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ABSTRACT 

This work presents two new materials that can be potentially used in conformance 

control to increase ultimate oil recovery from mature oilfields.  

The first product is a degradable nanocomposite preformed particle gel for 

enhanced in-depth mobility control. Three different types of degradable nanocomposite 

preformed particle gels were synthesized. These three nanocomposite hydrogels were 

made using Laponite XLG, Calcium Montmorillonite, and Sodium Montmorillonite 

nanomaterials.  It was observed that after degradation, Laponite XLG nanocomposite 

hydrogels had the highest post-degradation viscosity (4437 cp), followed by sodium 

nanocomposite hydrogels (129 cp), and lastly calcium nanocomposite hydrogels (75.5 

cp). Thus, degradable Laponite XLG nanocomposite hydrogels are recommended for 

secondary polymer flooding, since they have the highest post-degradation viscosity under 

anaerobic conditions.  

The second product is an elastomeric rubber gel as a potential fracture-sealing 

agent. An elastomeric rubber gel has been synthesized from degraded preformed particle 

gel crosslinked with Poly (ethylene glycol) diacrylate and bentonite clay. Elastomeric 

rubber gel formed using 0.5% degraded preformed particle gel crosslinked with 

Poly(ethylene glycol) Diacrylate-200  is the most promising since it contains the least 

amount of degraded preformed particle gel (0.5%), requires the least amount of clay 

(50%), and has the highest gel strength (93520 Pa). Thus they are potential fracture-

sealing materials. 
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1. INTRODUCTION 

The fact that the oil and gas industry is spending a lot of money and using every 

available cutting-edge technology to find oil in risky and unfavorable terrains such as the 

deep seas and polar regions of the earth suggests that primary and secondary oil 

production from existing fields is reaching peak production. The existing mature fields 

still contain significant and unrecoverable quantities of hydrocarbons which cannot be 

recovered economically by current available technologies.  

Rather than explore for oil in such risky terrains, why not optimize oil production 

from already existing, mature fields which have a well-known production history and 

performance?  Such enormous and untapped amount of hydrocarbons in already existing, 

mature, left-behind fields is the goal of Enhanced Oil Recovery (EOR, also called tertiary 

production). EOR methods are crucial to a continuous world supply of oil.  

As reservoirs mature, oil production declines while water production rises. Excess and 

unwanted water production from mature fields is one major problem that has plagued the 

oil industry for decades. Excess water production usually results in increased 

environmental concerns, increased levels of corrosion and scale and ultimately leads to 

early shut-in of wells that still contain significant volumes of hydrocarbons (Liu et al. 

2006; Bai et al. 2007a).  

One fundamental reason for excess water production is the existence of fractures 

and permeability variations between the different layers of a reservoir. Fractures present a 

water-thief zone through which injected water channels through, from the injector to the 

producer, thereby leaving hydrocarbons in the low permeability (non-fractured) zones 

untouched. The injected water follows the path of least resistance (high permeability 

zones), bypassing large amounts of oil in low permeability matrix. This leads to 

increased, unwanted water production and poor oil recovery. 

Therefore, plugging reservoir fractures and thus correcting reservoir heterogeneity 

(that is conformance control), is key to an increased oil production, and hence the reason 

for this work. 

In an attempt to mitigate excess water production and hence increase hydrocarbon 

production, hydrogels are often injected near-wellbore or far-wellbore to preferentially 



 

 

2 

seal fractures or higher permeability zones (Tongwa et al. (2013a; 2013b), Bai et al. 

(2007b; 1999; 2008), Liu et al. (1999). These hydrogels as fracture-plugging and fluid 

diverting materials have been employed in conformance control (profile modification) 

and in the control of excess water production during EOR applications, (Bai et al. 1999, 

2007a, 2007b, 2008; Zhang et al. 2011; Vossoughi, S. 2000; Wang et al. 2001; 2003).  

Mechanistically, hydrogel is injected into high permeability and fracture zones. 

Afterwards, subsequent injection of driving fluids are forced or redirected to the low 

permeability, unswept oil-rich zones, sweeping out oil from them, leading to additional 

oil production. This, in summary, is the goal of any gel treatment work. This process is 

called profile modification or permeability modification. As the term implies, the process 

seeks to even out or correct the sharp difference in permeabilities that exist in the 

different formation layers, creating a homogeneous reservoir.  

Over the years, different types of gel treatments have been utilized in an attempt 

to solve conformance control problems. Initially, industry started using in-situ gels in 

which gelling solution is injected into reservoir and crosslinking of gelling solution to 

form 3-D bulk gel occurs downhole. This technology was dropped due to its inherent 

disadvantages such as selective injectivity, possible damage to low permeability zones, 

dispersion and dilution of gelant, syneresis, dehydration, and inadequate control of 

gelation time (Seright, 1990; Young et al., 1988; Asghari, 1999; Bryant et al. 1996; 

Willhite et al., 1986).      

In an attempt to overcome the various limitations of in-situ gel technology, 

industry experts and researchers developed a novel technology to address conformance 

control problems called preformed gel technology. Preformed gels are three-dimensional, 

hydrophilic crosslinked polymers, which in contact with water, swell but do not dissolve 

as a result of a chemical or physical crosslinking and often than not will undergo a 

volume phase change when surrounding conditions such as temperature, salinity or pH 

change (Wen-Fu et al., 2006; Kytai and Jennifer, 2002). The novelty and main difference 

between this technology and in-situ gel technology is that with preformed gel, gel 

formation takes place at the surface, well ahead before injection, whereas with in-situ 

gelation, crosslinking and gel formation occurs downhole in the reservoir (Bai et al., 

2013; Frampton et al., 2004). This technology was revolutionary in that it addressed some 
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of the problems posed by in-situ gelation such as dilution and dispersion of gelant, 

chromatographic separation of gelant solution, dehydration, syneresis, and most 

importantly damage of low permeability zones. 

However, despite some of the tremendous advantages of preformed gels over in-

situ gels, preformed gels have not as yet provided an all-encompassing solution to the 

problem of conformance control and reservoir heterogeneity. Some of the limitations of 

preformed gels include: (a) Mechanical: inadequate strength and toughness, (b) thermal: 

inadequate thermal resistance to withstand very extreme reservoir conditions, shorter 

degradation time, (c) swelling: inadequate swelling ability, (d) elasticity: inadequate gel 

elasticity. 

Thus, there is a present need to provide a product that surpasses the performance 

of current preformed gels. Two new products are presented in this work. These two 

products will serve as a mobility control agent and as a permanent fluid-diverting agent 

respectively. 

The first product presented is an extension of existing preformed gels by the 

incorporation of nanomaterials in gel design for improved mobility control.  

Prior research by Jia, 2011 involved degradable preformed particle gels for 

improved mobility control. However, he obtained post-degradation viscosities that were 

negligible. Thus there was a need to improve on this.  

The current dissertation is an extension and a continuation of the work of Jia, 

2011. We propose a degradable nanocomposite Preformed Particle Gel, called 

nanocomposite PPG, which incorporates nanoclay in the gel. The incorporation of 

nanomaterials not only has the potentiality to overcome prior limitations of conventional 

preformed gels such as poor longterm thermal stability and inadequate mechanical 

strength, but results in improvement in gel performance and properties to withstand 

adverse and extreme reservoir conditions, and also in improvement in post-degradation 

gel viscosity after the gel degrades under reservoir conditions. The novelty of this work 

involves a dramatic increase in post-degradation gel viscosity compared to currently 

existing gels without nanomaterials. 

This product, when injected into the reservoir, will initially act as a conformance 

control agent by plugging water-thief zones and channels, thereby directing injected 
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water to sweep out oil from low permeability oil-rich zones. After an extended time 

period, this product degrades into a highly viscous polymer solution (Figure 1.1) which 

then moves deeper into the reservoir, mixes with flood water and increases its viscosity, 

and by so doing improves water and polymer flooding processes by increasing water 

sweep efficiency, thereby enhancing oil production. Therefore, the viscosity of the gel 

after it degrades is of key concern.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Degradable Nanocomposite Preformed Particle Gel for Improved Mobility 

Control and Effective Volumetric Sweep Efficiencies in Heterogeneous Reservoirs. 
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The general scheme of this first technology includes the following processes: 1) 

preparing crosslinked nanocomposite PPGs with a predetermined size, 2) dispersing the 

nanocomposite PPGs into a brine solution to form swelled PPGs, 3) injecting the swelled 

nanocomposite PPGs into the target reservoir, 4) the following treatment after PPGs 

injection such as water flooding, polymer flooding or Surfactant Polymer flooding etc. 

can be performed to improve the oil recovery by reducing the excess water production, 

and 5) after certain period of time, the decomposition of the injected nanocomposite 

PPGs eventually through the hydrolysis induced by heat or pH into high viscosity linear 

polymer solution for the secondary polymer flooding to further enhance the oil recovery. 

The second product presents a novel Preformed Particle Gel as a permanent fluid-

diverting agent. In some conformance control cases, very long-term fracture-plugging is 

needed.  

Preformed Particle Gels are not very effective in completely sealing reservoir 

fractures. This is because, at higher pressures, channeling or fingering could occur 

through the gel plug (Figure 1.2). Thus, there is a need to develop a product which 

overcomes this problem. This chapter presents an elastomeric rubber-like material which 

does not easily cause channeling. This product, rubber-like in nature, will not degrade 

easily under reservoir conditions, and will serve as a plug for reservoir fractures. 

To author’s best knowledge, such a product has not been developed by industry.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Novel Elastomeric Rubber Gel as a Fracture-Sealing Material. 

 

 

 

The above two products constitute the basis for this PhD dissertation. 
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2. LITERATURE REVIEW 

2.1. THE NECESSITY OF ENHANCED RECOVERY TECHNOLOGY 

 

Why do individuals study what they study, and why must they continue to study 

what they study? This is the question that every research student or research engineer 

must answer correctly before attempting to begin any research endeavor. The necessity 

and relevance of one’s work must be clearly obvious to all. Otherwise, research becomes 

rudimentary, repetitive, and non-beneficial. 

Crude oil has been in existence for many centuries. This is due to the 

overwhelming necessity for a continuous oil and gas production to satisfy the growing 

world energy demand. Planet earth has such a huge dependence on crude oil, that at 

present, life on Earth is practically impossible without it. Thus, by every stretch of the 

intellect, by the application of one’s creative mind power, and by any and every means 

possible, researchers must come up with new and better ways to produce crude oil.  

 The process of oil and gas extraction is a 3-stage process, namely: primary 

production, secondary production, and tertiary (or enhanced oil recovery) production.  

From primary recovery, which involves oil production by natural reservoir pressure or 

artificial methods, about 12-15% of the Original Oil-in-place (OOIP) is usually obtained. 

The mechanisms for primary oil recovery include: depletion drive-solution gas drive, gas 

cap drive, water drive, gravity drainage, and combination drive. However, over time, 

reservoir pressure declines and becomes insufficient to push out economic quantities of 

oil. Thus secondary recovery is needed. 

 Secondary recovery mechanisms are used to augment primary recovery. 

Secondary recovery involves the injection of water or gas to maintain pressure and to aid 

in displacing oil. From secondary recovery, we obtain an additional 15-20% of the OOIP. 

 Thus, from primary and secondary recovery combined, we only obtain about 35% 

of the OOIP (Green & Wilhite, 1998). Thus about 45% of the OOIP remain unrecovered 

and are targets for tertiary oil production (Department of Energy, 2005).  

 Tertiary oil recovery, also called Enhanced Oil Recovery (EOR) refers to oil 

production by the injection of substances (such as steam, chemicals etc.) that were not 

originally present in the reservoir, with the ultimate goal of increasing reservoir energy, 
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mobilizing residual/remaining oil, and improving microscopic and macroscopic sweep 

efficiencies. It provides an opportunity to significantly recover additional quantities of oil 

from abandoned and producing oil reservoirs.  

2.1.1. Enhanced Oil Recovery.  Enhanced Oil Recovery (EOR) methods are 

crucial to a continuous world supply of oil. For instance, in the United States alone, 377 

billion barrels of oil are unrecoverable by current technologies and are targets for EOR 

applications. Worldwide, Thomas, S. (2008) estimates this value to be 7.0 x 1012 barrels. 

That is 7.0 x 1012 barrels of oil will remain in reservoirs worldwide after primary and 

secondary recovery methods have been exhausted. Furthermore, when unfavorable 

reservoir conditions exist such as low matrix permeability, high Interfacial tension (IFT), 

oil wet matrix, low matrix porosity and high oil viscosity, the need for EOR technology is 

even more urgent. And interestingly, this is the case with most reservoirs. So then it is 

asked, is it more profitable to drill new wells or should we rather optimize production 

from already existing wells? 

2.1.2. Justification For Enhanced Oil Recovery.  Enhanced Oil Recovery  

(EOR) is indispensable today because of the following reasons: 

 65% of oil remains in the reservoir after primary and secondary recovery. This is 

too huge to be ignored. 

 By 2030, 688 billion barrels of oil will be recovered from EOR versus 732 billion 

barrels from new discoveries. (Steidtmann, 2008). 

 EOR applies to existing reservoirs. Hence it does not require exorbitant costs of 

exploring and drilling new wells. 

 Already existing infrastructures in place. No need for new infrastructures to be 

put in place before commencing EOR work. As opposed to the huge 

infrastructural costs accrued during drilling and completion of new wells. 

2.1.3. Overview of Enhanced Oil Recovery Methods.  EOR methods are   

classified under two main categories: thermal and non-thermal (Figure 2.1.). The ultimate 

goal of each EOR method is to create a set of favorable downhole conditions to mobilize 

remaining oil. Thus each EOR method is only applicable to unique reservoirs with 

particular rock and fluid properties.    
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Figure 2.1. EOR Methods. 
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Having given an overview of EOR, lets now move into our focused area of 

research: Gel treatment (Figure 2.2.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. An Overview of Focused Area of Research: Gel Treatment. 

 

 

 

2.2. THE USE OF GEL TREATMENT TO INCREASE OIL AND GAS 

PRODUCTION 

 

One pivotal reason why oil recovery is never a hundred percent is because of 

reservoir heterogeneity and fractures. Fractures present a water-thief zone through which 

injected flood water channels through, from the injector to the producer, thereby leaving 

hydrocarbons in the low permeability (non-fractured) zones untouched. This leads to 

increased, unwanted water production and poor oil recovery. Thus plugging reservoir 

fractures and correcting reservoir heterogeneity (that is conformance control), is key to an 

increased oil production.  
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For a reservoir produced by some external fluid drive, Borling et al., (1994) 

defined conformance control as that process by which the fluid drive gets closer and 

closer to the ideal conforming condition. That is, it refers to any process that enables the 

driving phase to uniformly sweep hydrocarbons across the entire reservoir to the 

producing well. A perfectly conforming drive will uniformly sweep across the reservoir, 

leaving no isolated oil pockets while an imperfectly conforming drive will only sweep 

parts of the reservoir and omit regions containing producible hydrocarbons. In a wider 

sense, it refers to any technique that strives to correct reservoir heterogeneity, reduce 

water production and redistribute injected water, either near the wellbore or deep in the 

reservoir. 

 Excess water production is a frequent problem that occurs in mature reservoirs as 

a result of longterm water-flooding. Such excess water production usually results in 

increased environmental concerns, increased levels of corrosion and scale and ultimately 

leads to early shut-in of wells that still contain significant volumes of hydrocarbons (Liu 

et al., 2006; Bai et al., 2007a).  

 In an attempt to mitigate excess water production and hence increase hydrocarbon 

production, gels are often injected near wellbore or far-wellbore to preferentially seal 

fractures or higher permeability zones, thus diverting injected flood-water into low 

permeability unswept hydrocarbon-rich zones (Bai et al., 2007a; Bai et al., 1999; Bai et 

al., 2008; Liu et al., 1999). Gels as fracture-plugging and fluid diverting materials have 

been employed in conformance control (profile modification) and in the control of excess 

water production during EOR applications (Zhang et al., 2011; Vossoughi, S., 2000; 

Wang et al., 2001; Wang et al., 2003). However, over the years, there have been 

considerable developments in gel technology as it relates to conformance control. 

 

 

 

2.3. PROGRESS IN GEL DEVELOPMENT FOR CONFORMANCE CONTROL 

 

As earlier mentioned, oil production during secondary recovery (that is water 

flooding) is never 100% because of the existence of permeability variations in the 
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different layers of the reservoir. Such reservoir heterogeneity often leads to very poor 

volumetric sweep efficiencies. The injected flood water follows the path of least 

resistance (high permeability zones), bypassing large amount of oil in low permeability 

matrix. A plausible solution to this problem is to inject a plugging material and seal the 

high permeability zones, such that when injected fluids are injected, they will be forced 

or redirected to the low permeability, unswept oil-rich zones, sweeping out oil from them, 

leading to additional oil production. This, in summary, is the goal of any gel treatment.  

 Over the years, different types of gel treatments have been utilized in an 

attempt to solve conformance control problems. These include:      

i. In-situ gel technology 

ii. Preformed Gel Technology (PPG)  

2.3.1. In-situ Gel Technology.  As the term implies, in-situ gelation refers to the  

injection of a gelling solution (called a gelant) into the reservoir, and crosslinking of 

gelant solution to form a 3-D bulk gel takes place downhole (Vossoughi, S. 2000; Abdel 

et al., 2008). Ideally, the gelant solution, being highly liquid, is supposed to preferentially 

flow into the high permeability zone, then crosslinks inside this zone at elevated reservoir 

temperatures, and form a 3-D gel which acts as a plugging material, reducing the 

permeability of the high permeability zone. As such, injected fluid is redirected to low 

permeability, unswept oil-rich regions of the reservoir.  

So, we observe that the success of any in-situ gelation job is based on the premise that the 

gelant solution will selectively flow into the high permeability zones and not enter the 

low permeability regions. However, Todd et al., (1991) found this assumption to be non-

plausible. Seright, (1988; 1989) also found this assumption doubtful. 

2.3.1.1 Limitations of in-situ gelation.  (i) Selective injectivity and possible 

damage to low permeability zones: During gel injection, the ideal scenario is for gel to 

flow into high permeability strata. While much of the gel flows into high permeability 

regions, some however, enter low-permeability, oil-rich regions and damage them (Liang 

et al., 1990; Seright, 1990). Several solutions have been attempted to restrict the flow of 

gelant solution to just high permeability strata. Seright, (1991) suggested that zonal 

isolation will prove promising in addressing the problem of low permeability zone 

damage during gel injection. However, he observed that the technique of zonal isolation 
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will be more needed in unfractured reservoirs than in fractured reservoirs, in which very 

sharp contrasts in permeability variations exist between the different reservoir layers. In 

fractured formations, zonal isolation is not needed since there already exists a remarkable 

difference in permeability between the fractures and matrix. As such, gelant will easily 

flow into fractures.  

However, in formations where fractures do not exist, but there exists a large 

difference between high and low permeability regions in the matrix, then zonal isolation 

is highly recommended. Further support for utilizing zonal isolation has been provided by 

Avery et al., (1986). Todd et al., (1991) has shown that selective injection of gelant using 

the method of zonal isolation was successful for a reservoir which had three separate 

layers with different permeabilities, in which a chromium-redox based gelant solution 

was used. Additionally, Hoefner et al., (1991) presented laboratory-based data supporting 

the idea that zonal isolation (also called selective penetration) was possible with 

chromium xanthan gels. They observed that selective penetration was mainly a function 

of permeability and injection rates. Nevertheless, the technique of zonal isolation does 

not entirely solve the problem of low-permeability zone damage. In formations where 

cross-flows exist in far-wellbore, employing zonal isolation is of little benefit, since 

injected gelant will flow across reservoir layers into low permeability strata, and hence 

plug and damage them. 

(ii) Dispersion and Dilution of Gelant Solution: A crucial concern with in-situ gel 

technology is the alteration of the original gelant composition before the gelant ever gets 

to the fractures or high permeability regions. Dilution and dispersion of gelant solution by 

formation water is one major limitation in the utilization of in-situ gel technology. 

Dilution refers to the mixing of gelant solution with formation water, leading to a 

decrease in its concentration. Dispersion, however, refers to mixing caused by variations 

in the velocity within each flow channel and from one channel to another (Arya et al., 

1988).  

Dilution and dispersion could reduce gelant to such low concentrations that 

crosslinking and gelation become impossible (Young et al., 1988). They advanced that 

the ability of the chemical bank to be sufficiently diluted enough to make gelation 
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impossible would depend on: the size of the chemical bank, the diffusion coefficient, the 

gelation time, and the extent of dilution required to prevent gelation. 

The larger the size of the chemical bank, the more dilution is necessary to prevent 

gelation and vice versa. Typical diffusion coefficients are normally in the order of 1.5 

x10
-6

 in
2
/sec (10

-5
 cm

2
/s) for low molecular weight chemicals such as acrylamide 

monomer, phenol, and formaldehyde (Erdey-Gruz, 1974). High molecular weight gelling 

agents such as Polyacrylamide or Xanthan typically have diffusion coefficients in the 

order of 1.5 x 10
-9

 in
2
/sec (10

-8
 cm

2
/s) (Southwick et al., 1982). 

