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‘Superabsorbent polymer hydrogels and a method of preparing thereof

The present invention relates to superabsorbent polymer hydrogels and a method of preparing

thereof. ‘

Polymer hydrogels are cross-linked hydrophilic polymers which are capable of absorbing high
- amounts of water. In particular, hydrogels capable of absorbing an amount of water in excess
of 95% of their overall weight are defined as “superabsorbent”. Some of these materials are

even capable of absorbing over 1 litre of water per gram of dry polymer.

The crosslinks or cross-linking knots, i.e. the physical or chemical bonds between the
macromolecular chains forming the hydrogel network, guarantee the structural integrity of the
polymer-liquid system, on the one hand preventing the complete solubilisation of the polymer,

and on the other hand allowing the retention of the aqueous phase within the molecular mesh.

The superabsorbent hydrogels which are currently available,on the market are characterised
not only by their marked absorbent properties, but also by their biocompatibility, which is
probably due to the high water content, and above all by the possibility of adjusting their
absorption properties according to the external stimuli. Consequently, such hydrogels may be
~used as intelligent materials, for example for the manufacture of sensors or actuators for a
number of industrial applications. Besides the usual applications as absorbent cores in the
field of personal hygiene absor‘bent products, there are more recent and innovative
applications such as for example in the biomedical field, for the development of controlled
release drugs, artificial muscles, sensors, etc., and in agriculture and horticulture, for example

in devices for the controlled release of water and nutrients in arid soils.

However, the superabsorbent hydrogels currently available are almost exclusively acrylic-
based products, and hence not biodegradable.

) 1)
Given the growing interest in environmental protection issues, over recent years, a vast

amount of interest has been focussed on the development of biodegradable polymer-based
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superabsorbent materials, having propérties which are similar to those of the traditional

superabsorbent polyaérylics.

Examples of biodegradable polymers used to obtain superabsorbent hydrogels are the starch

and cellulose derivatives. Co

In 1990 Anbergen and Oppermann [1] proposed a method for the synthesis of a
~ superabsorbent material made entirely from cellulose derivatives. Particularly, they used
hydroxyethylcellulose (HEC) and a carboxymethylcellulose sodium salt (CMCNa),
chemically ‘crOSslinked in a basic solution with divinylsulphone. However, the absorption
properties of such materials are not high if compared to those of the acrylic—based :

superabsorbent materials.

In 1996 Esposito and co-workers [2], resuming the synthetic process proposed by Anbergen
and Opperman, developed a method for increasing the absorption properties of the gel, acting
mainly on the physical properties of the material. The basic idea was the induction of a
microporosity- into the polymer structure, so as to promote a.bsorption and retention of water
by capillarity. Said microporosity was induced during the d;ying step, which was carried out
by phase inversion in a nonsolvent for the polymer, and the absorption properties of the

material thus obtained were markedly superior than those of the air-dried gel.

CMCNa may be chemically crosslinked with any reagent which is bifunctional with respect to
cellulose. Besides the divinylsulphone used in the synthetic process according to Anbergen
and Opperman, the use of epichlorhydrin, formaldehyde and various di.epoxides is also
known. However, such compounds are highly toxic in their unreacted states [3]. Some
" carbodiimides are known amongst the unconventional crosslinking agents. Particularly, the
use of carbddiimides in order to crosslink salified or non-salified carboxymethylcellulose
(CMC) was described in [4]. Carbodiimide induces the formation of ester bonds between
cellulose macromolecules, without participating in the bonds themselves, but simply giving
rise to an urea derivative having a very low toxicity [5]. A superabsorbent hydrogel obtained

cross-linking carboxymethylcellulose sodium salt and hydroxyethylcellulose ~ with
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carbodiimide as the cross-linking agent is disclosed in the international patent application WO
2006/070337 [6].

However, the carbodiimide used as a cross-linking agent in WO 2006/070337 has the
disadvantage of being extremely expensive. Moreover, during the cross-linking reaction with
CMCNa, this ‘substance tumns into a slightly toxic urea deriyative, which has to be removed
during the washing step, thereby further increasing the costs and the complexity of the
production process. These drawbacks are extremely unfavourable, particularly in connection
with those applications which requife large scale production of the hydrogels and which,
~ consequently, involve high costs bofh with respect to the purchase of the starting materials

and with respect to the disposal of the toxic substances which are produced during synthesis.

