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Abstract−Presenting an optimal hydrogel for water shutoff, based on the bulk and rheological properties, was the

main purpose of this research. To determine gelation time, a bottle test was conducted using central composite design

method with two factors, AN125VLM and Cr(OAc)3, as copolymer and crosslinker, respectively. To select hydrogel

with high strength network, crosslinking density and consistency modulus were also measured. Hence, a hydrogel with

26,340 ppm concentration of copolymer, 0.12 ratio of crosslinker/copolymer, maximum value of crosslinking density

(1,950) and consistency modulus (31,900 Pa) was selected as the optimal one. To study the gelation time among dif-

ferent factors in porous media, rheological experiments were carried out by Plackett-Burman design to screen the eight

factors (NaCl, CaCl2, KCl and MgCl2 concentrations, temperature, pH, sodium lactate and nanoclay). Accordingly,

temperature was the most effective factor controlling the gelation time, while pH and other factors had negligible effect

on the gelation time of the optimal hydrogel.

Keywords: Hydrogel, Bottle Test, Rheological Tests, Crosslinking Density, Consistency Modulus, Central Composite Design,

Plackett-Burman Design

INTRODUCTION

Accompanying high water production in oil producing wells,

conformance challenges have always been an issue for petroleum

engineers. For several decades, engineers have applied various im-

proved methods to overcome high water production problems to

increase oil recovery [1]. Water shutoff methods can be classified in

two different types: mechanical and chemical. Mechanical meth-

ods are limited to the application of specific completion tools as

dual systems to avoid water conning or the use of hydro-cyclones

to separate water while it is being produced [2]. On the other hand,

chemical methods, extensively used in the last decade [3,4], con-

sist mainly of chemical products that are pumped into producer or

injector wells. A more recent development is the use of an inter-

nally crosslinked polymer that expands to form a blocking phase

far from the injection well. These gels, which are the basis of the

most water shutoff treatments, can partially or completely block

the channels through which water is being produced. Several authors

have reported the characteristics of gel polymers (hydrogels) uti-

lized for other purposes in detail [5-7]. Selection of a polymer gel

system for a given well treatment strongly depends on reservoir con-

ditions such as temperature, hardness and the pH of the water used

for preparation of the gelant. Salinity of the formation water, perme-

ability of the target zone, and the lithology of the formation are the

other parameters that could be considered for the proper selection

of a given polymer gel system [8-11]. Gelation time and gel strength

are the main factors to select the suitable gel system. Among the

different techniques that measure the consistency of gelling sys-

tems (such as bottle test and rheological tests), rheology is consid-

ered as the most complete technique of characterization the polymer

systems [14]. The rheological research shows that Cr(III)-acetate-

HPAM gels are viscoelastic, meaning that their properties are inter-

mediate between those of elastic solids and viscous liquids. The

gelation of HPAM by Cr(III) using rheological and spectroscopic

methods was studied by Allain and Salome [15]. They related meas-

urements of viscosity and elastic modulus to the number of crosslinks

formed during gelation. Broseta et al. [16] used rheological meas-

urements to study polyacrylamide/chromium (III) gelation as a func-

tion of temperature, crosslinker concentration, polymer concentra-

tion and polymer molecular weight. They showed that the gelation

time was a weak function of crosslinker concentration for acrylate/

chromium (III) (molar ratio between 1.5 and 10) and a much stronger

function of polymer concentration. Because of disproportionate per-

meability reduction (DPR) property of polymer gels in water shut-

off operations in petroleum field, the yield stress as a rheological

property of the gel systems must be investigated to assure gel place-

ment into the fractures of the reservoirs [17-19]. Nanocomposite

type of hydrogels (NC gels) was also used by Zolfaghari et al. [20]

by crosslinking the polyacrylamide/montmorillonite (Na-MMT) clay

aqueous solutions with chromium (III). They showed that the rate

of gelation was retarded especially for the gelant solution composed

of 2% (v/v) sodium lactate as retarder. They observed that gel synere-

sis decreased by increasing retarder content.

