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ABSTRACT: In this article, we developed a new composite gel for
plugging dominant fluid flow channels in offshore oilfields. The
composite gel was synthesized by organic and inorganic gel networks
interpenetrating into a compact three-dimensional spatial network
structure, resulting in a good plugging effect. The performance of the
composite gel was evaluated from the aspects of gelling characteristics
and gel microstructure, while the plugging effect was evaluated
through core experiments. The results showed that the influencing
order of each component on gelling was acrylamide > cross-linking
agent > urea > initiator > polyaluminum chloride. The initial viscosity
of the composite gel was about 5−6 mPa·s, and it had good plugging
abilities in different permeability cores. In comparison with inorganic
gels (plugging ratio of 77.2%) or organic gels (84.8%), the composite
gel system has a plugging ratio of up to 99.5% using a core with water permeability of 4300 mD. Besides, the reservoir applicability of
the composite gel was studied, and the results suggested that the composite gel system had good resistance to dilution, mechanical
shear, oil corrosion, and aging and could be quickly removed after plugging.

1. INTRODUCTION

Bohai oilfield is the largest offshore oilfield in China, and it has
been developed by chemical flooding for tens of years.1−3 In
recent years, it has been found that oil production in the
medium- and low-permeability reservoir layers is unsatisfactory
due to the existence of large fluid flow channels after the long-
term scouring process of the oil displacement agent.4−6 To
enhance the oil recovery in Bohai oilfield, it is important to find
effective plugging agents to plug the dominant fluid flow
channels to improve the swept volume of the oil displacement
agent.7−11 The commonly used plugging agents for offshore
reservoirs can be classified into organic gels or inorganic gels.
The organic plugging agents include chromium(III) polymer
gel,12,13 phenolic gel,14 starch-acrylamide gel,15,16 thermores-
ponsive polymer gel,17 amphiphilic copolymers,18 and so on.
Inorganic gels primarily refer to the gels formed by the reaction
between cations and various inorganic salts.19−21 In general,
organic gels can form a three-dimensional network structure by
the gelling reaction in the porous medium, thus plugging the
dominant fluid flow channels and improving the reservoir
heterogeneity,22−25 while the inorganic gel normally has
stronger rigidity and retention in the reservoir, thus effectively
reducing the reservoir permeability after its utilization.
As for organic gels, their good deformation ability can

contribute to maintaining a complete structure, but this

deformation cannot resist the scouring of the oil displacement
agent injected after the plugging. Besides, organic gel agents
commonly have problems of quick gelling and higher initial
viscosity decided by polymer concentration, which definitely
influences the injectivity. Inorganic gels often use the injected
water or the low-viscosity polymer solution as the carrier fluid.
Although they have the ability to selectively enter large pores
and have better stiffness to resist scouring, it is difficult to achieve
high plugging strength and their gel structure quickly collapses
when the scouring pressure is high.26 A simple mixture of the
organic and inorganic gels can treat the dominant fluid flow
channels well, but the mixing operation requires complex
operation equipment to meet high-production requirements in
the oilfield, which is unfavorable for the offshore platform with
limited construction space.
It is thus necessary to develop a plugging agent that has

characteristics of low initial viscosity, good injectivity, control-
lable gelling time, and good plugging strength. Since the
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evolution degree of dominant fluid flow channels in offshore
oilfields is serious, it is difficult to achieve a stronger plugging
effect using single organic plugging agents; hence, improving the
performance of organic gel is an effective way to meet the
plugging need in offshore oilfields from the aspect of material
property.27−29 In this article, we synthesize a composite gel
system composed of both organic and inorganic gel plugging
agents, which has low initial viscosity and good gelling strength
for a small molecular initial reactant and composite structure
compared with the existing plugging agent used in Bohai oilfield.
The properties of this synthesized gel plugging agent, such as
gelling time, gel microstructure, plugging ratio, and reservoir
applicability, are evaluated using a viscometer, a Fourier
transform infrared (FTIR) spectrometer, scanning electron
microscopy (SEM), and a core plugging ratio test using an
artificial core.

