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Abstract: In this paper, a millimeter-sized temporary 
plugging agent particles based on polyacrylamide were 
synthesized by combining microfluidics technology with 
consolidation mechanism of suspension polymerization, 
which using W/O emulsion template and with droplet as 
micro-reaction vessel. The effect of various variables on 
the gel particle properties was studied so as to determine 
the best proportion and optimize the preparation process. 
Fourier transform infrared (FTIR) spectroscopy, Digital 
imaging and SEM were used to characterize the composi-
tion and morphology of the PAM gel particle. The results 
indicated that the obtained PAM gel particle has regular 
shape and good transparency. And it is concluded that 
when the molar ratio of acrylic acid (AA) and acrylamie 
(AM) monomers is 5:5, w(K2S2O8) = 0.8%, w(Al(NO3)3) = 
1.0%, neutralization degree was 60%, the prepared PAM 
gel particles has the best performance. The preparation 
process is simple while the cost is low, so it could be used 
as a promising temporary plugging agent in future.

Keywords: temporary plugging agent; polyacrylamide; 
droplet; emulsion polymerization; millimeter-sized

1  Introduction
The use of polyacrylamide-based hydrogel particles 
(PHPs) consisting of proper cross-linked polymer networks 
as temporary plugging agents have gained increasing 
attention in oil recovery applications (1-5) due to their 

* Corresponding author: Dingjun Zhang, State Key Laboratory 
of Advanced Processing and Recycling of Non-ferrous Metals, 
Lanzhou University of Technology, Lanzhou 730050, China, 
email: zhangdingjun@lut.cn
Wenjin Zhao, Yanfei Wu, Zhenbin Chen and Xinru Li, State Key 
Laboratory of Advanced Processing and Recycling of Non-ferrous 
Metals, Lanzhou University of Technology, Lanzhou 730050, China

 Open Access. © 2019 Zhang et al., published by De Gruyter. Open Access. ©2019 KazumasaNomura and Paul Terwilliger, published byDeGruyter. This work is licensed under the Creative Commons
Attribution alone 4.0 License.

Spec. Matrices 2019; 7:1–19

Research Article Open Access

Kazumasa Nomura* and Paul Terwilliger

Self-dual Leonard pairs
https://doi.org/10.1515/spma-2019-0001
Received May 8, 2018; accepted September 22, 2018

Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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special swelling and dissolving properties, as well as the 
low price of chemicals needed, health and environmental 
concerns. In addition, a striking feature (6,7) of the PHPs 
lies in that their desired performances toward specific 
needs under different application conditions can be 
achieved by controlling their structures. The studies 
shows that; the solution containing polyacrylamide 
hydrogel particles is injected into the desired area, 
leaving sufficient time for curing to form a gel that can be 
manipulated and easily removed after treatment. And the 
larger particles of hydrogel can match the pore throat size 
of reservoir rock, which is helpful to improve the blocking 
behavior and achieve overall profile control (8).

The researches revealed (9) that the larger particles 
matched with sub-micron pore throat size of the reservoir 
rocks can contribute to improve the plugging behavior, 
and to realize the whole profile control. So the preparation 
methods and basic properties of large PHPs are of great 
significance to establish the new profile control and 
displacement method of PHPs with pore throat size.

Generally, there are various methods for preparing 
general gel particles, such as emulsion polymerization 
(10), dispersion polymerization (11), precipitation 
polymerization, etc., but most of the scope of the prepared 
gel particles range from 10 nm to 10 μm. The gel particles 
have a good sealing effect on the low-permeability zone 
and the small-hole throat in the early stage of collection, 
but have a poor sealing effect on high water content, high 
permeability, large-hole throat zone, low practicability 
and currently for millimeters (12). But there are few 
studies on the preparation methods and processes of the 
grade polymer gel particles.

In recent years, emerging microfluidics techniques 
provide some of the most promising approaches to 
production and functionalization monodisperse 
microparticles (13-15). Droplet microfluidics techniques 
have enabled the preparation of highly uniform droplets 
with a wide range of sizes from a few hundred nanometers 
to a few millimeters. In addition, the consolidation 
mechanism used in the suspension polymerization 
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(16) method can directly apply to the droplet template 
to prepare monodisperse spherical particles, and 
microfluidics technology (17) can be used to further 
functionalize the microspheres. This method can further 
realize the controllability of microspheres in morphology 
and particle size. 

