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Injecting a gelation system of a polymer and a cross-linker among available methods 
to reduce water in petroleum industry is widely used. In this work, a hydrogel was
prepared by cross-linking of an aqueous solution of chromium acetate (III) and the

copolymer of 2-acrylamido-2-methyl-propanesulphonic-acid sodium salt (AMPS) and
acrylamide (PAMPS). The phase diagram of bottle tests showed that the minimum 
concentration of copolymer for gel formation is 5500 ppm (0.55 wt%). The study of 
viscoelastic behaviour of hydrogels using dynamic rheometry showed that the storage
modulus of the hydrogels increased with increased copolymer concentration and 
cross-linker/copolymer ratio. At low concentrations of copolymer (5500 and 7500 ppm
(0.75 wt%)) there would be no effects on the elastic modulus by increasing the 
cross-linker/copolymer ratio. Therefore, the effect of copolymer and cross-linker con-
centrations on the apparent plastic viscosity (ηpl) of the gel was investigated.
Increasing the solvent ionic power led to decrease in latent gel strength, in which the
effect of divalent ions is higher than monovalent ions. A numerical codification for gel
strength magnitude is suggested in the range of 10-200 1/s shear rate by using 
viscometric and bottle test results. The results show that a gel with copolymer con-
centration of 9500 ppm (0.95 wt%) and cross-linker/copolymer ratio of 1/5 is a suitable
gel in terms of gel strength and gelation time.

INTRODUCTION

Unwanted water in association
with crude oil is one of the major
production challenges in petroleum
industry, as reservoirs become
more mature. Costs of lifting, hand-
ling, separation and disposal of
large amounts of produced water;
environmental concerns about this
water; coning due to bottom water
drive; large amounts of produced
water from the high permeability
layers; increased corrosion rates;
higher tendency for emulsion and

scale formation are also the related
problems. These succeeding prob-
lems due to water production often
decrease the economic feasibility
of a well. Therefore, there is a vital
need for petroleum industry to
reduce excessive water production
in oil wells [1-5].

The use of polymer gels as a
diverting and/or blocking agent is
widely practiced today to improve
productions of oil and gas wells.
Several papers have discussed the
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characteristics of polymer gels (hydrogels) in detail
[6-8]. Hydrogels are cross-linked three-dimensional
hydrophilic networks that swell in aqueous media.
Hydrogels are useful for drug delivery [6], agriculture
[7], membrane technology [8] and enhanced oil
recovery [9]. 

Polymer gels are typically composed of polymers
or copolymers and a water-soluble cross-linker which
are injected into the target zones. Polymer chains are
chemically linked together by a cross-linking agent.
After allowing sufficient time, the injected gelling
solution, referred to as gelant, sets into gel, which
behaves as a flow diverting or blocking agent [10].
These polymer gels are used in the treatment of injec-
tion and production of oil wells [11]. The most 
common polymers used for gel treatment of 
hydrocarbon reservoirs are polyacrylamides
(HPAMs) with varying degrees of hydrolysis and
molecular weights (MW). 

Polymer gels consist of chromium acetate/
partially hydrolyzed polyacryalmide [12,13] or poly-
ethyleneimine/copolymer of acrylamide and t-butyl
acrylate [14,15] which are two well known examples
of hydrogels used in petroleum industry. The former
is a physical gel and the latter is a permanent gel. In 
addition, recently interpenetrating polymer network
hydrogels (IPNHs) are being used for this propose. 

Nakajima et al. [16] showed that truly independ-
ent-DN gels (namely "t-DN" gels), without any 
covalent bonds between the first and second 
networks, are stronger than c-DN gels (achieved by
interconnection between the two networks through
covalent bonds) when the second network is loosely
cross-linked. 

Aalaie et al. [17] investigated the swelling behavi-
our of semi-IPN hydrogels based on polyacrylamide
and poly(vinyl alcohol) (PVA). They found that the
swelling ratio of semi-IPN gels in tap water decreased
as the concentration of PVA increased. However,
semi-IPN gels showed lower salt sensitivity factor in
the synthetic oil reservoir water as compared with
HPAM gels. The rates of cross-linking (gel forma-
tion) and gel strength depend strongly on the charge
density and molecular weight of polymer as well as
on the source of cross-linking agent [15,18]. The
other important parameters are temperature, pH,
salinity and concentration of polymer and cross-

linker [19,20]. To determine the consistency of
gelling systems and the effect of different parameters
on gelation time and gel strength, various methods
such as visual consistency using alpha-numerical
codification and rheology have been used. Several
earlier works used rheological measurements to 
characterize the gelants and gels used for 
conformance improvement based on hydrocarbon
reservoirs.

