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In this study, based on the high-temperature characteristics of Western China tight oil reservoirs, a phenolic-larch tannin,
temperature-resistant, plugging agent was synthesized by changing the mass fractions of larch tannin, double cross-linking
agent, and accelerator. Young’s modulus of the dispersed gel was directly measured by an atomic force microscope, and the
macroscopic plugging performance was evaluated by a physical simulation experiment of the artificially fractured natural core
from Western China tight oil oilfield, thereby establishing a mapping relationship between the two. Research indicates that the
formula of the high-temperature-resistant tannin system optimized by the experiment is 3:0%sulfonated tannin + 3:0%
formaldehyde cross‐linking agent + 1:0%phenol cross‐linking agent + 0:05%MnSO4 accelerator; the mechanical strength of the
tannin gel and its plugging performance have a linear relationship. When Young’s modulus rises from 18.74 to 63.89KPa, the
plugging rate rises from 94.11% to 97.44%.

1. Introduction

Given the increasing difficulty of conventional oil and gas
exploration and development, the development of uncon-
ventional resources such as tight oil and gas has become
inevitable [1, 2]. Tight oil storage and seepage conditions
are poor, and fracturing is generally used to connect the
pores in the reservoir and expand the seepage area. How-
ever, this mode of development will aggravate the difference
in matrix-fracture seepage flow and form a flow channel.
Therefore, after long-term fracturing development, reservoir
regulation is required to change the original seepage chan-
nel, increase the swept volume, and achieve the purpose of
increasing oil well production [3, 4]. Current research
mostly uses polyacrylamide cross-linked polyvalent metal
ion (Cr3+, Al3+, Zr4+, etc.) gel to block gas flow channels
[5, 6], but this gel is affected by high temperature and Ca2+

and Mg2+, which will cause the plugging agent to fail. At
present, there are few studies on organic cross-linking agent
gels (formaldehyde, phenol, etc.), and most of them focus on
the use of a single cross-linking agent to synthesize the gel

[7–9]. Compared with metal ions and a single organic
cross-linking agent, double organic cross-linking agent gel
has higher thermal stability through covalent bond cross-
linking and is more suitable for high-temperature, uncon-
ventional oil reservoirs [10–12].

Due to the high temperature and high pressure of
unconventional tight oil reservoirs in Xinjiang and the char-
acteristics of ultralow porosity and ultralow permeability
reservoirs, conventional plugging agents are difficult to plug,
and the effective plugging time is not long, and the plugging
effect is extremely poor. In this study, based on the high-
temperature characteristics of the tight oil reservoirs in Xin-
jiang tight oil reservoir, a phenolic-larch tannin
temperature-resistant plugging agent was synthesized by
changing the mass fractions of larch tannin, double cross-
linking agent, and accelerator.

Wang et al. [13–15] have made a high-temperature
blocking agent capable of resisting 250°C by mixing
sulfonated tannin extract with phenol, formaldehyde, or
paraformaldehyde. Fangeng et al. [16] used tannin extract
as raw material to react with phenol and formaldehyde and
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then used transition metal salts such as inorganic salts
MnSO4, TiCl4, and tannin extract. The chelation reaction
occurs to promote the cross-linking reaction, and the gel is
formed in the range of 170~280°C and pH value of 4~9,
and a good blocking effect is achieved. Dezhi et al. [17] also
used tannin extract as raw material to prepare a water plug-
ging agent suitable for high-temperature profile control. It
was determined by experiments that after adding an acceler-
ator, a selective plugging agent with enhanced strength of
the plugging agent can be obtained with the increase of tem-
perature, which can be applied to high-temperature forma-
tions. Han et al. [18] have obtained a profile control and
water plugging agent that can withstand high temperatures
of 300°C through experimental research using tannin extract
as raw material. After field tests in Liaohe Oilfield, they
obtained a good production increase effect, and at the same
time, the water yield also decreased.

Gel dispersion is obtained by shearing and grinding the
synthesized gel to a state where the particles are stably dis-
persed in an aqueous solution [19]. The dispersed gel is easy
to inject because it has low viscosity and controllable particle
size; it can be elastically deformed, spontaneously aggregate
in the pore throat, and migrate to the deep part of the reser-
voir [20–25], which can avoid the dilution of formation
water during pumping and formation shearing and migra-
tion. Compared with other granular plugging control agents,
dispersed gel has better stratum adaptability [26, 27].