In this paper, we demonstrated a facile fabrication 
scheme for chemically functional and large size hydrogel 
microspheres of PHPs with controlled structures 
via combined droplet microfluidics technology with 
consolidation mechanism of suspension polymerization. 
For this, with acrylamide (AM), acrylic acid (AA) as 
functional monomer, aluminum nitrate (Al(NO3)3) as 
crosslinking agent and potassium persulfate (K2S2O8) as the 
initiator, with the help of the droplet templates, the droplet 
was solidified by free radical polymerization in the droplet 
as a micro-reaction vessel, thus isotropic polyacrylamide 
high-strength temporary plugging agent particles were 
prepared. Our simple fabrication approach based on 
droplet microfluidics techniques allows consistent 
fabrication of larger PHPs with controlled structures and 
mechanical integrity. Morphology and of the particles (i.e., 
uniform or core-shell) is controlled without any delicate 
controls, complex devices, or multistep procedures. The 
swelling gelation behavior of PHPs was comprehensively 
investigated by simulating reservoir formation conditions, 
and the effects of various variables on the performance 
of PHPs were studied to determine the optimal ratio and 
optimize the preparation process.

2  Experiments and methods

2.1  Materials

Ethanol (AR, Anhui Ante Food co. LTD), acrylamide (AR, 
Tianjin Guangfu Fine Chemical Research Institute), acrylic 
acid (AR, Tianjin Damao Chemical Reagent Factory), 
NaOH (AR, Tianjin New Fine Chemical Development 
Center), auminum nitrate (AR, Tianjin Bast Chemical 
co. LTD), potassium persulfate (AR, Tianjin Zhiyuan 
Chemical Reagent co. LTD), tetrahydrofuran (AR, Tianjin 
Deen Chemical Reagent co. LTD), liquid paraffin (AR, 
Shanghai Yongsheng Reagent Factory), sodium chloride 
(AR, Jining Baiyi Chemical co. LTD), calcium chloride (AR, 
Tianjin Fuyu Fine Chemical co. LTD), magnesium nitrate 
(AR, Tianjin Hengxing Chemical Reagent Manufacturing), 
distilled water.

The apparatus used was as follows; IFS66V/S infrared 
spectrometer (Bruker, Germany), Snb-1 digital display 

viscometer (Shanghai Fangrui Instrument Co. LTD.) and 
self-made temporary plugging agent particle strength tester.

2.2  Synthesis

2.2.1  �Synthesis of the PAM gel particle temporary 
plugging agent

The preparation process of the PAM gel particles is shown 
in Figure 1. Firstly, a certain amount of monomer acrylic 
acid, acrylamide and 2 mL distilled water were added 
into a beaker equipped with magnetic stirring, and then 
a certain amount of NaOH was slowly added into the 
beaker under the condition of ice water bath to obtain 
an acrylic acid aqueous solution with a certain degree of 
neutralization. Secondly, a certain amount of crosslinker 
aluminum nitrate (Al(NO3)3), a certain amount of initiator 
potassium persulfate (K2S2O8) and 1 mL distilled water 
were added to the beaker and ultrasonic 30 min. then the 
prepared solution was dripped into a 5 mL centrifuge tube 
containing liquid paraffin (no bubbles when dripping). 
The centrifuge tube was placed in a constant temperature 
water-bath at 90°C for 10 min, and the prepared temporary 
plugging agent gel was washed with ethanol for several 
times. Then dried at 70°C and set aside. The dosages of 
each variables system were shown in Table 1. 

3  Characterization

3.1  FTIR spectra

The IR spectra were recorded on a Vectoer-22 Bruker 
Fourier transform infrared (FT-IR) spectrometer using a 
KBr pellet, over the range 4000-500 cm-1 from 64 scans at 
4 cm-1 resolution.

3.2  SEM images

The SEM images of cross section of PAM gel particles were 
examined using a Philips scanning electron microscope 
(SEM) at an accelerating voltage of 20 kV. The samples were 
coated with a thin layer of gold before the measurements.

