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ABSTRACT: The accurate determination of the wetting condition of carbonate reservoirs is a prerequisite for the selection of
any enhanced oil recovery (EOR) ﬂuid. Most carbonate formations are initially oil-wet to intermediate-wet at reservoir
conditions. In order to correctly chose an EOR ﬂuid to alter the wettability, we need to understand the initial wetting conditions
and design an ionically modiﬁed water (advanced water) to alter wettability and improve oil recovery. If a reservoir has already
been reached to the optimum wetting conditions by injecting formation water or any other ﬂuid, then there is no need for
ionically modiﬁed water. A number of methods have been devised to identify the wetting conditions including contact angle
measurements, spontaneous imbibition, and chromatographic separation, etc. But contact angle measurement requires surfaces
that lack natural surface roughness, spontaneous imbibition tests take months, and chromatographic separation is feasible only for
core ﬂooding in sulfate free carbonates at low temperature. A novel application of the well-established technique known as
ﬂotation was used in this study to measure the oil-wet and water-wet percent of pure biogenic chalk (Dan Chalk from Denmark).
It is an accurate, fast, and most reliable method to quantitatively measure the water-wet and oil-wet fractions of a reservoir rock.
It determines the potential of advanced water to improve wettability within days, instead of measurements that can take months
and require expensive equipment. Using this technique we were able to quantify the wettability alteration caused by low salinity
and potential determining anions (PDAs) such as SO42−, BO33−, and PO43−. The wettability data show maximum oil recovery by
dilution is coincident with maximum wettability alteration. The experiments also show that the presence of sulfate or borate
enhances wettability alteration by dilution. Moreover, the combined and individual eﬀect of potential scale forming ions (Ba2+
and Sr2+) on wettability restoration was identiﬁed. The eﬀect of interfacial tension (IFT) on the measured wettability alteration
and the amount of oil attached to the water-wet percent of rock was also determined.
approaches have been to alter ionic composition and/or
strength separately or together.
Alteration of ionic composition is based on the idea that the
potential determining ions (PDIs) such as Ca2+, Mg2+, SO42−,
PO43−, and BO33− react with the carbonate surfaces to improve
oil recovery by altering surface charge. It is believed that the
trivalent anions from injected water interact with the carbonate
surfaces and alter the surface charge. Then divalent cations
attach to the released oil acid groups and modiﬁed carbonate
surfaces by developing diﬀerent complexes as described by
Hiorth et al.,3 Brady et al.,4 and Mahani et al.5 using surface
complexation modeling. Moreover, a number of coreﬂood and
imbibition experiments were performed on Stevns Klint
outcrop chalk and Middle Eastern carbonates by Austad et
al.,6 Strand et al.,7 Zhang et al.,8,9 and Gupta et al.10 In these
experiments concentrations of PDIs in the eﬄuent were
determined by ion chromatography to infer changes in surface
chemistry and the shift to more water-wet surfaces.
In the second approach the ionic strength of injected
seawater or formation water was decreased to improve the oil
recovery. The improved oil recovery was attributed to the
expansion and increased stability of the water ﬁlms between

1. INTRODUCTION
Carbonate reservoirs have been the major target of all types of
enhanced oil recovery (EOR) methods due to the generally low
recovery factor (∼1/3 of original oil in place (OOIP)). The
causes of this low recovery factor are attributed to the
reservoir’s complex structure that usually includes abundant
natural fractures and the aﬃnity of carbonate surfaces to the oil
phase. This attachment or adhesion of the oil phase onto
carbonate surfaces is known as oil-wetting. Diﬀerent types of
EOR methods such as surfactant ﬂooding, caustic ﬂooding,
ionically modiﬁed water, and nanotechnology, etc., have been
employed to change or reduce this adhesion. But, currently, the
approach of modifying ionic composition and strength of
injected water (advanced water) has captured more attention
due to low capital investment and operating cost. While a
number of experimental studies have shown that changing
water chemistry increases oil recovery, scientiﬁc interest in
advanced waterﬂooding was stimulated by the historical
observation of unexpectedly high oil recoveries from injecting
seawater into the fractured Ekoﬁsk chalk reservoir of the North
Sea.1,2 The fundamental observations from the laboratory and
ﬁeld show that altering water chemistry increases oil mobility
under ﬂow and imbibition, which means wettability has been
altered. Since that time, a number of research projects have
been performed to investigate the recovery mechanisms and
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Figure 1. Proposed oil recovery mechanisms, showing current research trend, by ionically modiﬁed water in carbonate reservoirs.19

