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Abstract
The effects of various materialcompositions and reservoir environments on the ultimate strength and swelling kinetics of a 
commercial preformed particle gel (PPG) have been investigated. This study used different ratios of acrylamide and acrylic 
acid copolymers with a specific crosslinker concentration. Results have indicated that increasing the acrylic acid propor-
tion enhances the PPGs’ ability to swell but weakens their network structure. In contrast, increasing the crosslinker content 
decreases the swelling ratio and increases the gel strength. The highest equilibrium swelling capacity among the six preformed 
particle gel samples was obtained for PPG2, which has the highest acrylic acid amount and the lowest crosslinker content, 
with a swelling ratio of 2400 g/g in deionized water and 59.8 g/g in brine 1 (67535.8 mg/l). On the contrary, PPG5, with the 
lowest acrylic acid and highest crosslinker content, has a swelling capacity of 239 g/g and more than 17 g/g in distilled and 
brine 1, respectively. Yet, PPG5 has the highest swollen gel strength of 615.5 Pa in deionized water and 3344 Pa in brine 
1. The PPGs’ swelling ratios showed stepwise improvements along with increasing temperature, notably after 50 °C, yet, 
the storage modulus (G′) was negatively affected. The PPGs revealed the highest swelling behavior in pH 6–8, decreasing 
dramatically in more acidic and basic conditions. The swelling ratios of the PPGs in brine 1 at 50 °C were between 12 and 
32 g/g, having strengths in the range of 566–5508 Pa, depending on the crosslinker ratio. The PPGs also demonstrated the 
ability to compete with other commercial PPGs as they have shown physical and thermal stability when aging at 50 °C, 
specifically those with high crosslinker content (PPG5).

Keywords  Conformance control · Preformed particle gel · Acrylamide and acrylic acid copolymers · Swelling capacity · 
Storage modulus · Crosslinker

1  Introduction

Water production is a prominent issue for most mature oil 
reservoirs worldwide. Excess water production is a con-
cerning issue because it increases the operating costs for 

oil–water separation processes, causes high levels of cor-
rosion and scale depositions, and shortens the well’s pro-
duction life. For these reasons, controlling water produc-
tion has been one of the prime intents of most hydrocarbon 
producers.

The concept of conformance control refers to the methods 
used to correct the heterogeneity of reservoirs, which has the 
potential to improve sweep efficiency while cutting water 
production. One of the most popular methods for conform-
ance control is the in situ gel technology; it is the injection 
of chemicals to form a 3D network structure under the res-
ervoir conditions (temperature, salinity, and pH) that block 
water flow and reduce permeability of channels [1, 2]. In 
the 1970s, Philips Co. (now Conoco Philips) developed the 
first in situ polymer gel system using aluminum citrate and 
partially hydrolyzed polyacrylamides (HPAM) [3]. Since 
then, various materials have been proposed and used as 
alternate injection methods or co-injections of polymer and 
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a crosslinker to fully or partially seal the formation [4–9]. 
Our research group reported these polymer-based formula-
tions in two different reviews [4–9].

In situ polymer gel systems are cost-effective and efficient 
in reducing reservoir heterogeneity, consequently reducing 
water production [10]. Nevertheless, this technology has sev-
eral drawbacks that restrict its applications for conventional 
reservoirs, such as a lack of management of the gelation time 
and difficulties in controlling the stability and strength of the 
formed gel due to shear degradation. In addition, the limited 
control of material uptake on the surface of the rocks leads 
to increased damage to low permeability un-swept oil zone. 
Furthermore, in situ gels not only have the problem of chro-
matographic separation between polymer and crosslinker 
and dilution by the formation water and minerals, but their 
application is limited to near-wellbore plugging. Therefore, 
to avoid such limitations, it is preferable to incorporate suit-
able preformed gel materials at surface facilities in the form 
of particles before injection into the reservoir.

The injected particles form crosslinked three-dimensional 
network structures of hydrophilic polymers and act as super-
absorbent polymers (SAP) with an ability to absorb and 
retain water more than 100 times their weight. In addition, 
these SAP could plug or divert water in the fracture chan-
nels and void space conduits in high permeability zones, 
reducing the water effluents and enhancing the oil sweep 
efficiency [11]. This technology is known as preformed par-
ticle gels (PPGs) and could be used for near wellbore or deep 
profile applications.

