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Abstract Surfactant is a kind of chemical that is widely

used in the oilfield. It often serves as chemical oil dis-

placement agents in the surfactant–polymer flooding or

alkali–surfactant–polymer flooding. The commonly used

surfactant is petroleum sulfonate. However, its unsta-

ble property often limits its use. In this paper, erucamido-

propyl dimethyl amine oxide was prepared and its potential

use in surfactant–polymer flooding was investigated. The

results showed that the interfacial tension between crude

oil and surfactant–polymer solution could be lowered to

ultralow at a concentration of 0.05% (m/m) surfactant. The

surfactant–polymer system (0.05% of surfactant and

1500 mg/L of polymer) could withstand adsorption twice.

The core flood test indicated the above system could give

22.5% of incremental oil recovery over water flood.
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Introduction

Some tertiary recovery technologies have been tested to

improve oil recovery. Among them, surfactant–polymer

flooding is one of the promising methods (Samanta et al.

2011a). The commonly used polymer is partially hydro-

lyzed polyacrylamide, whereas surfactants are different.

Until now, many types of surfactants, such as petroleum

sulfonates (Zhu 2007), internal olefin sulfonates (Sanz and

Pope 1995), sulfobetaine (Li et al. 2012), ether sulfonate

(Carmona et al. 1985), propoxylated sulfate (Witthayapa-

nyanon and Acosta 2006), methylnaphthalene sulfonate

(Zhao et al. 2006), and natural surfactant (Samanta et al.

2011b), have been developed for improving oil recovery.

However, some of these surfactants and their synthetic

routes are relatively complicated, or their interfacial

activity cannot meet the needs if not mix with other

surfactants.

Amine oxide is a type of zwitterionic surfactant. It is

pH-sensitive. In acidic solution, it is protonated and

becomes a cationic surfactant, while in neutral or alkaline

condition, it becomes a nonionic surfactant (Li 2011). It

has been wildly used in shampoos, detergents, and cos-

metics due to its low toxicity (Lu 1996). It shows excellent

salt tolerance ability and thermal stability (Wang et al.

2011; Olsen 1989) and can produce low interfacial tension

and develop viscosity without addition of polymer, which

is important for oil recovery.

Generally speaking, when used as an oil displacement

agent, according to capillary number theory, the interfacial

tension between the crude oil and surfactant solution has to

reach ultralow (\10-2 mN/m) levels. To achieve ultralow

interfacial tension, it often requires that the surfactant has

enough hydrophobicity. However, the chain length of the

conventional surfactant is less than 18 (Kong 2009). To

overcome the chain length limitations, many synthetic

routes were developed (Cui et al. 2011; Qiao et al. 2012).

Erucic acid, an unsaturated fatty acid with a C22

hydrophobic chain, is an ideal material to synthesize the oil

displacement agent. Moreover, it can be obtained from the

rapeseed oil processing by-products (Chu and Feng 2013).

In this work, erucamidopropyl dimethyl amine oxide

was prepared by using erucamidopropyl dimethyl amine

and hydrogen peroxide, and then used for oil recovery in

the absence of alkali.
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Experimental section

Materials

Erucamidopropyl dimethyl amine (purity[98%) was pro-

vided by Solvay (Zhang Jia Gang) Fine Chemical Co. Ltd.

Hydrogen peroxide (30%) was purchased from Aladdin

Reagent Company. Ethylenediaminetetraacetic acid dis-

odium salt, petroleum ether, acetone, and sodium sulfite of

AR grade were purchased from Tianjin Damao Reagent

Company. Crude oil was derived from the Jing 11 block of

Huabei oil field. The density of oil is 810 kg/m3. The water

used in the experiment is simulated formation water con-

taining 10,954 mg/L of total dissolved solids. Partially

hydrolyzed polyacrylamide (HPAM) with a 30% degree of

hydrolysis was provided by Hengju Company. Its molec-

ular weight is 28%.

Methods

The FT-IR spectra were recorded on a spectrometer using

the KBr pellets technique.

