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Abstract

Low salinity water flooding has received strong interest recently. Several
laboratory studies have shown that injecting low salinity water can improve oil
recovery in carbonate reservoirs through wettability alteration. However,
consistent mechanistic clarification behind this alteration has not emerged yet.
This work investigates systematically the key parameters that govern the
complex interactions of rock/brine/crude oil in carbonate reservoirs. The
effects of salinity are studied in outcrop-calcite and subsurface-dolomite
rocks saturated with three types of dead oil from Norwegian and North Seale.
Zeta potential, oil/brine interactions by means of the IFT, ion-substitution-
adsorption using infrared spectrometer apparatus, and contact angle were
experimentally investigated. The results show that the salinity effect is more
salient at the liquid/rock interface than the liquid-liquid interface. There is a
clear reduction of contact angle as the formation water was diluted twice while
its influence on the interface tension is small. The salinity effect was more
pronounced for dolomite particles, showing different results for different crude
oils used. This suggests that the wettability alteration of carbonate rock is an
intricate phenomenon that influenced not only by the salinity, but also on the
rock mineralogy and the chemical composition of crude oil. A combination of
three possible mechanisms, including multiple ion exchange, EDL expansion
(electrokinetics repulsive), and salting-out are discussed to illustrate the

mechanism of wettability alteration during low salinity injection.
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1. Introduction



Increasing recovery factor from high-temperature carbonate reservoirs
is the main aim of using various enhanced oil recovery techniques as over
half (50%) of the world's oil reserves are carbonate typies [8]. It should,
however, be noted that the ultimate oil recovery from these reservoirs is
generally less than that of sandstone reservoirs as many of them are
preferentially oil wet with low matrix permeability [4]. Recently, low salinity
flooding has been suggested as a promising technique that can improve oll
recovery (IOR) in carbonate reservoirs [31,32,40,41,43].

Wettability alteration from oil wet to intermediate wet has been
demonstrated by some researchers as a plausible mechanism which affects
significantly on IOR during low salinity water flooding in carbonates [1,28].
Many theories concerning the wettability alteration upon low salinity flooding
have been suggested, but none of them is commonly accepted. For example,
the results from the spontaneous and forced core flooding tests revealed that
the potential determining ions (SO4%, Ca?* and Mg?* could act as wettability
modifying agents and alter the core to a favorable wet condition [3,6,41]. In
addition, Mahani et al. [23] and Nasralla et al. [26] stated that the electrical
double layer (EDL) expansion was likely to be the primary mechanism for
IOR during low salinity injection. It proposed that when the rock surface was
exposed to a low saline solution, the EDL was formed due to the ion
exchange between a charged rock surface and an electrolyte solution.
Consequently, the interaction between EDL and oil-brine interface help to
detach the hydrophobic layer from the surfaces, which can contribute to the

wettability alteration of carbonate rocks to a favorable state.

On the other hand, it has been stated that the oil/brine interactions can
also play a role in wettability alteration that contribute to oil recovery
enhancement during water flooding [1,36]. However, no conclusive statement
regarding the impact of salinity and ionic strength on the oil/brine interfacial
values has been proposed. Some contradictory results have been reported.
For instance, Xu [39] stated that the interfacial tension (IFT) values were
decreased as the salinity of solution increased, which is opposite to what

Yousef et al. [40] observed. . It seems that the chemical composition of crude



oil may also contribute to the variation of IFT values upon exposure to saline
solutions. Clearly extensive work is still needed to probe experimentally the

oil/brine interactions.

The amount and type of the amphipathic components in the crude oll
have been considered as one of the other key parameters that could
contribute to the wettability alteration and strongly affect the potential of low
salinity flooding for both carbonate and sandstone rocks. Hence, the
adsorption of these compounds from crude oil onto rocks is considered an
essential pre-condition for the influence of low salinity flooding to enhance oil
recovery [9,29,36]. Buckley et al. [10] studied the interactions between
sandstone rock and specific crude oils with varying range of asphaltene
fractions, acid number, and base number. They found that an ionic interaction
(either attractive, repulsive, or both) between oppositely charged acidic and
basic sites at the oil/water and solid/water interfaces can lead to wettability

alteration.

