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This paper presents optimization formulation of organically crosslinked polymer gel for high temperature reservoir conformance
control using response surface methodology (RSM). It is always desirable to approach an optimal polymer gel formulation study
with adequate performance information related to viscosity and gelation time to minimize excessive water production. In this
paper, the effects of polymer and crosslinker concentrations and their influences on gelation time and viscosity were
investigated. Central composite design (CCD) was used to determine the optimized organically crosslinked polymer gel
formulation. Concentrations of two main raw materials, namely, polyacrylamide (PAM) and polyethylenimine (PEI), were
varied in a suitable range. This was to obtain the formulation with the desirable two vital responses, which are viscosity and
gelation time. It was found that the results fitted the quadratic equation. Statistically, the quadratic model is reliable and
adequate perfectly the variability of the responses obtained from the experimental data. In addition, gelation time and gel
viscosity may be controlled by adjusting both polymer and crosslinker concentrations. The optimum formulated organically
crosslinked polymer gel with significant desirability factor conditions was achieved at 1.5% w/v of PAM and 0.3% v/v of PEI.

1. Introduction

The well conformance issue is always associated with poor
sweep efficiency during waterflooding [1]. Excessive water
production is an indication of low sweep efficiency due to
poor well conformance [2]. Generally, a perfect well confor-
mance exhibits a consistent sweep across the whole reservoir,
while an imperfect well conformance results in a pocket
unrecovered oil left behind [3]. There is no reservoir with
ideal conformance in the course of its oil recovery process.
Heterogeneous or layered oil reservoir formation with high
permeability streak is the common nature of a well with
conformance challenges. In this case, injected water flows
to a wellbore through its easiest own path in the regions with
relatively higher permeability. Thus, oil is bypassed by
injected water and leads to lots of unswept oil in the relatively

lower permeability region. In many mature reservoirs with
long waterflooding history, water cuts can easily rise above
90%, greatly reducing the field profitability [4, 5]. They also
lead to active interference in well productivity, early aban-
donment of the well due to unrecoverable hydrocarbon for
mature oilfields, and increase in operating costs to challenge
the effect of high produced water [6, 7].

Essential treatments have been introduced to minimize
excessive water production to increase hydrocarbon pro-
duction [8]. As one of the various water management
strategies, a polymer gel system has become one of the
most pertinent blocking agents to mitigate excessive water
production [9–12]. Polymer gel can be deployed as a plug
in reducing permeability of the high permeability region.
Through the altered permeability, a new batch of injected
water may change the direction of the flow, which
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displaces fluids into unswept “higher permeability” zones
where oil is located. It is the least resistance pathways
between the injected water source and production wells
during the recovery process [5]. Polymer gel is not limited
in improving oil recovery, but it also has other beneficial
traits over other methods, such as controllable gelation
time, adjustable gel strength, the flexibility for pumping
without a work-over rig, in-depth penetration, long effec-
tive time, low cost, and easy to remove from the wellbore
by water recirculation [11, 13–15]. Sorbie and Seright have
expounded the concept of gel placement into reservoirs at
three stages: injection of low viscosity gelant into the tar-
get zones, water injection to displace the low viscosity
gel away from the wellbore, and finally shut in well to
allow gelation to occur [16]. These polymer gels were
designed to propagate through fractures and layers in high
permeability and high water saturation zones without
damaging productive zones. They help in creating a bar-
rier to prevent water penetration and consequently to
reduce the flow of unwanted water in the reservoir [4, 17].

A typical gel system usually composed of two main
components, namely, high molecular weight polymer and
crosslinker. The crosslinking agent starts to connect itself
chemically to two polymer molecules and linking them
together by internal or external triggers. Nowadays, more
reservoirs with high temperatures are being explored and
developed, when exploration of new petroleum fields
continues [18]. For elevated temperature application,
organically crosslinked polymer gel is preferred over
metallically crosslinked because of its thermal stability
[17, 19–23]. The covalent bonding between polymer and
organic crosslinker provides stable and stronger gels. They
have longer gelation times and high thermal stability at
high temperatures than coordinated ionic bonding in inor-
ganically crosslinked gel [17, 24]. The most popular com-
mercial gel used in water management is prepared by
polyacrylamide (PAM). PAM is readily available with rela-
tively low costs, and it can deliver desirable viscosity and
gel strength to block the high permeability fractures or
channels. Meanwhile, polyethylenimine (PEI) is commonly
studied organic crosslinker and applied in oilfields world-
wide in recent years [25]. This paper presents a study on
the application of response surface methodology (RSM)
in the optimization of the formulation of polymer gel
using middle range molecular weight of PAM crosslinked
with PEI. The main objective is to obtain the best gel for-
mulation with maximum achievable gelation time and
acceptable viscosity.

