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ABSTRACT Interpolyelectrolyte complex (IPEC) nanoparticles formed between chitosan having different molar masses (470, 670,
and 780 kDa) and two random copolymers of 2-(acrylamido)-2-methylpropanesulfonate (AMPS) with tert-butylacrylamide (TBA)
[P(AMPS54-co-TBA46) and P(AMPS37-co-TBA63)] were prepared by the dropwise addition of polyanion onto the chitosan solution. The
effect of polyelectrolyte characteristics and the molar ratio between charges on the morphology of the complex nanoparticles and on
their colloidal stability was deeply investigated by turbidimetric titration (optical density at 500 nm), dynamic light scattering, and
atomic force microscopy. It was found that the lowest sizes of the IPEC nanoparticles were obtained, with both polyanions, when the
chitosan having the lowest molar mass (470 kDa) was used as a major component. In this case, the particle sizes varied in a narrow
range, even after the complex stoichiometry; i.e., when the polyanion was added in excess, the colloidal stability of these IPEC
dispersions was very high. A mechanism of complex formation as a function of the ratio between charges was proposed. According
to this mechanism, the nonstoichiometric complex nanoparticles formed at molar ratios between charges, n-/n+, lower than 0.2,
i.e., far from the complex stoichiometry, would have a high density of positive charges in excess not only because of the chitosan in
excess, which forms the shell, but also because of the mismatch of opposite charges, due to both the differences in the flexibility of
complementary polyions and the presence of the hydrophobic comonomer, TBA, in the polyanion structure. Nonstoichiometric IPECs
prepared at n-/n+ around 0.2 proved to be more efficient than chitosan in the destabilization of kaolin from a model suspension, with
a lower optimum concentration flocculation and a much larger flocculation window being found compared with chitosan.

KEYWORDS: chitosan • anionic/nonionic copolymers • nonstoichiometric interpolyelectrolyte complex dispersions • dynamic
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I. INTRODUCTION

Interpolyelectrolyte complexes (IPECs) attracted much
interest, from the beginning, either as stoichiometric and
insoluble materials or as nonstoichiometric complexes

(1-3). Stoichiometric IPECs, characterized by an almost total
compensation of opposite charges, are usually highly ag-
gregated systems, formed by a “scrambled egg” mechanism
(1, 4-6). Soluble nonstoichiometric IPECs (NIPECs) result
mainly when the complementary polyelectrolytes have
significantly different molar masses, with structural differ-
ences between polyions and the presence of low amounts
of NaCl also being necessary (7-9). NIPECs as colloidal
dispersions bearing free charges in excess (10-18) were
mainly used for surface modification (11, 19, 20), or as
nanocarriers for drugs, proteins, DNA, etc. (21, 22). The use
of NIPEC dispersions for destabilization of solid-liquid

systems is another attractive direction of application. It is
well-known that the efficiency of a certain flocculant in
separation processes is evaluated as a function of two main
parameters: the optimum flocculation concentration, which
should be as low as possible, and the flocculation window,
which must be as large as possible (23). The most widely
used polymeric flocculants are polycations because the
majority of solid particles in suspensions have negative
charges. However, polycations have a main drawback,
which is the narrow flocculation window. An improvement
of this aspect was brought by using NIPECs as colloidal
dispersionsbearingfreepositivechargesinexcess(12,24,25).
So far, the optimum concentration of the complex required
for flocculation was much higher than the optimum concen-
tration of the polycation alone, even if the flocculation
window was much larger with NIPECs. Therefore, a study
of the factors that allow tuning of the complex properties to
simultaneously fulfill both conditions is strongly required.
Furthermore, the majority of synthetic flocculants are ob-
tained from petroleum-based row materials by processing
chemistry, which is not always environmentally friendly,
with numerous contaminants arising in water from the
residual unreacted monomers (26).
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In this context, the ionic polymers coming from the
renewable resources either as bioflocculants (12, 26) or as
components of the IPECs (27-31) are gaining more and
more attention. Chitosan, the linear cationic polysaccharide
composed of �-(1f4)-2-amino-2-deoxy-D-glucopyranose and
�-(1f4)-2-acetamido-2-deoxy-D-glucopyranose units ran-
domly distributed along the polymer chain, has attracted
numerous scientists because of its outstanding biological
properties like biodegradability, biocompatibility, and anti-
bacterial activity (26). Chitosan has been extensively used
either alone in pharmaceutical systems, medicine, cosmet-
ics, food, agriculture, and wastewater treatment (32-36) or
as IPECs formed with synthetic (37-40) and natural poly-
anions (41-44). It has already been shown that the IPECs
based on chitosan, by virtue of their biocompatibility, have
valuable biomedical applications such as membranes for
dialysis, packaging, coatings and wound dressing, and poly-
electrolyte complex beads for controlled delivery of proteins,
drugs, and vaccines (45-52).

