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ABSTRACT
Ordinary polymers have poor adaptability in high-temperature and high-salt reservoir environments 
due to their properties. Organic/inorganic composite copolymer microspheres have the advantages 
of both of them, which are expected to break through their applicability limitations in such oil 
reservoirs. Therefore, its preparation and performance have always been of great concern to 
researchers. In this paper, AM/AMPS/Si-St ternary copolymers were synthesized by precipitation 
polymerization; then modified nano-silica particles were added to synthesize AM/AMPS/Si-St/g- 
SiO2 organic/inorganic composite quaternary copolymers. FT-IR and SEM characterized the copoly-
mers to confirm that they were prepared successfully. Experiments were carried out to investigate the 
concentration and ratio of monomers, which showed that the Weissenberg effect could be avoided. 
The number of polymer molecules could be stabilized under AM concentration of 12 wt%, AM/AMPS/ 
Si-St ratio of 8:1:1, nano silica of 3.3% and the modification conditions of KH570:SiO2 = 1:1. The 
experiments of temperature and salt resistance of two copolymers were evaluated and compared 
were conducted by using viscosity and particle size as parameters. The results showed that quatern-
ary copolymers could increase the viscosity retention rate by about 10% compared with ternary 
copolymers under high content of Na+ and Mg2+. When the two copolymers were placed at 150°C, 
the appearance and morphology of the terpolymer changed obviously. Through the SEM image of 
the quaternary copolymers, it could be seen that although the spherical shape of the microsphere 
had been gradually lost, no degradation occurred, and the stable time of the modified microspheres 
had been effectively extended.
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Introduction

Polyacrylamide-based polymer microspheres are one of 
the most widely used materials in the oil and gas field, 
with the advantages of high-swelling ratio, good elasti-
city, and strong designability. However, they are easy to 
deposit and decompose under high temperatures and 
high salt conditions. On the one hand, copolymers with 
polyacrylamide (PAM) as the main monomer hydrolysis 
and degradation speed at high temperature [1–6]. On 
the other hand, the carboxyl groups in the molecules are 
very sensitive to salts. Under high salinity, the molecular 
chains will curl up severely at high mineralization, which 
has an irreversible impact on the viscosity. Therefore, the 
application of polyacrylamide polymers in high- 
temperature and high-salt reservoirs has certain limita-
tions [7–11]. In response to such problems, domestic and 
foreign researchers have proposed several ideas to 
improve the temperature and salt resistance [12–17]: 
(1) Addition of salt-resistant groups. 2-acrylamido- 

2-methylpropane sulfonic acid (AMPS) was the main 
component. (2) Addition of hydrophobic groups. 
Hydrophobic associative polymers can increase the 
rigidity of the original polyacrylamide chain and inhibit 
the hydrolysis of the amide groups. Hydrophobic asso-
ciative polyacrylamides (SHPAM) functionalized with sul-
fonylcalix [4] aromatics by redox radical polymerization 
were prepared by Du et al. [18], which had good long- 
term stability, water solubility, salt, and temperature 
resistance. (3) Addition of amphoteric ions. The fluid 
mechanic volume of zwitterion polymer itself will be 
greatly increased by the rich salt ions contained in the 
oil layer. A novel amphoteric polyacrylamide (PASD) 
using two anion monomers was synthesized by Jin 
et al. [19], which also exhibited excellent heat resistance 
and shear resistance in concentrated salt solutions.

Although there are many means for improving the tem-
perature and salt resistance of polyacrylamide-based poly-
mer microspheres, there are relatively few studies on new 
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organic/inorganic composite copolymers formed by add-
ing inorganic materials on the basis of the original polya-
crylamide copolymers [20–27]. The EOR technology 
currently is not very optimistic for the high temperature 
(90°C −150°C), high salt (20,000–30,000 mg/L), and low 
permeability of the oil field, which the water cut is going 
to rise fast. Therefore, combined with the current develop-
ment status and existing problems, instrument detection, 
chemical analysis and reservoir theory as guidance and 
physical simulation experiment as technical means [28– 
33], the precipitation polymerization was used to prepare 
two kinds of copolymers, namely AM/AMPS/Si-St and AM/ 
AMPS/Si-St/g-SiO2. A comprehensive evaluation of them 
was conducted to explore further the mechanism of inor-
ganic materials improving the temperature and salt resis-
tance of polyacrylamide. This study had expected to 
provide a structural theoretical basis for the subsequent 
construction of novel polyacrylamide-based polymers 
with superior performance.

