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Abstract A novel class of hydrophobic associated copolymers (PASC) with non-

ionic surfmer was synthesized. These copolymers are the copolymerization product

of acrylamide (AM), 2-(acrylamido)-2- methyl propane sulfonic acid (AMPS) and

different contents of nonionic surfmer (CP). Macroscopic and microscopic self-

assembly associative properties in solutions of PASC, as well as the effects of salt

and temperature on the associative behavior were studied via viscosimetry, scanning

electron microscope (SEM), atomic force microscope (AFM), rheology and fluo-

rescence spectroscopy (FS). The results show that the introduced nonionic surfmer

along polymer chain can lead to a strong intermolecular hydrophobic association in

water. The viscosity and surface activity increased with the increase of polymer

concentration and nonionic surfmer concentration. Additionally, the polymer

showed a good thermal stability and good salt tolerance. Contact angle studies

shows that PASC solution has good potential on change of wettability from oil-wet

to water-wet. All of these properties indicate that the polymer is an excellent

chemical for chemical enhanced oil recovery.
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Introduction

With the recovery of the reservoirs all over the world, most crude oil is trapped in

the reservoirs after using the conventional oil production methods. To deal with the

sharp consumption of fossil energy and the new round of energy crisis, enhanced oil

recovery technologies are required and have been explored to recover the remaining

oil in the mature oil fields [1]. Chemical recovery is the most widely applied EOR

ways for squeezing the additional oil in the underground [2].

In chemical recovery, polymers, surfactants, alkalis, and the combination of these

chemicals are often used as efficient technologies of chemical EOR to reduce the

mobility between water and crude oil and improve the oil recovery in the old oil

fields in harsh reservoirs such as higher temperature and salinity reservoirs, offshore

oil fields, and heavy oil pools [3, 4].

However, the chemical flooding systems still have some faults. For example, the

viscosity retention rate of HPAM is low under harsh conditions (high salinity, high

temperature, and high shear rate) in polymer flooding [5]. For surfactants flooding,

the surfactant may be incompatible with the reservoir, which will lead to the decline

of solution performances such as aggregation, phase separation, and diffusion

performance in porous medium [6]. The alkali can form scale on pipes and

equipments and decrease the permeability of formation as it can react with metal

ions (like Ca2?). It also can react with polymer that contains acrylamide units and

degrade it, which can significantly reduce the viscosity and the thermal stability of

polymer solution. There are also some problems about the technique of polymer-

surfactant (SP) flooding and polymer-surfactant-alkali (ASP) flooding [7], the

chromatographic separation occurs because of the migration speed difference

among different components in SP flooding and ASP flooding, and lead to poor

synergy of different displacing agents and poor flooding effect.

To solve these problems, a new polymer with excellent thickening property and

interfacial activity has been studied, which might increase the oil displacement

efficiency and sweep efficiency in enhanced oil recovery processes. Li et al. [8]

synthesized a cationic fluorinated polyacrylamide via free-radical polymerization

using acrylamide (AM), diallyl dimethyl ammonium chloride (DADMAC), and

2-(perfluorooctyl)ethyl acrylate (FEA) as raw materials. They observed that the

polymer solution had an excellent capability of shear resistance, remarkable

temperature tolerance and surface activity. Yahaya et al. [9] synthesized a

hydrophobically modified polyacrylamide by micellar copolymerization of acry-

lamide, and hydrophobic monomer (N-benzylacrylamide) and showed that the

polymer exhibited excellent surface activity and the properties of pseudoplastic fluid

which can meet the property requirements for EOR polymer. In most of the previous

researches, micellar mechanism [10–13] has been employed for polymerization of

AM, hydrophobic monomer, which had a complicated post-treatment of the product

owning to elimination of large amounts of micromolecule surfactants. And if the

micromolecule surfactants displaced by surface active monomers, the synthesis of

hydrophobic associating polyacrylamide will be more convenient.
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In this work, the nonionic surfmer (CP) was prepared using polyoxythylene (10)

octylphenyl ether (OP-10) to react with allyl chloride at first [14]. Then, a new

hydrophobically associating polyacrylamide was prepared by radical polymeriza-

tion with AM, AMPS and CP. A schematic illustration of the chemical structure of

this polymer is displayed in Scheme 1.

