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Abstract
The application of superabsorbent polymer hydrogels in the oil and gas industry for reservoir and well management 
is gaining more traction. In this study, the swelling performance and adsorption kinetics of two commercial superab-
sorbent polymer hydrogels—poly(acrylamide-co-acrylic acid) potassium salt and sodium polyacrylate—were evaluated 
based upon their stimuli response to pH and salinity at varying temperature and reaction time periods. Characterisation 
and evaluation of the materials were performed using analytical techniques—optical microscopy, scanning electron 
microscopy, thermal gravimetric analysis and the gravimetric method. Experimental results show that reaction condi-
tions strongly influence the swelling performance of the superabsorbent polymer hydrogels considered in this study. 
Generally, increasing pH and salinity concentration led to a significant decline in the swelling performance of both 
superabsorbent polymer hydrogels. An optimal temperature range between 50 and 75 °C was considered appropriate 
based on swell tests performed between 25 c to 100 °C over 2-, 4- and 6-h time periods. These findings serve as a guideline 
for field engineers in the use of superabsorbent polymer hydrogels for a wide range of oilfield applications. The study 
results provide evidence that the two superabsorbent polymer hydrogels can be used for petroleum fraction-saline water 
emulsions separation, reservoir zonal isolation, water shutoff and cement plugging applications.
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List of symbols
W  Swelling ratio
mt  Superabsorbent material mass at time, t

mo  Original superabsorbent material mass
f  Salt sensitivity factor
S  Polymer swelling ratio in deionised water
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Se  Polymer swelling ratio in electrolyte solution
πion  Osmotic pressure
C
g

i
  Molar concentration of mobile ions in swollen 

sample
Cs
i
  Molar concentration of ions in the activation fluid

R  Gas constant
T  Absolute temperature
St  Absolute cumulative water penetrated by the 

polymer network at time, t
k2  Second order rate constant for water absorption 

processes
S∞  Theoretical equilibrium swelling ratio of hydrogel
A, B  Empirical coefficient
t  Time

1 Introduction

Superabsorbent polymer hydrogels (SPHs) are a unique 
set of swellable polymeric materials. Due to their three-
dimensional crosslinked polymeric network structure, 
SPHs can absorb disproportionately large quantities of 
different activation fluids and swell based upon their 
specific chemical crosslinks comprised of both hydrogen 
and ionic bonds. Their hydrophilic functional groups are 
responsible for their superabsorbent nature which does 
not lead to dissolution but rather result in formation of an 
insoluble gel. As a result of their versatility and suitability, 
SPHs have increasingly been used in a wide range of appli-
cations over the past decades as summarised in Table 1 [1].

Hydrogel materials have been the focus of consider-
able research due to their high hydrophilicity, low tox-
icity, and biocompatibility [4–6]. Studies have shown 
that several factors determine the application suit-
ability of hydrogels including its swelling performance 

(particularly swelling rate), equilibrium swollen ratio, 
and mechanical strength from a dry to highly swollen 
state [4]. The swellability of the hydrogel is dependent 
on its response mechanism to external stimuli such as 
pH, salt concentration, temperature, and ionisation and 
to its chemical composition and backbone monomer 
type [7–11]. Slow temperature response rate and low 
mechanical strength have been identified as common 
disadvantages of hydrogels [12]. Several techniques have 
been adopted to modify hydrogels to increase their suit-
ability for various applications, for example crosslinking 
with nanoparticles [13, 14] and copolymerisation [15]. In 
the oil and gas industry, hydrogel materials have been 
deployed downhole. When used for sealing applications, 
mainly as swellable packers, they swell to form a seal 
across non-circular holes in the formation. Lenji et al. 
[16] carried out a series of experiments to investigate 
the swelling and rheological behaviour of preformed 
particle gel (PPG) made up of polyacrylamide and alu-
minium nitrate nanohydrate for potential application in 
water shutoff treatment in oil and gas reservoirs. This 
specific class of PPG functions as a superabsorbent and 
absorbs water equivalent in weight to 1000–2000 times 
its dry weight. The study investigated the effects of poly-
mer and crosslinker concentrations, temperature, salinity 
and pH on the swelling performance of the PPG. It was 
observed that the PPG swelling ratio declined with an 
increase in the polymer and crosslinker concentrations 
and salinity. Conversely, an increase in the polymer and 
crosslinker concentration enhanced the PPG strength. 
Regarding pH, acidic conditions below 5 or basic con-
ditions of above 9 generally lowered the swelling ratio 
with a favourable ratio in the range of 5–9 being identi-
fied. High temperature above 100 °C, usually results in 
a collapse of the PPG 3-D network structure leading to 

Table 1  Applications and uses of superabsorbent polymer hydrogels

Application Uses [2, 3]