and sorption of organic material to mineral grains to increase
hydrophobic surface area and promote ﬂotation.22
In the ﬁeld of petroleum engineering ﬂotation technique was
initially applied as a bottle test by Dubey and Doe23 to
investigate the eﬀect of acid and base numbers of crude oil on
wetting characteristics. They used single salt component brine
(0.02 M NaCl) and 60−120 mesh silica powder and varied the
pH value from 2.1 to 9.1 in their room temperature
experiments to qualitatively measure wetting. Later, Wu et
al.24 used this method to test the wettability reversal by
surfactant solution in carbonates with minor modiﬁcation and
named it ﬂotation test. The method was adapted by Mwangi et
al.25 to study the eﬀect of rock mineralogy (Austin chalk,
Indiana limestone, Silurian dolomite, and Berea sandstone),
aqueous chemistry (salinity), surface active compounds, and
temperature. They used decane as an oleic phase in their
experiments. This modiﬁed ﬂotation test (MFT) proved a
successful quantitative technique to rapidly test the inﬂuence of
oil and brine chemistry on wettability on sandstone and
carbonate reservoir material at diﬀerent temperatures. The
method can also serve as a screening tool to estimate the
wettability alteration potential of brines in a quick time frame
and with high repeatability and is an excellent process to
diﬀerentiate the impact of PDIs and low salinity on wettability
alteration that is hard to measure otherwise.
In this study the eﬀect of ionic strength and composition of
brine on chalk wettability has been investigated at 23 and 100
°C using the modiﬁed ﬂotation technique. The contribution of
ionic strength and ionic composition as well as the role of
potential scale forming ions (Ba2+ and Sr2+) in wettability
alteration and restoration were investigated. The correlation
between IFT and wettability was also investigated. In addition,
the method allowed measurement of the amount of oil that
remained attached to water-wet surfaces after wettability
alteration.

solid and oleic phases, although the mechanism is less clear.
Most of the low salinity water experiments were conducted on
Middle Eastern carbonates by Yousef et al.,11 Al Harrasi et al.,12
Zhang and Sarma,13 Al-Attar et al.,14 and Alameri et al.15 to
improve recovery. Al-Shalabi et al.16,17 used a geochemical ﬂow
and transport model to determine that electrical double layer
(EDL) expansion did not contribute to the water relative
permeability change and suggested that changing the surface
charge of carbonates was the dominant wettability alteration
process as a result of low salinity water (LSW). This proposed
mechanism was also cited by Mahani et al.18 based on
experimental measurements of ζ potential.
1.1. Contributing Recovery Mechanisms. According to
Sohal et al.19 the dominant oil recovery mechanisms proposed
in current research are as follows: (a) wettability alteration, (b)
IFT reduction, and (c) viscosity decrease as shown in Figure 1.
Wettability for petroleum engineers is deﬁned as the relative
ease of ﬂow for the oil and water phases in porous media. If oil
and water are equally mobile, the systems’s wettability has a
value of zero on the Harvey−Amott scale. The described
diﬀerent eﬀects which caused wettability alteration (PDIs,
LowSal, and rock dissolution) have been experimentally
investigated as well as modeled in the published literature.
But there has still been a lack of detailed studies to diﬀerentiate
the contribution of each mechanism in the observed wettability.
We have tried to ﬁll this gap with our experimental study. A
novel application of ﬂotation was employed to identify these
vital relationships and to verify the contribution of each
parameter to wettability change.
1.2. Flotation Experiments. Flotation has been routinely
used for over a century for separation of suspended mineral
particles.20 The technique depends on the diﬀerence in surface
wettability of valuable versus waste minerals to physically
separate mineral suspensions. In aqueous solutions, mineral
particles with weak adhesion to water (oil-wet or hydrophobic)
can remain in suspension or ﬂoat, while particles with strong
adhesion to water (water-wet or hydrophilic) will sink.21 This
method allows valuable mineral grains to ﬂoat while unwanted
grains sink. Modern practice includes the formation of froth

2. MATERIAL AND METHODS
2.1. Rock Material. In this study outcrop Dan chalk material was
taken from Dankalk A/S, Denmark. The elemental composition of the
B
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chalk material was measured by X-ray ﬂuorescence (XRF) technique
using Lab-X 3000 XRF equipment from Oxford instruments. The
elemental composition of Dan chalk converted into oxides and has
been given in Table 1. Total CO3 refers to the total carbonates in the

and eﬄuent were measured by PHM-210 from Radiometer Analytical.
The variation of pH is an indication of precipitation or dissolution as
well as a possible type of surface charge between the interfaces. The
type of charge between the interfaces increases or decreases the
disjoining force that is linked to oil adhesion onto the rock surface.
The IFT and pH of brines and eﬄuent are given in Table 4.
2.5. Flotation Experiment. In these experiments 1 g of rock
sample is aged in 10 mL of brine at 100 °C for a couple of hours and
then decanted into another test tube. The brine is collected and
preserved in a sealed test tube for pH measurement. Brine-wet grains
were aged with 5 mL of crude oil for 24 h at 100 °C and shaken twice
a day for a few seconds. After oil aging, the decanted brine is added
back into the test tube and gently shaken with the vortex shaker. Then
for a couple of hours the mixture is allowed to settle at the same
temperature. Finally, ﬂoating oil-wet grains are removed and the walls
of the test tubes rinsed with DI water to clean any stuck grains. The
rinsing step is repeated twice or thrice to remove all the oil-wet grains
from the test tube. The precipitated water-wet grains were coated with
oil which could not be removed during the rinsing process. So the
water-wet oil coated grains were dried and weighed and then washed
with a volatile organic solvent to remove the attached oil. The cleaned
and dried water-wet grains are subtracted from the original mass to
calculate the amount of oil-wet grains.
Experiments were performed to select the best proportions of rock
sample, brine, and crude oil as well as aging time, grain size, rinsing,
and mixing steps to determine the conditions for optimum results. The
ﬁnal amounts were 5 mL of oil, 10 mL of brine, and 1 g of rock
powder. A 1 g amount of rock was chosen as the minimum amount of
rock that produced good reproducibility (±5%), while minimizing
consumption of the most limited resource, reservoir rock. The
minimum amount of rock that produced optimum results was selected
for experiments to save resources. A diagram of the experimental setup
with major operating steps is shown in Figure 2.
2.5.1. Oil Adhesion and Cleaning. It was observed that a
measurable amount of oil was still attached to water-wet grains after
the wettability experiments and the amount was diﬀerent for diﬀerent
advanced ﬂuids. This oil is referred to as retained oil. Some
components of crude oil will remain strongly absorbed to the rock
and can only be removed by solvent extraction.27 In this study the
amount of oil that was attached to water-wet chalk grains after
wettability alteration was measured for each type of brine at 100 °C.
This amount was measured by the mass diﬀerence of washed and dried
oil coated water-wet grains from unwashed dried water-wet grains as
shown in Figure 3. The oil coated grains were washed by organic
solvent without dissolution of chalk grains. It was observed that a
measurable amount of oil was still attached to water-wet grains after
wettability alteration and the amount was diﬀerent for diﬀerent
advanced ﬂuids.