3.3  Determination of density

Apparent density: particles of a certain mass in each group 
of samples are randomly selected as units. Flow gauge 
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calipers are used to measure the diameter of each particle. 
The maximum and minimum values are removed. The 
average was denoted as D; then the remaining particles 
were weighed and averaged, and their mass was denoted 
as M. Finally, the apparent density was calculated 
according to Eq. 1:

	 π
6M D 3ρ =′ − � (1)

Volume density: take 20 particles of each sample 
randomly as the measurement unit, weighed the mass of 
each group of particles, denoted as m. Tetrahydrofuran 
was used as the volumetric effluent, take the initial value 
V0 as 1, then put the particles into the measuring cylinder, 
the reading is recorded as Va, Va-V0, that is, the volume 

V of each group of particles, and finally, calculated its 
volume density according to Eq. 2:

	

m
V V
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a

0
0

ρ =
−

× � (2)

3.4  Determination of water uptake (%)

The measured diameters of temporary plugging agent gel 
with different concentrations are denoted as (D0). Then, 
the temporary plugging agent gel was put into a beaker 
containing a certain amount of distilled water (NaCl 
solution, CaCl2 solution and Mg(NO3)2 solution), and at 
regular intervals the gel was taken out and its diameter 
after absorption was measured as (D). Until it reaches 
equilibrium. And the water absorption was measured at 

Figure 1: Procedure for preparation of PAM gel particle temporary plugging agent.

Table 1: Proportion of different variable systems (m for mass ratio, n for mole ratio).

number 1 2 3 4 5 6 7 8 9 10

m(AA):m(H2O) 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

n(AA):n(AM) 3:7 3.5:6.5 4:6 4.5:5.5 5:5 5.5:4.5 6:4 6.5:3.5 7:3 - 

m(Al(NO3)2)
m(AA+AM) 0.1% 0.5% 1.0% 1.5% 2.0% 2.5% 3.0% 3.5% 4.0% -

m(K2S2O8)
m(AA+AM) 0.2% 0.4% 0.6% 0.8% 1.0% 1.2% 1.4% 1.6% 1.8% 2.0%

neutralization 0 20% 30% 40% 50% 60% 70% 80% 90% 100%
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different temperatures (18). And finally, calculated its 
water uptake according to Eq. 3:

	

D
D

W 100%
0

= × � (3)

3.5  Determination of strength

There are many kinds of testing methods for the relative 
strength of temporary plugging agent particles. In this 
experiment, a self-made temporary plugging agent 
particle strength tester was used to test the strength of the 
prepared temporary plugging agent particles. The design 
of the particle strength tester for temporary plugging 
agent is shown in Figure 2. The pellets with different 
concentrations were placed in distilled water at different 
temperatures for 4 h. Then the temporary plugging agent 
particles were immediately placed in the tester to make 
the end face of the pressure rod contact the gel. Then add 
weights to the pallet until the gel breaks. The strength of 
the temporary plugging agent particles was calculated 
according to Eq. 4:

	

G m g f

A
S 1 0=

+ −
� (4)

where: S – particle strength of temporary plugging 
agent (KPa); m0 – total initial mass of counterweight, 
connecting bar and pressure bar (g); G1 – farmar weight; 
A – cross-sectional area of pressure rod head; f – friction 
is negligible when the surface of the pressure rod and 
connecting rod and the casing wall are sufficiently 
smooth; g – gravitational acceleration, 9.8 m/s2.

3.6  Determination of aging resistance

The temporary plugging agent gel was prepared into an 
aqueous solution with a mass concentration of 5%, and 
then put in 90°C oven, every time out, weighing, until 
completely dissolved, recording time.

4  Results and discussion

4.1  �Structure and morphology of PAM gel 
particle 

By using microfluidics technology, the large size 
gel particles temporary plugging agent with regular 
morphology, uniform size was prepared by using droplet 
as the reaction vessel and single mode single cavity 

Figure 2: Processing diagram of gel strength tester.

Figure 3: Infrared spectrum of PAM gel particles.