Mass spectrometry was performed with a Waters Xevo

G2 QTof mass spectrometer. The operational parameters

were listed as flows: capillary voltage: 3 kV; the desolva-

tion temperature: 500 �C; the desolvation temperature rate:

1000L/h; cone gas flow: 50 L/h; source temperature:

150 �C; collision gas: argon.

The interfacial tensions were measured at 54 �C using a

TX 550 spinning drop interfacial tensiometer at the rota-

tional speed of 5000 rpm.

Core flood experiments were carried out on sand-filled

columns. The column was 0.305 m long and 0.152 m in

diameter. The displacement procedure was implemented

according to the methods of Shi (Shi et al. 2014): The core

was first saturated with Jing 11 crude oil and aged 24 h. The

core was then flooded with water at the rate of 0.6 ml/min

until the water cut reached 98%. After that, 0.3 pore volume

of chemical agent slug was injected into the core and flooded

with water until water cut was 98%. The concentration of

polymer used in the experiment was 1500 mg/L.

The absorption experiments were carried out using

70–90-mesh natural quartz sand. The surfactant–polymer

solution and the sand mixture were first transferred into a

conical flask with stopper and then placed in a shaking

table (180 rpm) under 54 �C for 24 h.

Synthesis

1 g of ethylenediaminetetraacetic acid disodium salt was

first dissolved in 50 ml distilled water and then poured into

a 250-ml three-neck flask. Next, 8.5 g of erucylamide

dimethyl amine was dissolved in 50 ml acetone and then

poured into the flask. The flask was equipped with a

magnetic stir bar, a reflux condenser, and placed in water

bath at 40 �C. The mixture was stirred vigorously, and

4.55 g of hydrogen peroxide was then added drop by drop.

Afterward, the temperature was raised to 70 �C. The

reaction was carried out at this temperature for 12 h. After

the reaction was complete, 3 g of sodium sulfite was added

to remove the excess hydrogen peroxide and the acetone

was removed by rotary evaporation. The mixtures then

were dried using a vacuum oven method. The obtained

solid was first washed with petroleum ether, followed by

ethanol washing and vacuum drying.

Results and discussion

Structure confirmation

Infrared spectroscopy

The IR spectrum of the product is presented in Fig. 1. The

band at 3321 cm-1 is assigned to the stretching vibrations

of N–H bond. The band at 3005 can be assigned to the

stretching vibration of C=C. The strong absorptions at 2921

and 2852 cm-1 correspond to the asymmetric and sym-

metric stretching vibration of CH2, respectively. The peak

at 1646 cm-1 refers to the stretching vibration of C=O. The

peak at 1551 cm-1 is due to the bending vibration of the

C=O. The band at 1466 cm-1 is due to the stretching

vibration of C=C. The band at 1378 cm-1 is due to the

bending vibration of CH3. The band at 929.5 cm-1 is the

characteristic absorption peak of the N–O.

Mass spectrometry

The mass spectrum of the product is shown in Fig. 2.

The ion peak at m/z = 439.4 corresponds to [M ? 1] ?,

while the ion peaks at m/z = 440.4, 441.4 and 877.8 cor-

respond to [M ? 2] ?, [M ? 3] ?, [2 M] ?, respectively.

Interfacial tension measurements

The dynamic interfacial tension between the crude oil and

surfactant solution is shown in Fig. 3.

It could be seen from Fig. 3 that the interfacial tension

between the oil and water could be lowered to ultralow

levels at first and then increased to the magnitude of 10-2.

This is because the oil droplet was first elongated and then

broken up into several smaller droplets. The retraction of

the droplet caused the interfacial tension increase.
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While in surfactant–polymer flooding, the addition of

the polymer often has an effect on the interfacial tension.

The effects of polymer on the interfacial tension are given

in Fig. 4. The polymer was above-mentioned HPAM. Its

concentration, which is commonly used in the experiments,

was 1500 mg/L.