Plugging performance is an important index to evaluate
the application of gel dispersion in the oil field, which is
mainly affected by the characteristics of the dispersed gel
[28]. At present, research on the mechanical properties of
gel-plugging agents mostly has involved the performance
of large-particle-size gel [29–31]. The mechanical properties
of dispersed gels have not been systematically studied. The
ability of dispersed gels with different mechanical properties
to resist deformation after being squeezed during the migra-
tion process is different, which affects the blocking effect. At
present, the gel strength code (GSC) method and rheological
parameter method are generally used to characterize the
strength of bulk gel [32–34], but there are few studies on
directly characterizing the mechanical properties of the dis-
persed gel itself. Therefore, this paper introduces micro-
nano-scale Young's modulus, which reflects the ability of
the dispersed gel to resist deformation after being

Figure 1: Physical treatment of natural cores.

(a) (b)

(c)

Figure 2: Artificially fractured natural core.

Table 1: Summary of physical properties of the cores applied in
this study.

Core
number

Length
(cm)

Diameter
(cm)

Porosity
(%)

Permeability (10–
3 μm2)

Core #1 6.77 2.62 10.72 1726.1

Core #2 6.04 2.64 8.02 1688.3

Core #3 6.70 2.57 7.37 1696.3
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compressed when it migrates in the porous medium and
directly quantifies the mechanical properties of the gel. Tra-
ditional measurement methods of Young’s modulus include
the optical lever stretching method, pulse excitation method,
and acoustic resonance method [35–37], but none of these
methods can be used to characterize micro-nano-scale mate-
rials. With the development of nanomechanical measure-

ment technology, the atomic force microscope has become
the most advanced and intuitive method for measuring
small-scale materials [38–41].

Different from previous literature, the three new insights
in this study mainly focus on the strengthening of the
sulfonated larch gel structure system through the parainter-
mediate, the relationship between the gel storage modulus
and Young’s modulus of its dispersion, and the relationship
between its mechanical strength and its macroscopic plug-
ging performance. In this paper, by optimizing the mass
fractions of four reagents (tannin, formaldehyde, phenol,
and manganese sulfate) to synthesize temperature-resistant
sulfonated larch gel, the relationship between the mechanical
strength of sulfonated larch gel and the plugging perfor-
mance was studied through three artificially fractured core
flow experiments. The formula of the high-temperature-
resistant tannin system optimized by the experiment is as
follows: 3:0%sulfonated tannin + 3:0%formaldehyde cross‐
linking agent + 1:0%phenol cross‐linking agent + 0:05%MnS
O4 accelerator. Secondly, the mechanical strength of the

Table 2: Experiment reagents used in this study.

Base tannin Cross-linking agent Accelerator pH conditioner

Larch tannin (tannin content 60%, nontannin content 35%,
and insoluble matter content 5%)

Formaldehyde
(analytical pure)

Phenol
(analytical
pure)

MnSO4
(analytical
pure)

Sodium hydroxide
(analytical pure)

(a) YP-1 high-temperature, high-pressure gel performance test device (b) Atomic force microscope

Figure 3: Instruments used in the experiment.
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tannin gel and its plugging performance have a linear rela-
tionship. When Young’s modulus rises from 18.74 to
63.89 kPa, the plugging rate rises from 94.11% to 97.44%.

2. Materials and Methods

2.1. Materials. In this study, artificially fractured natural
cores (3.15 in) were used to conduct macroscopic plugging
performance evaluation experiments. The cores were cut
from the Xinjiang oilfield tight oil reservoir. The core was
first cut in half along the midline and filled with quartz sand
to simulate postfracturing fractures. Use a small amount of
epoxy resin and heat-shrinkable tubing for fixing to ensure
the overall strength of the core. The preparation process is
shown in Figures 1 and 2. The properties (permeability
and porosity) of the cores are listed in Table 1. The brine
used in this study was simulated formation water. The salin-
ity of the brine was 7197.77mg/L.

The reagents used in this experiment are shown in
Table 2.

The instruments used in this study were a JB200-SH
electric stirrer (speed range of 0 to 8000 rpm); YP-1 high-
temperature, high-pressure gel performance test device
(Figure 3(a)); Keysight 7500 atomic force microscope
(AFM) (Figure 3(b)); oven; electronic balance (accuracy of
0.001 g); and ground flask, beaker, dropper, suction ball,
glass rod, graduated cylinder, etc.

