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ABSTRACT

Polymers play an important role in hybrid enhanced oil recovery (EOR), which involves both a polymer and
low-salinity water. Because the polymer commonly used for low-salinity polymer flooding (LSPF) is strongly
sensitive to brine pH, its efficiency can deteriorate in carbonate reservoirs containing highly acidic formation
water. In this study, polymer efficiency in an acidic carbonate reservoir was investigated experimentally for
different salinity levels and SO4*~ concentrations. Results indicated that lowering salinity improved polymer
stability, resulting in less polymer adsorption, greater wettability alteration, and ultimately, higher oil recovery.
However, low salinity may not be desirable for LSPF if the injected fluid does not contain a sufficient number
of sulfate (SO4>) ions. Analysis of polymer efficiency showed that more oil can be produced with the same
polymer concentration by adjusting the SO4>~ content. Therefore, when river water, which is relatively easily
available in onshore fields, is designed to be injected into an acidic carbonate reservoir, the LSPF method
proposed in this study can be a reliable and environmentally friendly method with addition of a sufficient

number of SO4* ions to river water.
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Abbreviations



LSPF Low-salinity polymer flooding
LSWF Low-salinity waterflooding
LWALP Low-salinity waterflooding after low-salinity polymer flooding

EOR Enhanced oil recovery
Fw Formation water

Iw Injection water

SW Sea water

DSW Diluted sea water

RW River water

TDS Total dissolved solids

HPAM Partially hydrolyzed polyacrylamide

PV Pore volume

PVI Pore volume injected

XRD X-ray diffraction

XRF X-ray fluorescence

SEM Scanning electron microscope

UV-Vis Ultraviolet-visible spectroscopy
RB Rock-brine
ROB Rock—brine—oil

1. Introduction

Polymers have been employed in various fields and industries to improve the efficiency of energy storage
and production. In terms of energy storage, polymers are utilized for development of solar cells and batteries
as an emerging technology (Qian et al., 2021; Bella et al., 2020). Polymer-based batteries have several
advantages: high power densities can be achieved, flexible batteries can be developed, and recycling is
possible as they are metal-free (Hager et al., 2020). In the oil and gas industry, polymers are commonly used
to enhance the production of hydrocarbon fuels (Khalil et al., 2017). Adding polymers into the injection fluid
increases the fluid viscosity and decreases the fluid permeability, ultimately improving the mobility of oil
(Sheng, 2011).

Polymer flooding has been adopted as a mature enhanced oil recovery (EOR) method with successful

outcomes in the field (Sorbie, 1991; Standnes and Skjevrak, 2014). For the injected polymer, 92% of the



reported projects used partially hydrolyzed polyacrylamide (HPAM) due to its high water solubility (Standnes
and Skjevrak, 2014; Sheng et al., 2015). Because the rheological properties of the HPAM strongly depend on
brine salinity, low-salinity polymer flooding (LSPF) was recently proposed to improve polymer stability
(Shiran and Skauge, 2013). The LSPF method has received great attention due to the synergistic effects of
polymer flooding and low-salinity waterflooding (LSWF) (Vermolen et al., 2014). Lowering the salinity of
the injection fluid not only prevents polymer retention (Unsal et al., 2018), but also alters the wettability of
the rock surface from oil-wet to water-wet (Khorsandi et al., 2016). When low-salinity water is used as the
injection fluid, it requires a smaller amount of polymer to obtain the target viscosity, which may reduce the
injected polymer volume and the cost for the produced water treatment (Shiran and Skauge, 2013; Vermolen
etal., 2014).

The LSPF application has practical limitations, especially for carbonate reservoirs. Most polymer flooding
projects have been carried out in sandstone reservoirs due to the harsh conditions of carbonate reservoirs such
as heterogeneity and low permeability (Sheng et al., 2015). In particular, the LSPF process in the United Arab
Emirates (UAE) is more challenging as the carbonate oil fields have high temperature, high salinity, and high
concentrations of divalent ions (Masalmeh et al., 2019). In addition, some reservoir fluid contains CO, and
H,S, which can lower the pH of the formation water. Zhu et al. (2017) reported carbonate reservoirs
containing high H>S content in the Sichuan, Tarim and Bohai Bay basins, with an observed pH of the
formation water in the Halahatang area of Tarim basin, China, ranging from 5.24 to 7.2, i.e. it is mostly acidic.
Thyne and Brady (2016) found that the in-situ pH value in carbonate and shale reservoirs of the Bakken
formation in the Williston basin, Canada, ranges from 3.75 to 6.75. When the polymer is injected into low-
pH conditions, its efficiency can suffer significantly, which may negatively affect the LSPF performance. Al-
Anazi and Sharma (2002) investigated the rheological properties of polymer solution with respect to the effect
of pH and concluded that reduction of the pH causes a decrease of polymer viscosity. According to Choi et
al. (2010), the polymer becomes unstable as the polymer chains become coiled under low pH, increasing
polymer adsorption. Lee et al. (2019) investigated the LSPF efficiency in a carbonate reservoir according to
ion composition, ion concentration, and pH of the injection water.

