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Role of ionic species and valency on the viscoelastic properties 
of partially hydrolyzed polyacrylamide solutions 
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Abstract: The effects of ionic species and valency on the viscoelastic properties 
of partially hydrolyzed polyacrylamide solutions were examined. Two visco- 
elastic parameters were considered, i.e., average relaxation time, 2 ~ and steady 
state compliance, Je ~ Both these parameters are independent of ionic species of 
monovalent salts. However, 2 ~ decreases with increasing salt concentrations. 
Divalent salts reduce the values of 2 ~ by as much as 10 times. On the other 
hand, Je ~ is independent of salt concentrations and valency. The effects of 
monovalent salt on three different polyacrylamide samples of varying degree of 
hydrolysis and MW were also examined. 
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Introduction 

In our previous paper 1-1], we reported on the 
effect of ionic species and valency on the steady 
shear behavior of partially hydrolyzed polyacryl- 
amide solutions. It was shown for polyelectrolytes 
that the nature of the solvents drastically alter the 
rheological behavior of polymer solutions. In 
many applications where salts of different species 
and valency are encountered (such as water treat- 
ment, drag reduction, enhanced oil recovery, etc.), 
appreciable understanding of these effects is es- 
sential to the optimum performance of the poly- 
mers used. Such effects on the dynamic properties 
of dilute polymer solutions have not been exten- 
sively studied. 

However, some studies have been carried out 
for concentrated systems such as poly(methacrylic 
acid) 1-2] and poly(sodium acrylate) [-3] at the 
resonant frequency where gelation occurs. Sakai 
et al. [-4] investigated the viscosity, the first nor- 
mal-stress difference, and the compliance function 
of 1 to 4 wt % of poly(sodium acrylate) at various 
NaC1 concentrations. In order to obtain solutions 
with a measurable viscosity range, they used 30% 

aqueous glycerine as the solvent. A more compre- 
hensive study was reported by Okamoto et al. 
[5, 6] on 0.15 wt% of poly(acrylic acid) and 
poly(methacrylic acid) at frequencies from 2 to 
500 kHz. The measurements were made at differ- 
ent degrees of polymerization and different con- 
centrations of NaC1. Rosser et al. 1-7] examined 
the dynamic properties of dilute solutions of so- 
dium poly(styrene sulfonate) in the presence of 
glycerol and sodium chloride salt. The frequency 
dependence of storage and loss moduli were 
modeled using a hybrid relaxation spectra that 
combines the rodlike and coil-like behavior. Re- 
cently, the viscoelastic properties of poly(M- 
methyl-2-vinyl pyridinium chloride)s were studied 
by Yamaguchi et al. [-8]. They examined the 
steady-state compliance of the polyelectrolyte in 
the presence of added salt. 

It is evident that studies of viscoelastic behavior 
of polyelectrolytes in different solvent environ- 
ments are scarce. One reason is that dynamic 
properties of dilute polyelectrolyte solutions are 
difficult to measure. Most rheological equipment 
is designed for applications such as concentrated 
polymer solutions or melts. However, with the 
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introduction of sensitive the�9 such as the 10 -I 
Contraves Low Shear 30-Sinus, measurement of 
viscoelastic properties of polymer solutions is now 
possible. ~o 2 

In this study, the dynamic properties of 500 and 
1000 ppm polyacrylamide solutions in different 
salt environments are investigated. The solutions ~' 10 -3 
are dilute as the measured zero shear viscosity is (Pa) 
linearly dependent on the polymer concentration 
[9]. The effects of ionic species and valency on the 10 -4 
dynamic properties are reported. 