Personal care products Disposable diapers, absorbent pads and feminine napkins
Biomedical and tissue engineering To simulate biological tissues
Agricultural Retention of soil moisture in arid areas, in water reserving and soil conditioning projects as well as 

controlled release systems for agrochemicals
Medical and pharmaceutical Bio-separation processes during surgical procedures to remove body fluids and as intelligent carriers of 

drugs in controlled release drug delivery systems
Separation technology and water 

management treatments
Adsorption of cationic dyes and in the removal of metals from solution

Electrical To reduce ground resistance and to provide proper grounding of high-voltage–power lines and as 
water leakage preventing material in the electric battery industry

Construction To improve water absorption reduction, toughness enhancement, vibration damping and bonding 
strength of cement and in water-swelling rubbers for sealing material; and

Oil well operation Reduction of water content in crude oil, reducing lost circulation during drilling operations and to 
enhance oil recovery
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a decline in its swelling ratio. A reduction of between 
30 and 65% in water effluents was observed from the 
waterflood experiments aimed at testing the blocking 
efficiency of the PPG in reducing water production.

Namazi et al. [17] synthesised oxidised starch hydro-
gels impregnated with ZnO nanoparticles and evalu-
ated its swelling performance by varying pH and salinity. 
The swelling performance of the nanocomposite hydro-
gels show sensitivity to pH with the maximum swelling 
observed at pH 7; however, this decreased with an increase 
in the salt concentration.

Singh and Dhaliwal [18] studied the morphological 
characteristics and swelling behaviour of silver nanopar-
ticles containing superabsorbent polymer under varying 
pH and temperature conditions with respect to time. Find-
ings on the morphologies of the materials showed irreg-
ular surfaces which is suggested to cause high swelling 
ratios due to the diffusion of water through the surface. 
Sensitivity of the polymer under varying conditions shows 
that it exhibits maximum swelling capacity of 1700% in 
neutral medium at 50 °C after 15 h. The study concluded 
that this class of superabsorbent has potential applications 
for water absorption purposes.

Natkanski et al. [19] synthesised a class of novel com-
posites by introducing polyacrylic acid or polyacrylates 
hydrogels into montmorillonite via in situ polymerisation 
technique. Different analytic approaches were used to 
study the structure and composition of the samples with 
the results showing that the monomer type has a strong 
influence on the location of a polymer chain in the formed 
composite. It was also reported that the position of the 
monomer determined the swelling and adsorption prop-
erties with the pH influencing the kinetics of Fe(III) cation 
adsorption.

Al-Anbakey [20] and Alonso et al. [21] investigated the 
effect of pH and temperature on the swelling performance 
of different hydrogels and both agreed that the pH of the 
activation fluid is a strong determinant of their swelling 
performance. Meanwhile, Alonso et al. [21] reported the 
thermal response of the hydrogels tested and stated that 
the hydrogels were sensitive to the temperature condi-
tion with the highest swelling capacity found at pH 7 
at 30  °C. Similar investigations for pH sensitivity were 
carried out by Kim et al. [4] with mechanical properties 
included in the analysis. The hydrogels used for the study 
were impregnated with polystyrene nanoparticles by free 
radical polymerisation in the presence of a crosslinking 
agent of different concentrations. The results showed that 
the hydrogel crosslinked to the least extent with a high 
amount of polystyrene, exhibited the fast-swelling rates, 
highest equilibrium swelling ratios and pH sensitivity. It 
was also observed that incorporating fillers by copoly-
merisation to enhance the mechanical property of the 

equilibrium swelling hydrogel was more effective when 
compared with the crosslinking degree.