Romero-Zeron et al. [21] compared the results of
bottle, rheometric, and low-field NMR tests. Their
findings showed that low-field NMR can be a useful
technique for monitoring the gelation process of
HPAM/Cr(III) acetate. In another study, Vargas-
Vasquez et al. [22] found that the chemistry of Cr(III)
acetate complex dominated the 1H NMR response of
the formulations when it did not form a continuous
network structure (below the critical polymer concen-
tration). Broseta et al. [23] used rheological measure-
ments to study polyacrylamide/Cr(III) gelation as a
function of temperature, cross-linker concentration,
polymer concentration and polymer molecular
weight. Prudhomme et al. [24] suggested that 
small-amplitude oscillatory measurements could be
used to study polyacrylamide/Cr (III) gel while 
causing minimum disruption to gel structure. Liu 
et al. [25] investigated whether Cr(III)acetate/poly-
acrylamide gel behaviour in the rheometer is correlat-
ed with its behaviour in the coreflood test. Zhang et
al. [26] studied a hydrogel produced by cross-linking
a dilute or semi-dilute partially hydrolyzed poly-
acrylamide solution with water soluble phenolic 
aldehyde. In this rheological study, they showed that
a long lasting gelation process of a dilute solution can
be divided into three stages: induction, acceleration
and termination periods. 

Aalaie et al. [27] analyzed the gelation process
and the role of clay (montmorillonite) content and
ionic strength on the swelling behaviour of
PAMPS/Cr(III)acetate using dynamic rheometry.
They showed that the swelling ratio of nano-
composite gels decreased in tap water as clay 
concentration increased. It was also found that with
higher clay content, viscous energy dissipation of
nanocomposite gels increased. Lee et al. [28] showed
that double-network hydrogels (DN-gels) prepared
by combination of a moderately cross-linked copoly-
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mer of 2-acrylamido-2 methyl propanesulphonic-acid
sodium salt and acrylamide (PAMPS) and an uncross-
linked linear polymer (polyacrylamide, PAAm) 
solution showed strong mechanical properties that
were far superior to those of their individual 
constituents. 

Ganji et al. [29] reviewed the swelling properties
of hydrogels and showed that hydrogels may be 
divided into four main classes; non-porous, micro-
porous, macro-porous and super-porous hydrogels.
Non-porous gels have pores in molecular size equal to
the macromolecular correlation length (10-100 A),
while micro-porous (100-1000 A) and macro-porous
(0.1-1 μm) hydrogels have larger pores. They also
found that osmotic pressure, electrostatic and 
viscoelastic restoring forces are three main forces
governing the swelling behaviour of hydrogels. 

In general, despite of its relevance to enhanced oil
recovery (EOR)/improved oil recovery (IOR) appli-
cations, the rheological properties of Cr(III)-
acetate/PAMPS hydrogels and the effect of different
parameters on gel strength have not been well studied.
Since most of the Iran's regional oil reservoirs have
high temperature (about 90°C) and high salinity, in
this work, PAMPS was selected for the experiments,
because it has higher thermal stability and salt 
resistance than standard hydrolyzed polyacrylamides.
In addition, it is used in enhanced oil recovery 
applications up to 120°C.

Most of the previous works have been involved
with gelant solution properties, rather than on gel
properties. Therefore, the purpose of this work was to
study the strength property of the gels prepared by
PAMPS/Cr(III)acetate through changing different
parameters, and also in terms of their gel strength and
gelation rate to determine an optimum gel formula. It
was assumed that changes in the apparent plastic 
viscosity (ηpl) and rheological properties can be used
to determine the strength of the prepared gels and to
determine the optimum gel formulation. 

