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Abstract
In oil recovery processes, fluids injected to increase oil production may find preferential paths or fractured rocks that offer 
less resistance to passage through the reservoir, leaving many areas of the reservoir without being swept and consequently 
reducing the oil recovery efficiency, increasing water production compared to oil production. Conformance control technique 
can be applied to avoid these problems and then redirect the injected fluids to the segments that were previously not being 
reached. The preformed particle gels (PPG) have been evaluated for this application, which were obtained from precursor 
hydrogels and injected into oil reservoirs in the form of brine suspensions. In this study, an evaluation was conducted on 
the thermal, rheological, morphological, stability, and swelling properties of partially hydrolyzed polyacrylamide (PHPA) 
crosslinked with polyethyleneimine (PEI) PPG. Another study of this work was the evaluation of gel-breaker systems based 
on ammonium persulfate and sodium hypochlorite, which can be used to solve eventual operational problems arising from 
obstructions in the PPG application. The results indicated that the optimal chemical composition of the precursors consisted 
of 1.0% partially hydrolyzed polyacrylamide (PHPA) crosslinked with 3.0% polyethyleneimine (PEI). This combination 
exhibited higher material strength and swelling capacity, exceeding 20 times its initial mass. The ammonium persulphate 
proved to be a powerful gel-breaker, causing reductions in elastic modulus by as much as 97%, alongside causing structural 
damage that was confirmed by scanning electron microscopy (SEM).
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Introduction

Oil production can be carried out through various opera-
tional processes applied to on-shore and offshore fields. 
The aim of oil recovery techniques is always to increase oil 
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production and extend the lifespan of producing fields. There 
are three types of oil recovery processes: primary recovery, 
secondary recovery, and enhanced recovery. These tech-
niques, especially secondary and enhanced recovery, operate 
by injecting fluids according to the specific needs of the pro-
duction line, using saline water, gases such as  CO2, chemical 
and biological additives [1–3].

Nonetheless, despite the application of the cited tech-
niques, oil production may decline owing to severe produc-
tion conditions. One issue may arise from the interaction 
between the injection fluid and the rock, leading to irregu-
larly distributed damage in the formation zones, conse-
quently impacting properties such as permeability, which 
can vary significantly [4, 5]. Reservoirs containing frac-
tures or highly permeable zones typically offer preferential 
pathways through which injected fluids flow, leaving sig-
nificant portions of the reservoir not swept. Consequently, 
this results in the failure to sweep the oil present in these 
areas of the reservoir [6]. As a result, there is an excessive 
increase in water production, characterizing this as a con-
formance problem [7, 8]. Within this context, solutions can 
be applied to correct these rock irregularities and optimize 
the injected fluid sweeping, referred to as conformance con-
trol techniques [9].

Conformance control techniques comprise the permanent 
or temporary modification of rock profiles. This involves 
the utilization of mechanical devices or chemical methods 
capable of restricting fluid flow within the designated region 
of interest [10, 11]. Mechanical devices include the use of 
plugs, sealers, coiled tubes, among others. The drawbacks 
associated with mechanical devices include their high cost, 
the necessity for a high pumping rate, and their limited 
applicability in regions close to the injection well [12].

On the other hand, chemical methods involve the use 
of materials with good penetrability and good blocking 
capacity. These properties are available in several chemical 
products, including resins, foams, emulsions, polymers, and 
gels [13]. Among the chemical methods used, polymeric 
cross-linked gels stand out as the most promising due to their 
cost-effectiveness and efficacy in controlling the permeabil-
ity profile of the rock [14]. After treatment, the subsequent 
injected fluids go to the lower permeability sections of the 
reservoir, increasing oil sweep efficiency [15–17].

The polymeric systems used are generally composed of a 
hydrophilic polymer and an inorganic or organic crosslink-
ing agent. They can be classified as in-situ gels and pre-
formed particle gels [18, 19]. Although their function is the 
same, the difference is related to the application process: 
in situ gel components are injected and later cross-linked 
inside the reservoir, while PPGs are injected already in the 
form of a microparticulate gel and later swell in the res-
ervoir to form the blockage [20–22]. The hydrogel forms 
crosslinked bonds of 3D networks and can absorb a large 

water volume due to hydrophilicity without dissolving [23, 
24].

Despite the benefits of using blocking gels, it is not 
prudent to overlook any operational problems, such as the 
obstruction of lines and the blockage formation in unwanted 
areas. In these situations, gel breakers can be used as a 
solution to break down polymer gels into materials with 
lower viscosity and clear unwanted blockages [25]. The 
most common gel-breakers are composed of enzymes [26], 
hypochlorites, peroxides [27], persulfates [28] and inorganic 
acids [29]. Oxidants can chemically fragment the polymer 
structure and thus make the system less viscous and easier 
to drain by breaking down the carbon structure, leading to 
chain scission [30]. The polymer chain's remaining frag-
ments are likely to contain ketone, aldehyde, carboxylate, 
and carbonyl groups [31].