2. Experimental Approach

2.1. Materials. The used polymer in this study is nonionic
polyacrylamide (PAM) that was obtained from Sigma-
Aldrich. It is in powder form with a pH of 6 and was used
as provided. The molecular weight of PAM is with average
5,000,000–6,000,000mol. wt. Polyethylenimine (PEI) was
used as crosslinker provided by BASF with a pH of
approximately 11.7. The molecular weight and active con-
tent of PEI were 35,000mol. wt. and 99%, respectively, as

disclosed by the supplier. The chemical structure of PAM
and PEI was given in Figure 1. Deionized water was made
in our laboratory.

2.2. Preparation of Polymer Gelant. Polymer gelant in this
study was prepared at room temperature. All of the PAM
were measured by weight, while PEI were determined by vol-
ume. PAM solutions at various concentrations were prepared
by mixing initially the polymer powder and deionized water
for an hour using the IKA-RW20 digital mixer at 200 rpm
to ensure the uniform dissolution of polymer particles. The
time and speed of sample mixing were chosen to minimize
the shear degradation in PAM samples. Then, various con-
centrations of PEI were added slowly to the polymer solution.
Sequently, hydrochloric acid (HCl) was used to adjust the pH
of the gelling solutions to 7 because the gelation process is
optimum in neutral condition. The mixture was then stirred
further for another 10 minutes.

2.3. Experimental Design and Data Analysis. Statistical design
of the experiments with response surface methodology
(RSM) was used to formulate the polymer gel systems with
desired performance. The RSM is a useful statistical and
mathematical method in modelling and optimization studies.
To achieve this objective, the statistical software Design
Expert version 11.0.3 (Stat-Ease Inc., Minneapolis, USA)
was used. In the first step, the steady shear viscosity measure-
ments were designed by central composite design (CCD)
with two factors in five levels. The factors are concentrations
of PAM and PEI, while the responses are viscosity and gela-
tion time. The factor column in Table 1 presents the range
and combination of the independent variable runs of the
CCD approach. The experimental design comprises of four
factorial points, four axial points at a distance of ±2 from
the center, and five replicates of the center point. The two
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Figure 1: Chemical structure of (a) polyacrylamide and (b)
polyethylenimine. Figures from El-Karsani et al. [17].
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variables were set at five levels which are −2, −1, 0, 1, and 2.
The experiments were conducted as per designed plan before
the obtained data were plugged into the software. The CCD
approach was employed to generate mathematical models
from experimental data. The correlation can be used to
describe comprehensive relationship between the factors
and responses and to predict the gelation time and viscosity
of the polymer gel. Furthermore, three-dimensional plots
and their respective contour plots were also considered to
analyze the relationship. The correlation in CCD is usually
shown as a quadratic equation. Then, analysis of variance
(ANOVA) was used to analyze statistically the effects of pro-
cess variables, which is to evaluate the reliability and accuracy
of the generated model. To confirm the reliability of the gen-
erated models, the R2 value was calculated. Then, its statisti-
cal significance was determined by Fisher’s F-test using the
same program. In addition, P value (probability of error)
with 95% confidence level was used to evaluate the model
terms. Finally, in the optimization process, the formulation
for polymer gelant was established based on the maximum
possible gelation time and acceptable minimum viscosity.

2.4. Viscosity and Gelation Time Measurements. Literature
reported some methods applied to determine the gelation
kinetics [19, 26, 27]. The methods that are usually used
include the bottle test, the sealed tube, the dynamic shear
using rheometer, and the static shear using viscometer
methods. In this study, the static shear method was used to
evaluate the effects of different concentrations of raw mate-
rials on the gelation time and viscosity of polymer gel. The
steady shear method has been widely used because this tech-
nique provides a quantitative measurement of gelation rate,
gelation time, and gel viscosity. Moreover, this method is rea-
sonably faster to get the results, accurate, and not very costly
compared than the other methods. It has been used by several
researchers to determine the gelation time [19, 28]. The vis-
cosity and gelation time were determined from the curves
of viscosity against time at high temperatures. The inflection