PPG was introduced in 1996 by RIPED, Petro China, 
and since its inception, PPGs have attracted the interests 
of many researchers, where various PPGs have been devel-
oped for conformance control [12, 13]. The existing scope 
of preformed gels includes bulk gels, partially preformed 
gels, and particle gels [14–17]. Most investigations have 
utilized materials based on polyacrylamide or one of its 
derivatives [18], along with an organic crosslinker, such as 
N, N′-methylenebisacrylamide [19] and polyethyleneimine 
(PEI) [20], or an inorganic crosslinker, such as zirconium 
lactate [15], aluminum nitrate [21], and others [22]. In some 
cases, clay [23], silica [24], or graphene oxide [25] are added 
to the composition to enhance the material’s mechanical 
strength. The success of the PPG treatment mainly depends 
on how effectively it can reduce the permeability of the 
channels to a certain level [19]. According to Esfahlan 
et al. [13], particle size, swelling capacity, swollen particle 
strength, and thermal stability are the main parameters sig-
nificantly affecting the PPG’s performance.

The ability to adjust the PPG’s size is a significant advan-
tage, as dry gels could be crushed and sieved to produce 
micro-to-millimeter-sized PPGs. Therefore, the sieve diam-
eter determines their initial size [26, 27]. However, the 
swelling capacity is more critical because it defines the final 

size of PPGs, which controls the blocking efficiency in fluid 
channels. The mechanical properties of the particles, includ-
ing elasticity and mechanical strength, influence the gel 
resistance to water flow during the injection. Such properties 
provide a thorough understanding of the transport mecha-
nism and the deformation of the materials in porous media 
[17]. While core flooding or filtration tests are commonly 
used to assess the performance of PPGs, it is also crucial 
to examine the swelling ratio and strength of PPGs prior to 
subjecting them to such tests. By doing so, it becomes pos-
sible to select the most suitable PPGs based on the specific 
characteristics of the well, gain a deeper understanding of 
how these PPGs will act in the reservoir, and make informed 
decisions regarding how best to optimize their use to achieve 
maximum oil recovery.

The current study provides a comprehensive investigation 
of the swelling kinetics and the mechanical properties of 
commercial PPG samples, including different crosslinking 
degrees of poly (acrylamide-co-acrylic acid), under differ-
ent conditions to evaluate their applicability in conform-
ance control. Accordingly, the study investigates the impact 
of varying two monomers’ ratios and various crosslinker 
contents and assesses the PPG performance under different 
temperatures, pH, and salinity conditions. Additionally, it 
describes the long-term effects of high salinity and thermal 
environments on overall PPGs’ performance.

2 � Experimental

2.1 � Materials

The materials used in this study are poly(acrylamide-co-
acrylic acid) with different amounts of monomers and 
crosslinkers (Fig. 1). The PPG samples were provided by 
SNF Floerger, France, in the form of powder with a particle 
size of 300–500 µm. By the disclosed content, the informa-
tion on materials has been specified in Table 1.

2.2 � Methods

2.2.1 � Swelling behavior 

The purpose of swelling kinetics measurements is to 
ascertain the time needed for a PPG to reach the maxi-
mum swelling capacity to evaluate its ability to swell and 
plug reservoir fractures and high permeability matrices. 
We used the gravimetric method to measure the swell-
ing rate where 0.5 g of dry PPG was soaked in 500 ml of 
DI water or 300 ml of brine 1 (67,535.8 mg/l) or brine 
2 (33,867.8 mg/l), for the desired time. Then, the resid-
ual solution is separated from the swollen PPG using a 
mesh of 125 µm or a filter paper, depending on the size of 
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swelled particles. The net weight of the swollen PPG is 
measured, and the swelling ratio is determined using the 
following equation:

where W
s
 is the weight after swelling and W

d
 is the dry PPG 

weight
The brine samples were prepared in the laboratory by 

dissolving pure salts in deionized water. The composition 
of brine 1 and brine 2 is given in Table 2, with the total 
dissolved salinity (TDS) of 67.5 g/l and 33.9 g/l, respec-
tively, representing the condition found in oil reservoirs 
in Gulf countries [28, 29]. For conformance control, it is 
significant to know the effect of different conditions on the 
behavior of PPGs. The swelling behavior of the PPGs was 
investigated at different temperatures and varied pH. For 

SR =

W
s
−W

d

W
d

each experiment, 0.5 g was placed in 500 ml of solution 
and left for 24 h under the studied condition.