Furthermore, the formation of substances having a certain degree of toxicity, although very
low, is a key factor for ruling out the possibility of using such polymers in biomedical and

pharmaceutical applications.

Therefore, the object of the present invention is to provide superabsorbent polymer hydrogels
which overcome the above-mentioned drawbacks which result from the use of carbodiimide

as a cross-linking agent. '

These and other objects are achieved by the superabsorbent hydrogel and the method of
preparing thereof as defined in the appended claims. The hydrogel of the invention is based on
the replacement of carbodiimide with citric acid as the cross-linking agent, as well as on the

use of a molecular spacer.

Citric acid (3-carboxy-3-hydroxy-1,5-pentanedioic acid), hereinafter designated as CA, is a
naturaliy occurring substance which is non-toxic and available on the market at low costs. CA
is used in' the prior art as a cross-linking agent for polymers such as cellulose,
hydroxypropylmethylcellulose and starch, in textile and food applications [7-11}.

However, the possibility of using CA in order to cross-link carboxymethylcellulose for

preparing superabsorbent hydrogels was never shown before.
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The method of preparing a superabsorbent hydrogel according to the ptesent invention
comprises the step of cross-linking an aqueous solution of a precursor comprising a
carboxyrhethylcellulose salt, optionally in combination with a further and different cellulose
derivative polymer, with citric acid as the cross-linking agent and in the presence of a

"molecular spacer.

The carboxymethylcellulose salt is preferably carboxymethy!cellulose (CMCNa) sodium salt.

The further and different cellulose derivative polymer is preferably hydroxyethylcellulose
(HEC).

" In a preferred embodiment of the method of the invention, which results in the formation of
superabsorbent hydrogels having a parficularly high swelling ratio (SR), the total precursor
concentration in the aqueous solution is of at least 2% by weight referred to the weight of the .
water of the starting aqueous solution, and the concentration of the cross.-linking agent is -

comprised between 1% and 5% by weight referred to the weight of the precursor.

In the present descriptidn, the term “precursor” indicates the whole amount of the cellulose
derivative polymers used as the precursors for the formation of the hydrogel polymer network
(i.e., preferably, the sum of CMCNa and HEC).

The swelling ratio (SR) is a measure of the hydrogel ability to absorb water. SR is obtained
through swelling measurements at the equilibrium (using, for example, a Sartorius micro scale

with a sensibility of 10”) and it is calculated with the following formula:
SR = (W-Wa)/Wy
wherein W; is the weight of the hydrogel after immersion in distilled water for 24 hours; and

Wiy is the weight of the hydrogel before immersion, the hydrogel having béen previously dried

in order to remove any residual water.
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According to a preferred embodiment of the invention, the molecular spacer used to
synthesise the superabsorbent hydrogel is selected from the group consisiing of sorbitol,

sucrose and plant glycerol.

A molecular Spacer isA a substance which, although not taking part into the reaction resulting in
the formation of the hydrogel polymer network, exerts the function of increasing the length of
the cross-linking bndge thereby enhancing the possibility of the polymer network to expand
so as to greatly increase the hydrogel absorption properties.

According to a particularly preferred embodiment of the method of the invention, sorbitol is
used as the molecular spacer, at a concentration within the range of 0,5 to 10% by weight
referred to the weight of water, preferably within the range of 2 to 8% by weight referred to
the weight of water, still more preferably at a concentration of 4% by weight referred to the

weight of water.

According to the preparation method of the invention, the cross-linking reaction is preferably
carried out at a temperature comprised between about 60°C and 120°C. Variating the
temperature during this stage of the process will enable to increase or decrease the croés—
linking degree of the polymer network. A cross-linking temperature of about 80°C is
preferred. )

As mentioned above, the precursor used to form the polymer network is a
cafboxymethylcellulose salt, preferably carboxymethylcellulose sodium salt (CMCNa),
optionally in combination with a further and different cellulose derivative polyiner, preferably
hydroxyethylcellulose (HEC). In that case, if a mixture of carboxymethylcellulose sodium salt
(CMCNa) and hydroxyethylcellulose (HEC) is used, the preferred weight ratio of CMCNa to
HEC will be 3/1.