Gilbert et al. [32] related that the degradation of poly-
acrylamide by peroxides was proportional to the content 
applied, reporting a viscosity reduction of about 65% for per-
oxide concentrations of 96.9 mM. Imqam et al. [29] showed 
that HCl removed the polyacrylamide gel effectively. Car-
man [33] suggested that the persulfate oxidizers perform bet-
ter than organic peroxides as polyacrylamide gel-breakers.

In this work, a polymeric system was developed with 
potential application in conformance control. Hydrophilic 
polymers derived from polyacrylamide cross-linked with 
polyethyleneimine were used to form the hydrogel. This 
product was tested in pre-formed particle form under salinity 
and reservoir temperature conditions. Finally, the innovative 
solutions composed of ammonium persulphate ((NH4)2S2O8) 
or sodium hypochlorite (NaClO) were tested as chemical 
substances with gel-breaking potential and then tested 
against the breakability of the polyacrylamide-formed gels.

Experimental

Materials

Partially hydrolyzed polyacrylamide with molar mass 
4.8 ×  106 g/mol (FP 3130S) and hydrolysis degree between 
25 and 30% was provided by SNF Floerger (São Paulo, Bra-
zil). Branched polyethyleneimine with weight average molar 
mass (Mw) of 25.000 g/mol, purchased from Sigma-Aldrich 
(São Paulo, Brazil), was used as an organic crosslinker. The 
brine solution used in the swelling test had the following salt 
composition: NaCl (27.870 mg/L), KCl (717 mg/L),  CaCl2 
(429 mg/L) and  MgCl26H2O (924 mg/L), purchased from 
Sigma-Aldrich. The oxidizing substances tested were ammo-
nium persulfate and sodium hypochlorite 10% w/v, obtained 
from Sigma-Aldrich. All chemicals were used as received. 
De-ionized water was used to prepare solutions.
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Determination of hydrogel composition

A “design of experiments” (DOE) was used to identify the 
best PHPA and PEI concentrations to form a hydrogel with 
suitable properties for application. A central composite 
rotational design (CCRD) was performed to evaluate the 
influence of PHPA concentration and PEI crosslinker con-
centration over Sydansk gel strength code of the hydrogel, 
the hydrogels storage modulus (G') (obtained by rheologi-
cal analyses) and the dry mass of hydrogel after the freeze-
drying step. In total, 11 experiments were performed, and 
the statistical data was analyzed with the aid of Minitab 
Statistical Software. DOE allowed the study and evalua-
tion of complex relationships between the input variables 
over response variables, and the 11 experiments were com-
posed of four factorial points, four axial points, and three 
central points [6].

Table 1 demonstrates the polymer concentrations pro-
posed in this statistical study. These concentrations and 
crosslinking reaction time were based on a previous work, 
where a preliminary study of the influence of concentra-
tion and preparation of polymer composites had been 
carried out [7]. To conduct the tests, stock solutions of 
the PHPA polymer were prepared with a concentration 
of 1.5% w/v, while the PEI crosslinker stock solution was 
prepared with a concentration of 20% w/v. The solutions 
were prepared at room temperature with magnetic stirring 
for 72 h to facilitate the solubilization of the polymers. 
The hydrogels were formed by dispersing the PEI solution 
into the PHPA solution, followed by continuous magnetic 
stirring for 1 h. Subsequently, the mixture was heated in 
an oven at 70 °C for 48 h to induce crosslinking reactions.

Sydansk gel strength code

The Sydansk gel strength code evaluation is a semi-quan-
titative method used to monitor the performance of the 
formed gel. It is a practical and widely utilized approach 
for the development of hydrogels applied in conformance 
control [34]. The procedure consisted of preparing 20 mL 
of hydrogels with the concentrations specified in Table 1. 
The bottles were sealed and then placed in an oven set at 
70 °C for 48 h. The testing procedure consisted of rotat-
ing the vials containing the gel formulations by 180° and 
assigning a gel strength code (ranging from A to I) based 
on the way the sample flowed inside the vial [7].

Rheological analysis

The rheological behavior of the hydrogels was assessed 
after 48 h of aging at 70 °C using an oscillatory shear 
test, with shear stress ranging from 0.01 to 100 Pa at a 
constant frequency of 0.1 Hz, to determine the region of 
linear viscoelasticity. In this region, the storage modu-
lus (G') and loss modulus (G") remain independent of the 
stress variation because the material’s structure is also 
preserved. Subsequently, an oscillation frequency sweep 
was conducted from 0.01 to 100 Hz (with a fixed strain) 
to gather information about the microstructure of the 
hydrogels and to monitor the values of G' and G''. The 
tests were conducted using the TA Instruments Discovery 
Hybrid Rheometer (DHR3), equipped with a 40-mm tita-
nium cone-plate accessory.