Table 1. XRF Analysis of Outcrop Dan Chalk
species

%

CaCO3
SiO2
Al2O3
MgCO3
total CO3

96.2
1.25
0.17
0.54
96.74

above-described analysis, in this case comprised of Ca and Mg
carbonate. The chalk samples were dried at 100 °C for several days
and ground with a ball mill, sieved to mesh size between 50 and 100
μm, and preserved in a glass jar. A minor amount of smaller grain size
may be found in the sieved material. A sample of chalk powder was
dried at 100 °C for several days to verify the moisture content, which
was almost zero. Therefore, the mass of 1.0 g of sample represents
pure chalk.
2.2. Brines. The synthetic brines were prepared by mixing reagent
grade salts in deionized water (DIW). In the brine preparation process
a practical approach was adopted so that the prepared brines would be
relevant to real ﬁeld cases. The compositions of all of the synthetic
brines were taken from the published literature and encompassed
formation water (FW) and seawater (SW). All of the brines contain
divalent ions that are found in carbonate reservoirs. The compositions,
ionic strength, total dissolved solids (TDS), and densities of all of the
diﬀerent brines are listed in Table 2. The densities of prepared brines
were measured by DMA 35 Anton Paar density meter at room
temperature. FW with potential scale forming ions such as Sr2+ and
Ba2+ was included. All of the diluted versions of SW were prepared by
adding deionized water. The molar concentration of borate anion is a
bit less than that of sulfate (SO42−) in SW. The smaller concentration
of borate was used due to precipitation observed at room temperature
for higher concentrations. The preﬁx D with a numeric value
represents times of dilution of original brine whereas VB, EFW, B,
and S represents Valhal FW, Ekoﬁsk FW, borate, and sulfate,
respectively.
2.3. Crude Oil. Stock tank crude oil from a chalk reservoir of the
Danish North Sea sector was used in this experimental study. The oil
was centrifuged at 3800 rpm for 1 h to remove the solid particles and
water. The acid number (AN) and base number (BN) of crude oil
characterize the polar components that develop adhesion to the rock
surface. These components are neutralized by a strong base or acid
and then calculated by the consumed quantity of acid or base. In this
study potentiometric titration method is used to calculate these
numbers with a TitroLab 90 instrument from Radiometer that consists
of a control unit TIM 90 (pH meter), buret station ABU 900, and
sample still SAM 7. The titration method was initially developed by
Dubey and Doe23 and then revisited by Fan and Buckley.26 In this
study the potentiometric titration method from Metrohm was used
(given in OILPAC collection analysis). The density of crude oil was
measured by DMA 35 Anton Paar density meter and viscosity at 25
and 90 °C by PVS rheometer from Brookﬁeld. The crude oil
properties are listed in Table 3.
2.4. Interfacial Tension and pH. IFT between all brines and
crude oil was measured at room temperature and 90 °C. The pendant
drop method was employed with the DSA-100 drop shape analyzer
from Krüss, Hamburg, Germany. The denser phase (brine) ﬁlled the
glass cuvette, and a drop of the lighter phase (oil) was introduced to
the brine using a J-shaped needle in a bottom up conﬁguration. IFT is
calculated from the shadow image of a pendant drop using drop shape
analysis. The shape of the suspended drop is determined by the
balance of gravity and surface forces using Laplace’s equation. A glass
cuvette containing a denser phase was connected to a water bath to
increase the temperature up to 90 °C. pH values of the original brine

3. RESULTS AND DISCUSSION
3.1. Flotation versus Imbibition. The Dans outcrop chalk
wettability as determined by ﬂotation and by the chromatographic separation technique imbibition for diﬀerent brines is
compared in Figure 4. The chalk wettability data are taken from
the imbibition experiments by Fathi.28 The results from the
ﬂotation technique produced very similar trends of wettability
alteration with the chalk becoming more water-wet with
dilution and added sulfate content. The results show that the
ﬂotation technique provides a useful alternative to traditional
wettability measurements.
There is a diﬀerence in the magnitude of values between the
two techniques. This is expected as the temperatures (90 versus
100 °C) and crude oil properties29 used were diﬀerent. The
acid number (AN = 1.90 mg of KOH/g) of crude oil that was
used in the imbibition study by Fathi et al.29 was 3 times greater
than the AN (0.52 mg of KOH/g) of crude oil which was used
in the ﬂotation experiments. The higher polar content of the oil
C
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Ca2+