2.2.2 � Rheology measurements

An Anton Paar MCR 302 rheometer was used to investigate 
the rheological behavior of the commercial PPGs, specifi-
cally, the storage modulus (G′). A frequency sweep test from 
0.1 to 100 Hz with a fixed strain of 10%, within the linear 
viscoelastic region (LVR) region, was conducted to test the 
storage modulus (G′) for the swollen PPGs using parallel 
plate geometry with a gap of 2 mm and a diameter of 25 mm. 
The storage modulus (G′) measures the resistance of the 
swollen PPGs to deformation, which indicates the PPGs’ 
ultimate strengths. The PPGs were prepared at a predeter-
mined temperature of 25 to 100 °C. Then, allow enough 
time to reach their ultimate swelling ratio at that temperature 
before undergoing the rheological test.

3 � Results and discussion

3.1 � Salinity effect

Measuring the swelling ratio of PPG is essential as it identi-
fies its ability to plug high permeable streaks and fractures 
[30]. The amount of liquid absorbed by the material was 
measured as a function of time until saturation to determine 
the swelling of PPG samples. The swelling kinetics of the 

Fig. 1   Schematic representa-
tion of the proposed structure of 
commercial PPG

Table 1   The compositions of 
commercial PPG

Sample PPG1 PPG2 PPG3 PPG4 PPG5 PPG6

Crosslinker content Low (1–20 ppm) Medium (20–75 ppm) High (75–
300 ppm)

Anionicity/acrylic acid mol% 5 20 5 20 5 20

Table 2   Composition of brine 1 and brine 2 [28, 29]

Brine 1 Brine 2

Salts Concentration (g/L) Concentration (g/L)
NaHCO3 0.2382 0.1191
Na2SO4 6.5754 3.2877
CaCl2·H2O 2.3945 1.1972
MgCl2·6H2O 18.0539 9.1269
NaCl 40.2738 20.1369
TDS 67.5358 33.8678
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PPG samples is shown in Fig. 2 for swelling in DI water and 
Fig. 3 for swelling in brine 1.

The water absorption sharply increased with extended 
contact time at the initial stage, and then the increasing 
trend becomes flattened, reaching swelling equilibrium. 
Most PPGs come to complete swelling in half an hour, and 
only PPG2 took more time to reach to its maximum capacity. 
According to Bai et al., 95% of field applications in China 
injected fully swelled particles into the formation [12]. Thus, 
the rapid swelling of PPGs is significant for their practical 
applications. The nature of the polymer and the crosslinking 
degree are crucial factors determining the swelling ratio. 
Acrylamide displays a very high capacity to absorb water; 
they are permeable to oxygen and possess good biocompat-
ibility. However, acrylic acid has an anionic group, making 
it highly hydrophilic and absorbing more water than acryla-
mide. Using the same crosslinker ratio, the PPG with a high 
amount of acrylic acid has swelled more than those of a low 
amount [(PPG2 ≥ PPG1); (PPG4 ≥ PPG3); (PPG6 ≥ PPG5)].

This fact makes researchers include acrylic acid in 
the synthesis of superabsorbent materials to enhance the 
swelling ratio of the material [31]. On the other hand, the 
crosslinker builds a complex 3D network by forming bridges 
between polymer chains, allowing the materials to trap water 
in cages. The PPGs with low crosslinker content show a 
better swelling capacity reaching 1530 g/g for PPG1 and 
2400 g/g in the case of PPG2; then the swelling ratio starts 
to decrease with increasing the crosslinking content (PPG5 ≤ 
PPG3 ≤ PPG1) and (PPG6 ≤ PPG4 ≤ PPG2) reaching 232 g/g 
for PPG5 and 395 g/g in the case of PPG6. Both physical [22, 
32, 33] and chemical [34–36] crosslinkers have been used 
to prepare crosslinked PAM and its derivatives. Physical 
crosslinking refers to the assembly that can be crosslinked 
by hydrogen or ionic bonds, and chemical crosslinking is 
mainly attributed to the mechanism, including covalent 

bonds. Still, in most cases, the chemical crosslinkers show 
better stability and water absorbency.

