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Abstract

A dispersed particle gel (DPG) was successfully prepared from a polymer gel at room temperature. The polymer gel
system, morphology, viscosity changes, size distribution, and zeta potential of DPG particles were investigated. The
results showed that zirconium gel systems with different strengths can be cross-linked within 2.5 h at low
temperature. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM) results showed that the particles were polygonal particles with nano-size distribution. According to
the viscosity changes, the whole preparation process can be divided into two major stages: the bulk gel cross-linking
reaction period and the DPG particle preparation period. A polymer gel with a 3-dimensional network was formed in
the bulk gel cross-linking reaction period whereas shearing force and frictional force were the main driving forces for
the preparation of DPG particles, and thus affected the morphology of DPG particles. High shearing force and
frictional force reduced the particle size distribution, and then decreased the zeta potential (absolute value). The
whole preparation process could be completed within 3 h at room temperature. It could be an efficient and energy-
saving technology for preparation of DPG particles.
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Introduction

Long-term water flooding during the development of oilfields
has resulted in aggravated heterogeneity of reservoirs. The
injected water breaks through into producing wells along high
permeability channels or fractures and significantly decreases
oil production. High water production has also generated
several issues, including lift expense, reinjection of produced
water, increased corrosion and scale, and increased
environmental pollution, which eventually results in well shut-in
[1,2]. So reducing water production of oil wells becomes an
important emergency objective for mature oilfields [3-5].

Profile control and water shut off treatments are widely
practiced to reduce water production and improve oil
production [6,7]. Several techniques, including mechanical and
chemical methods, are available for profile control and water
shut off treatments. In general, mechanical methods, involving

drilling multilateral wells and placing a bulkhead, are expensive
and not affordable. Various chemicals methods, including
injection of polymers, gel systems, foams, and particle
systems, have been widely used for water shut off treatments
in worldwide field trials [8-11]. However, a large amount of
polymers are used in polymer flooding, which greatly increases
recovery costs. In addition, polymer flooding is not suitable for
serious heterogeneous reservoirs because of its weak profile
control and water shut off capability. However, gel systems
have inherent drawbacks, such as uncontrolled gelation time,
uncertainness of gelling due to shear degradation, changes in
gelant compositions, and dilution caused by contact with
reservoir minerals and fluids. Moreover, foam injection
technique has a short validity because of unsustained nitrogen
or air sources.

To overcome these problems, particle systems were
synthesized in surface facilities. Among them, the most
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commonly used particle systems for water production control
are preformed particle gels (PPG) [12-15], microgels [16-19],
and dispersed particle gels (DPG) [20]. In general, PPG
particles are prepared by emulsion polymerization with
monomers and cross-linkers. Although PPG has overcome
problems such as lack of control of gelation time and
uncertainties due to the effect of adsorption and shear
degradation, the size of PPG particles are usually in millimeters
which cannot effectively be injected into conventional porous
media. Also, the millimeter size of PPG particles limits their
broad application in low permeability reservoirs. The microgels
are usually prepared by shearing cross-linking with a coaxial
cylinder viscometer or peristaltic pump. The shearing forces,
generated from the coaxial cylinder viscometer or peristaltic
pump, are conducted to the gelling solution, which makes it
change into a discontinuous gel system and form microgels.
However, due to the smaller displacement and lower
production efficiency, it cannot meet the requirement of large-
scale production, which limits the development of technology
application in the oilfield. For easy preparation, easy injection
and industry demands, DPG particles are proposed and
prepared by the colloid mill with high speed shearing using
cross-linked gel systems. However, cross-linked gel systems
that have been used are only initiated between 60 °C and 85
°C, and the gelation time can vary from 3 days to a week [21].
As a result, the preparation period increases and causes
additional energy consumption. So a gel system that can be
cross-linked at low temperature is the most critical element in
the preparation of DPG particles. Considering the simple
preparation process and energy-saving, the gel systems used
should have strong strength and be cross-linked within several
hours at low temperatures. Gel systems based on multivalent
cations, such as Al (III), Cr (III) or Zr (IV), can be cross-linked
within several hours at low temperatures [9]. The gel strength
of Al (III) gels is quite weak which is not suitable for DPG
preparation. Moreover, gel systems based on Cr (III) cross-
linkers cannot meet the current environmental regulations,
because they are reported to be carcinogenic and
environmentally unacceptable [22,23]. In the recent years,
more interest has been concentrated on the zirconium gel
system [24,25]. Zirconium is reported to have low toxicity and
Zr (IV) can strongly interact with carboxylate groups to form
complexes which are more stable than those formed by Al (III)
or Cr (III) [26]. Thus, zirconium cross-linked polymer gels were
used for the preparation of DPG particles in this study.

