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ABSTRACT: Unwanted water production is a serious problem accompanying
oil extraction especially in oil-fractured reservoirs. An effective approach to
tackle this issue is to utilize gels as a blockage agent. In this paper, an effective
series of preformed particle gels (PPGs) was synthesized by a free radical
copolymerization of acrylamide and acrylic acid [poly(AAm-co-AA)] copoly-
mers. The key factors of synthesis experiments, gelation time, drying behavior,
swelling capacity (in CaCl2·2H2O, MgCl2·6H2O, BaCl2·2H2O, KCl, NaCl, and
LiCl saline solutions with 200,000 ppm concentration and pH from 3 to 8), and
mechanical and thermal resistance of the synthesized PPGs (with a homemade
apparatus) were elucidated. Laboratory results revealed that the prepared PPG
sample 1 (9.65 mole ratio of AAm/AA and 6 mol % of MBA) would be a good
candidate for controlling water in oil and gas reservoirs with a salinity, pressure,
and temperature of up to 200,000 ppm, 300 bar, and 170 °C, respectively, and
pH values ranging from 3 up to 8.

■ INTRODUCTION

Unwanted water production is a serious problem widely
occurring during oil production.1 Almost the daily global water
production from oil reservoirs is estimated to be around 220
million barrels, which is equal to an average water to oil ratio of
3:1.2 Processing this unwanted water will cause the annual
global cost of water handling to increase even to more than 40
billion dollars.3 Besides, unwanted water production causes
several environmental problems such as microbial growth, scale
formation, and corrosion. Reducing oil and gas recovery factors
resulting from excess water production led researchers to seek
ways to control unwanted water production.4−6

Hitherto, many researchers had concluded that gel treatment
in fracture reservoirs would be good to enhance oil
recovery.7−9 Generally, gel treatment reduces water production
by changing wettability10,11 or blocking fractures.12 Two kinds
of gels can be placed in fractures to control unwanted water
production from oil and gas wells: immature gel (gelant)13−15

and preformed particle gel (PPG).16,17 In in situ crosslinking
gels, a gelant, which is a mixture of monomers, polymers, and
crosslinkers, is injected into a target formation, and the gel
formation process occurs under reservoir conditions. The
formed gels prevent water production by fully or partially
sealing the formation zone, increasing the sweep efficiency.
However, PPGs are dry powders with adjustable size between
μm and cm prepared from hydrogels with a high capacity of
water absorption. The crosslinking process of PPGs occurs on
the surface facilities, and then, the prepared PPGs are injected

into the reservoir formation. PPGs swell in formation water
between 30 and 200 times of their basic size with a controllable
swelling rate and block the naturally or artificially created
fractures.18,19 The most important superiority of PPGs over the
gelant is that the gelation time, an underlying factor for the
success of conformance control, is precisely controllable in
PPGs, while in gelants, it is significantly affected by reservoir
conditions such as the pressure, temperature, pH, and salinity
of the formation.20 Therefore, the major challenge in the gelant
injection process is the uncertainty in its gelation time. The
conversion of the gelant into the gel before it reaches target
formation or gelant dilution in contact with water fails the
gelant performance.21 Although the gelants have less
mechanical strength, PPGs are resistant to all types of saline
solutions with high concentrations and have good thermal and
mechanical resistance.22−24 Therefore, scientific research
studies confirmed that the performance of PPGs was more
prosperous than that of in situ gels in preventing excess water
production from oil reservoirs.25−27

Field studies indicated that the synthesis approach of
hydrogels,28−30 salt solution properties (including the salt
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type and concentration and pH of the solution), and
environmental properties where PPGs are placed (including
temperature and pressure of the medium) can affect the PPG
performance.31,32 Imran et al.33 discussed the challenges
existing in environmentally and economically producing oil
from reservoirs including undesirable water channels. They
concluded that conformance control, PPG transportation, and
surface wettability are deciding factors affecting PPG efficiency.
Sedy Esfahlan et al.34 comprehensively categorized PPGs and
investigated main factors affecting their performance including
their size, swelling capacity, blockage efficiency, and rheological
properties. Lenji et al.35 investigated the effect of polymer
concentration, crosslinker mole percentage, temperature, pH,
and salinity on the PPG swelling capacity. Their results
revealed that increasing polymer concentration, crosslinker
mole percentage, and salinity causes PPG swelling capacity to
reduce, while pH outside the range of 5−9 and temperature
more than 100 °C did not significantly affect the PPG swelling
capacity. Mehrabianfar et al.36 investigated the application of a
kind of superabsorbent polymers crosslinked with potassium
salt on fracture plugging. They used a glass micromodel to
investigate the sweep efficiency of the PPGs and concluded
that water diversion into the zone with low permeability,
resulting from fracture plunging, is the main mechanism of
PPG treatment. Salehi et al.37 introduced the network
parameters of PPGs as a novel technique in predicting the
PPG performance in porous media and in investigating the
PPG resistance under high-salt conditions.
Since PPG injection is one of the best and most impressive