Zareie et al. [22] modified a hydrogel network with 
silica nanoparticles to improve its mechanical and ther-
mal stability while reducing its viscosity. To demonstrate 
the improved properties of the polyacrylamide hydrogel 
and its suitability for use in the oil industry, several test-
ing methods were applied. Scanning electron micros-
copy (SEM) imaging was used to observe the morpho-
logical polymer matrix, the dispersion and distribution 
of the silica nanoparticles and filler within the hydrogel 
network. Fourier-transform infrared (FTIR) was used to 
analyse the bonds formed by the chemical structure of 
the prepared hydrogel. The bottle test method was con-
ducted to evaluate the hydrogel gelation time while vis-
cosity measurements were taken at different shear rates to 
investigate the effect of the silica nanoparticles on gelant 
fluidity. Hydrogel strength was investigated using the elas-
tic modulus in the range of 1–1000% strain. Finally, they 
compared the swelling behaviour of the hydrogels under 
different conditions. El-hoshoudy et al. [23] synthesised 
polyacrylate hydrogels and also conducted sandpack 
flooding experiments. Characterisation of the 2-(hexade-
cyloxy) ethyl methacrylate surfmer was performed using 
thermogravimetric analysis (TGA), which evaluated the 
decomposition profile of the hydrogel sample while pro-
ton nuclear magnetic resonance (1H-NMR) was conducted 
to confirm the complete polymerisation of the monomers 
along with the absence of different chemical shifts. Viscoe-
lasticity of the hydrogel was evaluated through measure-
ments of shearing moduli which involves elastic moduli 
and viscous moduli, the application of a sinusoid oscil-
lating shear strain. The swelling behaviour of the hydro-
gel samples were tested with different concentrations of 
polyethylene glycol (PEG) solutions. Gel strength was esti-
mated qualitatively using the Sydansk’s gel strength code 
by monitoring the appearance of the gel structure on the 
wall of the inverted ampoule at different time intervals. 
The shear thinning behaviour of the hydrogel was tested 
through viscosity measurements where the viscosity-shear 
stress behaviour of samples was evaluated at various shear 
rates at 25 °C. The effect of salinity and electrolytic resist-
ance was assessed through estimation of the hydrogel vis-
cosity in different saline solutions at 25 °C and at a shear 
rate of 7.34 s−1. Thermal aging tests were performed by 
placing the hydrogel samples in an electrolyte solution 
of total dissolved solids of 40,000 ppm for 7 days under 
different temperatures of 25, 50, 75, and 90 °C after which 
the viscosity-shear rate profiles were recorded. Tang et al. 
[24] designed, synthesised and characterised a thermo-
sensitive hydrogels, tri-copolymer poly(N-tert-butyl acryla-
mide-co-N-isopropyl acrylamide-co-acrylamide). SEM was 
used to observe the interior network morphologies and 
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microscopy of the freeze-dried hydrogels. FTIR was used 
to determine the functional groups present and the extent 
of polymerisation. Differential Scanning Calorimeter (DSC) 
tests were performed to determine the effect of network 
components on the glass transition temperature  (Tg). 
The swelling and deswelling behaviour of the tempera-
ture-responsive hydrogels were studied to determine its 
swelling kinetics as a result of crosslink density. Compres-
sion tests of the hydrogels were performed for different 
crosslinker concentrations.

In summary, up to date studies have investigated 
the effects of hydrogel composition (mainly  mono-
mer, crosslinker, and initiator concentrations) and oper-
ating conditions such as temperature, salinity and pH on 
hydrogel strength and  swelling performance. In most 
studies [25–28], synthesis of the hydrogels has been 
through polymerisation of acrylicamide free radicals while 
in other studies, the polymerisation process has adopted 
some commercial polymer superabsorbents such as Liq-
uiBlock 40 K and Daqing (DQ) with the chemical compo-
sition of polyacrylic acid and polyacrylamide. However, 
very few studies have focused on the specific application 
of different SPHs for downhole use in water control and 
management applications owing to the fact that this tech-
nology is in its infancy in the oil and gas industry.

In this study, therefore, a detailed investigation has 
been performed on two commercially available SPHs: (1) 
poly(acrylamide-co-acrylic acid) potassium salt, and (2) 
sodium polyacrylate. While previous studies have focused 
on synthesised swellable polymers for specified applica-
tions, this study is focused on a set of relatively cheap and 
commercially available polymers. The commercial poly-
mers have been chosen because they are readily available 
and can be applied with limited or no further modifica-
tions/synthesis for the operating conditions tested in this 
study. Testing conditions were chosen for temperature 

(25–100  °C), pH (6.5–12) and salinity (0–85,000  ppm) 
based on typical operating conditions experienced within 
refinery separation operations and sandstone reservoirs. 
The pH value of most oilfield water is between 4 and 9. 
The superabsorbent property of these two crosslinked 
swellable materials was characterised using various ana-
lytical techniques including optical microscopy, scanning 
electron microscopy, thermal gravimetric analysis and the 
gravimetric method. In addition to conforming to stand-
ard testing protocols derived from literature [22–24], the 
characterisation of the poly(acrylamide-co-acrylic acid) 
potassium salt and sodium polyacrylate was based on 
their transient stimuli response to pH, salinity concentra-
tion, temperature and reaction time periods (Fig. 1).

2  Experiments

2.1  Materials

The SPHs used in this study were poly(acrylamide-co-
acrylic acid) potassium salt and sodium polyacrylate and 
were both acquired from Sigma-Aldrich and were tested 
without any further modification. As seen from Fig. 2, both 
superabsorbent materials are white in appearance with 
high angularity and irregular shapes.

Poly(acrylamide-co-acrylic acid) potassium salt and 
sodium polyacrylate are both superabsorbent crosslinked 
polymers having a density of 0.54 g/mL at 25 °C [25, 26]. 
Figure 3 shows the repeating terms of the chemical struc-
tures of both poly(acrylamide-co-acrylic acid) potassium 
salt and sodium polyacrylate used in this study. Both SPHs 
absorb many times its weight of aqueous fluids to produce 
gels which retain fluids under stress and do not dissolve.