It is clear that complex interactions occur between rock/brine/crude oll,
leading to wettability alteration. However, elucidating precisely how wettability
modification occurs has not recognized yet. Additionally, the impact of oil
composition and rock mineralogy on wettability alteration under different
saline conditions has not been investigated. This work aims to provide a
fundamental investigation of wettability alteration by using different saline
solutions, and crude oils with various chemical compositions, as well as
outcrop calcite/subsurface dolomite samples. Firstly, the electrostatic charges
of natural carbonate particles in a wide range of salinity are identified. Then
the crude oil/ brine interactions are assessed by measuring the oil/brine
interfacial tension, followed by the evaluation of ion-substitution-adsorption
into the carbonate molecules by the infrared spectrometry method. Finally,

detailed contact angle measurements were performed at high temperature.

2. Materials and Methods



2.1 Rock Sample

Homogenous Estaillades limestone outcrop rock and dolomite
subsurface rock were used in zeta potential, Infra-Red Spectroscopy, and
contact angle tests. The core samples were supplied by the Shell Ltd. The
average permeability and porosity of outcrop rock are 100 md and 25 %,
respectively. Subsurface rock has a range of permeability between 30-380
md, and 25-28% of porosity. The average grain density is 2.74 g/cc,
measured by Micromeritics Acupyc-1330. X-ray Diffraction (XRD) analysis
was carried out by an XRD Bruker D8 Diffractometer to quantify the minerals
composition of carbonate rock (See Table 1). No clay minerals were detected

in the sample.

Table 1. Mineral composition of carbonate samples detected by XRD

Calcite Dolomite Anhydrite Clay
Sample )
CaCO3; % CaMg(COs3)2 % CaS0s % Minerals %
Outcrop rock 94 6 0 0
Subsurface rock 0 74 26 0
2.2 Brines

In this study, the synthetic seawater (SW) and artificial formation water
(FW) were used as the base brines. All brines were prepared in the lab by
mixing deionized water (Milli-Q, resistivity >18.2 MQ.cm) with reagent grade
salts, which supplied by Merck and Sigma with a purity grade > 99%. The
artificial low salinity (LS) solutions were made by diluting the prepared
seawater with different proportions of deionized water. This includes: 50%
(twice-diluted seawater, 2dSW), 20% (5 diluted seawater, 5dSW), 10% (10
diluted seawater, 10dSW), 5% (20 diluted seawater, 20dSW) and 2% (50
diluted seawater, 50dSW), as detailed in Table 2. The physical properties of



all prepared brines were characterized by measuring density, viscosity,
conductivity, and pH. Table 3 illustrates the details of physical properties for

different brines.

Table 2. The composition of high salinity and low salinity brines

Salts FW SW 2dSW  5dSwW 10dSW  20dSW  50dSW
NaCl 124.5 26.5 13.25 5.3 2.65 1.33 0.53
Na,SO, 0.43 4.10 2.05 0.82 0.41 0.20 0.08
CaCl,.2H,0 57.79 1.54 0.77 0.31 0.15 0.08 0.03
MgCl,.6H,0 16.87 11.41 5.70 2.28 1.14 0.57 0.23
NaHCO, 0.40 0.11 0.05 0.02 0.01 0.005 0.002
TDS (g/L) 200 4365 21.82 8.73 4.37 2.18 0.873
lonic
strength 200000 43650 21828 8731 4366 2183 873
(ppm)

Table 3. Physical properties of high salinity and low salinity brines

. lonic . . . L
s swengn  Oencly  Viseesiy Conauenuy oy
(ppm)
FW 200000 1.18865 1.995 149.2 6.7
SW 43650 1.04394 1.142 42.70 7.96
2dsSw 21828 1.04138 1.125 16.17 7.58
5dSW 8731.2 1.03875 1.012 8.80 7.34
10dSW 4365.6 1.03579 1.002 4.97 7.24
20dSW 2182.8 1.02848 0.989 2.77 7.15
50dSW 873.12 1.009 0.936 1.11 7.01
2.3 Crude Oils

Three kinds of dead crude oil were supplied by Lundin and Shell
companies from oil fields in Alta and the North Sea, respectively. A Malvern

Bohlin Rheometer and Micromeritics Acupyc-1330 were used to measure



viscosity and density. SARA fractionation was used to analyze the bulk
composition of oils with respect to saturates, aromatics, and asphaltenes. The
mass ratios of N, S, and O were determined by an Elemental Analyzer
(Thermo EA2000). The physiochemical properties of crude oils are given in
Table 4.

