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METHOD FOR CATALYTIC OXIDATION OF CELLULOSE AND METHOD
FOR MAKING A CELLULOSE PRODUCT

Field of the invention

The invention relates to a method for catalytic oxidation of cellulose using a
heterocyclic nitroxyl radical as catalyst.

Background of the invention

Cellulose is a renewable natural polymer that can be converted to many
chemical derivatives. The derivatization takes place mostly by chemical reac-
tions of the hydroxyl groups in the B-D-glucopyranose units of the polymer.
By chemical derivatization the properties of the cellulose can be altered in
comparison to the original chemical form while retaining the polymeric struc-
ture. Reaction selectivity is important so that a derivative of desired chemical
structure could be obtained.

Heterooychic nitroxyl compounds are known as catalysis that participate in
the selective oxidation of C-6 hydroxyl groups of cellulose molecules o alde-
hydes and carboxylic acids, the corresponding oxoammonium salt being
known as the active direct oxidant in the reaction series. One of these
chemical oxidation catalysts known for a long time is "TEMPQO”, e 2,2,6,6-
tetramethylpiperidinyl-1-oxy free radical. Thus, the oxidized forms of the
nitroxyl radicals, N-oxoammoniumions, act as direct oxidants in the oxidation
of the target cellulose molecule, whereas a main oxidant is used to bring
oxygen to the reaction series and convert the nitroxyl compound back to the
oxidized form.

It is known to oxidize primary alcohols to aldehydes and carboxylic acids
through "TEMPO” by using sodium hypochlorite as the main oxidant (for
example Anelli, P. L.; Biffi, C.; Montanari, F.; Quici, S.; J. Org. Chem. 1987,
52, 2559). To improve the yield in the oxidation of the alcohols to carboxylic
acids, a mixture of sodium hypochlorite and sodium chlorate was also used
(Zhao, M. M; Li, J.; Mano, E.; Song, Z. J.; Tschaen, D. M.; Org. Synth. 2005,
81, 195).
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It is also known procedure to catalytically oxidize cellulose in native cellulose
fibers through "TEMPO” by using sodium hypochlorite as main oxidant
(oxygen source) and sodium bromide as activator (Saito, T. et al.; Cellulose
Nanofibers Prepared by TEMPO-Mediated Oxidation of Native Cellulose,
Biomacromolecules 2007, 8, 2485-2491). The primary hydroxyl groups (C6-
hydroxyl groups) of the cellulosic B-D-glucopyranose units are selectively
oxidized to carboxylic groups. Some aldehyde groups are also formed from
the primary hydroxyl groups. When the fibers of oxidized cellulose so ob-
tained are disintegrated in water, they give stable transparent dispersion of
individualized cellulose fibrils of 3-5 nm in width, that is, nanofibrillated
cellulose (NFC) or "nanocellulose”.

Selectivity of the oxidation is important so that chemicals used are not con-
sumed to unwanted side reactions. Selectivity can be defined as ratio of
carboxylic groups formed to the main oxidant consumed.

Normally the catalytic oxidation is done in LC (low consistency 1-4 %) to
have good mixing. Especially in the beginning of the reaction efficient mixing
is important, because the reaction initially proceeds fast after the addition of
NaClO is started. However, at this consistency range, the production costs
are really higher because more chemicals are needed because of side
reactions, and water consumption is high. The required size of the apparatus
will also be higher because of large water volumes handled. Raising the
consistency has not been considered a feasible alternative because the
energy demand would rise too high to ensure efficient mixing by agitation.
Intensive mixing also tends to rise the temperature of the reaction medium
above the optimum range.

The use of sodium bromide as activator is preferred because it accelerates
the reaction. For example WOO01/29309 recommends to use 3 parts by
weight NaBr to 4 parts of NaOCI. In the reaction series, the bromide ion acts
as oxygen mediator between the main oxidant and the nitroxyl radical by oxi-
dation to hypobromite and reduction back to bromide.

The use of bromine compounds in the oxidation reaction is problematic
because of environmental concerns. Sodium bromide is usually used in the
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reaction mixture in relatively large amounts and it is difficult to remove
bromide residues from the final cellulose product. Bromine compouds also
accumulate in process waters. Further, the use of bromine in industrial scale
is undesirable. Use of large amounts of sodium bromide cause corrosion
problems in the equipment. Bromine compounds are generally recognized
as hazardous to health, for example bromate which is formed as a result of
side reactions is a suspected carcinogen.

Summary of the invention

It is a purpose of the invention to provide a method for effectively and
selectively oxidizing the C-6 hydroxyl groups of cellulose.

It is a further object to provide a method for making nanofibrillar cellulose.

Selectivity can be increased by performing the oxidation at medium
consistency, that is, at an initial consistency of the cellulosic raw material that
is higher than normally used. The consistency of the pulp is above 6%, more
preferably equal to or higher than 8%, and most preferably in the range of 8 —
12% by weight. Within the last-mentioned range, the optimum consistency
seems to be in the range of 9-11%. In the reaction conditions, the medium-
consistency pulp behaves, contrary to what might be expected, like low-
consistency pulp, and the mixing can be performed in a simpler way without
compromising the efficiency of the reaction.

The mixing at medium consistency is performed by circulating the reaction
medium (mixture of the catalyst, cellulosic raw material, oxidant and other
substances in liquid carrier). Circulating the reaction medium for example by
a pump allows to mix the reaction medium with lower energy input, and
excess heating due to intensive agitating is avoided. The temperature of the
reaction can thus more easily be maintained in a range which does not
exceed 40°C. The temperature is preferably kept at the optimal level of 25 -
35°C.

The cooling can be improved as a result of the circulation loop, where the
reaction medium flows outside its main volume. The cooling can take place
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by the effect of surrounding ambient temperature or additional cooling during
the flow of the reaction medium in the circulation loop.

The circulation of the reaction medium can be utilized also in dosing the
various reactants to the reaction medium, because they can be at least partly
dosed into the circulation flow of the reaction medium.

Further, by a proper choice of the activator the nitroxyl radical can be
activated to the oxidized state without the use of bromide. In the medium-
consistency oxidation process, the heterocyclic nitroxyl radical is preferably
activated by chlorine dioxide. According to another alternative, the
heterocyclic nitroxyl radical can be activated by a tertiary amine.