The aim of the present study was to investigate formation
mechanisms of DPG particles with high speed shearing using
cross-linked gel systems at room temperature. We primarily
studied the gelation time, gel strength and microstructure of
zirconium gel systems. The morphology, viscosity changes in
the preparation process, size distribution and zeta potential
distribution were investigated and a detailed preparation
mechanism was discussed. The results of this study may serve
as a reference for understanding the formation mechanisms of
DPG particles. Through laboratory experiments, we expect the
work can be further promoted and become applicable for water
production control in mature oilfields.

Materials and Methods

Materials
Nonionic polyacrylamide (PAM) with the degree of hydrolysis

3.31 % and average molecular weight of 9,650,000 g/mol was
provided by Yuguang Co. Ltd. China. Zirconium acetate as
cross-linker was purchased from Zibo Co. Ltd. China. The
salinity of brine was 400 mg/l, and was used in all experiments.

Preparation of gels
A gelant solution was prepared by mixing the polymer

solution and cross-linker at room temperature. The polymer
solution was first diluted to the required concentration using
brine. Then, the cross-linker was slowly dropped into the
polymer solution and stirred to produce a uniform gelant
solution. In this study, the cross-linking reaction was initiated at
30 °C. The gelation time and gel strength were determined by
the pick hanging method and the breakthrough vacuum
method, respectively [24].

Preparation of DPG
The DPG was prepared by the high speed shearing method.

200 g of brine water and 200 g of bulk gel were simultaneously
added to a colloid mill (JM-85 type, Shandong Longxing
Instruments Ltd., China). Then, the colloid mill’s rotation speed
was adjusted to 3000 rpm for 3-15 min at room temperature.
Finally, the obtained solution was the DPG products.

Characterization methods
Environmental scanning electron microscopy (ESEM)

measurements.  In this study, ESEM (Quanta 200 FEG, FEI
Company Hillsboro, OR) was employed to observe the gelation
microstructure. When the gel was formed in the ampoule, a
drop of gel was directly placed on a covered ESEM grid.
Pressure and temperature were initially set at 313 Pa to 455 Pa
and 0 °C, respectively. Determinations were conducted at an
accelerating voltage of 15 kV and a working distance range of
5 mm to 10 mm.

Scanning electron microscopy (SEM)
measurements.  SEM was used for the observation of DPG
particles. A drop of the solution was placed onto a SEM grid
(copper grid, 3.02 mm, 200 mesh). Then the sample was
quickly transferred to a vacuum cup of liquid nitrogen and
frozen at −80 °C for 2 hours. Subsequently, the sample was
put into a lyophilizer for 24 hours with vacuum pressure ranging
from 7 Pa to 8 Pa. After freeze-drying, DPG particles were
investigated using a SEM (Hitachi S-4800) with an accelerating
voltage of 3.0 KV.

Transmission electron microscopy (TEM)
measurements.  A JEOL 100CX-II TEM, operating at 100 kV,
was used to investigate the samples. The samples for TEM
analysis were prepared through freeze-drying as described
above.

Atomic force microscopy (AFM) measurements.  The
microscopy of DPG particles was analyzed with a Nanoscope
IVa MultiMode AFM (Digital Instruments, Santa Barbara, CA) in
tapping mode and operated at a scanning speed of 1 Hz.
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Samples were prepared for AFM measurements by dropping a
small amount of DPG solution onto a freshly cleaved mica
surface for several minutes, and then gently dried with
ultrapure nitrogen gas. Topographic and phase images were
concurrently recorded under ambient conditions, at 512×512
pixel resolution, and integral and proportional gains 0.1-0.2 and
0.2-0.3, respectively.

Dynamic light scattering (DLS) measurements.  The
particle size distribution experiments were performed using a
DLS measurement (Nano ZS90, Malvern Instruments Ltd.,
Worcestershire, UK). The maximum size range of this
instrument is specified from 0.3 nm to 10 μm. The
concentration of DPG samples were diluted with distilled water
to 0.04% prior to the determination of the size distribution.
Measurement adjustments were set as follows: 2
measurements with 3 runs each (10 sec), 25 °C, measurement
angle 173° backscatter.

Results

Preparation of gels
Gelation performance.  The DPG particles were prepared

using cross-linked gel systems through a simple high speed
shearing method at room temperature. A gel system that can
be cross-linked at low temperature is the most critical element
in the preparation process. Considering the simple preparation
process and energy-saving, the gel systems used should be
cross-linked within several hours at low temperatures. In this
study, the gel systems based on nonionic polyacrylamide and
zirconium acetate cross-linker were investigated at 30 °C. The
concentration of the polymer was varied from 0.4 % to 0.8 %
while the cross-linker was varied from 1.0 % to 2.0 %. Figure 1
and Figure 2 show the contour map of gelation time and gel
strength, respectively.

