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Abstract 

Typically, polymer screening for enhanced oil recovery operations is done based on viscosity, 

viscosity dependent molecular weight correlations, and concentration. However, direct 

measurement of molecular weight and Molecular Weight Distribution (MWD) along with the 

other conformational parameters can provide better insights into the molecular characteristics of 

polymer molecules. In this work, we emphasize the need for incorporating MWD, radius 

distributions, and conformational characteristics of polymer solutions over the conventional 

screening criteria or enhance oil recovery operations. In particular, the hydrophobicity and 

concentration-dependent polymer conformations affect the polymer network formations at the 

molecular level in the aqueous and salinity environments is studied, and how they relate to 

polymer flow in the porous media. Due to limitations of gel permeable chromatography, direct 

measurement of polymer molecular weight, MWD, radius distributions, and conformations are 

measured using fluid flow fractionation (FFF) method. The effect of hydrophobicity on the 

rheological properties, shear rheology, and extensional rheology is also explained. Furthermore, 

the flow behavior of the polymer solutions in the consolidated and unconsolidated porous media 

in terms of Resistance Factor (RF) and Residual Resistance Factor (RRF) is justified by using the 

viscoelastic properties and polymer conformation.  

The results show that the average molecular weight increased with polymer concentration and 

hydrophobicity in both, aqueous and saline environments. However, narrow MWDs were 

observed for the polymer solutions with brine salinity.  The average radius increased with the 

polymer concentration. However, these values decreased with hydrophobicity in aqueous media 

and increased with hydrophobicity in a saline environment due to the charge screening effect. 

The domination of intermolecular networks only seems to occur above the critical aggregation 
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concentration. The polymer conformations changed from randomly coiled Hookean to the 

compacted sphere Non-Hookean as the hydrophobicity, concentration, and salinity increased. 

This corresponded to the higher resistance and residual resistance factors. The MWDs along with 

different types of confirmations were not able to differentiate the shear rheological behavior at 

the identical polymer concentration. However, the higher apparent extensional viscosity justifies 

the formation of an intermolecular network eventually responsible for forming Hookean 

randomly coiled polymer conformations.  

The polymer conformational properties measured using FFF and apparent viscosity profiles are 

used to explain how the hydrophobicity of polymer affects the polymer resistance and retention 

in the porous media, especially when shear and extensional rheology fails to explain the flow 

behavior in the porous media. The results showed that higher hydrophobic polymer was able to 

form non-Hookean rigid spherical structures that increase the hydrodynamic trapping. Whereas, 

at the low hydrophobicity, the formation of soft randomly coiled polymer conformations offers 

ease of injectivity even at the higher injection rates. Additionally, the proposed interaction 

mechanism of the coiled conformations on the rock surface is an important criterion for the 

prediction of polymer retention in the porous media. At the higher polymer concentration, the 

polymer retention in the porous media increased due to the domination of gel retention in the 

porous media. Combining concentration and hydrophobicity-dependent structure formations 

allow for optimizing the operation parameters like flow rate, pre-shearing, and filtration 

conditions.   
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Chapter 1: Introduction and literature review  

1.1 Introduction to oil recovery methods 

Crude, natural gas and Coal are the most valuable non-renewable energy sources and essential 

feedstock for many processes as well. Among them, oil plays the foremost role in the world of 

increasing energy demand. Once the current crisis situation gets stabilized, the global oil demand 

could be boosted by 0.5 million barrels/day to reach about 0.170 million barrels and 0.210 

million barrels daily by end of 2021 and 2022 respectively[1].  Additionally, the recent sharp 

drop in oil prices compelled the oil corporations to revise their production strategies and 

optimize their production cost based on the current oil price scenario. To satisfy the oil demand 

with the traded oil prices, the implementation of Enhanced Oil Recovery (EOR) techniques have 

been gaining more and more attention as the formation and exploration of new oil reserves 

continues[2]. 

Generally, a lifetime of a reservoir comprises three spans. Initially, primary oil recovery with 

natural drive mechanisms like gravity drainage, solution gas drive, supporting aquifers and, gas 

cap drive. Once this mechanism is depleted, the reservoir pressure can be maintained either by 

water or gas injection, also called a secondary oil recovery process. The tertiary oil recovery 

processes, also known as the enhanced oil recovery processes, consist of an extensive assortment 

of specific advanced techniques that are put into action as a third stage to improve the lifetime of 

a reservoir. When a new oil reservoir is drilled, only 20-40% of the potential oil can be extracted 

through a combined endeavor from the primary and secondary recovery processes[3]. Nearly 7.0 

× 1012 barrels of conventional and heavy oil persist in reservoirs worldwide after the 

conventional, primary and secondary oil recovery methods have been exhausted[4], [5].  
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Application of the EOR processes gives an additional opportunity to extract up to 20% of its 

original oil reserve so much of this remaining oil can be recovered by a variety of EOR 

techniques that guarantee a long-term supply of oil in the future. The typical EOR methods 

include chemical flooding, gas injection, and thermal processes. In thermal processes the 

advantage of heat transfer is considered as a major advantage for oil recovery. Whereas, in the 

displacement methods, chemical and gas injection, the addition of the chemical species along 

with a carrier fluid into the reservoir helps to displace the remaining oil through various 

mechanisms like IFT and/or viscosity enhancement, and mass transfer. The majority of chemical 

flooding includes the addition of surfactants and/or polymers in water to enhance the oil 

displacement ability. The following terminologies can be useful to understand the mechanism of 

polymer flooding. 

1. Polymers ultimately contribute to increasing the viscosity of injected water and enhance 

the fractional flow of oil defined in the equation below:  

                                                                           𝑓0 =
𝑞0

𝑞0+𝑞𝑤
=

1

1+𝑀
                                                       1.1 

where,  𝑓0 is fractional flow of oil, 𝑞0 is the volumetric flow of oil, 𝑞𝑤 is the volumetric flow of 

water, and 𝑀 is the Mobility ratio 

2. The sweep efficiency E, can be measured as, 

                                                         𝐸 =  𝐸𝐷 𝐸𝐴𝑆 𝐸𝑉𝑆                                                       1.2 

where, 𝐸𝐷 is displacement efficiency, 𝐸𝐴𝑆 is aerial sweep efficiency, and 𝐸𝑉𝑆 is vertical sweep 

efficiency. 

𝐸𝐷 can be measured as,  

                                                𝐸𝐷 =  
Volume of oil at start of flood − Remaining oil volum𝑒

Volume of oil at start of floo𝑑
                   1.3 
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1.2 Mechanisms 

The Improved volumetric sweep efficiency is governed by a combined effect of the microscopic 

(pore level) and macroscopic (areal and vertical sweep) recovery efficiencies as shown in Figure 

1.1. The macroscopic recovery implies the extent of enhanced oil that displacing agent can 

sweep.  Whereas microscopic recovery refers to the effectiveness of displacing agents that 

mobilize the enhanced oil ensnared in the reservoir pores by resultant capillary forces[6]. In 

general, two major factors that affect the residual oil mobilizations are the Mobility Ratio (𝑀) 

and the Capillary Number (𝑁𝑐). The  𝑁𝑐 represents the relative effect of viscous forces versus the 

surface tension across the interface between oil and the displacement fluid as shown in Eq. 1.4.  

𝑁𝑐 =
𝑣 𝜇

𝜎
 1. 4 

where 𝑣 is the Darcy velocity (m/s), 𝜇 is the displacing fluid viscosity (Pa·s), and 𝜎 is the 

interfacial tension between displacing fluid and oil (N/m) 

 

Figure 1.1 Mechanism for the oil Recovery[7] 
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The most effective way to improve the Capillary Number is by reducing the surface tension 

forces. This can be done either by adding the suitable surfactant to the displacement fluid or by 

application of heat. In the majority of cases, the enhancement of the Capillary Number by 3rd 

order magnitude may result in a 50% reduction in the residual oil saturation[4]. Whereas the 

Capillary Number approaches the “infinite” value in the case of miscible displacement (by using 

a surfactant with ultra-low IFT). Under these conditions with a favorable M, the residual oil 

saturation in the swept zone can be reduced to zero. The other factor, M is defined as the 

mobility of the displacing fluid over the mobility of displaced fluid as shown in Eq. 1.5.  

𝑀 =
𝜆𝑖𝑛𝑔

𝜆𝑒𝑑
=

𝑘𝑖𝑛𝑔

𝜇𝑖𝑛𝑔
×

𝜇𝑒𝑑

𝑘𝑒𝑑
1.5 

Where 𝑘 is the effective permeability (m2), and 𝜇 is the viscosity of concern fluid (Pa·s) 

The M higher than one is considered unfavorable. In such cases, the displacing fluid flows more 

readily than the oil. So it can bypass some of the residual oil and cause the viscous fingering or 

channeling of the displacing fluid and reduce the displacement efficiency, as shown in Figure 

1.1. The oil recovery can be improved when the value of M approached 1 and is denoted a 

“favorable” conditions.  



5 

 

 

Figure 1.2 Microscopic oil recovery by polymer flooding 

For most heterogeneous formations, only 50% of the reserved oil is recovered even after 

extensive waterflooding. A reason behind it is the higher unfavorable M between oil and water. 

In this case, the injected water hits directly to the producer by establishing a preferential flow 

path that bypasses the oil-bearing zones. This may result in low sweep efficiency, and so the oil 

recovery. To reduce the channeling of water, the polymer is usually added to the injected water 

that enhances the viscosity of the displacing fluid, called polymer flooding. Polymer flooding 

helps to improve the poor M encountered in the case of water flooding and reduces the 

permeability. Due to the swelling and viscoelastic characteristics of polymers the macroscopic 

recovery improvement is mainly governed by mobility control, disproportionate permeability 

reduction, and flow resistance induced by elasticity. These characteristics are also attributed to 

the microscopic recovery improvement explained by a combined oil tread, pulling, stripping, and 

shear thickening effects as shown in Figure 1.2[8].  
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1.3 Polymer EOR 

Polymer flooding offers several advantages, such as enhancing the mobility of the injected fluid, 

improving the vertical and areal sweep efficiencies, less water consumption than water flooding, 

and being a cost-effective alternative to other EOR techniques[9]. Although a barrel of polymer 

solution is more expensive than regular water, the additional cost is outweighed by the increased 

oil production. This allows for effective management of costs on a per barrel basis in the long 

run. The incremental barrels produced in the later stages of the asset's life present a chance to 

manage the cost structure and prolong the asset's lifespan, as depicted in the general diagram 

below (Figure 1.3). By providing oil in smaller increments, the cost of polymer injection and 

facility operation can be offset, resulting in a more sustainable cost per barrel. 

 

Figure 1.3 An illustration of a lasting advantage associated with polymer EOR adopted 

from Oil Authority Report [10] 

The chemical EOR market had a value of over US$4.00 billion in 2022 and is expected to 

experience a compound annual growth rate (CAGR) of 7.8% from 2022 to 2032, according to 
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the forecast. Out of the total global EOR market, the polymer EOR market was valued at around 

US$3.33 billion in 2020 and was expected to continue to grow in the coming years due to 

increasing demand for oil and advancements in polymer technology. The market forecast for 

polymer EOR was positive, with a projected compound annual growth rate (CAGR) of around 

6.5% from 2021 to 2027[10]. Table 1.1 shows a list of major successful polymer EOR projects 

[11]–[15]. Majority of them have used 1000-3000 ppm of HPAM (Hydrolyzed Polyacrylamide) 

dissolved in high TDS (Total Dissolved Solids) produced water or brine to be used as an 

injecting fluid for polymer EOR.  

Table 1.1 Successful field application of polymer EOR 

Field Name Country Operator Current 

Production 

(bopd) 

Expected 

Production 

(bopd) 

Polymer 

Used 

Mangala India Cairn India 175,000 240,000 by 2023 HPAM 

Tengiz Kazakhstan Chevron Not disclosed Up to 120,000 by 

2022 

Xanthan 

gum 

Rumaila Iraq BP 1.5 million 100,000 by 2022 HPAM 

Halfaya Iraq CNPC 200,000 270,000 by 2023 HPAM 

Daqing China PetroChina 800,000 1 million by 

2025 

HPAM 

Ghawar Saudi Arabia Saudi Aramco 5 million 4.5 million by 

2023 

ASP 

Prudhoe Bay United States BP Alaska 300,000 400,000 by 2024 HPAM 

Lula Brazil Petrobras 1.2 million 1.5 million by 

2023 

Xanthan 

gum 

Kashagan Kazakhstan North Caspian 

Operating Company 

370,000 500,000 by 2024 ASP 

Zafiro Equatorial 

Guinea 

ExxonMobil 100,000 150,000 by 2023 Xanthan 

gum 

Cantarell Mexico Pemex 800,000 600,000 by 2024 ASP 
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Johan 

Sverdrup 

Norway Equinor 400,000 700,000 by 2025 HPAM 

Karachaganak Kazakhstan Karachaganak 

Petroleum Operating 

250,000 300,000 by 2023 Xanthan 

gum 

One of the major challenges faced during implementation of the polymer EOR projects was 

polymer degradation and viscosity loss due to high temperature and reservoir conditions, which 

can reduce the effectiveness of the EOR process. Therefore, developing an understanding of the 

viscosity loss, degradation, and resultant effect on porous media flow of polymers at the lab scale 

enable to understand the risks associated with polymer EOR. In addition, gaining a 

comprehension of the impact mechanism and creating standardized methods for polymer 

screening helps to mitigating these risks.  
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Figure 1.4 Outline roadmap for polymer EOR[10] 

Figure 1.4 shows a typically followed roadmap for polymer EOR implementation. The early 

evaluation of a field's suitability for polymer EOR is crucial as it can impact many techno-

economic decisions and pave the way for the future implementation of an EOR scheme. The goal 
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of a pre-determined laboratory study is to identify and create a suitable polymer solution tailored 

to the unique characteristics of the field in question. When conducting chemical screening, 

several factors must be considered, including the stability of the chemical throughout the supply 

chain from the manufacturer to the reservoir, its effectiveness within the reservoir, the 

complexity of the facility, its operational reliability, the dependability of the supply chain, and its 

commercial feasibility. Although implementation of polymer EOR technologies are more 

expensive per barrel than regular water, the additional cost is outweighed by the increase in oil 

production. This means that, in the long term, the costs can be effectively managed on a per 

barrel basis. Late-stage incremental barrels provide an opportunity to manage the long-term cost 

structure and prolong the lifespan of assets. This is illustrated in the following schematic: 

For the EOR industry to establish itself as sustainable and profitable, it is essential to ensure that 

EOR projects are economically viable and competitive. The viability and competitiveness of 

these projects are crucial for attracting industry investments and fostering development[16]–[18]. 

However, achieving economic and competitive EOR projects involves considering multiple 

factors that contribute to their overall value.  

 

Figure 1.5 Polymer EOR Mechanism[15]  
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In conventional water flood systems, oil is pushed towards production wells by injecting water 

through injector wells. However, in many reservoirs, the water flood tends to follow a narrow 

path between the injector wells and the producers. This leads to the formation of 'coning' or 

'fingering' patterns, where significant volumes of oil-saturated rock are bypassed by the water 

flood, resulting in unrecovered oil, as shown in the Figure 1.5.  

Other two factors used to identify the success of polymer EOR are, sweep efficiency, and 

displacement efficiency. The effectiveness of an enhanced oil recovery process can be measured 

by sweep efficiency, which is determined by the volume of the reservoir that is contacted by the 

injected fluid. However, sweep efficiency is a complex parameter that depends on various factors 

such as the injection pattern chosen, the presence of off-pattern wells, fractures in the reservoir, 

the position of gas-oil and oil/water contacts, reservoir thickness, areal and vertical 

heterogeneity, M, and the density difference between the displacing and displaced fluids.  

𝐸𝐷, also known as microscopic sweep efficiency or local sweep efficiency, is a measure of the 

effectiveness of a polymer solution in displacing oil. It is calculated by dividing the volume of 

oil displaced by the volume of oil contacted by the displacing fluid (polymer solution) as shown 

in the Equation 1.3.  

The flow of polymer solution through porous media is affected by three main retention 

mechanisms: polymer adsorption, mechanical entrapment, and hydrodynamic retention[19], [20]. 

Polymer adsorption occurs when the polymer molecules interact with the solid surface, causing 

them to attach to the rock's surface. Physical adsorption, mainly dominated by van der Waals 

bonding and hydrogen bonding, is more prevalent than chemical adsorption. Polymer adsorption 

is directly proportional to the surface area and can occur in the absence of a porous medium. 

Mechanical entrapment, on the other hand, occurs when large polymer molecules are trapped in 
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small pore throats, reducing permeability and retention. This can cause significant issues in 

polymer flooding, including reduced concentration of the effective polymer solution, viscosity 

changes, and inefficient sweep. Hydrodynamic retention is the least understood mechanism and 

is not a significant contributor to polymer retention in porous media. 

Referring to Figure 1.6, the phenomenon can be described as follows: polymer molecules are 

trapped, possibly temporarily, in stagnant flow regions due to hydrodynamic drag forces. Within 

these localized regions, there is a chance of higher polymer concentration compared to the 

injected fluid. When the flow stops and the drag force diminishes, these trapped polymer 

molecules can rejoin the main flow channel. Upon the resumption of flow, they are then 

produced along with the fluid. 

 

Figure 1.6 Schematic of polymer retention mechanism [21] 
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1.4 EOR polymers 

1.4.1 Introduction to hydrolyzed polyacrylamide 

The two most utilized types of polymers for this purpose are synthetic polymers, typically 

represented by partially hydrolyzed polyacrylamide (HPAM), and biopolymers. Currently, 

synthetic polymers are the most widely deployed technology solution in the industry. Adequately 

designed polymer flooding can improve the EOR even under challenging reservoir conditions. 

The technological, operational, and cost benefits of polymer EOR can be tuned based on the 

suitable selection of polymer to enhance the viscosity of water that favors mobility control and 

reduce the relative permeability simultaneously. HPAM and its hydrophobicity-modified 

derivatives, Associating Polymers (AP) with higher molecular weight have been used at the 

commercial stage considering the economic factors. The higher molecular weight of these 

polymers is eventually responsible for enhancing the viscoelasticity of displaced slugs to achieve 

a favorable M. Therefore rheological characterization has been used to predict the flow behavior 

of polymer in the porous media. 

