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Abstract

The interpolyelectrolyte reaction between chitosan hydrochloride (CHI) and sodium polygalacturonate (NaPGA) has been investigated by
conductimetric measurements. The composition of the reaction mixture,Z, was assessed by monitoring the conductivity when a CHI solution
was added to a solution of NaPGA. It was determined to be unity at the equivalence point, indicating a 1:1 stoichiometry for the complex. The
degree of complexation,u , expressed as the fraction of groups reacted, was also obtained from the conductimetric measurements by means of
a simple procedure. To this end the limiting ionic conductivities and transport coefficients of CHI and NaPGA were previously evaluated. It
was found thatu varies withZ. It falls from unity to almost 0.8 asZ increases from 0.2 to 0.5 and then rises again up to 0.85 forZ � 1.q 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyelectrolyte complexes (PEC) result from the interac-
tion of macromolecules carrying electrostatically comple-
mentary ionizable groups. They have been proposed for the
design of drug delivery systems, protein separation, antic-
oagulant coatings, and membranes for separating materials
or even as skin substitutes, among other applications [1–3].
The preparation of PECs from natural polymers, such as
polysaccharides or polypeptides has the additional advan-
tage of being non-toxic and bioabsorbable [4].

Due to its unique cationic character, chitosan (mainly
(1! 4)-2-amino-2-deoxy-b-d-glucan) has received in-
creasing attention as a polymer component in a variety of
such complexes [5–10]. On the other hand, polygalac-
turonic acid (mainlya-(1! 4) linked d-galacturonic acid)
and pectin have almost been unstudied in the preparation of
such complexes [11,12].

Reactions between polyelectrolytes are accompanied by
the release to the medium of ionic species with different
mobilities converting conductometry in a powerful

technique to study these types of processes. Unfortunately,
very scarce investigations have been reported on this
subject, in spite of the important information that could be
obtained [12]. This fact may be justified as it requires care-
ful procedure that must be followed, including meticulous
purification of the polymers.

In this paper we report the study of the reaction between
two ionic polysaccharides, chitosan hydrochoride and
sodium polygalacturonate, using conductometry. The
degree of complexation between both oppositely charged
ionic groups is estimated as well. It should be noticed that
we will restrict our efforts to the case when chitosan hydro-
chloride is added to the sodium polygalacturonate.

2. Experimental part

2.1. Materials

Chitosan from lobster cephalotoraxPanulirus arguswas
prepared industrially in a Cuban enterprise. Its viscosity-
average molecular weight was 2:3 × 105 estimated at 258C
in 0.3 M acetic acid/0.2 M sodium acetate [13] and the
degree ofN-acetylation DA� 0:20 was determined by1H
NMR.
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Sodium polygalacturonate obtained from orange peels
was purchased from Sigma Chemical Co. The characterisa-
tion of the chemical composition of this sample gives the
following results: galacturonic acid, 87.5%; esterified galac-
turonic units, 5%; neutral sugars (arabinose, galactose,
rhamnose, xylose and glucose), 7.3% as determined by
gas chromatography. For this purpose, the sample was
previously metanolised, hydrolysed at 1208C with 2 M
trifluoroacetic acid and further acetylated. Its viscosity-
average molecular weight was 1.02× 105, as determined
by viscometry in 0.1 M NaCl at 258C [14].

Both polysaccharide samples were carefully purified
prior to use. Twice distilled water (s < 3 mS cm21) was
employed during the experiments. All other reagents were
of analytical grade.

2.2. Methods

2.2.1. Purification of chitosan
The polymer (5 g l21) was dissolved in 1% (v/v) acetic

acid and successively filtered through sintered glass filters
(pore diameters: 90, 45 and 5mm) and membranes
(0.8mm). Then it was precipitated by drop-wise addition
of 4% (w/v) NaOH, very carefully washed with water
until no more change in the conductivity was detected and
further washed with ethanol at concentrations 70, 80, 90 and
100% (v/v). The purified polymer was finally dried in
vacuum at room temperature.

For conductimetric measurements, the hydrochloride and
perchlorate salts of chitosan were obtained in situ by dissol-
ving the polymer with exact equivalent amount of the corre-
sponding acid. Therefore they were diluted with water until
the desired concentration was attained.