Normally, gel formation times usually range from a few minutes to a few days for 

most gelant compositions. In principle, the gelation time decreases with increasing 

concentration of gelling agents and vice versa (Prud’homme et al., 1984; Southard et al., 

1984).  

Seright (1991) concluded that gel formation will be hampered if more than 10% 

of the original gelant concentration is diluted. They observed that generally, if the 

minimum concentration for gelation is greater than 50% of the original concentration, 

then the size of gelant solution will be reduced by dilution and dispersion. However, if 

the minimum concentration for gelation is less than 50% of the original concentration, 

then dilution and dispersion will instead increase the size of the gelant solution.  

(iii) Dehydration: Another limitation of in-situ gelation is the loss of water from 

the gelant solution as it flows from the well surface into the reservoir. Water can either 

seep out into nearby formation, or travel ahead of the gelant, leaving the polymeric 

components of the gelant behind, due to the high pressure gradient that exists between the 

gelant and the formation (Asghari, 1999). Such loss of water leads to dehydration of gels 

and hence formation of a gel of lesser size than was initially anticipated, that is, gel 

shrinkage. The same phenomenon is observed when cement is squeezed inside the 

formation because of pressure application. It loses water and becomes harder than was 

initially anticipated when it sets (Seright 1998, 1999). 

(iv) Syneresis: Conversion of gelant solution to bulk gel is made possible by the 

presence of crosslinker. As crosslinker concentration increases, more crosslink junction 

points are formed, leading to bulk 3-D gel network. As crosslinker concentration 

continues to increase, so does the strength of the gel. However, above a particular 
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threshold concentration, too much crosslinker is present and excessive crosslinking takes 

place. This causes the gel to contract in volume, releasing water in the process. This 

phenomenon is called syneresis. Bryant et al. (1996) reported that depending on the 

composition of the gelant, a syneresed gel may shrink and occupy as small as 5% of the 

original volume of the gelant solution.  

Thus, the effectiveness of a shrinked gel in plugging a highly porous and 

permeable formation would be seriously compromised. Because the gel shrinks 

(syneresed), it cannot fully seal the pores it was initially meant to seal. This leaves open 

pore spaces through which injected fluid can pass through. Thus the efficacy of the gel as 

a fracture-sealing or pore-sealing material becomes diminished (Kvanvik et al., 1995). 

(v) Inadequate Control of Gelation Time: Another setback with in-situ gelation is 

the lack of gelation time control. Since gel formation time depends on the compositions 

of the gelant, it becomes difficult to ascertain at what time gel formation actually takes 

place downhole, since the original gelant composition at the surface is usually altered 

downhole because of dilution by formation water, dispersion of gelant, syneresis, 

dehydration, or chromatographic separation of the chemicals that constituted the original 

gelant composition. 

Furthermore, since it is experimentally impossible to mimic downhole reservoir 

conditions, it thus becomes almost impossible to exactly predict when gelant forms 3-D 

bulk gel downhole. The issue of concern here is the fact that we cannot tell where and 

when gel forms in the reservoir. Near well-bore?, far well-bore?, or perhaps if the gel 

formation ever took place at all (Aslam et al., 1986; Willhite et al., 1986). 

Additionally, it was also observed that gel formation time was affected by shear 

rate. As the gelant solution flows from the surface equipment down to the wellbore, and 

from the wellbore into the formation, shearing of the gelant solution distorts its original 

composition and affects gel formation time (Vossoughi, 2000). 

2.3.1.2 Types of in-situ gel systems.  All in-situ gel systems usually involve the  

crosslinking of a polymeric system using either organic or metallic crosslinkers. Over the 

course of three decades, much research has been done to optimize the best polymer and 

crosslinker system respectively. Initially, it was observed that partially hydrolyzed 

polyacrylamide would form gel when crosslinked with chromium or aluminum ions.  It 
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was also observed that xanthan gum (a biopolymer), would also form gel when 

crosslinked with chromium. 

In general, two main types of polymer systems have been studied: synthetic and 

natural polymers. Synthetic polymers include: polyethyleneimine (PEI), polyvinyl 

alcohol (PVA) and partially hydrolyzed polyacrylamide (the most commonly utilized 

synthetic polymer because of its relatively low cost and quick dissolution in water). 

Different types of natural polymers have been utilized. The most common are 

polysaccharides such as xanthan gum, guar, and cellulose. 

Two main types of crosslinkers have been utilized: metallic or organic 

crosslinkers. Common examples of metallic crosslinkers include: aluminum, chromium, 

boron, and titanium. Common examples of organic crosslinkers include: resorcinol, 

polyethylene glycol diacrylate, polyvinyl alcohol, N’,N’-methylene bisacrylamide, 

polyethylene glycol dimethacrylate, polypropylene glycol diacrylate, ethylene glycol 

diacrylate, trimethylol propane trimethacrylate, ethoxylated trimethylol triacrylate, 

ethoxylated pentaerythritol tetra acrylate, diallylamine, triallylamine, divinyl sulfone, and 

diethyleneglycol diallyl ether (Marrocco, 1987; Chang et al., 1987; Mumallah, 1987, 

Sydansk, 1988). 

However, cost and environmental concerns are usually a deciding factor in which 

gel system to use. Some of the crosslinkers are toxic and pose environmental and health 

concerns. Depending on the gelation time, some are more suited for near-wellbore 

applications in which shorter gel formation times are required. Others, because of their 

chemical structure can withstand higher temperatures. As such, they are used for very 

high temperature applications, such as N’,N’-methylene bisacrylamide which can 

withstand higher temperatures for a longer time. 

(I) Chromium systems: By far the most commonly employed gel system in the oil 

industry, gel systems with chromium as the crosslinker have been utilized for more than 

three decades (Figure 2.3).  
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Figure 2.3. Chromium Cation. 

 

 

 

Rouston (1972) observed that partially hydrolyzed Polyacrylamide (HPAM) can 

be crosslinked with chromium (III) hydroxide to form a 3-D bulk gel. He observed that a 

gelant solution comprising of a mixture of HPAM and chromium (III) hydroxide, when 

injected into porous and permeable formations, reduced their permeability. This 

composition was first marketed and commercialized by the chemical firm, Dow 

Chemicals under the trade name “ChannelB-lock”. Clampitt and Hessert (1974) observed 

that chromium based gel systems gel within minutes to hours of injection, and that 

gelation time depends on chromium concentration and other reservoir factors such as 

temperature, pH, and salinity.  

Chromium gels by forming a trivalent complex with the three lone pairs of 

electrons on the carboxylate moiety of the polymer backbone. This process is called 

reduction or gain of electrons. Common reducing agents employed in chromium gelation 

include sodium bisulfite and thiourea. Sodium bisulfite enables gel formation to occur 

faster while thiourea affords longer gelation time. Additionally, Aslam et al. (1986) have 

also reported gel formation from a Chromium (III)/HPAM system.   

Besides polyacrylamide based systems, biopolymers have also been crosslinked 

with chromium to form gel. Abdo et al., (1984) have reported obtaining a reduction in 

permeability with xanthan-Cr(III) based systems. Similarly, guar/Cr(III), and 

carboxylmethylcellulose (CMC)/Cr(III) based gel systems have also been reported. The 

main difference between a synthetic polymer-based gel system such as HPAM, and a 

natural polymer-based system such as xanthan is the relatively shear-sensitive nature of 

synthetic-based polymer systems. It is well reported that polyacrylamide will easily 

undergo shear degradation during downhole injection. Such prolonged shearing shortens 
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the polymer chain, alters its chemical structure, and makes crosslinking and hence gel 

formation impossible. Whereas, natural biopolymers such as xanthan are not easily 

susceptible to shear degradation (Vossoughi, 2000).  

It has also been observed that in reservoirs with very high hydrogen sulfite 

content, gelation usually occurs extremely fast. This is because hydrogen sulfite is a 

strong reducing agent. As such, chromium in the presence of hydrogen sulfite usually 

crosslinks faster and forms gel before the gelant ever gets to its designated location in the 

high permeability streaks. This is disadvantageous in that there is the possibility of near-

wellbore damage from premature gel formation. Mumallah (1987) and Sydansk (1988) 

were able to circumvent this problem by complexing the chromium.  Mumallah showed 

that forming a chromium propionate complex delays its release in solution, thus 

prolonging crosslinking and hence gelation. In solution, propionate slowly dissociates 

from chromium, releasing the chromium and making it available for crosslinking with the 

polymer. Sydansk (1988) also showed that forming a chromium acetate complex also 

functions in like manner. Substitution of acetate groups by carboxyl groups of polymer 

delays gel formation and enables an HPAM/Cr(III) gel system to gel much longer and at 

a higher pH than it would normally have without forming the chromium-acetate complex.  

(II) Aluminum Systems: Aluminum, just like Cr (III), has the ability to form 

trivalent complexes (Figure 2.4). This is due to its ability to accept three lone pairs of 

electrons and form a trivalent metal complex with electron donor groups like 

carboxylates.  

 

 

 

 

Figure 2.4. Aluminium Cation. 

 

 

 

Conversely to Cr (III), aluminum is often preferred because it is relatively less 

toxic than Cr (III). As such, it is environmentally friendly and does not pose a serious 
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threat to the environment and to ground water contamination and pollution. Hydrolyzed 

polyacrylamide/Cr (III) gel systems were first studied by Needham et al. (1974). They 

observed that an HPAM/Cr (III) gel system reduced the permeability of a permeable rock 

by a factor of 10. However, Parmeswar and Willhite, (1988) showed that the gel formed 

just within a few centimeters into the entrance of the core. However, Fletcher et al. 

(1991) observed that in-depth gelation of HPAM/Cr (III) is possible by regulating the 

temperature. They conducted a slim tube experiment at 25
 o
C and 70

 o
C. They found that 

gel formation occurred in-depth in the sample kept at 75 
o
C, whereas no in-depth gelation 

occurred in the sample kept at 25
o
C. Dovan and Hutchins (1987) further observed that an 

HPAM/Cr (III) gel system is only possible at a very narrow pH range of 6-7 and that 

gelation is best observed in fresh water. This is because in formation water, calcium and 

magnesium, being divalent ions, compete with aluminum for citrate ions. This therefore 

makes HPAM/Cr (III) gelation in formation water very slow, if at all possible.  

(III) Organic Gel Systems: Besides metallic crosslinkers, organic crosslinkers 

have also been used to form in-situ gels in which the crosslinker forms covalent bonds 

with the polymer functional group. Organic gel systems are usually stronger than metallic 

gel systems. This is for the obvious fact that covalent bonds formed by organic 

crosslinkers are stronger than ionic bonds formed by metallic crosslinking. Seright and 

Martin (1991) designed an organically crosslinked sulfomethylated resorcinol gel system 

which produced a permeability reduction of 99% and tolerates high salinity 

environments. Its ability to achieve such high permeability reduction and act as a good 

plugging agent was attributed to the strong covalent bonds formed during gel formation 

(Raje et al., 1999). Moradi-Araghi et al. (1989) have also presented a gel system formed 

through covalent bonding of a terpolymer (such as N-vinyl-2-pyrrolidone, acrylamide, 

sodium 2-acrylamide-2-methylpropane sulfonate) with phenol and formaldehyde as 

crosslinker. Such gels can withstand temperatures as high as 149 
o
C (300

o
F) and seawater 

salinity (Hseieh and Moradi-Araghi, 1991). Paul and Strom, (1987) also designed a non-

xanthan anionic heteropolysaccharide S-130 which gels either by itself or with a metallic 

crosslinker (such as Cr (III)) and organic crosslinkers (such as ethylene diamine or 

piperazine). The following organic gel systems have been studied: 
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(III.1) Polyvinyl Alcohol Gel Systems: A fairly common organic gel system, 

polyvinyl alcohol (PVA) with aldehyde as crosslinker, has been utilized. It is formed by 

the reaction between two solutions, one consisting of polyvinyl alcohol and a polyvinyl 

alcohol copolymer, and the other containing an aldehyde and water (Marrocco, 1987). 

Usually an acidic catalyst is required and a common aldehyde utilized is glutaraldehyde. 

This gel system is marketed by Pfizer company under the trade name Flowperm 465. 

(III.2) Phenolic Gel Systems: Phenolic gels are formed by the reaction of a 

phenol, such as resorcinol, and an aldehyde, such as formaldehyde (Chang et al., 1985, 

1987). They are usually made to be used in reservoirs with very harsh conditions such as 

very high temperatures, high salinity, and high pH.  Chang et al., (1985; 1988) reported a 

phenolic gel system which gelled at pH of more than 9 and was used in a reservoir with 

temperatures as high as 92 
o
C (197 F). 

(III.3) Colloidal Silica Gel. Jurinak et al. (1989) reported a colloidal silica gel 

system developed for oilfield applications. Colloidal silica concentrations of 6 to 15 

weight percent are usually required to form gels with sufficient strength and durability for 

oilfield applications. They have been used for temperature ranges from 90
o
F to 210

o
F 

(32.2
 o
C to 98.9 

o
C). 

The ability of colloidal grouts as sodium silicate to self-polymerize and form 

plugs has been exploited (Lakatos et al, 2001; Heaven et al, 1999). In the presence of an 

activator such as nitric acid or sulfuric acid, and at room temperature, these silicates 

precipitate to form hard, solid but porous and permeable temporary plugs (Bauer et al., 

2005) as shown in Figure 2.5. At reservoir conditions, however, these plugs physically 

break down, lose their mechanical and tensile properties and become porous, permitting 

fluid flow through them. Impermeability of a plugging agent is a fundamental 

requirement in the design of permeability reduction material. Furthermore, the activators 

used, nitric and sulfuric acids are all strong acids, which require special handling and 

storage and are very costly. 
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Figure 2.5. Difference between Precipitates and Gels.  

 

 

 

Thus, in the history of conformance control, in-situ gels were the first kind of 

materials utilized in an attempt to plug fractures or high permeability streaks. However, 

as discussed, the possibility of damaging low permeability formations and several other 

limitations outlined above have prevented industry from widely embracing this technique 

as a solution to solving permeability variation problems in reservoirs. On the contrary, 

these limitations compelled industry to find new and better solutions to address 

conformance control problems. This search of a better performance product led industry 

experts and researchers to develop a novel technology in addressing conformance control 

problems in reservoirs. This technology is called Preformed Gel Technology.  

2.3.2. Preformed Gel Technology.  In an attempt to overcome the limitations of  

In-situ gel technology, industry experts and researchers developed a novel technology to 

address conformance control problems called preformed gel technology. The novelty and 

main difference between this technology and in-situ gel technology is that with 

preformed gel, gel formation takes place at the surface, well ahead before injection, 

whereas with in-situ gelation, crosslinking and gel formation occur downhole in the 

reservoir. The technology was revolutionary in that it solved the problems posed by in-

Gel Precipitate 
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situ gelation such as dilution and dispersion of gelant, chromatographic separation of 

gelant solution, dehydration, syneresis, and most importantly damage of low permeability 

zones.  

Preformed gels are three-dimensional, hydrophilic crosslinked polymers, which in 

contact with water, swell but do not dissolve as a result of a chemical or physical 

crosslinking and most often, will undergo a volume phase change when surrounding 

conditions such as temperature, salinity or pH change (Wen-Fu and Sung-Chuan, 2006). 

Materials that swell in water are the most ideal candidates for sealing fractures or 

fissure systems. In contact with water, these materials swell to many times their original 

size and occupy the fractures in which they are present, thus creating a restriction to fluid 

flow through the fractures. In fact, Imran et al. (2008) and Bai et al. (2007a; 2007b) have 

reported some polymeric materials swelling up to 400 times their original weight. 

Usually, these materials are bullheaded into the well to shut off fractures. Imran et al., 

(2008) advanced several benefits for using swellable materials for conformance control: 

 They provide an effective seal to avoid direct communication from 

injectors to producers in a matter of hours. 

 No requirement for specialized mixing equipment (they are added on-the-

fly). 

 They are economical. A small amount swells and yields a large volume. 

 Rapid and controlled water absorption. 

 They have the ability to withstand influxes of water, which can help 

prevent dilution of cement or other remediation products.  

Water swellable materials have found applicability in the following cases (Imran et al., 

2008): 

 Fractures and fissures in communication. 

 High permeability strata or zones. 

 Deteriorated layers of formation rock with friable or karsted aspects. 

 Near-wellbore repairs (because of its ability to absorb water to help 

counter the influx of water). 

 Loss circulation problems for horizontal drilling and primary cementing.  
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 Remedial workovers where the presence of a highly communicated 

crossflow behind casing can cause dilution of any sealant or cement. 

 Production wells, (when the system is combined with a tail-in of cement 

or conformance porosity sealants). 

  Preformed Gels are usually formed by a free radical, multi-component, 

polymerization reaction that involves monomer and initiator in the presence of a 

crosslinker and other additives. Several types of preformed gels exist: (1), partially 

preformed gels, (2), microgels, (3) pH-sensitive crosslinked polymers (4) bright water, 

(5) colloidal dispersion gels and (6) preformed particle gels (PPG). 

 Various types of preformed gels have been studied over the years. These include: 

2.3.2.1 Partially preformed gels.  Seright (2004) has studied a partially    

preformed gel for disproportionate permeability reduction during gel placement. Partially 

preformed gels are those in which the gel is injected downhole in a partially formed state, 

that is, shortly after the first sign of gel structure is detected. In partially formed gelation 

technology, care is taken to ensure that enough gel structure is formed before injection so 

as to avoid gelant-solution leak off and possible formation damage of low permeability 

strata. However, care is also taken to avoid complete gel formation prior to injection. 

This is because much higher injection pressures are usually needed for injecting fully 

formed gels. Such partially formed gels have better placement than in-situ gels and will 

eventually gel into strong gels that function as water shut-off agents. The advantage of 

partially formed gels is that they exhibit very low pressure gradients during placement in 

reservoir fractures.  

The essence of this technology is to develop gels that will readily flow into 

fractures and then effectively plug the fractures during brine flow after placement, 

especially in wide fractures with widths of 2mm to 4mm. Seright (2004) has studied a Cr 

(III)-acetate-HPAM partially formed gel used to reduce the flow capacity of fractures at 

41oC. In their experimental work, they observed that after gel placement, water residual 

resistance factor values, (residual resistance factor of water, Frrw) decreased from 100,000 

to 39,000. Thus partially formed gels provided effective permeability reductions in 

reservoir fractures. However, they also observed that the gel reduced the flow capacity 
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toward oil (residual resistance factor of oil, Frro) by a factor of 1500. Nevertheless, the 

gel still showed a significant disproportionate permeability reduction. 

This is because at any given rate, Frrw values were 3 to 9 times greater than Frro 

values (Figure 2.6). Furthermore, Sydansk et al. (2005) observed in a laboratory study 

that a partially formed chromium (II)-carboxylate/acrylamide-polymer (CC/AP) gel 

showed much lower effective viscosities during placement than comparably fully formed 

gels. Partially formed gels (less than 8 hours old) showed up to 100 times lower effective 

viscosities (17 to 35 cp) during flow through a 1-mm wide fracture than fully formed gels 

(older than 15 hours) with the same chemical composition. This observation led them to 

conclude that partially formed gels exhibit higher injectivities and lower placement 

pressures than fully formed gels. Sydansk et al. (2004) also observed a similar effective 

viscosity reduction using a mixture of high and low molecular weight CC/AP partially 

formed gel. They also observed that gelant solution leak-off was very low for these 

partially formed gels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Effect of Rate on Residual Resistance Factor (Frr) in a 2-mm-wide Fracture.  
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2.3.2.2 Microgels.  Microgels are preformed gels formed by ionically or    

covalently crosslinking a polymer. They usually range in size from 0.3 to 2 µm (Zaitoun 

et al., 2007). To obtain smaller microgels (about 0.3 µm), higher crosslinker 

concentration and hence high crosslink density are needed. This makes the gels hard and 

less deformable. To obtain larger microgels (2 µm), less crosslinker concentration and 

hence less crosslink density is needed. This makes the gels soft and easily deformable 

(Figure 2.7). Microgels reduce water permeability by adsorbing onto formation surface 

on pore walls by capillary forces in the presence of oil so that oil permeability remains 

unaffected. Thus, controlling the adsorbed layer thickness and hence water permeability 

reduction is by the selection of microgel size and by increasing the concentration of 

injection and flow-induced over-adsorption (Rousseau et al., 2005).  

Microgels are formed by gelling a polymer and crosslinker solution mixture under 

shear flow. The process of microgel formation involves four stages (Chauveteau et al., 

1999; Chauveteau et al., 2000; Chauveteau et al., 2001): (1) the induction period, during 

which the microgels are few and small and remain isolated. (2) the pregel period, during 

which there is a rapid increase in viscosity. (3) the microgel size limitation period, during 

which viscosity is at its peak and cannot increase anymore, and lastly (4) the microgel 

consolidation period, during which the crosslinking continues and is characterized by an 

increase in both intra and intermolecular crosslinks inside the microgels.  