methods to block the naturally or artificially fractured
reservoirs, in this study, almost all the vital factors that can
influence PPG application in blocking fractures were
investigated. To do this, the synthesis approach of the PPG
samples (different mole percentages of the crosslinker agent
and various mole ratios of monomers), their drying behavior
under three different conditions (atmospheric conditions;
oven, 60 °C; and vacuum oven, 60 °C), and their swelling
behavior in different salt solutions (BaCl2·2H2O, CaCl2·2H2O,
MgCl2·6H2O, KCl, NaCl, and LiCl with 200,000 ppm
concentration and pH values ranging from 3 to 8) were
simultaneously examined. Then, for the first time, the
mechanical and thermal resistances of the synthesized
hydrogels were concurrently examined in a homemade device
at high pressures (up to 300 bar) and high temperatures (up to
170 °C). In the end, the performance evaluation of the
synthesized PPGs was conducted in order to suggest a proper
PPG with the ability to block fractures and prevent undesirable
water production from oil reservoirs.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Two monomers includ-

ing acrylamide (AAm, >99%, Sigma-Aldrich) and acrylic acid
(AA, >99%, Sigma-Aldrich) were used as the reactants in the
polymerization process. Potassium persulfate (KPS, >99%,
Sigma-Aldrich) and N,N′-methylenebisacrylamide (MBA,
>99%, Sigma-Aldrich) were considered as the initiator and
crosslinker agents, respectively. Distilled water was used
throughout synthesis experiments. Swelling capacity of the
synthesized PPG samples was investigated in several inorganic
saline solutions including lithium chloride (LiCl, >98%,
Merck), sodium chloride (NaCl, >99.5%, Merck), magnesium
chloride hexahydrate (MgCl2·6H2O, 99%, Merck), potassium
chloride (KCl, >99%, Merck), barium chloride dihydrate

(BaCl2·2H2O, >99%, Merck), and calcium chloride dihydrate
(CaCl2·2H2O, 99%, Merck). To adjust the pH value, NaOH
(99%, Sigma-Aldrich, 0.1 M) and HCl (99%, Sigma-Aldrich,
0.1 M) were used. The pH of saline solutions was measured
with a pH meter (±0.1 error, Milwaukee pH Meter w/ATC)
calibrated with the buffer solutions with pH 4, 7, and 10. A
digital balance measured the weight of swollen PPG samples
(Sartorius balance, BP 210 S, German). Wet swollen hydrogel
samples were dried on a filter paper (grade 40:8 μm, Whatman
filter paper) under room conditions. Carbonate slabs were
taken from an Iranian oil reservoir. A core-slabbing device
(France-VINCI, 4000 W) was used to cut carbonate slabs into
a cylindrical shape with a length and diameter of 5 and 2.54
cm, respectively. A Shimadzu FTIR-8300 instrument and
scanning electron microscope (VEGA3 TESCAN, at 20 kV)
were used to record the Fourier-transform infrared spectros-
copy (FT-IR) spectra and scanning electron microscopy
(SEM) images of PPG samples, respectively.

Synthesis of PPGs. In capped poly(vinyl chloride) straws,
samples were synthesized by a free radical approach.38 The
amount of AAm in all of the experiments was kept at 0.50 g. In
each straw, a specified amount of AA and 0.50 g of AAm were
solved in 1.0 mL of distillated water. A total of 0.20 mL of
MBA solution (as a crosslinker agent, 6−18 mol % MBA/mL
water) was then added to each straw. After that, 0.10 mL of
potassium persulfate solution as an initiator (0.05 g of KPS/
mL of water) was subjoined to the reaction mixture. To active
the initiator agent and complete the synthesis process, straws
were kept in an oil bath at 80 °C for 3 h. In the end, samples
were put out from the straws, washed with distillated water, cut
into small pieces, and dried in three consequent steps: under
atmospheric conditions, in an oven, and in a vacuum oven.

