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Abstract: Nonionic–anionic surfactants are expected to be applied in chemical flooding due to their 
important properties such as ultralow IFT values, good salt tolerance, and no chromatographic sep-
aration in porous media. In this study, a new type of nonionic–anionic–hydrophobic group structure 
surfactant N,N-dihydroxyethylalkylamide carboxylate (EAMC) was synthesized. The synergistic ef-
fects between petroleum sulfonate (KPS) and EAMC in reducing interfacial tension (IFT) and emul-
sification properties were studied. The influences of salt, alkali and Ca2+ on the IFTs of surfactant 
solutions were also investigated. One-dimensional core flooding experiments were used to charac-
terize the enhanced oil recovery capability of the KPS and EAMC mixed system. The experimental 
results show that both EAMC and KPS have high interfacial activity and can reduce IFTs to about 
0.01 mN/m order of magnitude against decane at optimized concentrations. The area occupied by 
the hydrophilic group of EAMC on the interface is smaller than that of its own hydrophobic group. 
The interfacial film formed by EAMC alone is relatively loose. The IFTs of KPS containing different 
structure petroleum sulfonates is affected by the difference in the adsorption rate of petroleum sul-
fonates on the interface, which shows that both the dynamic and equilibrium interfacial tensions 
can have the lowest values. However, the IFTs of the EAMC solutions against crude oil can be re-
duced to ultralow values because the mixed tight adsorption film is formed by EAMC and crude 
oil fraction molecules with synergistic effect. On the other hand, the KPS molecule has a hydropho-
bic part with large size and no synergism with crude oil fractions can be observed in the solutions 
containing only KPS. The combination of EAMC and KPS shows synergistic effect, namely ultralow 
IFT values, good emulsification properties, high alkali tolerance, and good salt and Ca2+ tolerance 
during a wide percentage range of EAMC. The best formula of EAMC and KPS system can be ap-
plied for EOR after polymer flooding. The studies in this paper are helpful for the design and ap-
plication of a chemical flooding formula with nonionic–anionic–hydrophobic group structure sur-
factants. 

Keywords: petroleum sulfonate; nonionic–anionic surfactant; synergistic effect; interfacial tension; 
enhanced oil recovery 
 

1. Introduction 
After the traditional primary and secondary methods of oil recovery, there are still 

two-thirds of crude oil left in an oilfield reservoir [1,2]. Therefore, development of tertiary 
oil recovery methods employing a chemical substance, such as a surfactant, polymer or 
alkali, to enhance oil recovery (EOR) will be a significant and promising area of work for 
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energy production over the next decades [3]. It has been shown that residual oil trapped 
in a reservoir can be displaced by increasing the capillary number, Nc, which determines 
the microscopic displacement efficiency of oil [4,5]. Reduction of the oil/water interfacial 
tension (IFT) is one of the most effective ways to improve the Nc value. The efficiency of 
oil recovery would be greatly enhanced if the IFT value between the displacing aqueous 
and crude oil attained an ultralow value (<10−2 mN/m) [6]. 

In tertiary oil recovery, alkali flooding is an effective way to enhance oil recovery, 
especially for crude oil reservoirs containing petroleum acids, because the reaction of the 
alkaline solution with the organic acids in the crude oil and the generation of surface-
active species, called in-situ surfactant (ionized acid), at the interface result in a remarka-
ble decrease in IFTs [7–10]. However, with the desorption of water-soluble ionized acid 
from the interface to an aqueous phase the dynamic IFT increases and the equilibrium IFT 
value becomes higher [11]. 

The combination of the surfactant and alkali can provide both transient and equilib-
rium ultralow IFT values [12–14]. Petroleum sulfonate (PS) has been widely used in chem-
ical flooding at oil fields as an EOR surfactant. It possesses the advantages of widely avail-
able raw material sources, low prices and  good compatibility and emulsion perfor-
mance. However, the complex composition of PS leads to a narrow concentration range 
for ultralow IFT values and poor salt resistance, which limits the applications of PS in 
EOR. Therefore, it is necessary to develop the best formula system when PS is employed 
as EOR surfactant.  

