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Abstract: Low-salinity water (LSW) flooding technology has obvious operational and economic
advantages, so it is applied to practice in many oilfields. However, there are differences in the
oil recovery efficiencies in different oilfields, the reasons for which need to be further studied and
discussed. This paper studies the effect of different clay mineral compositions on low-salinity water
flooding. For this purpose, three groups of core displacement experiments were designed with cores
containing different clay mineral compositions for comparison. In the process of formation water
and low-salinity water driving, the oil recovery and produced-water properties were measured.
By comparing the two types of water flooding, it was found that the cores with the highest
montmorillonite content had the best effect (5.7%) on low-salinity water flooding and the cores
with the highest kaolinite content had the least effect (1.9%). This phenomenon is closely related to
the difference in ion exchange capacity of the clay minerals. Moreover, after switching to low-salinity
water flooding, the interfacial tension and wetting angle of the produced-water increased and the
value of pH decreased, which are important mechanisms for enhancing oil recovery by low-salinity
water flooding. This study reveals the influence of clay mineral composition on low-salinity water
flooding and can provide more guidance for conventional and unconventional oilfield application of
low-salinity water flooding technology.

Keywords: low-salinity water flooding; clay mineral composition; enhanced oil recovery; wetting
angle; pH of formation water

1. Introduction

Compared with other enhanced oil recovery (EOR) technologies such as chemical flooding and
thermal recovery, low-salinity water flooding is simple, economical and practical. Especially for
unconventional reservoirs such as tight reservoirs, the general EOR methods such as polymer flooding
cannot be applied because of the difficulty in injecting into such small pores, whose overpressure
matrix permeability is less than 0.1 × 10−3 mD. On the other hand, low-salinity water flooding
can enter the small pores at this scale, and the risk is low. Thus, low-salinity water flooding
has great application potential in unconventional reservoirs. During the period of low oil prices,
low-salinity water flooding has made great progress [1–3]. Martin [4] reported for the first time
that decreasing the salinity of injected water improved the recovery of oil. However, this report did
not get much attention until 1997 when Tang and Morrow [5] reported that the oil recovery was
effectively improved by injecting low-salinity water and optimizing the composition of injected water.
After that, numerous laboratory tests and field tests on low-salinity water flooding were carried
out. Robertson, Lager and Seccombe [6–8] carried out oil field tests and achieved the desired results,
confirming the feasibility of low-salinity water flooding. In 2006, Jerauld [3] found through numerical
simulation that the injection of low-salinity water affected the relative permeability and formation
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pressure, thus changing the wettability of rock and finally improving the recovery. In 2008, Larger and
others [9] proved through experiments that multicomponent ion exchange (MIE) occurs between
low-salinity water injection, clay mineral surface and injected brine, thus enhancing the oil recovery.
In 2010, Sorbie [10] proposed a mechanism for low-salinity water flooding, which is believed to be
associated with rock porosity by low-salinity water flooding. At the same time, Rezaeidoust [11] also
verified through application of low-salinity water flooding in Beihai sandstone reservoir that when
the salinity of the injected water is low enough, the oil recovery can be improved. Many low-salinity
water flooding experiments were carried out on limestone cores by Yousef and others [2,12,13] in
2011, and they found that continuous injection of low-salinity water can make rock more hydrophilic
and improve recovery by improving pore throat connectivity. In 2015, Wu Jian [14] analyzed the
oilfield experimental data and concluded that the main reason for the enhanced oil recovery effect of
low-salinity water flooding is the microscopic transformation of reservoirs caused by migration of clay
particles. Recently, Shehata [15] used zeta-potential measurements in low-salinity water flooding and
found that chlorite and illite contributed to a smaller electrical-double-layer expansion compared to
kaolinite, feldspars, montmorillonite, and muscovite. It has provoked people’s attention to the effect
of clay minerals in low salinity water flooding.

Clay minerals are widely distributed in China and the types and contents of clay minerals in
different reservoirs vary greatly [16–18], so they have an important impact on oilfield development.
According to Li and Zou [19,20], three main clay minerals (illite, kaolinite and montmorillonite)
have very different crystal structures (Table 1), which may be the reason for their different effects on
low-salinity water flooding.

