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ABSTRACT: The swelling ratio is an important performance for the application of viscoelastic microsphere. The reduction of swelling

ratio can affect the particle size. The compatibility between particle size and formation pore can affect the plugging performance and

EOR capability. Adsorption characteristics of cationic surfactant cetyltriethylammnonium bromide (CTAB), anionic surfactant petro-

leum sulfonate applied in GangXi oilfield (GXPS), and nonionic surfactant nonylphenol ether (TX-10) onto viscoelastic microspheres

and the effect of the three types of surfactant on swelling ratio of viscoelastic microspheres were investigated. Effects of surfactants on

rheological properties of viscoelastic microspheres were researched in two different modes referring to steady shear and dynamic

shear, respectively, using Physica MCR301 Rheometer. The results showed that the interactions between viscoelastic microsphere and

surfactants CTAB were electrostatic attraction and hydrophobic association, that the interaction between viscoelastic microsphere and

surfactants TX-10 was just hydrophobic association, and that the interactions between viscoelastic microsphere and GXPS were elec-

trostatic repulsion and hydrophobic association. At the same initial surfactant concentration, all these three types of surfactant could

be adsorbed onto the surface of viscoelastic microspheres and reduce its swelling ratio and storage modulus. Because of different

amount of adsorption, the extent of reduction order on swelling ratio and storage modulus was CTAB>TX-10>GXPS. In addition,

the yield stress of viscoelastic microspheres which was obtained from modeling the data to Herschel-Bulkley model decreases with the

increase of surfactant adsorption. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42278.
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INTRODUCTION

With the development of oil fields, the phenomenon of water

breakthrough among oil wells and water wells becomes serious

and the injected water is less effective, so that there is still a

large amount of remaining oil in the reservoir. To increase the

ultimate recovery of the reservoir, the in-depth flow direction

needs to be changed.1–4 Viscoelastic microsphere is a viscoelastic

plugging agent with 3D structure, which can absorb much more

water than its own mass, ranging from several to hundreds of

times. Furthermore, this agent is hard to release the absorbed

liquids even under high pressure.5,6 Microsphere is prepared by

different particle size based on pore characteristics of the target

layer in underground conditions. Negative effect on treatment

of wells that are caused by formation temperature, salinity,

shearing, adsorption, diluted formation water, chromatographic

separation effect or other environmental factors can be reduced

by using viscoelastic microspheres.7,8 Viscoelastic microsphere

and preformed particle gel are two similar plugging agents.

Both of them have the property of swelling and plugging; how-

ever, the preparation method, initial size, and appearance are

different. Viscoelastic microsphere is a kind of spherical particle

prepared by inverse suspension polymerization and the initial

size is in the nanometer to micrometer magnitude, whereas pre-

formed particle gel is a kind of irregular blocky-shaped particle

prepared by solution polymerization and the initial size is in

the micrometer to millimeter magnitude.9–13 Because of differ-

ent initial size and sphericity between viscoelastic microsphere

and preformed particle gel, viscoelastic microsphere is not easy

to be broken after swelling and is prone to deformation under

certain pressure, whereas preformed particle gel does not have

such a good performance. Therefore, the rheological properties

are different between them.

Viscoelastic microsphere and surfactant combination flooding

technology has been successfully applied in oil fields. The sur-

factant can alter the wettability of rock, reduce the interfacial

tension between oil and water, and emulsify oil to improve oil

recovery. Viscoelastic microspheres not only take in water, but

also absorb surfactant molecules. The surfactant molecules can
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affect the swelling ratio and rheological properties of the visco-

elastic microspheres. The swelling ratio and rheological proper-

ties of swelling viscoelastic microsphere are important factors

for the deformation of viscoelastic microsphere in the forma-

tion, which can affect the EOR performance of viscoelastic

microsphere further. The interaction between surfactant and

polymer hydrogel has become a subject of considerable theoreti-

cal and practical interest and has been extensively studied.14–17

Kokufuta et al.14 studied the effect of charge inhomogeneity of

polyelectrolyte gels on their swelling behavior. Wu et al.18 stud-

ied the interactions between polyacrylamide particle gel and cat-

ionic, anionic and nonionic surfactants. It was found that

surfactant concentration showed a substantial increase after

swelling of the dry gel particles and the dynamic modulus of

the gels showed a significant decrease in the surfactant solu-

tions. They indicate that the surfactant can aggregate to form

the micelles and are absorbed onto the surface of particle gels.

