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molecular weight polyacrylamide nanoparticles with a hydrophobic nanoscale coating
layer with low molecular weight. These core-shell nanoparticles modify the polymer
ooding process, which can eliminate almost all problems of classical polymer ooding
such as polymer solution high viscosity, polymer absorption and mechanical, thermal
and biological degradations of the polymer. The nanostructure was characterized by
Dynamic Light Scattering (DLS) particle size analysis, thermal analysis (DSC), and UVVis spectroscopy that con rm a core-shell nanostructure for the produced particles with
considerable interaction of two polymers with narrow size distribution (90-140 nm). Also,
micromodel and solubility experiments show that this method could considerably enhance
the performance of classical polymer ooding and reduce polymer usage during the polymer
ooding process.
c 2014 Sharif University of Technology. All rights reserved.

There are many limitations within existing polymer
ooding technology such as thermal, mechanical, shear,
and biological degradation of polymer chains during the
Enhanced Oil Recovery (EOR) process [1-4]. Recently,
encapsulation and intelligent delivery studies have been
considered a sophisticated approach for the protection
and controlled release of precious materials in many
elds to overcome the above mentioned limitations in
polymer ooding with polyacrylamide solutions [5-7].
A novel core-shell nanostructure of polyacrylamide and a hydrophobic polymer (such as
polystyrene) is designed and prepared to intellectually
control the microscopic and macroscopic sweep
eciency of polymer ooding in oil reservoirs.
This nanostructure can release polyacrylamide at
the oil-water interface at reservoir temperature (
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2. Materials and method
First, 60 ml of hexane solvent (Merk Chemical Co.)
and 0.0035 ml of span 80 surfactant (Sigma-Aldrich
Chemie GmbH Co.; C24 H44 O6 ) are mixed in a reactor
with three entries. After mixing these using a mechanical mixer (3000 max rpm, Grin & George, GT.
Britain) with a speed of around 2000 rpm, the water
phase including 5 g hydrophilic monomer of acrylamide
(Merk Chemical Co.) and 20 ml of deionized water,
is distributed to the previous solution. It should be
noted that the distribution process of the water phase
is an important parameter a ecting the size of core
particles. So, the water phase is injected into the
mixed organic phase in the reactor via a microinjection. This helps to make the emulsion of polymer
nanoparticles. After the water and organic mixing
phases, the initiator system (redox), including ferrous
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sulfate and potassium persulfate (Merk Chemical Co.),
is injected (5:2 ratio) under temperature condition
15 C, by entering this material into the reactor. The
rst time period of polymerization is selected such
that the reactor remains under the mentioned conditions for 30 minutes and, after that, is immediately
moved to very low temperature conditions for 3 or
4 days without mechanical mixing. After this time,
nanoparticles of polyacrylamide with high molecular
weight (> 10; 000; 000 Dalton) are produced and it is
time to inject the second initiator and monomer of the
nanolayer with hydrophobicity properties. Therefore,
in the second step of the process, the redox initiator
under low temperature conditions ( 15 C) and styrene
monomer are injected for making the nanolayer. It
is interesting to point out that the initiator of the
second step and the organic monomer must be injected
simultaneously, and the initiator on the surface of the
polymer nanoparticle causes the making of a chain of
polystyrene; this chain is propagated continuously. As
one of the goals is to make the smallest organic polymer
layer on the particles, the transfer of the chain must
be done in speci c time and an extra propagation of
the polymer nanolayer chain is prevented. In this
way, by considering the short time for the second
polymerization process (about 30 minutes), a thin
layer of polystyrene is made on the nanoparticles of
the polyacrylamide and, after this time, the reaction
process is terminated. The polystyrene nanolayer is
solved in a hexane solvent, so this solvent must be
removed from the reactor at the end to prevent a
change in particle size distribution and to prevent
their tenacity. This separation is done by removing
the materials of the reactor and centrifuging at a
speed of 5500 rpm for 30 minutes. After that, the
material is divided into 3 phases. The bottom phase
consists of pure hexane solvent with a dark colour,
the middle phase from the mid solid particles is
with a white coating and the head phase consists of
white uids which are a mix of hexane and coating
particles. The middle phase which is rich in coated
nanoparticles is strewn into some water and remains
under high speed mixing for 3 minutes. After that,
the material is sprayed into a large amount of water
at high pressure. After centrifuging and separating
the synthesized particles, the goal is to produce the
particles in powder form. Water must be removed
from the suspension system and the particles become
useable as powder in the enhanced oil recovery. This
process is done by freeze drying (Millrock Technology
Inc.). Finally, the synthesized powders have a coreshell nanostructure whose nanocore of polyacrylamide
is 10 million Dalton (molecular weight), and whose size
is 80 nanometres. Its shell is a nanolayer of polystyrene
with 40,000 Dalton (molecular weight) whose size is 10
nanometres.