Table 1. Crystallographic characteristics of kaolinite, illite and montmorillonite.

Property Kaolinite Illite Montmorillonite

Layer 1:1 2:1 2:1
Grain size, µm 5–0.5 <0.5 2–0.1

Ion exchange capacity, meq/100 g 3–15 10–40 80–150
Surface area BET-N2, m2/g 15–25 50–110 30–80

Each unit of kaolinite crystal structure consists of Si-O tetrahedral sheet and A1-O/OH octahedral
sheet. The head of Si-O tetrahedral sheet points to A1-O/OH octahedral sheet, and shares oxygen
atoms with the A1-O/OH octahedral sheet. The layers are connected by hydrogen bonds, so that
the interlayer spacing remains mainly unchanged and the expansion properties are small (Figure 1a).
The interaction between atoms is strong, and desorption requires a greater chemical force.
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Illite is made up of two Si-O tetrahedral sheets and one A1-O/OH octahedral sheet. The octahedral
sheet is between two Si-O tetrahedral sheets. The head of Si-O tetrahedral sheets points to A1-O/OH
octahedral sheet, and shares Oxygen atom with A1-O/OH octahedral sheet. Approximately 1/4 of Si4+

atoms in the Si-O tetrahedron are replaced by A13+, causing a lack of positive charge. Consequently,
a layer of K+ is formed between the two structural unit layers to balance the negative charge due to
the displacement. During the evolution of mica into illite, K+ is easily exchanged with other cations.
Therefore, Ca2+ and Mg2+ are often found in the layers of illite, and the interlayer structure of illite is
not stable (Figure 1b). This property is beneficial for ion exchange on its surface.

Each unit of the montmorillonite crystal structure consists of two Si-O tetrahedral sheets and one
A1-O/OH octahedral sheet. The layers are bonded by the weak van der Waals forces. Montmorillonite
can absorb water and other liquids, and can adsorb cations to balance interlayer charge. The interlayer
water and exchangeable cations adsorbed between two structural layers can cause the lattice to expand,
and the adsorbed cations allow montmorillonite to have significant ion exchange capacity. Therefore,
montmorillonite generally has less chemical force between layers and contains more Na+ or Ca2+

(Figure 2).
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Figure 2. Structural diagram of montmorillonite. (a) Crystal structure of montmorillonite; (b) Crystal
structure of montmorillonite after water swelling.

Great progress has been made in the study of the mechanism of low-salinity water flooding, but
there is still a lot of controversy. Furthermore, the above studies did not quantitatively analyze the clay
mineral composition of the cores used. The effect of low-salinity water flooding is probably related to
clay mineral composition, but the influence of clay mineral composition on the EOR mechanism lacks
the necessary basic experimental support. Therefore, three groups of experiments were designed in this
study, and the influence of clay mineral composition on low-salinity water flooding was quantitatively
studied based on the measurements of pH value, interfacial tension and wetting angle. The research
results are of great significance for improving the recovery of clay-bearing mineral reservoirs.

2. Experiment

Three groups of high-temperature core displacement experiments were designed according to
the experiment purposes. Each group of comparison experiments included the whole process of
formation water flooding and low-salinity water flooding after the injection of 0.5 PV (1 PV = 1 pore
volume) of formation water. The effects of clay mineral composition on low-salinity water flooding
and the mechanism of low-salinity water flooding were comprehensively studied by statistical results
of produced liquid and property tests of produced-water.
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2.1. Core Preparation

The artificial cores were prepared in the laboratory as follows: First, the raw materials were
prepared and mixed in a certain proportion. Then, they were placed in the mold for pressing and
bonding. Finally, the cores were cut and stored for two weeks. Here, the clay mineral content of each
core was designed as shown in Table 2.

Table 2. Clay mineral content of each group of cores.

Group Clay Content,
%

Montmorillonite
Content, %

Kaolinite
Content, %

Illite Content,
% Core Quantity

I 7 60 20 20 2
II 7 20 60 20 2
III 7 20 20 60 2

According to the designed content, montmorillonite, kaolinite and illite (Figure 3) were added
to the raw materials to make the six artificial cores (Figure 4). Their physical parameters are listed in
Table 3.