Regarding polymer flooding, a variety of water-soluble HPAM are being applied successfully in 

the oilfields.  HPAMs are commercially available with different molecular weights (Mw) and 

degrees of hydrolysis. For the majority classes, the degree of hydrolysis varies from 25-30% with 

a maximum Mw of up to 30 MDa. These polymers exhibit higher mechanical (shear) and 

chemical stability (salt and pH tolerance), with the lower bio-degradability and bulk cost 

compared to the modified natural polymers like carboxymethylcellulose, xanthan gum, and guar 

gum. Electric double-layer and thick hydration layer formation up on HPAM dissolution of 

HPAM in deionized water cause swelling of HPAM molecules result in a higher viscosity of the 

solution. However, under harsh reservoir conditions, conventional HPAMs exhibit degradation 
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of polymer that may cause loss of polymer injectivity. The degradation of HPAM 

macromolecules may cause viscosity reduction or precipitation. Chemical, mechanical, and 

thermal degradation refers to the change in the polymer molecule's structure or loss in Mw 

responsible for the change in the physicochemical properties of the solution.  

During polymer flooding, the higher shear forces on the polymer chains are experienced either 

near to wellbore region or during pumping operation. The magnitude of the shear acting on the 

polymer chains is such high that breaks the polymer chains called mechanical degradation. This 

may reduce the viscoelasticity of polymer solution due to the degraded polymer solution with 

lower Mw[22]. A hypothesis was made that the polymer chains get starched under the application 

of high shear forces and most likely break from the C-C bond located at the middle of polymer 

chains[23], [24]. Later on, it was found that the extent of starching of polymer chains was too 

low even at the high shear that justifies the chain breaking and so the mechanical degradation. 

Therefore, the mechanism of mechanical degradation of the polymer solution was explained by 

an entanglement theory[24]. At high shear rates, the degree of entanglement is increased between 

polymer chains which induce tensional stresses to the polymer molecules in the center of 

entanglement. Therefore, the higher entanglements between polymer chains resulting from the 

application of the high shear forces might be responsible for the polymer solution viscosity 

losses.  

HPAMs are also known as thermally sensible polymers[25], [26].  The acrylamide groups of 

HPAMs start to hydrolyze above the temperature of 60 °C. The hydrolysis of HPAMs resulting 

in the generation of sodium acrylate may initiate the polymer precipitation that causes loss of 

relaxation time and so the viscosity of the solution. The rate of Fenton reaction, responsible for 

generating carboxyl radical can be accelerated at high temperatures[27]. These free radicals 
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rupture the acrylic groups resulting in the reduction of Mw. Also, these radicals can abstract the 

hydrogen from the polymer backbone. Nevertheless, this process requires oxygen and is 

therefore strongly limited in the reservoir. Therefore another mechanism for the thermal 

degradation was explained in the terms of ammonia loss[26]. At elevated temperatures, the 

HPAMs molecules lose ammonia resulting in the formation of imide which is subsequently 

decomposed. By that, the polymer loses Mw and finally, viscosity and relaxation time. 

The hydrolysis of polymer molecules due to variation in pH conditions and reservoir salinity is 

called chemical degradation. Chemical degradation is the most dominating among all-polymer 

degradation happens during polymer flooding operations. The sensitivity of pH mainly applies to 

the larger polymer molecules as the smaller molecules are sensitive to both, low and high pH 

values. Amide groups are hydrolyzed instantly due to the change in the alkaline or acidic 

reservoir conditions. The higher HPAM degradation was observed under the acidic condition 

than the alkaline condition[28]. Under any conditions, if the HPAMs hydrolyzed exceed 33% or 

higher, the chemical instability comes into consideration[29]. This happens in the presence of 

cations or salts. The presence of cations or salt  can cause charge shielding that weakens the 

intermolecular forces between polymer molecules. This may cause the loss in Mw or the polymer 

precipitation and so the loss in the viscosity of polymer solution. Dalsania et al. [25] explained 

how the conformational changes with pH, and the polymer concentration in the aqueous media. 

However, they did not study the underlying mechanism.   

1.4.2 Associative polymers for EOR 

To overcome the operability limits of polyacrylamides, the polymer molecules can be modified 

to enhance their hydrophobicity. This new class of polymer is called AP. Polymer 

hydrophobicity refers to the tendency of a polymer to repel or be resistant to water. It is a 
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measure of how well a polymer interacts with water molecules. Hydrophobicity is determined by 

the chemical structure of the polymer, specifically the types of functional groups present and the 

overall polarity of the polymer chain. In hydrophobic polymers, the polymer chains are 

predominantly composed of hydrophobic (water-repelling) groups. These groups are typically 

nonpolar or have low polarity, meaning they have a low affinity for water. As a result, 

hydrophobic polymers tend to form aggregates or repel water molecules, leading to a lack of 

solubility or wetting ability. 

These polymers are expected to improve the efficiency of polymer flooding due to higher 

hydrophobicity responsible for better viscoelastic stability than HPAMs against higher 

degradation conditions discussed above. The tunable concentration and temperature-dependent 

molecular interactions for the AP allow a user-oriented control of its physical properties. The 

effect of hydrophobic associations or hydrophobicity on the rheological properties hypothesized 

on the molecular interactions is well understood[30]–[34]. In the dilute regime, intra-molecular 

hydrophobic associations between attractive groups of the same polymer chains dominate the 

rheological properties as shown in Figure 1.7[35]. Approaching the critical aggregation 

concentration (CAC), this self-association may cause the aggregation of several polymer chains 

into a micelle (complex) of different morphologies. In the semi-dilute regime or above the CAC, 

a transient network between the polymer chains can be formed by the intermolecular association 

on the top of pre-existing Van Der Waals forces. These networks may induce the formation 

aggregate and so rheological behavior[31], [34], [35]. 
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Figure 1.7 Hydrophobic molecular interactions between polymer chains 

The reversible bridging among polymer chains reduces its affinity to the aqueous medium and 

shows an indication of balance between phase separation and intermolecular hydrophobic 

interactions. Further, in the concentrated regime; strengthening molecular interactions may cause 

phase separation in the system. On the other side, the intramolecular interactions dominate as the 

hydrophobicity increases. So, at the higher hydrophobicity, the effective polymer coiling may 

change the polymer conformations. However, How these molecular interactions affect the 

polymer conformations are not understood well. APs exhibit excellent shear and thermal stability 

under harsh reservoir conditions[35]. Here, a detailed study is needed on the effect of the cation 

charge shielding effect on the hydrophobic interactions.  

The above-mentioned polymers (HPAMs and AP) are characterized by ultra-high Mw to achieve 

high viscoelasticity[36]. Therefore, the Mw is the most important property that has a major 

influence on the efficiency of polymer flooding and the economics of EOR projects[37]. An 

experimental study by using HPAM modified with 2-Acrylamido-2-Methylpropane Sulfonate 

(AMPS) and n-Vinyl Pyrrolidone (NVP) for use in polymer flooding in high-temperature and 



18 

 

high-salinity carbonate reservoirs in the Middle East, showed that the viscosifying power of the 

associative polymers was dependent on both salinity and hardness, with higher viscosity in 

desalinated Arabian Gulf Seawater compared to more saline brines [38]. Other studies have also 

shown that high salinity can also reduce the viscosity due to increased intramolecular 

association[34], [38]–[45]. Thermal and shear stability showed improved performance compared 

to conventional HPAM. However, an experimental study shows that the polymers based on 

sodium-2-acrylamido-2-methylpropane sulfonate (NaAMPS) with high levels of acrylamide may 

not be suitable for polymer flooding at higher temperatures [46]. An experimental investigation 

found that the viscosity of AP in saline water is higher than that of conventional high Mw 

polyacrylamide (PAM) due to the presence of hydrophobic groups and strong intermolecular 

forces. The rheological characterization showed that the viscosity of associative polymers is 

largely influenced by the polymer concentration and shear rate, while the conventional HPAM 

viscosity is not under the brine salinity environment. The high viscosity of AP is due to the 

formation of a large three-dimensional network structure, which results from the strong 

association of polymer molecules [45].  

1.4.3 Effect of Mw of polymer on the solution viscosity 

The Mw of a polymer has a significant impact on its rheological properties. Intrinsic viscosity is 

considered a more fundamental measure of Mw compared to viscosity alone, as it is independent 

of concentration[34]. Polymers often have a wide distribution of Mw and can also be branched. 

The Mark-Houwink relationship provides a viscosity averaged Mw, which is closer to the weight 

averaged Mw than the number averaged Mw. The value of the exponent in the Mark-Houwink 

relationship determines if the viscosity averaged Mw is equal to the weight averaged Mw [47]. 

Additionally, the Mark-Houwink-Sakurada equation is another empirical equation that relates the 

Mw of a polymer to its intrinsic viscosity. This relationship has been observed for several 
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polymers including cationic polyelectrolytes and in different solvents. The equation has been 

supported by a number of studies[48]–[52].  

The relationship between the Mw and the viscosity of N-octylacrylamide/acrylamide copolymers 

has been studied by A. Alquraishi and F. Alsewailem, and T. Dow [38], [41]. C. A. Finch [16] 

reveals that higher intrinsic viscosity (and therefore, Mw) leads to higher solution viscosity, 

similar to the trend observed for non-associating polymers. However, more studies are needed to 

fully understand the dependence of solution viscosity on Mw, MWD, and solution rheology. P. 

Gupta et al. [49] have shown differing conclusions on the exponential dependency on MW. E. 

Zhang et al. [50] suggest that it increases with Mw. There is a lack of clear understanding on the 

relationship between Mw, MWD and the hydrodynamic radius of associative polymers with 

polymer rheology and flow through porous media behavior. 

Technically the polymers dissolved in the solvents do not exhibit a single monodisperse Mw. 

Therefore the MWD gives better insights into the molecular characteristics of polymer chains in 

the solvent. Also, these characteristics along with the Radius of Gyration distribution (Rg) can be 

used to explain the flow behavior of polymer solutions in the porous media[28]. Patel et al. [22], 

[23] explained how the conformational changes, MWDs, and Rg s for HPAMs change with pH, 

and concentration.  They have concluded that the polymer conformation changes under these 

environments are responsible for changes in the viscoelasticity of the concerned HPAM 

solutions.  Whereas for the associative polymers, similar studies are not available in the letature 

on how the induced hydrophobicity affects the polymer conformations under different 

environments that result in better solution properties compared to HPAMs.  

When the polymer solution is injected into the reservoir, shear rates of 1 (deep in the reservoir) 

to 100 s−1(near-wellbore region) are achieved. These shear rates are too low to justify the flow 



20 

 

instabilities. In these cases, the bulk shear rheological measurements help to study the flow 

behavior of polymer solutions in the porous media. Also the problem of polymer selection arises 

when they exhibit similar shear rheology[27]. At the higher Weissenberg number, the polymer 

conformations causing the time-dependent elastic instabilities haven't been explored well. 

Olmsted and Rowley [51] studied the relationship between Mw on the rheology of AP. The 

authors concluded that the Mw of the polymers is a critical factor in determining their 

rheological properties and that the conformation of the chains plays a major role in controlling 

the viscosity in shear and extensional flows. The effect of polymer conformation on rheological 

properties of polyethylene glycol-based associative polymers were investigated and the authors 

found that the conformation of the chains is a crucial factor in determining the rheological 

properties of associative polymers and affects the resistance factor and viscosity in shear and 

extensional flows. The effect of polymer conformation on the rheological properties of 

polyethylene glycol-based associative polymers was studied by V. Castelletto et al. [53]. The 

role of conformation on hydrodynamics and structure in the rheology of associative polymers 

was also investigated and  concluded that the conformation of the chains, hydrodynamics and 

structure play crucial roles in determining the rheological properties of associative polymers and 

influence the viscosity in shear and extensional flows [54]. Hiraoka and 

Yamakawa [52] highlight the importance of Mw and chain conformation in the rheology of 

associative polymers. They claim that the conformation of the chains plays a major role in 

controlling the viscosity in shear and extensional flows and that the Mw is a crucial factor in 

determining the rheological properties of assocative polymers. Further research on the polymer 

conformational determination is needed to fully understand the complex behavior of associative 

polymers and how their molecular structure and behavior can be controlled to optimize their 

rheological properties. Additionally, it is important to consider the impact of other factors, such 
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as temperature, solvent composition, and concentration, on the rheology of associative polymers. 

These variables may interact with Mw and chain conformation to further influence the 

rheological properties of these materials.  

1.4.4 Limitations of solution viscosity on explaining flow behavior in the porous media 

Despite extensive research in the field, our understanding of the flow of polymers in solution 

remains limited. Numerous proposals have been put forward, highlighting the absence of 

consensus among researchers regarding the mechanisms underlying polymer flow behavior. 

Additional micro-force or normal stresses were cited by several other researchers as the primary 

explanation for the remaining oil saturation reduction during viscoelastic polymer flooding[31]. 

Micro-force is a component of normal stress, which is proportional to extensional viscosity so 

the extensional viscosity and the relaxation time are the solution characteristics used for the 

polymer screening[32]. Polymer elasticity would be an important screening criterion especially 

when the shear rheology enables the explanation of the flow behavior of HPAM and its 

derivatives exhibit similar bulk shear characteristics[33][34][35]. All these mechanisms 

emphasize the influence of normal stresses. However, under reservoir conditions, the yielding 

stress is not always the normal stress even though the polymer is injected at a very low rate[36]. 

Hence the normal stress-dependent bulk polymer characteristic can not represent the behavior of 

polymer solutions through a porous media. The non-Newtonian flow of these viscoelastic 

polymer solutions through porous media under non-uniform conditions (varying porosity, 

permeability, and yield stress) could be explained by the formation of molecular networks 

responsible for the fluid flowability, resistance, and retention[37]. These induced networks may 

not cause considerable change in the viscoelastic properties. Hence the possibility to predict the 

polymer injectivity from the independent measurements of the fluid’s rheological properties and 
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the porous media’s geometrical properties may provide better insights for the flow behavior of 

polymer solutions in the porous media..  

1.5 Mw, MWD, radius distribution and conformational characterization 

1.5.1 Gel permeation chromatography 

In the Gel Permeation Chromatography (GPC), the polymer sample undergoes dissolution in a 

solvent. Upon dissolution, the polymer molecules undergo coiling, forming a conformation 

resembling a tangled ball of string. Polymers with higher Mw tend to form larger coil structures. 

These coiled polymer molecules are then introduced into the mobile phase and flow into the 

GPC column[28]. 

As the dissolved polymer molecules travel through the column, they interact with the beads 

present. Several scenarios can occur during this process. If the polymer coils are significantly 

larger than the largest pores in the beads, they are unable to enter the pores and are carried 

straight through by the mobile phase. In the case where the polymer coils are slightly smaller 

than the largest pores, they can enter the larger pores but not the smaller ones, occupying only a 

portion of the available stationary phase. When the polymer coils are smaller than the smallest 

pores in the beads, they have the ability to enter any of the pores and thus potentially occupy all 

of the available stationary phases.  

Once the molecules enter the column, a repetitive partitioning process takes place, facilitated by 

diffusion. This process involves the molecules entering and exiting any pores they encounter as 

they travel down the column. Consequently, small polymer coils capable of entering multiple 

pores within the beads require a longer time to pass through the column, resulting in slower 

elution. On the other hand, large polymer coils that cannot enter the pores exhibit a faster exit 

from the column. Polymer coils of intermediate size elute somewhere between these two 
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scenarios. Thus, the requirement of pre-filtration limits characterizing the polymer solutions with 

ultra-high Mw, and containing gels.  

1.5.2 AF4-FFF characterization technique 

FFF (Field-Flow Fractionation) has experienced significant advancements over time and has 

emerged as an invaluable analytical separation technique for the characterization of 

macromolecules. It has become a standard method for quantifying the size and molar mass of 

various substances, including ultralarge biopolymers, protein aggregates, and synthetic polymers. 

In cases where conventional GPC falls short due to the inability of large proteins and ultrahigh 

molar mass polymers (>MDa) to penetrate the pores in the packing material, FFF offers a robust 

alternative for their separation. FFF operates by combining field-driven and diffusive transport 

mechanisms, enabling the separation of substances that would otherwise be inaccessible through 

traditional methods. 

As shown in the Figure 1.8, the asymmetric flow field flow fractionation is a separation principle 

that uses the fact that in a long chain channel a laminar flow has a parabolic flow profile and that 

particles/polymer, driven by a force perpendicular to this flow, will arrange themselves in 

different mean layer thickness, so that they are transported with different velocities through the 

channel.  
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Figure 1.8 Schematics of AF4-FFF principle 

The bottom of the channel consists of a porous frit and a semipermeable membrane. Particles in 

the channel are moved by a flow perpendicular to the membrane to the membrane towards side. 

On the other hand, all particles can diffuse back into the channel. The smaller the particles are, 

the higher the diffusion caused by the Brownian motion of the particles. The interaction of the 

driving field and the diffusion causes the particles to have a different average distance from the 

accumulation wall, the membrane. The outstream can be connected to the light scattering 

detectors (multi-angle light scattering (MALS) and refractive index (RI)) for determination of 

Mw and radius distributions. The light scattering function under MALS is shown in Figure 1.9.  
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Figure 1.9 Light Scattering under MALS detector 

The data collected is utilized to establish an autocorrelation function, which allows for the direct 

derivation of the diffusion coefficient. By applying the Stokes-Einstein equation, it becomes 

possible to calculate both the hydrodynamic radius and the size distribution. The fundamental 

principle of Multi-Angle Light Scattering (MALS) is similar to that of Static Light Scattering 

(SLS) at a single angle. A beam of polarized light is directed onto the sample molecule, and the 

resulting scattered light is captured by a photo detector. However, in MALS, the scattered light is 

detected at multiple different angles simultaneously. The intensity of the scattered light at each 

angle correlates with both the molar mass and the concentration of the molecules being studied. 