In the measurement of gel dynamic modulus, these micelles

may act as a kind of lubricant between the surfaces of particle

gels, the sensor plate and the glass plate. Hence, this will mark-

edly reduce the frictional coefficient between the surfaces of

particle gels, the sensor plate, and the glass plate. As a result,

the dynamic modulus of G’ and G’’ are decreased comparing

with those measured without surfactant added.

However, the systematic study on the adsorption of surfactants

onto viscoelastic microspheres has not been studied yet. The

purpose of this article is to research the effects of three types of

surfactant on rheological properties of a dispersed viscoelastic

microsphere. Viscoelastic microspheres were prepared by inverse

suspension polymerization, and we systematically studied the

adsorption isotherm of anionic surfactant petroleum sulfonate

applied in GangXi oilfield (GXPS), nonionic surfactant nonyl-

phenol ether (TX-10), and cationic surfactant cetyltrimethylam-

monium bromide (CTAB) onto viscoelastic microspheres that

were immersed into the surfactant solutions. In addition, the

effects of surfactants on the swelling ratio of viscoelastic micro-

spheres were studied. On the basis of the adsorption of surfac-

tants on viscoelastic microspheres and swelling ratio of

microspheres, both steady-state shearing and dynamic oscilla-

tory measurements were performed to study the effect of surfac-

tants on rheological properties of viscoelastic microspheres by

MCR301 rheometer.

EXPERIMENTAL

Materials

Acrylamide(AM), ammonium persulfate(APS), cetyltriethy-

lammnonium bromide (CTAB), petroleum sulfonate applied in

GangXi oilfield(GXPS), nonylphenol ether (TX-10), sodium

chloride(NaCl), ammonium chloride (NH4Cl), polyethylene gly-

col (PEG-200), sodium hydroxide (NaOH), and dispersants

(Span80 & Tween60) were all purchased from Sinopharm

Chemical Reagent Co. (China). N,N’-methylenebisacrylamide

(MBA) was obtained from Tianjin Kemi’ou Chemical Reagent

Co. (China). Anhydrous ethanol was obtained from Xilong

Chemical Co. (China). Aviation kerosene was purchased from

the market. Deionized water was used for the preparation of all

aqueous. The composition of simulated formation water used

in this article was shown in Table I.

Preparation

Viscoelastic microspheres were developed by inverse suspension

polymerization used in this artilce.19 Typically, 0.6 g of disper-

sants [m(Span80) : m(Tween60) 5 1 : 1] and 60 g of aviation

kerosene were put in a 250-mL four-necked flask equipped with

a mechanical stirrer, a dropping funnel, a reflux condenser, and

a nitrogen catheter. Meanwhile, the mechanical stirrer was

started at a speed of 380 rpm under nitrogen atmosphere to

make the dispersants dissolved. Then, the mixed solution with

AM, APS, MBA, NH4Cl, PEG-200, and NaOH (6 g of AM,

0.006 g of MBA, 0.2 g of 15 wt % APS, 0.34 g of 15 wt %

NH4Cl, 0.005 g of PEG-200, and 0.254 g of 15 wt % NaOH)

was added drop wise into the oil phase at the speed of 2 mL/

min. The temperature of the thermostat water bath was raised

up to 69�C after dripping off. After reacting for 6 h at the cer-

tain temperature above, the resulting product was washed sev-

eral times with anhydrous ethanol and then dried at 80�C for

48 h. Thus, viscoelastic microspheres were obtained.

Microscopic Characterization

Optical microscope (OM) images were taken by XSJ-2 optical

microscope (Chongqing Optical Instrument Co., China) to ana-

lyze the morphology of viscoelastic microspheres before or after

swelling.

Environment Scanning Electron Microscope (ESEM) images

were taken by FEI Quanta 200 FEG (FEI Company, Holland) to

observe the structure of viscoelastic microspheres after swelling.

A certain quality of viscoelastic microspheres was dispersed in

anhydrous ethanol solution or simulated formation water. The

particle size distribution curves were measured by Rize2006

laser particle size analyzer (Jinan Runzhi Technology Co.,

China) to analyze the particle size and distribution. D50 was

used to express the average particle size of microspheres before

or after swelling where D50 is the particle size of cumulative dis-

tribution curve on probability of 50%.

