
Copolymer of sodium acrylate and acrylamide was prepared by free radical poly-
merization in solution. Molecular weight was determined using Ubbleohde vis-
cometer. Various reduced viscosity measurement tests were conducted to charac-

terize the viscosity behaviour of partially hydrolyzed polyacrylamide. Experiments show a
polyelectrolyte effect when reduced viscosity is plotted against polymer concentration.
The reduced viscosity is rising in salt free solution due to dilution. Salt addition to the poly-
mer solution presents quite different results. The polyelectrolyte effect disappeared at
higher concentration of salt as a consequence of inhibiting the polyions from intramolec-
ular expansion. The effect of different low molecular weight electrolytes on reduced vis-
cosity of polymer solution was investigated. The intrinsic viscosity was obtained as a
function of charge density (degree of hydrolysis) on the backbone of the polymer chain.
It is observed that the intrinsic viscosity increases with increasing the percentage of ionic
carboxyl groups on the polymer molecules. The reduced viscosity of the polymer was
obtained in a solvent mixture of water and formamide.
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A B S T R A C T

Key Words:

Partially hydrolyzed polyacrylamide
is widely used in water treatment as
an anionic coagulant, in drilling
mud as a viscosifier and shale stabi-
lizer and in enhanced oil recovery.
In enhanced oil recovery a dilute
aqueous solution of partially

hydrolyzed polyacrylamide is used
as a pushing fluid in the injection
wells to sweep oil in the reservoir
into the production well. Mobility
reduction or viscosity behaviour of
partially hydrolyzed polyacrylamide
polyelectrolyte solutions plays an
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important role in such applications. The properties of
polyelectrolytes in aqueous solutions have been widely
investigated in the past decade [1-8]. For polyelec-
trolyte solutions it was shown by Fuss and Strauss
many years ago that viscosity behaviours are signifi-
cantly different than those of neutral polymers [9]. In
polyelectrolyte solutions, factors like chain conforma-
tion, orientation of the chains and entanglement
between different chains affect the flow properties of
these solutions [10]. The ionization of a flexible linear
polyelectrolyte markedly increases the viscosity of its
salt-free aqueous solution, often by several orders of
magnitude. This increase in viscosity has been
explained in terms of an unfolding of the polymer coil
due to the repulsion between the like-charges attached
to the coil [11]. Viscometric studies of polyelectrolyte
solutions are essential, as they provide clues to under-
standing the properties of these systems. In the present
paper the viscosity behaviour of polyelectrolyte solu-
tion was studied. Viscosity measurements were carried
out with samples of partially hydrolyzed polyacrylamide
covering a wide range of the degree of hydrolyses.

EXPERIMENTAL

Materials
Acrylamide, sodium chloride, calcium chloride, mag-
nesium chloride, sodium hydroxide, sodium metabisul-
phite, potassium persulphate, formamide, and hydro-
quinone were obtained from Merck and Aldrich Co.
and used as received. Acrylic acid was vacuum distilled
at 50°C in the presence of hydroquinone to separate the
inhibitor. Sodium acrylate was obtained by neutraliza-
tion of acrylic acid using stoichiometric amount of
sodium hydroxide aqueous solution.

Copolymerization
Partially hydrolyzed polyacrylamide was prepared by
copolymerization of acrylamide and sodium acrylate. A
redox system including sodium metabisulphite and
potassium persulphate were used to initiate free radical
copolymerization. Copolymerization was conducted in
a 300-mL glass reactor equipped with a mechanical
stirrer. A typical formulation and preparation procedure
was as follow: 14 g of acrylamide was dissolved in 180
mL of water. The aqueous solution of acrylamide was
discharged into the glass reactor. 30% Sodium acrylate

(21.2 g) aqueous solution was added into the reactor.
Nitrogen gas was bobbled for 30 min to remove oxygen
from the aqueous solution of monomers mixture. To
start the copolymerization reaction 0.05 g of sodium
metabisulphite and potassium persulphate in 20 mL of
water were added to the monomers mixture. The
copolymerization reaction was carried out at 60°C
using a thermostated bath. During the reaction the reac-
tor content was kept under a nitrogen atmosphere.
Degree of hydrolysis of copoly(acrylamide-sodium
acrylate) with 10-60% sodium acrylate was measured
[12] and adjusted initially by varying the acrylate con-
tent of monomer mixturs. At the end of copolymeriza-
tion reaction the product was precipitated from aqueous
solution by the addition of methanol and dried in a vac-
uum oven at 50°C. The chemical structure of partially
hydrolyzed polyacrylamide is as follow:

Polar amide and ionic carboxylic groups impart
water solubility to the copolymer.