Deionised water was obtained from an 18 Ω Milli-Q 
Integral ultrapure water system. Sodium chloride of ≥ 99% 

Fig. 1  Schematic representa-
tion of the evaluation process 
and objective for the different 
test carried out in the study
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purity was acquired from Sigma-Aldrich and used along 
with deionised water to prepare brine solutions of varying 
concentrations (0, 35,000 and 85,000 ppm). 1 M sodium 
hydroxide solution was used to alter the pH of deionised 
water at appropriately 21 °C.

2.2  Characterisation

Samples of the superabsorbent materials were lightly scat-
tered on microscope slides to be characterised according 
to their equivalent diameter (the diameter of a circle with 
the equivalent area) using an optical microscope fitted 
with a camera and open source ImageJ analysis software. 
Under the same optical condition, an image of a linear 
scale was used for calibration.

A Zeiss EVO LS10 variable pressure scanning electron 
microscope (SEM), operating at an acceleration voltage of 
25 kV, was used to investigate the surface morphology of 
dry and swollen samples of the superabsorbent materi-
als. The superabsorbent materials in both dry and swollen 
states were electrically conductive and therefore were not 
sputter coated with gold or gold/palladium alloy. Hence, 
the swollen superabsorbent samples were mounted on 
SEM stubs and placed under vacuum before observation. 
Surface morphologies were imaged at magnifications of 
75 × and 6000 ×.

Thermogravimetric analysis (TGA) was performed on 
the two SPH samples to determine their degradation and 
decomposition temperature as well as the rate of degra-
dation using a TA TGA Q500. This analysis was performed 
by measuring the weight variation of one of the given 

samples due to temperature increase and phase change as 
the sample degrades until it is decomposed. The thermal 
stability was measured by using the ramp mode setting 
from room temperature (21 °C) to 800  °C at a rate of 10  °C 
per minute under a nitrogen environment. About 5–8 mg 
of dry sample was tested on a platinum pan and the sam-
ple weight loss analysed as a function of temperature.

2.3  Evaluation of gelation strength (bottle test 

method)

The bottle test method is an experimental technique 
which provides a semi-quantitative measurement to 
study gelation kinetics without applying stress or shear. 
The Sydansk’s method [22, 23, 31–33] employed offers 
insight into gelation time and strength, thermal stability 
and syneresis time using an alphabetical code to describe 
the behaviour of the gels upon bottle inversion (Table 2). 
In these experiments, 1 g of the polymer samples was 
added to 100 mL of deionised water in a thermally resist-
ant sealed glass bottle at 90 °C. In this study, this method 
was used to determine gelation strength.

2.4  Swelling measurement

The swelling behaviour of the superabsorbent samples 
were performed using the gravimetric approach to char-
acterise the polymer networks under different conditions. 
For a typical measurement, 1 g of the superabsorbent pol-
ymer sample was weighed  (m0) then immersed in the dif-
ferent activation fluids (400 mL). Free swelling was allowed 

Fig. 2  Photographic image of 
a poly(acrylamide-co-acrylic 
acid) potassium salt and b 
sodium polyacrylate

Fig. 3  Repeating terms of 
the chemical structures of: a 
poly(acrylamide-co-acrylic 
acid) potassium salt [29] and b 
sodium polyacrylate [30]
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to take place for specific time periods of 2-, 4- and 6-h, 
and then the residual activation fluid was separated in the 
beaker from the swollen superabsorbent material using 
Grade 3, 6 μm filter paper. The solvent absorption or swell-
ing ratio (W) was calculated by measuring the mass gained 
by the swollen sample. Runs were carried out at various 
temperatures of 25 °C, 50 °C, 75 °C and 100 °C. The swelling 
ratio was calculated using Eq. 1, where  mt is the supera-
bsorbent material mass at time (t) and  mo represents the 
weight of the dry sample before free swelling [34].

Salt sensitivity factor of an electrolyte solution was also 
computed using Eq. 2, [14, 25].

where S and  Se represent polymer swelling ratios in deion-
ised water and in the electrolyte solution, respectively.

(1)W =
mt −mo

mo

(2)f = 1 −
Se

S

3  Results and discussion

3.1  Morphology study

Figure   4  provides  photographic  images  of 
poly(acrylamide-co-acrylic acid) potassium salt and 
sodium polyacrylate superabsorbent polymer hydrogel 
particles in both their dry and swollen states.

The particle size ranges of poly(acrylamide-co-acrylic 
acid) potassium salt and sodium polyacrylate were deter-
mined by microscopy to be in the range of 100–250 μm 
and 300–700 μm respectively. When viewed using an opti-
cal microscope in transmitted light, the SPHs appear as 
rough, angular shaped granules. Lee et al. [35] attributes 
this type of surface texture and shape to the grinding pro-
cess after solution polymerisation at their manufacturing 
stage. Figure 5a–d shows their particle sizes, surface tex-
tures, particle shapes and their corresponding particle size 
distribution.