2. EXPERIMENTAL SECTION
2.1. Experimental Materials. Polyaluminum chloride

(>90%), urea (>99%), ammonium persulfate (98%), acrylamide
(>99%), and N,N′-methylene bisacrylamide (98%) were used.
A simulated oil was used in the core plugging ratio test, which

was made up of the degassed crude oil from the Bohai LD10-1
oilfield and kerosene. The viscosity of this simulated oil was
measured to be 17 mPa·s at 65 °C. The injection water was
formation water from the LD10-1 oilfield, and its ion
composition is shown in Table 1.
Artificial homogeneous cores cemented by quartz sands (4.5

cm × 4.5 cm × 30 cm) were used in this study to investigate the
plugging ratio of the composite gel.30,31 The permeabilities of
these cores were approximately 9000, 5000, and 2000 mD,
respectively, and their pore structures and permeabilities were
similar to those of reservoir cores in the Bohai oilfield. The
procedures to prepare the artificial cores can be found in the
Chinese patent “Quartz sand epoxy resin cementation
heterogeneity model making method”,32,33 and the picture of
the entire core coated with epoxy resin is shown in Figure 1.

2.2. Experiments. 2.2.1. Gelling Reaction of the
Composite Gel. The gelling reaction of the composite gel can
be divided into two parts, that is, the gelling reaction of inorganic
gel,34 which involves Al3+ hydrolysis in the urea solution,

F

+ +

+ + + ↑

+

+ +

Al 3H O  OC(NH )

AlO(OH) 2NH H CO
2 2 2

4 2

and the gelling reaction of organic gels (Figure 2), which is
achieved by the polymerization of acrylamide monomers,
followed by the cross-linking of polyacrylamide with N,N-
methylene bisacrylamide.35−39

Based on the reaction of organic gelling and inorganic gelling,
the gelling reaction of the composite gel can be explained as
shown in Figure 3.

2.2.2. Conversion Ratio Testing of the Composite Gel. To
test the conversion ratio of the composite gel, polyaluminum
chloride, acrylamide, urea, the cross-linking agent (N,N′-
methylene bisacrylamide), and the initiator (ammonium
persulfate) were added to the formation water and then mixed
by magnetic stirring for 48 h. After the gelling of the composite
gel, the unreacted chemicals were washed off with excess pure
ethanol and then the composite gel was collected. Themass ratio
between the composite gel and the acrylamide is termed the
unreacted ratio of acrylamide. It was found that the unreacted
ratio of acrylamide was lower than 2.0% in this study, which
indicates that the conversion ratio of acrylamide monomers
could reach up to 99.5%. Thus, the composite gel can be used
directly without further purification.

2.2.3. Viscosity. A DV-II Brookfield viscometer equipped
with a Brookfield water bath was used to test the apparent
viscosity of the composite gel. As the viscosity range of the
composite gel may vary greatly, the rotor type (Rotor 1−6) was
selected according to the specific viscosity of the composite gel
in the test.

2.2.4. Evaluation of Gelling Time. The gelling time was
measured using the Sydansk (1988) gel strength code method,
which is a semiquantitative measurement. During the experi-
ment, we defined the gelling time as the moment when the gel
strength reached Grade G. Gels of Grade G have moderately
deformable and nonflowing characteristics and can only flow
approximately halfway down the bottle upon inversion.

2.2.5. Infrared Spectrum. A Nexus 870 Fourier transform
infrared (FTIR) spectrometer was used to obtain the infrared
spectra to determine the chemical structure of the composite gel.

2.2.6. Gel Micromorphology. An FEI Quanta 450 field
emission scanning electron microscope was used to observe the
morphology of the composite gel. When using the scanning
electron microscope to observe the gel aggregates, no coating
was required. The sample preparation temperature was −196
°C.

2.2.7. Plugging Ratio in the Cores. The plugging ratio of the
composite gel was evaluated using the homogeneous artificial
cores wrapped in epoxy resin. The main devices include an
advection pump, a pressure sensor, a coasting core, and the
container of the plugging agent. All of the equipment, except for
the advection pump, was placed in a thermostatically controlled
oven at 65 °C (reservoir temperature) to simulate actual
reservoir conditions. The diagram of the experimental setup is
shown in Figure 4. The experimental procedures for testing the
plugging effect can be described as follows.