For smaller macromolecules that do not exhibit angular dependence in the scattered light, 

detecting at a single angle is adequate. However, as the sample molecules increase in size, more 
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light scatters in the forward direction at smaller detection angles. In such cases, it becomes 

crucial to capture the scattered light at multiple angles simultaneously. the expression for Multi-

Angle Light Scattering can be represented by the following equation: 
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Where, 𝑅(Ɵ) = Excess intensity of scattered light at a given angle, C= sample concentration, M= 

molar mass, 𝐴2= second viral coefficient, K= optical constant, n= solvent refractive index, 
𝑑𝑛

𝑑𝑐
 = 

refractive index increment, 𝑁𝐴= Avogadro number, 𝜆0 = Wavelength of laser light, 𝑃(𝜃) =

Function of angular dependent light scattering intensity  

By combining the aforementioned scattering equation with the Taylor expansion for the form 

factor P(θ), we arrive at the following equation for light scattering: 
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Utilizing this formula, it becomes possible to plot R(θ)/(K*c) as a function of sin2(θ/2). Through 

this plot, the gyration radius Rg and the molar mass M can be calculated. The slope of the 

function at angle 0° represents Rg, while the intercept of the curve with the y-axis provides the 

value for M. The determined conformational properties for the polymer solutions were used to 

explain the polymer injectivity in the porous media.  
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Figure 1.10 displays the experimental setup for AF4-MALS-RI analysis. The setup comprises 

essential components such as an AF4 module, focus and tip pump, MALS detector, and RI 

detector. The AF4 module used was the AF2000 MF supplied by Postnova Analytics in 

Landsberg, Germany. This module serves the purpose of controlling and measuring all the 

necessary operating variables required for system operation and elution data analysis. Pumps, 

valves, and flow rates are precisely controlled, and the NovaFFF Data Acquisition and Control 

Software is used to acquire elution data. 

 

Figure 1.10 AF4-FFF system set-up 

The focus and tip pump employed was the PN 1130 by Postnova Analytics, which is a dual 

piston solvent delivery pump designed for this purpose. The MALS system utilized was the 

PN3621 by Postnova Analytics, which operates with a 532 nm laser beam and incorporates 21 
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different scattering angles for detecting scattering intensities. These angles range from 7o to 

164o, allowing for comprehensive measurements. The MALS system has a measurement range 

for molar mass from 103 Dalton to 109 Dalton. Finally, the refractive index detector used was the 

PN 3150, also supplied by Postnova Analytics. Overall, this experimental setup ensures accurate 

and reliable AF4-MALS-RI analysis by incorporating advanced components and precise control 

mechanisms. 

The spacer membrane sandwich configuration creates a trapezoidal channel geometry. The 

dimensions of the channel are as follows: the tip-to-tip length is 27.9 cm, the breadth at the inlet 

is 2 cm, and the breadth at the outlet is 0.6 cm. The total area of the channel is calculated to be 

34 cm². To define the channel, a spacer with a nominal thickness of 300 μm is utilized. For the 

separation channel, a regenerated cellulose membrane with an average molar mass cut-off of 10 

kDa (Z-MEM-AQU-631, RC amphiphilic, supplied by Postnova Analytics) is employed. 

The experimental methodology employed for the conducted experiments is outlined in Figure 

1.11. The samples were introduced into the channel through manual injection. The experiments 

commenced with sample injection and focusing, utilizing a main pump flow rate of 0.20 mL/min 

and a focus pump flow rate of 0.80 mL/min. A low inlet flow rate was chosen to prevent shear 

degradation. The cross-flow rate remained constant at 0.50 mL/min during the injection and 

focusing phase. The focusing process typically lasted for 3 minutes, with the focusing position 

set at 8.9 cm. 

Following the injection/focusing phase, a transition time of 1 minute was allowed for the switch 

to elution mode. Elution commenced at an initial cross-flow rate of 0.50 ml/min for a duration of 

2 minutes, after which it gradually decreased to 0.1 ml/min over a period of 35 minutes, 

following a power function with an exponent of 0.3. A final cross-flow rate of 0.1 ml/min was 
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maintained for 15 minutes. After each experiment, rinsing was performed using a tip pump flow 

rate of 1 ml/min, and the purge valve remained open for 5 minutes. 

 

Figure 1.11 AF4-FFF experimental steps to characterize polymer samples 

In each separation experiment, approximately 50 μL of the sample was injected into the 

membrane. All experiments were conducted under room temperature conditions. After the 

separation process within the channel, the eluent from the channel flows into in-line detectors, 

including the MALS detector and RI detector. The coupling of these detectors to the outlet of the 

separation channel allows for direct determination of the molar mass and radius of the eluted 

fraction, eliminating the need for any standards. The entire system is connected to a unified 

software platform (Nova FFF software, supplied by Postnova Analytics, Landsberg, Germany) 

for controlling data acquisition and performing system evaluation of all connected detectors. A 

polymer recovery was measured to optimize the above-mentioned parameters and a method of 

polymer elution was finalized when a polymer revery over 95% was observed.  
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1.6 Determining the polymer solution viscosity 

1.6.1 Shear viscosity 

The AR2000 instrument from TA Instruments was employed to analyze the shear behavior of 

polymer samples at room temperature. The instrument offers a minimum torque resolution of 0.1 

μN·m and a displacement resolution of 0.04 μrad. The polymer samples were assumed to have a 

density of 1000 kg/m3, and the probe volume used was 1 mL. 

                                                                                   [𝜂] = 𝑘𝑀𝛼                                                           1.9 

Where, [𝜂] is intrinsic viscosity of polymer solution, 𝑀 is the average molar mass of polymer 

solution, and 𝑘 & 𝛼 are the empirical constants obtained from the experimental data  

The Mark-Houwink-Sakurada relationship Equation 1.9 is commonly employed to establish a 

connection between the intrinsic viscosity of a polymer in solution and its average molar masses. 

This relationship is utilized in a widely adopted polymer characterization technique, which is 

relatively straightforward and empirical in nature. By determining the intrinsic viscosity, 

typically achieved through the extrapolation of viscosity-concentration data, an estimation of the 

polymer's average molar masses can be obtained. While modern rotational viscometry 

instruments are capable of performing such measurements, a simpler approach involving an 

Ostwald or Ubbelohde viscometer is typically employed. 

This method is constrained to the examination of polymers where the Mark-Houwink-Sakurada 

(MHS) constants are already known. Additionally, the MHS constants are applicable only to the 

solvent or closely related solvents for which they have been determined. It is important to note 

that brine composition changes with varying reservoir conditions, making it challenging to 
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analyze the behavior of a polymer since the MHS constants may not be available for that specific 

brine. This method also presents limitations when dealing with novel polymers or copolymers 

designed for specific purposes. Additionally, when the polymer solutions exhibit the similar 

rheological profiles, it is very difficult to use the characteristic molar mass for the flow behavior 

predictions.  

Furthermore, this characterization method is quite rudimentary in nature. It provides only a 

single value for the molar mass and does not offer information regarding the mass distribution of 

the polymer or the radius of gyration. Consequently, the intrinsic viscosity has limited utility 

when dealing with novel ultrahigh Mw polymers and copolymers that are being specifically 

developed.  

1.6.2 Extensional viscosity 

The Capillary Breakup Extensional Rheometer (CaBER) is conceptually based on the designs of 

Bazilevsky et al. The instrument uses a laser micrometer to monitor the diameter of a thinning 

filament. Quantitative information that can be obtained from these data are time-to-breakup, and, 

from the slope of the curve, the “stringiness” of the fluid.  

In the CaBER, the polymer sample is constrained axially between two smooth coaxial disks of 

the same radius such a way that the liquid polymer solution sample bridges in the cylindrical 

configuration between two plates. The plates separate rapidly over a short distance to generate an 

instantaneous strain. Once the unstable necked configuration has been established, the midpoint 

diameter is monitored as a function of time.  

The principal experimental results can be obtained from CaBER are the evolution of the 

midpoint diameter if the polymer samples with the time.  This evolution is driven by the 

capillary pressure and the resistance by the extensional stress in the polymer sample. The 
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measurements can thus be represented in terms if an apparent extensional viscosity. The 

respective model fits to the raw data are explained in the subsequent chapters. 

1.7 Problem Statement  

Polymer displacement in the porous media is always subjected to the shear and extensional 

forces. However, the yielding stress on the polymer molecule in the porous media is not always 

normal or the shear stress even though the polymer is injected at a very low rate. Hence the 

existing viscoelastic models encountering only shear or normal stress fails to explain the 

behavior of HPAM and APs in the porous media. This arises the scope of study to enable 

polymer screening criteria that are independent of the stress factor and also can able to explain 

the underlying mechanism favoring the M.  

Technically the polymers dissolved in the solvents always exhibit a polydisperse Mw. Therefore, 

MWD rather than the average Mw along with the other conformational parameters can provide 

better insights into the molecular characteristics of polymer molecules. Determination of MWD 

for the ultra-high Mw polymer molecules using the existing techniques like Gel Permeation 

Chromatography (GPC) or Size Exclusion Chromatography (HEC) has been a major challenge. 

limitations of this technique may lead to results that are not only incorrect, but even completely 

misleading. Here AF4-FFF technique provides important insights to characterize the ultra-high 

Mw polymers. Also, AF4-FFF technique is very useful determining Mw and radius distributions 

for the polymer solutions along with the conformational characteristics. These characteristics 

further functionalize depending on the nature of the polymer along with the solvent type. That is 

why it is important to study the effect of concentrations and hydrophobicity of polymers 

dissolved in the different solvent types, deionized water, and brine on the resulting 

conformational characteristics. Furthermore, how the polymer aggregates (above the critical 
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aggregation concentration) affect the properties of the formed complex network can be explored. 

The effect of these complex networks on the rheological behavior of solutions also needs to be 

explored well.  

Where rheology fails to explain the typical flow behavior of associative and non-associative 

polymers triggered by intermolecular hydrophobic association, the conformational properties 

(the molecular characteristics) can provide better insights. This led to a scope of study to 

correlate these conformational properties with the triggered pressure profiles by polymer 

solutions flowing through the porous media. The resulting pressure profiles can be used further 

for estimating the resistance and residual resistance factors. So, the ultimatum could lead us to 

estimate the polymer retention based on the conformational characteristics. 

To verify the above-mentioned hypothesis, a comprehensive analysis can be performed on how 

measured polymer conformations explicitly explain the available core-flood data in the literature 

and overcome the limitations of using rheology. Also, determining the conformational properties 

for the produced water samples can provide a better understanding of the role of varying polymer 

molecule chains on the polymer retention in the porous media.  

Employing the conformational characteristics to enhance polymer flow behavior holds the 

potential to address current hypotheses and overcome limitations associated with rheology 

explaining polymer flooding. This research aims to deepen understanding of molecular network 

formations and explain the injectivity behavior of polymer solutions in the porous media.  
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1.8 Objectives of our research 

To address the aforementioned challenges, this thesis is organized into four distinct tasks. The 

subsequent section provides an overview of the research objectives and the corresponding 

problem statements that will be addressed: 

1. The produced water samples along with injecting fluid were subjected to determination of 

Mw and radius distributions for fluid flow fractionation method validation for the field 

applications.  

2. Characterization of Co- and Post- Hydrolyzed PAM conformations, Mw, and radius 

distribution under a saline environment that affect the rheological behavior.  

A. To investigate the role of monovalent salt (NaCl) and divalent salt (CaCl2) on polymer 

interactions. The effects of these interactions changing the conformational 

characteristics of polymer chains in the different brine can be studied.  

B. These conformational properties along with Mw and radius distributions can be 

correlated with the rheological profiles exhibited by the polymer solutions.  

3. Influence of hydrophobic association in the aqueous and saline media on the rheology 

and polymer conformation of associative polymers. 

A. Investigating the role of hydrophobicity and the polymer concentration on the Mw 

and radius distributions in the aqueous media.  

B. How these distributions affect the rheological properties of polymer solutions?  

C. A method estimating the critical aggregation concentration for the polymer in specific 

solvent. 

4. A study of the flow behavior of polymers with different hydrophobicity in the porous 

media.  
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A. Investigating how hydrophobic interactions overcome the charge shielding effect by 

salt cations.  

B. Effect of the charge shielding effect on the Mw and radius distributions of polymer 

solutions. 

C. Effect of hydrophobicity dependent polymer conformations on the polymer injectivity 

in the Bentheimer Sandstone (consolidated) and sand pack (un-consolidated) 
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Chapter 2: Characterization of Co and Post Hydrolyzed PAM molecular weight and radius 

distribution under saline environment 

2.1 Abstract 

The structural changes in the hydrolyzed polyacrylamide (PAM) under different saline 

conditions show significant effects on the rheological properties. At the higher shear rates, these 

conformational changes cannot be discerned in the shear rheological field but the extensional 

rheology can probe the polymer's microstructure can provide a better description. In this paper, 

two types of polymers: co-hydrolyzed polyacrylamide (PAM) and post –hydrolyzed PAM were 

tested under different saline conditions. The polymer conformation results were interpreted to 

ascertain the underlying mechanisms of polymer and cation interactions and their effect on the 

extensional properties. The results showed that the interactions of polymer chains with divalent 

cations lead to the formation of the cross-linked chelating structures corresponded to the narrow 

Molecular Weight Distribution (MWD) with a lower radius of Gyration (Rg). However, the 

uniform carboxylate ion density across the co-hydrolyzed PAM restricted shrinkage of the 

polymer chains after interactions with cations showed the high strain hardening due to polymer 

chain entanglement at high Hencky strain. Whereas, monovalent cation interactions with the 

carboxylate groups resulted in the monodentate structures that sustained the broader molecular 

weight distribution that explains the observed higher strain hardening and extensional relaxation 

time. 

2.2 Introduction 

Partially hydrolyzed polyacrylamide (HPAM) and its derivatives have a variety of applications 

mainly as a viscosity modifier, flocculent, soil conditioning agent, Enhanced Oil Recovery 

(EOR) fluid, wastewater treatments, and agriculture applications respectively[34], [61]–[66]. 
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Under various environments, an increase in the degree of hydrophilicity may increase the 

mobility of polymer molecules result in viscosity reduction [67]. The efficiency of HPAM can be 

evaluated based on changes in its physicochemical properties under different process conditions. 

Interactions of hydroxyl groups in HPAM with various cations may cause chemical degradation 

of polymer that results in chain scission. The rate of Fenton reaction, responsible for generating 

carboxyl radical can be accelerated at high temperature and high salinity environment[68]–[70]. 

The chemical transformations are shown in Figure 2.1. Electric double-layer and thick hydration 

layer formation up on HPAM dissolution of HPAM in deionized water cause swelling of HPAM 

molecules result in a higher viscosity of the solution. Interactions of these swelled molecules 

with different cations reduce electrostatic repulsion (or Coulomb repulsion) between COO¯ and 

cause hydration layer thinning. As a result, the size of HPAM molecules may change depending 

on the potential of interaction as a function of the valency of cations. Figure 2.1 shows the 

interaction of Na⁺ and Ca2⁺ with –COO¯. Shielding electrolyte effect caused by cations results in 

shrinkage of the molecule from the extended coil to collapsed coil structure responsible for the 

viscosity reduction of solution[70], [71]. At high temperatures, the degree of hydrolysis can be 

accelerated by the iridization of amide groups and hence polymer loses its stability. Also, higher 

salt content can catalyze hydrolysis more rapidly[72]. Also, degradation of HPAM is more 

pronounced in the presence of divalent cations than monovalent[73].  
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Figure 2.1.1 Interaction of Na⁺ with –COO¯ 

 

Figure 2.1.2 Interaction Ca2⁺ with –COO¯ 

Figure 2.1 Interaction of HPAM molecule with cation 
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On the other side, mechanical degradation occurs when the polymer is subjected to a high flow 

rate, or turbulent flow through narrow pores at high shear and elongational rates as shown in 

Figure 2.2. HPAM molecules persist in the coil structure because drag force from the fluid flow 

is not able to overcome entropic force at the low flow rate condition and so constant intrinsic 

viscosity can be considered equal to zero shear viscosity (ZSV). At high drag due to high flow 

rate, these coil structures extricate and aligned completely. Due to high orientation (amorphous 

structure), they will start to starch under high hydrodynamic forces from fluid flow. The chain 

structure of a polymer may break where the flow regime changes from extensional to shear. 

These chains face maximum elongational stress at pore-throat[74]–[76], and most likely rupture 

near the midpoint[77]–[79]. This phenomenon cause change in viscoelastic properties of HPAM 

solution may be governed by the change in Molecular Weight Distribution (MWD), not by 

average molecular weight. The pure shear flow of polymer through valves, pumps, and chokes 

can cause minimum mechanical degradation may result in minimum chain scission [80]–[82].  

 

Figure 2.2 Mechanical Degradation of polymer subjected to high shear and elongational 

rates 
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Degradation summaries structural changes of HPAM regardless of the type of degradation. 

These structural changes can be justified by determining the change in MWD, the radius of 

gyration (Rg), and extensional properties of HPAM solutions. This paper addresses a brief study 

to understand structural changes in polymer chains while interacting with cations of different 

valencies. Conventional Gel Permeation Chromatography (GPC) restricts MWD measurements 

for ultra-high molecular weight polymers (such as HPAM) due to clogging of the column, 

agglomeration, and shear degradation. Also, pre-filtering of the polymer sample may remove 

molecules with higher molecular weight, results in inaccurate measurements. Their problems can 

be resolved by using asymmetrical-flow field flow fractionation (AF4) system. Inline 

attachments of static Multi-Angle and Dynamic Light Scattering detector (MALS) and 

Refractive Index (RI) detector can enable accurate measurements for concentration, absolute 

molar mass (Mw), and sizes of molecules (Rg). Additionally, these results can confirm structural 

changes observed during Fourier-Transform Infrared Spectroscopy (FTIR)spectrums. A study to 

understand the effect of brine containing various salts with varying concentrations on 

polyacrylamide (PAM) was performed by Uranta et al[83]. However, a combined study to 

understand the effect of ion specificity on the structural changes of co-hydrolyzed and post –

hydrolyzed PAM solutions using AF4-MALS-RI and FTIR have not been studied.  

Viscoelastic behavior of pure polymer solutions and blends were studied to establish property 

correlations with a change in MWD[84]–[86]. In general, many studies were performed to 

understand the change in shear behavior with molecular interactions[87]–[89]. However, it is 

important to understand extensional behavior than shear properties of polymers in the case of 

polymer flow through the porous media, polymer extrusion, and film boiling where polymer 

solutions with the same shear properties may exhibit different elongational properties[89]–[93]. 

Besides, two polymer solutions having the same shear properties except extensional viscosities 
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could result in varying end product properties i.e. cellulose textile fibers with different tenacity 

and elongation. Therefore, it is important to correlate elastic properties as a function of the 

MWD of polymer with structural changes. Effect of changes in hydrodynamic radii (Rg) and 

MWD for HPAM solutions prepared with different salinity was measured using AF4-MALS-RI 

system, and the corresponding effect on bulk extensional properties was examined by Capillary 

Breakup Extensional Rheometer (CaBER).  