Swelling Study. To measure the swelling percentage (% S)
of the synthesized samples, 0.10 g of the dried PPG sample
(0.2−1.0 μm) was put into each CaCl2·2H2O, MgCl2·6H2O,
BaCl2·2H2O, NaCl, LiCl, and KCl (20 mL, 200,000 ppm) salt
solution under ambient conditions for 3 h. Meanwhile, samples
were removed from each saline solution and weighed using a
digital balance every 3 min. Equation 1 indicates the procedure
of swelling percentage calculation of the PPG samples below

S%
weight of swollen sample weight of dried sample

weight of dried sample

100

=
−

× (1)

In the end of the initial swelling study, which took 3 h, PPG
samples were maintained in their salt solutions for 12 months.
After this time, the equilibrium swelling capacity10 of the
samples was measured as eq 2

% ES
weight of swollen sample after 12 months weight of dried sample

weight of dried sample
100=

−
×

(2)

pH Sensitivity. As the PPG samples should be used in
acidic and alkaline medium, the effect of pH on the swelling
capacity of samples was also investigated. To do so, two saline
solutions (20 mL, 200,000 ppm) were prepared from each of
the divalent salts, BaCl2·2H2O, MgCl2·6H2O, and CaCl2·
2H2O. For each type of the salts, two alkaline and acidic
solutions were made with NaOH (0.1 M) and HCl (0.1 M),
respectively. Then, 0.1 g of the dried sample was first swollen
in the alkaline medium for half an hour. Next, it was swollen in
the acidic medium for another half an hour. Sample
displacement between alkaline and acidic media was repeated
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from every half an hour to 3 h. In each solution, swelling
percentage of the synthesized PPG samples was calculated
using eq 1, and pH of the saline solutions was measured using
a pH meter every 3 min.
Physical and Chemical Experiments. PPG samples

(sample 1−9) were prepared through a free radical
copolymerization approach. The chemical situations of PPG
production are given in Table 1. Synthesized samples were

dried in three successive stages, that is, under atmospheric
conditions, in an oven (60 °C), and in a vacuum oven (60 °C).
The PPG swelling percentages were investigated in several
saline solutions including CaCl2·2H2O, MgCl2·6H2O, BaCl2·
2H2O, NaCl, LiCl, and KCl (20 CC., 200,000 ppm) at room
temperature.
Mechanical and Thermal Experiments. A homemade

instrument was used to measure the maximum pressure and
temperature that the swollen PPG samples are capable of
tolerating without destructing their structures. Mechanical and
thermal experiments were performed with the synthesized
samples and prepared salt solutions (20 mL, 200,000 ppm), as
explained below.
Device Description. The mechanical and thermal

resistance measurement of hydrogels was done using a
homemade device; its schematic diagram is shown in Figure
1a,b. It is a cylindrical vessel (ss-316) with a length of 20 cm
and a diameter of 5 cm surrounded by a coil element and
connected to a controller (SUNWARD ENG, SUN15-TC) to
set the required temperature of the system. To measure PPG
damage at low-permeability zones, a cylindrical space for a core
sample with a length of 5 cm and a diameter of 2.54 cm was
considered at the bottom of the device. The maximum working
pressure and temperature of the device are up to 600 bar and
180 °C, respectively.
Mechanical Resistance Measurement. Mechanical

resistance is considered as the maximum pressure that the
hydrogel can tolerate before breaking. To assay the mechanical
resistance of the PPG samples, PPGs were swollen up to 20 wt
% of their equilibrium swelling capacities (eq 1). The swollen
samples were put into the device and enclosed with the core
sample (from the end) and the upper handle of the device
(from the top). By rotating the upper handle, pressure force
with a magnitude of more than 5 bar was exerted on the
swollen PPG samples every second. The pressure changes were
monitored using a pressure gauge installed in the container
containing swollen PPGs. It was expected that the pressure
increases until the structure of the PPG samples collapses. The
pressure at which the gel structure breaks down indicates the
mechanical strength of the hydrogels.

Thermal Resistance Measurement. Thermal resistance
of the hydrogel is defined as the temperature at which the gel
structure decomposes. To calculate the thermal resistance of
the PPG samples, the prepared core sample was put into the
bottom section of the device. PPG samples were swollen as
described in the “Mechanical Resistance Measurement” and
then disembogued into the device. Next, the thermal coil,
which was firmly wrapped around the device, was turned on to
heat the PPG samples up to 170 °C. Since the outer surface of
the thermal coil wrapped around the outer surface of the
device was entirely covered with thermal insulation (rock-
wool), it was expected that the heat transfer would be
completely conducted to the hydrogels with minimum heat
loss. After half an hour, the PPG samples were removed from
the device and weighed. In this experiment, the upper handle
was open, and the water evaporated from the hydrogels was
exported from the encasement.