The aim of this study is to examine the effects of macro-monomer addition and

salt on the self-assembly of aqueous solutions of the novel class of hydrophobic

associated polymers through apparent viscosity, surface tension, fluorescence

spectra, SEM and AFM to develop a viscosifying agent with the view of enhancing

oil recovery (EOR) applications.

Experimental

Materials

Acrylamide (AM, 98% purity) was purchased from Tianjin Kermel Chemical

Reagent Co., Ltd. (Tianjin, China). 2-Acrylamido-2-methyl propane sulfonic acid

(AMPS, 99% purity) was from Zhonghai Chemical Industry (Shandong, China).

Pyrene (99% purity) was purchased from Aladdin CO., Ltd. (NH4)2S2O8, Na2SO3,

NaOH, NaCl and CaCl2 were obtained from the Sinopharm Chemical Reagent Co.

Ltd and 99% purity.

All chemicals were of analytical grade and were used as received without further

purification. Distilled water was used in all experiments.

Elemental analysis

The carbon, hydrogen, nitrogen, and sulfur contents of the polymer were determined

with a Vario EL-III elemental analyzer (Germany).
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Scheme 1 The chemical formula for the copolymers
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Apparent viscosity

The apparent viscosities of polymer solutions were measured at room temperature

(25 �C) with a Brookfield DV-III viscometer, and the measuring time is 5 min for

every sample. The conductivity value of the water is less than 0.1 us/cm, and the

0.01 mol/L KCl solution used for calibration at 25 �C, the conductivity value is

about 1408.3 us/cm.

SEM

The morphology of the polymer solution was detected by S-3000 N SEM (Hitachi,

Japan). The samples were kept at room temperature without stirring for another 48 h

in the room temperature for 24 h before testing. Then, the samples were prepared by

the vacuum sublimation freezing–drying technique.

Fluorescence measurement

Fluorescence spectra were measured with a Hitachi F4500 fluorescence spec-

trophotometer using 1.0 cm quartz cell. The pyrene concentration was fixed at

1.0 9 10-6 mol/L in the measurements. Pyrene spectra were recorded with fixed

excitation wavelength at 335 nm, and the slit widths of excitation and emission

were fixed at 2.5 and 5 nm, respectively. The emission spectra were scanned at the

range of 350–600 nm. I1 and I3 were obtained from the emission intensities at 373

and 384 nm, and the ratio between the fluorescence intensities of peaks I1 and I3 was

used to evaluate the polarity of the local microenvironment of pyrene. The

experiments were measured at 25 �C.

AFM

Atomic force microscopic (AFM) images were taken by a commercial Nanoscope

III (Digital Instruments, Santa Barbara, CA, USA) using Si3N4 probe to analyze the

apparent morphology of the polymer solution.

Surface tension

The surface tension of the copolymer solution were measured by a surface

tensiometer (JK99B, ShangHai) at 313 ± 0.1 K. Solutions of polymer of different

concentrations were made 24 h prior to experiment in Mili-Q water.

Contact angle measurement

The contact angle measurements were performed with the sessile drop method. The

clean glass is put into different polymer solution for 12 h, and dried under vacuum

for at least 20 h. For, this, accurately measured 10 lL solution was carefully

dropped on the top surface of the glass. The contact angle between synthesized

polymeric solutions and water were measured by contact angle goniometer (JC2000,
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ShangHai) at 10 �C to evaluate wettability alteration, and variations of contact angle

with time were measured for wettability alteration study.

Results and discussion

Elemental analysis

C, H, N, S analysis (Table 1) results reveal that there is obvious increase in C and H

concentration with the increase of CP. This clearly indicates that CP has been

grafted onto polymer backbone.

Apparent viscosity

Influence of polymer concentration on apparent viscosity

The thickening ability of the hydrophobically associating polymer is greatly

dependent on both the length and number of hydrophobic blocks in the polymer

chains as determined by the amount of hydrophobe. Figure 1 shows the influence of

the polymer concentration on the thickening properties of the PASC polymers while

the other reaction conditions are the same. The molar compositions of the

synthesized polymers are shown in Table 1.