SEM micrographs were used to clarify the shape of 
the microporous polymer network structures and are 
displayed in Fig. 6. It follows that SEM is generally used 
appropriately to study the interior network morphologies 
[24]. At the 2 μm scale, the morphological structure of the 
two samples are significantly different with more surface 

Table 2  Sydansk’s hydrogel strength code

Gel 
strength 
code

Gel type and behaviour description Limitations 
of viscosity 
(Pa s)

A No detectable gel formed—gel viscosity (fluidity) same as the initial polymer solution < 1
B Highly flowing gel—gel formed, but only slightly more viscous than initial polymer solution 1–1.5
C Flowing gel—most of the gel is flowing upon bottle inversion 1.5–2.5
D Moderately flowing gel—gel is flowing as a continuous bulk by gravitational force upon bottle inversion 2.5–5
E Barely flowing gel—only part of the gel is flowing as a continuous bulk by gravitational force upon bottle inver-

sion
5–6

F Highly deformable non-flowing gel—gel does not flow upon bottle inversion 6–8
G Moderately deformable non-flowing gel—gel flows to about halfway down upon bottle inversion 8–10
H Slightly deformable non-flowing gel—gel surface only slightly deforms upon bottle inversion 10–11
I Rigid gel—no surface deformation upon bottle inversion 11–13
J Ringing rigid geltuning-fork-like mechanical vibration felt after tapping bottle > 13

Fig. 4  Photographic images of 
a poly(acrylamide-co-acrylic 
acid) potassium salt and b 
sodium polyacrylate particles 
in both their dry and swollen 
states
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Fig. 5  Optical microscopy and corresponding particle size frequency distribution of dry poly(acrylamide-co-acrylic acid) potassium salt (a 
and b) and sodium polyacrylate (c and d)

Fig. 6  SEM images a 
poly(acrylamide-co-acrylic 
acid) potassium salt dry 
sample at × 75 magnification 
b poly(acrylamide-co-acrylic 
acid) potassium salt swollen 
sample at × 6000 magnifica-
tion c sodium polyacrylate dry 
sample at × 75 magnification 
d sodium polyacrylate swollen 
sample at × 6000 magnifica-
tion
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roughness and porous voids observed in the sodium poly-
acrylate sample as compared to the poly(acrylamide-co-
acrylic acid) potassium salt. However, the cross-sectional 
nanomorphology of both SPHs exhibited a neat, uniform 
and clear exterior morphology with regularly distributed 
pore spaces as a result of the conventional crosslinking 
polymerisation.

The number and size of pore spaces can be attributed 
to the method used to dry the SPHs; this is a critical fac-
tor in their morphological development. SPHs prepared 
by freeze-drying swell significantly more when compared 
to others which are air-dried [36]. From the micrographs, 
the poly(acrylamide-co-acrylic acid) potassium salt seems 
to be less porous having a narrower pore-size distribution 
than the sodium polyacrylate. The difference in pore size 
distribution may explain the difference in swelling perfor-
mances of the two polymers.

3.2  Evaluation of gelation strength

The gel strength was determined based on the Sydansk’s 
hydrogel strength code as presented in Table 2. By moni-
toring the appearance of the gel structure on the wall of 
the inverted thermal resistant glass bottles at varying time 
intervals (see Fig. 7), the hydrogel strength codes of E and 
I with viscosity limitations of 5–6 and 11–13 Pa.s, were 
arrived at for the poly(acrylamide-co-acrylic acid) potas-
sium salt and sodium polyacrylate samples, respectively at 
90  °C. This indicated that the SPH materials exhibit reason-
able gel strength and stability which are requirements for 
their application as an impermeable barrier in downhole 
water producing zones in oil and gas reservoirs. This was 
similar to Lashari et al. [33] who reported gelation codes of 
E to G by varying the concentration of  SiO2 of their novel 
composite polymer gel and also Zareie et al. [22] who 
recorded a gelation strength code of H for their polyacryla-
mide hydrogel impregnated with silica nanoparticles.

3.3  Thermal degradation

A thermal degradation study provides a good indicator of 
the ability of superabsorbent material to survive high tem-
perature conditions, typical of oil and gas wells [37]. For this 
reason, TG curves of the poly(acrylamide-co-acrylic acid) 
potassium salt and sodium polyacrylate were obtained from 
their dry, initial weights of 5.78 g and 7.79 g, respectively 
(Fig. 8). For both samples, minor weight loss was observed 
at temperatures less than 250 °C. The weight loss curve of 
both samples indicated three-stages of thermal decompo-
sition: for the poly(acrylamide-co-acrylic acid) potassium 
salt sample, these regions are 25–281 °C, 281–430 °C and 

Fig. 7  Bottle testing characterisation of poly(acrylamide-co-acrylic 
acid) potassium salt (left) and sodium polyacrylate (right) using the 
Sydansk’s gel-strength code

Fig. 8  Thermogravimetric spectra of: a poly(acrylamide-co-acrylic acid) potassium salt and b sodium polyacrylate with their indicated 
weight losses



Vol.:(0123456789)

SN Applied Sciences (2020) 2:117 | https://doi.org/10.1007/s42452-019-1874-5 Research Article

430–619 °C while for the sodium polyacrylate these regions 
are 25–360 °C, 360–477 °C and 477–592 °C.