Table 4. Physiochemical properties of crude oils

Specification Crude Oil Crude Oil Crude Oil
A B c

Specific gravity at 25 T, gm/cm 2 0.827 0.835 0.933
API 39.5 38 20
Dynamic viscosity at 20 C, cp 5.5 7.4 50
Dynamic viscosity at 50 C, cp 2.94 4.5 28
Total acid number (TAN), mg KOH/g 0.25 0.46 2.54
Composition (wt%)
Saturates 73.7 64.53 32.25
Aromatics 22.75 28.81 44.91
Asphaltenes 0.21 0.47 11.13
Elemental analysis (wt%)
Nitrogen 0.6 0.88 1.06
Sulphur 0 0.19 0.32
Oxygen 2.74 5.12 10.33

2.4 Zeta Potential Measurements

A Colloidal Dynamics Zeta-Probe, which measures the dynamic
mobility of charged colloidal suspensions at different frequencies in the MHz
range, was used to determine the zeta potential of the calcite and dolomite
brines suspensions.To prepare suspensions, 2% weight of outcrop-calcite and
subsurface-dolomite powder were added to various brine solutions under
magnetic stirring to maintain homogeneity and left one day to reach
equilibrium. It is worth pointing out that the calcite particles aging in different
suspensions have a specific
surface area (SSA) varied
between 1.9 and 2.3 m?(g,
while  dolomite  particles

showed a higher specific
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surface area of about 4 m?/g, determined by Quantachrome Nova 2200. A
typical scanning electron microscopy (SEM) was used to image the fresh
calcite and dolomite particles before exposure to various salt solutions. From
Figure 1, the outcrop-calcite and subsurface-dolomite particles show
anisotropic microstructure and heterogeneity in the grain size. In addition,
there is a difference in the appearance of the two types of particles examined,
hence an aggregation was observed in subsurface rock which can be
attributed to the presence of anhydrite, detecting by XRD analysis.

Figure 1. SEM image of A) Fresh
calcite particles. B) Fresh
dolomite particles.

The Zeta potential
measurements of various

suspensions were conducted at a

constant pH value of 8, typical of

carbonate reservoir conditions. 0.1 mole/L for HCI ai A solutions was
used to adjust the pH of suspensions. All the zeta potential measurements
were conducted at ambient temperature. Three runs were carried out for each
sample with five cycles’ measurement for each run, and an average value of
zeta potential was evaluated within this range. The standard deviation of

repeated zeta potential measurements is about 0.5 mV.

2.5 Interfacial Tension and Contact Angle Measurements

CAM 200-KSV equipment was used to determine the interfacial
tension and static contact angle of dead crude oil with different saline
solutions. It is an accurate equipment which depends on the drop-shape

analysis technique by using LED light source.

2.5.1 Interfacial Tension Measurements



For IFT measurements of oil-brine system, a hooked (U-shape) needle
with outer diameter of 0.7 mm was fitted with a micro syringe that filled with
low density fluid (i.e. crude oil) and immersed in an optically clear thermal cell
filled with the aqueous phase. Then the crude oil droplet was injected
upwards, and a stable pendent oil droplet was recorded by a camera (Figure
2). The same drop size (12 ul) was used for all experiments. Previous studies
showed that an identical IFT value was obtained if the drop volume falls within
the range of 7 pl to 30 pl [11]. A pendent drop shape was then processed by
the software to fit the Young-Laplace equation, and the IFT values were
determined. The equilibrium IFT value was observed after about 30 minutes.
The measurements were repeated several times for each oil/brine system and
similar trends were yielded with the standard deviation of about +2 unit. All the
interfacial measurements were conducted at high temperature (80C) and

atmospheric pressure.

| Saline

Crude Oil

O ¥e

Figure 2. Schematic diagram of crude oil droplet at the tip of inverted
needle.

The contact angle meter (CAM 200-KSV) equipment was used to
determine the static contact angle. For a good estimation of contact angle, 10
core slices with the thickness of 0.5 cm were extracted from selected low
permeability core plugs (outcrop and subsurface) to avoid the imbibition of the
liquid when the drop attached to the rock surface. The rock slices were then
ground using silicon carbide grinding discs- 600 grit and a finer 1200 grit to
reduce the roughness of the surface. Next, the rock plates were saturated

with synthetic formation water (200000 ppm) under vacuum pressure and left



for 4 days. The rock slices were then dried in the oven for 48 hours at 60 C.
Finally, the rock plates were aged in the oil for 8 weeks to restore the
wettability of the substrates (3 rock plates for crude oil A, 3 rock plates for
crude oil B, and 3 rock plates for crude oil C). After aging, the slices were

washed with alcohol to detach the oil from the surface and left to dry in the air.

