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Abstract

Water flooding is widely applied for pressure maintenance or increasing the oil recovery of reservoirs. The heterogeneity and
wettability of formation rocks strongly affect the oil recovery efficiency in carbonate reservoirs. During seawater injection in
carbonate formations, the interactions between potential seawater ions and the carbonate rock at a high temperature can alter
the wettability to a more water-wet condition. This paper studies the wettability of one of the Iranian carbonate reservoirs
which has been under Persian Gulf seawater injection for more than 10 years. The wettability of the rock is determined by
indirect contact angle measurement using Rise in Core technique. Further, the characterization of the rock surface is evalu-
ated by molecular kinetic theory (MKT) modeling. The data obtained from experiments show that rocks are undergoing
neutral wetting after the aging process. While the wettability of low permeable samples changes to be slightly water-wet,
the wettability of the samples with higher permeability remains unchanged after soaking in seawater. Experimental data
and MKT analysis indicate that wettability alteration of these carbonate rocks through prolonged seawater injection might
be insignificant.

Keywords Wettability - Carbonate rock - Seawater injection - Dynamic contact angle - Rise in Core - Molecular kinetic
theory

1 Introduction

More than 60% of the world’s oil in place is located in the
Middle East, with over 70% being reserved in carbonate
formations. Seawater flooding has been commonly used
in secondary oil recovery as seawater is a feasible and
practical water source for reservoir pressure maintenance.
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Several studies have demonstrated that seawater injec-
tion can change the wettability of carbonate rocks to more
water-wet conditions, where brine composition, oil chemis-
try, rock lithology, and temperature play significant roles in
wettability alteration of rocks during water flooding. Salin-
ity and ions in the injected brine control the wetting state of
rocks in the secondary and tertiary oil recovery. In fact, the
interaction between brine and crude oil compositions and
also the chemicals used in EOR methods are crucial to alter
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the wettability of carbonate formations (Bera et al. 2017;
Pal et al. 2018; Heydari et al. 2019). Hognesen et al. (2005)
found that increasing sulfate ions in seawater resulted in
an additional oil recovery in carbonate cores (chalk and
limestone) at high temperatures. However, the success of
this strategy is restricted to the temperature and the salinity
of water due to the possibility of scale formation and sul-
fate-reducing bacteria (SRB) problems (Webb et al. 2005).
Experimental studies showed that potential-determining
ions in seawater, Ca**, Mg?*, and SOi_, have a great influ-
ence on wetting characteristics of carbonate rocks toward
water wetting and their efficiency increased at high temper-
atures (Austad et al. 2005; Zhang and Austad 2006; Strand
et al. 2006). Adsorption of sulfate ions in seawater onto
chalk surfaces expedited the chemical process of wettabil-
ity alteration (Strand et al. 2003). Spontaneous imbibition
and forced fluid displacement results revealed that seawater
is more effective in enhancing oil recovery than the injec-
tion of brine free of sulfate ions at temperatures higher than
100 °C (Zhang et al. 2007; Austad et al. 2008; Strand et al.
2008; Alotaibi et al. 2010). The results of field experience
confirmed that the oil recovery in both spontaneous imbi-
bition and forced displacement of injecting seawater were
improved. According to the capillary pressure curves, the
water wetting characteristics of rocks exposed to seawater
increased more than samples treated with formation water
(Webb et al. 2005). The effect of injecting seawater as a
secondary recovery method was broadly investigated using
fluids and rocks of North Sea carbonate fields. Since the
levels of potential-determining ions in seawater and crude
oil composition are different from place to place, the wet-
ting condition of the Middle East carbonate oil fields was
slightly changed after seawater flooding (Alotaibi et al.
2010; Okasha 2014; Zhu et al. 2016).

The oil recovery from carbonate reservoirs is signifi-
cantly controlled by their wettability which determines
the location, distribution, and displacement of reservoir
fluids in porous media. Therefore, reliable data of wet-
tability result in more precise prediction of oil recover-
ies under different injection scenarios, particularly water
flooding and EOR techniques (Cuiec 1984; Anderson
1987). The commonly used techniques to determine the
wettability of rocks include Amott and USBM (United
States Bureau and Mines) methods which are time-con-
suming and costly. In addition, USBM and Amott tests are
not sensitive under mixed/fractional and neutral-wet con-
ditions. Direct contact angle measurement is widely used
to define the wettability of smooth pure minerals (Ander-
son 1986). However, the reservoir rock is comprised of
various mineral compositions, and pure mineral crystals
are only partially representative of reservoir rocks. Fur-
ther, the heterogeneity of the rock surface compromises
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the accuracy of the direct measurement of the contact
angle (Morrow 1991).