(1) The artificial core was saturated with formation water
using a vacuum pump, and then the pore volume and

Table 1. Ion Composition of Formation Water in Bohai LD10-1 Oilfield

item

ion

parameter Ca2+ Mg2+ Na+ CO3
2− HCO3

− Cl− SO4
2− total dissolved solids (TDS) (mg/L)

concentration (mg/L) 826.7 60.8 2968.8 0 208.7 6051.6 60.0 10,176.6

Figure 1. Example picture of the artificial core sample used in this study.
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porosity of the core were calculated from the difference
between the dry weight and the wet weight of the core.

(2) The core was flooded by the formation water at flow rates
of 0.5, 1.0, and 1.5 mL/min separately to determine the
core permeability (denoted as K1) using the classical
Darcy’s law.

(3) The core was flooded by the composite gel at a flow rate of
1.0 mL/min with a 1.5 pore volume (PV), and then the
core was stood for 72 h to allow for the gelling of the
composite gel at a temperature of 65 °C. To eliminate the
ending effect (the gelled composite gel existed in the
outlet valve), a valve was placed 2 cm away from the
injection end and the production end of the core,

respectively. The core permeability (denoted as K2) was
also determined in this process.

(4) The plugging ratio of the composite gel can be calculated
as (K1−K2)/K1.

3. RESULTS AND DISCUSSION
3.1. Formula Optimization of the Composite Gel. The

ingredients of the composite gel included polyaluminum
chloride, urea, ammonium persulfate, acrylamide, and N,N′-
methylene bisacrylamide. This paper thus varied the mass
percent of each component or mass ratio between poly-
aluminum chloride and urea to prepare composite gels
according to the orthogonal design of L16(45).40 The

Figure 2. Schematic of the synthesis of organic gels.

Figure 3. Diagram of the gelling process of the composite gel.
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orthogonal experiments included five factors, and each factor
had four types of values. The results of orthogonal experiments
are shown in Table 2. Then, the initial viscosity and gelling time
of the composite gels were evaluated to obtain the optimum
formula for the composite gel at 65 °C (see Table 3).
It can be seen from Tables 2 and 3 that the content of each

component in the composite gel influences the gelling effect,
which follows the order acrylamide > cross-linking agent > urea
> initiator > polymeric aluminum chloride. It is also found that
the organic gels contribute to a greater extent than the inorganic
gels to the viscosity of the composite gel. Moreover, the initial
viscosity of the composite gel is observed to be low (5.1−6.3
mPa·s), and the gel strength reaches Grade G, suggesting that

the composite gel has good injectivity and plugging perform-
ance. It is worth noticing that the period of gel plugging in an
offshore oilfield at present is approximately 20 days,41 and the
dosage of the plugging agent in a single plugging period may
reach 5000 m3, which also requires the plugging agent to have
good injectivity to smoothly enter the target plugging layers
containing dominant fluid flow channels to avoid pollution in
themiddle- and low-permeability layers under a specific pressure
range. Therefore, a gelling time of over 24 h for the plugging
agent is favorable to ensure both construction safety and the
plugging effect in offshore oilfields. In regard to this time
threshold, the optimum formula of the composite gel is
supposed to be 1.5−2.5% polyaluminum chloride, polyalumi-

Figure 4. Schematic diagram of the equipment setup in the plugging test.

Table 2. Orthogonal Experimental Results of the Composite Gela

factors

system
polyaluminum
chloride (%)

acrylamide
(%)

polyaluminum
chloride/urea

Ω (initiator/
acrylamide) (%)

Ω (cross-linking agent/
acrylamide) (%)

initial viscosity
(mPa·s)

gelling time
(h)

1 1.0 2.8 1:1.0 0.25 0.2 5.1 28.0
2 1.0 3.0 1:1.2 0.35 0.3 5.7 17.0
3 1.0 3.2 1:1.4 0.45 0.4 6.2 2.5
4 1.0 3.4 1:1.6 0.55 0.5 6.1 1.5
5 1.5 2.8 1:1.2 0.45 0.5 5.3 15.5
6 1.5 3.0 1:1.0 0.55 0.4 6.0 21.5
7 1.5 3.2 1:1.6 0.25 0.3 5.7 7.5
8 1.5 3.4 1:1.4 0.35 0.2 5.6 11.0
9 2.0 2.8 1:1.4 0.55 0.3 6.3 23.0
10 2.0 3.0 1:1.6 0.45 0.2 5.7 13.0
11 2.0 3.2 1:1.0 0.35 0.5 5.9 6.0
12 2.0 3.4 1:1.2 0.25 0.4 6.2 2.5
13 2.5 2.8 1:1.6 0.35 0.4 5.6 13.5
14 2.5 3.0 1:1.4 0.25 0.5 6.1 9.0
15 2.5 3.2 1:1.2 0.55 0.2 5.3 22.0
16 2.5 3.4 1:1.0 0.45 0.3 5.7 18.0

aThe gelling time refers to the time when the gel strength reached Grade G. Ω is the mass percentage.

