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 To reduce water production from oil and gas reservoirs, it is necessary 

to block certain fractures and layers of hydrocarbon formations. 

Although polymer gels are employed as water shut-off agents to reduce 

water production, they face challenges due to inefficiencies. This study 

aims to examine silicate-polymer gels, based on the factors influencing 

the formation of gel by focusing on controlling the gelation time of the 

silicate-polymer gelants at various temperatures and investigating the 

stability of gels. An experimental design was conducted based on 5 levels 

and 2 parameters, where these two parameters are the concentration of 

the polymer ranging from 0.06% to 0.3% by weight and the temperature 

ranging from 20 to 100 degrees Celsius in the presence of a crude oil 

from the southwest of Iran. Experimental results indicated that citric 

acid successfully covered the ions and effectively controlled the gelation 

time. Sodium silicate proved to be one of the main components, along 

with formation water, citric acid to mitigate the impact of formation ions 

on the gelation time, and the polymer itself. The presence of formation 

water led to an increase in gel strength and a decrease in the gelation 

time. Moreover, elevated temperatures resulted in shorter gelation times 

and lower viscosity in the polymer gel. Doubling the concentration of 

the polymer reduced the gelation time by 43%, while a two-fold increase 

in temperature decreased it by 54%. Increasing the concentration of the 

polymer indicated a decrease in the gelation time, and an increase in 

both gel strength and gel viscosity.  
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1. Introduction    

Excessive water production and the loss of 

injected fluids in oil production pose serious 

economic challenges to the recovery of 

hydrocarbons. The volume of the produced 

water is reported to be three times greater than 

the volume of the produced oil, highlighting 

that more than $50 billion annually is 

inadvertently spent on managing produced 

water [1,2]. Utilizing advanced technologies 

for the water production management can 

often lead to significant cost reductions and 

improved oil production efficiency. Excessive 

water cut can cause serious issues, including 

increased hydrostatic pressure, negative 

environmental impacts, equipment and 

pipeline corrosion, and particle displacement 

[3]. 

The use of chemical methods is considered an 

efficient option for modifying deep formation 

zones. Various types of chemicals, such as 

monomeric systems, polymeric and inorganic 

gels, and relative permeability-modifying 

polymers, are employed for this purpose [4]. 

Among these, polymeric gelant and sodium 

silicate have been recognized as highly popular 

choices [3]. These chemical methods have 

proven particularly effective in addressing 

issues such as casing leakage, behind-casing 

flow, two-dimensional coning through 

hydraulic fractures from an aquifer, and 

naturally fractured systems. Their success, 

however, requires the precise placement of the 

fluid in the targeted location [5]. After the 

gelant enters the formation, it may encounter 

brine and interact with various ions, 

particularly Ca2+ and Mg2+[3,6,7]. During that 

period, the need for the optimal water resource 

management was strongly felt. In recent 

decades, due to extensive knowledge of 

silicate systems under reservoir conditions and 

their compatibility with environmental 

standards, these materials have attracted 

significantly greater attention [8]. 

Gel polymers, classified as absorbents, are 

used to block high-permeability zones. This 

characteristic redirects the injected water, 

during injection processes, toward zones with 

lower permeability, thereby enhancing the 

sweep efficiency. Additionally, one of the 

characteristics of gel polymers is the reduction 

of relative permeability. This implies a 

decrease in the relative permeability of water 

while leaving oil permeability unaffected. In 

other words, water production is reduced, 

leading to an increase in oil production [9]. 

In the reviewed studies, the efficiency of poly 

ethyleneimine (PEI)-based gel polymers has 

been less frequently explored. In a study 

conducted by Gakar and Lin in 2012, a 

polymer gel material with environmentally 

friendly properties and low viscosity, known 

as PEI/HPAM, was introduced. The results of 

this study indicated that this material, due to its 

favorable characteristics such as lower 

viscosity, longer gelation time, and higher gel 

strength at lower HPAM concentrations, is 

more attractive than Cr (III)-acetate for water 

blocking in shale gas reservoirs with narrow 

fractures [10].  Other research has also 

investigated the effects of various parameters 

on the efficiency of polymer gel systems. For 

instance, Bratkas and Sprite evaluated the 

impact of water salinity and the presence of oil 

in cores to assess the efficiency of gel polymer 

systems in controlling reservoir materials 

within low-permeability carbonate cores [11]. 