However, few previous studies have investigated the effect of the acidity of formation water for



applicability of the LSPF, especially in a carbonate reservoir that contains acidic formation water. When LSPF
is adopted in an acidic carbonate reservoir, the polymer adsorption can be aggravated and the wettability
alteration can be hindered. Consequently, the LSPF efficiency might be severely deteriorated, leading to
increases in required volume of polymer and operational cost. In order to solve these problems, proper design
of the injection fluid is necessary for the acidic carbonate reservoir.

In these aspects, the primary goal of this study is to investigate polymer efficiency during LSPF for an
acidic carbonate oil reservoir. A set of coreflooding experiments was performed by injecting low-salinity
water-based polymer solutions with various levels of salinity and SO4>" concentration into a carbonate core
saturated with acidic or neutral formation water. First, the polymer retention and permeability reduction
phenomena by polymer adsorption were analyzed by the measured pressure difference and ultraviolet-visible
spectroscopy measurement. The wettability alteration was also investigated by changes of relative
permeability and contact angle. Finally, we evaluated the enhanced oil production compared to polymer
efficiency when low-salinity polymer solutions were injected into a carbonate reservoir containing acidic

formation water.

2. Materials

2.1. Rock properties and preparation

The cores prepared for this study are the Desert Pink carbonate from the Edwards Plateau in Texas, USA.
They were shaped and smoothed to a diameter and length of 3.81 and 12.7 cm, respectively. Fig. 1a shows
the X-ray diffraction (XRD) result, indicating that the core consisted of 100% CaCOs. The X-ray fluorescence
(XRF) analysis, which is one of the qualitative and quantitative elemental analysis methods, indicated that
the Ca®" content was much higher than the Mg®" content, implying that the core had not been dolomitized
(Table 1). According to SEM images of the calcite core reported by Lee et al. (2019), the CaCOs crystals
were close to spherical in shape (Fig. 1b). Routine core analysis of eight cores demonstrated a pore volume

of 35-46 cm’, porosity of 25%-33%, and permeability of 35-46 mD (Table 2).



Fig. 1. The results of core analysis (SEM image is reprinted from Lee et al., 2019).

Table 1. Results of XRF analysis for mineral composition of calcite core.

Mineral composition, % LOI, %
CaO MgO Si
55.8 0.21 0.19 43.68

Note: LOI (loss on ignition): When a sample is heated to 1,000-1,200 °C until there is no change in mass, volatile or thermally decomposable components in the sample

are removed, leaving only incombustibles. LOI is the amount of mass loss expressed as a percentage of the sample.

Table 2. Results of routine core analysis for calcite cores.

Core sample Pore volume, cm? Porosity, % Permeability, mD
Core-1 40 29 35
Core-2 42 30 36
Core-3 35 25 38
Core-4 45 32 38
Core-5 42 30 37
Core-6 46 33 45
Core-7 46 33 41
Core-8 40 29 46

In order to reconstruct the initial reservoir condition (oil-wet state), all the cores were aged with formation
water and crude oil prior to the coreflooding experiments based on procedures suggested by Park et al. (2018).
The cores were cleaned with deionized water, dried at 90 °C, and saturated with formation water. Crude oil
was flooded through the cores until no water drained. The saturated cores were placed in aging cells for 4

weeks under a constant temperature and pressure of 90 °C and 14.7 psia, respectively.

2.2. Fluid properties and preparation
The crude oil for the experiments was obtained from an oil field in the UAE. The oil gravity was 32.7°API,
and the viscosity was 5.75 cP at 60 °C (Table 3). The ionic compositions and concentrations of the formation

water and injection water for the experiments are listed in Table 4. The formation water was prepared such
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that its composition was identical to that of water in the Middle East reservoir, with total dissolved solids
(TDS) of 150,000 ppm and pH 3 (based on a confidential “water analysis report”). For the injection water,
three water types with different salinity levels were prepared with an assumption that the most common and
easily available water types are river water (RW), sea water (SW) and diluted sea water (DSW). The RW and
SW were prepared to be compositionally equivalent to the world average river water (Behling et al., 2002) and
Persian Gulf sea water (Gupta et al., 2011), respectively. As a result, the TDS of RW and SW were 120 and 35,000
ppm, respectively. The SO4* concentrations were 10 ppm for RW and 3,000 ppm for SW. It was assumed that the
TDS and SO4* concentrations of the sea water were greatly diluted, and that DSW contained 5,000 ppm TDS and
500 ppm SO4* ions. After preparing the synthetic brines, the measured pH of the three water types at room

temperature and pressure was about 7.

Table 3. Chemo-physical properties of crude oil.

API gravity, ©  Specific gravity Viscosity at 60 °C, cP Acid number, mgKOH/g Base number, mgKOH/g

32.7 0.861 5.75 0.1 1.1

Table 4. Characteristics of formation water and injection water.