From Figure 1 and Figure 2, it can be seen that the polymer
and the zirconium acetate can be rapidly cross-linked at 30 °C.
The gelation time can be controlled from 8 min to 136 min by
varying the polymer or cross-linker concentration whereas the
gel strength can be adjusted to range from 0.04 MPa to 0.071
MPa. Higher concentrations of polymer or cross-linker
produced from greater cross-linking densities in the gel
networks increased the number of cross-linking sites (e.g.,
hydrophilic carboxylate groups, Zr(IV) complexes) [27,28].
Thus, the gel formation rate increased, leading to a decrease in
the gelation time and an increase in gel strength. Based on
gelation time and gel strength, an appropriate formula for
preparation of DPG particles can be selected from the contour
maps (Figure 1 and Figure 2).

Microstructure of gels.  To better investigate the
morphology of prepared DPG particles, ESEM was conducted
to investigate the microstructure of bulk gel systems before
shearing treatment [29]. Figure 3 shows the macrostructure
and microstructure of zirconium gels.

Figure 3 (a) shows a colorless transparent gel obtained
by reacting nonionic polyacrylamide with zirconium acetate
cross-linkers. It is observed that the gels are easily deformable
but not flowing (Figure 3 (a)). It can be considered a strong gel
according to the pick hanging method [24].

Figure 3 (b)-(d) show typical ESEM images with different
magnifications. Figure 3 (b) shows a 3-dimensional network
structure of zirconium gel throughout the ESEM imaging
procedure. The high magnification ESEM image showed that
their surface possesses uniformly distributed structures with
pore sizes ranging from several micrometers to approximately

Figure 1.  Contour map of gelation time.  
doi: 10.1371/journal.pone.0082651.g001

Figure 2.  Contour map of gel strength.  
doi: 10.1371/journal.pone.0082651.g002
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10 μm (Figure 3 (c)). In the structure, the carboxylate group (–
COO-) of the polymer is converted to a Zr (IV) complexation by
a cross-linking reaction, incorporating hydrophilic groups into
the chain bunch, which forms a 3-dimensional network.
Furthermore, an obvious “skeletal structure” is formed (Figure 3
(d)), which plays a crucial role in enhancing the strength and
stability of the gel system. In addition, this structure with
numerous small pores may result in lower syneresis and great
water holding capacity, thus promoting the stability of gel
systems [30]. This structure is helpful to form stable DPG
particles during the preparation process.

Preparation of DPG particles
To better understand the preparation technology of DPG

particles, morphology, viscosity changes, particle size
distribution and zeta potential were determined.

Morphology of DPG particles.  The DPG particles were
prepared by the high speed shearing method using zirconium
cross-linked gel systems with the aid of a colloid mill at room
temperature. The bulk gels (formula: 0.6% PAM + 1.6% cross-
linker) were milled at 3000 rpm for 15 min. The obtained
solution from the colloid mill was DPG products.

Figure 4 shows representative micrographs of DPG particles.
In Figure 4 A) and a), morphology of DPG particles are clearly
present. It can be seen that these particles are relatively
uniform, characteristic of polygonal morphology. The largest
size and average size of DPG particles were about 170 nm and
110 nm, respectively. In addition, the micrographs show DPG
particles dispersed without aggregation. Figure 4 B) and b)
show TEM images of DPG particles. It is evident that DPG

particles still exist, but their morphology in TEM appears to be
more regular, giving them a more oval appearance. This
difference from SEM and TEM results probably arises from
either small differences in the individual specimen preparations
or different instrumental resolution. Further studies on particles
morphology were also performed by using AFM
measurements. From the images shown in Figure 4 C) and c),
the largest particles were about 150-200 nm and several
smaller DPG particles of 70 nm were also clearly visible. The
results are almost consistent with the SEM and TEM analysis.
These three analytical techniques confirmed the presence of
DPG particles in the preparation process. The polygonal
particle shape of DPG particles can be related to preparation
techniques. In this research, the DPG particles were prepared
using cross-linked gel systems through colloid mills at room
temperature. Colloid mills are rotor-stator systems that can be
used to reduce particle size distribution of liquid dispersions or
solid dispersions. When bulk gel is pumped through a narrow
gap that is formed by the rotating inner cone and the stationary
outer cone, the shearing forces, generated from the relative
movement between the stator and rotor, are conducted to the
bulk gel, which makes the bulk gel change into small particles.
In addition, the surfaces of rotor-stator systems are not smooth,
but roughened and toothed, which increases wall friction and
reduces slip, and then forms polygonal particles.