Concurrent Mechanical and Thermal Resistance
Measurement. To simultaneously measure mechanical and

Table 1. Synthesis Conditions of PPG Samples

sample AAm (gr) AA (mL) AAm/AA (mole ratio) MBA (mol %)

1 0.5 0.05 9.65 6
2 0.5 0.05 9.65 14
3 0.5 0.05 9.65 18
4 0.5 0.10 4.82 6
5 0.5 0.10 4.82 14
6 0.5 0.10 4.82 18
7 0.5 0.20 2.41 6
8 0.5 0.20 2.41 14
9 0.5 0.20 2.41 18

Figure 1. Schematic diagram of the device: (a) inner view (b) exterior
view.
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thermal resistances of the PPG samples, all the mentioned
studies in the mechanical resistance experiment were repeated.
However, in this step, after arriving to the desired pressure
(300 bar), the thermal coil was turned on, and the PPG
samples were heated. The upper handle closed the path
through which vapor can exit; therefore, the evaporated water
from the samples could not be extracted from the device and
pressure increased continually. The pressure of the device had
to be kept at 300 bar with rotating the upper handle and
increasing the volume, which was available for the PPG
samples. Thereupon, experiments ended as soon as vapor
could be removed from the device with another slightest
rotating movement of the upper handle. In the end of the
experiment, the PPG samples were removed from the device
and reweighed.

■ RESULTS AND DISCUSSION
In this paper, nine poly(AAm-co-AA) copolymers were
synthesized through a free radical approach. Scheme 1

illustrates the occurred reaction in the synthesis medium.
FT-IR tests confirmed the desired structures in the synthesized
PPG samples. As an example for sample 1, according to Figure
2, the bands of N−H and O−H (appeared in the range of

3100−3500 cm−1) clearly show poly(AAm-co-AA) formation.
In addition, there are two absorption peaks in the range of
3163−3394 cm−1 because of the symmetric and asymmetric
NH2 stretching vibrations of AAm and one peak at 1120 cm−1

due to C−C stretching vibrations. Besides, the wide absorption
bands (appeared in the range of 3400−2975 cm−1) are
attributed to the −OH from the carboxylic group. The
stretching vibrations of CH2, CH, C−O of the carbonyl group
of acrylamide, C−O of the carbonyl group of acrylic acid, and
C−N can be confirmed based on the values of 2916, 1846,
1643, 1720, and 1436 cm−1, respectively. In addition, the SEM
images of the PPG samples were taken to show the
morphology of samples. The magnitude of most pores existing
in samples 1, 2, 4, and 7 was about 1.6, 1.8, 1.9, and 4.4 μm,
respectively (Figure S1a−d). Therefore, the size of pores was
changed from 1.6 to 4.4 μm by changing vital factors.

Physical and Chemical Experiments. Gelation time is
the first parameter that was measured and examined in the
synthesis reaction. The transformation time from the viscous
structure into a tensile structure is named as the gelation time.
As the straw was visible, this transformation was easily viewed;
besides, there was a thermal jumping at this point appearing on
the thermometer embedded in the synthesis medium. The
mole ratio of AAm/AA and the concentration of MBA affected
the gelation time. Figure 3 and Table 2 show that the gelation
time decreased with increasing mole percentage of the
crosslinker agent and, therefore, increasing viscosity of the
hydrogel. Similarly, the growth of macroradical chains and the
mobility of the reactants can be restricted with a rising AAm/
AA mole ratio; therefore, the gelation time of the hydrogels
decreased with a rising mole ratio of AAm/AA.
After completion of the synthesis experiments, samples were

dried and cut into small pieces. In this study, all PPG samples
were dried in three different steps: under ambient conditions
(25 °C, half an hour), in an oven (60 °C, half an hour), and in
a vacuum oven (60 °C, 24 h). In the first step, samples were
picked from the straws and immediately placed on a digital
balance. The weight of the samples was recorded at regular

Scheme 1. Schematic Preparation of the Preformed Particle
Hydrogel

Figure 2. Fourier transform infrared spectroscopy of sample 1.