The main oxidant in the reaction is hypochlorite. Chlorine dioxide is used as
the activator and hypochlorite, for example sodium hypochlorite (NaClO), as
the main oxidant at a neutral or basic pH. The oxidation reaction is preferably
performed to the desired conversion degree in this one step by circulating the
reaction medium simultaneosusly through the circulation loop.

it is alo possible to perform the conversion in a two-step process, where in a
second step, the pH is made acidic and the remaining aldehyde groups of
cellulose are oxidized to carboxylic groups by chlorite, for example sodium
chlorite (NaClO2). By using the two step method in the ClO, activation, the
selectivity can be further improved and the total oxidation time from hydroxyl
to carboxylate can be made shorter. However, when the reaction is
performed at a higher consistency than usually, the side reactions harmful to
the fibrous material are decreased, breakage of cellulose is avoided, and the
DP value is better retained. Therefore, the one-step reaction is sufficient to
retain the advantageus properties of the fibrous end product, and the change
of the reaction conditions and reactants can be avoided when using the
method.

After the cellulose is subjected to oxidation at the medium consistency, it can
be processed to a final cellulose product. When the starting material is pulp
derived from plants, especially wood, the cellulose exists in fiber form. The
fibers that contain the cellulose in oxidized form are easy to disintegrate by
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mechanical methods to small-scaled fragments, nanofibrillar cellulose (NFC).
The method for forming the cellulose product comprises the first process of
catalytic oxidation of the fibrous starting material and the second process of
disintegration the oxidized starting material to nanofibrillar cellulose.

Brief description of the drawings

In the following, the invention will be described with reference to the
appended drawings, where

Fig. 1 shows the general principle of the method in form of a reaction
apparatus

Fig. 2 shows a reaction apparatus according to another embodiment, and
Fig. 3-5 show results of some oxidation experiments.

Detailed description of the preferred embodiments

In the following disclosure, all percent values are by weight, if not indicated
otherwise. Further, all numerical ranges given include the upper and lower
values of the ranges, if not indicated otherwise.

The primary hydroxyl groups of cellulose are oxidized catalytically by a
heterocyclic nitroxyl compound, for example 2,2,6,6-tetramethylpiperidinyl-1-
oxy free radical, "TEMPQO”. Other heterocyclic nitroxyl compounds known to
have selectivity in the oxidation of the hydroxyl groups of C-6 carbon of the
glucose units of the cellulose can also be used, and these compounds are
widely cited in the literature. Hereinafter, the oxidation of cellulose refers to
the oxidation of these hydroxyl groups to aldehydes and/or carboxyl groups.
It is preferred that the hydroxyl groups are oxidized to carboxyl groups, that
is, the oxidation is complete.

Whenever the catalyst “TEMPQO” is mentioned in this disclosure, it is evident
that all measures and operations where “TEMPQO?” is involved apply equally
and analogously to any derivative of TEMPO or any heterocyclic nitroxyl
radical capable of catalyzing selectively the oxidation of the hydroxyl groups
of C-6 carbon in cellulose.
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In the following description, catalytic oxidation refers to nitroxyl-mediated
(such as "TEMPO”-mediated) oxidation of hydroxyl groups. The catalytic
oxidation of fibers or fibrous material in turn refers to material which contains
cellulose that is oxidized by nitroxyl-mediated (such as "TEMPO”-mediated)
oxidation of hydroxyl groups of the cellulose.

When medium consistency of the pulp is used, the selectivity of the cellulose
oxidation can be improved, because the desired reactions take place in the
fiber, whereas the unwanted side reactions take place in the solution phase.
At the starting pulp consistencies higher than 6%, the cellulose can be
oxidized to the oxidation levels of 0.5 — 1.4 mmol COOH/g pulp, preferably
0.6 — 1.1 and most preferably 0.7 — 0.9 with high selectivity. Further, any
other oxidation levels mentioned in this disclosure can be obtained at these
higher starting pulp consistencies.

For the purpose of making nanofibrillar cellulose (NFC), it has been found
that the oxidation level (conversion degree) of 0.5 — 1.0 mmol COOH/g pulp,
preferably 0.6 — 0.95 and most preferably 0.7 — 0.9 is already sufficient that
the cellulose fibers can be easily disintegrated to fibrils by mechanical
energy. Conventionally, it has been the aim to reach conversion degrees
above 1.0 mmol/g pulp for making NFC.

Fig. 1 shows a reaction apparatus according to a first embodiment. The
apparatus comprises a substantially closed tank reactor 1 and a circulation
loop 2, through which the reaction medium is taken from the tank reactor 1
and returned back to the tank reactor. The flow of the medium through the
loop 2, which can be a pipe of suitable diameter, is caused by a circulation
pump 3. The movement of the reaction medium through the loop will cause
enough mixing inside the tank reactor. Internal moving agitators are not
needed in the tank reactor or their mixing power can be lowered due to the
sufficient mixing effect already caused by the circulation.

Feeding channel 4, through which the tank reactor 1 is initially filled with the
reaction medium, can be also used for dosing the chemicals initially needed
to start the oxidation reaction of cellulose. Feed pump is the feeding channel
is denoted with 5. After the reaction is complete, the product is taken out
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through a product line 6 connected to the circulation loop 2. Valves
necessary to control the direction of flows are not shown.

The chemicals that can be initially dosed to the reaction medium in the
feeding channel 4 are the activated heterocyclic nitroxyl compound (arrow A)
and the initial dose of the main oxidant, preferably hypochlorite, which is the
oxygen source (arrow B). As the reaction proceeds, more main oxidant can
be added to the circulation loop 2 (arrow C) and the pH control by alkaline
agent addition can also accomplished through the circulation loop 2 (arrow D)
to keep the pH of the reaction medium at the desired range.

The circulation loop will also cool the the reaction medium as it flows along
the pipe in close proximity to the ambient temperature (room temperature)
outside the pipe. Additional cooling can be provided in the circulation loop 2
by a heat exchanger 7. The tank reactor 1 itself needs not be a tank
equipped with a cooling jacket, but it can be of simpler wall construction.

