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A novel nonionic surfmer, AGE-TX-100, was synthesized by the epoxide ring-opening reaction of allyl glycidyl ether and polyoxyethy-

lene (10) octylphenyl ether (TX-100). Then a novel copolymer, acrylamide (AM)/acrylic acid (AA)/AGE-TX-100, was synthesized

with AM, AA, and AGE-TX-100 in aqueous solution through free-radical random polymerization. The structures of the novel surfmer

and copolymer were characterized by IR and 1H-NMR. The results of the salt-resistance tests and the rheological tests indicate that

the copolymer had good salt tolerance, thermal stability at high temperatures, and shearing resistance under high shear rates. The

environmental scanning electron micrographs showed that the copolymer could form a tighter three-dimensional network structure

than partially hydrolyzed polyacrylamide (HPAM) in aqueous solution. Compared with the HPAM solution, the copolymer solution

showed a good ability to emulsify organic components. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41024.

KEYWORDS: copolymers; functionalization of polymers; oil & gas; rheology; surfactants

Received 3 April 2014; accepted 12 May 2014
DOI: 10.1002/app.41024

INTRODUCTION

After primary and secondary recovery, only 20–50% of crude oil

can be extracted from reservoirs,1–4 and 50–80% of crude oil is still

absorbed on the surface of the rocks in underground.5–7 With the

depletion of gas and crude oil reservoirs and the sharp consump-

tion of fossil energy,8 much attention has been paid to the investi-

gation of new ways9–12 to squeeze extra barrels from the remaining

crude oil in these mature oil fields by various enhanced oil recovery

(EOR) techniques, such as thermal recovery, gas injection, miscible

flooding, microbial injection, and chemical injection.13

Chemical injection with polymers, such as polymer flooding,14–

16 polymer–surfactant flooding,17,18 and alkali–polymer–surfac-

tant flooding,19–22 is one efficient type of EOR technology that

reduces the mobility between water and crude oil, and improves

oil recovery in old oil fields. In addition, in recent years, these

technologies have been applied to other difficult to explore res-

ervoirs, such as offshore oil fields, heavy oil pools, and reser-

voirs with higher temperatures and salinities.23,24

In chemical flooding systems, partially hydrolyzed polyacryl-

amide (HPAM) has been widely applied as a rheology control

agent because, with it, one can achieve a high viscosity by

increasing the molecular weight of HPAM in aqueous solution.

However, the viscosity of HPAM solution can be easily and

sharply reduced under the harsh conditions of high salinity,

high temperature, and high shear rate.25–29

To solve these problems in chemical flooding systems, in recent

decades, hydrophobically associating polyacrylamide (HAPAM) has

been developed in oil fields. Compared with HPAM, HAPAM con-

tains a small number of hydrophobic groups in its structure

(<1%) that are distributed along the hydrophilic chains in blocks

or at random in its structure.30–33 HAPAM can form a reversible

three-dimensional supermolecular network structure via the hydro-

phobic groups in aqueous solution and build a high viscosity. In

addition, HAPAM solution can exhibit excellent shearing stability,

temperature resistance, and salt tolerance because of the intermo-

lecular association.34–39 At present, HAPAM has been successfully

applied as a mobility control agent for EOR chemicals.40,41

However, there exist some difficulties in the synthesis of HAPAM.

One of these problems is the insolubility of hydrophobic macro-

monomers in water.42 Many researchers have used micellar

copolymerization techniques to solve this problem. During the

synthesis process, surfactants are added as emulsifiers to the reac-

tion solution to ensure the solubility and stability of the hydro-

phobic macromonomer in the micelles.42–46 However, the
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addition of surfactants may results in some side effects,42,47,48

such as chain transfer that leads to a low molecular weight and

difficulties in the removal of the emulsifiers after the copolymer-

ization. New ways to get past these defects are still needed.

A polymerizable surfactant, or surfmer, is one type of functional

surfactant that not only contains a hydrophobic tail and hydro-

philic head group but also has polymerizable vinyl double

bonds.49–53 These emulsifiers are widely used for preparing

vesicles for functional polymer latexes, soft templates for synthe-

sizing organized nanomaterials, biological simulation, and so

on.54–57 Because of their special amphiphilic molecular structures,

polymerizable surfactants can also be used as hydrophobic mono-

mers to synthesize HAPAM and overcome the drawbacks during

the micellar copolymerization. Although there are some reports

on the synthesis of HAPAM with surfmers, most of these studies

are about cationic surfmers,58–60 and the studies of HAPAM con-

taining a nonionic surfactant structure are very scarce. In addi-

tion, polymers containing cationic structures with a high

concentration that may cause a higher cost during the EOR proc-

esses may be needed, as cationic polymers can be adsorbed on

the rock surface and the concentration of polymer was finally

reduced; this is due to the negative charge on the rock surface.