Shear degradation studies have been performed to investigate structure deformation of HPAM or 

HPAM modified polymers in the presence of different salinities[93], [94]. These studies show 

that shear degradation cannot be understood well at a higher shear rate as the difference in shear 

viscosities of HPAM solutions contains different salt types were negligible. The polymer 

solutions possessing higher shear viscosity will not necessarily possess higher extensional 

viscosity[95]. That means the mechanism that resists stretching of the polymer chains is very 

week under the application of shear forces. Therefore, extensional rheology is used in this study 

to identify the differences in the structural conformation at different salinities. Also, the coil-

stretching transition is very well established under the finite extensibility limits cannot be 

detected by shear flow. Hence, it is important to enlarge the window for extensional 

measurements to be understood with structural changes in the polymer chains. CaBER capable of 

generating Hencky strain of up to 10 was used in this work to characterize the extensional 

viscosity of various solutions. 

2.3 Materials and Methods 

2.3.1 Chemicals 

Polymer-brine molecular interactions were examined by using two types of polymers; Co-

Hydrolyzed Polyacrylamide and Post Hydrolyzed Polyacrylamide at different concentrations of 
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monovalent and divalent inorganic salts; sodium chloride (NaCl) and calcium chloride (CaCl2), 

respectively. Anionic and water-soluble polymers, co-hydrolyzed PAM, and post –hydrolyzed 

PAM with specification shown in Table 2.1, were supplied by SNF in the dry powder form 

Fisher scientific supplied lab-grade NaCl and CaCl2 (with percentage purity ≥ 99.0 %).     

Table 2.1. Specification of Polymers from SNF 

Polymer-PAM Post-hydrolyzed 

(SNF HPAM 3630) 

Co-hydrolyzed (SNF 

HPAM 3630S) 

Hydrolysis in mole % 25-30 25-30 

Approximate Molecular Weight (million Dalton) 20 20 

 

2.3.2 Polymer Solution Preparation 

Polymer solutions having the total salinity of 1000 ppm and 5000 ppm; were prepared to 

represent the semi-dilute regime to ensure the absolute value of the degree of entanglements. 

Firstly, the saline solution was prepared by mixing the desired quantity of specific salt(s) into the 

deionized (DI) water at room temperature (~20° C). A predefined quantity of polymer; to make 

up polymer concentration of 2000 ppm, was then gradually added into the saline solution and 

mixed by continuous stirring until the disappearance of vortex formation. All test solutions were 

then sealed to minimize oxygen take-up or evaporation of water and left under the low stirring 

speed of 260 rpm for 24 hours at ambient temperature to avoid mechanical degradation of the 

long chain of HPAM molecules. 
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2.3.3 Measurements 

All the measurements, AF4, FTIR, and uniaxial extensional rheology were performed at room 

temperature. Also, the chances of solvent loss during the measurements are negligible because of 

the very short experimental run time. In AF4, similar to chromatography, the separation takes 

place by a liquid crossflow across a membrane consist of a trapezoidal spacer as shown in Figure 

2.3. This narrow trapezoidal geometry is sandwiched between a top non-porous and a porous 

plate at the bottom consist of porous frit which acts as an accumulation wall. In general, the 

accumulation wall usually permeable to eluent and retains particles. Particles/molecules with 

different sizes and weights face a drag force resulting from the cross-flow and concentration 

difference against diffusion can be formed. According to Fick's law these results in steady-state 

distribution with the highest concentration at the wall and decrease exponentially while 

approaching a higher distance to the accumulation wall. As a result, a parabolic flow profile can 

be formed by combining various concentration profiles due to the variation in diffusivity 

associated with different particles. A focus reversed flow is applied to avoid spreading of 

particles on the channel or to concentrate the molecules in the slender zone. Due to the 

dependency of elution rate on diffusion coefficient, faster elution corresponds to molecules with 

small size may exhibit a higher distance from the accumulation wall as shown in Figure 2.3 as a 

normal elution stage. Exceed molecule size (> 1μm) show a change in retention behavior to 

Brownian mode where larger particles elute first as shown in steric elution mode in Figure 2.3.  

An AF4 system (Postnova Analytics, Landsberg, Germany) was coupled with MALS-PN3621 

(Postnova Analytics, Landsberg, Germany) and RI-PN3150 (Postnova Analytics, Landsberg, 

Germany) detectors. A trapezoidal spacer with a nominal thickness of 350 μm was used to form 

an AF4 channel with a total area of 34 cm2. A regenerated cellulose membrane (Z-MEM-AQU-

631, RC amphiphilic, Postnova Analytics) having a molecular weight cut off of 10kDa was used 
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as an accumulation wall. The total sample loop was 50 μL for each separation experiment. To 

maintain the detector flow rate of 0.5 ml/min, the cross-flow was kept constant at 0.5 ml/min, 

and the focus flow rate was adjusted automatically to 0.8 ml/min. Sample focusing was 

continued for 3 minutes to allow sample accumulation and longitudinal diffusion. Flow transition 

to elution mode was allowed after a transition time of 1 min. Initial sample elution was allowed 

by keeping a constant crossflow rate of 0.5 ml/min for 2 minutes; then for subsequent 35 

minutes, it decreased to 0.1 ml/min by a power decay function with an exponent of 0.3. A 

constant crossflow rate at 0.1 ml/min was turned on for 15 minutes. The cross-flow was stopped 

at the end of each run to avoid cross-contamination and measure sample recovery. A combined 

study on separation principle combined with detectors enables determination of MWD and radius 

of the eluted fraction by using NovaFFF software (Postnova Analytics, Landsberg, Germany). 

For the known concentration of polymer solutions, a valve for increment in refractive index was 

considered as 0.19 for all solutions to determine molecular weight from MALS data. The radius 

of gyration was determined by using a random coil model based on the average mass distribution 

within the particle. Also, dropping off the fractograms for the lower scattering angles reduced 

spurious noise.   



45 

 

 

Figure 2.3. Schematic of AF4 principle 

Although all solutions prepared with a different combination of salinity were tested in AF4, only 

eight solutions that showed marked differences in the conformation behavior were selected for 

comparative studies with FTIR and CaBER focused on ions specificity. FTIR measurements 

were conducted using an MB3000 (ABB) infrared spectrometer. Transmission responses for all 

samples were recorded in the spectral range of 400 cm-1 to 4000 cm-1 with 4 cm-1 resolution, 120 

scans, and the dictator gain (DTGS) of 9.06. 

The polymer solutions were tested with CaBER (ThermoFisher HAAKE 1). Samples were filled 

between two plates (2mm apart) and then subjected to the Hencky Strain of 1.2 applied by lifting 

the upper plate to 6.5 mm within 50 milliseconds. All measurements were done at ambient 



46 

 

temperature. The filament is formed whose drainage is governed by the balance between the 

driving capillary force and resisting viscous and elastic forces. The filament diameter was 

monitored by the laser micrometer as a function of time for all eight solutions.  

2.4 Results and Discussion 

2.4.1 AF4 measurements to determine structural changes in HPAM molecules 

The results show a significant effect of the valency of cation on the MWD and radius of gyration 

depending on the type of polymer. Also, the Polydispersity Indexes show that the solutions were 

mono-dispersed. Table 2.2 summarize average molar masses; number average molecular weight 

(Mn), weight average molecular weight (Mw), Z-average molecular mass (Mz) and Radius of 

gyrations; number average (Rn), weight average (Rw), Z-average (Rz)for post-hydrolyzed PAM 

under various salinity environment.  

 

Table 2.2 Average molar mass and radius of gyration for 2000 ppm post-hydrolyzed PAM 

under different salinity environment 

Solutions Mn 

MDa 

Mw 

MDa 

Mz 

MDa 

Rn 

(nm) 

Rw 

(nm) 

Rz 

(nm) 

PDI Slope of Conformational 

Plot 

post-

hydrolyzed 

PAM+ 1000 

ppm NaCl 

15.56 19.81 24.49 326.4 368.7 407.3 1.27 0.573 

post-

hydrolyzed 

PAM+ 1000 

ppm CaCl2 

11.10 11.99 13.04 212.9 222.4 233.1 1.08 0.509 

post-

hydrolyzed 

PAM+ 500 

13.58 14.74 11.10 259.8 272.3 285.1 1.09 0.528 
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ppm NaCl + 

500 ppm 

CaCl2 

post-

hydrolyzed 

PAM+ 5000 

ppm NaCl 

9.98 13.58 17.12 267.8 317.2 359.4 1.36 0.516 

post-

hydrolyzed 

PAM+ 5000 

ppm CaCl2 

8.55 8.71 8.87 140.9 142.1 143.3 1.02 0.467 

post-

hydrolyzed 

PAM+ 2500 

ppm NaCl + 

2500 ppm 

CaCl2 

9.34 9.58 9.78 160.1 162.4 164.1 1.03 0.478 

  

A thick hydration film and an electrostatic double-layer consist stern and diffusive layer may 

have formed when HPAM is dissolved in deionized water. As a result, HPAM molecules swell 

and increase in the hydrodynamic volume. The presence of cations may extinguish electrostatic 

repulsions may compress hydration film around COO¯ groups result in shrinkage of polymer 

molecules. Regardless of the type of salt, the average molar mass and radius of polymer 

molecules were found to be decreased with an increase in salinity. However, it is important to 

compare polymer solutions prepared with the same salinity but different salt types to study the 

impact of ion specificity on polymer conformations. At the same salinity (1000 ppm), shifting 

from monovalent to divalent cation salts, the average molar mass (Mn)and radius of gyration (Rg) 

decreased from 15.56 M g/mol and 326.4 nm to11.10 M g/mol and 212.9 nm, respectively. Intra 

and/or inter crosslinking of polymer chains under influence of Ca2+ may cause additional coiling 

of polymer chains and reduce Mn and Rg. Conversely, at high salinity (5000 ppm), the effect of 

salt type on the Mn increased but Rg decreased further from 267.8 nm to 140.9 nm. This 
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significant diminution in Rg may not be just due to the shielding of electrostatic repulsion but 

also because the density charge around macromolecule structure increased as shown in Figure 

2.4. At higher salt concentration (5000 ppm), after saturation of COO¯ groups with cations, 

numbers of total ions in the case of CaCl2 may cause additional shrinkage of polymer molecule 

without affecting the molecular weight. 

 

Figure 2.4 Charges distribution around HPAM molecules under different salinity 

conditions 

The variation in molar mass and radius of gyration for post-hydrolyzed PAM as a function of 

cation type and concentration are shown in Figures 2.5 to 2.8. At the same brine salinity, 

distribution curves of the radius with bimodal peak values show a cross-linking behavior in the 

presence of divalent cations (without Na+ ions) as shown in Figure 2.8. Besides, these 

distributions are broader for the solutions prepared with 1000 and 5000 ppm NaCl compared to 

the solutions prepared with 1000 and 5000 ppm CaCl2 respectively. An increase in the Ca2+ 

concentration from 500 to 5000 ppm makes cumulative radius distributions steeper with the 

higher value of differential fraction as shown in Figure 2.7. These may be since the steric effects 
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are more dominant over the electrostatic repulsions in the presence of divalent ions and could 

cause agglomeration of polymer molecules. 

 

Figure 2.5 The cumulative molar mass of post-hydrolyzed PAM 
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Figure 2.6 The differential molar mass of post-hydrolyzed PAM 

 

Figure 2.7. The cumulative radius of post-hydrolyzed PAM 
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Figure 2.8 The differential radius of post-hydrolyzed PAM 

 

Table 2.3 summarize average properties changes of co-hydrolyzed PAM under different salinity 

conditions. For all salt concentrations, the type of salt does not show a significant effect on 

average molar mass while a considerable drop in radius was observed. At the salinity of 1000 

ppm, this phenomenon is slightly different from what was observed in the case of post-

hydrolyzed PAM. The difference in the distribution of active groups on HPAM may vary 

according to the manufacturing scheme and so the scheme of interaction of cations may differ 

according to polymer type as shown in figure 2.9. The charge density of cations on the polymer 

backbone may affect the magnitude of intra- and inter-molecular DLVO (Derjaguin–Landau–

Verwey–Overbeek) forces. Co-hydrolyzed PAM exhibits a constant cation density on each 

polymer backbone due to the uniformly available active sites across the chain length. The 
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constant charge density may cause a similar extent of shrinkage and hindrance of polymer 

molecules and so similar values for molar masses were observed at the salinity tested in this 

study regardless of the type of cation. Higher values for the Mn and Rg for solutions of co-

hydrolyzed PAM in 1000 ppm CaCl2 and 5000 ppm CaCl2 compared to those for the post-

hydrolyzed PAM show high divalent salt tolerance of co-hydrolyzed polymer.  

Table 2.3 Average molar mass and radius of gyration for 2000 ppm co-hydrolyzed PAM 

under different salinity environment 

Solution Mn 

MDa 

Mw 

MDa 

Mz 

MDa 

Rn 

(nm) 

Rw 

(nm) 

Rz 

(nm) 

PDI Slope of Conformational 

Plot 

co-hydrolyzed 

PAM+ 1000 

ppm NaCl 

14.96 18.54 20.2 322.6 361.6 395.2 1.24 0.638 

co-hydrolyzed 

PAM+ 1000 

ppm CaCl2 

15.28 18.42 21.49 223.5 248.2 270 1.21 0.574 

co-hydrolyzed 

PAM+ 500 

ppm NaCl + 

500 

ppmCaCl2 

14.32 18.82 23.9 248.1 286.1 324.3 1.31 0.573 

co-hydrolyzed 

PAM+ 5000 

ppm NaCl 

10.85 11.43 12.01 200.7 207.3 213.9 1.05 0.536 

co-hydrolyzed 

PAM+ 5000 

ppm CaCl2 

10.47 10.75 10.97 175.4 178.4 180.3 1.03 0.515 

co-hydrolyzed 

PAM+ 2500 

ppm NaCl + 

2500 ppm 

CaCl2 

10.50 11.03 11.65 196.3 200.1 190.8 1.05 

 

 

0.530 
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Figures 2.10 to 2.13 show the distribution of molar mass and gyration radius for co-hydrolyzed 

PAM at different salinity scenarios. Cumulative fraction curves were steeper for a total salt 

concentration of 5000 ppm than 1000 ppm. On the other side, differential mass distribution was 

broader in the case of Na⁺ions. High salt tolerance was observed for co-hydrolyzed PAM and 

uniform interactions may narrow the distribution of Rg compared to post-hydrolyzed PAM 

especially in the case of Na⁺cations. Rg values decreased with increasing the concentration of 

CaCl2. For co-hydrolyzed PAM in 1000 ppm brine salinity, the number average value of Rg was 

322.6 nm in the presence of NaCl which was reduced to 248.1 nm in CaCl2 brine. The effect of 

CaCl2 was less severe at 5000 ppm versus NaCl as the difference of Rg was ~25 nm.  

 

Figure 2.9 cation attachments with a different type of polymer molecules 
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Figure 2.10 The cumulative molar mass of co-hydrolyzed PAM                                             

 

Figure 2.11 Differential molar mass of Co-hydrolyzed PAM 
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            Figure 2.12 The cumulative radius of co-hydrolyzed PAM 

 

Figure 2.13 Differential radius co-hydrolyzed PAM 
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Size approximation of polymer chains present in different salinity environments is shown in 

Figures 2.14 and 2.15. All data points were fitted linearly and the slope of each series is 

mentioned with the corresponding solution. Depending on polymer type, the value of the slope of 

each series (Log M vs Time) increases with CaCl2 concentration indicate effective shrinkage of 

polymer chain compared to the same NaCl concentration. Interestingly, these shrinkages were 

very effective at 1000 ppm and became more identical at 5000 ppm irrespective of salt type. 

These may be due to triumphing maximum intramolecular force regardless of ion type and so an 

increase in the charge density may lead to the precipitation of the polymer. On the other side, 

slope values in conformation plots shown in Figures 2.16 and 2.17; changes from ~0.5-0.6 

indicate random coil structure of polymer chains. The decrease in the slope at 5000 ppm 

confirms compact or branched-chain structures. Ca2+ ions show a significant effect on polymer 

conformation as the value of the slope is lower in the case of CaCl2 compared to NaCl at the 

same salt concentration. This may indicate bridging bidentate attachment of Ca2+ with two 

polymeric chains.   
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Figure 2.14 The molecular weight of post-hydrolyzed PAM                                               

 

Figure 2.15 The molecular weight of co-hydrolyzed PAM 
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        Figure 2.16 Conformation plot for post-hydrolyzed PAM                                                 

 

 

Figure 2.17 Conformation plot for co-hydrolyzed PAM 
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2.4.2 FTIR measurements to understand molecular interactions 

The degree of hydrolysis of amide groups to carboxylate groups result in stretching of secondary 

amide can be quantified by FTIR analysis [82], [96], [97]. Understanding the interactions of 

individual salt with co- or post- hydrolyzed PAM provide insight into structural changes that 

could be useful for the selection of polymer type and concentration under different salinity 

environments. Interaction between COO¯ with different metal ions can result in four different 

modes of attachments: ‘monodentate’, ‘chelating’, ‘bridging bidentate’, and ‘pseudo bridging’ 

[97], [98] as shown in Figure 2.18. 

 

Figure 2.18 Coordination structures of COO¯ with metal ion 

Figure 2.19 shows the FTIR characterization of HPAM in DI water and brine. For all solutions, 

two major peaks were found at around 3250 cm-1and 1630 cm-1 correspond to deformation 

mechanisms associated with N-H starching vibration and C=O starching vibration subsequently. 

Specifically, a band at 1630 cm-1 corresponds to asymmetric starching of the COO¯ group. A 

very low intensity of peaks around the frequency 1697 cm-1 in the presence of CaCl2 indicate 

Ca2+ ions in chelating mode[97], [99]. These attachments result in the screening of double layer 

that may cause effective shrinkage of polymer molecules and reduce average molecular weights 

compared to Na+ ions. Also for the asymmetric starching of COO¯group, (∆νa-s) Na+> (∆νa-s) Ca2+ 

may confirm the unidentate mode of the interaction between Na+ions and carboxylate groups. 
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The strong transmissions around 1200 cm-1 and 1400 cm-1 in the fingerprint region were assigned 

to CH2 scissoring and angular distortion of CH2. Interestingly, these peaks were only appeared in 

the case of divalent interactions with co hydrolyzed PAM whereas, for post hydrolyzed PAM, 

these intensities have appeared irrespective of salt type. Hence, effective shrinkage was observed 

in the case of post hydrolyzed PAM at similar salt conditions as shown in Tables 2.2 and 2.3.  