2.2. Methods

2.2.1. Preparation Principle of Larch Tannin Gel. The main
component of larch tannin is condensed tannin, its chemical
composition is polyanthocyanidin, the average molecular
weight is about 2800 (determined by vapor phase osmome-
try (VPO)), and the average degree of polymerization is 9
to 10. Its specific configuration is shown in Figures 4 and
5. Larch tannin has a higher molecular weight and a higher
viscosity, and the length of the–CH2–cross-linked bond gen-
erated by formaldehyde is not long enough to form sufficient
cross-links between the reaction points, resulting in insuffi-
cient bonding strength. Therefore, a second cross-linking
agent, phenol, was added in this study. The phenol mole-
cules can react with the formaldehyde cross-linking agent
in the main body of the gel-forming solution, and the
formed structure can be interlaced with the main network
structure formed by larch tannin to make the system whole.
The structure is more compact, and the strength is greatly
improved.

The reaction rate is significantly affected by temperature
and accelerator. Therefore, an accelerator, MnSO4, was
added in this study to accelerate the reaction process, such
that the main network structure formed by larch tannin
and the novolac phenolic resin-reinforced structure were
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Figure 6: Structural intermediate in the cross-linking process.
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formed almost at the same time and that their structures
were intertwined to make the system whole. The overall
structure was more compact, and the strength was greatly
improved. It continued to decompose during the heating
and curing process, and there may be a variety of ortho-to-
position intermediate structures during the cross-linking
process [43], as shown in Figure 6.

Under the application of high temperature, the various
intermediates formed by the mixture system composed of
low-molecular-weight oligomers and various hydroxymethyl
phenols will gel, and various intermediates will exist in the
main body of larch tannin. Interlacing each other in the net-
work structure makes the overall structure of the system
more compact and greatly improves the strength. Its possible
reinforcement network configuration is shown in Figure 7.

2.2.2. Preparation and Characterization of Larch Tannin Gel.
The following steps were taken to prepare the larch tannin
gel: Add the dry larch tannin powder to clear water at room
temperature, stir with an electric stirrer for 2 hours to fully
dissolve it, and prepare a 0.3% to 7% tannin solution. Add
formaldehyde with a mass fraction of 2.2% to 3.6% to the
tannin solution, stir it evenly, and let it stand for 10 minutes.
Add 0.5% to 3.0% phenol to the tannin solution, and stir
well. Add 0.01% to 0.1% MnSO4 with a mass fraction of
0.01% to 0.1%, stir evenly, and put it in a constant tempera-
ture oven at 248°F for 24 hours.

The strength grade of the gel in the ground bottle was
observed by visual inspection (Table 3) and measured by
the vacuum penetration method (Figure 8). A HAAKE
MARS III rotational rheometer was used to measure the
storage modulus, G′, of the gel. The gel was aged at 302°F

for 30 days, the change in gel strength grade was observed
every day, and the change in storage modulus was measured
by the rheological parameter method.

Gel strength was measured by the breakthrough vacuum
method [44]. The experimental setup is shown in Figure 8.
Connect the blue-cap bottle containing the gel to the vac-
uum breakthrough experimental device as shown in
Figure 1; insert the tip of the 1mL pipette 1 cm below the
surface of the gel. Start the vacuum pump. Slowly adjust
the knob to increase the vacuum degree of the system. When
the air breaks through the gel, the maximum reading of the
vacuum degree on the vacuum gauge is the breakthrough
vacuum degree of the gel. It is referred to as the BV (break-
through vacuum) value; each sample is repeatedly measured
3 times. Its arithmetic mean is taken as its final BV value.
The larger the BV value, the higher the strength, on the con-
trary, the lower the strength.

At room temperature, an appropriate amount of the bulk
gel was transferred onto a mica sheet, and the sample was
scanned using the tapping mode of an atomic force micro-
scope to characterize the microscopic morphology of the gel.

2.2.3. Preparation of Dispersed Gel and Its Young’s Modulus
Measurement. Gel with different mass fractions of the cross-
linking agent and clean water was added to a colloid pulver-
izer at a ratio of 1 : 1, and the micro-nano-scale dispersed gel
with similar particle size was obtained by controlling the rate
and time of cyclic shearing.