All constituents are supplied to the tank reactor so that the reaction medium
is at medium consistency of above 6%, more preferably equal to or higher
than 8%, and most preferably in the range of 8 — 12% when the oxidation
process starts.

It is advantageous to add the main oxidant, such as hypochlorite, conti-
nuously as the oxidation of cellulose proceeds to avoid excess concen-
trations which may cause unwanted side reactions.

After the desired conversion degree has been attained, the reaction medium
is taken out from the reactor through the product line 6. The fibres containing
the oxidized cellulose are separated from the reaction medium, and the reac-
tion medium is possibly reused. Regeneration measures making it possible to
reuse at least some of the constituents of the reaction medium are not
described herein in closer detail. The fibres are washed to remove the rem-
nants of the chemicals and processed further, especially to NFC.

Fig. 2 shows another embodiment of the reaction apparatus. As the reaction
medium was taken to the circulation loop 2 at the bottom of the tank reactor 1
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and returned to the top of the reactor in the embodiment of Fig. 1, the flow of
the medium is now inverse (exit to the loop 2 through the top and return from
the loop 2 through the bottom). Reference numerals indicate parts with
similar function as in Fig. 1. The reactor 1 is a plug-flow type reactor, which
can be provided with static mixers inside the reactor. There is no separate
feeding channel, but the circulation loop 2 can be used for feeding the initial
constituents of the reaction medium and the chemicals needed (main oxidant
and alkaline agent) as the oxidation proceeds. After the reaction is complete,
the final steps are the same as in the embodiment of Fig. 1.

The mixing concepts of the reaction apparatuses of fig. 1 and 2 is based on
the unexpected observation that the mixture of the chemicals in the reaction
medium and the properties of the modified pulp make mixing in medium
consistency easier than with normal pulp. Therefore reactors that do not
apply so much energy (and increase the pulp temperature) are not needed.
The chemical reactions change the pulp viscosity to such an extent that in
the reactor LC (low consistency) mixing can be used. Probaly also the high
salt concentration in the medium consistency range facilitates mixing.

When the fibres are at higher consistencies, their separation of the liquid
phase of the reaction medium is easier, and the washing is also simpler and
easier. If the modified (oxidized) cellulose fibers are disintegrated into fibrils
to make nanofibrillar cellulose, this can be done at higher consistency.
Because the ratio of fibers to liquid is higher, reuse of the liquid reaction
medium is easier because of smaller volumes of liquid to be handled. The
recovery of the catalyst form the liquid medium for reuse purposes is also
easier because of smaller volumes.

Although auxiliary mixing in the form of agitation inside the reaction tank can
be used, ist can be said that the main proportion of the mixing energy input to
the reaction medium is due to the circulation. In the practice, the circulation
pump output is higher than the agitator motor output, if auxiliary agitation is
used.

In the following, some reaction procedures are given as examples. However,
the method is not limited to given reaction schemes, but can be used in all
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reactions where cellulose existing in fibres is catalytically oxidized using the
nitroxyl-mediated oxidation of hydroxyl groups of cellulose and which can be
used in reaction apparatuses of Figs. 1 and 2 at medium consistencies of the

pulp.

According to preferred embodiment, chlorine dioxide is used as the activator
of the heterocyclic N-nitroxyl compound. The main oxidant is hypochlorite.
After the desired conversion degree has been reached by using these
reagents, the reaction medium can be removed from the reactor, the fibers
can be separated and treated further. The oxidation process can also be a
two-step process where in the first step the nitroxyl catalyst is activated with
chlorine dioxide and hypochlorite is used as the main oxidant. The reaction
proceeds rapidly and produces partly aldehyde groups. The pH in the first
phase is preferably between 7.5 and 8.5, these values included, but a wider
range, from 6 to 10, may also be used. Compared with other activating
methods, the activation with CIlO, improves the oxidation selectivity
outstandingly.

When the first step has proceeded to so that a desired conversion degree is
reached, the first step is stopped. The partly oxidized cellulose can be
washed and the second step is performed in a reaction medium where the
pH is clearly on acidic side, about 1.5 — 4, preferably 2 - 3. Preferably the
second step is performed at a pH below 3. The stop point of the first step can
be chosen according to the consumption of the main oxidant or any other
way. Alternatively, the pH of the reaction medium of the first step can be
lowered directly to the pH range of the second step at the stop point.

When the pH is lowered, chlorite, for example NaClO,, is added to the
reaction medium. In this second step, the remaining aldehyde groups are
rapidly oxidized to carboxyl groups with chlorite as the main oxidant.
Dimethyl sulfoxide (DMSO) can be used in the reaction medium in the
second step to eliminate the formation of hypochlorite from chlorite.

Usually the first step is stopped when the carboxylate content of 0.6 — 1.0
mmol/g pulp is reached. The second step increases the carboxylate content
by completing the oxidation.
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If the partly oxidized cellulose is washed between the steps, the reaction
medium is taken from the tank reactor 1 as described above, and the new
reaction medium which contains the cellulose partly oxidized in the first step
is fed to the tank reactor. The second oxidation step can take place in a
similar manner as the first step.

By the combination of first and second steps the overall reaction from
hydroxyl groups until carboxyl groups is fast with good selectivity. The
activation of the nitroxyl radical (for example “TEMPQO” radical) to oxidized
form by CIO2 and further oxidation of C6 hydroxyl groups of pulp by
hypochlorite as the main oxidant is a selective and fast reaction if all
available hydroxyl groups are not oxidized. The residual aldehydes can be
converted to carboxylates by the further acid phase (the second step). The
acid phase in the end is preferable also in the sense that the oxidized pulp is
easier to wash at acidic conditions.

The reaction scheme of the first step is given below in scheme 1. Chlorine
dioxide is needed only for the conversion of the catalyst from the radical form
to the active, oxidized form.
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Scheme 1. TEMPO —catalyzed bleach-oxidation of alcohols using chlorine
dioxide as activator
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The conversion of residual aldehydes to carboxyl groups by oxidation in the
second step stabilizes the oxidized cellulose. The reaction scheme is shown
below.