Although the IPECs of chitosan with some polyanions,
mainly homopolymers, have been studied (38-40), finding
the formation conditions of novel chitosan-based IPECs as
colloidal dispersions and tailoring their properties for certain
applications are still challenges. It was found that the ionic/
nonionic copolymers (53, 54) allow tuning of the complex
properties by both the charge density and the hydrophilic/
hydrophobic balance, but, so far, the studies were focused
mainly on the IPECs formed with synthetic polycations.
Furthermore, the presence of stimuli-responsive comono-
mers recommends such copolymers as components in the
preparation of novel “smart” materials, with the stimuli-
responsive IPECs being promising for controlled-release
systems, on-off switchers, ecology, and so on (21, 55, 56).

Therefore, the objective of the present work was focused
on the formation and properties of some IPECs as colloidal
dispersions based on chitosan with different molar masses
and two ionic/nonionic random copolymers of 2-(acryla-
mido)-2-methylpropanesulfonate (AMPS) with tert-butylacry-
lamide (TBA), P(AMPS37-co-TBA63) and P(AMPS54-co-TBA46).
To the best of our knowledge, this is the first systematic
study of the morphology and colloidal stability of the IPEC
nanoparticles elaborated by using ionic/nonionic random
copolymers of AMPS with TBA as strong polyanions and
chitosan as the polycation, with special attention being given
to the mechanism of the complex formation, when chitosan
was the major component, and to the influence of the

noionic comonomer content and the molar ratio between
charges on the efficiency of the chitosan-based NIPECs in
destabilization of a kaolin model dispersion. The acceptance
by the U.S. Food and Drug Administration of the copolymers
of TBA with various acrylic comonomers as indirect additives
(57) and their recognized temperature-responsive properties
(58, 59) would be also of interest for future applications of
the IPEC nanoparticles formed with chitosan.

II. MATERIALS AND METHODS
II.1. Materials. The chemical structures of the polyelectro-

lytes used in this study are presented in Scheme 1, with some
characteristics being summarized in Table 1.

Chitosan samples were purchased from Heppe GmbH (Bio-
technologische Systeme und Materialien) as flakes, ash content
less than 1%, and were used without further purification. The
viscometric average molar masses of chitosan samples were
estimated using eq 1 (60):

Theintrinsicviscosityofachitosansolutionin0.3MCH3COOH/
0.2 M CH3COONa (1:1, v/v) was measured with an Ubbelohde
viscometer at 25 ( 0.1 °C.

The degree of acetylation (DA) of chitosans was evaluated by
IR spectroscopy by using a Bruker Vertex 70 FT-IR spectrom-
eter. Transmission spectra were recorded either in KBr pellets
or in dry films (casted from 1% solutions in 1% acetic acid)
using a standard sample holder. For the DA determination, a
linear correlation proposed by Brugnerotto et al. (61) (eq 2) was
used, taking the 1420 cm-1 band as the reference and the band
located at 1320 cm-1 as the characteristic band for N-acetyl-
glucosamine.

Scheme 1. Chemical Structures of the Polyelectrolytes

Table 1. Some Characteristics of Oppositely
Charged Polyions

sample code
η,

mPa s
[η],
dL/g

Mv,
kDa

Mu,a

g/charge
b,b

nm

ChI 400 9.12c 470 196.8 0.643
ChII 800 12.33c 670 196.8 0.643
ChIII 1000 14.07c 780 196.8 0.643
P(AMPS54-co-TBA46) 0.33d 175 337.0 0.463
P(AMPS37-co-TBA63) 0.47d 440.6 0.667

a Mass per charge. b Distance between charges. c In 0.3 M CH3COOH/
0.2 M CH3COONa (1:1, v/v), at 25 °C. d In 1 M NaCl, at 25 °C.

[η] ) 1.38 × 10-4Mv
0.85 (1)

A1320 /A1420 ) 0.3822 + 0.03133DA (2)
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The medium value of DA ) 20% for all chitosan samples was
taken into account in this study.

Copolymers of AMPS with TBA were synthesized and purified
according to ref 62.