The test probe model SCANASYST-FLUID was selected,
the elastic constant was 0.7N/m, the Thermal Tune method
was used to correct the elastic coefficient, and the scan rate
was set to 1Hz. The peak force mode of the atomic force
microscope was used to measure in a liquid environment,
and the relationship curve between the force and the dis-
tance between the probe and the dispersed gel sample was
obtained. The distance between the probe and the dispersed
gel sample was equivalent to the deformation of the dis-
persed gel sample. By fitting and calculating the DMT
mechanical model, Young’s modulus (E) of the micro-
nano-scale dispersed gel could be obtained [45]:

F = 4
3 E

ffiffiffiffiffiffiffiffiffi

Rδs
3

q

+ Fa, ð1Þ

Table 3: Observation method to evaluate gel standards.

Level Status description Classification

A The gel viscosity is the same as the initial viscosity, and no gel is formed by visual inspection No gel formed

B The gel viscosity is slightly higher than the initial polymer viscosity

Weak gelC Upside down has obvious flow

D There is a small amount of gel that does not flow quickly

E The gel does not flow easily

Medium gelF The gel can only flow in a small area at the top

G The gel flow is about halfway down

H The surface of the gel is slightly deformed when inverted
Strong gel

I The surface of the gel is not deformed when inverted

Figure 8: Breakthrough vacuum experimental device [44].
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where F is the force between the tip and the sample, E is the
DMT modulus, R is the radius of the tip, δs is the amount of
sample deformation, and Fa is the adhesion force on the
sample.

2.2.4. Evaluation of the Plugging Performance of Dispersed
Gel. At room temperature, a single-core physical experiment
was performed to determine the initial permeability of the
natural core by water flooding. The dispersed gel was contin-
uously injected into the natural core at a rate of 0.5mL/min
until the liquid injection volume reached 1PV, and then,
subsequent water flooding was performed at a constant
speed until the pressure at the output end of the natural core
was stable; the pressure change at the injection end of the
natural core was recorded. The injection pressure, the plug-
ging efficiency (€), and the residual resistance coefficient
(Frr) were used to characterize the plugging ability of the
dispersed gel to the large pore throats in the reservoir. The
flow chart of the experiment is shown in Figure 9.

3. Results and Discussion

3.1. Gel Strength

3.1.1. Effect of Tannin Concentration. Tannin is the main
body of the whole system, and its concentration directly
affects the gel-forming performance of the plugging agent.
Simulated formation water was used in the experiment to
maintain the formaldehyde cross-linking agent concentra-
tion of 3.0%, the phenolic accelerator (P1) concentration of
1.5%, the inorganic salt accelerator concentration of
500mg/L (unchanged), and the change in tannin concentra-
tion (0.3% to 7%). The experimental results were recorded
and investigated for the gelation of the tannin system under
different tannin concentrations. The experimental results are
shown in Figure 10.

The experimental results show that a small amount of
tannin does not gel. It can be gelatinized in the range of
0.3% to 7% by a mass fraction. When the mass fraction of
the cross-linking agent is less than 0.3%, it is not enough
to form a network structure with sufficient strength, but spo-
radic small micelles are formed, resulting in no gelling. As
the concentration of tannin increases, the gelation time of

the system is gradually shortened, and the gel strength grad-
ually increases. When the mass fraction reaches 3.0%, the
gelation time of the entire system is 10 hours, the gel
strength is level I, and the vacuum test can reach
0.095MPa. Meeting the evaluation criteria and continuing
to increase the tannin concentration, the gel strength does
not change much, so the preferred tannin concentration is
3.0%, and the actual gel formation diagram is shown in
Figure 11.

3.1.2. Effect of Formaldehyde Cross-Linking Agent
Concentration. After keeping the temperature at 120°C, pH
at 10 to 11, tannin concentration at 3.0%, phenol cross-
linking agent concentration at 1.0%, and inorganic salt accel-
erator (MnSO4) concentration at 0.05% (unchanged) and
changing the formaldehyde cross-linking agent concentra-
tion (2.2% to 3.6%), the experimental results were recorded
and investigated for gel formation of the tannin system
under different cross-linking agent concentrations. The
experimental results are shown in Figure 12.

