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Abstract: Purification of produced water (PW) from polymer/surfactant flooding is a challenge
for the petroleum industry due to the high emulsion stability. Demulsification using chemical
demulsifiers has been expected to be an effective way to treat PW. In this paper, five cationic
(branched quaternary ammonium chloride) and four nonionic (copolymer of propylene oxide and
ethylene oxide) demulsifiers with different molecular weights were employed to test their respective
demulsification performance in the treatment of PW from polymer/surfactant flooding. The cationic
demulsifiers, in general, exhibited better performance than the nonionic ones and one cationic
demulsifier (CP-1) exhibiting the best demulsification efficiency was further employed for a pilot
experiment in the Xinjiang Oilfield. The oil content of PW could be successfully reduced from
128~7364 to less than 10 mg/L with a dosage of CP-1 for 350 mg/L and polyaluminum chloride (PAC,
30% w/w Al2O3) for 500 mg/L under ambient temperature (14~22 ◦C). At the same time, partially
hydrolyzed polyacrylamide (HPAM) was removed from 176.9~177.1 to 2.8~3.9 mg/L while petroleum
sulfonate was not removed too much (from 35.5~43.8 to 25.5~26.5 mg/L). The interfacial rheology
analysis on simulated PW from HPAM/petroleum sulfonate flooding revealed that the addition of
CP-1 led to a significant increase of the oil-water interfacial tension (from 7 to 15~20 mN/m) and
zeta potential (from −32.5 to −19.7 mV). It was, thus, assumed that the decreased net charge on the
dispersed oil droplets surface and weakened oil/water film due to the formation of complex between
the cationic demulsifier and HPAM may have facilitated the destabilization of the emulsion. The
result of this study is useful in better understanding the demulsification processes as well as selecting
suitable demulsifiers in the treatment of PW from polymer/surfactant flooding.

Keywords: produced water; polymer/surfactant flooding; demulsification; demulsifier;
interfacial rheology

1. Introduction

The enhanced oil recovery (EOR) methods, which use polymers and surfactants to increase oil
recovery, are becoming more and more important in maintaining the world oil production [1,2]. After
EOR, the residual polymers and surfactants will be left in the produced water (PW), which will result
in stable oil/water emulsions. This is difficult to be broken [3–6]. Different approaches including
chemical, biological, electrical, or physical technologies have been employed for breaking down the
emulsion of PW formed during EOR [7–10]. Among them, demulsification using chemical demulsifiers
has been considered the most promising one [11].
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Since PW formed during EOR contains crude oil, polymers, surfactants, salts, bacteria, and fine
solid particles, demulsification of EOR PW has been a big challenge [3]. The selection of a suitable
demulsifier is still mainly based on the trial and error after some preliminary screening such as
bottle tests [12]. Research on the treatment of the real PW from polymer/surfactant flooding is still
quite a few. There are simulation studies on the oil-water separation of the produced liquid from
polymer/surfactant flooding, which have shown that cationic demulsifiers (alkyltrimethylammonium
bromide) have the ability to form ion pairs with the emulsifiers and reduce charge density of dispersed
oil droplets and exhibited outstanding performance [11,13]. In addition, some nonionic demulsifiers
such as copolymers of ethylene oxide (EO) and propylene oxide (PO) have the ability to adsorb onto
the dispersed oil droplets and replace the emulsifiers with excellent performance in the demulsification
of PW from polymer flooding and Marpol oil waste [12,14]. PW from polymer/surfactant flooding is
the byproduct of the oil-water separation processes, which contain less oil cut (<1%) and come with
higher stability than produced liquid. Besides the residual polymer, there are also residual flooding
surfactants. Water quality may be different with Marpol oil waste or PW from polymer flooding. The
results, therefore, from most of the previous studies may not be applicable to the treatment practice of
the real PW from polymer/surfactant flooding.

In this study, five cationic (branched quaternary ammonium chloride) and four nonionic
(copolymer of ethylene oxide and propylene oxide) demulsifiers with different molecular weights were
tested for their performance in the treatment of the real PW from polymer/surfactant flooding in the
Xinjiang Oilfield in China. One cationic demulsifier exhibiting the most efficient demulsification
performance was further applied in the field pilot experiment. To explore the demulsification
mechanisms, this demulsifier was compared with one showing poor demulsification performance
using the interfacial rheology method. The results of this study may provide scientific insights in the
demulsification practices of EOR PW.

