
584
DOI 10.1007/s12182-014-0375-9

Guo Jixiang1 , Shi Xiao2, Yang Zuguo3, Cao Jingjing4, Wang Lei3 and Yin 
Ying1

1 Enhanced Oil Recovery Institute, China University of Petroleum, Beijing 102249, China
2 Beijing Research & Development Center, Sinopec Lubricant Company, LTD, Beijing 100085, China
3 

4 Economy and Information Technology Commission of Bayingol Mongolian Autonomous Prefecture, Autonomous 
Prefecture, Korla 841000, China

© China University of Petroleum (Beijing) and Springer-Verlag Berlin Heidelberg 2014

Abstract: 
novel temperature-resistant and salt-tolerant surfactant (denoted as SDB-7) was synthesized and evaluated 

It has a central reservoir temperature of 140 °C and salinity of 22.6×104 mg/L. The temperature-resistant 
and salt-tolerant performance, interfacial activity, oil displacement efficiency, aging properties, and 

showed that the SDB-7 was temperature-resistant and salt-tolerant capacity of 140 °C and 22.6×104 mg/

g (less than 1 mg/g-oil sand). In the heat aging experiment (under the temperature of 140 °C for 60 days), 

displacement experiments showed that, under the temperature of 140 °C and the salinity of 22.6×104 mg/L, 

promising application in high temperature and high salinity (HT/HS) reservoir. 
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and urgent, and has practical significance for high salinity 
reservoirs. At present, there are many different kinds of 
surfactants, but they have either heat resistance or salt tolerance 
performance but rarely both (Leng et al, 2008; Levitt et al, 
2011; Li et al, 2010; Rong et al, 2010; Shen et al, 2011). For 
example, surfactant oxyethylated alkylphenol made from 
didecyl sulfonic sodium succinate and tripropylene can enhance 
the temperature resistance of oil displacement system (Zhang et 
al, 2005); poly-oxyethyl alkyl sulfate and petroleum sulfonate 
surfactant complex system can greatly improve the salt 
resistance of oil displacement system (Guo et al, 2009). The 
temperature resistance of some newly synthesized sufactants 
is generally  about 85 oC (Zheng et al, 2009) and the highest 
temperature resistance is 90 oC (Sha et al, 2007). Surfactants 
with a temperature resistance of 100 oC or higher are rarely 
reported. The salt tolerance of recently developed sufactants 
is generally below 10.0×104 mg/L and the highest value can 
reach up to 16.0×104 mg/L (Yang et al, 2009; Zhao et al, 
2012). However, surfactants with both heat resistant and salt 
tolerant performance are rare. 

1 Introduction
Surfactants play an important role in chemical oil 

displacement processes. They can reduce the oil/water 
interfacial tension and improve capillary numbers to improve 
oil recovery dramatically (Cardoso et al, 2007; Zhao et al, 
2010). Oil displacement surfactants mainly include anionic 
surfactants, cationic surfactants, nonionic surfactants, non-
ionic-anionic compound surfactants and polymer surfactants 
(Torres et al, 2011; Masahiko et al, 2000; Graciaa et al, 2003; 
Pasc-Banu et al, 2004).

In recent years, temperature resistant and salttolerant 
surfactants for enhanced oil recovery (EOR) have been 
investigated by numerous researchers (Chen and Huang, 2010; 
Iglauer et al, 2010; Han, 2011; Aoudia et al, 2010; Zhu et al, 
2012).

For tertiary oil recovery, improving temperature-resistance 
and salt-tolerance properties of surfactants is important 
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Aiming  a t  the  h igh- tempera tu re  and  h igh-sa l t 

a representative of high-temperature and high-salt oilfield 
with the central reservoir temperature of 140 °C and salinity 
of 22.6×104 mg/L, a temperature-resistant and salt-tolerant 
surfactant SDB-7 was synthesized, and the properties of 
SDB-7 were evaluated.

2 Experimental

2.1 Materials and instruments
Materials:
Diphenyl ether, bromododecane, and chlorosulfuric acid 

were were chemically pure reagents. 
Anhydrous aluminum chloride, sodium chloride (NaCl), 

and calcium chloride (CaCl2), were analytical reagent grade.
Surfactant SDB-7 for EOR was synthesized with diphenyl 

ether and bromododecane in the presence of anhydrous 
aluminum chloride as a catalyst and chlorosulfuric acid 
as sulfonating agent. The molar ratio of diphenyl ether to 
bromododecane was 1:1.

Oil samples, formation water, oil sands and core samples 

Instruments:
PIC-10A ion chromatograph (Qingdao Puren Instrument 

Co., Ltd., China); Thermo-Finnigan Trace gas chromatograph 
(Thermo Electron Corporation, USA); JJ2000B spinning 
drop interfacial tensiometer (Shanghai Zhongchen Digital 
Technic Apparatus Co., Ltd., China); UV-2100 ultraviolet 
spectrophotometer (Younike (Shanghai) Instrument Co., 
Ltd.); RD  pressurization vessel (Nanjing Jiumen Auto-
control Technology Co., Ltd., China); Core displacement 

Ltd., China).