Figure 3. Effect of MBA concentration on the gelation time.

Table 2. Gelation Time of PPG Samples

sample AAm/AA (mole ratio) MBA (mol %) gelation time (s)

1 9.65 6 180
2 9.65 14 170
3 9.65 18 155
4 4.82 6 188
5 4.82 14 185
6 4.82 18 165
7 2.41 6 208
8 2.41 14 207
9 2.41 18 200
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time intervals of 5 min for half an hour. The next step started
instantly after the first one; PPG samples were put into an oven
(60 °C) for half an hour, and they were taken out every 5 min
to be weighed quickly and then returned to the oven. In the
third step, samples were kept in a vacuum oven for 24 h (60
°C), and after that time, the weight of the samples was
recorded again. The amount of water evaporation was
calculated according to the PPGs’ weight loss. It was expected
that water evaporates from surface and large pores (15−25
μm) in the first step, from medium pores (7−15 μm) in the
second step, and from small pores (3−7 μm) in the third step.
Figure 4 and Table 3 illustrate the amount of evaporated water
from PPG samples under atmospheric conditions. It is clear

that the amount of weight reduction of samples was first
increased with decreasing the mole ratio of AAm/AA because
of increasing amide−water and carboxylate−water hydrogen
bonds, and then, it was decreased due to increasing repulsive
forces among the functional groups. The role of MBA
concentration in the amount of water evaporation from
samples was more important in high mole ratios of AAm/
AA. In addition, in low concentration of MBA, larger pores are
likely to form. Therefore, the amount of evaporated water from
PPG samples increased with decreasing mole percentage of
MBA. The water reduction of samples in the oven and vacuum

Figure 4. Amount of evaporated water from samples under atmospheric conditions.

Table 3. Amount of Evaporated Water (gr) under
Atmospheric Conditions (25 °C and 1 atm)

sample
AAm/AA (mole

ratio)
MBA

(mol %)
the amount of evaporated

water (g)

1 9.65 6 0.1647
2 9.65 14 0.1373
3 9.65 18 0.1145
4 4.82 6 0.1660
5 4.82 14 0.1753
6 4.82 18 0.1217
7 2.41 6 0.1610
8 2.41 14 0.1667
9 2.41 18 0.1580

Figure 5. Swelling percentage of samples (% S) vs MBA
concentration.

Table 4. Effect of MBA Changes on the Swelling Percentage
of PPG Samples in the CaCl2·2H2O Salt Solution

sample
AAm/AA (mole

ratio)
MBA

(mol %)
swelling time

(min)
swelling
(%)

4 4.82 6 180 419
5 4.82 14 180 362
6 4.82 18 180 251

Figure 6. Swelling percentage of samples (% S) vs AA concentration.

Table 5. Effect of the AAm/AA Mole Ratio on the Swelling
Percentage of the PPG Samples

sample saline solution
AAm/AA

(mole ratio)
MBA

(mol %)
swelling

time (min)
swelling
(%)

4 CaCl2·2H2O 2.41 6 177 254
5 CaCl2·2H2O 4.82 6 177 424
6 CaCl2·2H2O 9.65 6 177 462
4 MgCl2·6H2O 2.41 6 177 114
5 MgCl2·6H2O 4.82 6 177 493
6 MgCl2·6H2O 9.65 6 177 291
4 BaCl2·2H2O 2.41 6 177 138
5 BaCl2·2H2O 4.82 6 177 603
6 BaCl2·2H2O 9.65 6 177 525
4 LiCl 2.41 6 177 97
5 LiCl 4.82 6 177 519
6 LiCl 9.65 6 177 397
4 NaCl 2.41 6 177 59
5 NaCl 4.82 6 177 309
6 NaCl 9.65 6 177 312
4 KCl 2.41 6 177 92
5 KCl 4.82 6 177 401
6 KCl 9.65 6 177 351
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oven was similar to that expressed under atmospheric
conditions (Figure S2a,b and Tables S1 and S2).
The dried PPG samples were then cut into small pieces in

the range of 1−2 μm. Next, the swelling percentage of the
synthesized PPG samples was measured in the several saline
solutions including CaCl2·2H2O, MgCl2·6H2O, BaCl2·2H2O,
KCl, NaCl, and LiCl (20 mL, 200,000 ppm, under atmospheric
conditions). It was found that all the PPG samples were more
swollen over time (Figure S3a−f and Tables S3−S8), and the
MBA mole percentage, AAm/AA mole ratio, type of salt
solution, pH of the saline solution, and time can affect the
swelling percentage of samples.
To examine the effect of MBA concentration on the swelling