Obtaining and testing preformed particle gels

The smaller particles of the polymeric gels were obtained 
by dehydration and grinding. The systems were submitted 
to a freezing process followed by 72 h of freeze-drying. 
Subsequently, they were grounded in an analytical mill 
until the achievement of micrometric particles. The meth-
odologies employed to assess the preformed particle gels 
will be detailed in the following sections.

PPG swellability test

The measurements of maximum PPG swelling capac-
ity were performed to determine the ability to swell and 
obstruct high permeability pathways. The test was per-
formed at reservoir temperature and salinity conditions 
and determined by immersing the dried particles in an 
aqueous phase, which could be de-ionized water or brine 
(whose composition is described in Table 2). The brine 
composition is equivalent to “desulfurized seawater”, 

Table 1  PHPA and PEI concentrations evaluated on CCRD

Sample Polymer PHPA
(% w/v)

Crosslinker PEI
(% w/v)

1 0.2 1
2 1 1
3 0.2 3
4 1 3
5 0.03 2
6 1.17 2
7 0.6 0.58
8 0.6 3.41
9 0.6 2
10 0.6 2
11 0.6 2
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usually used in oil fields as injection water for secondary 
recovery or as fluid for additives injection in enhanced oil 
recovery.

Subsequently, 0.1 g of dried PPG was added into a flask 
containing 10 mL of de-ionized water or brine, and the mixture 
was stirred for 1 h. After stirring, the dispersion was allowed to 
settle for 24 h at a temperature of 70 °C. The remaining water 
was separated from the swollen particles through vacuum fil-
tration using a 70 mm paper filter. Finally, the swelling ratio 
(Sr) was determined by applying Eq. 1:

where,
Sr: swelling ratio (g/g).
Ms: dry PPG mass (g).
Mi: swollen PPG mass (g).

PPG rheological analysis

Rheological tests were performed with the 1% w/v suspen-
sions of preformed particles in brine after 24 h of aging at 
70 °C. Initially, shear stress variation from 0.01 to 100 Pa at 
a constant frequency of 0.1 Hz was used to determine the lin-
ear viscoelasticity region. Then, oscillation frequency sweeps 
were made from 0.01 to 1 Hz (fixing the strain) to monitor the 
G' and G'' values.

Scanning electron microscopy (SEM)

The sample was fixed with conductive adhesives on the sample 
holder and coated with gold in a BAL-TEC sputter coater, 
model SCD 005, making them conductive and suitable for 
this type of microscopy. The analyses were performed with a 
10 keV electron acceleration voltage, primary and secondary 
electron detector, and with magnification to max. 5000 times 
in a TESCAN electron microscope.

(1)Sr =
Mi −Ms

Ms

Development and evaluation of polymeric gel 
breakers

The selection of chemicals suitable for breaking and degrad-
ing polymer gels was based on the literature and the avail-
ability of reagents. Oxidizing agents, particularly persulfates 
and hypochlorites, were found to be extensively utilized for 
this purpose [28–30]. Thus, sodium hypochlorite and ammo-
nium persulfate were chosen for the study of gel-breakers. 
The gel-breaker solution was obtained in 10% w/v aqueous 
solution form for hypochlorite and in pure powder form for 
ammonium persulfate. The influence of sodium hypochlorite 
and ammonium persulfate concentration on the degradation 
of suspensions with PPG was studied. The gel-breaker solu-
tion concentrations are presented in Table 3. For solution 
preparation, commercial sodium hypochlorite was diluted to 
lower concentrations. Ammonium persulfate was prepared 
by weighing the material with subsequent magnetic stirring 
until the salt was completely solubilized in distilled water.

Suspensions of 20 mL of PPG at 10% w/v concentration 
were prepared in synthetic brine. Gel-breakers solutions 
were added to the flasks containing these suspensions in 
0.5 mL volume and followed by constant stirring for 20 min. 
Later, the systems were placed in an oven at 70 °C for a 
period of 24 h. The degradation was evaluated by rheologi-
cal analysis in oscillatory shear, as described previously, 
comparing the gel strength before and after degradation.

Results and discussion

Experimental design of hydrogel precursor 
concentrations

In this step, the characterizations of the PPG precursor 
hydrogels were produced. Through DOE, the aim was to 
evaluate the variation of polymer and crosslinker concentra-
tions (input variables) in desired responses, which were: (i) 
Sydansk gel strength code; (ii) modulus of elasticity (G’)—
measured by rheological analysis and (iii) dry gel mass. 
Table 4 shows the results applied in DOE for each composi-
tion. To evaluate the gel strength using the Sydansk code, 
each code was represented by a numerical value, called an 
input code. Values between 1 and 9 were assigned, with 1 
being the first code (A) and 9 being the last code (I).