Kaolin powder (from Aldrich) with particles of 350 nm was
used as the model substrate for fine particles. The kaolin
dispersions with a concentration of 1 g/L and pH 6 were
prepared by ultrasonic treatment for 15 min followed by
vigorous stirring for 1 h.

II.2. Preparation of Polyelectrolyte Solutions. The chitosan
solutions with a concentration of 1 g/L were obtained by
dissolving the flakes in a 1 vol % acetic acid solution with
moderate stirring for at least 48 h. In order to use the chitosan
solution for IPEC preparation, the concentration was adjusted
to 0.5 mM by dilution into a 1 vol % acetic acid solution.
Aqueous solutions of the anionic polyelectrolytes with a con-
centration of 5 mM were prepared by adequate dilution of the
stock solutions (10 mM) with distilled water. The concentrations
of both the chitosan and polyanion solutions were prepared by
taking into account the molar mass of the repeat unit in
g/charge; see Table 1. The concentration of the charged groups
in all solutions was determined by a PCD 02 particle charge
detector (Mütek GmbH, Herrsching, Germany). Before use, all
solutions were adjusted at pH 4.0 with 0.1 M HCl for polyanions
and 0.1 M NaOH for chitosan.

II.3. IPEC Preparation. Dispersions of IPECs were prepared
at room temperature (about 25 °C), by mixing aqueous solu-
tions of oppositely charged polyelectrolytes in appropriate
proportions. The amount of chitosan was kept constant within
a complex series, while the amount of polyanion was varied
according to the desired mixing molar ratio, n-/n+. The polya-
nion was added dropwise to the polycation, under magnetic
stirring, with a constant addition rate of 3.8 mL of polyanion/
(mL of chitosan·h). After mixing, the dispersions formed were
stirred 60 min and were characterized after 24 h, if other
conditions were not specified.

II.4. Polyelectrolyte Titration. A quantitative determination
of the polyelectrolyte in solution, the charge density, and the
detection of the isoelectric point in the complex formation was
performed by polyelectrolyte titration with a PCD 03 particle
charge detector (Müteck GmbH, Herrsching, Germany) using
either poly(sodium ethylenesulfonate) or poly(diallyldimethy-
lammonium chloride), with a concentration of 10-3 mol/L,
depending on the nature of the charges.

II.5. Turbidimetry. The turbidity of the complex dispersions
was characterized by the optical density at λ ) 500 nm (OD500),
with a Lambda 900 spectrometer (Perkin-Elmer, Cambridge,
U.K.), using deionized water to establish the baseline. At this
wavelength, the used polyelectrolytes do not absorb. Optical
density results were expressed as the average of at least two
independent measurements.

II.6. Dynamic Light Scattering (DLS). DLS is a technique
used for particle sizing of samples, typically in the submicrome-
ter range. The technique measures the time-dependent fluctua-
tions in the intensity of scattered light from a suspension of
particles undergoing random Brownian motion. Analysis of the
time dependence of the intensity fluctuation can yield the
z-average translational diffusion coefficient (D) of the particles
from which, via the Stokes-Einstein equation (eq 3), when the
viscosity of the medium is known, the hydrodynamic diameter,
Dh, of the particles can be calculated (63).

where kB is the Boltzmann constant, T is the absolute temper-
ature (298 K), and ηs is the dynamic viscosity of the solvent (for
water, 0.8872 cP).

To get information about the size distribution of PEC particles,
the polydispersity index, PI, was also included in the interpreta-
tion. The autocorrelation function g(τ) was expanded in a power
series (eq 4, methods of cumulants (63)):

where τ is the correlator time delay and 〈Γ〉 is the mean
reciprocal decay time. The second cumulant (µ2) is a measure
of the reciprocal decay time around the average value, allowing
determination of PI (eq 5):

The measurements were carried out using a Zetasizer 3000
(Malvern Instruments, Worcestershire, U.K.) equipped with a
10 mW He-Ne laser operating at λ ) 633 nm, at a scattering
angle of 90°. The samples were kept at a constant temperature
of 25 °C during all experiments. The reported results are the
average of two DLS-independent measurements.

