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Abstract: The use of alkali and surfactant synergistic promotion for oil-solid separation has recently received 
a lot of attention. In the process of oil-solid separation, the function of surfactants is the key for improving 
the effect. A common method of oil-solid separation is to rely on the wetting, emulsification and solubilization 
of surfactants, but in practice the result of single surfactant is not good enough. According to some researches, 
adding alkali and alkali inorganic-salt to surfactant solution can increasing its activity, reducing interfacial 
tension between oil and water, increasing ionic strength in solution and promote oil-solid separation with the 
help of electrostatic repulsion. So delving into the mechanism by which surfactants influence oil - solid 
separation under alkaline conditions holds pivotal significance for enhancing the efficacy of oil displacement. 
This article takes chemical flooding as the main research direction and introduces application and mechanism 
of alkali and surfactant in chemical flooding. Experiments have shown that, The interfacial tension can be as 
low as 10-4 when the temperature is 53℃, the petroleum sulfonate is 0.4%, and the mass ratio of NaOH to 
Na2CO3 is 1:2. The mechanism of activation, solubilization and synergy of alkali or alkali inorganic-salt 
provides a feasible direction for improving oil-solid separation’s effect. It is of great significance for the 
efficient treatment of oily sludge in oil and gas fields. 

1. Introduction 

After the periods of primary oil recovery and secondary 
oil recovery, some oil fields have entered the high water 
stage, the efficiency of water flooding has gradually 
reduced, and chemical flooding has gradually begun to be 
widely used[1]. However, capillary retention is common 
in the process of water flooding. The retained oil is 
distributed in the pore throat and pore wall in the form of 
oil droplets and oil film. In order to wash out this part of 
the retained crude oil effectively, further enhanced oil 
recovery and improving the oil-solid separation efficiency 
between oil and rock have been a key problem to be solved 
urgently. As an important enhanced oil recovery 
technology, surfactant flooding can improve oil-solid 
separation and enhancing oil recovery effectively. 

The effects on the oil-solid interface mainly include 
surface wetting and adsorption. Since the force of solid 
surface molecules on liquid molecules is greater than the 
force between liquid molecules, liquid molecules will 
concentrate towards the liquid-solid interface when the 
two phases contact, forming an interface layer[2]. The first 
step of oil-solid separation is to destroy the interface layer, 
which is always the key in the process of oil extraction and 
treatment. At present, surfactant flooding is widely used 
in chemical flooding.  

2. The synergistic mechanism of alkali 
and surfactant 

During the displacement of the remaining oil in the rock 
formation, the key is the separation of the oil components 
from the solid surface of the rock. From the perspective of 
interface change, the process of separating oil components 
from the solid surface is the process of replacing the oil-
solid interface with the oil-water interface and the solid-
water interface. In oil production, The solid is mainly 
malmstone or carbonate rock. The rock surface is usually 
negatively charged, which has a certain adsorption effect 
on polar components such as colloid and asphaltene in 
crude oil. The oil molecules adsorbed on the solid surface 
by van der Waals force and spread out to form an oil-solid 
interface layer, which not only makes the solid surface 
become oil-wet, but also forms a more rigid double-layer 
interface film, which increases the difficulty of oil-solid 
separation[3]. 

2.1 The mechanism of alkali  

Alkali water flooding is to add alkaline substances (such 
as sodium hydroxide, sodium carbonate, sodium 
bicarbonate, sodium silicate, etc.) to the water phase of 
displacement, and use the characteristics of alkaline 
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substances to make the residual oil film free from the oil-
wet rock surface to achieve the purpose of oil 
displacement. Some scholars have proposed that the 
mechanism of alkali flooding to enhance oil recovery is 
mainly emulsification carrying and wetting reversal[4]. In 
the process of chemical flooding, when the alkali is in full 
contact with the crude oil, Organic acids such as 
naphthenic acid, fatty acid and carboxylic acid in oil can 
react with alkali to form natural surface active substances 
such as carboxylic acid. These surface substances 
adsorbed to the two-phase interface can reduce the 
interfacial tension, especially the side chain aliphatic acid 
components will show stronger interfacial activity after 
the neutralization reaction[5].The non-acid oxygen-
containing compounds in oil can cooperate with 
surfactants to emulsify and play a role in the emulsifying 
process of crude oil[6]. The addition of alkali and alkaline 
substances can change the charge properties of the rock 
surface, increase the charge density of the oil-solid 
interface, form a relatively stable water film on the rock 
surface, enhance the hydrophilicity of the rock surface, 
and facilitate the displacement of the oil film, thus 
improving the oil-solid separation efficiency[7]. 