capacity of PPG samples, Figure 5 and Table 4 show the
swelling percentage of PPG samples versus the mole
percentage of MBA in CaCl2·2H2O salt solution with the
AAm/AA mole ratio of 4.82 and swelling time of 180 min. As
can be seen, the swelling capacity of PPG samples reduced

with rising mole percentage of MBA. Increasing the crosslinker
agent causes the density of the solution to increase, forming a
viscous structure with a low ability to expand and absorb a
large amount of water.39,40 The power law eq 3 describes the
swelling behavior of samples versus the mole percentage of
MBA in the mentioned conditions (obtained from the curve
fitting).

S % 180.79 MBA 0.353= [ ]− (3)

where 0.353 and 180.79 show the impact of MBA mole
percentage on the swelling capacity of PPG samples and the
difference of swelling capacity of two samples in the same
amount of the crosslinker agent, respectively.
The impact of the AAm/AA mole ratio on the swelling

percentage of PPG samples is shown in Figure 6 and Table 5
(the mole percentage of MBA, weight of AAm, and time of
swelling were kept at 6 mol %, 0.5 g, and 177 min, respectively,
as an example). Based on Figure 6, the swelling percentage of

Figure 7. Swelling percentage of samples (% S) vs time: (a) sample 1 (b) sample 4.

Table 6. Maximum Equilibrium Swelling Percentage of PPG Samples

equilibrium swelling ratio

sample CaCl2·2HO BaCl2·2HO MgCl2·6H2O NaCl KCl LiCl

1 11.56 11.72 11.23 9.04 8.79 10.80
2 7.43 11.34 6.86 5.33 4.92 7.33
3 6.02 5.77 5.37 4.61 4.23 5.51
4 6.65 11.36 8.01 6.73 6.03 8.14
5 7.02 6.19 5.75 4.78 4.54 6.44
6 5.14 5.13 3.54 4.19 4.06 5.57
7 4.40 4.46 2.83 2.47 2.42 3.45
8 2.46 2.86 1.42 1.33 1.16 3.27
9 2.61 2.09 1.59 1.21 0.72 3.20
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samples was first increased until 4.82 mole ratio of AAm/AA,
and then, it was decreased. The flourishing section of the curve
was because of the reduction of repulsive forces among the
carboxylate groups existing in the AA structure. The falling
section of the curve was due to the increasing viscosity of the
solution and the reduction of the osmotic pressure resulting
from the carboxylate groups existing in the copolymer
chains.41,42

Among all PPG samples, samples 1 and 4 had more swelling
percentage in all the examined salt solutions. To compare the
ability of the salt solutions in swelling PPG samples, the
swelling curves of samples 1 and 4 are typically plotted in
Figure 7a,b and Tables S9 and S10, respectively. As the anionic
species in the all mentioned salt solutions was chloride ions,
the observed differences among swelling curves in Figure 7 can
be attributed to the type of cations existing in the prepared salt
solutions (Ba2+, Ca2+, Sr2+, Mg2+, K+, Na+, and Li+). There are
more ions that are mobile in the saline solutions with divalent
cations such as CaCl2·2H2O, MgCl2·6H2O, and BaCl2·2H2O
than those with monovalent cations such as LiCl, KCl, and
NaCl. Therefore, the osmotic pressure resulted from the
difference between the mobile ions existing in the salt solutions
and in the PPG structure, and water absorbency was more in
the saline solutions with the divalent cations than for those
with the monovalent cations.
To predict the amount of swollen PPG samples that is

required to control unwanted water production from oil fields,
the maximum swelling capacity of samples must be known.
This is a key factor called the equilibrium swelling ratio.10 To
do so, 0.1 g of each dried PPG sample was kept in each of the
mentioned salt solutions (20 mL, 200,000 ppm) for 12 months
under atmospheric conditions. After that time, samples were
weighed, and their equilibrium swelling ratio was calculated by
eq 2.
The results presented in Table 6 showed that samples had

high equilibrium swelling ratios in the saline solutions with
divalent cations than with monovalent cations, and sample 1
had the greatest equilibrium swelling ratio equal to 11.72 in
BaCl2·2H2O salt solution (200,000 ppm concentration).
Since the PPG samples have to be injected into the oil

reservoir and pH of most of the oil fields is between 4 and 6,
the swelling capacity of the PPG samples was investigated
under acidic and alkaline medium. To do so, samples 1 and 2
that have more swelling percentage and BaCl2·2H2O, CaCl2·
2H2O, and MgCl2·6H2O salt solutions, which have more
ability to swell hydrogels, were examined (the detailed
information is given in the Supporting Information).
According to Figure 8 and Table 7, the PPG swelling
percentage increased with time in both acidic and alkaline
media of BaCl2·2H2O saline solution. In acidic medium, the
osmotic pressure of all the examined salt solutions and
consequently swelling percentage of all samples increased due

Figure 8. Swelling percentage of samples (% S) in alkaline and acidic media.

