a sugar
balance of 35.5% dextrose and 31.5% maltose.

EXAMPLE 12

Regenerated cellulose sponge cationized with DEC
(sce Example 1) to contain 0.85% added nitrogen was
treated with an enzyme solution to cause the cnzyme o
be absorbed onto the cationic sponge.

An amount of 1 gram dry basis (d.b.) of cationic
sponge was mixed with | gram of a purificd invertase
(Convertit; Wallerstein Company, Morton Grove, (i),
in ion exchanged water at room temperature for 4
hours. The spunge was separated from the liquid by
filtration and washed on the filter with ion exchanged
water 1o remove unbound enzyme.

One-half gram d.b. of sponge containing invertase
was mixed with 50 ml. of 10% sucrose solution at pH
5.0 and 55° C. for 30 minutes yielding 86% invert
sugar, demonstrating the presence of invertase activity
in the sponge.

EXAMPLE 13

One gram of DEAE cellulose sponge identical to that
in Example 12 was mixed with § gram Glucose Oxidase
(Worthington  Biochemical Corporation, Freehold,
N.J. in ion exchunged waler 1o produce a sponge con-
taining plucose oxidase according to the procedure
described in Example 12,

One-half gram d.b. of sponge containing glucose
oxidase was mixed with 50 ml. of 19 glucose solution
at pH 7.0 and 37° C. After 3 hours, 95% of the glucose
had been oxidized as indicated by loss of reducing
power of the solution. This result demonstrates the
presence of glucose oxidase in the sponge.
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EXAMPLE 14

© One gram of DEAE-cellutose sponge identical to that
in Example 12 was mixed with 1 gram Urease (Jack
Bean, doublc strength, ). T, Bake Chemical Company,
Phillipsburg, N.J.) in ion exchanped water to produce a
sponge containing Ureuse according to the procedure
described in Example 12,

One-half gram d.b. of sponge containing Urcase was
mixed with 0.1 gram uwrea in 250 ml jon exchanged
water at pH 6.5 in a stoppered Kjekdahl flask at ambicnt
temperature for | hour. A nitrogen determination
{Urea and Ammonical Nitrogen; Mcthods of Analysis,
11th ed., AQAC, Method 7.027) showed complete
decomposition of the urea. This result demanstrates
the presence of urease activity in the sponge.

EXAMPLE 15

Onc gram of DEAL sponge identical 1o that in Exam-
ple 12 was mixed with a cell-free extract of glucose
isomerase (obtained from Arthrobacter cells, NRRL
3728) 10 produce a sponge containing glucose isomer-
ase, according to the procedure described in Example
2. .

A glucose isomerase assay of the sponge containing
glucose ismmerase showed an activity of 2.3 x 1072
umits/gram d.b. sponge, where one unit is defined as the
amoeunt of enzyme which cuatalyzes the formation of |
gram of fructose per minute under the following condi-
tons: 60° C., 1.67 molar glucose, pH 7.75, and 0.4
molar magnesimm. This vesult demonstrates that the
sponge contains immaebilized glucose isomerase. This
sponge can be used for column conversion of glucose
to fructose.

EXAMPLE (6

One pram of DEAE sponge identical to that in Exam-
ple 12 was mixed with | gram Catalase (Miles Labora-
tories. Elkhart, Ind.) in ion exchanged water to pro-
duce a sponge containing catalase, according to the
procedure described in Example 12,

When one-half gram d.b. of sponge containing cata-
tase was mixed with 50 ml. of 1% hydrogen peroxide,
the peroxide was immediately decomposed. This result
demonstrates the presence of catulase activity in the
sponge. The sponge can be used in & column far contin-
uous decomposition of HaO; in an aqueous medium,

EXAMPLE 17

Onc gram of DEAE sponge identical to that in Exam-
ple 12 was mixed with 0.5 gram Trypsin (Miles Labora-
tories, Elkhart, Ind.) in ion exchanged water to pro-
duce a sponge contaning wrypsin according to the pro-
cedure described in Example 12,

One-half gram d.b. of sponge containing trypsin wis
mined with 50 mb of 290 casein solution at pH 7.0 and
37° C. After 30 minutes, the sponge was removed from
the solution and trichloroacetic acid was added to pre-
cipitate the protein. A Kjelduhl nivogen determination
after filtration to remove the precipitate showed that
enzyme activity was retained by the sponge. The
sponge can be used as column material for continuous
treatment of soluble protein, the protein being proteo-
lyzed by the immobitized trypsin.