It is desirable to approach an optimal hydrogel with eligible per-

formance of water shutoff operation in terms of bulk and rheologi-

cal properties. Considering this purpose, the statistical design of the

experiments by response surface methodology (RSM) [21] using

central composite design (CCD) was applied for bottle test indicat-
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ing the gelation time, gel strength and thermal stability, visually. Hy-

drogels were prepared by using a low MW copolymer of sulfonated

polyacrylamide and chromium triacetate as a crosslinker. As the

bottle test method would not be a suitable way to select a hydrogel

with high strength network lonely, the rheological tests were carried

out by the dynamic rheometer on the candidate hydrogels through

the results of a bottle test. Among them, the hydrogel with maxi-

mum value of crosslinking density and consistency modulus was

selected as an optimum one. Moreover, study of the effective factors

of porous media such as temperature, pH, salinity of the formation

water and operating factors (before the field operation) is necessary

while they have significant effect on the gelation time of the hydro-

gels along with the components value. Therefore, the important role

of an appropriate composition of the hydrogel (providing a hydro-

gel with minimum impact on the operating factors) in the success

of the field operation is expected. To conduct the fewest experiments,

Plackett-Burman design [22] was used to screen eight factors (NaCl,

CaCl2, KCl and MgCl2 concentrations, temperature, pH, sodium

lactate and nanoclay). Rheological tests were carried out for vis-

cosity measurements on the optimal hydrogel to present the most

effective factor. Therefore, the optimal hydrogel would contain both

bulk and rheological properties such as the suitable gelation time,

gel strength, thermal stability and low sensitivity to the factors of

porous media.

EXPERIMENTAL

The experimental procedures of this work were represented in a

schematic diagram (Fig. 1) to determine the optimum hydrogel with

desirable properties for water shutoff.

1. Materials

The hydrogels were prepared by a copolymer of 2-acrylamido-

2-methyl-propanesulfonic-acid sodium salt (AMPS) and acrylamide

(AcA) (Fig. 2), with a low molecular weight of 2 million Dalton

and sulfonation degree of 25%, provided by SNF Co. (France). It

is also called sulfonated polyacrylamide (PAMPS), under the trade

name of AN125VLM, in powder form. Furthermore, chromium

triacetate, as an ionic crosslinker, purchased from Carlo Erba Co.

(Italy), was used in powder form. NaCl, CaCl2, MgCl2 and KCl of

analytical grade, HCl and NaOH solutions were purchased from

Merck Co. (Germany). Nanoclay used in this study was Na-mont-

morillonite with d001 interplanar spacing of 12, supplied from Ad-

vanced Technology (China). Sodium lactate was also used as retarder,

and was provided by Merck Co. (Germany) in the form of a colorless

liquid.

2. Samples Preparation

First, to prepare the PAMPS solution at a concentration of 3%,

the co-polymer powder and distilled water were mixed for 24 hours.

The mixture was then held, without stirring, for two days to obtain

a solution. Shortly before the experiment, the PAMPS solutions were

diluted to the required concentrations and the mixtures were stirred

for 5min. Then the second solution (contain crosslinker and other

possible additives according to the experimental design composition

of each part) was also mixed with distilled water at room tempera-

ture, using a magnetic stirrer (Stuart CB162, UK) for 5min. Finally,

the PAMPS and second solutions were mixed for 10min to obtain

a homogeneous gelant solution.

3. Bottle Test

The bottle test method, as an experimental technique, provides a

semi quantitative measurement of gelation time and gel strength.

As a simple and basic method to study the gel performance, bottle

test results can be used to determine the gelation time, stiffness and

final gel consistency of the gel by visual examination. In this method,

which was defined by Sydansk [10], gel strength during develop-

Fig. 1. A schematic diagram of experimental procedure in three steps (bottle test, rheological tests, screening the effective factors).