+ HCIO; — = ©

Scheme 2. Chemical oxidation of aldehyde to carboxylic acid by chlorite.
The chlorite is in the form of chlorous acid (HCIO,, pKa 1.96) in acidic
conditions. The chlorous acid oxidizes the aldehyde groups of the cellulose to
carboxylic acid groups. A typical pH range for this reaction is 2 — 4.

The temperature in the first step can be between 20 and 50°C and in the
second step between 20 and 80 °C, preferably 40 and 80 °C. The optimum
temperature of the second step is about 50°C. However, due to the tendency
of the hypochlorite to decompose, the optimum temperature of the first step
is not higher than 40°C, preferably between 25-35°C, which is a good
compromise of the high reaction rate and low consumption of hypochlorite
and can be easily accomplished by reaction arrangements of Figs. 1 and 2 at
medium consistencies of the starting pulp.

According to another embodiment, the cellulose is oxidized at the medium
consistency catalytically by using hypochlorite as main oxidant and tertiary
amine as cocatalyst. The presumed route is shown in the following scheme 3
(the heterocyclic nitroxyl catalyst is represented by R'2NOH in its reduced
form and R’2N+O in its oxidized form). Bromide is not needed in this process
either.
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Scheme3. TEMPO —catalyzed bleach-oxidation of alcohols using amine as
cocatalyst.

The method is a one-step process where all reagents for achieving the
oxidation are in the same reaction medium. However, the selectivity of the
oxidation is higher when the main oxidant, NaClO is added in portions. The
amine cocatalyst can also be added in portions during the reaction time,
which increases the selectivity of the oxidation reaction. The pH used is
slightly basic, 8 to 9.5. However, any pH value between 7 and 10, these
values included, can also be used.

The reaction using the amine as cocatalyst can be performed at room tempe-
rature or slightly elevated temperature, in the range of 20 - 50°C, preferably
25— 35 °C, in the absence of added bromide.

Suitable tertiary amines are hexamethylenetetramine, 1,4-diazabicyclo[2,2,2]-
octane (DABCO) and quinuclidine. However, the invention is not limited to
the use of these amines as cocatalysts. Other stable amines, especially
stable cyclic amines can be used.

The method of oxidizing xellulose cartalytically in the medium consistency
using the reaction arrangements exemplified by Figs. 1 and 2 is not,
however, limited to oxidizing chemicals and activators expressly mentioned
above.
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The reaction medium in all methods described above is preferably water
where the reagents and raw materials can be dissolved or dispersed.

In the present application all results shown and calculations made, whenever
they are related to the amount of pulp, are made on the basis of dried pulp.

In general, the cellulose oxidized at the medium consistency of the pulp can
be oxidized selectively to a desired conversion degree which is not full con-
version but a conversion where it can be mechanically processed as descri-
bed later, without loss of material. The reached conversion in the end of the
process (in one-step or two-step) is 0.5 - 1.4 mmol COOH/ g pulp, preferably
0.6 — 1.1 mmol COOH/g pulp, most preferably 0.7 — 0.9 mmol COOH/g pulp.

The dosage of hypochlorite to cellulose, to reach the above-mentioned
conversions, can be 1.7 to 5 mmol/ g pulp, preferably 2.2 — 2.7 mmol / g pulp.

In all above-described embodiments the catalytic oxidation can be performed
without the use of bromide. Sodium bromide, which is conventionally used as
activator and cocatalyst because of the faster reaction rate and high degree
of oxidation, can be avoided in the catalytic oxidation process according to
still one embodiment. Conventionally, the optimum pH when sodium bromide
is used is 10. However, side reactions occur at this pH which cannot be
avoided even at the relatively fast reaction rate. The DP value (degree of
polymerization) will decrease considerably, which decreases the strength
characteristics and gel forming ability of the NFC.

Thus, according to still one embodiment, the catalytic non-bromine oxidation
with the heterocyclic nitroxyl radical as catalyst at the medium consistency of
the pulp can be performed by using carefully defined conditions with regard
to pH and temperature. The reaction is performed in neutral or slightly
alkaline pH, in the range of 7-9, and at room temperature or slightly elevated
temperature, in the range of 20 - 50°C, preferably 25 — 35 °C, in the absence
of added alkali metal halide. The selectivity (less C2 ja C3 reactions) is
improved, and bromine compounds are avoided. The slower oxidation
reaction rate due to the lower pH is compensated by the temperature, which
does not increase the side reactions as much as the higher pH. Chlorine
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oxide or any other activator can be used instead of alkali metal halide in the
first step of catalytic oxidation with the hypochlorite as main oxidant using the
above pH and temperature conditions. The second step of completing the
oxidation is not necessarily needed, but if the residual aldehyde groups are to
be oxididized to carboxyl groups, it is preferably performed by using chlorite
as oxidant and protective substances for preventing unwanted side reactions
in the second step, as explained above.

Thus, for the purpose of making NFC, it has been found that the oxidation
level (conversion degree) of 0.5 — 1.0 mmol COOH/g pulp, preferably 0.6 —
0.95 and most preferably 0.7 — 0.9 is already sufficient that the cellulose
fibers can be easily disintegrated to fibrils by mechanical energy. To reach
this level, the one step oxidation process (only the first step of catalytic
oxidation, irrespective of the activator of the catalyst) is usually sufficient.
However it is also possible to complete the oxidation in the second step by
oxidizing the residual aldehydes to carboxyl groups to obtain cellulose with
the above-mentioned oxidation levels indicated as COOH/g pulp.

When the higher consistency than conventionally is used (above 6%, more
preferably equal to or higher than 8%, and most preferably in the range of 8-
12%), the selectivity of the cellulose oxidation can be further improved,
because the desired reactions take place in the fiber, whereas the unwanted
side reactions take place in the solution phase. At these starting pulp
consistencies, the cellulose can be oxidized to the above-mentioned
oxidation levels of 0.5 — 1.0 mmol COOH/g pulp, preferably 0.6 — 0.95 and
most preferably 0.7 — 0.9, either in the one step oxidation process or using
the second step to complete the oxidation. Further, any other oxidation levels
mentioned in this disclosure can be obtained at these higher than usual
starting pulp consistenscies (medium consistencies), either in the one-step
oxidation process or using the second step after the first step in the reaction
arrangements of Figs. 1 and 2.