Table 7. Swelling Percentage of the PPG Sample 1 in Acidic
and Alkaline Media of the BaCl2·2H2O Saline Solution

time (min) NaOH HCl

3 94 314
6 117 322
9 144 347
12 159 354
15 178 357
18 195 374
21 226 376
24 241 381
27 250 401
30 273 416
33 444 558
36 473 562
39 477 563
42 483 593
45 493 595
48 494 595
51 500 604
54 522 616
57 532 619
60 534 621
63 666 743
66 666 744
69 670 757
72 674 760
75 680 761
78 683 761
81 687 762
84 699 762
87 702 763
90 703 765
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to interring double negative charge per one positive charge into
the swelling medium. In alkaline medium, ionization of
carboxylate groups and repulsion forces between them caused
the swelling capacity of the PPG samples to increase. The
trend of swelling changes in other mentioned saline solutions
was the same as that in the BaCl2·2H2O salt solution (Figure
S4a,b and Tables S11 and S12). Figure 9 and Table 8 show the
changes in pH of the BaCl2·2H2O salt solution versus time.
Due to hydrogen bonds forming between acid and amide
functional groups and water, the pH of the acidic medium
increased over time. In alkaline medium, due to increasing
ionic strength and decreasing hydroxide ion activity in the salt

water, pH of the saline solutions decreased over time. The pH
changes of PPG samples in the other saline solutions were
similar to those in the BaCl2·2H2O saline solution (Figure
S5a,b and Tables S13 and S14).

Mechanical and Thermal Experiments. Since PPGs
have to be injected into the oil and gas reservoirs, which have
high temperatures and pressures, other vital factors for oil and
gas producers are mechanical and thermal resistances of the
PPG samples. The PPG samples 1, 2, and 4 with decent
swelling capacity, the PPG samples 3 and 5 with low swelling
percentage, and MgCl2·6H2O, CaCl2·2H2O, and BaCl2·2H2O
salt solutions with the highest ability in the swelling process
among the salts assessed in this work have been chosen for the
mechanical and thermal experiments.
The mechanical resistance of the PPG samples was

examined up to 300 bar, less than the maintenance pressure
of the device. For the PPG samples 1, 2, and 4, pressure had a
rising trend up to 300 bar and never decreased, while for the
PPG samples 3 and 5 (with low swelling percentage), pressure
dropped sharply from 240 and 215 bar, respectively, to
atmospheric pressure. It means that all the PPG samples with
decent swelling capacity (samples 1, 2, and 4) had the ability to
resist high pressures (300 bar), while the others with low
swelling percentage (samples 3 and 5) failed in pressure
resistance experiments. Because of the high amount of
crosslinker agents existing in their structures, the PPG samples
3 and 5 had low flexibility and could not tolerate high
pressures.
To examine thermal resistance of the PPG samples, the

swollen samples 1, 2, and 4 were kept at a temperature of 170
°C for half an hour. After that time, samples were put out from
the device and weighed by the digital balance. Results showed
that large amounts of captured water in pores were evaporated,
and the PPG samples were greatly dried. The swelling
percentage of the examined samples before and after the
mechanical and thermal experiments is shown in Table 9.
Since there are simultaneously high pressures and temper-

atures in the oil and gas reservoirs, the synchronous effect of
high temperature and pressure was examined in the third step.
To do so, the temperature of the coil element and pressure of
the device were kept at 170 °C and 300 bar, respectively. Each
experiment was continued until the upper handle was placed
on the eve of opening. At this time, the upper handle can be
opened with a slight rotational movement. In fact, the
experiment was finished, and samples were extracted from
the device and reweighed. Results indicated that the weight of
swollen samples remained greatly constant; it was due to high

Figure 9. pH variation versus time.

