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ABSTRACT: In this article, the synthesis and characteri-
zation of a new class of macromolecule water-soluble
polymers with cyclodextrin sides were presented, which
possess molecular recognition function. The polymer com-
posed with three functional monomers was investigated
through an infrared spectrometry and a scanning electron
microscope. Then, the rheological properties and the inter-
action with surfactant of this series of polymer samples
were evaluated and compared with polyacrylamide to
prove that they have superior rheology performance. Also,

through the adsorption experiment it can be seen that the
polymer has excellent performance in polymer flooding,
and it can effectively reduce over 20% of the surfactant
loss caused by stratum absorption in the process of poly-
mer/surfactant flooding. These have laid a theoretical
foundation for its application to enhance oil recovery.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119: 953-961, 2011
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INTRODUCTION

At present, the water-soluble polymers have been
widely used in various areas of the national economy,
such as oil production, sewage treatment, chemical
industry, pharmaceutical industry, and so on. poly-
acrylamide (PAM) flooding technology is an important
way to enhance oil recovery, but the effect is limited,
because such polymers cannot improve the interfacial
tension of the oil-water-rocks in the process of flooding.
Thus, it has become a research spotlight to introduce
surfactant functional groups into PAM polymer.
Host-guest chemistry theory presents that mole-
cules with cage or cup-type structure can include
guest molecules.™ In the study of the host com-
pounds, whose structures have been confirmed cyclo-
dextrin (CD) takes up a large proportion, and its
inclusion effect for surfactant has been proved to be
relatively stable.” So far, the subject of how to avoid
surfactant loss caused by stratum absorption through
the inclusion function of CD has been studied by our
group, and many good achievements have been got-
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ten.®” Some previous researches also revealed that
the CD derivatives had an obvious effect of viscosifi-
cation and could effectively enhance the flooding
effect of polymers.®'° However, because the produc-
tion of B-CD has been industrialized and the cost of
which is low, furthermore, the modification methods
of B-CD are relatively more and mature, and in this
article B-CD is chosen for study.

To introduce the superior property of CD into poly-
mers a novel molecular was designed, and the syn-
thetic process of which is shown in Figure 1.

Besides, an ideal model was built to show the pro-
cess of enhancing oil recovery through the synergic
action between this series of polymers and surfac-
tant, as is shown in Figure 2.

It can be seen from the model that, after the inclu-
sion compounds, which were composed by the poly-
mer and surfactants, were injected into the stratum,
they interacted with oil phase molecules, which then
replaced the surfactants in CD cavities. While the
released surfactants moving into oil phase and react-
ing on the oil-rock interface, the crude oil was broken
away from rock surface. Then the oil recovery was
improved with polymer flooding.

EXPERIMENTAL SECTION
Materials

In this work, acrylamide (AM), acrylic acid (AA), po-
tassium persulfate, sodium bisulfite, sodium
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Figure 1 The synthetic process of this novel polymer.

hydroxide, disodium EDTA, hexadecyl trimethylam-
monium chloride (cationic surfactants), and anhy-
drous-ethanol were used as materials. All of them
(analytical grade) were obtained from Kelong chemi-
cal reagent factory (Chengdu, China). The oil sand
was obtained from Liaohe oil field, which was used in
the adsorption experiment.

Synthesis of allyl-p-CD

The appropriate solvent containing a certain amount
of B-CD was prepared in a round-bottom flask
equipped with a mechanical stirrer, and sufficient
sodium hydroxide as a catalyst was added with vig-
orous stirring until completely dissolved. Then a cer-
tain amount of allyl bromide was slowly added into
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the flask in ice water bath (0-10°C), reacted for 48 h.
Finally, white powder-like products were got after
washing with acetone and vacuum filtration and
were preserved under sealed and cool conditions,
because of its high water absorbing nature.'''2

Synthesis of Poly-S

The aqueous solutions containing different percent-
age of allyl-B-CD, sodium acrylate, and AM were
prepared in four round-bottom flasks equipped with
mechanical stirrers. The molar ratios of the afore-
mentioned substrates were 1 :5:13,1:5:39,1:5:
117, and 1 : 5 : 351, respectively. Followed by the
addition of an appropriate amount of chelating
agent (EDTA), oxidants (potassium persulfate), and
reluctant (sodium bisulfate) to each flask with vigor-
ous stirring and the ratio among them was 4 : 1 : 1.
Then transparent gelatinous material appeared after
reacting for 4-6 h, which was washed for several
times with absolute ethanol to precipitate a white
block solid. The solid was further dried in the oven
at 50°C. Then the products from the four flasks were
named as Poly-5-1, Poly-S-2, Poly-S-3, and Poly-5-4,
respectively. Furthermore, the optimal experimental
conditions of these reactions were defined and
evaluated through apparent viscosity experiments of
products. The experimental results under different
reaction conditions (reaction time, pH value, etc.) are
shown in Figure 3(a—e). After a comprehensive anal-
ysis, the optimal results are presented in Table L