For the six polymers, the apparent viscosities enhance with the polymer

concentration, but they have difference all the same. As the CP feed amount is only

0.2 mol% (PASC-1) and 0.4 mol% (PASC-2), the apparent viscosities of the

polymer solutions are the lowest and slowly vary with polymer concentration,

because of the weak intermolecular hydrophobic associations. As the CP amount

beyond 0.6% (PASC-3), the apparent viscosities of the PASC solutions increased

rapidly, especially after the concentration of 1.5 or 2 g/L. This suggested that about

1.5 or 2 g/L is a critical association concentration for the copolymers with PASC-3,

PASC-4, PASC-5 and PASC-6, at which intramolecular association transforms into

intermolecular association [15], the hydrophobic interaction makes the linear

molecules entangle with each other and augments the viscosity of the copolymer

solution. When the PASC concentration increases further, the intermolecular

association degree is strengthened because of the shortening of the distance between

Table 1 Elemental analysis of

PASC

a M1:M2:M3 = n(AM):

n(AMPS): n(CP)

Sample M1:M2:M3a Elemental analysis

C (wt%) H (wt%) N (wt%) S (wt%)

PASC-1 100:15:0.2 46.47 6.52 15.05 4.67

PASC-2 100:15:0.4 46.78 6.54 14.83 4.54

PASC-3 100:15:0.6 46.89 6.58 14.66 4.49

PASC-4 100:15:0.8 47.16 6.63 14.50 4.42

PASC-5 100:15:1 47.29 6.65 14.32 4.37

PASC-6 100:15:1.5 47.82 6.74 13.91 4.29
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macromolecules. This leads to an intermolecular physical network structure that

contributes significantly to the thickening, and the viscosity enhances rapidly, as

indicated in Fig. 1.

Larger and denser intermolecular physical networks in the aqueous solution will

be formed for the copolymer with a higher hydrophobic content [16–18], which

results in a higher apparent viscosity of the solution. However, when CP content

exceeds 1 mol%, intramolecular interactions between hydrophobic segments might

enhance and the water solubility of the hydrophobic associative copolymer becomes

poor.

Figure 2a showed associative morphologies of 0.3 g/L PASC-4 in aqueous

solution, and the three-dimensional networks are formed via micro-crosslink

because of intramolecular hydrophobic association. The SEM image of the

1.8 g/L PASC-4 in aqueous solution is shown in Fig. 2b. We can see that, the

solution emerged with strong cross linking properties, and the three-dimen-

sional network structure become closed, leading to a sharp increase in apparent

viscosity.

Fig. 1 Influence of polymer concentration on the apparent viscosity of PASC solution

Fig. 2 SEM images of PASC-4 aqueous solution. a 0.3 g/L, b 1.8 g/L
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Influence of temperature on apparent viscosity

The effect of temperature on the apparent viscosity of a polymer is an important

factor to be taken into account for its application. Figure 3 shows the dependence of

apparent viscosity of the PASC-5 solution on temperature. There were two kinds of

different trends of solution viscosity with the increasing concentrations of PASC.

For the concentration of 1 g/L of polymer solution, which was below critical

association concentration (cac), apparent viscosity of the PASC-5 solution

decreases rapidly initially and then levels off with increasing temperature, which

resulted from a weakening intermolecular association from the beginning.

For the concentration of PASC was above the cac, the trend was totally different

from the first one. The viscosity was initially on the rise since the temperature

increased from 20 to 40 �C and then decreased from 40 to 90 �C. The hydrophobic
interaction is an endothermic process driven by entropy, therefore, rising

temperature is favorable for intermolecular hydrophobic association and results in

enhancement of the solution viscosity [19]. However, rising temperature can also

result in destroying the hydrophobic association and dehydration of the hydrophilic

groups which favors the coiling loose structure of molecular chains, so the viscosity

decreased when the temperature increased from 40 to 90 �C.

