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Abstract Nowadays, due to the remarkable oil reduction in oil fields, enhanced oil recovery (EOR)

techniques have been considered by a large number of scientists and company. Situ oil extraction is

normally done by these techniques with high efficiency. In this particular study, five different sur-

face active agents (surfactant), two kinds of oil with various API, two kinds of sulfonated polyacry-

lamide, two different electrolyte solutions with various TDS and two distinctive alcohols were tested

and evaluated. An optimal formulation in terms of the properties and quantity of materials has to

be used in order to enhance oil recovery, achieved by investigation of surface tension and the phase

behavior of mentioned substances. Rheological behavior of polymer flooding and surfactant was

studied. Employing this formulation, the maximum micro emulsion of oil in water occurred. Due

to the synergy between surfactant and alcohol (as a co-surfactant), relatively lower amounts of sur-

factants were used which led to the dip in the cost of operation, and ultimately the efficiency of

operation improved.
� 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the well-known approaches to chemically enhanced oil recovery

(CEOR) is the chemical applications. Chemicals are used for above

purpose such as surfactants, alkalis, polymers, and sometimes alcohols

as co-surfactants that often inject into the reservoir as surfactants,

polymers, alkalis/surfactants (AS), alkalis/surfactants/polymers

(ASP), and surfactants/polymers (SP) systems. The alkalis and surfac-

tants decrease interfacial tension between oil and water, and polymers

raise the viscosity of solution. In addition to that, polymers can
rties for
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Table 1 Some properties of surfactant.

Surfactant and molecular structure Abbreviation HLB Cat

SDS 40 Anionic
Sodium lauryl sulfate

SLES 41.2 Anionic
Sodium laureth (lauryl ether) sulfate n= 2–3

NP 30 17.1 Nonionic

Nonylphenol polyethylene glycol ether 30M n= 30

NP 9 12.9 Nonionic

Nonylphenol polyethylene glycol ether 9M n= 9

NP4 8.9 Nonionic

Nonylphenol polyethylene glycol ether 4M n= 4
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improve sweep efficiency (Alvarado and Manrique, 2010; Ramirez,

1987; Austad and Taugbol, 1995; Abidin et al., 2011; Kjøniksen

et al., 2008). Micellar solutions produced by surfactants decline capil-

lary forces between oil and water and lead to the movement of the

remaining oil (Austad and Taugbol, 1995). Polymer injection includes

the injection of the polymer solution into the reservoir. When the poly-

mers are mixed with water, water viscosity increased and oil swept by

flooding solution was intensified and accordingly CEOR was

increased. Polyacrylamides and polysaccharides are two sorts of poly-

mers which are widely used in oil recovery (Alvarado and Manrique,

2010; Ramirez, 1987). Alkaline often generates extremely tight emul-

sion which is difficult to break; the wastewater treatment is much more

difficult, and it also causes additional scale deposition issue. It is there-

fore, economically risky and operationally intensive in EOR opera-

tions, even though ASP often show great promise from laboratory

core-flood experiments and some field tests (Co et al., 2015).
Figure 1 Method of measuring phase behavior.
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Surfactants work in SP flooding to lower the IFT between trapped

oil and brine and to aid mobilization and contribute to the formation

of oil banks. IFT reduction lowers capillary forces and allows for the

oil bank to flow more freely without renewed trapping (Gao et al.,

2010; Hirasaki et al., 2011).

Polyacrylamides reduce the mobility ratio of injected fluid by

means of decreasing the permeability of the reservoir rock and they

can dissolve in water as well. Polysaccharides also decline the mobility

of injected fluid by way of increasing viscosity and decreasing the per-

meability that occurs in small area of reservoir rock. Polysaccharides

are sensitive to temperature and bacteria. Therefore, in the presence

of bacteria they destroy quickly. Moreover, the viscosity of the poly-

mer solution falls sharply when the polymer is subjected to the high

temperature. In comparison, polyacrylamides are resistant to temper-

ature and bacteria (Kjøniksen et al., 2008). In 1973, Hill et al. were

among the first people who began working on surfactants. They

demonstrated that when the surface tension between oil and water

was decreased, oil recovery improved; also surfactant adsorption and

wettability of reservoir rock were main factors which were investigated

in their study. Lyons and his team evaluated the effects of petroleum

sulfonate (a kind of surfactant) on several oil samples, and as a conse-

quence, the interfacial tension between oil and water declined to 10�3 -

dyne/cm and some of the remaining oil was extracted (Lyons, 2010).
Figure 2 The comparison of surface tension of surfactants with