In this work, at first we explain the procedure of
gel preparation and the outcome of gel strength
assessment, and then the results of IR and 13C NMR
tests are used to determine the chemical structure of
copolymer and its effective functional groups in gel
formation. Then, the effect of different parameters
such as copolymer concentration, cross-linker/

popolymer ratio and salinity are investigated on gel
strength by using bottle tests and viscometer.
Thereafter, the phase diagram is prepared for all gel
samples based on the results of bottle tests, so that a
critical concentration for gel formation is being
obtained. At the fifth stage the apparent plastic 
viscosity of gels is studied, and according to the phase
diagram and the amount of the prepared gel's strength,
an optimum gel formulation is suggested regarding
the gel strength and gelation rate and finally, we 
studied the linear viscoelastic region of the gels and
their viscoelastic behaviour.

EXPRIMENTAL

Materials
A copolymer of PAMPS with an average molecular
weight of 8,000,000 Dalton, sulphonation degree of
25% and water content of less than 10 wt% was 
provided by SNF Co. (France). under the trade name
of AN125 in powder form. Chromium triacetate as a
metallic cross-linker was purchased from Carlo Erba
Co. (Italy) and used in solid (pure) form. Distilled
water which was prepared in situ was used as a sol-
vent to prepare gelant solutions. Divalent and mono-
valent salts were purchased from Merck (Germany).
All the chemicals were reagent grades and they were
used without further purification. 

Samples Preparation and Characterization
The polymer gels were prepared according to the 
following three steps: (1) PAMPS solution at the 
concentration of 2% was prepared by adding polymer
powder into distilled water by gentle stirring for 2 h.
Then, it was held still without stirring for 2 days until
a homogeneous solution was obtained. Shortly before
the start of the experiment, the PAMPS solution was
diluted to the required concentrations; (2) Cr(III)-
acetate as cross-linker was mixed with distilled water
at room temperature using a magnetic stirrer (Stuart
CB162 (UK)) for 10 min; (3) the PAMPS and 
cross-linker solutions were mixed to obtain a gelant
solution. 

The obtained gelant solutions were poured into
wide mouth glass bottles (70 mL). Then, the bottles
were filled with an inert gas because it is known that
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at such a high temperature (above 75°C), oxygen free
radicals slowly attack and cleave the carbon-carbon
double bonds of the backbone of the acrylamide 
polymers, which in turn, chemically degrades their
associated polymer gels. Then, the products were
kept in an oven (90°C) as long as it was required. The
gelation process was determined based on the
Sydansk's gel strength code [28] by observing the
appearance of the gel structure on the wall of the 
bottle when the bottle is inverted. 

A comprehensive series of bottle tests were 
conducted at 90°C to determine the limitations of 
viscosity for codification of bottle tests and also to
select a suitable reactants concentration for the poly-
mer gel treatment. The final objective of these 
screening tests was to determine the limit of gel com-
ponents concentration which leads to gel formation.
Based on the screening work, suitable systems were
selected for extensive rheological investigations. 

Bottle Test
There are different methods presented in literature for
determination of polymer gel properties including
bottle test (sealed tube) [30], dynamic shear (rheome-
ter) [21] and steady shear viscometry method 
(viscometer) [31]. In this work, the bottle test method
was used to evaluate qualitatively the gelation
process over an extensive range of cross-linker 
concentrations, copolymer concentrations and water
salinity using the Sydansk's strength code [30] 
(Table 1). 

Generally, the bottle test method as an experimen-
tal technique which provides a semi-quantitative
measurement of gelation rate and gel strength. Also,
it can be considered as a fast and inexpensive method
to study gelation kinetics [30]. Bottle test is conduct-
ed at 90°C using laboratory bottles. The bottles are
filled with 35 mL of the gelant (mixture of copolymer
and cross-linker), and the cross-linking process is
monitored as a function of time, starting from the
point that the gelant is put into the bottle. The bottles
were inverted periodically to check the sample-flow
behaviour under the influence of gravity and each
was assigned by a strength code as defined in 
Table 1.