Table 2  Composition of 
synthetic injection brine

Salts Concentration
(mg/L)

NaCl 27.870,00
MgCl2.6H2O 924,00
KCl 717,00
CaCl2 anidre 429,00
Total dissolved 

solids (TDS)
29.940 mg/L

Table 3  Breaker’s concentrations used in this study

Breaker agent Concentrations
(% w/v)

Sodium hypochlorite 1 3 5 10 –

Ammonium persulfate 1 5 10 20 30
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Central composite rotational designs have enough degrees 
of freedom to make it possible to use quadratic models to try 
to fit the experimental responses. Thus, a generic quadratic 
model can be described by Eq. 2:

Y = β0 + β1X1 + β11X1
2 + β2X2 + β22X2

2 + β12X1X2 + ε .(2)
where,
Y: output variable (Sydansk code (input), elastic modulus 

value or dry gel mass).
β0: constant of the model.
X1: linear term of polymer concentration (% w/v).
β1: coefficient associated with variable X1 (polymer 

concentration).
X2: linear term of crosslinker concentration (% w/v).
β2: coefficient of the model associated with variable X2 

(crosslinker concentration).
X1X2: polymer and crosslinker interaction term.
β12: coefficient associated with interaction term.
X1

2: quadratic term of polymer concentration (% w/v).
β11: coefficient associated with quadratic term X1

2 (polymer 
concentration).

X2
2: quadratic term of crosslinker concentration (% w/v).

β22: coefficient associated with quadratic term X2
2 

(crosslinker concentration).
ε: experimental error.
The significance level α considered for this work was 5%. 

Therefore, terms that present p-values < 0.05 show significance 
and will be considered in the final model, while terms with 
p-values above 0.05 could show no significance and will be 
removed from the final model.

Table 4  Experimental matrix with real, coded variables and responses

X1 and  X2 represent the coded variables, with the maximum and minimum points

Sample PHPA
(% w/v)

PEI crosslinker
(% w/v)

X1 X2 Sydansk code Sydansk code 
(input)

Elastic modulus 
G' (Pa)

Dry gel mass (g)

1 0.2 1 −1 −1 A 1 4 0.100
2 1 1 1 −1 G 7 15 0.196
3 0.2 3 −1 1 C 3 5 0.403
4 1 3 1 1 I 9 35 0.517
5 0.03 2 −1.41 0 A 1 2 0.099
6 1.17 2 1.41 0 I 9 27 0.396
7 0.6 0.58 0 −1.41 B 2 6 0.059
8 0.6 3.41 0 1.41 H 8 25 0.456
9 0.6 2 0 0 G 7 15 0.467
10 0.6 2 0 0 G 7 12 0.439
11 0.6 2 0 0 G 7 15 0.461

Fig. 1  Visual appearance of conventional gels after 48 h of aging at 
70 °C (*the legend corresponds to the concentration (% m/v) of poly-
mer (P) and crosslinker (C). For example, sample (1) 0.2P-1C → 
0.2% w/v polymer and 1% w/v crosslinker)

Table 5  Data acquired from the experimental design involving an 
interplay of polymer and crosslinker concentration, utilizing the 
Sydansk code as the response variable

Initial p-value: p values with all initial variables; final p-value: p-val-
ues after removing the insignificant variable

Variable (p-value) Standard error Effect

Initial end

Linear polymer 0 0 0.199 5578
Linear crosslinker 0 0 0.199 3371
Quadratic polymer 0.007 0.004 0237 −2125
Quadratic crosslinker 0.008 0.004 0237 −2125
Interaction 0.425 X X X
Lack of fit (f-value) X
R2 0.9803
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Sydansk code

Figure 1 shows the appearance of the gels obtained after a 
gelation period of 48 h at 70 °C. Table 5 presents the sta-
tistical results of the influence of polymer and crosslinker 
concentration on the strength of the gels.

A p-value of 0.425 was observed for the term X1X2, 
above the significance level (α = 0.05). The interaction 
term X1X2 was removed, and a new analysis of responses 
was carried out, obtaining values within the significance 
level range (final p-value). Those results that present 
p > 0.05 are highlighted in red in the table. The determi-
nation coefficient R2 values show that the proposed model 
explains 98.03% of the variability of response experimen-
tal data obtained.

The most significant and positive effects were observed 
for the linear term of polymer (X1) and linear term of 
crosslinker (X2) concentrations. This implies that an 
increase in the concentrations of these components led to 
a favorable enhancement of the response (Sydansk code), 
with X1 showing greater relevance. Another noteworthy 
observation is the negative effects associated with quad-
ratic variables. This phenomenon can be attributed to the 
gel crosslinking process.

According to Adewunmi [35], the crosslinking mecha-
nism between polymers containing the acrylamide group 
in the structure occurs through the nucleophilic attack of 
nitrogen electrons present in PEI on the polyacrylamide 
carbonyl group, characterizing a transamidation reaction.