Table 3. Range Analysis of Gelling Timea

factors
polyaluminum chloride

(%)
acrylamide

(%)
polyaluminum chloride/

urea
Ω (initiator/ acrylamide)

(%)
Ω (cross-linking agent/acrylamide)

(%)

gelling time α 12.25 20.00 18.38 11.75 18.50
β 13.88 15.13 14.25 11.88 16.38
γ 11.13 9.50 11.38 12.25 10.00
δ 15.63 8.25 8.88 17.00 8.00
R 4.50 11.75 9.50 5.25 10.50

aParameters α, β, γ, δ, and R are calculated according to the calculation rule of the orthogonal table. α, β, γ, and δ, respectively, represent the gelling
time average value under the condition of each type of value of different factors.
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num chloride/urea ratio of 1:1.0−1:1.4, 2.8−3.0% acrylamide,
and Ω (initiator/acrylamide) of 0.45−0.55% and Ω (cross-
linking agent/acrylamide) of 0.2−0.3%. In the following
discussions, we select the formula of 1.5−2.5% polyaluminum
chloride, 1.5−3.5% urea, 2.8−3.0% acrylamide, 0.005−0.009%
cross-linking agent, and 0.012−0.017% initiator to investigate
the performance of the composite gel.
3.2. Performance Evaluation of the Composite Gel. In

this section, the composite gel made of 3.0% acrylamide, 0.008%
cross-linking agent, 0.015% initiator, 2.0% polyaluminum
chloride, and 2.6% urea; the organic gel made of 3.0%
acrylamide, 0.008% cross-linking agent, and 0.015% initiator;
and the inorganic gel made of 2.0% polyaluminum chloride and
2.6% urea were tested with respect to the three aspects of
infrared spectra, gel morphology, and plugging effect.
3.3. Infrared Spectra. The infrared (IR) spectra of the

inorganic gel, organic gel, and composite gel are shown in Figure
5. In the IR spectrum of the inorganic gel, we clearly observe the

absorption peaks of the amino group (3458 cm−1), an
associative hydroxyl group (3162 cm−1), and carbonyl group
(1654 cm−1), suggesting that the inorganic gel was formed by
the reaction of urea with the amide group and polyaluminum
chloride. In the IR spectrum of the organic gels, the absorption
peaks of the amino groups (3404 cm−1), saturated hydrocarbon
bonds (2942 cm−1), and the carbonyl groups (1676 cm−1) were
observed, which indicated that the acrylamide monomer

completely reacted in an organic gel. In comparison with the
organic gel spectrum, it was found that in the IR spectrum there
was no change in the shift of the absorption peak and the peak
pattern of the amino group, the saturated hydrocarbon bond,
and the carbonyl group, whereas the absorption peak of the
associative hydroxyl group (3194 cm−1) was added to the
molecular chain of the polymeric aluminum chloride, implying
that the composite gel was formed by the physical inter-
penetration of the organic gel with the inorganic gel.

3.4. GelMorphology.The SEM images of the inorganic gel,
organic gel, and composite gel are shown in Figure 6. We clearly
observed that the inorganic gel was unable to form a continuous
three-dimensional network; hence, its morphology displayed a
dense packing structure with holes. In direct contrast, the
organic gel was polymerized and cross-linked by an acrylamide
monomer; thus, it presented a three-dimensional network
structure with a typical “hole-network” morphology. The
morphology of the composite gel, however, lies in between the
“hole-network” and the dense packing structures, which may be
attributed to the physical interpenetration between the organic
gel and the inorganic gel, and consequently, the overall
morphology of the composite gel showed a spatial configuration.