2.2.2. Purification of polygalacturonic acid
An aqueous 5 g l21 solution of sodium polygalacturonate

was stirred with ionic exchange resin Amberlite IR120 (H1

form) during 24 h, after which the solution was filtered out
and neutralised up to a pH< 8 with 0.1 M NaOH. The
solution was then successively filtered through sintered
glass filter (pore diameter: 45mm) and membranes (0.45
and 0.2mm). The polysaccharide was precipitated by
gradual addition of ethanol saturated with NaCl (approxi-
mately 0.3 M) until a final 70% (v/v) alcohol concentration
was attained. The solid was separated by centrifugation and
further washed with ethanol/water mixtures of increasing
concentration: 80, 90 and 100% (v/v), until no change in
the conductivity was detected. The purified sodium polyga-
lacturonate was dried as proceeded with chitosan.

2.2.3. Conductimetric measurements
Conductimetric titrations were carried out in a glass cell

at 25^ 18C under nitrogen atmosphere. A digital equipment
HANNA INSTRUMENTS HI 8733 was employed.
Previous to measurements the instrument was calibrated at
the same temperature using a standard solution purchased

from the same company. The pH-values of the polyelectro-
lyte solutions were those of the starting solutions.

3. Results and discussion

According to the theories of polyelectrolytes [15], a
charged macromolecule is characterised by the so-called
charge parameter,j , defined by

j � e2

1kTb
:

In this expression e is the charge of the electron,1 the
dielectric constant,b the average distance between charges
along the polymer chain and kT the Boltzmann term.

As the charge parameter is proportional to the charge
density, it depends on the chemical composition of the poly-
mer. For weak polyelectrolytes, it varies with the degree of
ionisation of the ionizable groups which depends on the pH
and concentration of the solution.

For chitosan, the charge parameter is given by [13]:

j � 1:38�1 2 DA�a
where DA is the degree ofN-acetylation anda the fraction
of charged functional groups. The value ofb was assumed to
be 5.15 Å.

The corresponding relation for polygalacturonic acid is:

j � 1:61·�1 2 DE�·a
where DE is the degree of esterification. In this case,b was
taken as 4.38 A˚ [16].

The specific conductivity,s , of a polyelectrolyte solution
is expressed by

s � 1000Cf�lp 1 lc�
In this formulalp andl c are the limiting ionic conductiv-
ities for the polyelectrolyte and the corresponding counter-
ion, respectively, C is the concentration of the
polyelectrolyte (expressed in equiv l21) andf is the transport
coefficient. In the Manning theory, the latter is directly
related to the charge parameter by the following relations
[17]:

f �
0:87=j if j . 1;

1 2
0:55j2

�p 1 j� if j , 1:

8><>:
3.1. Conductimetric analysis of chitosan hydrochloride

In this work, one proposes to investigate the complex
formed between oppositely charged polyelectrolytes using
conductivity measurements. We take into account the role
of the presence of NaCl liberated when the complex is
formed. Then, when a solution of chitosan hydrochloride
is added to a NaCl aqueous solution with the same concen-
tration as that of the polyanion to be used and expressed in
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equiv l21, the total specific conductivity of the system will
equal the conductivity of the chitosan solution plus that of
the sodium chloride. If we take into account the following
dissociation equilibrium:

NH1 2
3 Cl

�12a 0�
1 H2O O NH2 1 H3O1

a 0
1 Cl2

a 0
�I�

wherea 0 is the degree of hydrolysis; then, the conductivity
of chitosan hydrochloride solution could be expressed as:

DsCHI � sT 2 sNaCl � Ca 0�lH1 1 lCl2 �
1 C�1 2 a 0�fCHI�lP1 1 lCl2 � �1�

wherelP1 ;lCl2 andlH1 are the equivalent ionic conductiv-
ities of the polycation, the chloride ions and the hydrogen
ions, respectively. HeresT is the total conductivity of the
system as experimentally measured, whilesNaCl is that of
the NaCl solution, which could be estimated theoretically
taking into account its concentration at each point due to
dilution during titration.

Eq. (1) could be simplified as:

DsCHI

C
� P2 �10�

where

P2 � a 0�lH1 1 lCl2 �1 �1 2 a 0�fCHI�lP1 1 lCl2 �:
The result obtained when this experiment was carried out is
illustrated in Fig. 1. There it could be appreciated a slight
tendency of the slope to diminish as the polyelectrolyte
concentration is increased due to the decrease ofa 0 as a
consequence of equilibrium I.