Salt resistance is an important indicator for measuring 
the effectiveness of this commercial material in conform-
ance control; therefore, PPGs are prepared using field water 
containing salts. As seen in Table 3, the highest swelling 
capacity was detected in PPG2 (59.8 g/g) and PPG1 (48 g/g) 
and the lowest for PPG5 (17 g/g) and PPG6 (21 g/g). There-
fore, these values are one of the highest swelling capacities 
reported for PPGs [19, 21, 22, 37] in saline water. The swell-
ing of PPG is significantly affected by the presence of salts, 
and water uptake is decreased dramatically compared to 
swelling in deionized water. This phenomenon results from 
the concentrated counter ion effect of Na+, Ca2+, and Mg2+ 
in seawater that reduces the osmotic pressure difference, the 
driving force for swelling between the PPG and the solution.

In addition, multivalent cations can form a complex with 
amide (-CONH2) and carboxylic (-COOH) groups lead-
ing to an increase in the crosslinking degree, also replac-
ing polymer-water interaction by polymer-salt interaction, 
consequently, poor swelling capacity (see Fig. 4). Decreas-
ing the ionic strength of the brine solution may increase the 
swelling ratio. Many literature reports tested the effect of 
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Fig. 3   The effect of PPG composition on the swelling kinetics in 
brine 1 (salinity = 67,535.8 mg/l)

Table 3   The difference 
in the swelling capacity 
of PPGs between brine 1 
(salinity = 67,535.8 mg/l) 
and brine 2 
(salinity = 33,867.8 mg/l)

Code SR in 
brine 1 
(g/g)

SR in 
brine 2 
(g/g)

PPG1 48 48.2
PPG2 59.8 65.4
PPG3 22.5 22.1
PPG4 25.6 25.1
PPG5 17.5 18.1
PPG6 21 21.2
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salts concentration of NaCl and CaCl2 on superabsorbent 
and PPG’s swelling behavior, indicating how these materials 
react and interact with each salt separately [11, 38–40]. We 
tested the PPGs in brine 2 (salinity = 33,867.8 mg/l), and the 
results were similar to brine 1. The swelling did not improve, 
indicating that a concentration of brine that causes the maxi-
mum material shrinking is reached. Likely, the PPGs will not 
undergo more shrinking in higher salinities.

The effect of salinity on particle swelling was investigated 
by Qiu et al. [41] at 125 °C and with salt concentrations 
ranging from 0 to 20%. They concluded that the swelling 
ratio decreases as salinity increases until a 10% salt con-
centration is reached. After that, it almost becomes stable, 
indicating that the particle can have high salinity resistance. 
Figure 5 illustrates the variations in PPG1, PPG3, and PPG5 
swelling ratios in seawater.

Fig. 4   Schematic representation 
of the proposed PPG structure 
and mechanism of swelling in 
DI water and brine solution

Fig. 5   Commercial PPGs 
swelled in brine 1 for 24 h after 
coloring with food dyes. A Dry 
PPG before being swelled, B 
swelled PPG1, C swelled PPG5, 
D swelled PPG3
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The rheological behavior is an essential aspect of PPG 
characteristics that evaluate the mechanical resistance of 
the PPG network structure to deformation, especially under 
several effects such as temperature, salinity, pH, and shear 
stress. The study aims to mimic the PPGs’ behavior inside 
the reservoir, where they undergo deformation in the porous 
media and are exposed to different reservoir conditions, such 
as high temperature, acidity, and salinity. Storage modulus 
(G′), which characterizes the strength and elasticity, was 
measured for different swollen and filtered PPG samples 
using a rheometer apparatus. Figure 6 illustrates the G′ of 
three commercial PPGs (PPG1, PPG3, and PPG5) swelled in 
DI water and brine 1. The ultimate strength of PPG5 was the 
highest, having a value of 615.5 Pa in DI water, followed by 
PPG3, which has a value of ~ 262.3 Pa, and PPG1, which has 
the lowest strength of 94.4 Pa in DI water. These results are 
because PPG5 has the highest crosslinker content, followed 
by PPG3 and PPG1.