2. Experimental Section

2.1. Characteristics of Produced Water

The PW samples were taken from the polymer/surfactant flooding area of the Xinjiang Oilfield
over a period from 16 October to 11 November 2014. The samples for water quality analysis were
taken three times every day (10:00, 14:00, 16:00). The concentrations of oil and suspended solids were
measured after standing for 16~22 h and the average values were recorded for each day. The remaining
parameters were only measured once since they were very stable.

2.2. Materials

Partially hydrolyzed polyacrylamide (HPAM) (Beijing Hengju, Beijing, China) with a molecular
weight of 15 × 106 g/mol and hydrolysis degree of 24.1% (titration method) and petroleum
sulfonate (PS) of industrial degree (Daqing Oilfield Company, Daqing, China) were applied for
polymer/surfactant flooding in Xinjiang Oilfield and used in this study. Poly aluminum chloride
(PAC) of industrial degree (purity: 30% w/w Al2O3) (Gongyi Satisfying Clean Water Material Co., Ltd.,
Gongyi, China) was used as a coagulant. N-decane, petroleum ether, and other chemical reagents of
analytic degree were purchased from Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing, China.
N-decane was used as the oil phase for the interfacial rheology measurement to avoid interference
of asphaltene and other active components in crude oil. Five cationic (labeled as CP-1, CP-2, CP-3,
CP-4, and CP-5) and four nonionic (labeled as NP-1, NP-2, NP-3, and NP-4) demulsifiers of industrial
degree were purchased from Befar Group Co., Ltd., Binzhou, China, and used as received. The
detailed molecular weight for each demulsifier was not available, but the larger number corresponds to
larger molecular weight. As illustrated in Figure 1, the cationic demulsifiers are branched quaternary
ammonium chloride and the nonionic ones are copolymers of EO and PO units.
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Figure 1. Basic structures of the cationic demulsifiers (CP) and nonionic ones (NP) (x, y and z are
independent for different demulsifier, R represents the alkyl group).

2.3. Solution Preparation

Five hundred mg/L stock solution of HPAM was prepared by adding HPAM slowly to the
vortex of distilled water established by magnetic stirring at 500 revolutions per minute (RPM) for
5 min and then stirred for 5 days at 100 RPM. Stock solutions of petroleum sulfonate (500 mg/L)
and demulsifiers (10,000 mg/L) were also prepared using distilled water. The simulated solutions of
HPAM, demulsifiers, or surfactant were prepared by mixing the stock solutions with distilled water
and continuously stirred for 4 h before use.

2.4. Demulsification Tests

PW from the polymer/surfactant flooding project in Xinjiang Oilfield containing 358.5 mg/L
crude oil was used to screen demulsifiers. Five ml demulsifier stock solution (dose, 500 mg/L) was
added in a test tube containing 100 mL PW and shaken by hand for 2 min. The oil content of the
supernatant was determined after the test tubes stood for 2 h at 40 ◦C. The test was conducted in
triplicate for each demulsifier and the average values were used. Then, the demulsification experiment
at different demulsifier dosages was conducted under similar conditions using the emulsifier exhibiting
the best performance (CP-1). Oil, pH, zeta potential, HPAM, and petroleum sulfonate content in the PW
were measured. The measurement of HPAM and petroleum sulfonate was conducted after filtration
using a 0.45 µm membrane filter. Each experiment was conducted with three replicates and the average
value was used.

2.5. Field Pilot Study

The pilot plant consists of demulsification, coagulation, sedimentation, and filtration
compartments, which is shown in Figure 2. The effective volume for demulsification, coagulation,
sedimentation, and filtration were 5.2, 1.6, 5.2, and 2.1 m3, respectively. PW was pumped into the
system with a flow rate of 50 m3/d and 350 mg/L cationic demulsifier CP-1 and 500 mg/L PAC
were added into the demulsification and coagulation compartments, respectively, under ambient
temperature (14.0~22.0 ◦C). The field pilot study lasted for three months in the Xinjiang Oilfield
in 2014.Water 2018, 10, x FOR PEER REVIEW  4 of 9 
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2.6. Measurements

The residual polymer concentration in PW was measured using the starch-cadmium iodide
method [15]. The dispersed oil in PW was extracted by petroleum ether and the adsorbance of the
extract was examined on an ultraviolet spectrophotometer (PERSEE, Beijing, China) at 430 nm [16].
The residual petroleum sulfonate content was measured using the methylene blue spectrophotometry
method. The anionic petroleum sulfonate in PW reacts with the cationic methylene blue (MB) to
produce a blue compound, which can be extracted by trichloromethane. The adsorbance of the extract
was then measured at 652 nm [17].

