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Abstract: The purpose of the surfactants used is to greatly reduce the interfacial tension between the
crude oil and brine, thereby decreasing the capillary number. The resulting oil-in-water emulsions
are often grouped according to the Winsor theory. Oil recovery aims to produce Winsor type-III
emulsions because they have the lowest interfacial tension values and the most favorable flow
properties. The sensitivity of oil-water—surfactant systems to environmental influences (e.g., mixing
speed and equilibration time) increases close to the favorable environmental range (temperature,
brine total salt concentration, pressure, etc.) of the Winsor III type, the middle microemulsion phase,
which is favorable for crude oil recovery. The tests aimed to investigate the quality and quantity of
emulsions prepared with surfactants used in enhanced oil recovery (EOR) using an automatic device
to characterize and select surfactants for industrial petroleum applications. An essential method
for surfactant selection is to study the emulsifying effect and phase behavior. Phase behavior tests
and emulsifying effect tests were performed on surfactants and surfactant packages as a function of
mixing parameters. The mixing speed and mixing time can influence the results of the phase behavior
and emulsifying effect tests, although during the investigations, other parameters were unchanged.

Keywords: EOR; phase behavior; emulsification effect; mixing intensity; Winsor; surfactant mixture

1. Introduction

Currently, as the demand for energy and various plastics increases, so does the demand
for crude oil, while the world’s oil reserves are limited. With conventional (primary and
secondary) oil recovery methods, a significant portion of the oil in reservoirs cannot be
recovered. The so-called enhanced oil recovery methods, one of the variants of which
is the use of chemical auxiliaries, are becoming increasingly widespread to increase oil
production and efficiency. These methods include surfactant—polymer flooding by using
different surfactants, also known as surfactant/surfactant mixtures; therefore, the effective
selection of the surfactants used is essential for their development [1,2].

Surfactants are special materials whose molecular structure can be divided into two
functional groups according to their solubility. They contain a polar (hydrophilic) group,
which may be ionic or nonionic, and an apolar (hydrophobic or lipophilic) group. These
molecules adsorb at the water—oil interface and form micelles above the critical micelle
formation concentration [3-5]. The purpose of the surfactants used is to greatly reduce the
interfacial tension and form emulsions between the crude brine and thereby increase the
capillary number [6].

The resulting oil-water emulsions are often grouped according to Winsor theory [7]:
e  Winsor type I: The surfactant-rich water phase accompanies the o0il phase, where the

surfactant primarily exists as monomers at low concentrations.

e  Winsor type II: The surfactant-loaded oil phase combines with a surfactant-poor
aqueous phase.
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e  Winsor type III: If the surfactant system has the capability to form a micro-emulsion, a
third phase appears at the oil-water interface. In this microemulsion, both water and
oil are surfactant-deficient phases, typifying ultra-low interfacial tension attainment.

e  Winsor type IV: Continued addition of the same surfactant system leads to the con-
version of the entire liquid into a micro-emulsion, classified as type IV. In a Winsor
type-IV microemulsion, the middle phase extends and becomes a single phase at
higher surfactant concentrations. Further addition of the surfactant system results in
phase separation, described as the cloud point.

Oil recovery aims to produce Winsor type-III emulsions because they have the lowest
interfacial tension values and the most favorable flow properties. The type of emulsion
formed is determined by the systemic HLB value of the surfactants used, which can affect
several conditions. Furthermore, as the mixing intensity changes during the emulsion
formation on the water-oil ratio map (WOR map), the proportions of the ranges for each
emulsion type may change, thereby changing the type of emulsion formed. The sensitivity
of oil-water—surfactant systems to environmental impacts (temperature, brine salinity,
pressure, crude oil composition, mixing speed, equilibration time, etc.) increases in the
Winsor III type, middle microemulsion phase, which is favorable for crude oil recovery [8].

The essential method of surfactant selection is to study the emulsifying effect and
phase behavior test [9]. When using a test method to investigate the emulsifying effect of
surfactants, the oily and aqueous phases are often mixed by hand, and, consequently, the
intensity of mixing may vary from measurement to measurement [10]. The selection with
this method (manual homogenization and visual detection) is imprecise, and the result of
the selection is uncertain [11].