Water Composition, ppm TDS pH
Ca* Mg?* Na* CI- S04z
Formation water 12,778 1,377 44,726 90,872 202 150,000 3
Injection water SW 423 1,352 10,763 19,462 3,000 35,000 7
DSW 60 193 1,538 2,709 500 5,000 7
RW 13 4 30 5 10 120 7

For the polymer, HPAM (Flopaam 3330S™ of SNF Floerger) was selected, with a molecular weight of 8
million Da and a degree of hydrolysis of 25%—-30%. Once the injection water was prepared by dissolving
Na,S0Os, CaCl,, and NaCl in 1,000 ml of deionized water with a magnetic stirrer, the dried polymer was
slowly added to the vortex wall created by the magnetic stirrer at a stirring rate of 320 RPM to avoid
agglomeration of polymer particles. After 3 min of stirring, the stirring rate was lowered to 120 RPM and

maintained for 24 h, during which the beaker was covered with plastic wrap to prevent air contact. Then, the
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solution was filtered through a membrane with a pore size of 1.6 um under 14.7 psia filtration pressure to
remove all microgels. The viscosity of the prepared polymer solution was measured by a viscometer and an
ultra-low viscosity adapter, which can measure the viscosity of the solution in the range of 1 to 10 cP with 1%
error.

In order to maximize the displacement efficiency, the mobility ratio needs to be lower than 1, which is
based on an examination of the relative permeability ratio and viscosity ratio. According to Wang et al. (2009),
when the polymer viscosity is equal to the oil viscosity, the oil displacement efficiency is improved by the
reduced mobility ratio. Therefore, in this study, the polymer concentration was chosen to produce a polymer
viscosity identical to the 5.75 cP of the oil. Fig. 2 shows the measured viscosity for DSW as a function of the
shear rate with various polymer concentrations. The viscosity measurements were repeated three times for all
cases to ensure reproducibility. Since the typical shear rate in an oil reservoir is around 8 s™', i.e., the frontal
velocity is 1 to 2 ft/day (Nilsson and Rothstein, 2015), the polymer concentration was selected at a shear rate
of 8 s™!. Consequently, the polymer concentrations in the injected water samples were 2,000, 1,250, and 450
ppm for SW, DSW, and RW, respectively (Table 5). Since the viscosities of the oil and the injected fluid were
the same, the mobility ratio can be calculated as the ratio of the water relative permeability at residual oil

saturation to the oil relative permeability at connate water saturation and expressed as follows (Fanchi, 2010):

M = Krw//'lw _ Krw/uo :K_rw. (1)
KI'O//JD KI’OILlW K

ro

where Ky, is the relative permeability of water; K., is the relative permeability of oil; w4 is the water viscosity,
cP; wo is the oil viscosity, cP.
Based on the above equation, the calculated mobility ratios were 0.54, 0.62, and 0.41 for SW, DSW, and

RW, which are lower than 1.

Fig. 2. Viscosity analysis of polymer solution to determine polymer concentration.



Table 5. Determined polymer concentrations and initial mobility ratios.

Injection water  Polymer concentration, ppm Mobility ratio M

SW 2,000 0.54
DSwW 1,250 0.62
RW 450 0.41

2.3. Experimental methods
In this section, the experimental procedure used in this study is reviewed, including the coreflooding,

spectrophotometry for effluent analysis, and contact angle measurement.

2.3.1. Coreflooding

The experimental system is illustrated in Fig. 3. The aged carbonate core was placed in a core holder with
confining pressure of 1,600 psia and system temperature of 60 °C maintained by an electrical heating jacket.
During the experiments, in order to assess the effects of the low-salinity water injection method (secondary
recovery process) and low-salinity polymer injection method (tertiary recovery process), 3 pore volumes (PV)
of the former and 4 PV of the latter were continuously injected. In both stages, fluid was injected at a constant
rate of 0.1 mL/min, corresponding to a frontal velocity of 1 to 2 ft/day, to ensure proper chemical reaction
with a minimized capillary end effect (Salih et al., 2016). During the coreflooding experiments, the pressure
difference between the inlet and the outlet was measured to estimate polymer retention. In addition, the oil

and brine saturations were measured to calculate the relative permeability for the entire core.

Fig. 3. Diagram of the LSPF experimental system.

2.3.2. Spectrophotometry

In order to quantitatively analyze the amount of adsorbed polymer, the produced polymer mass in the
effluents was measured with an ultraviolet-visible (UV-Vis) spectrophotometer. For the measurement, 2 mL
of the effluent were mixed with 2 mL of 5 mol/L acetic acid in a conical tube. After the solution was stirred

for 4 h, 2 mL of 5% sodium hypochlorite were added and stirred for 5 min. The UV-Vis absorbance was
8



measured at wavelengths of 470 and 520 nm to estimate the polymer concentration in the fluid samples.
Before measuring the absorbance of the effluents, the absorbance for the reference solutions was measured
to produce a calibration curve. A linear relationship of absorbance with polymer concentration was obtained
using polymer solutions with concentrations of 0, 500, 1,000, 1,500, 2,000, and 2,500 ppm. Based on the
calibration curve, the absorbance of the effluent was measured to estimate the relative polymer mass. The

absorbance was measured three times to ensure reproducibility.