The technology of microgels was developed in an attempt to overcome some of 

the inherent limitations associated with in-situ gel application and polymer flooding. 

Since in-situ gelation kinetics are highly dependent on reservoir environment and 

physico-chemical conditions, there was a need to develop a stable and size-controlled 

product whose gelation kinetics are least affected by reservoir environmental physico-

chemical conditions. Microgels are prepared onsite at surface facilities prior to injection 

and their sizes are controlled by shearing.  An ideal microgel should comprise the 

following (Chauveteau et al., 2003): (1) should be insensitive to shear and reservoir 

physico-chemical conditions. (2) should be size-controlled to prevent face plugging. (3) 

should be small enough to ensure an in-depth treatment and large enough to reduce water 

permeability significantly, (4) should be soft enough to be collapsed onto pore walls by 

capillary pressure in the presence of oil flow in order to be disproportionate relative 
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modifiers, (5) should be strongly adsorbing onto pore surface and stable over time, and 

lastly, (6) should be non-toxic to the environment.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Polymer and Fully Water-Soluble Microgel Species. 

 

 

 

Microgels have been proven to be good relative permeability modifiers, and to 

have excellent shear, and also thermal and chemical stability (Chauveteau et al., 2001). 

Additionally, since they have larger sizes than polymers used in polymer floods, they are 

better suited to avoid low permeability formation zone damage, which is a commonly 

reported problem with polymer floods or in-situ gel application. In their first field 

application, Zaitoun et al. (2007) showed that microgels of 2µm sizes were easily placed 

in high-permeability, near-wellbore strata, whereas very minimal penetration of 

microgels was observed in low and medium permeability zones.  

Lastly, Rousseau et al. (2005) observed that due to the remarkable ability of 

microgels to reduce permeability at long distances without any face plugging, they are 

hence good candidates, not only for water shutoff operations, but also for conformance 

control of heterogenous reservoirs. Additionally, they further suggested that microgels 

could also be used as mobility control fluids when reservoir conditions are too severe for 

linear polymers to be used. 
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2.3.2.3 pH-sensitive crosslinked polymers.  pH-sensitive gels refer to those  

hydrogels whose swelling ability is dependent on the pH of the environment. Thus they 

are very applicable in controlled release systems (Figure 2.8). Mechanistically, their pH-

dependent swelling response is due to the presence of ionizable side groups on the side 

chain of the polymer or hydrogel backbone. For hydrogels with acidic side groups, 

swelling ability increases in basic environment while for gels with basic side groups, 

swelling increases in acidic environment (Peppas et al., 2000; Saez et al., 2003).  

 

 

 

 

 

 

 

 

Figure 2.8. Schematic Representation of the Behavior of a Hydrogel with a pH-Sensitive 

Release. 

 

 

 

As a result of this behavior, pH-sensitive hydrogels have found application in 

several sectors, including conformance control, agriculture, and in medicine for 

controlled drug release applications. The rate and time of release of pH-sensitive 

hydrogels is determined by the polymer ratio, or by the crosslink density in the gel (Dinh 

et al., 1999). 

In the area of conformance control, Al-Anazi and Sharma (2002) have proposed a 

new strategy for utilizing pH-sensitive polymers. They observed that anionic polyacrylic 

acid polymer is very pH-sensitive. At a pH of 2.5, it has a viscosity of 5 cp. However, at 

pH above 6, polymer viscosity increases tremendously to 20,000 cp. Thus they can be 

easily injected at low pH since their viscosity is near water (an acid pre-flush is required 

before injection in order to create initial low pH environment downhole). They easily 

propagate deep into the reservoir formation and in contact with higher pH reservoir 
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fluids, they swell and gel, and plug water thief channels or high permeability streaks. 

Additionally, they observed that the gelled polymer was stable even at pressure gradients 

of 4000 psi/ft.   

Mechanistically, polyacrylic acid, being a polyelectrolyte, exists naturally in a 

coiled, low viscosity state. However, as the pH of its environment increases, its 

carboxylic acid side groups are ionized by the excess hydroxyl (OH-) groups in solution. 

Electrostatic repulsive forces of now formed carboxylate side groups cause the polymer 

chain to uncoil and expand. This behavior thus increases the viscosity of the polymer as it 

is ionized in an alkaline environment (Figure 2.9) (Huh et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Mechanism Leading to Increase in Polymer Viscosity Due to Side Chain 

Ionization (a) Swelling and Viscosity Increase of Polyacrylic Acid upon Ionization (b) 

Molecular Structure of (a) Polyacrylic Acid, (b) Crosslinked Poly-acrylate Hydrogel.  
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Furthermore, polyelectrolytes such as polyacrylic acid have been used as scale 

inhibitors to prevent scale formation near-wellbore and in-depth of well (McTeir et al., 

1993).  

2.3.2.4 Bright water.  Bright Water, first commercialized in 2009 by Tiorco  

(Nalco Company) as Brightwater®, refers to a novel technology developed for in-depth 

waterflood conformance control. This technology was developed by an industry 

consortium of BP, Chevron, and Nalco. It was first tested in Indonesia in 2001 (Pritchett 

et al., 2003). Brightwater® is a sub-micron particulate chemistry (suspension of 

crosslinked polymer particles) that is injected into reservoir together with injection water. 

Because of its very small sizes (about 0.5 µm), the particles can move deep into the 

formation. Under elevated downhole temperatures, the particles slowly expand to several 

times their original size (due to the temperature-triggered hydrolysis of the crosslinking 

bonds) and plug pore throats, thus diverting injected flood water to low permeability, oil-

bearing strata as shown in (Figures 2.10 and 2.11) (Bruno et al., 2010).  

Some of the advantages of this technology include: (1) simple injection system. It 

is injected together with injection water using already existing chemical injection 

infrastructures in place. (2) Particles can swell up to four to ten times their original size 

depending on reservoir salinity. The applicability and effectiveness of Brightwater 

technology depends on the following conditions (Ghaddab et al., 2010): 

 Absence of fractures in the formation. 

 Water cut less than 98%. 

 Water injection running. 

 Reservoir temperatures above 35 
o
C. 

 Evidence of water thief zones. 

 Porosity of highest permeability zones greater than 17%. 

 Permeability of thief zone greater than 100 mD. 

 Injection water salinity under 70,000 ppm. 
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Figure 2.10. Brightwater® is Injected as a One-time Batch Together with Injection Water 

at Concentrations of about 1.5%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. How Brightwater Technology Works.   
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Several field trials of this technology have been carried out in several areas 

including the North Sea (Lugo, 2010), Argentina (Yanez et al., 2007), and Alaska (Ohms 

et al., 2009). The Argentina field trials reported no incremental oil production using this 

technology. However, the field trials in Alaska and the North Sea reported a 60,000 bbl 

and 130,000 bbl respectively incremental oil production over a four year and one year 

period respectively. 

2.3.2.5 Colloidal dispersion gels.  Prior to the development of Colloidal   

Dispersion Gels (CDGs), existing gels could only be applied near-wellbore. In-depth 

permeability modification at the time was impossible. Thus, there was a necessity to 

develop a technology that could address in-depth water channeling and crossflow 

problems in the reservoir. This was the essence of Colloidal Dispersion Gels (CDGs). 

CDGs are homogenous bulk gels made from a low concentration of polymer and 

crosslinker and are meant specifically for use in in-depth reservoirs (Mack and Smith, 

1994). The requirement of a low polymer and crosslinker concentration allows for large 

volumes of CDGs to be injected economically. Commonly utilized polymer is partially 

hydrolyzed Polyacrylamide. Crosslinker employed is aluminum citrate.  

CDGs are so-called because the gels consist of isolated bundles of crosslinked 

polymer molecules which are suspended in solution. They are also called aggregates. 

Mechanistically, since low polymer concentrations (100 – 1200 ppm) are used, the 

polymer chain is not long enough to form a continuous gel network. Rather, distinct gel 

bundles form in solution, with different bundles having little intermolecular interactions 

amongst each other (Figure 2.12). 

 

 

 

 

 

 

 

 

Figure 2.12. Comparison of Colloidal Dispersion Gels and Bulk Gels. 
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An advantage of CDGs over other gels is that with CDGs, a relatively small 

amount of crosslinker is needed for crosslinking to occur. Typical polymer: aluminum 

ratios used are in the range of 20:1 to 100:1.  It was also observed that CDGs have better 

performance in fresher waters. In solution with total dissolved solids (TDS) of about 

30,000 ppm and above, gels lose strength and become weaker. Furthermore, it is a cost 

effective process, since less polymer and crosslinker concentrations are needed. 

2.3.2.6 Preformed particle gels.  Preformed Particle Gels (PPGs) belong to   

a family of hydrogels called Super Absorbent Polymers (SAP). SAPs are a special kind 

of materials that can absorb up to several times their original weight in solution and will 

not easily release the absorbed fluid when pressure or stress is applied to it. SAPs have 

found several applications in industry, ranging from cosmetics (diapers, feminine hygiene 

products), agriculture, and in medicine for drug-release applications.  However, for water 

shutoff and conformance control-related applications, traditional SAPs have proved 

ineffective due to their fast swelling times, low strength under applied pressures, and 

poor thermal stability under elevated temperatures (Bai et al., 2008).  

Thus, there existed a need to develop new SAPs for conformance control-related 

applications. A novel SAP for conformance control with improved performance, called 

Preformed Particle Gel (PPG) have been developed (Li et al., 1999; Bai et al., 2004, 

2007b). PPGs are three-dimensional, hydrophilic crosslinked polymers, which in contact 

with water, swell but do not dissolve as a result of a chemical or physical crosslink and 

often than not will undergo a volume phase change when surrounding conditions such as 

temperature, salinity or pH change (Wen-Fu and Sung-Chuan, 2006). Preformed Particle 

Gels are usually formed by a free radical, multi-component polymerization reaction that 

involves monomer and initiator in the presence of a crosslinker and other additives. They 

can be designed/made either into millimeter-sized, micrometer-sized, or nano-sized 

particles, depending on field application and matrix permeability.  PPG offers the 

following advantages (Bai et al., 2004): 

 Since crosslinking and gel formation occurs at the surface facilities, PPG 

can overcome some inherent drawbacks in in-situ gelation systems such as 

lack of gelation time control, gelant solution dilution, degradation, 

chromatographic separation, and dehydration. 
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 PPG is strength-and size-controlled, environmentally friendly, thermally 

stable over long periods of time and is not sensitive to reservoir minerals 

and formation water salinity. 

 PPG can resist temperatures as high as 120 
o
C and salinity as high as 

300,000 mg/L. 

 Additionally, PPG can be carried downhole into reservoir by produced 

water. This saves the usage of fresh water and helps in produced water 

disposal. 

 Also, it requires very simple on-site facilities. Cost of operation is 

minimized.  

The process of PPG involves the following: 

 Crosslinking of gelant solution prior to injection to form 3-dimensional 

bulk gel. 

 Drying, grinding, and sieving of bulk gel to micro size particles, called 

Preformed Particle Gel. 

 Soaking and injection of micro sized particles into fractures or high 

permeability zones of reservoir to act as plugging agents. 

PPG technology was first used in China in 1999, in the Zhongyuan oilfield, 

SINOPEC (Bai et al., 2004). Ever since then, PPG treatments for mature oil fields have 

been widely and extensively applied throughout China and beyond. This, in part, is due to 

the fact that most of the oilfields in China were discovered in continental sedimentary 

basins and are comprised of reservoirs with sharp permeability variations and complex 

geologic conditions (Li and Zhou, 1986). In an attempt to maintain rapidly declining 

reservoir pressures, water floods were employed at a relatively early stage of the 

reservoir. This resulted in increased water production in wells that were relatively new 

and still contained large volumes of oil. Thus the need for a technology to curb water 

production and correct reservoir heterogeneity was imperative.    

However, the study of Preformed Particle Gel gained interest, not only in mature 

oilfields in China, but also in the United States. Seright (1997; 2000; 2003) has studied 

the extrusion behavior of PPG through fractures and ascertained that they have better 

placement and better permeability reduction than in-situ gels. 
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How then can we identify the types of reservoirs that require PPG treatment? In 

order for a particular reservoir to be an ideal candidate for PPG treatment, several 

conditions have to be met. A comprehensive in-depth knowledge of factors such as 

wellbore and near wellbore conditions, reservoir geology, static and dynamic reservoir 

information are all important information in determining the appropriateness of a 

particular well for PPG treatment. Generally speaking, in order for a well to be a suitable 

candidate for PPG treatment, the following conditions are necessary (Bai et al., 2008): 

 Excellent interconnectivity between neighboring injectors and producers 

must exist. A low water injection pressure must exist. 

 Well must have an excellent and wide oil pay zone located in the main 

sand body of the fluvial depositional reservoir. 

 The well should have a relatively high average water cut. 

 Well must have both a sharp vertical or areal heterogeneity and a large 

inner-layer permeability contrast. Additionally, the injection and 

production profiles of the connected wells should not be homogenous. 

 The well should have been flooded to different degrees. That is, low, 

middle and none-flushed zones should exist in the reservoir.   

From experimental and field studies, Bai, (2001) observed that a low 

concentration, large volume PPG injection is key to any successful PPG treatment. They 

observed that where PPG treatments were unsuccessful (Bai et al., 2007b), the PPG 

volume used was low or the PPG concentration was high. They advanced that a high 

concentration PPG injection may induce new fractures near wellbore as a result of 

vigorous vibrating bottomhole pressure. Low injection rates are usually employed during 

PPG injection. This is to decrease gel damage on low-permeability oil regions. 

Additionally, during injection, smaller PPG sizes are usually injected first in order to 

ensure that PPG propagates into deep regions of the formation, then gradually larger sizes 

are injected depending on real-time injection pressure responses. So then, how can we 

determine the effectiveness of PPG as a conformance control agent?  

In order to determine the performance of a well both before and after gel 

injection, two different methods are utilized. One way is to measure the well injection 

profile. This shows the plugging effect of PPG on different zones near wellbore. The 
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second method is to perform a well test analysis. This includes obtaining starting 

pressures, injection pressures (as those before treatment), and pressure drawdown test for 

pressure index PI (90). These parameters give us an indication of PPG plugging in the in-

depth of the reservoir.  

In a Daqing oilfield study, Bai et al., (2008) observed that for 26 wells treated, 

PPG treatment decreased water production and increased oil production by almost 15,000 

tons (Figure 2.13). That is for every ton of PPG injected, 113 tons of incremental oil was 

produced. For these 26 wells, the following input and output costs were realized: 

PPG costs: 132 tons x (1.46 x 104) RMB/ton = 192.72 x 104 RMB    

PPG injection costs: 4 wells x (18 x 104) RMB/well = 72 x 104 RMB 

Injection profile measurement: 8 times x (1.1 x 104) RMB/time = 9.9 x 104 RMB 

Pressure drawdown test: 12 times x (0.8 x 104) RMB/time = 9.6 x 104 RMB 

Total input: 284.22 x 104 RMB 

Oil price: 2,100 RMB/ton (about 40 $/bbl) 

Output from oil sales: 15,000 tons x (0.21 x 104) RMB/ton = 3150 x 104 RMB 

Output-Input ratio: 11.08 

These results prove that PPG treatment is productive and profitable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Production Curve for 24 Connected Wells. 
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How then can PPG be transported through porous media? In studying the 

transport of PPG through porous media, Coste et al., (2000) observed that transport of 

PPG through porous formation occurs by three main types of mechanism: 

 Deformation of the particle. 

 Shrinking of the particle by expulsion of water. 

 Breaking of the particle. 

The essence of this study was to ascertain the fact that, if and when PPG 

encounters a small pore throat, would it still propagate through it and continue its 

movement into the deeper regions of the formation? They concluded that when PPG 

comes in contact with a small pore throat, the particle will either deform and slide 

through the pore throat, shrink to a smaller size and go through the pore throat, or break 

into small pieces and move through the pore throat (Figure 2.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. The Different Mechanisms of How Particle Gels Pass Through a Pore 

Throat. 
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Several factors affect the behavior and properties of PPG. Bai et al. (2007a) 

showed that monomer concentration, crosslinker concentration, initiator concentration, 

clay concentration, and temperature all play crucial roles in the properties of PPG. They 

observed that gel strength increases with monomer concentration and becomes stable at 

monomer concentrations above 15 weight percent. They also observed that gel strength 

increases as crosslinker concentration increases. This is because increasing crosslinker 

concentration leads to a higher crosslink density. Additionally, the swelling ability of the 

gel decreased with increasing crosslinker concentration. This is because increasing 

crosslinker concentration leads to a more dense gel with less available spaces for water 

intake. They also showed that increasing the initiator concentration leads to a faster gel 

formation time. More initiators in solution mean more free radicals are produced, which 

means a faster polymerization reaction. However, excess initiators in solution could 

result in the formation of shorter polymer chains leading to gels with less dense crosslink 

network.   

In summary, despite the tremendous advantages of preformed gels over in-situ 

gels, preformed gels did not provide an all-encompassing solution to the problem of 

conformance control and reservoir heterogeneity. Some of the limitations of preformed 

gels include: 

 Mechanical: Inadequate modulus, inadequate toughness. 

 Thermal: Inadequate thermal resistance to withstand very extreme 

reservoir conditions, shorter degradation time. 

 Swelling: Inadequate swelling ability. 

 Elasticity: Inadequate gel elasticity 

Thus, there is a continuous need to provide a technology that surpasses the 

performance of current conformance control gel products.  

2.3.3. Nanocomposite Preformed Particle Gel.  Nanocomposite preformed  

particle gels (nanocomposite PPG), are a newer trend in gel design for profile 

modification and conformance control applications (Bai et al., 2007a). Nanocomposite 

PPG is an extension of existing PPG technology. It refers to preformed gels synthesized 

by incorporating nanomaterials in the gel design.  Nanocomposite PPGs are prepared by 
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an in-situ free radical polymerization reaction that involves monomer, crosslinker, 

initiator, additives, and nano material (Figure 2.15). 

The incorporation of nanomaterials in gel design is an effective way to improve 

gel properties and boost performance. The technique of nanotechnology refers to the 

creation of uniquely designed materials, devices, and/or systems through control on the 

nanometer-length scale. It refers to the exploitation of novel properties and phenomena 

developed at this scale (Roco et al., 2000).  

Common nanomaterials that have been studied include montmorillonite clays, 

carbon nanofibers, polyhedral oligomeric silsesquioxanes (POSS), carbon nanotubes, 

silicon dioxide, aluminum dioxide, titanium dioxide, laponite clays, kaolinite clays, etc. 

Price and structure are key factors in the selection of a nanomaterial.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. Free Radical Polymerization of Nanocomposite Gels. 
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The reason nanocomposite gels perform better than gels without nanomaterials is 

because of the strong interactions that exist between the nanomaterial surface and the 

polymer matrix. For instance, when nanoclays are used, stronger interfacial interactions 

are formed between the polymer matrix and the clay silicates (Figure 2.16) (Ray and 

Okamoto, 2003). This is because, as a result of the complex nature of clays, chemical 

reactivity is usually high at the clay surface (Shibayama et al., 2004; Olphen V.H., 1977; 

Pinnavaia et al., 2000).  

Nelson and Cosgrove (2004) also showed that the ability of polymer chains to 

bond or adsorb on clay surface is a strong function of polymer molecular weight. Larger 

polymer chains can wrap from one face of the clay particle to the other or extend over the 

edge of the clay particle, whereas shorter polymer chains cannot.  Additionally, clays 

have a large aspect ratio, such as thin plates or narrow rods. As such, they are suitable for 

use as reinforcing filler materials in a polymer network. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. Schematic Illustration of Formation of Hydrogen Bonds in Nylon-

6/montmorillonite Nanocomposite Gel. 
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Some of the advantages of nanocomposite gels over conventional gels without 

nanomaterial include: 

 Mechanical: Increased gel strength, increased modulus strength, 

inadequate toughness. 

 Thermal: Increased thermal resistance to withstand extreme reservoir 

conditions, longer degradation time, longer thermal stability. 

 Swelling: Increased swelling ability; nano material provides a large 

surface area for increased water absorption. 

 Elasticity: Increased gel elasticity. 

 Viscosity: Increased post-degradation viscosity 

As previously stated, nanocomposite preformed gels (Pavlidou and Papaspyrides, 

2008; Chung and Lai, 2010; Okay and Oppermann, 2007; Darder et al. (2005; 2006); 

Phang et al., 2005) have attracted great interests, both in industry and academia due 

mainly to the improvement in materials properties brought about by the incorporation of 

nanomaterials in gel design. Shibayama et al. (2004), Haraguchi and Takehisa (2002a), 

and Haraguchi et al. (2002b) have reported an increase in nanocomposite gel properties 

such as increased mechanical toughness and deformability and high heat resistance. They 

showed that nanocomposite gels have distinct and superior properties over non 

nanocomposite gels, which make them highly applicable in areas such as biomedical 

tissue-engineering, sensors, drug delivery systems, and mechanical devices such as 

artificial muscles and micro-actuators (Haraguchi and Takehisa, 2002a). Other 

improvements in product performance include higher modulus, increased heat resistance, 

decreased gas permeability and flammability, and increased biodegradability of 

biodegradable polymers (Ray and Okamoto, 2003).  