Similarly, Liu and colleagues examined the 

optimal composition of an organically-

inorganically crosslinked polymer gel system 

to extend the thermal limits of polymers used 

for controlling water production in oilfields 

[12]. In 2018, Hassankhani and colleagues 

investigated the performance of a hydrolyzed 

poly acrylamide (HPAM) gel polymer system 

cross linked with poly ethyleneimine (PEI), 

alongside a hybrid gel polymer system. This 

study also utilized a gel polymer system 
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combined with asphaltene particles 

(asphaltene-reinforced gel polymer). The aim 

was to enhance oil recovery and block water 

during water injection in carbonate oil 

reservoirs.  To achieve this, the researchers 

identified the optimal conditions for the 

gelation time, gel strength, and stability of 

these polymer systems through various static 

experimental tests. The results revealed that 

the integration of the asphaltene-reinforced gel 

polymer system led to a greater increase in the 

ultimate oil recovery, compared to that of the 

standard gel polymer system. Furthermore, the 

reinforced system exhibited higher resistance 

to water breakthrough, due to the enhanced gel 

strength in the asphaltene-reinforced gel 

polymer system [13]. In 2022, Ding and 

colleagues developed a high-strength 

thixotropic gel (THSG) system. Their findings 

demonstrated that clay particle-reinforced gels 

possessed excellent thermal stability. Scanning 

Electron Microscope (SEM) results revealed 

that clay particles were easily distributed along 

polymer chains, facilitating the formation of a 

tight and uniform network within the gel. 

Consequently, clay particle-reinforced THSGs 

exhibit relatively high breakdown pressures, 

making them highly desirable for effective gel 

treatments in fractured reservoirs [14]. In 

2024, Afsharpour and colleagues studied the 

dynamic behavior of preformed particle gels 

(PPGs) in two distinct fractured porous media, 

representing near-wellbore and deep reservoir 

zones. During the penetration of gel particles 

into fractures, a significant volume of oil was 

displaced from the matrix. Additionally, 

parameters such as fracture width, particle 

size, brine ionic strength, and gel injection rate 

were evaluated. Their experimental results 

indicated that the formation of such gels was 

one of the important factors influencing the 

enhanced oil recovery (EOR) performance 

[15]. 

The aim of this study is to improve the 

rheological properties and potentially enhance 

the stability of gels by using polymers in 

combination with silicate gels. Additionally, to 

improve the properties of silicate gels and 

adhere to stringent environmental regulations, 

a new approach of using xanthan polymer in 

combination with sodium silicate is explored. 

The experimental design is conducted by 

determining the level of parameters and the 

number of experiments using the Design 

Expert software, followed by the preparation 

of silicate-polymer gels. In this context, the 

properties of these gels, in the presence of the 

polymer, will be evaluated. To this end, the 

performance of citric acid, as a covering agent, 

for the effect of formation ions during the 

gelation process will first be examined. Then, 

the impact of xanthan polymer, of which the 

effect on silicate gels has not been studied 

before, on the properties and performance of 

these gels (such as stability, rheological 

properties, etc.) will be assessed. The 

concentration of sodium silicate is set at 6 wt. 

% and that of citric acid at 1.1 wt. %, which are 

kept constant in all experiments[16]. 
 

2. Laboratory Materials and Equipment    

The sodium silicate solution used in this study 

was produced by Silicate Gostar Isfahan 

Company, and its specifications are provided 

in Table 1. The xanthan polymer used in this 

research was produced by Sigma Company in 

Germany. Xanthan polymer, a natural poly 

saccharide and biopolymer, holds significant 

importance in industry. The purity of this 

material is 99.5%. Monohydrate citric acid, 

with a purity of over 99.5%, produced by 

Merck, was also utilized. All salts listed in 

Table 2, for preparing formation water in this 

study, were produced by Merck, Germany. 

Tables 3 and 4 report the components of crude 

oil and the characteristics of this material. 