2.3.3. Contact angle

In order to evaluate the wettability alteration phenomena during the LSPF process, the contact angle was
measured before and after LSPF. This analysis used the captive droplet method proposed by Yousef et al.
(2011). The core was cleaned using a laboratory non-contaminated wiper to remove the extra fluids on the
surface and was polished with six different grades of sandpaper to minimize the roughness effect, as suggested
by AlShaikh and Mahadevan (2016) and Yousef et al. (2011). The cleaned core was submersed in formation
water or injection water for 1 h to achieve chemical equilibrium. The moment at which a 10 pL oil droplet
formed on the rock surface was captured by a digital camera for low-bond axisymmetric drop shape analysis

(Stalder et al., 2010). The measurement process was repeated three times at room temperature (25 °C).

3. Results and discussion
3.1. Effect of salinity of injection water

In this section, the effects of salinity of injection water on polymer efficiency were analyzed when LSPF
is adopted in acidic carbonate reservoirs. The polymer retention and wettability alteration during LSPF in
acidic carbonate reservoirs were measured at least three times to ensure reproducibility. The final EOR also
was investigated after both LSWF and LSPF. The injection fluid for the experiments was prepared by mixing

polymer with low-salinity water of three different water types, i.e., SW, DSW, and RW.

3.1.1. Polymer retention

Before coreflooding experiments, the zeta potential of the polymer solution was measured to evaluate its



stability, which is related to polymer degradation and adsorption. The zeta potential is the electrokinetic
potential difference between rock—brine interfaces and is commonly used as a key indicator for stability of
colloidal dispersions. The zeta potential of the polymer solution made with SW, DSW, and RW was
determined through the laser doppler electrophoretic light scattering method, which measures the
electrophoretic mobility of molecules and particles in solution. Based on the literature (Brandrup et al., 2005;
Zhang et al., 2011), the optimal values of the refractive index and dielectric constant for the polymer solutions
were 1.35 and 1.82, respectively, which were used for the analysis herein. Fig. 4 shows the intensity as a
function of zeta potential for the polymer solutions mixed with different water types. The zeta potential is a
function of the sign and magnitude of the electric surface charges between two phases. The magnitude
indicates the degree of electrostatic repulsion between adjacent and similarly charged particles (Hanaor et al.,
2012). For example, a high zeta potential indicates stability of the fluid, i.e., the solution will resist
aggregation. On the other hand, when the potential is small, attractive forces exceed this repulsion and the
particles may flocculate. The results showed that the maximum intensity values for SW and DSW were
obtained at zeta potentials of 22.50 and 21.13 mV, respectively, while the highest intensity value for RW was
detected at 31.85 mV. Therefore, RW was expected to yield the lowest polymer adsorption as it was more

stable than the others.

Fig. 3. The measured zeta potential of the polymer solutions mixed with different water types.

When low-salinity water-based polymer solution is injected into carbonate rock, the chemical reaction
between water—oil-rock causes polymer degradation and adsorption, leading to viscosity reduction of the
injected polymer solution (Zhang and Seright, 2013). The polymer adsorption induces permeability reduction,
which yields an increase in pressure difference between the inlet and outlet during flooding. During LSPF,
the pressure difference (AP) between the ends of the core was monitored to determine the mobility and
permeability reduction caused by polymer adsorption. Using the measured AP, polymer retention parameters
were determined as proposed by Zaitoun and Chauveteau (1998), including the mobility reduction factor (Rm)
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and permeability reduction factor (Ry, also named residual resistance factor) (Table 6). The former is the ratio
of the pressure difference during LSWF to that of LSPF. A large Ry, value indicates a significant pressure
difference during LSPF compared to that of LSWF, signifying a large mobility reduction. In the same manner,
larger Ry means greater permeability reduction in LSPF than in LSWF. According to AlSofi et al. (2018),
these parameters can be used reliably to evaluate the permeability reduction due to polymer degradation and
adsorption.

The mobility reduction factor and permeability reduction factor can be calculated from the following
equations (Zaitoun and Chauveteau, 1998; AlSofi et al., 2018; Chauveteau et al., 2002):

APLSPF

R, = (@)
AR e
AP,
R, = . PLWALP 3)
LSWF

where APy swr is the pressure difference during LSWF, psi; APy spr is the pressure difference during LSPF, psi;
APrwarp is the pressure difference during LSWF followed by LSPF, psi.

Table 6. The estimated polymer retention parameters.

Mobility reduction  Permeability reduction
Injection water

factor Rm factor Rk
SW 3.7 2.0
DSW 1.6 1.1
RW 4.9 3.2

Fig. 5 shows AP as a function of pore volume injected (PVI) for each injection water. The blue, red and
green curves indicate the pressure difference of SW, DSW, and RW, respectively. Trend curves for AP are
illustrated in white. After LSWF is complete (3 PV), AP increases sharply due to injection of high-viscosity
polymer solution as the LSPF stage begins. When AP was stable during LSPF, the calculated R, values were
3.7 and 1.6 for SW and DSW, respectively. In other words, the mobility decrement of DSW was less than that
of SW due to its lower salinity. When RW was selected for the injection fluid, the value of Ry, was the highest,

despite it having the lowest salinity. According to Chauveteau et al. (2002), the mobility reduction ratio
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defined by Rn strongly depends on polymer adsorption.