2.2 The mechanism of surfactant  

In the oil field, Surfactants are often used as an effective 
oil displacement agent to enhance oil recovery and control 
water rate. 

There are different types of surfactants: ionic, non-
ionic and amphoteric. The hydrophilic polar component is 
called the head, and the oil-philic nonpolar part which is a 
hydrocarbon chain is known as the chain of the 
surfactant.[11]Surfactants are amphiphilic molecules with 
both hydrophilic groups and oil-philic groups. By 
reducing the interfacial tension to make the residual oil 
into a mobile oil and changing the wettability of the rock 
surface, the surfactant can remove the oil phase from the 
surface of the solid particles and stabilize it in the aqueous 
solution, increasing the dispersion of oil in water. From a 
macroscopic point of view, the surfactant can reduce the 
interfacial tension, so that the oil film on the rock surface 
is easy to emulsify and disperse into the water phase, and 
no longer adsorbed on the rock surface. From a 
microscopic point of view, since the concentration of 
surfactant increases to a certain extent, the surfactant 
molecules will begin to aggregate into micelles in the 
system, and the concentration at this time is called the 
critical micelle concentration (CMC). When the surfactant 
concentration is less than CMC, the surfactant molecules 
are diffused in the oil -solid two-phase system, and the 
polar groups adsorbed on the oil surface repel each other 
from the negatively charged solid surface, resulting in the 
separation of oil and solid. When the surfactant 
concentration is greater than CMC, the surfactant 
molecules will aggregate into micelles with oil - philic 
group inward and hydrophilic group outward[8]. Micelles 
can adsorb oil that is insoluble in water and wrap it inside 
to promote oil-solid separation, which is solubilization. 
The difficulty of oil-solid separation can be characterized 
by adhesion work, as shown in formula (1). 

             (1) 

The amount of adhesion work depends on the 
interfacial tension between oil and water and the contact 
angle of the oil droplets on the solid surface. By using the 
method of molecular dynamics simulation, Ding Feng 
simulated the values of the interfacial tension and contact 
angle of oil and water by using Young's equation. The 
results show that the addition of surfactants can reduce the 
interfacial tension of oil and water, the contact angle, the 
adhesion work of solid surface, and promote the stripping 
of crude oil from the solid surface[9]. At the same time, 
the decrease of the contact angle of the oil droplets on the 
solid surface proves that the wettability of the rock surface 
changes from oil-wet to water-wet after the addition of the 
surfactant solution, which is more conducive to the 
separation of oil from the solid surface. The interaction 
between surfactant solution and formation crude oil has 
been evaluated by means of absorbance test, small angle 
neutron scattering and transmission electron microscopy. 
The results show that surfactants can improve oil recovery 
by solubilizing part of crude oil and in situ emulsifying oil 
carrying[10]. 

2.3 The synergistic mechanism of alkali and 
surfactant 

The surface active substance produced by the reaction of 
alkaline water alone with trace acid in the ground is 
limited, and it is difficult to reach the ultra-low degree of 
oil-water interfacial tension. However, it is difficult to 
achieve the oil displacement effect by adding a small 
amount of surfactants to the single surfactant flooding. So 
the common application of alkali and surfactant is 
gradually popular[12].  