Many researchers have focused on the properties of PS and co-surfactants, with re-
sults demonstrating that a complex system can enhance the performance of PS [15–20]. 
Anionic surfactants with a nonionic hydrophilic group, a so called nonionic–anionic sur-
factant, such as fatty alcohol polyoxyethylene ether carboxylate (AEC) and sulfonate 
(AES), are good surfactants that have been widely studied for surface activity, foaming 
capability, emulsifying properties, wettability change and their performance in decreas-
ing the IFT between oil and water [21–26]. The chemical structure of AEC contains two 
hydrophilic groups, which enables an ultralow IFT value, and better salt resistance and 
compatibility than traditional surfactants [27,28]. In addition, anionic–nonionic surfac-
tants offer the possibility of obtaining ideal microemulsion-phase behavior for enhanced 
oil recovery at low surfactant concentrations [29–31]. Moreover, the use of nonionic–ani-
onic surfactants can avoid chromatographic separation due to the different adsorption 
capacity of non-ion and anion on rock surface [32]. Studies on anionic–nonionic surfac-
tants with such an ionic–nonionic–hydrophobic group structure have been extensively 
reported. However, research and application of nonionic–anionic surfactants with a 
nonionic–ionic–hydrophobic group structure are relatively rare. 

In this paper, a new type of nonionic–anionic–hydrophobic group structure surfac-
tant, N,N-dihydroxyethylalkylamide carboxylate (EAMC), was synthesized to enhance 
the performance and application of the PS surfactant in oilfield chemical flooding. The 
synergistic effects of reducing IFT and emulsifying between nonionic–anionic surfactant 
EACM and anionic surfactant PS have been studied systematically. The optimal formula-
tion of the nonionic–anionic–hydrophobic group structure surfactant EACM and anionic 
surfactant PS was applied to one-dimensional oil flooding experiments to verify the en-
hanced oil recovery effect of the formulation after polymer flooding.  

2. Materials and Methods 
2.1. Materials 

The anionic surfactant used in this study was petroleum sulfonate (KPS) supplied by 
JinTa Company of XinJiang, Karamay, China (industrial products, effective content of 40.0 
wt %, average molecular weight of 400). KPS is a mixed petroleum sulfonate surfactant 
obtained from sulfonated vacuum residue. There are a lot of branched, saturated and un-
saturated naphthenes on the KPS hydrophobic group. The major component of KPS is 
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benzodicyclohexane sulfonate, with a diversified minority of alkyl benzene sulfonate, al-
kyl indan sulfonate, alkyl tetrahydronaphthalene sulfonate, alkyl naphthalene sulfonate, 
alkyl acenaphthene sulfonate and alkyl fluorine sulfonate. The nonionic–anionic surfac-
tant was synthesized in our laboratory with purity of more than 90 wt % as shown in 
Scheme 1. The purity of the nonionic–anionic surfactant was determined by titration of 
the carboxylate content. The crude oil sample was provided by the Xinjiang oilfield, Kara-
may, China. NaCl, Na2CO3 and CaCl2 were all analytical grade obtained from Kemiou 
Company, Tian Jin, China. Polymer HPAM KB2000 was obtained from Hengjv Com-
pany,Beijing, China (average molecular weight of 2500 × 106). The alkanes with purity of 
99+ mol% (GC) were purchased from Aladdin Industrial Corporation, Shanghai, China. 
The composition of formation water used in the preparation of the aqueous solution is 
listed in Table 1. 

 
Scheme 1. Synthesis route of surfactant N,N-dihydroxyethylalkylamide carboxylate (EAMC). 

Table 1. Composition analysis of the formation brine. 