Scanning electron microscope (SEM) experiment

To observe the structure, the surface morphology
and the size of the Poly-S clearly, a pHILPS-XL30
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Figure 2 The ideal model of synergic action between CD-polymer and surfactant flooding. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3 a) Influence of reaction temperature, (b) influence of pH, (c) influence of the concentration of monomer, (d)
influence of reaction time, and (e) influence of the concentration of initiator.

TABLE I
The Optimal Conditions of the Polymerization
Reaction temperature System pH value
50-60°C 7-8
Content of initiator The ratio of initiators
0.08% 4:1:1

Concentration of monomer Time
15-20% 6h
Molar ratio of monomers
1:5:117
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scanning electron microscopy was used. Take the
case of Poly-S-3, the structure and composition were
analyzed.

Infrared (IR) experiment

Poly-5-3 and sodium acrylate/acrylamide polymer
were analyzed with a 170SX IR spectrometer on KBr
disks, produced by Nicolet (Thermo Fisher Scientific,
Shanghai, China), to prove this series of polymers was
obtained by polymerization of the three monomers we

used. The resolution of this spectrometer is 4 cm ™.

Rheological experiments

In this study, the rheological properties of the Poly-S
and PAM were evaluated and compared through
rheological experiments of salts tolerance, tempera-
ture tolerance, and the nature of viscosification. The
performance comparison between Poly-S and PAM
was carried out by investigating apparent viscosity
variations with mineralization and temperature
changing. To research the interaction between poly-
mer and surfactant, surface tension and viscosity of
the mixed system were also measured. The surface
tensions of the mixtures were measured through ring-
detachment method using a ZL-3000 automated tensi-
ometer with a precision of =0.1 mN/m. Viscosity
measurement is performed with NDJ-8S viscometer,
the measurement error of which is +5%, and the rotor
speed is 60 rpm. The tensiometer and viscometer
were adjusted through ultrapure water and standard
silicon oil (Brookfield) at 25°C, respectively.

Adsorption experiment

Under normal circumstances, the surfactant flooding
cannot bring about the best results. The consump-
tion of surfactant was increased, because of the
adsorption effect of the stratum.'® But now, the CD
cavity can effectively protect the surfactant against
the adsorption of stratum, according to the basic
theory of inclusion function of the CD cavity to cati-
onic surfactants.” The law of stratum adsorption to
the mixed solution of surfactant and Poly-S was
investigated through adsorption experiment. At first,
the absorbance value of the prepared solution of
known concentration was measured, and the absorb-
ance coefficient of this system was calculated based
on Lambert-Beer law [eq. (1)].

A=KCL= - logIi (1)
0

where A is absorbance, K is absorbance coefficient, C
is the concentration of solution, and L is optical path
length.
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Then the absorbance value of the solution, which
had accomplished the adsorption test was measured,
and the ending concentration of the solution was
also calculated based on Lambert-Beer law. Finally,
the adsorption quantity of each solution was calcu-
lated with adsorption equation. The measurement of
absorbance in this part was carried out using UV-
3802 UV spectrometer produced by UNICO of
China. Furthermore, the excellent application pros-
pects of such polymer in the field of multiphase
mixed flooding were illustrated through the analysis
of results.

RESULTS AND DISCUSSION
Structure of Poly-S

In the case of Poly-S-3, from its IR image [Fig. 4(a)],
it can be found that 3450 cm ™' is the stretching
vibration peaks of N—H bond in the amide groups
(—CONH,), 1655.02 cm ' is the stretching vibration
peaks of C=0 bond in —CONH,, and both of them
prove that this compound contains AM and acrylic
acid sodium structure. Besides, 3400 cm ! is the
stretching vibration absorption peak of O—H bond
in CD hydroxyl, 1026.22 cm ™' is the stretching vibra-
tion peaks of C—O bond in CD hydroxyl, 1180.00
cm ' is the stretching vibration peaks of C—O—C
bond in CD molecules, 930.00 cm ™! and 575.28 cm ™!
are skeleton vibration of CD. As we know, the vibra-
tion peaks will displace because of the interaction
between functional groups. So the two peaks in 3450
ecm ' and 3400 cm ' are overlapped in 3447.43
cm™'. Through the relative analysis with the IR
image of sodium acrylate/acrylamide polymer [Fig.
4(b)], it can be indicated that this binary polymer
has no skeleton vibrations of CD in 930.00 cm™" and
575.28 cm . Also, the stretching vibration peaks of
C—O—C bond in CD molecules in 1180 cm ' is
absent. In addition, the binary polymer possesses all
of the peaks of AM and acrylic acid sodium, and
this agrees well with the reports."*'® This result
indicates that the typical structure of CD is not pres-
ent in the binary polymer. Thus, a conclusion can be
reached that Poly-5-3 contains the structures of CD,
AM, and sodium acrylate. This polymer sample is
the product of goal.