29.249
99.922
99.922
99.922
99.922
12.992
6.496
1.299
0.650
0.130
12.992
6.496
1.299
0.650
0.130
12.992
6.496
1.299
0.650
0.130
12.992
12.992

brines

VB
EFW
EFW*0Sr
EFW*0Ba
EFW*0(Sr*Ba)
SW*B*0S
2D*SW*B*0S
10D*SW*B*0S
20D*SW*B*0S
100D*SW*B*0S
SW
2D*SW
10D*SW
20D*SW
100D*SW
SW*0S
2D*SW*0S
10D*SW*0S
20D*SW*0S
100D*SW*0S
SW*0NaCl
SW*0NaCl*4S

7.870
21.889
21.889
21.889
21.889
44.515
22.257
4.451
2.226
0.445
44.515
22.257
4.451
2.226
0.445
44.515
22.257
4.451
2.226
0.445
44.515
44.515

Mg2+
0.704
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
24.007
12.004
2.401
1.200
0.240
0.000
0.000
0.000
0.000
0.000
24.007
96.029

SO4−2
995.962
1155.561
1155.561
1155.561
1155.561
420.446
210.223
42.045
21.022
4.204
450.107
225.053
45.011
22.505
4.501
460.443
230.221
46.044
23.022
4.604
50.038
194.082

Na+
1064.559
1423.306
1406.278
1419.622
1402.594
525.142
262.571
52.514
26.257
5.251
525.142
262.571
52.514
26.257
5.251
583.493
291.746
58.349
29.175
5.835
125.074
125.074

Cl−
8.928
3.952
3.952
3.952
3.952
2.024
1.012
0.202
0.101
0.020
2.024
1.012
0.202
0.101
0.020
2.024
1.012
0.202
0.101
0.020
2.024
2.024

HCO3−
4.695
7.364
7.364
7.364
7.364
10.060
5.030
1.006
0.503
0.101
10.060
5.030
1.006
0.503
0.101
10.060
5.030
1.006
0.503
0.101
10.060
10.060

K+

Table 2. Ionic Composition (mmol/L), Ionic Strength, and Density of All Used Brines
0.000
1.842
1.842
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Ba2+
0.000
8.514
0.000
8.514
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Sr2+
0.000
0.000
0.000
0.000
0.000
9.177
4.589
0.918
0.459
0.092
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

[B4O5(OH)4]2−
1112.717
1559.425
1533.883
1553.899
1528.356
612.204
306.102
61.220
30.610
6.122
656.695
328.347
65.669
32.835
6.567
643.023
321.512
64.302
32.151
6.430
256.626
472.692

ionic strength (mmol/L)
62.798
83.091
81.742
82.708
81.358
32.158
16.079
3.216
1.608
0.322
33.392
16.696
3.339
1.670
0.334
33.391
16.696
3.339
1.670
0.334
10.010
20.241

TDS (g/L)
1.041
1.056
1.055
1.056
1.055
1.021
1.009
1.000
1.000
0.998
1.022
1.010
1.000
0.999
0.997
1.022
1.010
1.000
0.999
0.998
1.006
1.012

density (g/cm3)
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Table 3. Crude Oil Properties
viscosity (mPa·s)

density
(g/m3)

AN
((mg of KOH)/g)

BN
((mg of KOH)/g)

at 90 °C

at 25 °C

0.52

1.60

3.48

0.862

used in the imbibition experiments would be expected to create
more reaction with the rock surface and thus more change in
wettability (more water-wetness) for the same change in
chemistry, as is the case.
In addition, the potential for precipitation is rarely accounted
for in imbibition experiments especially for brines enriched with
potential anions. For instance, at high temperatures sulfate may
form anhydrite, decreasing the sulfate concentration and
lessening the sulfate contribution to wettability alteration.
This eﬀect may not be recognized unless dissolved sulfate is
measured during experiments.
Moreover, imbibition experiments require months to collect
results whereas the ﬂotation results are collected within days,
making this technique much faster than traditional measurements of wettability for reservoir material. Finally, the ﬂotation
technique allows physical separation of the portions of reservoir
rock that are water-wet from grains that are oil-wet. The
technique also allows direct measurement of the portion of oil
that is tightly bound (wetting) to water-wet grains and not able
to be desorbed by changing water chemistry. This is important
since the ultimate goal of wettability alteration by advanced
water is to increase recovery and we need to better understand
the fraction of oil that can be released by advanced water versus
the fraction of oil that remains adhered to the rock.
The results show that the potential for advanced water to
change the wettability to more water-wet conditions is related
to the initial wettability. This can be seen by comparing the
water-wet percents of the same chalk by VB (25%) and EFW
(17%) formation waters as shown in Figures 4 and 10,
respectively. If the reservoir rock is closer to water-wet
conditions, then there is less potential for advanced water to
improve water wetness. The same crude oil, chalk material and
temperature were used to measure the initial wetting conditions

Figure 2. Diagram illustrating the ﬂotation experiment procedure.
Sunken rock powder is considered water-wet and ﬂoating rock powder
is oil-wet.

and EFW turned the rock more oil-wet compared to VB. So the
composition of water played a vital role to develop the wetting
conditions in addition to crude oil properties and reservoir
temperature.
3.2. Oil Recovery versus Wettability Alteration. The
wettability alteration trend found in ﬂotation experiments
follows the amount of additional oil recovered in imbibition
and coreﬂooding experiments as shown in Figures 5 and 6. We
cannot directly relate the amount of additional oil recovery to
the amount of wettability change. The additional recovery may
also be related to other factors such as a decrease in interfacial
tension, viscosity, formation of emulsions, and development of
oil bank, etc., in addition to wettability alteration. However, the
strong relationship between the degree of wettability alteration
and increased recovery shows wettability alteration as measured
by ﬂotation can be a very useful measure in the prediction of
increased recovery.

