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Abstract

Surfactant flooding is a chemical enhanced oil recovery (cEOR) process wherein anionic, cationic, non-ionic, and amphoteric
surfactants are injected into oil reservoirs to produce more hydrocarbon. These chemical and industrial agents might cause
some economic and environmental challenges. Recently, injection of natural surfactants, as new environmentally friendly
EOR agents, for improving oil recovery has been proposed by researchers. In this study, the extract of Vitagnus, a natural
surfactant, was used to minimize the interfacial tension (IFT) and alter the rock wettability towards the strong water-wet
system, thereby improving the oil recovery from the carbonate rock The conductivity, pH, and turbidity measurements were
undertaken to identify the critical micelle concentration (CMC) of the surfactant solutions prepared by mixing 500, 1000,
2000, 3000, 4000, 5000, 6000, and 7000 ppm of the Vitagnus extract and distilled water. The obtained experimental results
reveal that the optimum CMC value of the used surfactant was 3000 ppm. At this CMC value, the IFT reduced from 29.5 to
5.28 mN/m, and the contact angle of the oil droplet on the surface of the carbonate rock decreased from 114° to 29°. Accord-
ingly, during the tertiary process, oil recovery was improved from 44% to 54.6% OOIP (original oil in place) by injecting
2.25 PVs of the VIT3000 surfactant containing 3000 ppm of the plant extract.

Keywords Interfacial tension - Wettability - Core-flooding - Vitagnus - Natural surfactant - Chemical EOR

Introduction

Tertiary processes of oil recovery are applied to extract the
trapped oil from the matured oilfields due to influencing
the interactions of fluid/fluid and/or fluid/rock (Ali and Ste-
phen 2018; Ali et al. 2018; 20194, b, c; Najimi et al. 2019;
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khaksar@put.ac.ir Asl et al. 2019; Howe et al. 2015). The IFT and the contact
angle can be easily reduced by injecting the surfactant solu-
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of Petroleum Engineering, Petroleum University ’ . . . . ;
of Technology (PUT), Abadan, Iran the volumetric sweep (microscopic) efficiency has a great

role in the displacement of hydrocarbons at the pore scale,
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capillary numbers have a direct influence on the oil satura-
tion and production; when this number reaches 10> or 1072
for the oil-wet surface and 10_6, 10~* or 1073, the extraction
of the residual oil can be stated and oil saturation can be
lowered by 90% or to zero (Kamal et al. 2015). In order to
achieve these favourable values of the capillary numbers,
oil-water IFT should be minimized to 20-30 mN/m, which
can be usually obtained using surfactant flooding. Moreover,
surfactants can have a strong effect on wettability altera-
tion, mobility, and micro-emulsification (Kamal et al. 2015;
Kumar and Mandal 2016). The selection of the criteria and
performance of the surfactant flooding is dependent on the
structure, salinity, and pH of the surfactant; temperature;
and rock properties. The cost of the surfactant, its impact
on the environment, and its adsorption behaviour are the
main factors of surfactant flooding that need to be consid-
ered. Although there are various types of surfactants used
in EOR (cationic, anionic, non-ionic, and natural), research-
ers have recently focused on using natural surfactants as an
active EOR agent. In 2009, the pericarp shell of Sapindus
Mukurossi fruit was used to reduce the IFT between oil/
water (Chhetri et al. 2009). Later on, Seidlitzia Rosmari-
nus plant was used as a natural surfactant for improving oil
recovery by considering the IFT reduction (Deymeh et al.
2012). Additionally, the leaves extract of Zyziphus Spina
Christi plant was used by Ahmadi et al. (2015) as a sur-
factant EOR flooding in carbonate reservoirs. With increas-
ing the concentration of Zyziphus Spina Christi extract, the
recovery factor was increased dependingon the IFT reduc-
tion. Furthermore, Kumar and Mandal (2016) and Ahmadi
and Shadizadeh (2013a) investigated the role of Glycyrrhiza
Glabra & Mulberry leaves extracts in improving oil recovery
from carbonate reservoirs. Consequently, they were enabled
to improve oil recovery by 17.8 and 34% OOIP by injecting
surfactants extracted from Mulberry tree leaves and Gly-
cyrrhiza Glabra, respectively. A cedar natural surfactant

Fig. 1 Images of the Vitagnus
plant
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was also used for the wettability alteration of carbonate and
sandstone rocks, and a considerable improvement towards
the water-wet state was obtained (Ahmadi et al. 2014).