To measure contact angle, the sessile drop method has been used
instead of the pendent drop method, since introducing the oil pendent droplet
to the surface submerged in the aqueous phase did not show a permanent
attachment. The slices were first placed inside the cell, a sessile oil droplet of
10 pl (2.3 mm) was attached carefully to the surface using a pipette and left
for 24 hours to attain the adsorption equilibrium with the surface. A drop size
of 10 ul has been chosen to minimize the gravity effects on the drop shape.
Then, formation water was injected into the cell by using a hand pump until
the rock slice is completely covered and the temperature of the cell was then
set up at 80 C. Afterwards, the rock slice was left in the solution for 1 h our to
reach the adsorption equilibrium conditions. The sessile drop was monitored
until the variation of contact angle was insignificant and a sequence of images
was captured for the oil-advanced contact angle. The average value of the
right and left contact angles was then calculated for each picture. The above
procedure was repeated for the brines with different salinities, injecting in a
sequential manner. The contact angle measurements were repeated for each
rock slice/oil/saline solution system and the standard deviation of the
measurements was about +4° Figure 3 illustrates a schematic diagram of the

contact angle measurements.

Rock substrate )
Oil droplet




Figure 3. Schematic diagram of contact angle measurements.

3. Results and Discussion

3.1 Zeta Potential of Calcite and Dolomite as a Function of Brine
Composition

The zeta potential of calcite and dolomite particles in deionized water
was examined first over a wide range of pH (6.5-11.5) values as a reference
test. From Figure 4, it can be clearly seen that positive zeta potential values
were reported for outcrop-calcite particles throughout the pH range covered.
This might be commonly linked to the high concentration of the Ca?*ion in the
surface lattice. On the other hand, the sensitivity of zeta potential of dolomite
particles to pH is stronger . The isoelectric point (IEP) was observed at pH
8.5, beyond this point the zeta potential of dolomite particles are positive as a
result of an increase in the magnesium species. Previous studies stated that

the IEP values of the pure dolomite are within the range of pH 6.3-8 [24,27].

In addition, a high pH would increase the concentration of COz%*, HCO-3
and OH-, leading to a less positive charge for calcite surface [14, 23]. Thus, as
illustrated in Figure 4, the magnitude of the positive surface charge is
decreased clearly (from +17.27 mV to +3.2 mV) with an increase of pH value,
making the calcite surface less positive. For dolomite, it has been reported
that at high pH value the concentration of Mg?* (OH)* will be less than that of
HCOgs, and thus the electrokinetics of dolomite particles become more

negative [12].

Figure 5 shows the zeta potential values of calcite and dolomite
particles in formation water, sea water, and different dilutions of sea water that
measured at pH 8. It can be seen that the zeta potential of calcite and
dolomite particles was positive (+10.37 mV and +6.96 mV) in formation water,
which represents the highest brine concentration (200000 ppm) used in this



study. This result is consistent with the finding from Mahani et al. [23] that the
zeta potential for different types of carbonate particles in high salinity water is
positive due to the high concentration of (Ca?* and Mg?*) ions, leading to a
shrinkage of the EDL and shift of the zeta potential to positive value. In
comparison, the zeta potential of calcite particles in sea water was less
positive than the formation water (+3.6 mV) at the same pH value, while the
value overturned to negative (-3.73 mV) for dolomite particles. This could be
attributed to the reduction in the total dissolved solids (43650 ppm) and an
increase of the concentration of the SO4? ion in sea water, which is consistent

with the previous studies [3,16,17].
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Figure 4. Zeta potential of calcite and dolomite particles in deionized
water

The results also reveal that the magnitude of the negative charge
generally increases as the salinity and ionic strength of suspensions
decreases up to 10 times dilution. For instance, the zeta potential of calcite
and dolomite particles in two twice-diluted seawater are -5.12 mV and -6.09
mV, respectively, and it reaches to -10.62 and -12.3 mV at 10 times dilution. It
is logical that as the salinity of suspension decreases, the adsorption of Mg?*
and Ca?* ions surrounding the particles decreases with continuous adsorb of
S04, This leads to the expansion of the EDL and an increase in the

magnitude of the negative surface charge [23]. However, further brine dilution



causes more reduction in the concentration of SOs% and therefore less
negative charge is observed, i.e., a zeta potential of -2.24 mV and -5.4 mV
are obtained for calcite and dolomite suspensions, respectively at 50 times
dilution. Al Alotaibi et al. [1] also confirmed that, less negative charges were

observed by using aquifer water without sulphate at certain pH.