Table 4. Brines pH, Eﬄuent Average pH at 23 °C, Average Retained Oil, IFT at 23 and 90 °C
IFT (mN/m)
brines

at 23 °C

at 90 °C

av SOR (g of oil/(g of rock))

brine pH

eﬄuent av pH

SW*B*0S
2D*SW*B*0S
10D*SW*B*0S
20D*SW*B*0S
100D*SW*B*0S
SW
2D*SW
10D*SW
20D*SW
100D*SW
SW*0S
2D*SW*0S
10D*SW*0S
20D*SW*0S
100D*SW*0S
SW*0NaCl
SW*0NaCl*4S

11.465
11.674
12.126
13.484
16.769
15.518
17.081
21.170
23.160
23.472
16.018
19.774
22.512
22.664
23.275
15.249
15.040

13.177
13.414
13.493
13.734
14.877
11.879
12.224
14.787
15.778
19.006
12.007
12.666
13.256
16.445
20.497

0.392
0.430
0.510
0.504
0.522
0.371
0.339
0.317
0.288
0.425
0.420
0.455
0.448
0.512
0.517
0.400
0.390

8.74
8.86
8.97
8.85
8.64
7.93
8.05
7.61
7.35
7.15
7.81
7.63
7.90
7.16
7.34
7.12
6.06

8.30
7.63
8.17
8.11
8.22
7.43
7.66
7.83
7.99
8.08
7.76
7.40
7.81
7.99
8.12
7.81
7.63
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Figure 3. Average amount of Dan chalk water-wet grains before and after washing with organic solvent and amount of oil attached to these grains.
Error bars represent ±5%, the experimental uncertainty associated with the ﬂotation technique.

Figure 4. Comparison of imbibition and ﬂotation water-wet percent of chalks. Imbibition water-wet percent of chalk was measured by running a
chromatographic separation test.28 Error bars represent ±5%, the experimental uncertainty associated with the ﬂotation technique.

Yousef et al.11 recovered additional oil with diluted versions
of seawater in Middle Eastern carbonate reservoir rock. The
results for secondary recovery with dilution are shown in Figure
5 together with the wettability as determined by ﬂotation. In
the coreﬂoods, the authors observed recovery increased with up
to 20× dilution and then further dilution did not produce more.
The ﬂotation results show the increasing dilution made the
system more water-wet up to 20× dilution, but greater dilution
did not increase water-wetness. The agreement between
recovery and change in wettability is good in spite of using
diﬀerent oil and reservoir mineralogy.
Fathi et al.29 tested the eﬀect of dilution on oil recovery using
imbibition tests for Stevns Klint chalk. They found that oil

recovery increased with dilution. The oil recovery and
wettability measured by ﬂotation is plotted in Figure 6. The
data show there is a connection between the additional oil
recovery and wettability alteration to more water-wet
conditions. The ﬂotation data show that the increased recovery
is somewhat associated with increasing water-wetness, but the
correlation is not as strong as the coreﬂooding experiments.11
For example, Figure 6 shows that the SW0NaCl*4S brine
creates more water-wet conditions compared to SW0NaCl at
the same operating conditions, but the SW0NaCl brine had
better recovery. This may be due to the diﬀerence in conditions
for the imbibition experiments that were conducted at lower
temperature. The coreﬂood crude oil properties (AN = 0.25 mg
F
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Figure 5. Comparison of additional oil recovery with wettability alteration as a result of diluted seawater injection in carbonate cores. Error bars
represent ±5%, the experimental uncertainty associated with the ﬂotation technique.

Figure 6. Comparison of additional oil recovery in chalk as a result of wettability alteration by imbibition and ﬂotation experiments. Error bars
represent ±5%, the experimental uncertainty associated with the ﬂotation technique.

Therefore, it may be concluded that the degree of dilution that
will improve water-wetting optimally is less than might be
expected based on low salinity experiments, primarily in
sandstones, that used 100× dilution. The optimum dilution
factor can quickly and easily be identiﬁed by the ﬂotation
technique providing another advantage to the technique.

of KOH/(g of oil)) and temperature (100 °C) were much
more similar to the ﬂotation experiments. However, the
diﬀerences may reﬂect the fact that Fathi et al.29 were testing
the eﬀect of sulfate in addition to dilution.
It is clear that there was no improved recovery due to
dilution after approximately 10×, nor any change in wettabilty.
G
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Figure 7. Comparison of wettability alteration caused by SW, SW*B*0S, and SW*0S. Error bars represent ±5%, the experimental uncertainty
associated with the ﬂotation technique.

