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The effect of pH on gelation behavior of hydrolyzed polyacrylamide (HPAM) and O-carboxymethyl chitosan (CMCH) were inves-
tigated by rheological measurements. The steady state shear experiments showed that the variation of apparent viscosity of each
system had a similar tendency in the process. In basic environment, with the decrease of pH value, the apparent viscosity increased
markedly, and in an acidic environment, the apparent viscosity decreased with the decrease of pH value. The results from oscillation
experiments indicated the storage modulus (G′) was higher than the lose modulus (G′′) in the whole frequency investigated when pH
was nearby 7, which indicated that gel formed in this condition. The critical angular frequency (ω∗) could also be affected by pH,
which implied that the viscoelastic property of the sample was influenced by pH. All results implied that there was a sol-gel transition
when pH was nearby 7 for all HPAM and CMCH systems investigated.
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1 Introduction

Hydrolyzed polyacrylamide (HPAM) is one kind of impor-
tant water soluble polymer due to its wide applications in
many fields, such as flocculants for wastewater treatment,
oil recovery, soil conditioning, agriculture, and biomedical
applications (1–4).

O-carboxymethyl chitosan (CMCH), which is one of
chitosan amphoteric derivatives, has attracted increasingly
more researchers because of its intensive multiple bioac-
tivities, excellent moisture-retention ability, biodegradabil-
ity, biocompatibility, antibacterial and antifungal activi-
ties (5–7). The opposite ionizable groups, carboxyl and
amine, could coexist on the same CMCH chains because of
the carboxymethylation. This conversion not only provides
CMCH the super solubility, but also provides some special
chemical, physical and biological properties, all of which
make CMCH an attractive option in connection with its
use in food products, cosmetics and pharmaceutics (7–10).

In the past few years, the gelation behavior of polymer in
solution has attracted much attention due to its theoretical
and practical applications (11–13). The gelation behavior
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could be affected by many factors. The thermo-responsive
polymer is one of the most researched materials in this area.
The basic feature shared by thermo-responsive copolymers
is that aqueous solutions of these polymeric systems dis-
play low viscosity at room temperature, and exhibit a sharp
viscosity increase as temperature rises within a very nar-
row temperature interval, producing a gel at body temper-
ature (13). A number of thermo-responsive polymers have
been studied during the last decades, with much work fo-
cusing on poly(ethylene oxide-co- propylene oxide)(14–15),
poly(N-isopropyl acrylamide) and its derivatives (16–18),
poly(ethylene glycol) and biodegradable polyester (19–21).
Although, pH-responsive polymers could also be widely
used for many applications (22–24), there is much less re-
search on the gelation behavior of pH-responsive polymers
in aqueous solution. As a result, the rheological property
study on the pH-responsive system might probably be help-
ful for a better understanding on the gelation behavior of
this system.

In this work, four systems with different concentrations
of HPAM and CMCH were prepared and the pH effects
on the rheological property of four systems were studied.
The results implied that there was a sol-gel transition when
pH approximated 7 for all systems, and the CMCH was a
good tackifier for HPAM solution in proper pH value. The
aim of this study is to offer basic data for the formation of
HPAM and CMCH gel.
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2 Experimental

2.1 Materials

Hydrolyzed polyacrylamide (HPAM) was prepared by in-
verse emulsion polymerization. 0.7 g sorbitan monooleate
(Span 80) and 0.1 g nonylphenol polyoxyethylene ether
(OP 10) were dissolved in 15 mL cyclohexane. 10 g 30
wt% acrylamide aqueous solution was dropped into the
cyclohexane solution with high-speed stirring. The poly-
merization was initiated by 0.045 mmol potassium persul-
fate at 60◦C in nitrogen atmosphere. After 4 h, 10 g 10 wt%
sodium hydroxide was added into the emulsion and the
hydrolysis of polyacrylamide proceeded at 80◦C for 24 h,
and then, the emulsion was precipitated by ethanol, and
washed by ethanol six times and mixture of water and
ethanol for three times to remove emulsifier, alkali and
unreacted monomers. HPAM was dried in vacuum at 50◦C
for 48 h. The average molecular weight (Mw) of HPAM is
4.3 × 106 g/mol calculated using the experimentally de-
termined [η] and the Mark-Houwink equation [η] (mL/g)
=8.2 × 10−3 M0.85

w (25). The intrinsic viscosity ([η]; mL/g)
of HPAM in 0.5 mol/L NaCl was 3573 mL/g, which was
achieved by capillary viscometry. The hydrolysis degree of
HPAM was 44%, which was determined by elementary
analysis. The molecule structure of HPAM is represented in
Figure 1.