Rheological Measurements
For Newtonian fluids, viscosity is independent of
shear rate but for a non-Newtonian fluid, viscosity is
defined as the ratio of shear stress to shear rate:

(1)

For viscous fluids, no elastic deformation occurs
when a shear stress is applied. Instead, the fluid flow
disperses the applied force and energy as heat. For a
viscoelastic material, the elements of both elastic and
viscous characters are presented. Depending on the
time scale over which the stress is applied, either 
the elastic or the viscous nature of hydrogel may 
dominate. 
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Gel strength
code

Gel description Limitation of 
viscosity (Pa.s)

A
B

C
D
E
F

G
H
I

No gel is formed (sample has the polymer solution viscosity).
The sample appears to be only slightly more viscous than the
initial polymer solution and highly flowing. 
All sample flows.
Most of the obviously detectable sample flows to the bottle upon inversion. 
Only a small portion of sample flows to the bottle upon inversion.
The sample does not flow to the bottle tap upon inversion but its surface 
deforms.
Only a small part of the non-flowing sample deforms with difficulty.
Only the non-flowing sample surface slightly deforms upon inversion.
The rigid sample surface does not deform. 

<1
1-1.5

1.5-2.5
2.5-5

5-6
6-8

8-10
10-11
11-13

Table 1. Strength coding for gel formation.



A common method to assess the viscoelastic
nature of materials is to measure the stress during the
application of a sinusoidally oscillating shear strain.
The shear stress is measured from the resultant torque
as follows [32]:

(2)

The following equations are then used to calculate the
storage modulus, G′, and the loss modulus, G″, from
the complex modulus, G*, and the phase angle, δ,
respectively:

(3)

(4)

where,

(5)

(6)

During the extrusion, gel propagation may occur in
the porous media by a continual sequence of gel
stretching, failure of either gel-gel or gel-wall bonds
and finally, temporary relaxation of the stretched gel
blobs [25]. Therefore, the dynamic rheological 

measurements of the gel samples were performed
using a Paar-Physica universal spectrometer, model
MCR300 (Austria), with plate-plate geometry 
(50 mm diameter) and 1.0 mm gap, unless it has been
mentioned otherwise. After preparation of the gelant,
it was located with an approximate volume of 5 cm3

between the stationary (lower) plate and the upper 
circular plate.

In addition, to represent the bottle test results in a
more quantitative way, some viscosity measurements
were conducted using Rheolab QC Anton Paar 
(Austria), a coaxial viscometer with the spindle of
CC27. After a month, 20 mL of each sample was
poured into the viscometer cylinder. Viscosity of the
prepared gels was measured in by a shear rate range
of 10 to 200 1/s at 90°C. The samples viscosity was
measured and compared in the shear rate of 10 1/s and
throughout the tests a thin layer of silicone oil was
used on the outer circular surface of the samples to
prevent water evaporation.

RESULTS AND DISCUSSIONS

IR and 13C NMR Results
The diagram of the infrared (IR) study for the copoly-
mer used in these experiments is shown in Figure 1.
There is a stretching vibration of C=O (carboxylate)
at 1700 cm-1, a stretching vibration of C=O, related to 
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Figure 1. The infrared (IR) spectrum of PAMPS.



amide bond, at 1655 cm-1 and also a stretching 
vibration of S-O at 1307 cm-1. The results of carbon
nuclear magnetic resonance (13C NMR) also indicat-
ed the carboxylate group at 175.3 ppm (Figure 2).
Finally, the structure of copolymer molecules used in
these experiments is shown in Scheme I.

Phase Diagram (Critical Copolymer Concentration)
In order to carry out bottle test, several gel samples
were prepared, considering different copolymer 
concentrations (3000, 4000, 5500, 7500, 9500, 11000
and 13000 ppm (0.3, 0.4, 0.55, 0.75, 0.95, 1.1, and 
1.3 wt%, respectively)) and various weight 
proportions of cross-linker/copolymer (1/2, 1/5, 1/10,
1/20, 1/30, 1/40, 1/50 and 1/60). The experimental
observations of bottle tests are presented and 
discussed in the next paragraph. 

The phase diagram of the bottle tests is depicted in
Figure 3. As the figure shows, no rigid gel (a gel with
a strength code higher than G code) is formed until the
copolymer concentration is above 5500 ppm. Hence,
5500 ppm is referred as a critical copolymer concen-
tration which is similar to the evaluated amount 

Scheme I. Chemical structure of PAMPS.

reported earlier [33].