It is also evident from the results that, the subsurface dolomite particles
are more negatively charged than outcrop calcite particles. This could be
linked to the presence of anhydrite in the crystalline lattice of dolomite rock as
detected by XRD, which may have shifted the zeta potential to more negative
charge. Another possible explanation could be that the dolomite particles
have large specific area (4 m?/g) compared to that of calcite (see section 2.4).
Therefore, we expect the reaction surface of dolomite molecules will be larger
and consequently, high negative surface charges have been reported. A study
performed by Vdovic [38] shows that a significant difference in the zeta
potential values was observed for the two synthetic calcite samples, having
different surface area. His conclusion is that the specific surface area and
grain size could affect the magnitude of electric charge or energy stored on

the calcite surface.

20
15 B Outcrop-calcite rock
10 B Subsurface-dolomite rock

(5}
L

Zeta Potential (mV)
o

Figure 5. Averaged zeta potential of calcite and dolomite particles in

different salinity solutions at pH 8



3.2 Interfacial Tension Measurements

IFT measurements were carried out between different dead crude oils
and compound aqueous phases to examine the impact of salinity and the
presence of polar organic components in crude oil on the IFT variation. The
averaged values of equilibrium IFT are summarized in Table 5. It is obvious
that the IFT values decreased steadily as the salinity of water declined. Hence
replacing formation water with seawater promotes IFT drop by about 2.9, 3.2,
and 4.3 units for crude oils A, B and C, respectively. Further reduction of 4-6
units were observed when seawater was changed to 50dSW for the three
kinds of crude oils used. This can be attributed to the salting-out effect, so at a
very high salt concentration, the solubility of polar organic components of oil in
aqueous phase decreases, causing an increase in the IFT value [15,31]. On
the other hand, minor IFT decrease (0.4-1 dyne/cm) was obtained under
different dilution proportion of seawater. This trend is in line with previously
discussed work by Yousef et al. [40].

Table 5. Equilibrium IFT values of different brines and crude oils

examined.
IFT (dyne/cm) IFT (dyne/cm) IFT (dyne/cm)
Crude Oil A Crude Oil B Crude Oil C
Formation Water 375 35 34
Seawater 34.6 31.8 29.7
2 diluted seawater 33.7 30.5 28
5 diluted seawater 32.8 29.5 27
10 diluted seawater 31.7 28.8 26
20 diluted seawater 31 27 25
50 diluted seawater 30.6 25.7 24

From Table 5, it is clear that the IFT values for crude oil C are relatively
less than those of crude oil A and B. According to the elemental analysis
(Table 4), crude oil C has a higher mass ratio of hetero-atoms than crude oil A

and B. This means that an alteration in the fluid/fluid interactions occurred



when the oil solvent character changed. It has previously been reported that
the hetero-atoms play a vital role on interfacial activity since they can transfer
from bulk and accumulate in the oil-water interface acting as a weak to
moderate ionic surfactant [18,21,37]. It should, however, be noted that the
activation of the acidic species causes more reduction in IFT values
compared with activation of basic species [10]. This means that more acidic
components present in the interface region the positive IFT contribution will be
obtained. The results acquired in this study are consistent with Skauge et al.
[30] findings that a significant reduction in IFT values was reported for oil with
highest acid number.

Given the minor decrease in the IFT values for all of the crude oils
tested, we expect that the changes in the IFT of the crude oil/brine system
would not contribute to any considerable alterations in the wetting conditions

when brine composition is changed.