O-carboxymethyl chitosan (CMCH) [Molecular Weight
∼ 6.9×104, the degree of substitution of carboxymethyl
group ∼ 0.80, the degree of deacetylation ∼ 0.90] was pur-
chased from Qingdao Bio-pharma Co. Ltd. in China, re-
fined twice by dissolving it in aqueous solution, filtered,
precipitated with ethanol and finally dried in vacuum at
50◦C for 48 h. The molecule structure of CMCH is repre-
sented in Figure 1.

Other materials were analytical reagent and used as re-
ceived.

2.2 Preparation of Sample Solutions

2 wt% HPAM, 1 wt% CMCH and HCl (from 0.005 to
0.1 mol/L) aqueous solutions were prepared. A series of
sample solutions were then prepared by mixing different

Fig. 1. Molecule structure of HPAM and CMCH.

amounts of the stock HPAM and CMCH solutions. These
mixture systems were stirred for 12 h, and a HCl solution
of desired amount and concentration was gently dropped
into them. Sample solutions were then stirred for 24 h and
left overnight to equilibrate before rheological measure-
ments. In this paper, four systems with different concen-
trations of HPAM and CMCH at different pH values were
investigated and named HPCMA, HPCMB, HPCMC, and
HPCMD, respectively. Their components are presented in
Table 1.

2.3 Rheological Measurements

The rheological measurements were carried out on a
HAAKE RS6000 Rheometer (Germany) with a cone-plate
sensor system (Ti; radius, 17.5 mm; cone angle, 1◦). The
temperature was maintained at 25.0 ± 0.1◦C. For the shear-
dependent behavior, the viscosity measurements were car-
ried out at shear rates ranging from 0.01 to 100 s−1. After a
proper stress was selected, the oscillatory rheological mea-
surements of the dynamic shear moduli were carried out at
a frequency of 10−1–102 rad/s.

Table 1. Components of four systems investigated∗

HPCMA HPCMB HPCMC HPCMD
Sample
number CHCl (mol/L) pH CHCl (mol/L) pH CHCl (mol/L) pH CHCl (mol/L) pH

1 0 9.63 0 9.50 0 9.42 0 8.86
2 0.005 7.89 0.0025 8.10 0.00125 8.02 0.00125 7.64
3 0.0125 7.07 0.0075 6.72 0.005 7.16 0.005 6.82
4 0.025 5.72 0.0175 5.66 0.015 5.77 0.01 5.56

∗Volume: 4 mL; Concentrations of two polymers (HPAM and CMCH, g/L): 10 and 1.25 (HPCMA); 5 and 1.25 (HPCMB); 5 and 0.375 (HPCMC);
2.5 and 0.625 (HPCMD).
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Gelation Behavior of Mixed Polymer System 597

Fig. 2. Steady state shear flow curves of HPCM (a), HPCMB (b), HPCMC (c) and HPCMD (d) systems.

3 Results and Discussion

3.1 The Effect of pH on Apparent Viscosity of System

The steady state shear flow curves of four systems are shown
in Figure 2. For all samples, as the shear rate is increased,
the behavior of newtonian fluid is observed at a low shear
rate, and the behavior of pseudoplastic fluid is observed
at a higher shear rate. For all four systems, the apparent
viscosity of HPAM solution is higher than that of HPAM
and CMCH mixed solution in its original pH value. The
apparent viscosity remarkably increases when pH approxi-
mates 7 and then decreases with the further decrease of pH
value. This indicates that the strong interaction between
HPAM and CMCH exists and is intensely affected by the
pH value of solution. In alkaline environment, -COO−
and -NH2 are dominative conformations for carboxyl and
amine groups (10). As a result, CMCH molecules could
be regarded as “large anions” in solution, and an addition
of electrolyte in the HPAM solution would compress
the electrical double layer of molecular particles and screen
the electric charges on the molecular chains, which causes
the reduction in hydrodynamic volume of HPAM molecules
and weakens the interaction between HPAM molecules,

as a result, the apparent viscosity decreases (3). With the
decrease of pH value, many amine groups exist in the con-
formation of -NH+