The experimental results show that the concentration of
the formaldehyde cross-linking agent has a significant effect
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Figure 9: Single-core physical experiment flow chart.
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Figure 10: The effect of tannin concentration on the gel formation
and strength of the system.
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on the gel-forming effect of the entire system. As the concen-
tration of the cross-linking agent increases, the gel-forming
time gradually decreases, and the gel-forming strength first
increases and then decreases. This is because when the con-
centration of tannin is constant, the number of reactive

groups is determined. As the concentration of the cross-
linking agent increases, the reaction speed increases, the
gel-forming time is shortened, and the gel strength increases.
However, when the cross-linking agent concentration is too
high, the system will be excessively cross-linked, the gel is
easily dehydrated, and the strength becomes low. When
the cross-linking agent concentration is 2.8% to 3.0%, the
gel-forming time of the system is 9.5 hours, and the gel
strength is level I, which meets the evaluation standard.
Therefore, the preferred concentration of the formaldehyde
cross-linking agent is 3.0%.

Experiments have found that when the content of the
aldehyde cross-linking agent reaches 3.2% and above, the
formed gel is prone to dehydration after a period of time,
and then, the gel strength is greatly reduced. This phenome-
non is caused by over-cross-linking of the cross-linking
agent.

3.1.3. Effect of Phenol Cross-Linking Agent Concentration.
After keeping the tannin concentration at 3.0%, the formal-
dehyde cross-linking agent concentration at 3.0%, and the
accelerator (MnSO4) concentration at 0.05% (unchanged)
and changing the phenol concentration (0.5% to 3.0%), the
experimental results were recorded and investigated for the
gelation of the tannin system under different phenol cross-
linking agent concentrations. The experimental results are
shown in Figure 13.

(a) 0.2% (b) 3%

(c) 7%

Figure 11: Performance of the gel under different tannin concentrations.
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The experimental results show that the performance of
the plugging agent varies with the phenol cross-linking
agent, similar to that of the formaldehyde cross-linking
agent. When the concentration of the phenol cross-linking
agent is less than 0.5%, the cross-linking strength of the sys-
tem is too low; when the concentration is 1.0% to 2.0%, the
greater the concentration of phenol cross-linking agent, the
shorter the gelation time of the system and the stronger
the gel formed. However, when its concentration exceeds
2.0%, the gel strength of the system is weakened because
when the concentration of the phenol cross-linking agent
is low, it cannot form an effective network structure with
the sulfonated tannin and can only interact with the formal-
dehyde cross-linking agent at a local position. The interac-

tion of molecules involved in the cross-linking reaction
results in poor gelation strength of the system. With the
gradual increase in the concentration of the phenol cross-
linking agent, more molecules can react with the formalde-
hyde cross-linking agent in the main body of the gel-
forming solution, and the formed structure can be interlaced
with the main network structure formed by the sulfonated
tannin to make the system whole. The structure is tighter,
and the strength gradually increases, but when the concen-
tration of the phenol cross-linking agent exceeds a certain
value, too many formaldehyde cross-linking agent molecules
will preferentially react with the phenol cross-linking agent,
weakening the main structure of the system and leading to a
blocking agent. The strength is slightly reduced. Therefore,
the concentration of the phenol cross-linking agent is prefer-
ably 1.0%.

3.1.4. Effect of MnSO4 Accelerator Concentration. After the
sulfonated tannin reacted with phenol, the inorganic salt
MnSO4 was used to chelate the tannin to promote the
cross-linking reaction. In the experiment, Western China
tight oilfield formation water was used to prepare the solu-
tion, keeping the tannin concentration at 3.0%, the formal-
dehyde cross-linking agent concentration at 3.0%, the
phenol cross-linking agent concentration at 1.0%, and the
accelerator concentration between 0.01% and 0.1%. The
experimental results were recorded and investigated for the
gelation of the tannin system under different accelerator
concentrations. The experimental results are shown in
Figure 14.

The experimental results show that as the concentration
of the accelerator increases, the gelation time is gradually
shortened, the gelation strength does not change much,
and the strength level (I) basically remains unchanged
because the transition metal salt has a chelation reaction
with tannin to promote the cross-linking reaction. When
the concentration of the cross-linking agent is constant,
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Figure 13: The effect of phenol cross-linking agent concentration on the gel formation and strength of the system.
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adding the accelerator can increase the reaction speed of the
system and shorten the gel-forming time. When the concen-
tration of the accelerator is 0.05%, the gel-forming effect of
the system meets the evaluation criteria. Considering the
actual economic benefits, the preferred accelerator concen-
tration is 0.05%. The actual gel-forming diagram is shown
in Figure 15.