Adsorption Measurement of Surfactants

An amount of 0.1 g dry viscoelastic microspheres was swollen

in 100 mL surfactant solutions with different concentrations

(C0) prepared using simulated formation water in a 250-mL

Erlenmeyer flask. Erlenmeyer flask was shaken in SHA-C digital

water bath oscillator (Changzhou Guohua Electric Appliance

Co., China) at 50�C for 48 h. After reaching adsorption equilib-

rium, the supernatant fluid was taken out and separated by

Table I. Dagang Oilfield Simulated Formation Water

Composition Na1/K1 Ca21 Mg21 Cl- CO3
2- HCO3

- SO4
2- Total

Concentration /(mg/L) 2043 39 36 1337 135 3126 10 6726
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centrifugation at 2000 RPM for 10 min by means of 80-1 Tab-

letop Low speed Centrifuge (Jintan Medical Instrument Factory,

China). The TX-10 concentration Ce was determined by uvspec-

trophotometry,20 and the concentration Ce of CTAB and GXPS

was determined by two-phase titration method.21,22 The equilib-

rium of adsorption of surfactant on viscoelastic microspheres

was calculated by the expression:23–26

Qe5
ðC02CeÞV

m0

(1)

where Qe is equilibrium adsorption of surfactant on viscoelastic

microspheres, mg/g; C0 and Ce are the initial and equilibrium

concentrations of surfactant, mg/L; V is volume of aqueous

phase, L; m0 is the weight of dry viscoelastic microspheres, g.

Swelling Ratio

The swelling ratio of viscoelastic microsphere was evaluated by

weighing method.27 Dry viscoelastic microspheres weighed m0

were put in a 20-mL test tube. And then 15 mL different con-

centrations of three types of surfactant solutions were put into

the test tubes. Finally, the viscoelastic microspheres were

weighed again after they reached swelling equilibrium under

temperature of 50�C water bath for 48 h. The swelling ratio of

viscoelastic microspheres is:

A5
m12m0

m0

(2)

where A is the swelling ratio of the viscoelastic microspheres,

and m1 represents the viscoelastic microspheres weight after

they reached swelling equilibrium.

Rheological Properties

The temperature was controlled constantly at 50�C Rheological

properties of swelling viscoelastic microspheres after adsorbing

surfactants were measured in two different modes named steady

shear and dynamic shear mode, respectively, using Physica

MCR301 Rheometer (Anton Paar, Austria). A cone-plate geom-

etry measuring system with a diameter of 49.959 mm and a gap

of 0.047 mm was used. The steady shear measurement was con-

ducted with the shear rate from 0.01 to 1000 s21. Dynamic

shear measurement was performed in the linear viscoelastic

regime. First, a dynamic measurement was conducted with the

strain amplitude from 0.01 to 100% at a constant frequency of

1 Hz to determine the linear viscoelastic regime. Then, the fre-

quency sweep measurement was performed in the linear visco-

elastic regime with the frequency from 0.01 to 100 Hz to

determine the storage modulus G’ and loss modulus G’’.

RESULTS AND DISCUSSION

Microstructure

Figure 1 gives the particle size analysis of viscoelastic micro-

spheres before or after swelling at room temperature. It can be

observed that the average particle sizes of viscoelastic micro-

spheres before or after swelling are 100.5 and 295.8 lm, respec-

tively. As can be seen from Figure 1, the viscoelastic

Figure 1. Microstructure of viscoelastic microspheres. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 3. Dependence of swelling ratio of viscoelastic microspheres on

equilibrium concentration of different types of surfactant. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 2. The adsorption isotherm of different types of surfactant onto

viscoelastic microspheres. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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microspheres are spherical particles and can swell many times

because of the absorption of water. As the viscoelastic micro-

spheres contact with water, the water molecules can go into the

internal network under the action of inside and outside osmotic

pressure, stretching the molecular chain of the network struc-

ture, enlarging the volume of viscoelastic microspheres. The

three-dimensional network structure with pore sizes ranging

from 1.29 to 2.95 lm can be seen clearly from the ESEM image

(Figure 1). The investigated microstructure confirms the swel-

ling mechanism of the viscoelastic microspheres.28

Adsorption of Surfactants

The surface of viscoelastic microspheres is negatively charged

because of the existence of carboxyl. The zeta potential of visco-

elastic microspheres is 25.8 mV and the surface electrical is an

important cause for the different adsorption capacities between

surfactants and viscoelastic microspheres, especially for those of

cationic surfactant (CTAB) and anionic surfactant (GXPS). The

interaction force between CTAB and viscoelastic microspheres is

electrostatic attraction, whereas the interaction force between

GXPS and viscoelastic microspheres is electrostatic repulsion.