 



Hosseini-Nasab et al. / Iranian Journal of Chemical Engineering, Vol. 22, No. 1, 54-66, (2025) 

 

 57 

 

         Table 1.  

         Specifications of the sodium silicate solution 

Molar Ratio 

O2:Na2SiO 

(unitless) 

Concentration 

2SiO 

(wt%) 

Concentration 

O2Na 

(wt%) 

Concentration 

Total 

(wt%) 

Specific Gravity 

 

 (3g/cm ) 

 

pH 

(unitless) 

3.3 27.6 8.45 36 1.385 12.6 

 

       Table 2.  

Concentration of salts in formation water 

Concentrations (ppm) Salts 

70000 NaCl 

1425 O2,6H2MgCl 

20100 O2,2H2CaCl 

1290 4SO2Na 

1000 3NaHCO 

93815 All dissolved salt 

 

      Table 3.  

      Components of crude oil 

Mole % Components 

0.722 S2H 

9.356 3C 

1.905 4IC 

5.555 4NC 

2.494 5IC 

3.213 5NC 

5.156 6NC 

71.599 𝐶7
+ 

 

      Table 4. 

      Properties of crude oil 

0.834 At 60°F Specific Gravity 

47.31 At 60°F API 

54.18 At 60°F Density (lb/ft³) 

25.93 At 10 °C Viscosity (cSt) 

16.53 At 20 °C  

8.48 At 40 °C  

 

A magnetic stirrer with a heater, manufactured 

by VELP Scientifica, was used for preparing 

the fluids. A pH meter model AZ8685, 

produced by AZ, was employed for measuring 

the pH of the solutions. To record the viscosity 

of the gelants over time, a rheometer model 

DV3TLVTJ0, produced by Brookfield, was 

used. An 18-liter oven, manufactured by 

Parsian Teb, was used for two purposes. First, 

it was used to measure the gelation time of the 

gelants, which is crucial for determining the 

time at which the gels transition into the gel 

state and when their properties change. 

Second, it was used to assess the chemical 

stability of the gels. 

 

3. Experimental Procedure 

Initially, the polymer and deionized water 

were weighed, and then the polymers were 

added to a beaker containing deionized water. 

The beaker containing the polymer-water 

solution was stirred on a magnetic stirrer for 60 

minutes. Afterward, the polymer-water 

solution was combined with other components 

to prepare the gelant. To prepare the gelant, the 

sodium silicate solution was first added to the 

polymer solution and mixed, followed by the 

addition of citric acid. After each addition, the 

solution was mixed for five minutes using a 

magnetic stirrer.  To prepare the gelant, using 

the formation water base solution, to study the 

effect of salinity on the gelant, citric acid was 

first dissolved for five minutes to act as a 

covering agent. Then, the sodium silicate and 

polymer solutions were separately added to the 

mixture at five-minute intervals.  The bottle 

test method, introduced by Sydansk, measures 

the gelation rate and gel strength as the 

functions of time. This method, besides being 

simple and efficient, is suitable for evaluating 
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the long-term stability of the gel [17]. In this 

method, alphabetic codes from A to J are used 

to indicate the gel strength. These gel strength 

codes, defined in Table 5, are used to interpret 

the results of the bottle test. Based on the 

experimental design, the oven temperature was 

set, and after 1 and 8 days, the gel was removed 

from the oven and observed. 

 

Table 5.  

Gel Strength Codes [16]. 

Code Appearance 

A 
No detectable gel formed: the gel appears to have the same viscosity(fluidity) as the original solution, and no 

gel is visually detectable 

B Highly flowing gel: the gel appears slightly more viscous than the initial solution.  

C Flowing gel: most of the detectable gel flows to the bottle cap upon inversion. 

D 
Moderately flowing gel: only a small portion (about 5 to 15%) of the gel does not readily flow to the bottle 

cap upon inversion.  

E 
Barely flowing gel: the gel can barely flow to the bottle cap, and/or a significant portion (greater than 15%) of 

the gel does not flow upon inversion.  

F Highly deformable non-flowing gel: the gel does not flow to the bottle cap upon inversion.  

G Moderately deformable non-flowing gel: the gel flows about halfway down the bottle upon inversion.  