different concentrations.
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Figure 3 The effects of adding 2-ethylhexanol (2-Et He) and

lauryl alcohol (Lau Al) on the surface tension of distilled water, S

formation water, and F formation water (after 24 h, at 90 �C).
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The EOR methods and flooding solutions are not the same, for dif-

ferent wellbores. In fact, for each well, depending on the conditions

and characteristics of the well, situation is completely distinctive. In

CEOR process for polymer/surfactant flooding, first the kind and

amount of surfactants, polymers, and alcohols are determined and var-

ious methods such as surface tension, interfacial tension, thermal sta-

bility, PH stability, and bacterial destruction were investigated. The

next step was allocated for evaluation of simple and interfacial rheo-

logical behavior in order to determine flow regime in different condi-

tions. Simple rheological behavior of polymer solution is very

important, although interfacial rheological behavior between water

and oil is very important in order to determine flow regime at various

conditions. Water–oil emulsion is viscoelastic fluids with complex rhe-

ology that has shear thinning behavior and sometimes they show thix-

otropic behavior. Finally before actual water flooding test, in order to

ensure the performance of water flooding, pilot tests and core injec-

tions test are usually carried out (Ma et al., 2010; Dickinson, 1992;

Jamaloei et al., 2012; Guo et al., 2006; Schramm, 2005; Tadros,

1976; Hadi et al., 2016).

In this study, the effects of polyacrylamide-surfactant samples on

the properties of the oil–water interface have been studied. Alcohols

were used as co-surfactants in order to improve the performance of

system. Phase behavior and interfacial tension between oil and water

were investigated. Finally, an optimal formulation in terms of property

and quantity of materials was achieved. Two anionic surfactants (SDS
Figure 4 Phase behavior of water and F oil in the presence of SDS

written numbers represent surfactant concentration (ppm) within the
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and SLES) and 2-ethylhexanol alcohol as mentioned above as an aux-

iliary agent were used. An eye-catching micro emulsion was prepared

using low concentration of surfactants. The costs of enhanced oil

recovery reduce, thereby decreasing the concentration of surfactant.

In fact, this is a cost-effective method. It is worth noting that the com-

binations of some surfactants and co-surfactants along with polymers

in order to CEOR have not been used up to now so, the method used

in the present study is a novel approach.

2. Materials and methods

2.1. Materials

Sodium Dodecyl sulfate (SDS, 99.5%) and Sodium Lauryl
Ether Sulfate (SLES) were purchased from Sigma–Aldrich

(The US) and Kimyagaran Emrooz Chemical Industries Co.
(Iran), respectively. Nonyl phenol Ether 30M and 9M (NP30
and NP9) and Nonyl phenol Ether 4M (NP9) were received

from Kimyagaran Emrooz Chemical Industries Co. (Iran)
and Merck (Germany). Table 1 summarizes some properties
of these surfactants. Sulfonated polyacrylamide
(MW= 8 � 106 Dalton) (SP825) and sulfonated polyacry-

lamide (MW= 6 � 106 Dalton) (V30) which contains
N-vinylpyrrolidone groups were prepared from the SNF com-
pany (France). 2-propyl alcohol (99.5%) was purchased from

Merck (Germany). Lauryl alcohol (99.1%) and 2-
ethylhexanol (99.1%) were provided from P & G Chemical
(The US) BASF (The US), respectively. Two types of crude

oil (light oil-API 32 and heavy oil-API 20) were obtained from
Iranian oil fields, and light oil and heavy oil were defined as F
and S, respectively. The formation water associated with each

of these oils was also known by the same definition. The water
with F formulation has TDS 12900 and TDS 50000 belonging
to water with S formulation.

2.2. Methods

2.2.1. Mixing method

For mixing the electrolyte solution and sulfonated polyacry-
lamide along with surfactants and alcohols, the compounds
surfactant after 24 h exposure to the heat treatment (90 �C) (the
total volume of water and oil).

ctant system on the water–oil interface properties and rheological properties for
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Figure 5 Phase behavior of water and S oil in the presence of SDS surfactant after 24 h exposure to the heat treatment (90 �C) (the
written numbers represent surfactant concentration (ppm) within the total volume of water and oil).
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of vessel were stirred (70 rpm) for one hour at ambient temper-
ature. At last, the obtained solution was added to the oil sam-
ple with equal proportion and mixed for one hour using a

magnetic stirrer. When the mixing process finished, the con-
tents of vessel were poured into the long glassy tube and placed
into the oven for 24 h at 90 �C. By this method two phases will

be separated from each other stably and the height of each
phase can be measured. It should be noted that different peri-
ods of time (24, 48, 96, and 120 h) were tested and no signifi-

cant changes were observed among results, so 24 h was
selected as the optimum time for experiments.