Fig. 2. Sulfonated polyacrylamide structure.
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ment of gelation kinetic is expressed as an alphabetic code of A

through I shown in Table1. According to this method, the gel strength

codes range from high flowing gels with barely any gel structure

visibly detectable to rigid rubbery gels. To select the optimal com-

ponent of the hydrogel, the CCD method, the most popular method

of RSM was used for experiments [21,22]. For this purpose, gelant

solution was prepared according to the CCD plan at 90 oC and then

transferred into high thermal resistance glass tubes (Screwthread

GL32). The glass tubes were inverted at various time intervals and

the corresponding gel property was recorded under the influence of

gravity. The samples were kept for eight weeks in an oven (90oC)

to study the thermal stability of the gels.

4. Rheological Test

To investigate the crosslinking density and consistency modulus

of the hydrogels and select of optimal hydrogel, dynamic rheological

measurements of the gel samples were performed. For this purpose,

a Paar-Physica universal spectrometer, model MCR501 (Austria),

with thermal controller and with smooth plate-plate surfaces of 50

mm diameter and 3mm gap was used under 90 oC. Each sample

was measured with rheometer for 60minutes under constant strain

of 1% and a frequency of 1Hz (fitted with the desired linear vis-

coelastic range of gel). Consistency modulus, G*, which quantifies

the total consistency of the system, represents the fluid resistance

to external perturbation:

(1)

where G¢ and  represent the elastic and viscous response, respec-

tively. The increase of elastic modulus of the gelant with time shows

the reaction forming between polymer chains and crosslinker. So

in order to measure the crosslinking density versus time of the gel

network, the following equation is used [23]:

(2)

where G¢
o is the storage modulus at a given time, G

¢, is the storage

modulus of the gelant, υ, is the density of created bonds, k, the

Boltzmann factor, T, temperature, and q represents the distance be-

tween two entanglements in polymeric bonds. Studies [23] show

that the value of crosslinking density indicates the progress of the

reaction. The highest value of crosslinking density besides the max-

imum value of the compound consistency modulus would be the

best compound for the gel preparation used in water shutoff operation.

During the hydrogel operation, the gelation time is more impor-

tant than the other operating factors. Therefore, the sensitivity of

the gelation time to the effect of operating factors must be investi-

gated. For this purpose, to conduct the fewest experiments, a 12-

run Plackett-Burman design [22] was used to screen eight factors

on the gelation time. To screen these factors on the gelation time,

rheological tests were carried out with a Rheolab QC (US200, Anton

Paar, Austria) for viscosity measurements.

EXPERIMENTAL DESIGN METHOD

1. Central Composite Design

The bottle test was carried out using the central composite design

as a response surface method [22] with two factors in five levels

and the gelation time as response. According to the central com-

posite design, the total number of experimental combinations is 2
k

+

2k+n0, where k is the number of independent variables and n0 is

the number of repetitions of the experiments at the centre point. For

statistical calculation, the experimental variables Xi have been coded

as xi according to the following transformation equation:

(3)

where xi is the dimensionless coded value of the variable Xi, X0 is

the value of Xi at the center point, and δX is the step change. This

design consists of the following parts: (1) a full factorial or frac-

tional factorial design, (2) a central point, and (3) an additional design,

often a star design in which experimental points are at the distance

from their center (±α). The value of star points can be obtained as

well: α=2
k/4
. Since two factors were used in this study, the value of α

was 1.41. This design consisted of twelve experimental runs. Enough

information could be generated to fit a second-order polynomial

called “quadratic”, using these many levels. Standard statistical soft-

ware can compute the actual fitting of the model. Coded factors can

be presented in five levels (−α, −1, 0, +1, +α). The optimum gelation

time condition having satisfactory performance can be achieved

with minimum number of experiments without any need of study-

ing all possible combinations experimentally [16,21]. To evaluate

the random error, three central points were designed in the table to

evaluate each factor in average value of its minimum and maxi-

mum. So the random error and the amount of model significance

would be determined by using the analysis of variance (ANOVA).