point of the viscosity versus time curve was considered as the
gelation point. In the present study, the viscosity and gelation
time measurements were taken using a rotational Brookfield
Viscometer Model DV-II (AMETEK Brookfield, Massachu-
setts, USA). This viscometer is equipped with a cylindrical
sample holder, a heating jacket, a spindle, and a sealing ele-
ment. During each test, the gelling solutions were prepared
and placed into the sample holder that has been preheated
to desired temperature. The volume of the sample was
approximately 8ml. The measurements were taken at tem-
perature of 95°C and ambient pressure. The temperature
was controlled by a thermostatic oil bath (Haake CH bath
reservoir with Haake F3 temperature controller) connected
to the viscometer. Then, the spindle was immersed into the
sample, and a steady shear rate of 5.0 s−1 was applied for all
experiments. The sample was always stirred by the viscome-
ter spindle in the sample cup throughout the experiment. The
condition to ensure the temperature throughout the sample
was the same. Viscosity data was automatically worked out
using a software, and the desired viscosity data was recorded
in correspondence to experimental time. Based on the CCD
designed matrix, all measuring runs were performed ran-
domly to minimize the effect of unexpected variability in
the observed responses. Finally, laboratory tests were carried
out in the same conditions based on the generated optimal
formulation. This is to validate the mathematical values gen-
erated by the software. The error and accuracy between the
predicted and experimental values were obtained to deter-
mine the precision of the software-generated formula.

3. Results and Discussions

3.1. Gelation Kinetics and Statistical ANOVA Analysis.
Measurements of PAM/PEI polymer gel viscosities were
performed at 95°C. Figure 2 shows the relationship of
PAM/PEI polymer gel viscosities as a function of experi-
mental time. These results have been used for the ANOVA
statistical analysis as presented in Table 1. The CCD
design in RSM was used to investigate the correlation
between the two independent variables, namely, concentra-
tions of polyacrylamide and polyethyleimine, and the two
responses, namely, viscosity and gelation time. The analy-
sis predicted and generated mathematical models for each
of the responses. These results were used to assess the pre-
dicted responses for viscosity and gelation time as a function
of polyacrylamide and polyethylenimine concentrations.

3.1.1. Gelation Time. The experimental results as shown in
contour and 3D response surface plots (Figure 3) indicate
the relationship between gelation time, as a function of poly-
acrylamide and polyethylenimine concentrations. The gela-
tion time is crucial because it is used in oilfield applications
to determine the ability of PAM/PEI polymer gelant to travel
deeper through the reservoir. The injection time and depth of
propagation of the gel solution into the formation are a func-
tion of gelation time. There are different definitions of gela-
tion time reported. Firstly, it is described as the time
required to achieve a specific viscosity [29]. Secondly, it is
the time required to achieve a specific gel strength [30]. In

Table 1: Results of the responses of each experimental run.

Run
Factors Responses

A B
Gelation time
(minutes)

Viscosity
(mPa.s)

1 2.00 0.5 56.5 478.7

2 2.00 0.5 58.0 504.7

3 2.00 0.2 66.5 533.5

4 1.50 0.3 75.5 286.0

5 2.00 0.5 61.5 487.9

6 3.00 0.5 37.5 947.6

7 2.00 0.5 59.0 531.6

8 2.00 0.5 53.5 470.3

9 2.50 0.3 57.0 733.4

10 2.00 0.9 41.0 620.7

11 1.00 0.5 65.5 88.9

12 1.50 0.7 69.5 346.5

13 2.50 0.7 45.5 736.3
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this case, oscillatory viscometer is commonly used to deter-
mine the gelation time by measuring the changes of gel
strength as a function of time. The maximum slope in
the curve of elastic modulus against time can be taken as
the gelation period [31]. The last definition of the gelation
time is the time required for the elastic and viscous mod-
uli to intersect, and the moduli ratio becomes independent
of frequency [32]. In this study, the gelation time is
defined as the duration of time required for viscosity to
reach the inflection point on the curve of viscosity versus
time [21]. The inflection point in the gelation process
can be observed as rapidly increasing in viscosity after it
starts slowly with no apparent viscosity increment at the
beginning. This definition has been used by numerous
researches to define the gelation time [26, 28].