D. Zhang et al.: Facile droplet microfluidics preparation of larger PAM-based particles and investigation   583

structure. The infrared spectrum and morphology of 
PAM gel particles is shown in Figure 3. It can be seen 
from Figure 3a, the peak at 3428 cm-1 is attributed to the 
stretching vibration of overlab of OH group of acrylic acid 
with NH2 of acrylamide. the peak at 2935 cm-1 are attributed 
to C–H stretch vibrations on methylene (–CH2–), the peak 
at 1664 cm-1 correspond to carbonyl group (C=O) of amide 
(polyacrylamide). Moreover, the characteristic peaks of  
–OH in the carboxyl group (–COOH) at 1409 cm-1 over-
lapped with those of the ester group (COO–) at 1409 cm-1, so 
that the characteristic absorption peak was strengthened. 
This indicates that the temporary plugging agent of PAM 
gel particles has been successfully prepared. 

Figure 4 shows the Morphology of PAM gel particles 
and SEM images of cross section of PAM gel particles. 
As shown in Figure 4a the prepared PAM gel particles 
are regular spherical with uniform particle size, and the 
particle size distribution is between 2 and 2.3 mm. It can 
be seen from Figure 4b the cross section morphology of 
PAM gel particles is rough, porous and compact. This type 
of morphology provides more water absorbing sites and 
certain strength. 

4.2  �Effects of different monomer proportions 
on the particle properties of PAM 
temporary plugging agent

Figure 5 shows the swelling ratio curve of different 
monomer proportions and PAM gel particles at different 
temperatures in the reservoir formation environment. It 
can be seen from Figure 5 that at different temperatures, 
PAM gel particle temporary plugging agent rapidly 
absorbed water within the first 500 min, and the water 
absorption rate first increased and then decreased with 
the extension of time. After 500 min, the water absorption 
rate of the gel particle began to decrease after reaching the 

maximum value, until the swelling equilibrium. When the 
mass ratio of AA to AM was 5:5, the water absorption rate 
of PAM gel particles was the highest. Figure 5f shows the 
relationship between temperature and swelling ratio of 
PAM gel particles reached the maximum water absorption 
rate with different monomer ratios. It can be seen from 
Figure 5f, PAM gel particle swelling ratio increases with the 
rise of temperature first and then decreases, and reached 
the maximum at 40°C. This is because the materials used 
to prepare the gel particles are water-soluble monomers, 
and the prepared polymers are hydrolyze. Therefore, 
when the temperature rises to a certain degree, the 
hydrolysis rate of the polymers increases, leading to 
decreases in the water-holding capacity. It can be seen 
from Figure 5 that the swelling ratio of PAM gel particles 
first increases and then decreases with the increases of 
the mass ratio of AA and AM, at different temperatures, 
and when the ratio is 5:5, the swelling ratio of the gel 
particles is the highest. This is because when the AM 
content is high, the synergistic effect between the CONH2– 
group in the AM molecule and the COO– group in the AA 
molecule increases the water absorption ability of the 
gel microspheres. When the mass ratio of AA and AM is 
greater than 1, the intermolecular reaction tends to be 
the self-polymerization reaction between AA, and the 
molecular chain of the polymer gradually becomes longer 
and the crosslinking degree gradually increases, thus 
the water absorption and the water retention capacity of 
the polymer reduced. In addition, it can be seen that the 
PAM gel particle temporary plugging agent, after water 
absorption and swelling, has a wide range of particle size 
change between 2 and 10.8 mm·mm-1, which can be fully 
applied in the non-uniform distribution of pore throat in 
the formation environment and effectively block the pore 
throat in the formation.

Figure 6 shows the relationship between different 
monomer ratios and the temporary plugging agent 