et al.10 But there is still a lack of systematic study that isolates
the eﬀect of low salinity (here low salinity is used as a relative
term compared to formation water) and PDAs such as SO42−
and trivalent PO43− and BO33− to change the wettability. It
becomes even harder to diﬀerentiate both eﬀects using
traditional coreﬂooding and imbibition methods when there
is an internal source of potential anion (SO42−) production
such as anhydrite (CaSO4).
The ﬂotation technique can more easily diﬀerentiate the
contribution of each type to improve water wetness as depicted
in Figure 7. The synthetic seawater with sulfate, seawater with
borate, and seawater without sulfate were used to observe the
inﬂuence of PDAs and low salinity separately. Note that the
concentration of borate (0.009 mol/L) is much lower
compared to sulfate (0.024 mol/L) in seawater because borate
produced precipitation at room temperature if higher
concentrations were used.
Again using SW as the baseline, we observe that dilution
increases water-wetness up to 10× dilution; then further
dilution does not increase water-wetting. The SW*B*0S and
SW*0S (0PDA) brines behave identically for SW and the 2×
and 10× dilutions. However, the amount of wettability
alteration is less for brines without sulfate with about 15%
less water-wet grains compared to SW at the lower dilution
factors. At dilution of 20× and 100×, borate is not as eﬀective
as sulfate but more eﬀective than brine that lacks any PDA. The
synthetic seawater used had 24 mmol/L sulfate versus 36
mmol/L borate in the borate-substituted seawater (Table 4).
However, at the experimental pH values the dominant (>50%)
aqueous species is the divalent anion, SO42−, while the
dominant aqueous species of boron is neutral H3BO3 (>90%)
leaving only 5−10% as the borate anion. The eﬀect of calcite
surface charge from sulfate sorption can be described using eq
1, where >CaOH2+ is the positively charged surface site of
calcite. The equation shows that the sulfate anion attaches to

It is notable that the change in wettability toward water-wet
condition in chalk measured by ﬂotation followed the pattern of
increased recovery in both chalk and limestone even though the
crude-water-rock systems are diﬀerent. So, while the degree of
wettability alteration is not exactly the same as the amount of
additional oil, the technique does indicate that the extra oil will
be produced. The ﬂotation experiments purely describe the
wettability alteration potential of brine whereas in oil recovery
processes the other factors as described above also contribute.
Therefore, the total oil recovery is the combined eﬀect of
diﬀerent processes, and ﬂotation experiments allow us to better
evaluate the contribution of wettability alteration in the total oil
recovery.
3.3. Wettability and Potential Anions. It has been
described by Sohal et al.19 that surface charge of carbonate
minerals is slightly positive at reservoir conditions and usually
depends on brine chemistry and pH. Therefore, the rock−brine
interface is positively charged, while the oil−brine interface is
negatively charged as a result of the carboxylic acids in oil.
There have been several studies on the eﬀect of potentially
determining ions.9,29−34 PDI’s are ions that can signiﬁcantly
change the surface charge of carbonates and include divalent
Ca2+, Mg2+, and SO42−. In their studies diﬀerent concentrations
and ratios of PDIs were used in synthetic seawater irrespective
of whether precipitation issues were tested by coreﬂooding and
imbibition experiments to improve the oil recovery. The
improved recovery was often exclusively attributed to
wettability alteration apart from other contributing factors.
In these studies the proposed mechanism was SO42−
adsorption on chalk surfaces that reduced the positive charge
density of carbonate surface and allowed Ca2+ and Mg2+ to
approach the surface to release carboxylic acid groups at
temperature higher than 100 °C. In addition to sulfate,
phosphate (PO43−) and borate (BO33−) have also been tested
as potential anions to improve recovery in carbonates by Gupta
H
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Figure 8. Eﬀect of potential scale forming ions on wetting conditions. Error bars represent ±5%, the experimental uncertainty associated with the
ﬂotation technique.

overestimate water-wetness by as much as 35% at room
temperature, although this is reduced to only 5% by 100 °C.
3.5. Retained Oil. The percent of oil-wet grains showed the
extent of further wettability alteration potential for other more
eﬀective advanced ﬂuids for the same rock crude system at
given temperature. As it can be seen in Figure 4 SW*0NaCl*4S
has more potential to improve water-wet conditions compared
to SW*0NaCl at the same operating conditions.
The ﬂotation technique provides data by direct observation
of the adhesion of oil on water-wet grains, but also oﬀers
information about oil retained on the water-wet grains as
shown in Figure 3. As described above, a portion of the waterwet grains become oil stained. The oil-staining is usually more
prevalent on the top of the grain pile. Since the grains are fully
agitated during the experiment, the oil must be entrained in the
water-wet grains as it moves upward during phase separation.
This oil oﬀers additional information on the wettability
alteration mechanisms compared to other wettability measurement techniques.
Consistent with our observations, Thomas et al.27 observed
that carbonate mineral surfaces were left with a visible brown
color after exposure to organic compounds even if the surfaces
remained water-wet. The authors observed that organic
components of oil such as organic acids were strongly adsorbed
(chemisorption) on carbonate surfaces, while other components such as alcohols and amines were weakly adsorbed
(physisorped). The weakly sorbed species could be desorbed by
most solvents, but strongly absorbed species could not. The
adsorbed species altered the wettability as measured by contact
angle. Long-chained organic acids in particular were strongly
sorbed and formed monolayers on the mineral surface. In
contrast, the sulfur-containing and nitrogen bases were weakly
sorbed and the sorption was easily reversed.
The amount of oil attached to water-wet grains for SW and
diluted SW is depicted in Figure 9. The amount of retained oil

the positively charged site and renders the site negatively
charged, shifting the overall surface charge. A similar equation
could be written for borate, but the amount of borate available
in solution is much less than the brine with sulfate. This is
consistent with the observations of the smaller eﬀect for borate.
>CaOH 2+ + SO4 2 − = > CaSO4 − + H 2O