 

Figure 2.19 FTIR spectra of polymers under different brine concentrations 

2.4.3 Effect of structural changes on extensional viscosity measurements for HPAM saline 

solutions 

Figure 2.20 and Figure 2.21 show filament diameter as a function of time and extensional 

viscosity as a function of Hencky strain for all the right solutions. The relaxation time was 

determined using Upper Convected Maxwell (UCM) model by performing the linear fit to the 

filament diameter vs time data on a semi-log plot for all the solutions[74]. Solving the slope 

factors, the average values of relaxation time were calculated as shown in Table 2.4 by 

considering the surface tension of water as 72 mN/m.  
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Table 2.4 Relaxation time for 2000 ppm polymer solutions with varying salinity conditions 

  

The elongational behavior affected by the flexibility of chains can be linked with extended 

polymer coiling. The shapes of the exponential decay show difference in the extended coiling 

structure of polymer chains in the different saline environments. Results show effective coiling 

of the polymer chains in the presence of calcium ions for the case of post-hydrolyzed PAM.  

Solutions Total Salinity 

(ppm) 

Relaxation Time 

(s) 

Post-Hydrolyzed PAM + 1000 ppm NaCl 1000 (NaCl) 0.3229 

Post-Hydrolyzed PAM + 1000 ppm CaCl2 1000 (CaCl2) 0.1220 

Post-Hydrolyzed PAM + 5000 ppm NaCl 5000 (NaCl) 0.1616 

Post-Hydrolyzed PAM + 5000 ppm CaCl2 5000 (CaCl2) 0.0595 

Co-Hydrolyzed PAM + 1000 ppm NaCl 1000 (NaCl) 0.4833 

Co-Hydrolyzed PAM + 1000 ppm CaCl2 1000 (CaCl2) 0.1970 

Co-Hydrolyzed PAM + 5000 ppm NaCl 5000 (NaCl) 0.3156 

Co-Hydrolyzed PAM + 5000 ppm CaCl2 5000(CaCl2) 0.08490 
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Figure 2.20 Normalized filament diameter vs time 
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Figure 2.21 Straining hardening of polymers under saline environments 
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As shown in Table 2.4, relaxation time and apparent viscosity decrease with an increase in the 

salinity irrespective of polymer type. Comparing post-hydrolyzed and co-hydrolyzed PAM, the 

relaxation time for co-hydrolyzed polymer was higher for the salinity tested here. Relaxation 

time for the co-hydrolyzed PAM decreased from 0.3229 s to 0.1220 s when the brine solution 

was changed from 1000 ppm NaCl to 1000 ppm CaCl2 whereas the Rg reduced from 322.6 nm to 

223.5 nm. Similarly, at 5000 ppm brine salinity, in the presence of CaCl2 Relaxation time 

decreased from 0.1616 s to 0.0595 s and Rg from 200.7 nm to 175.4 nm. It is important to note 

that at both salinity tested here, the change of ions had no significant effect on average molecular 

weight. However, the MWD of co-hydrolyzed PAM was broader in NaCl brine. In general, 

broader MWD (Figures 2.6 and 2.11) for the solutions corresponded to higher relaxation time 

(Table 2.4) and longer breakup time (Figure 2.20) and vice versa for the solutions with the 

narrow MWD. Therefore, the dominant effect of divalent ions is the increase in the flexibility of 

polymer due to the shrinkage of chains. Similar observations were made for post-hydrolyzed 

PAM.  

The degree of strain hardening seems dependent on the MWD (a function of salt concentration 

and ion specificity), and Rg. The broader MWDs (Figure 2.6 and 2.11) and high Rg (Table 2.2 

and 2.3) for the Post-Hydrolyzed PAM + 1000 ppm NaCl and Post-Hydrolyzed PAM + 5000 

ppm NaCl compared to Co-Hydrolyzed PAM + 1000 ppm NaCl and Co-Hydrolyzed PAM + 

5000 ppm NaCl subsequently, corresponds to the lower strain hardening. Whereas, in the 

presence of the divalent ions, broader MWDs and higher Rg for the co-hydrolyzed PAM + brine 

solutions correspond to the slightly higher strain hardening as shown in Figure 2.21. These may 

be due to the uniform charge density of COO¯ groups across the polymer chain increases the 

entanglement between co-hydrolyzed PAM chains after cross-linking. So, the higher strain 

hardening for the co-Hydrolyzed PAM + 5000 ppm CaCl2 than post -Hydrolyzed PAM + 5000 
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ppm CaCl2 was observed because the entanglement network can be effectively strengthened 

during extension at the higher Hencky strain.  

2.5 Conclusion 

The effect of interactions between polyelectrolytes in the aqueous solution with added salt has 

been studied by combining polymer conformations with the extensional properties. It was 

observed that the valency of cation plays an important role along with concentration. The 

uniform anion (carboxylate groups) density across the polymer chain is a key factor for the 

polymer-salt interactions. Effective charge screening effect in the presence of divalent ions 

results in narrow MWD curves with low Rg for both types of PAMs. However, higher Rg values 

for the co-hydrolyzed PAM in the presence of CaCl2 brine indicate high divalent salt tolerance. 

Whereas, divalent ions reduced extensional viscosities of PAM solutions efficiently than 

monovalent ions. The co-hydrolyzed PAM with CaCl2 brine having higher relaxation and 

breakup times shown higher strain hardening at high Hencky strain. Strain hardening was 

significant at the high Hencky strain for the co-hydrolyzed PAM with 5000 ppm CaCl2. These 

could be explained by the decrease in polymer amorphousity due to entanglement between 

polymer chains. Strain hardening of both polymers, even after interactions with salts; expand its 

application in the variety of fields such especially for EOR. This study will be expanded to 

combine density functional theory with the Hofmeister series to study how anion density causes 

structural changes in the polymer chains. 
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Chapter 3: Influence of Hydrophobic Association in the aqueous media on the Rheology 

and Polymer Conformation of Associative Polymers 

3.1 Abstract 

The concentration and hydrophobicity-dependent hydrophobic associations are responsible for 

distinct rheological behavior for associative polymers (AP) to prove its application in various 

industrial operations. In this study, commercially available water-soluble, associative polymers 

(AP) C319, P329, and D118 with similar weight-average molar masses (Mw) with varying 

hydrophobicity were characterized by the Field-flow fractionation (FFF) method to determine 

molecular weight distribution (MWD) and size distribution (Rn), steady shear flow, and the 

uniaxial elongation in capillary breakup experiments. The domination of intramolecular and 

intermolecular hydrophobic associations was found to be responsible for the polymer shrinkage 

(with hydrophobicity) and aggregation (with concentration), respectively. The tumbling of 

polymer macromolecules under the shear field resulted in a similar shear behavior for all 

polymers. However, higher shear viscosities due to the formation of polymer aggregates in the 

semi-dilute regime justify the domination of intermolecular hydrophobic associations. These 

associations also contributed to broader MWD for polymer solutions having higher relaxation 

time and extensional viscosity compared to the corresponding solutions in the dilute regime.  For 

C319, the formation of flexible aggregates at 2000 ppm resulted in higher strain hardening 

compared to 1000 ppm. Whereas, at 1000 ppm the higher entanglements between polymer 

chains due to the lowest hydrophobicity for C319 resulted in the higher strain hardening.  At 

high hydrophobicity, the coiled structure became rigid due to reduced solvent holding inside the 

compacted structure formed due to the domination of intramolecular hydrophobic associations. 
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Therefore the relaxation time and extensional viscosity decrease with an increase in the 

hydrophobicity in both regimes.   

3.2 Introduction 

The tunable concentration and temperature-dependent molecular interactions for the associative 

polymers (AP) allow a user-oriented control of its physical properties. This characteristic alone 

makes its role valuable as a  viscosity modifier in the field of polymer extrusion, textile coating 

and finishing, inkjet printing, drag reduction, and enhanced oil recovery (EOR); and as a 

flocculant for wastewater treatments[35], [100], [101]. In paints, higher zero shear viscosity of 

the polymer solutions is preferred to prevent the settling whereas the lower viscosity at the high 

shear rates enhances its brush-ability. Also, the right level exponent of decay for viscosity over 

the shear rates is required to fade the brush marks and hold the coating over the surface. Further 

away, the pendant hydrophobic network structure serves as a sieving medium for DNA 

sequencing[35]. Recently, APs of polyacrylamide were tested for their potential applications in 

the oilfields as an EOR agent due to favorable M and reduced fingering effect that result in 

efficient flooding, and as a high viscosity friction reducer during hydraulic fracturing. The better 

polymer flood efficiency mainly depends on the stable displacement due to the remarkably 

higher viscosity of the injected polymer solution and thereby mobility control. Therefore, the 

rheological characterization of the polymer solution gives good insights to determine the 

estimated oil recovery. However, the concentration-dependent polymer architecture and 

conformation resulting from the molecular attractions play an important role in rheological 

behavior [102]–[105].   

In the dilute regime, intra-molecular hydrophobic associations between attractive groups of the 

same polymer chains dominate the rheological properties as shown in Figure 3.1[34], [35], [106], 
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[107]. The associations between end groups lead to the formation of weak reversible physical 

bonds like hydrogen bonds that result in the partial shrinking or collapse of the polymer chains. 

So, the resulting lower hydration radius with no intermolecular bonding may result in lower 

solution viscosity[33], [34], [38], [106]–[111]. Approaching the critical aggregation 

concentration (CAC), this self-association may cause the aggregation of several polymer chains 

into a micelle (complex) of different morphologies[35].  

 

Figure 3.1 Force domination during hydrophobic molecular interactions 

In the semi-dilute regime or above the CAC, a transient network between the polymer chains can 

be formed by the intermolecular association on top of pre-existing Van Der Waals forces. These 

networks may induce the aggregate formation and so rheological behavior[31], [32], [35], [104]. 

However, these flexible aggregates contribute to the higher extensional resistance due to the 

stabilization of starched coiled polymer chains under the strong extensional flow[30]. Also, the 

reversible bridging among polymer chains reduces its affinity to the aqueous medium and shows 

an indication of balance between phase separation and intermolecular hydrophobic 

interactions[30], [32], [35]. Further, in the concentrated regime; strengthening molecular 

interactions may cause phase separation in the system. On the other side, the intramolecular 

interactions dominate as the hydrophobicity increases. So, at the higher hydrophobicity, the 
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effective polymer coiling may change the polymer conformations. This behavior is identical for 

both, dilute and semidilute regimes.  

The flow of polymer solution through the porous media which is made up of converging and 

diverging flow paths is subjected to deformations due to both, shear and extensional forces[58], 

[92], [93], [112]–[117]. Higher magnitude (101-102 times the thermal energy kT, k: Boltzmann 

constant, and T: absolute temperature) of these forces are unable to break the molecular 

attractions resulting in the shear thinning behavior in the porous media. This could result in a 

higher pressure drop and flow instability. Generally, APs are characterized by ultra-high 

molecular weight (Mw) to achieve high viscoelasticity. Technically the polymers dissolved in 

the solvents do not exhibit a single monodisperse molecular weight. Therefore the Molecular 

Weight Distribution (MWD) gives better insights into the molecular characteristics of polymer 

chains in the solvent. In addition, the higher ends of MWD and Rg predict the gel formation 

behavior that may cause poor injectivity or reservoir blockage. At the higher Weissenberg 

number, the MWD and polymer conformations causing the time-dependent elastic instabilities 

have been not explored well [105] However, the consequences of the overlooked effect of 

extensional forces [118] on the EOR were justified where the effect of shear forces was 

negligible [56]. In general, the importance of determining the conformational changes affecting 

the extensional behavior only gets attention in industrial processes like polymer extrusion and 

film boiling where the shear behavior can not reveal the property correlations [27]. The APs of 

different hydrophobicity but similar shear rheology with different conformations may result in 

disparate extensional behavior.  Hence, understanding the hydrophobicity-dependent 

conformational or structural changes provide a better understanding of its flow through porous 

media. Where the conventional characterization techniques like GPC (Gel permeation 

chromatography) or SEC (Size-exclusion chromatography) have operability limits for high Mw 
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polymers, Coupling the AF4 with Multi-Angle Light Scattering (MALS) and Differential 

Refractive Index (dRI) measurements can provide useful information on the structural behavior 

of polymer in the aqueous media. So in this study, all-polymer solutions were characterized 

using AF4-MALS-dRI to determine the molecular weight and size distributions to gain structural 

information. Since all polymers have been synthesized (by manufacturer) with identical 

monomers, acrylamide; a single light scattering technique can properly characterize the polymers 

to gain the structural information because of the same scattering power of the monomer. The 

subsequent effects of these structural changes on the rheology were characterized by shear and 

extensional rheometer, CaBER.  

3.3 Materials and Methods 

3.3.1 Reagents 

The associative polymers with different hydrophobicity were obtained from SNF Floerger. The 

trade names for the samples used here are C319, P329, and D118. These polymers are modified 

polyacrylamides with a controlled number of hydrophobes on the backbone of polymer chains. 

The higher number of hydrophobes results in higher hydrophobicity as defined in Table 1. 

According to the manufacturer, all samples have similar estimated Mw and an ionicity. All other 

specifications for the polymer samples are listed in Table 3.1. Fisher Scientific supplied lab-

grade NaCl (with percentage purity ≥ 99.0 %)  
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Table 3.1: Specifications of polymers from SNF Floerger 

Polymer Name Polymer Type Weight-

average 

Molecular 

Weight (Mw) 

by the 

supplier 

(MDa) 

Hydrolysis                

(% mol) 

Hydrophobicity Anionicity 

(%) or 

Hydrolysis in 

mole % 

Superpusher 

C319 

Hydrophobically 

Associating Polymer 

(AP) 

16-20 25-30 Very Low 30 

Superpusher 

P329 

Hydrophobically 

Associating Polymer 

(AP) 

15-17 25-30 Low 30 

Superpusher 

D118 

Hydrophobically 

Associating Polymer 

(AP) 

16-20 30 Medium 30 

 

3.3.2 Sample Preparation 

Polymer solutions with the desired concentrations of 1000 ppm and 2000 ppm in DI water were 

prepared at room temperature (~20° C) to represent the dilute and semi-dilute regimes 

respectively. A predefined quantity of polymer was gradually added to the DI water and mixed 

by continuous stirring at 350 rpm until the vanishing of vortex formation. This allows the dry 
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polymer powder to disperse uniformly in the DI water. All test solutions were then sealed to 

minimize the solvent loss through evaporation and left under the low stirring speed of 150 rpm 

for 24 hours at ambient temperature to avoid mechanical degradation of the long chain of 

polymer molecules. 

3.3.3 Rheology Experiments 

 Shear Rheology 

AR2000 (TA Instruments), with a minimum torque resolution of 0.1 μN·m and displacement 

resolution of 0.04 μrad was used to characterize the shear behavior of polymer samples at room 

temperature. The density of 1 
𝑔

𝑐𝑚3 was assumed for all polymer samples and the probe volume is 

1 mL. A constant sample volume of 0.6 mL and the cone and plate geometry with a 2° steel cone 

and 40 mm diameter were used to perform the shear experiments.  

Extensional Rheology 

The uniaxial elongation experiments were performed at room temperature by using CaBER 

(ThermoFisher HAAKE 1) having the maximum operating Hencky strain of 10. The polymer 

samples (~ 0.2 -0.3 mL) were placed between two parallel plates (2 mm apart) and then starched 

uniaxially by applying the Hencky strain of 1.2 (move the upper plate to 6.5 mm within 50 

milliseconds).  

The viscoelastic solutions and melts follow a rapid initial viscous-dominated phase [119]–[122] 

followed by a time scale in which the dynamics of filament drainage are governed by a balance 

of elasticity and surface tension, rather than fluid viscosity. In this regime, the upper-convected 

Maxwell model was fitted to the experimental data to determine the extensional relaxation time. 

The surface tension (𝜎) of 73  
𝑚𝑁

𝑚
 was measured for all polymer samples.  
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                                                               𝐷𝑚𝑖𝑑  (𝑡) = 𝐷0(
𝐺𝐷0

𝜎
)

1

3 𝑒
−𝑡

3𝜆𝑐                                                (3.1) 

𝐷𝑚𝑖𝑑: Mid-point diameter of the filament (mm), 𝐷0: Initial diameter of the loaded sample (mm), 

𝜆𝑐: Characteristic relaxation time (s), G: Elastic modulus (Pa), [𝜏𝑧𝑧 − 𝜏𝑟𝑟]𝑡𝑜𝑡𝑎𝑙: Non-Newtonian 

elastic stress, 𝜀̇(𝑡): Hencky strain 

The evolution of the midpoint diameter of the polymer samples driven by the capillary pressure 

with the extensional resistance stress can be represented in the terms of the apparent extensional 

viscosity (defined as given in Equation 3.2) is maximum around the strain rate of 0.66 [121]–

[123]. 