3.5. Influence of Gel Types on the Core Plugging Ratio.
The core plugging ratio is usually quantified by the reduction of
permeability after the injection of gels. It can be seen from Table
4 that the gel plugging ratio of each gel type was different, and

the core plugging ratio followed the order composite gel >
organic gel > inorganic gel. As discussed previously, the
inorganic gel encountered structural damage when it was
transported in the pore throat, resulting in an unsatisfactory
plugging ratio. Although the elasticity of the organic gel was
better compared to that of the inorganic gel, the scouring effect
of subsequent water caused gel deformation; its plugging ratio
was still not effective. Whereas the composite gel had the
strongest scouring resistance and the highest plugging ratio due

Figure 5. IR spectra of different kinds of gels.

Figure 6. SEM images of gel morphology.

Table 4. Experimental Results of Core Plugging Effect (K =
4300 mD)

gel type

parameter
inorganic

gel
organic
gel

composite
gel

water permeability
(mD)

before
plugging

4326.5 4387.2 4352.8

after plugging 985.8 665.7 20.4
plugging rate (%) 77.2 84.8 99.5
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to its goodmechanical strength and deformation ability owing to
its composite network.
3.6. Influence of Core Permeability on the Plugging

Ratio. Table 5 shows the influences of core permeability on the

plugging ratio of the composite gel. In general, with the increase
of core permeability, the pore-throat size also increased, and the
larger pore throat thus provided a more continuous and
abundant space for the gelling reaction.42 With respect to the
plugging ratio, it can be seen fromTable 4 that the plugging ratio
of each core was higher than 97%, indicating that the composite
gel had a significant plugging ability for different permeability
reservoirs, which can effectively improve the reservoir
heterogeneity and enhance the displacement efficiency of
subsequent fluid after plugging.
3.7. Applicability of the Composite Gel in Reservoirs.

During the process of injecting the plugging agent, it undergoes
the shearing of pipeline and pore throat, the dilution by
formation water, and the influences of crude oil in the reservoir.
Considering the influences of operation technology and
reservoir conditions, the applicability of the composite gel in
the reservoir was comprehensively evaluated from five aspects,
including dilution resistance, shear resistance, oil resistance, acid
resistance, and aging resistance. In regard to the requirement of
the gelling time of the plugging agent being more than 24 h in
offshore oilfields, we designed two systems of the composite gel
according to the orthogonal experimental results: system I of
2.0% polyaluminum chloride, 2.6% urea, 0.015% initiator,
0.008% cross-linking agent, and 3.4% acrylamide (gelling time
of 26.5 h) and system II of 2.0% polyaluminum chloride, 2.6%
urea, 0.015% initiator, 0.011% cross-linker, and 3.0% acrylamide
(gelling time 31.0 h). The composite gel is prepared with the
formation water and then placed in a glass jar in an incubator at
65 °C.
3.8. Dilution Resistance. It can be seen from Table 6 that

with the decrease of the Vgel/Vwater ratio (10:1, 7:1, 5:1, 3:1, and
1:1), the mass percent of each component in the composite gel
decreased, the speed of cross-linking reaction decreased, and the
gelling time increased. Only when theVgel/Vwater ratio was higher
than 7:1 was the viscosity of the composite gel larger than 10 ×
104 mPa·s after the gelling, suggesting that the composite gel had
good dilution resistance, which could facilitate the gel system to
achieve a good plugging effect on the dominant fluid flow
channels in deep reservoirs.
3.9. Shear Resistance. The composite gel was sheared at

30, 70, 100, 150, and 200 s using a WARING laboratory blender

at a shearing ratio of 7000 rpm, as Table 7 shows the gelling time
of the composite gel. Apparently, the gelling time of the

composite gel was not influenced by the shear indicating that the
components of the composite gel were made by small molecules
that were insensitive to the shearing. In other words, the
composite gel had good shear resistance, and its gelling effect
was affected by the shearing of the injection equipment,
wellbore, and pore throats.

3.10. Oil Resistance. The reservoir oil was mixed with the
composite gel at 5, 8, 12, 16, and 20%. It can be seen from Table
8 that the crude oil did not influence the gelling time of the

composite gel, indicating that the composite gel had good oil
resistance, and moreover, the gelling effect after the gel entered
the reservoir was not affected by the remaining oil in the pore
throats of the rock.