The ultimate goal of this study was to investigate the
influence of the Vitagnus plant extract, as a natural sur-
factant, on improving oil recovery from carbonate reservoirs.
Vitagnus, also called chaste tree or Vitex agnus-castus, is a
shrub native to the entire Mediterranean to Western Asia
(Fig. 1). In the warm winter region, it grows as a single trunk
tree to 6 m tall or as a vase shaped to 3—4.5 m tall (Dagh-
lian et al. 2016; Mari et al. 2012; Wuttke et al. 2003). The
pH, conductivity, and turbidity measurements of surfactant
solutions at different concentrations of Vitagnus were used
to determine the critical micelle concentration. Addition-
ally, two most important mechanisms of EOR including IFT
reduction and wettability alteration were evaluated under the
impact of the prepared surfactant solutions using pendant
and spinning drop techniques. Then, the improvement of
oil recovery factor was identified by conducting the core-
flooding test.

Procedure and equipment

Figure 2 shows a schematic representation of the experimen-
tal steps used in the current study, which are mainly divided
into four phases: (1) preparation and characterization of the
Vitagnus plant extract as a natural surfactant, (2) preparation
of the surfactant solutions, (3) identification of the CMC and
(4) IFT, wettability, and oil recovery tests under the effect of
the used surfactant.

Materials

Vitagnus, also called chaste tree or Vitex agnus-castus, is a
shrub native to the entire Mediterranean to Western Asia.
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Fig.2 Schematic representation of the experimental procedures used in the preparation of the Vitagnus plant extract and its application in EOR

In the warm winter region, it grows as a single trunk tree
to 20’ tall or as a vase-shaped to 10'-15’ tall. However, it
is normally grown as a herbaceous perennial to 3'-5' tall
in cold winter areas (USDA Zones 5-6) (Mari et al. 2012;
Pawar and Kamble 2017). It is widely used in many medical
treatments, and its flowers are very attractive to butterflies
(Wuttke et al. 2003). Figure 3 shows the general chemical

structure of the Vitagnus plant.

used crude oil are, 0.875 g/cm® and 11 cP, respectively.
Rock samples were collected from the Asmari Formation
outcrop in Khuzestan, Iran, for the wettability measure-
ment and core-flooding. All the chemical reagents used
in this study were purchased from Merck Company with
purities of approximately 99%. As shown in Fig. 4, the col-
lected rock sample is carbonate containing 61% dolomite
and 39% calcite.

Crude oil of 29° API was collected from the Sarvestan
oil field in Iran (Table 1). The density and viscosity of the
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Fig.3 Chemical structure of Vitagnus (Mari et al. 2012)
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Table 1 Crude oil components

Component Molar percentage
Propane -
i-butane -
n-butane 4.59
i-pentane 11.66
n-pentane 18.92
2-methyl pentane 16.28
3-methyl pentane 7.45
n-hexane 19.47
Methyl cyclopentane 8.12
Benzene 5.18
Cyclopentane 1.46
1,1-dimethyl cyclopentane 5.06
Other isomers 1.81
Total 100.00

Preparation of Vitagnus plant extract and its
surfactant solutions

The extract of the Vitagnus plant was obtained using the
maceration process (see Fig. 2). First, the Vitagnus plant was
dried at room temperature and crushed to a powder using
mortar and pestle. Next, 500 g of the dried plant powder
was mixed with distilled water in an Erlenmeyer flask and
kept for 3 days. The orbital shaker (KS260 model) manu-
factured by IKA was used to shake the Erlenmeyer flask
from time to time in order to keep mixing the powder with
water and obtain an extract with high purity. Thereafter, the
achieved extract solution was filtered with filter paper and
was transferred into the DLAB rotary evaporator flask for
3 h to obtain a dry extract powder with high purity. Then,
the surfactant solutions (VITO, VIT500, VIT1000, VIT2000,
VIT3000, VIT4000, VIT5000, VIT6000, and VIT7000)
were prepared by dispersing the obtained powder of the Vitz-
agnus plant within distilled water at different concentrations
ranging from 500 to 7000 ppm (Table 2). The mixing was
done in a beaker for 30—60 min using a magnetic stirrer