Components TDS Ca2+ Mg2+ SO42− CO32− HCO3− Na+ Cl− 
Concentration/mg·L−1 472.98 64.49 6.11 191.2 0 98.41 70.50 42.27 

2.2. Apparatus and Methods 
2.2.1. Interfacial Tension (IFT) Measurements 

Dynamic IFTs were measured by the spinning drop technique with a Texas-500C full 
range tensiometer (Bowing Industry Corporation, Stafford, USA) under standard atmos-
pheric pressure. According to the formation temperature, the experiments were per-
formed at 34.0 ± 0.1 °C. Various chemical flooding solutions were prepared. Before meas-
urement, the surfactant solutions were placed in a constant temperature bath for 24 h. 
Petroleum ether, ethanol and the measured solution were used to wash the centrifuge 
tube sequentially. The surfactant solutions and crude oil were injected into the centrifuge 
tube appropriately. During the measurement, the rotation speed was maintained at 6000 
rpm. The volumetric ratio of water to oil in the spinning-drop tensiometer was about 200. 
IFTs were assumed to be equilibrated when the measured values of IFT remained nearly 
unchanged for half an hour. 

2.2.2. Emulsification Measurements 
Before use, the crude oil was stored in a refrigerator protected by argon to prevent 

oxidation. Prior to emulsification, the oil was heated to 34 °C and shaken to ensure a ho-
mogeneous mixture for sampling. Emulsions were made from a volume of oil and a 
known composition of KPS or EACM system aqueous solution, constantly 1/1 (v/v), a total 
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of 20 mL placed in a 30 mL test tube, with an Shaker Loopster digital (IKA, Staufen, Ger-
many) at 35 rpm for 24 h in a 34 °C water bath. Then the volume of crude oil emulsion 
and the volume of water were recorded. 

2.2.3. Oil Displacement Measurements 
Artificial cores were used in the core flooding oil displacement experiments. The ar-

tificial cores used in the experiments were selected according to the permeability of the 
target reservoir. The cores were saturated with formation water, after which the water 
was displaced by crude oil until irreducible water saturation was established. After aging 
for 24 h at 34.0 °C, the water displacement process began immediately until no oil flowed 
out at the outlet. Then, the chemical flooding solution was injected, and displacement be-
gan again until no oil exited at the outlet. The total oil recovery was then calculated. 

3. Results and Discussion 
3.1. Interfacial Properties 
3.1.1. The IFTs of Surfactant Solutions against n-Decane 

It is well known that oil and water have opposite polarity. The greater the dissimi-
larity in their natures is, the greater the IFTs value between them [33]. A surfactant is an 
amphiphilic molecule that can decrease IFTs between the oil phase and water phase obvi-
ously. The reduction of IFT depends on the replacement of molecules of water and oil at 
the interface by molecules of surfactant. Reaching an ultralow IFT value (<10−2 mN/m) 
demands that the nature of both sides of the interface must be very similar, which means 
the formation of a tight adsorption film by surfactant molecules with matching sizes of 
hydrophilic and hydrophobic parts [23]. 