The adsorption isotherm of different types of surfactant (CTAB,

TX-10 and GXPS) on viscoelastic microspheres is shown in Fig-

ure 2. The figure shows that the order of adsorption equilib-

rium of three types of surfactant onto viscoelastic microspheres

is CTAB> TX-10>GXPS under the same surfactant

concentration.

CTAB can be hydrolyzed to produce quaternary ammonium salt

ions in the simulated formation water. CTAB can be adsorbed

onto viscoelastic microspheres by electrostatic attraction and

hydrophobic association.29 The equilibrium adsorption Qe of

CTAB onto viscoelastic microspheres increases with the increase

of Ce. The increase of equilibrium adsorption slows down when

it increases to a certain value. Here, the adsorbed CTAB mole-

cules repel with the solution of CTAB molecules and Qe almost

remain the same. Therefore, CTAB adsorption capacity is the

largest. TX-10 is adsorbed only by hydrophobic association with

viscoelastic microspheres.30 The equilibrium adsorption Qe of

TX-10 on viscoelastic microspheres also increases gradually with

the increase of Ce, and when the adsorption potential is full, Qe

will no longer increase.

The adsorption isotherm of GXPS consists of three sections.31

The first section is characterized by the increase of Ce, Qe being

small. This is because the negatively charged carboxyl ionized

from the molecular side chain of the viscoelastic microsphere

forms diffused electric double layer and has an electrostatic

repulsion effect on sulfonic acid base group of GXPS. Therefore,

Figure 4. Dependence of apparent viscosity of viscoelastic microspheres as a function of shear rate at different surfactant concentrations for the three

types of surfactant (a) GXPS (b) TX-10 (c) CTAB. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the adsorption of GXPS on viscoelastic microspheres is insignif-

icant at low GXPS concentration. With the increase of Ce, Na1

hydrolyzed from GXPS compresses the diffused electric double

layer, decreases the thickness of the electric double layer and

reduces the electrostatic repulsion force between the sulfonic

acid base group of GXPS and the sulfonic acid base group of

viscoelastic microsphere. As a result, hydrophobic association

structure is gradually formed by hydrophobic interaction

between the hydrophobic tail chain of GXPS and the molecular

hydrophobic chain of viscoelastic microspheres. After that, the

Qe begins to increase and this is the second section. When Qe

reaches a certain degree, Qe keeps constant because of the elec-

trostatic repulsion effect between the sulfonic acid base groups

of adsorption GXPS molecules and the sulfonic acid base

groups of GXPS in the solution. This is the third section.

Because of three different types of interaction mechanism

between different surfactants and microspheres, the order of

adsorption equilibrium of surfactant on viscoelastic micro-

spheres is CTAB> TX-10>GXPS.

Swelling Ratio

Viscoelastic microspheres can absorb much more water than

their mass. After swelling, they do not easily release the

absorbed water even under high pressure. The swelling ratio of

viscoelastic microspheres was commonly characterized by the

mass ratio of viscoelastic microspheres in an equilibrium state

in surfactant solution to the dried particle.32,33 The swelling

ratio of viscoelastic microspheres as a function of equilibrium

Figure 6. Dependence of shear stress of viscoelastic microspheres on shear rate at different surfactant concentrations for three types of surfactant (a)

GXPS (b) TX-10 (c) CTAB. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Dependence of apparent viscosity of viscoelastic microspheres as

a function of initial surfactant concentrations. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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concentration of different types of surfactant in solution was

illustrated in Figure 3. As the curves show, under the low con-

centration of surfactant, the swelling ratio of viscoelastic micro-

spheres after adsorption was smaller than that before

adsorption. With the increase of surfactant concentration, sur-

factant molecules exist both in external aqueous phase and in

the network of viscoelastic microspheres in the form of micelles

and distribute evenly. Therefore, the volume of viscoelastic

microspheres insignificantly changes. The effect of surfactant on

the swelling ratio of viscoelastic microspheres is closely related

to the adsorption of surfactant on viscoelastic microspheres.