The first stage of decomposition is associated with the 
loss of water adsorbed on the surface of the particles also 
known as bound water. Decomposition profiles of the 
poly(acrylamide-co-acrylic acid) potassium salt and sodium 
polyacrylate samples showed their structural water loss 
(19% and 14%, equivalent to their remaining weights of 
4.66 g and 6.72 g) between 31 and 281 °C and 26–360 °C, 
respectively. The second stage of decomposition is related 
to the intermolecular dehydration reactions and some ini-
tial depolymerisation reactions; the maximum weight loss 
occurred at this stage of decomposition for both samples. 
For the poly(acrylamide-co-acrylic acid) potassium salt sam-
ple this occurred between 281 and 430 °C with a weight loss 
of approximately 33% and remaining weight of 2.82 g. Simi-
larly, between 360 and 477 °C, a reduced weight of 4.27 g 
was recorded with a corresponding weight loss of 32% for 
the sodium polyacrylate sample. The third stage of decom-
position is attributed to depolymerisation reactions and the 
breaking of the crosslinks between the different polymeric 
chains. For the poly(acrylamide-co-acrylic acid) potassium 
salt, this occurred between 430 and 619 °C with a loss of 77% 
with a reduced weight of 1.31 g while for the sodium poly-
acrylate it occurred between 477 and 592 °C with a weight 
loss of 88% and reduced weight of 3.25 g. The final deg-
radation stage of both samples was observed at between 
620 and 800 °C and 592–800 °C for the poly(acrylamide-co-
acrylic acid) potassium salt and sodium polyacrylate, respec-
tively. At the maximum temperature of 800 °C, the residue of 
poly(acrylamide-co-acrylic acid) potassium salt and sodium 
polyacrylate was 20 and 40%, with residual weights of 1.18 g 
and 3.07 g respectively; this indicated a high amount of retic-
ulation of both sample matrixes.

The TG curve of pyrolysis of the poly(acrylamide-co-
acrylic acid) potassium salt and sodium polyacrylate takes 
place prominently in the temperature range of 281–620 °C 
and 360–592  °C, respectively. High temperature stabil-
ity is an important property for oil and gas applications 
because many of the organic polymers commonly used 
thermally decompose above 120 °C [38]. The TG curve of the 
poly(acrylamide-co-acrylic acid) potassium salt and sodium 
polyacrylate suggests that the polymers have good thermal 
stability suitable for a typical reservoir temperature between 
90 and 150 °C with a loss in polymer mass of 0.4–1.5% and 
2.2–5.4% respectively.

3.4  Sensitivity of particle swelling ratio to various 

thermochemical conditions

3.4.1  Effect of temperature

Temperature is an important factor affecting the absor-
bency capacity of SPHs [25, 39] and in this study different 
swelling behaviours were observed for the two supera-
bsorbent materials tested.

After 2-h of free swelling, the absorbency of the poly 
(acrylamide-co-acrylic acid) potassium salt decreased 
with increasing temperature with the peak absorbency 
occurring at 25   °C whereas and the lowest at 100 °C 
(Fig. 9a). At 25 °C, the polymer network formed hydrogen 
bonds with the water molecules, developing a hydra-
tion shell around the hydrophilic group which enhanced 
water uptake capacity to a maximum absorbency 
(285 g/g). However, with increasing temperature, the 
absorbency steadily decreased due to the elasticity of 
the cross-linked polymer network leading to the release 
of absorbed water. The collapse of the hydration shell 
at high temperature, 100 °C, may be responsible for the 
decrease in absorbency capacity (264 g/g). The polymer 
3D network structure collapses due to destabilisation of 
the polymer network structure with increasing hydroly-
sis temperature leading to synerisis. In the case of the 
sodium polyacrylate, there was no noticeable trend in 
the swelling behaviour; swelling performance decreased 
from 25 to 50 °C and later peaked at 75 °C (280 g/g).

As seen on Fig. 9b, after 4-h of free swelling the poly 
(acrylamide-co-acrylic acid) potassium salt experienced 
a notably sharp decrease in its absorbency (246 g/g) at 
50 °C. Conversely, the sodium polyacrylate showed a 
steady increase in absorbency (290 g/g) at 50 °C and 
thereafter a sloping decrease in absorbency (239 g/g) 
at 100 °C, as its polymer network collapsed leading to a 
release of its absorbed water.

As shown in Fig. 9 c, after 6-h of free swelling the 
poly (acrylamide-co-acrylic acid) potassium salt expe-
rienced its peak absorbency (294 g/g) at 50 °C and low-
est (204 g/g) at 100 °C. While the sodium polyacrylate 
exhibited a similar swelling behaviour, at 25  °C it 
demonstrated its highest absorbency (293 g/g) which 
decreased (264 g/g) at 50 °C. For both samples at 75 °C 
and higher, their polymer networks collapsed signifi-
cantly leading to a release of absorbed water.