1 

 

 

Figure 3. Clay minerals in the raw materials.

Energies 2018, 11, x FOR PEER REVIEW  4 of 11 

 

2.1. Core Preparation 

The artificial cores were prepared in the laboratory as follows: First, the raw materials were 

prepared and mixed in a certain proportion. Then, they were placed in the mold for pressing and 

bonding. Finally, the cores were cut and stored for two weeks. Here, the clay mineral content of each 

core was designed as shown in Table 2. 

Table 2. Clay mineral content of each group of cores. 

Group 
Clay 

Content, % 

Montmorillonite 

Content, % 

Kaolinite 

Content, % 

Illite 

Content, % 

Core 

Quantity 

I 

7 

60 20 20 2 

II 20 60 20 2 

III 20 20 60 2 

According to the designed content, montmorillonite, kaolinite and illite (Figure 3) were added to 

the raw materials to make the six artificial cores (Figure 4). Their physical parameters are listed in 

Table 3. 

 

Figure 3. Clay minerals in the raw materials. 

 

Figure 4. The 6 artificial cores for experiments. 

Table 3. Physical parameters of the artificial cores. 

Core Number Length, m Diameter, m Porosity, % Permeability, D 

1 0.096 0.025 18.2 0.4435 

2 0.096 0.025 17.8 0.4307 

3 0.094 0.025 16.8 0.4266 

4 0.097 0.025 18.4 0.4104 

5 0.097 0.025 19.0 0.4637 

6 0.096 0.025 18.5 0.4523 
 

Figure 4. The 6 artificial cores for experiments.

Table 3. Physical parameters of the artificial cores.

Core Number Length, m Diameter, m Porosity, % Permeability, D

1 0.096 0.025 18.2 0.4435
2 0.096 0.025 17.8 0.4307
3 0.094 0.025 16.8 0.4266
4 0.097 0.025 18.4 0.4104
5 0.097 0.025 19.0 0.4637
6 0.096 0.025 18.5 0.4523
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2.2. Fluid Preparation

The samples of the formation water and low-salinity water were provided by A block in Shengli
Oilfield, and their ionic composition were tested (Table 4). According to the ionic composition,
formation water was prepared by dissolving sodium chloride, magnesium chloride, and calcium
chloride reagents in deionized water, and low salinity water was prepared by dissolving sodium
chloride, magnesium chloride, calcium chloride and sodium bicarbonate reagents in deionized water.

Table 4. Ion content of formation water and low-salinity water.

Ion Composition Na+ Ca2+ Mg2+ Cl− HCO3− Total Salinity pH

Ion content of formation water, g/m3 8200 530 140 14000 550 23420 6.9
Ion content of low-salinity water, g/m3 575 80 24 1100 - 1994 -

Field crude oil of the A block in Shengli Oilfield was selected for the experiments. The density of
the crude oil is 0.857 kg/m3 at 25 ◦C, the viscosity is 100 mPa·s, and the pH is 6.79. The experimental
crude oil was subjected to a four-component separation test, and the crude oil components are given
in Table 5.

Table 5. Contents of four components of crude oil.

Four-Component Saturated Component Aromatics Colloid Asphaltene

Content, % 43.45 12.97 3.80 0.54

2.3. Experimental Procedure

The instrument used in the experiment is a thermostatic displacement device (Figure 5).
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The specific experimental procedures are as follows, and each step is in strict accordance with
the experimental standards [21]. (1) The cores were first weighed, then they were evacuated for 7 h,
and then saturated with formation water for 24 h at pressure of 20 MPa. (2) The samples were weighed
and nuclear magnetic resonance (NMR) spectroscopy was performed; (3) Oil flooding was performed
for 15 PV to saturate cores with crude oil, then the cores were weighed and placed in the oil for
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240 h. (4) The pipeline was connected and the displacing equipment was started. The equipment was
preheated for 2 h before every experiment to reach 90 ◦C. (5) For core No.1, core No. 3 and core No. 5,
low-salinity water was injected after injecting 0.5 PV formation water. (6) For core No. 2, core No. 4
and core No. 6, continuous injection of formation water was carried out until the water cut reached
98%. In steps (5) and (6), during the experiment, the water output and oil output were measured and
the pH, interfacial tension and wettability of produced-water were tested. The specific parameters of
the comparison experiment are designed as Table 6.