Higher crosslinker content provides a higher degree of 
crosslinking between the polymer chains. Thus, a stronger 
network structure is generated. Moreover, PPG1 has the low-
est storage modulus due to the super capability of swelling, 
reaching a swelling ratio of 1530 g/g, as a higher swelling 
capacity between the three PPGs weakened the materials. 
Comparing the G′ in both seawater and DI water, one can 
notice that the G′ are much higher in seawater, rounding 
up to values of 3344 Pa and 1945 Pa for PPG5 and PPG3, 
respectively. The reason could be attributed to the pres-
ence of amide (-CONH2) and carboxyl (-COOH) functional 
groups in the polymer backbone structure that interact with 
different multivalent cations (Ca+2, Mg+2) when immersed 
in seawater, generating complexes that stiffened the network 
structure [42, 43]. Therefore, the strain applied to the gel 
samples increased the mechanical resistance. When com-
paring the storage modulus of these commercial PPGs in 
seawater to those described in the literature [42], it becomes 

clear that they have considerable strength, measuring up to 
3343.6 Pa with a roughly equivalent swelling capacity value 
of ~ 18 g/g.

3.2 � Effect of pH

The swelling behavior of the commercial PPGs was studied 
at various pH values between 2 and 12; at room temperature, 
the desired acidic or basic pH was adjusted by adding 
diluted droplets of NaOH or HCl to DI water. Figure 7 
shows that the amount of acrylic acid in the material 
increases the sensitivity of PPGs to pH; when going 
from pH 4 to 2, the swelling decreased by only 33.04% 
for PPG2, while PPG1 dropped by 81.43%. Protonation of 
sodium carboxylate groups in the polymer network reduces 
swelling capacity [32] at low pH by lowering the polymer 
expansion; swelling capacity is also reduced at high pH, 
shielding the carboxylate groups to prevent effective anion-
anion repulsion. In the pH range from pH = 4 to pH = 8, 
some carboxylic acid groups are ionized, and electrostatic 
repulsion between COO– groups cause an enhancement of 
the swelling capacity.

The behavior of the PPGs under different pH values is 
considered according to the variation in reservoir acidity 
conditions, as G′ varies due to many interacting species 
in the pH-dependent swelling medium. The mechanical 
properties of PPG samples were taken after exposing the 
materials to the desired pH for 24 h. The results showed 
a decrease in the storage modulus of the PPGs when the 
pH was increased from 4 to 7. Then, a slight change in G′ 
between pH 7 and 9 and a rapid increase in pH 9 to 11 was 
observed (Fig. 8). The fact that G′ is high at a pH of less than 
7 could be attributed to the conversion of –COO− groups to 
–COOH groups, which in turn reduces the negative charge 
repulsion and enhances the bonding between the –COOH 
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groups due to the creation of a hydrogen bond, resulting in 
a higher crosslinking density, thus, higher ultimate strength. 
Meanwhile, the –COOH groups turn into –COO− groups 
when the pH exceeds 9, which raises the ionic strength and 
causes an immediate reduction in osmotic pressure inside the 
gel particles, shrinking the PPGs and increasing their final 
strength. The reduction of G′ in the pH range of 7–9 implies 
the buffering effect of –COOH and –COO− groups with 
weak acids or bases, which enhances the osmotic pressure 
and water absorbency. Such behavior explains the coopera-
tive relationship between the carboxylic acid (–COOH) and 
carboxylate (–COO−) groups, according to earlier investiga-
tions [39, 44].

3.3 � Effect of temperature

Temperature is an important factor affecting the absorbance 
capacity and strength of PPGs. The effect of temperature 
on the PPG strength and swelling was investigated at differ-
ent temperatures (25 °C, 50 °C, 75 °C, and 100 °C). PPG 
samples were prepared in screw cap bottles with DI water, 
immersed in an oil bath at a predetermined temperature, 
and swollen for 24 h to reach maximum swelling capacity. 
Then, the PPG samples were filtered, weighed, and tested 
for swelling kinetics and rheology measurement. As seen in 
Fig. 9, the PPGs exhibit a slight increase in their swelling 
ratio at 50 °C compared to room temperature. The swell-
ing of PPG3 and PPG4 continued at 75 °C; however, PPG1 
and PPG2 experienced a gradual decrease in absorbency due 
to the collapse of the polymer network and the release of 
water. At a high temperature of 100 °C, PPG1 and PPG2 
have degraded to highly viscous material, whereas the 
other PPGs with high crosslinker content have resisted the 
effect of high temperature, having only a slight decrease in 
swelling ratios. Bai et al. [17] proposed that the increase in 
swelling of PPG-based polyacrylamide at temperatures of 