Some scholars believe that the synergistic effect of 
alkali and surfactant is conducive to the spontaneous 
emulsification of oil components[13]. The base reacts 
with the organic acid groups in the oil, form a natural 
surface active substance and can emulsify the remaining 
oil in the formation into emulsion droplets. After alkali is 
added to the surfactant solution, the surface activity in the 
original solution is increased, so that the remaining oil in 
the formation can be better dislodged. By comparing the 
change of adhesion between heavy oil and calcium 
carbonate particles at different pH of surfactant solutions, 
which can be found that the adhesion between oil and solid 
decreases with the increase of pH of solution. Because 
after the pH value rises, the OH- in the solution increases, 
which compresses the double electric layer formed by 
charge adsorption at the oil-solid interface[14]. It is easier 
to overcome the electrostatic repulsion with the charged 
solid surface, adsorb on the solid surface, and separate the 
oil molecules from the solid surface. Studies have shown 
that in the combination of NaOH and surfactant, with the 
increase of NaOH concentration, the movement rate of 
surfactant molecules is accelerated, the emulsification 
time of oil adsorbed on the solid surface is shortened, and 
the emulsification ability of surfactant solution is 
enhanced[15]. However, in the compound system of alkali 
and surfactant, the concentration of alkali is not the higher 
the better. When the alkali in the system reaches a certain 
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concentration, almost all the organic acids in the oil react 
with the alkali and ionize, and the negative charge density 
on the surface of the oil is the highest[16]. The 
electrostatic repulsion between the oil and the solid 
surface is the largest, and it is not easy to recoalesce and 
adsorption. 

3. The application of alkali and 
surfactant in chemical flooding 

3.1 The application of alkali flooding 

Alkali flooding, as an early EOR technology, has played a 
role in the field of primary extraction. Table 1 shows the 
experimental conditions of heavy oil recovery by single 
alkali flooding in Liaohe Oilfield, Daqing Oilfield Oil 
production plant and Jiangsu oilfield. Among them, part 
of the effect of oil-solid separation is characterized by the 
interfacial tension, the lower the interfacial tension, the 
better the oil displacement effect. The interfacial tension 
was measured as 10-2mN·m-1 at pH=11 and temperature 
30℃ by KOH in Liaohe oilfield[17].1g·L-1NaOH was 
used in the experiment in Daqing oilfield. Under the 
experimental condition of 60℃, the calculated recovery 
rate was 56.9%. The interfacial tension measured by 
NaOH and Na2CO3 at room temperature in Jiangsu oilfield 
is 0.77 mN·m-1 and 0.03 mN·m-1 respectively. 

As can be seen from Table 1, alkaline water flooding 
can achieve certain results in the treatment of heavy oil 
with high acid value, and the most critical factor in the 
play of alkali effect is the acid value of raw oil. 

Generally, the acid value is greater than 0.5mg/g of 
crude oil, the effect of alkali play better[12]. But alkali and 
alkaline inorganic salt will react with the mineral 
composition of the reservoir rock to precipitate, increase 
the seepage resistance or increase the mechanical wear of 
oil production, so it is not widely used at present. 

Table 1. The application of alkali and alkaline inorganic salt in 
chemical flooding 

 
concentr

ation 
temperature 

Oil-solid separation 
effect 

KOH pH=11 30℃ ITF<10-2mN·m-1 

NaOH 

1g·L-1 60℃ 
Recovery efficiency 

56.9% 

0.75% 
Room 

temperature 
ITF=0.77mN·m-1 

Na2C
O3 

1.5% 
Room 

temperature 
ITF=0.03mN·m-1 

3.2 The application of alkali and surfactant 
flooding 

In the process of chemical flooding, the treatment effect 
of a single alkaline substance is relatively general, so it is 
not widely used in practice. The current research direction 
is gradually developing towards the direction of the 
combination of alkali and surfactant. Surfactant as a 
chemical flooding agent can reduce the interfacial tension 
of oil and water, so that the residual oil in the formation 
emulsifies to form microemulsion or micelles, which is 
not easy to adhere to the rock surface, enhances the flow 
of crude oil, and makes a large amount of residual oil in 
the blind end of the reservoir flow out with the water 
phase[18]. Some scholars have proved through contact 
angle experiments that the compound ratio of 0.1%NaOH 
and 0.1%RS-1 surfactant 0.2%RS-1 surfactant alone can 
better weaken the lipophilicity of formation rock surface 
and enhance its hydrophilicity[19]. In Table 2, the effects 
of different formulations of alkali and surfactant on oil-
solid separation are compared in terms of interfacial 
tension, adhesion and oil displacement 