The Rise in Core (RIC) is a quantitative technique to
evaluate the wettability of a solid surface in a contact
angle term. This technique is based on modified Wash-
burn and spontaneous liquid imbibition into porous
media. Wettability of powders (Siebold et al. 2000; Dang-
Vu and Hupka 2005; Yildiz et al. 2010) and heteroge-
neous reservoir rocks (Ghedan et al. 2010; Ghedan and
Canbaz 2014; Aminnaji et al. 2015; Canbaz and Ghedan
2015) could be measured using the RIC technique. The
contact angles obtained from the RIC technique match
the results measured with Amott and USBM methods
(Ghedan et al. 2010). The advantage of the RIC technique
over the direct contact angle measurement is providing
wettability resembling the dynamic structure of the res-
ervoir. The relative velocity of a liquid moving across the
surface during capillary imbibition can be accounted for
the wetting. Empirical and theoretical studies in macro-
scopic and microscopic scales were conducted in order
to clarify the underlying mechanisms in the wetting of
solid surfaces (Martic et al. 2003; Bonn et al. 2009; Alo-
taibi et al. 2010). According to molecular kinetic theory
(MKT), the macroscopic behavior of a wetting line is con-
sidered as the overall statistics of molecular movements
within the three-phase zone, whereby the adsorption or
desorption of fluid molecules occurs to or from the solid
surface (Blake and Coninck 2002; Blake 2006). Experi-
mental dynamic contact angle data are used to obtain the
characteristic parameters defining the wetting properties
of a solid surface via curve-fitting in the MKT model
(Wu et al. 2017).

The main objectives of this work are listed as follows:

1. This is a case study to evaluate the wettability of one of
the Iranian carbonate reservoirs after more than 10 years
of injecting seawater.

2. The wettability of core rock samples is defined in the
contact angle value using a quick and reliable technique
called the RIC technique.

3. The derived statistical data from the MKT model are
used to quantitatively explain the wetting state of porous
and heterogeneous carbonate rocks.

2 Materials and methods
2.1 Materials
The rocks used in this work were selected from different

depths of a carbonate reservoir. According to the X-ray
fluorescence (XRF) result presented in Table 1, the major
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Table 1 XREF results of the carbonate rock samples

Component SiO, Al,O4 Fe,04 CaO Na,O

K,0 MgO TiO, MnO PO, SO, LOI

Mass content, % 1.190 0.280 0.150 53.420 0.170

0.110 1.210 0.006 0.002 0.085 0.133 42.720

LOl is the loss on ignition

component of the carbonate formation is calcite. Table 2 lists
the petro-physical properties of core samples used.

Synthetic formation brine and seawater were used in the
aging and soaking processes, respectively. Compositions of the
formation water and Persian Gulf seawater are listed in Table 3.
The salinity of formation brine was about 142,000 mg/L, while
it was approximately 34,000 mg/L for seawater.

Crude oil and n-hexane were used as the oil phase in the
experiments, and their physical properties are presented in
Table 4. The crude oil has an acid number (AN) of about
0.07 mg KOH/g. The composition of crude oil is summa-
rized in Table 5.

2.2 Sample preparation

The rock samples were cut into small plates and then bur-
nished by an end-face grinder to achieve a flat and rela-
tively smooth surface. The dimensions of the rectangu-
lar samples were 2 cm X 1 cm X 0.2 cm. The plates were
cleaned with toluene and washed with distilled water. They
were then dried at 70 °C for 24 h. The prepared samples
were saturated with formation water for 24 h at ambient
temperature and then aged in crude oil at the reservoir
temperature, 109 °C for 2 weeks. To remove the excess oil
from the rock surface after aging, the samples were gently
washed with n-hexane and then dried. In the next step, the

Table 2 Depth, permeability, and porosity of core plugs

aged samples were soaked in seawater at 109 °C (reservoir
temperature) for 1 week.