The emulsion stability of the samples before and after demulsification were tested by multiple
light scattering (Turbiscan Lab Expert, Formulaction, Toulouse, France) [18–20]. The turbiscan stability
index (TSI) was used to assess stability of the emulsion, which is shown in the equation below.

TSI = ∑
i

∑h |Scani(h)− Scani−1(h)|
H

(1)

where H represents sample height from the bottom of the cell to the meniscus and Scani − 1(h) represents
the intensity of scanning light (time is i − 1, measurement cell height is h).

Pendant drop tensionmeter (Tracker, IT Concept, Lyon, France) was used to determine the
dilational rheology properties of oil-water interface [21,22]. The inner phase was n-decane and the
out phase was a simulated solution. After formation of an oil drop, the dilational modulus began to
scan with a frequency of 0.1 Hz until the dynamic interface tension reaches the equilibrium and then
swept dilational rheology with a varying frequency from 0.005 to 0.1 Hz [23,24]. The experiment was
performed at 30.0 ± 0.1 ◦C.

The zeta potentials of the samples were measured on Zetasizer Nano ZS (Malvern instruments
Ltd., Malvern, UK) with three replicates and the average value was used.

3. Results and Discussion

3.1. The Demulsification Performance of Different Demulsifiers

In order to choose the most efficient demulsifier for the pilot scale tests, nine demulsifiers (five
cationic and four nonionic) were employed in treating PW from polymer/surfactant flooding in
the Xinjiang Oilfield and its performance was shown in Figure 3. In comparison with the nonionic
demulsifers, the cationic ones in general exhibited much better oil removal efficiency with CP-1 as
the best one. In this study, the petroleum sulfonate concentration in PW was 35 mg/L, as shown
in Table 1. A previous study on simulated produced liquid from EOR has shown that the optimum
molecule weight of the cationic demulsifiers for demulsification was closely related with the surfactant
concentration [11]. Thus, the relatively low performance of CP-4 might be associated with petroleum
sulfonate concentration in PW.Water 2018, 10, x FOR PEER REVIEW  5 of 9 
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Figure 3. Performance of demulsifiers in treating EOR PW from the Xinjiang Oilfield. Oil content in
PW, 358.5 mg/L. Dose of demulsifiers, 500 mg/L. Temperature, 40 ◦C.
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Table 1. Characteristics of produced water from HPAM/petroleum sulfonate flooding in the
Xinjiang Oilfield.

Parameter Value Parameter Value

pH 7.5 Salinity 8305.6 mg/L
Oil content 128.3~7364.4 mg/L Mg2+ 36.9 mg/L

HPAM 177.1 mg/L Ca2+ 67.9 mg/L
Petroleum sulfonate 35.1 mg/L K+ + Na+ 2602.7 mg/L

Suspended solids 153.7~990.0 mg/L Cl− 1276.5 mg/L
Zeta potential −32.5 mV SO4

2− 2847.0 mg/L

The effect of CP-1 dose on demulsification was further investigated, which is shown in Figure 4.
The oil content was reduced from 358.5 mg/L to less than 20 mg/L and the HPAM content from
177.1 mg/L to 50 mg/L with the increase of the CP-1 dose from 0 to 500 mg/L. The petroleum sulfonate
content, however, only decreased from 35.0 to 18.8 mg/L over the whole CP-1 dose range. At the
same time, the zeta potential increased from −32.5 mV to −19.7 mV. It is, thus, assumed that charge
neutralization between the anionic HPAM/surfactant and cationic demulsifier has reduced the net
charge on the surface of dispersed oil droplets, which facilitated the coalescence of oil droplets [25].
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Figure 4. Effect of CP-1 dose on demulsification of EOR PW from the Xinjiang Oilfield. Oil content in
PW, 358.5 mg/L. Temperature, 40 ◦C.

The whole demulsification process at a CP-1 dose of 300 mg/L was monitored by the multiple
light scattering method, which is shown in Figure 5. The delta transmission light intensity of the
treated PW showed many ups and downs, which suggests a coalescence of the dispersed crude oil
droplets may have occurred. The transmission light intensity increased from the initial 0.2% to 60%
within 10 min. At the same time, the turbiscan stability index (TSI) also sharply increased from 0.4 to
40.0 within 30 min, which indicates that the demulsification processes of the PW by CP-1 proceeded
very quickly.
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3.2. The Performance of the Pilot Treatment Plant