3 , which could induce the aggregation of
HPAM and CMCH based on the electrostatic attraction be-
tween -COO− of HPAM and -NH+

3 of CMCH. As a result,
the strong network structure between polymer chains forms
and the apparent viscosity increases markedly. This kind of
network has been represented in other paper (26), and is
characterized by a hydrophilic microenvironment with a
high water content and electrical charge density. The elec-
trostatic attraction is stronger than most secondary binding
interactions (27). In order to form such a network, both
polymers have to be ionized and bear opposite charges.
This strong network could only be formed at certain pH
value, which is determined by the pKa of the two polymers
(26). With the further decrease of pH value, many carboxyl
groups tend to exist in the conformation of -COOH, which
induces the reduction of the electrostatic attraction between
HPAM and CMCH molecules. Additionally, the solubility
of HPAM and CMCH decreases in acidic environment due
to the deionization of charged functional groups. Therefore,
the apparent viscosity decreases. The results from Figure 2
also show that CMCH is a good tackifier for HPAM so-
lution in proper pH value. Moreover, the most proper pH
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598 Cao et al.

value is about 7. Take the HPCMD system for example,
the apparent viscosity of sample numbered 3 (pH, 6.82) is
nearly 11 times more than that of HPAM sample at the
shear rate of 2.33 s−1.

The Carreau-Yasuda model provides viscosity (η, Pas)
as a function of shear strain rate (γ , s−1) for the non-
Newtonian behavior of fluids at a specific temperature (28).
The Carreau-Yasuda model is expressed by the following
relationship (29):

η = η∞ + η0 − η∞

[1 + (λγ )a]
1−n

a

(1)

where η0 is zero-shear-viscosity as γ decreases; η∞ is the
constant value of η as γ increases; a is this exponent which
affects the shape of the transition region between the zero-
shear-rate plateau and the rapidly decreasing (power-law
like) portion of the viscosity vs. shear rate curve, and in-
creasing a sharpens the transition; λ is a time constant
at which the transition occurs from the zero-shear-rate
plateau to the power-law portion, n is a power-law-like pa-
rameter that describes the slope of the rapidly decreasing
portion of the viscosity curve (30).

All samples show a good fit to the Carreau-Yasuda model
in our experiment (R2 > 0.999). Taking HPCMB system
for example, the correlation coefficients of all samples ex-
ceed 0.9999 except the sample numbered 3 (R2 = 0.99975).
From Equation 1, the values of zero-shear-viscosity η0 and
flow behavior index n for all four systems are shown in
Figure 3. It is obvious that all samples show a shear-
thinning behavior. It can be observed that the η0 and n
of each system have the similar change tendency with the
increase of HCl concentration. For all four systems, when
pH is nearly 7, the sharp increase of η0 is observed. It may
be concluded that networks of molecules form at this pH
value. For all four systems, the decrease of the value of n
in neutral environment and the increase of it at acidic en-
vironment are observed. The variation of behavior index
n could usually attribute to the increase or decrease in the
number of network or entanglements of macromolecules
(30). Moreover, the value of n of HPCMA system changes
much less than that of HPCMD system during the pro-
cess. The reason may be that in such HPAM concentration
of HPCMA system, strong macromolecular network could
form by intermolecular entanglement of HPAM, and the
influence of CMCH on this system is much less than that
on HPCMD system.