                                                             𝜂𝑎𝑝𝑝(𝜀)  =̃  
[𝜏𝑧𝑧−𝜏𝑟𝑟]𝑡𝑜𝑡𝑎𝑙

�̇�(𝑡)
                                                (3.2) 

 

3.3.4 AF4-FFF Experiments 

The details of the working principle of FFF were explained in the previous publication[27], [28], 

[56], [119]–[123]. According to the separation principle, the smaller particles are eluted first 

followed by the larger particles as shown in Figure 3.2. So, the molecular interactions that result 

in polymer aggregations or associations may be detected in the plots for the differential MWD 

and Radius distribution as a secondary peak or the changing intensities of peaks.  
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Figure 3.2. Flow scheme of the channel (side view) while eluting 

An AF4 system (Postnova Analytics, Landsberg, Germany) was equipped with MALS-PN3621 

(Postnova Analytics, Landsberg, Germany) and DRI-PN3150 (Postnova Analytics, Landsberg, 

Germany) detector was used to characterize the MWD and Root mean square (RMS) radius (Rn) 

or Rg of polymer samples. The MALS detector contains a 10-50 mW laser as the light source 

operating at 𝜆0 = 532 nm with twenty-one scattering angles, 7°, 12°, 20°, 28°, 36°, 44°, 52°, 

60°, 68°, 76°, 84°, 90°, 100°, 108°, 116°, 124°, 132°, 140°, 148°, 156°, and 164°. The effluent, 

100 ppm NaCl; based on the previous studies [10] to characterize the Partially Hydrolyzed Poly-

Acrylamide (HPAM) was used for FFF analysis of associative polymers. The selected very lower 

concentration of effluent also minimizes the chemical degradation of injected polymer samples 

during the experiments. A regenerated cellulose membrane (Z-MEM-AQU-631, RC amphiphilic, 

Postnova Analytics) having a molecular weight cut-off of 10kDa was used as a separation 

channel. The volume of the sample injected was 50 μL for each FFF experiment. The sample 

accumulation and longitudinal diffusion on the membrane were allowed by adjusting the focus 

flow rate to 0.8 
𝑚𝐿

𝑚𝑖𝑛
 for 3 minutes and then the flow transition to elution mode was allowed after 
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1 minute. The sample elution was allowed by keeping the crossflow rate to 0.5 
𝑚𝐿

𝑚𝑖𝑛
 for 2 minutes 

and then allowed to decrease exponentially (with an exponent of 0.3) to 0.1 
𝑚𝐿

𝑚𝑖𝑛
 over the total 

duration of 35 minutes. At last, the cross-flow rate was kept constant to 0.1 
𝑚𝐿

𝑚𝑖𝑛
 for 15 minutes 

and then stopped to avoid cross-contamination. The 
𝜕𝑛

𝜕𝑐
 ≈ 0.17 was measured for all polymer 

samples to determine the number average(Mn) molar mass, the weighted average (Mw) molar 

mass, and the Rn using the random coil model[28]. 

3.4 Results and Discussion 

3.4.1 Rheological characterization 

The AP solutions of 1000 ppm and 2000 ppm were evaluated for the shear behavior as shown in 

Figure 3.3 [57]. All polymer solutions showed the shear thinning behavior in the range of shear 

rate of 0.1 s-1 to 100 s-1. The viscosity peaks near 0.1 s-1 represent the point at which this elastic 

structure breaks down (yields) and the polymer sample starts to flow. Before these viscosity 

peaks, the polymer solutions are undergoing elastic deformation where the polymer chains are 

simply stretching.  The polymer chains disentangled to align along the direction of shear and 

cause shear thinning at the higher shear rates. In the semi-dilute regime, higher shear viscosities 

due to polymer aggregation for the solutions with the polymer concentration of 2000 ppm 

indicates the domination of intermolecular interactions over the intramolecular interactions 

[124]–[126]. The hydrophobic molecular interactions coil the polymer chains that get tumbled 

under the direction of the shear stress. So, the resulting stress acting on the polymer chains gets 

canceled[28], [57], [119]–[127]. Hence, the shear-thinning profiles are almost similar at identical 

concentrations irrespective of the difference in the estimated average molar masses. Therefore, 

the rotational measurements may not distinguish the behavior of AP solutions in the weak shear 
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field [127], [128].  However, the coiled polymer chains can be stretched under the uniaxial 

elongational force. This starched state helps to study the hydrophobic molecular interactions that 

are intense under the extensional field [129]–[133].  

 

Figure 3.3: Influence of polymer concentration and hydrophobicity on the shear rheology 

The results for experimental break-up time, relaxation time, and the maximum apparent viscosity 

for all polymer solutions are reported in Table 3.2. These data are aligned with the 

literature[125].  The results summarize that the experimental break-up time, relaxation time, and 

the maximum apparent viscosity increase with the polymer concentration whereas the values of 

these parameters decrease with hydrophobicity. The longest experimental break-up times of 5.33 

s and 9.17 s were observed for the low hydrophobic associative polymer (C319) solutions with a 

concentration of 1000 ppm and 2000 ppm, respectively. Also, these solutions show the highest 

relaxation time of 0.403 s and 0.601 s, and the maximum apparent extensional viscosity of 353 
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Pa·s and 530 Pa·s at the polymer concentration of 1000 ppm and 2000 ppm, correspondingly. On 

the other side, the high hydrophobic polymer solutions (D118) show a minimum experimental 

break-up time of 3.13 s and 4.49 s, relaxation time of 0.270 s and 0.403 s, and the maximum 

apparent extensional viscosity of 127 Pa·s and 210 Pa·s at the concern polymer concentration. 

The experimental temporal evolution of mid-point diameter is depicted in Figure 3.4. The figure 

shows that the elastocapillary thinning of filament consists of two-phase progress, linear and 

exponential decay for all solutions. The AP chains uncoil and the viscous stress of the formed 

cylindrical filament can be neglected over the entire elastocapillary regime. Therefore, the 

experimentally measured diameter is only a function of the relaxation time and the average 

relaxation time determination was employed by regressing the experimental data points in the 

intact regime to Equation 3.1. At the late times, the uncoiled polymer chains remain extended 

under the higher extension rate and the FENE factor (Equation 3.3 [133]) related to the averaged 

molecular weight cannot be neglected as the finite extensibility limit is approached. This means 

the thinning behavior deviates from the exponential regime of elastocapillary thinning and the 

decay rate becomes linear again corresponding to a viscous liquid with a very high and 

anisotropic elongational viscosity resulting from the fully extended polymer chains. This is 

because the viscous resistance to thinning is determined by the viscosity of the total entangled 

solution rather than by the pure solvent [131]. As a result, the evolution of mid-point diameter 

shows an exponential decay followed by a linear regime again. This behavior indicates the 

maximum extension of polymer chains responsible for the high and anisotropic elongational 

viscosity.  

                                                                       𝑓𝑖 =  
1

1−
𝑡𝑟 𝐴𝑖

𝐿𝑖
2

                                                          (3.3) 
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𝑓𝑖 : FENE factor, 𝐴𝑖 : internal polymer conformations normalized with equilibrium coil size, 𝐿𝑖
2: 

finite extensibility parameter is a function of molar mass and bond angle. 

Table 3.2: Experimental break-up time, relaxation time, and maximum apparent 

extensional viscosity of polymer samples 

 

 

 

 

 

 

Polymer Concentration 

(ppm) 

Experimental 

Break-up 

time (s) 

Relaxation 

time (s) 

Maximum Apparent 

Extensional Viscosity (Pa·s) 

C319 1000 5.33 0.403 353 

2000 9.17 0.601 539 

P329 1000 4.72 0.389 245 

2000 6.49 0.509 330 

D118 1000 3.13 0.270 127 

2000 4.49 0.403 210 
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Figure 3.4: Uniaxial elongation and filament breaking for the polymer samples 

As shown in Figures 3.1 and 3.4, extended exponential decay for the solutions with the polymer 

concentration of 2000 ppm represent the extended coiling or contraction of polymer chains 

(Table 3.3) due to the domination of intermolecular hydrophobic interactions over the 

intramolecular hydrophobic interactions for the polymer solution with 1000 ppm concentration. 

As a result, the extensional properties listed in Table 3.2 increase with the concentration 

regardless of hydrophobicity. At the lower hydrophobicity, the polymer chains may act as a 

flexible randomly coiled Hookean spring, and it can snap back to its original structure easily. 

However, at the higher hydrophobicity, these deformations become too large due to electrostatic 

repulsions (as shown in Figure 3.5) and the rigid sphered polymer coils exhibit non-Hookean 

behavior that cannot withstand under the high extensional field. The lowest Rn values due to the 
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domination of intramolecular (as shown in Figure 3.1) for D118 reported in Table 3.3 justify the 

shrinkage of polymer chains discussed above at both concentrations, 1000ppm and 2000 ppm. So 

the relaxation time decreases from 0.403 to 0.389 and 0.270 at 1000 ppm, and from 0.601 to 

0.509 and 0.403 at 2000 ppm as hydrophobicity increases. From the presented data, the D118 is a 

less suitable polymer for EOR (Enhanced Oil Recovery) due to the instability of thin filament 

under the extensional forces compared to P329 and C139, a flexible polymers.  

 

Figure 3.5: Effect of hydrophobicity on the polymer conformations 

Figure 3.6 shows the extensional viscosity as a function of strain rate for all polymer solutions. 

As discussed, at the critical Deborah number that is a product of relaxation time and strain rate, 

the corresponding relaxation time shown in Table 3.2 was used to calculate the maximum 

extensional viscosity. The intermolecular transit network at the polymer concentration of 2000 

ppm generates high extensional resistance corresponding to a higher extensional viscosity than 

the solutions with a polymer concentration of 1000 ppm. So the extensional viscosity increased 

from 359 Pa·s, 245 Pa·s, and 127 Pa·s to 539 Pa·s, 245 Pa·s, and 210 Pa·s for C319, P329, and 

D118 respectively. Whereas, at the identical polymer concentration of 2000 ppm, the rigid 

sphere conformations formed due to the strong electrostatic repulsions at the higher 
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hydrophobicity do not contribute to the higher internal resistance and so the extensional viscosity 

decreased from 353 Pa·s to 245 Pa·s and 127 Pa·s at 1000 ppm and 539 Pa·s to 330 Pa·s  and 

210 Pa·s at 2000 ppm for C319, P329, and D118 correspondingly. 

 

Figure 3.6: Apparent extensional viscosity as a function of strain rate 

Also, Figure 3.6 shows the bifurcation of extensional data into two regimes. Initially, the 

apparent extensional viscosity increases as the strain decrease due to gravitational sagging and 

doesn’t represent any material function. Once the maximum extensional viscosity is attained, the 

weak nature of viscous resistance is the reason that causes the strain rate to increase due to high 

deformation [92]. These transitions observed at the lower strain rate indicate the high elasticity 

for the solutions with the low hydrophobic polymer, C319 at 1000 ppm and 2000 ppm. The 

strain rate increases until the elastic stresses of unraveling polymer chains develop to resist the 
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deformation driven by the capillary action [92]. The intermolecular interactions give higher 

stability due to higher elastic stress[17]. Therefore, higher apparent extensional viscosity was 

observed at 2000 ppm polymer concentration. 

 

Figure 3.7: Straining hardening for polymer samples 

The strain hardening behavior resulting from delayed mechanical disruption is shown for all 

solutions in Figure 3.7. The experimental data points were fitted by using Equation 3.2. The 

extended linear thinning of filaments shown in Figure 3.4 directly reveals the strain hardening 

due to the starched-induced extended polymer coils[32]. At 1000 ppm polymer concentration, 

C319 and P329 show similar strain hardening but higher than D118 due to reduced entanglement 

between polymer chains at the higher hydrophobicity. So at the lower hydrophobicity and 

concentration, the entanglements may be capable of causing stress overshoot but may not be 
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strong enough to cause hardening. However, the effect of hydrophobicity on the strain hardening 

is observed for the solutions prepared with the polymer concentration of 2000 ppm. At 2000 

ppm, C319 (lowest hydrophobicity AP) shows higher strain hardening due to higher polymer 

chain entanglements.  However, the strain hardening behavior became dominant at the higher 

Hencky strain because the entangled polymer networks can be effectively strengthened under the 

higher extensional forces[27]. As a result, positive slopes (for the fitted dashed lines) were 

observed regardless of concentration and hydrophobicity.  

3.4.2 AF4-FFF characterization 

Associative polymers and their aggregates were characterized by AF4–MALS–dRI to study the 

conformation of polymers in the aqueous media. An array of polymer chain lengths 

corresponding to the MWD can be represented by polydispersity. The polydispersity index 

(PDI), the ratio of weight and number of average molecular weights, was used to represent the 

broadness of the MWD. Higher the PDI, the broader the MWD. Table 3.3 shows the averaged 

molecular weights and averaged RMS radius. The shape of polymer conformations can be 

described by using the shape factor, Vg in the model shows the relation between Rn and average 

molar mass[134],  

                                                 𝑅𝑛,𝑖 =  𝐾𝑔 𝑀𝑖
𝑉𝑔,          𝐾𝑔isconstant                                          (3.4) 
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Table 3.3: Effect of polymer concentration and hydrophobicity on the average molar mass 

and radius of gyration 

 

Table 3.3 shows that the average molecular weight (Mw) increases with polymer concentration 

and hydrophobicity. Mw increases from 22.22 MDa to 27.09 MDa for C319, 24.59 MDa to 39.25 

MDa for P329, and 36.38 MDa to 43.79 MDa for D118 as the polymer concentration in the 

aqueous media increases from 1000 ppm to 2000 ppm. There was no significant change in the 

Rn values observed but a very small marginal increase of 58.1 nm, 36.8 nm, and 50.5 nm was 

observed for C319, P329, and D118 respectively as the polymer concentration increased. In the 

dilute regime, Mw increases from 22.22 MDa to 36.38 MDa and Rn decreases from 981.3 nm to 

938.6 nm as the hydrophobicity increases. Whereas in the semi-dilute regime, Mw increases from 

Polymer Concentrati

on (ppm) 

Mn 

(MDa) 

Mw 

(MDa) 

Mz 

(MDa) 

Rn (nm) Rw (nm) Rz (nm) PDI The slope of the 

Conformation Plot 

C319 1000 14.20 22.22 29.62 981.3 987.9 997.9 1.579 0.57 

2000 14.32 27.09 36.53 1039.4 1048.9 1058.1 1.891 0.51 

P329 1000 18.61 24.59 32.22 964.1 993.3 1011.4 1.322 0.49 

2000 25.87 39.25 47.28 1000.9 1032 1039.3 1.517 0.40 

D118 1000 29.39 36.38 42.67 938.6 951.8 959.4 1.238 0.41 

2000 31.15 43.79 54.2 989.1 995.7 1004.3 1.406 0.20 
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27.09 MDa to 43.79 MDa and Rn decreases from 1039.4 nm to 989.1 nm as the hydrophobicity 

rises.  

Figure 3.8 shows the structural conformational changes in the polymer chains as a function of 

concentration and hydrophobicity. Fitting Model 3.4 for the Rn vs MW of the same fraction 

provides useful information on the polymer shape. The shape factor, Vg (or the slope of the fitted 

dashed lines) of 1, 0.5, and 0.3 describes the polymer shape as a rod, random coil, and sphere 

respectively[132]. In the dilute regime, C319 undergoes the minimum chain shrinkage due to 

weak electrostatic forces and results in the linear rod structure with an Rn of 981.3 nm. Whereas, 

higher hydrophobicity results in Vg of 0.41 for D118 shows the compacted sphere structure than 

the P329 with Vg of 0.49 shows a randomly coiled structure. This corresponds to the lower Rn of 

938.6 nm for D118 compared to 964.1 nm for P329. At 2000 ppm, the intermolecular 

hydrophobic association shows polymer aggregation (Figure 3.10(a)) resulting in a higher Rn 

compared to the polymer with 1000 ppm concentration. However, the lower slopes indicate 

compact conformations for the polymer solutions at 2000 ppm (Figure 3.8 (b)) compared to the 

corresponding solution at 1000 ppm. The lowest Vg of 0.2 for D118 at 2000 ppm shows the 

formation of sphere conformations. Also, the intermolecular hydrophobic associations for 

solutions at 2000 ppm may cause the long-chain branching that supports the formation of flexible 

species formations. These formations increase the solvent holding capacity. So higher relaxation 

times and extensional viscosities were observed for these solutions compared to solutions at 

1000 ppm.  
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(a) Conformational plot for polymer samples (concentration 1000 ppm) 

 

(b) Conformational plot for polymer samples (concentration 2000 ppm) 

Figure 3.8: Conformational for the associative polymer samples 
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Figures 3.9 and 3.10 show the molecular weight and size distribution respectively for all polymer 

solutions. The broadest MWD (Figure 3.9(a)) for C139 at 2000 ppm concentration shows the 

highest PDI (Table 3.3) of 1.891. Whereas the narrowest MWD for D118 at 1000 ppm 

corresponded to the lowest PDI of 1.238.  The MWD became broader at the higher concentration 

of 2000 ppm thus the PDI increased from 1.579 to 1.891, 1.322 to 1.517, and 1.238 to 1.406 for 

C319, P329, and D118 correspondingly. Consequently, the observed steeper cumulative 

distributions (Figure 3.9(b)) also show the narrow MWD for the polymer concentration of 1000 

ppm than 2000 ppm. On the other side, a higher differential fraction for the second peak (Figure 

3.9 (a)) and slightly higher Rn values at 2000 ppm show the domination of intermolecular 

hydrophobic association at 2000 ppm that causes the polymer aggregation as shown as a 

secondary peak in Figure 3.10 (a). This indicates the Critical Aggregation Concentration (CAC) 

for all polymers falls between 1000 ppm and 2000 ppm. The size of aggregates was reported as 

1268.5 nm, 1123.0 nm, and 1294.6 nm for C319, P329, and D118 respectively so there was no 

trend found between the size of the aggregates and the hydrophobicity. However, this polymer 

aggregation can be one of the reasons for the higher shear viscosities (Figure 3.3) for the 

polymer solutions at 2000 ppm than 1000 ppm. Besides, disparate behavior was observed where 

MWD became narrow as the hydrophobicity increased, therefore the PDI decreased from 1.579 

to 1.238 at 1000 ppm and 1.891 to 1.406 at 2000 ppm. Simultaneously, a decrease in the Rn 

indicates effective coiling of polymer chains at higher hydrophobicity due to domination of 

intramolecular hydrophobic interactions at the identical polymer concentration as shown in 

Figure 3.1.   
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(a) Differential molar mass for polymer samples 

 

(b) Cumulative molar mass for polymer samples 

Figure 3.9: Molar mass distribution for the assocative polymer samples 
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(a) Differential radius for polymer samples 

 

(b) Cumulative radius for polymer samples 

Figure 3.10: Radius distribution for the associative polymer samples 
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In the dilute regime, the broadest MWD for C319 corresponded to the maximum relaxation time 

of 0.403 s. This may be due to the low hydrophobicity limiting the molecular interactions and the 

polymer chains hold their initial linear rod-like states. At the higher hydrophobicity, these 

polymer chains coil up and form a complex rigid sphere structure that won’t allow the solvent to 

penetrate inside. These rigid structures with lower Rn contributed to narrowing the MWD and 

can’t withstand the external extensional resistance. So the relaxation time decreased to 0.389 and 

0.270 for P329 and D118 respectively. Whereas, in the semi-dilute regime, the domination of 

intermolecular hydrophobic interactions supported the formation of flexible aggregates 

responsible for broader MWD corresponded to the higher relaxation time. These flexible 

aggregates became rigid again because of reduced solvent holding at the high hydrophobicity so 

the relaxation time decreases as shown in Table 3.2.  