H Slightly deformable non-flowing gel: only the gel surface slightly deforms upon inversion.  

I Rigid gel: there is no gel-surface deformation upon inversion. 

J Ringing rigid gel: a tuning-fork-like mechanical vibration can be felt after tapping the bottle. 

 

4. Results and Discussion 

4.1. Effect of ion shielding on the gelation 

time 

Initially, 6 wt% sodium silicate was added to 

brine containing 9 wt.% ions in accordance 

with the salinity of the formation water. As 

shown in Figure 1-a, immediate precipitation 

occurred. Then, as seen in Figure 1-b, adding 

6 wt% sodium silicate to brine with 0.2 wt% 

ions again resulted in immediate precipitation. 

In subsequent experiments, citric acid was 

used as the shielding agent. As shown in 

Figure 1-c, citric acid was first dissolved in 

brine, and then the sodium silicate solution was 

added to the mixture.  

 

 
a                                   b                                     c 

Figure 1. Effect of ionic coating on the gelation time by using different concentrations of sodium silicate 

solution from the solution (a) Immediately after adding 6 wt% sodium silicate to brine containing 9 wt% 

ions; (b) after 6 wt% sodium silicate was added to the brine containing 0.2 wt% ions (immediately after 

adding sodium silicate); (c) after adding 6 wt% sodium silicate + 1.1 wt% citric acid + brine containing 0.2 

wt% ions (30 minutes after adding sodium silicate). 

 

The use of citric acid, by covering water ions, 

prevents the formation of silicate deposits and 

can impact the gelation time and mechanism. 

This action allows the gelant to be more 
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precisely placed in the porous environment. 

Additionally, after pre-flushing, the brine may 

remain in some cavities and fractures, which 

might not be fully displaced and could only be 

diluted. When sodium silicate comes into 

contact with this brine, its high tendency to 

react with cations may lead to the formation of 

deposits. By injecting a shielding agent, such 

as citric acid, it is possible to reduce the effects 

of residual ions, especially Ca2+ and Mg2+, to 

minimize their impact on the gelation time. 

Some previous studies also indicated that citric 

acid was  capable of shielding cations, which 

could improve process conditions [19,18]. 

Furthermore, when the sodium silicate 

solution is injected after the addition of citric 

acid, citric acid acts as both a gelling agent and 

a shielding agent. Therefore, the gelation time 

depends on the presence of citric acid, the ions 

in the formation water, and the strength of the 

citric acid and the ions. Additionally, by re-

injecting the brine, with very low salinity, after 

the addition of citric acid, the interaction 

between sodium silicate, citric acid, and salt 

ions can be prevented. Since citric acid is 

effective in preventing precipitation and works 

well during the pre-flushing stage, it will be 

used as a gelling agent in other experiments. 

Therefore, the pH and chelation properties of 

citric acid influence crosslinking kinetics. 

Citric acid regulates the gelation rate by 

chelating metal ions (such as Al³⁺ or Cr³⁺) that 

act as cross-linking agents. This chelation 

prevents premature cross-linking of polymer 

chains, and thereby increases the gelation time. 

On the other hand, by lowering the pH of the 

system, citric acid modulates the activity of the 

functional groups (such as carboxyl groups) of 

the polymer and cross-linking agents. At the 

acidic pH, the protonation of these groups can 

reduce the rate of cross-linking reactions. The 

optimal concentration of citric acid controls 

the balance between forming stable complexes 

with metal ions and their gradual release. 

 

4.2. Effect of the concentration of the gelant 

component on the gelation time 

The effect of the concentration of xanthan 

polymer on the gelation time was examined in 

the presence of sodium silicate with a constant 

concentration of 6 wt%, citric acid with a 

constant concentration of 1.1 wt%, and brine 

with a constant concentration of 0.2 wt%. The 

gel codes are shown in Figure 2, along with the 

chemical compositions used in each sample, 

the pH values of the samples, and the results 

from the experiments, being presented in Table 

6. Since the concentrations of sodium silicate 

(6 wt%) and citric acid (1.1 wt%) were fixed, 

they have not been listed in Table 6. 