Figure 4: (a) Morphology of PAM gel particles, (b) SEM images of cross section of PAM gel particles.
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performance of PAM gel particles under the simulated 
reservoir formation environment. Figures 6a-c correspond 
to the density, apparent density to volume density ratio, 
compressive strength, aging resistance and flowback 
performance of PAM gel particles with different monomer 
ratios, respectively. It can be seen from Figure 6a with 
the increases of the mass ratio of AA to AM, the volume 
density and apparent density of the temporary plugging 
agent of gel particles first increases and then decreases, 
and the apparent density is slightly less than the volume 
density. This is because although the temporary plugging 
agent particles prepared by the infusion method are 
relatively regular but they are still some deviation from 

the ideal sphere, as can be seen from the ratio of apparent 
density to volume density of 0.75, the temporary plugging 
agent particles prepared are relatively regular in shape 
and uniform in size. As shown in Figure 6b, that at 
different temperatures, the compressive strength of PAM 
gel particles firstly decreases and then increases as the 
mass ratio of AA and AM increases. And when the mass 
ratio of AA to AM is 1, the compressive strength is the 
minimum, because the change of AM content will affect 
the crosslinking degree of the polymer. As shown in 
Figure 6c, the dissolution time of PAM gel particles first 
decreases and then increases with the increases of the 
mass ratio of AA to AM. When the mass ratio of AA to AM 

Figure 5: The relationship between monomer ratio and swelling ratio of PAM gel particles at different temperatures.
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is 1, the minimum dissolution time is 8 h. According to 
Figure 3, when the mass ratio of AA and AM is 1, PAM gel 
particle temporary plugging agent has the fastest water 
absorption rate and the shortest swelling equilibrium 
time, so it can accelerate the dissolution rate of particle 
temporary plugging agent, and the viscosity distribution 
after dissolution is around 65 mPa·s, the system viscosity 
is relatively low, so has a good backflow performance.

4.3  �Effect of initiator concentration on the 
properties of temporary plugging agent 
particles

Figure 7 shows the relationship between the concentration 
of initiator and the swelling ratio of PAM gel particle 
temporary plugging agent at different temperatures in the 
simulated reservoir formation environment. As can be 
seen from Figure 7, at different temperatures and initiator 
concentrations, PAM gel particles rapidly absorb water 
in the first 500 min, after reaching the maximum value in  
500 min, the water absorption rate decreases until 
the swelling equilibrium. And when the initiator 
concentration was 0.8-1.0%, the PAM gel particle temporary 
plugging agent had the highest water absorption rate.  
Figure 7f shows the relationship between temperature and 

swelling ratio of PAM temporary plugging agent gel particles 
reached the maximum water absorption rate with different 
initiator concentrations. It can be seen from Figure 7f  
that the PAM gel particle swelling ratio increased with 
the temperature increase and then reduce and reach the 
maximum at 40°C, and the swelling ratio of PAM gel particles 
first increases and then decreases with the increases of 
initiator concentration. When the initiator concentration 
is 0.8%, the swelling ratio of PAM gel particles temporary 
plugging agent reaches the maximum. This is because when 
the concentration of initiator is low, although the molecular 
chain length of the formed polymer is long, the content of 
small molecules is high. So it is good for water absorption 
but not good for water retention. When the initiator 
concentration is higher, the active free radical content of the 
polymer formed is higher and the molecular chain formed 
is shorter, which is beneficial to water absorption but not 
beneficial to water retention. Therefore, within a certain 
range, with the increase of initiator concentration, the water 
absorption rate of gel particles increases with the increases 
of initiator concentration, and the swelling ratio decreases 
with the increases of initiator concentration.

Figure 8 shows the relationship between the 
initiator concentration and the temporary plugging 
agent performance of PAM gel particles under the 
simulated reservoir formation environment. Figures 8a-c 

Figure 6: Relationship between monomer ratio and temporary plugging agent performance of PAM gel particles.
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correspond to the curves between the density, apparent 
density to volume density ratio, compressive strength, 
aging resistance and backflow performance of PAM gel 
particle temporary plugging agent at different initiator 
concentrations, respectively. It can be seen from Figure 8a  
with the increases of initiator concentration, the volume 
density and apparent density of PAM gel particles 
first increases and then decreases, and the apparent 
density was slightly less than the volume density. This is 
mainly because the temporary plugging agent particles 
prepared by the infusion method are relatively regular, 

but still have a relative deviation from the ideal sphere. 
As can be seen from the ratio of apparent density to 
volume density of 0.77, the temporary plugging agent 
particles prepared have a relatively regular shape and 
uniform size. As can be seen from Figure 8b, with the 
compressive strength of PAM gel particles temporary 
plugging agent increases first and then decreases with 
the increases of the initiator concentration at different 
temperatures. When the initiator concentration is 0.8%, 
the compressive strength reaches the maximum value. 
This is mainly because when the initiator concentration 