The dynamic IFTs of KPS and EAMC solutions with different bulk concentrations 
against decane have been measured and the results are plotted in Figure 1. The effects of 
concentration on the equilibrium IFTs of KPS and EAMC solutions are shown in Figure 2. 
It appears, in Figure 1, that the most dynamic IFT curves of KPS and EAMC show the 
typical shape of “L”, which means there is a continuous decrease of dynamic IFT to equi-
librium value with the gradual diffusing and adsorbing of surfactant molecules from the 
bulk phase to the interface. However, for the 0.1 wt % KPS solution (Figure 1a), transient 
ultralow IFT values appear in a short period of time, and the dynamic IFT curve passes 
through an obvious minimum. Petroleum sulfonate surfactants with different molecular 
weights and interfacial activities mixed in KPS have different adsorption rates from bulk 
to interface. During the dynamic adsorption process, the surfactants that adsorb quickly 
to the interface preferentially form an interfacial film with lower IFT. However, when the 
surfactant with a slower adsorption rate further occupies the interfacial film, the arrange-
ment of the surfactant on the interfacial film becomes less dense, which is manifested as 
an increase in IFT. As shown in Figure 2, the equilibrium IFTs of KPS solutions decrease 
with increasing concentration firstly and then increase after 0.05 wt %, also indicating that 
the mixture composition of petroleum sulfonate surfactant KPS had an effect on the inter-
facial tension. The low-concentration (<0.05 wt %) surfactants of KPS are not fully occu-
pied on the interface, so the IFT decreases with the increase of the surfactant concentra-
tion. With the further increase of KPS concentration, competitive adsorption appeared on 
the interface. The slower adsorbing petroleum sulfonate components reach adsorption 
equilibrium on the interface at an increased rate and occupy a larger proportion of the 
interface, resulting in an increase in IFTs with increasing surfactant concentration. On the 
other hand, the equilibrium IFTs of EAMC solutions decrease continuously with increas-
ing concentration. Compared with KPS, EAMC has higher purity and a relatively singular 
molecular structure, so it shows an ideal equilibrium IFT curve. In addition, even though 
the EAMC hydrophobic group is a straight alkyl chain (occupying a smaller area at the 
interface than the KPS hydrophobic group), the IFT minimum value of EAMC is not as 
low as that of KPD. This indicates that the area occupied by the hydrophilic group of 
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EAMC on the interface is smaller than that of its own hydrophobic group. The interfacial 
film formed by EAMC with a different interfacial area occupied by hydrophilic and hy-
drophobic groups is relatively loose, resulting in higher IFTs for EAMC than KPS. It is 
also worth noting that Figure 2 is on a logarithmic scale, which magnifies the difference 
in IFTs at lower values. Both surfactants show high interfacial activity and can reduce IFTs 
to about 0.01 mN/m order of magnitude at optimized concentrations. 

  

Figure 1. The dynamic IFTs of KPS (a) and EAMC (b) solutions against decane. 
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Figure 2. Effect of concentration on the equilibrium IFTs of KPS and EAMC solutions. 

3.1.2. The IFTs of Chemical Flooding Solutions against Crude Oil 

The Salt Tolerance of EAMC and HPAM Solutions 
The salt tolerance of 0.3 wt % EAMC and 0.18 wt % HPAM solution was investigated 

and the experimental results are plotted in Figure 3. EAMC exhibits superior salt tolerance 
due to the presence of EO nonionic groups in the surfactant. In addition, the equilibrium 
IFTs with increasing NaCL due to the compression of the diffusive electric double layer 
of COO-Na group were simultaneously present in the EAMC surfactant. The ultralow IFT 
values can be obtained in a wide salinity range from 0.8 wt % to 5.0 wt %. Moreover, the 
IFTs of EAMC solutions against crude oil seem to be lower than those against decane, 
which can be attributed to the formation of a mixed adsorption film by EACM and crude 
oil fraction molecules. 
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Figure 3. The effect of NaCl on the dynamic IFTs of EAMC and HPAM solutions. The concentration 
of NaCl is represented by lines with different colors and shapes. 

The Alkali Tolerance of EAMC and HPAM Solutions 
The alkali tolerance of 0.3 wt % EAMC and 0.18 wt % HPAM solution was also in-

vestigated and the experimental results are plotted in Figure 4. We can see from Figure 4 
that ultralow IFT values appear when Na2CO3 has been added with a concentration range 
from 0.4 wt % to 1.4 wt %. This indicates the surface-active substances produced by the 
reaction of alkali and petroleum acids show synergism with EAMC in reducing IFT. 

0 20 40 60 80 100 120
0.001

0.01

0.1

1 Oil：Crude oil  
Aqueous：0.3% EAMC+0.18%HPAM+Na2CO3

IF
T/

(m
N/

m
)

t /min

 0.4%   0.6%   0.8% 
 1.0%   1.2%   1.4% 

 
Figure 4. The effect of Na2CO3 on the dynamic IFTs of EAMC and HPAM solutions. 