Li et al. (2004) have reported a polyacrylic acid/Attapulgite nanocomposite gel 

with excellent water absorbency (1000 g H2O/g) with potential applications in 

agricultural and horticultural industry. Monomer and crosslinker used were acrylic acid 

and N’N’-Methylenebisacrylamide respectively.  

A similar study was conducted by Weian et al. (2005) using 

polyacrylamide/attapulgite nanocomposite. Again, excellent swelling abilities in saline 
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solution was observed. Monomer and crosslinker used were acrylamide and N’N’-

Methylenebisacrylamide. These gels had potential application in agriculture.  

Lee and Chen (2004) conducted a study whereby a poly [acrylic acid-co-poly 

(ethylene glycol)] methyl ether acrylate/ hydrotalcite nano composite gel was tested as a 

successful bio adhesive for drug-carrier applications. Bio adhesive drug carriers adhere to 

the mucosal surfaces of the buccal cavity and skin and increase therapeutic efficiency. 

Monomers used in this study were acrylic acid and polyethylene glycol methyl ether 

acrylate. Crosslinker used was N’N’-Methylenebisacrylamide.  

Weian et al. (2005) published a work in 2005 which involved a nanocomposite 

hydrogel designed from acrylic acid and sodium-montmorillonite. Such nanocomposite 

gel exhibited higher thermal stability and higher swelling ratio than conventional 

hydrogel.  

In their study, Xia et al. (2003) observed that a poly N-

isopropylacrylamide/sodium-montmorillonite nanocomposite hydrogel showed improved 

performance. They observed that incorporating sodium-montmorillonite clay into the N-

isopropylacrylamide (PNIPAM) polymer network improved gel mechanical property. 

However, they also observed that increasing the clay concentration led to a decrease in 

the swelling ability of the gel. They argued that this decreasing swelling phenomenon is 

because the clay is physically entrapped inside the gel matrix rather than bond chemically 

to the gel. They also observed that PNIPAM is temperature sensitive and undergoes a 

volume phase transition. Above 34 
o
C, the gel shrinks and below this temperature, it 

swells. Such temperature sensitivity affords PNIPAM nanocomposite gels and their 

derivatives potential applications in controlled drug delivery, chemical separation, 

sensors, and actuators.  

Additionally, Liu et al. (2006) have observed that improving the mechanical 

strength of PNIPAM hydrogels can be achieved by incorporating Laponite XLS clay 

instead of sodium-montmorillonite. Laponite XLS allowed easier dispersibility of higher 

amounts of clay compared to sodium-montmorillonite. Tensile strengths of 1 MPa and 

elongation at break of 1400% were obtained. Such values have never been reported by 

any PNIPAM gels before. 
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Additional corroborations substantiating the improvement in material properties 

with nanoclays were presented by the Toyota research group (Okada et al., 1990). They 

observed that Nylon-6 (N6)/montmorillonite nano composite gel resulted in pronounced 

improvements in thermal and mechanical properties when very small amounts of clay 

loadings were used.   

Clays are attracting increased interests in polymer science research because of 

their high cation exchange capacities, surface area, surface reactivity, and adsorptive 

properties. Hectorite and montmorillonite are the most commonly smectite-type layered 

silicates employed in the preparation of nanocomposites. However, in their original state, 

these clays are very hydrophilic and will readily disperse in water but not in a polymer 

solution. Nevertheless, most monomers are highly hydrophilic and readily dissolve in 

water. So, the design of most nano composite hydrogels usually begin monomer and then 

convert the monomer to polymer by in-situ free radical polymerization. By so doing, the 

clay is able to properly disperse in the aqueous solution before polymerization takes 

place.   

If utilizing monomers is not desired, another solution to this problem is to alter 

the surface property of the clay to make it hydrophobic, enabling its dispersion in a 

polymer medium. The most commonly reported means of achieving this is by replacing 

the interlayer cations in the clay with quartenary ammonium or phosphonium salts (Liu et 

al., 2006). This enables the clay to dissolve in an organophilic polymer solution.   

Another issue worth mentioning in the preparation of clay nanocomposites is 

dispersibility. Clays naturally exist as tactoids, making dipersion by simple mixing very 

difficult. Without adequate clay dispersion, sandwiching of polymer chains between clay 

layers is practically impossible. This leads to the formation of a non-homogenous and 

incoherent gel. Thus, the success of any nanocomposite gel formation depends on proper 

clay dispersion. Figure 2.17 and Figure 2.18 (Koo and Pilato, 2003) depicts three 

scenarios that occur during clay mixing. Either the clays remain unmixed, are slightly 

separated (intercalated), or are completely separated (exfoliated).  As shown in Figure 

2.17, during intercalation, polymer chains are inserted in the clay layers in a regular 

fashion. During clay exfoliation, the individual clay layers are separated far apart.  

 



 

 

43 

Unmixed

D

Exfoliated

Intercalated

d

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17. Nanocomposite Clay Classification. 

 

 

 

 

 

 

 

 

 



 

 

44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18. Stepwise Mechanism of Clay Platelets Exfoliation during Melt 

Compounding. 

 

 

In an earlier work, Tongwa et al. (2013a) published a partially hydrolyzed 

polyacrylamide (HPAM)/ Laponite XLG clay nano composite gel that illustrates this. 

Small angle X-ray diffraction (XRD) was employed to determine the degree of clay 

exfoliation and determine polymer intercalation between clay layers (Figure 2.19). 



 

 

45 

Intercalated or exfoliated clay morphologies are usually identified by monitoring 

the position of the basal reflection in the clay nanomaterial. In an exfoliated 

nanocomposite, an extensive separation of layers occurs such that the basal reflection 

disappears. However in intercalated nanocomposites, a limited separation of layers occurs 

which results in a shift in basal reflection to a lower value. A d001 interplanar distance in 

Laponite XLG clay at 2θ = 7.4o was observed. After incorporation of polymer, 

intercalated morphologies were observed in nano composite gels XLG3-10, as is 

evidenced by the shift of 2θ to lower angles, which implies an increase in d spacing of 

clay (from Braggs equation; nλ = 2dsinθ). Complete exfoliation was observed for XLG1 

as evidenced by the absence of the basal peak. This is due perhaps to the lower clay 

concentration. Similar results have been published by Zolfaghari et al., 2006.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19. XRD Patterns for XLG Clay and Dried Gels (XLG1-10).  

 

 

 

 

In conclusion, nanocomposite hydrogels have superior performances over 

hydrogels without nanomaterials. As such, they are being studied for various 

applications, including agriculture, medicine, and cosmetics.   
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Also, it is observed from the above review that the synthesis of nanocomposite 

hydrogels employing a monomer/polymer, crosslinker, and nanoclay system is not a 

novelty. 

Therefore, we are quick to mention that the emphasis in the current dissertation is 

not in the synthesis of a novel nanocomposite gel, but in its application after 

nanocomposite gel degradation (Figure 2.20).  

Prior research with nanocomposite hydrogels focused on their 

applications/properties prior to gel degradation. This dissertation, however, focuses on 

the application/properties of nano composite gels after degradation. Thus the novelty in 

this dissertation is in product application after degradation, and not in product design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20. Progress in Gel Development for Conformance Control. 
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2.4. SUMMARY OF LITERATURE REVIEW 

 

In summary, the various gel treatments that have been used for addressing water 

shut-off and conformance control problems in mature reservoirs have been reviewed. 

Firstly, the different types of in-situ gel systems were studied at length and reasons why 

this technology was inadequate were also given. Problems such dehydration, lack of 

gelation time control, and possible damage to low permeability zones were advanced as 

reasons why in-situ gelation was unsatisfactory.  

Next preformed gels were also reviewed. Several of these were studied, including; 

partially preformed gels, colloidal dispersion gels, microgel, Bright Water, and preformed 

particle gels (PPG). Their synthesis, application conditions, and their limitations were 

thoroughly reviewed. 

Lastly, progress was made by looking at nanocomposite gels, which have superior 

properties and performance than preformed gels. It was emphasized that these 

nanocomposite gels have been used in many industry sectors, such as agriculture, 

medicine, cosmetics, and even enhanced oil recovery (Bai et al., 2004).  

However, in all these applications, pre-degradation properties of nanocomposite 

gel were of concern. Prior research with nanocomposite hydrogels focused on their 

applications/properties before gel degradation, such as their water retention, swelling 

ability, and other properties. 

The current dissertation, however, focuses on the application/properties of nano 

composite gels after degradation, such as post-degradation gel viscosity. Thus, the 

novelty in this dissertation is in product application after degradation, and not in product 

design, which to the best of our knowledge, has not been explored before. 
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3. EXPERIMENTAL DESCRIPTION AND METHODOLOGY 

3.1. MATERIALS 

 

Three types of clay nanomaterials were employed in this study: Laponite XLG 

(LXLG), Calcium Montmorillonite (Ca
2+

 MMT), and Sodium Montmorillonite (Na
+
 

MMT).  All three clay types were received with courtesy from Southern Clay Products 

(SCP) Inc. Laponite XLG was received as white granular powder. Na+ MMT and Ca
2+

 

MMT were received as light brown and dark brown granular powder respectively. Figure 

3.1 shows the unit cell structures of these three clay nanomaterials and Table 3.1 shows 

their cost.  

Monomers utilized in this study are acrylamide (AM), acrylic acid (AA), and 2-

acrylamido-2-methylpropane sulfonic acid sodium salt (AMPS). Acrylamide (98.5+%) 

was purchased from Alfa Aesar Company (Ward Hill, MA) as a white granular solid and 

is completely water soluble. It was used as received.  Acrylic acid (anhydrous) was 

purchased from Sigma Aldrich Company, 99% and contained 180-200 ppm MEHQ as 

inhibitor. AMPS was received with courtesy from Lubrizol Company as a white 

crystalline solid with 90 – 100 % by weight. Figure 3.2 shows the chemical structure of 

the monomers.  

Initiator used in this study is Ammonium persulfate (APS) obtained from Sigma-

Aldrich. Crosslinkers utilized in study include; polyethylene glycol diacrylate (molecular 

weights 200 – 3400), polyethylene glycol dimethacrylate (molecular weights 200 -600) 

and was purchased from commercial companies and used as received. NaCl (99.8%) was 

purchased from Fisher Scientific Inc. and used as received. Distilled water was used for 

the synthesis and swelling experiments. Formation water was prepared for the swelling 

experiments as explained in the formula listed in Table 3.2. 
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Figure 3.1. Unit Cell Structures of The Different Nanomaterials Studied (a). Single 

Laponite Crystal and Unit Cell Structure of Laponite Layered Silicate (available online at 

www.scprod.com). (b) Unit Cell Structure of Sodium and Calcium Montmorillonite.  
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 Table 3.1. Cost of Nanomaterials Studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Molecular Structures of Compounds Used in Study. 

 

 

Type of Nanomaterial Cost 

Laponite XLG $19.0/Kilogram ($8.64/lb) 

Calcium Montmorillonite $0.32/lb 

Sodium Montmorillonite $4.0/lb 
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Table 3.2. Formation Water Formula for Simulating Daqing Oilfield Water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. GEL SYNTHESIS AND FABRICATION 

 

Nanocomposite gels were synthesized via free-radical crosslinking 

polymerization. The nanomaterial concentration is in the range of 0.2% to 5%. 

Nanomaterials used were nanoclays; Laponite XLG, Calcium montmorillonite, and 

Sodium montmorillonite. In general, the monomer concentration is in the range of 23-

30% with the crosslinker concentration from  redox initiation system, ammonium 

persulfate ((NH4)2S2O8, APS) was employed to polymerize the monomer solutions of 

AM and AMPS. The pH of the solution was kept at neutral pH 7.  

The following is one example to illustrate the synthesis process for 

nanocomposite gels. First, 30 g of acrylamide was dissolved in 100 g of distilled water in 

a double-necked flat-bottomed reactor equipped with inlet and outlet tubes for nitrogen 

gas. The mixture was stirred at room temperature for 10 minutes. Then 3% (3.9g) of 

Laponite XLG was added to the solution and stirred vigorously overnight to ensure 

complete exfoliation of clay nanomaterial. Then, 10,000 ppm of the labile crosslinker 

Salt Name Formula Grams 

Sodium Chloride NaCl 13.200 

Sodium Bicarbonate NaHCO3 2.670 

Sodium Sulfate Na2SO4 0.690 

Potassium Chloride KCl 0.282 

Calcium Chloride Dihydrate CaCl2•2H2O 1.053 

Magnesium Chloride 

Hexahydrate 
MgCl2•6H2O 1.005 

Distilled Water H2O 2981.1 

Total Solids Dissolved TDS 18.900 

Adjust the brine pH to 7.30 
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PEG-200 was added to the mixture and stirred for 10 minutes. The mixed solution was 

then purged with nitrogen gas for 30 minutes before 100 ppm of APS ((NH4)2S2O8) was 

added to the solution. This resulting solution was kept for 10 hours at 55°C in a water 

bath to ensure complete polymerization.  

A strong and elastic bulk gel was formed and cut into small pieces (Figure 3.3). It 

was then purified by soaking in a large amount of distilled water for three days to remove 

any unreacted monomers and additives, followed by being put in an oven at 60°C until 

the weight could not change any more. The dried gel solids were crushed into very small 

particle sizes, called preformed particle gels (nano PPGs), by blending in a blender 

machine (Black & Decker). Nano PPGs with the particle size between 80-100 mesh 

(180µm-250µm) were selected through the standard testing sieves (Fisher Scientific 

Company) for further characterization and evaluation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Nanocomposite Preformed Particle Gel Synthesis and Fabrication. 
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3.3. METHODS OF NANOCOMPOSITE PREFORMED PARTICLE GEL 

EVALUATION 

 

3.3.1. Evaluation of Nanocomposite Preformed Particle Gel Before 

Degradation.  After nanocomposite PPG was synthesized, several properties of   

the gel were evaluated before it underwent degradation at elevated temperatures. 

3.3.1.1 Swelling kinetics.  The essence of swelling measurements is to   

ascertain the maximum swelling capacity of nanocomposite PPG in order to determine its 

ability to swell and plug reservoir fractures and high permeability matrices. Also, 

measuring swelling kinetics at room temperature enables us to establish the mixing time 

before pumping the gel solution into the formation at room temperature.  Such 

information is also needed to aid in the selection of the PPG product best suited for a 

specific field application in regard to its formation temperature. Swelling studies were 

carried out with dried and ground PPGs by immersing 0.5 grams of the dry particles in 

1% NaCl brine and formation water respectively. This was to study the effects of 

different salinity concentrations on gel swelling behavior. Furthermore, swelling was also 

carried out at 45oC, 60oC, and 80oC to study the effects of temperature on swelling 

behavior. The swelling ratio of the gels was calculated from the following equation: 

Swelling Ratio = Vs/Vi 

Where, Vi is the volume of dry gel and Vs is the volume of swollen gel. 

3.3.1.2 Gel rheology test.  The rheological properties of hydrogels were 

measured using a Haake RheoScope RO1 version 3.61.0000 from Thermo Scientific 

(Figure 3.4). The sensor used for all measurements was PP20 with a gap of 2 mm. The 

samples were cut into dimensions of 20 mm (L) x 20 mm (W) x 2.5 mm (D). The 

measurements were set as an oscillation model and frequency experiments were first 

performed in the range of 1-15 Hz in order to establish the extent of the linear 

viscoelastic region. Based on the data, all subsequent oscillation time-dependent 

experiments were performed at a fixed frequency of 1 Hz and controlled stress (CS) of 

1.0 Pa to obtain the values of G´ and G´´ as a function of time. All runs were repeated at 

least three times. 

It is very important to know how far the gel can be stretched or deformed before it 

breaks; if the gel’s elastic character dominates over its viscous nature; and how the gel’s 
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properties vary with composition, temperature, and strain. Therefore, several tests were 

carried out to determine these rheological properties, including the gel’s elastic (G´) and 

viscous (G´´) moduli over time and strain. The measurements of the elastic (G´) and 

viscous (G´´) moduli over strain were tested with a fixed frequency at 1 Hz and the strain 

varied from 0.1% to 2000%.  

A gel-strength code was also used to access the gel both as it was synthesized and 

after swelling (Sydansk and Argabright 1987; Sydansk 1988): 

A. No detectable gel formed: The gel appears as a polymer solution and no gel is 

visually detectable. 

B. Highly flowing gel: The gel appears to be only viscous. 

C.  Flowing gel: Most of the obviously detectable gel flows to the top of the vial 

upon inversion. 

D.  Moderately flowing gel: Only a small portion (about 5 to 15%) of the gel does not 

readily flow to the top of the vial upon inversion—usually characterized as a 

tonguing gel (i.e., after hanging out of the jar, the gel can be made to flow back 

into the bottle by slowly turning the bottle upright). 

E.  Barely flowing gel: The gel can barely flow to the top of the vial and/or a 

significant portion (> 15%) of the gel does not flow upon inversion. 

F.  Highly deformable nonflowing gel: The gel flows about halfway down the vial 

upon inversion. 

G.  Moderately deformable nonflowing gel: The gel does not flow to the top of the 

vial upon inversion. 

H.  Slightly deformable nonflowing gel: The gel surface only 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. 
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Figure 3.4. Haake Rheoscope Setup Used to Measure Rheology of Gel. 

 

 

3.3.1.3 Thermostability test.  The reason for the thermostability test is to 

determine how long nanocomposite PPG takes to degrade under simulated reservoir 

conditions. Knowing the duration of thermal degradation indicates how long 

nanocomposite PPG will function as a plugging material, after which it will degrade into 

viscous polymer solution which will then move deeper into reservoir and augment 

polymer flooding. 

Thermostability tests were carried out in the key apparatus shown in Figure 3.5. 

10,000 ppm; 5,000 ppm, and 1,000 ppm gel concentrations were prepared. For 

10,000ppm gel concentration, 11.88 grams brine (1.0 weight percent NaCl) solution was 

added into an ampoule containing 0.12 grams of dry particle gels.  Likewise, for 5000 

ppm gel concentration, 11.94 grams of 1% brine were added into an ampoule containing 

0.06 grams of gel. For 1,000 ppm gel concentration, 0.012 grams of gel and 11.988 grams 

of 1% brine were used. Therefore, the total solution volume was set at 12 grams total for 

each ampoule.   

The ampoules were placed one at a time into the manifold. The valves were 

closed and a vacuum pump was started. After the ampoules have been attached to the 

manifold, each valve was slowly opened one at a time. This was to minimize any rush of 
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liquid or gas out of the ampoule into the manifold. The vacuum pump continued to run at 

-25 psi for about half an hour to remove the dissolved gases in the liquid sample, 

including any trace of dissolved oxygen that might have remained in the sample. Next, 

the ampoules were flame sealed in place. The sealed ampoules were weighed using an 

analytical balance with an accuracy of 0.0001 grams, and then were placed in an oven 

and aged at 45°C, 60°C and 80°C (Figure 3.6).  

After the specified aging times, one ampoule was taken out of the oven and 

cooled to room temperature.   This ampoule was reweighed to confirm that there had 

been no leakage of any solution. If the weight loss was about 0.001 grams or more, there 

was possible leakage with this ampoule. In that case another ampoule would be used for a 

post-aging measurement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Manifold Used to Seal Ampoule during Thermostability Measurement.   
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Figure 3.6. Different Ovens Used to Evaluate Longterm Thermal Stability of Gel at 45
o
C, 

60 
o
C, and 80 

o
C. 

 

 

 

3.3.1.4 Environmental scanning electron microscopy evaluation.   

Environmental Scanning Electron Microscopy (ESEM) studies were employed to study 

the porous network structure of the gel. This gives information about pore-

interconnectivity and swelling propensity. After the particle gels were completely 

swollen in brine, ESEM was used to examine the surface morphology of the swollen 

particle gel. Swollen nanocomposite PPG samples were mounted on metal stubs at a low 

vacuum degree (4.6 Torr), and a relatively low temperature (near 0°C). The samples first 

underwent a freeze process in the chamber of an FEI Quanta 600 FEG extended vacuum 

scanning electron microscope. To emphasize the gel microstructure, the following ESEM 

imaging protocol was followed: the temperature and pressure were decreased 

simultaneously from 0°C and 4.6 Torr to -5°C and 2-3 Torr, thereby freezing the sample; 

the temperature was then allowed to rise to 20°C with a rate of 2°C/minute at 2-3 Torr 

pressure to sublimate water from the sample at a relative humidity of 12.5%. 
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3.3.2. Evaluation of Nanocomposite Preformed Particle Gel After 

Degradation.  After the nanocomposite PPGs degraded under simulated reservoir  

conditions, several properties of the degraded gels were evaluated. 