On the other hand, since polymer adsorption may reduce the effective permeability, the permeability
reduction factor R can be a useful indicator to determine the effect of polymer adsorption. Here, Ry was
determined as the ratio of permeability before to permeability after LSPF. Since the permeability pre-LSPF
was measured after LSWF, the permeability post-LSPF was obtained when pressure stabilized during the
additional low-salinity waterflooding after LSPF (LWALP) to minimize the experimental error (Park et al.,
2015). After LWALP, it was assumed that the entrapped polymer solution was completely removed, and that
the measured permeability reduction was only induced by the polymer adsorption. As listed in Table 6, the
Ry value for SW was 2.0, which was 1.8 times greater than the 1.1 of DSW. The higher Ry value signifies
greater permeability reduction due to polymer adsorption. In other words, the polymer adsorption magnitude
for DSW was smaller than that of SW, primarily due to its lower salinity. In the high-salinity condition, which
implies strong ionic strength, polymer molecules cannot maintain their structure, and thus, the bonds within
the polymer chains are disrupted, leading to aggregation of polymer molecules (Yoo and Lee, 2020).
Therefore, decreasing the salinity can prevent the charge screening effect, which strongly depends on polymer
stability. Meanwhile, although the salinity of RW was lowest, the Rx was largest, at 3.2, implying that the
permeability after LSPF was reduced by about one-third compared to the value before LSPF. It also indicates
that polymer adsorption was greatest for RW, likely due to its lowest SO4* content, which can affect polymer
stability. A more detailed analysis of the SO4* ion effects on polymer adsorption onto rock grain surfaces is

provided in Section 3.2.

Fig. 5. The measured pressure difference during coreflooding experiments.

Polymer retention occurs when the polymer solution propagates through the core. The magnitude of the
phenomenon can be directly determined by effluent analysis, which measures the amount of drained polymer.

This study adopted the UV-Vis spectrophotometer for this analysis. In order to analyze the effect of reservoir
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formation water pH, effluent analysis was performed after LSPF with DSW for reservoirs saturated with
acidic or neutral formation water (Fig. 6a). After LSPF was completed at the injection of 4 PV, 44.6%

polymer mass (A= (m Myoduced )/ Minjeciea ) Was adsorbed in the acidic reservoir condition, while 39.1% (B)

injected
of the polymer remained in the core due to adsorption in the neutral reservoir condition. Therefore, the
magnitude of polymer adsorption in the acidic condition is larger than that of the neutral condition, indicating

lower efficiency of injected polymer when the reservoir contains acidic formation water.

Fig. 6. The results of effluent analysis. (a) Cumulative polymer mass with DSW injection; (b) Polymer
adsorption by injection water type.

The polymer adsorption phenomenon in the acidic condition was analyzed in detail for each water type:
SW, DSW, and RW. Fig. 6b illustrates the ratio of adsorbed polymer to injected polymer in an acidic reservoir
condition for different water types. For SW, 51.9% of the injected polymer remained in the core due to
adsorption, while 44.6% and 53.8% were retained in the rock for DSW and RW, respectively. In comparison
to the results from the SW injection, the magnitude of polymer adsorption was smaller in DSW and larger in
RW. Accordingly, consistent results were observed for Ry, i.e., greater permeability reduction was detected
with larger amount of polymer adsorbed. The results of the coreflooding tests and spectrophotometer
measurements show different trends from the results of zeta potential measurements performed before the
injection. Although RW was the most stable under static conditions at room temperature and pressure,
however, because of low salinity and low SO4*" concentration in RW, the polymer might be more affected by
the reservoir conditions. In other words, when low-salinity polymer solution with low SO4*~ concentration
related to polymer stability was injected into an acidic carbonate reservoir, the polymer adsorption can be
aggravated. Therefore, injecting DSW with low salinity (5,000 ppm) and 500 ppm SO.* ions yields the

minimum polymer adsorption and permeability reduction.

3.1.2. Wettability alteration
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Before injecting the synthetic fluids, the zeta potential was measured to evaluate the possible rock
wettability. The measurements were performed on both rock—brine (RB) and rock—brine—oil (ROB) systems
equilibrated with formation water and injection water (SW, DSW, and RW). Solutions were prepared in a
conical tube consisting of 50 mL each of formation water and injection water; 0.2 g of rock powder was added
to the solution and was mixed using an ultrasonicator at 60 °C (AlSofi et al., 2019). The zeta potential of the
supernatant was measured three times. As shown in Fig. 7, when the rock particles equilibrated in formation
water, the zeta potential values were positive for both RB and ROB systems. On the other hand, the zeta
potential values were negative for all injection water types in both systems. This implies that the initial
reservoir condition is more likely to be an oil-wet state, but that the injection of the three types of brines has
the potential to alter the wettability to a water-wet state. In addition, the larger absolute value indicates the
greater potential of the wettability alteration. The measured zeta potential for RW was —20.8 mV in the RB
system and —35.7 mV in the ROB system, while those for SW and DSW were —5.2 and —8.0 mV in the RB
system and —7.9 and —15.0 mV in the ROB system, respectively. Therefore, according to the measured zeta
potential values, it was expected that RW would be the most effective injection water for LSPF in terms of

wettability alteration.