II.7. Atomic Force Microscopy (AFM). Prior to use, the
silicon wafer substrates were carefully cleaned in two steps:
first, in a “piranha solution” followed by intensive rinsing with
deionized water and, second, with the mixture NH4OH/H2O2/
deionized water, at 70 °C, in an ultrasonic bath, intensively
rinsed with water, and finally dried under a nitrogen flow. The
clean silicon wafer substrates were immersed in IPEC disper-
sions, identical with those used for DLS, for 20 min, then three
times each 1 min in distilled water, and finally air-dried at room
temperature (in a dust-free environment) for about 48 h. The
shapes of the IPEC particles were examined by means of a
Nanoscope IIIa Dimension 3100 scanning proton microprobe
(Digital Instruments Veeco Metrology Group, Woodbury, NY).
The topographic images were obtained in tapping mode and
were repeated on different areas of the same sample. The IPEC
particle sizes were determined using the Particle Analysis func-
tion of the device software, which is designed to detect and
measure the lateral dimensions of isolated particles on the
sample surfaces and to determine the minimum, maximum,
and mean diameters for the analyzed particles. The sizes of
about 50 individual IPEC particles adsorbed on the silicon
substrate were measured directly from AFM topographic im-
ages, using the device software.

II.8. Destabilization of a Model Suspension with NIPEC
Dispersions. Destabilization experiments were conducted at
room temperature. Volumes of 50 mL of a kaolin model
suspension were stirred at 120-150 rpm in beakers, and then
different volumes of a chitosan solution or a NIPEC dispersion
were added. Stirring was continued at the same speed for about
2 min, and then it was decreased to about 50 rpm for 15 min.
After a settling time of about 20 min, the reading of OD500 was
performed with a SPECORD M42. Deionized water was used
as a reference. The residual turbidity (RT) was calculated with
eq 6:

where OD500s was OD500 after the addition of a flocculant and
OD500i was OD500 of the initial model suspension.

III. RESULTS AND DISCUSSION
III.1. Formation and Characterization of IPEC

Colloidal Dispersions. The physicochemical and biologi-
cal properties of chitosan depend mainly on the fraction and

Dh ) kBT/3ηsπD (3)

g(τ) ) exp[-〈Γ〉τ + (µ2/2)τ2-(µ3/3!)τ3 + ...] (4)

PI ) µ2/〈Γ〉2 (5)

RT ) (OD500s/OD500i) × 100% (6)
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distribution of the two kinds of repeating units along the
chains (glucosamine and N-acetylglucosamine), the pH of the
solution, and the degree of polymerization (64-66). In our
experiments, the initial solutions of polyelectrolytes were
adjusted to pH 4.0. The deacetylation degree was about the
same for all samples of chitosan; only the chitosan molar
mass varied (Table 1). Because of the constant pH, the
charge density of chitosan remained unchanged, whereas
the charge density of polyanions was adjusted in the syn-
thesis process. It was already demonstrated that the titrant
addition rate is a valuable parameter in the control of the
particle size, shape, and polydispersity (67, 68). A constant
addition rate of 3.8 mL of polyanion/(mL of chitosan·h) was
used because in our previous investigations, upon formation
of IPECs as colloidal dispersions from synthetic polycations
and polyanions, this was the optimum addition rate, taking
into account the complex morphology, on the one hand, and
the preparation speed, on the other hand (67, 68).

In a certain medium, the main characteristics of the IPEC
particles (size, shape, and polydispersity) are governed by
the structural parameters of the components such as their
charge density, hydrophobicity, and chain length. Further-
more, the release of the corresponding small counterions
contributes to the increase of the system entropy and thus
to the complex stability.

The formation of colloidal IPECs between chitosan and
P(AMPS37-co-TBA63) or P(AMPS54-co-TBA46) was followed first
by turbidimetric titration, OD500, as a function of the mixing
ratio n-/n+, i.e., the molar ratio between anionic and cationic
units (Figure 1).

The results presented in Figure 1 could be assigned
mainly to the increase of the concentration of the complex
nanoparticles and also to the changes in their sizes and
polydispersities, with the turbidity being influenced by some
intrinsic properties of the dispersion, such as the concentra-
tion (number), size, molar mass, and polydispersity of the
particles (16, 43). The common feature for all studied
systems was the slow increase of the turbidity up to a molar
ratio, n-/n+, of about 0.8, with the OD500 values being a little
higher when P(AMPS37-co-TBA63) was the added polyion
compared to P(AMPS54-co-TBA46). The complex stoichiom-

etry, indicated by an abrupt increase of the turbidity, was
located at a ratio between charges of around 1:1, even if the
complementary polyions used in the complex formation
were different by strength [chitosan is a weak polycation but
the P(AMPS-co-TBA) polymers are strong polyanions], flex-
ibility (chitosan has a semirigid chain, unlike the synthetic
polyanions, which are flexible), and molar mass. A strong
influence of the chitosan molar mass on the OD500 values,
after stoichiometry, was observed, with a clear influence of
the polyanion structure being evident only for chitosan II and
III, i.e., for larger differences between the polyion molar
masses.