3.3.2.1 Viscosity measurements.  The viscosity of nanocomposite PPG after 

thermal degradation was measured. After an extended time period, gel degrades into a 

viscous polymer solution. This viscous polymer solution will then move into deeper 

regions of the reservoir to increase the viscosity of the flood water and boost polymer 

flooding process. Thus the higher the post-degradation gel viscosity, the better its ability 

to improve polymer flooding process. The viscosity of the solution was measured at 

45°C, 60°C, and 80°C with the Brookfield viscometer with a shear rate of 6 RPM using 

an #18 or #34 spindle as shown in Figure 3.7. The viscosity measured at 6 RPM was 

recorded as the reported value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Brookfield Viscometer Model DV II+ for Measuring Post-degradation Gel 

Viscosity. 
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3.3.2.2 Gel rheology test.  Gel strength measurements after degradation were  

done to determine the post-degraded gel strength. The same procedure described in prior 

section (for pre-degraded gel) was employed. 

3.3.2.3 Environmental scanning electron microscopy and optical microscopy 

measurements.  Optical microscopy and ESEM studies were used to determine  

the sizes of the post-degraded gel solution. The essence of this study is to evaluate the 

porous network structure of the gel after degradation. This gives information about pore-

interconnectivity and swelling tendencies. Author postulates that the gels degrade from 

their original large millimeter sizes to a viscous polymer solution.  
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4. FACTORS AFFECTING NANOCOMPOSITE PREFORMED PARTICLE GEL 

PROPERTIES 

Nanocomposite preformed particle gels were synthesized by a multi-component 

reaction that involves monomer, initiator, crosslinker, and nano material all in a single 

reaction flask.  The reaction starts with a stepwise process that involves conversion of 

monomer to polymer, and thereafter crosslinking of polymer to obtain bulk nano gels 

(Figure 4.1). The nano particle serves as a filler material, to re-enforce the properties 

(strength) of the gel, thus, the name nanocomposite gel or re-enforced particle gel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Synthesis of Nanocomposite Preformed Particle Gel. 
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Conversion of monomer to polymer is by a free-radical, redox-initiated and 

redox-propagated reaction. Free radicals are induced by the action of heat. At elevated 

temperatures, initiator π-π single bond dissociates and release free-radicals which attack 

neutral monomer molecules, leading to a polymerization (extension) of the polymer 

chain. Chain termination is by reaction of two free radicals (Figure 4.2). Crosslinking of 

formed polymer chains is by the formation of junction points between two or more 

polymer chains at different points along polymer chain length, leading to a 3-dimensional 

gel structure.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Mechanism of Acrylamide Polymerization Using Ammonium Persulfate. 
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iii. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Mechanism of Acrylamide Polymerization Using Ammonium Persulfate. 

(Cont.) 
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Several factors affect the processes of polymerization and crosslinking, and 

therefore the properties of the synthesized nano-composite gel. Temperature, monomer, 

crosslinker, and initiator concentrations all play significant roles in gel formation and 

hence gel properties. Therefore, it is necessary to study these. 

 

 

4.1. EFFECT OF TEMPERATURE ON GEL PROPERTIES 

 

Temperature has a significant effect on the rate of polymerization, and hence the 

rate of gel formation. In studying the effect of temperature on gelation, all other reactants 

were kept constant. Synthesis temperature was the only variable. Synthesis temperature 

was varied between 25
o
C and 65

o
C in 10 degrees increment. Monomer (acrylamide) 

concentration was kept constant at 23%. Nanoclay (Laponite XLG) concentration was 

kept constant at 2%. The initiator (ammonium persulfate) and crosslinker (PEG-200-DA) 

concentrations were fixed at 100 ppm and 250 ppm respectively.   

Gel formation time and gel strengths are presented in Table 4.1 and Figure 4.3. It 

is clearly observed from these that the higher the temperature, the faster the gel 

formation, and the stronger the gels. The rate of initiator dissociation is dependent chiefly 

on solution temperature. As temperature increases, more initiators dissociate into free 

radicals and react with monomers, leading to an increase in polymer chain propagation 

and crosslinking. Thus stronger gels are formed.  

However, at lower temperatures (almost ambient conditions of 25
o
C and 35

o
C), 

initiator dissociation rate is very slow and polymerization and crosslinking takes several 

months. Gels formed are very weak and easily deformable (Figure 4.4 and Figure 4.5). 

This result is further corroborated by Figure 4.6 in which the difference between G´ and 

G´´ increases progressively, signifying an increase in gel strength with increasing 

temperature. 
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Table 4.1. Effect of Temperature on Gelation Time and Gel Strength of Synthesized Gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Effect of Temperature on Gel Formation Time.  

 

 

 

   

 

 

Sample 

# 

Crossli

nker 

(ppm) 

Mon

omer 

(%) 

Initiator 

(ppm) 

Temp. 

(
o
C) 

Gelation 

time (hrs) 

G´, 

Pa 

G´´, 

Pa 

Sydansk’s 

gel 

strength 

code  

PPG-25 250 23 100 25 2232 200 20 D 

PPG-35 250 23 100 35 80 240 26 F 

PPG-45 250 23 100 45 15 3250 400 I 

PPG-55 250 23 100 55 5 4500 710 I 

PPG-65 250 23 100 65 4 7065 1150 I 
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Figure 4.4. Elastic Modulus Increases with Increasing Temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Variation of Gel’s Elastic Strength with Time. 
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Figure 4.6. Variation of Elastic and Viscous Modulus with Angular Frequency for 

Sample Synthesized at 45 
o
C. 

 

 

 

4.2. EFFECT OF CROSSLINKER ON GEL PROPERTIES 

 

In studying the effect of crosslinker on gel properties, all other reactants were held 

constant and only crosslinker (PEG-200-DA) concentrations were varied. Monomer 

(acrylamide) concentration was constant throughout at 23%. Synthesis temperature was 

fixed at 45
o
C while initiator (ammonium persulfate) concentration was kept constant at 

100 ppm (Table 4.2).  

Up till 1000 ppm crosslinker concentration, gel formation time is observed to 

decrease with increase in crosslinker concentration. However, above a crosslinker 

concentration of 1000 ppm, gelation time starts to increase (Figure 4.7). Similarly, up till 

1000 ppm of crosslinker concentration, gel strength increases with crosslinker 

concentration. However, above a crosslinker concentration of 1000 ppm, gel strength 

starts to decrease (Figure 4.8).  

The increase in gel strength with increasing crosslinker concentration is due to an 

increase in active crosslink points along the polymer chain. As crosslinker concentration 

increases, more and more junction points are formed leading to an increase in gel 

network density and hence higher gel strength. However, above the threshold crosslinker 
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concentration of 1000 ppm, excessive crosslinker presence in solution causes 

spontaneous and sporadic crosslinking of shorter or incompletely formed polymer chains, 

leading to a less dense network structure and hence a decrease in gel strength. Therefore, 

under current synthetic conditions, the range of crosslinker concentration is 

recommended to be below 1000 ppm. 

 

 

Table 4.2. Effect of Crosslinker on Gelation Time and Gel Strength of Synthesized Gels. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Effect of Crosslinker Concentration on Gel Formation Time. 

 

Sample 

# 

Crosslinker 

(ppm) 

Monomer 

(%) 

Initiator 

(ppm) 

Temp. 

(
o
C) 

Gelation 

time 

(mins) 

G´ 

(Pa) 

G´´ 

(Pa) 

Sydansk

’s Gel 

strength 

code  

PPG-

250 

250 23 100 45 170 1400 350 I 

PPG-

500 

500 23 100 45 125 1430 210 I 

PPG-

1000 

1000 23 100 45 125 3400 700 I 

PPG-

1500 

1500 23 100 45 125 2550 380 I 

PPG-

3000 

3000 23 100 45 145 1500 200 I 



 

 

68 

(a) 

(b) 

0

500

1000

1500

2000

2500

3000

3500

4000

0 50 100 150 200

G
' (

P
a)

 

Time, (seconds) 

250 ppm

500 ppm

1000 ppm

1500 ppm

3000 ppm

0

100

200

300

400

500

600

700

800

0 50 100 150 200

G
" 

(P
a)

 

Time, (seconds) 

250 ppm

500 ppm

1000 ppm

1500 ppm

3000 ppm

(c) 

0

500

1000

1500

2000

2500

3000

3500

4000

0 500 1000 1500 2000 2500 3000 3500

M
o

d
u

lu
s,

 (
P

a)
 

Crosslinker concentration (ppm) 

G'

G"

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8.Variation of Crosslinker Concentration with Gel’s Elastic (G´) and Viscous 

Modulus (G´´), and When Combined Respectively. 
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Equations 1 and 2 below, postulated by Wang, 2008 was used to calculate the 

theoretical estimate of the molecular weight of the polymer chain and the number of 

acrylamide units between crosslink junction points. Table 4.3 presents the calculated 

molecular weight of an average polymer chain (M) linking two crosslink junction points, 

and also the number of acrylamide units (# AM) that exist between each crosslink 

junction in the gel. It is observed from Table 4.3 that increase in crosslinker concentration 

up to an amount of 1000 ppm leads to a decrease in average molecular weight of polymer 

chain between crosslink points and a corresponding increase in gel strength, G´. 

However, above 1000 ppm crosslinker concentration, the molecular weight of the 

polymer chain between two crosslink points increases and gel strength starts to decrease. 

 

 

G´ = nRT  …………………………….1 

 

 

 

M = [AM]/n   ……………………………..2   

 

 

Where; 

 n = the number of active polymer chain per unit volume (mol/m
3
) 

  R = the gas constant (8.31 J/(mol K)) 

G´ = the plateau value of the elastic modulus G´  

n = number of active junctions 

[AM] = acrylamide concentration 
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Table 4.3. Calculation of the Molecular Weight of the Polymer Chain from 

Polyacrylamide Gel Crosslinked with PEG-200-DA. 

 

 

 

 

 

 

 

 

 

 

 

 

A plausible explanation for this is that as crosslinker concentration increases, 

more crosslink points are formed along the polymer chain, accounting for the decrease in 

inter-crosslink junction distance and a higher strength of the gel. However, above the 

threshold crosslinker concentration of 1000 ppm, the inter-crosslink junction distance 

increases, and gel strength starts to decrease. A possible explanation for the decrease in 

gel strength above 1000 ppm is the occurrence of chain transfer reactions, leading to 

impromptu termination of polymerization reaction. 

 

 

4.3. EFFECT OF INITIATOR ON GEL PROPERTIES 

 

In order to evaluate the effect of initiator concentration on gelation kinetics, 

several experiments were run in which the temperature, monomer, and crosslinker 

concentrations were constant. Only initiator concentrations were varied. Temperature was 

constant at 60 
o
C, while monomer and crosslinker concentrations were fixed at 23% and 

250 ppm respectively. Initiator concentration was varied between 50 ppm and 1000 ppm.   

An obvious relationship between initiator concentration and gelation time is 

observed in Table 4.4 and Figure 4.9. As clearly seen, gel formation time decreases 

Sample # 

Crosslinker 

(ppm) 
G´ 

(Pa) 

T 

(
o
C) 

T 

(K) 

AM 

conc. 

(g/ml) 

n 

(mol/ml) 

M 

(g/mol) 

PPG-250 250 1400 45 318 0.3 0.5297 0.566 

PPG-500 500 1430 45 318 0.3 0.5411 0.554 

PPG-1000 1000 3400 45 318 0.3 1.2866 0.233 

PPG-1500 1500 2550 45 318 0.3 0.9649 0.311 

PPG-3000 3000 1500 45 318 0.3 0.5676 0.529 
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exponentially with increasing initiator concentration. This is easily explained. More 

initiators mean more free radicals. As concentration of initiators increase, more initiators 

are cleaved into free radicals, leading to a higher presence of free radicals in solution, 

thereby facilitating polymerization of monomers and subsequent crosslinking to form gel.  

 

 

Table 4.4. Effect of Initiator on Gelation Time and Gel Strength of Synthesized Gels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Effect of Initiator on Gel Formation Time. 

Samp

le # 

Crossli

nker 

(ppm) 

Monom

er 

(%) 

Initiat

or 

(ppm) 

Temp 

(
o
C) 

Gelatio

n time 

(hours) 

G´,Pa G´´, 

Pa 

Sydans

k’s gel 

strengt

h code  

PPG-

50 

250 23 50 60 24.5 2000 250 J 

PPG-

100 

250 23 100 60 10.5 18000 2700 I 

PPG-

200 

250 23 200 60 5.17 12000 2000 I 

PPG-

400 

250 23 400 60 2.5 6000 1000 I 

PPG-

1000 

250 23 1000 60 1.5 4000 650 I 
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However, a slightly different trend is observed between initiator concentration 

and gel strength. From 50 ppm to 100 ppm initiator concentration, gel strength increased 

dramatically from 2000 Pa to 18000 Pa (Figure 4.10). However, above 100 ppm, gel 

strength starts to decrease. A plausible explanation for this observation is that as initiator 

concentration increased from 50 ppm to 100 ppm, the right amount of free radicals are 

released which attack monomer units and form long polymer chains. Subsequent 

crosslinking of polymer chains along several junction points forms a dense network 

structure with a high gel strength. However, above 100 ppm initiator concentration, 

excess amount of free radicals released leads to the formation of progressively shorter 

polymer chains with increasing initiator concentration. Crosslinking of such shorter 

polymer chains leads to a progressive decline in gel strength.  Thus to obtain optimal gel 

strength, initiator concentration is recommended to be below 100 ppm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Variation of Gel’s Elastic Modulus with Time for Samples Prepared with 

Initiator Concentrations Ranging from 50 ppm to 1000 ppm shown in (a) and (b).  
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4.4. EFFECT OF MONOMER ON GEL PROPERTIES 

 

The amount of monomer in solution has a significant role to play in the process of 

polymerization and subsequently crosslinking. In order to study the effect of monomer 

concentration on polymerization and subsequently gel formation, all other reactants were 

kept constant. Monomer concentration was the only variable. Monomer concentration 

was varied between 5% and 40%. Synthesis temperature was kept constant at 60 
o
C. 

Nanoclay (Laponite XLG) concentration was kept constant at 2%. The initiator 

(ammonium persulfate) and crosslinker (PEG-200) concentrations were fixed at 100 ppm 

and 250 ppm, respectively.   

Table 4.5 presents a summary of the parameters employed in the experimental 

setup, while Figure 4.11 presents the variation of monomer concentration and gelation 

time. It is observed from Figure 4.11 that gel formation time decreases as monomer 

concentration increases. This is logical because as monomer concentration in solution 

increases, free radicals can easily attack readily available monomer molecules, speeding 

up the chain propagation stage. The contrary is equally true. When monomer 

concentration is low, the frequency of free radical - monomer reaction decreases, since 

monomer molecules are not readily available in solution. Thus polymerization and 

subsequently gel formation time is increased.   

 

  

Table 4.5. Effect of Monomer Concentration on Gelation Time and Gel Strength of 

Synthesized Gels. 

 

 

Sample 

# 

Crosslink

er 

(ppm) 

Monomer 

(%) 

Initiator 

(ppm) 

Temp. 

(
o
C) 

Gelation 

time 

(hours) 

G´ 

(Pa) 

G´´ 

(Pa) 

Sydank’s 

Gel 

strength 

code  

PPG-5 250 5 100 60 6.92 850 125 H 

PPG-10 250 10 100 60 6.67 700 100 H 

PPG-15 250 15 100 60 6.25 480 80 I 

PPG-23 250 23 100 60 3.75 1600 210 I 

PPG-30 250 30 100 60 3.75 1550 180 I 

PPG-40 250 40 100 60 3.75 5500 480 I 
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Figure 4.11. Effect of Monomer Concentration on Gel Formation Time. 

 

 

Figure 4.12 presents the variation of gel strength with monomer concentration. It 

is observed that below 15% monomer concentration, a highly flowable gel is formed. 

This is due to the insufficient monomer molecules available to form the polymer 

backbone. The weak and liquid-like nature of gels formed below 15% monomer 

concentration is what accounts for the inconsistent values in elastic modulus. However, 

above 15% monomer concentration, because of sufficient availability of monomer 

molecules, a longer polymer chain backbone is formed, leading to the formation of 

stronger gels and a progressive increase in elastic moduli with monomer concentration.   

 

 

 

 

 

 

 

 

 

Figure 4.12. Effect of Monomer Concentration on Gel’s Elastic Modulus, G’. 
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 Figure 4.13 present the elastic (G´) and viscous (G´´) modulus of gels prepared 

with 5% - 40% monomer concentration. All samples were freshly prepared and 

immediately loaded onto the rheoscope for the testing of gel strength.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13.Variation of Gel’s Elastic and Viscous Moduli with Time for Samples 

Prepared with Monomer Concentrations Ranging from 5% to 40%, Shown in (a) and (b) 

Respectively. 
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5. RESULTS AND DISCUSSION: DEGRADABLE NANOCOMPOSITE 

PREFORMED PARTICLE GEL AS MOBILITY CONTROL AGENT 

This section presents results on the first product: Degradable Nanocomposite 

Preformed Particle Gels for enhanced in-depth mobility control. In Section six, the results 

of the second product, preformed gels as permanent fluid-diverting agents will be 

presented. 

This first product presented is an extension of existing preformed gel technology 

by the incorporation of nanomaterials in gel design for improved mobility control. A 

degradable nanocomposite Preformed Particle Gel is proposed, called nanocomposite 

PPG, which involves the incorporation of nanoclay in it. The incorporation of 

nanomaterials not only overcomes prior limitations of conventional preformed gels such 

as poor long-term thermal stability and inadequate mechanical strength, but results in 

improvement in gel performance and properties to withstand adverse and extreme 

reservoir conditions, and also in improvement in post-degradation gel viscosity after the 

gel degrades under reservoir conditions. The novelty of this work involves a dramatic 

increase in post-degradation gel viscosity compared to currently existing gels without 

nanomaterials (Jia, 2011). 

This product, when injected into the reservoir, will initially act as a conformance 

control agent by plugging water-thief zones and channels, thereby directing injected 

water to sweep out oil from low permeability oil-rich zones. After an extended time 

period, this product degrades into a highly viscous polymer solution which then moves 

deeper into the reservoir, mixes with flood water, and increases its viscosity. By so doing, 

the water and polymer flooding processes is enhanced since water sweep efficiency 

increases, increasing oil production. Therefore, the viscosity of the gel after it degrades is 

of key concern (Figure 5.1). 

The general scheme of this first product includes the following processes: 1) 

preparing crosslinked nanocomposite PPGs with a predetermined size, 2) dispersing the 

nanocomposite PPGs into a brine solution to form swelled PPGs, 3) injecting the swelled 

nanocomposite PPGs into the target reservoir, 4) the usual treatment after PPGs injection 

such as water flooding, polymer flooding or SP flooding etc is performed to improve oil 
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recovery by reducing excess water production, and 5) after a certain time period, the 

injected nanocomposite PPG decomposes through hydrolysis induced by heat into a high 

viscosity linear polymer solution for the secondary polymer flooding to further enhance 

oil recovery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Degradable Nanocomposite Preformed Particle Gel for Improved Mobility 

Control and Effective Volumetric Sweep Efficiencies in Heterogeneous Reservoirs.  

 

 

 

Three different types of nanocomposite gels were made using three different types 

of nanomaterials. The nanomaterials used in this study include: Laponite XLG, Calcium 

Montmorillonite, and Sodium Montmorillonite. The reason for trying out different 

nanomaterials was so that we could choose that which has the best performance.  

Water 

 

 

High permeability 

water-flooded zones 

    Low permeability zone 

    Un-swept oil 

Water 

(c) 

(b) 

(a) 

  

 

Viscous polymer solution 

 

 

    Low permeability zone 

    Un-swept oil 

 

 (a) Initially, excess water production 

exists from fractures or high permeability 

zones of reservoir. 

  

 

   

(b) On initial injection into reservoir, 

nanocomposite PPG serves to plug high 

permeability near well-bore zones, 

diverting injected water to sweep out oil 

from low permeability region. 

  

  

(c) After an extended time period, 

nanocomposite PPG degrades into highly 

viscous polymer solution that moves into 

deeper regions of reservoir to increase the 

viscosity of flood water and hence boost 

polymer flooding. Oil production is thus 

increased. 

  

  

  

  

  

  

(b) On initial injection into reservoir, 

novel nano-PPG serves to plug 

high permeability near well-bore 

zones, diverting injected water to 

sweep out oil from low 

permeability region. 

  

  

  

  

  

After an extended time period, nano 
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A detailed side-by-side comparison of currently existing and novel 

nanocomposite hydrogels reveals that the latter far supercedes existing hydrogels in terms 

of product performance and usefulness. A summary of the results obtained for the three 

different studies is presented below.   