60 °C or higher can be attributed to the hydrolysis of amino 
groups (–CONH2) present in the polymer chains to carboxy-
late groups (–COO−). The experimental results of Lenji et al. 
[21] showed that the network structure of PPG-based sul-
fonated polyacrylamide crosslinked with aluminum nitrate 
nanohydrate is weakened at 100 °C. The PPG absorbed heat 
with increasing temperature until it reached 100 °C; beyond 
this point, its structure could not absorb any more heat to 
be subsequently released for breaking, which causes the 3D 
network structure to collapse. Hence, the swelling ratio dra-
matically decreases by raising the temperature from 80 to 
100 °C.

The energy absorption caused by temperature increment 
leads to an expansion of the PPGs structure and results in 
enhanced water uptake while weakening the material. At 
75 °C, PPGs with a low amount of crosslinker, such as PPG1 
and PPG2, lose some of the water and decrease the swellabil-
ity; the PPG with medium amount of crosslinkers, such as 
PPG3 and PPG4, continue swelling. At 100 °C, the amount 
of crosslinker in PPG1 and PPG2 cannot handle more expan-
sion with the thermal increase, where holding the PPG’s 
material together become unattainable, resulting in a col-
lapse of the network structure and thus a viscous material. 
At this temperature, PPG3 and PPG4 start experiencing what 
happened to PPG1 and PPG2 at 50 °C, losing some of the 
absorbed water. In contrast, PPG5 and PPG6 can resist the 
increase in temperature up to 100 °C, as they keep the swell-
ing almost steady because of the high crosslinker amount 
they have that limits any further expansion.

The above explanations could be supported by the 
graphs shown in Fig. 10. The frequency sweep test depicts 
the storage modulus (G′) of PPG1, PPG3, and PPG5 ver-
sus temperature, ranging from 25 to 75 °C. The trend 
of all PPGs showed a gradual decline in G′ when the 
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temperature is increased from 25 °C to 100 °C. The G′ of 
PPG5 has decreased from 615 Pa at room temperature to 
264.07 Pa at 100 °C, while PPG3 decreased from 262.27 
to 85.055 Pa, respectively. These results point out the 
thermal stability of PPG3 and PPG5, indicating the stabil-
ity of the network structure up to 75–100 °C. PPG1 has 
the weakest network structure among others, has a G′ of 
94.40 Pa at 25 °C and 29.40 Pa at 75 °C, while has col-
lapsed and disrupted at 100 °C, limiting its application to 
low-temperature reservoirs.

3.4 � Short‑ and long‑term thermal stability

The thermal stability of the produced PPGs was tested for 
5 days in seawater at a temperature of 50 °C to mimic the 
reservoir’s condition and better approximate the PPGs’ 
long-term behavior under temperature and salinity effect. 
The swelling ratio and the storage modulus were noted on 
day 5 and were compared to day 1, as shown in Fig. 11. The 
swelling ratio of PPG5 on day 5 witnessed a slight change 
with less than 7% compared to day 1, while PPG3 and PPG1 
experienced more drop of 11% and 15%, respectively. This 
drop could be justified by the syneresis behavior, which 
describes the separation of a liquid from the particle gels due 
to excess brine or high temperature over a prolonged time 
[4]. According to the results, PPG5 exhibited lesser syner-
esis than PPG3 and PPG1, which could be due to the higher 
bonding density and a stronger network structure, making 
it more thermally and hydrolytically stable in thermal and 
ionic environments. The results also reveal that the storage 
modulus of the three particle gels increased slightly on day 
5 compared to day 1, which is usually related to water loss 
and particle shrinkage. These PPGs, especially PPG5 and 
PPG3, exhibited a slight change in swelling behavior in high 
salinity and temperature environment. Therefore, these gels 
could be used for conformance control in reservoirs because 
of their enhanced mechanical strength of 2500–5500 Pa and 
a swelling ratio of 12–16 g/g.