3.2 The Effect of pH on the Viscoelastic Properties

Before carrying out any oscillatory measurements, each
sample should be checked to ensure that it is within the
linear viscoelastic region where the complex modulus (G∗)
is independent of the applied stress (31–32). The shear
stress (τ ) dependence of complex modulus (G∗) for the
HPCMB system is shown in Figure 4 with various pH

Fig. 3. Zero-shear-rate viscosity η0 (a) and flow behavior index n
(b) defined by the Carreau-Yasuda model for four systems.

values at 25◦C as an example for confirming the linearity.
The value of G∗ remains nearly constant with increasing
τ until the critical stress value (τ c) is reached, then G∗ be-
gins to decrease. The values of G∗ at a certain τ in the
linear region at different pH values are in the same order

Fig. 4. Complex modulus (G∗) as a function of the applied stress
at a constant frequency (6.283 rad/s) for HPCMB system at
different pH values at 25◦C.
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Gelation Behavior of Mixed Polymer System 599

Fig. 5. Angular frequency ω dependence of storage modulus G′ (solid symbol) and G′′ (open symbol) for samples of HPCMA (a),
HPCMB (b), HPCMC (c) and HPCMD (d) systems. The data have been vertically shifted by a factor of 10a with given a to avoid
overlapping.

as the values of τ c at different pH values. The other sys-
tems also show the similar stress and pH values dependence
for G∗ during the process. All of the viscoelastic measure-
ments were carried out at 1 Pa, which is within the linear
region.

Figure 5 shows the angular frequency ω dependence of
storage modulus G′ (solid symbol) and G′′ (open symbol)
for all samples of four systems. The data are vertically
shifted by a factor of 10a to avoid overlapping. For all
samples, both G′ and G′′ increase monotonously over the
entire frequency range, which is in agreement with those
reported in the literatures (33). For HPAM sample and
HPAM/CMCH samples in alkaline and acidic environ-
ment of each system, G′ is smaller than G′′ at lower angular
frequencies. With increasing frequency, G′ and G′′ show an
intersection, after which G′ becomes larger than G′′, indi-
cating a more pronounced elastic behavior of the samples at
higher frequencies. This is the characteristic of a viscoelas-
tic fluid according to the Rouse-Zimm theory (34). For
HPAM/CMCH sample in neutral environment of each sys-
tem, G′ becomes higher than G′′ over the entire frequency
range investigated, which indicates their elastic nature.

In addition, the difference in the value of these two moduli
is less than one decade, indicating that the sample behaved
as a weak gel (35).

Winter and Chambon found experimentally that the
storage modulus G′ and loss modulus G′′ exhibit the power-
law dependence on the angular frequency ω at the critical
gel point (36–37):

G ′(ω) ∼ G ′′(ω) ∼ ωn (2)

Where n is the relaxation critical exponent. Therefore,
from the results of Figure 5, it is indicated that pH
value can markedly affect the viscoelastic property of the
HPAM/CMCH mixture system. When pH is close to 7,
there is a transition region from sol to gel, where the ω

dependent curve of G′ becomes parallel to G′′ on the loga-
rithmic coordinate over a wide frequency range.

It has been established that the viscoelastic properties
of many associative polymer aqueous solutions can be de-
scribed by Maxwell model (38–40). In the Maxwell model,
G′ increases monotonously and reaches the high frequency
plateau modulus G0 while G′′ increases at first, reaches
a maximum value and then decreases continuously. No
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decrease of G′′ is observed at high frequency. As a result, G′
and G′′ do not show simple Maxwellian behavior charac-
terized by a single relaxation time. These samples exhibited
a distribution of relaxation times. This behavior is different
from the telechelic polymers, which are characterized by
a single relaxation time, attributed to the exit rate of the
hydrophobe group from a micelle (41–42). In the case of
this experiment, because of the chemical linkage between
functional groups belonging to the same polymer chain,
the disengagement of one junction from the complex will
not lead to complete relaxation of the stress on the polymer
chain; the chain is still linked to the complex through other
junctions (40).