It can be seen in Figure 3 that as the polymer concentra-
tion increases at the same crosslinker concentration, the
gelation time decreases. For instance, when the polymer con-
centration was less than 2.0%, the gelation time was longer
than 60 minutes. Conversely, when the polymer concentra-
tion was higher than 3.0%, the gelation time was shorter than
50 minutes. As the polymer concentration or the number of
crosslinking sites increases, the rate of gel formation
increases, and thereby, the gelation time increases. Similar
to the effect of polymer concentration, the gelation time of
polymer gel was found to be fairly affected by the initial
crosslinker concentrations. Experimental results showed that
if the crosslinker system concentration was less than 0.5%,
the gelation time would be more than 70 minutes. This is
expected because higher PEI concentrations offer more
crosslinking opportunities for the polymer. This can also be
explained that the available imine groups increased with the
increase of PEI content; hence, the crosslinking rate is
improved, and consequently, the gelation time shortened.
The functional groups of PAM, which are amide groups
(-CONH2), will immediately form gel as soon as they react

with crosslinker under high temperature. This observation
is in agreement with the data reported for organically
crosslinked systems [21]. However, it can be observed that
the rate of the increase of gelation time by the effect of
PEI is less pronounced compared with the effect of
PAM. There is also an understanding that delaying gela-
tion is more efficient by retardation of polymer reaction
over the crosslinker side [17]. Therefore, PAM is more
dominant over PEI in determining the gelation time of
the PAM/PEI gel system.

Experimental results for the first response, which is
gelation time, were fitted into the equation by the analysis
of variance (ANOVA). This equation is a mathematical
model that can be used to predict the desired responses at
any of the respective factors. ANOVA was used to obtain
the model that fits the most to the results. The best equation
that fits the results of gelation time is quadratic in nature. The
quadratic model to describe the correlation between gelation
time (Y1) as a function of concentration of raw materials in
terms of coded factors is expressed as

Y1 = 59 41 − 8 21A − 6 09B − 1 37AB − 1 42A2 − 0 56B2,
1

where A represents polyacrylamide concentration and B rep-
resents polyethylenimine concentration.

ANOVA analysis was also used to confirm the accuracy
of the obtained model. The results of ANOVA analysis show
that the model F value given was 8.74, which indicates that
the model is significant. It gave indication that the model
has only 0.64% chance to occur due to noise. The data also
indicates that the mathematical model is significant at
5% confidence level because the value of probability of
error (P) is less than 0.05. In addition, based on the
results, the obtained model gives a very high R2 and
adjusted R2 values of 0.8619 and 0.7633, respectively.
According to Noordin et al., it is necessary to achieve high
R2 value that is close to 1 [33]. Moreover, having a good
agreement with the adjusted R2 value is also desirable.
The high value of R2 and adjusted R2 validates the
quadratic model is appropriate and satisfactorily fit to
the variability of the responses produced from experimen-
tal data. The lack of fit F value is 6.31. Even though the
lack of fit value relatively has low probability of 5.37%
chance to occur due to noise, the lack of fit value implies
that it is not significant relative to the pure error. A non-
significant lack of fit is required as it demonstrates that the
model is reliable.

In addition, from the ANOVA results, it is possible to
evaluate the signal to noise ratio of the experimental data
by assessing the adequate precision (AP). AP value compares
the range of the predicted value at the design points [34]. A
ratio of more than 4 is anticipated since this value shows
the model discrimination. It means the model can be applied
to navigate the design space [35]. Based on the results, the
response for gelation yielded a high AP value of 9.0485,
which is more than 4. This indicates that the predicted model
provides an excellent ability to navigate the design space
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Figure 2: Viscosity of PAM/PEI polymer gel against experimental
time at various polymer and crosslinker concentrations.
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designed by the CCD. This is supported by a comparison
plot between the predicted and actual values. This com-
parison plot confirms the accuracy and reliability of the
model. Figure 4 presents the diagnostic graph between
the predicted and actual values for gelation time. The
meaning of the plots is described by the position of the
points. Points that are lying above the diagonal line indi-
cate that the values were overestimated, while those below
the diagonal line indicate underestimated values [36]. It
can be observed that all points are distributed along the
diagonal line. The predicted values are in adequate agree-
ment with the actual experimental values. Hence, it could
be suggested that the obtained model gives a satisfactory
estimation of the predicted values and may be used in pre-
dicting the gelation time.