(1)

The results suggest that borate can substitute for sulfate to
some degree, but is probably limited in ﬁeld applications by
formation of precipitate and aqueous speciation at reservoir pH.
3.4. Wettability and Potential Scale Forming Ions. In
formation brine every individual ion can play a vital role in
wettability development. In ﬂotation experiments we found that
if chalk is aged with synthetic EFW with and without Sr2+ and
Ba2+ ions, the initial wetting conditions are diﬀerent. The EFW
depleted in these ions produced 5% less oil-wet conditions
compared to the EFW containing these potential scale forming
ions at 100 °C as shown in Figure 8. These potential scale
forming cations always remove from formation brine during the
aging process to avoid the precipitation problems. But they
signiﬁcantly inﬂuence the initial wetting conditions. Suijkerbuijk et al.35 also observed the same eﬀect in sandstones and
described that the depletion of potentially scale forming
divalent cations, such as Sr2+ and Ba2+, from artiﬁcial formation
brines may lead to an unrepresentative wettability restoration
(underestimating oil-wetness), because these ions are expected
to play a disproportionately large role in the determination of
the wettability state of a rock after aging, if the Mg2+ → Ca2+
trend is extrapolated. In most of the laboratory coreﬂood and
imbibition experiments the core plugs were aged with synthetic
formation water depleted in potential scale forming ions do
have produce nonrepresentative wetting conditions. The data
show that exclusion of these cations from brines will
I
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Figure 9. Oil adhesion on water-wet grains in the case of seawater and its diﬀerent dilutions at 100 °C.

Figure 10. Oil adhesion on water-wet grains in the case of SW*0S for diﬀerent dilutions at 100 °C.

is not correlated with the amount of water-wet grains, and the
amount of refractory oil is similar at about 0.3 g for SW,
2D*SW, and 10D*SW. This suggests the adhesion is relatively
insensitive to surface area. The 100-fold dilution shows the
greatest amount of refractory oil and the 10-fold dilution the
least. The 100-fold dilution shows the greatest amount of
retained oil and the 20-fold dilution the least. The wettability of
those solutions was the same within measurement error (Figure
5), so the sudden shift in retained oil does not appear to be due
to a change in wettability.
The results for brines without sulfate are shown in Figure 10.
The overall pattern is similar to seawater/diluted seawater with
sulfate. The amount of retained oil is not correlated with grain
mass. However, the amount of retained oil is signiﬁcantly
higher for all degrees of dilution. The SW*0S, 2D*SW*OS,

and 10D*SW*0S have similar amounts of retained oil, while
the 20D*SW*0S and 100D*SW*0S solutions have higher
amounts of retained oil. The absence of sulfate appears to
enhance oil retention on the grain surfaces.
The results for seawater containing borate instead of sulfate
(SW*B*0S) are shown in Figure 11. The pattern of data is
similar to seawater with little correlation between grain mass
and retained oil, but similar to seawater without sulfate in that
more oil is retained on the water-wet grains compared to
synthetic seawater. The borate brines show a trend of more
retained oil as dilution increases with the maximum retained oil
at 10× dilution. Further dilution did not increase retained oil,
and again the amount of retained oil is not correlated with grain
surface area. Since both sulfate and borate are oxyanions, we
could expect them to have similar behavior with regard to
J
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Figure 11. Oil adhesion on water-wet grains in the case of borate brines and diluted brines at 100 °C.

Figure 12. Amount of oil attached to water-wet and oil-wet grains.

wettability. Gupta et al.10 showed that substituting borate or
phosphate for sulfate increased recovery compared to sulfate in
limestone and dolomite cores without anhydrite. However, it
appears that sulfate has a diﬀerent eﬀect than borate with regard
to retained oil.

Infrared spectroscopy (IR spectroscopy) was used to
measure the amount of oil bonded or attached to oil-wet and
water-wet chalk grains. The oil coated water-wet and purely oilwet chalk grains were dried at 45 °C for 24 h to remove water
before putting them into the infrared spectrometer, iD7-ATR.
K
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Figure 13. Correlation between IFT at 23 °C and average water-wet grains at 100 °C.

Figure 14. Relation between IFT and diﬀerent brines with diluted versions at room temperature. Error bars represent ±5%, the experimental
uncertainty associated with the ﬂotation technique.