Fig.4 XRD analysis of the used %
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used in this study
VITO 0 0.9950 1 5.95 6
VIT500 500 0.9971 7.46 5.07 79
VIT1000 1000 0.9970 20.2 5.12 79.2
VIT2000 2000 0.9968 12 4.70 84
VIT3000 3000 0.9961 71.3 4.72 91.7
VIT4000 4000 0.9957 39.3 4.98 96.7
VIT5000 5000 0.9957 43.7 4.99 97.3
VIT6000 6000 0.9945 99.9 5.00 131.8
VIT7000 7000 0.9960 63.0 4.69 1334
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(MR3001K). In order to identify the CMC of the Vitagnus
surfactant, the electrical conductivity, turbidity, and pH
characteristics of the surfactant solutions were measured
using a JENWAY-4510 conductivity meter, an AL250T-IR
turbidity meter, and a Mettler Toledo pH-meter, respectively.

IFT and contact angle

The pendant and spinning drop methods were used to meas-
ure the IFT and the contact angle by VIT-6000 apparatus
manufactured by Fars EOR Technologies Company (Fig. 5).
This apparatus consists of two sample holders (bulk fluid
and drop) connected to pumps used to adjust the pressure.
Some valves are present on the device for different purposes,
such as a dropped valve for producing the oil droplet through
the metal needle (2.05 mm), two glass valves opposite the
CCD camera (HD-2 MegaPixels) and lighting, and high-
pressure valves. Additionally, the device is connected to a
computer equipped with a software to express and analyse
the measured data. Basically, the sample holders are filled
with the bulk liquid by using a manual handle pump, and
the mutual pump is used to generate an oil droplet inside
the bulk liquid from the needle under the atmosphere and
reservoir conditions of up to 3000 psi and 180 °C.

Surfactant

=®

Fig.5 Schematic representation of VIT-6000 apparatus used to meas-
ure IFT and contact angle

The pendant drop, as one of the most common methods,
was used to measure the static and dynamic IFTs between a
light phase (crude oil) and a heavy phase (surfactant solu-
tion). The IFTs between the crude oil and the surfactant
solutions with different concentrations (500-7000 ppm)
were measured using the pendant drop technique and the
droplet shape analysis (Fig. 5). The IFTs of the crude oil
droplet within the distilled water and the prepared surfactant
solutions were measured. In this method, the shapes of the
crude oil within the surfactant solutions were captured by
the HD camera and analysed using the following equation to
measure the IFT values (Pawar and Kamble 2017):

2
Gz(Ap*g*D) 0
H
where Ap is the density difference (crude oil and sur-
factant solution), g is the gravitational acceleration, D is the
maximum droplet diameter, and H is the coefficient of the
droplet shape (Fig. 5).

Additionally, the wetting behaviour of the used carbonate
rock samples with the presence of two phases (hydrocarbon
and surfactant solution) was identified by measuring con-
tact angles of a crude oil droplet on the rock surface with/
without the presence of the surfactant solutions (see Fig. 6).
For this purpose, the carbonate rock samples were cut into
thin sections (25.4 mm diameter and 3 mm thickness). The
prepared rock plates were polished and cleaned inside the
Soxhlet using toluene for 1 day. In order to obtain the oil-
wet system, the dried rock plates submerged into the crude
oil for 12 days at 70 °C. After the ageing of each section in
the surfactant solutions, contact angle tests were conducted
using the VIT-6000 device (see Fig. 5) to identify the state
of the wetting behaviours of the used rocks according to the
phenomenon shown in Fig. 6b.