DLS was used as a more suitable method to monitor the
peculiarities of the complex formation. As can be observed
in Figure 2a, the particle sizes were strongly influenced by
the polyion characteristics, on the whole range of the ratio
between charges.

As a common trend, the particle sizes slowly decreased
up to n-/n+ of about 0.8, remained almost unmodified up
to n-/n+ of about 1.2, and abruptly increased after that,
mainly when chitosan II and III were the starting polyions,
with the particle sizes always being higher when P(AMPS37-
co-TBA63) was the added polyion. The decrease in the particle
sizes, before stoichiometry, suggests that when the polya-
nion is in default and chitosan is in excess, the addition of
polyanion allows both the formation of new particles, evi-
denced by the slow increase of the OD500 values, and also
their rearrangement toward more compact structures. The
region of n-/n+ ranging from about 0.8 up to 1.2, character-
ized by an almost constant size of the complex particles,
unlike the complexes formed from the same polyanions and
synthetic polycations, which were characterized by an
abrupt increase of the particle sizes after complex stoichi-
ometry (68), seems to be a characteristic of the complexes
formed between chitosan and the two random copolymers
P(AMPS-co-TBA). As Figure 2a shows, the secondary ag-
gregation of the particles took place after n-/n+ of about 1.2,
leading to the monotonous increase of the complex particle
sizes. This shows that the secondary aggregation was not
as fast as that in the case of synthetic polycations, which are
much more flexible than chitosan (67, 68), because of the
high structural differences between the complementary
polyions.

The polyanion charge density influenced the particle sizes
both before and after stoichiometry. Thus, when P(AMPS37-
co-TBA63) was used as the polyanion, the higher content of
the nonionic and hydrophobic comonomer led to an in-
crease of the polyanion amount required for charge com-
pensation, with the particle sizes being always higher com-
pared with the sizes of the IPECs formed with P(AMPS54-co-
TBA46) as the polyanion.

Figure 2b shows that PI followed almost the same trend
as the particle sizes, with the smallest values of PI being
obtained at n-/n+ ranging from 0.8 to 1.2. A high polydis-
persity of the complex particles was reported for the IPECs
formed between chitosan and dextran sulfate (43, 44), but
the polydispersity was much lower when synthetic polyca-

FIGURE 1. OD500 values as a function of the molar ratio between
charges, n-/n+.
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tions were used in the complex formation with P(AMPS-co-
TBA) as polyanions (68), when PI was lower than 0.1.

The AFM amplitude images, obtained in the tapping
mode, of some IPEC dispersions prepared in this work, with
different molar ratios between charges, are presented in
Figures 3 and 4.

As parts a and b of Figure 3 show, the AFM images
indicated that before the stoichiometry (n-/n+ ) 0.6), ir-
respective of the chitosan molar mass, the adsorbed disper-
sions appeared as small, individual, dispersed particles,
when the IPECs were formed with P(AMPS54-co-TBA46) as the
added polyion, whereas with P(AMPS37-co-TBA63) (Figure 4a),
aggregated structures can be observed as dispersed between

individual particles. Comparing Figure 3b with Figure 4a, one
may note that the influence of the polyanion structure on
the particle shape was stronger than that on their average
size. The same characteristics were observed on different
areas of the same sample, irrespective of the particle density
on the surface (not shown here). Close to the stoichiometry,
at n-/n+ ) 1.2, the particle sizes strongly increased with an
increase of the chitosan molar mass, for the same polyanion
[P(AMPS54-co-TBA46) with ChI, Figure 3c, and with ChIII,
Figure 3d]. When the shapes of IPECs formed with chitosan
III and both copolymers (Figures 3d and 4b) are compared,
the main difference consists of the presence of numerous
very small particles like a corona around a condensed core
for the complex particles formed with P(AMPS37-co- TBA63)
(Figure 4b).

As was already mentioned, when the ratio between
charges was increased, the particles size increased too,
especially in the case of chitosan III. The AFM image in
Figure 4c, corresponding to n-/n+ ) 1.8, clearly shows an
increase of the aggregation level between complex particles
for the polyion pair P(AMPS37-co-TBA63)/chitosan III. For a
better correlation of the results obtained in DLS analysis and
the size observed in AFM images, Figure 4 includes also a
graphical representation of the distribution of the particle
sizes by number, obtained by DLS. As can be observed, the
largest size distributions, with the particle sizes ranging
between 300 and 1800 nm, were obtained for n-/n+ ) 1.8
(Figure 4d). The DLS graphical representations correspond-
ing to n-/n+ ) 0.6 and 1.2 support the AFM images,
indicating a decrease of the number of small particles with
sizes lower than 200 nm by an increase of the molar ratio
from 0.6 up to 1.2.