Surface morphology of Poly-S-3

Figure 5(a) shows the surface morphology of Poly-5-
3 under SEM at 50 times zoom. Figure 5(b,c) are
enlarged images at 500 and 1000 times zoom, respec-
tively. These two images indicate that the sample is
a typical gel-network structure. This is possible
because several —OH groups of B-CD have been
replaced by allyl groups, and then polymerization of
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Figure 4 a) IR image of Poly-S-3 and (b) IR image of sodium acrylate/acrylamide polymer. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

allyl-B-CD with AM or acrylic acid sodium happens,
which brings about the formation of supramolecular
chain aggregates. Other possible reasons may be the
intermolecular or intramolecular association and
cross-linking reaction between gels. These behaviors
lead the formation of three-dimensional network
structure, which contains a lot of cavities.”/18 Figure
5(d) shows the cross-section morphology of the poly-
mer through which it can be discovered that the
sample possesses a smooth surface.

Rheology experiments

Salt resistance of polymers

The salt solutions and water solutions of PAM and
Poly-S (Poly-S-1, Poly-S-2, Poly-S-3, and Poly-5-4)
were prepared with deionised water, respectively.
The concentration of polymer were all 2.0 g/L, and
the salinities of salt solutions were all 1.6 x 10° mg/L.
Every salt solution contains Ca*" of 2000 mg/L, Mg*"
of 1000 mg/L, and the rest are Na™ and Cl™. Then the

viscosities of salt solutions and water solutions were
measured, and the rate of viscosity retention of these
polymers in the salt solution at 25°C was calculated.

Generally, due to the salt-sensitivities of polymers,
their viscosities change obviously with the salinities
of systems changing. In this article, it can be illus-
trated from the results in Table II that the rate of vis-
cosity retention of Poly-S was over six times higher
than that of PAM when the salinity of solution sys-
tem changes.

Temperature tolerance of polymers

The aqueous solutions of Poly-S-3 and PAM were
prepared respectively, and the concentrations of
them were both 3000 mg/L, and the salinity were
both 1.6 x 10° mg/L, then the viscosities were meas-
ured and the rates of viscosity retention of each
polymer at temperatures of 25, 50, 75, and 90°C
were calculated.

As we know, the interaction between molecules
will be strengthened and the viscosity will be

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 a) SEM image of Poly-S-3 at 50 times zoom, (b) SEM image of Poly-S-3 at 500 times zoom, (c) SEM image of
Poly-S-3 at 1000 times zoom, and (d) SEM image of Poly-S-3 at 2000 times zoom.

increased with temperature rising. But if the temper-
ature continues to increase, the structure of polymer
chain will be changed (break, etc.). This will lead to
a huge viscosity loss of polymer solutions."”” From
the results in Table III, it can be seen that the Poly-S-
3 had a higher rate of viscosity retention than PAM.
It means that the polymers we synthesized have
more powerful abilities to maintain their structures
when the temperature varies.

Nature of viscosification

The aqueous solutions of Poly-S and PAM were pre-
pared at different concentrations, and then the appa-
rent viscosity of each polymer solution was meas-
ured. The change trends are shown in Figure 6.

TABLE II
Comparison of Salts Tolerance

Nwater Nsalt Rate of viscosity
Polymer (mPa-s) (mPa-s) retention (%)
PAM 112.45 11.92 10.6
Poly-S-1 77.51 48.62 62.73
Poly-S-2 89.43 61.32 68.57
Poly-S-3 96.72 73.83 76.33
Poly-S-4 107.19 78.89 72.67

It can be seen from Figure 6 that the viscosity and
concentration of polymer solutions had a linear rela-
tionship. Simultaneously, the viscosity of Poly-S took
on a remarkable increase with a low concentration
and tended to maintain a trend of rising slowly
when the concentration was higher than 2000 mg/L.
But there was no obvious increase in the viscosity of
PAM solution until the concentration exceeded 2000
mg/L. This shows that the viscosification of Poly-S
is stronger than that of PAM solution.