Effect of Copolymer Concentration
Table 2 shows the effect of copolymer concentration
on gelation rate and gel strength. Therefore, samples
were prepared by keeping the weight ratio of the
cross-linker/copolymer constant at 1:5 and 90°C. The
results indicated that both gelation rate and gel
strength increased with the increase in copolymer
concentration. This is due to greater availability of
negative sites of carboxylate groups, that leads to
increase in the number of bonds between Cr3+ and
copolymer; causing ultimately the increase of 
viscosity and gel strength. The results of viscometric
tests are shown in Figure 4. These results indicate that 
viscosity increases with the increase of copolymer
concentration. Consequently, the gel disintegrates at
higher shear rates and thus it can pass through the 
narrow path of porous media during its formation,
with less rupture.

Figure 3. Phase diagram of the bottle tests ( : formed gel, i.e.,
H and I and in the sample strength code; ×: unformed gel).
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Figure 2. 13C NMR Spectrum of PAMPS.



Influence of Cross-linker/Copolymer Ratio
Table 3 presents data on the effect of cross-
linker/copolymer ratio on gelation rate and gel
strength qualitatively. These samples were kept 
at 90°C with a fixed copolymer concentration of 
9500 ppm. As Table 3 shows, gel strength increases
with higher cross-linker/copolymer ratio. Therefore,
by increasing the cross-linker/copolymer ratio, the
number of cross-linking bonds between the cross-
linker and the copolymer are increased [34]. The
results of viscometric tests are depicted in Figure 5,
showing that the viscosity of the gels increases at 
different shear rates with increased cross-linker/
copolymer ratio. The gel syneresis has occurred in all 

Figure 4. Effect of copolymer concentration on gel 
viscosity (at 1/5 ratio of cross-linker/copolymer and 90°C).

samples with cross-linker/copolymer ratio of 1/2 after
20-35 days. The syneresis occurs as a result of 
contraction forces of cross-linking which exceeds the
expansion forces in the gel network.

Effect of Salinity
The ionic groups on the copolymer chains dissociate
when the molecule is dissolved in a polar solvent,
generating a long charged chain (macro-ion) and a
large amount of small ions of opposite charge, 
namely counter-ions. Since the chain units, covered
with similar charges, repel each other, they are
stretched out. The counter-ions can be in two 

Figure 5. Effect of cross-linker/copolymer ratio on gel vis-
cosity (at 9500 ppm of copolymer concentration and 90°C).
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Table 2. Effect of copolymer concentration on gel strength (at 1/5 ratio of cross-linker/copolymer and 90°C).

Copolymer concentration
(ppm)

3000 4000 5500 7500 9500 11000 13000

Aging (h) Gel strength code

0.5
1
2
4
7 
9

30
90

150
300
720 (1 month)

A
A
B
B
B
C
C
C
D
D
D

A
A
B
C
C
D
D
E
E
E
E

A
B
C
D
D
D
E
F
G
G
G

B
C
C
E
F
F
G
H
H
H

H-I

B
C
D
F
F
G
H
H
H
I
I

C
C
D
E
F
G
H
I
I
I
I

C
D
E
F
G
G
H
I
I
I
I



different states: some are localized on the molecules
by ionic bonds (condensed counter-ion) and some are
not linked to the polymer (mobile counter-ions)
chains. However, they remain in the zone of influence
of the macro-ion for electro-neutrality reasons. The
distribution over both categories depends on the
strength of the electrolyte and on the environmental
circumstances, as well. 

Table 4 presents the effect of monovalent and 
divalent cations (Na+, K+, Mg2+ and Ca2+) on 
gelation rate and gel strength. In these experiments,
copolymer concentration and cross-linker/copolymer
ratio for all gel samples are kept constant at 9500 ppm
and 1/5, respectively. Also ionic concentration was
considered to be constant at 10000 ppm. The results

show that by increasing monovalent and divalent
(NaCl, KCl, CaCl2, and MgCl2) ionic concentrations,
the gel strength decreases. In the process of gel 
formation in presence of an electrolyte solution,
monovalent and divalent counterions (which act as
ionic cross-linker) compete with Cr(III) counterions
and result in lower cross-linking efficiency and con-
sequently lower gel strength. In addition, particularly
divalent and trivalent counterions interact with both
carboxylic (preferably) and sulphonic groups of poly-
electrolyte chains.