Additionally, Figure 3 presents the detailed 

results of the gelation times based on different 

concentrations of xanthan polymer. 
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Figure 2. Gel strength codes. Values of gel strength are represented using codes ranging from A to J, 

where the strength of the gel increases progressively, similar to the alphabetical order. 

 

Table 6.  

Effect of different concentrations of the polymer at various temperatures on the gelation time and gel 

Stability 

Polymer 

(wt%) 

(°C) 

Temperature 
pH 

Gelation Time  

(Hours) 

Gel Strength Code 

(Days)       Time 

1 8 

0.06 60 10.8 7.7 I I 

0.12 40 10.9 7.4 F E 

0.12 80 10.9 2.55 E D 

0.18 20 11 11.12 I I 

0.18 60 11 5.07 I I 

0.18 100 11 0.96 H D 

0.24 40 11.1 5.56 J J 

0.24 80 11.1 1.7 I H 

0.3 60 11.2 3.26 I I 
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 Figure 3. Effect of different concentrations of the polymer on the gelation time.   Increasing the 

concentration of the polymer reduces thre gelation time due to enhanced interactions between the 

molecules. 

 

According to Figure 3, the experimental results 

show that increasing the concentration of the 

polymer reduces the gelation time. To study 

the effect of the concentration of the polymer 

on the gelation time, aqueous solutions with 

the concentrations of 0.06%, 0.12%, 0.18%, 

0.24%, and 0.30% of xanthan by weight were 

prepared, and the gel strength codes were 

obtained at temperatures ranging from 20°C to 

100°C. As shown in the figure, increasing the 

concentration of the polymer leads to a 

decrease in the gelation time. In general, 

polymer gels have highly heterogeneous 

network structures, meaning that an increase in 

the concentration of the polymer causes 

molecular interactions (hydrodynamic 

interactions) to occur, resulting in the 

formation of true network structures. These 

gels consist of both continuous and 

discontinuous domains. Increasing the 

concentration of the polymer expands the 

continuous domain, which in turn reduces the 

gelation time. At higher concentrations of the 

polymer, the free space between polymer 

chains decreases. This lack of free space 

causes the chains to come closer together, 

increasing the likelihood of their collision and 

bonding. This process leads to the gel network 

forming more quickly, thereby reducing the 

gelation time. 

 

4.3. Effect of temperature on the gelation 

time 

As shown in Figure 4, different temperatures 

ranging from 20°C to 100°C were investigated, 

and the results are presented in Table 6. This 

table demonstrates that an increase in 

temperature leads to a decrease in the gelation 

time. By increasing temperature, molecular 

movement increases, which results in the 

formation of more cross-links in the polymer 

chains. This phenomenon accelerates the 

gelation process and reduces the gelation time. 

Overall, these studies indicate that temperature 

variations play a key role in regulating gelation 

properties and the gelation time in the system 

under investigation. 
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Figure 4. Effect of temperature on the gelation Time. An increase in temperature reduces the gelation time 

due to the enhanced molecular motion and formation of a greater number of cross-links in the polymer 

chains. 

 

4.4. Viscosity Results Analysis 

4.4.1. Effect of polymer concentration 

As shown in Figure 5, increasing the 

concentration of the polymer leads to an 

increase in the viscosity of the polymer-silicate 

solution. Increasing the concentration of the 

polymer from 0.12 to 0.24 wt% raised the 

viscosity of the polymer-silicate gelant by 

approximately 425%. Higher concentrations of 

the polymer result in increased molecular 

interactions, causing the molecules to form 

actual networks with one another. 

Additionally, xanthan exhibits thermal 

sensitivity, which is related to a decrease in 

chain strength under elevated temperatures. 

When the concentration of the polymer in the 

solution increases, the number of polymer 

chains per unit volume also increases. As the 

number of these chains increases, molecular 

interactions intensify, leading to a rise in 

viscosity. At higher concentrations, the 

polymer solution becomes more compact. This 

increased compactness implies less space for 

the free movement of molecules and polymer 

chains. This reduction in free space leads to 

more frequent interactions between polymer 

chains, and thereby increasing the viscosity. 
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Figure 5. Effect of the concentration of the polymer on the viscosity of the Polymer-Silicate solution. 