Interaction between polymer and surfactant
Several different aqueous solutions were prepared
with equivalent surfactant and 10% PAM or 10%

TABLE III
Comparison of Temperature Tolerance

NaseC Temperature n Rate of viscosity

Polymer (mPa-s) (@) (mPa-s) retention (%)
PAM 31.85 50 2491 78.21

75 18.55 58.24

90 7.13 22.39
Poly-S-3  44.74 50 38.62 86.32

75 32.59 72.84

90 27.41 61.27

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Viscosity curves of polymers at different con-
centrations. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Poly-S, and then the surface tension and viscosity of
each solution at 25°C was measured. The results are
shown in Figures 7 and 8.

It can be indicated from Figure 7 that, Poly-S and
PAM can affect the process of the surface tension of
solution being reduced by surfactants. Compared
with the single surfactant solution, there was a pla-
teau in surface tension of the mixed solution at
appropriate concentrations, and a lower value was
reached finally. Also it can be known that the pla-
teau trend of Poly-3-surfactant solution continued
longer, and its final surface tension value was lower
than the other solutions, which means the Poly-3 has
a better performance. The most likely cause is shown
in Figure 9. With the concentration of the Poly-S-sur-
factant mixture increasing, there was a clear plateau
in the surface tension change trend. The reason is
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Figure 7 Surface tension curves of surfactant and surfac-
tant-polymer mixed solutions. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 8 Viscosity curves of polymer-surfactant mixed
solutions. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

that the prepared polymer has brought in CD mono-
mers. The CD cavity has surfactant inclusion func-
tion, which makes part of the surfactants come into
the cavity and unable to show the surface activity.
But PAM does not have such function. Besides, the
formation of the surfactant micelles on polymer sur-
face is another reason.

Figure 8 shows that this series of polymers can
maintain viscosity character better than PAM in
mixed solutions with different concentrations of sur-
factant at 25°C, which proves the extensive applica-
tion prospects of this polymer in the polymer/sur-
factant flooding.

Adsorption experiment

In the study, PAM, Poly-S-3, and cationic surfactant
were prepared into aqueous solutions at different
concentrations respectively. Oil sands were milled
into 80-100 screen mesh as adsorbent, and then 100
g of them were added into every cone-shaped bottle
of the 0.5 L prepared solution. The solution and the
oil sands were mixed by a constant temperature
shaker under the speed of 150 r/min for 24 h. Ulti-
mately, oil sand was removed by high-speed centri-
fuge, and the concentration of upper clear liquid
was determined by UV spectrophotometer. The
adsorbance of the stratum to cationic surfactants
was calculated according to eq. (2).*° The result is
shown in Figure 10.

~(po—p)V
A= 2)

where A is adsorbance, py is the initial concentration
of solution, p, is the ending concentration of solu-
tion, V is volume of solution, and m is the weight of
oil sand.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 presents the adsorbance of surfactant in
the different solutions A, B, C, D, and E. E was cati-
onic surfactant solution, D and B were mixed solu-
tions composed of PAM and surfactant, which were
stirred for 1 minute (D) and 1 h (B), C and A were
mixed solutions composed of Poly-S-3 and surfac-
tant, which were stirred for 1 minute (C) and 1 h
(A) (the volume ratio of polymer to surfactant was 1
: 1). It can be seen that the adsorbance was signifi-
cantly reduced through adequate mixing and inclu-
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Figure 10 Curves of adsorption of oil sand. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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sion action between surfactant and Poly-5-3 with the
reduction ratio of 20%. So it can be indicated that
such series of polymer has broad application pros-
pects in the polymer/surfactant mixed flooding.

Conclusions

In this article, the synthesis and characterization of a
series of new AM polymers with CD sides were inves-
tigated. Through SEM, IR, rheological and adsorption
experiments, it can be found that AM/NaAA /Allyl-B-
CD polymer can be synthesized by allyl-B-CD, sodium
acrylate, and AM under the effect of initiator through
radical polymerization. It is proved that this series of
polymers have excellent salt tolerance, temperature
tolerance, the nature of viscosification, and excellent
interaction with surfactant through the rheological
experiments, especially the polymer whose monomer
molar ratio is 1 : 5 : 117 (Poly-S-3). It can be also found
that the CD sides provide the polymer with a superior
inclusion property for surfactants, which can effec-
tively avoid the surfactant loss, caused by adsorption
of stratum, and will significantly improve the new
polymer’s ability to enhance oil recovery.
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