Fig. 7. The measured zeta potential of formation water (FW) and injection water (IW) in rock—brine (RB)
and rock—oil-brine (ROB) systems.

Wettability alteration is one of the major machanisms of LSPF that contributes to oil recovery
enhancement in carbonate reservoirs. When the wettability of carbonate rock changes from oil-wet to water-
wet, it improves the mobility of the oil phase, and more oil is produced. To closely investigate the wettability
before and after LSPF, the relative permeabiltiy was measured and correlated by the Pirson’s correlation for
both acidic and neutral reservoir conditions (Pirson, 1958; Ahmed, 2010). Fig. 8 shows the relative
permeability curves before and after LSPF using the three types of injection fluids in the acidic reservoir. For
all types of water, it was observed that the saturation values of the cross points were shifted right after LSPF.

This means that the wettability was altered to a water-wet state by injection of low-salinity polymer solution.
14



In terms of ASo (AS,, =S —Syraner )» Which denotes the change in residual oil saturation (S, =1-S,,.,,)

= Sorpefore
before and after LSPF, the saturation decreased from 29.40% (100%—71.60%) to 12.02% (100%—87.98%), a
decrease of 17.38%, when DSW was injected in the acidic reservoir condition. Meanwhile, when the
formation water was neutral, AS,: was 14.8%. Therefore, the increment of wettability alteration to water-wet
was greater in the acidic reservoir than in the neutral reservoir. When the high-salinity SW was injected as
shown in the left panel of Fig. 8, AS,: was 14.92% and smaller than that of DSW (17.38%), which indicates
smaller wettability alteration for SW compared to DSW. This can be explained mainly by addition of polymer,
as the water type was unchanged in LSWF and LSPF for each experimental case. The negatively charged
polymer molecules might directly affect the wettability alteration or help SO4* ions to reduce the surface
potential of rock, allowing Ca** and Mg*" ions to detach oil from the rock surface. When the salinity is high,
the polymer structure is degraded and the activity of SO4* ion is hindered, resulting in less wettability
alteration. On the other hand, AS,: was smallest at 9.97% with RW, as was the wettability alteration magnitude,
despite having the lowest salinity. This is because RW contains the lowest concentration of SO4* ions.

Therefore, SO4*~ and polymer are important factors of wettability during LSPF in acidic carbonate reservoirs.

Fig. 8. The changes in relative permeability curves by water type in an acidic reservoir.

According to Afekare and Radonjic (2017), AlShaikh and Mahadevan (2016), and Derkani et al. (2018),
the contact angle is an excellent indicator of the wettability between rock and fluid. In order to evaluate
wettability alteration during LSPF, the contact angle was measured before and after LSPF in both acidic and
neutral conditions. In this study, the cores were polished with sandpaper to minimize the roughness effect,
and it was assumed that the effect of surface roughness was negligible. Fig. 9 shows the contact angle change
before and after LSPF in the acidic reservoir for each water type. It was found that the observed wettability
alterations corresponded well with the results of the relative permeability analysis. In the initial state, the
contact angle at the rock surface was 118.6°, implying that the rock surface is in an oil-wet state. This is

because the carboxyl group of the oil was directly adsorbed on the surface of the carbonate rock during the

15



aging process. After LSPF was complete, the contact angles decreased significantly and the wettability was
altered to a water-wet state for all water types. When low-salinity polymer solution was injected, SO4>" ions
in the injected fluid adsorbed to the rock surface and lowered the surface potential. Then, divalent cations
such as Ca?* and Mg®" can easily access the rock surface and detach the oil from the surface. Since the
polymer molecules are negatively charged, they can directly adsorb on the rock surface or help SO4* ions to
decrease the surface potential. For example, the contact angle after LSPF with DSW was 30.6°, which is
lower than the 45.0° and 57.7° for SW and RW, respectively. This indicates that DSW had a sufficiently low
TDS and contained sufficient SO4*~ ions and polymer molecules. On the other hand, SW contained the highest
concentrations of SO4*~ and polymer molecules; however, due to its highest salinity, it might be difficult to
lower the surface potential or to allow divalent cations to access the rock surface. With RW, although its
salinity was the lowest, the surface potential might not be reduced sufficiently as the fluid did not contain
enough SO4* ions and polymer molecules. Therefore, DSW was the most effective injection fluid in terms

of wettability alteration during the LSPF process.

Fig. 9. Contact angle measurements in a carbonate core containing acidic water.