Hydroxyethylcellulose is used in order to stabilise the polymer network and to iinprove its
mechanical properties. Carboxymethylcellulose alone, in fact, tends to create intramolecular
rather than intermolecular cross-links, resulting in the creation of a gel with poor mechanical

properties.
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The material obtained with the cross-linking reaction is a hydrogel. This material is then

purified by washing in a polar organic solvent. The hydrogel immersed into the solvent swells

~ up releasing everything that was not incorporated into the polymer network. Water is preferred

as the organic solvent, distilled water is still more preferred. The volume of water required
during this step in order to reach the maximum swelling degree of the gel, is approximately
10- to 20-folds the initial volume of the gel itself. Taking into account the huge amounts of
water which would be involved during this step on an industrial scale, as well as their disposal
and/or recycling, the importance of avoiding the presence of any toxic by-products in the

synthetic process becomes evident. | :

The hydrogel washing step may be repeated more than once, optionally changing the organic
solvent employed. Fore example, methanol followed by distilled water may be used as the

organic solvent in the washing step.

The subsequent step in the synthesis process is the hydrogel drying. The drying step is carried -
out by phase inversion in a cellulose nonsolvent. A suitable cellulose nonsolvent isb for
example acetone or ethyl alcohol. Drying by phase inversion results in a'ﬁnal micro porous
structure which improves the absorption properties of the gel by capillarity. Moreover, if the
porosity is interconnected or open, i.e. the micropores communicate with one another, the
absorption/desorption kinetics of the gel will be improved as well. When a completely
swollen gel is immersed into a nonsolvent, the gel undergoes phase inversion with the
expulsion of water, until the gel precipitates in the form of a vitreous solid as white coloured
granules. Various rinses in the nonsolvent may be necessary in order to obtain the dried gel in

a short period of time.

At the end of the process, further air drying or oven drying may be useful in order to eliminate
any residual traces of nonsolvent. The latter drying step may be carried out at a temperature of

e.g. approximately 30-45°C until the residual nonsolvent is completely removed.

The hydrogels obtainable by the method of the invention possess a number of advantages over

the polyacry1ic hydrogels which have bee employed up to now in consumer products, such as
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for example in the filed of the absorbent products for personal care (i.e., babies’ napkins,
sanitary towels, etc.) and in the field of the products for agriculture (e.g., devices for the
controlled release of water and nutrients). Such advantages are essentially associated with the -
biodegradability and the complete absence of any toxic by-products during the manufacturing
process. Such features enable a real employment of the superabsorbenf hydrogels of the

invention in the biomedical and pharmaceutical fields as well.

The absorption properties . of these materials, which depend on the amount of
carboxyrﬁethylcellulose employed and which may be iniproved by the induction of a
microporosity in the gel structure, are comparable to those o‘f polyacrylic gels. The hydrogels
obtainable by the method of the present invention therefore possess mechanical properties

which make them suitable for use in all of the above-mentioned fields.

Thus, the scope of the present invention also includes the use of the polymer hydrogels
obtainable by the method of the invention as an absorbent material in products which are
capable of absorbing water and/or aqueous solutions and/or which are capable of swelling .

C
when brought into contact with water and/or an aqueous solution.

The superabsorbent hydrogels of the present invention may be used as the absorbent materials

in the following fields, which are provided by way of non-limiting example:

- dietary supplements (for example, as the bulking agents in dietary supplements for

hypocaloric diets capable of conferring a sensation of lasting satiety being retained into the

stomach for a limited period of time, or as water and low molecular weight compounds

supplements, such as mineral salts or vitamins, to be included into drinks in a dry or swollen

form); ‘ .