Table 4 also shows that for a given concentration
of salt solution, the gel strength in NaCl solution is
higher than in CaCl2 solution. Figure 6 shows the
results of rheometric tests, which are similar to the 
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Table 4. Effect of different ions in gel strength code (at 9500 ppm of copolymer con-
centration, 1/5 ratio of cross-linker/copolymer, and 90°C).

Ion type Without Ion K+ Na+ Ca2+ Mg2+

Aging (h) Gel strength code

0.5
1
2
4

24 
48
96

168 (1 week)

B
C
D
F
G
H
H
I

B
C
D
E
E
F
F
F

B
C
D
E
E
E
E
E

B
B
C
D
D
D
D
D

B
B
C
C
C
D
D
D

Table 3. Effect of cross-linker/copolymer ratio on gel strength (at 9500 ppm of copolymer concentration and 90°C).

Ac3(Cr)/Copolymer 1/2 1/5 1/10 1/20 1/30 1/40 1/50 1/60

Aging (h) Gel strength code

0.5
1
2
4
7 
9

30
90

150
300
720 (1 month)

B
C
D
F
F
G
H
H

H-I
I
I

B
C
D
F
F
G
H
H
H
I
I

B
C
D
F
F
F
F
G
H
H
I

B
C
D
F
F
F
F
G
H
H
H

B
B
D
E
E
F
F
F
G
G
G

B
B
C
C
D
D
E
E
F
F
F

B
B
C
C
D
D
E
E
F
F
F

B
B
B
C
C
C
C
C
C
C
C



Figure 6. Effect of monovalent and divalent cations on 
elastic modulus (at 9500 ppm of coplymer concentration,
1/5 ratio of cross-linker/copolymer, 90°C, and 2 mm of gap 
distance).

results of bottle tests. The addition of monovalent and
divalent ions leads to reduced elastic modulus
because of screening effect. With regards to the
increased ionic electronegativity, the tendency of ions
for screening the polymers' negative functional
groups is also increased. Thus, the effect of ions is
increased by the following trend: Mg2+>Ca2+>
Na+>K+.

In a non-Newtonian viscosity regime, the flow
behaviour of a hydrogel can be described by the flow
curve as (τ = f(γ)) based on the measurement. The
experimental measurements of the steady shear flow
test were fitted using a non-linear regression to an
Ostwald-de Waele power law equation (η = Kγ n-1),
where, η is the apparent viscosity, K is the con-
sistency index and n is the flow behaviour index. The
power law parameters were determined as a function
of copolymer concentration and cross-linker/copoly-
mer ratio. Finally, the following correlation was
developed for determining the prepared gel viscosity:

(7)

where, CP, is the molar concentration of copolymer
(M), N is the molar ratio of cross-linker/copolymer
and η (Pa.s) is the gel viscosity after a month and with 
the shear rate (γ) range of 10 to 200 s-1. 

Figure 7. Comparison between the experimental data and
the correlation of viscosity data.

Figure 7 shows a comparison between the experi-
mental data and the correlation data. As the figure
shows, there is conformity between the experimental
data and the correlation data with an average error of
about 3.9%. In addition, the apparent plastic viscosity
(ηpl) for the prepared gels was obtained from the eqn
(8) [31] as:

(8)

where,τ is the maximum shear stress with maximum
shear rate (γ ) and τB is the Bingham shear stress. The
effect of copolymer concentration on the apparent
plastic viscosity (ηpl) is shown in Figure 8. As the
figure shows, the apparent plastic viscosity increases
with increased copolymer or cross-linker concentra-
tions, and the maximum value of the apparent plastic
viscosity is obtained as 0.32 Pa.s. 

Figure 8 indicates that at concentrations lower than
7500 ppm, the increased polymer concentration 
significantly changed the ηpl value. However, at 
higher concentrations beyond 7500 ppm, it has had a 
negligible effect on ηpl value. It also shows that at
ratios higher than 1/20 of cross-linker/copolymer, ηpl
has low values. At higher copolymer concentrations
(e.g., 11000 and 13000 ppm) ηpl is high which must be
due to entanglements and gel cross-linking.

Aging Effect 
The effect of aging on the ratio of G'/G'' is shown in
Figure 9. As we know, gel formation has also 
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Figure 8. Effect of copolymer concentration on apparent
plastic viscosity (at shear rate of 10-200 1/s and 90°C).

strong dependency on maturation (aging) time. This
dependency indicates that cross-linking process takes
place very fast at first, but it becomes very slow in
later stages, thus, the reaction of gel network 
formation in a PAMPS/Cr(III) solution can last more
than 6 months [21]. 