3.2. Gel Strength

3.2.1. Effect of Temperature. After taking the preferred for-
mula
(-
3:0%sulfonated tannin + 3:0%formaldehyde cross‐linking
agent + 1:0%phenol cross‐linking agent + 0:05%accelerator)
and placing it in a thermostat at different temperatures, the
experimental results were recorded and investigated for the
temperature resistance of the system. The gel was prepared
at 104°F, 140°F, 176°F, 212°F, 248°F, 284°F, 302°F, and
320°F. The gelation time was used as an indicator to evaluate
the gelling ability of the bulk gel. The results are shown in
Figure 16. The experimental results show that the tannin

system cannot be gelled at 104°F. It can be gelled under the
temperature conditions of 140°F to 320°F. When the temper-
ature is between 140°F and 248°F, the strength of the gel is H
grade, and when the temperature is before 248°F-320°F, the
gel strength is I grade. As the temperature increases, the
gelation time of the system decreases, indicating that the sys-
tem has good temperature resistance stability.

3.2.2. Effect of Aging Time. The gel was aged at 302°F for 30
days. The storage modulus was used as an indicator to eval-
uate the stability of the bulk gel. The results are shown in
Figure 17. The experimental results show that gels with
2.4% and 3.2% cross-linking agent mass fraction will
decrease the mechanical strength of the gel to a certain
extent as the aging time increases. The higher the cross-
linking agent mass fraction, the more obvious the decrease
in gel storage modulus. The storage modulus of the bulk
gel with 3.0% tannin and 2.8% cross-linking agent mass frac-
tion decreased from 2.74 to 2.54 Pa within 30 days. The stor-
age modulus of the gel with 3.0% tannin and 3.0% cross-
linking agent mass fraction decreased rapidly in the first 15
days (from 4.85 to 3.41 Pa); the later storage modulus
decreased slightly and finally decreased to 3.13 Pa. However,
the gel with 3.0% tannin and 3.2% cross-linking agent mass
fraction was completely dehydrated when it was aged for 13
days. This shows that the dense structure in the gel can slow
the release rate of bound water to a certain extent, but as the
mass fraction of cross-linking agent increases, the degree of
intermolecular cross-linking reaction increases. When the
mass fraction of the cross-linking agent is too high, the for-
mation reaction of multinuclear hydroxyl bridge ions moves
relatively quickly to the right, resulting in excessive cross-
linking. During a certain aging time, the spatial network
structure of the gel system is destroyed due to syneresis,
and the final strength is significantly reduced. Therefore,
the gel with too high a mass fraction of cross-linking agent
has poor stability and is not suitable for reasonable and
effective control of the reservoir.

3.2.3. Effect of pH Value. After taking the preferred formula
(-
3:0%sulfonated tannin + 3:0%formaldehyde cross‐linking
agent + 1:0%phenol cross‐linking agent + 0:05%accelerator),

(a) Main view (b) Top view

Figure 15: Preferred accelerator concentration tannin gel (accelerator 0.05%).
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Figure 16: The effect of temperature on the gel-forming effect of
the system.
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adjusting the pH of the system, and placing it in a thermo-
stat, the experimental results were recorded and investigated
for the effect of pH on the performance of the tannin system.
The experimental results are shown in Figure 18. With the
increase in pH value, the gelation time of the tannin system
gradually decreases, and the gel strength first increases and
then decreases. This is because the B ring in the tannin sys-
tem only reacts when the pH value is higher than 10 or in
the presence of metal ions. A pH value higher than 10 will
reduce the gelation time, and the network structure of the
system will be affected in a strongly alkaline environment.
If it is destroyed, it cannot be cross-linked or the cross-
linked structure fails, which reduces the strength of the sys-
tem. The experimental results also confirm this point; that is,
under the same conditions as other components, without
adjusting the pH value, the tannin solution (pH = 3 – 5) is
not easy to gel, and the strength of the plugging agent is rel-
atively weak.

The reaction of tannin and formaldehyde mainly occurs
in the A ring, as shown in Figure 19(a). When the pH value
is higher than 10, the B ring can react with formaldehyde
[46], as shown in Figure 19(b).

Therefore, the suitable pH value of the tannin system is 6
to 10. At the same time, if the blockage needs to be removed
at a later stage, an acid solution of pH < 5 or an alkaline
solution of pH > 10 can be used to remove the blockage.

Through experimental screening, the final optimized
formula of the high-temperature-resistant tannin system is
as follows: 3:0%sulfonated tannin + 3:0%formaldehyde cross
‐linking agent + 1:0%phenol cross‐linking agent + 0:05%
MnSO4 accelerator.