The positive effects can be explained by considering 
that increasing the concentrations of precursors provides 
more active sites for the formation of crosslinks [36]. On 
the other hand, interactions between PHPA molecules and 
between PEI molecules are not favorable for increasing gel 
strength when compared to interactions between PHPA 
and PEI, which explains the negative effects.

As a way of testing the obtained model, a system named 
“prediction” (Fig. 2) was used, consisting of FP 3130S 
with polymer and crosslinker contents of 1.0% w/v and 
1.5% w/v, respectively. Equation 3 governing this experi-
mental setup is provided below:

Sydansk code = – 7.20 + 14.94X1 + 5.936X2 – 6.64X1
2 

– 1.063X2
2 .(3)

where,
X1: PHPA concentration (% w/v).
X2: crosslinker concentration (% w/v).
By applying the concentrations from the “prediction” 

sample to the predictive model obtained, a value of 8.036 
was achieved. This response can be correlated with the H 
and I codes, as these codes were assigned numbers, with H 
being 8 and I being 9. Therefore, the use of the model for 
prediction was successful with the tested sample. Fig. 2  Visual appearance of the prediction gel created based on the 

statistical results. Prediction: 1.0P–1.5C – H code
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Rheology

To evaluate the systems of the DOE by rheology in oscilla-
tory shear, it was necessary to determine the strain rate to 
be used for the frequency sweep tests. Therefore, the linear 
viscoelastic region was determined, which corresponds to 
the strain range where the viscoelastic properties (G' and 
G'') are independent of the strain variation and the structure 
of the material is preserved. A system with intermediate 
composition was chosen among the concentrations that were 
used in the study, corresponding to the conditions of the 
central point, with 0.6% w/v of PHPA and 2.0% w/v of PEI. 
It is important to note that for this test, the polymer was 
used after being aged for 3 days at 70 °C. The frequency of 
0.1 Hz was used to determine linear viscoelastic strain in 
the rheological test. Figure 3 shows the elastic and viscous 
modulus values of the material plotted against strain (%), 
with the strain varying within a range from 0.5% to 5000%.

The results indicated that the modulus remained lin-
ear up to a strain close to 100%. Therefore, we considered 
the region of linear viscoelasticity within the strain range 
between 0.5% and 100%, which is highlighted in Fig. 3. 
Values higher than 100% showed that the applied deforma-
tion could damage the three-dimensional structure of the 
gel, causing it to become unstable. Therefore, a strain of 1% 
was selected to conduct the frequency sweep analyses of the 
DOE study, ensuring that the destruction of gel structures 
did not occur for each composition studied.

Figure 4 provides a summary of the elastic modulus 
values for each composition, obtained from the oscilla-
tory shear curves utilizing a 1% strain and frequency sweep 
ranging from 0.01 to 100 Hz. To demonstrate the results 
more clearly, a frequency of 1 Hz was used to plot the bar 

graph. The legends of the samples were created with intui-
tive nomenclatures to the polymer (P) and crosslinker (C) 
concentrations.

A straight line was drawn at 20 Pa storage modulus to 
more easily identify the systems that presented the high-
est G' values, which were: (4) 1P–3R; (6) 1.17P–2C and 
(8) 0.6P–3.41C. Based on the DOE input variables and the 
experimental responses obtained from G', the main effects 
and the interaction between these two factors, the respec-
tive standard errors, the p-value associated with each term 
and the coefficient of determination R2 were calculated. A 
significance level (α = 0.05) was considered for statistical 
analysis. These results are shown in Table 6.

The initial effect analysis evaluated the model consider-
ing all terms (variables). However, the p-value values for 
quadratic terms X1

2 (0.803) and X2
2 (0.380) were above the 

significance level, showing no statistical significance for the 
overall model. Therefore, the quadratic terms were removed, 

Fig. 3  Elastic and viscous moduli by strain of the sample with con-
centrations corresponding to 0.6% w/v PHPA and 2.0% w/v PEI 
(0.6P–2.0C) from factorial planning

Fig. 4  Storage modulus (G') of the experimental planning samples 
(*the legend corresponds to the concentration (% m/v) of polymer (P) 
and crosslinker (C). For example, sample (1) 0.2P-1C → 0.2% w/v 
polymer and 1% w/v crosslinker)

Table 6  Data acquired from the experimental design involving the 
interplay of polymer and crosslinker concentration, utilizing storage 
modulus as the response variable

Initial p-value: p-values with all initial variables; final p-value: p-val-
ues after removing the insignificant variable

Variable Significancy
(p-value)

Error Effect

Initial end

Linear polymer 0 0 0.552 19.089
Linear crosslinker 0 0 0.552 11.968
Quadratic polymer 0.803 X X X
Quadratic crosslinker 0.380 X X X
Interaction 0.003 0.001 0.781 9.500
Lack of fit (F-value) 0.661
R2 0.9848



 Iranian Polymer Journal

and a new effect analysis was performed, maintaining the 
terms with p-values within the range of the significance 
level. The results showing p > 0.05 (no statistical signifi-
cance) are highlighted in red in the table. The coefficient of 
determination R2 values showed that the proposed model 
explains 98.48% of the variability of experimental responses 
obtained.