Different investigators have reported the optimal 
temperatures for different hydrogel samples tested. For 
example, Singh and Dhaliwal [18] have reported 50 °C 
and Alonso et al. [21] have reported 30 °C; the optimal 
temperature range of the hydrogels in this study was 
evaluated to be between 50 and 75 °C.
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3.4.2  Effect of pH

SPHs exhibit dramatic volume transition in response to 
chemical stimuli such as pH [5]. Therefore, the swelling 
performance of the SPHs based on their pH sensitivity was 
measured under varying pH conditions ranging from 6.5 
to 12 with an accuracy of ± 0.2.

As illustrated on Fig. 10, the swelling behaviour of the 
poly (acrylamide-co-acrylic acid) potassium salt and sodium 
acrylate typically demonstrate maximum swelling between 
pH 6.5 (neutral medium) and 9 after free swelling at 25 °C for 
2-, 4- and 6-h. This observation is in agreement with Lenji et al. 
[25] and Alonso et al. [21] who also observe that the optimal 
range for the hydrogels was at a temperature of about 30 °C, 
between pH 7 and 9. Figure 10a–c reflects the transient behav-
iour of the SPHs, with the highest swelling performance being 
observed at pH 9 after 2 h of free swelling. This systematically 
shifted to pH 6.5 after 4- and 6-h periods. This phenomeno-
logical change is due to the abundant of –COO− group which 
reduces the hydrogen bonding interactions.

The swelling behaviour of both samples may be fur-
ther explained using the osmotic pressure ( 𝜋ion ) ion theory 

[40, 41] where the osmotic swelling pressure for a weakly 
charged hydrogel network is given by:

Here, Cg

i
 and Cs

i
 are the molar concentration of the 

mobile ions in the swollen sample and ions present in the 
activation fluid, respectively and R and T, the gas constant 
and absolute temperature, respectively. In neutral aque-
ous activation fluids, the concentration of moveable ions 
( Cs

i
 ) is very small, which is responsible for the higher value 

of 𝜋ion . In basic activation fluids, the concentrations of  Na+ 
and  OH− ions are very high and this reduces the values 
of 𝜋ion.

3.4.3  Effect of salinity concentration

The swelling performance of the superabsorbent polymers 
are strongly influenced by the ionic strength of the environ-
ment [5, 25]. The relationship between salt concentration 
and the swelling performance of the superabsorbent mate-
rials, in sodium chloride (NaCl) salt solutions (0, 35,000 and 

(3)𝜋ion = RT
∑(

C
g

i
− Cs

i

)
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Fig. 9  Absorbency of poly (acrylamide-co-acrylic acid) potassium salt and sodium polyacrylate under different temperature conditions in 
water after a 2-h, b 4-h and c 6-h
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85,000 ppm) are presented in Fig. 11. As observed for both 
cases of SPHs, their swelling capacity substantially dimin-
ishes with an increase in NaCl concentration. This result is 
in harmony with Sun et al. [42] and Singh and Dhaliwal [18] 
who reported a rapid decrease in hydrogel adsorption due 
to the increasing amount of  Na+ metal ion concentration 
of the solutions. This phenomenological occurrence can 
be attributed to the effect of the additional cations which 
cause a decrease in anion–anion electrostatic repulsion, 
resulting in a decrease in the osmotic pressure difference 
between the polymer networks and the external solution. 
The difference in mobile ion concentration between the 
polymer networks and liquid phases decreases resulting 
in a decrease in absorbency capacity.

Table 3 shows the sensitivity of the SPH samples to 
NaCl salt of varying concentration, calculated using Eq. 3 
above. Results show that the salt sensitivity factor for both 
SPHs increases with increasing salinity. It is also observed 
that the salt sensitivity factor decreases with increasing 
operating temperature at constant conditions. Though 
the sensitivity of the two SPH samples vary slightly, the 
same trend is seen for both the poly(acrylamide-co-acrylic 
acid) potassium salt and sodium polyacrylate samples.

3.5  Swelling kinetics

The swelling kinetics of SPHs is important for their applica-
tion in the oil and gas industry especially for specific use in 
water production scenarios, because their swelling perfor-
mance is directly affected by their adsorption properties 
[42]. To explain the swelling mechanism of the investigated 
SPHs, the Schott second-order dynamic model [42, 43] pre-
sented in Eq. 4 was used to analyse the experimental data.

where  St is the absolute cumulative water penetrating the 
polymer network at time t and  k2 is the second order rate 
constant for water absorption processes. On integrating 
the above equation within the limits t = 0,  St = 0 and t = ∞, 
S = S∞, the following equation is obtained:

where A  =  1 / k2, with  k2 being the initial swelling rate 
of the hydrogel; B  =  1 / S∞, with  S∞ being the theoretical 
equilibrium swelling ratio of the hydrogel.