At the above relatively low oxidation levels of 0.5 — 1.0 mmol COOH/g pulp,
preferably 0.6 — 0.95 and most preferably 0.7 — 0.9, it is possible to obtain a
stronger gel, when the fibers are disintegrated to fibrils, because there is less
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B-elimination. Thus, a lower degree of oxidation lowers the expenses on
chemicals and helps to make a product of improved strength.

The fibrous starting material, which can be pulp of plant origin, especially
wood (softwood or hardwood pulp, for example bleached birch pulp) and
where the cellulose molecules are oxidized in one of the above-described
methods, is easy to disintegrate to nanofibrillar size, nanofibrillar cellulose or
NFC.

The term "nanofibrillar cellulose" refers to a collection of isolated cellulose
microfibrils or microfibril bundles derived from cellulose raw material.
Microfibrils have typically high aspect ratio: the length might exceed one
micrometer while the number-average diameter is typically below 200 nm.
The diameter of microfibril bundles can also be larger but generally less than
1 um. The smallest microfibrils are similar to so called elementary fibrils,
which are typically 2-12 nm in diameter. The dimensions of the fibrils or fibril
bundles are dependent on raw material and disintegration method. The
nanofibrillar cellulose may also contain some hemicelluloses; the amount is
dependent on the plant source. Mechanical disintegration of the oxidized
cellulose raw material is carried out with suitable equipment such as a
refiner, grinder, homogenizer, colloider, friction grinder, ultrasound sonicator,
fluidizer such as microfluidizer, macrofluidizer or fluidizer-type homogenizer.

The NFC prepared from cellulose raw material oxidized with the methods
above has excellent gelling ability, which means that it forms a gel at a low
consistency in aqueous medium. When the oxidized pulp is ground at a
consistency of about 1 to 4 % in aqueous medium, a clear gel consisting of
microfibrils in water (NFC gel) is obtained.

In any of the preceding oxidation processes, the carboxylate content of 0.9 -
1.2 mmol COOH/ g starting pulp (on dry matter), preferably 1.0 -1.1 mmol
COOH/ g pulp is desirable so that the gel formation as a result of mechanical
disintegration would be easy. However, as stated above, the carboxylate
contents below 1.0 mmol are already sufficient to make NFC and they are
preferrred if gel strength is preferred.
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Before the oxidized pulp is disintegrated to make the NFC, the pH of the
medium is adjusted to 7 — 10, preferably 7 — 9, and most preferably to 7 —
8.5, which lowers the energy needed.

The obtained NFC gel is characterized by shear thinning behaviour. The
mean diameter of the microfibrils is 2-20 nm, preferably 2-6 nm, and the
mean length is in the range of 0.3 — 5.0 ym, preferably 0.5 to 2 ym. The
turbidity is below 70, preferably 20 to 60 NTU (0.1% concentration,
nephelometric measurement). Measured at a 0.5% concentration in water,
the gel has zero shear viscosity of 10000-50000 Pa.s, preferably 20000 —
50000 Pa.s if gel strength properties of the NFC are preferred, and yield
stress of 8-40 Pa, preferably 10-30 Pa.

In the following some experiments are described which shall not be regarded
as limiting.

Oxidations at medium consistency

Some oxidations were carried out with MC mixer at the consistency of 10%
and some with MC pulper at the consistency up to 11%. The oxidation at a
high consistency is, in theory, more selective, because the desired reactions
take place in the fibre and the undesired side reactions take place in the
solution phase. In practice, it has been possible to reduce the amount of the
TEMPO catalyst and the chlorine dioxide in relation to the fibre quantity
dosed by increasing the consistency. In our tests, we did not find problems in
carrying out oxidations with TEMPO at increased consistencies up to medium
consistencies. Typical reactions given in the prior art are carried out at a
consistency of 1%, and not higher than 4%. Fig. 3 shows that the selectivity
of the oxidation (formed carboxylic acids per consumed hypochlorite) is
improved when the consistency is increased in a low consistency range, 1 to
4%.

Table 2 shows oxidation results at a consistency of 10% (MC mixer). During
oxidation, a MC mixer does not provide mixing corresponding to mixing with
a Buchi reactor (consistency 1 to 4%). Also the dosage of NaClO and the pH
regulation are less accurate. Oxidation is good also at a consistency of 10%,
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and even better results can be obtained by using an apparatus with more
accurate chemical dosage and pH regulation. Consequently, the results at
medium consistency are promising. Table 3 shows oxidations carried out with
a Buchi reactor at a consistency of 4%. Also included are two TEMPO

S derivatives: 4-methoxy-TEMPO and 4-acetamido-TEMPO. On the basis of
the tests, it can be said that chlorine dioxide can be used to activate not only
TEMPO but also TEMPO derivatives. The dosage of TEMPO can also be
decreased (pulp 149 to 150) so that the selectivity of the oxidation is
maintained. What is essential in optimizing the dosage of the catalyst to a

10 lower level is to optimize the feeding of NaCIO/NaOH simultaneously during
the oxidation. It is clear that the TEMPO-derivatives and other conditions in
table 3 can also be used at medium consistencies.

15
Table 2. TEMPO oxidations activated with chlorine dioxide with a MC mixer at a
consistency of 10%.
Experiment pulp 112 |pulp 113 | pulp 114 |pulp 115|pulp 116 |pulp 117 | pulp 118 |pulp 120
HOCl addition (mmol NaClO / g pulp) 3.8 1.8 1.8 1.8 2.0 4.4 4.5 4.5
TEMPO addition (mmol / g pulp) 0.03 0.03 0.03 | 0.015 | 0.03 0.03 0.03 0.03
Molar ratio ClO, / TEMPO 2.2 1.8 1.7 2.7 2.7 2.9 3.8 5.7
mmol / g pulp (1 phase oxidation) 0.82 0.55 0.55 0.48 0.55 1.11 1.07 0.95
mmol / g pulp (2 phase oxidation) 0.72 0.63 0.80 1.14 1.17 1.13
Viscosity (ml/g) (1 phase oxidation) 137 164 196 179 159 135 129 153
Viscosity (ml/g) (2 phase oxidation) 382 213 298 145 205 225
Selectivity after 2 phase (mmol COOH / mmol NaClO) 0.31 0.34 0.25 0.25 0.23
Temperature (°C) 25 25 25 25 25 25 25 25

20

Table 3. TEMPO oxidations activated with chlorine dioxide with a Buchi
reactor at a consistency of 4%.