3.3 Infrared Absorbance of Calcite and Dolomite

Many Pervious studies proposed that wettability alteration of
carbonates during low salinity flooding is mostly because of the adsorption of
potential determining ions into the positively charged rock surface, i.e., mutual
interactions between Ca?*, SOs%, and Mg?* occurred at the rock surface
[6,35,43]. To validate this hypothesis and to explain the complex rock-brine
interactions, IFR absorbance of fresh calcite and dolomite particles prior to
contacting with saline solutions was first measured. From Figure 6, it can be
clearly seen that the same general pattern of the IR spectrum was observed
for the particles before and after treatment. However, there is a variation in
the intensity of absorbance between the fresh and aged patrticles.

It is also obvious that there is a substantial decrease in the intensity of
C-O stretching vibration at 1392 cm as well as in that of the bands located at
the 871 cm™ and 712 cm™. This might be due to the chemical substitution of
the CO?%* and Ca?* ions by the anions and cations that adsorbed from brines
on the mineral surface. It has been previously reported that any change in the
strength of the corresponding peaks of the specific absorption bands could be
referred to the gain or loss of the particular compounds [13]. The additional

small peak between 620-680 cm™ of the wavenumber, represented by region



A (See Figure 6), can give an indication that the sulphate adsorption was
happened on the mineral surface after treated with seawater and different
diluted versions of sea water [34]. This conclusion is confirmed by zeta
potential measurements presented in section 3.1, i.e., an increase in the
magnitude of the negative surface charges was observed when the salinity
decreased up to 10 times dilution. On the other hand, region A in Fig. 6C
specifies that no sign of SO4? bending band in the range of 620-680 cm
when the calcite minerals exposed to 20dSW and 50dSW. It seems likely that
no sulphate molecules are adsorbed on the mineral surface as the sulphate
concentration is further decreased. These results are again consistent with
our zeta potential measurements that treated calcite with 20dSW and 50dSW
showed less negative charges compared with other diluted versions of
seawater. Austad et al. [5] and Alshakhs [3] argued that multiple ion exchange
(MIE) is only happened by brine with a high concentration of Mg?*, and SO4%,
i.e., specific brine composition is required for the ion-substitution mechanism.
For dolomite particles, Figure 6D, E, and F show that SO4? bending
band at 620-680 cm™, region A, is relatively more intense for treated dolomite
surface compared with that of treated calcite surface. A possible explanation
for this observation could be that the treatment of dolomite surface with
various saline solutions can lead to the adsorption of sulphate ion on the
surface, as dolomite mineral contained anhydrite in their crystalline lattice
(See section 2.1),which could cause a further increase in the intensity of the
S04% bending band of dolomite compared to the calcite. In addition,
inspection of Figures 6D, E, and F indicates that there is a symmetric vibration
band at the wave number of 842 cm! for all treated dolomite particles, which
is referred to the MgCl2 ion [34]. This gives sufficient evidence that
magnesium adsorption was taken place on the dolomite surface after
exposure to various saline solutions, which might substitute calcium ion on the
surface, leading to a decrease in the strength of the carbonate absorption

bands.
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Figure 6. Infrared spectra of fresh and treated calcite and dolomite particles.




3.4 Contact Angle Alteration as a Function of Rock Mineralogy, Brine

Salinity, and Oil Composition.

The impact of high and low salinity solutions on the wettability
alteration of the calcite and dolomite plates aged with different types of dead
crude oil is investigated in this section. Figures 7 through 12 show the contact
angle images of aged dolomite and calcite substrates upon exposure to
formation water, seawater, and different diluted versions of seawater for the
crude oil A, B and C, respectively. The results revealed that an overall
decrease by about 7 tol1 degrees in the water contact angle was detected as
the salinity of the solution decreases up to twice-diluted seawater.

For crude oil A, it is clear from Figure 7 that a weakly oil-wet with the
water contact angle of 121°was recorded when the aged dolomite substrate
was subjected to formation water. Subsequently, a decrease in the water
contact angle to 110°was reported after exposure to seawater. A similar trend
was observed by Mahani et al. [23] who noted that a change of 5-17°in the
contact angle was observed when switching from formation water to
seawater. The most obvious decrease in the contact angle value to 99°was
for the dolomite plate upon exposure to twice-diluted seawater, which reveals
that the rock substrate is changed to intermediate-wet [4]. On the other hand,
an insignificant effect on the contact angle was recorded when using further
dilution of sea water, as the contact angle showed almost a fixed trend to end
up with the value of 106°