Compared with IFT reduction, in situ emulsification of surfactants plays a key role in
oil recovery, especially as the core permeability decreases [12]. The emulsifying effect of
surfactants on crude oil was determined by a novel colorimetric method [13]. An artificial
oil film model was designed to simulate the micro residual oil absorbed on the rock surface.
It was found that surfactants with different interfacial tensions (IFTs) and emulsification
behavior can promote the dislodging of the oil film [14].

During the study of the technical publications, it was found that until now, the
emulsifying effect was tested by manual homogenization and visual evaluation (the so-
called tube test).

The tests aimed to explore the possibility of improving the measurement method
and investigating the quality and quantity of emulsions prepared with surfactants used
in enhanced oil recovery (EOR) with an automatic device for the characterization and
selection of surfactants for industrial petroleum applications. The emulsifying effect and
phase behavior were investigated as a function of mixing time and mixing speed for crude
oil-brine-surfactant systems.

2. Materials and Methods
2.1. Crude Oil

Crude oil from the Algy6 (Hungary) oil field was used as the oily phase. The key
properties of this crude oil are summarized in Table 1.

Table 1. The most important properties of the crude oil used for the tests.

Property Value
Density, g/cm?® (d%°4) 0.8242
API density 38.7
Dynamic viscosity, mPas (25 °C) 45.0
Kinematic viscosity, mm? /s (25 °C) 51.5
Ky (Watson) 12.8
Characteristic Paraffinic

Approx. mean average boiling point (°C) 410
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Based on the values presented in the table, the crude oil used for the tests was consid-
ered to be a light, paraffinic crude oil.

2.2. Brine

The synthesized brine was used as the aqueous phase for the experiments, which were
based on the brine of the Algy6 (Hungary) oil field. The ion concentrations of the synthetic
brine are summarized in Table 2.

Table 2. Composition analysis of the synthetic brine.

Parameter Value (ppm)
Na* 5700
Ca*? 200
Cl~ 900

HCOs3™ 2600

CH3COO™ 2600

TDS 5900

Each of the salts used to produce the brine were technical grade, water-free salts. The
salts were dissolved individually, and each solution was mixed. First, the sodium salt
solutions and the calcium salt solution were added. The solution was transparent.

2.3. Surfactants

Coco-DEA was used as the nonionic surfactant, SLES was used as the anionic surfac-
tant, and a mixture of these in different proportions was used as the surfactant mixture.
The main properties of Coco-DEA and SLES are summarized in Table 3.

Table 3. Properties of surfactants.

Active Matter

Surfactant Name Type Supplier Main Component Content, w% Appearance
Coco-DEA nonionic Croda Cocamide DEA 85 yellowish, viscous liquid
SLES anionic EMAL Sodium lauryl ether sulfate 70 white paste

The chemical structure of surfactants used is shown in Figure 1.
n N

n=6,8,10,12, 14,16 OH

Q.2

Figure 1. Chemical structure of surfactants used (above: COCO-DEA, below: SLES).

The compositions of each package are summarized in Table 4.
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Table 4. Composition of the surfactants used for the tests and their solubility.
Surfactant Package Coco-DEé Content, SLES Content, w% Surfactant Type Solublllty in Used

Mark w% Brine

S1 100 0 nonionic good

S2 0 100 anionic good

SM1 25 75 sgrfa}ctant mixture good
anionic and nonionic

SM2 50 50 st'lrfe'mtant mixture good
anionic and nonionic

SM3 75 5 surfactant mixture good

anionic and nonionic

The surfactants used were dissolved in synthetic brine and thus prepared at a concen-
tration of 15 g/L.

2.4. Phase Behavior Test

The samples were observed visually and classified according to the Winsor emulsion
type. When the oil or water phase was observed with the emulsion, the Winsor I and
Winsor II type emulsions, respectively, were determined. If three phases were determined,
then the emulsion was called the Winsor III type. When only emulsion was present in
the system, the emulsion was called the Winsor IV type [15]. The Winsor emulsions are
schematically illustrated in Figure 2.

Winsor type I Winsor type III Winsor type II Winsor type [V
Figure 2. Schematic illustration of Winsor-type emulsions.