The study of the aging factor of the preformed gels is 
significant in defining their long-term thermal stability in the 
reservoir’s environments. Since PPG5 exhibited less change 
in its swelling and strength characteristics in short-term 
aging at 50 °C and in brine 1 due to its higher crosslinking 

0

100

200

300

400

500

600

700
)aP( suludo

m egarotS

Temperature (0c)

 PPG1
 PPG3
 PPG5

25 50 75 100

Fig. 10   The effect of temperature on the swelling ratio of PPGs in DI 
water for 24 h

Fig. 11   The effect of aging on 
the strength and swelling ratio 
of PPGs in brine 2 for 1 day and 
5 days



Emergent Materials	

1 3

density and more robust network, we intended to evaluate 
its long-term thermal performance at higher temperatures 
in this part of the investigation. Figure 12 shows the swell-
ing ratio and the mechanical strength of PPG5 at different 
temperatures of 75 °C and 100 °C in brine 1 on a timescale 
of one day, 5 days, 15 days, and 30 days. The trend of the 
swelling ratio at 75 °C (black line) showed a slight gradual 
increase with time, while the strength (red bar) remained 
almost stable with a slight gradual decrease, which related 
to the increased water uptake. A further apparent finding of 
aging at 100 °C showed that the swelling ratio decreased 
significantly from day 1 to day 15 (red line), followed by 
a considerable increase in the strength (green bar). This 
behavior could be due to the syneresis phenomenon, which 
causes the dehydration of the particle gels at high tempera-
tures, where the water inside the particles evaporates and 
separates. A sudden increase in the absorbency to up to 
23.00 g/g with a related decrease in the mechanical strength 
to 464 Pa was observed after one month of aging at 100 °C, 
which may be due to reswelling with continued high thermal 
exposure that allows more water to enter the network struc-
ture, thus, higher swelling ratio and lower strength. Overall, 
PPG5 is recommended to be used at low to moderate reser-
voir temperatures (˂ 75 °C), as it was more thermally and 
hydrolytically.

4 � Conclusion

Different tests were conducted on commercial preformed 
particle gels based on a crosslinked copolymer of poly 
(acrylamide-co-acrylic acid) with different compositions 
of acrylamide, acrylic acid, and crosslinker to determine 

their performance in preventing and controlling water in 
hydrocarbon reservoirs; the results of which are summa-
rized below:

a.	 The PPGs showed rapid swelling kinetics and a good 
swelling capacity in deionized water, equivalent to 232–
2400 its dry weight. In addition, they exhibited the high-
est swelling ratios in literature when swelled in brine 1 
with TDS of 67,535.8 mg/l, having values between 17 
and 59.8 g/g.

b.	 PPG swelling increases with increasing acrylic acid frac-
tion and decreases with the crosslinker content in the 
material, whereas based on rheological tests, crosslinker 
concentrations led to enhanced PPG strength to a value 
of 3344 Pa.

c.	 The salinity of produced water (33,867.8 mg/l) causes 
the maximum shrinkage of the PPGs, and their swell-
ing ratio will not be affected by a higher increase in the 
salinity of the solution.

d.	 The PPGs were stronger in brine 1 than in DI water, 
where the storage modules were 380–3344 Pa in brine 
1 and 94.4–615.5 Pa in DI water.

e.	 The presence of acrylic acid ratios in the PPG materials 
increases its sensitivity toward acidic and basic environ-
ments. At a pH range of 4–9, the swelling capacities 
of the PPGs were very high, especially for those with 
high acrylic acid ratios; while at pH = 2 and pH = 11, 
the swelling capacities were very low, making the PPG 
unsuitable at highly acidic and basic conditions. The 
G′ values were reasonable in the pH range of 4–9 and 
increased significantly in highly acidic and basic condi-
tions.

f.	 The increase in temperature enhances the swelling 
capacity of the PPG but weakens its 3D network struc-
ture, where the commercial PPG is durable at a tempera-
ture range of 50 to 75 °C. At temperatures of 100 °C, the 
structure of PPG with low crosslinker content collapsed 
and degraded to a viscous solution, while PPG with 
high crosslinker content remained stable with a slight 
decrease in G′.
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