In the second and third set of contact angle tests, we measured the
contact angles of dolomite substrates with other kinds of crude oils under
various salinities, as illustrated in Figures 8 and 9. The aim was to verify if
changing the type of crude oil affects the wetting state or not. Unlike crude oil
A, more hydrophobic surface was observed for crude oil B when using
formation water with the water contact angle value of 137°. As mentioned in
section 3.1, a positive surface charge on the dolomite surface was reported
when formation water used, which is likely to be acted as attractive site for the

negative ends of polar organic components in crude oil, i.e. a strong



interaction between ionized acidic and basic sites could be happened,
resulting in an oil-wet surface [1,10]. Again, the dolomite surface changed to
weakly intermediate-wet when twice diluted seawater was used with the

average water contact angle of 109°

For the calcite/brine/oil system, as can be seen in Figures 10 and 11,
there was a decrease in the water contact angle for crude oil A and B when
the formation water replaced by seawater and twice-diluted seawater,
producing less oil-wet surface. These results are consistent with the findings
from the experimental work performed by Lashkarbolooki et al. [22] that
formation water with high salinity (202070 ppm) was not able to modify the
wettability of carbonate rock surface while Persian Gulf water with a salinity of
43336 ppm could change the wettability to a less oil-wet condition. It should,
however, be noticed that the calcite/crude oil B regime showed more
hydrophobic surface than calcite/crude oil A system upon exposure to
investigated brines. These results may have been linked to the difference in
the solvent character of crude oil A and B with respect to their polar
components, as outlined before (See Table 4), and to the effect of surface

properties.

It is also obvious that the contact angle of dolomite/calcite and crude oil
C remain within the strongly oil-wet condition upon exposure to saline
solutions. As shown in Figures 9 and 12, dolomite and calcite plates showed a
strong oil-wet surface with the water contact angle of 145° and 151°,
respectively when formation water was used. The contact angle decreased
then slightly when the dolomite and calcite substrates were exposed to
seawater and twice-diluted seawater, but both surfaces are still within a strong

oil-wet condition.

3.5 Discussion



Based on the results of this work, we found that the wettability is likely
to be affected by three factors, including minerals composition of the rock,
brine concentration, and chemical composition of the crude oil. To better
understand the role of each factor and to explain the main cause of wettability
alteration and oil release, we evaluate the dispersive adhesion tension (oa)
using Young's equation [4]:

OA = Oos- Ows= Cow COS O 1)

where Oos and ows are the interfacial tension between oil/water and solid
surface, dyne/cm. gow is the measured oil/brine interfacial tension, dyne/cm. 6

is the measured contact angle between oil/brine interface and the solid
surface. The calculated values are plotted versus various saline solutions,
Figures 13 and 14.

From Figure 13, it is apparent that a sharp decrease in the adhesion
tension was obtained when switching from formation water to seawater and
then to twice-diluted seawater. While, Figure 14 showed that the slope of
adhesion curves for calcite is less steep than that of dolomite upon exposure
to similar saline solutions for three oils examined, suggesting a high adhesion
force for calcite surface. This results in a more hydrophobic surface for calcite
surfaces in comparison with the dolomite surfaces, hence a smaller low
salinity effect. These results are qualitatively consistent with previously
discussed zeta potential and infrared absorbance data. Thus, we found that
the variation in adhesion values may have been linked to the difference in the
rock characteristics of calcite and dolomite minerals with respect to the
content of anhydrite (section 2.1).

There are three possible explanations for the low salinity effect |,
leading to a general trend of adhesion drop and favorable wetting state.
Firstly, in-situ chemical interactions between divalent ions and carbonate
molecules and ion binding at the solid/water interface could happen,
preventing oil to contact the surface. This mechanism is supported by the
evidence of the infrared absorbance data (see section 3.3) that sulphate ions

are adsorbed on the calcite and dolomite surfaces, turning the net surface



charges of carbonate particles to negative values . As a result, the repulsion
force is likely to be increased and consequently, the affinity of polar oil
components into the rock surface would decrease. The researcher group in
British Petroleum [19,20] suggested that the cause of an increment in oil
recovery by specific brine composition (i.e., containing a high concentration of
S04%, Ca?*and Mg?*) can be traced back to the multi-ionic exchange, which
results in a detachment of organic polar components from the surface by

divalent cations.