2.2.2. The method of measuring surface tension

The interfacial tension is defined as the cohesive forces among
molecules at liquid surface. Actually, the outer layer that is in
contact with another surface acts as an elastic sheet. There are

a large number of methods and devices in order to calculate
interfacial tension including the following: wilhelmy, du Nouy
ring, pendant drop, spinning drop, plate and so on. After equi-
librium, surface tension of prepared solutions was measured

using IFT machine by pendant drop method (Tadros, 1976;
Salager, 1977).

2.2.3. The method of calculating and measuring the phase
behavior

There are plenty of methods such as light scattering, turbidity
test, visual observations, flow behavior in order to calculate

the amount and type of emulsions (Bera et al., 2011; Reimer
et al., 2005; Khosravani et al., 2013; Khan and Shah, 2008;
Samanta et al., 2010). The height of total mixture was deter-

mined as Ht and represents the volume of total mixture. The
height of water phase (the lower phase which is a bit turbid
and may be due to the permeation of oil into water and forma-

tion of microemulsion) was determined as Hw. The height of
microemulsion phase was determined as He, which can easily
be recognized due to the color difference in comparison with
Please cite this article in press as: Mahdavi, S.Z. et al., Study of polyacrylamide-surfa
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the oil phase and it is between the oil and water phases. Ulti-
mately, the height of the oil phase which is at the top of glassy
tube was determined as Ho. It should be noted that in some

cases due to complete emulsion formation which is our main
aim, the height of oil phase will be very low and even in some
cases it will disappear.

The mentioned heights symbolize improvement, formation,
and the amount of emulsions. In some cases, they represent
quality and amount of micelles of emulsion which was formed.

Fig. 1 depicts the mentioned heights and various phases.

2.2.4. Rheological behavior of polymer and surfactant solution

A rheometer was produced by Anton Paar Co., Austria, with

different modules was used for determination of flow curves.

3. Result and discussion

In this section, first of all the formation and stability of the
microemulsion in the electrolyte mixture containing surfac-
tants, sulfonated polyacrylamide, and crude oil were exam-

ined. Afterward, the effects of various factors such as the
surfactant concentration, surfactant combination, and addi-
tion of alcohol as co-surfactants to the samples (to improve
the microemulsion characteristics) were discussed. The phase

behavior of the samples will be evaluated and in the end, a for-
mulation for the use in enhanced oil recovery will be achieved.
Also rheological behavior of polymer and surfactant solutions

was studied.

3.1. Phase behavior and emulsion formation

The decrease in surface tension between the aqueous phase and
the oil phase is required to form the emulsion; this can be
achieved using surfactants. After the critical concentration of

surfactants, micelles will be formed and consequently the
emulsion will be formed. So that in this particular surfactant
ctant system on the water–oil interface properties and rheological properties for
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Figure 6 The phase behavior of water and F oil in the presence of SP825B polymer and the combination of SLES/SDS surfactants after

24 h exposure to the heat treatment (90 �C) (the written numbers represent surfactant concentration (ppm) within the total volume of

water and oil).
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concentration, the IFT between oil and water will be declined

extremely and thus two phases will permeate to each other and
finally the emulsion will be formed. Interfacial tension test
(IFT) was applied in order to investigate the interfacial ten-
sion. The pendant drop method for calculating IFT, is a drop

suspended from a needle in a bulk liquid or gaseous phase. The
shape of the drop results is different because of the relationship
between the surface tension or interfacial tension and gravity.

In the pendant drop method, the surface tension or interfacial
tension is calculated from the shadow image of a pendant drop
using drop shape analysis, when one drop was hanging the

camera takes a photograph and after by using the computer’s
program (math equation) and Geometry drop, can measure
the IFT (Nelson et al., 1984; Arashiro and Demarquette,

1999).
IFT of surfactants within the electrolyte solutions was com-

pared with each other in order to select surfactants and com-
bine them.