Method

Materials

AM, AMPS, Si-St, acrylate-based crosslinking agent, water- 
soluble dispersants, ammonium sulfate, azo initiators, silane 
coupling agent (KH570) and nano silica. Deionized water 
was self-made in the laboratory. Water used in the experi-
ment: deionized water and ionized water with two different 
levels of salinity. Quality analysis is shown in Table 1.

Instruments

The experimental equipment used is shown in Table 2.

Preparation of copolymers

(1) The dispersant was fully dissolved in water. AM, 
AMPS, Si St, ammonium sulfate, and crosslinking 

agent were added. pH was adjusted to 6.5 by 
NaOH under ice bath conditions, and an initiator 
was added. Low-temperature nitrogen and deoxy-
genation were performed on the mixture. 
Afterwards, precipitation, washing, and drying were 
carried out to obtain a powdered ternary copolymer.

(2) Nano-silica particles were dissolved in anhydrous 
ethanol and fully dispersed. KH570 were placed in 
the H2O: anhydrous ethanol system (1:9) and stirred 
evenly. pH was adjusted to weakly alkaline, refluxed 
at 80 ℃ for 4 hours, filtered, and dried before 
extracting g-SiO2.

(3) g-SiO2 particles were dissolved in deionized water 
and sonicated for 30 minutes to be emulsion. 
Repeated the preparation of ternary copolymers in 
this emulsion to obtain quaternary composite copo-
lymers. The synthesis process is shown in Figure 1.

Microscopic morphology and structural 
characterization

The copolymer powders were spread on the conductive 
adhesive and sprayed with gold, which were observed 
by Scanning Electron Microscope. The resolution of the 
Fourier transform infrared (FT-IR) spectrometer was 4  
cm−1, and the scanning was performed 32 times. 
Copolymers were put and ground in a grinding dish 
under infrared light irradiation and then were pressed 
into a thin sheet for testing.

Monomer concentration and ratio experiments

The terpolymers were synthesized under the conditions of 
AMPS/Si-St both of 0.6 wt% and AM of 10%-18 wt%. The 
state and viscosity of solutions were observed; KH570:SiO2 

were set to be 3:1/2:1/1:1/1:2/1:3, and modified nano- 
silica was 0.1/0.15/0.2/0.25/0.3 g, respectively, and the 
viscosity of the composite copolymers was measured.

Table 1. Water composition analysis.
Salt ion concentration (mg/L)

Total (mg/L)Na+ Ca2+ Mg2+ HCO3
− SO4

2- Cl−

6100 50 230 100 230 6100 12810
10811 409 1347 149 2848 19127 34691

Table 2. Equipments.
Instruments Model/Company

Scanning electron microscopy (SEM) Nova Nano 450
Fourier transform infrared (FTIR) Spectro One PerkinElmer Ltd.
Brinell Viscometer Brookfield DV-II+Pro
Soxhlet Extractor ZM-SXT-04
Multi-angle particle size and high sensitivity zeta potential analyzer /
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Salt resistance tests

Salt solutions of two copolymers were prepared with 
two kinds of mineralized (12810/34691 mg/L) water as 
well as under the condition that Na+ and Mg2+ contents 
were 2000–10000 mg/L. Viscosity and particle size were 
measured after one day.

Temperature resistance tests

Solutions of the two copolymers were prepared at 5000 mg/ 
L, which were poured into a reactor and placed at a 150°C 
constant temperature oven. The macroscopic changes were 
observed on days 0, 1, 7, and 14. When the visible changes 
were not obvious, particle size testing was taken further.

Viscosity and particle size testing

The apparent viscosity of the samples was determined 
using a Brinell viscometer. The sample was diluted with 
deionized water (1:100 mass ratio of sample to deionized 
water) and added to the cuvette. The copolymer volu-
metric average particle size was measured under the 
condition that the addition amount meets the need of 
making the shade 10–20%.