The Effect of EAMC on the IFTs of KPS and HPAM Solutions 
Figure 5 shows the effects of EAMC on the IFTs of KPS and HPAM solutions in a 

system of the following composition 0.3 wt % total surfactants, 0.18 wt % HPAM and 1.2 
wt % Na2CO3. It must be pointed out that KPS shows lower interfacial active against crude 
oil than that of EAMC, which comes from the structural difference between KPS and 
EAMC. EAMC molecule contains two hydrophilic groups (EO groups and carboxylic acid 
group) and a hydrophobic straight alkyl chain. Therefore, spaces exist at the hydrophobic 
side of EAMC film and the mixed adsorption of crude oil fraction and EAMC molecules 
will lead to the tight adsorption film. As a result, IFTs decrease to ultralow values. On the 
other hand, the petroleum sulfonate molecule has a hydrophobic part with a large size, 
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and no synergism can be observed in the solutions containing only KPS. However, when 
EAMC has been added to a KPS solution to fill the vacancies of the KPS interface film, 
even 10 percent of EAMC can reduce the IFT of KPS to an ultralow value. 

 
Figure 5. The effect of the percentage of EAMC on the IFTs of KPS and HPAM solutions. 

The Alkali Tolerance of KPS and EAMC, and HPAM Solutions 
Based on the experimental results and surfactant economic costs, the following for-

mula was selected: 0.3 wt % surfactants (KPS: EAMC, 8:2), 0.18 wt % HPAM andNa2CO3. 
Figure 6 shows the effects of the alkali concentration on the dynamic IFTs. The IFT of 
formula system decreases by 10−3 mN/m order of magnitude when the alkali concentration 
increases. The preferable alkali concentration range of Na2CO3 is from 0.6 wt % to 1.4 wt 
% and the optimal Na2CO3 concentration is 1.2 wt %. 

 
Figure 6. The effect of Na2CO3 on the dynamic IFTs of KPS and EAMC, and HPAM solutions. 

The Effect of Ca2+ on the Dynamic IFTs of Chemical Flooding Solutions 
The effect of Ca2+ concentration on the IFTs of 0.3 wt % (KPS: EAMC, 8:2)+ 0.18 wt % 

HPAM+ 1.2 wt % Na2CO3 solution has been studied and the experimental results are plot-
ted in Figure 7. As the Ca2+ concentration increases from 100 mg/L to 300 mg/L, the IFT 
decreases to 10−3 mN/m. Then the IFT increases to 10−2 mN/m when the Ca2+ concentration 
further increases from 400 mg/L to 800 mg/L. The reasons for this result are that if extra 
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Ca2+ is added into the surfactant solution, it can compress the diffusion electric double 
layers of the sulfonic acid group of KPS and the carboxylic acid group of EAMC, and the 
surfactants could aggregate closely at the interface. As a result, IFT decreases. However, 
when the Ca2+ concentration is above 400 g/L, the hydrophilicity of the ionic groups of 
KPS and EAMC is further reduced, and the surfactants at the interface are no longer in 
their most tightly packed state. Therefore, IFT increases. 
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Figure 7. The effect of Ca2+ on the dynamic IFTs of chemical flooding solutions. 

3.2. Emulsification Properties 
3.2.1. Effect of Alkali Concentration 

The effect of Na2CO3 concentration on the emulsification properties of 0.3 wt % (KPS: 
EAMC, 8:2) solution were investigated, as shown in Figure 8. With the increase in alkali 
concentration, both the oil emulsification rate and the moisture content of the emulsion 
increase slightly to a plateau. The preferable Na2CO3 concentration range is from 0.8 wt % 
to 1.4 wt %. There is a significant correlation between emulsification rate and interfacial 
tension. The addition of alkali not only compresses the electric double layer of the ionic 
groups of KPS and EAMC, but also reacts with the active components in crude oil to form 
petroleum acid soap. These two actions make the interfacial film of the surfactant tighter, 
which means lower interfacial tension. When a certain energy is input to emulsify the 
solution, the lower the interfacial tension is, the larger the oil–water interface area (i.e., the 
emulsification rate) is. 
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Figure 8. The effect of Na2CO3 on the emulsification properties of KPS and EAMC solution. 
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3.2.2. Effect of Mixed Surfactant Ratio 
To keep the total surfactant concentration of 0.3 wt % and Na2CO3 concentration of 