Table 6. Design of the comparison experiment.

Group Number Main Component of
Clay Mineral Experimental Procedures and Parameters

I
1 Kaolinite Injecting formation water at the beginning and injecting

low-salinity water after 0.5 PV with flow rate of 0.05 cm3/min

2 Kaolinite Injecting formation water with the flow rate of 0.05 cm3/min

II
3 Illite

Injecting formation water at the beginning and injecting
low-salinity water after 0.5 PV with the flow rate of 0.05
cm3/min

4 Illite Injecting formation water with the flow rate of 0.05 cm3/min

III
5 Montmorillonite

Injecting formation water at the beginning and injecting
low-salinity water after 0.5 PV with the flow rate of 0.05
cm3/min

6 Montmorillonite Injecting formation water with the flow rate of 0.05 cm3/min

3. Results

3.1. Porous Structure of the Prepared Cores

The T2 NMR spectrum showed good correspondence with the pore structure of the cores [22–25].
The T2 spectrum curves of the six cores in saturated water state are shown in Figure 6. It can be
observed that the pore structures of the six cores are relatively similar.
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3.2. Relationship between Clay Mineral Composition and Oil Recovery

Measurements were taken at ten points during the experiments, and the oil recovery results were
calculated and plotted, as shown in Figure 7.
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As seen from the above graphs, injecting low-salinity water in cores containing clay minerals
improved the oil recovery, but the degree of EOR was different. Cores with the highest content of
montmorillonite had the most obvious effect of EOR, from 38% (Core No. 6) of the whole process
of formation water flooding to 43.7% (Core No. 5), and the degree of recovery increased by 5.7%.
On the other hand, cores with the highest content of kaolinite showed the poorest effect on low-salinity
water flooding, from 38.6% (Core No. 2) of the whole process of formation water flooding to 40.5%
(Core No. 1), and the degree of recovery increased by only 1.9%. Cores with the highest content of
illite showed an intermediate effect of EOR (3.3%). The relative improvement of oil recovery for each
group of cores was calculated, as shown in Table 7. It is obvious that cores with the highest content of
montmorillonite are the most suitable for low-salinity water flooding.

Table 7. Difference in EOR.

Core 1–2 3–4 5–6

Difference in EOR, % 4.92 8.85 15.00

3.3. Change in Properties during Displacement Process

During the displacement process, five samples were taken from each core and each sample was
subjected to measurements of pH value, interfacial tension and wetting angle. A total of 90 attribute
tests were performed and the results are presented in Figure 8.
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tension; (c) The change of wetting angle.

During the entire process of formation water flooding test, the changes in the three properties were
not significantly affected by clay mineral composition, and all the cores showed a consistent pattern.

In the test involving injecting low-salinity water after injecting formation water, the values of
different properties changed significantly, mainly reflected in the increase in pH value (0.5–0.6), and
the decrease in interfacial tension (8–9 mN/m) and wetting angle (5–6.5◦) of the produced-water.
These results indicate the alkaline enhancement of displacing liquid system and the decrease in
resistance of oil displacement. This effect is favorable for improving oil displacement efficiency,
ultimately resulting in the improvement of oil recovery.
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Groups with different clay mineral compositions showed various degrees of difference in the
three properties between two diverse displacement tests. Taking these results in combination with the
oil recovery data, a clear trend can be observed: cores with better effect of EOR on low-salinity water
flooding will have higher pH value and lower interfacial tension and wetting angle.

4. Discussion

Based on the analysis of the above experimental data, combined with literature research, the
mechanism of influence of clay mineral composition on low-salinity water flooding is discussed in
this section. According to the NMR results in Section 3.1, the pore structure of the six cores is similar.
Therefore, the effect of pore structure on the low-salinity water flooding in the experiment is excluded.