Increasing the concentration of the polymer leads to higher viscosity due to the enhanced interactions 

between the molecules. 

 

4.4.2. Effect of temperature on viscosity 

As shown in Figure 6, an increase in 

temperature results in a decrease in the 

viscosity of polymer-silicate solutions. High 

temperatures can cause polymer degradation, 

and the results indicate that in the range of 120 

to 150°C, polymers may permanently lose 

their viscosity. Additionally, rising 

temperature leads to the disruption of the 

polymer structure, which in turn causes a 

reduction in the viscosity of the solution. 

Elevated temperatures not only accelerate free 

radical oxygen reactions but also cause 

transient damage to the polymer. These 

reactions lead to the rapid breakdown of the 

polymer, and at different temperatures, the 

degradation rate has been evaluated. The 

results show that at higher temperatures, 

polymer degradation occurs at a faster rate. 

However, despite this difference in 

degradation rates, it is observed that the total 

loss of polymer viscosity is similar across all 

investigated temperatures. When considering 

the effect of high temperatures on the flow 

behavior of xanthan solution, it is noted that at 

80°C and low shear rates, the polymer behaves 

similarly to a Newtonian fluid. As the 

temperature increases, the kinetic energy of the 

solvent molecules and polymer chains rises. 

This increase in kinetic energy allows the 

molecules to move faster and more freely. This 

freer movement enables the molecules and 

polymer chains to pass by each other more 

easily, reducing the interaction between the 

chains. As a result, the viscosity resistance of 

the solution decreases. 
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Figure 6. Effect of temperature on the viscosity of the polymer-silicate solution. An increase in 

temperature reduces the gelation time due to the enhanced molecular motion and decreased bonding within 

the polymer chains. 

 

5. Conclusion 

Polymer gels can be employed as water shut-

off agents to reduce water production in oil and 

gas wells. However, their application is often 

limited by inefficiencies, such as instability 

under harsh reservoir conditions or incomplete 

gelation. Addressing these challenges is 

crucial to optimize their performance in field 

applications.  The objective of this study was 

to enhance the rheological properties and 

stability of gels by incorporating polymers into 

silicate gel systems. Additionally, to improve 

the properties of silicate gels and adhere to 

stringent environmental regulations, a new 

approach using xanthan polymer in 

combination with sodium silicate was 

explored. The following main conclusions 

were drawn from this research: 

-The presence of citric acid in this process has 

prevented the formation of silicate deposits, 

thereby slowing down the gelation process. 

This results in a more precise placement of the 

gelant in the porous medium. 

- The effect of the concentration of the polymer 

on the gelation time of the samples is variable. 

As the concentration of the polymer increases, 

the viscosity of the solution increases, leading 

to a reduction in the gelation time. 

- Increasing the concentration of the polymer 

from 0.12 to 0.24 wt% raised the viscosity of 

the polymer-silicate gelant by approximately 

425%. 

- In all different concentrations of the polymer, 

the pH of the gelant remained consistently 

around 11, due to the basic nature of the 

sodium silicate solution. In other words, no 

significant change in the pH value occurred. 

- In the samples, where no salt was present, a 

delay in the gelation process occurred, due to 

the absence of molecular interactions between 

the polymer network structure and the ions in 

the formation brine. Additionally, because 

ionic connections between polymer particles 

did not form, the gel strength was also reduced. 

- The presence of the polymer, due to its high 

molecular weight, led to the formation of a 

robust and highly reactive dual network 

structure (a combination of the polymeric and 

silicate networks) compared to the samples 

where the polymer was absent. These 

characteristics resulted in a reduction in the 

gelation time and an increase in gel strength. 
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Doubling the concentration of the polymer 

reduced the gelation time by 43%, while a two-

fold increase in temperature decreased it by 

54%. 

- Increasing the temperature enhanced the 

movement of xanthan molecules, which 

reduced the cohesion between the xanthan 

molecules. This phenomenon clearly led to a 

decrease in the gelation time. Additionally, it 

had a detrimental effect on the viscosity of the 

silicate-polymer gel, resulting in a decrease in 

viscosity. 
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