EXAMPLE 18

This example describes the preparation of a cation-
ired cross-linked cellulase spange.
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A DEAE cellulose sponge derivative was prepared as
in Example 1 using DEC, and fotlowing the details of
Run A. Then the reaction slurry was adjusted to pH |
and 20% by weight of formaldehyde (based on d.b.
cellulose of the spange material and the formaldehyde )
was added and the mixture stirred for | hour. Thereaf-
ter, the product was adjusted to pH 3.9 and washed as
previously described. [t contained 1.3% added nitro-
gen, as DEAL groups.

An amount of 8 grams of the resalting cross-linked
sponge material was comtacted with 1.16 grams of As-
perzyme and 0.6 gram of G-zyme (see Examples 7 and
8) dissolved in waler. The mixture was added to a col-
umn and 37% D.E. carbon refined syrup containing
0.01% sodium bisulfite at pH 5.5 and 35% solids was
flowed into the column at room temperature. The em-
perature was raised to 130° F. and the flow rate ad-
justed to ubout 3.0 ml./minute.

The efMluent syrup was 66.6% D.E. and had a sugar
balunce of 47.6% dextrose and 29.2% maltose.

EXAMPLE 19

A cationized cellulose sponge derivative was pre-
pared as in Example 18 using DEC, except that 100%
by weight of formaldehyde was reacted for | hour. The
product was adjusted 1w pH 4.0 and washed untl no
odor of formaidehyde was detectable, The product
contained 1.16% added nitrogen, and was usable as a
cationic column material for immobilized enzyme reac-
tions.

For example, an amount of 40 grams of the resulting
cross-linked cationic sponge material was contacted
with 5.8 grams of Asperzyme and 3.0 grams of G-zyme
{sce Examples 7 and 8) dissolved in water. The mixture
was added to a column and 37% D.E. carbon refined
syrup containing 0.01% sodium bisulfite at ptl 5.4 and
35% salids was flowed into the column at room temper-
ature. The temperature was raised to 130° F. and the
fow rate sdjusted to 11 mi/minute. The effluent syrup
had & D.E. of 67%.

EXAMPLE 20

The cationie cellulost sponge materinl may be used
in columns in several forms, in the foregoing examples
the sponge was in the form of small pieces which re.
sulted from a'shredding operation. An alternative pro-
cedure involves the use of plugs cut from the sponge
mass, which are slightly smaller than the internal col-
umn diameter. The plugs are allowed 1o swell within
the column.

By way of specific example. cylindrical plugs (height
! foor, diameter 15/16 inch) of regeneruted cellulose
sponge were derivatized as described in Example 1 and
dried. Ten of these plugs were inserted into a column
(1 % 12 inch) and water down-flowed through the col-
umn until the sponge had been thoroughly wet and
expanded. Tt then formed a tight seal against the wails
and the height was Lt inches.

Five grams of Diazyme L-100 (sce Example 6) in 50
ce. of water was added to the column. When all of the
enzyme solution had been added, flow was stopped and
the systemn maintained at 30° C. for 2 hours. Then corn
syrup was added to the column, as deseribed in Exam-
ple 6. Similar results were obtained.

During the course of column operation, the flow rate
was varied. D.E. of the efftuent varied from 40 to 95,
depending on the flow rate.
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The density of the enzyme containing sponge in the
column may be varied considerably by applying pres-
sure to the top of the sponge layer with a screen, which
can either prevent upward expansion when plugs are
used: of can substantially reduce the apparent volume
when shredded sponge is used, the screcn being moved
downwardly o compress the shredded material. Using
the latter techmique, it is feasible to densify the bed, as
required, 1o reduce channeling. Such bed compaction
does not appear to cause back-pressure or Now difficul-
ties.