-in agricultural products (for example, in devices for the controlled release of water and/or

nutrients and/or phytochemicals, particularly for cultivation in arid, deserted areas and in all
cases where it is not possible to carry out frequent irrigation; such products, mixed in a dry

form with the soil in the areas surrounding the plant roots, absorb water during irrigation and

are capable of retaining it, releasing it slowly together with the nutrients and phytochemicals
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- useful for cultivation);

- in personal hygiene and household absorbent products (such as for example, as the absorbent

cores in babies’napkins, sanitary towels and the like);

- in the field of toys and gadgets (such as for example in products which are capable of

significantly changing their size once brought into contact with water or an aqueous solution);

- in the biomedical field (for example, in biomedical and/or medical devices such as absorbent
dressings for the treatment of highly exudative wounds, su‘ch as ulcers and/or bumns, or in

slow-release polymeric films suitable to slowly release liquids adapted for use in
ophthalmology);

- in the body fluid management field, i.e., for controlling the amount of liquids into the
organism, for example in products capable of promoting the elimination of fluids from the

body e.g. in the case of oedema, CHF (chronic heart failure), dialysis,etc.
- The above-mentioned products, containing a superabsorbent hydrogel - obtainable by the

method of the present invention as the absorbent material, also fall within the scope of the

invention.

The following examples are provided to further illustrate the invention and are not to be

construed as iimiting its scope. '
EXAMPLES

Materials and methods

All the materials employed were provided by Aldrich Italia and were used without any further -
modification. The devices used in the characterisation, in addition to the standard laboratory

glassware, cupboards and counters for standard synthesis, were a scanning electron
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microscope (SEM) JEOL JSM-6500F, a precision 10-5g Sartorius scale, an Isco mixer and an
- ARES rheometer.

The superabsorbent hydrogels were prepared cross-linking an aqueous solution of

carboxymethylcellulose sodium salt (CMCNa) with hydroxyethylcellulose (}iEC), using citric .
acid (CA) as the cross-linking agent and sorbitol as the molecular spacer. The composition of
a gel is giver_l by the nominal amount of the reagents in the starting solution. The parameters

used to define said composition are the following:

(i) the precursor weight concentration (%) = the total mass-of polymers in the solution (e.g.

CMCNa + HEC) (g) x 100/mass of water (g); '

(ii) the CMCNa to HEC weight ratio = mass of CMCNa (g) in the solution/mass of HEC in
the solution (g);

(iii) the cross-linking agent (CA) weight concentration (%) = mass of CA in the solution (g) x '

100/mass of the precursors in the solution (g); and

(iv) the molecular spacer (e.g. sorbitol) weight concentration (%) = mass of molecular épacer

(g) x 100/mass of water (g).

The laboratory tests demonstrated that a polymer concentration lower than 2% and a CA
concentration lower than 1% either do not allow to achieve cross-linking of the gel or lead to
fhe synthesis of a gel having very poor mechanical pr(;perties. On the other hand, CA
concentrations higher than about 5% significantly increase the cross-linking degree and
polymer stabilization, but excessively reduce the absorption properties of the superabsorbent

gel.

Since CMCNa is the polyelectrolyte species, it is possible to achieve the desired absorpﬁon
properties adjusting the weight ratio of carboxymethylcellulose sodium salt (CMCNa) to
hydroxyethylcellulose (HEC). A CMCNa/HEC weight ratio of between 0/1 and 5/1,
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preferably between 1/1 and 3/1, was observed to enable in any event the synthesis of a

hydrogel having optimum absorption properties.
Examples relating to the synthesis of different hydrogels according to the invention, differing
from one another in the weight percent (wt%) of citric acid and in the composition of the

polymeric precursor, are provided below.