Our findings show that the ratio of G'/G'' increases
with time due to increase in cross-linking 
formation between the copolymer and Cr(III) acetate
molecules. This rapid increase in elastic modulus at
the early stages of gelation suggests that there are
great amounts of unbounded chromium and strong
interactions with available carboxylate groups. While,
after a period of time, a few amounts of chromium are
left for bonding to carboxylate groups, leading to 
small increase in the elastic modulus.   

Figure 9. Effect of aging on G'/G'' (at 9500 ppm of 
copolymer concentration, 1/5 ratio of cross-linker/
copolymer, 90°C, and frequency of 1 Hz).

Strain Sweep Test in the Gel Network
Determination of the extent to which gel deformation
can take place, without contributing to disintegration
of the gel network, is one of the most important 
questions on gel placement into a porous rock. This
point is addressed in Figures 10a-10c, which depicts
strain sweep tests at a constant frequency to 
determine the linear viscoelastic region of the gelling  
system. In Figures 10a-10c, an elastic modulus (G') 

Figure 10. Strain sweep tests for the gels with: (a) 1/2, (b) 1/5
and (c) 1/10 cross-linker/copolymer weight ratios (at 
9500 ppm of copolymer concentration, and frequency of 1 Hz).
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and a viscous modulus (G") are plotted against strain
for three samples of Cr(III) acetate/PAMPS copoly-
mer gel, containing 9500 ppm of copolymer and 
different weight ratios of cross-linker/copolymer of
1/2, 1/5 and 1/10. The samples were prepared at room
temperature and aged for 7 days at 90°C. Then, the
rheological measurements were performed at 90°C
using MCR 300.  

As shown in Figures 10a and 10b, both G' and G''
are constant at strain values of less than 100% where,
the area is termed as "linear viscoelastic region".
Within the linear viscoelastic region, shown in Figure
10a, G' value is about ten times greater than G" value,
indicating that the elastic nature of gel dominates
over its viscous nature. At this level of strain, no slip
occurs on the plate surfaces. Therefore, the polymer
gels within this range of stretching shows a 
near-Hookean behaviour, which is related to the lin-
ear dependency of both deformation and deforming
force. There is a decrease in the values of both G' and
G" at the strain region from 100% to 1000%. 

As it is shown in Figures 10a-10c, the higher
cross-linker content indicates higher elastic modulus.
The results also reveal that when the cross-linker 
concentration increases, the gel disintegrates rela-
tively later, so that the ultimate strain, at which sig-
nificant fragmentation occurs in the gel network, is
about 122% for the gel with the cross-linker/ copoly-
mer ratio of 1/10. While the values for samples with
the same copolymer concentration and cross-linker/
copolymer ratios of 1/5 and 1/2, are about 286% and
660%, respectively. 

Copolymer and Cross-linker Concentrations in
Relation to Gel Viscoelasticity
The effects of copolymer and cross-linker con-
centrations on elastic modulus and viscous modulus
are shown in Figure 11. It seems that at lower con-
centrations (5500 and 7500 ppm) of copolymer, there
is no change in elastic modulus by increasing the
cross-linker/copolymer ratio. This is due to the
absence of sufficient copolymer molecules for
chromium, leaving free chromium in the system.
With more accessible copolymer molecules for cross-
linking with chromium there would be finally higher
G'/G'' ratio. In cross-linker/copolymer ratio of 1/10
for different copolymer concentrations, it seems that 

Figure 11. Effect of copolymer and cross-linker 
concentrations on G'/G'' at 90°C.

there would be still some free copolymer chains left
in the system. The change of gel's rheological 
properties with copolymer and cross-linker con-
centration may be explained as follows; gel network
structures are, in general, highly heterogeneous
[35,36]. The reason for the heterogeneity of gels is
mostly related to the corresponding cross-linking
process. Heterogeneity of gels is due to a lattice-like
structure consisting of two domains: dilute domain
and dense domain. However, an increase in the 
concentration of copolymer and cross-linker would
influence both domains' morphology.   