The more adsorption of surfactant, the smaller the swelling

ratio of viscoelastic microspheres is, and hence, under the same

surfactant concentration, the swelling ratio reduction order of

viscoelastic microspheres is CTAB> TX-10>GXPS, which is

similar to the order of adsorption equilibrium.

Rheological Properties

Steady Shear Rheological Property. Figure 4 shows the appa-

rent viscosity of viscoelastic microspheres as a function of shear

rate at different surfactant concentrations. For all the three types

of surfactant, the apparent viscosity of viscoelastic microspheres

at low shear rate exhibits rather high values, which is related to

the three-dimensional network structure (Figure 1), and

decreases with the increase of shear rate. This is called shear-

thinning behavior, which has been observed in a dispersion of

hematite in [C2mim][EtSO4] and in a dispersion of single-

walled carbon nanotubes (SWCNTs) in [C4mim][BF4].34,35 Fig-

ure 5 is a plot of shear viscosity versus initial concentration of

different types of surfactant at the shear rate of 0.1 and 100 s21.

As shown in the curves, after being immersed into surfactant

solutions, the apparent viscosity of viscoelastic microspheres at

a lower shear rate decreases with the increase of surfactant con-

centration compared with the unimmersed one. The three-

dimensional network structure of viscoelastic microspheres is

destroyed at higher shear rate, and viscoelastic microspheres

exhibit shear-thinning, too. Therefore, at higher shear rate, the

apparent viscosity of viscoelastic microspheres immersed in sur-

factant solutions with different surfactant concentrations hardly

changed.

A plot of shear stress, s, versus shear rate, _c, at different con-

centration for three types of surfactant (Figure 6) were fitted to

Herschel-Bulkley mode (eq. (1)),36–39

s5sR1K _cn (3)

where sand sR are shear stress and yield stress, separately, (Pa),

_c is shear rate, (1/s), K is consistency index (Pa�sn), and n is

power law index.

The fitting results are shown in Table II. From Table II, it can

be seen that the yield stress decreases with the increase of initial

surfactant concentration. Yield stress represents the minimum

amount of force needed to be applied to the fluid before it

would start to move.40 Adsorption of surfactant molecules

reduces the yield stress of viscoelastic microspheres and makes

it easier for the gel to move. Because the adsorption of CTAB

among the three types of surfactant is the biggest, the yield

stress of CTAB solution is the smallest at the same

concentration.

Dynamic Oscillating Rheological Property

A frequency sweep (0.01–100 Hz) on viscoelastic microspheres

both free and with different types of surfactant was performed

with oscillatory strain amplitude of 0.1%. The strain amplitude

Table II. Analyses of Orthogonal Experiments

Type of
surfactant

Surfactant concentration
(mg/L) sR (Pa) K (Pa�sn) n R2

CTAB 0 1.55547 0.71166 0.11019 0.96400

250 1.30390 0.23696 0.14678 0.99312

500 1.10214 0.23676 0.17346 0.98989

1000 0.87212 0.44727 0.09901 0.98915

2000 0.71409 0.56383 0.07854 0.98991

4000 0.54120 0.70773 0.06140 0.97639

TX-10 0 1.55547 0.71166 0.11019 0.96400

250 1.43466 0.19342 0.15257 0.99730

500 1.13172 0.20414 0.20372 0.99057

1000 1.06246 0.24531 0.17921 0.99600

2000 1.03564 0.22891 0.20137 0.99792

4000 1.03124 0.20520 0.22707 0.99778

GXPS 0 1.55547 0.71166 0.11019 0.96400

250 1.55422 0.37388 0.13938 0.98247

500 1.55796 0.32409 0.15410 0.96511

1000 1.53606 0.23454 0.15056 0.99940

2000 1.45139 0.20920 0.15992 0.99968

4000 1.40042 0.18921 0.17580 0.99952
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was chosen based on strain sweep at constant frequency to

determine the conditions within the linear viscoelastic region.

Figure 7 shows the dependence of storage modulus of visco-

elastic microspheres on frequency at different surfactant concen-

trations. The results show that the three types of surfactants are

able to make the storage modulus lower, that the order of stor-

age modulus reductions at the same concentration is:

CTAB>TX-10>GXPS.