3.1.3. EOR efficiency

The previous section reported that polymer adsorption and wettability alteration were greatly influenced
by LSPF. Moreover, the magnitude of the change before and after flooding was larger for the acidic reservoir
than for the neutral reservoir. Therefore, in this section, the enhanced oil volumes achieved by the LSPF
process for acidic and neutral reservoirs were analyzed by quantifying the EOR. The EOR value was
calculated using the recovery factor before and after LSPF when no more oil was produced. As can be seen
in Fig. 10a, when DSW was selected as the injection fluid, the EOR by LSPF was enhanced by 17.9% for the
neutral reservoir, while that for the acidic reservoir was increased by 23.9%. This is because, for the acidic
carbonate reservoir, the effect of the polymer on wettability alteration was greater than that of polymer

adsorption by acidic formation water. Consequently, the LSPF process in the carbonate reservoir was more
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efficient in acidic formation water than in the neutral condition.

In particular, EOR values for the acidic reservoir over three types of water with different salinity levels
(SW, DSW, and RW) are shown in Fig. 10b. When RW with the lowest salinity was injected for LSPF, the
EOR was 15.6%, which was lower than those of DSW and SW. Therefore, RW is not always desirable for
LSPF although its salinity level is the lowest. However, when DSW was selected as the injection fluid, the
EOR was 23.9% and was higher than that of SW (21.3%). This is because the higher salinity level of SW
caused greater polymer adsorption and less wettability alteration than in the DSW case. The difference in
EOR for the three water types may be caused by the concentration of the SO4* ions, which prevents polymer
adsorption and facilitates wettability alteration, resulting in oil detachment from the rock grains. Since RW
did not contain a sufficient amount of SO4* ions, the final EOR value was not efficiently increased, although
its salinity was lower than those of the other two water types. In the same manner, despite having a higher
salinity than RW (TDS 120 ppm, SOs* 10 ppm), selecting DSW (TDS 5,000 ppm, SO 500 ppm) yielded
the highest recovery (23.9%) among the used water types in this study due to its sufficient SO4*~ content.
Additionally, a larger amount of oil was produced using 62.5% of the polymer in DSW (polymer 1,250 ppm)

compared to SW (polymer 2,000 ppm). It indicates that polymer efficiency was also the highest in DSW.

Fig. 10. The measured oil recovery.

3.2. Effect of SO4’ concentration in injection water

In Section 3.1, the effect of injection water salinity was closely investigated. The results showed that oil
recovery was enhanced by a low salinity of the injection fluid; however, it was also expected that the SO4*
ion concentration should be sufficient in the injected fluid. According to the results of coreflooding
experiments performed by Lee et al. (2019), a high concentration of SO4* ions in the injection water
improved oil recovery in a carbonate reservoir containing neutral formation water. Safavi et al. (2020)
observed that the optimal range of SO4*~ concentration for neutral dolomite reservoirs was between 5.227 to

0.875 percentages. Song et al. (2020) reported that a higher SO4*~ concentration does not always result in a
17



higher oil recovery. Therefore, in this section, more detailed analysis was performed, focusing on the SO4*
concentration. For both acidic and neutral reservoir conditions, injection fluids with different concentrations
of SO4* ions (500, 1,000, 2,000, and 3,000 ppm) and the same TDS were prepared. These synthetic fluids
were injected to investigate the polymer efficiency in terms of polymer adsorption, wettability alteration, and
oil recovery.

Fig. 11 shows the result of effluent analysis for the acidic condition. The polymer adsorption magnitude
was reduced as the concentration of SO4* contained in the injection fluid was high. When the SO4*

concentration was 500 ppm in DSW, 44.6% ( A=(m, —m,)/m, ) of the injected polymer was adsorbed, while

that at a concentration of 3,000 ppm was 31.5% (B). This is mainly because both the SO4* ion and the polymer
molecule are negatively charged. Consequently, the repulsive interactions may maintain the structure of the
polymer chains. Accordingly, at a higher ion concentration, the polymer stability is improved, which
interferes with the adsorption of the polymer molecules on the grain surface. The comparison with 3,000 ppm
SO4* indicates that the effect was greater in the acidic reservoir condition than in the neutral condition.
Therefore, in terms of polymer adsorption in the acid reservoir, DSW with 3,000 ppm SO4*" ions was the

most efficient injection fluid.

Fig. 11. The result of effluent analysis in an acidic reservoir condition.

The wettability alteration was measured by relative permeability and contact angle change for both acidic
and neutral reservoir conditions. In Fig. 12, the change in relative permeability curves before and after LSPF
is illustrated when DSW with 500 ppm and 3,000 ppm SOs* was injected in the acidic reservoir. The
intersection of K;,—K. curves shifted more to the right for the higher SO4* concentration (3,000 ppm; red
dashed line) than in the lower concentration (500 ppm; black dashed line). This indicates that the wettability
was altered to a more water-wet state with higher SO4>~ concentration in the injection water. Since the SO4*
ion reduces the surface potential of rock, the oil attached on the carbonate rock surface induces an oil-wet

state and can be detached from the rock surface. In addition, the polymer molecule can contribute to the role
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of SO4* ions. Therefore, a higher concentration of SO4>~ detaches more oil, altering the wettability to a greater

water-wet state. After LSPF, the residual oil saturation (S, =1-S,,,, ) for the 3,000 ppm case was 6.26%

(100% —93.74% ), while that of the 500 ppm case was 12.02% (100% —87.98% ). In other words, a higher SO4*~
concentration in the injection water results in greater alteration to the water-wet state, leading to less residual
oil in the core. Therefore, in this study, the injection of DSW containing 3,000 ppm of SO4*" ions altered the

best wettability.