Viscosity changes in preparation process.  The changes
of viscosity are a characteristic feature in the DPG particles
preparation process. Thus, it is important to investigate
viscosity changes that can help to gain a better understanding
of the preparation mechanism. Rheological measurements

Figure 3.  ESEM images of zirconium cross-linked polymer gels.  (a) The bulk gel cross-linked by 0.6 % PAM and 1.6 %
zirconium acetate; (b)-(d) Microstructure of the bulk gel at 2,000×, 4,000× and 8,000× magnification, respectively.
doi: 10.1371/journal.pone.0082651.g003
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were carried out to investigate the viscosity changes at low
shear rate (1s-1, under this shear rate, the gel can be formed
without adverse effects). Figure 5 shows viscosity changes in
the entire preparation process at 30 °C.

As shown in Figure 5, the viscosity slowly rises at the
beginning. Then, the viscosity increases more rapidly and
finally becomes stable, indicating the gelation. The whole
process lasts for about 120 minutes and the viscosity
eventually reaches 7040 mPa·s. However, when adding the
bulk gel to a colloid mill rotating at 3000 rpm and milling for 15
min, the viscosity sharply decreases and eventually reaches
5.2 mPa·s. The obtained solution from the colloid mill was the
final DPG products. As can be seen from the changes in
viscosity, the whole preparation process can be divided into
two successive steps: the bulk gel cross-linking reaction period
and the DPG particle preparation period.

Figure 4.  AFM, SEM and TEM images of DPG particles
with Nano-size.  (A): SEM images of DPG particles at 40,000×
magnification; (a): SEM images of DPG particles at 100,000×
magnification (B): TEM images of DPG particles at 4,000×
magnification; (b): TEM images of DPG particles at 8,000×
magnification; (C): AFM topographical images of DPG
particles; (c): AFM phase images of DPG particles.
doi: 10.1371/journal.pone.0082651.g004

Step I: The bulk gel cross-linking reaction period. The
viscosity changes in this step have been elaborated in our
previous research [24]. According to viscosity changes in the
cross-linking reaction process, it can be divided into three
successive steps: the induction period, the rapid cross-linking
period, and the stabilization period. Then a 3-dimensional gel
network structure is formed, resulting in no further viscosity
increase [31].

Step II: The DPG particle preparation period. Figure 6 further
shows viscosity changes in this period. A significant decrease
in the gel viscosity appears. This preparation process can be
divided into three successive steps: the broken rounded period
(Figure 6 a), the further milling period (Figure 6 b), and the
particle homogeneous period (Figure 6 c).

Period (a): Broken rounded period. It is interesting to note
that the viscosity sharply decreases in the broken rounded
period. The viscosity decreased from 7040 maP·s to 10 maP·s
when adding the bulk gel into a colloid mill rotating at 3000 rpm
and milling for only 1 min. At the beginning of milling, the bulk
gel systems retained their gelled state and mechanical
consistency, so the systems maintain the highest viscosity
values. However, when the bulk gels pass through the colloid
mill, high shearing stress is conducted to the bulk gel system
and gels are broken into coarse particles, then causes a sharp
reduction in viscosity (Figure 6 a).

Period (b): Further milling period. As the milling continues,
the coarse particles are further reduced and the size
distribution of the produced particles widely varies from
relatively coarse to fine because of the wall friction. As a result,
the weak interaction between the particles can be easily
destroyed by high shearing force, which induces a further
viscosity reduction.

Period (c): Particle homogeneous period. The viscosity can
no longer decrease when the shearing time is increased. That
is because the particles become uniform and smaller because
of long-term shearing, so they can be easily pass through the
narrow gap that is formed by the rotating inner cone and the
stationary outer cone. As a consequence, the shearing force
almost has no effect on the particles size reduction until it
forms a stable system, resulting in no further viscosity
decrease.