The second suggested mechanism is the electrical double layer and
DLVO theory, which illustrates the competitive interactions between repulsive
electrostatic forces and van der Waals attractive forces. At a low electrolyte
concentration and a relatively high surface charge density, the repulsive
energy of the EDL plays a vital role in the interactions between rock/brine/oil
interfaces. A thin water film on the rock surface becomes stable and thicker
(i.e., positive disjoining pressure), thereby receding the three-phase contact
line and preventing oil to contact the surface [7]. The findings of zeta potential
measurements, described in section 3.1, can give an indication of the
occurrence of EDL expansion. As the surface charges of dolomite and calcite
rock become more negative when the salinity of suspensions decreases up to
10 times dilution, the expansion of EDL causes considerable change in the
rock wettability, evidenced by the reduction in adherence tendency of oil
components to the surface.

Finally, the salting-out effect could also be considered as another
possible mechanism for the wettability alteration during low salinity injection.
Increasing the salinity can lead to a decrease in the solubility of polar organic
components in the aqueous phase, resulting in the thin oil film being closer to
the rock surface. Consequently the adherence tendency of polar components
to the rock surface will be increased,, leading to a more hydrophobic surface.
In contrast, decreasing the ionic strength and salinity of solutions can cause
an increase in the solubility of polar organic components in the aqueous
phase, resulting in a less hydrophobic surface. This could explain why the
formation water had the highest adhesion values (strongly oil-wet) for three

kinds of crude oil examined.



It is also clear that the adhesion tension of dolomite and calcite rocks
for crude oil C is relatively higher than of crude oil A and B, resulting in a high
degree of oil-wetting. As mentioned earlier, crude oil C contained the highest
concentration of polar organic components, which can be ionized in the
presence of water to give a positive and negative?? oil/water interface. Thus,
it is supposed that the ionizable acidic and basic components at the oil/water
interface could be adsorbed at the carbonate surface, and the strongest
interactions between these polar atoms and polar surface site may occur, i.e,
adhesive force will compensate the repulsive force, leading to preferentially
oil-wet surface and low wettability alteration for the rock/brine/crude oil C
regime [9]. The contact angle results support that the observed wettability
alteration is mostly due to the rock/brine/oil interactions. Our current findings

expand many prior work [1-3,10, 28,40,42].
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Figure 7. Contact angle images of dolomite rock with crude oil A and
formation water, seawater, and different dilution of seawater.
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Figure 8. Contact angle images of dolomite rock with crude oil B and
formation water, seawater, and different dilution of seawater.
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Figure 9. Contact angle images of dolomite rock with crude oil C and
formation water, seawater, and different dilution of seawater.
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Figure 10. Contact angle images of calcite rock with crude oil A
and formation water, seawater, and different dilution of seawater.
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Figure 11. Contact angle images of calcite rock with crude oil B and
formation water, seawater, and different dilution of seawater.
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Figure 12. Contact angle images of calcite rock with crude oil C and
formation water, seawater, and different dilution of seawater.
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4. Conclusions

This work is conducted to provide insightful information on the

carbonate surface/brine/oil interactions and to gain a better understanding of

the wettability alteration mechanisms.

O

O

The overall zeta potential measurements demonstrate that as
the salinity and ionic strength of suspensions decreases up to
10 times dilution, the magnitude of the negative charges
increases. The dolomite surface, containing some amount of
anhydrite, is more negatively charged than the pure calcite
surface.

The IFT experiments show that there is a general trend of IFT
reduction as the salinity of water is decreased. However, the
reduction is small, which suggests that low salinity water
flooding has an insignificant effect on fluid-fluid interactions
compared to fluid-rock interactions.

The IFR test shows that some sulphate ions are adsorpted on
calcite and dolomite surfaces, which affects the net surface

charges of carbonate patrticles.



o The results of contact angle measurements show that a
dramatic change in the contact angle was detected for dolomite
substrates when the salinity is decreased twice from the
formation water , whereas the alteration for the calcite
substrates was smaller. Further decrease in the salinity shows
an insignificant effect on the contact angle behavior

o Different effects on the contact angle were obtained for three
kinds of dead crude oil examined for the same rock/brine
system, suggesting that the wettability alteration of carbonate
rock under high temperature is influenced by the rock
mineralogy, the concentration of brine, and the chemical
composition of crude oil existing in the porous media.

o Three possible mechanisms, including multiple ion exchange,
EDL expansion (electrokinetics repulsive), and salting-out are
suggested for the wettability alteration during low salinity
injection. However exact cause is hard to detect, which requires

further detailed studie.
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