1175

3. Results and discussion
Figure 1 shows the Dynamic Light Sattering (DLS) results of polyacrylamide-polystyrene nanoparticles. The
average diameter of core-shell particles is in the range
of 80 and 140 nm.
Di erential Scanning Calorimetry (DSC) analysis
was carried out using samples of approximately 510 mg placed in closed aluminium crucibles. The
analyses were performed under a nitrogen ow of
15 mL.min 1 at a heating rate of 5 C.min 1 from 40
to 250 C temperature. Two scans were obtained for
each sample and the data analyses were made using the
curve resulting from the second scan. Glass transition
temperatures (Tg) of materials were obtained from the
rst derivative of DSC curves (Figure 2). According
to Figure 2, the polymeric nanostructure has two glass
transition temperatures in a range of 100-190 C, due
to the presence of a polystyrene shell (103 C) and a
polyacrylamide core (109:5 C) in accordance with the
sequential degradation process.
UV-Visible spectroscopy was carried out using
samples of approximately 3-9 mg placed in closed

Figure 1. Size distribution of core-shell nanoparticles,
obtained by DLS method.

Figure 2. Glass temperatures of core-shell nanoparticles,
obtained by DSC method.
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Figure 3. UV-Vis spectrum of

polyacrylamide-polystyrene system.

Figure 5. Viscosity of pure polyacrylamide in water
phase vs. time.

Figure 4. Scheme of dissolution test.
quartz packs. According to Figure 3, there is an absorbance peak for the core-shell sample at a wavelength
of 400 nm, which is similar to pure polystyrene, to
verify complete coating of the hydrophilic polymer by
hydrophobic polystyrene.
For investigating the behaviour of polyacrylamide
release from its nanolayer coating and the e ects
on the rheological properties of the water phase in
underground reservoirs with a wettability variable, a
test is planned as the coating particles remain on oil or
xylene for a speci c period of time. In this period, after
sampling, the viscosity of the water phase is measured
via a dilute viscometer (Figure 4).
Under these conditions, in contacting the synthesized particles by the organic phase under the
temperature close to the underground oil reservoirs (90100 C), the hydrophobic coating solves in the oil phase
gradually, and the polyacrylamide molecules through
the shell have an opportunity to di use into the pushing
phase (water). This case causes the controlled release
of polyacrylamide and the increase of water viscosity
to enhance sweep eciency. The molecular release of
polyacrylamide, because of its high molecular weight,
requires a long time, and one of the goals of this study
is that particles should move towards deep areas of oil
reservoirs and remain in special fractures. According
to the special components of oil, these materials cause

Figure 6. Viscosity of core-shell nanoparticles in water
phase vs. time.

Table 1. Comprative results of water, pure polymer, and
core-shell ooding processes.

EOR method

RF%

Water ooding
Polymer ooding
Core-shell ooding

44.17381
61.02884
59.40461

the in ation and dissolution of polystyrene in the oil
phase and this causes the release of the inside materials
of the shell. As identi ed in this test, for the time
of release, and for the polyacrylamide nanoparticles
which are coated in the water phase, the dissolution of
pure polyacrylamide with 6 million Dolton (molecular
weight) under the temperature 90-100 C takes 6 days
(Figure 5), but the total release of the nanoparticles of
polyacrylamide from the nanolayer of the polystyrene
takes 21 days to dissolve in the water phase under
similar conditions (Figure 6).
The three methods of ooding, provided in the experimental glass micromodel, are compared in Table 1
to show the e ects of the used agent in the enhanced
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Figure 7. Oil recovery factor vs. pore volume injected in
experimental micromodel during core-shell ooding.

oil recovery process. According to the mechanism for
testing the percentage of oil recovery by the intelligent
ooding process, it is found that, for core-shell polymer
ooding, just in the volume of progress deployed by the
polymer, active polymer is used, and the percentage of
oil recovery is relatively similar to the ooding process
of pure polymer (Figure 7). On the other hand, in
the ooding process with a new synthesized core-shell
nanostructure, just 30% of the active polymer is used
compared to that of classic polymer ooding.

4. Conclusions
In this research, through simultaneous inverse emulsion
processes of polyacrylamide dilute solution and styrene,
nanoparticles of polyacrylamide-polystyrene as coreshell multicomponent nanostructures were successfully
synthesized. The results reveal that polyacrylamide
and polystyrene size ranges are 80-140 nm and 1020 nm, respectively. They have the potential to block
fractures in oil reservoirs to enhanced immobile oil
recovery. Dissolution and micromodel polymer ooding
experiments reveal that the time and sweep eciency of
polyacrylamide increase and energy consumption during the ooding process diminishes dramatically using
the novel core-shell nanoparticles. Micromodel ooding
experiments show that using a core-shell structure can
reduce usage of polymer by one-third of the initial
value for obtaining the same recovery factor in classical
polymer ooding.
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