2. Plackett-Burman Design

Plackett and Burman have developed a saturated fractional fac-

torial design that allows the researcher to investigate accurately many

factors simultaneously without having to investigate all the possi-

ble combinations of the factors. This design allows determination

of the effect of variables with a minimum number of experiments.

The disadvantage is that it does not yield estimates of the extent or

type of interaction between variables. However, within the bounds

of these limitations, the use of this screening procedure invariably

results in a well designed, efficient experiment, the outcome of which

can be supported with statistical significance [22]. During the in-

jection operation of polymer gel, gelation time is more important

than the other operating factors. Therefore, the effect of process vari-

ables during gel formation must be investigated to have a suitable

gelation time. To conduct the fewest experiments, a 12-run Plack-

ett-Burman design was used to screen all factors influencing the

gelation time.
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Table 1. Gel strength of Sydansk code [10]

Gel strength code Gel description

A No detectable gel formed

B Highly flowing gel

C Flowing gel

D Moderately flowing gel

E Barely flowing gel

F Highly deformable non flowing gel

G Moderately deformable non flowing gel

H Slightly deformable non flowing gel

I Rigid gel
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RESULTS AND DISCUSSION

The bottle tests were performed using the CCD method with two

factors in five levels and the gelation time as response. A wide range

of copolymer concentration (5,000-30,000 ppm) and crosslinker/co-

polymer ratio (0.05-0.5) were selected to determine their effect on

the gelation time. The experimental plan for hydrogel preparation

is presented in Table 2. The coded value of each factor was used

because of the final equation for the response prediction in terms

of dimensionless coded values. Four center points (samples 9 to

12) were also designed and assumed to measure the probable random

errors during the experiments. The final results can be observed in

Table 3. As can be observed, some samples had repulsion of water

out of the gel structure due to the shrinkage in the hydrogel volume

(syneresis). To determine the effect of copolymer concentration and

crosslinker/copolymer ratio on the gelation time, the samples with

an alphabetic code of G were considered and corresponding in terms

of day. The results were inserted in Design Expert (DX) software

(State-Ease, version 7.1.3, USA). Among several possible models,

the following quadratic polynomial was found as the best correla-

tion to fit the experimental data:

Gelation Time (days)=3.7−11.02A+1.56B−0.8AB (4)

In this quadratic polynomial all variables are indicated through the

coded values, where A is copolymer concentration, B is crosslinker/

copolymer ratio and AB is the interaction of the two factors on the

gelation time as a response. The coefficient of each factor and its

sign indicate the importance and type of the effect of factors on the

response. As can be seen, the copolymer concentration, with the

greatest coefficient, was identified as the main effect on the gela-

tion time. Fig. 3 shows the experimental data versus the predicted

response values. It is worth to mention that yi,  and  show the

experimental data, the average of the experimental data and the values

predicted by the model, respectively. The overlap of actual data and

the predicted response is due to two reasons: the R-square value is

0.98, and the F-value of this curve compared with other curves (linear,

third order and more) is larger. The results of the analysis of variance

for fitted quadratic curve (Table 4) show the high accuracy of the

presented model (P<0.0001). The interaction effect of two factors

on gelation time can be observed in Fig. 4(a). As shown, at constant

values of crosslinker/copolymer ratio the gelation time decreased

by increase of copolymer concentration. It is also indicated that in

constant concentration of copolymer, the variation of crosslinker/

copolymer ratio had negligible effect on the gelation time. As illus-

trated in Fig. 4(a), the gelation time occurred in less than a day for

y ŷ

Table 2. Experimental plan for bottle tests with CCD method

Sample

No.