The particle sizes measured by DLS were compared with
those in the dry state, measured by AFM, with the results
being collected in Table 2.

As can be observed, the medium particle sizes of the
complex nanoparticles measured by AFM were always lower
than the average value measured by DLS, both before and

FIGURE 2. Dh (a) and PI (b) of the PEC dispersions as a function of the ratio between charges (n-/n+).

FIGURE 3. Tapping-mode-amplitude AFM images of the P(AMPS54-
co-TBA46)/chitosan complex particles at different molar ratios be-
tween charges, adsorbed on the silicon wafers. The scan size was 5
× 5 µm2 in all images. The insets show the 3D high AFM images of
selected areas of the same samples; the scan size was 2 × 2 µm2 in
all images.
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after the complex stoichiometry. These differences were also
evidenced for other systems (14, 68) and may be ascribed
to the specificity of each method: AFM provides the size of
dehydrated particles, and DLS measurements yield an en-
semble average of the particle size in solution. Even if the
interaction with the silica surface could induce conforma-
tional changes in the individual IPEC particles, because of
electrostatic interactions during adsorption, after the air-
drying procedure, the IPEC particles still display 3D struc-
tures (see the insets of Figure 3a-d), with almost spherical
shapes. To sustain this characteristic, the values of the
particle sizes in the Z axis, determined from AFM images,
were also included in Table 2.

Compared to the image analysis of AFM micrographs,
DLS is a very fast method to characterize dispersed particle
sizes and distributions. However, DLS more easily detects
large particles, and even a very small number of large
particles lead to considerable changes in the obtained size
distribution. Advantages of AFM are the direct evidence of
the shape, size, and dispersity, which is not only an average
value as that given by DLS. For instance, Dh determined for
the complex particles of P(AMPS37-co-TBA63)/chitosan III, at

a molar ratio of 0.6, was 337 nm (Figure 2a and Table 2);
when the AFM images obtained for the same polyion pair
(Figure 4a) were analyzed, a much smaller medium diameter
(216 nm, Table 2) was found because the Particle Analysis
function of the device software measured all of the dispersed
particles and also detected each particle that formed the
bigger aggregates and sized them individually.

III.2. Mechanism of the Complex Formation
between Chitosan and Random Copolymers of
AMPS with TBA. Chitosan in a dilute solution (0.5 mM in
this work) has a wormlike conformation (43, 44). Synthetic
polyanions adopt a coiled conformation, as much as their
concentration was 10 times higher than that of chitosan (5
mM). Therefore, in the complex formation between chitosan
in excess and P(AMPS-co-TBA) polyanions, some peculiari-
ties should be considered from the beginning. Thus, the
charge density of the polyanions is about 0.5 for P(AMPS54-
co-TBA46) and is much lower for P(AMPS37-co-TBA63). Fur-
thermore, the nonionic comonomer, TBA, is hydrophobic,

FIGURE 4. Tapping-mode-amplitude AFM images of the P(AMPS37-co-TBA63)/ChIII complex particles, at different molar ratios between charges
(a-c), adsorbed on the silicon wafers. The scan size was 5 × 5 µm2 in all images. DLS graphical representation of the particle size distribution
by number (d).

Table 2. Dh Measured by DLS and Minimum (dmin),
Medium (dmed), and Maximum (dmax) Diameters and
the Medium Z Size (hmed) Determined by AFM for the
Complex Particles Prepared from Some Polyion Pairs
and Different Molar Ratios n-/n+

DLS AFM

samples n-/n+ Dh dmin dmed dmax hmed Figures

P(AMPS54-
co-TBA46)/ChI

0.6 222 22 158 579 98 2a, 3a

1.2 231 27 219 651 186 2a, 3c

P(AMPS54-
co-TBA46)/ChIII

0.6 281 22 213 519 122 2a, 3b

1.2 272 29 257 877 202 2a, 3d

P(AMPS37-
co-TBA63)/ChIII

0.6 337 22 216 611 161 2a, 4a

1.2 359 44 315 509 277 2a, 4b

1.8 691 57 581 1441 429 2a, 4c

Scheme 2. Proposed Mechanism for the Formation
of IPECs as Colloidal Dispersions from Chitosan as
the Starting Polyions and P(AMPS-co-TBA) as the
Added Polyions
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and some difficulties in the complex formation could be
expected. Taking into account the DLS and AFM results, a
mechanism in four steps has been assumed and presented
in Scheme 2.