Table 2. The application of alkali and surfactant in chemical flooding 

 surfactant surfactant concentration 
alkali 

concentration 
temperature Oil-solid separation effect 

NaOH 

Rhamnolipid 0.5‰ 
pH= 
10.5 

45℃ The adhesion reaches 0.1 

sophorolipid 
500 

mg·L-1 
pH= 
8.5 

45℃ Contact Angle 45.9° 

B-100 10g·L-1 10g/L 45℃ 
Oil displacement rate increased 

by 20% 

ORS-41 0.3% 0.3% 45℃ 
Oil displacement rate increased 

by13.5%~ 
16% 

 
Petroleum 
sulfonate 

0.4% 1% 53℃ 
Oil displacement rate increased 

by 20.6% 

As can be seen from Table 2, the presence of alkali can 
play a synergistic role in the oil-solid separation of 
surfactants, resulting in ultra-low interfacial tension in the 
composite system. The combination of NaOH and 
sulfonate surfactants, anionic surfactants and 
biosurfactants has a good effect on oil-solid separation, 
and can increase the oil displacement rate by about 13%-

20% compared with water flooding. But the compound 
pairing of alkali and surfactant has great damage to the 
formation, which is easy to cause formation scaling, block 
the pore throat, block the channel of oil displacement, and 
lead to the decline of oil displacement efficiency[20]. At 
the same time, if the alkali concentration is too high, the 
ionic strength of the system will increase, and then 
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compress the double electron layer around the oil droplet, 
so that the size of the oil droplet will increase and 
coalescence phenomenon will occur, which is not 
conducive to the production of residual oil in the pores[21]. 

3.3 The application of Alkaline inorganic salt and 
surfactant flooding 

In order to reduce the adverse effects of strong alkali on 
environment and equipment, alkaline inorganic salts were 
used to replace strong alkali NaOH and KOH, and alkaline 
inorganic salts and surfactants were formed, which 
achieved ideal results in chemical flooding. 

The combination of alkaline inorganic salts and 
surfactants forms a weak base complex system, and the 
surfactants used in this system are usually sulfonates. 
studies have shown that the combination of lipid peptides, 

sulfonates and Na2CO3 can reduce the interfacial tension 
of oil and water to 10-4 orders of magnitude. Na2CO3 not 
only plays a role in generating oleic acid soap and 
reducing interfacial tension, but also plays a role in 
shielding electrostatic repulsion between polar head 
groups of anionic surfactant molecules to promote their 
interfacial activity[22]. Experiments have shown that 
when Na2CO3 is mixed with 0.5%OP-10 and 0.5% 
petroleum sulfonate, the emulsification rate of oil 
components increases first and then decreases with the 
mass fraction of Na2CO3[23]. When the concentration of 
Na2CO3 is 0.4%, the emulsification rate is the highest, 
which promotes the emulsification of crude oil while 
reducing the interfacial tension, and improves the oil-solid 
separation efficiency[24].Table 3 investigates several 
alkaline inorganic salts and surfactants compound formula 
experiments, in order of interfacial tension to characterize 
the effect of oil-solid separation[25]. 

Table 3. The application of alkali and alkaline inorganic salt in chemical flooding 

 surfactant 
surfactant 

concentration 
alkaline 

concentration 
temperature 

Oil-solid 
separation effect 

Na2SiO3 Petroleum sulfonate 0.1% 3.8wt% 45℃ 
ITF=6×10-

2mN·m-1 

Na2CO3 
Petroleum sulfonate 0.1% 1.5wt% 45℃ 

ITF=8×10-

2mN·m-1 
heavy alkylbenzene 

sulfonate 
0.2% 1% 45℃ ITF=10-3mN·m-1 

Na2CO3+NaOH Petroleum sulfonate 0.4% 
m(Na2CO3): 

m(NaOH)=2:1 
53℃ ITF=10-4mN·m-1 

As can be seen from Table 3, the terpolymer flooding 
prepared with weak bases such as Na2SiO3 and Na2CO3 

and sulfonate surfactants can also meet the requirements 
of ultra-low interfacial tension, and the treatment effect of 
oil-solid separation is good. The interfacial tension of 
Na2CO3 combined with a strong base is lower than that of 
a single weak base, and the oil-solid separation effect is 
better. 