Preparation of gel A: in a beaker containing distilled water, sorbitol at a concentration of 4%

by weight referred to the weight of distilled water is added and mixed until complete
solubilisation, which occurs within a few minutes. The CMCNa and HEC polymers are added
at a total concentration of 2% by weight referred to the weight of distilled water, with a
CMCNa/HEC weight ratio of 3/1. Mixing proceeds until solubilisation of the whole quantity
of polymer is achieved and the solution becomes clear. At this stage, citric acid at a
concentration of 1% by weight referred to the weight of the precursor is added to the solution,
- whose viscosity has greatly increased. The solution thereby obtained is poured into a vessel
and dried at 48°C for 48 hours. During this process, the macromolecules are stabilised into a
polymeric network which is the backbone of the hydrogel. At the end of the cross-linking
process, the hydrogel is washed with distilled water for 24 hours at room temperature. During -
this phase, the hydrogel swells up thereby eliminating the impurities. In order to obtaiﬁ the
maximum swelling degree and elimination of all of the impurities, at ieast 3 rinses with
distilled water are performed during the 24 hours washing step. At the end of this washing
step, the hydrogel is dried by phasé inversion in acetone as the nonsolvent, until a glassy white
precipitate is obtained. The precipitate is then placed into an oven at 45°C for about 3 hours,
to remove any residual trace of acetone. ‘

Preparation of gel B: Gel B was prepared as gel A, with the only exception that the polymer is
made only of CMCNa, and that the CMCNa concentration is 2% by weight referred to the
weight of distilled water.

Preparation of gel C: Gel C was prepared as gel B, with the only exception that the citric acid -
concentration is 2% by weight referred to the weight of CMCNa. .
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Preparation of gel D: Gel D was prepared as gel B, with the only exception that the citric acid
concentration is 0.5% by weight referred to the weight of CMCNa.

Absorption measurements

In order to test the absorption properties of the hydrogels prepared as described above, they
were subjected to absorption measurements in distilled water. The absorption measurements
essentially consist of placing the dry sample, obtained from the drying step, in distilled water,

so that it swells up until an equilibrium condition is reached.

The absorption properties of the gel are assessed based on its swelling ratio (SR), defined
according to the formula illustrated above. In order to minimise the influence of experimental
errors, each test was performed on three samples from each’gel, and then the mean value of

the results of the three measurements was taken as the effectiVe value.

Three dry samples were taken from each of the test gels, each having different weights and
sizes. After recording the weights, the samples were swollen in abundant quantities of distilled
water at room temperature. Upon reaching equilibrium after 24 hours, the samples were

weighed once more in order to determine the swelling ratio.

Results
Table 1 below reports some of the results obtained, in terms of the swelling ratio, varying the

concentrations of the reageﬁts and the cross-linking times (6 hours, 13 hours, 18 hours, 24

hours).
Table 1
sample | CMCNa | HEC | CA | sorbitol cross-linl‘;ing time/swelling ratio
- 75% | 25% | - - 6 hours | 13 hours | 18 hours | 24 hours
glé 2% 1% 4% nr 50 30 20
gl7 4% 1% 4% nr 25 10 5

nr = not cross-linked
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It is pointed out that the increase in the polymer concentration exerts a negative effect on the
swelling properties of the final product and it is also pointed out that the cross-linking time
exerts a significant effect of the absorbing properties.

Thus, further experiments were carried out rhaintaining the polymer concentration fixed at 2%

and varying the citric acid concentration. The results are reported in Table 2.

Table 2
sample | CMCN | HEC | CA |sorbi- | cross-linking time/swelling ratio
a tol .

- 75% 25% | - - 6 hours | 13 hours | 18 hours | 24 hours
g21 2% 2% | 4% 40 25 20 10

g22 2% 1% | 4% nr 50 30 20

g23 2% 0,5 |4% nr nr 50 30

o )

nr = not cross-linked

- Table 2 shows that the sample having the best swelling ratio is the sample designated as g22,

which is characterised by a citric acid (CA) concentration of 1%.

Thus, further experiments were performed removing completely HEC from the solution. This -

should render the hydrogel more hydrophilic thereby leading to an increase of the swelling

ratio. Table 3 shows some of the results obtained. -

Table 3
sample | CMCN | HEC | CA sorbi- | cross-linking time/swelling ratio
a tol N
100% | 0% |- - 6 hours | 13 hours | 18 hours | 24 hours
230 2% 2% 4% nr 85 55 30
g31 2% 1% 4% nr 100 75 40
g32 2% 0,5% | 4% nr nr 70 50

nr = not cross-linked
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The highest swelling ratio is associated with a cross-linking time of 13 hours and a citric acid
concentration of 1%. It is also to be noticed that higher citric hcid concentrations together with
shorter cross-linking times lead to equally satisfactory swelling ratios, although the reaction is

very fast and less easy to control.