2.2 Experimental methods
2.2.1 Reservoir water quality analysis

The ionic compositions and contents of formation water 
were measured by ion chromatography.
2.2.2 Carbon number distribution of crude oil in reservoir

The carbon number distribution of crude oil was 
determined by the standard method SY/T 5779-2008 
(Analytical method of hydrocarbons in petroleum and 
sediment by gas chromatography, China) using a Thermo-
Finnigan Trace gas chromatograph. 
2.2.3 Evaluation of interfacial activity

The oil-water interfacial tension was determined by 
Spinning Drop method. Under the action of centrifugal force, 
gravity and interfacial tension, low-density oil droplets in a 
high-density liquid can form oval or round columns (Ibrahim 
et al, 2006; Zhang et al, 2007). According to the Bashforth-

(1)
2 3

=
4
r

where  is the liquid density 
difference (g/cm3), r is the cylindrical radius (mm), and  is the 
rotate speed (r/min).

2.2.4 Evaluation of salinity tolerance of surfactant

solution was prepared, then different concentrations (in the 
range from 100 mg/L to 200,000 mg/L) of NaCl or CaCl2 
solutions was added to the surfactant solution, and stirred 
and then centrifuged for 10 min at 2,000 r/min. Precipitation 
of solute may occur as the solution salinity increases. The 
concentration of NaCl or CaCl2 when precipitates begin to 
appear is the limit of the sodium (calcium) salinity resistance 

2.2.5 Evaluation of long-time thermal stability of 
surfactant

solution and SDB-7 solution was performed at 140 oC for 3 
h. The interfacial tensions between the surfactant solution 
and crude oil before and after high temperature aging were 
determined. The oil washing efficiency of SDB-7 was also 
evaluated.

In the oil washing evaluation experiment, artificial oil 
sand was prepared by mixing quartz sand and crude oil 
uniformly in certain ratios. The surfactant solutions (in 

sand and crude oil), were mixed in a 100 mL cylinder in 
the mass ratio of 2 to 1. Then the cylinder was placed in an 
ultrasonic bath for 15 min. The volume of oil washed from 
oil sand by the surfactant solution was recorded, and the oil 

Eqs. (2) and (3) (Guo and Gao, 2011).

(2)1

1 2

MA
M M

(3)
VB

m A

where M1 M2 
is the mass of quartz sand in artificial oil sand (g);  is the 
cruel oil density (g/cm3); V is the washed oil volume (mL), m 
is the mass of oil sand in scale cylinder (g).
2.2.6 Evaluation of adsorption performance of surfactant

In the oil displacement process, the loss of surfactant 
due to the adsorption by oil sand directly affects oil 
displacement efficiency. It is important to determine the 
surfactant adsorption in natural oil sand. The static adsorption 
of surfactant on natural oil sand surfaces can be calculated 
according to the change in the concentration of surfactant 
solution before and after adsorption (Yang et al, 2006). The 
mass fraction of adsorbed surfactant was measured with a 
UV-2100 ultraviolet spectrophotometer.

(4)0( )C C M
m

C0 is the initial mass 
C is the instantaneous 

M is the mass of the 
adsorbate solution (g), m is the mass of natural oil sand (g).
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2.2.7 Oil displacement experiment
The core displacement experiment was carried out on core 

displacement equipment. The displaced oil volume at 140 oC 
using different oil displacement agents was measured (Zhu 
et al, 2010; Puerto et al, 2012; Wang et al, 2010) and the oil 

The displacement experiment procedure is as follows.
1) Weigh the core, measure the diameter and length of the 

core with a vernier gauge.
2) Evacuate the core for 8 h, and then saturate it with Tahe 

formation water for 6 h, and then weigh the core and calculate 
the porosity of the core. 

3) Put the core in grippers, check the valve and the 
closure of the interface, adjust the back-pressure valve 
to raise the back-pressure to 10 MPa, and leave it at a 
constant temperature of 140 oC for 1 h to determine the core 
permeability K.

4) Inject crude oil to the core which had been saturated 
with formation water, until the injected oil volume reached 
20 pore volumes (PV), record the water volume V displaced 
from the core, which is the volume of crude oil saturated in 
the core. Then saturate the core with oil for 1 to 2 days. 

5) Water flooding: inject Tahe oilfield formation water 
into oil-saturated core until no oil comes out, then record the 

oil volume (V1) displaced.
6) Surfactant flooding: inject the oil displacement 

surfactant until no oil comes out. Then record the oil volume 
(V2) displaced with surfactant.

7) Subsequent water flooding: inject formation water 
again until no oil comes out. Then record the oil volume, V3. 

(5)1
1 100%V
V

 

(6)2 3 100%
V V
V

 

= 1+  

3 Results and discussion

3.1 Analysis of formation water

shown in Table 1. The total salinity is 22.6×104 mg/L, the 
total concentration of Ca2+ and Mg2+ is 1.2×104 mg/L.