2.3 Experimental procedures
2.3.1 RIC experiment

RIC was used for the contact angle measurement based on
the Washburn equation. In this technique, the wettability
of powders and porous media could be characterized using
contact angle measurements in the presence of immiscible
liquid/liquid or gas/liquid phases (Dang-Vu and Hupka 2005;
Ghedan and Canbaz 2014). Washburn derived an equation
for the gas/liquid/rock system to describe the imbibition rate
of a liquid into porous media (Dang-Vu and Hupka 2005;
Siebold et al. 2000; Wolform et al. 2002). The mass of the
imbibed fluid into porous media can be obtained by the
Washburn equation (Washburn 1921):

m? = (sz}/LVCOSG/y)t (1)

where m is the mass of the imbibed liquid into the porous
media, g; p is the density of the imbibed fluid, g/cm?; YLy 1S
the surface tension between liquid and vapor phase, dyne/
cm; 6 is the contact angle, °; u is the viscosity of the imbibed
fluid, cP; ¢ is time, s; and C is a constant characterization of
the porous medium.

Table 4 Physical properties of fluids used in the RIC experiments

Sample no. Plugno. Depth, m Permeability, mD Porosity, %

Liquids Density @ Viscosity @ Surface ten-
1 13 3498.02 <0.01 1.1 15.6 °C, g/cm3 23 °C, cP sion, dyne/
2 45 3506.25 26.0 234 cm
3 56 3509.02 22 16.1 .

Crude oil 0.864 1.500 -
4 140 3530.06 8.7 20.0

n-Hexane 0.655 2.940 18.43
5 171 3537.75 9.7 20.2

Seawater 0.998 1.002 72.80
6 256 3559.08 0.5 11.0
Table 3 Compositions of the synthetic formation brine and seawater
Water Salinity, mg/L Concentration, mg/L

Na* Ca** Mgt Sr** (ol HCO;~ Nojw

Seawater 34,000 12,000 440 1632 - 21,410 166 3110
Formation brine 142,000 52,000 7400 936 1311 88,252 300 242
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Table 5 Dead oil composition

Composition C; i-C, n-C,  i-Cs n-Cs

C7 C8 C9 CI() Cll CI2 C12+

Mole fraction, mol% 0.195 0.210 0987 1.560 2.480

6.740

12290 13.780 9.090 7.020 5.860 5.070 34.710

In RIC experiments, C and 6 are unknown parameters.
The parameter C for each sample is measured using a refer-
ence imbibition liquid, particularly an alkane with low sur-
face tension; therefore, its contact angle is assumed to be
zero and it completely wets the rock surface. The slope of
the squared mass of the imbibed liquid versus time is used
to calculate C, and the contact angle of the air/liquid/rock
system can be calculated for different liquids by C of each
sample.

RIC experiments were performed using a Sigma 700 ten-
siometer at ambient temperature as shown in Fig. la. The
schematic view of the experimental setup is presented in
Fig. 1b. The setup is composed of a high precision balance
with a weighting accuracy of 0.01 mg. The samples were
hung from a hook under the balance during the experiments.
The samples were held vertically at a fixed position, while
the container of liquid could move up and down. In the
beginning, the container of liquid was moved up until the
bottom of the sample barely touched the liquid and then it
was kept fixed. Mass changes were continuously recorded
over a period of time, and plots of the squared mass of
imbibed liquid versus time were generated.

2.3.2 MKT model

Based on the MKT definition, the wetting line depends
on the statistical dynamics of the molecules within a zone
where solid, liquid, and gas phases meet; then, the adsorp-
tion prevents liquid molecules to freely slip across a solid
surface. According to the model, the contact line moves
when the driving force overcomes the energy barriers and
promotes molecular displacements (Blake 2006). The key
parameters for solid surface interpretation are 4, kgj, and
n; where A is the average distance between the adsorption
sites on the solid surface, k?v denotes the frequency of the
molecular displacement at the equilibrium state, and n rep-
resents the number of adsorption sites per unit area of the
solid surface. Blake and Haynes assumed that the driving
force to move the wetting line in a specific direction is
the unbalanced surface tension force, yLV(cos 6, — cos 0),
where y; y is the surface tension of the liquid/vapor, dyne/
cm; 6, is the static contact angle, degree and 6 is the
dynamic contact angle, degree (Blake and Haynes 1969).