1.2 wt % respectively, the effect of the EAMC ratio on the emulsification properties of 
chemical flooding solution was studied and the experimental results are plotted in Figure 
9. As the EAMC ratio varies from 5% to 95%, the chemical flooding solutions all show 
good emulsification properties and both the oil emulsification rate and the content of the 
emulsion change little. When the content of either EAMC or KPS in the mixed solution of 
EAMC and KPS surfactants is very small, the ability of EAMC and KPS to synergistically 
generate a new oil–water interface is weakened, resulting in a relatively low emulsifica-
tion rate, as shown in Figure 9. 
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Figure 9. The effect of a mixed surfactant ratio on the emulsification properties. 

3.3. Oil Displacement Test 
3.3.1. ASP Flooding 

Oil displacement tests of EAMC and KPS systems were conducted. Table 2 and Fig-
ure 10 show that the EOR of ASP flooding is 12.56%, which is lower than normal ASP 
flooding. During the entire chemical flooding experiment, the water phase of the core-
produced fluid remained clear and transparent. No Tyndall effect of emulsions or colloids 
was observed with the naked eye in the produced fluids. The injection pressure of ASP 
flooding in Figure 10 is lower than that of polymer flooding in Figure 11, which proves 
that the ASP system emulsifies and produces an oil washing effect, which causes the ASP 
system to expand the flow channel of the aqueous solution and reduce the injection pres-
sure. The absence of emulsion at the outlet indicates that the emulsion was retained in the 
porous medium and did not migrate out of the core. This experimental result shows that 
the longitudinal sweep volume of the system needs to be further improved. 

Table 2. Experiment of ASP flooding after water flooding. 

Section Data Section Data 
Diameter/cm 3.8 Product well number T71748 
Porosity/wt % 14.33 Length/cm 29.3 

Kair/μm2 0.57802 Pore volume/mL 55.6 
Koil/μm2 0.83 Kwater/μm2 50.0 

Crude oil viscosity/mPa·s 20.81 Soi/mL 44.6 
T/°C 34 Injection flow/mL/min 0.5 

IFT/mN·m−1 0.0059 Oil recovery by water flooding/% 41.64 
Total Oil recovery/% 54.20 Oil recovery by ASP flooding/% 12.56 
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Formula system: 0.18 wt % polymer (KB2000) + 0.3 wt % surfactant (KPS: EAMC, 8:2) + 1.2 wt % 
Na2CO3. 

 
Figure 10. Curves of the injection and production of ASP flooding. 
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Figure 11. Curves of the injection and production of SP flooding after polymer flooding. 

3.3.2. SP Flooding after Polymer Flooding 
Table 3 and Figure 11 show that the SP formula system showed good performance in 

enhancing oil recovery after the polymer flooding. The EOR of polymer flooding and SP 
flooding were 7.05% and 7.57%, respectively. The total EOR of polymer flooding plus SP 
flooding was 14.62%, higher than that of single ASP slug flooding in Figure 10, which 
shows that the optimal SP formula system is suitable for the process after polymer flood-
ing of EOR. 

Table 3. Experiment of SP flooding after polymer flooding. 

Section Data Section Data 
Diameter/cm 3.8 Product well number ES7013 
Porosity/% 14.32 Length/cm 30 

Kair/μm2 0.5703 Pore volume/mL 48.7 
Koil/μm2 0.82 Kwater/μm2 0.52 

Crude oil viscosity/mPa.s 20.81 Soi/mL 36.2 
T/°C 34.3 Injection flow/mL/min 0.5 

Oil recovery by polymer flooding/% 7.05 Oil recovery by water flooding/% 41.88 
EOR/% 14.62 Oil recovery by SP flooding/% 7.57 

IFT/mN·m−1 0.00462 Total oil recovery/% 56.49 
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Formula system: slug 1: 0.1 wt % polymer (KB2000(0.7 PV)); slug 2: 0.2 wt % polymer (KB2000)+ 
0.3 wt % (KPS:EAMC, 8:2). 