3.5 Conclusions 

A major advantage of the AF4-FFF technique is to characterize the molar mass and size 

distribution for high-molar mass polymers which are challenging to discrete using conventional 

chromatographic techniques like GPC and SEC. Varying hydrophobicity for the polymer 

resulted in a similar behavior due to the rolling of macromolecules under the shear field that 

cancels out the stress effect. However, the identical conformation for each polymer solution 

contributed to disparate extensional behavior. The polymer aggregations observed only in the 

semi-dilute regime indicate the CAC for all polymers falls between 1000 ppm and 2000 ppm. 

Intramolecular hydrophobic associations coil the polymer chains that were dominant in the dilute 

regime whereas the intermolecular hydrophobic associations were dominant in the semi-dilute 

regime causing the polymer aggregation. In both regimes, hydrophobicity plays an important role 

to change the entanglement between polymer chains responsible for the formation of rigid or 
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flexible complex structures. Whereas the higher entanglements were responsible for strain 

hardening for C319, the rigidity and compaction of polymer complexes increase with the 

hydrophobicity may result in a lower relaxation time and extensional viscosity. On the other side, 

the formation of flexible polymer networks that withstand the higher extensional resistance result 

in a higher relaxation time and extensional viscosity for the polymer solutions in a semi-dilute 

regime. Overall, this study provides valuable insights into the selection of associative polymers 

for various applications not only based on the shear rheology but the polymer conformations 

affecting the extensional rheology as well.  
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Chapter 4: Effect of Polymer Conformations on Rheology and the Flow of Polymer 

through the Porous Media 

4.1 Abstract 

The concentration and hydrophobicity-dependent molecular associations are responsible for 

distinct rheological behavior for polymers to prove their application in various industrial 

operations specifically for enhanced oil recovery. These molecular associations change the 

polymer conformations, molecular weight, and radius distributions. The presence of salts that 

changes these conformations results in polymer chains with lower molecular weight. This may 

cause loss of the visco-elasticity loss of polymer solution due to polymer precipitation and 

reduce the efficiency of polymer flooding. So, the underlying mechanism of molecular 

interactions in the presence of cations needs to be understood well. Correlating these 

conformational changes with its flow behavior in the porous media enables the polymer selection 

criteria especially when the polymer solutions exhibit similar shear rheology. In this study, 

commercially available polymers with different hydrophobicity, HPAMs, C319, and D118 were 

used to characterized by the Field-flow fractionation (FFF) method to determine molecular 

weight distribution (MWD) and size distribution (Rn). The effect of the change in these 

properties on the rheological properties was studied to justify the behavior of the polymer 

solutions in the porous media. 

4.2 Introduction 

Crude, natural gas, and Coal are the most valuable non-renewable energy sources and essential 

feedstock for many processes as well. Among them, oil plays the foremost role in the world of 

increasing energy demand. Once the current crisis gets stabilized, the global oil demand could be 

boosted by 500 kb/d to reach about 170 kb and 210 kb daily by end of 2021 and 2022 
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respectively[1].  Additionally, the recent sharp drop in oil prices compelled oil corporations to 

revise their production strategies and optimize their production cost based on the current oil price 

scenario. To satisfy the oil demand with the traded oil prices, the implementation of enhanced oil 

recovery (EOR) techniques has been gaining more and more attention as the formation and 

exploration of new oil reserves continue [2]. Chemical EOR is the pronounced technique applied 

to 11% of the EOR projects worldwide. Specifically, more than 77% of methods are polymer 

flooding (as shown in Figure 4.1) considering the several technical, operational, and cost benefits 

[135][9]. These benefits can be tuned based on the suitable selection of polymer to enhance the 

viscosity of water that favors mobility control and reduce the relative permeability 

simultaneously[4], [5], [29], [136], [137]. The selection criteria for polymer flooding projects 

include but are not limited to cost, filtration properties, oil viscosity, mobile saturation, reservoir 

conditions (rock type, temperature, and salinity), and mechanical stability[135].  

 

 

Figure 4.1 A summary of EOR projects performed worldwide including polymer flooding 

[135] 

Partially Hydrolyzed polyacrylamide (HPAM) and its derivatives having a higher molecular 

weight (Mw) have been used at the commercial stage considering the economic factors[138]. 



94 

 

However, HPAM shows high shear sensitivity at elevated temperatures and high salinities. 

Hence, its other hydrophobically modified or sulfonated derivatives are being used[139]. Even 

though having reasonable bulk characteristics, especially viscoelasticity, these polymers showed 

limited success due to polymer degradation (mechanical and chemical), loss of polymer in the 

porous media, and loss of injectivity[4].   

The polymers used often with higher molecular weight, which could provide the displaced slugs 

more viscosity, to overcome the oil’s high viscosity and achieve a favorable M. The impact of 

viscoelasticity on extra recovery after chemical flooding has been studied to understand any 

resulting favorable mechanism that affects the oil recovery[16], [16], [18], [140]–[143]. 

Additional micro-force or normal stresses were cited by several other researchers as the primary 

explanation for the remaining oil saturation reduction during viscoelastic polymer flooding[55]. 

Micro-force is a component of normal stress, which is proportional to extensional viscosity so 

the extensional viscosity and the relaxation time are the solution characteristics used for the 

polymer screening[56]. Polymer elasticity would be an important screening criterion especially 

when the shear rheology enables the explanation of the flow behavior of HPAM and its 

derivatives exhibit similar bulk shear characteristics[57][58][59]. All these mechanisms 

emphasize the influence of normal stresses. However, under reservoir conditions, the yielding 

stress is not always the normal stress even though the polymer is injected at a very low rate[60]. 

Hence the normal stress-dependent bulk polymer characteristic can not represent the behavior of 

polymer solutions through a porous media. The non-Newtonian flow of these viscoelastic 

polymer solutions through porous media under non-uniform conditions (varying porosity, 

permeability, and yield stress) could be explained by the formation of molecular networks 

responsible for the fluid flowability, resistance, and retention[19]. These induced networks may 

not cause considerable change in the viscoelastic properties. Hence the possibility to predict the 
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polymer injectivity from the independent measurements of the fluid’s rheological properties and 

the porous media’s geometrical properties arises as a scope of the study.  

This structure-function relationship with polymer injectivity is of critical importance to 

producing commodity objects as well as for new emerging areas of applications for polymers 

like EOR. Polymer solutions always exhibit polydisperse molecular weight so the molecular 

weight distribution of a polymer is one of its most fundamental structural characteristics. The 

processability, mechanical strength, and morphological phase behavior of a polymer are all 

influenced by its molecular weight distribution. Hence, considering molecular weight 

distribution as an additional criterion for polymer screening may give better insights into 

polymer retention in the porous media.  

4.3 Materials and Methods 

4.3.1 Reagents 

HPAM along with its hydrophobically modified derivatives, C319 and D118 were supplied from 

SNF Floerger. Table 4.1 shows the specifications for these polymers provided by the 

manufacturer. According to the manufacturer, all samples have similar estimated Mw and 

ionicity. Fisher Scientific supplied lab-grade NaCl (with percentage purity ≥ 99.0 %)  

4.3.2 Sample Preparation 

5000 ppm of NaCl was added into de-ionized (DI) water to prepare the base brine. The desired 

amount of dry-powdered polymer was gradually added into the base brine to prepare the 

concerned polymer solutions of 1000 and 2000 ppm. All solutions were stirred at 350 rpm until 

diminishing vortex. This allows uniform dispersion of polymer into the brine. All solutions were 

sealed to minimize oxidative degradation and stirred at 150 rpm for 24 hours at room 

temperature (~20° C) to avoid mechanical degradation.  
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Table 4.1: Specifications of polymers from SNF  

Polymer Name Polymer Type 

Weight-average 

Molecular Weight 

(Mw) by the 

supplier (MDa) 

Hydrolysis                

(% mol) 

Hydrophobicity 

HPAM 3630 

Non-Associating 

Polymer 

20 25-30 Not Applicable 

Superpusher 

C319 

Hydrophobically 

Associating Polymer 

(AP) 

16-20 25-30 Very Low 

Superpusher 

D118 

Hydrophobically 

Associating Polymer 

(AP) 

16-20 30 Medium 

4.3.3 Rheology Experiments 

Shear Rheology 

AR2000 (TA Instruments) was used to characterize the shear rheology of polymer solutions at 

room temperature. The density of 1 
𝑔

𝑐𝑚3
 was assumed for all polymer solutions. A sample volume 

of 1 mL was placed between the cone and plate geometry with a 2° steel cone and 40 mm 

diameter to perform the shear experiments.  

Extensional Rheology 
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The uniaxial elongation experiments were performed at room temperature by using CaBER 

(ThermoFisher HAAKE 1). A fixed volume of polymer solutions (~ 0.2 -0.3 mL) was placed 

between two parallel plates initially positioned 2 mm apart. This polymer solution then starched 

uniaxially by applying the Hencky strain of 1.2 (move the upper plate to 6.5 mm within 50 

milliseconds). The surface tension (𝜎) of 65  
𝑚𝑁

𝑚
 was measured for all polymer solutions. 

Various extensional rheological parameters i.e. filament break-up time, relaxation time, and 

apparent extensional viscosities are obtained by fitting the appropriate model to the filament 

diameter to time plot. The upper-convected Maxwell model (Equation 4.1) with an exponential 

regression was applied to filament diameter to time data to determine the extensional relaxation 

time.  

                                                                  𝐷𝑚𝑖𝑑  (𝑡) = 𝐷0(
𝐺𝐷0

𝜎
)

1

3 𝑒
−𝑡

3𝜆𝑐                                         (4.1) 

𝐷𝑚𝑖𝑑: Mid-point diameter of the filament (mm), 𝐷0: Initial diameter of the loaded sample (mm), 

𝜆𝑐: Characteristic relaxation time (s), G: Elastic modulus (Pa). 𝜎: surface tension of polymer 

samples (mN/m).  

The evolution of the midpoint diameter of the polymer solutions driven by the capillary pressure 

with the extensional resistance stress can be represented in the terms of the extensional viscosity 

(defined as given in Equation 4.2).  

                                                                         𝜂𝑎𝑝𝑝(𝜀)  =̃  
(2𝑋−1)𝜎

𝑑 𝐷𝑚𝑖𝑑
𝑑𝑡

                                           (4.2) 

𝑋: axial correction factor (=0.7127).  

                                                                     𝜀 (𝑡) = 2 ln (
𝐷𝑜

𝐷𝑚𝑖𝑑 (𝑡)
)                                            (4.3) 
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                                                                   𝜀̇ =  − 
2

𝐷𝑚𝑖𝑑 (𝑡)
 (

𝑑𝐷𝑚𝑖𝑑 (𝑡)

𝑑𝑡
)                                       (4.4) 

ε: Hencky strain and ε˙: strain/elongation rate (s−1).  

The apparent extensional viscosity vs strain rate and strain hardening plots can be generated by 

using Equations 4.2 and 4.4. The filament drainage result in the maximum elastic limit and so the 

apparent extensional viscosity at the critical Deborah number of 0.66[56]. This value is reported 

as the maximum apparent extensional viscosity.  

4.3.4 AF4-FFF Experiments 

The details of the working principle of Fluid flow fractionation were explained in the previous 

publications[27], [59]. According to the separation principle, the smaller particles are eluted 

before the larger particles as shown in Figure 4.2. This time-scaled elution coupled with AF4 

system (Postnova Analytics, Landsberg, Germany), MALS-PN3621 (Postnova Analytics, 

Landsberg, Germany), and DRI-PN3150 (Postnova Analytics, Landsberg, Germany) detectors 

results in the molecular weight distribution (MWD) and radius distribution curves.  
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Figure 4.2. Schematic of working principle of AF4-FFF[27], [59] 

A MALS detector containing a 10–50 mW laser that operates at 532 nm and has twenty-one 

scattering angles—7°, 12°, 20°, 28°, 36°, 44°, 52°, 60°, 68°, 76°, 84°, 90°, 100°, 108°, 116°, 

132°, 140°, 148°, 156°, and 164°. A baseline or reference line was set by using the solvent or 

brine containing 5000 ppm NaCl in DI water. As a separation channel, a regenerated cellulose 

membrane with a molecular weight cut-off of 10 kDa (Postnova Analytics’ Z-MEM-AQU-631) 

was used. The volume of the sample injected was 50 μL for each FFF experiment.  

By setting the focus flow rate to 0.8 mL/min for 3 minutes, the sample accumulation and 

longitudinal diffusion on the membrane were permitted, and after 1 minute, the flow changeover 

to elution mode was enabled. The crossflow rate was held at 0.5 mL/min for 2 minutes and then 

allowed to decrease exponentially (with an exponent of 0.3) to 0.1 mL/min over 35 minutes. This 

allowed for sample elution. To prevent cross-contamination, the cross-flow rate was maintained 

at last at 0.1 mL/min for 15 minutes. The ∂n/∂c  ≈0.17 was measured for all polymer samples to 

determine the number average(Mn) molar mass, the weighted average (Mw) molar mass, and the 

Rn using the random coil model[144]. 
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4.3.5 Polymer injectivity Experiments 

 

Figure 4.3 Schematic of polymer injectivity experiments 

An experimental setup as shown in Figure 4.3 was used to study the flow behavior of polymer in 

the porous media.  Bentheimer cores (supplied by Kocurek Industries Inc.) with 2 inches 

diameter and 6 inches length were used as a consolidated porous media. An average pore size of 

~300 nm was reported for the Bentheimer core [145]. These cores were subjected to the 

overburden pressure of 130 psi for all experiments. Un-consolidated porous media was employed 

by packing the glass beads of a mesh size of 40–80, which corresponds to the 354–177 nm in to 

the cylindrical core holder with internal diameter of 2.86cm diameter and 15.24 cm long. The 

core-holder system was equipped with a differential pressure transducer connected to a computer 

to record the pressure profiles.  

The experimental setup consisted of Teledyne ISCO 500D syringe pumps and two fluid 

accumulators functioning as flow injection units. These pumps were connected to the fluid 

accumulators, which served as storage for water and polymer solutions. From these 

accumulators, the fluids could be injected independently into the core holder.  
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 The single-phase core flood experiments were performed using HPAM, C319 and D118 at fixed 

or variable flow rates with the objective of estimating the resistance and residual resistance 

factors. In the experimental process, the bulk volume of the core or sand pack is estimated by 

applying the formula π/4 (diameter)^2 x Length. To determine the porosity of the core, the pore 

volume, obtained from water injection, is divided by the bulk volume of the core. 

Deionized water is then injected into the core or sand pack using an ISCO pump syringe pump to 

control the flow rate. During this process, the pump flow rate is recorded and compared to the 

time duration and the volume of collected effluent samples. Pressure drop across the core holder 

is measured using pressure transducers while monitoring the time with Labview. Water 

saturation is considered for pore volume calculations. The water flood is stopped when the 

steady state pressure is reached, typically after approximately 5 pore volumes, with the pressure 

difference estimated between the inlet transducer and the ambient outlet pressure of 1 atm. 

Darcy's law is employed to estimate the water permeability of the porous media. Subsequently, 

polymer samples are injected at various flow rates, and the effective permeability is determined 

by analyzing the steady state pressure drop and volumetric flow rate. Effective polymer 

permeability is then estimated using Darcy's law. 

A chase water injection is performed, typically around 10 pore volumes, and a steady state 

pressure is recorded. These recorded steady state pressure values can be utilized to estimate the 

resistance and residual resistance factors. Overall, this experimental procedure involves 

measuring bulk volume, determining porosity, water flooding, pressure monitoring, permeability 

estimation, polymer injection, and evaluation of resistance factors for a comprehensive 

understanding of the behavior of the porous media and the impact of polymer injection. 
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Initially, The permeability and porosity values for the porous media used in the experiments 

were measured by using water flooding experiments. These porous media were subjected to 

polymer flooding followed by chase water and secondary water injection to determine the 

Resistance Factor (RF) and Residual Resistance Factor (RRF) at the specific flow rate. The RF 

and RRF values at a specific injection rate were calculated by a ratio of pressure drops at 

different stages using Equations 4.5 and 4.6 subsequently.  

                                                                         𝑅𝐹 =  
∆𝑃𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (𝑝𝑠𝑖)

∆𝑃𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑎𝑡𝑒𝑟 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (𝑝𝑠𝑖)
                                 (4.5)  

                                                             𝑅𝑅𝐹 =  
∆𝑃𝐶ℎ𝑎𝑠𝑒 𝑊𝑎𝑡𝑒𝑟 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (𝑝𝑠𝑖)

∆𝑃𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑎𝑡𝑒𝑟 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (𝑝𝑠𝑖)
                                  (4.6) 

The RF values are physically signified as the excess resistance experienced by the polymer 

compared to water in the porous media at a specific flow rate. Whereas, the RRF values quantify 

the ability of the polymer to reduce the permeability of water. More than 10 pore volumes (PV) 

of chase water were injected into cores to rinse out the mobile polymer phase during each 

experiment. Pressure stability conditions were continuously monitored for each set of 

experiments. A steady state condition was allowed to be achieved before switching the flow 

rates.  

4.4 Results and Discussion 

4.4.1 Rheological characterization 

Figure 4.4 shows a shear rheological behavior of associating polymers as a function of 

concentration and hydrophobicity under saline conditions. The measured shear viscosities were 

found lower than the reported shear viscosities for the concerned polymer solution without salts 

[59]. A charge screening effect caused by mono-valent cations (Na+) is responsible for the 
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viscosity reduction. As shown in Figure 4.4, all polymer solutions exhibit a shear thinning 

behavior due to polymer chain entanglement in the direction of shear at the higher shear rates. 

However, the overlapping shear profiles at 1000 ppm indicate weak inter-molecular association 

and the trembling of the coiled polymer chains under the direction of stress [27], [58], [59]. 