Figure 7: Relationship between initiator concentration and swelling ratio of PAM gel particle temporary plugging agent at different 
temperatures.
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is low, the amount of active free radicals formed is 
small, and the polymerization reaction rate is slow, so 
a large number of oligomers are formed. However, with 
the increases of initiator concentration, the molecular 
weight of the polymer increases gradually, and its water-
holding capacity and compressive strength increases. 
As the initiator concentration increased, the polymer 
molecular chain became shorter and the compressive 
strength decreased. From Figure 8c, with the increases 
of initiator concentration, the aging resistance time of 
PAM gel particle temporary plugging agent first increases 
and then decreases, when the initiator concentration is 
0.8%, the maximum complete dissolution time is 8 h, 
and the viscosity distribution after dissolution is about 
60 mPa·s, the system viscosity is relatively low, so the gel 
microsphere has a good backflow performance.

4.4  �Effect of crosslinking agent concentration 
on the performance of temporary 
plugging agent particles

Figure 9 shows the relationship between the 
concentration of crosslinking agent and the swelling 
ratio of PAM gel particle temporary plugging agent 
at different temperatures in the simulated reservoir 
formation environment. It can be seen from Figure 9 that 

at different temperatures, PAM gel particle temporary 
plugging agent rapidly absorbs water within the first  
500 min, and the water absorption rate first increases and 
then decreases with the extension of time. After reaching 
the maximum value in 500 min, the water absorption rate 
gradually slows down until the swelling equilibrium. And 
when the crosslinking agent concentration was 1.0%, 
the PAM gel particle temporary plugging agent had the 
highest water absorption rate. Figure 9f is the graph of 
the relationship between temperature and swelling ratio 
of PAM temporary plugging agent gel particles reached 
the maximum water absorption rate with different 
crosslinking agent concentrations. It can be seen that 
the PAM gel particle swelling ratio increases with the 
temperature increases and then reduces and reaches 
the maximum at 40°C, and it can be seen in Figure 9 
that the swelling ratio of PAM gel particle temporary 
plugging agent first increases and then decreases with 
the increases of crosslinking agent concentration. And 
when the crosslinking agent concentration is 1.0%, the 
swelling ratio of gel particle temporary plugging agent 
reaches the maximum. This is mainly because the 
amount of crosslinking agent is small, the polymer does 
not form an ideal three-dimensional network structure, 
so the water solubility is large and the water absorption 
rate is low. When the dosage of crosslinking agent 
increases to a certain value, the water absorption rate 

Figure 8: Relation between initiator concentration and temporary plugging agent performance of PAM gel particles.
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reaches the maximum. When the amount of crosslinking 
agent is increases, the crosslinking point of the network 
structure increases, the structure is dense and the water 
molecules cannot enter the polymer, thus the water 
absorption rate decreases. To sum up, in the simulated 
formation temperature of 40°C, crosslinking agent 
concentration was 1.0%, the PAM gel particle swelling 
ratio of temporary plugging agent reached a maximum 
of 10.9 mm·mm-1, and it can be seen that PAM gel particle 
temporary plugging agent has a wide range of particle 
size change between 2 and 10.9 mm·mm-1 after water 
absorption and swelling, it can be fully applied to the 
non-uniform distribution of pore throats and effectively 
block the pore throat of stratum.

Figure 10 shows the relationship between different 
crosslinking agent concentrations and the temporary 
plugging agent properties of PAM gel particles under the 
simulated reservoir formation environment. Figures 10a-c 
correspond to the relationship between the density, 
apparent density to volume density ratio, compressive 
strength, aging resistance and backflow performance of 
PAM gel particle temporary plugging agent at different 
crosslinking agent concentrations, respectively. It can be 
seen from Figure 10a, with the increases of crosslinking 
agent concentration, the volume density and apparent 
density of PAM gel particles first increases and then 
decreases, the apparent density is slightly less than the 
volume density. As can be seen from Figure 10b, the 