HereinafterP2 will denote the first derivative ofsCHI with
respect toC. As an alternative method it could be theoreti-
cally calculated if the values of the transport coefficient,fCHI,

and the limiting ionic conductivity of chitosan,lP1 ; are
known.

In order to evaluate these parameters, solutions of hydro-
chloride and perchlorate salts of chitosan were titrated with
NaOH aqueous solution (Fig. 2). The values of the specific
conductivities of the starting solutions could be expressed
as:

s1CHI � C1fCHI�lP1 1 lCl2� �2�

s2CHI � C2fCHI�lP1 1 lClO42 � �3�
their difference being

s1CHI

C1
2

s2CHI

C2
� fCHI�lCl2 2 lClO42 �

then

fCHI � s1CHI=C1 2 s2CHI=C2

�lCl2 2 lClO42 � : �4�

From Eq. (4) it could be readily estimated the transport
coefficient, f, of the polyelectrolyte and then, substituting
its value in Eq. (2) or (3)lP1 could also be calculated.

The values obtained for chitosan weref CHI � 0:82 and
lP1 � 31:4 × 1024 m2 S mol21, which are similar to those
found for poly(l-lysine) [12]. The theoretical value for the
transport coefficient estimated according to Manning for
80% deacetylated chitosan is 0.79, which is very close to
the experimental one.

3.2. Conductimetric analysis of sodium polygalacturonate

The same procedure followed for chitosan can be used for
NaPGA. The weak polyelectrolyte character of NaPGA
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Fig. 1. Specific conductivity (expressed asDsCHI) as a function of chitosan
concentration when the CHI solution (4.59× 1023 equiv l21) is added to
NaCl solution (4.59× 1024 equiv l21). The solid curve corresponds to the
quadratic function fitted to experimental data.

Fig. 2. Conductimetric curves corresponding to the addition of NaOH solu-
tion to chitosan hydrochloride (X, 5.81× 1023 equiv l21) and chitosan
perchlorate (B, 4.07× 1023 equiv l21) solutions as a function of the degree
of neutralisation,a 0. The values of specific conductivity have been
corrected in order to take into account the dilution during the gradual
addition of the solution.



could be represented as:

COO21Na
a

1 H2O O COOH
12a

1 OH2

12a
1 Na1

12a

�II �
In this case

DsPGA � sT 2 sNaCl � C�1 2 a��lNa1 1 lOH2 �
1 CafPGA�lP2 1 lNa1 �: �5�

HeresT is the total conductivity of the system as experi-
mentally determined, whilesNaCl is that of the NaCl solu-
tion, which is calculated taking into account the
concentration at each point during its progressive addition,

and

DsPGA

C
� P1 �50�

where

P1 � �1 2 a��lNa1 1 lOH2 �1 afPGA�lP2 1 lNa1 �:
In Fig. 3 are shown the conductimetric measurements when
the NaPGA solution is added to a solution of NaCl.
However, it should be noticed that in this case, there is
almost a linear dependence of conductivity upon dilution.

The calculation oflP2 was carried out using a similar
procedure to that illustrated for chitosan, but measuring
the conductivity for lithium and potassium polygalacturo-
nate at the equivalence point (a � 1). For this purpose, the
sodium polygalacturonate solution was passed through a
cationic exchange resin under H1 form (IR120), and the
resulting PGA solution was then titrated with LiOH and
KOH, respectively. Experimental curves are shown in
Fig. 4.

Based on these measurements it was estimated that
fPGA � 0:64 and lP2 � 56:8 × 1024 m2 S mol21. These
data are in good agreement with those found by Thibault
et al. [16] for a sample of polygalacturonic acid with similar
chemical composition. Moreover, the value found for the
transport coefficient is almost the same as that calculated
from theoretical considerations (f PGA � 0:62), taking into
account the total content of galacturonic acid (87.5%).