The classification of emulsions according to the Winsor theory allows quality char-
acterization. In the selection of surfactants for crude oil recovery, the general aim is to
produce a Winsor type-III emulsion.

This method can be used to estimate the type of emulsion; however, other methods
are also required for accurate determination, such as the determination of the dynamic
viscosity of the emulsion [15].

2.5. Emulsification Effect Method

Measurements were performed with a Green Lab ADEM (Budapest, Hungary). The
method is based on the manual method. The most important parameters of the equipment
are summarized in Table 5.
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Table 5. Properties of the emulsification device (ADEM).

Property Value

Number of parallelly investigated samples 6 pcs
Type of mixer Shovel mixer
Mixing speed 500-1600 rpm

Heat transfer medium Water

Temperature 20-85°C

Temperature stability +1°C

Amount of sample 80 mL

Property Value

The machine used is shown in Figure 3.

Figure 3. The automated demulsibility tester (ADEM).

In the experimental work, the test temperature, the ratio of the aqueous and oily
phases, and the test duration were fixed. These values were 80 °C for the temperature and
50-50 V/V% for the phase ratio. After mixing, the duration of the test (separation) was 1 h.
During this time, the samples were not mixed, and the phases were separated at 80 °C. The
stirring speed varied between 500 and 1500 rpm, and the stirring time was between 5 and
600 s. The emulsifying effect was evaluated by the ratio of the emulsion phase measured
after 1 h following the end of the mixing in V/V% [4]. This emulsification effect allows the
quantitative characterization of the efficiency of the surfactants used for the preparation
of emulsions.

3. Results and Discussion

For the tests, the surfactant mixtures were dissolved in synthetic brine, and the oil
was added to the cylinder of the instrument. After tempering, the apparatus was used to
homogenize the phases. The results were determined 60 min after stirring.

3.1. Phase Behavior Test Results

For the phase behavior tests, homogenization of the oily and aqueous phases was
performed with an automatic device at 80 °C. The quality of the emulsion was characterized
according to the Winsor theory after 1 h following the end of stirring. In the case of
surfactant selection, mainly the Winsor type-IIl emulsion is acceptable. The results for
surfactant S1 are summarized in Table 6.
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Table 6. Results of the phase behavior test in the case of surfactant S1.

Mixing Speed, rpm
Mixing Ti
xing tme, s 500 750 1000 1250 1500

5 - - - Winsor III Winsor II
15 - - Winsor I Winsor I Winsor 1
30 Winsor III Winsor III Winsor I Winsor I Winsor 1
60 Winsor III Winsor I Winsor I Winsor I Winsor I
180 Winsor I Winsor 1 Winsor I Winsor I Winsor 1
300 Winsor I Winsor 1 Winsor I Winsor I Winsor 1
600 Winsor I Winsor I Winsor I Winsor I Winsor IV

Using surfactant S1, in the case of a short stirring time and a low stirring speed,
complete separation of the phases occurred after 1 h following the cessation of stirring
(5 cases). Winsor type-1Il emulsions were observed at four mixing times, and Winsor type-II
emulsions were stored for 1 h after the cessation of mixing. At a stirring speed of 1500 rpm
and a stirring time of 10 min, a Winsor type-IV complete emulsion was observed after 1 h
of storage.

The phase behavior test results are shown in Table 7 for S2.

Table 7. Results of the phase behavior test in the case of surfactant S2.

Mixing Speed, rpm

Mixing Time, s

500 750 1000 1250 1500

5 - - - Winsor 11 Winsor II
15 - - - Winsor II Winsor II
30 - - - Winsor 11 Winsor 11
60 - - - Winsor 11 Winsor II
180 - - Winsor II Winsor II Winsor II
300 - - Winsor 11 Winsor 11 Winsor 11
600 - - Winsor 11 Winsor 11 Winsor II

For surfactant S2, there was no emulsion phase after 1 h at stirring speeds of 500
and 750 rpm. At 1000 rpm, a stirring time of 3 min was required for the emulsion phase
to remain after one hour. With a longer mixing time and/or faster mixing, a Winsor 11
emulsion was observed after 1 h of sedimentation.