As a result, both of the elastic and viscous
responses are also affected. If all the cross-linkers
react with the copolymer solution, there would be an
excess of the initial copolymer concentration; then,
an increase in the copolymer concentration will result
in freer copolymer coils in the dilute domain and
more viscous structure will be induced by greater
loss of the component. However, the overlapping of
the free copolymer molecules is increased with the
copolymer concentration, resulting in further entan-
glements with the cross-linked network and
increased storage modulus.

According to Figure 10, it seems that both elastic
modulus and gel strength are increased by increased
copolymer concentration and the ratio of cross-
linker/copolymer, thus, the copolymer concentration
of 11000 ppm and the cross-linker/copolymer ratio of
1/2 can be considered as optimum values for 
injection into the reservoir. Moreover, according to
the results of bottle tests (Tables 2 and 3), the gels
with concentrations higher than 11000 ppm show
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higher initial viscosity (the strength code of C), there-
fore, they may lead to some difficulties for gelant
injection and thus some stronger pumping systems
might be required. As it is explained already, it seems
that the copolymer concentration of 9500 ppm and
the cross-linker/copolymer ratios of 1/2 or 1/5 could
be better candidates for the gelant injection into the
reservoir. By considering the syneresis of cross-link-
er/copolymer ratio of 1/2, it seems that the 9500 ppm
concentration of copolymer and the 1/5 ratio of
cross-linker/copolymer can be the right selection in
terms of gel strength and gelation time.

Frequency Sweep Test in Gelled Networks
Figures 12 and 13 show the results of frequency
sweep tests at a constant strain to determine how 
rheological behaviour of the gelling system varies
with the applied frequency. The gelling system was
prepared by different copolymer concentrations
(5500, 7500, 9500, and 11000 ppm) at the same
cross-linker/copolymer ratio (1/5).   

The rheological measurements were performed at
1% strain over the frequency range of 0.1 to 100 Hz
at 90°C. The results showed that elastic modulus 
tended to be approximately constant within the 
frequency range of 0.1 to 100 Hz. While over this
range, viscous modulus increased moderately, which
is consistent with the results reported by previous
research works using different gelling systems [6,37]. 

As shown in Figure 12, G' value is higher than that
of G", indicating that the elastic nature is 
dominant over its viscous counterpart. It means that
gel formation may have already begun in the system. 

Figure 12. Effect of copolymer concentration on elastic
modulus (at 1/5 ratio of cross-linker/copolymer, 90°C).

Figure 13. Effect of copolymer concentration on G'/G" ratio
(at 1/5 ratio of cross-linker/copolymer and 90°C).

The slope of logarithmic elastic modulus versus the
logarithmic frequency is less than 2 [37]. This finding
also confirms a gel network formation in the samples.
Moreover, within the mentioned frequency, visco-
elastic behaviour of the gel is similar to that of rubber
materials with elastic reversibility characteristics.

CONCLUSION

We found in the present work that rheological 
properties and the combination of rheological and
bottle tests are useful for characterizing the
PAMPS/chromium acetate hydrogels. Further,
according to the obtained results, a gel with 
9500 ppm of copolymer concentration and the cross-
linker/copolymer ratio of 1/5 could be a suitable
selection for the future experiments in porous media
in terms of gel strength and gelation time.

- The results of bottle tests show that a minimum
concentration of copolymer is required to form a gel
with an adequate viscosity. In this research, the 
minimum concentration of copolymer needed to
form a rigid gel was about 5500 ppm.

- For the prepared gels, a phase diagram and a 
viscosity table based on the bottle and viscometric
tests have been developed and ultimately a power
law correlation is developed for the viscosity of the 
prepared gels.

- At the copolymer concentrations up to 
7500 ppm, any increase in the concentration of
copolymer causes a significant increase in ηpl value. 

- Addition of monovalent and divalent ions to the
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gelant solution reduces the gel viscosity and strength
values. However, the effect of divalent ions is more
significant than that of the monovalent ions.

- Increase in the ratio of cross-linker/copolymer
content causes the gel samples to disintegrate later.

- At lower concentrations of copolymer (e.g., 5500
and 7500 ppm) increasing the cross-linker/copolymer
ratio no longer affects the elastic modulus.

- Elastic modulus is nearly constant at the 
frequency range of 0.1-100 Hz and thus it is less
dependent on frequency.
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