3.1.2. Viscosity. The second response in this study is viscosity
of the PAM/PEI based polymer gel at the gelation point. Vis-
cosity is a crucial property of the liquid that manifests the rel-
ative motion of the molecules [37]. Basically, liquid flows
until stress has diminished and energy has dissipated through
the friction. Contradict to the trend of gelation time, the
increment of all of the raw material concentrations tend to
cause the viscosity of the polymer gel to increase. Viscosity
can be influenced by the increment of polymer concentration
as can be seen in Figure 5. Based on the results, when the
polymer concentration was higher than 2.0%, the viscosity
was higher than 400mPa.s. Similarly, when the polymer

concentration was almost 2.5%, the viscosity is more than
800mPa.s. This is due to the higher polymer concentration
that promotes the thickening process in the solutions. The
thickening capability of PAM originated from the high
molecular weight. In addition, as the polymer loading
increase, more polymer chain could stretch in the aqueous
solution. The repulsion of the negative electrostatic charges
on the polymer chains is the main reason of polymeric
stretching in aqueous solution, which consequently causes
viscosity to increase [38, 39]. As a result, more crosslink-
able sites will be accessible on the polymer backbone, con-
sequently created a denser network of polymer [40].
Moreover, a higher number of polymer molecules lead to
higher interactions. Thus, it leads to molecular entangle-
ments between polymer chains [41]. This phenomenon is
the reason that upholds higher viscosity for the polymer
solutions [39]. On the other hand, the viscosity was found
not affected significantly with the increase of crosslinker
concentration. Based on the experimental results, polymer
concentration seems to have much more influence over
crosslinker concentration in determining the viscosity of
the gel system [42]. It seems to suggest that a production
of lower viscosity of polymer system required lower load-
ing of polymer and crosslinker.

The results from the experimental works were used for
the model fitting by ANOVA. Similar to the first response,
the quadratic mathematical model is the most suitable for
viscosity. The quadratic model to represent the relationship
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Figure 3: Contour and 3D response surface plots from Design Expert for gelation time versus concentration of materials.
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between concentration of raw materials and viscosity (Y2) in
terms of coded factors is as follows

Y2 = 494 88 + 212 88A + 13 82B − 14 4AB + 5 83A2 + 24 95B2,
2

where A represents polyacrylamide concentration and B rep-
resents polyethylenimine concentration.

From the results of ANOVA analysis, the model F
value is 317.51, which means that the model is significant.
The probability or P value is established to be lower than
0.05, which implies that the model terms, which are A and
A2 are significant. Values greater than 0.1 indicate the
model terms are not significant. The R2 and adjusted R2

values are also reasonably near to 1.0, which are 0.9956
and 0.9925, respectively. The generated mathematical
equation is well fitted when the difference between R2

and adjusted R2 values is less than 0.2. The lack of fit F
value of 0.06 indicates that the lack of fit is not significant
relative to the pure error. For a lack of fit value this large
to occur due to noise, it needs a chance of 97.8%. As men-
tioned before, nonsignificant lack of fit is desired so that
the model can be used to represent the viscosity. The AP
ratio obtained in this analysis was 66.78 which was greater
than 4. This is desirable and signifies that the model is
reliable to navigate the design space. A comparison plot
between the predicted and actual values has also been

referred to justify the accuracy of the model. Figure 6
illustrates the statistical comparison plot between experi-
mental values and the predicted values for viscosity using
the ANOVA generated model. Based on the plot, it is clear
that the actual values for gelation time are considered well
fitted to predicted values with acceptable variance range.
As can be seen, all the experiment design points are lying
almost at the same spot and close to the straight line. This
suggests that the generated models may provide a good
viscosity prediction for PAM/PEI polymer gel.