As can be seen in Fig. 2, the anionic surfactants in compar-
ison with non-ionic surfactants decrease the IFT further.
Please cite this article in press as: Mahdavi, S.Z. et al., Study of polyacrylamide-surfa
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Another interesting issue is the behavior of NP30 in compar-

ison with other members of its group (NP4 and NP9).
Although NP30 compared with two other surfactants
decreases the IFT further, the emulsion formed by NP30 is
more stable than others which were confirmed using phase

behavior test. In fact, the emulsion formed by NP30 was
remarkably stable against heat treatment and the passing of
time. Conversely, the emulsion formed by NP4 and NP9, van-

ished over the time, or by exposing to the high temperature
and after 7 h the emulsion disappeared thoroughly. It may
be attributed to the performance of combining the electrolyte

solution with two surfactants (NP4 and NP9). In fact, two
mentioned surfactants show upper critical solution tempera-
ture (UCST) behavior. For this reason, NP4 and NP9 were

not consumed and three other surfactants were used instead.

3.1.1. The effects of secondary agent (alcohols) on surface
tension

The effects of adding 2-ethylhexanol (2-Et He) and lauryl alco-
hol (Lau Al) on the surface tension of distilled water, S forma-
ctant system on the water–oil interface properties and rheological properties for
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Figure 7 The phase behavior of water and F oil in the presence of SP825B polymer, the combination of SLES/SDS surfactants and

2-ethylhexanol alcohol after 24 h exposure to the heat treatment (90 �C) (the written numbers represent surfactant concentration (ppm)

within the total volume of water and oil).
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tion water, and F formation water are demonstrated in Fig. 3.
As can be seen in Fig. 3, the presence of both types of alcohol

within three samples, leads to the reduction in surface tension.
However, the effects of 2-ethylhexanol on reduction in IFT
were much stronger than the lauryl alcohol. One of the reasons

which can be cited for this is that the alcohol molecules fill the
cavities among the monomers of surfactant. The co-surfactant
is organized with its OH group lying among the polar group of

surfactant and neighboring water molecules and the hydrocar-
bon group lying among the polar chain of the surfactant. The
energy of interaction per molecule with water of alcohol and
surfactant is not constant amount and decreases due to self-

association mechanism through intermolecular hydrogen
bonding, which reduces the ability of the OH group of the
alcohol to form hydrogen bonds with water (Resende et al.,

2008; Nguele et al., 2016).
On the one hand, it leads to the stability of emulsion and on

the other hand, it leads to the decrease in the number of mono-

mers at interface of two phases. Therefore, the critical concen-
tration will be declined.
Please cite this article in press as: Mahdavi, S.Z. et al., Study of polyacrylamide-surfa
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3.1.2. Phase behavior of water and oil reservoirs of F and S in the
presence of polymers and surfactants

3.1.2.1. The effects of surfactant (SDS) concentration on phase

behavior. As mentioned earlier, surfactants by reducing the
interfacial tension between oil and water can form oil and
water emulsion and finally the increase in the recovery oil will

be observed. The phase behavior of prepared mixture by using
F and S Oil in the presence of surfactants was investigated in
order to study the effects of type and concentration of different

surfactants on emulsion formation SDS, SLES and NP30 sur-
factants in some concentrations result in the formation of
water in oil emulsion, albeit NP4 and NP9 surfactants do

not show any significant influence on the phase behavior. In
addition, it was observed that all the surfactants (SDS, SLES
and NP30) in a limited range of concentration (critical micelle
concentration) can increase the amount of water in oil emul-

sion and outside the scope their influences exponentially
decrease (Fig. 4).

S oil is a kind of relatively heavy crude oil (with API 20),

and the concentration, acidity and opacity of S oil are greater
ctant system on the water–oil interface properties and rheological properties for
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Figure 8 The phase behavior of water and F oil in the presence of V30 polymer, the combination of SLES/SDS surfactants and 2-

ethylhexanol alcohol after 24 h exposure to the heat treatment (90 �C) (the written numbers represent surfactant concentration (ppm)

within the total volume of water and oil).
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than F oil. It should be noted that investigation of phase

behavior of S oil was a bit difficult. With regard to high con-
centration of S oil and the impossibility of detecting water in
oil emulsion, the phase behavior studies of water and S oil

were restricted to the outstanding samples prepared using F
oil and additives (Fig. 5).