3.3.3. ASP Flooding after Polymer Flooding 
Table 4 and Figure 12 show that the ASP formula system also showed good perfor-

mance in enhancing oil recovery after the polymer flooding. The EOR of polymer flooding 
and SP flooding were 7.71% and 9.78%, respectively. The total EOR of chemical flooding 
was 17.49%, which shows that the optimal ASP formula system is more suitable for the 
enhanced oil recovery process after polymer flooding than the SP formulation. 

Table 4. Experiment of ASP flooding after polymer flooding. 

Section Data Section Data 
Diameter/cm 3.8 Product well number ES7013 
Porosity/% 14.06 Length/cm 30 

Kair/μm2 0.5800 Pore volume/mL 47.8 
Koil/μm2 0.831 Kwater/μm2 0.53 

Crude oil viscosity/mPa.s 20.81 Soi/mL 35.9 
T/°C 34.3 Injection flow/mL·min−1 0.50 

Oil recovery by polymer flooding/% 7.71 Oil recovery by water flooding/% 38.89 
EOR/% 17.49 Oil recovery by ASP flooding/% 9.78 

IFT/mN·m−1 0.00462 Total oil recovery/% 56.38 
Formula system: slug 1: 0.1 wt % polymer (KB2000(0.7 PV)); slug 2: 0.2 wt % polymer (KB2000) + 
0.3 wt % (KPS: EAMC, 8:2) + 1.2 wt %Na2CO3 (0.5 PV). 
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Figure 12. Curves of the injection and production of ASP flooding after polymer flooding. 

4. Conclusions 
In this study, a new type of nonionic–anionic surfactant (EAMC) was synthesized 

and the synergistic effects between petroleum sulfonate (KPS) and EAMC for reducing 
IFT and emulsifying were studied. The EOR effect of the optimal formulation of EACM 
and KPS was verified. Based on the experimental results, the following conclusions can 
be drawn: 
1. Both EAMC and KPS show high interfacial activity and can reduce IFTs to about 0.01 

mN/m order of magnitude against decane at optimized concentrations. 
2. The area occupied by the hydrophilic group of EAMC on the interface is smaller than 

that of its own hydrophobic group. The interfacial film formed by EAMC is relatively 
loose. The IFTs of KPS containing different structure petroleum sulfonates is affected 
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by the difference in the adsorption rate of petroleum sulfonates to the interface, 
which shows that both the dynamic and equilibrium interfacial tensions may have 
the lowest values. 

3. The IFTs of EAMC solutions against crude oil can be reduced to ultralow values be-
cause the mixed tight adsorption film will be formed by EAMC and crude oil fraction 
molecules. On the other hand, the KPS molecule has a hydrophobic part with a large 
size, and no synergism with crude oil fractions can be observed in the solutions con-
taining only KPS. 

4. When EAMC has been added to a KPS solution to fill the vacancies of the KPS inter-
face film, even 10 percent of EAMC can reduce the IFT of KPS to an ultralow value. 
The combination of EAMC and KPS shows ultralow IFT values, good emulsification 
properties, high alkali tolerance and good salt and Ca2+ tolerance during a wide range 
of EAMC percent. 

5. The best formula of a EAMC and KPS system can be applied for EOR after polymer 
flooding. The total EOR value of polymer flooding and following SP flooding is 
14.62%. The total EOR value of polymer flooding and following ASP flooding is 
17.49%. 
The studies in this paper are helpful for the design and application of a chemical 

flooding formula with nonionic–anionic–hydrophobic group structure surfactants. In fu-
ture work, it will be necessary to continue to study the arrangement of nonionic–anionic 
surfactants and petroleum sulfonate on the interface by means of interfacial expansion 
rheology. In addition, the research on the effect of the ratio of nonionic–anionic surfactant 
and petroleum sulfonate on the emulsion phase behavior and EOR effect also needs fur-
ther research. 
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