OTHER EXAMPLES

In addition 10 the foregoing, other procedures for
preparing enzyme-immobilizing celluloses can be used.
These include the following:

EXAMPLE 21

A carboxymethylchloro-S-triazinyl derivative of re-
generated cellulose sponge can be prepared according
to Example 1 of U.S. Pat. No. 3,278,392 1t will absorb
urease from an aqueous solution for immobilization
thereof When the enzyme containing sponge is put in
a column and a uren solution is down-flowed the etflu-
ent will contain substantially no urea,

EXAMPLE 22

Similar cnzyme absorption and immohilization re-
sults can be obtained when regenerated cellulose
spange s made cationie with a diazovized anthranilic
cster (U8, Pui. No. 3,647,630}, or a p-diazophenox-
yhydroxy propyl ether {U.S. Pat. No. 3,702,804), or a
hromoacetyl derivative (U.S. Pat. No. 3,278,392), or
hy cyanogen bromide activanon | Biotechnology and
Bicenginecring, Vol. NIV, p. 1039 (1972)]. The fore-
peing citations illustrate applicable reaction proce-
dures.

ENAMFPLE 23

A carbonate of regenceruted cellulose sponge can be
prepared free ethyl chloroformate, as described in
Examplc 1 of U.S. Put. Nu. 3,810,821, The anionic
spouge will absorb anvloglucosidase from a water solu-
tion which cannot be remaoved by washing. The enzyme
containing spenge, when put in o down-flow column
can be used to give D.Es ranging from 60 to over 90
when the input com syrup substrate has @ DE. of
34-38.

COMMERCIAL EXAMPLES

The following examples ure intended to illustrate
preferred  copmmercial  practice, as presently  envi-
sionedd.

EXAMPILE 24

A column appuratus is employed of the kind conven-
tionally uscd with jon exchange resins. Such an appara-
tus is iHustrated diagrammatically in FIG. 1. The verti-
cally-extending column 1§ provides internally a space
for receiving the fixed-bed of cellulose sponge packing
P. Above the material there is provided an open head
space 11. The column 10 is provided with a heating
jacket, as indicated in FIG. I, through which hot water
can be circulated for maintaining a selected tempera-
ture during the enzyme reaction. The top or cover of
the column 12, which may be removable, is provided
with a sceries of connections, the larger one on the left,
as indicated, being used for loading the cellulose
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sponge material into the bed, the center one for supply-
ing the solution to be converted, such as starch hydro-
lysate, and the one on the right to be used as an air
vent. All of these inlets may be provided with suitsble
valves, as shown. The bottom of the bed is supported
on a screen 13, which retains the cellulase material of
the bed, while permittinig liquid fiow therethrough into
the tapered bottom pertion 14 which converges to
outlet 15. The outflow through 15 is controlled by
means of # valve, as indicated. lmmediately above
screen 13 on one side of the column, there s provided
a clean-out opening 16 which communicates with a
removal pipe 17 through a valve, as shown. With this
arrangement when the cellulose sponge material is in
sub-divided condition, as preferred, il can be pumped
into the column in the form of a water slurry, the hed
loading inlet at the top being used. After repeated use
of the cellulose sponge bed, it may be desirable to
remove the bed material, and replace it with 4 new
celiutose sponge bed. This can be done by introducing
water through the bed loading and/or syrup inlets at the
top. the valve being opened on outlet pipe 17, and the
bed material being pumped out as as slurry through
pipe 17.

Onc advantageous form of the column material is
tllustrated in FIG. 2. It cansists of a mixture of sponge
shreads and small blocks or chunks, which are roughly
cubtcal or rectilinear. The shreds preferably have a size
such that they pass through a number 0.525 screen
while being retained on a number 0.263 screen (Tyler).
The “cubed™ material can have an average size of % to
¥ inches in each dimension. The blocks or chunks may
be somewhat irregular in shape, since the sponge
shreds fill the spaces between the larger picces. This is
indicated in F1G. 2 where the larger picces are desig-
nated by the letter C, and the intervening shread by the
letter S, Desirable proportions range from 50 to 60
parts by weight of the shredded material to 30 10 40
parts of the “cubed™ material. .