3.1.2.2. The effects of surfactant and polymer combination on
the phase behavior. The effects of polymer presence and combi-
nation of SLES/SDS and SLES/NP30 surfactants on phase

behavior of water and F oil are demonstrated in Fig. 6.
According to the figure, when SP825B polymer was just added
to the sample, no significant changes in phase behavior of
water and oil were observed; however, in the presence of poly-

mer along with combination of surfactants, the great changes
in phase behavior of water and oil were occurred, and forma-
tion of water in oil emulsion could be distinguished. For

instance, the noticeable water in oil emulsion was formed using
1000 ppm SP825B polymer, 300 ppm SLES surfactant and
1000 ppm SDS surfactant. Despite the formation of water in

oil emulsion in the presence of all additives, the remarkable
increase in the volume of emulsion was only occurred for some
samples.
Please cite this article in press as: Mahdavi, S.Z. et al., Study of polyacrylamide-surfa
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3.1.2.3. The effects of secondary agent (alcohols) on phase
behavior. The effects of two types of alcohols (2-ethylhexanol

and lauryl alcohol) along with polymer and combination of
SLES/SDS and SLES/NP30 surfactants on phase behavior
of water and oil were studied to optimize and improve charac-
teristics of the samples and especially to reduce surfactant con-

centration. The results of studies are shown in Figs. 7–9. As
can be seen, the presence of 2-ethylhexanol alcohol along with
the combination of SLES/SDS surfactants for two samples

containing SP825B polymer leads to the formation and signif-
icant improvement of water in oil emulsion volume. However,
the improvement of emulsion volume for samples containing

the mentioned alcohol along with the combination of SLES/
NP30 surfactants is not considerable. It is worth noting that,
the presence of lauryl alcohol along with the combination of
SLES/NP30 surfactants can have remarkable influences on

phase behavior of water and oil; however, the presence of lau-
ryl alcohol along with the combination of SLES/SDS surfac-
tants cannot have any prominent effects on phase behavior

of samples.
In Fig. 9, the effects of adding surfactants, co-surfactants

and polymer on the improvement of process are exhibited

(see Fig. 10).
ctant system on the water–oil interface properties and rheological properties for
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Figure 9 The phase behavior of water and F oil in the presence and absence of polymer, the combination of SLES/SDS surfactants and

2-ethylhexanol alcohol after 24 h exposure to the heat treatment (90 �C) (the written numbers represent surfactant concentration (ppm)

within the total volume of water and oil).

8 S.Z. Mahdavi et al.
3.2. Rheological behavior of polymer flooding and surfactant was

studied

3.2.1. The effect of polymer concentration

To evaluate the effect of polymer concentration on rheological

properties of polymer systems, flow behavior has been studied
in the presence of a surfactant and different polymer concen-
trations. The viscosity variation of a polymer system contain-

ing SP825B polymer and SLES as surfactant is illustrated in
Fig. 11.

As shown in this Fig. 11 by increasing the polymer concen-
tration the viscosity of polymer systems increases. This behav-

ior could be due to the rise in molecular twisting and increment
of the number of ion groups in a polymer system. However, by
increasing the shear stress polymer molecules are elongated in

the shear direction, which consequently reduces the viscosity of
the system.

Moreover, it is observed that in higher polymer concentra-

tion the oscillation in theological results is lower (Aalaie and
Youssefi, 2012). Based on this observation in order to generate
Please cite this article in press as: Mahdavi, S.Z. et al., Study of polyacrylamide-surfa
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proper rheological graphs, in later tests, a polymer concentra-
tion of 7000 ppm is applied.

3.2.2. The effect of co-surfactant (alcohols) on flow profile

In Fig. 12 the viscosity behavior of polymer systems containing
surfactants and alcohols is compared with the viscosity behav-
ior of polymer systems containing SP825B polymer. It is

observed that in the presence of SP825B polymer, mixture of
SDS/SLES as surfactants and 2-ethylhexanol alcohol and mix-
ture of SLES/NP30 as surfactants and lauryl alcohol, the sys-

tem viscosity is slightly higher than the viscosity of the initial
polymer system without alcohol. Due to the better perfor-
mance of SDS/SLES system, this system has been selected
for further investigations.

3.2.3. The effect of water formation on flow behavior of polymer
systems

To evaluate the effect of formation water temperature on flow
behavior of polymer systems, rheological behavior of systems
was investigated in different temperatures. Due to instrumen-
ctant system on the water–oil interface properties and rheological properties for
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Figure 10 The phase behavior of water and S oil in the presence

and absence of polymer, the combination of SLES/SDS surfac-

tants and 2-ethylhexanol alcohol after 24 h exposure to the heat

treatment (90 �C) (the written numbers represent surfactant

concentration (ppm) within the total volume of water and oil).

Figure 11 Effect of increasing polymer concentration on solu-

tion’s viscosity (F water SLES:600 ppm, temperature: 90 �C).