Using the Frenkel-Eyring activated-rate theory (Glas-
tone et al. 1941; Powell et al. 1941; Frenkel 1946), the
relationship between velocity, v, and dynamic contact
angle, 6, could be defined by Eq. (2):

(b)

High precision
balance

Hook

/ﬁ;—) Thin section of rock

——> n-hexane/Sea water

~.

Fig. 1 a Sigma 700 tensiometer. b Schematic diagram of the experimental setup for RIC experiments
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v = 2k° Asinh [( Ly
W 2nkg

T>(cos 6, —cosé))} Q)

where kp is the Boltzmann constant and 7 is the absolute
temperature. Thus, there are three unknown molecular
parameters: n, A, and k& which can be obtained from tuning
the model parameters based on experimental data (de Ruijter
et al. 1999).

Dynamic contact angle measurements were carried out at
different velocities with the Sigma 700 tensiometer in order
to deduce the rock characteristics using the MKT model. The
Sigma 700 tensiometer was to measure the advancing and
receding contact angles using the Wilhelmy plate method
(Aminnaji et al. 2015). Based on this method, a sensitive
balance was used to measure the force exerted by the lig-
uid on the solid when the liquid container moved upward
and downward. In the beginning, the container was moved
upward to measure the advancing contact angle and when
the bottom of the plate reached the specific immersion depth,
the container was moved downward at the same speed to
measure the receding contact angle. The wetting force was
calculated based on Eq. (3), and then the dynamic contact
angle was measured at various speeds

F total = F. wetting +F weight of probe — F buoyancy (3)
Fwelting = yLVP cos 6 (4-)

where P is the perimeter of the plate and @ is the advancing
or receding contact angle.

3 Results and discussion
3.1 Results of RIC experiments

In the first step, the constant characterization of the rock
sample was evaluated by performing RIC experiments
with an n-hexane/air/rock system. The rock sample became
strongly wet with n-hexane in the presence of air due to very
low surface tension, ¥, jcxane = 18.43 mN/m. This suggests
that the contact angle is assumed to be zero in Eq. (1). The
slope of the curve, Am?/t, obtained from RIC experiments
was used to calculate the constant characterization of the
sample, C.

The curve of n-hexane imbibition into the aged sample
1 (plug 13) is presented in Fig. 2. The slope of the curve is
Am¥t=1x10"% gz/s, and the constant C is about 3.72x 1077
with R?=0.9986. The constant C of each sample remains
nearly constant after soaking in seawater.

The next step was to measure the wettability of the sam-
ple by determining the contact angle in the air/seawater/
rock system with a known constant C. The start time, =0,

0.0000045

0.0000040 -

0.0000035 -

0.0000030 -

0.0000025
R?=0.9986
0.0000020 -
0.0000015 A

0.0000010

Square mass of imbibed hexane, g2

0.0000005 -

0+ T T T T T T
0 50 100 150 200 250 300 350

Time, s
Fig.2 RIC results for a system of air/n-hexane/sample 1

began when the rock touched the liquid surface. Figure 3a
displays the seawater imbibition into sample 1 after aging in
crude oil, where the linear slope is Am*/t=1x 1072 g%/s with
R*=0.998. According to the physical properties of seawater
and constant C, the contact angle of the aged sample 1 was
determined to be around 8 = 89.9°. The wettability of the
sample after soaking in seawater was measured in the same
way. Two distinct curves for sample 1, after aging in crude
oil and soaking in seawater, were compared as shown in
Fig. 3b. The contact angle of the sample became 70.5° after
soaking in seawater.

The water imbibition curves of sample 1 after aging in
crude oil and soaking in seawater are presented in Fig. 4.
Wettability modification can be deduced from rapid spon-
taneous imbibition of water into porous media (Hognesen
et al. 2006). The imbibition rate of a liquid into the rock
sample depends on capillary and gravity forces, where wet-
tability plays a significant role in the spontaneous imbibi-
tion process. Rapid seawater imbibition occurs due to a high
capillary force if the rock is water-wet. In the beginning,
water enters pores due to the capillary force and rises until
the capillary force gets balanced with the gravity force. The
greater capillary force leads to faster water imbibition, and
therefore the porous media will be filled sooner. According
to the penetrating liquid curves, there are different trends
of seawater imbibition into sample 1 before and after soak-
ing in seawater. Water imbibition into the aged sample
increased almost linearly over the time period shown, while
there were two discrete regions for the soaked sample; water
imbibed quickly to reach a plateau and then remained con-
stant. Furthermore, the amount of water is approximately 7
times higher if the sample is soaked in seawater; it is about
0.035 g for the soaked sample, but only 0.005 g for the aged
sample. Dang-Vu and Hupka found that the liquid imbibition
in porous media occurs through two steps: first, the liquid