In this study, a novel nonionic surfmer, AGE-TX-100, was syn-

thesized by the epoxide ring-opening reaction of allyl glycidyl

ether and polyoxyethylene (10) octylphenyl ether (TX-100).

Then, a novel copolymer, acrylamide (AM)/acrylic acid (AA)/

AGE-TX-100, was synthesized with AM, AA, and AGE-TX-100

in aqueous solution through free-radical random polymeriza-

tion. The structures of the surfmer and copolymer were charac-

terized by IR and 1H-NMR. The synthesis conditions were

optimized. The solution properties of the AM/AA/AGE-TX-100

copolymer were investigated; these properties included the salt

resistance, thermal stability, and shearing tolerance. In addition,

with the incorporation of TX-100 in the polymer chain, the

emulsifying ability of the copolymer was also investigated.

EXPERIMENTAL

Materials

AM was recrystallized twice from chloroform, and AA was purified

by distillation under reduced pressure. Tetrahydrofuran (THF) was

dried with anhydrous sodium hydroxide (NaOH) before use. Allyl

glycidyl ether, purchased from Chengdu Xiya Chemicals Co., Ltd.

(China), and ammonium persulfate, TX-100, sodium chloride

(NaCl), magnesium chloride hexahydrate, and calcium chloride

anhydrous, obtained from Chengdu Kelong Chemicals Co., Ltd.

(China), were all analytically pure and were used without further

purification. The cationic surfmer hexadecyl dimethyl allyl ammo-

nium chloride (C16DMAAC) provided by Feixiang Co. were indus-

trial pure and used without further purification. Water was filtered

and deionized in an ultrapure water system.

Synthesis of Surfmer AGE-TX-100

TX-100 (31.25 g, 50 mmol) and 50 mL of dry THF were added

to a 250-mL, three-necked flask, and NaH (1.44 g, 60 mmol)

was then added to the flask. After the mixture was stirred for 3

h at 25�C under a nitrogen atmosphere, the solution of allyl

glycidyl ether (5.71 g, 50 mmol) in 50 mL of dry THF was

added dropwise. The mixture was refluxed at 25�C for 24 h.

After it was cooled to room temperature, the crude product

solution was filtered and then concentrated by distillation under

reduced pressure. Finally, the crude product was purified by

hexane and put in a refrigerator overnight. We achieved a vis-

cous, dark brown liquid by filtering the solution, and the yield

was 72.33% (Scheme 1).

Synthesis of the AM/AA/AGE-TX-100 Copolymer

The copolymer was prepared by aqueous free-radical copoly-

merization. AM and AA were dissolved in deionized water in a

250-mL flask. Then, NaHCO3 was used to control the pH value

of the reaction solution between 6 and 8. After the mixture

solution was stirred for 15 min, AGE-TX-100 was added to the

reaction flask. The flask was purged with N2 for 0.5 h. The reac-

tant solution was then heated to the reaction temperature in a

tempering kettle under a nitrogen atmosphere. An (NH4)2S2O8–

NaHSO3 initiator solution was added to the solution, and the

polymerization proceeded for 24 h. The polymer was purified

by precipitation with ethanol and dried in a vacuum oven at

40�C for 48 h (Scheme 2).

Measurement of the Intrinsic Viscosity

The intrinsic viscosity of the copolymer was measured with an

Ubbelohde capillary viscometer at 30�C. The AM/AA/AGE-TX-

100 copolymer was dissolved in distilled water, allowed to stand

Scheme 1. Synthesis route of the surfmer AGE-TX-100.
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for 24 h, and then filtered to get rid of the insoluble material

before testing. The copolymer solution was diluted by an NaCl

solution to meet the required concentration, and the final concen-

tration of NaCl in the copolymer solution was 1 mol/L. The con-

centrations of the copolymer solutions were changed from 1000

to 250 mg/L. The time it took for the liquid to pass through two

calibrated marks was measured to describe the linear correlation

between the relative viscosity (gr) and the concentration.

gr and the specific viscosity (gsp) were determined as follows:

gr5
t

t0

5gsp 11

where t represents the flowing time of the copolymer solution

and t0 represents the flowing time of the 1 mol/L NaCl

solution.