The results in the case of surfactant SM1 are summarized in Table 8.

Table 8. Results of the phase behavior test for the SM1 surfactant package.

Mixing Speed, rpm
Mixine Ti
pang time, s 500 750 1000 1250 1500

5 - - - Winsor 11 Winsor II
15 - - Winsor II Winsor II Winsor II
30 - Winsor 11 Winsor 11 Winsor 11 Winsor 11
60 - Winsor II Winsor 11 Winsor 11 Winsor II
180 - Winsor II Winsor II Winsor II Winsor II
300 - Winsor 11 Winsor 11 Winsor 11 Winsor 11
600 - Winsor II Winsor 11 Winsor 11 Winsor II

For the surfactant composition SM1, the minimum stirring speed for the emulsion
phase remaining after one hour was 750 rpm. The minimum stirring time was 30 s at
750 rpm and 15 s at 1000 rpm. After one hour, the emulsion phase was Winsor type Il in
all cases.

The phase behavior test results are shown in Table 9 for SM2.
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Table 9. Results of the phase behavior test for the SM2 surfactant package.
Mixing Speed, rpm
Mixing Time, s 500 750 1000 1250 1500

5 - - Winsor II Winsor II Winsor II
15 - - Winsor 11 Winsor 11 Winsor 11
30 - Winsor II Winsor 11 Winsor 11 Winsor II
60 - Winsor II Winsor II Winsor II Winsor II
180 - Winsor 11 Winsor 11 Winsor 11 Winsor 11
300 Winsor II Winsor II Winsor 11 Winsor 11 Winsor II
600 Winsor II Winsor II Winsor II Winsor II Winsor II

In the case of the surfactant composition SM2, even the slowest stirring speed (500 rpm)
was sufficient to form the emulsion phase remaining after one hour. In this case, the
minimum mixing time was 5 min. At 750 rpm, 15 s was sufficient to allow the emulsion
phase to form after 1 h. Winsor type-II emulsions were observed in all cases.

The results in the case of surfactant SM3 are summarized in Table 10.

Table 10. Results of the phase behavior test for the SM3 surfactant package.

Mixing Speed, rpm
Mixing Time, s 500 750 1000 1250 1500

5 - - Winsor II Winsor II Winsor II
15 - - Winsor 11 Winsor 11 Winsor 11
30 - Winsor II Winsor 11 Winsor 11 Winsor II
60 - Winsor II Winsor II Winsor II Winsor II
180 Winsor 11 Winsor 11 Winsor 11 Winsor 11 Winsor 11
300 Winsor 11 Winsor II Winsor 11 Winsor 11 Winsor II
600 Winsor II Winsor II Winsor II Winsor II Winsor II

In the case of the surfactant composition SM3, the emulsion phase remaining after 1 h
of storage was Winsor type Il in each case. This required a stirring time of 3 min at 500 rpm
and 30 s at 750 rpm.

For each surfactant and surfactant mixture, stirring speeds of 1250 and 1500 rpm were
sufficient to form an emulsion phase that remained after one hour of settling. Stirring at 500
and 750 rpm and a stirring time of less than 15 s were not sufficient for any of the samples
tested to form an emulsion phase remaining after one hour of storage.

3.2. Emulsification Effect

In the experimental study, certain parameters were held constant, including the test
temperature, the ratio of the aqueous and oily phases, and the test duration. The tem-
perature was maintained at 80 °C, while the phase ratio was maintained at 50-50 V/V%.
Following the mixing process, a 1 h duration was designated for the test (separation)
phase. Throughout this period, the samples underwent no agitation, allowing the phases
to naturally separate at 80 °C. Stirring was performed at varying speeds between 500 and
1500 RPM, with stirring times ranging from 5 to 600 s.

The assessment of the emulsifying effect was based on the proportion of the emulsified
phase measured after 1 h following the cessation of mixing, expressed in V/V% [4]. This
quantified emulsification effect enabled the objective measurement of surfactant efficiency
in emulsion preparation. The results of the emulsifying effect experiments using surfactant
52 are shown in Table 11.
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Emulsion phase ratio, V/V%

Table 11. Results of the emulsification effect in the case of the S1 surfactant.