A B

Coded Actual (ppm) Coded Actual

01 −1 08,660 −1 0.12

02 +1 26,340 −1 0.12

03 −1 08,660 +1 0.43

04 +1 26,340 +1 0.43

05 −1.41 05,000 +0 0.28

06 +1.41 30,000 +0 0.28

07 +0 17,500 −1.41 0.05

08 +0 17,500 +1.41 0.50

09 +0 17,500 +0 0.28

10 +0 17,500 +0 0.28

11 +0 17,500 +0 0.28

12 +0 17,500 +0 0.28

Table 3. The results of bottle test for hydrogels designed with CCD

Sample No. 1 Day 2 Days 3 Days 7 Days 14 Days 21 Days 56 Days

1 A D E F F G Syneresis

2 G H H I I I I

3 A A A F F G Syneresis

4 F F G H H H H

5 A A A A C F F

6 G H I H I I I

7 G G G H H H Syneresis

8 B D E G H H H

9 (Center point) D E G G H Syneresis Syneresis

Fig. 3. Predicted values vs. actual values of the gelation time (yi:
the experimental data, : the values predicted by the model,
label 2 : the number of replications of one point).

ŷ
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crosslinker/copolymer ratios lower than 0.38 and concentrations of

20,000 to 26,000 ppm of copolymer. Since gelant penetration depth

in porous media is dependent on the gelation time, hydrogels with

the above compositions and short gelation time cannot be recom-

mended in the field operation [24]. Fig. 4(b) shows the response

surface plot. The variety difference of the surface slope because of

the changes of factor A and B can be observed, while it is greater

with the copolymer changes. In addition, the maximum value of

the response was in the minimum value of copolymer concentration,

while it was not sensitive to crosslinker/copolymer ratio. There-

fore, the concentration of copolymer was the controlling factor of

the gelation time.

As the results indicated, samples 3 and 9 for the syneresis, sample

5 for the weak strength of the gel network, sample 7 for short lifetime

and syneresis, and sample 1 for the long time of the gelation and

the lack of economic value [24] were not appropriate in field opera-

tions. According to the gel structure, there is two-phase heterogene-

ity in its structure which is due to the network processing [25,26].

It is possible that by increasing the copolymer concentration at con-

stant ratio of crosslinker/copolymer, the gel network structure in

the bottle was created due to the physical entanglements of polymer

chains. So the gel network would not have appropriate strength via

strain and shear of the injection and gel placement in the porous

media. Thus rheological experiments would be necessary to deter-

mine the suitable components of the hydrogel for strengthening of

the gel network. Samples 2, 4, 6 and 8 were the candidates in the

next step to be studied rheologically for selecting the optimal gel.

Figs. 5 and 6 show the results of crosslinking density and consis-

tency modulus of the four candidate samples, respectively. Accord-

ing to the results of experimental design, the highest strength would

be found in high concentration of copolymer and low ratio of cross-

linker/copolymer. Therefore, sample 4 compared with sample 2 (with

the same concentration of copolymer) had lower strength due to

the higher ratio of crosslinker/copolymer. Accordingly, regarding the

relation of gel strength with consistency modulus and crosslinking

density of the gels and also based on the results of bottle and rheologi-

cal tests, at last the gel sample 2, with the copolymer concentration

of 26,340 ppm, the crosslinker/copolymer ratio of 0.12, maximum

Table 4. ANOVA results of the developed model for the gelation time

Sum of square DOF Mean square F-value P-value

Gelation time (days) Model 1368.1 5 273.62 192.91 <0.0001

Residual 8.51 6 001.42 - -

Fig. 4. Effect of copolymer concentration and crosslinker/copolymer ratio on the gelation time ((a) Contour, (b) response surface plot).

Fig. 5. Comparison of the crosslinking density between the gelant
samples 2, 4, 6 and 8.

Fig. 6. Comparison of the consistency modulus between the gelant
samples 2, 4, 6 and 8.
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value of crosslinking density (about 1,950), and maximum value of

consistency modulus (about 31,900 Pa), was selected as an opti-

mum composition. In fact, by increasing of the Cr(OAc)3/copoly-

mer ratio, crosslinking density increased dramatically so the space

between polymer network connection was reduced.