The intrinsic viscosity ([g]) was determined as follows:

½g�5 H

c

where H represents the average of the y axis intercepts of the

two corresponding regression lines and c is the concentration of

the polymer solution (g/mL)

Fourier Transform Infrared Measurement

Fourier transform infrared spectra were recorded on a WQF-

520 (PerkinElmer, Ltd., Beaconsfield Bucks, England) with sam-

ples as KBr disks. KBr pellets were prepared with the purified

polymer powders.

1H-NMR Measurement
1H-NMR spectra were recorded at 400 MHz with an AM 400

spectrometer (Bruker, Switzerland) on samples to determine the

structure of AGE-TX-100 and whether the AGE-TX-100 units

were incorporated into the polymer molecules.

Solution Apparent Viscosity Measurement

Polymer solutions were prepared by the dissolution of the puri-

fied polymer in distilled water or aqueous salt solution. The

apparent viscosities were measured by a Brookfield DVIII vis-

cometer at the shear rate of 7.34 s21.

Rheological Measurement

The rheological properties of the polymer solution were meas-

ured by a Haake MARS III rotational rheometer. The correla-

tion between the apparent viscosity and shear rate was achieved

at 30�C via various shear rate from 0.01 to 1000 s21. The corre-

lation between the apparent viscosity and temperature was

obtained through changes in the temperature from 30 to 120�C
under a constant shear rate (s21).

Environmental Scanning Electron Microscopy Measurement

The environmental scanning electron micrographs were made

by a Quanta 450 environmental scanning electron microscope

(FEI). All of the samples were dissolved in deionized water at

the same concentration, and we put the samples at room tem-

perature for 24 h before testing.

Emulsifying Abilities of the Surfmer and Polymer

The emulsifying ability of the copolymer was determined as fol-

lows. We prepared the polymer solutions by dissolving the non-

ionic surfmer AGE-TX-100, the cationic surfmer C16DMAAC, the

copolymer AM/AA/AGE-TX-100, the copolymer AM/AA/

C16DMAAC, HPAM, and the HPAM–surfactant system in deion-

ized water to obtain the desired concentration of 2000 mg/L,

whereas the blank sample was dissolved in the absence of polymer

or surfmer. A 5-mL sample solution was stirred with an equal

volumetric oil. After the solution was stirred for several minutes,

the latex was charged into a 10-mL scale test tube, and we let it

rest for a period of time (30 min for the surfmer test and 12 h

for the polymer test). Then, the volume of the emulsion was

recorded. All of the measurements were carried out at 25�C.

The emulsification activity was characterized by the emulsification

index (EI), which was determined as the percentage height of the

emulsified layer (in millimeters) divided by the total height of the

liquid column (in millimeters) and was calculated as follows:

EI %ð Þ5 Ve

Vt

3 100%

where Ve is the volume of the emulsion and Vt is the volume of

the total solution.

Scheme 2. Synthesis route for the AM/AA/AGE-TX-100 copolymer.
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RESULTS AND DISCUSSION

Characterization of the Surfmer AGE-TX-100

Figure 1 shows the IR spectra of the surfmer AGE-TX-100. The

absorptions at 3447, 2914, and 2850 cm21 were due to the

stretching vibrations of the AOH and ACH (ACH2) groups.

The peak at 1642 cm21 was considered to be the AHC@CH2

stretching vibrations. The absorption bands at 1563, 1506, 1451,

and 839 cm21 corresponded to the AHC@CHA stretching

vibrations and bending vibrations in the aromatic ring. The

peaks at 1252 and 1094 cm21 indicated the presence of

AHC@CHAOA and ACAOACA groups.

The 1H-NMR spectra of the surfmer AGE-TX-100 in CDCl3 are

shown in Figure 2: 0.71 (s, 9H, alkyl ACH3), 1.33 (s, 6H, alkyl

ACH3), 1.69 (s, 2H, alkyl ACH2), 1.84 (m, 2H, ACH2OA),

3.60 (m, 40H, ACH2CH2OA, 2H, ACH2OA, 1H, ACHAOH,

1H,AOH), 4.09 (t, 2H, ACH2OA), 5.24 (m, 2H, C@CH2), 5.87

(m, H, ACH@CH2), 6.82 (d, 2H, ACH@CHA in the aromatic

ring), and 7.25 (d, 2H, ACH@CHA in the aromatic ring).