 

 

5.1. EVALUATION OF DEGRADABLE NANOCOMPOSITE PREFORMED 

PARTICLE GEL WITH LAPONITE XLG AS NANOMATERIAL (LXLG 

NANOCOMPOSITE PPG) 

 

5.1.1. Improvement in LXLG Nanocomposite PPG Properties with 

Incorporation of Nanomaterials.  The following properties were studied: 

5.1.1.1 Increased mechanical strength.  The rheology behavior of LXLG 

nanocomposite hydrogels and hydrogels with no nanomaterial were studied. The 

mechanical strength of a gel often can be estimated by its viscoelastic properties such as 

elastic modulus (G´). The variation in elastic modulus (G´) with time for LXLG 

nanocomposite hydrogel with 0.2%, 0.6%, and 3% nanomaterial is presented in Figure 

5.2 and is compared against hydrogel without nanomaterial. It is observed from Figure 

5.2 that the elastic modulus significantly increases with increasing nanomaterial 

concentration. The elastic modulus of hydrogel with no nanomaterial is at lowest value of 

800 Pa. Clearly, an increase in gel strength is observed as LXLG nanomaterial is 

introduced. 

Additionally, measurements were done for both dry gels and for gels swollen in 

1% NaCl solution (hydrogels were swollen until they could rise no further). The reason 

for this measurement was to ascertain by how much gel strength decreased after gel 

swelled. Results indicate that after swelling, gel strength decreased by 1.8% for gels 

containing 0.2% LXLG nanomaterial, by 11.1% for gels containing 0.6% LXLG 

nanomaterial, and by 5.6% for gels containing 3% LXLG nanomaterial. For gels with no 

nanomaterial, gel strength decreased by 11.8% after swelling. As gels absorb water, their 

crosslink density decreases, hence they swell. Hydrogel without nanomaterial swelled the 

most, since it has no re-enforcing crosslink network provided by the addition of 

nanomaterial. As expected, 3% LXLG hydrogel with the most amount of nanomaterial 
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swelled the least. The additional crosslink networks provided by the higher nanomaterial 

concentration resisted excessive swelling.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. An Obvious Improvement in Hydrogel Mechanical Strength is Observed 

between Gels with LXLG Nanomaterials and Those without Nanomaterials. 

 

 

5.1.1.2 Increased swelling and thermal resistance.  (I) Swelling kinetics and  

thermal resistance in presence of air: Once injected downhole into fractures or high 

permeability streaks, the longterm thermal stability of hydrogels to continuously seal 

fractures under adverse reservoir conditions is important. Without longterm endurance, 

gels rapidly degrade, leading to a re-opening of an already sealed fracture, thus re-

creating a water-thief channel. 

Therefore, ensuring hydrogels can adequately seal fractures over a prolonged 

period of time is paramount. Longterm thermal testing was done both under aerobic (in 

presence of oxygen) and anaerobic (under vacuum, in absence of oxygen) conditions. 

Aerobic oxidation in presence of oxygen causes gel to degrade much faster. Therefore, it 

was necessary to remove oxygen in the sample in order to avoid premature gel 

breakdown. This practice also simulates downhole reservoir environment where oxygen 

concentration is minimal. Furthermore, testing was done using both brine and formation 
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water respectively as the solvent. Additionally, testing was done at three different 

temperatures: 45
o
C, 60 

o
C, and 85 

o
C so as to mimic different reservoir temperatures. 

Figures 5.3a-f present longterm testing in aerobic conditions using both 1% brine 

and formation water. All Samples were synthesized using 23% acrylamide monomer, 100 

ppm ammonium persulfate initiator, and 250 ppm to 10000 ppm of polyethylene glycol 

diacrylate crosslinker depending on nanomaterial concentration. As nanomaterial 

concentration increases, crosslinker concentration was increased. This is because, when 

nanomaterial concentration was increased, gel did not form, implying that the crosslinker 

was absorbed or adsorbed by nanomaterial. Thus as we increased nanomaterial amount, 

we likewise increased crosslinker amount to ensure sufficient crosslinkers existed in 

solution to afford crosslinking and gel formation. As is clearly seen from Figure 5.3a-f, 

hydrogels with no nanomaterial rapidly degraded within days whereas for hydrogels with 

0.2% LXLG, 0.6% LXLG, and 3% LXLG nanomaterial, degradation occurred over 

several months in some cases and in others hydrogels have not degraded yet.  

Additionally, we observed that an increase in nanomaterial concentration led to an 

increase in longterm thermal resistance of hydrogels. This is as expected because 

increasing nanomaterial concentration leads to an increased participation of nanomaterial 

in the gelation process, affording a stronger gel. Such dramatic improvement in longterm 

thermal stability of nanocomposite hydrogels is one key reason we believe they are 

potentially valuable in conformance control applications. Additionally, the time required 

to breakdown depends on reservoir conditions, such as temperature, pH, etc.  
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Figure 5.3. (a-f): Longterm Thermal Stability of LXLG Nanocomposite Hydrogels Under 

Aerobic Conditions and in 1% Brine Solution and Formation Water.   
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Figure 5.3. (a-f): Longterm Thermal Stability of LXLG Nanocomposite Hydrogels Under 

Aerobic Conditions and in 1% Brine Solution and Formation Water. (Cont). 
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(II) Swelling kinetics and thermal resistance under vacuum: Figures 5.4a to 

Figures 5.4f present longterm testing in anaerobic conditions using both 1% brine and 

formation water. The reason for testing gel degradation under anaerobic conditions was 

to simulate reservoir environment where oxygen amounts are minimal. Oxidation in 

presence of oxygen causes gel to degrade much faster. Therefore, it was necessary to 

remove every trace of oxygen in order to avoid premature gel breakdown.  

Comparing Figure 5.4 and 5.3, we observe that on average, it takes a much longer 

time for gels to degrade in anaerobic conditions than in aerobic conditions. For example, 

comparing Figure 5.3c and Figure 5.4c, in Figure 5.3c (under aerobic conditions), 

nanocomposite gel with 3% XLG nanomaterial degraded under about two months. 

However in Figure 5.4c (under anaerobic conditions) gel degradation occurred in about 

six months. It took an additional 4 months to degrade when oxygen was removed. 
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Figure 5.4. (a-f): Longterm Thermal Stability of LXLG Nanocomposite Hydrogels Under 

Anaerobic Conditions and In 1% Brine Solution and Formation Water. 
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Figure 5.4. (a-f): Longterm Thermal Stability of LXLG Nanocomposite Hydrogels Under 

Anaerobic Conditions and In 1% Brine Solution and Formation Water. (Cont). 



 

 

86 

5.1.1.3 Increased post-degradation viscosity of LXLG nanocomposite PPG.    

The present invention provides a new and improved method combining gel treatment and 

polymer flooding processes during an oil recovery operation.  In one hand, the inventive 

LXLG nanocomposite PPG can serve as a plugging agent for a designed and controlled 

period to improve conformance control so that more oil may be swept out of the low 

permeability formation pores to the production well.   

On the other hand, depending on the reservoir temperature, pH value, and/or 

formation water salinity, the LXLG nanocomposite PPG eventually and completely 

decompose through hydrolysis into linear polymer chain solutions. This resulting 

polymer solution can then move into the reservoir formation to perform the polymer 

flooding. Figure 5.5 presents a picture of LXLG nanocomposite hydrogels both before 

and after their degradation in both aerobic and anaerobic environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Aerobic and Anaerobic Environment of LXLG Samples Tested Showing both 

Before and After Sample Degrades Into Polymer Solution. 
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The novelty of the work involves the dramatic increase of the viscosity of the 

post-degradation linear polymer solution from 170 cp (for 0.3% PPG without 

nanomaterial) to a viscosity of 4437 cp ( in 1% brine solution) for 0.6% LXLG 

Nanocomposite PPG. This represents a 2510% viscosity increase (Table 5.1). Such 

tremendous viscosity increase was brought about by the incorporation of LXLG 

nanomaterial during PPG synthesis. 

On thermal degradation/hydrolysis, LXLG nanocomposite PPG degrades, 

releasing a low molecular weight polymer solution and clay particles. These re-associate 

by a physical interaction after degradation, increasing the polymer solution viscosity 

massively. Thus, the invention provides a unique process integrating together the two 

sub-processes, nanocomposite PPG-based conformance control/gel treatment and 

polymer flooding, during an oil recovery operation with improved efficiency and 

operability.  

 

 

 

 

Table 5.1. Viscosity Measurements for Pure Polymer, Pure LXLG Nanomaterial, and 

Degraded LXLG Nanocomposite PPG. 

 

 

 

 

 

Conc. 

 (%) 

Pure 

Polyacrylamide 

Polymer   

(PAM) 

Pure LXLG 

Nanomaterial 

Degraded LXLG 

Nanocomposite PPG 

Degraded 

PPG with No 

Nanomaterial 

Viscosity, (cp) 
Viscosity, 

(cp) 

Viscosity, 

(cp) - 

Aerobic 

Viscosity, 

(cp) - 

Anaerobic 

Viscosity, 

(cp) (0.3%) 

0.2% 30.6 2 20 1113 

170 

0.6% 107.2 3 39.7 4437 

1% 353.5 3.7 612.5 -- 

3% 6303 4.5 3069 7563 

5% 48340 10 6982 -- 
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5.1.2. Evaluation of LXLG Nanocomposite PPG Microstructure and 

Morphology, Before and After Degradation.  Firstly, before degradation results are  

presented.  

5.1.2.1 Environmental scanning electron microscopy imaging of LXLG 

nanocomposite PPG before its degradation.  A detailed microscopic study of  

LXLG nanocomposite hydrogel was done using an Environmental Scanning Electron 

Microscope (ESEM), and was compared against hydrogels with no nanomaterial. 

Studying the network structure of hydrogel is important because it gives us information 

about pore-interconnectivity. This information is useful in understanding the mechanisms 

of gel swelling behavior, gel strength after it swells, and perhaps even its thermal 

resistance ability. Figure 5.6a presents an ESEM micrograph of pure LXLG 

nanomaterial. Figure 5.6b presents an ESEM micrograph of pure polyacrylamide (PAM) 

polymer. Figure 5.6c presents a 3-D micrograph of bulk LXLG nanocomposite hydrogel. 

Figure 5.6d presents a micrograph of hydrogel with no nanomaterial. The micrographs of 

LXLG nanocomposite hydrogel are presented in Figures 5.6e to Figures 5.6g. The reason 

we present different micrographs of the nanocomposite gels is to show different sections 

of the material.  

Comparing the pure Laponite XLG and pure polymer solution with the degraded 

nanocomposite gels, we infer that the thick network structure of the nanocomposite gel is 

as a result of the network structure observed in the pure polymer superimposed with the 

pure nanomaterial.   

Contrasting the hydrogel with no nanomaterial versus the hydrogel with 

nanomaterial, (that is Figures 5.6d versus Figures 5.6e – g), it is observed that although a 

porous interconnected network structure is seen in both nanocomposite and non-

nanocomposite hydrogels, in LXLG nanocomposite hydrogels however (Figures 5.6e-g), 

the network structure is thicker, denser, and corrugated whereas in hydrogels with no 

nanomaterial, the network structure is finer, less dense, and smooth. Obviously, we say 

that the presence of nanomaterial in nanocomposite hydrogel affords this difference.  

Author is also quick to point out that when brine was used as the solvent, the 

network structure was extremely dense (Figure 5.6e) such that the pores in the network 

are almost closed up. However, this phenomenon was not observed when distilled water 
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was used as the solvent. In an attempt to explain this phenomenon, we could only ascribe 

the presence of salt ions in the brine as a reason for this occurrence. A similar 

phenomenon was observed by Nelea et al., 2007. 

 Lastly, Figures 5.6g show to us that when this nanocomposite gels are stretched 

thin, a thinner network structure will be likewise observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Before-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. 

 

(a) Pure Laponite XLG Solution (b) Pure Polymer (PAM) Solution 

 

(a) Pure Laponite 

XLG 

(b) Pure Polyacrylamide 

Polymer 

(c) 3-D Bulk Micrograph of LXLG 

Nanocomposite Hydrogel. 

 

 

(d) Fine, Smooth Network Structure of 

Hydrogel With No Nanomaterial 

(Jia, 2011). 

 

 

 (d) Hydrogel Without 

Nanomaterial. Fine, Smooth 

Network Structure 

(c) 3-D Bulk Micrograph of 

LXLG Nanocomposite 

Hydrogel 
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Figure 5.6. Before-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. (Cont). 

 

 

 

 

 

 

 

 

(e) Very Thick and Dense Network Structure of LXLG Nanocomposite Gel 

Swelled in 1% Brine as Solvent.  
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Figure 5.6. Before-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. (Cont). 

 

 

 

(f) Corrugated and Very Thick Network Structure of LXLG Nanocomposite Gel 

Swelled in Distilled Water as Solvent.  
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Figure 5.6. Before-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. (Cont). 

 

 

 

5.1.2.2 Environmental scanning electron microscopy (ESEM) imaging of 

LXLG nanocomposite PPG after its degradation.  After the hydrogels degraded, 

ESEM micrographs were again taken of the degraded sample. Figure 5.7a shows the 

micrograph of the degraded hydrogel with no nanomaterial. Figures 5.7b and Figure 5.7c 

show the micrographs of a 1% degraded LXLG nanocomposite gel. As is clearly seen in 

both non-nanocomposite (Figure 5.7a) and nanocomposite gel (Figures 5.7b-c), the 

homogenous porous network structure that was initially observed before degradation 

disappears (collapses), signifying the degradation of the gel material into a polymer 

solution. In degraded gel without nanomaterial, the observed solution is less dense than in 

degraded gel with nanomaterial. This is ascribed to the presence of nanomaterial in gel 

design.  

Worthy of mention is a significant difference between Figures 5.7b and Figures 

5.7c. In Figure 5.7b, the initial network structure collapses into a ridge-like structure, 

whereas in Figures 5.7c, a block-like micrograph is observed. We lack sufficient 

knowledge to explain this occurrence. Characterization of hydrogel network is a complex 

(g) Network Structure of an Extremely Stretched, Thin Section of LXLG 

Nanocomposite Hydrogel Swelled in Distilled Water. 
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process given its 3-dimensional complex nature and its frequent, dynamic changes to 

outside stimuli such as solvent, temperature, salinity, pH etc.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 5.7. After-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. 

 

(a) Degraded Hydrogel With No Nanomaterial (Jia, 2011) 

  

 

(b) Degraded 1% LXLG Nanocomposite Hydrogel: Ridge-like Structure is 

Observed  
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Figure 5.7. After-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. (Cont). 

 

 

 

5.1.2.3 Optical microscopy imaging of LXLG nanocomposite PPG after 

degradation.  After the LXLG nanocomposite PPG degraded, we utilized an  

optical microscope to help us understand the nature of the degraded nanocomposite 

material. Figure 5.8 presents an optical micrograph of a 0.2% LXLG Nanocomposite gel 

after degradation. Gel composition is 23% acrylamide, 100 ppm ammonium persulfate 

initiator and 625 ppm PEG crosslinker. We observed very small particles which were 

uniformly distributed across the entire sample and had an approximate size of about 1.5 

microns. These smaller particles can travel deeper into the formation to mobilize 

additional oil.  

 

 

 

 

 

 

 

 

(c) Degraded 1% LXLG Nanocomposite Hydrogel: Block-like Structure 

is Observed 
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Figure 5.8. Optical Micrographs of Degraded 0.2% LXLG Nanocomposite PPG.  

 

 

 

5.2. EVALUATION OF DEGRADABLE NANOCOMPOSITE PREFORMED 

PARTICLE GEL WITH CALCIUM MONTMORILLONITE AS 

NANOMATERIAL (Ca
2+ 

NANOCOMPOSITE PPG) 

 

5.2.1. Improvement in Ca
2+

 Nanocomposite PPG Properties with 

Incorporation of Nanomaterials.  The following properties were studied: 

5.2.1.1 Increased mechanical strength.  The second type of nanocomposite  

hydrogel studied was that made using Calcium Montmorillonite as the Nanomaterial 

(Ca
2+

 Nanocomposite PPG). The rheology behavior of Ca
2+ 

Nanocomposite PPGs and 

PPGs with no nanomaterial were studied. The variation in elastic modulus (G´) with time 

for Ca
2+

 Nanocomposite PPG with 0.2%, 0.6%, and 3% calcium nanomaterial is 

presented in Figure 5.9 and is compared against hydrogel with no nanomaterial. It is 

observed from Figure 5.9 that the elastic modulus significantly increases with increasing 

nanomaterial concentration. The elastic modulus of hydrogel with no nanomaterial is at 
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lowest value of 800 Pa, while hydrogel with 3% calcium nanomaterial has an elastic 

modulus of about 18000 Pa. Clearly, an increase in gel strength is observed as 

nanomaterial is introduced. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. An Obvious Improvement in Hydrogel Mechanical Strength is Observed 

Between Dry Gels With Nanomaterials and Those Without Nanomaterials. 

 

 

 

  

5.2.1.2 Increased swelling and thermal resistance.  (I) Swelling kinetics and   

thermal resistance in presence of air:  Similar to the swelling kinetics and thermal 

resiliency of LXLG nanocomposite PPGs studied in Section 5.1 above, a similar study 

was conducted for Ca
2+ 

nanocomposite PPG. Once injected downhole into fractures or 

high permeability streaks, the longterm thermal resiliency of hydrogels to continuously 

seal fractures under adverse reservoir conditions is important. Without longterm 

endurance, gels rapidly degrade, leading to a re-opening of an already sealed fracture, 

thus re-creating a water-thief channel. 

Therefore, ensuring hydrogels can adequately seal fractures over a prolonged 

period of time is paramount. Longterm thermal testing was done both under aerobic (in 

presence of oxygen) and anaerobic (under vacuum, in absence of oxygen) conditions. 

Aerobic oxidation in presence of oxygen causes gel to degrade much faster. Therefore, it 
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was necessary to remove every trace of oxygen in order to avoid premature gel 

breakdown. This also simulates downhole reservoir environment where oxygen 

concentration is minimal. Furthermore, testing was done using both brine and formation 

water respectively as the solvent. Additionally, testing was done under three different 

temperatures: 45
o
C, 60 

o
C, and 85 

o
C so as to mimic different reservoir temperatures. 

Figures 5.10a-f present longterm testing in aerobic conditions using both 1% brine 

and formation water. As is clearly seen from Figures 5.10a-f, hydrogels with no 

nanomaterial rapidly degraded within days whereas for hydrogels with 0.2% Ca
2+

, 0.6% 

Ca
2+

, and 3% Ca
2+

 nanomaterial, degradation occurred over several months in some cases 

and in others, Ca
2+

 nanocomposite PPGs have not yet degraded. Additionally, it was 

observed that an increase in nanomaterial concentration led to an increase in longterm 

thermal resistance of hydrogels. This is as expected because increasing nanomaterial 

concentration leads to an increased participation of nanomaterial in the gelation process, 

affording a stronger gel. Such dramatic improvement in longterm thermal stability of 

nanocomposite hydrogels is one key reason we believe they are potentially valuable in 

conformance control applications.  
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Figure 5.10. a-f: Longterm Thermal Stability of Ca
2+

 Nanocomposite PPG Under Aerobic 

Conditions and In 1% Brine Solution and Formation Water.  
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Figure 5.10. a-f: Longterm Thermal Stability of Ca
2+

 Nanocomposite PPG Under Aerobic 

Conditions and In 1% Brine Solution and Formation Water. (Cont). 
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(II) Swelling kinetics and thermal resistance under vacuum: Figures 5.11a-f 

present longterm testing in anaerobic conditions using both 1% brine and formation 

water. The reason for testing gel degradation under anaerobic conditions was to simulate 

reservoir environment where oxygen amounts are minimal. Oxidation in presence of 

oxygen causes gel to degrade much faster. Therefore, it was necessary to remove every 

trace of oxygen in order to avoid premature gel breakdown.  

Comparing Figure 5.10 and 5.11, it is observed that on average, it takes a much 

longer time for gels to degrade in anaerobic conditions than in aerobic conditions. For 

example, comparing Figure 5.10d and Figure 5.11d, in Figure 5.10d (under aerobic 

conditions), nanocomposite gel with 3% calcium nanomaterial degraded under about 5.7 

months. However in Figure 5.11d (under anaerobic conditions) gel degradation occurred 

in about 10 months. It took about 4.3 more months for PPGs to degrade when oxygen 

was removed. 
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Figure 5.11. a-f: Longterm Thermal Stability of Ca
2+

 Nanocomposite PPG Under 

Anaerobic Conditions and In 1% Brine Solution and Formation Water.  
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Figure 5.11. a-f: Longterm Thermal Stability of Ca
2+

 Nanocomposite PPG Under 

Anaerobic Conditions and In 1% Brine Solution and Formation Water. (Cont). 
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5.2.1.3 Increased post-degradation viscosity of Ca
2+

 nanocomposite PPG.  As   

with LXLG Nanocomposite PPG, the viscosity of the degraded Ca
2+

 Nanocomposite PPG 

was also measured. Figure 5.12 presents a picture of Ca
2+

 Nanocomposite PPG both 

before and after their degradation in both aerobic and anaerobic environment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Aerobic and Anaerobic Environment of Ca
2+

 Nanocomposite PPG Samples 

Tested Showing both Before and After Sample Degrades Into Polymer Solution. 