The eight factors (NaCl, CaCl2, MgCl2 and KCl concentrations,

temperature, pH, sodium lactate and nanoclay) with the selected

range are presented in Table 5.

Table6 shows the experimental plan of PB design and correspond-

ing responses from which the main effect(s) of variables were evalu-

ated, using DX7 software. The hydrogels were prepared with constant

component of copolymer concentration and crosslinker/copolymer

ratio of sample 2 and the designed additives according to the plan.

Then viscosity versus time was measured for each sample, keeping

constant shear rate of 5 1/s and using Rheolab QC (US200, Anton

Paar, Austria), a coaxial viscometer with the spindle of CC27. As

can be seen, the viscosity had increasing jump by the time of the

gelation (Fig. 7). The time at which the gelant changes to the gel is

called the gelation time [12].

According to the PB results and Eq. (4) (shown for instance for

the factor A where R is the response), the effect of each factor was

measured on the gelation time of the hydrogel and illustrated among

other factors in Fig. 8.

mA=−R1−R2−R3−R4+R5+R6+R7+R8−R9+R10−R11+R12 (5)

As can be seen, the gelation time decreased by increase of temper-

ature and pH, while increased by increase of the other factors. The

temperature had the most effect on gelation time in comparison with

other factors, mentioned as the main effect on gelation time. As Fig.

8 illustrates, monovalent and divalent ions (Na+, Ca2+, K+ and Mg2+)

had increasing effect on the gelation time, while the effect of calcium

ion was more than the other ions. It can be described as the penetra-

tion of electrolyte solution counterions into the hydrogel network

makes their screening effect more evident on the anionic groups

(SO−3 and COO−) of the polymer chains, leading to an electrostatic

repulsion and consequently to decrease of the gelation time [13,27].

The effect of temperature on the gelation time is also shown in Fig. 8.

As the gelatin reaction is an endothermic one [28], so an increase

in temperature increased the reaction rate and decreased the gela-

tion time. Also, at high pH, because of oxygen deprotonation, amide

groups acted like ligands and could be bonded with chromium, so

that the gelation time decreased. The pH had negligible effect on

the gelation time of this hydrogel, which is the preference for it.

Table 5. Level of variables in PB design with eight factors (NaCl,
CaCl2, KCl and MgCl2 concentrations, temperature, pH,
sodium lactate and nanoclay)

Variable (+1) (−1)

A: NaCl concentration (ppm) 15000 00

B: CaCl2 concentration (ppm) 15000 00

C: KCl concentration (ppm) 15000 00

D: MgCl2 concentration (ppm) 15000 00

E: Temperature (oC) 00090 60

F: pH 00011 03

G: Sodium lactate (%w/w) 00001 00

H: Nanoclay (%w/w) 00001 00

Table 6. Experimental plan of the 12-run PB design with eight fac-
tors (NaCl, CaCl2, KCl and MgCl2 concentrations, tem-
perature, pH, sodium lactate and nanoclay) and their re-
sponses (gelation time)

Sample

No.
A B C D E F G H

Gelation

time (sec)

01 +1 +1 −1 +1 +1 +1 −1 −1 250

02 −1 +1 +1 −1 +1 +1 +1 −1 15

03 +1 −1 +1 +1 −1 +1 +1 +1 3300

04 −1 +1 −1 +1 +1 −1 +1 +1 420

05 −1 −1 +1 −1 +1 +1 −1 +1 15

06 −1 −1 −1 +1 −1 +1 +1 −1 2000

07 +1 −1 −1 −1 +1 −1 +1 +1 275

08 +1 +1 −1 −1 −1 +1 −1 +1 2300

09 +1 +1 +1 −1 −1 −1 +1 −1 3670

10 −1 +1 +1 +1 −1 −1 −1 +1 4020

11 +1 −1 +1 +1 +1 −1 −1 −1 15

12 −1 −1 −1 −1 −1 −1 −1 −1 1520

Fig. 7. Viscosity vs. time for 12 runs of screening using PB design
with eight factors (NaCl, CaCl2, KCl and MgCl2 concentra-
tions, temperature, pH, sodium lactate and nanoclay).