4. Conclusion 

Due to their own characteristics, alkali and alkaline 
inorganic salts can react with acids in crude oil to form 
surfactant, reduce the interfacial tension of oil solid 
surface and promote the separation of oil solid. 
Surfactants can change the wettability, adsorb on the solid 
phase interface, increase the solubility of emulsification, 
and reduce the interfacial tension. The combination of 
alkaline substance and surfactant can not only reduce the 
critical micelle concentration, but also increase the 
salinity and ionic strength of the solution, improve the 
adsorption of surfactant molecules on the oil-solid 
interface, and cooperate with surfactants to separate oil 
and solid.  

The alkaline inorganic salt can play a good synergistic 
effect on the surfactant in oil-solid separation, and get a 
good effect. The combination of 1%Na2CO3 and 0.2% 
heavy alkyl benzene sulfonate can make the interfacial 
tension as low as 10-3 orders of magnitude. In the field of 
chemical oil flooding, it is a feasible development 
direction to study the effect of alkali and alkaline 
inorganic salts on oil flooding and the synergistic 

promotion of surfactants and provides an important idea 
for other oil-solid separation researches. 

References 

1. Wang, S., Wang, J., Liu, H.Q. et al.(2023)Molecular 
simulation on the detachment mechanism of residual 
oil with the aid of surfactant. J. Acta Petrol., 
Sin.44(03):518-533. 

2. Kang, D.Y., Lin, H., Niu, D.P. et al. (2023) Research 
progress and prospects of processing technology and 
characteristics of oily sludge. J. J. Environ. 
Sci.43(08):4106-120. DOI:10.19674/j.cnki.issn1000-
6923.2023.0132. 

3. Liu, J., Zhang, Y. X., Peng, K.M., et al. (2021) A 
review of the interfacial stability mechanism of aging 
oily sludge: Heavy components, inorganic particles, 
and their synergism. J. J. Hazard. Mater.,415:125624. 
DOI10.1016/j.jhazmat.2021.125624 

4. Johnson, C. F., (1983) Status of caustic and emulsion 
methods. J.J. Petrl. Technol.1581-1590. 

5. Ma, Y., Liu, H.B., (2023)Exploitation strategy of 
weak ASP.J. Chem. Eng. Equip., (07):59-
60+94.DOI:10.19566/j.cnki.cn35-
1285/tq.2023.07.056. 

6. Qin, H., Ye R. Q., Mu B.Z.,(2013) Emulsified 
activated component of oil and oil displacement 
mechanism of alkalic system. J. Oilfield Chem. 
30(03):464-470.DOI:10.19346/j.cnki.1000-
4092.2013.03.034. 

                 ICEREE 2025
, 02021 (2025)E3S Web of Conferences https://doi.org/10.1051/e3sconf/202562502021625

4



 

 

7. Hou ,X. Q., Zhang, F. X., Hu. G. J., et al.(2024) 
Research status and prospect of surfacants for 
imbibition flooding. J. Chem. Eng.,38(01):70-
74.DOI:10.16247/j.cnki.23-1171/tq.20240170. 

8. Bao, Q. H., Huang, L.X., Xiu J. L., et al. 
(2021)Research progress on biotreatment technology 
of oily sludge in oil and gas fields. J. Chem. Ind. Eng. 
Prog., 40(05): 2762 - 2773. DOI: 
10.16085/j.issn.1000 - 6613.2020 – 1299 

9. Ding ,F.,(2022) Research on the properties of 
solid/liquid interfaces under different wettability 
reservoir conditions. D. Shandong University. DOI: 
10.27272/d.cnki.gshdu.2022.003572 