Results

Morphological and structural characterization

As shown in Figure 2(a–c), by comparing the IR 
curve of SiO2, the characteristic peaks of methyl 
and methylene groups at around 2959 cm−1, C=O 
at around 1706 cm−1, and stretching vibration 
peaks at C=C at 1631 cm−1 were observed for SiO2 

and g-SiO2 functional groups, which KH570 was 
grafted onto the surface of SiO2. FT-IR curves of g- 
SiO2/PAM compared to SiO2/PAM, the stretching 
vibration peaks of C=O and C=C appeared at 1729  
cm−1 and 1662 cm−1, indicating the binding force 
between AM and the carrier g-SiO2 surface, which 
further confirmed the successful preparation of the 
quaternary composite copolymer.

As shown in Figure 2(e), the modified silica parti-
cles were around 100 nm in size. The size distribution 
of the terpolymers and quaternary polymers was 2–4  
μm and 3–5 μm with good dispersibility. The increase 
in size indicated that silica particles bridged the main 
chains of the copolymers, which interconnected and 
entangled the molecular chains until the end of the 
nucleation process.

Figure 1. Synthesis of ternary/quaternary composite copolymers.
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Effect of monomer concentration and ratio

Similar synthetic experiments were carried out with the 
varied concentration of AM (10–18 wt%). As shown in 
Table 3, with the increase of acrylamide concentration, 
the emulsion became less stable and changed from 
liquid to gel. When the monomer addition exceeded 
14 wt%, the dispersion obtained flew poorly and formed 
white gel after a period of time. In addition, the viscosity 
of the lotion gradually increased, which indicated that 
the increase in monomer concentration would directly 
lead to the rise of the relative molecular weight of the 
polymer, strengthening the Weissenberg effect of the 
system. Therefore, the reasonable monomer dosage 
range for preparing polymer dispersions was 10 wt% 
~12 wt%. To ensure the ideal copolymers, AM concen-
tration of 12 wt% and AM/AMPS/Si-St ratio of 8:1:1 were 
selected.

Based on the synthesis of terpolymers, the grafting 
rate and incorporation of modified silica played an 
important role in the properties of composite copo-
lymers. As shown in Figure 3(b), the viscosity of the 

copolymers showed a trend of increasing and then 
decreasing, which indicated that different grafting 
rates of silica had a significant effect on the structure 
and state of the polymer molecules in solution, thus 
affecting the viscosity of the copolymers. The optimal 
modification condition was KH570:SiO2 = 1:1 in com-
parison. Additionally, the viscosity of the system 
increased and then decreased with the increase of 
modified silica (as shown in Figure 3(c)). The analysis 
suggests that the quaternary copolymers were 
a composite structure material with inorganic silica 
nanoparticles as the core and combined with organic 
terpolymers by chemical bonding and physical 
action. As a result, the strong bonding force between 
them made the viscosity increase. However, when the 
concentration of modified silica was too high, the 
reactive groups on the surface of nanoparticles 
could play the effect of chain transfer, which affected 
the increase of polymer molecular weight. Thus, the 
viscosity decreased slightly. The optimal addition 
amount of it was 3.3 wt% (0.2 g) of the total 
monomer.

Table 3. The effect of monomer ratio and concentration on ternary copolymers.
AM/g AMPS/g Si-St/g Ammonium sulfate/g Dispersant/g Initiator/g Crosslinker/g water/g Status

4.0 0.6 0.6 11.2 0.9 0.0360 0.009 40 Emulsion
4.8 0.6 0.6 11.2 0.9 0.0360 0.009 40 Emulsion
5.6 0.6 0.6 11.2 0.9 0.0360 0.009 40 Unstable emulsion
6.4 0.6 0.6 11.2 0.9 0.0360 0.009 40 Gel
7.2 0.6 0.6 11.2 0.9 0.0360 0.009 40 Gel

Figure 2. FT-IR functional group characterization and SEM image.

4 Y. ZHANG ET AL.



Salt resistance

The data on the effects of different inorganic salts and 
salt concentrations on the performance of terpolymers 
were presented in Figure 4(a,b) while (c) (d) were qua-
ternary polymers. With the increase in inorganic salt 
concentration, the viscosity and particle size of the two 
copolymers showed a decreasing trend. When the NaCl 
concentration reached 10,000 mg/L, the terpolymer visc-
osity retention was 58.44% and the particle size was 
around 3 μm, while the composite copolymers were 

75.66% and the particle size was about 6 μm. When the 
concentration of MgCl2 was 10,000 mg/L, the terpolymer 
viscosity retention was 42.46%, and the particle size was 
about 2 μm. In contrast, the viscosity retention rate of 
quaternary copolymers was 69.32%, and the particle size 
was around 5.7 μm. As a result, the divalent salt ions had 
a more significant effect on the copolymer properties 
compared to the monovalent salt ions. Moreover, com-
pared to the terpolymer, the impact of salt ions with 
different valence states on their properties had been 

Figure 3. The effect of different monomer concentrations on viscosity.