These chemical shifts provided additional evidence to confirm

the successful synthesis of the surfmer AGE-TX-100. The 1H-

NMR spectrum corresponded well with the IR spectrum.

Characterization of the AM/AA/AGE-TX-100 Copolymer

The IR spectra of the surfmer AGE-TX-100 [Figure 3(a)], AM

[Figure 3(b)], and copolymer AM/AA/AGE-TX-100 [Figure

3(c)] are presented in Figure 3.

In Figure 3(c), the wide absorption at 3423 cm21 was due to

the ANAH and AOAH stretching vibrations. The peaks at

2923 and 2859 cm21 were considered to be the stretching vibra-

tions of the ACH3 and ACAH (ACH2A) groups. The peak at

1642 cm21 was considered to be the AC@O stretching vibra-

tions. The characteristic peak of the ACH2CH2OA group was

Figure 1. IR spectrum of the surfmer AGE-TX-100.

Figure 2. 1H-NMR spectrum of the surfmer AGE-TX-100.
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observed at 1109 cm21. The characteristic peak of the

AHC@CHA bending vibration in the aromatic ring was evi-

dent at 831 cm21. These peaks mentioned previously for the

copolymer AM/AA/AGE-TX-100 all corresponded well with the

peaks of each monomer.

The 1H-NMR spectra of the copolymer AM/AA/AGE-TX-100 is

shown in Figure 4: 0.96–2.71 (the copolymer main chain and

alkyl chain in TX-100), 3.41–4.29 (ACH2CH2OA, ACH2OA,

ACHAOA, AOH), 6.82 (ANH2), and 7.63 (ACH@CHA in

the aromatic ring).

The composition of the copolymer was analyzed further, and

the degree of substitution for AGE-TX-100 groups in the copol-

ymer AM/AA/AGE-TX-100 was determined according to the

following equation:

Hydrophobic group mol %ð Þ5 A3

A11A21A3

3 100%

where A1 is the integral area for the copolymer main chain and

alkyl chain in TX-100; A2 is the integral area for ACH2CH2OA,

ACH2OA, ACHAOA, and AOH; and A3 is the integral area

for ACH@CHA in the aromatic ring. The results are shown in

Table I.

These chemical shifts provided additional evidence to confirm

the successful copolymerization of AM, AA, and AGE-TX-100.

Optimization of the Reaction Conditions of the

AM/AA/AGE-TX-100 Copolymer

As shown in Table II, the AM/AA/AGE-TX-100 ratios were

investigated, and they are shown in entries 1–8. The results

Figure 3. IR spectra of the (a) surfmer AGE-TX-100, (b) HPAM, and (c)

AM/AA/AGE-TX-100 copolymer.

Figure 4. 1H-NMR spectrum of the AM/AA/AGE-TX-100 copolymer.
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indicate that the best AM/AA/AGE-TX-100 ratio was 7:3:0.06.

After the ratio of AM/AA/AGE-TX-100 was optimized, the

effect of the initiator was investigated. The data in entries 9–12

showed that the copolymer could achieve the best apparent vis-

cosity (1667 mPa s) when the amount of initiator was 0.3 wt

%. In addition, the reaction temperature and reaction time

were both studied, as shown in entries 13–23. The results clearly

show that the apparent viscosity of the copolymer solution

reached 1645 mPa s when the reaction temperature was 45�C
and the reaction time was 6 h. Compared with previous

work,44–46 experiments for selecting the emulsifiers and the

optimization of the addition of emulsifiers did not need to be

carried out, as AGE-TX-100, because of its amphiphilic struc-

ture, was not only a hydrophobic monomer but also a nonionic

surfmer.

Intrinsic Viscosity of the AM/AA/AGE-TX-100 Copolymer

The flowing time was recorded with a stopwatch, and the test

was repeated three times to get an average value. The flowing

time of the 1 mol/L NaCl solution was 101.52 s, and the results

of the copolymer are shown in Table III and Figure 5.

As shown in Figure 5, it was clear that the y-axis intercepts of

the two corresponding regression lines were 0.84018 and

0.83388, and the average value of the y-axis intercepts was

0.83703. The intrinsic viscosity was calculated by the formulas,

and it was 837 mL/g.