3.3. Conductimetric analysis of the reaction between CHI
and NaPGA

Fig. 5 shows the behaviour of the conductivity of the
reaction mixture as a function of the molar fraction of the
reaction system,Z([CHI]/[PGA]), during the formation of
the polyelectrolyte complex when chitosan solution is added
to a solution of NaPGA. As the value ofZ is increased it
could be appreciated a slight and monotonic increment in
the slope of the conductivity curve. After the equivalence
point it is observed a change in the slope of the conductivity
curve of the system, indicating that the formation of PEC
has been completed and an excess of chitosan hydrochloride
begins to appear in the reaction medium.

At the equivalence point it was estimated that
Z��CHI�=�PGA�� ù 1:0. Experiments carried out formerly
in our laboratory on this system by viscometry, potentiome-
try, turbidimetry and gravimetry have been shown that this
PEC exhibits a value ofZ��CHI�=�PGA�� equal to 0:98^
0:04 at the equivalence point, no matter what order of
mixing was chosen, which is in good agreement with this
result [18].

Potentiometric measurements carried out simultaneously
in our laboratory have shown that the pH of the reaction
medium does not change appreciably during the addition of
CHI to NaPGA until values ofZ very near to unity. Indeed,
it varies from 6.6 atZ � 0 to approximately 6.1 atZ slightly
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Fig. 3. Specific conductivity (expressed asDsPGA) as a function of sodium
polygalacturonate concentration when the NaPGA solution (4.59×
1023 equiv l21) is added to NaCl solution (4.59× 1024 equiv l21). The
straight line corresponds to the linear regression fitted to experimental data.

Fig. 4. Conductimetric curves corresponding to the addition of KOH (X)
and LiOH (B) solutions (3× 1023 equiv l21) to the polygalacturonic acid
solution (3.45× 1024 equiv l21) as a function of the degree of neutralisa-
tion,a . The values of specific conductivity have been corrected in order to
take into account the dilution during the gradual addition of the solution.



higher than 0.9 (Ref. [18]). Then it could be considered that
during the formation of the PEC the polyacid is almost fully
ionised.

The interpolyelectrolyte interaction when chitosan hydro-
chloride reacts with sodium polygalacturonate could be
represented as:

P2Na1

�1-Zu�
1 P1Cl2

Z�1-u�
O P2P1

Zu
1 Na1

Zu
1 Cl2

Zu
�III �

with u being the degree of complexation for the formation
of the complex P1P2 having a null charge. Taking into
account additivity of the contributions of all ionic species,
the conductivity of the reaction medium could be repre-
sented according to

s�Z� � C�1 2 Zu�P1 1 CZ�1 2 u�P2 1 CZuP3: �6�
In the above expression the equilibria I and II have been
taken into account and

P3 � sNaCl

C
� �lNa1 1 lCl2 � � Constant:

As it could be observed the parameterP3 could be estimated
theoretically and experimentally by a simple way. In this
case, we opted for the theoretical value
(P3 � 126× 1024 m2 S mol21), which is very close to the
experimental one (121× 1024 m2 S mol21).

If u , 1, the values offCHI and fPGA will change as a
function of u , going to 1 whenu is large; this effect is
due to the decrease of the effective charge density of the
polyelectrolytes. In addition,fPGA value will depend also on
Z because the formation of the polyelectrolyte complex will
significantly decrease the concentration of uncomplexed
carboxylic groups. As a consequence, it should be necessary

to admit thatP1 and P2 depend on the degree of titration.
Nevertheless, as a first approximation, one may assume that
they remain constant.

On the one hand, this could be considered as the hypothe-
tical situation in which by mixing both polyelectrolytes no
complex is formed (u � 0). The theoretical approximation
to this condition can be described by the sum of Eqs. (10)
and (50):

su�0�Z� � CP1 1 CZP2 �7�
which coincides with Eq. (6) if we letu � 0.

On the other hand, an additional limiting case has to be
taken into account whenu � 1. In this case, Eq. (6) could be
written as:

su�1�Z� � C�1 2 Z�P1 1 CZP3

and forZ � 1, it becomes:

su�1�Z � 1� � C�lNa1 1 lCl2 � � CP3:

In this case, the conductivity is only due to the NaCl formed
by ion pairing. Then, subtracting expression (50) from
Eq. (6)

s�Z�2 DsPGA

C
� Zu�lCl2 1 lNa1 2 P1 2 P2�1 ZP2

and dividing byZ

s�Z�2 DsPGA

CZ
� u�P3 2 P1 2 P2�1 P2: �8�

If u � 1, whenZ , 1

su�1�Z�2 DsP2

CZ
� P3 2 P1: �9�

Then the difference between expressions (7) and (6) could
be calculated by

su�0�Z�2 s�Z�
ZC

� u�P1 2 P3 1 P2�: �10�
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Fig. 5. Conductimetric curve corresponding to the addition of chitosan
hydrochloride solution (4.59× 1023 equiv l1) to that of sodium polygalac-
turonate (4.59× 1024 equiv l21) as a function of the molar fraction of the
reaction system,Z([CHI]/[PGA]). Inside the figure the experimental points
in the vicinity of the equivalence point are shown enhanced. The values of
specific conductivity have been corrected in order to take into account the
dilution during the gradual addition of the solution.

Fig. 6. Values of degree of complexation calculated by Eq. (11) as a func-
tion of the molar fraction of the reaction system,Z([CHI]/[PGA]).



It must be noted that formulae (8) and (10) give us the
possibility to estimate the degree of complexation,u , for
soluble polyelectrolyte complexes if the values ofP1, P2 and
P3 are known.

Nevertheless, it could be easily demonstrated that when
the PEC resulting from the interaction of oppositely charged
polymers is insoluble, the ionic species undergoing phase
separation should not be taken into account in the analysis
of the conductimetric behaviour. Then, expression (6)
denoting the dependence of the specific conductivity of
the reaction mixture is converted to:

s�Z� � C�1 2 Z�P1 1 CZuP3; for Z # 1:

Here we neglect the contribution of a fraction (CZ) of the
polyacid present, as well as all the polycation added. This is
because, we assumed that forZ # 1 all the polyelectrolytes
that have been incorporated into the PEC do not contribute
to the general conductivity of the reaction mixture. In this
particular situation,

u � s�Z�2 C�1 2 Z�P1

CZP3
�11�

which allows one to determine the degree of complexation
for different compositions of the reaction mixture.

In order to evaluateP1 the following procedure was
accomplished: the dependence of the conductivity on the
concentration for NaPGA alone was fitted to a linear func-
tion by a least square procedure (see the straight line in Fig.
3). P1 is estimated as 63.5× 1024 m2 S mol21.

In Fig. 6 the values of degree of complexation estimated
by Eq. (11) are plotted as a function ofZ. It is evident that
when the first few amounts of chitosan are added to the
reaction system the functional groups of both polyelectro-
lytes are almost completely complexed, withu values fall-
ing very rapidly to very nearly 0.80, possibly due to steric
reasons. At higher values of molar composition of the
mixture there is a slight increment in the value of this para-
meter and is equal to 0.85 forZ � 1.

The values for the degree of complexation of the inter-
polyelectrolyte reaction between chitosan and polygalac-
turonic acid determined here are quite high, which reflects
that under selected experimental conditions this system
behaves cooperatively.

References

[1] Kawashima Y, Handa T, Kasai A, Takenaka H, Lin SY, Ando A.

Novel method for the preparation of controlled release theophylline
granules coated with a polyelectrolyte complex of sodium polypho-
sphate. J Pharm Sci 1985;74:264–268.

[2] Dubin P, Bock J, Davis RM, Schulz DN, editors. Macromolecular
complexes in chemistry and biology. New York: Springer, 1994
chap. 15, 17 and 18.

[3] Bell CL, Peppas NA. Biomedical membranes from hydrogels and
interpolymer complexes. Adv Polym Sci 1995;122:125–175.

[4] Cascone MG, Sim B, Downes S. Blends of synthetic and natural
polymers as drug delivery systems for growth hormone. Biomaterials
1995;16:569–574.

[5] Kikuchi Y, Fukuda H. Polyelectrolyte complex of sodium dextran
sulphate with chitosan. Makromol Chem 1974;175:3593–3596.

[6] Chavasit V, Kienzle-Sterzer C, Torres J. Formation and characteriza-
tion of an insoluble polyelectrolyte complex: chitosan–polyacrylic
acid. Polym Bull 1988;19:223–230.

[7] Skorikova YeYe, Vilkhoreva GA, Kalyuzhnaya RI, Zezin AB,
Gal’braikh LS, Kabanov VA. Polyelectrolyte complexes on chitosan
basis. Vysokomol Soedin 1988;A30:44–49.
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