Core-flooding test
The experimental apparatus used in this study for conducting

the oil recovery test is schematically illustrated in Fig. 7; it
consists mainly of the built pumps, a core holder (maximum

Fig.6 Schematic representation
of the theory behind the estima- 1
tions of IFT and wettability
behaviour of rock-fluid/fluid-
fluid systems: a IFT shape drop 0
and b wettability conditions Water-wet Intermediate-wet Qil-wet
(Teklu et al. 2017) l CORE
6} Z 5
RINE
(@) 9 <90 0~90 g>90 ®
i ) springer
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1 High pressure pump
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Fig.7 Schematic representation of the core-flooding apparatus

length of 8.5 cm and maximum diameter of 3.5 cm), tanks
(crude oil and injection fluids), a collector vessel (to collect
the produced oil), and some gauges and values. From the tanks
(sample chambers), the fluids were pumped into a core sample.
All the flooding tests were carried out at 70 °C and 2000 psi.
Along with that of the core holder, the temperature of the fluid
tanks was controlled inside an oven. The core plug used was
a carbonate rock with a porosity of 11% and permeability of
3.2 mD, taken from Asmari formation outcrop and cleaned
using Soxhlet extraction for 24 h with toluene and oven-dried
for 24 h at 120 °C.

In order to establish the saturation profiles inside the pre-
pared core, initially, the core sample was placed inside the
core holder and the brine accumulator was connected to the
core holder; then, a confining pressure of 1000 psi greater than
the injection pressure was applied. After connecting the core-
flooding system, the brine was injected with 0.25 cm*/min rate
by fluid injection pump. Before setting the cores inside the
core holder, the dead volume of the core holder and tubes was
measured. Afterwards, oil accumulator was connected to the
core holder instead of the brine accumulator and the confining
pressure was applied to the core. Then, crude oil was injected
into the core sample at different rates from 0.1 to 0.5 cm*/min
and the produced water was measured in a graduated flask.
After occurring the breakthrough, extra 2 pore volumes (PVs)
of crude oil were injected to complete the saturation process.
Furthermore, the core displacement was begun by injecting 2
PVs of the brine collected from the Persian Gulf. Then, 2 PVs
of the VIT3000 solution as the tertiary recovery were injected
into the core plug. Both the displacements were done at the
injection rate of 0.5 cm®/min, and the pressure was monitored
by two pressure transducers at the inlet and the outlet of the
core holder. The volume of the collected oil was used to deter-
mine the recovery factor (RF) of both floodings.

Pielase clla)l auan .
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Results and discussion
Spectral characterization of Vitagnus surfactant

According to Saha et al. (2018), the Thermogravimetric
Analysis (TGA) and Fourier Transform Infrared pectros-
copy (FTIR) analyses were carried out to evaluate the
validity and stability of Vitagnus (Fig. 8). The result of the
FT-IR analysis of the Vitagnus extract is shown in Fig. 8a.
The current FT-IR spectrum indicates the probable phyto-
constituents of the Vitagnus plant. The very broad trough
of the O—H stretch reveals the hydroxyl compounds of the
extract at 3604 cm™! (Wuttke et al. 2003). The absorption
band of the C—H vibrations of the extract is at 2893 cm™!,
which identifies the aliphatic hydrogen ions. The organic
compounds bonds including the C—H stretch are identified
at the 2893 and 2979 cm™' wavenumber. The carbonyl
stretching vibration bands C=0 and C=C stretches of the
saturated aliphatic ketones appear at 2122 and 1654 cm™!,
respectively. Moreover, the C—O stretching band could be
observed on the peaks with the wavenumber lower than
1451 cm™!. The main strong absorption peaks in this spec-
trum are the alcohol bond (O-H) and the carbonyl double
bond (C=C). TGA curve (Fig. 8b) reveals that Vitagnus is
thermally full stable up to 30 °C and its thermal stability
reduces by 90 wt% at 100 °C. In addition, about 99 wt%
of the sample is changed at temperature of 300 °C. This
reveals that the used surfactant is extracted from the plant
and it is natural.