Experimental method 

Preparation procedure for the test solutions is 
adequately described in our previous publication 
[1]. The dynamic properties were measured at 
20 ~ using a Contraves Low Shear-30 rheometer 
equipped with a concentric cylinder system. The 100 
instrument is capable of measuring moduli at fre- 
quencies ranging from 10 -a to 10 rad/s. This 
rheometer is extremely sensitive and can measure 
moduli  down to about 10 -4 Pa at frequency of 10,~ 
10-3 rad/s [10]. It makes use of a light compensa- 
tion system to measure any movement arising G" 
from the torque response of the fluids. (Pa) 

Results and discussion 

1. Storage and loss moduli 

The effects of salt concentration on the storage 
and loss modulus of 500 ppm Separan AP30 solu- 
tions with different NaC1 concentrations are 
shown on Figs. 1 and 2. For the purpose of clarity, 
only selected data for several salt concentrations 
covering the lower and upper limits are shown to 
illustrate the trend of the change of dynamic prop- 
erties in the presence of different amount  of salts. 
At a particular frequency, addition of salt drasti- 
cally reduces values of G' and G". For example, 
addition of 4 x 10-3 M NaC1 reduces the magni- 
tude of G' by more than an order of  magnitude at 
low frequency. The effect is less at higher fre- 
quency. Such a reduction is consistent with the 
observation in the steady shear properties [1]. It 
is also evident that at the low frequency region, 
the slopes of G' and G" are 2 and 1, respectively. 
In this region, certain viscoelastic properties such 
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Fig. 1. Storage modulus of 500 ppm Separan AP30 in differ- 
ent NaC1 concentrations 
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Fig. 2. Loss modulus of 500 ppm Separan AP30 in different 
NaC1 concentrations 

as relaxation time and compliance are indepen- 
dent of frequency. These two parameters will be 
examined later. 

Comparisons of the effects of monovalent  
(NaC1) and divalent (BaC12) salts on the storage 
and loss moduli  of the 500 ppm Separan AP30 
solution are shown in Figs. 3 and 4. The effects of 
salt on dynamic properties are similar to those on 
steady shear data. At low frequency (co = 0.252 
rad/s) the differences in the values of G' and G" 
between the monovalent and divalent salt are 
about 10 and 5 times, respectively. These differ- 
ences diminish with increasing frequency. 
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Fig. 3. Comparison of storage modulus of 500 ppm Separan 
AP30 in 0.001 M monovalent and divalent salt 
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Fig. 5. Effect of ionic species on average relaxation time of 
500 ppm Separan AP30 
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Fig. 4. Comparison of loss modulus of 500 ppm Separan 
AP30 in 0.001 M monovalent and divalent salt 

2. Relaxation time and compliance 

At the low frequency region, the limiting condi- 
t ion is approached  whereby the elastic parameters  
are independent  of frequency. Two impor tan t  
elastic parameters  approaching  zero deformat ion 
rate are evaluated, namely, 

a) Average relaxation time, 2~ 
b) Steady-state compliance, Je ~ 

The relationships between the above para- 
meters and the valence and ionic species were 
examined. 

a) Average relaxation time, 2 ~ 

The average relaxation t ime can be evaluated 
from the oscillatory data  in the limit of zero defor- 
mat ion  rate: 

G' 
2 ~ = lim , (1) 

o ~ O  (D2/70 

where t/o is the zero shear viscosity. 

i) Effect of ionic species 

The average relaxation times of 500 and 1000 
p p m  polyacrylamide in 2 • 10 -4 to i x 10 -1 M 
NaC1, KC1, KI, and NaBr  salts were determined 
from Eq. (1). The results were plotted in Figs. 5 
and 6. Two main features can be drawn from the 
figures: 

a) The relaxation time of polyacrylamide solu- 
t ions is independent  of ionic species of the 
same valency. This is consistent with the 
steady shear data  as represented by the zero 
shear viscosity I l l .  The present results con- 
firm that  the size and types of ionic species 
do not  play a major  role in altering the 
steady and dynamic  properties of dilute 
aqueous polymer  solutions. The only para- 
me te r  that  is impor tan t  is the ionic strength 
of solvent. 

b) 2 ~ decreases with increasing salt concen- 
trations. At Cs > 10 .3  M, the values of 
2 ~ decreases linearly with salt concentrat ion 
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Fig. 6. Effect of ionic species on Maxwell relaxation time of 
1000 ppm Separan AP30 

(in the double logarithmic representation). 
For example, 2 ~ decreases from 1 to 0.1 s 
when the salt concentration increases from 
10 .3  to 1 0 - / M  for the 500ppm Separan 
solution. 