The most significant and positive effects are polymer con-
centration (X1) and crosslinker concentration (X2). Increas-
ing the concentrations of these components favored the 
improvement of the storage modulus response, being more 
remarkable for polymer concentration (X1). With the increas-
ing in concentration of the precursors, the active sites to 
form the crosslinker were increased and, consequently, more 
crosslinks were formed in the systems. These bonds were 
able to withstand the shear stress imposed in the rheological 
analyses, accentuating the storage modulus observed.

Through the triplicates performed in the central points, 
the lack of fit (F-value) was determined. As the F-value was 
not significant (greater than significance level α = 0.05), the 
model presented no lack of fit and was considered adjusted. 
Thus, predictive equations of the storage modulus responses 
as a function of the input variables were obtained. The sam-
ple designated as “prediction” consisted of polymer and 
crosslinker contents of 1.0% w/v and 1.5% w/v, respectively. 
It was subjected to testing in the fitted model, as depicted 
in Eq. 4 below:

G' (Pa) = 2.60 + 0.11 X1–1.11 X2 + 11.87 X1X2 . (4)
where,
X1: PHPA concentration (% w/v).
X2: crosslinker concentration (% w/v).
By inputting the concentrations of the "prediction" 

sample into Eq. 4, the predicted storage modulus output 
value was 18.85 Pa. This result closely matched the actual 
response obtained from the analysis, which was 19.13 Pa, 

as illustrated in Fig. 4. Therefore, the model demonstrated 
efficiency in predicting the response for the tested sample, 
as depicted in Fig. 5.

Gel mass

The dry gel mass was considered a relevant response for 
the DOE due to the necessity of obtaining enough material 
for the preparation of PPGs. The mass of dry gel obtained 
after the freeze-drying step is presented in Table 4. Table 7 
shows the information obtained from the DOE with the dry 
gel mass as the response.

The initial analysis evaluated the effects of the model con-
sidering all terms of the generic quadratic model. However, 
the p-values for the interaction term between the precursors 
were above the significance level (α = 0.05). As performed in 
the previous DOE, the terms with no statistical significance 
were removed from the model and a new effect analysis was 
performed, obtaining terms with p-values within the range of 
the significance level. The results above p > 0.05 (no statisti-
cal significance) are highlighted in red in Table 7. The coef-
ficient of determination  R2 shows that the proposed model 
explains 96.13% of the variability of the experimental data 
collected.

Table 7 suggests that the linear variables positively influ-
enced the increase of dry gel mass. This fact may be associ-
ated with the crosslinking reaction, which is associated with 
the formation of a three-dimensional polymeric network and, 
consequently, showing higher gel formation. Another poten-
tial explanation lies in the masses of the polymers introduced 
into the flask for the crosslinking reaction. Even if these 
precursors do not actively engage in the reaction, they may 
contribute for the final mass response.

The model showed no lack of fit, as F-value is above 
the significance level, and the model was considered fit-
ted. Therefore, the predictive equation for the dry gel mass Fig. 5  Storage modulus curve of the test “prediction” sample

Table 7  Data acquired from the experimental design involving the 
interplay of polymer and crosslinker concentration with the dry gel 
mass as the response

Variable Significancy
(p-value)

Error Effect

Initial end

Linear polymer 0.006 0.002 0.0157 0.1575
Linear crosslinker 0 0 0.0157 0.2964
Quadratic polymer 0.007 0.003 0.0187 −0.182
Quadratic crosslinker 0.008 0.004 0.0187 −0.172
Interaction 0.860 X X X
Lack of fit (F-value) 0.072
R2 0.9613
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response was tested. As before, the system composed of 
1.0P–1.5C was tested. Equation 5 shows the predictive 
model obtained from the DOE for dry gel mass:

Dry gel mass (g) = – 0.5089  +  0.88 X1  +  0.493 X2 − 0.57 
X1

2 – 0.086 X2
2 . (5)

where,
X1: PHPA concentration (% w/v).
X2: crosslinker concentration (% w/v).
When the sample concentrations are applied to the predic-

tive equation of dry gel mass model, a predicted response of 
0.347 g is obtained. The experimental value obtained was 
0.293 g. The divergence of the values can be explained by 
the experimental conditions during the weighing process.

Preformed particle gels

The responses evaluated in the “Design of Experiments 
(DOE)” were optimized by increasing the concentrations 
of polymer and crosslinker, reaching the maximum values 
of 1.0% w/v for polymer concentration and 3.0% w/v for 
crosslinker concentration, under conditions suitable for 
advancing to the subsequent stages of the study.