@ Springer
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(a) 0.000030

B Aged sample 1

0.000025 -

0.000020 -

0.000015 -

0.000010 -

0.000005 -

Square mass of imbibed water, g2

R2=0.9983

0 500 1000

Time, s

1500 2000

(b) 0.0015

0.0012

B Aged sample 1

0.0009 A Soaked sample 1

0.0006

0.0003

Square mass of imbibed water, g2

0 Y " =
0 500 1000 1500 2000

Time, s

Fig.3 RIC results of a aged sample 1, b a comparison of sample 1 before and after soaking in seawater

0.040

0.035

0.030

0.025

Mass of imbibed water, g

a4 Aged sample 1
A Soaked sample 1

0 200 400 600 800 1000 1200

Time, s

Fig.4 Seawater imbibition curve of sample 1

1400 1600 1800 2000

Table 6 Contact angles of samples obtained from RIC experiments

Sample no. Contact angle, degree
Aged sample Soaked sample

1 89.9 70.5
2 89.3 82.8
3 86.8 84.5
4 89.9 88.8
5 89.7 87.0
6 89.6 78.0

@ Springer

occupies pores due to the wetting condition, so the mass
of the liquid rises until it reaches a constant value during
penetration, and then the liquid fills the whole pores and
saturation takes place (Dang-Vu and Hupka 2005). The time
required to reach saturation mainly depends on the wettabil-
ity of porous media. The results suggested that the saturation
process in the soaked sample 1 occurred sooner in response
to more water-wet condition.

The contact angles for all samples are summarized in
Table 6. The initial contact angle of each sample is in the
range of 86°-90° which means that aged samples are neu-
tral-wet. After soaking in seawater, the contact angles of four
samples (samples 2—5) slightly changed and just two other
samples displayed more wettability change.

Figure 5 illustrates the contact angle measured by RIC
experiments versus layer depth of the samples according to
the wettability criteria (Anderson 1986; Chilinger and Yen
1983). As can be seen, the aged samples were neutral-wet
with contact angle in the range of 86°-90°. When the sam-
ples were exposed to seawater, the wettability of samples 1
and 6 (low permeability core samples) changed to a slightly
water-wet condition, while the other samples revealed a neg-
ligible change and remained neutral-wet. The results suggest
that seawater may slightly change the wettability of carbon-
ate rocks which are consistent with the findings reported in
other studies (van Oss 1994; Okasha 2014; Zhu et al. 2016).
In addition, the results indicate that the low permeable sam-
ples (samples 1 and 6) changed to slightly water-wet after
soaking in seawater, but the wettability of high permeability
core samples did not change.
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Fig.5 Wettability of carbonate rock samples before and after soaking in seawater
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Fig.6 Advancing contact angle versus contact line velocity of water and fitted model for sample 1 after a aging in crude oil, b soaking in seawa-

ter

3.2 Results of the MKT model

The dynamic contact angles at various speeds were meas-
ured using the Sigma 700 tensiometer, and the G-dyna soft-
ware, special software for dynamic wetting theory, was used
to derive the parameters of the MKT model by curve-fitting.
The molecular parameters of n, A, and k?y were obtained
based on Eq. (2) (Seveno et al. 2009).