In the use of the apparatus of FIG. 1, such as for
conversian of a syrup with an appropriate enzyme, the
syrup is pumped into the head spice 11 at the top of the
column, and a level is maintained therein above the top
of the bed of ceilulose sponge material, as indicated at
I8, The valve on outlet line 15 is opened to permit
autflow at substantially the same rate as the inflow, the
column 10 being maintained full of the agucous syrup
1o be converted. In this operation, the syrup flows
downwardly through the bed at a rate, which is suffi-
cient to achieve the level of conversion desircd. The
height and diameter of the bed may be varied, as re-
quired, for the particular process. In the processes
described in the following examples, the hed of celly-
lose sponge material, for example, may have a height of
about 12 feet and a diameter of ahout § feet,

EXAMPLE 25

Batches of 26 pounds of regenerated cellulose
sponge (duPont) in the form of approximate cubes
varying in size from 0.75 inches are suspended in 500
pounds of water at 120° F, in a 175.gallon ribbon
blender. After agitating for 20 minutes, the water is
drained from the system. The washing process is re-
peated three times without removing the sponge from
the blender to provide a sponge free of impurities.

To the washed wet sponge is then added 440 galions
of water, 125 pounds of anhydrous sodium sulfate, 12.5
pounds of 47% sodium hydroxide, and 3.9 pounds of

v
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DEC.HCIL. Additions are made while agitating and in
the order given. The stirred mixture is agitated for 1.5
hours while maintaining the temperature at 50° C. The
pH of the mixture is then adjusied 1o pH 4 with hydro-
chleric acid and agitated for one-half hour. The mix-
ture-is drained and then washed six times by adding
water, agitating for 20 minutes, draining, and repeating
the process.

The wet sponge is then dried a1 38° C. This provides
the derivatized cellulose sponge in cube form. The
nitrogen content of the product is 0.60%.

The shredded form of the derivatized sponge is pre-
pared by grinding the cube form above in a Fitz mill
using a 2-mesh screen.

One hundred thirty-six pounds of homogeneous mix-
ture of 65 parts cubes and 35 parts of the shreds is
intraduced inte a 3 X {2 column (FIG. 1). Water is
then introduced 1o swell the sponge and atlow an excess
of | foot of water above the bed. The celivlase bed is 6
feet in depth.

A solution of 20.5 pounds of Fungamyl (Novo) in
850 pounds water is then circulated through the col-
umn for 2 hours. Thereafter, a solution of 10.24 pounds
dry basis of glucoamylase {G-zyme, Enzyme Develop-
ment) is added to the waler and is circulated through
the column for 2 hours.

Filtered acid hydrolyzed corn starch hydrolyzate
(syrup) with un average D.E. of 36-38 is then added to
the top of the column. The syrup temperature is 130°F.
and the pH adjusted 10 5.5.

When column operation has stabilized, it produces
65 D.E. syrup containing 36% dextrose and 35% mal-
wse at a flow rate of 4.5 gallons per minute.

EXAMPLE 26

The procedure of Example 25 is followed using only
G-zyme (25 pounds) for attachment 10 the regencrated
cellulose sponge. Other conditions are identical except
that the pH is maintained at 4.0-4.5 and the 1wempera-
ture at 140° F. The syrup produced has a D.E. of 95,

EXAMPLE 27

Thee pracedure of Example 26 is followed using cell-
free enzyme from streptomyces ATCC 21175 prepared
as deseribed in Example | of U.S. Pat. No. 3,788,945,
When used in a column operation with o 6 bed depth
and a substrate syrup of 95 D.E. at pH 8, a product
contiining 42% fructose at commercially acceptable
flow rates can be produced.

I cluim:

1. Column apparatus for immobilized enzyme reac-
tions, including column means providing a flow-
through reaction chamber between the liquid inlet and

outlet ends thereof, said reaction chamber extending

for several fect in the direction of liquid flow, wherein
the improvement comprises: @ bed of regenerated
cellulose sponge material in suid reaction chamber
for liquid passage therethrough, the regencrated celly-
lose of said material having been chemically modified
1o incorporate an effcctive amount of enzyme-immobil-
izing groups, suid bed of sponge material being charac-
terized by having (2) a flow direction length of at least
2 feet, (b) a density under conditions of use of less than
1 gram of said sponge material (dry basis) per each 1§
cubic centimeters of bed volume, and (c) a water flow
porosity such that over (.5 gallons of water per minute
per square foot of bed cross-section will flow there-
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through without substantial iquid pressure drop dueto
fiow resistance of the sponge bed.