Particle swelling capacity test

The swelling ratio of the dried PPGs was assessed upon 
contact with either brine (Table 3) or distilled water, at a 
concentration of 1% w/v (dry PPG). Figure 6 presents a 
photograph depicting the dried PPG 1.0P–3.0C sample 

alongside the same sample swollen in distilled water fol-
lowing a 24-h aging period at room temperature.

Initially, the influence of the crosslinker concentration 
on the swelling ratio of these particles was evaluated. 
Therefore, dry PPGs obtained with contents of 1%, 2%, 
and 3% w/v of PEI and 1% w/v of PHPA were tested. The 
swelling study was conducted in both distilled water and 
brine. The results of this test are shown in Table 8.

Some observations were obtained from this initial 
study:

 i. The increase in crosslinker concentration provided a 
reduction in the swelling ratio values of PPGs, both in 
distilled water and in brine. This may have occurred 
because the increase of crosslinker concentration pro-
motes the formation of crosslink bonds, thereby form-
ing a denser three-dimensional polymeric network. 
Consequently, this restricts the entrapment of water 
molecules within the gel structure, as illustrated in 
Fig. 7.

 ii. When in the presence of brine, the swelling ratio 
values of the PPGs were higher than those obtained 
in distilled water, especially for 2% and 3% w/v of 
crosslinker. As illustrated in Fig. 8, it is expected that 
the cations present in the brine could be leading to 
repulsions inside the polymeric network, due to the 
aversion between the positive charges present in these 
ions, when dissociated in solution.

Fig. 6  Photograph of a dry PPG sample and the same swollen sample 
after 24 h of aging period in distilled water

Table 8  Results of swelling ratio in distilled water and brine of dried 
PPGs with different 1%, 2% and 3% w/v PEI ratios

Crosslinker
(% w/v)

Swelling ratio

Distilled water Brine

1 22.7 ± 0.14 27.3 ± 0.21
2 22.5 ± 0.16 23.5 ± 0.16
3 21.3 ± 0.08 21.9 ± 0.08

Fig. 7  Representation of the polymeric network with different 
crosslinker contents

Fig. 8  Effect of the presence of brine cations on the swelling capacity 
of PPGs
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Scanning electron microscopy and energy 
dispersive spectroscopy

Scanning electron microscopy (SEM) analysis enabled the 
assessment of the surface morphology of the PPG sam-
ples. The micrograph evaluation for this step is presented 
in Fig. 9, while the detected elements are listed in Table 9.

The micrographs showed a homogeneous three-dimen-
sional appearance characteristic of polymeric gels, display-
ing a harmonious surface. The presence of the majority of 
elements (C, N, and O) is explained due to the molecular 
composition of the polymeric gels since they are formed by 
amide and imine groups. Moreover, a potential explanation 
for the presence of elements such as sodium (Na), calcium 
(Ca), potassium (K), and chlorine (Cl) could be contamina-
tion, as de-ionized water was utilized in the formulation of 
the gels.

Gel breakers

One of the main questions about the blocking gel applica-
tion to treat a heterogeneous oil reservoir is what to do if the 
gel blocks different areas than those of interest. If this hap-
pens, a major economic problem is created for the producing 
company in question, as the production coming from that 
reservoir will be reduced. Therefore, in parallel to the devel-
opment of a blocking agent for conformance control, it is of 
fundamental importance to develop or evaluate a gel-breaker 

specifically for the gel that will be applied. Even in labora-
tory tests involving porous media testing, having practical 
solutions readily available in the event of pipe blockages 
through which the gel flows is highly advantageous.

In this study, the efficiencies of the chemicals 
sodium hypochlorite (NaClO) and ammonium persul-
fate ((NH4)2S2O8) in breaking the developed PPGs were 
evaluated. The efficiency of oxidant products as polymer 
gel breakers has already been proven in the literature and 
by field tests [27, 37, 38]. The concentrations of sodium 
hypochlorite used were 0% (control), 1%, 3%, 5%, and 10% 
w/v, while that of ammonium persulfate was 0% (control), 
1%, 5%, 10%, 20% and 30% w/v. The evaluated hydrogel 
was obtained from the dry PPG at the concentration of 1% 
w/v polymer and 3% w/v crosslinker. PPG was used at a 
concentration of 5% w/v in brine with the aim of obtaining 
a stronger gel (strength code I according to Sydansk evalua-
tion). Figure 10 shows images of the samples after the 24-h 
aging test period at 70 °C with the two breakers.

With the use of NaClO, different aspects were observed 
regarding the fluidity of the gel. Even though it presented 
certain fluidity for all concentrations of the breaker, a larger 
fraction of the gel remained intact at the bottom of the bottle, 
or at the top of the poured bottle. On the other hand, it was 
observed in tests with the ammonium persulfate breaker—
(NH4)2S2O8—those concentrations above 5% were sufficient 
to change the gel-force code and make them more fluid, with 
detachment from the bottom of the bottles.