Figure 6 demonstrates the dynamic advancing contact
angles and curve-fittings for sample 1 after aging in crude oil
and soaking in seawater. The MKT model properly fitted the

experimental dynamic contact angle data for the aged sam-
ple with a characteristic length, A =0.37 nm, and a displace-
ment frequency at equilibrium, k& =4.7 MHz. The same fit-
ting procedure was applied to the core sample after soaking
in seawater with A4=6x 10~* nm and k¥ =1.7x 10'° MHz.
Table 7 reports the MKT parameters for all samples
before and after soaking in seawater, which was obtained
from the curve-fitting, as well as the corresponding errors.
It is clear that the parameters A, n, and k\?v for all aged sam-
ples are in the same order of magnitude. Once treated with
seawater, samples 1, 2 and 6 show significant changes with
similar trends; the average distance between the adsorption
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Table 7 MKT parameters obtained by curve-fitting of the MKT model

Condition (state) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
A, nm After aging in crude oil 0.370 0.433 0.470 0.510 0.460 0.390

After soaking in seawater 0.06x 1072 0.2x1072 0.48 0.57 0.51 0.27
n, nm™> After aging in crude oil 7.30 5.35 4.50 3.90 4.76 6.54

After soaking in seawater 2.7x108 2.4x10° 4.3 3.1 3.7 14.0
kg, MHz After aging in crude oil 4.70 1.50 0.85 0.66 1.56 2.50

After soaking in seawater 1.7x101° 3.3x10’ 1.17 0.87 1.50 20.50
0, degree After aging in crude oil 89.4 86.0 84.5 84.4 88.4 85.0

After soaking in seawater 69.9 79.2 84.0 84.3 85.5 80.6
Error E,, % After aging in crude oil 1.3 3.6 4.4 2.9 14 3.6

After soaking in seawater 1.10 1.40 2.50 0.90 1.10 1.05
E = —9““‘““;‘“79"‘”‘“‘“' X 100%

calculated

sites on the solid surface, A, decreases, and on the other
hand, the number of adsorption sites per unit area of the
solid surface, n, increases several times for these sam-
ples. The corresponding parameters of samples 3, 4, and
5 change only slightly.

When the wettability changes to more water-wet, the
value of A diminishes which means that the distance
between adsorption sites on the rock surface becomes
shorter. The same behavior is observed for samples 1 and
2 where the values of 1 decline from 0.37 and 0.43 nm
to 0.06x 1072 and 0.2 x 1072 nm, respectively, while the
value of A for sample 6 reaches 0.27 nm. The parameter
A for other samples shows a little increase after soaking
in seawater.

The value of n, the number of active sites per unit area on
the surface, increases by changing the wettability to more
water-wet. The values of n for samples 1 and 2 increase by
several orders of magnitudes from 7.3 to 2.7 x 10® nm =2 and
5.4 t0 2.4x 10° nm~2, and for sample 6, its value reaches
twice the initial value (6.54 nm~2). However, a slight reduc-
tion in n is observed for samples 3, 4, and 5.

Wettability alteration to more water-wet condition results
in strong bonds of solid and water; therefore, the frequency
of the molecular movement called kg will decrease due to
adhesion of water molecules to the active sites on the solid
surface. In all cases, ka reveals an increase after soaking
in seawater. These results suggest a conflict with two other
parameters, particularly for samples 1, 2 and 6.

The MKT fitting curves provide static contact angles of
water confirming that the wettability of samples 1, 2 and 6
changes to more water-wet, while the wetting of other sam-
ples remains unchanged. Sample 1 becomes slightly water-
wet as the static contact angle changes from 89.4° to 69.9°.
These results are in good agreement with the contact angles
obtained using the RIC experiments considering curve-fit-
ting errors.

@ Springer

4 Conclusions

The wetting behavior of carbonate rocks is studied by con-
tinuous assessment of seawater imbibition into porous media
using the RIC technique. The wetting condition of rocks is
also investigated by MKT model with molecular parameters
obtained from curve-fitting, 4, n, and kg/ describing the char-
acteristics of the rock surface on a microscopic scale, and the
static contact angle of the rock sample is determined as well.

The following conclusions can be drawn from this study:

e In comparison with conventional methods, the RIC tech-
nique takes less time and effort, thanks to these advan-
tages, there is a possibility to study more reservoir core
samples in a short time. The average wettability of cores
is measured and stated in a contact angle term.

e The experimental dynamic contact angles fit the MKT
model very well. There is a good agreement between the
static contact angles obtained from two methods.

e Carbonate rocks become neutral-wet after the aging pro-
cess with measured contact angles of around 90°.

e Seawater can change the wettability of low permeability
plugs to more water-wet conditions, while the wetting
state of higher permeable plugs remains unchanged.
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