Table 1

Items Na+ K+ Al3+ Ca2+ Mg2+ Fe SO4
2- Cl- HCO3

- S2- CO3
2- Suspended matter

Content
mg/L 7.21×104 445 <0.09 1.11×104 815 7.34 303 1.41×105 66.8 0.020 <0.1 108

3.2 Carbon number distribution of crude oil 
The results of the carbon number distribution of Tahe 

crude oil are presented in Fig. 1. The four crude oil samples 
from different wells in the same area of the Tahe Oilfield 
have similar carbon number distribution trend and the carbon 
number is mainly distributed around C7-C20. The carbon 
number of the synthesized surfactant molecules should match 
approximately the carbon number distribution of Tahe crude 

oil. Surfactant nonpolar carbon chain and carbon number 
distribution of crude oil are high close, which can increase the 
lipophilicity of surfactant and improve the concentration of 
surfactant on the interface of oil-water.

3.3 Performance evaluation of surfactant
The oil displacement surfactant SDB-7 was developed 

aimed at the features of the Tahe oil reservoir: high 
temperature (140 oC), high salinity (22.6×104 mg/L) and oil 
properties. 
3.3.1 Salt-resistance performance

The salt-resistance of the surfactant SDB-7 was 
determined. The salinity tolerance of SDB-7 solution (i.e. 
180,000 mg/L for sodium salts, 21,000 mg/L for calcium 

(14,000 mg/L for sodium salts, 80 mg/L for calcium salts). 
The SDB-7 solution prepared by using formation water as 
solvent was clear and transparent, indicating that SDB-7 can 
be used with high salinity formation water.
3.3.2 Long-time temperature-resistance and salt-resistance 
performance

The influence of aging time on oil-water interfacial 

results are presented in Fig. 2 and Table 2.Fig. 1 The n-alkane carbon number distribution of Tahe crude oil
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Table 2

Aging time at 140 oC 
day

Washing oil volume 
mL

0 2.0 84.0

10 2.0 84.0

60 2.0 84.0

As seen in Fig. 2(a) and (b), the oil-water interfacial 

3 h of high temperature aging, and their interface activity 
declined; while the oil-water interfacial tension of SDB-7 
surfactant was almost unchanged by aging, demonstrating 
strong heat resistance.

unchanged after 60 days of high temperature (140 oC) aging, 
indicating that SDB-7 had excellent long-term temperature- 
and salt-resistance performance.
3.3.3 Adsorption performance

SDB-7 solutions with different concentrations were 
prepared and adsorbed on oil sands at 140 oC for 6 h, and 
then centrifuged. The absorbance value of the supernatants 
obtained from centrifugal separation was measured. The static 
adsorption capacity on the surface of oil sands was calculated. 
The results are shown in Fig. 3.

Fig. 2 The interfacial tension variations of surfactants in high-temperature-ageing process

(a) The interfacial tension variations of surfactants (140 oC, 3 h)
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(b) The interfacial tension variations of SDB-7 (140 oC, 60 d)
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As shown in Fig. 3, the adsorption capacity of SDB-
7 surfactant solution was 0.4 mg/g-oil sands, less than 1 
mg/g-oil sands, meeting the requirements for adsorption 
performance of surfactant for EOR.
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Fig. 3 The adsorption isothermal curve of SDB-7 on the surface of oil sands 

sulfonate was evaluated using natural cores at 140 oC. The 
physical parameters of the natural cores and the displacement 
experiment results are presented in Table 3.

Table 3 Physical parameters of core and result of displacement experiment

No. Diameter
cm

Length
cm

Porosity Number of pore 
volume injection 

(PV)

Permeability
×10-3 2

Injected
 system

Oil saturation Temperature
oC  recovery 1

EOR after water 

1 2.50 7.13 15.2 0.35 234 A 52.7 140 29.8 1.4

2 2.51 5.16 17.3 0.4 129.8 B 52.2 140 44.6 13.1

3 2.51 6.85 17.6 0.4 91.5 B 44.4 140 35.7 14.5
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Table 3 showed that the crude oil  recovery was 

indicating surfactant SDB-7 would be suitable to HT/HS 
reservoir and meeting the requirements for enhanced oil 

4 Conclusion
1) Temperature-resistant (to 140 oC) and salt-tolerant (to 

22.6×104 mg/L) surfactant SDB-7 was developed. The heat 
resistance and salt resistance of SDB-7 are far better than 
those of petroleum sulfonates.

2) The results of long-time temperature-resistance 
and salt-resistance performance show that the oil-water 
interfacial tension and oil washing efficiency of SDB-7 
were basically unchanged after high temperature (140 oC) 
and high salt (22.6×104 mg/L) aging for 60 days, presenting 
excellent temperature resistance. The adsorption loss of 
SDB-7 is 0.4 mg/g on oil sands, satisfying the requirements 
of oil displacement surfactants adsorption properties for the 
reservoir.

3) The results of core displacement experiments 
(temperature of 140 oC, salinity of 22.6×104 mg/L) show that 

high temperature and high salinity reservoirs.
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