Effect of the Copolymer Concentration on the

Apparent Viscosity

Figure 6 shows the influence of the polymer concentration on

the apparent viscosity for the copolymer AM/AA/AGE-TX-100;

copolymer AM/AA/C16DMAAC, which contained a cationic

surfmer structure as hydrophobic groups; and HPAM in aque-

ous solution. HPAM was synthesized without the addition of

the hydrophobic monomer AGE-TX-100 under the same

Table I. Hydrophobic Degree of the AM/AA/AGE-TX-100 Copolymer

Copolymer

Hydrophobic degree
(mol %)

Hydrophobic degree
(wt %)

In the
feed

In the
copolymer

In the
feed

In the
copolymer

AM/AA/AGE-
TX-100

0.056 0.050 0.06 0.053

Table II. Reaction Conditions of the AM/AA/AGE-TX-100 Copolymer

Entry

Reaction conditions Apparent
viscosity
(mPa s)cM1/M2/M3

a Initiator (wt %)b Temperature (�C) Time (h)

1 9:1:0.03 0.5 45 24 873.5

2 8:2:0.03 0.5 45 24 1025

3 7:3:0.03 0.5 45 24 1200

4 6:4:0.03 0.5 45 24 781.6

5 5:5:0.03 0.5 45 24 641.3

6 7:3:0.06 0.5 45 24 1367

7 7:3:0.09 0.5 45 24 867.1

8 7:3:0.12 0.5 45 24 731.1

9 7:3:0.06 0.4 45 24 1402

10 7:3:0.06 0.3 45 24 1667

11 7:3:0.06 0.2 45 24 1025

12 7:3:0.06 0.1 45 24 —

13 7:3:0.06 0.3 30 24 726.7

14 7:3:0.06 0.3 35 24 985.1

15 7:3:0.06 0.3 40 24 1428

16 7:3:0.06 0.3 50 24 1201

17 7:3:0.06 0.3 55 24 1007

18 7:3:0.06 0.3 45 20 1686

19 7:3:0.06 0.3 45 15 1671

20 7:3:0.06 0.3 45 12 1665

21 7:3:0.06 0.3 45 8 1691

22 7:3:0.06 0.3 45 6 1645

23 7:3:0.06 0.3 45 4 921

a M1, M2, and M3 represent the AM, AA, and AGE-TX-100 feed weight compositions, respectively. The monomer concentration was 20 wt %.
b (NH4)2S2O8–NaHSO3 feed weight percentage with respect to the total monomers.
c The copolymer concentration in deionized water was 5000 mg/L; the measured conditions were 30�C and 7.34 s21.
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reaction conditions as those used for the copolymer AM/AA/

AGE-TX-100. The copolymer AM/AA/C16DMAAC was synthe-

sized with the same addition of C16DMAAC at the same reac-

tion conditions.

As shown in Figure 6, we found that the apparent viscosities of

the copolymers increased with increasing concentration of the

copolymers. The solution viscosity of the copolymer AM/AA/

C16DMAAC was much higher than the viscosity of the HPAM

solution, but it was less than the viscosity of the copolymer

AM/AA/AGE-TX-100 solution. Compared with the HPAM and

copolymer AM/AA/C16DMAAC, the copolymer AM/AA/AGE-

TX-100 achieved a higher apparent viscosity at the same con-

centration; this indicated that the copolymer AM/AA/AGE-TX-

100 exhibited a typical hydrophobic associative behavior in the

aqueous solution. This was due to the small amount of amphi-

philic groups of AGE-TX-100 in the side of the copolymer AM/

AA/AGE-TX-100 chain. The critical association concentration of

the copolymer AM/AA/AGE-TX-100 was 1000 mg/L, above

which the apparent viscosity sharply increased with increasing

polymer concentration.

Effect of Salts on the Apparent Viscosity

The salt-tolerance tests were carried out to investigate the polye-

lectrolyte behaviors of the copolymer AM/AA/AGE-TX in aque-

ous solution, and the results are shown in Figures 7–9.

As shown in Figures 7–9, it was clear that the apparent viscos-

ities of the copolymer AM/AA/AGE-TX and HPAM decreased

with increasing concentration of inorganic salts. Also, the appa-

rent viscosities changed slightly when the concentrations of salts

were above certain concentrations. This reflected the reduction

in the dimensions of the polymer coils, which was due to the

screening effect of the cations. As the cation concentration

increased with increasing inorganic salts, the intra-anionic elec-

trostatic repulsion in the polymer chain was sharply reduced,

and the polymer chain began to shrink. This led to a loss of the

apparent viscosity in the aqueous solution. The apparent viscos-

ity was slightly changed as the addition of salts was completed

to make the polyelectrolyte chain become a nonpolyelectrolyte

chain. In addition, the salt-resisting tests showed that the vis-

cosity of the polymer solution was sharply reduced with the

addition of a low concentration of the multivalent ions Mg21

Table III. Results of the Intrinsic Viscosity Tests for the AM/AA/AGE-TX-100 Copolymer