Size distribution.  The size distribution of DPG particles
was determined by DLS measurements. Figure 7 shows the
mass particle size distribution of DPG particles which were
milled at 3000 rpm for 6 min and 15 min, respectively. As
shown in Figure 7 a), the intensity distribution of the
hydrodynamic size of DPG particles has two peaks. The first
peak (about 60.9 % of the particle intensity) has an average
size of about 1359 nm with a peak width of 98.57 nm, whereas
the second peak (about 39.1 % of the particle intensity) has an
average size of about 109.3 nm with a peak width of 6.837 nm.
Thus, the average DPG particle size is around 804 nm with a
polydispersity index (PDI) of 0.7 and a standard deviation of
18.9563. The results suggest that DPG particles are relatively
non-uniform when only milling for 6 min. However, there is only
one peak in the particle size distribution curve after another 9
min of milling under the conditions stated above (Figure 7 b). It
suggests that the prepared particles tend to be uniform. Most
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particles range from 80 to 200 nm, and the average size
distribution of particles decreases from 804 nm to 109 nm as
the shearing time increases from 6 min to 15 min. In addition,
the polydispersity index (PDI) and standard deviation are also
decreased to 0.247 and 1.885, respectively. This gives
evidence that the size distribution of particles has become
significantly uniform with increasing shearing time. However,
when sheared for a short time (6 min), the bulk gel is also
divided into particles under the shearing force. Both the coarse

particles and fine particles are simultaneously formed at this
moment, but the coarse particles account for the majority in the
solution, so the particle size distribution curve has two peaks.
As the shearing proceeds, the shearing forces continue to be
conducted on the coarse particles, thus making the particles
fine and uniform, resulting in a narrow particle size distribution
(Figure 7 b). In addition, the observed hydrodynamic diameters
(Figure 7 b) are almost consistent with those observed in the
corresponding SEM, TEM and AFM images.

Figure 5.  Viscosity changes in the whole preparation process.  I: Viscosity changes during the bulk gel cross-linking reaction
(formula: 0.4 % PAM + 1.6% cross-linker, the cross-linking time lasts from 0 min to 120 min) ; II: Viscosity changes during the DPG
particle preparation process (the shearing time lasts from 120 min to 135 min).
doi: 10.1371/journal.pone.0082651.g005

Figure 6.  Viscosity changes during the DPG particle preparation process.  a) Broken rounded period; b) Further milling period;
c) Particle homogeneous period.
doi: 10.1371/journal.pone.0082651.g006
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Zeta potential.  The zeta potential serves as an important
parameter in characterizing the electrostatic interaction and
properties between particles in dispersed systems [32-34]. The
zeta potential has an important impact on the stability of
particles solution. In the present research, the zeta potential
was determined using a zetasizer instrument (Nano ZS90,
Malvern Instruments Ltd., Worcestershire, UK) at 30 °C under
a pH of 5.6. Figure 8 shows the zeta potential of DPG particles
with two different particle sizes (804 nm, 109 nm).

From Figure 8, the absolute zeta potential tended to increase
whereas particle size appeared to exhibit a decreasing trend.
But the DPG particles with two different particle sizes have a
similar surface charge. Under weak acid conditions, the two
DPG particles of 109 nm and 804 nm are negatively charged
with an average of -24.8 mV and -17.8 mV, respectively. It
appears to suggest that DPG particles are not of exceptional
quality with respect to their existence in the form prepared. In
general, a stable colloidal system is recognized as having an
absolute value of zeta potential over 30 mV, as the surface
charge prevents aggregation of particles [35]. But for our DPG
particle systems, the DPG particles have a relatively small
negative charge, which is more useful for injection into the
formation. When DPG particles were dispersed in water, the
electrostatic repulsion between them caused the particles to
repel each other and prevented aggregation, resulting in
slightly stable colloidal systems. However, the metals ions (Na
+, Ca2+, et.al) from the formation water will neutralize the
negative charges of the DPG particle surface when injecting
the particles into the formation. Thus, a decrease in the charge
will result in a reduction in the electrostatic repulsions. As a
consequence, a large amount of DPG particles bind into tiny
microaggregates. Microaggregates, in turn, combine to form
larger aggregates in the formation. Then the larger aggregates
bridge across the pore throats and reduce permeability of
reservoir cores.

Figure 7.  Particle size distribution of DPG particles
determined by dynamic light scattering.  a) the bulk gels
(formula: 0.6 % PAM + 1.6% cross-linker) were milled at 3000
rpm for 6 min; b) the bulk gels were milled at 3000 rpm for 15
min.
doi: 10.1371/journal.pone.0082651.g007