Finally, the possibility to increase the swelling ratio creating a porosity into the material which
could promote the absorbing properties, was evaluated. For that purpose, the sample g31,
subjected to cross-linking for 12 hours, was swelled into distilled water for 24 hours and then °

dried by phase inversion in acetone. With this technique, a swelling ratio of 200 was obtained.
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CLAIMS

1. A method of preparing a superabsorbent polymer hydf‘ogel, comprising the steps of:
(1) cross-linking an aqueous solution of a precursor comprising at least a
carBoxymethylcellulose salt, optionally in combination with a fufther and different cellulose
- derivative polymer, with citric acid as the cross-linking agent in the presence of a molecular
specer;
(i1)  washing at least once the gel obtaining by swelling in a polar organic solvent; and

(i11)  drying the gel by phase inversion in a nonsolvent for cellulose.

2. The method according to claim 1, wherein the carboxymethylcellulose salt is

carboxymethylcellulose sodium salt.

3. The method according to claim 1 or 2, wherein the further and different cellulose
derivative polymer is hydroxyethylcellulose. .
4..  The method according to claim 3, wherein the weight ratio of carboxymethylcellulose

salt to hydroxyethylcellulose is 3/1.

5. The method according to any of claims 1 to 4, wherein the total precursor .

concentration in the aqueous solution is at least 2% by weight referred to the weight of water.

6. The method according to any of claims 1 to 5, wherein the tross-linking agent

concentration is comprised between 1% and 5% by weight referred to the weight of precursor.

7. The method according to any of claims 1 to 6, wherein the molecular spacer is
sorbitol.

1 3
8. The method according to claim 7, wherein the sorbitol concentration is comprised

between 0,5% and 10% by weight referred to the weight of water.
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9. The method according to claim 8, wherein the sorbitol concentration is 4% by weight

referred to the weight of water.

10.  The method according to any of claims 1 to 9, wherein the polar organic solvent is

selected from methanol and water.

11.  The method according to any of claims 1 to 10, wherein the gel is washed with

 distilled water before being dried.

12. The method according to any of claims 1 to 11, wherein the nonsolvent for cellulose is -

acetone.

13. The method according to any of claims 1 to 12, wherein the cross-linking reaction is

carried out at a temperature comprised between 60°C and 120°C.

14.  The method according to claim 13, wherein the cross-linking temperature is about
80°C.

15.‘ A superabsorbent polymer hydrogel obtainable by the method according to any of

claims 1 to 14.

16.  Use of a superabsorbent polymer hydrogel according to claim 15, as the absorbent
material in products capable of absorbing water and/or aqueous solutions and/or capable of
swelling when brought into contact with water and/or aqueous solutions, particularly dietary
supplements, devices or pharmaceuticals for eliminating water and/or aqueous solutions from
the organism, devices for the controlled release of water and/or nutrients and/or
phytopharmaceuticals in agriculture, absorbent products for personal and household hygiene,
- toys and gadgets adapted to altering their size when brought into contact with water and/or
aqueous solutions, biomedical devices, polymeric films capgble of siowly releasing liquids in

ophthalmology.
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17. A product which is capable of absorbing water and/or aqueous solutions and/or
capable of swelling when brought into contact with water and/or aqueous solutions,

comprising a superabsorbent polymer hydrogel according to claim 15.

18.  The product according to claim 17, selected from ‘-the group consisting of dietary
sui)plements, devicés or pharmaceuticals for eliminating water and/or aqueous solutions from
the organism, devices for the controlled release of water and/or nutrients and/or
phytopharmaceuticals in agriculture, absorbent products for personal and household hygiene,
toys and gadgets adapted to altering their size when brought into contact with water and/or
aqueous solutions, biomedical devices, particularly .absorbent medications, polymeric films

capable of slowly releasing liquids in ophthalmology.
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