Entry cr c (mg/L) t (s) gr gsp gsp/cr ln gr/cr

1 1 1000 207.17 2.0407 1.0407 1.0407 0.7133

2 2/3 667 167.99 1.6547 0.6547 0.9821 0.7554

3 1/2 500 148.84 1.4661 0.4661 0.9322 0.7652

4 1/3 333 132.64 1.3065 0.3065 0.9195 0.8021

5 1/4 250 123.94 1.2208 0.2208 0.8834 0.7982

cr, relative concentration of the copolymer solution.

Figure 5. Liner correlation between gr and cr.
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and Ca21. This indicated that the multivalent ions Mg21 and

Ca21 reduced the viscosity of the polymer solution more

strongly than the univalent ion Na1. This was due to the fact

that the multivalent ions had stronger ionic strengths than the

univalent ion, and they shielded the electrostatic charges on the

polymer chains more effectively than the univalent ions, and

this caused the reduction in the dimensions of the polymer

chains.

Compared with the HPAM and copolymer AM/AA/C16DMAAC,

the copolymer AM/AA/AGE-TX-100 showed good salt tolerance

and achieved a higher apparent viscosity at the same concentra-

tion of salts. The apparent viscosity reached 123.6 mPa s when

the concentration of NaCl was 10,000 mg/L. The correlation of

MgCl2 and CaCl2 had a similar tendency, and the apparent vis-

cosities were 155.5 and 134.7 mPa s, respectively, when the con-

centration of salt was 1000 mg/L. This phenomenon might have

been due to the small addition of the macromonomer AGE-TX-

100 during the synthesis; it was introduced into the polymer

chain, and this might have led to the intermolecular association

of the copolymer in the salt solution. The molecular weight of

the copolymer might also have made a big contribution to the

viscosity. However, it was difficult to determine which, between

the two factors, had a bigger influence on the viscosity of the

copolymer because the molecular weight of the copolymer

could not be determined by gel permeation chromatography

nor by intrinsic viscosity. In addition, the copolymer AM/AA/

C16DMAAC also achieved a much higher viscosity than HPAM

in the saltwater. However, the solution viscosity of the copoly-

mer AM/AA/C16DMAAC was less than that of the copolymer

AM/AA/AGE-TX-100.

Effect of the Shear Rates on the Apparent Viscosity

The relationship between the shear rate and the apparent viscos-

ity of the copolymer AM/AA/AGE-TX-100 was investigated

through changes in the shear rate from 0.01 to 1000 s21 at

30�C. The results are shown in Figure 10.

Figure 6. Effect of the copolymer concentration on the apparent viscosity

at 25�C.

Figure 7. Effect of the NaCl concentration on the apparent viscosity of

the copolymer solution at 25�C.

Figure 8. Effect of the MgCl2 concentration on the apparent viscosity of

the copolymer solution at 25�C.

Figure 9. Effect of the CaCl2 concentration on the apparent viscosity of

the copolymer solution at 25�C.
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As shown in Figure 10, it was clear that the apparent viscosity

of the copolymer solution dramatically decreased from 60,136

to 265.52 mPa s with the increase in the shear rate from 0.01 to

92.35 s21. Then, with the continuing increase in the shear rate

to 1000 s21, the apparent viscosity of the copolymer solution

did not change obviously. The apparent viscosity of the copoly-

mer solution remained at 206.29 mPa s at 137.39 s21. When

the shear rate reached 1000 s21, the apparent viscosity of the

copolymer solution was 88.87 mPa s. The results indicate that

the copolymer AM/AA/AGE-TX-100 solution showed shear-

thinning behavior and had a good shear resistance. In addition,

this suggested that the molecules of the copolymer AM/AA/

AGE-TX-100 associated in the aqueous solution to form a

three-dimensional network that could build up a high viscosity

at a low shear rate. As the shear rate increased, the motion

diminished the entanglement of the copolymer molecules at a

high shear rate, and this resulted in the breakage of the network

structure and the reduction of the apparent viscosity. As the

entanglement rate of the copolymer molecules was equal to the

separation rate of the network structure, the apparent viscosity

of the solution showed little change with increasing shear rate.