3.11. Acid Resistance. A mixture solution of 10% HCl and
5% HF was added to the gelled composite gel at a ratio of Vacid/
Vgel = 1:9. The weight changes of the gelled composite gel are
shown in Table 9. The dissolution process of the composite gel
is shown in Figure 7, and the weight loss ratio was defined as (gel
initial weight − residual weight)/initial weight.

The results showed that the weight loss ratio increased
gradually with the increase in soaking time. In general, it is
supposed that once the inorganic gel was degraded, the main
structure of the composite gel was also degraded, and the
composite gel may decompose within 2 h. The results indicated
that if the composite gel was injected into the medium- and low-
permeability layers, a designated acidizing can be carried out to

Table 5. Influence of Core Permeability on Plugging Ratio

core permeability

permeability K (mD)

parameter 2000 5000 9000

plugging ratio (%) 97.1 98.3 99.5

Table 6. Effect of Dilution on the Gelling Time and Viscosity

Vgel/Vwater

parameter undiluted 10:1 7:1 5:1 3:1 1:1

time (h) system I 26.5 32.0 35.5 40.5 44.0 53.5
system II 31.0 35.0 38.5 42.0 48.0 59.5

viscosity (mPa·s) system I >10 × 104 >10 × 104 >10 × 104 89,324 65,324 13,657
system II >10 × 104 >10 × 104 >10 × 104 72,314 48,324 7963

Table 7. Effect of Shearing on the Gelling Time

shearing time (s)

parameter 0 30 70 100 150 200

time (h) system I 26.5 26.0 26.5 27.0 26.0 26.0
system II 31.0 30.5 31.5 31.0 31.0 30.5

Table 8. Effect of Crude Oil on Gelling Time

percent of oil (%)

parameter 0 5 8 12 16 20

time (h) system I 26.5 25.0 25.5 27.0 27.5.0 27.0
system II 31.0 30.0 31.5 32.0 30.5 32.0

Table 9. Results of Weight Loss Experiments

soaking time (min)

parameter 10 30 60 90 130

weight loss ratio
(%)

system I 19.97 43.96 70.59 85.85 94.52
system II 24.13 49.51 72.94 88.92 97.35
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achieve rapid removal of the plugging gel to prevent reservoir
contamination.
3.12. Aging Resistance. The gelled viscosities of the

composite gel are shown in Table 10. It seems that the viscosity
of each gel system remained at a higher level with the
prolongation of the aging time. However, the viscosity of system
II began to decrease after 30 days but remained at a high level,
suggesting that the composite gel had good aging resistance.

4. CONCLUSIONS

(1) The initial viscosity of the composite gel is low, which is
good for transport and migration in different perme-
abilities cores. Different from the inorganic gel or the
organic gel, the composite gel is formed by a complex
interpenetration of the organic gel network with the
inorganic gel network, forming a compact three-dimen-
sional spatial network structure that has great strength and
good deformation, resulting in a high plugging ratio.

(2) The orthogonal testing showed that the mass percent of
each component in the composite gel influenced the
gelling effect, following the order acrylamide > cross-
linking agent > urea > initiator > polyaluminum chloride.

(3) The organic gel contributed more to the gel viscosity of
the composite gel than the inorganic gel. The optimized
formulation of the composite gel was 1.5−2.5%
polyaluminum chloride, 1.5−3.5% urea, 2.8−3.0%
acrylamide, 0.005−0.009% cross-linking agent, and
0.012−0.017% initiator to ensure the gel-forming effect
in the offshore reservoir.

(4) The composite gel had good dilution resistance, shear
resistance, oil resistance, and aging resistance, and it was
easy and quick to be removed after plugging.
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■ NOMENCLATURE
Kg core permeability measured by gas (mD)

Figure 7. Dissolution process of the composite gel.

Table 10. Effect of Aging Time on Gel Viscosity

storage time (days)

parameter 1 2 5 10 30 60 90

viscosity (mPa·s) system I >10 × 104 >10 × 104 >10 × 104 >10 × 104 >10 × 104 95,236 88,523
system II 66,978 >10 × 104 >10 × 104 >10 × 104 98,754 83,542 78,632
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K1 core permeability measured by water before plugging
(mD)

K2 core permeability measured by water after plugging
(mD)

Vgel volume of composite gel (mL)
Vwater volume of dilution (mL)
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