Experiment pulp 132 | pulp 139 pulp 140 | pulp 141 |pulp 142 | pulp 143 | pulp 144 | pulp 149 | pulp 150
TEMPO derivative A B B C C C C C C
Reaction time {(min) 150 240 100 255 150 220 210 360 360
HOCI addition (mmol NaClO / g pulp) 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3
TEMPO addition {mmol / g pulp) 0.05 0.05 0.05 0.05 0.075 0.05 0.05 0.04 0.025
Molar ratio TEMPO / ClO, 1.9 1.9 1.9 1.4 1.2 1.2 1.27 1.33 1.27
mmol / g pulp (1 phase oxidation) 0.76 0.78 0.75 0.68 0.59 0.65 0.68 0.78 0.70
mmol / g pulp (2 phase oxidation) 0.91 0.94 0.84 0.79 0.74 0.78 0.79 0.91 0.82
Viscosity (ml/g) (1 phase oxidation) 197 165 161 159 160 166 163
Viscosity (ml/g) (2 phase oxidation) 465 304 298 246 284 269 344
Selectivity after 2 phase (mmol COOH / mmol NaClO) 0.36 0.37 0.35 0.32 0.29 0.31 0.31 0.37 0.33
Temperature (°C) 25 25 35 25 25 35 35 25 25
TEMPO A ...................................................................................................................................
4-methoxy-TEMPO B

25 4-acetamido-TEMPO C
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In still one test series, chlorine dioxide activated TEMPO oxidations were
executed in MC pulper at pulp consistencies of 6-11%. Temperature (25-35
°C), pH (7-8) and NaCIlO addition were adjusted manually during oxidation.
Most of the experiments were executed by 2.3 mmol NaCIO / g pulp addition.
The results are shown in the following table 4.

Table 4. MC pulper oxidations at high consistencies. Selectivity means the
molar ratio COOH / hypochlorite. Part of the hypochlorite oxidizes OH-groups
to aldehydes, but only ratio COOH-groups/consumed NaClO is shown.

Experimnet 1 2 3 4 5 6 7 8 9

Pulp consistency at start (%) 11 10,1 10,7 6 6 7,8 7,8 6 10
mmol TEMPO / g pulp 0,03 0,02 0,04 0,03 0,04 0,04 0,025 0,04 0,04
mmol NaClO/g pulp dosage 2,3 2,3 2,3 2,3 2,3 2,3 2,3 2,7 2,7
mmol COOH / g pulp 0,79 0,69 0,8 0,71 0,72 0,77 0,71 0,82 0,85
selectivity NaClO / COOH 0,34 0,30 0,35 0,31 0,31 0,33 0,31 0,30 0,32

The selectivity of chlorine dioxide activated TEMPO oxidation as a function of
TEMPO dosage and pulp consistency (6-10 %) of the above experiments is
shown also in Figure 4, with consistency values rounded. The maximum
selectivity value (formation of COOH groups/ added NaClO) is 0.5 due the
stoichiometry of reaction. 2 mol NaClO is consumed to formation of 1 mol
COOH in cellulose because formation of COOH group from hydroxyl group
goes via aldehyde intermediate.

According to these results is it obvious that higher pulp consistency increases
the selectivity of chlorine dioxide activated TEMPO oxidation. The roughness
of these experiments (manual pH and temperature control) does not interfere
that phenomenon. The optimal conditions of oxidation according to these
result is 10 - 11 % pulp consistency and 0.03 — 0.04 mmol TEMPO / g pulp.

The reaction conditions can be further improved by using the arrangements
shown in Figs. 1 and 2, by using the circulation of the reaction medium
through the loop as the main energy source of the mixing.

Some factors affecting the efficiency of the oxidation, especially selectivity,
and applicable also to the oxidation of the cellulose at the medium
consistencies of the pulp using the reaction arrangements described herein,
are briefly discussed below.
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The selectivity of the oxidation can be improved by pumping NaClO at a low
rate into the reactor during the oxidation. It has been found that the reaction
rate does not depend on the concentration of HOCI in the reaction mixture
but is constant when a sufficient quantity of hypochlorite is present in the
reaction. The phenomenon behind the improved selectivity is the tendency of
NaClO to decompose when the pH decreases. The decomposition of NaCIO
is stronger if the HOCI content in the solution is high during the oxidation. In a
standard reaction, all the hypochlorite is added at a time. HOCI is
decomposed into dichlorinemonoxide (Cl.O) which is a volatile compound.
Dichlorinemonoxide is decomposed further into chlorate ("CIOs3) in a reaction
with hypochlorite.

The oxidation of C6 hydroxyl groups of cellulose is fastest at the beginning of
the process when there are a lot of free reactive groups left. As the number
of reactive groups decreases, the oxidation rate becomes lower and a
significant change takes place when the number of free reactive groups
(amorphous cellulose and part of crystalline cellulose) is very small and the
oxidation is directed to the crystalline cellulose. Thus, the oxidation proceeds
primarily via degradation of the crystalline cellulose. Figure 5 shows the acid
value (mmol COOH per g of pulp) of TEMPO oxidations activated with
chlorine dioxide as a function of hypochlorite dosage in a one-step process.
The figure shows that up to the oxidation level of 0.9 mmol/g pulp the 1-step
method is efficient as to the consumption of the main oxidant, hypochlorite.