The interaction force between GXPS and viscoelastic micro-

spheres is electrostatic repulsion at low concentration, but the

adsorption on viscoelastic microspheres is small. The storage

modulus of viscoelastic microspheres decreases slightly, simply

because of salt effect which compresses the diffuse electric dou-

ble layer. When concentration of GXPS increases to a certain

extent, the interaction force is hydrophobic association, then

more and more GXPS molecules are adsorbed on the surface of

viscoelastic microspheres, the volume of it gradually reduces,

the interaction forces are weaken, and storage modulus signifi-

cantly decrease. After reaching the equilibrium concentration,

storage modulus substantially remained steady.

The interaction force between TX-10 and viscoelastic micro-

spheres is only hydrophobic association even at low concentra-

tion. When concentration of TX-10 is below the CMC, steric

clash increases and the hydrophilic radical occurs orientation,

the ability of the hydrophilic radical to resist elastic deformation

is weakened, so the storage modulus decreases. After reaching

the equilibrium concentration, storage modulus changes slightly.

The interaction forces between CTAB and viscoelastic micro-

spheres are hydrophobic association and electrostatic attraction.

The viscoelastic microspheres are negatively charged, so a large

number of cationic are adsorbed on their surface, and the

adsorption increases with hydrophobic interaction, so the inter-

action forces weaken and storage modulus decrease significantly.

After reaching the equilibrium concentration, storage modulus

substantially remain unchanged.

CONCLUSIONS

GXPS molecules can adsorb onto viscoelastic microspheres

because of the electrostatic repulsion and hydrophobic associa-

tion. The interaction forces between CTAB and viscoelastic

microspheres are electrostatic attraction and hydrophobic asso-

ciation. TX-10 molecules can be adsorbed onto viscoelastic

microspheres via hydrophobic association. Because of the

adsorption of surfactant, the swelling ratio and storage modulus

of viscoelastic microspheres decrease to some extent, and the

yield stress of viscoelastic microspheres which was obtained

from modeling of the data to Herschel-Bulkley model decreases.

Because of different amount of adsorption, the extent of reduc-

tion order on swelling ratio and storage modulus was

CTAB>TX-10>GXPS. This study will significantly benefit the

Figure 7. Dependence of storage modulus of viscoelastic microspheres on frequency at different surfactant concentration (a) GXPS, (b) TX-10, (c)

CTAB. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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application of viscoelastic microspheres and surfactant combina-

tion flooding technology in heterogeneous reservoirs.

ACKNOWLEDGMENTS

This research was supported by the National Natural Science

Foundation of China (No.21273286) and Specialized Research

Fund for the Doctoral Program of Higher Education (No.

20130133110005).

REFERENCES

1. Vasquez, J.; Civan, F.; Shaw, T. M.; Dalrymple, E. D.; Eoff,

L.; Reddy, B. R. SPE80904 presented at production and

operations symposium, 2005.

2. Mohammad, S.; Mohsen, V. S.; Koohi, D. K.; Reza, H. Iran.

J. Chem. Eng. 2007, 26, 99.

3. Zhao, G.; Dai, C. L.; Zhao, M. W.; You, Q. J. Appl. Polym.

Sci. 2014, 131, 2231.

4. Dai, C. L.; Zhao, G.; You, Q.; Zhao, M. W. J. Appl. Polym.

Sci. 2014, 131, 4127.

5. Omidian, H.; Rocca, J. G.; Park, K. J. Controlled Release

2005, 102, 3.

6. Chen, Y.; Liu, Y.; Tan, H.; Jiang, J. Carbohydr. Polym. 2009,

75, 287.

7. You, Q.; Dai, C. L.; Tang, Y. C.; Guang, P.; Zhao, G.

J Energy Resour. Technol. 2013, 135, 1.

8. Bai, B. J.; Liu, Y. Z.; Coste, J. P.; Li, L. X. SPE Res. Eva. Eng.

2007, 4, 176.

9. Bai, B. J.; Li, L. X.; Liu, Y. Z. SPE Res. Eva. Eng. 2007, 10,

415.

10. Chauveteau, G.; Tabary, R.; Le, B. C.; Renard, M.; Feng, Y.

J.; Omari, A. SPE82228 presented at European Formation

Damage Conference, 2003.

11. Coste, J. P.; Liu, Y. Z.; Bai, B. J.; Li, Y.; Shen, P.; Wang, Z.;

Zhu, G. SPE59362 presented at SPE/DOE Improved Oil

Recovery Symposium, 2000.

12. Zhang, H.; Bai, B. J. SPE 129908 presented at Improved Oil

Recovery Symposium, 2010.