Characterization of VIT-surfactant solution

The critical micelle concentration of the surfactant can be
figured out using various approaches including the IFT,
conductivity, gravimetry, and surface tension. In this study
in accordance with Ahmadi and Shadizadeh (2013b), we
considered the electrical conductivity approach to identify
the CMC of the developed natural surfactant (VIT solu-
tion). To obtain this, several solutions of the raw surfactant
were prepared in the range of 500-7000 ppm. The meas-
ured results of conductivity property are demonstrated in
Fig. 9. As can be seen, the optimum CMC of the sur-
factant from the conductivity results was approximately
2930 ppm. Accordingly, 3000 ppm was estimated as the
optimal CMC of the Vitagnus extract to be mixed with
distilled water. It was also clear that the colour of the solu-
tion became darker with an increase in the concentration
of the Vitagnus extract within the distilled water, as shown
in Fig. 10.
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Fig.8 The characterization of
the Vitagnus extract; a FTIR 0y
and b TGA w0l
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Fig.9 CMC of the Vitagnus surfactant estimated using the conduc-
tivity measurment
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IFT measurement

Figure 11 shows the static, dynamic, and photographic
IFTs results of the Vitagnus surfactant solutions. Sur-
factant solutions were prepared using different concentra-
tions of the plant extract, including 500, 1000, 2000, 3000,
4000, 5000, 6000, and 7000 ppm. The value of IFT was
rapidly decreased by adding 500 ppm of the surfactant
to distilled water from 29.5 to 5.4 mN/m (Fig. 11). With
an increase in the surfactant concentration, the IFT value
slightly increased and decreased. Thus, no linear trend
of the IFT curve with the surfactant concentration was
achieved, while the minimum IFT of 1.87 mN/m between
the crude oil and VIT5000 was identified when 5000 ppm
of the Vitagnus extract was added to distilled water. In
overal, IFT was reduced by 93.6% by adding 5000 ppm of
the Vitagnus extract to the distilled water, while IFT was
decreased by 65.4% by increasing the concentration of the
used natural surfactant from 500 to 5000 ppm.
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Fig. 10 Prepared surfactant
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Fig. 11 IFT values measured between crude oil and Vitagnus sur-
factant solutions at concentrations of 500-7000 ppm

Fig. 12 Dynamic IFT profiles
measured for different crude

== e

The dynamic IFT curves of the different crude oil-Vitag-
nus surfactant systems are shown in Fig. 12. As is clear, all
the IFT curves for the crude oil-surfactant solution systems
(0il-VITS500, 0il-VIT1000, 0il-VIT2000, 0il-VIT3000,
0il-VIT4000, 0il-VIT5000, 0il-VIT6000, and 0il-VIT7000)
have a clear trend with time. For each individual system, the
IFT continuously decreases with an increase in the test time
from its high value to its minimum value. This is consider-
ably consistent with the experimental results obtained by
Pal et al. (2018), Najimi et al. (2019), and Asl et al. (2019).
As is obvious, the lowest dynamic IFT curve was recorded
for the crude 0il-VIT5000 system; the IFT starts from 13.21
mN/m at the first second of the test and gradually minimizes
to 1.87 mN/m at 5450 s. However, the highest values of
dynamic IFTs through the entire test period were obtained
with the VIT1000 surfactant solution compared with other
solutions, which start from 18.6 mN/m and decrease to 7.09
at 8450 s. Thus, VIT5000 was identified as the most effective
concentration of the natural surfactant that could provide an
environment for obtaining the lowest IFT.
Furthermore, the pictures captured from the crude oil
droplets inside distilled water and the prepared surfactant

oil-Vitagnus surfactant solu-

tion systems for the period of
150 min
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Fig. 13 Shape profiles of crude oil droplets against surfactant solutions
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Fig. 14 Contact angle results of crude oil droplets in the presence of
the Vitagnus surfactant with concentrations of 500-7000 ppm

solutions are shown in Fig. 13. These droplet shapes repre-
sent the minimum static IFT value between the crude oil and
the Vitagnus surfactant solution at different concentrations.
As are obvious, different shapes of the same crude oil under
similar experiment conditions were achieved on the basis of
the concentration of the used natural surfactant. This con-
firms the effect of the surfactant concentration on the crude
oil/surfactant interaction.