3.2.4. Effect of Erosion Resistance. The core parameters used
and the experimental results are shown in Table 4. The 6PV

was continuously displaced by water injection at a constant
flow rate, the pressure changes were recorded, and the scour
resistance of the plugging agent was investigated. The varia-
tion of injection pressure with injection amount is shown in
Figure 20.

The experimental results show that the injection pres-
sure first increases and then decreases with the increase of
the injected water. When the injection amount is 1.0 PV,
the injection pressure reaches the maximum value, and the
plugging rate can still reach 93.8% when the injection
amount is 6 PV, indicating that the tannin extract system
has good erosion resistance.

3.3. Characterization of Young’s Modulus of Dispersed Gel.
According to the gel-forming performance test results of
the gel-forming liquid with different cross-linking agent
concentrations, it was found that when the mass fraction
of the sulfonated tannin is controlled at 3.0%, the mass frac-
tion of the cross-linking agent increases from 2.2% to 2.4%,
the macrostrength code assesses the gel at level H, and the
storage modulus value measured by the rheological parame-
ter method rises from 0.95 to 1.41 Pa. Then, the difference in
the mechanical properties of the dispersion prepared by
shearing the gel with the same strength code and different
storage moduli will further increase, which will impact the
effect of the dispersed gel in plugging the reservoir.

Therefore, Young’s modulus (E) of the dispersed gel was
measured using the peak force mode of an atomic force
microscope. Because the dispersed gel sample belongs to
the state of soft particles and is dispersed in the liquid phase,
a probe with a small elastic constant (1.0N/m) was selected
for measurement in a liquid environment. The force-
distance curve of each pixel in the imaging process of the
dispersed gel in a liquid environment was recorded in real
time, and Young’s modulus of the micro-nano-scale dis-
persed gel was obtained by fitting calculation. Because the
micro-nano-scale dispersed gel particles were low-viscosity
samples, there was a certain adhesive force when the needle
tip interacted with the dispersed gel sample, but it was small.

5 6 7 8 9 10 11

6

8

10

12

14

16

18

Gelation time

G
el

at
io

n 
tim

e (
h)

pH

G

H

H
H

H

I

F

Figure 18: The change trend of gel strength with pH.
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Therefore, the Hertz model was not considered [47]. The
JKR model under high adhesion experimental conditions is
not suitable for characterizing Young’s modulus of dispersed
gel [48]. Therefore, Young’s modulus of the micro-nano-
scale dispersed gel was obtained by fitting the calculation
of the DMT model [49]. During the experiment, parameter
settings such as the peak force of each dispersed gel sample
were always consistent with the test area.

Figure 21 shows the variation of the gel storage modulus
and Young’s modulus of the dispersed gel with the mass
fraction of the cross-linking agent. It can be seen from the
figure that when the mass fraction of the cross-linking agent
is between 2.4% and 3.2%, as the mass fraction of the cross-
linking agent increases, Young’s modulus of the dispersed
gel increases from 15.9 to 63.3 kPa, showing a linear
increase. This trend is consistent with the change law of
gel storage modulus on a macroscale. This linear increase
law can be explained as when the mass fraction of the
cross-linking agent increases, the cross-linking density
between the polymer and the cross-linking agent increases
greatly, the gel space network structure becomes denser,
and the strength increases. The fracture of the prepared dis-
persed gel at the joint is relatively reduced, its phase defor-
mation ability is reduced accordingly, and Young’s
modulus of the dispersed gel measured under the same peak
force increases.

Young’s modulus of micro-nano-scale dispersed gel is
obviously higher than that of macroscale gel. The change
in geometrical scale will lead to a significant increase in the
order of molecules [50] and, at the same time, will increase
the surface tension and thus change the mechanical proper-
ties of the sample. The storage modulus of the gel was mea-
sured by a dynamic shear rheometer under sinusoidal shear
oscillation. It was used to indicate the storage of the gel’s
shear deformation capacity, that is, the elasticity of the gel.
Young’s modulus of the dispersed gel is measured by an
atomic force microscope. The external load of atomic force
microscopes (AFM) directly acts on the surface of the dis-
persed gel sample. Its Young’s modulus represents the ability

of the dispersed gel to withstand unidirectional compressive
stress and produce compression deformation.