Fig. 8. Effect of each factor (NaCl, CaCl2, KCl and MgCl2 concen-
trations, temperature, pH, sodium lactate and nanoclay) on
the gelation time with column chart.
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Fig. 8 shows the increasing effect of sodium lactate on the gelation

time. When sodium lactate is mixed with Cr(OAc)3, the acetate ligand

is exchanged with lactate, which is a weaker ligand [28]. Conse-

quently, it takes longer time for chromium to separate from its ligand

(lactate) and react with the polymeric chains. Hence, the gelation

time increases in the presence of sodium lactate. In addition, it is

evident that by increasing of the nanoparticles (clay), the gelation

time increased. In the absence of Na-montmorillonite in the poly-

mer solutions, the polymer chains crosslinked randomly to the cross-

linker while in the presence of Na-montmorillonite; they were trapped

in the clay layers of hydrogel network, leading to the high strength

of the gel network [13].

Fig. 9 shows a perturbation plot showing the deviation of eight

factors versus gelation time to compare the effect of all factors at a

particular point. As illustrated, the gelation time was plotted by chang-

ing only one factor over its range while holding the other factors

constant. A steep slope in factor E (temperature) showed that the

gelation time was sensitive to it among the other factors.

According to the results of screening tests and the negligible effect

of effective factors of the porous media on the gelation time, such

as mono-and divalent ions, pH etc., temperature had the most effect

on the gelation time, and it is the main effect during gel injection

into the well. Also, this result confirmed the goodness point of the

presented hydrogel of negligible effect of its gelation time on the

factors in porous media.

CONCLUSIONS

An optimal hydrogel has been presented through the experimental

series of bulk and rheology. The bottle test was conducted to select

the optimum composition of the hydrogel using the CCD method

with two factors of copolymer concentration and crosslinker/copol-

ymer ratio. The candidate hydrogels were studied rheologically to

select a hydrogel with high strength network via their crosslinking

density and consistency modulus value. To screen the eight effec-

tive factors (NaCl, CaCl2, KCl and MgCl2 concentrations, temper-

ature, pH, sodium lactate and nanoclay) on the desirable hydrogel,

rheological tests were conducted for viscosity measurements using

Plackett-Burman design. The main findings of this experimental

study can be summarized as the following:

The bottle test:

• The copolymer concentration was the main factor on the gela-

tion time.

• Four hydrogels (samples 2, 4, 6 and 8) were selected as candi-

dates among all designed hydrogels, while the others were not ap-

propriate for field operating because of repulsion of water out of

the hydrogel structure due to shrinkage in gel volume (syneresis),

the weak strength of the hydrogel network, the longtime of gela-

tion and the lack of economic value.

The dynamic rheological test with MCR501: 

• According to the main purpose of this research to present the

optimal hydrogel with the appropriate gelation time, thermal stabil-

ity and gel strength the hydrogel with the copolymer concentration

of 26,340 ppm and the crosslinker/copolymer ratio of 0.12 were

selected with the maximum value of crosslinking density (about

1,950) and consistency modulus (about 31,900 Pa).

The screening of porous media factors: 

• The gelation time decreased by increase of pH and tempera-

ture but increased by increase of the other factors.

• The temperature was the most effective factor on the optimal

hydrogel controlling the gelation time, while pH and other factors

had negligible effect.

ACKNOWLEDGEMENT

The authors wish to acknowledge the contribution of the Petro-

leum Engineering and Development Company (National Iranian

Oil Co., NIOC) for the financial support of this study.

REFERENCES

1. B.R. Reddy, Larry Eoff, E. Dwyann Dalrymple, K. Black, D. Brown

and M. Rietjens, SPE/DOE Improved Oil Recovery Symposium,

Tulsa, Oklahoma, USA, Paper 75163 (2002).