In the first step, the added polyanion interacts with
chitosan chains, leading to the primary aggregates, which,
taking into account the differences in the flexibility of the
complementary polyions and the mismatch of charges, may
contain more chitosan chains connected by fewer polyanion
chains; such aggregates would have a high density of free
positive charges compensated for with small counterions not
by polyanion charges. The further addition of polyanion
(step II, Scheme 2) led to the step-by-step neutralization of
the positive charges of chitosan included in the primary
aggregates, accompanied by rearrangements of chains and
the formation of more compact particles with lower sizes.
This assumption is supported by the monotonous decrease
of the particle sizes with an increase of the molar ratio n-/
n+ up to about 0.8 found by DLS measurements (Figure 2a).
According to the literature, these particles have a “core-shell”
structure characteristic for the formation of the IPECs as
colloidal dispersions, with the level of aggregation being
determined by the properties of polyelectrolytes (10,
14, 40, 43, 44, 68). For the polyion pairs investigated in this
work, it was observed, both by DLS (Figure 2a) and AFM,
that for n-/n+ ranging from about 0.8 up to 1.2 the particle
sizes remained almost constant (step III, Scheme 2). As was
already mentioned, the secondary aggregation would be not
as fast as that in the case of flexible synthetic polycations. It
seems that the ratio between charges of about 1.2 is a critical
one for these systems, because an abrupt increase of the
particle sizes and polydispersities was observed after this
ratio (Figures 2a,b and 4d), supported also by the AFM
images (Figure 4c) and sizes (Table 2) (step IV, Scheme 2).

Some kinetic data, Dh and PI as a function of time, for
two molar ratios between charges, n-/n+, with chitosan I as
the major component and P(AMPS54-co-TBA46) as the added
polyion, are collected in Figure 5.

Figure 5a shows that the values of the particle sizes
prepared at a lower ratio between charges, n-/n+) 0.2, were

higher than those prepared at n-/n+ ) 0.4, with these results
being in agreement with the mechanism presented in
Scheme 2 and with the results presented in Figure 2a, when
the particle sizes were measured after 24 h. The influence
of stirring on the Dh values, in the first 60 min from the
preparation of the complex dispersions, can be observed for
the complex prepared at n-/n+ ) 0.4. With stirring, the
aggregation level fast increased in the first 60 min and
leveled off after that; on the other hand, without stirring, a
longer time was necessary for particles to reach the equi-
librium at a higher value of Dh.

PI values (Figure 5b) abruptly increased in the first 25 min
and slowly up to 125 min and remained almost constant
after that up to 450 min, when the kinetics was followed for
the sample corresponding to n-/n+ ) 0.4, without stirring.
The shape of the PI curve as a function of time was similar
for the sample with stirring, only the values were a little
higher. For the sample with n-/n+ ) 0.2, without stirring, PI
abruptly increased in the first 30 min and stabilized after
200 min to values higher than those found for n-/n+ ) 0.4,
sustaining thus the results presented in Figure 2b.

III.3. Colloidal Stability of the Chitosan-Based
IPEC Dispersions. A very important characteristic of the
IPECs as colloidal dispersions is their colloidal stability at
storage. Therefore, the OD500 values and the particle sizes,
Dh, measured after 24 h from preparation were compared
with those measured after 1 week of storage. Parts a and b
of Figure 6 illustrate the influence of the chitosan molar mass
and of the polyanion structure on the OD500 values.

As can be observed in Figure 6a, the polyanion structure
had a small influence on the stability of the IPEC dispersion
before stoichiometry, when chitosan I was the starting
polyion, but after stoichiometry, the complex formed with
P(AMPS37-co-TBA63) exhibited a clear decrease of the turbid-
ity, while the complex formed with the other polyanion was
almost stable. When chitosan III was the starting polyion
(Figure 6b), a very poor colloidal stability was observed after
stoichiometry, indicated by the abrupt decrease of the OD500

values, for both polyanions. The same trend was observed

FIGURE 5. Particle sizes, Dh, and PI as a function of time for two molar ratios between charges for the polyion pair P(AMPS54-co-TBA46)/Ch I.
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for the particle sizes and PI, with the highest colloidal
stability, i.e., the lowest changes in the particle sizes and PI,
being found in the case of chitosan with the lowest molar
mass (chitosan I; Figure 6c,e) and the lowest colloidal
stability in the case of chitosan with the highest molar mass
(chitosan III; Figure 6d,f), mainly after stoichiometry. The
lower storage stability shows that the bigger particles sepa-
rated in time, with the measurements after 7 days being
performed by collecting the supernatant, without stirring.
The poor colloidal stability of the complex formed with

chitosan III is a consequence of the highly aggregated
structures observed by AFM at a molar ratio of 1.8 (Figure
4c).