Figure 9: Relationship between concentration of crosslinking agent and swelling ratio of PAM gel particle temporary plugging agent at 
different temperature.
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compressive strength of PAM gel particles temporary 
plugging agent first decreases and then increases with 
the increases of crosslinking agent concentration at 
different temperatures. When the crosslinking agent 
concentration is 1.0%, the compressive strength reaches 
the minimum value; this is mainly because when the 
crosslinker concentration is low, the coordination mode 
between polymer molecular chains is surface chelation, 
forming a three-dimensional network structure, and 
the compressive strength is large; with the increases 
of crosslinking agent concentration, the coordination 
mode was gradually transformed from off-plane to 
in-plane. However, due to chelation competition, when 
the crosslinking agent concentration reached a certain 
value, the compressive strength of the polymer reached 
the minimum value, with the further increase of the 
crosslinking agent concentration, the concentration 
of Al3+ increases, so the crosslinking degree gradually 
increases and the compressive strength increases. It can 
be seen from Figure 10c that the aging resistance time of 
PAM gel particles first decreases and then increases with 
the increases of crosslinking concentration. When the 
crosslinking agent concentration is 1.0%, the minimum 
value appears and the time is 8.3 h, moreover, the viscosity 
distribution after dissolution is around 63 mPa·s, and the 

viscosity of the system is relatively low, so it has a better 
backflow performance.

4.5  �Effect of neutralization degree on the 
performance of temporary plugging 
agent particles

Figure 11 shows the relationship between different 
neutralization degrees and the swelling ratio of PAM 
gel particles temporary plugging agent at different 
reservoir temperatures. It can be seen from Figure 11 that 
at different temperatures, PAM gel particle temporary 
plugging agent absorbs water rapidly in the first 500 min, 
and after reaching the maximum value in 500 min, the 
water absorption rate gradually slows down and tends 
to balance. When the neutralization degree was 60%, 
the water absorption rate of PAM gel particle temporary 
plugging agent was the fastest. Figure 11f is the graph 
of the relationship between temperature and swelling 
ratio of PAM gel particles reached the maximum water 
absorption rate with different neutralization degrees. It 
can be seen in Figure 11f, the PAM gel particle swelling 
ratio first increases and then decreases with the rise of 
temperature, and reach the maximum at 40°C. Moreover, 

Figure 10: Relationship between crosslinking agent concentration and temporary plugging agent performance of PAM gel particles.
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the swelling ratio of PAM gel particles first increases 
and then decreases with the increases of neutralization 
degrees. When the neutralization degree was 60%, the 
swelling ratio of PAM gel particles reached the maximum. 
With the increases of neutralization degrees, through 
the synergistic effect of –CONH2 group in AM and –COO– 
group in AA, the crosslinking degrees of the polymer 
decreases and the network gap becomes larger, thus its 
water absorption and water retention capacity increases. 
When the neutralization degrees exceeds a certain value, 
the chelation mode between –COO– and Al3+ changes 
from low coordination to high coordination, the gap of 
the three-dimensional network structure becomes smaller 
gradually, so its ability of water absorption and water 
retention gradually weakens. To sum up, in the simulated 
formation temperature of 40°C, neutralization degrees 

was 60%, PAM swelling ratio of gel particles reached a 
maximum of 11.9 mm·mm-1. And it can be seen that PAM 
gel particle temporary plugging agent has a wide range 
of particle size change between 2 and 11.9 mm·mm-1 after 
water absorption and swelling. Therefore, it can be fully 
applied to the non-uniform distribution of pore throats in 
the formation environment and effectively block the pore 
throats in the formation.

Figure 12 shows the relationship between different 
neutralization degrees and the temporary plugging 
agent performance of PAM gel particles under the 
simulated reservoir formation environment. Figures 12a-c 
correspond to the relationship between the density, 
apparent density to volume density ratio, compressive 
strength, aging resistance and backflow performance of 
the temporary plugging agent of gel particles at different 