Physically, 2 ~ represents the time polymer 
coils take to relax and return to its stable state. 
Hence, the larger the value of 2 ~ the more elastic 
the fluid. At low salt concentration (say, 
Cs < 10 .3 M) the polymer coils are in their 
extended conformation. The size of the coils as 
defined by the radius gyration is much larger than 
at theta-condition. However, as more salts are 
added, the repulsion between the charged groups 
are screened, resulting in a sharp decrease in the 
size of the polymer coils. The polymer coils are 
somewhat altered to one that is more compact 
and rigid in nature and this renders the fluid 
to be less elastic. Addition of salt is analogous to 
altering the solvent quality - from a good to 
a poor solvent at high salt concentrations. It was 
shown previously [11] that addition of salt alters 
the molecular expansion factor c~ significantly. 
The values of 0~ change from 4.5 at Cs of 10- 3 M to 
1.4 at Cs of 5x  10 -1 M. At theta-condition, 
c~ equals unity. 

The large change in the elasticity at Cs > 10-3 
M suggests that hydrolyzed polyacrylamide is 

fairly sensitive to salt environment. Such behavior 
will result in a reduction in its effectiveness 
in applications such as drag reduction and 
enhanced oil recovery where high salt contents 

are encountered. In such applications, the desired 
viscosity and elasticity will not be achieved. 

ii) Effect of  ionic valency 

In contrast to the steady shear properties, only 
a very limited amount  of dynamic data was ob- 
tained for di-valent salts. The Contraves Low- 
Shear 30-Sinus is not capable of accurately 
measuring the dynamic properties of solutions 
with t/less than 4 x 10- 3 Pa.s. Moreover, at such 
low viscosity, the inertia effects become significant 
in the high frequency region. 

Qualitative comparisons of the effects of mono 
and divalent salts are shown in Fig. 5. The 
divalent salts used are CaC12, BaClz, and MgSO4. 
It is apparent from the results that addition of 
a divalent salt decreases the magnitude of 2 ~ by 
approximately one order of magnitude respective- 
ly as compared to monovalent salt. The strong 
effect of divalent salts on the dynamic properties is 
consistent with the observation for steady shear 
flow. 

The results in Fig. 5 suggest that hydrolyzed 
polyacrylamide may not be a very effective addi- 
tive in enhanced oil recovery and drag reduction 
applications where high valency ionic species are 
normally present in the system. The effectiveness 
of such polymer additives is reduced even further 
in the presence of Fe 3 + ions commonly found in 
metal pipes. 

b) Steady state compliance, Je ~ 

Another useful parameter for characterizing the 
elastic behavior of polymer solutions is the steady 
state compliance, Je ~ In molecular terms, it 
measures the average distortion of the polymer 
coils during flow when ample time has been 
allowed for the molecular distribution function 
to become independent of time [12-I. Mathemat- 
ically it is defined as: 

G' 
Je ~ = lim c~ 2 t/~ (2) 

o9--+ 0 

Je ~ is related to the average relaxation time as 
shown below: 

Je ~ = --2~ (3) 
1/0 
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Fig. 7. Effect of ionic species on steady state compliance of 
500 ppm Separan AP30 
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Fig. 8. Effect of ionic species on steady state compliance of 
1000 ppm Separan AP30 

Hence, the magnitude of Je ~ gives a measure of 
the energy stored and recovered per cycle [13]. 

Various methods have been used to measure 
Je ~ such as creep recovery [14, 15], stress relax- 
ation [16], first normal stress difference [17, 18], 
and storage modulus [19, 20]. Depending on the 
methods used, the values of Je ~ can vary by ap- 
proximately a factor of two when compared with 
the results obtained from creep recovery studies 
[21]. 

i) Effect o f  ionic species 

The steady state compliances of 500 and 1000 
ppm polyacrylamides in NaC1, KC1, KI, and 
NaBr salt solutions were determined from Eq. (3). 
The results were plotted in Figs. 7 and 8 for 500 
and 1000 ppm, respectively. 