In this technique a light with longer wavelength and lower
frequency than visible light (infrared light) passed through the
sample to induce vibrational excitation of covalently bonded
atoms instead of electron excitation. So, molecules experience
vibrational motions characteristics of their component atoms
and absorb infrared radiation that corresponds in energy to
these vibrations. The absorption spectra of compounds are a
unique reﬂection of their molecular structure and thus used to

identify the substances. The generated IR spectrum is a graph
of infrared light absorbance (transmittance) on vertical axis
versus frequency or wavelength on the horizontal axis. Typical
units of frequency used in IR spectra are reciprocal centimeters
(cm−1) instead of hertz (Hz) because the numbers are more
manageable and also called wave numbers. This test was run to
identify the amount of oil attached to oil-wet and oil coated
water-wet chalk grains. It can be seen in Figure 12 the oil layer
L
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Figure 15. Eﬀect of increasing temperature on IFT of diluted brines.

compared to room temperature shown in Figure 15. But in
many experimental studies12,38−40 the IFT had the opposite
trend, decreasing IFT with dilution. Al-Attar el al.14 observed
both trends of IFT change using diﬀerent brines with the same
crude oil at room temperature (25 °C). They also found an
irregular pattern of IFT change based on a systematic increase
of Ca2+ ion in brine. Since an IFT of 0.01 to 0.001 mN/m is
required to improve the oil recovery by miscible displacement,
alteration of IFT does not appear to be the principle
mechanism to increase oil recovery due to the injection of
low salinity water.

attached to oil-wet grains (peak at 2950 cm−1) showing much
higher absorbance (0.45) compared to water-wet grains an
indication of a thicker oil layer. But the CaCO3 peak at 1450
cm−1 (wave numbers) was much higher for water-wet grains
compared to oil-wet grains. That means equipment detected
the chalk through the thin oil layer at water-wet chalk grains
while it could not be identiﬁed in the oil-wet case because the
oil completely shielded the surface.
3.6. Wettability and IFT. The relative contribution of IFT
and wettability to increase oil recovery is not well understood.
Al-Attar et al.14 found no clear correlation between increased
recovery and IFT for Abu Dhabi limestone/dolomite cores.
Sheng36 used the UTCHEM numerical model to match
published experimental data and evaluate the sensitivity of
recovery on each factor independently. He found that at high
IFT values, wettability alteration is important, but that lowering
IFT independently also increased recovery. Meng et al.37
prepared synthetic seawater without SO42−, Ca2+, and Mg2+ to
measure the contact angle and IFT. They used diﬀerent
concentrations of PO43− in seawater and calculated minimum
IFT values of 2.15 and 1.92 mN/m at 25 and 90 °C,
respectively, for 1.0 g/L PO43−. They found an increasing trend
of IFT on diluting seawater. Figure 13 shows the eﬀect of brine
dilution on IFT for seawater (SW), seawater with borate
(SW*B*0S), and seawater without any PDA’s (OPDA’s). We
can see that dilution increased water-wetness and IFT values.
There is a positive correlation between wettability alteration
and increase in IFT. But the positive correlation between IFT
and improvement in water-wet conditions only continue to
10×−20× dilution where the relationship inverted or remained
constant.
Figure 14 shows that the brine with borate (SW*B*0S)
decreased the IFT more than SW and SW0S. The value of IFT
was temperature dependent with higher IFT values at 90 °C

4. CONCLUSIONS
While there is no direct relationship between improved
recovery and wettability alteration, many authors have linked
increasing water-wetness to improved recovery. However,
measurement of wettability is time-consuming and usually
requires expensive equipment. Samples are limited to cores or
mineral plates, and the scale is much greater than the grain
surfaces where wettability alteration takes place. The ﬂotation
experiments can use core material or cuttings that are more
readily available saving cores for traditional experiments. The
technique measures wettability at the grain scale directly and is
easy to use. Results for wettability are consistent with the
published data for other chalk examples and showed the
ﬂotation technique can measure wettability reliably. The
technique is fast and low cost and produces not just wettability
measurements but also allows physical separation of oil-wet and
water-wet surfaces for more in-depth study. Our results show
that the technique could be used to determine the amount of
dilution required to maximize wettability alteration in ﬁeld
application while minimizing costs associated with desaliniation.
M
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Our results also show that wettability alteration toward more
water-wet conditions was strongly correlated with dilution in
chalk. These trends match those reported for calcite and
dolomite. The shift in wettability toward more water-wet
conditions reached the maximum eﬀect at 10× dilution. Further
dilution did not increase water-wetness. Experiments designed
to separate dilution from the presence of potentially
determining anions such as sulfate and borate showed PDA’s
enhance water-wetness for the same degree of dilution by 10−
15%. We were also able to evaluate the roles of Sr2+ and Ba2+ in
determining wettability and show their role in wettability can be
signiﬁcant and is temperature dependent. Brines without these
common ions create a more water-wet condition than is likely
to be present in the reservoir.
We were also able to quantify the amount of oil retained on
the water-wet surfaces. Both water-wet and oil-wet surfaces
retain strongly adsorbed components of the crude oil, but the
coating is thicker on the oil-wet grains. The amount of strongly
adsorbed oil was relatively insensitive to surface area but was
dependent on water chemistry. The amount of oil attached to
water-wet chalk grains was comparatively less than the amount
bonded to purely oil-wet grains as identiﬁed in the IR spectrum.
The inﬂuence of IFT on wetting conditions was measured. A
correlation between brine dilution and increasing IFT was
quantiﬁed. While dilution for our experimental system did
increase IFT, the trend does not favor better recovery nor is the
magnitude of change suﬃcient to explain the increased recovery
observed in laboratory or ﬁeld cases.
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