Fig. 12. The changes in relative permeability curves for the acidic reservoir condition.

Based on the analyses above, the produced oil was measured during injection in both acidic and neutral
reservoir conditions. The oil recoveries for the acidic reservoir are shown in Fig. 13. After LSWF (3 PVI
injection), a larger amount of oil was produced with higher concentration of SO4* ions. This is because SO4*
allows the oil to detach from the grain surface, altering the wettability of the surface. After the total flooding
period (LSWF and LSPF) (7 PVI), the final oil recovery factor ranged from 83.44% to 92.80% in the range
of 500 to 3,000 ppm SO4>". The increased SO4>~ concentration prevented polymer adsorption and facilitated
wettability alteration with the help of polymer molecules, resulting in high oil recovery. When the oil recovery
after LSWF for DSW was based, the EOR efficiency was 23.93% for DSW and 33.29% for DSW containing
3,000 ppm SO This indicates that a larger amount of oil can be produced with the same polymer
concentration by adjusting the SO4>~ concentration in the injection fluid. In other words, the SO4*~ ion plays
an important role in improving polymer efficiency.

With regard to pH, oil recovery after LSWF was higher in the neutral reservoir than in the acidic reservoir.
The SO4* ion without polymer was more effective in the neutral condition. After the LSPF process with 500
ppm of SO4*, oil recovery was slightly higher in the neutral condition, although the difference was not
significant. When the concentration was high at 3,000 ppm, however, oil recovery was higher in the acidic
condition than in the neutral condition. The recovery factors after total flooding in the acidic reservoir were

83.4% and 92.8% for SO4* concentrations of 500 and 3,000 ppm, respectively. Those in the neutral reservoir
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did not show a large difference when the SO4* concentration increased from 500 to 3,000 ppm. This is
because the effect of the SO4* ion, which yielded lower polymer adsorption and greater wettability alteration,
was greater in the acidic reservoir. The polymer efficiency improved by addition of SO4*" in both pH
conditions. When the reservoir was neutral, the increment of oil recovery per 1 g of polymer was 0.78% and
1.05% for 500 and 3,000 ppm SO4*", respectively. On the other hand, in the acidic reservoir condition, 1 g of
polymer can enhance oil recovery by 1.14% to 1.45% for SO4* concentrations of 500 and 3,000 ppm,
respectively. Therefore, when low-salinity water interacts with a high concentration of SO4*~ ions, LSPF is a

more reliable EOR method in an acidic carbonate reservoir than in a neutral reservoir.

Fig. 13. The measured oil recovery by the injection water containing different SO4*~ concentrations for acidic
and neutral reservoir conditions.

4. Conclusions

Since the polymer efficiency can be severely deteriorated in a carbonate reservoir containing “acidic”
formation water, the applicability of LSPF for acidic conditions was evaluated. In addition, to design the
optimal injection water for the LSPF process, a set of coreflooding experiments was performed for different
salinity levels and SO4*~ concentrations, which would be commonly available in the field.

A comparison study showed that the magnitude of the polymer adsorption in the acidic condition is
greater than that in the neutral condition. This indicates that the efficiency of the injected polymer is lower
when the reservoir contains acidic formation water. In terms of wettability alteration, the degree of wettability
alteration to water-wet was greater in the acidic reservoir than in the neutral reservoir. With regard to pH
condition, it was found that the use of polymer in an acidic reservoir was not as efficient as in a neutral
reservoir.

From the results of salinity effect with three types of injection water, lowering the salinity of SW can
improve polymer stability, resulting in lower polymer adsorption and greater wettability alteration, as shown

in the DSW case. However, for RW, polymer adsorption was greater and wettability alteration was lower than
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for the other water types despite having the lowest salinity. This is because RW contains the lowest
concentration of SO4*". Therefore, DSW (TDS 5,000 ppm and SO4* 500 ppm) yielded the highest recovery
(23.9%) among the water types.

The detailed analysis focused on SO4*" concentration. The SO4* ion improved polymer stability by
maintaining the structure of the polymer chains, and the polymer molecule helped the SO4* ion to reduce the
surface potential of the rock, allowing the oil to detach from the rock surface. When the concentration of
SO4* ions in the injected fluid was high, its interaction with the polymer molecule prevented polymer
adsorption and facilitated wettability alteration, resulting in high oil recovery. In other words, a larger amount
of oil can be produced with the same polymer concentration by adjusting the SO4* concentration.

Consequently, even though the reservoir was acidic, the LSPF process was as efficient as in a neutral
reservoir when low-salinity injection water contained a high concentration of SO4* ions. Therefore, when
designing RW as injection water for an acidic reservoir, the LSPF method proposed in this study would be a
reliable method if the optimal SO4* concentration is used. In addition, the proposed LSPF method is more

environmentally friendly as it requires a smaller amount of polymer.
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