4.1. Ionic Mechanism of Low-Salinity Water Flooding

After injecting formation water, the organic acids and salt base in the crude oil and some cations in
the formation water (such as Ca2+) are adsorbed on the surface of the clay mineral due to the negative
charge on the surface. At this point, the ion concentration, temperature, pressure, and pH are in a state
of chemical equilibrium (Figure 9a).
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After injecting low-salinity water, the original salt-rock interface equilibrium is destroyed. Then,
the ion desorption reaction occurs on the rock surface, especially for Ca2+, because the ion concentration
of low-salinity water is much lower than that of the original formation water. Thus, in order to
compensate for the loss of Ca2+ on the rock surface and maintain charge balance, H+ in the water is
adsorbed on the rock surface. In other words, the interaction between Ca2+ and H+ occurs on the
surface of clay minerals (Figure 9b).

As the amount of H+ in the liquid system decreases and pH value of the system rises, the matrix
and organic acids on the clay surface react with the OH−, thereby forming a new interface of acid and
salt and desorbing from the surface of the clay mineral (Figure 9c).
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During this process, the amount of matrix and organic acids adhering to the clay surface is
reduced by the reaction. On the one hand, this makes the rock surface more hydrophilic, and on the
other hand, this reduces the resistance of oil displacement. Generally, this chemical reaction is similar
to that of alkali flooding.

4.2. Analysis of Influence of Clay Mineral Composition on Low-Salinity Water Flooding

From the above analysis, it is evident that the surface ionic chemical reaction is closely related
to the enhanced oil recovery mechanism of low-salinity water flooding. According to the statistics
of the physical properties of the three clay minerals, it can be inferred that the fundamental reason
for the different degrees of enhanced oil recovery is the differences in the degree of cation conversion
occurring on the mineral surface for the three kinds of clay minerals.

Therefore, the different crystal structures of the three clay minerals determine the ion exchange
capacity of their surface, which further influences the EOR effect of low-salinity water flooding.
For kaolinite, the ion exchange capacity on its surface is weak, which is not conducive to the mechanism
of low-salinity water flooding. As there are Ca2+ and Mg2+ ions inside the illite layer, and the interlayer
structure of illite is unstable, its surface is favorable for ion exchange. At the same time, it is found that
Ca2+ plays an extremely important role in EOR effect of low-salinity water flooding. Montmorillonite
usually has less chemical force between layers and contains more Na+ or Ca2+, which not only increases
the surface area available for the ionic reaction, but also transfers and catalyzes the ionic reaction.
Therefore, montmorillonite is more suitable for the application of water flooding to enhance the
oil recovery.

5. Conclusions

Core flooding tests were designed to investigate the effects of different clay mineral compositions
on the EOR effect of low-salinity water flooding. At the same time, the properties of the effluent
were determined in different flooding stages, and the mechanism of EOR effect of low-salinity water
flooding was analyzed. The following conclusions were drawn from the results of this work:

Compared to the entire process of water flooding test, the pH value increased by 0.5–0.6, the
interfacial tension decreased by 8–9 mN/m, and the wetting angle decreased by 5–6.5◦ during the
low-salinity water flooding. That is, after the low-salinity water was injected into the core, a similar
effect to the alkaline flooding occurred, which increased the overall cleaning efficiency and ultimately
improved oil recovery.

The composition of clay minerals had a significant influence on the effect of low-salinity water
flooding. In particular, cores with the highest content of montmorillonite showed the most obvious
effect on low-salinity water flooding (EOR of 5.7%), while cores with the highest content of kaolinite
showed the poorest effect on low-salinity water flooding (EOR of 1.9%). The cores with the highest
content of illite showed an intermediate effect (EOR of 3.3%). These results can be explained by the
differences in the crystal structure of the clay mineral. The interlayer of montmorillonite is connected
by van der Waals forces, which makes its surface have the highest ion exchange capacity. On the
other hand, kaolinite has the largest crystal chemical force and the closest ion connection. Thus, the
ion exchange capacity on its surface is weak. The performance characteristics are consistent with the
experimental data, indicating that ion exchange is one of the essential mechanisms of EOR effect of
low-salinity water flooding. Therefore, in formations with similar conditions but different clay mineral
composition, the content of montmorillonite is the most important factor affecting the performance
of low-salinity water flooding. If the content of montmorillonite is relatively high in the formation,
low-salinity water flooding can achieve better results.
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