Table 8. pH Changes of the BaCl2·2H2O Salt Solution
Versus Time

time (min) pH (NaOH) pH (HCl)

3 8.17 3
6 8.14 3
9 8.12 3
12 8.03 3
15 7.93 3
18 7.72 3.01
21 7.27 3.01
24 6.96 3.01
27 6.2 3.01
30 6.06 3.01
33 4.69 3.03
36 4.29 3.03
39 4.19 3.04
42 4.11 3.05
45 4.06 3.05
48 3.88 3.06
51 3.74 3.07
54 3.62 3.07
57 3.59 3.07
60 3.54 3.08
63 3.5 3.1
66 3.44 3.1
69 3.41 3.12
72 3.39 3.14
75 3.36 3.15
78 3.35 3.16
81 3.33 3.16
84 3.33 3.17
87 3.3 3.18
90 3.29 3.18
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pressure of the medium in which PPGs were located. This high
pressure did not allow extraction of water from the PPG
structure. Figure 10a,b shows that most part of the network
structure of PPG sample 1 remained intact after mechanical

(300 bar for 2 days) and concurrent mechanical and thermal
experiments (300 bar and 170 °C).
In the end of all experimental studies, the outcomes revealed

that increasing the crosslinker agent forms smaller pores in the
gel structure, decreases gelation time, and reduces the PPG
swelling percentage. Raising the AAm/AA mole ratio increases
gelation time and has a maximum point in the swelling
percentage curve of samples. BaCl2.2H2O, CaCl2·2H2O, and
MgCl2·6H2O salt solutions, which have divalent cations, had
more ability to swell the PPG samples than KCl, LiCl, and
NaCl salt solutions with monovalent cations. Additionally, it
was found that the MBA mole percentage of 6, AAm/AA mole
ratio of 4.82, and KPS concentration of 0.05 g/mL are the
optimum conditions for the maximum swelling capacity of the
PPG samples. In the end of all experimental studies, it was
concluded that sample 1, which had the equilibrium swelling
percentage of 1172.16% in BaCl2·2H2O saline solution (20
mL, 200,000 ppm) and the concurrent mechanical and thermal
resistance (300 bar and 170 °C), is an efficient candidate to
control unwanted water from oil and gas fields.

■ CONCLUSIONS

In this paper, an effective series of PPG samples was
synthesized to be used in blocking naturally or artificially
fractured reservoirs with a high amount of unwanted water
production. Additionally, the network structure, gelation time,
drying behavior [under atmospheric conditions, in an oven (60
°C), and in a vacuum oven (60 °C)], swelling behavior (in
several salt solutions with 200,000 ppm concentration and pH
values from 3 up to 8), mechanical resistance (under high
pressures), and thermal resistance (under high temperatures)
of the synthesized PPG samples were simultaneously
examined. Totally, findings indicate that the synthesized PPG
sample 1 has decent swelling capacity and resistance under
conditions of high salinity (200,000 ppm and pH in the range
of 3−8), high pressure (300 bar), and high temperature (170
°C).

Table 9. Result of the Thermal and Mechanical Experiments

swelling percentage before test swelling percentage after test

sample CaCl2·2HO BaCl2·2HO MgCl2·6H2O CaCl2·2HO BaCl2·2HO MgCl2·6H2O

Thermal Experiments
1 901.48 954.61 867.98 23.24 26.47 12.98
2 568.23 884.97 532.85 29.44 35.82 22.92
3 501.38 589.65 497.68 2.56 15.32 5.47
4 518.47 896.27 596.30 8.84 21.48 12.99
5 556.89 632.48 514.76 3.14 17.31 6.98

Mechanical Experiments
1 901.48 954.61 867.98 824.92 881.28 816.66
2 568.23 884.97 532.85 498.43 820.89 471.63
3 501.38 589.65 497.68 104.97 127.38 100.72
4 518.47 896.27 596.30 424.42 822.96 489.59
5 556.89 632.48 514.76 125.38 132.89 107.98

Concurrent Mechanical and Thermal Experiments
1 901.48 954.61 867.98 897.98 950.67 861.23
2 568.23 884.97 532.85 560.97 878.69 529.02
3 501.38 589.65 497.68 487.85 568.27 480.74
4 518.47 896.27 596.30 498.16 879.94 575.36
5 556.89 632.48 514.76 532.27 598.78 487.93

Figure 10. Image of PPG sample 1 after (a) mechanical (300 bar for 2
days) and (b) concurrent mechanical and thermal treatments.
Photograph courtesy of “Samira Heidari”. It is a free domain.
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