The intersection point of the curves of G′(ω) and G′′(ω)
gives the critical angular frequency (ω∗), and the relaxation
time (λ0) of the contribution of the longest relaxation pro-
cess can be inferred from the following equation (36):

λ0 = 1/ω∗ (3)

According to the analysis of experiment data, the change
in ω∗ is observed as illustrated in Figure 6. The value of ω∗
of sample numbered 3 in every system is not obtained in the
range of the frequency investigated, however, high coeffi-
cients of correlation are obtained when these data of G′(ω)
and G′′(ω) are linearly fitted in log-log coordinate system.
As a result, the intersection of two lines is defined as ω∗ in
such a case. After CMCH is added into HPAM solution,
ω∗ increases in three system, which indicates that CMCH
induces the collapse of the HPAM molecular network. In
HPCM/CMCH systems, with increasing pH value, ω∗ de-
creases at first corresponding to an increase of relaxation
time induced by formation of a stronger network. With a
further increase of pH value, ω∗ begins to increase, corre-
sponding to a decrease of critical relaxation time due to the
collapse of the network induced by the shrink of HPAM
molecules. All of these variations are consistent with the
observed variations of the flow behavior index n at corre-
sponding pH value. It is obvious that the concentrations
of HPAM and CMCH can remarkably affect the variation
of ω∗ in the process. Compared to the other three systems,
ω∗ of HPCMA system shows more insensitive to pH value,
which might attribute to the high concentration of HPAM.
However, in HPCMC system, there is no change in the value
of ω∗ after CMCH is added into HPAM solution, which
indicates that the effect of CMCH of such a low concentra-
tion on HPAM molecular network might be insignificant.
At the pH about 5.6, the values of ω∗ of HPCMB, HPCMC
and HPCMD systems are in the same order as the concen-
trations of CMCH in the three systems, which indicates that
the molecule network of HPAM and CMCH aggregation
with more CMCH component exhibits better performance
of acid tolerance.

Winter and Chambon developed a constitutive equation
based on the existence of an intermediate state of the ma-
terial at which the dynamic moduli, G′(ω) and G′′(ω), are
congruent functions in the entire range 0 < ω < ∞ (43).

Fig. 6. Variation of ω∗ as a function of pH value for four systems.

This work defined a new material property, the strength or
stiffness (S), easily measures in a single oscillatory shear ex-
periment during the crosslinking reaction. The parameter
S can be obtained in the following equation (43–44):

G ′(ω) = Sωn cos(nπ/2)�(1 − n) (4)

Where n is a relaxation exponent and �(1-n) is the
Gamma function of 1-n. Equation 4 is generally valid
for viscoelastic liquids and solids. For n → 1, the ma-
terial is purely viscous; for n → 0, the material is
purely elastic. The case n = 0.5 was called an ideal gel
(37).

In this paper, a non-linear regression procedure using
Equation 4 enabled us to obtain gel stiffness (S) and the
results are shown in Figure7. The gel stiffness increases
sharply when pH approximates 7. This can be due to the
fact that strong three-dimensional networks formed in neu-
tral environment. Compared HPCMB with HPCMC, the
gel stiffness of HPCMB is lower than that of HPCMC in
alkaline environment and is higher than that of HPCMC
in a neutral environment. This indicates that CMCH

Fig. 7. Variation of gel stiffness (S) as a function of pH value for
four systems.
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Gelation Behavior of Mixed Polymer System 601

component, which could be regarded as ionic crosslinking
agent, plays an important role in the formation of strong
networks. Moreover, compared HPCMC and HPCMD, it
is interesting to note that the gel stiffness of HPCMC is
lower than that of HPCMD in neutral environment. Con-
sidering that the concentrations of HPAM in HPCMC and
HPCMD systems are 5 and 2.5 g/L and these of CMCH
are 0.375 and 0.625 g/L, respectively, it could be concluded
that proper concentrations of HPAM and CMCH are cru-
cial for the formation of elastic molecular network.

4 Conclusions

The pH effects on the gelation behavior of HPAM and
CMCH mixed system were investigated by rheological mea-
surements. The viscosity measurement indicated that the
interaction between HPAM and CMCH existed and could
be significantly affected by pH value of the solution. Oscil-
lation measurements showed that there was a sol-gel tran-
sition when pH was nearly 7, and the network structure of
the system was firstly enhanced and then weakened due to
the amphoteric property of CMCH with the decrease of pH
value. Our results would probably be helpful for a better
understanding of the gelation behavior of pH-responsive
polymers.
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