Effect of the Temperature on the Apparent Viscosity

The relationship between the temperature and the apparent vis-

cosity of the copolymer AM/AA/AGE-TX-100 was investigated

through changes in the temperature from 30 to 125�C at

170 s21. The results are shown in Figure 11.

Figure 11 shows that the apparent viscosity of the copolymer

solution gradually decreased with increasing temperature, and

there was no drastic reduction in the viscosity in the curve. The

apparent viscosity was 100.02 mPa s at 100�C. When the tem-

perature was continually increased to 125�C, the apparent vis-

cosity was reduced to 47 mPa s. Then, when the temperature

was kept at 125�C for 30 min, the apparent viscosity showed no

obvious change. These results indicate that the temperature

played a major role in controlling the viscosity of the copolymer

solution and that the copolymer AM/AA/AGE-TX-100 had

excellent shear stability at high temperatures. This could be

explained by the motion of the polymer molecules. The rate of

the polymer molecule motion increased with increasing temper-

ature. The motion helped to build up a high viscosity by accel-

erating the association of the polymer molecules at low

temperatures. On the contrary, the motion diminished the asso-

ciation of polymer molecules at high temperatures, and this

Figure 10. Effect of the shear rate on the viscosity of the copolymer solution.

Figure 11. Effect of the temperature on the viscosity of the copolymer

solution.
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resulted in breakage of the network structure and a reduction in

the apparent viscosity. As the entanglement rate of the copoly-

mer molecules surpassed the separation rate of the network

structure, the apparent viscosity of the solution was decreased

with increasing temperature.

Environmental Scanning Electron Micrographs

of the Copolymers

The environmental scanning electron micrographs of the HPAM

and copolymer AM/AA/AGE-TX-100 are shown in Figure 12. As

shown in Figure 12(a), the microstructure of HPAM exhibited

large open micropores or remained in a dispersed state. However,

compared with the microstructure of HPAM, it was clear that

the microstructure of the copolymer AM/AA/AGE-TX-100 was

stronger and tighter, as shown in Figure 11(b). These pictures

provide additional evidence for the intramolecular or intermolec-

ular association of the copolymer AM/AA/AGE-TX-100 in aque-

ous solution, which was due to the small addition of amphiphilic

groups of AGE-TX-100 to the side of the copolymer chains.

Analysis of the Emulsifying Abilities of the Surfmer

and Polymer

In recent years, many laboratory tests and oil-field applications

have confirmed that polymer flooding systems can increase oil

recovery more notably than HPAM flooding systems because

the former can emulsify crude oil during the EOR proc-

esses.14,61,62 To better understand the solution properties of the

surfmer AGE-TX-100 and copolymer AM/AA/AGE-TX-100 and

explore their potential applications, emulsifying tests were car-

ried out, and the results are shown in Figures 13 and 14 and

Tables IV and V.

Figure 13 and Table IV show the experimental results of the

surfmers for solubilizing and emulsifying petrol in aqueous sol-

utions. The oil phase and water phase were separated com-

pletely in the case of the blank mixtures (without any

surfmers), as shown in Figure 13(1). The results in Figure 13

show that both the cationic C16DMAAC surfmer and nonionic

surfmer AGE-TX-100 had good abilities for emulsifying petrol.

However, compared with the cationic surfmer C16DMAAC, the

nonionic surfmer AGE-TX-100 showed better emulsification,

and its EIs were 82% after 30 min and 60% after 12 h.

Figure 14 and Table V show the experimental results of solubili-

zation and the emulsifying oil phase (petrol or crude oil) in

aqueous solutions. The oil phase and water phase were sepa-

rated completely in the case of the blank mixtures (without any

polymers), as shown in Figure 14(a-1,b-1), whereas the oil/

Figure 12. Environmental scanning electron micrographs of the (a) HPAM and (b) AM/AA/AGE-TX-100 copolymer.
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water interface became blurred [Figure 14(a-2,b-2)] for HPAM;

this indicated the weak ability of HPAM to emulsify petrol and

crude oil. As for the copolymer AM/AA/AGE-TX-100, the phase

volume emulsified was larger than that in the HPAM system or

the sodium dodecyl benzene sulfonate (HPAM-SDBS) system,

and its EIs were 80% in the petrol sample and 64% in the crude

oil sample. These observations suggest that the copolymer AM/

AA/AGE-TX-100 had a good ability for emulsifying oil; this

may result in a higher oil recovery than that in the HPAM sys-

tem or the HPAM–SDBS system during the EOR processes. In

addition, the solution of the copolymer AM/AA/C16DMAAC

also had the ability to emulsify petrol or crude oil like the

copolymer AM/AA/AGE-TX-100. However, compared with the

copolymer AM/AA/AGE-TX-100, the emulsion volume of the

copolymer AM/AA/C16DMAAC was smaller than that of the

copolymer AM/AA/AGE-TX-100, and its EIs were 62% in the

petrol sample and 60% in the crude oil sample after 12 h. This

was probably due to the amphiphilic moieties of AGE-TX-100.