2. The improved column apparatus of claim 1
wherein said reaction chamber and said bed of sponge
material have a flow direction length of at least 5 feet.

3. The improved cotumn apparatus of claim 1
wherein said sponge bed under conditions of use has a
density of Jess than | gram of said sponge maternial (dry
basis) per each 20 to 70 cubic centimeters of bed vol-
ume.

4. The improved column apparatus of ciaim 1
wherein said sponge bed has a water flow porosity such
that more than 1.0 gallon of water per minute per
square foot of bed cross-section will flow therethrough
without substantial liquid pressure drop across the
length of the bed duc to the flow resistance of the
sponge bed.

5. Column apparatus for immobilized enzyme reac-
tions, including vertically-extending column means
praviding o flow-through reaction chamber between
the vertically-spaced fiquid inlet and outlets thereof,
said reaction chamber having a vertical extent in the
direction of liquid flow of more than 5 feet, wherein the
improvement comprises: a bed of regenerated cellulose
sponge material dispased in said reaction chamber for
liquid passage therethrough the regenerated cellulose
of swid material having been chemically modified 110
incorporate an cffective amount of enzyme-immobiliz-
ing groups, said spenge bed being characterized by (a)
a vertical depth between said inlet and outlets of at
least 5 feet, (b) a density under conditions of use of less
than | pram of said sponge muterial (dry basis) per
each 20 cubic centimeters of bed volume, and (c) a
liquid flow porosity such that more than 1.0 gallons of
water per minute per square cubic foot of bed cross-
section flow therethrough without significant liquid
pressure drop across the bed in the direction of flow
due to the flow resistance of the sponge bed.

6. The improved column appuratus of claim 5 in
which the cnzyme-immobilizing groups chemically
bonded to said regenerated cellulose are cationic nitro-
gen groups, the number of said groups on the basis of
added nitrogen corresponding to 0.2 to 2.0 percent by
weight nitrogen based on the dry weight of said cationic
sponge material, .

7. Column apparatus for immobilized enzyme reac-
tions, including column means providing a flow-
through reaction chamber between the liquid inlet and
outlet ends thereof, said reaction chamber extending
for severat feet in the an direction of liquid flow,
wherein the improvement comprises: a bed of regener-
ated celiviose sponge material in said reaction chamber
for tiquid passage therethrough, the regenerated cellu-
lose of said material containing chemically bonded
cationic nitrogen groups effective for enzyme-immobil-
ization, said groups being sclected from tertiary amine
groups and guaternary ammonium groups, said groups
being present in an amount corresponding tn 0.3 16 1.0
percent added nitrogen based on the dry weight of the
cationic sponge material, said sponge bed having a flow
direction length of at least 5 feet, and a density under
conditions of use such that 1 gram of said cationic
sponge material (dry basis) fills from 20 to 70 cubic
centimeters of bed volume.

8. Column apparatus for immobilized enzyme reac-
tions, including verticaliy-extending column means
providing a flow-through reaction chamber between
verticallty-spaced liquid inlet and outlet means, said
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reaction chamber extending for more than S feet in the
vertical direction of liquid flow, wherein the improve-
ment comprises: a liquid-permeable bed of cationic
regenerated cellulose sponge material in said reaction
chamber, the cationic groups of said sponge material
being of the kind and being present in an amount
throughout said bed effective for immohilizing enzymes
in said hed, said sponge bed having a vertical depth in
the direction of flow of over 5 feet, and a liquid flow
porosity such that more than (1.5 gallons of water per
minule per square foot of bed cross-section will flow
therethrough without substantial liquid pressure drop
across said bed in the direction of flow duc to the Mlow
resistunce of the sponge bed.

9. The improved column apparatus of claim 8 in
which said sponge bed under conditions of use has a
density such that | gram of said cationic sponge mate-
rial (dry basis) fills from 30 1o 60 cubic centimeters of
bed volume.

10. The improved column apparatus of claim 7 in
which said sponge bed has a liquid flow porosity such
that more than 1.0 gallons of water per minute per
square foot of bed cross-section will flow therethrough
without substantial liquid pressure drop across the bed
in the direction of flow due to the flow resistance of the
hed.