Figure 4. Effects of salinity of different salt species on viscosity and particle size of tri-quaternary copolymers.
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improved, which could be found that composite copo-
lymers had stronger salt resistance. Because the addition 
of inorganic materials took part in the construction of ‘a 
dynamic cross-linked network structure’. The presence 
of network structure increased the volume of polymer 
fluid mechanics, thus enhancing its shear resistance.

The experiments of comprehensive salt resistance 
of two copolymers were also carried out, as shown in 
Figure 5 (a) for terpolymers and (b) for quaternary 
copolymers. Due to the presence of salt ions, the 
microspheres undergo shrinkage and some degree 
of fusion under 12,810 mg/L. However, the viscosity 
and particle size of the two copolymers decreased 
slightly, indicating corresponding salt resistance. At 
34,691 mg/L mineralization, the performance of the 
quaternary copolymers is maintained well, the parti-
cle size and viscosity within the reasonable applica-
tion range. At the same time, the two reference 
values of the terpolymers decreased rapidly, which 
was due to the fact that a large increase in miner-
alization results in a significant increase in the inter-
action of the carboxylic acid groups on the polymer 
molecules with the metal ions in solution. Therefore, 
the overall salt resistance of the composite copoly-
mers was also better than that of the terpolymers.

Temperature resistance

The macroscopic changes of the terpolymer solution on 
days 1, 7, and 14 in a 150°C incubator were shown in 
Figure 6(a–c) in order. It could be seen that the solution 
was still clarified after 7 days. But on the 14th day, white 
granular precipitation appeared in the lower part of the 
solution. Therefore, it could be assumed that its stability 
deteriorated after being placed at 150°C for a certain per-
iod, which specifically manifested in the molecular chain 
contraction and the phenomenon of agglomeration.

In Figure 7(a–c) were the microscopic changes of 
copolymers at the corresponding time. The spherical 
shape of it was still intact after 7 days, but the contour 
boundary was slightly unclear, and there was a slight 
fusion phenomenon between molecules. The micro-
sphere morphology after 14 days had gradually lost its 
shape and intermolecular aggregation occurred, but the 
microsphere still existed and had no degradation.

In summary, terpolymers could stabilize at 150°C for 7  
days. Composite copolymers did not fail after 14 days, the 
particle size of which was measurable on 14th, as shown 
in Figure 8(b), so it also corroborated the above SEM 
conclusions. It could be concluded that the temperature 
resistance of quaternary copolymers was better than that 
of the terpolymers. On the one hand, the addition of the 

Figure 5. Effect of different salinity on viscosity of the copolymer.

Figure 6. Variation of terpolymer appearance with hydration time.
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Si-O bond in Si-St improved its thermal stability, with 
a chain length approximately twice and a half that of 
the C-C bond. On the other hand, the addition of mod-
ified silica could be more firmly adsorbed and grafted on 
the polymer backbone, protecting the polymer backbone 
and side groups, which had good stability at high tem-
peratures and improved the resistance of the polymer 
itself to high-temperature degradation.

Conclusion and discussion

From the perspective of molecular modification of poly-
acrylamide, two types of temperature and salt-resistant 
polyacrylamide copolymers were designed and pre-
pared by precipitation polymerization, namely AM/ 
AMPS/Si-St及 AM/AMPS/Si-St/g-SiO2. On the basis of 
terpolymers, nano-silica was added and modified. Four 
monomers were added in amounts of 12 wt%/1.5 wt 
%/1.5 wt%/3.3 wt%. The modification was KH570: SiO2  

= 1:1. Compared with ternary copolymers, the tempera-
ture and salt resistance of quaternary composite copo-
lymers increased by about 10% at the same salt 
concentration, and the stable retention time was 
extended to 14 days at 150°C. It indicated that the intro-
duction of nano-silica significantly improved the tem-
perature and salt resistance of the original polymer.

The profile control and flooding ability of two copoly-
mers is an important indicator for its practical application in 
the field. The experiments on the injectability and sealing 
performance of them will be conducted for the next study 
focus.
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