RESULTS AND DISCUSSION

Viscosity Measurement
The Ubbelohde capillary viscometer was used to meas-
ure the relative, specific and reduced viscosity of the
polymer solutions from the flow times of solutions.
The viscosity measurements were carried out at a con-
stant temperature of 25°C. The solution temperature
was controlled by a thermostat in a circulating bath and
monitored by a thermometer. A stopwatch with a reso-
lution of 0.1s was used to measure the flow times. By
plotting the reduced viscosity (dL/g) of polymer solu-
tions against concentration (g/dL), extrapolating to
infinite dilution and taking the intercept, the intrinsic
viscosity [η] is determined. Reduced viscosity versus
concentration in the presence of various amounts of ini-
tiator is presented in Figure 1. Reduced viscosity is
directly proportional with the molecular weight. With
increasing the initiator concentration the molecular
weight decreases which results in decreasing the
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reduced viscosity.  As it is expected the reduced viscos-
ity decreases with increasing initiator concentration.

Molecular Weight Determination
Molecular weight was determined using Mark-
Houwink equation. For a partially hydrolyzed poly-
acrylamide polymer K and α in Mark-Houwink equa-
tion change as a function of degree of hydrolysis.
Meiling et al. [13] described a simple method for deter-
mining molecular weight of partially hydrolyzed poly-
acrylamide using single point method of determination
of intrinsic viscosity. In another attempt to find a rela-
tionship between Mark-Houwink constants and degree
of hydrolysis, Wu et al. [14] obtained two empirical
polynomial equations for K and α as functions of
degree of hydrolysis. In our experiments samples with
30% degree of hydrolysis have been used for molecu-
lar weight determination. For above samples K and α
from polynomial equations are 2.22×10-4 and 0.742,
respectively. Molecular weight as a function of initiator
concentration is presented in Figure 2. With increasing

initiator concentration the number of growing chains to
form polymer increase leads to lower molecular
weight.

The reduced viscosity is defined as ηsp/c = (η-
η

°
/η

°
c), where, η and ηο are the viscosity of polymer

solution and solvent, respectively. C is the polymer
concentration in g/dL. The reduced viscosity of the
salt-free polymer solution is shown in Figure 3 as a
function of polymer concentration. It is seen from
Figure 3 that the reduced viscosity increases with
decreasing polymer concentration. This typical poly-
electrolyte behaviour which is usually observed in salt
free aqueous solutions occurs because the carboxylic
groups on the polymer chain can ionize in the polar sol-
vent and the effective electrostatic repulsion makes this
polymer chain highly extended. This phenomenon was
also observed by Peiffer et al. [15], Liu et al. [16], and
Aseyev et al. [17] for different polyelectrolyte solutions. 

For the higher molecular weight samples the
increase is followed by a rapid decrease at very low
concentrations [18]. The decrease probably remains
undetected in the lowest molecular weight sample,
because in this case measurement could not be per-
formed at sufficiently low concentrations owing to the
comparatively low viscosity of these solutions. The
polyelectrolytes either cationic and anionic polymer
have special viscosity behaviour in comparison with
neutral polymer. Neutral polymers have the property
that reduce viscosity increases with the increase of
polymer concentration. The reduced viscosity of poly-
electrolytes in a salt-free dilute aqueous solution is
more than tens of times as largest neutral polymers.

Reduced viscosity as a function of polymer concen-
tration in the presence of 1 mol/L KI is presented in
Figure 4. The mechanism of the KI effect on reducing
the polyelectrolyte effect mainly is related to the reduc-
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Figure 1. Reduced specific viscosity vs. polymer concentra-

tion in the presence of 0.2 M sodium sulphate.
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Figure 2. Molecular weight vs. initiator concentration.
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tion of double layer thickness on the polyelectrolyte
molecule. Due to high degree of ionization, KI reduces
the partial ionization of polyelectrolyte and eliminates
the polyelectrolyte effect at lower concentration. When
small molecule electrolyte is added to a polyelectrolyte
solution depending on the concentration the viscosity
behaviour changes. It is seen from Figure 4 that there is
not polyelectrolyte effect and viscosity does not
increase with decreasing polymer concentration, which
is in contrast with salt-free solution. 

Figure 5 shows the effect that the mixed form
amide/water solvent system has on the reduced viscos-
ity of partially hydrolyzed polyacrylamide. Increasing
the volume fraction of water produces a rise in the
reduced viscosity due to the expected increase in
hydrodynamic volume of the chain. The curve has a
minimum at 60% formamide content. With increasing
the formamide content after the minimum point again
the reduced viscosity increases as a result of rise in
hydrodynamic volume. Also by addition of formamide
the ionization of polyelectrolyte decreases. By varying
the solvent then important experimental parameters
such as dielectric constant and solvent can be varied.
The dielectric constant of formamide (109) is larger
than that of water (78.5). The dielectric constant has a
significant effect on the strength and range of electro-
static interactions. 