13. Bai, B. J.; Huang, F.; Liu, Y. Z.; Seright, R. S.; Wang, Y.

SPE113997 presented at SPE/DOE Improved Oil Recovery

Symposium, 2008.

14. Kokufuta, E.; Suzuki, H.; Yoshida, R.; Yamada, K.; Hirata,

M.; Kaneko, F. Langmuir 1998, 14, 788.

15. Ogawa, K.; Ogawa, Y.; Kokufuta, E. Colloids Surf. A 2002,

209, 267.

16. Chen, L.; Yu, X.; Li, Q. J. Appl. Polym. Sci. 2006, 102, 3791.

17. Chen, Y.; Lapitsky, Y. Colloids Surf. A 2010, 372, 196.

18. Wu, Y.; Tang, T.; Bai, B. J.; Tang, X.; Wang, J.; Liu, Y. Poly-

mer 2011, 52, 452.

19. Vincent, B.; Dowding, P. J.; Williams, E. J. Colloid Interface

Sci. 2000, 221, 268.

20. Chen, X. Y.; Song, B. B.; Zhang, Y. Y.; Wang, C. Y. Phys.

Test. Chem. Anal. Part B: Chem. Anal. 2014, 50, 916.

21. Cui, L. Y.; Puerto, M.; Lo�pez-Salinas, J. L.; Biswal, S. L.;

Hirasaki, G. J. Anal. Chem. 2009, 45, 1430.

22. Jiang, N.; Feng, R. J.; Gao, Z. W.; Li, X. O.; Li, W. S. Phys.

Test. Chem. Anal. Part B: Chem. Anal. 2009, 45, 1430.

23. Fu, B.; Liu, J.; Li, H.; Li, L.; Lee, F. S. C.; Wang, X. J. Chro-

matogr. A 2005, 1089, 18.

24. Zhang, M.; Liao, X.; Shi, B. J. Soc. Leather Tech. Ch. 2005,

90, 1.

25. Yang, W.; Li, A.; Cai, J.; Meng, G.; Zhang, Q. Sci. China Ser.

B 2006, 36, 249.

26. Liu, G.; Yin, D. Ecol. Env. 2008, 17, 1769.

27. Park, H.; Guo, X.; Temenoff, J. S.; Tabata, Y.; Caplan, A. L.;

Kasper, F. K.; Mikos, A. G. Biomacromolecules 2009, 10, 541.

28. Kabiri, K.; Omidian, H.; Hashemi, S. A.; Zohuriaan-Mehr,

M. J. Eur. Polym. J. 2003, 39, 1341.

29. Zhao, F.; Du, Y. K.; Yang, P.; Tabata, Y.; Li, X. C.; Tang, J. A.

Sci. China. Ser. B 2005, 48, 101.

30. Wu, Y.; Tang, T.; Bai, B. J.; Tang, X.; Wang, J.; Liu, Y. Poly-

mer 2011, 52, 452.

31. Fang, Y.; Wei, Y. F.; You, Z. D.; Shui, P. L.; Guo, Z. N. Oil-

field Chem. 2007, 24, 347.

32. Philippova, O. E.; Hourdet, D.; Audebert, R.; Khokhlov, A.

R. Macromolecules 1996, 29, 2822.

33. Zhao, Y.; Su, H.; Fang, L.; Tan, T. Polymer 2005, 46, 5368.

34. Altin, E.; Gradl, J.; Peukert, W. Chem. Eng. Technol. 2006,

29, 1347.

35. Kim, H. B.; Choi, J. S.; Lim, S. T.; Choi, H. J.; Kim, H. S.

Synth. Met. 2005, 154, 189.

36. Dogan, M.; Yilmaz, Z.; Alkan, M. Ind. Eng. Chem. Res.

2008, 47, 8218.

37. Deng, D.; Boykoa, V.; Panceraa, S. M.; Nestleb, N.; Tadrosc,

T. Colloids Surf. A 2010, 372, 9.

38. Phair, J. W.; L€onnrotha, N.; Lundberga, M.; Kaiser, A. Col-

loids Surf. A 2010, 372, 56.

39. Nasiri, M.; Ashrafizadeh, S. N. Ind. Eng. Chem. Res. 2010,

49, 3374.

40. Khalil, M.; Jan, B. M. J. Appl. Polym. Sci. 2012, 124, 595.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4227842278 (8 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l
	l