2. I. Vega, W. Morris, J. Robles, H. Peacock and A. Marin, SPE

Improved Oil Recovery Symposium, Tulsa, Oklahoma, USA, Paper

129940 (2010).

3. R. D. Sydansk and G. P. Southwell, SPEPF, 15, 270 (2000).

4. R. S. Seright, R.H. Lane and R.D. Sydansk, SPEPF, 70067, 158

(2003).

5. F. Ganji and E. Vasheghani-Farahani, Iran. Polym. J., 18, 63 (2009).

6. W.E. Rudzinski, A.M. Dave, U.H. Vaishnav, S.G. Kumbar, A. R.

Kulkarni and T.M. Aminabhavi, Design. Mon. Polym., 5, 39 (2002).

7. J. Huang, X. I. Wang and X.H. Yu, Desalination, 192, 125 (2006).

8. R.D. Sydansk, SPE Enhanced Oil Recovery Symposium, Tulsa,

Oklahoma, Paper 17329 (1988).

9. S. Vossoughi, J. Petrol. Sci. Eng., 26, 199 (2000).

10. R. Sydansk, US Patent, 4,683,949 (1987).

11. R. S. Seright and F. D. Martin, SPE Res. Eng., 8, 43 (1993).

12. G. A. Al-Muntasheri, H. A. Nasr-El-Din, A. Ibnelwaleed and A.

Hussein, J. Petrol. Sci. Eng., 59, 73 (2007).

13. J. Aalaie, E. Vasheghani-Farahani, A. Rahmatpour and M.A. Sem-

sarzadeh, Euro. Polym. J., 44, 2024 (2008).

14. H. Winter and F. Chambon, J. Rheol., 30, 367 (1986).

15. C. Allain and L. Salome, Macromol., 23, 981 (1990).

16. D. Broseta, O. Marquer, N. Blin and N. Zaitoun, SPE/DOE Sympo-

Fig. 9. The deviation of each factor (NaCl, CaCl2, KCl and MgCl2
concentrations, temperature, pH, sodium lactate and nan-
oclay) of PB design versus the gelation time (perturbation
plot).



Bulk and rheological properties of hydrogels 539

Korean J. Chem. Eng.(Vol. 31, No. 3)

sium on Improved Oil Recovery, Tulsa, Oklahoma, Paper 59319

(2000).

17. J. Liu and R. S. Seright, SPE Paper 70810 (2001).

18. R. S. Seright, SPEPF241, Trans., AIME, 299 (1995).

19. R. S. Seright, SPEPF, 110 (1999).

20. A. Zolfaghari, A.A. Katbab, J. Nabavizadeh, R. Yousefzadeh Tabasi

and M. Hossein Nejad, J. Appl. Polym. Sci., 100, 2096 (2006).

21. M. Baghban Salehi, M. Vafaie Sefti, A. Mousavi Moghadam and

A. Dadvand Koohi, J. Macromol. Sci. B., 51, 438 (2012).

22. Engineering Statistics Handbook, National Institute of Standards

and Technology and the International SEMATECH (2003).

23. S. Kakadjian, O. Rauseo and F. Mejias, Texas, SPE 50751 (1999).

24. R. S. Seright, SPEPF 74602, 251 (2001).

25. M. Tokita and T. Tanaka, Science, 253, 1121 (1991).

26. C. A. Grattoni, H. H. Al-Sharji, C. Yang, A. H. Muggeridge and

R.W. Zimmerman, J. Colloid Interface Sci., 240, 601 (2001).

27. G. Chauveteau, Washington, DC: American Chemical Society, 228

(1986).

28. A. Dadvand Koohi, A. Zarrin Ghalam, M. Vafaie Seftie and A.

Mousavi Moghadam, J. Macromol. Sci. B., 50, 1905 (2011).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