Reduced viscosity was plotted as a function of salt
concentration in constant polymer concentration
(Figure 6). Ionic strength influence on viscosity was
determined by varying the salt type and concentration.
It is seen that reduced viscosity decreases significantly
with low molecular weight electrolyte addition. The
effect of divalent salts (CaCl2 and MgCl2) has been

investigated. The reduced viscosity decreases more by
Ca2+ than Mg2+ which can be ascribed to the fact that
Mg2+ is more soluble than Ca2+.  Addition of a salt to
an aqueous solution of partially hydrolyzed polyacry-
lamide results in the screening of the electrostatic
repulsion between charges along the polymer chain
[19]. As a consequence addition of salt to polyelec-
trolytes solutions leads to a more pronounced decrease
in viscosity. At low ionic strength the coils are expand-
ed due to intramolecular electrostatic repulsion, which
leads to higher hydrodynamic volume. On the other
hand introduction of salts which lowers both intra- and
intermolecular repulsion reduces the hydrodynamic
volume of the individual coil as well. In distilled water
the polymer has high viscosity typical of polyelec-
trolytes in aqueous media. At low ionic strength and
concentration the electrostatic repulsive forces dominate
the polymer solution behaviour and the polymer acts as
polyelectrolyte. No precipitation of the polymer has been
observed up to the highest concentrations of salts.

Dilute solution measurements can yield the intrin-
sic viscosity; an indication of the hydrodynamic vol-
ume of an isolated polymer chain in solution. Partially
hydrolyzed polyacrylamide molecules contain random-
ly distributed polar carboxyl groups and behave as a
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Figure 4. Reduced viscosity vs. concentration in the pres-

ence of 1 mol/L KI.
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Figure 5. Reduced viscosity vs. formamide content in the for-
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Figure 6. Reduced viscosity vs. salt concentration.
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polyelectrolyte in aqueous solution. The carboxyl
groups carry negative charges and polymer solution
becomes an anionic polyelectrolyte. Polyelectrolyte
properties originate from the combination of macro-
molecular and electrolyte behaviour. Because of the
repulsion forces between ionized carboxyl groups,
polymer chain extends and uncoils in the solution.
Therefore, the effective size or volume of the polymer
molecules increases which leads to larger hydrodynam-
ic interactions between polymer chains and water mol-
ecules. This influences the transport properties of poly-
electrolyte and increases its intrinsic viscosity.

The above analysis has been supported by our
experimental work as it is observed in Figure 7. With
increasing the hydrolysis degree (HD) or fraction of
ionizable carboxyl groups on the backbone of the poly-
mer chain, the intrinsic viscosity increases. By increas-
ing hydrolysis degree the intrinsic viscosity firstly rises
sharply due to the electrostatic repulsion between
charged groups along the polymer chains. In other
words, because of the repulsion forces between the neg-
ative charges (carboxyl groups), the original coiled mol-
ecules of partially hydrolyzed polyacrylamide uncoil as
hydrolysis proceeds, molecules become more extended,
thereby increasing the flocculation ability as well as vis-
cosity of solutions [20]. Further increase in hydrolysis
degree leads to smoothness of the slope of the curve.
The height of the curve is strongly influenced by the
polymer concentration, the salt concentration, the chain
length and the molecular weight distribution [21]. It
must be noted that information discussed so far applies

to dilute solution. Very dilute solutions in water contain
only individual and unassociated polymer coils.

CONCLUSION

Partially hydrolyzed polyacrylamide was prepared by
free radical copolymerization in solution. The intrinsic
viscosity has been determined by extrapolating the
reduced viscosity to zero concentration. The effects of
solvent, salt type and concentration, degree of hydroly-
sis, and polymer concentration on viscosity have been
investigated. It was shown that the reduced viscosity of
salt-free solution of partially hydrolyzed polyacry-
lamide as a result of polymer chain expansion increases
with decreasing polymer concentration. In fact the poly-
mer behaves like a polyelectrolyte in salt-free solution.
Adding low molecular weight electrolyte to the polymer
solution eliminates the polyelectrolyte effect and poly-
mer behaves like a neutral macromolecule. The viscos-
ity increases with increasing polymer concentration,
which is usually observed in neutral polymers. The
effect of dielectric constant on reduced viscosity was
studied by varying the solvent type and concentration. It
was found that reduced viscosity decreases with
increasing formamide content in the solvent mixture. 
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Figure 7. Intrinsic viscosity vs. hydrolysis degree.
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