Surface tension

Influence of polymer concentration on surface tension

Figure 4 showed the relationship between surface tension and concentration of

PASC. The following features are observed: (1) the surface tension drops with the

concentration of PASC increase, and drops remarkably for the polymer PASC-2 to

PASC-6. A decrease in the values of surface tension could be due to the increased

adsorption of the molecules of PASC at the aqueous/air interface in the solution. For

Fig. 3 Influence of temperature on the apparent viscosity of the PASC-5 solution
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PASC-4, an excess of the copolymer had formed at the interface due to an increase

in the concentration of PASC-4. At lower copolymer concentrations before 1.5 g/L,

PASC-4 molecules were absorbed at the interface such that the hydrophobic blocks

could avoid the unfavorable aqueous environment and escape into the air phase

because of the unavailability of an adequate number of polymer molecules to form

intermolecular aggregates. As a result, a sharp decrease in the surface tension was

observed at lower PASC-4 concentrations. In contrast, at higher copolymer

concentrations after 1.5 g/L, the interface became saturated with PASC-4 molecules

and the intermolecular aggregates provided a favorable environment for the

hydrophobic groups. Consequently, a little decrease in the surface tension was

observed at higher polymer concentrations. So, the cac was determined to be 1.5 g/

L. (2) The surface tension drops with the concentration of CP monomer increase.

When the CP content is 0.2 mol% (PASC-1), the polymer PASC-1 can dissolve

easily and the weak hydrophobic interaction reduce the surface tension a little, as

show in Fig. 5a. When the CP amount is 0.4 mol% (PASC-2), the hydrophobic

groups increase and can form intramolecular association, so the surface tension

reduces, as show in Fig. 5b. When the CP amount is 0.6 mol% and beyond

0.6 mol%, a large number of associating structures are formed via the intermolec-

ular hydrophobic associations, as show in Fig. 5c.

The ability to decrease the surface tension of water was determined, to a great

extent, by the degree of replacement of water molecules by PASC at the water/air

interface, which in turn was dependent on the measure of saturated adsorption of

PASC.

Influence of electrolytes on surface tension

Figure 6 shows the influence of the NaCl and CaCl2 amount on the surface tension

of the 1 g/L PASC-4 which was before cac. The surface tension reduces

continuously with an increase in NaCl and CaCl2 concentration from 0.2 to 2%.

Fig. 4 Surface tension-concentration curve of PASC
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First, as the NaCl and CaCl2 concentration increased from 0.2 to 1%, the surface

tension reduces which could be due to the charge shielding of the electrostatic

repulsion of –SO3- groups and the formation of coiled polymer chains.

As electrolytes concentration keeps increasing from 1 to 2%, electrolytes will

break the hydrogen bond between water and the C–O–C bonds, and the Na? or Ca2?

will complex with the C–O bonds in the PEO side chains and so the hydrophilicity

of the PEO chains decreases [20]. However, the decreased trend of Na? was more

obvious than Ca2?, the potential explanation was that the Ca2? can be complex with

the C–O bonds in the PEO side chains and formed crown ether, which lead the

hydrophilicity of the PEO chains increases.

Fig. 5 The aggregation structure of different polymer solution, a 0.2 mol% polymer solution,
b 0.4 mol% polymer solution, c 0.6 mol% polymer solution

Fig. 6 Influence of NaCl and CaCl2 amount on the surface tension of the 1 g/L PASC-4
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Fluorescence spectroscopy

Pyrene fluorescence is known to be sensitive to changes in the microenvironment.

The intensity ratio of the first to the third peaks, I1/I3, is often used as a measure of

the polarity of the microenvironment [21–23].

Figure 7 is the relationship curve between the values of I1/I3 and polymer

concentrations at 25 �C. We found that the fluorescence intensity gradually became

stronger as the concentration of PASC increased. This illustrated that the dissolution

of the pyrene probe, in the micelle containing the hydrophobic blocks, increased

with increasing concentration of PASC. In other words, the higher the concentration

of the hydrophobic blocks, the better was the dissolution of the pyrene probe in the

hydrophobic groups, thereby resulting in stronger fluorescence intensity, except

PASC-6. It is found that the polymer of PASC-6 is difficult to be soluble at high

concentration, so the nonpolarity of hydrophobic microdomains for PASC-5

solution is the strongest, resulting in the lowest value of I1/I3. cac were estimated

from the plots in Fig. 8 by drawing tangents to the curves passing through their

respective inflection points, the intersection of these tangents were taken as the cac.