Because the nonionic surfmer AGE-TX-100, with its TX-100

molecular structure (an excellent nonionic surfactant), had a

better emulsifying ability than the cationic surfmer

C16DMAAC, it was introduced into the structure of the copol-

ymer AM/AA/AGE-TX-100 as the side chain of the copolymer,

and the copolymer AM/AA/AGETX- 100 displays the perform-

ance of polymeric surfactant in aqueous solution and could prob-

ably solubilize and emulsify organic components or mixtures.

Figure 14. Photographs of polymers for emulsifying (a) petrol and (b) crude oil in water after 12 h: (1) blank sample, (2) 2000 mg/L HPAM, (3)

2000 mg/L HPAM and 2000 mg/L SDBS, (4) 2000 mg/L AM/AA/C16DMAAC copolymer, and (5) 2000 mg/L AM/AA/AGE-TX-100 copolymer.

Figure 13. Photographs of surfmers for emulsifying petrol in water (a) after 30 min and (b) after 12 h: (1) blank sample, (2) 2000 mg/L C16DMAAC,

and (3) 2000 mg/L AGE-TX-100.
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Compared with the nonionic surfmer AGE-TX-100, the copoly-

mer AM/AA/AGE-TX-100 sharply enhanced its emulsion stabil-

ity. This may have been due to the viscosity of the copolymer

solution because the emulsion viscosity improved the emulsion

stability. However, compared with the cationic surfmer

C16DMAAC, the copolymer AM/AA/C16DMAAC also improved

its emulsion stability, but its EI after 12 h was less than that of

the copolymer AM/AA/AGE-TX-100. This may have been due

to the poor emulsion stability of the cationic surfmer

C16DMAAC. The results of the polymer emulsification test

showed a good correlation with the previous results of the

surfmer emulsification test

CONCLUSIONS

A novel surfmer, AGE-TX-100, was synthesized by the epoxide

ring-opening reaction of allyl glycidyl ether and TX-100. Then,

a novel copolymer, AM/AA/AGE-TX-100, was synthesized with

AM, AA, and AGE-TX-100 in aqueous solution through free-

radical random polymerization. The structures of the novel

surfmer and copolymer were characterized by IR and 1H-NMR.

Compared with HPAM, the copolymer AM/AA/AGE-TX-100

showed good salt tolerance and achieved a higher apparent vis-

cosity at the same concentration of salt. The apparent viscosity

reached 123.6 mPa s when the concentration of NaCl was

10,000 mg/L. This might have been due to the small addition of

AGE-TX-100 in the side of the polymer chain and the molecu-

lar weight of the copolymer. However, it is difficult to deter-

mine which made a bigger contribution to the viscosity of the

copolymer between the two factors because the molecular

weight of the copolymer could not be determined by gel perme-

ation chromatography nor by intrinsic viscosity measurement.

MgCl2 and CaCl2 had a similar tendencies, and their apparent

viscosities were 155.5 and 134.7 mPa s, respectively, when the

concentration of salt was 1000 mg/L. The rheological results

show that the copolymer had a good thermal stability at high

temperatures and a good shear resistance under high shear

rates. The apparent viscosity of the copolymer solution was

100.02 mPa s at 100�C and was preserved at 88.87 mPa s when

the shear rate was 1000 s21. The environmental scanning elec-

tron micrographs indicated that the copolymer formed a tighter

three-dimensional network structure than HPAM in aqueous

solution. In addition, the nonionic surfmer showed better emul-

sification than the cationic surfmer C16DMAAC, and the copol-

ymer had a good ability to emulsify organic components, which

may increase oil recovery more than the HPAM flooding system

or the HPAM–SDBS system during the EOR processes. More

related research on the relationship between the viscosity,

molecular weight, and macromolecular structure of the copoly-

mer in the oilfield application of the copolymer AM/AA/AGE-

TX-100 will be done in our future work.
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