Concentrations of 20% and 30% w/v drastically reduced 
the fluidity of the system, moving the code from I to C. 
To validate what was observed in the visual tests, rheologi-
cal analyses were carried out to evaluate the viscoelastic 
behavior. Table 10 shows the elastic modulus at different 
concentrations of the gel-breakers at a frequency of 1 Hz.

In general, the increase in the concentration of gel-breaker 
products provides a reduction in the elastic modulus of gels 

Fig. 9  Micrographs PPG and mapping used in the energy dispersive 
analysis

Table 9  Elemental composition 
of PPG

Chemical ele-
ment

Atomic 
percentage 
(%)

C 62.7
N 24.7
O 11.1
Na 1.1
Ca 0.1
K 0.2
Cl 0.1

Fig. 10  Appearance of the swollen PPGs after the application of gel 
breakers at different concentrations
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for both gel-breakers tested. When comparing the G' in the 
frequency of 1 Hz the following events were noted:

 (i) 1% and 3% w/v of NaClO: not enough to significantly 
reduce the elastic modulus (G') of the gels.

 (ii) With the NaClO breaker: the maximum G' reduction 
observed was around 27%.

 (iii) 1% of  (NH4)2S2O8: the lowest concentration of 
the breaker, efficiency in the reduction of G' was 
observed to be higher than that obtained with NaClO 
(34%).

 (iv) From 5% of  (NH4)2S2O8 onwards: greater G' reduc-
tions were obtained at concentrations higher than 
10%, reaching a G' reduction of 97% with 20% of 
 (NH4)2S2O8.

The gel-breaking agents are chemical species that act as 
oxidizing agents, taking electrons from other molecules. 
In this way, the partial breaking of the polymeric network 
bonds occurs, causing the sample to lose the gel properties 
and increase the flowability. This result can be justified by 
the reduction potential (E°red) of these oxidizing products, 
where hypochlorite presents E°red = 0.81 V, while persulfate 
has E°red = 2.01 V, presenting a higher potential to reduce 
while oxidizes the polymeric structure of PPG.

Scanning electron microscopy

Figure 11 shows micrographs of the PPGs after 24 h in con-
tact with the most effective gel-breaking conditions tested 
to reduce the elastic modulus, being (1) control, (2) PPG 
with 20%  (NH4)2S2O8 and (3) PPG with 10% NaClO. The 
micrographs on the left correspond to images generated by 
the back-scattered electron detector, which provides a dis-
tinction of the elemental composition, while the images on 

the right are from the secondary electron detector, which 
correlates with the topography of the sample. According 
to the observed topography, image 1 presents an integral 
and harmonic surface with no structural damage, as previ-
ously reported. It is worth noting that the cracks observed 
in this image are from gold plating and cannot be related to 
structural damage. Images 2 and 3 show irregularities and 
damages on the surface, compared to image 1.

The SEM images do not clearly show the three-dimen-
sionality of the structure damaged, but the rheological 
results of Table 10 confirm that indeed damage to the gel 
structures happened, which suggests polymeric network 
breaks down with the presence of oxidizing species.

Conclusion

The purpose of this work was to develop polymeric agents 
with potential applicability as sealants through preformed 
particle gels for application in oil reservoir conformance 
control. Another objective was to suggest gel-breaker 
agents to address any operational issues. The “Design of 
Experiments (DOE)” revealed promising concentrations of 
the hydrogels exhibiting enhanced resistance and elastic-
ity for producing PPGs. Additionally, it indicated improved 
conditions for increasing the mass of the product, which 
is crucial for PPG production. With F-values for lack of 

Table 10  Breaker’s PPG storage modulus reduction

Gel-breaker Concentration
% (w/v)

G'
(Pa)

G' reduc-
tion at 
1 Hz
(%)

NaClO 0 2200 0
1 2160 2
3 2110 4
5 1650 25
10 1600 27

(NH4)2S2O8 0 2400 0
1 1630 34
5 805 67
10 490 80
20 105 97
30 350 85

Fig. 11  Micrograph at 5000 × magnitude of: (1) control PPG, (2) PPG 
with 20%  (NH4)2S2O8 and (3) PPG with 10% NaClO
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fit greater than 5%, above significance level, the statistical 
models obtained from the DOE were considered adjusted. 
The models showed good predictability, as validated by sub-
sequent experiments. In the swelling tests, the PPGs swelled 
more than 20 times in relation to their initial mass. Another 
relevant point was that the particles swelled more in brine, 
a result that is relevant and in accordance with the material 
application. At last, gel-breaking agents achieved reductions 
in elastic modulus up to 37% for sodium hypochlorite and up 
to 97% for ammonium persulphate at concentrations of 10% 
and 20% w/v, respectively. The effectiveness of breaking 
down PPG was confirmed by microscopic analysis, which 
showed damage to the morphological and chemical structure 
of these gels.
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