Of the amorphous C6 OH groups, 83 to 98% are easily accessed; the corres-
ponding figure in crystalline ranges is 10 to 15%. The graph of Fig. 5 shows
that cellulose can be easily oxidized to the acid value range of 0.8 to
0.9 mmol of COOH per g of pulp. After this, the reaction rate becomes lower
and the consumption of NaClO increases and the viscosity decreases as a
result of degradation of polymers. The acid value range 0.8 to 0.9 can be
kept as an optimum target for selective oxidation. When a lower reaction rate
and a higher temperature are applied, the content of remaining aldehydes in
the product after step 1 is typically <0.2 mmol per g of pulp, which is clearly
lower than in a typical reaction in which the level is between 0.2 and
0.35 mmol per g of pulp. This is probably due to the lower reaction rate,
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wherein there is also more time for oxidation reactions of aldehydes to
carboxylates to take place.

Example of making NFC

The oxidized pulp (0,82 mmol COOH / g pulp) sample was fibrillated using
“Atrex” dispergator, which is a device which subjects the pulp to impacts from
opposite directions at a high frequency, consisting of concentric cylindrical
rotors with through flow passages formed by spaced impact blades.

Four passes through the device were used. Gel properties of nanofibrillar
celluloses were measured using rheometer and turbidity with turbidometer.

The achived properties were: Zero shear viscosity 18 000 Pa.s, yield stress
22 Pa and turbidity 24 NTU.

Turbidity measurement

Turbidity may be measured quantitatively using optical turbidity measuring
instruments. There are several commercial turbidometers available for
measuring quantitatively turbidity. In the present case, the method based on
nephelometry is used. The units of turbidity from a calibrated nephelometer
are called Nephelometric Turbidity Units (NTU). The measuring apparatus
(turbidometer) is calibrated and controlled with standard calibration samples,
followed by measuring of the turbidity of the diluted NFC sample.

In the method, a nanofibrillar cellulose sample is diluted within a liquid,
preferably in water, to a concentration below the gel point of said nanofibrillar
cellulose, and turbidity of the diluted sample is measured. Said concentration
where the turbidity of the nanofibrillar cellulose samples is measured is 0.1
%. The mean value and standard deviation are calculated from the obtained
results, and the final result is given as NTU units. HACH P2100
Turbidometer, with a 50 ml measuring vessel was used for turbidity
measurements.
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Rheometric measurement

The NFC was diluted with deionised water to a concentration of 0.5 and 200
g of the mixture was homogenised with a Buchi-mixer (B-400, max 2100 W,
Blchi Labortechnik AG, Switzerland) for 3 x 10s.

The viscosity of the NFC dispersions was measured at 22 °C with a stress
controlled rotational rheometer (AR-G2, TA Instruments, UK) equipped with a
narrow gap vane geometry (diameter 28 mm, length 42 mm) in a cylindrical
sample cup having a diameter of 30 mm. After loading the samples to the
rheometer they were allowed to rest for 5 min before the measurement was
started. The steady state viscosity was measured with a gradually increasing
shear stress (proportional to applied torque) and the shear rate (proportional
to angular velocity) was measured. The reported viscosity (=shear
stress/shear rate) at a certain shear stress was recorded after reaching a
constant shear rate or after a maximum time of 2 min. The measurement was
stopped when a shear rate of 1000 s-1 was exceeded.
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Claims:

1. A method for catalytic oxidation of cellulose using a heterocyclic nitroxyl
radical as catalyst, main oxidant acting as oxygen source, and an activator of
the heterocyclic nitroxyl radical, characterized in that the oxidation is
performed in a reaction medium which is at medium consistency of cellulosic
pulp, which is above 6%, more preferably equal to or higher than 8%, and
most preferably in the range of 8 — 12%, by mixing the reaction medium in a
reactor through circulation of the reaction medium back to the reactor.

2. The method according to claim 1, characterized in that at least part of the
chemicals, such as the main oxidant and/or pH control agent, are added to
the circulation of the reaction medium.

3. The method according to claim 1 or 2, characterized in that chlorine
dioxide or tertiary amine is used as the activator of the heterocyclic nitroxyl
radical.

4. The method according to any of claims 1 to 3, characterized in that
hypochlorite is used as the main oxidant.

5. The method according to any of the preceding claims, characterized in
that the cellulose is oxidized to the desired level in one step or in two steps,
and in oxidizing in two steps, the chlorine dioxide is used as the activator and
hypochlorite as the main oxidant in a first catalytic step, and chlorite is used
as oxidant completing the oxidation in a second step where the pH is lower
compared with the first step.

6. The method according to claim 5, characterized in that during the first
step pH is 6 to 10, preferably 7.5 to 8.5 and during the second step pH is 1.5
to 4, preferably 2 to 3.

7. The method according to claim 4, characterized in that the catalytic
oxidation is performed at pH 7-9 and at temperature of 20-50°C, preferably
25-35 °C.
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8. The method according to any of the preceding claims, characterized in
that the oxidation is performed to a level of, 0.5 — 1.4 mmol COOH/g pulp,
preferably 0.6 — 1.1 and most preferably 0.7 — 0.9.

9. The method according to any of the preceding claims, characterized in
that after the oxidation, the oxidized cellulose is treated further, for example
fibrous raw material containing the oxidized cellulose is disintegrated to
nanofibrillated cellulose.

10. The method according to any of the above claims, characterized in that
the cellulose subjected to oxidation is the cellulose in fibrous raw material,
especially fibers obtained from plant material.

11. Method for making a cellulose product, comprising

- subjecting fibrous starting material, especially fibers obtained from plant
material, to oxidation by any of the methods 1 to 8 to obtain oxidized fibrous
material, and

- disintegrating the oxidized fibrous raw material.

12. The method according to claim 11, characterized in that the oxidized
fibrous raw material is disintegrated to nanofibrillated cellulose (NFC).

13. The method according to claim 12, characterized in that the fibrils of the
nanofibrillated cellulose have mean diameter of 2 to 20 nm, preferably 2 to 6
nm, and mean length of 0.3 to 5, preferably 0.5 to 2 um.

14. The method according to claim 12 or 13, characterized in that the
nanofibrillated cellulose has the turbidity below 70, preferably between 20 to
60 NTU (nephelometric turbidity units) as measured at 0.1 % concentration in
water.