3.2. Optimization of Polymer Gel Formulation. During the
treatment of a deep reservoir, it is important to consider both
the effect of gelation time and gelant viscosity when design-
ing the required amount of polymer and crosslinker loading.
It should be noted that optimum value of polymer and cross-
linker concentration need to be determined. For example, the
addition of high crosslinker may cause syneresis [43, 44].
Syneresis must be avoided, especially when gel is employed
in naturally fractured reservoirs. Syneresis is caused by over-
crosslinking from excessive concentration of crosslinker.
Consequently, the water will expulse out of the gel by osmosis
and polymer gel dehydrate [45]. Because of this, gel volume
reduces, and new flow paths are created, eventually affecting
the performances of gel treatment. Conversely, with increas-
ing the polymer dosage, the time required to get a nonflowing
polymer gel with a tolerable strength will be shortened. The
main objective of this optimization part is to determine the
optimum concentrations of raw materials. It supposedly
gives the optimized formulation for PAM/PEI polymer gel
that is reliable to be applied for high temperature reservoir
conformance control. During the optimization process, the
polymer gel is setting to have the acceptable lowest viscosity
and possible maximum gelation time. A low to very low vis-
cosity of the formulated polymer gel is desirable to obtain
good carrying capacity of the fluid and longer propagation
of gelant through the reservoir matrix. On the other hand,
maximum gelation time is needed for longer propagation
and to avoid the gel forming inside the wellbore. Thus, in
order to simultaneously optimize all the two factors (concen-
trations of polyacrylamide and polyethylenimine) correlated
to the responses (gelation time and viscosity), a desirability
function (d) for multiple responses was used [46]. The values
were generated by the Design Expert software when perform-
ing the multiple response optimization based on

d =
N

i=1
mri

i

1/〠ri

, 3

where N represents the number of responses, ri indicates the
importance of particular response, andmi is the partial desir-
ability function for specific responses.

Generally, the highest value of desirability d represents
the optimum conditions that can be achieved from the opti-
mization process [46]. In the optimization process, the gela-
tion time of the PAM/PEI polymer gel was set more
important than viscosity. Based on the results, the highest
desirability value is 0.898. At this d value, the values of the
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partial desirability, mi, for the two responses, gelation time
and viscosity, are 0.86 and 0.23, respectively. This value cor-
responds to the optimum formulation where the value of fac-
tor A (concentration of polyacrylamide) is 1.5% w/v and
factor B (concentration of polyethylenimine) is 0.3% v/v.
The predicted values for each response parameters, which
are gelation time viscosity (Y1) and viscosity (Y2), are 70.3
minutes and 284.6mPa.s, respectively. According to Al-
Muntasheri et al. [47], a good range of gelation time for poly-
mer gel should be more than 55 minutes. Since the gelation
time for the optimized formulation is about 70 minutes, it
is considered good as it is well above 55 minutes. The viscos-
ity on the beginning of the gelation point is relatively within
the acceptable range for in situ polymer gel. Then, the d value
is the highest achievable desirability; it could considerably
represent the optimum condition for the process optimiza-
tion. Thus, this condition was selected as the optimum con-
centration of polyacrylamide and polyethylenimine to
formulate the PAM/PEI polymer gel.

To validate the optimum process conditions acquired
from response surface methodology using CCD, a labora-
tory experimental test was conducted based on selected
optimum conditions. Predicted and experimental condi-
tions were maintained the same for a fair comparison
between the two. The test was conducted by formulating
the PAM/PEI polymer gel using the optimized formula-
tions as mentioned above. The corresponding gelation

time and viscosity were measured as shown in Figure 7
and then was compared to the predicted response values
in optimum process condition calculated from the mathe-
matical model. Based on the results, it can be concluded
that the two response parameters obtained from the exper-
iment are in good agreement with predicted values. This is
due to the high value of calculated accuracy for gelation
time and viscosity, which are 97% and 86.5%, respectively.
Value of error is also low, which are 2.2 and 38.4 for gela-
tion time and viscosity, respectively. In addition, low value
of standard deviation (σ) is shown with values of 1.1 and
19.2 for gelation and viscosity.

4. Conclusions

A polymer gel incorporating polyacrylamide and polyethyle-
nimine has been successfully formulated with the desired
properties from RSM. The response surface plots showed
that the viscosity of the gelant increases with increasing
material concentrations. Gelant viscosity tends to increase
with polyacrylamide and polyetylenimine concentrations.
Gelation time of the PAM/PEI-based gel also tend to
decrease with increasing material concentration. The experi-
mental results for all responses fit the quadratic mathemati-
cal model predictions. For gelation time and viscosity,
polymer concentration affects these two responses the most.
It is concluded that the optimum concentrations for the
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Figure 5: Contour and 3D response surface plots from Design Expert for viscosity versus concentration of materials.
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formulation is achieved at the following conditions where the
value of factor A (concentration of polyacrylamide) is 1.5%
w/v, and factor B (concentration of polyethylenimine) is
0.3% v/v. This formulation has gelation time of 70.4 minutes
and viscosity of 284.6mPa.s. Furthermore, from the valida-
tion experiment, it could be concluded that the two response
parameters obtained from both the experiments and
predicted by the models were in a good agreement.
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