The flexible particles of dispersed gel are not affected by
the shear of the formation when they migrate in the porous
medium and may be subjected to compression effects such
as shape deformation when they pass through the pore
throat [51]. When controlling the dominant channel and
plugging the high-permeability layer, the gel may also be
squeezed. Therefore, measuring Young’s modulus of the dis-
persed gel under compression can be used to effectively and
quantitatively characterize its mechanical strength. Under
the combined influence of the two factors of geometric scale
and physical principle, the measured Young’s modulus of
the dispersed gel and the storage modulus of the gel cannot
be directly compared numerically, but there is a linear rela-
tionship between them.

3.4. Evaluation of the Plugging Performance of Dispersed Gel.
The artificially fractured core made from the natural core of
the tight oil reservoir was used for physical simulation test-
ing, and the prepared tannin dispersion was injected into
the natural core. The injection pressure at a flow rate of
0.1mL/min was investigated to characterize the injection
performance and plugging performance of the dispersed
gel. The change in the experimental residual resistance coef-
ficient is shown in Table 3. When the mass fraction of the
cross-linking agent increases from 2.6% to 2.8%, Young’s
modulus of the dispersed gel rises from 18.74 to 36.06 kPa,
indicating that the two systems have little difference. With
the further increase of the mass fraction of the cross-
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Figure 19: The reaction formula of tannin and formaldehyde.

Table 4: Erosion resistance performance evaluation test results.

Core
number

Permeability
(10–3 μm2)

Injection
blocking
agent
(PV)

After continuous
displacement of
6 PV water

permeability (10–
3 μm2)

Blocking
rate (%)

Core #1 1726.1 0.5 106.5 93.8
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Figure 20: Plugging agent scour test.
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linking agent to 3.0%, Young’s modulus of the dispersed gel
increases relatively dramatically, and the residual drag coef-
ficient also increases significantly. The experimental results
are shown in Table 5. The plugging rate of different formu-
lations of the plugging agent is above 94%, and the plugging
rate of the preferred formulation is above 97%, indicating

that the tannin system has good plugging performance and
can meet the needs of reservoirs. As shown in Figure 22,
Young’s modulus of the dispersed gel has a good linear rela-
tionship with the core plugging rate. Under the premise of
ensuring the stability of the body gel, Young’s modulus of
the dispersed gel increases, and the plugging effect is better.

4. Conclusions

The conclusions of this study are listed as follows.

(1) Through experimental screening, the final optimized
formula of the high-temperature-resistant tannin
system is 3:0%sulfonated tannin + 3:0%
formaldehyde cross‐linking agent + 1:0%phenol
cross‐linking agent + 0:05%MnSO4 accelerator

(2) Young’s modulus of the corresponding dispersed gel
can be adjusted by adjusting the gel formula. When
the mass fraction of tannin is 3.0% and the mass
fraction of cross-linking agent increases from 2.4%
to 3.0%, the cross-linking density increases, and the
storage modulus of the gel increases from 1.43 to
4.85Pa. Young’s modulus of the dispersed gel
obtained by physical shearing of the gel increases
from 18.74 to 63.89 kPa

(3) When Young’s modulus of the dispersed gel
increases from 18.74 to 63.89 kPa, the blocking rate
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Figure 21: Variation of gel storage modulus and dispersed gel’s Young’s modulus with the mass fraction of cross-linking agent.

Table 5: Blocking rate of tannin plugging agent.

Core
number

Mass fraction of
formaldehyde (%)

Gel storage modulus
G′ (Pa)

Young’s modulus of dispersed
gel E (kPa)

Kw0 (10
–

3 μm2)
Kw2 (10

–

3 μm2)
Frr

Blocking
rate (%)

Test #1 2.6 1.43 18.74 1726.1 101.8 16.95 94.11

Test #2 2.8 2.74 36.06 1688.3 87.8 19.22 94.82

Test #3 3.0 4.85 63.89 1696.3 43.3 39.17 97.44

Blocking rate 
Linear Fit

Bl
oc

ki
ng

 ra
te

 (%
)

Young's modulus of gel dispersion E (kPa)

Intercept 92.46292 ± 0.62315
Slope 0.07567 ± 0.01425
R^2 0.93146
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Figure 22: The plugging rate of dispersed gel varies with Young’s
modulus.
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increases from 94.11% to 97.44%. Seeking the range
of Young’s modulus corresponding to excellent
application performance of the dispersed gel pro-
vides a theoretical basis for improving the unconven-
tional ability of dispersed gel to control tight oil
reservoirs
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