15. The method according to any of claims 11 to 14, characterized in that
the nanofibrillated cellulose has the zero shear viscosity of 10000 to 50000
Pa.s, preferably 20000 to 50000, and yield stress of 8 - 40 Pa, preferably 10 -
30 Pa as measured at 0.5 % concentration in water.
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16. The method according to any of claims 11 to 15, characterized in that
the carboxylate content of the oxidized cellulose is at least 0.6 mmol COOH/
g pulp, preferably 0.7 — 1.4 mmol COOH/g pulp, most preferably 0.7 — 0.9
mmol COOH/g pulp.

17. Cellulose product, characterized in that it is microfibrillated cellulose
(NFC) where the cellulose is in oxidized form as a result of catalytic oxidation
of cellulose by any of the methods 1 to 8.

18. Cellulose product according to claim 17, characterized in that the fibrils
of the nanofibrillated cellulose have mean diameter of 2 to 20 nm, preferably
2 to 6 nm, and mean length of 0.3 — 5, preferably 0.5 to 2 ym.

19. Cellulose product according to claim 17 or 18, characterized in that the
nanofibrillated cellulose has the turbidity below 70, preferably between 20 to
60 NTU (nephelometric turbidity units) as measured at 0.1 % concentration in
water.

20. Cellulose product according to any of claims 17 to 19, characterized in
that the nanofibrillated cellulose has the zero shear viscosity of 10000 to
50000 Pa.s , preferably 20000 to 50000 Pa.s, and yield stress of 8 - 40 Pa,
preferably 10 - 30 Pa, as measured at 0.5 % concentration in water.

21. Cellulose product according to any of claims 17 to 20, characterized in
that the carboxylate content of the oxidized cellulose is at least 0.6 mmol
COOH/ g pulp, preferably 0.7 — 1.4 mmol COOH/g pulp, most preferably 0.7
— 0.9 mmol COOH/g pulp.

22. Cellulose product according to any of claims 17 to 20, characterized in
that the carboxylate content of the oxidized cellulose is 0.7 - 0.9 mmol
COOH/ g pulp.

23. Cellulose product according to claim 21 or 22, characterized in that
residual aldehyde groups of the oxidized cellulose are oxidized to carboxylate
groups in the oxidized cellulose.



WO 2014/091086 PCT/FI12013/051166

1/3

ooy
‘V"I\
L2

PGLF;




WO 2014/091086

0.50

2/3

0.45

0.40

0.35

0.30

0.25 §

mmol COOH/ mmol NaCIO

0.20

1 2

3

pulp consistency %

FIG. 3

0,35

PCT/FI12013/051166

0,34

0,33

0,32
0,31

0,30

0,29

0,28

Selectivity NaClO / COOH

0,27
0,02 0,025

FIG. 4

0,03

mmol TEMPO / g pulp

0,035

0,04

0,045



WO 2014/091086
11
y = 0.0516x +0.733
R = 0.8141
1
o
3 09
oo
~
I
Q 08
o)
o
2
£ o7

1.5

FIG. 5

0.6
y = 0.3013x + 0.0537
R*=0.9579
0.5 ¥ ' v

2 2.5 3 3.5 4
mmol NaClO / g pulp

4.5 5

PCT/FI12013/051166



INTERNATIONAL SEARCH REPORT

International application No

PCT/F12013/051166

A. CLASSIFICATION OF SUBJECT MATTER

INV. D21C9/00 CO08B15/04
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

D21C CO8B

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X,P WO 2012/168562 Al (UPM KYMMENE CORP [FI]; 1-23
VUORINEN TAPANI [FI]; PAEAEKKOENEN TIMO
[FI]; N) 13 December 2012 (2012-12-13)
abstract

page 12, line 15 - line 17

page 23, line 10

claims 19,24

X EP 1 264 845 A2 (WEYERHAEUSER CO [US]) 1-10
11 December 2002 (2002-12-11)
abstract

X EP 0 226 414 A2 (GEN FOODS CORP [US]) 1-23
24 June 1987 (1987-06-24)
abstract

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other

. e "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified)

considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

28 April 2014 08/05/2014

Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016 Naeslund, Per

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/F12013/051166

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

ET AL) 6 April 2004 (2004-04-06)
the whole document

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A WO 01/29309 Al (WEYERHAEUSER CO [US]) 1-23

26 April 2001 (2001-04-26)

cited in the application

the whole document
A US 6 716 976 Bl (JETTEN JAN MATTHIJS [NL] 1-23

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/FI2013/051166
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2012168562 Al 13-12-2012 CA 2837533 Al 13-12-2012
EP 2718329 Al 16-04-2014
FI 20115566 A 10-12-2012
US 2014110070 Al 24-04-2014
vy 34123 A 31-01-2013
WO 2012168562 Al 13-12-2012

EP 1264845 A2 11-12-2002 CA 2383464 Al 06-12-2002
EP 1264845 A2 11-12-2002
JP 2003089701 A 28-03-2003
US 2003083491 Al 01-05-2003
US 2004266728 Al 30-12-2004
US 2005014669 Al 20-01-2005

EP 0226414 A2 24-06-1987 CA 1261896 Al 26-09-1989
EP 0226414 A2 24-06-1987
us 4730847 A 15-03-1988

WO 0129309 Al 26-04-2001 AU 8002600 A 30-04-2001
CA 2384701 Al 26-04-2001
EP 1238142 Al 11-09-2002
JP 2003512540 A 02-04-2003
us 6379494 Bl 30-04-2002
WO 0129309 Al 26-04-2001

US 6716976 Bl 06-04-2004 AT 271068 T 15-07-2004
AU 776991 B2 30-09-2004
AU 2833000 A 14-09-2000
BR 0008475 A 05-02-2002
CN 1341125 A 20-03-2002
4 20012873 A3 16-01-2002
DE 60012148 D1 19-08-2004
DE 60012148 T2 21-07-2005
DK 1155039 T3 08-11-2004
EP 1155039 Al 21-11-2001
ES 2223462 T3 01-03-2005
HU 0105300 A2 29-04-2002
JP 2002537448 A 05-11-2002
PL 350423 Al 16-12-2002
us 6716976 Bl 06-04-2004
WO 0050463 Al 31-08-2000
ZA 200106416 A 04-11-2002
ZA 200106740 A 15-08-2002

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report