11, The improved column apparatus of claim 7 in
which said cationic nitrogen groups are selected from
the class consisting of tertiary amine groups and qua-

ternary ammonium groups, and the sponge material of 3

said bed contains an amount of said groups correspond-
ing to 0.3 to 1.0 percent by weight of added nitrogen
hused on the dry weight of the cationic sponge mate-
rial.

12. The process for reacting a water-soluble enzyme- 3

convertible substance with an cnzyme other than cellu-
Jase, in which a water solution of the substance is
passed through a porous bed of material containing
immobilized therein at least oneenzyme for the reac-
tion, wherein the improvement comprises employing as
said bed a regencrated ceflulose sponpe material which
has been chemically modified to incorporate an effec-
tive amount of enzyme-immobilizing groups, said bed
of sponge material hiaving a llow direction length of at

feast 2 feet and a density under conditions of use of less

than | gram of said sponge material (dry basis) per
each 18 cubic centimeters of bed volume, and passing
said water solution through said bed at a rate of over
0.5 gallon of solution per minute per square foot of bed
cross-section,

13. The process of claim 12 in which said bed of
sponge material has a flow direction length of at least 5
feet, and a density under conditions of use of less than
I gram of said sponge materiul (dry basis) per cach 25
cubic centimeters of bed volume.

14. The process for reacting u water-soluble enzyme-
convertible substance with an enzyme other than ceflu-
luse, in which 4 water solution of the substance is
passed through a porous bed of material containing
immobilized therein at least one enzyme for the reac-
tion, wherein the improvement comprises employing as
said bed a regenerated celtulose sponge material which
hus been chemically modified o incorporate an effec-
tive amount of enzyme-immobilizing groups, said bed
of spenge material having a flow direction length of at
least 5 feet and a density under conditions of use such
that 1 gram of said sponge material (dry basis) fills
from 20 to 70 cubic centimeters of bed volume, and
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passing said solution through said bed at a rate of more
than 1.0 gallon of solution per minute per cubic foot of
bed valume.

15. The process of claim 14 in which said sponge bed
wnder conditions of use has a density such that | gram
of said sponge material (dry basis) fills from 30 to 60
cubic centimeters of bed volume.

16. The process of claim 14 in which the enzyme-
immobilizing groups chemically bonded to said regen-
crated cellulose are cationic nitrogen groups, the num-
ber of said groups on the basis of added nitrogen corre-
sponding to (.2 to 2.0 percent by weight nitrogen based
on the dry weight of the cationic sponge material,

17. The process for reacting a water-soluble enzyme-
convertible substance with an enzyme other than cellu-
lase, in which a water solution of the substance is
passed through a porous bed of material containing
immaobilized therein at least one enzyme for the- reac-
tion, wherein the improvement comprises employing as
said bed a regenerated cetlulose sponge material which
has been chemically modified to incorporate an effec-
tive amount of enzyme-immobilizing groups, the regen-
erated cellulose of said material containing chemicatly
bonded cationic nitrogen groups cffective for enzyme-
immobilization, said groups being selected from ter-
tiary amine groups and guaternary ammonium groups,
satd proups being present in an amount corresponding
to 0.3 to 1.0 percent added nitrogen based on the dry
weight of the cationic spange material, said sponge bed
having a flow direction fength of at least 5 teet and a
density under conditions of use such that | gram of said
cationic sponge malterial (dry basis) fills from 20 10 70
cubic centimeters of bed volume, and passing said solu-
tion through said bed at a rate of over 1.0 gallon of
solution per minute per square foot of bed cross-sec-
tion. ,

18. The process for enzymatically converting a sugar
substrate selected from the group consisting of glucose,
oligosaccharides derived from starch, and mixtures of
glucose and said oligosuccharides, in which a water
solution of said sugar substrate is passed through a
porous bed of material containing immobilized therein
at teast one enzyme for said conversion selected from
the group consisting of alphaamyluse, glucoumylase,
and glucose isomerase, wherein the improvement com-
prises employing in said bed a regenerated celluluse
sponge material which has been chemicully modified to
incocporate an effective amount of cnzyme-immabiliz-
ing groups therein, said bed of sponge material having
a flow direction length of at least § feet and a density
under conditions of use of less than | gram of said
sponge material (dry basis) per cach 20 cubic centime-
ters of bed volume. and passing said sugar solution
through said bed at a rate of over 0.5 gallon of solution
per minute per square foot of bed cross-section.