III.4. Destabilization of a Model Suspension
of Kaolin. A preliminary test of the efficiency of NIPEC
dispersions in the destabilization of a kaolin model suspen-
sion compared with that of chitosan II was performed, with
the results being collected in Figure 7.

Two samples of NIPECs were prepared starting from
chitosan II with both polyanions, at a molar ratio, n-/n+, of

FIGURE 6. Storage colloidal stability of IPEC nanoparticles based on chitosan, at room temperature (22 °C), without stirring.
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0.2. As Figure 7 shows, both samples of NIPEC dispersions
were more efficient than chitosan in destabilization of the
kaolin suspension, with a lower optimum flocculation con-
centration and a larger flocculation window being found, at
the same time, compared with chitosan. The difference
between the two complexes consists of a much larger floc-
culation window found for NIPEC prepared with P(AMPS37-
co-TBA63), i.e., with the higher content in a noionic comono-
mer. On the other hand, the NIPECs prepared with the same
polyanion, at a molar ratio between charges of 0.4, led to a
larger flocculation window than that with chitosan alone but
also to a significant increase of the optimum flocculation
concentration. The enlargement of the flocculation window,
i.e., the higher concentration necessary for restabilization
of the suspension compared with polycations, is a charac-
teristic of the NIPECs as flocculants (24, 25). On the other
hand, as was mentioned in the Introduction, the drawback
of NIPECs as colloidal dispersions bearing free charges in
excess, when they are used as flocculants, is the increase of
the optimum flocculation concentration, which makes these
flocculants not so cost-effective. With NIPECs prepared from
chitosan at a ratio between charges of 0.2, it was demon-
strated that this disadvantage could be overcome.

The optimum flocculation concentration lower than that
found for chitosan supports the mechanism assumed in
Scheme 2, according to which the complex aggregates
formed at molar ratios up to 0.2 would possess a higher
density of charges compensated for by small counterions
and not involved in complexation.

IV. CONCLUSIONS
The formation of IPEC nanoparticles as colloidal disper-

sions from chitosan having molar masses of 470, 670, and
780 kDa and two ionic/nonionic random copolymers of
AMPS with TBA was deeply investigated in the range of
mixing molar ratios, n-/n+ of 0.15 up to 2.0, by the dropwise
addition of the polyanion onto the chitosan. The decrease
of the particle sizes up to the molar ratio between charges,
n-/n+ of around 0.8, when chitosan was the major compo-

nent, suggests that the addition of the polyanion onto
chitosan led to both the formation of new particles, sup-
ported by the monotonous increase of the OD500 values, and
also their rearrangement toward more compact structures.
The region ranging from n-/n+ of 0.8 up to 1.2, characterized
by an almost constant size of the complex particles, for all
polyion pairs, seems to be a peculiarity of the chitosan-based
complexes, taking into account the semirigid backbone
of chitosan. The particle sizes were always higher when P-
(AMPS37-co-TBA63) was the added polyion, i.e., for the polya-
nion with the highest content of hydrophobic comonomer.

The AFM images indicated that, before stoichiometry, the
adsorbed particles appeared as small and individual par-
ticles, when the IPECs were formed with P(AMPS54-co-TBA46)
as the added polyion, irrespective of the chitosan molar
mass, whereas highly aggregated structures were observed
with P(AMPS37-co-TBA63). A four-step mechanism was pos-
tulated for the formation of IPECs as colloidal dispersions
from chitosan as the starting polyion and P(AMPS54-co-
TBA46) or P(AMPS37-co-TBA63) as the added polyion. Accord-
ing to this mechanism, the primary aggregates formed at
n-/n+ e 0.2 are larger than the particles formed at higher
ratios between charges and would have a high density of free
positive charges, noninvolved in complexation with polya-
nion, which makes them more effective than chitosan in
destabilization of a kaolin model suspension. The higher the
content of TBA in polyanion was, the larger the flocculation
window, with the optimum concentration of flocculant being
also lower compared with that of chitosan.
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