 

 

 

The results of viscosity measurements are presented in Table 5.2. As earlier 

explained in Sections 5.1.1.3, the nanocomposite PPG initially serves in conformance 

control by plugging water-thief streaks. After an extended time period however, 

nanocomposite PPG degrades into linear polymer solution which moves deeper into 

formation to enhance secondary polymer flooding.  
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However, it was observed that the highest viscosity of the degraded Ca
2+

 

Nanocomposite PPG (75.5 cp) does not even equate the viscosity of the degraded 

hydrogel with no nanomaterial (170 cp). Therefore we suggest that Ca
2+

 Nanocomposite 

PPG can only be used in plugging water-thief channels, and not in enhancing secondary 

polymer flooding, since its degraded viscosity is negligible.  

 

 

 

Table 5.2. Viscosity Measurements For Pure PAM Polymer, Pure Ca
2+

 MMT 

Nanomaterial, and Degraded Ca
2+

 Nanocomposite PPG. 

 

 

 

5.2.2. Evaluation of Ca
2+ 

Nanocomposite PPG Microstructure and 

Morphology, Before and After Degradation.  Firstly, before degradation results are 

presented.                                                           

5.2.2.1 Environmental scanning electron microscopy imaging of Ca
2+ 

nanocomposite PPG before its degradation.  Similar to the ESEM studies  

conducted in Section 5.1.2.1 above for LXLG Nanocomposite PPG, a detailed 

microscopic study of Ca
2+

 Nanocomposite PPG was likewise done using an 

Environmental Scanning Electron Microscope (ESEM), and was compared against 

hydrogels with no nanomaterial. Studying the network structure of hydrogel is important 

because it gives us information about pore-interconnectivity. This information is useful in 

Concentration 

(%) 

Pure 

Polyacrylamide 

Polymer 

(PAM) 

Pure Ca
2+

 

MMT 

Nanomaterial 

Degraded Ca
2+

 

Nanocomposite PPG 

Degraded 

Hydrogel 

with No 

Nanomaterial 

Viscosity, (cp) 
Viscosity, 

(cp) 

Viscosity, 

(cp) - 
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Viscosity, 

(cp) - 
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Viscosity, 

(cp) 

0.20% 30.6 2 3 18.15 

170 

0.60% 107.2 3.5 5 30 

1% 353.5 4.5 11 -- 

3% 6303 6 13 75.5 

5% 48340 12 17 -- 
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understanding the mechanisms of gel swelling behavior, gel strength after it swells, and 

perhaps even its thermal resistance ability.  

Figure 5.13a presents an ESEM micrograph of pure Calcium Montmorillonite 

nanomaterial. Figure 5.13b presents an ESEM micrograph of pure polyacrylamide (PAM) 

polymer. Figure 5.13c presents a micrograph of hydrogel with no nanomaterial. The 

micrographs of Ca
2+

 Nanocomposite PPG swelled in 1% Brine is presented in Figure 

5.13d. A very conspicuous porous network structure is seen. Figure 5.13e presents the 

ESEM micrographs of Ca
2+

 nanocomposite PPG swelled in distilled water. In distilled 

water, the conspicuous porous network structure diminishes.  

Contrasting the hydrogel with no nanomaterial versus the hydrogel with 

nanomaterial, (that is Figures 5.13c versus Figures 5.13d –e), we observe that although a 

porous interconnected network structure is seen in both nanocomposite and non-

nanocomposite hydrogels, in Ca
2+

 Nanocomposite PPG however (Figures 5.13d-e), the 

network structure is more conspicuous, thicker, denser, and corrugated whereas in 

hydrogels with no nanomaterial, the network structure is finer, less dense, and smooth. 

Obviously, we say that the presence of Calcium Montmorillonite nanomaterial in 

nanocomposite hydrogel affords this difference.  

Author herein mentions that when brine was used as the solvent, the network 

structure is extremely conspicuous (Figure 5.13d) such that the pores are very clearly 

visible. However, when distilled water was used as the solvent, the conspicuousness of 

the network structure diminishes. The reason for this occurrence is not fully understood. 

An opposite phenomenon was observed by Nelea et al., 2007. In their work, they instead 

observed that the network structure was very conspicuous when distilled water was used, 

and when brine was used, the network was less visible.  
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Figure 5.13. Before-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. 

 

  

 

 

 

(a) Pure Ca
2+

 Montmorillonite 

Nanomaterial 

Pure Ca
2+ 

Montmorillonite Pure Ca
2+ 

Montmorillonite 

(c) Fine, Smooth Network Structure 

of Hydrogel With No 

Nanomaterial (Jia, 2011) 
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Figure 5.13. Before-degradation Environmental Scanning Electron Microscopy (ESEM). 

(Cont). 

 

 

 

 

 

 

 

 

 

(d) ESEM Micrographs of Ca
2+

 Nanocomposite PPG Swelled in 1% Brine.  
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Figure 5.13. Before-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. (Cont). 

 

 

5.2.2.2 Environmental scanning electron microscopy imaging of Ca
2+ 

nanocomposite PPG after its degradation.  After the Ca
2+

 Nanocomposite  

PPG degraded, ESEM micrographs were again taken of the degraded sample. Figure 

5.14a shows the micrograph of the degraded hydrogel with no nanomaterial. Figures 

5.14b show the micrographs of a 3% degraded Ca
2+

 Nanocomposite PPG. As is clearly 

seen in both non-nanocomposite (Figure 5.14a) and nanocomposite gel (Figures 5.14b), 

the homogenous porous network structure that was initially observed before degradation 

disappears (collapses) into block-like structures in degraded Ca
2+

 Nanocomposite PPG 

(e) ESEM Micrographs of Ca
2+

 Nanocomposite PPG Swelled in Distilled Water. 
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and into ridge-like structures in degraded gel without nanomaterial. This signifies the 

degradation of the gel material into a polymer solution.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. After-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs.   

(a) Degraded Hydrogel Without 

Nanomaterial 

(a) Degraded Hydrogel with No Nanomaterial (Jia, 2011). 

 

 

 

 

(b) Degraded 3% Ca
2+

 Nanocomposite PPG: Tiny Block-like Particles are 

Observed  
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5.2.2.3 Optical microscopy imaging of Ca
2+

 nanocomposite PPG after 

degradation.  After the Ca
2+

 Nanocomposite PPG degraded, we utilized an   

optical microscope to help us understand the nature of the degraded nanocomposite 

material. Figure 5.15 presents an optical micrograph of a 0.2% Ca
2+

 Nanocomposite gel 

after degradation. Gel composition is 23% acrylamide, 100 ppm ammonium persulfate 

initiator and 1500 ppm PEG crosslinker. We observed very few and tiny particles which 

were sparsely scattered across the entire sample and had an approximate size of about 3 

microns (Figure 5.15). These smaller particles can travel deeper into the formation to 

mobilize additional oil.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. Optical Microscopy Micrograph of Degraded 0.2% Ca
2+ 

Nanocomposite 

PPG.  
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5.3. EVALUATION OF DEGRADABLE NANOCOMPOSITE PREFORMED 

PARTICLE GEL WITH SODIUM MONTMORILLONITE AS 

NANOMATERIAL (Na
+ 

NANOCOMPOSITE PPG) 

 

5.3.1. Improvement in Na
+
 Nanocomposite PPG Properties with 

Incorporation of Nanomaterials.  The following properties were studied: 

5.3.1.1 Increased mechanical strength.  The third and last type of  

nanocomposite hydrogel that was studied was that made using Sodium Montmorillonite 

as the nanomaterial (Na
+
 Nanocomposite PPG). The rheology behavior of dry Na

+
 

Nanocomposite PPG and hydrogels with no nanomaterial were studied. The variation in 

elastic modulus (G´) with time for Na
+
 Nanocomposite PPG with 0.2%, 0.6%, and 3% 

Na
+
 nanomaterial is presented in Figure 5.16 and is compared against hydrogel with no 

nanomaterial. It is observed from Figure 5.16 that the elastic modulus significantly 

increases with increasing nanomaterial concentration. The elastic modulus of hydrogel 

with no nanomaterial is at lowest value of 800 Pa, while hydrogel with 3% Na
+
 

nanomaterial has an elastic modulus of about 6300 Pa. Clearly, an increase in gel strength 

is observed as nanomaterial is introduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. An Obvious Improvement in Hydrogel Mechanical Strength is Observed 

Between Na
+
 Nanocomposite PPGs and Those Without Nanomaterials. 
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5.3.1.2 Increased swelling and thermal resistance.  (I) Swelling kinetics and 

thermal resistance in presence of air: Similar to the swelling kinetics and thermal   

resiliency for LXLG and Ca
2+

 nanocomposite PPG studied in Sections 5.1.1.2 and 5.2.1.2 

above, a similar study was conducted for Na
+
 Nanocomposite PPG. Once injected 

downhole into fractures or high permeability streaks, the longterm thermal resiliency of 

hydrogels to continuously seal fractures under adverse reservoir conditions is important. 

Without longterm endurance, gels rapidly degrade, leading to a re-opening of an already 

sealed fracture, thus re-creating a water-thief channel. 

Therefore, ensuring hydrogels can adequately seal fractures over a prolonged 

period of time is paramount. Longterm thermal testing was done both under aerobic (in 

presence of oxygen) and anaerobic (under vacuum, in absence of oxygen) conditions. 

Aerobic oxidation in presence of oxygen causes gel to degrade much faster. Therefore, it 

was necessary to remove every trace of oxygen in order to avoid premature gel 

breakdown. This also simulates downhole reservoir environment where oxygen 

concentration is minimal. Furthermore, testing was done using both brine and formation 

water respectively as the solvent. Additionally, testing was done under three different 

temperatures: 45
o
C, 60 

o
C, and 85 

o
C so as to mimic different reservoir temperatures. 

Figures 5.17a-f present longterm testing in aerobic conditions using both 1% brine 

and formation water. As is clearly seen from Figure 5.17a-f, hydrogels with no 

nanomaterial rapidly degraded within days whereas for hydrogels with 0.2% Na
+
, 0.6% 

Na
+
, and 3% Na

+
 nanomaterial, degradation occurred over several months in some cases 

and in others, Na
+
 Nanocomposite PPGs have not yet degraded. 

Additionally, it was observed that an increase in nanomaterial concentration led to 

an increase in longterm thermal resistance of hydrogels. This is as expected because 

increasing nanomaterial concentration leads to an increased participation of nanomaterial 

in the gelation process, affording a stronger gel. Such dramatic improvement in longterm 

thermal stability of nanocomposite hydrogels is one key reason it is believed they are 

potentially valuable in conformance control applications.  
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Figure 5.17. a-f: Longterm Thermal Stability of Na
+
 Nanocomposite PPG Under Aerobic 

Conditions and in 1% Brine Solution and Formation Water.   
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Figure 5.17. a-f: Longterm Thermal Stability of Na
+
 Nanocomposite PPG Under Aerobic 

Conditions and in 1% Brine Solution and Formation Water. (Cont). 
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(II) Swelling kinetics and thermal resistance under vacuum. Figures 5.18a-f 

present longterm testing of Na
+
 Nanocomposite PPGs in anaerobic conditions using both 

1% brine and formation water. The reason for testing gel degradation under anaerobic 

conditions was to simulate reservoir environment where oxygen amounts are minimal. 

Oxidation in presence of oxygen causes gel to degrade much faster. Therefore, it was 

necessary to remove every trace of oxygen in order to avoid premature gel breakdown.  

Comparing Figure 5.18 and 5.17, we observe that on average, it takes a much 

longer time for gels to degrade in anaerobic conditions than in aerobic conditions. For 

example, comparing Figure 5.17c and Figure 5.18c, in Figure 5.17c (under aerobic 

conditions), nanocomposite gel with 3% Ca
2+

 nanomaterial degraded under about 1.9 

months. However in Figure 5.18c (under anaerobic conditions) gel degradation occurred 

in about 6 months. It took an additional 4 months to degrade when oxygen was removed. 
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Figure 5.18. a-f: Longterm Thermal Stability of Na
+
 Nanocomposite Hydrogels Under 

Anaerobic Conditions and in 1% Brine Solution and Formation Water.  
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Figure 5.18. a-f: Longterm Thermal Stability of Na
+
 Nanocomposite Hydrogels Under 

Anaerobic Conditions and in 1% Brine Solution and Formation Water.(Cont). 
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5.3.1.3 Increased post-degradation viscosity of Na
+
 nanocomposite PPG.   

Similar to the viscosity measurements done for LXLG and Ca
2+

 Nanocomposite PPGs, 

the viscosity of degraded Na
+
 Nanocomposite PPG was also measured. Figure 5.19 

presents a picture of Na
+
 Nanocomposite PPG both before and after their degradation in 

both aerobic and anaerobic environment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. Aerobic and Anaerobic Environment of Na
+
 Nanocomposite PPG Samples 

Tested Showing both Before and After Sample Degrades Into Polymer Solution. 

 

 

 

The results of viscosity measurements are presented in Table 5.3. As earlier 

explained in Section 5.1.1.3 and Section 5.2.1.3, the nanocomposite PPG initially serves 

in conformance control by plugging water-thief streaks. After an extended time period 

however, nanocomposite PPG degrades into linear polymer solution which moves deeper 

into formation to enhance secondary polymer flooding.  
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However, it was observed that the highest viscosity of the degraded Na
+ 

Nanocomposite PPG (129 cp) is even less than the viscosity of the degraded hydrogel 

with no nanomaterial (170 cp). Therefore we suggest that Na
+
 Nanocomposite PPG can 

only be used in plugging water-thief channels, and not in enhancing secondary polymer 

flooding, since its degraded viscosity is negligible.  

 

 

 

 

Table 5.3. Viscosity Measurements For Pure Polymer, Pure Na
+
 MMT Nanomaterial, and 

Degraded Na
+
 Nanocomposite PPG. 

 

 

 

5.3.2. Evaluation of Na
+ 

Nanocomposite PPG Microstructure and 

Morphology, Before and After Degradation.  Before degradation results are first 

presented. 

5.3.2.1 Environmental scanning electron microscopy imaging of Na
+ 

nanocomposite PPG before its degradation.  Similar to the ESEM studies  

conducted in Sections 5.1 and 5.2 above for LXLG and Ca
2+

 Nanocomposite PPG, a 

detailed microscopic study of Na
+
 Nanocomposite PPG was likewise done using an 

Environmental Scanning Electron Microscope (ESEM), and was compared against 

hydrogels with no nanomaterial. Studying the network structure of hydrogel is important 
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because it gives us information about pore-interconnectivity. This information is useful in 

understanding the mechanisms of gel swelling behavior, gel strength after it swells, and 

perhaps even its thermal resistance ability.  

Figure 5.20a presents ESEM micrographs of pure Sodium Montmorillonite 

nanomaterial. Figure 5.20b presents an ESEM micrograph of pure polyacrylamide (PAM) 

polymer. Figure 5.20c presents the 3-D bulk Micrograph of Na
+
 Nanocomposite PPG. 

Figure 5.20d presents a micrograph of hydrogel with no nanomaterial. The micrographs 

of Na
+
 Nanocomposite PPG swelled in 1% Brine is presented in Figure 5.20e. Figure 

5.20f presents the ESEM micrographs of nanocomposite hydrogel with distilled water as 

the solvent. A very conspicuous porous network structure is seen.  

Contrasting the hydrogel with no nanomaterial versus the hydrogel with 

nanomaterial, (that is Figures 5.20d versus Figures 5.20e –f), it was observed that 

although a porous interconnected network structure is seen in both Na
+
 Nanocomposite 

PPG and non-nanocomposite hydrogels, in Na
+
 Nanocomposite PPG however (Figures 

5.20e-f), the network structure is more conspicuous, thicker, denser, and corrugated 

whereas in hydrogels with no nanomaterial, the network structure is finer, less dense, and 

smooth. Obviously, the presence of Sodium Montmorillonite nanomaterial in 

nanocomposite hydrogel affords this difference.  

Author is also quick to point out that when brine was used as the solvent, the 

network structure was extremely dense (Figure 5.20e) such that the pores in the network 

are almost closed up. However, this phenomenon was not observed when distilled water 

was used as the solvent (Figure 5.20f). In distilled water, the network structure is 

extremely conspicuous, such that the pores are very clearly visible. In an attempt to 

explain this phenomenon, we could only ascribe the presence of salt ions in the brine as a 

reason for this occurrence.  

  

 

 

 

 

 



 

 

121 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20. Before-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs.  
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Figure 5.20. Before-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs. (Cont).  

(b) Pure Polyacrylamide (PAM) 

Polymer Solution 

(c) 3-D bulk Micrograph of Na
+
 

Nanocomposite PPG  

 

    (d) Fine, Smooth Network 

Structure of Hydrogel with 

No Nanomaterial (Jia, 2011) 

 

 

 

 

(d) Hydrogel Without 

Nanomaterial. Fine, 

Smooth Network 

Structure. 

(e) ESEM Micrographs of 3% Na
+
 Nanocomposite 

PPG Swelled in 1% Brine   

 

 

 

(f) ESEM Micrographs of 3% Na
+
 Nanocomposite PPG Swelled in Distilled Water  
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5.3.2.2 Environmental scanning electron microscopy imaging of Na
+ 

nanocomposite PPG after its degradation.  After the Na
+
 Nanocomposite PPG   

degraded, ESEM micrographs were again taken of the degraded sample. Figure 5.21a 

shows the micrograph of the degraded hydrogel with no nanomaterial. Figures 5.21b 

show the micrographs of a 3% degraded Na
+
 Nanocomposite PPG. As is clearly seen in 

both non-nanocomposite gel (Figure 5.21a) and Na
+
 Nanocomposite PPG (Figures 

5.21b), the porous network structure that was initially observed before degradation 

disappears (collapses). A homogenous structure is observed in the degraded Na
+
 

Nanocomposite PPG. This signifies the degradation of the gel material into a polymer 

solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21. After-degradation Environmental Scanning Electron Microscopy (ESEM) 

Micrographs.  

 

 

 

(a) Degraded Hydrogel 

Without Nanomaterial 

(a) Degraded Hydrogel with No 

Nanomaterial (Jia, 2011) 

(b) Degraded 3% Na
+
 

Nanocomposite PPG 

(b) Degraded 3% Na
+
 Nanocomposite 

PPG 

 



 

 

124 

5.3.2.3 Optical microscopy imaging of Na
+
 nanocomposite PPG after 

degradation.  After the Na
+
 Nanocomposite PPG degraded, we utilized an optical  

microscope to help us understand the nature of the degraded nanocomposite material. 

Figure 5.22 presents an optical micrograph of a 0.2% Na
+
 Nanocomposite gel after 

degradation. Gel composition is 23% acrylamide, 100 ppm ammonium persulfate initiator 

and 1500 ppm PEG crosslinker. We observed very few and tiny particles which were 

sparsely scattered across the entire sample and had an approximate size of about 3.8 

microns (Figure 5.22). These smaller particles can travel deeper into the formation to 

mobilize additional oil.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22. Optical Micrograph of Degraded 0.2% Na
+
 Nanocomposite PPG. 
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5.4. SUMMARY OF THREE TYPES OF DEGRADABLE NANOCOMPOSITE 

PPGs STUDIED 

 

 Three different types of degradable nanocomposite hydrogels have been 

synthesized and evaluated for mobility control and fracture-plugging applications 

in mature reservoirs (Table 5.4). 

 These three nanocomposite hydrogels were made using Laponite XLG, Calcium 

Montmorillonite, and Sodium Montmorillonite Nanomaterials. 

 In all three nanocomposite hydrogels, it was observed that gel strength increased 

with increasing nanomaterial concentration. 

 In all three nanocomposite hydrogels, it was also observed that longterm thermal 

stability of hydrogels was directly proportional to nanomaterial concentration. 

The higher the nanomaterial concentration, the longer the thermal stability of the 

hydrogels. 

 It was also observed that after degradation, LXLG nanocomposite hydrogels had 

the highest post-degradation viscosity (4437 cp), followed by Na
+
 nanocomposite 

hydrogels (129 cp), and lastly Ca
2+

 nanocomposite hydrogels (75.5 cp). 

Thus said, the following is recommended: 

 All three nanocomposite PPGs can be used for conformance control applications 

because they have higher strengths and longterm thermal resistance than PPGs 

without nanomaterial. 

 For secondary polymer flooding- mobility control applications, we recommend 

using degradable LXLG nanocomposite hydrogels, since they have the highest 

post-degradation viscosity under anaerobic conditions. The post-degradation 

viscosities of Ca
2+

 and Na
+
 nanocomposite hydrogels were negligible, thus are not 

suitable to enhance secondary polymer flooding. As such only LXLG 

nanocomposite hydrogel is recommended for secondary mobility control. 