Formation mechanism
Based on the above research, a possible preparation and

formation mechanism of DPG particles has been proposed and
is shown in Figure 9. The whole preparation process can be
divided into two major stages: the bulk gel cross-linking
reaction period and the DPG particle preparation period. At the
beginning of bulk gel cross-linking reaction period, the
carboxylate group (–COO-) of the polymer is converted to a Zr
(IV) complexation by a cross-linking reaction, forming a bulk gel
with a 3-dimensional network (Figure 9 (b)). The entire process
from the cross-linking reaction to the bulk gel formation can be
completed within 2.5 hours at 30 °C, which can help ensure the
efficiency of the preparation process. When adding the bulk gel
into a colloid mill, the subsequent "DPG particle preparation
period" was conducted. The high shearing forces are
conducted to the bulk gel, which makes it change into a
discontinuous gel system (Figure 9 (c)). This process can be
rapidly completed within about 1 min, and the bulk gel is only
partial dispersed. Subsequently, the discontinuous gel system
continues to pump through a narrow gap that is formed by the
rotating inner cone and the stationary outer cone. The shearing
force further crushes the discontinuous gel system forming a
large number of coarse particles in the systems (Figure 9 (d)).
This stage usually lasts for 5-7 min. As the milling continues,
the size distribution of coarse particles widely varies from
relatively coarse to fine. The large centrifugal force caused by
the relative movement between the stator and rotor, can make
coarse particles slide on the stator surface. In turn, this sliding
on the stator surface will produce a frictional force, which
produces fine and uniform particles. In addition, the surfaces of
rotor-stator systems are not smooth but roughened and
toothed, which further increase wall friction and reduces slip.
After another 3-7 min milling, the polygonal DPG particles are
formed and then uniformly dispersed in the solution (Figure 9
(e)). The above results show that the whole preparation
process can be completed within 3 h at room temperature. It
can be an efficient and energy-saving technology for
preparation of DPG particles.

Discussion

In the present report, the DPG particles were successfully
prepared using a polymer gel within 3 h at room temperature.
The results show that the polymer gel was a key factor for the
DPG particle preparation technology. Although previous
studies showed that phenolic resin cross-linked polymer gels
were successfully used in oilfields, the high cross-linking
temperature (60 °C-85 °C) and long gelation time limit the
application in DPG particle preparation technology [21]. Due to
the simple preparation process and energy-saving, low gelation
time, strong gel strength and low cross-linking temperature are
the necessary conditions to choose polymer gels. We have
shown that the zirconium acetate cross-linked polymer gels
with strong gel strength can be cross-linked within 2.5 h at 30
°C. ESEM studies further confirm the gel systems have a
compact structure which is helpful to form stable DPG particles.

Viscosity changes are the most important characteristic in
the preparation process. An increase in viscosity indicates that
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the bulk gel was formed, whereas the viscosity decreases
when the shearing force was conducted on the bulk gel
systems. From the analysis of the viscosity changes, the bulk
gel cross-linking reaction period and DPG particle preparation
period were the two major stages in the whole preparation
process. Chemical reaction makes the gelling solution form
bulk gel systems while the physical shearing is the driving force
for the formation of DPG particles. It is the DPG particle’s
formation mechanism. This technique overcomes some of the

limitations of conventional methods [12,16,19], such as
complicated operation, low production efficiency and high cost.
Using this technology, nano-sized DPG particles with negative
charge were prepared. The size distribution and negative
charge were conducive to inject and aggregate in the
formation. Additionally, the increasing shearing force reduces
the particle size distribution, and then decreases zeta potential.
So we can control the shearing force to prepare different DPG
particles.

Figure 8.  Zeta potential distribution of DPG particles with different sizes.  
doi: 10.1371/journal.pone.0082651.g008

Figure 9.  Proposed formation mechanism of the dispersed particle gel.  
doi: 10.1371/journal.pone.0082651.g009

Investigation on Dispersed Particle Gel

PLOS ONE | www.plosone.org 8 December 2013 | Volume 8 | Issue 12 | e82651



Author Contributions

Conceived and designed the experiments: CD GZ. Performed
the experiments: AC. Analyzed the data: QY. Contributed

reagents/materials/analysis tools: CD GZ. Wrote the
manuscript: MZ.

References

1. Zhao FL (2001) Oilfield Chemistry. China Petroleum University Press.
pp. 308-323.

2. Mohammd S, Mohsen VS, Ahmad DK, Reza H (2007) Polyacrylamide
gel polymer as water shut-off system: Preparation and investigation of
physical and chemical properties in one of the iranian oil reservoirs
conditions. Iran J Chem Eng 26: 99-108.

3. Zhao FL, Zhang GC, Zhou HT, Li YK, Zhao PC (1999) Potentiality,
limitation and developing tendency of profile control and water shutoff.
J China Univ Petrol 23: 49-55.

4. Dai CL, Zhao G, You Q, Zhao MW (2013) The investigation of a new
moderate water shutoff agent cationic polymer and anionic polymer. J
Appl Polym Sci10.1002 / app.39462

5. Al-Muntasheri GA, Nasr-El-Din HA, Hussein IA (2007) A rheological
investigation of a high temperature organic gel used for water shut-off
treatments. J Petrol Sci Eng 59: 73-83. doi:10.1016/j.petrol.
2007.02.010.