As shown in Figure 6, the oil content could be removed from 128~7364 mg/L in the influent to
30~300 mg/L through demulsification with 350 mg/L CP-1 and further to below 10 mg/L through
coagulation with 500 mg/L PAC. Thus, the effectiveness of the cationic demulsifier in breaking
down the emulsion formed in EOR PW was verified through the field pilot study. At the same
time, the suspended solids were reduced from 153~990 mg/L to 310~610 and 20~82 mg/L along
with HPAM from 176.9~177.1 mg/L to 93.0~95.3 and 2.8~3.9 mg/L through demulsification and
coagulation/sedimentation, respectively. It seems that part of HPAM was transferred into the oil phase
and part was adsorbed by the flocs after flocculation. However, petroleum sulfonate was not removed
very much in this system (from 35.5~43.8 mg/L in the influent to 25.5~26.5 mg/L in the final effluent).
The field study on the treatment of PW from polymer/surfactant flooding is still very few. A pilot
study for the treatment of PW from polymer flooding has shown that, without the use of demulsifiers,
a complicated process including double coagulation and flotation, which is followed by anthracite
filtration and activated carbon adsorption, would be required to remove oil to less than 10 mg/L [4].
Thus, the application of the cationic demulsifier would make the PW treatment process much simpler
and more efficient.
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Figure 6. Oil removal performance of the pilot plant in the Xinjiang Oilfield. CP-1 dose, 350 mg/L.
PAC dose, 500 mg/L. Temperature, 14~22 ◦C.

3.3. Interfacial Tension and Dilational Rheology Analysis of the Simulated Demulsification Processes

To explore the possible demulsification mechanism by demulsifiers, a simulated EOR PW
treatment process was followed using the interfacial tension and dilational rheology analysis
approaches, which are shown in Figure 7. It was found that the interfacial tension of the oil-water
interface increased from 7 to 15~20 mN/m when CP-1 was added with a dose of 10 to 100 mg/L
while little change was observed (7 to 10 mN/m) with the addition of NP-4. A marked increase of the
dilational elasticity was also observed when the CP-1 concentration grew from 0 to 50 mg/L. At the
same time, only a slight increase was observed for the nonionic demulsifier, which grew from 0 to
100 mg/L (Figure 7B). Regarding dilational viscosity, only minor changes were observed for both
demulsifiers. Thus, the differences in demulsification performance of the two demulsifiers might be
associated with their different impacts to the oil-water interfacial tension and dilational elasticity.

It has been reported that the adsorption of HPAM on the oil-water interface increases
the steric barriers of dispersed oil droplets, which leads to the enhanced stability of oil/water
emulsion [16,26–28]. Polymers (such as polystyrene sulfonate sodium, PSS) have the ability to
form complexes with the oppositely charged molecules (such as hexadecanetrimethyl-ammonium
bromide, CTAB) by electrostatic attraction or hydrophobic interaction [29,30]. In this study, the
negatively charged HPAM might have formed complexes with the added demulsifier CP-1, which
would deplete HPAM from the dispersed oil droplets surface [29,31]. Thus, the steric barriers between
the dispersed oil droplets formed by HPAM were removed, which results in the weakening of the
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oil-water film on the dispersed oil droplets surface. On the other hand, it would be very difficult for the
nonionic demulsifiers to form complexes with HPAM, which could explain the poor demulsification
performance. The increased dilational elasticity transferred the adsorbed layer into a rigid and fragile
one due to the film rupture, which also improved the coalescence ratio of the collision of dispersed oil
droplets [32,33].
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Figure 7. Interfacial tension and dilational rheology properties as a function of demulsifier
concentration. (A) Interfacial tension, (B) dilatational elasticity, and (C) dilatational viscosity. The
water phase contained 30 mg/L petroleum sulfonate and 100 mg/L HPAM and the oil phase was
n-decane. The filled symbols represent the system with a cationic demulsifier CP-1 and the blank
symbols represent the nonionic demulsifier NP-4.

4. Conclusions

In comparison with the nonionic demulsifiers, the cationic ones exhibited much better
performance in the destabilization of PW from polymer/surfactant flooding in the Xinjiang Oilfield.
The excellent performance of the cationic demulsifier was further verified in the field pilot study in the
Xinjiang Oilfield. The oil in the influent PW was reduced from 128~7364 mg/L to 30~300 mg/L by
adding a dosage of 350 mg/L cationic demulsifier CP-1. It was further reduced to less than 10 mg/L
with the addition of 500 mg/L PAC. At the same time, HPAM in PW was almost completely removed.
With its strong charge neutralization capacity, the cationic demulsifier could drag HPAM from the
oil-water interface and destabilize the emulsion.
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