Mixing Speed, rpm
Mixing Time, s 500 750 1000 1250 1500
Emulsion Phase Ratio, V/V%
5 0 0 0 5 70
15 0 0 95 95 98
30 1 83 96 96 99
60 84 98 98 98 99
180 96 98 98 98 99
300 96 98 98 98 99
600 96 98 98 98 100

The emulsion phases formed at different mixing times and mixing speeds for the S1
surfactant are shown in Figure 4.

S1 surfactant

100
90
80
70
60
50
40
30
20
10

5 15 30 60 180 300 600
Mixing time, s

500 rpm 750 rpm 1000 rpm  =@==1250 rpm ==@==1500 rpm

Figure 4. Emulsion phase ratio at different mixing times and mixing speeds for S1.

When using surfactant S1, the emulsifying effect varied between 96 and 100% if a
Winsor I or Winsor II emulsion was observed after one hour. If there was a Winsor II or
Winsor III emulsion after one hour, the emulsifying effect ranged from 1 to 84%.

The results of the emulsifying effect tests with surfactant S2 are summarized in Table 12.

Table 12. Results of the emulsification effect in the case of the S2 surfactant.

Mixing Speed, rpm
Mixing Time, s 500 750 1000 1250 1500
Emulsion Phase Ratio, V/V%

5 0 0 0 53 53
15 0 0 0 53 54
30 0 0 0 55 56
60 0 0 0 55 58
180 0 0 53 58 59
300 0 0 54 59 59
600 0 0 56 59 59
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Emulsion phase ratio, V/V%

100
90
80
70
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50
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The emulsion phases formed at different mixing times and mixing speeds for the S2
surfactant are shown in Figure 5.

S2 surfactant

5 15 30 60 180 300 600
Mixing time, s

500 rpm 750 rpm 1000 rpm = ==@== 1250 rpm =@==1500 rpm

Figure 5. Emulsion phase ratio at different mixing times and mixing speeds for S2.

For surfactant S2, the emulsifying effect varied between 53 and 59% depending on
the mixing parameters. As the mixing speed and/or time increased, the emulsifying
effect increased.

The results of the emulsifying effect tests with the SM1 surfactant are summarized in
Table 13.

Table 13. Results of the emulsification effect in the case of the SM1 surfactant package.

Mixing Speed, rpm
Mixing Time, s 500 750 1000 1250 1500
Emulsion Phase Ratio, V/V%
5 0 0 0 53 55
15 0 0 53 54 55
30 0 53 54 54 56
60 0 54 55 56 58
180 0 53 55 58 58
300 0 55 55 58 59
600 0 55 56 58 59

The emulsion phases formed at different mixing times and mixing speeds for the SM1
surfactant package are shown in Figure 6.

In the case of the surfactant SM1, the emulsifying effect varied between 53 and 59%,
similar to that of the surfactant 52, but a shorter mixing time and/or a slower mixing speed
were sufficient for the emulsifier to remain after one hour.

The results of the emulsifying effect tests with the surfactant SM2 are summarized in
Table 14.

The emulsion phases formed at different mixing times and mixing speeds for the SM2
surfactant package are shown in Figure 7.



Energies 2024, 17, 2438

10 0f 13
SM1 surfactant package
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Mixing time, s
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Figure 6. Emulsion phase ratio at different mixing times and mixing speeds for SM1.
Table 14. Results of emulsification effect in the case of the SM2 surfactant package.
Mixing Speed, rpm
Mixing Time, s 500 750 1000 1250 1500
Emulsion Phase Ratio, V/V%
5 0 0 51 54 60
15 0 0 54 58 61
30 0 53 54 59 66
60 0 54 55 66 68
180 0 54 56 66 68
300 0 54 58 66 68
600 53 55 64 68 69
SM?2 surfactant package
100
. 90
X
> 80
>
g "
‘é 60 /
° o e — —— ——
2 50
& 40
=
2 30
=
g 20
= 10
0
5 15 30 60 180 300 600
Mixing time, s
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Figure 7. Emulsion phase ratio at different mixing times and mixing speeds for SM2.