6. Chung T, Bae W, Nguyen NTB, Dang CTQ, Lee W et al. (2011) A
review of polymer conformance treatment: a successful guideline for
water control in mature fields. Energ Source Part A 34: 122-133. doi:
10.1080/15567030903567683.

7. Zhao FL, Dai CL, Wang YF, Chen K (2006) Comprehension of water
shutoff in oil wells and its technical keys. Acta Petol Sci 27: 71-78.

8. Perez D, Fragachan FE, Ramirez A, Ferraud JP (2001) Applications of
polymer gel for establishing zonal isolations and water shutoff in
carbonate formations. Spe Drill Completion 16: 182-189.

9. Araghi MA (2000) A review of thermally stable gels for fluid diversion
in petroleum production. J Petrol Sci Eng 26: 1-10. doi:10.1016/
S0920-4105(00)00015-2.

10. Beverte L (2013) Determination of Highly Porous Plastic Foam
Structural Characteristics by Processing Light Microscopy Images. J
Appl Polym Sci. doi:10.1002/app.39477.

11. Wassmuth FR (2007) Polymer Flood Application to Improve Heavy Oil
Recovery at East Bodo. J Can Petrol Technol 48: 55-61.

12. Bai BJ, Li LX, Liu YZ, Wang ZG, Liu H (, 17-21 April2004) SPE89389
presented at the 2004 SPE/DOE Fourteeth. Symposium Improved Oil
Recovery Held in Tulsa, OKLAHOMA, USA, 17-21 April.

13. Bai BJ, Li LX, Liu YZ (2007) Conformance Control by Preformed
Particle Gel:Factors Affecting its Properties and Applications. Spe Res
Eva and Eng 10: 415-422.

14. Goudarzi A, Zhang H, Varavei A, Hu YP, Delshad M et al. (2013)
SPE165356 presented at the SPE Regional & AAPG Pacific Section
Meeting held in Monterey, California, USA,19-25 April.

15. Zhou W, Wang Z, Delshad M, Avaravei A, Wang X et al. (2013)
IPTC16693 presented at the International Petroleum Technology
Conference held in Beijing, China, 26-28 March: 2013.

16. Chauveteau G, Omari A, Tabary R, Renard M, Veerapen J et al. (2001)
SPE64988 presented at the 2001 SPE International Symposium on
Oilfield Chemistry Conference held in Houston, Texas, 13-16 February.

17. You Q, Dai CL, Tang YC, Guang P, Zhao G et al. (2013) Study on
Performance Evaluation of Dispersed Particle Gel for Improved Oil
Recovery. J Energy Resour Technol 135: 1-7.

18. Chauveteau G, Tabary R, Renard M (1999) SPE50752 presented at
International Symposium on Oilfield Chemistry Conference held in
Houston, Texas, 16-19 February.

19. You Q, Dai CL, Patrick S, Zhao FL (2011) SPE 143514 presented at
Enhanced Oil Recovery Conference held in Kuala Lumpur, Malaysia,
19-21 July.

20. Dai CL, Zhao G, Zhao M, You Q (2012) Preparation of Dispersed
Particle Gel (DPG) through a Simple High Speed Shearing Method.
Molecules 17: 14484-14489. doi:10.3390/molecules171214484.
PubMed: 23222866.

21. Zhang B, Dai CL, Zhao J, Jiang HQ, Wang JG et al. (2010) Study on
properties of phenolic resin gel applied in offshore oilfield. Petrol Geol
Rev Eff 17: 42-45.

22. Lockhart TP, Albonico P, Burrafato G (1991) Slow-gelling Cr+3/
polyacrylamide solutions for reservoir profile modification: Dependence
of the gelation time on pH. J Appl Polym Sci 43: 1527-1532. doi:
10.1002/app.1991.070430815.

23. Albonico P, Burrafato G, Lockhart TP (1992) Polyacrylamide gels
formed with Cr+3 ion and Cr(acetate)3: Thermodynamically and
kinetically controlled crosslinking reactions. J Polym Sci Polym Chem
30: 1071-1075. doi:10.1002/pola.1992.080300612.

24. Zhao G, Dai CL, You Q, Zhao MW, Zhao JH (2013) Study on formation
of gels formed by polymer and zirconium acetate. J Sol-Gel Technol
65: 392-398. doi:10.1007/s10971-012-2951-z.