 For fracture-plugging applications, we recommend using Ca
2+

 nanocomposite 

PPG, since they showed the highest gel strength (17790 Pa). Next followed by 

Na
+
 nanocomposite PPG (6363 Pa), and lastly LXLG nanocomposite PPG (4100 

Pa). 
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Table 5.4. Summary Results of All Three Degradable Nanocomposite Hydrogels Studied. 
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6. RESULTS AND DISCUSSION: ELASTOMERIC RUBBER GEL AS 

PERMANENT FRATURE-SEALING AGENT 

6.1. ELASTOMERIC RUBBER GEL MADE FROM DEGRADED PPG AND 

NANOMATERIAL 

 

Section six presents results of the second product: preformed gel as permanent 

fracture-sealing agent. In some conformance control applications, very longterm, 

fracture-plugging is needed.  

Preformed Particle Gels are not very effective in completely sealing reservoir 

fractures. This is because, at higher pressures, channeling or fingering could occur 

through the gel plug (Figure 6.1). Thus there is a need to develop a product which 

overcomes this problem. This chapter presents an elastomeric rubber-like material which 

does not easily cause channeling and will not easily degrade under reservoir conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Novel Elastomeric Rubber Gel As a Fracture-Sealing Material. 
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6.1.1. Synthesis of Elastomeric Rubber Gel.  Elastomeric rubber gel was   

synthesized with an organic crosslinker polyethylene glycol diacrylate (PEG-DA), then 

degraded on the surface into polymer solution, and degraded polymer solution was mixed 

with nanomaterial (natural bentonite clay) to form elastomeric rubber gel (Figure 6.2). 

Rubber gel can either be coated and injected into reservoir (Once in reservoir, 

surface coat dissolves and PPG re-bonds together forming very strong rubber-like gel), 

Or, the rubber gel can be carried by a polymer solution into the formation.  

The following is an example to illustrate the synthesis process for elastomeric 

rubber gel (Figure 6.3). First, 30 g of AM was dissolved in 100 g of distilled water in a 

double-necked flat-bottomed reactor equipped with inlet and outlet tubes for nitrogen gas. 

The mixture was stirred at room temperature for 10 minutes. Then, 1000 ppm of the 

crosslinker PEG-DA was added to the mixture and stirred for 10 minutes. The mixed 

solution was then heated to 45°C and purged with nitrogen gas for 30 minutes before 100 

ppm of initiator, ammonium persulfate (APS, ((NH4)2S2O8)) was added to the solution. 

This resulting solution was kept for 10 hours at 45°C in a water bath to ensure complete 

polymerization. 

The strong and elastic bulk gel formed was cut into small pieces. It was then dried 

in an oven at 60°C until the weight could not change any more. The dried gels were 

crushed into very small particle sizes, called preformed particle gels (PPGs), by blending 

in a blender machine (Black & Decker). PPGs with the particle size between 80-100 

mesh (180µm-250µm) were selected through the standard testing sieves (Fisher Scientific 

Company) for further characterization and evaluation. 

Then, a 5% PPG solution was prepared using 1% brine as the solvent. The PPG 

solution was then left to degrade in an oven (at about 80oC) into a polymer solution. The 

5% degraded PPG solution was then diluted (using 1% brine) into a 0.5%, 1%, 2%, 3%, 

and 4% solution respectively. 

Then measured amounts of bentonite clay were progressively added to these 

polymer solutions and mixed until rubber gel formed. The amount of clay required to 

form rubber gel for each concentration of degraded gel solution was recorded. 

The formed elastomeric rubber gel can be transported downhole into formation 

using polymer solution.  
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Figure 6.2. Pictorial Illustration of Elastomeric Rubber Gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. A Block Flow Diagram Illustrating the Process of Elastomeric Rubber Gel 

Formation. 
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6.1.2. Evaluation of Rubber Gel Properties.  A detailed study was carried out in   

in order to confirm and optimize the properties of elastomeric rubber gel.  

6.1.2.1 Rule out other monomer possibilities.  That is, determine that rubber gel  

cannot be formed from other monomers besides acrylamide (AM). In order to confirm 

that the rubber gel will not form with other monomers, acrylic acid and 2-acrylamido-2-

methylpropane sulfonic acid sodium salt monomers were utilized. The results are 

presented in Table 6.1. 

 

 

Table 6.1. Confirming That Rubber Gel Can Only Be Formed With Acrylamide 

Monomer. 

 

 

 

 

 

 

 

 

 

 

AM: Acrylamide; AA: Acrylic Acid; AMPS: 2-acrylamido-2-methylpropane sulfonic 

acid sodium salt (AMPS); APS: Ammonium Persulfate. 

 

 

It was observed that rubber gel was only formed with degraded AM gel. When 

other monomers were used (AA, AMPS, or combinations of all three) elastomeric rubber 

gel did not form.  

6.1.2.2 Determine if elastomeric rubber gel can be formed with directly 

prepared polymer, without going through degraded PPG.  In order to confirm that the 

rubber gel only forms with degraded PPG solution and not with directly prepared 

monomers, we directly polymerized several monomers into polymers (using initiator, 

Gel 

Name 

Monomer 

Combinations 

Used (23%) 

Crosslinker 

(1000 ppm) 

Initiator 

(200 

ppm) 
Dry and 

grind PPG. 

Then 

degrade 

and mix 

with 

bentonite 

clay to 

observe if 

rubber gel 

formed. 

Results 

TP17 AM PEG-200 APS 
Rubber gel 

formed 

TP18 AM + AA PEG-200 APS 
No rubber gel 

formed 

TP19 AM + AMPS PEG-200 APS 
No rubber gel 

formed 

TP20 AA + AMPS PEG-200 APS 
No rubber gel 

formed 

TP21 
AM +AA 

+AMPS 
PEG-200 APS 

No rubber gel 

formed 
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ammonium persulfate) and did not crosslink them. Then we mixed these directly 

prepared polymer solutions with clay and observed if rubber gels formed. The results are 

presented in Table 6.2. 

 

 

Table 6.2. Confirming That Rubber Gel Can Only Be Formed With Degraded PPG 

Solution and Not With Directly Prepared Polymers. 

 

 

It was observed that rubber gels did not form when directly prepared polymers 

were used. Rubber gels only formed when crosslinked PPG (crosslinked with PEG-DA) 

Sample 
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Mix 

prepared 

polymer 

with 

bentonite 

clay to 

observe if 

rubber gel 

formed. 

Result 

TP27 AM APS 
Poly AM 

 

Rubber gel 

formed 

TP28 AA APS Poly AA 
No rubber gel 

formed 

TP29 AMPS APS Poly AMPS 
No rubber gel 

formed 

TP30 AM + AA APS 
Co AM-AA 

polymer 

No rubber gel 

formed 

TP31 AM +AMPS APS 
Co AM-AMPS  

polymer 

No rubber gel 

formed 

TP32 AA +AMPS APS 
Co AA-AMPS  

polymer 

No rubber gel 

formed 

TP33 
AM + AA + 

AMPS 
APS 

Co AM-AA-

AMPS  polymer 

No rubber gel 

formed 
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No rubber gel 
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was degraded into a polymer solution. Therefore, the crosslinker PEG-DA, plays a major 

role in rubber gel formation.  

In the next section, evaluation of the properties of the gel using different 

molecular weights of PEG-DA will be discussed. 

6.1.2.3 Effect of PEG-DA molecular weight on rubber gel properties.  Since  

PEG-DA plays a significant role in elastomeric rubber gel formation, author conducted 

more experiments with different PEG-DA molecular weights to study rubber gel 

behavior. PEG-200-DA, PEG-400-DA, and PEG-600-DA molecular weights were 

studied.  

6.1.2.3.1 Using PEG-200-DA.  Figure 6.4 presents a phase diagram showing  

the amount of clay required to form elastomeric rubber when degraded PPG formed from 

PEG-200-DA was used. It was observed that the amount of clay needed to form rubber 

gel increases as degraded polymer concentration increases. 

A fixed amount of degraded polymer (40 ml) was obtained, then progressive 

percentages of clay (of this fixed polymer volume) was added until gel formed. For 

instance, 5% clay is 2g, 10% clay is 4g, 50% clay is 20g etc.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Phase Diagram Showing the Amount of Clay and Degraded PPG Required to 

Form Elastomeric Rubber Gel when PEG-200-DA Was Used. 
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Figure 6.5 show the variation of Elastomeric gel’s strength with amounts of clay 

used for the different degraded PPG concentrations. It was observed that rubber gel’s 

elasticity, G´ decreases as clay concentration increases. It was also observed that rubber 

gel’s elasticity decreases as degraded polymer concentration increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. Variation of Rubber Gel’s Strength (G’) with Amount of Clay Used For 

Different Degraded PPG Concentrations. 

 

 

 

 

6.1.2.3.2 Using PEG-400-DA.  Figure 6.6 presents a phase diagram showing the   

amount of clay required to form elastomeric rubber when degraded PPG formed from 

PEG-400-DA was used. It was observed that the amount of clay needed to form rubber 

gel increases as degraded polymer concentration increases.  
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Figure 6.6. Phase Diagram Showing the Amount of Clay and Degraded PPG Required to 

Form Elastomeric Rubber Gel When PEG-400-DA Was Used. 

 

 

 

Figure 6.7 show the variation of Elastomeric gel’s strength with amounts of clay 

used for 0.5% degraded PPG. We observed that rubber gel’s elasticity, G´, initially 

decreased, and afterwards increased as clay concentration increases. We also observed 

that rubber gel’s elasticity initially decreased, and then gradually increased as the 

degraded PPG concentration increases. 

Comparing Figure 6.5 (using PEG-200-DA) and Figure 6.7 (using PEG-400-DA), 

it was observed that when rubber gel was made using PEG-200-DA, the amount of clay 

needed decreased with increasing degraded PPG concentration. However, on average, 

when PEG-400-DA was used, the amount of clay needed to form gel increased with 

increasing degraded PPG concentration. This is due to the increased molecular chain 

length in PEG-400-DA compared to PEG-200-DA. The same phenomenon is observed 

with Figures 6.8 and 6.9 when PEG-600-DA was used. Thus the higher the crosslinker 

molecular weight, the higher the amount of clay needed.  
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Figure 6.7. Variation of Rubber Gel’s Strength (G’) With Amount of Clay Used For 

Different Degraded PPG Concentrations. 

 

 

 

 

6.1.2.3.3 Using PEG-600-DA.  Figure 6.8 presents a phase diagram showing the     

the amount of clay required to form elastomeric rubber when degraded PPG formed from 

PEG-600-DA was used. It was observed that the amount of clay needed to form rubber 

gel increases as degraded polymer concentration increases.  
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Figure 6.8. Phase Diagram Showing the Amount of Clay and Degraded PPG Required to 

Form Elastomeric Rubber Gel When PEG-600-DA Was Used. 

 

 

Figure 6.9 show the variation of Elastomeric gel’s strength with amounts of clay 

used. It was observed that rubber gel’s elasticity, G´, increases as clay concentration 

increases. It was also observed that rubber gel’s elasticity increases as the degraded PPG 

concentration increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Variation of Rubber Gel’s Elastic Strength (G´) With Amount of Clay Used. 
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6.1.2.3.4 Summary of the different PEG-DA molecular weights studied.      

Table 6.3 presents a summary of the results of the three different molecular weights of 

PEG-DA studied. Considering the fact that the cost of PEG-DA increases with increasing 

molecular weight, it was observed and thus concluded that elastomeric rubber gel formed 

using 0.5% degraded PEG-200-DA is the most economical since it contains the least 

amount of degraded PPG (0.5%), requires the least amount of clay (50%), and has the 

highest gel strength (93520 Pa).   

 

 

Table 6.3. Summary of The Different PEG-DA Molecular Weights Studied. 

 

 

 

 

 

 

 

 

 

 

 

6.1.2.4 Longterm thermal stability of rubber gel made using 0.5% degraded 

PPG.  Since these elastomeric rubber gels are created to serve as permanent plugs,    

confirming their longterm stability under reservoir conditions was necessary. Once 

injected downhole into fractures or high permeability streaks, the longterm thermal 

resiliency of hydrogels to continuously seal fractures under adverse reservoir conditions 

is important. Longterm testing was done at 45
o
C, 60 

o
C, and 80 

o
C without brine solution 

(Figure 6.10). Results are presented in Figure 6.11 and measurements are still on-going.  

 

 

 

% 

Degraded 

Gel 

PEG-200-DA PEG-400-DA PEG-600-DA 

G' (Pa) 
% 

Clay 
G' (Pa) 

% 

Clay 
G' (Pa) 

% 

Clay 

0.5 93520 50 57550 65 67850 65 

1 80140 55 51430 75 75110 75 

2 67270 60 73520 85 78100 80 

3 -- -- 76120 90 79740 90 

4 51440 65 79220 95 87430 95 

5 44120 75 87610 100 89520 105 
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Figure 6.10. Schematic of Longterm Thermal Testing of Elastomeric Rubber Gel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11. Longterm Thermal Testing of Elastomeric Rubber Gel Simulating Different 

Reservoir Environments of 45
o
C, 60 

o
C, and 80 

o
C.  

 

 

 

6.1.2.5 Characterization of elastomeric rubber gel made from 0.5% degraded 

PPG using PEG-200-DA.  Rubbery materials are normally characterized by one of two    

ways: either by using a shear or a bending geometry. In this study, shearing geometry of 

elastomeric material was analyzed. Additionally, in order to determine the in-service 
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stresses that could affect an elastomeric material, various measurements can be carried 

out. Some of these measurements include creep tests, recovery tests, and oscillation stress 

sweep tests. 

 A Controlled Stress (CS) Creep test is usually carried out to provide viscoelastic 

information of a material. In a CS Creep test, a load is applied to the sample and the 

elastic deformation (strain) of the sample is measured. Creep refers to the tendency of a 

material to undergo deformation when a mechanical stress or load is applied to it. Thus, 

the higher the stress applied on a material, the more likely the material would undergo 

deformation. 

 Figure 6.12 show that our elastomeric rubber gel is creep resistant, that is, it 

undergoes minimal deformation when mechanical stress was applied to it. It is observed 

from this figure that a total deformation of about 0.158 % was observed. That is, when 

mechanical stresses were applied to the elastomeric rubber gel, it deformed by only a 

negligible 0.158 %. This indicates that the material is tough and can withstand adverse 

stresses. In contrast, the deformation on a cellulose yarn is about 15% (De Vries, 1953) 

while the deformation of a pipeline steel is about 0.08% (Stijn et al., 2011).      

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12. Controlled Stress Creep Measurements of 0.5% Degraded PPG Elastomeric 

Rubber Gel.  
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 The deformation versus shear rate for this material is presented in Figure 6.13 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13. Controlled Stress (CS) Recovery Measurements of 0.5% Degraded PPG 

Elastomeric Rubber Gel. 

 

 

 

 Like the CS Creep test measured in Figure 6.12, Oscillation Stress Sweep 

measurements were also done. Oscillation Stress Sweep provides information about a 

material’s linear visco-elastic range. It lets us understand any macro- or micro-changes 

that may occur in the structure of the material. This is because these micro- or macro 

structural changes directly affect the rheological behavior of the sample.   

 Figure 6.14 presents the Oscillation Stress Sweep measurements for elastomeric 

rubber gel. As can be seen in this figure, a relatively steady linear viscoelastic region is 

observed, followed by a small decrease (breakdown) in gel strength, and then a steady 

viscoelastic region again. These steady linear viscoelastic regions signify that the gel 
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sample is steady, that is, very little or negligible change in gel structure is taking place. 

This again confirms that our elastomeric rubber gel is stable.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14. Oscillation Stress Sweep Measurements of 0.5% Degraded PPG Elastomeric 

Rubber Gel.  

 

 

 

6.1.3. Summary of Elastomeric Rubber Gel Discussion.  The following 

conclusions were derived from rubber gel discussion: 

 An elastomeric rubber gel has been synthesized by mixing degraded PPG 

crosslinked with PEG-DA and bentonite clay. 

 It was observed that rubber gel would only form with acrylamide monomer. 

When acrylic acid and 2-acrylamido-2-methylpropane sulfonic acid sodium salt 

(AMPS) monomers were used, rubber gel did not form. 

 It was also observed that rubber gel did not form when directly prepared polymers 

were used. Rubber gel only formed when PPG was degraded into polymer 

solution. 
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 It was also observed that the amount of clay required to form rubber gel increased 

with increasing degraded PPG concentration. 

 Elastomeric rubber gel formed using 0.5% degraded PEG-200-DA is the most 

economical since it contains the least amount of degraded PPG (0.5%), requires 

the least amount of clay (50%), and has the highest gel strength (93520 Pa). 
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7. CONCLUSIONS 

Two products have been developed which can be potentially applied in mature 

fields. The first product presented was degradable nanocomposite Preformed Particle 

Gels for enhanced in-depth mobility control. 

 This product, when injected into the reservoir, will initially act as a 

conformance control agent by plugging water-thief zones and channels, 

thereby directing injected water to sweep out oil from low permeability oil-

rich zones. After a certain time period, the injected nanocomposite PPG 

decomposes through hydrolysis induced by heat or pH into a high viscosity 

linear polymer solution for the secondary polymer flooding to further enhance 

oil recovery. 

 Three different types of degradable nanocomposite hydrogels were 

synthesized and evaluated for this purpose. These three nanocomposite 

hydrogels were made using Laponite XLG, Calcium Montmorillonite, and 

Sodium Montmorillonite Nanomaterials. 

 In all three nanocomposite hydrogels, it was observed that gel strength 

increased with increasing nanomaterial concentration. 

 In all three nanocomposite hydrogels, it was also observed that longterm 

thermal stability of hydrogels was directly proportional to nanomaterial 

concentration. The higher the nanomaterial concentration, the longer the 

thermal stability of the hydrogels. 

 It was also observed that after degradation, LXLG nanocomposite hydrogels 

had the highest post-degradation viscosity (4437 cp), followed by Na
+
 

nanocomposite hydrogels (129 cp), and lastly Ca
2+

 nanocomposite hydrogels 

(75.5 cp). This was done at 0.6% nanocomposite PPG using 1% brine 

solution. 

 All three nanocomposite PPGs can be used for conformance control 

applications because they have higher strengths and longterm thermal 

resistance than PPGs without nanomaterial. 
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 However, for secondary polymer flooding-mobility control applications, we 

recommend using degradable LXLG nanocomposite hydrogels, since they 

have the highest post-degradation viscosity under anaerobic conditions. The 

post-degradation viscosities of Ca
2+

 and Na
+
 nanocomposite hydrogels were 

less than that for degraded PPG without nanomaterial, thus are not potentially 

suitable to enhance secondary polymer flooding. 

 For fracture-plugging applications, we recommend using Ca
2+

 nanocomposite 

PPG, since they showed the highest gel strength (17790 Pa). Next followed by 

Na
+
 nanocomposite PPG (6363 Pa), and lastly LXLG nanocomposite PPG 

(4100 Pa).  

The second product presented was an elastomeric rubber gel as a fracture-sealing 

agent. 

 An elastomeric rubber gel has been synthesized from degraded PPG 

crosslinked with PEG-DA and bentonite clay. 

 It was observed that rubber gel would only form with acrylamide monomer. 

When acrylic acid and 2-acrylamido-2-methylpropane sulfonic acid sodium 

salt (AMPS) monomers were used, rubber gel did not form. 

 It was also observed that rubber gel did not form when directly prepared 

polymers were used. Rubber gel only formed when PPG was degraded into 

polymer solution. 

 It was also observed that the amount of clay required to form rubber gel 

increased with increasing degraded PPG concentration. 

 Elastomeric rubber gel formed by 0.5% degraded PEG-200-DA is the most 

economical since it contains the least amount of degraded PPG (0.5%), 

requires the least amount of clay (50%), and has the highest gel strength 

(93520 Pa). 
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8. SUGGESTED FUTURE WORK 

Degradable nanocomposite preformed particle gels are a novel and promising 

trend in EOR particle gel technology. The ability of nanocomposite PPGs to degrade into 

viscous polymer solution to boost in-depth secondary polymer flooding is an exciting and 

promising idea. This product offers superior performances compared to PPGs without 

nanomaterials, or better still over in-situ gelation techniques. 

However, more optimization work still needs to be done. In this work, three 

different types of nanomaterials were studied: Laponite XLG, Calcium Montmorillonite, 

and Sodium Montmorillonite. However, this list is not exhaustive. Different 

nanomaterials such as carbon nanofibers, carbon nanotubes, polyhedral oligomeric 

silsesquioxanes (POSS), kaolinite, sercite, Laponite RD, Laponite RDS, Laponite EP, 

silica and their derivative silicates can be studied for a better post-degradation viscosity. 

Additionally, further characterization still has to be done to fully understand the 

complex and multifaceted interactions that exist between degraded PPG and 

nanomaterial.  

The second product is very novel and revolutionary in that it has the potentiality 

to overcome some of the channeling problems with PPGs. However, this product still has 

some limitations. More work still needs to be done on how to efficiently carry this 

product downhole.    
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