It is evident from the figures that the steady 
state compliance does not depend on the ionic 
species nor the salt concentration for a given 
valency salt. All the data for different salts appear 
to scatter around a horizontal line indicating that 
Je ~ is independent of salt concentrations. This 
means that the energy stored and recovered in 
a given polymer coil is independent of the coil 
conformation. For  both the 500 and 1000 ppm 
solutions, the magnitude ofJe ~ is about 15 for salt 
concentrations ranging from 2 x  10 -4 to 
1 x 10-1 M. 

The present findings appear to contradict with 
the results of Yamaguchi et al. [8] in which Je ~ 

was found to be proportional to the salt concen- 
tration in the dilute solution regime. On the other 
hand, Kusamizu et al. [22] and Sakai et al. [17] 
concluded from their results that Je ~ does not 
depend on the choice of solvent so long as good 
solvents are used. The present results seem to 
concur with their findings. 

ii) Effect o f  ionic valency 

Figure 7 depicts the effect of monovalent and 
divalent salts on the steady state compliance. Des- 
pite the limited data points for divalent salts, Je ~ 
appears to be independent of the valency of salts 
present in solution. It is seen from Fig. 5 t h a t  
a 10-fold decrease in 2 ~ is obtained when divalent 
salts are used. A similar decrease in the zero shear 
viscosity t/o has also been observed [1] when 
a divalent salt is used instead of a monovalent  salt. 
Since both 2~[ and ~/0 decrease by about the same 
order of magnitude when divalent salts are added, 
Je ~ is expected to remain constant, independent of 
the ionic valency and salt concentration. 

3. Effects of monovalent salt on the viscoelastic 
properties of polyacrylamides of different 
molecular weight 

Commercial potyacrylamides come in different 
grades, each with a particular ionic content 
and average molecular weight. The dynamic 
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Fig. 9. Effect of monovalent salt on Maxwell relaxation time 
of 500 ppm polyacrylamide polymers 
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Fig. 10. Effect of monovalent salt on steady state compliance 
of 500 ppm polyacrylamide polymers 

properties of 500 ppm Separan NP10, AP30, and 
AP302 solutions as expressed by 2 ~ and Je ~ are 
measured and their relative behavior i n  various 
concentrations of NaC1 are shown in Figs. 9 and 
10. The average relaxation time, 2 ~ decreases sig- 
nificantly with increasing salt concentration. As 
would be expected, Separan AP302 (being the 
polymer with the highest molecular weight) ex- 
hibits a large elasticity, particularly at the low salt 
region compared with Separan AP30 and NP10. 
For  example, at Cs of 10 .3  M, the average relax- 
ation time of Separan AP302 is about  10 s com- 
pared with 1 s and 0.1 s for Separan AP30 and 

NP10,  respectively. The steady state compliance, 
Je ~ for each polymer is depicted in Fig. 10. It can 
be observed that Je ~ for Separan AP302 is mar- 
ginally higher than AP30 or NP10  which seems to 
be consistent with the Rouse theory (i.e., Je ~ oc M) 
for a fixed polymer concentration. However,  the 
degree of hydrolysis may also affect the value of 
Je ~ For  example, Separan NP10  is relatively neu- 
tral compared to AP30 and AP302. Inspite of its 
lower molecular weight compared to the other 
two polymer species (2x  106cf 4 x  106 and 
8 x 106, respectively), its Je ~ value is the same as 
that of AP30, 

Conclusions 

The viscoelastic properties of dilute polyacryl- 
amide solutions are strong functions of valency 
and salt concentrations. The elasticity as meas- 
ured by the average relaxation time decreases by 
a factor of 10 when a divalent salt is used instead 
of monovalent  salt. However,  the steady state 
compliance does not depend on either salt con- 
centration or valency. 
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