Energies 2024, 17, 2438

11 0f 13

Emulsion phase ratio, V/V%

In the case of the surfactant composition SM2, the emulsifying effect increased com-

pared to that of the surfactant composition SM1. The emulsifying effect ranged from
51 to 69%.

The results of the emulsifying effect tests with the SM3 surfactant are summarized in
Table 15.

Table 15. Results of emulsification effect in the case of the SM3 surfactant package.

Mixing Speed, rpm
Mixing Time, s 500 750 1000 1250 1500
Emulsion Phase Ratio, V/V%

5 0 0 51 55 60
15 0 0 59 61 64
30 0 53 63 63 68
60 0 59 64 69 71
180 58 60 65 69 71
300 56 61 66 74 74
600 56 64 66 75 76

The emulsion phases formed at different mixing times and mixing speeds for the SM3
surfactant package are shown in Figure 8.

SM3 surfactant package

i 4 ]
5 15 30 60 180 300 600
Mixing time, s
500 rpm 750 rpm  ==@=1000rpm < ==@=]12501pm ==@=1500 rpm

Figure 8. Emulsion phase ratio at different mixing times and mixing speeds for SM3.

Among the surfactant compositions, SM3 had the greatest emulsifying effect. Its value
varied between 51 and 76% depending on the mixing parameters.

When the emulsifying effect was 0%, the mechanical energy generated by mixing was
not enough to homogenize the phases sufficiently, and due to the large size of the dispersed
droplets, the phase separation process took less than one hour. In one case, a Winsor IV
type emulsion was formed using the S1 surfactant at a stirring speed of 1500 rpm and a
stirring time of 10 min. In this case, the mechanical energy invested by mixing the phases
was large enough to allow the dispersed droplets to fragment and remain stable after one
hour of storage.

The highest emulsifying effect was achieved with the surfactant S1. In the case of
surfactant compositions, increasing the proportion of surfactant S1 increased the emulsify-



Energies 2024, 17, 2438

12 of 13

ing effect and decreased the minimum mixing time/mixing required to form an emulsion
remaining after one hour of storage.

When two surfactant compositions were used, the test sample had an emulsifying
effect of 5 s mixing time with a mixing speed of 1000 rpm, although the surfactants alone
did not emulsify under similar test parameters.

4. Summary

Phase behavior tests and emulsifying effect tests were performed on two surfactants
and three surfactant packages as a function of mixing parameters. For four of the five
solutions, for each mixing time and mixing speed, there was either no emulsion phase after
one hour or a Winsor type-II emulsion. In the case of the S1 surfactant, all Winsor type
emulsions were observed, and in some cases, no emulsion phase was observed after the
settling time. The highest emulsifying effect was achieved with the surfactant S1. In the
case of the surfactant package, increasing the proportion of surfactant S1 increased the
emulsifying effect and decreased the minimum mixing time and mixing speed required to
form an emulsion remaining after one hour.

During the study of the technical publications, it was found that until now, the
emulsifying effect was tested by manual homogenization and visual evaluation (the so-
called tube test). The aim of the experimental work was derived from this.

In summary, the results of the phase behavior test used to qualitatively characterize the
emulsion formation of surfactants are influenced by the mixing time and mixing speed used
in the test. With respect to different mixing parameters, the classification of the resulting
emulsion according to the Winsor theory may differ for the same samples. Furthermore,
the result of the emulsifying effect test used for the amount of emulsion formation also
depends on the mixing parameters and results in extreme values for systems. Minimum
mixing time and mixing speed are required for testing surfactants, and consistency of
mixing parameters is essential for the comparability of tests. This is especially true near the
conditions that are favorable for the formation of Winsor type-III emulsions.
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Nomenclature

EOR Enhanced Oil Recovery
HLB Hydrophilic-Lipophilic Balance
WOR Water-Qil Ratio

Coco-DEA  Coconut Diethanolamide
SLES Sodium Lauryl Ether Sulfate
RPM Revolutions Per Minute

S1 Surfactant 1

S2 Surfactant 2

SM1 Surfactant Mixture 1

SM2 Surfactant Mixture 2

SM3 Surfactant Mixture 1

ppm Parts Per Million
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