Contact angle

Figure 14 presents contact angle values of the oil droplet
measured within the prepared surfactant solutions at differ-
ent concentrations. The maximum contact angle of 114° was
measured for a crude oil droplet when it was immersed in
distilled water, which expressed the oil-wet state, according
to Fig. 6b (Bagalkot et al. 2018). The wettability state of the
carbonate pellets was sharply altered to water-wet by adding
500 ppm of the Vitfagnus extract at a 44.5° contact angle.
The contact angle dropping was continued with an
increase in the concentration of the used surfactant. This was
very consistent with the descriptions of Teklu et al. (2017)

0 500 Iill 1000 ‘:m 2000 i;m 3000 I;m 4000 i:m 5000 |im 6000 Iim 7000 |:m

and Kamaei et al. (2019), who used a mixture of the Tween
80 and SDBS solutions to alter the wettability of quartz
rocks. The minimum contact angle of 29° was achieved for
both the VIT3000 and the VIT6000 surfactant solutions.
Therefore, the surfactant CMC of 3000 ppm could be con-
sidered the optimum concentration in the case of the natural
surfactant used.

Core-flooding

The extract of the Vitagnus plant was used as a natural sur-
factant to prepare different solutions within the distilled
water at different concentrations (500-7000 ppm), as men-
tioned earlier. On the basis of the measured conductivity,
pH, and turbidity values, 3000 ppm was identified as the
optimal CMC of the used natural surfactant. In addition, the
favourable IFT and the minimum contact angle were meas-
ured at the same concentration with the VIT3000 surfactant
solution. We thus selected the VIT3000 solution for injec-
tion into the core plug after the water-flooding (Table 3). By
injecting 2 PVs of brine into the core plug, we extracted 44%
OOIP of crude oil from the total pore volume of 9.31 cm?.
Thus, the saturation of the oil (Soi) was reduced to 35.3%.
Then, to evaluate the performance of the Vitagnus surfactant
in terms of the recovery, 2.25 PVs of the VIT3000 surfactant
solution were pumped into the core plug displaced by water
(see Fig. 15). During the tertiary recovery, an additional
12.8% OOIP was produced, and the recovery was increased
to 56.8% OOIP. The last oil saturation achieved in the core
plug was 27.8%. Although, the value of the IFT is highly
reduced to 1.8 mN/m, it can be reported that this consider-
able improvement in the oil recovery could be attributed by
some other mechanisms of EOR including oil/water emula-
tion improvement and the alteration of the wettability.

Conclusions

The current work focused on the use of the Vitagnus
plant extract as a natural surfactant to improve the oil recov-
ery from carbonate oil reservoirs. Thus, several tests were
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Table 3 Summary of secondary and tertiary flooding
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Total oil recovery (% OOIP)

Surfactant flooding

Core plug  Porosity (%) Permeability (mD) Pore volume, PV (cm?) Sy (%) Injection fluid Water-flooding

Oil recovery (% OOIP) S, (%) Oil recovery (% OOIP) S, (%)

56.8

27.8

12.8

353

VIT3000 44

63

9.31

32

Carbonate 11

70
60 7 56.8%
m-=-0
5 T i
g 30: 4 44.0% L
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% 40 3 R
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Fig. 15 Oil recovery profile of water injection and Vitagnus sur-
factant flooding into the Asmari core plug: The blue line represents
the brine injection into the core plug (secondary recovery), and the
red line shows the recovery from the surfactant flooding (tertiary
recovery)

performed to identify the CMC of the used surfactant, IFT,
contact angle, and oil recovery. The obtained experimental
results reveal the followings: (1) The conductivity measure-
ments show that 3000 ppm is the optimal CMC of Vitagnus
surfactant. (2) The plant extract is successful in reducing
the IFT by 93.6% to its minimum value of 1.87 mN/m. (3)
The plant extract is successful in altering the wettability of
the carbonate rock from the oil-wet to the water-wet state by
lowering the contact angle from 114° to 29°. (4) The recov-
ery factor of the used carbonate core plug is improved from
44 t0 56.8% OOIP by injecting 2 PVs of the surfactant solu-
tion prepared by mixing 3000 ppm of the Vitagnus extract
with distilled water after the water-flooding.
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