Figure 11: Relationship between neutralization degree and swelling ratio of PAM gel particles at different temperatures.
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neutralization degrees, respectively. It can be seen 
in Figure 12a with the increases of crosslinking agent 
concentration, the volume density and apparent density 
of PAM gel particles first increases and then decreases, 
the apparent density is slightly less than the volume 
density, but the shape and size of the temporary plugging 
agent particles are regular and uniform. It can be seen 
from Figure 12b, that at different temperatures, with the 
increases of neutralization degrees, the compressive 
strength of PAM gel particles first decreases and then 
increases. When the neutralization degrees is 60%, the 
compressive strength of gel microspheres reaches the 
minimum value; this is mainly due to the high reactivity 
of AA when the neutralization degrees is low and forming 
the macromolecular chain polymers with high degree 
of crosslinking and the three-dimensional network 
structure is dense, so its compressive strength is high, 
with the increases of neutralization degrees, through 
the synergetic effect of the CONH2 group in AM and the 
–COO– group in AA, the cross-linking degree of the 
polymer decreases and the network gap becomes larger, 
thus the compressive strength gradually decreases. When 
the neutralization degrees is higher than a certain value, 
the chelation mode of –COO– and Al3+ changes from low 
coordination to high coordination, as a result, the gap 
of the three-dimensional network structure becomes 
smaller gradually, and the compressive strength of the gel 

microsphere increases gradually. As shown in Figure 12c, 
with the increases of neutralization degrees, the aging 
resistance time of PAM gel particles temporary plugging 
agent first decreases and then increases. When the 
neutralization degrees is 60%, the minimum value is 7 h, 
and the viscosity distribution after dissolution is around 
60 mPa·s. The system viscosity is relatively low and the 
backflow performance is good.

4.6  �Effects of different salinity on water 
absorption of gel microspheres

Figure 13 is the graph of water absorption ratio of PAM gel 
particles with different salinity. It can be seen in Figure 13, 
the prepared gel particles temporary plugging agent has 
a certain salt tolerance, and the water absorption ratio 
of gel particles decreases with the increases of NaCl, 
Mg(NO3)2 and CaCl2 content in aqueous solution. This 
is because with the amount of inorganic salt increases, 
the concentration of ions in the solution increases, the 
osmotic pressure inside and outside decreases of the 
copolymer, which makes it difficult for water to enter into 
the particle temporary plugging agent. In addition, the 
cationic entering the polymer molecules through osmosis 
will shield the anionic, the repulsion between different 
anions in the polymer is reduced, so the water absorption 

Figure 12: Relationship between neutralization degrees and temporary plugging agent performance of PAM gel particles.



592   D. Zhang et al.: Facile droplet microfluidics preparation of larger PAM-based particles and investigation

ratio is also reduced (19); as can be seen from Figure 13, the 
order of influence of the three inorganic salts on the water 
absorption rate of the temporary plugging agent particles 
is CaCl2 > Mg(NO3)2 > NaCl, this is because the ionization 
concentrations of the three inorganic salts in unit volume 
are successively CaCl2 > Mg(NO3)2 > NaCl.

5  Conclusions 
By combining microfluidics technology with 
consolidation mechanism of suspension polymerization, 
used W/O emulsion templates, with droplet as micro-
reaction vessel through free radical polymerization, 
prepared the polyacrylamide high strength temporary 
plugging agent particles with isotropy, regular shape 
and uniform size. And the effects of various variables on 
the properties of PAM gel particles temporary plugging 
agent (regularity, swelling rate, compressive strength, 
aging resistance and reflux) were also discussed, and it is 
concluded that when the n(AA) : n (AM) = 5:5, w(K2S2O8) =  
0.8%, w(Al(NO3)3) = 1.0%, neutralization degrees was 
60%, the PAM gel particles of temporary plugging agent 
has the maximum water absorption and the minimum 
compressive strength at 40°C can meet the requirements 
of its use in the fracturing process. And in the reservoir 
simulation environment conditions, the viscosity and 
salt tolerance of PAM gel particles after dissolution were 
determined, it can be seen that the viscosity of the series 
PAM gel particle temporary plugging agent prepared 
through the control variable after dissolution is between 
50 and 65 mPa·s, the viscosity of the system is low, so 
it has a good backflow performance. In addition, the 
PAM gel particle temporary plugging agent has a certain 
salt tolerance. There are few samples analyzed in this 

experiment, thus these presented results are initial, 
however, its test results and rules are in line with the 
results of our laboratory analysis. Later, we will further 
explore and extend the results.
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