From Fig. 4, we could see that in the presence of

polymer, transient interfacial tension could be lowered to

ultralow levels at the concentration range from 0.05 to

0.3%. However, only at the concentration of 0.05%, the

equilibrium interfacial tension was lower than 0.01 mN/

m. There were arguments on the importance of the

Fig. 1 FT-IR spectrum of

erucamidopropyl dimethyl

amine oxide

Fig. 2 Mass spectra of erucamidopropyl dimethyl amine oxide

J Petrol Explor Prod Technol (2017) 7:1159–1164 1161

123



transient and equilibrium interfacial tension. Some

scholars argued that the higher oil recovery could be

obtained only if the transient interfacial tension value is

lower than 0.01 mN/m (Li and Chen. 2006). While

others believed that the ultralow equilibrium interfacial

tension value is a necessity for higher oil recovery (Zhu

and Yang 1994). From Fig. 4, we could also see that in

the presence of polymer, it took a longer time to reach

the lowest interfacial tension values. This is because the

formation of lowest interfacial tension is connected with

absorption and desorption of the surfactant at the oil–

water interface. If the absorption rate is higher than that

of desorption, the surfactant will accumulate at the

interface, which will lead to the interface tension

decrease. The addition of polymer increased the viscosity

of the solution; thus, the surfactant transfer rate was

slowed. As a result, more time is needed to reach the

maximum accumulated absorption quantity (Chen et al.

2001).

Absorption experiments on quartz sand

After the surfactant–polymer system was injected into the

targeted reservoir, the adsorption of the system on the reser-

voir rocks would have an influence on the interfacial tension.

Some mixed surfactant flooding formulations showed a good

interfacial activity (Cui et al. 2012; Li et al. 2010); however,

chromatographic separation might occur in practical appli-

cation due to the adsorption. Obviously, the single surfactant

formulation could effectively avoid the chromatographic

separation. To investigate the effect of the adsorption on the

interfacial tension of the synthetic oxide surfactant formula-

tion, absorption experiments were carried out. The effect of

adsorption times on the interfacial tension was displayed in

Fig. 5. The surfactant concentration used in the experiment

was 0.05%. This is because the ultralow equilibrium interfa-

cial tension was reached at this concentration. As shown in

Fig. 5, the interfacial tension of surfactant–polymer was

increased to 10-1 mN/m after thrice absorption.

Fig. 3 Dynamic interfacial

tension between crude oil and

surfactant solutions

Fig. 4 Dynamic interfacial

tension between crude oil and

surfactant–polymer solutions
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Core flood experiments

The core flood results are given in Table 1.

It could be seen from Table 1, in the absence of poly-

mer, at a surfactant concentration of 0.05 and 0.10%, that

6.2 and 4.2 4% of additional oil were recovered, respec-

tively. While in the presence of 1500 mg/L of polymer,

under the same operational condition, the oil recovery was

22.5 and 21.6%, respectively. However, when 1500 mg/L

of polymer was exclusively used, only 12.88% oil recovery

was reached. It is clear that the synergistic effects occurred

between the surfactant and polymer. Besides, the oil

recovery at 0.05% surfactant is higher than that of 0.10%

no matter whether polymer existed or not. The reason

might be that the equilibrium interfacial tension is rela-

tively lower when 0.05% of surfactant was used.

Conclusions

Erucamidopropyl dimethyl amine oxide was prepared by

using erucamidopropyl dimethyl amine and hydrogen

peroxide. The structure of the synthesized surfactant was

confirmed by IR and ESI–MS spectra. And its interfacial

tension was studied in the absence or presence of polymer.

It was found that in the absence of polymer, the transient

interfacial tension could be lowered to ultralow levels.

While in the presence of 1500 mg/L, at the concentration

of 0.05% surfactant, the equilibrium interfacial tension

could be reached. The absorption experiments showed that

the surfactant–polymer system could withstand twice

absorption.

Core flood experiment indicated that the oil recovery

with 1500 mg/L of polymer and 0.05% of surfactant was

22.5%, while with 1500 mg/L of polymer and 0.10% of

surfactant, only 21.6% oil recovery was achieved, which

might prove the ultralow equilibrium interfacial tension is

more effective in oil recovery than the transient one.
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