Atomic force microscope (AFM)

The microstructure of hydrophobically associating polyacrylamide solution could

be directly observed by AFM, which was an effective supplement to the method of

viscosity, fluorescence and so on [24, 25]. The images of PASC solutions with

different concentration are shown in Fig. 9.

Learned from Fig. 9a, there were no aggregate structures appearing in PASC at

the low concentration (0.04 g/L) and it was just a flat surface. However, with

increasing PASC concentration but still being kept lower than cac (0.50 g/L), the

crosslinking network had already appeared in the PASC solution (Fig. 9b), we can

see many big bumps which is discontinuous, it means the intramolecular association

formed gradually. When the concentration increased to 1.5 g/L, the sizes of the

Fig. 7 Influence of different polymer and concentration on I1/I3 values
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network structure augmented significantly and the bumps become smaller and

denser as indicated in Fig. 9c. It presented that the PASC could spontaneously form

more and larger hydrophobic associative structures. All that was in accordance with

the results obtained from both methods of viscosity measurement and FS method,

which indicated the strong self-assembly effect occurred in PASC solution.

Wettability alteration

Effect of polymer concentration on contact angle

Application of surfactants largely affects the wettability of solid surface, which is

very important in the context of oil recovery, as the change of wettability of rock

from oil-wet to water-wet increases the oil recovery. The interfacial crude oil/

aqueous solution/solid substrate interactions are characterized by the formation of a

contact angle on a solid surface. The knowledge of contact angle behavior is one of

the challenging problems in surface science due to its role in all processes involved

in three-phase interfacial phenomena. The contact angle is related to solid substrate

structure and its surface roughness, whereas the second is associated with the mutual

interactions of immiscible liquids in contact with the solid substrate.

Fig. 8 Influence of CP concentration on the cac

Fig. 9 AFM images of PASC-4 solution. a 0.04 g/L, b 0.5 g/L, c 1.5 g/L
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The relationship between contact angle and the concentration of polymers are

displayed in Fig. 10. Initially, contact angles sharply dropped with small additions

of polymer. This response was expected since polymer can promote wetting by

collecting at the liquid interface where they act to reduce the liquid surface tension,

and ultimately lower the contact angle on any solid surface.

Effect of contact time on contact angle

A schematic of contact angle between water and polymer morphology at start and

after 200 s is shown in Fig. 11. The concentration of polymer was 2.5 g/L for

PASC-5. The results indicated that the contact angle was not constant, instead it was

decreasing initially over the contact time and then reaching an equilibrium,

Fig. 10 Influence of PASC-5 concentration on contact angles

Fig. 11 Dynamic contact angles of droplets of PASC solution
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suggesting the potential effect of the polymer on wettability alteration from oil-wet

to water-wet.

Conclusions

PASC is a surface active copolymer, which was successfully synthesized by free-

radical polymerization. The solution properties of these polymers such as apparent

viscosity, surface tension and fluorescence were investigated. In addition, the

wettability alteration property was also evaluated. The apparent viscosity, surface

tension and fluorescence results showed that the introduction of nonionic surfmer

groups into polymer chain resulted in a strong intermolecular hydrophobic

association in water.

PASC exhibited an excellent thickening property with the increasing of the

addition of CP and polymer concentration, especially beyond the cac concentration.

The cac of these polymers were about 1.5 or 2 g/L by viscosimetry, and

furthermore, the fluorescent probe measurements showed that the cac of polymers

were 1.718, 1.17, 1.158, 0.75 g/L corresponding to PASC-3, PASC-4, PASC-5 and

PASC-6. The PASC also displayed fine surface activity, while the CP amount above

0.2 mol%, and the surface activity increased with the increasing of polymer

concentration and CP monomer concentration. The polymer chain bundles were

found by AFM for PASC in water, suggesting that the incorporation of CP units lead

to the formation of expanded PASC chains. Contact angle studies showed that

PASC solution has good potential on change of wettability from oil-wet to water-

wet. Overall, the introduction of nonionic surfmer groups in the polymer chain was

helpful in increasing the oil displacement efficiency and sweep efficiency in

enhanced oil recovery processes.
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