Figure 12 Effect SDS/SLES and 2 Ethyl He on SP825B polymer

in F water (SP825B:7000 ppm, temperature: 90 �C).

Figure 13 Effect of temperature on viscosity in SP825B polymer,

SDS/SLES and 2-ethylhexanol solution (F Water).

Figure 14 Effect of salinity on solution’s viscosity (polymer

concentration: 7000 ppm, temperature: 90 �C).

Study of polyacrylamide-surfactant system 9
tal constraints, maximum temperature of 90 �C was selected.
Fig. 13 shows the effect of temperature on flow profile of poly-

mer systems containing SP825B polymer and SLES/SDS as
surfactants. As it is illustrated in this figure, as temperature
increases the viscosity of polymer systems decreases, and this

behavior might have different reasons such as weakening
hydrogen bond between water and polymer molecules, increas-
ing the chance of polymer chains collision in higher tempera-
tures, increasing the movement of polymer chains, reducing

the contact duration of adjacent chains and reducing average
intermolecular forces. In next graph, the flow profiles of
Please cite this article in press as: Mahdavi, S.Z. et al., Study of polyacrylamide-surfa
EOR. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016.
different formation water formulations are illustrated
(Samanta et al., 2010).

3.2.4. The effect of formation water’s salinity on rheological
behavior

To evaluate the effect of water salinity on the viscosity behav-
ior of the polymer system, the flow behavior of systems was
ctant system on the water–oil interface properties and rheological properties for
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Figure 15 Effect of aging time on solution’s viscosity (SP825B

polymer’s concentration: 7000 ppm, S Water).

Figure 16 Effect of aging time on solution’s viscosity (V30

polymer’s concentration: 7000 ppm, S Water).

10 S.Z. Mahdavi et al.
studied in the presence of formation waters F and S. The com-

parison of flow behaviors of polymer systems containing V30
polymer in two formation waters F and S shows that by
increasing the water salinity from 12,900 ppm (F) to

50800 ppm (S) the system viscosity is reduced.
This phenomenon might be due to the higher number of

Polyvalent cations in the S formation water. By surrounding
the sulfate groups and reducing the repulsion force between

them, polyvalent cations affect the opening of the polymer
chains, which consequently cause viscosity reduction in a poly-
mer system (Samanta et al., 2010). Moreover, by comparing

the flow behavior of polymer systems based on V30 and
Sp825B polymers in S water, it is observed that the polymer
system based on SP825B has higher viscosity (see Fig. 14).

3.2.5. The effect of aging time on flow curve of selected polymer
systems

To investigate the retention time and its influence on the vis-

cosity of the system, selected formulations containing
Please cite this article in press as: Mahdavi, S.Z. et al., Study of polyacrylamide-surfa
EOR. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016
7000 ppm of two polymer types with 1000 ppm SDS and
300 ppm SLES with 0.5 ml 2-ethylhexanol alcohol were tested
in three time intervals of 1 day, 1 week and 1 month. It was

observed that as retention time increases the viscosity
decreases. This behavior might be due to destruction of poly-
mer chains, opening of chain ties by time or other reasons

which are shown in Figs. 15 and 16.
4. Conclusion

In the present study, the phase behavior, IFT and rheological behavior

of formation water along with surfactants and co-surfactants, various

polymers and oil were evaluated. In fact this evaluation was conducted

in order to achieve an optimum formulation in terms of performance

and economical operation of enhanced oil recovery from the reser-

voirs. In accordance with the results obtained in this research, it can

be concluded that combination of surfactants due to the synergy

among surfactants can have a positive effect on the process. In addi-

tion, the application of alcohols can also have a positive influence on

the process when the chain length of alcohol and surfactant is exactly

equal. So the desired emulsion can be achieved by fewer amounts of

surfactants. It was confirmed that application of polymers does not

have any significant influence on emulsion formation. In fact, polymers

were used to increase the viscosity of solution and moreover to sweep

the oil into the samples. Over time, viscosity of solution decreases.

Although reason of this event is not so clear, it can be due to several

parameters such as interchange reaction of polymer chains, change

of polymer configuration or due to this fact that polymer chains lose

their coil form. The viscosity decreases with increment of salinity due

to the interactions between ions of electrolyte solution and ions of

polymer chains. Flow behavior and rheological curves show the shear

thinning behavior. Ultimately, the formulation that showed the out-

standing results was formed from the combination of SLES/SDS sur-

factants along with 2-ethylhexanol alcohol. The mentioned

formulation could economically be applied even in the presence of

polymers for enhanced oil recovery.
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