(4)
dSt

dt
= k2

(
S
∞
− St

)2

(5)
t

St
= A + Bt

Fig. 10  Absorbency of poly 
(acrylamide-co-acrylic acid) 
potassium salt and sodium 
polyacrylate at 25 °C after 6-h
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Thus, the Schott kinetic rate constant of swelling,  k2, 
can be calculated as

The effect of time on the swelling performance is illus-
trated in Fig. 12. As shown in Table 4, the  R2 value of the 

(6)k2 =
B2

A

Schott second-order dynamic fitting curve is 0.9848 and 
0.9925 for the poly(acrylamide-co-acrylic acid) potas-
sium salt and sodium polyacrylate, respectively. This 
indicates that the swelling process does appropriately fit 
the Schott second-order dynamic equation. Comparable 
results were seen by Sun et al. [42, 44] who calculated 
 R2 values greater than 0.98 for their calculated kinetic 
parameters.
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4  Conclusion

This study experimentally evaluated the swelling per-
formance of two SPHs, poly(acrylamide-co-acrylic acid) 
potassium salt and sodium polyacrylate, based on their 
stimuli response to pH, salinity concentration, tempera-
ture and reaction time periods. Several important con-
clusions have emerged:

• The swelling behaviour of the granular SPHs tested 
were significantly influenced by the characteristics 

of the absorbing solutions (pH and ionic concentra-
tions). Maximum swelling of both hydrogels occurred 
between pH 6.5 and 9 after free swelling at 25 °C for 
2 h but systematically shifts to pH 6.5 after 4- and 6-h 
periods which may be attributed to the abundant –
COO − group which reduces the hydrogen bonding 
interactions. An increase in NaCl concentration sub-
stantially decreased the swelling capacity of both 
hydrogels due to the effect of the additional cations 
which cause a decrease in anion–anion electrostatic 
repulsion, decreasing the osmotic pressure difference 
between the polymer networks and the external solu-
tion.

• TGA results revealed that both SPHs are thermally 
stable and can thus be used under elevated tem-
perate conditions. Initial decomposition of the 
poly(acrylamide-co-acrylic acid) potassium salt and 
sodium polyacrylate samples were between 31 and 
281 °C and 26–360 °C with weight losses of 19% and 
14% respectively due to structural water loss.

Table 3  Salt sensitivity of 
the hydrogel samples with 
different salt concentrations of 
35,000 and 85,000 ppm at 25, 
50, 75 and 100 °C

Polymer sample Temperature (°C) Salt sensitivity factor (f )

Salinity (PPM)

35000 85000

Poly (acrylamide-co-acrylic acid) potassium salt 25 0.916 0.926
Sodium polyacrylate 0.895 0.916
Poly (acrylamide-co-acrylic acid) potassium salt 50 0.909 0.913
Sodium polyacrylate 0.893 0.908
Poly (acrylamide-co-acrylic acid) potassium salt 75 0.911 0.910
Sodium polyacrylate 0.892 0.916
Poly (acrylamide-co-acrylic acid) potassium salt 100 0.910 0.925
Sodium polyacrylate 0.893 0.927
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Fig. 12  Schott kinetic model for a poly(acrylamide-co-acrylic acid) potassium salt and b sodium polyacrylate in deionised water at 25 °C

Table 4  Parameters associated with Schott kinetic model for swell-
ing of various SPH samples in deionised water at 25 °C

Sample A B K2 × 10−3/(min−1) R2

Poly(acrylamide-co-
acrylic acid) potas-
sium salt

0.0063 0.003 1.429 0.9848

Sodium polyacrylate 0.003 0.0124 0.726 0.9925
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• Generally, the absorbency of the SPHs decreases with 
increasing temperature. The collapse of the hydration 
shell at high temperatures may be responsible for the 
decrease in the absorbency capacity of the hydrogels. 
An optimal temperature range of between 50 and 75 °C 
was considered appropriate based on the swell test 
performed between 25 and 100 °C over 2-, 4- and 6-h 
time periods.

The results from this study conclusively demonstrate 
that both poly(acrylamide-co-acrylic acid) potassium salt 
and sodium polyacrylate are promising materials which 
can be implemented in a wide range of applications for 
oilfield water control and management in the oil and gas 
industry.

Our research in this area is important to expand pre-
sent understanding of these materials and their applica-
tion boundaries in the oil and gas industry. In particular, 
these findings form the basis for optimising commercially 
available SPHs which can be tuned to desired character-
istic behaviours for functional applications in (i) conform-
ance/water control operations, (ii) enhanced/improved 
oil recovery operations, (iii) plugging during workover or 
well abandonment operations, as downhole impermeable 
barriers, and (iv) in separation processes for petroleum 
fraction-saline water emulsions.
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