19. The process of claim 18 in which said bed of
sponge material has a flow direction length of at Jeast 5
fect and a density under conditions of use such that |
gram of said sponge material (dry basis) flls from 3010
60 cubic centimeters of bed volume, and in which said
solution is passed through said bed at a rate of over 1.0
gallon of solution per minute per square foot of bed
Cross-section.

20. The process of claim 18 in which the enzyme-
immobilizing groups chemically bonded to said regen-
erated cellulose are cationic nitragen groups, the num-
her of said groups on the basis of added nitrogen corre-
sponding to 0.2 and 2.0 percent by weight nitrogen
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based on the dry weight of said cationic sponge mate-
rial.

21. The process of cliim 18 in which said enzyme-
immobilizing groups chemically bonded to said regen-
erated cellulose are cationic nilrogen groups sclected
from tertiary amine groups and quaternary ammonium
groups, said groups being present in an amount corre-
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sponding 16 0.3 to | O percent added nitrogen hased on
the dry weight of the cationic sponge material, and said
sponge bed having a density such that | gram of said
cationic sponge matenial (dry basis) fills from 30 10 60
cubic centimeters of bed volume.
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¢ Datos de identificacion del solicitante o de la persona que presenta la solicitud [ ]
¢ Representacion grafica y fotografica del Disefio Industnal 0 muestra del 0]

material que incorpora el disefio . :
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COMPLETA [ ] : | " INCOMPLETA [ ]

ESQUEMA DE TRAZADO [ ]

® Indicacién de que se solicita el registro de un Esquema de Trazado

¢ Datos de identificacion del solicitante o de |a persona que presenta la solicitud
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Doctox (a)
QOLARTE GARCIA CARLOS REYNALDO

REFERENCIA Radicacidédn No. 8 115385
Solicitud internacional PCT/EP2007/002596
Fecha inicio fase nacional 31/10/2008
Tramite 11
Evento 378
Actuacidn 430

Oficio No. N21 4 0 9 7

I
Como resultado del examen |de forma, realizado con fundamento en el articulo 38 de
la Decisidn 486 de la Comilsidn de la Comunidad Andina, articulo 27 del Tratado de
Cooperacidn en Materia de Patentes (PCT), regla 51 bis del Reglamente y Circular
Unica de la Superintendencia de Industria y Comercioc, se le comunica que:

1. La solicitud no contiene el poder debidamente otorgado, con el lleno de los
requisitos exigidos por los articulos 63 y subsiguientes del Cédigo de
Procedimiento <Civil. Adicicnalmente, deberd presentar el documento que acredita la
existencia vy representacidén legal de la sociedad sclicitante, cuando ésta fuere
persona juridica.

2. La solicitud no contiene la copia del documento en gque consta la cesidén del
dereche a la patente del inventor al solicitante ¢ a su causante, conforme a lo
establecido por el articulo 26 literal k) de la Decisidn 486 de la Comisidn de la
Comunidad Andina. Cuando se trate de documentos otorgados en el extranjero, estos
deberdn legalizarse de conformidad con lo dispuesto pecr los articulos 258 y 260 del
Cédige de Procedimiento <Civil. Cuando .se trate de las declaraciones a gue hace
referencia la Regla 4.17 1i) del Tratado de Cooperacidn en Materia de Patentes
BCT., el alcance de 1las tales declaraciones se determinarad seglin indiquen
claramente una cesién de derechos del inventor al solicitante o su causante, de
conformidad con lo dispuestoc en el numeral 5.2.15 del Capitulo Quinto, Tituleo X de
la Circular Unica de Superintendencia de Industria y Comercio.

En cumplimiento de lo dispuesto por el articulo 39 de la Decigibn 486, se le
reguiere para gque dentro del término de dos meses siguientes a la fecha de
notificacién del presente oficic, complete los requisitos anteriormente enunciados.
En caso de no dar cumplimiento &l presente requerimiento, la solicitud se
considerard abandonada y pefderé su prelacién.

Notifiguese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal
e), del capitulo guintc del titulo primeroc de la Circular Unica No.10 de 2001. .

Continua en la pé&gina siguiente...
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