10. Zhao, X. Z, Liao, G. Z., Liu, W. D., et al.(2023) New 
advances in surfactant EOR mechanism: micellar 
solubilization and insitu emulsification. J. Sci. Sin. 
Chim., 53:1088–1103, DOI:10.1360/SSC-2023-0018 

11. Yarveicy, H., Javaheri,A.,(2017) Application of 
Lauryl Betaine in enhanced oil recovery: A 
comparative study in micromodel. J. Petrol.5:123-
127, http://dx.doi.org /10.1016/j.petlm.2017.09.004 

12. Jiang, Y. H.,(2014) Adsorption Performance of 
Betaine Amphoteric Surfactants on Sandstone 
Surface. D. Daqing: Northeast Petroleum University. 

13. Shi S. L., Wang, L.S., Jin, Y. X., et al.(2014) 
Application Progress and Developmental Tendency 
of Emulsion System Used in Flooding, Profile 
Control and Water Plugging. J. Oilfield Chem., 
31(01):141-145.DOI:10.19346/j.cnki.1000-
4092.2014.01.033. 

14. Hou, J. J., (2022)Physical-chemical interface 
modification enhanced carbonate heavy oil solid 
separation process study. D. Tianjin University. 
DOI:10.27356/d.cnki.gtjdu. 2022.000009. 

15. Zhao, F. L., Yue, X.A., Hou, J. R., et al.(2008) 
Emulsification of ASP system and Daqing crude oil 
and its influencing factors. J. Pet. Geol. Recovery 
Effic., (03):66-69+115. 

16. Wang, S., Song, W.L., Jiang, X.Z., et al.(2018) Effects 
of Alkali and Surfactant on the Stability and 
Rheology of Xinjiang Heavy Oil Emulsion. J. Spec. 
Petrochem., 35(05): 15-20. 

17. Wang, H. Z., Yang, J. H., Zhu, H. J., (1997)Influence 
of interfacial tension in alkaline water flooding. J. 
Oilfield Chem,(01):62-
65.DOI:10.19346/j.cnki.1000-4092.1997.01.014. 

18. Wang, C. Y., Liu, Q., Peng, B., et al.(2019) Review 
on surfactin biosurfactant and its performance of 
enhanced oil recovery. J. Chem. Ind. Eng. 
Prog.,38(09):4012-4019.DOI: 10.16085/j.issn.1000-
6613.2019-0005. 

19. Yao, T. Y., Li, J. S., Zhou, G. H.,(2008) Analysis of 
parameters influencing oil displacement efficiency of 
oil displacement agent. J. J. China Univ. Pet., Ed. Nat. 
Sci.,(03):99-102. 

20. Li, X.G., (2018)Study on non-emulsified chemical 
cleaning treatment of oily sludge. D .Chengdu: 
SouthWest Petroleum University. 

21. Yuan, G. Y., (2019)Research progress of the 
emulsification mechanism in chemical flooding and 
the new technology of emulsification displacement. J . 
China Surfactant Deterg. Cosmet.,49(01):44-50. 

22. Wang, H.,(2014) Interaction with surfactin and 
cationic surfactant. D. Shanghai: East China 
University of Science and Technology. 

23. Wang, D. F., Cui, X. D., Yin, H.F., et al. (2011)Initial 
exploration of the screening of surfactants for oil 
displacement. J. Pet. Geol. Recovery Effic,18(04):57-
60+115.DOI:10.13673/j.cnki.cn37-
1359/te.2011.04.018. 

24. Sun, Z., Lu, X. G., Guo, Q., et al.(2016) Research on 
Emulsification of Weak-Alkali Ternary Compound 
System and Its Effect on Oil Displacement Efficiency. 
J. J. Xi'an Shiyou Univ., Nat. Sci. Ed.,31(04):82-
87+114. 

25. Wang, C. Q.,(2023) Study on the Influencing Factors 
of Emulsification and Interfacial Tension Properties 
in Weak Base ASP System. J. Guangdong Chem. 
Ind.,50(17):49-52. 

                 ICEREE 2025
, 02021 (2025)E3S Web of Conferences https://doi.org/10.1051/e3sconf/202562502021625

5