25. Moffitt PD, Moradi-Araghi A, Ahmed I, Janway R, Young GR (1996)
SPE 35173 presented at Permian Basin Oil and Gas Recovery
Conference held in Midland, Texas, 27-29 March 1996.

26. Shu P, Wszolek M (1987) Zirconium crosslinked gel compositions,
methods of preparation and application in enhanced oil recovery. US
Patent 4,676,930 A

27. Vossoughi S (2000) Profile modification using in situ gelation
technology-a review. J Pet Sci Eng 26: 199-209. doi:10.1016/
S0920-4105(00)00034-6.

28. Jia L, Easteal AJ, Bolt CJ (2011) Rheological behaviour of core-shell
emulsion / amine crosslinking process. Adv Mater Res 152: 1471-1474.

29. Stokes DJ (2003) Recent advances in electron imaging, image
interpretation and applications: environmental scanning electron
microscopy. Philos Trans A Math Phys Eng Sci 361: 2771-2787. doi:
10.1098/rsta.2003.1279. PubMed: 14667297.

30. Matsuo M, Tanaka T, Ma L (2005) Gelation mechanism of agarose and
k-carrageenan solutions estimated in terms of concentration fluctuation.
Polymer 43: 5299-5309.

31. Fu CJ, Zhao YS, Li JA (2011) The relationship between structural gel
and mechanicalgel for ABA triblock copolymer in solutions: A molecular
dynamics simulation. J Phys Chem B 115: 11345-11351. doi:10.1021/
jp207957a. PubMed: 21875134.

32. Ni H, Amme RC (2003) Ion redistribution in a electric double layer. J
Colloid Interface Sci 260: 344-348. doi:10.1016/
S0021-9797(02)00229-1. PubMed: 12686185.

33. Sze A, Erickson D, Ren L, Li D (2003) Zeta-potential measurements
using Smoluchowski equation and slope of the current-time relationship
in electrosmotic flow. J Colloid Interface Sci 261: 402-410. doi:10.1016/
S0021-9797(03)00142-5. PubMed: 16256549.

34. Fernandes HP, Cesar CL, Barjas-Castro ML (2011) Electrical
properties of the red blood cell membrane and immunohematological
investigation. Rev Bras Hematol Hemoter 33: 297-301. doi:
10.5581/1516-8484.20110080. PubMed: 23049321.

35. Mohanraj VJ, Chen Y (2006) Nanoparticles – a review. Trop J Pharm
Res 5: 561-573.

Investigation on Dispersed Particle Gel

PLOS ONE | www.plosone.org 9 December 2013 | Volume 8 | Issue 12 | e82651

http://dx.doi.org/10.1016/j.petrol.2007.02.010
http://dx.doi.org/10.1016/j.petrol.2007.02.010
http://dx.doi.org/10.1080/15567030903567683
http://dx.doi.org/10.1016/S0920-4105(00)00015-2
http://dx.doi.org/10.1016/S0920-4105(00)00015-2
http://dx.doi.org/10.1002/app.39477
http://dx.doi.org/10.3390/molecules171214484
http://www.ncbi.nlm.nih.gov/pubmed/23222866
http://dx.doi.org/10.1002/app.1991.070430815
http://dx.doi.org/10.1002/pola.1992.080300612
http://dx.doi.org/10.1007/s10971-012-2951-z
http://dx.doi.org/10.1016/S0920-4105(00)00034-6
http://dx.doi.org/10.1016/S0920-4105(00)00034-6
http://dx.doi.org/10.1098/rsta.2003.1279
http://www.ncbi.nlm.nih.gov/pubmed/14667297
http://dx.doi.org/10.1021/jp207957a
http://dx.doi.org/10.1021/jp207957a
http://www.ncbi.nlm.nih.gov/pubmed/21875134
http://dx.doi.org/10.1016/S0021-9797(02)00229-1
http://dx.doi.org/10.1016/S0021-9797(02)00229-1
http://www.ncbi.nlm.nih.gov/pubmed/12686185
http://dx.doi.org/10.1016/S0021-9797(03)00142-5
http://dx.doi.org/10.1016/S0021-9797(03)00142-5
http://www.ncbi.nlm.nih.gov/pubmed/16256549
http://dx.doi.org/10.5581/1516-8484.20110080
http://www.ncbi.nlm.nih.gov/pubmed/23049321

	Investigation of Preparation and Mechanisms of a Dispersed Particle Gel Formed from a Polymer Gel at Room Temperature
	Introduction
	Materials and Methods
	Materials
	Preparation of gels
	Preparation of DPG
	Characterization methods

	Results
	Preparation of gels
	Preparation of DPG particles
	Formation mechanism

	Discussion
	Author Contributions
	References