Hence, at the lower polymer concentration, polymer screening based on the rotational shear 

rheological behavior would not be an identical criterion. At 2000 ppm polymer concentration, 

the higher shear viscosities compared to 1000 ppm are resultant of the domination of inter-

molecular interactions [146], [147]. Higher shear viscosities for D118and C319 at 2000 ppm 

showed higher monovalent cation tolerance due to its higher hydrophobicity compared to 

HPAM. However, the difference in the shear viscosities (especially for C319 and D118 at 2000 

ppm) is not considerable over a wide range of shear rates. Hence, the extensional viscosity 

measurements may give better insights into how hydrophobicity affects the molecular 

interactions that are intense under the extensional field[130]–[133].  
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Figure 4.4: Influence of polymer concentration and hydrophobicity on the shear rheology 

The results for maximum apparent extensional viscosity, relaxation time, and experimental 

break-up time are reported in Table 4.2.  These results summarize that the above-mentioned 

parameters were increased with the polymer concentration. The lowest experimental break-up 

times of 0.61 s and 1.62 s were observed for the non-associating polymer HPAM at the 

concentration of 1000 ppm and 2000 ppm subsequently. Further, these lower break-up times 

corresponded to the lowest maximum apparent extensional viscosities of 49 and 75 Pa.s. These 

results prove its lowest tendency for monovalent salt resistance.  
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Table 4.2: maximum apparent extensional viscosity, experimental break-up time, and 

relaxation time of polymer samples 

Polymer 

Concentration 

(ppm) 

NaCl 

Concentratio

n (ppm) 

Experimental 

Break-up time 

(s) 

Relaxation 

time (s) 

Maximum 

Apparent 

Extensional 

Viscosity (Pa·s) 

C319 

1000 5000 2.01 0.08 171 

2000 5000 5.06 0.255 240 

D118 

1000 5000 1.41 0.039 102 

2000 5000 4.43 0.2076 205 

HPAM 

1000 5000 0.61 0.008 49 

2000 5000 1.62 0.0100 75 

 



106 

 

 

(a) 

 

(b) 

Figure 4.5 Uniaxial elongation and filament breaking for the polymer samples 
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Moving from HPAM to C319 having an associating characteristic due to hydrophobicity shows a 

higher break-up time and so a higher maximum extensional viscosity. The experimental break 

time of 2.01s and 5.06s were observed for C319 at 1000 ppm and 2000 ppm respectively. An 

order of magnitude of higher relaxation time of 0.255 for C319 at 2000 ppm shows the 

domination of inter-molecular association. A polymer with the highest hydrophobicity shows a 

lower experimental break-up time of 1.41s and 4.43s at 1000 ppm and 2000 ppm respectively. 

The corresponding maximum apparent extensional viscosity values, 102 Pa.s, and 205 Pa.s were 

lower than the concerned solution for C319. A reason behind it is the stiffness of non-hookean 

transformations at the higher hydrophobicity [59].  
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(b) 

Figure 4.6: Apparent extensional viscosity as a function of strain rate 
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(b) 

Figure 4.7 Straining hardening for polymer samples 

Figures 4.5 and 4.6 show the experimental temporal evolution of mid-point diameter and 

extensional viscosities vs strain rate for all polymer solutions. The extended exponential decays 

(Figure 4.5) for the polymer concentration of 2000 ppm represent the extended coiling of 

polymer chains. The longest decays for C310 at 1000 ppm and 2000 ppm were observed due to 

Hookean transformations that formed flexible microstructures. However, the formation of rigid 

microstructures for D118 breaks earlier than for C319. Figure 4.6 shows the data divergence into 

two regimes. Firstly, the apparent extensional viscosity increases as the strain rate decreases. 

This is due to gravitational sagging which is not a function material characteristic. After reaching 

a maximum value, resultant deformations due to weak viscous resistance rises the strain rate 

again. These transitions were observed at the lower strain rate as the hydrophobicity increased. 
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However, the presence of monovalent cations favors the transition of Hookean to non-Hookean 

transformations. The supporting role of the cation results in the lower experimental break-up 

time and so the extensional viscosity compared to the concern values reported in the 

literature[59]. Further, the strain rate grows until unraveling polymer strands’ elastic stresses 

form to resist the deformation caused by capillary action. Here, the inter-molecular interactions 

at the polymer concentration of 2000 ppm induce the higher elastic stress that results in higher 

apparent extensional viscosities compared to the polymer concentration of 1000 ppm.  

The strain-hardening behavior caused by the mechanical disruption is shown in Figure 4.7. The 

results show poor strain hardening behavior for HPAM at both concentrations because of the 

high entanglement of polymer molecules. These entanglements may be proficient in causing 

stress overshoot but may not be effective enough to cause strain hardening.  The hydrophobic 

inter and intramolecular interactions may be capable enough to make the polymer chain stiff and 

so the strong strain hardening was observed compared to HPAM.  However, at the higher 

hydrophobicity, the higher entanglement of polymer chains causes poor strain hardening [32].  

4.4.2 AF4-FFF characterization 

AF4-MALS-dRI was used to determine the weight-average molar mass (Mw) and Radius of 

Gyration for the polymer solution. A summary of the results is shown in Table 4.3. Values of the 

recoveries for the polymer solution from the separation channels were ≥ 99%, which means that 

all of the injected polymer samples were eluted without any major losses of components.  
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Table 4.3. Average molar mass and radius of gyration for the polymer solutions 

 

Table 4.3 shows that the lowest values for the Mw  ̴ 3.7Mda and 6.18Mda and Radius of 

Gyration  ̴ 311.2 nm and 413.9 nm were observed for HPAM at 1000 ppm and 2000 ppm 

respectively. A reason behind it is the lowest or negligible hydrophobicity for HPAM. In the 

presence of salt, especially cations, it hardly retains its original structure due to the charge 

shielding effect of cation (Na+). This charge screening effect reduces the electrostatic repulsion 

between two HPAM polymer chains. As a resultant domination of intramolecular interaction, the 

polymer chains tend to coil and reduce the Radius of gyration reported for the HPAM solution in 

Deionized water [144]. Also, the reported lowest Mw values are due to rapid polymer chain 

degradation (especially for the lower end of the weight distribution). Higher hydrophobicity for 

the polymers C319 and D118 result in their higher stability against NaCl compared to HPAM at 

Polymer 

Name 

Polymer 

(ppm) 

NaCl 

(ppm) 

Mn 

(MDa) 

Mw 

(MDa) 

Mz 

(M Da) 

PDI 

Rn 

(nm) 

Rw 

(nm) 

Rz 

(nm) 

Slope of 

Conformat

-ional Plot 

HPAM 

1000 5000 3.74 4.51 5.63 1.21 311.2 341.7 381.6 0.50 

2000 5000 6.18 8.00 9.25 1.30 413.9 462.8 488.7 0.42 

C319 

1000 5000 7.76 12.72 12.95 1.64 506.4 546.8 574.4 0.34 

2000 5000 9.14 17.32 16.61 1.90 499.5 576.8 603.1 0.28 

D118 

1000 5000 12.65 18.27 27.95 1.44 708.6 788.1 850.2 0.20 

2000 5000 20.53 31.10 54.59 1.52 738.9 804.4 885.7 0.16 



112 

 

both concentrations. This is because the ionic strength of additional hydrophobes on the polymer 

backbone withstands against charge shielding effect and the intermolecular interaction results in 

higher values for Mw and Radius of gyration compared to HPAM solutions. The highest values 

for the Mw  ̴ 12.65Mda and 20.53Mda and Radius of Gyration  ̴ 708.6 nm and 738.9 nm were 

observed for D118 at 1000 ppm and 2000 ppm respectively.  
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(a) Differential mass distributions for the polymer solutions 
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(b) Cumulative mass distributions for the polymer solutions 

Figure 4.8 Mass distribution for the polymer solutions 

Figure 4.8 compares measured molar mass distributions obtained from the AF4-MALS technique 

for the polymer solutions. The molar masses of the macromolecules range from 0.5 Mda-70Mda 
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with a 2000 ppm polymer concentration. A negligible intensity secondary peak was observed for 

HPAM solutions even though the peak of the distribution curve shifts to the higher end of MWD. 

This is due to the domination of the intermolecular attraction between the polymer chains with 

the lower average molar mass at 2000 ppm polymer concentration. These inter-molecular 

networks are responsible for boosting up the reported viscosities (shear and extensional) for the 

solution with HPAM concentration of 2000 ppm.  

The largest horizontal extent (≈ highest PDI) was observed for the solutions prepared with C310 

with 1000 and 2000 ppm. The hydrophobic nature of the polymer showed a significant effect on 

the MWD even in the presence of monovalent salt. Shifting the distribution peaks at the higher 

ends for the polymer solutions with 2000 ppm polymer concentration indicates aggregation of 

polymer molecules. However, the accelerated polymer aggregation induced by its 

hydrophobicity resulted in the secondary peaks for the solutions with C319 and D118. The 

secondary spikes for the solutions containing C319 and P329 at both polymer concentrations 

prove their Critical Aggregation Concentration (CAC) is below 1000 ppm. This CAC is much 

lower than the reported CAC for polymer solutions prepared with DI water as a solvent [22]. An 

identical behavior for associative polymers, C319 and D118 is shifting the MWD to the higher 

end of the horizontal axis at 2000 ppm. For C319, the MWD peaks were shifted from 5 Mda and 

15 Mda at 1000 ppm to 5 Mda and 20 Mda at 2000 ppm with a higher secondary peak intensity. 

Similarly, for D118, MWD peaks were shifted from 7Mda, 20 Mda, and 40 Mda at 1000 ppm to 

12 Mda, 40 Mda, and 70 Mda respectively at 2000 ppm. This shows the formation of microgels 

due to the domination of intermolecular hydrophobic interactions withstanding against charge 

screening caused by cations.   
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(a) Differential radius distributions for the polymer solutions 
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(b) Cumulative radius distributions for the polymer solutions 

Figure 4.9 Radius distribution for the polymer solutions 

Figure 4.9 reveals that the radius distributions for the respective polymer solutions at both 

concentrations were very similar except HPAM. For HPAM (non-associating polymer) the 

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800 1000 1200

C
u

m
m

u
la

ti
ve

 F
ra

ct
io

n

Radius (nm)

HPAM 1000 ppm C319 1000 ppm D118 1000 ppm

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800 1000 1200

C
u

m
m

u
la

ti
ve

 F
ra

ct
io

n

Radius (nm)

HPAM 2000 ppm C319 2000 ppm D118 2000 ppm



118 

 

radius distribution was shifted from a range of 200nm- 625nm to 275nm- 795nm for the polymer 

concentration of 1000 ppm and 2000 ppm respectively. Additionally, the slope of conformational 

phot (Figure 4.10) of 0.5 for 1000 ppm HPAM solution was observed to be decreased to 0.42 for 

the 2000 ppm HPAM solution. This shows the transformation of randomly coiled linear 

conformation to the cylindrical linear conformation. These confirmations are Hookean 

conformations that can be compacted further at the higher salinity[59]. However, once the 

spherical non-Hookean conformations are formed, they do not affect the radius distributions 

efficiently. For C319, the slope of the conformational plot changes from 0.34 for 1000 ppm to 

0.28 for 2000 ppm polymer solution. The steeper cumulative radius distribution at 2000 ppm also 

shows a compaction of spherical conformations. However, the aggregation of the small 

compacted molecular species (Rn~ 200 nm) resulted in a higher average Mw without affecting 

the average Rn significantly. For D118 with the highest hydrophobicity, the radius distributions 

were observed very similar. The slope of the conformational plot of 0.2 for 1000 ppm D118 

decreased to 0.16 showing the formation of compacted spherical non-Hookean conformations.  
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Figure 4.10 Conformational plots for the polymer solutions 
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cores (by using the set-up shown in Figure 4.3) at the desired flux rates and the effluent was 

collected in the volumetric cylinder. Pressure stability was achieved at each flux rate switch over 

to the other higher rates. The injection flux rates vs steady state pressure data were utilized to 

estimate the permeability and porosity for each set of experiments. These values are reported in 

Table 4.4. The above-mentioned flux rates were replicated for the subsequent polymer solution 

flooding followed by chase water and secondary water injection. It was ensured to inject 

sufficient pore volume of fluid to achieve a stable pressure drop at each stage. Equations 4.5 and 

4.6 were used to calculate RF and RRF for each set of experiments.  

Table 4.4. Petrophysical Properties 

Polymer Concentration 

(ppm) 

Porosity Permeability 

(mD) 

HPAM 1000 18% 121 

2000 17% 125 

C319 1000 18% 144 

2000 19% 135 

D118 1000 18% 129 

2000 19% 134 
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Figure 4.11 RF as a function of flux rate for polymer solutions 
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Figure 4.12 RRF as a function of flux rate for polymer solutions 
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Figure 4.12. Typically, all polymer solutions showed a declining trend for RF and RRF with 

increasing flux regardless of the polymer concentration. However, these curves were shifted 

upwards for the solutions prepared with a polymer concentration of 2000 ppm.  

For HPAM solutions with 1000 ppm polymer concentration, the randomly coiled polymer 

structures with the smallest radius of gyration attributed to the lower RF because of a combined 

effect of mechanical entrapment and adsorption due to a proposed mechanism as shown in 

Figure 4.13(a). In this case, the whole polymer chain can be adsorbed on the rock surface, and 

the chances of mechanical entrapment would be lower because of the similar average pore throat 

size, 300 nm to the radius of gyration, 311 nm. At 2000 ppm polymer concentration, higher 

number density for polymer molecules with coiled conformation may result in the adsorption 

mechanism proposed in Figure 4.13(b). Combining this with the entrapment of aggregates with 

higher size (Figure 4.9(a)) seems to contribute to higher RF values. However, these flexible 

randomly coiled conformations for HPAM may not trigger the viscoelastic resistance that 

resulted in the lowest RF values for HPAM solutions.  

 

Figure 4.13 Adsorption mechanism of polymer on the rock surface [148], [149] 
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For the associative polymers, the compacted spherical conformations seem to create some 

viscoelastic resistance at a low velocity until the adsorption equilibrium is established. 

Additionally, the higher radius of gyration triggers mechanical entrapment. So a combined effect 

of these phenomena resulted in a small spike in RF at the low flux rate. Further at the higher 

velocity, the higher flexibility (also resulted in the higher breakup time as shown in Figure 

4.5(a)) of Hookean conformations for C319 helps to overcome the viscoelastic resistance even 

though having a higher radius of gyration at 1000 and 2000 ppm. This might be a reason for 

higher RF values for C319 compared to HPAM. However, the strong domination of 

intermolecular networks induced by hydrophobicity resulted in higher RF values for 2000 ppm 

C319 solution. Further at the highest hydrophobicity, the rigid sphere conformations having a 

higher radius of gyration may trigger the mechanical entrapment on the top of adsorption. This 

could be a primary reason for having higher values of RF for D118.  

Figure 4.12 shows the retention of HPAM at each flux remains constant at both 1000 and 2000 

ppm polymer concentration. However, It is clear that the randomly coiled molecular chain 

conformations can be easily linearized to adapt to flow[148]. So the lowest values of RRF were 

observed for HPAM solutions. For C319 and D118 at 1000 ppm polymer concentration, the 

weak intermolecular structures undergo destruction, and recovery of hydrophobic association 

structures could not maintain dynamic equilibrium, thus causing a decrease in polymer retention 

at a higher flux rate. However, at the higher polymer concentrations of 2000 ppm, compacted 

spheres of aggregates with a higher radius of gyration increase the hydrodynamic trapping 

resulting in higher RRF values.   
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4.4.4 Molecular weight and radius distributions overcoming the limitations of rheology by 

explaining polymer flow in unconsolidated porous media  

Table 4.5 Fluid injection sequence for the injectivity experiments using unconsolidated 

porous media [57] 

Stage Flux (ml/hour) 
Injected Pore 

Volumes 

Primary Water Flooding 

60 2 

120 2 

180 2 

240 2 

300 2 

Polymer Flooding  

60 2 

120 2 

180 2 

240 2 

300 2 

Chase Water 15 10.9 

Secondary Water Injection 

60 2 

120 2 

180 2 

240 2 

300 2 

 

The measured porosity and permeability for all experiments were in the range of 0.35-0.39 and 

1.51-1.65 D. The recorded stable (or steady-state) pressure data was used to calculate the RF and 

RRF for each set of experiments (Figure 4.14 and Figure 4.15) by using Equations 4.5 and 4.6.  
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(a) 

 

(b) 

Figure 4.14 Resistance factors for the polymer solutions in unconsolidated sand-pack 
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(a) 

 

(b) 

Figure 4.15 Residual Resistance factors for the polymer solutions in unconsolidated sand-

pack 
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As both polymers, HPAM and C319 exhibit an identical rheological profile, it is important to 

understand how the MWD and radius distributions affect the in-situ rheology characterized by 

RF and RRF. The associative polymer C319 has a very similar molar mass reported by the 

manufacturer. However, the polymer solutions with C319 exhibit broader MWD with higher 

radius gyration. Also, these solutions have randomly coiled polymer conformations compared to 

the linear rod-like conformations for the HPAM solutions at both polymer concentrations. The 

injectivity results (Figures 4.14 and 4.15) indicate that the polymer solutions with the lower 

polydispersity and liner conformations show lower polymer retardation in the sand-pack. At 

1000 ppm, below the CAC, C319 and HPAM approach similar values for RF. As the polymer 

chains with the higher molecular weight show pore plugin and/or adsorption results in reduced 

permeability and pore diameter, the RF values increase with the flux rates. However, the 

thickening effect pronounced for C319 indicates domination of extended higher end than the 

MWD for HPAM. This eventually resulted in higher RRF values compared to HPAM solutions 

at each flux rate. At 2000 ppm polymer concentration, which is above CAC, the domination of 

polymer aggregates or microgels seems to dominate the resistance. These aggregates are 

responsible for an additional resistance resulting in a higher value for RF than the ones at 1000 

ppm. A combined effect of polymer entrapment and adsorption. However, the lower RRF values 

at higher flux rates for C319 indicate desorption of the microgels.   

The above correlation study indicates the importance of molecular weight and radius 

distributions for estimating in situ rheological behavior. In addition, the polymer conformations 

along with the dispersity index can be used to predict the tentative pressure drop and the reduced 

permeability or mechanical entrapment.  
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4.4.5 Application of AF4-FFF technique for field application 

The produced water samples were received from the polymer EOR field. These include injecting 

fluid (Raw Sample 3440, 2000 ppm), aerobic, and anaerobic samples. The anaerobic samples 

were isolated with an inert gas to prevent oxidative degradation.  

       

         (a) Aerobic-produced water samples          (b) Anaerobic-produced water samples 

Figure 4.16 Samples received from polymer EOR field 

The concentration of polymer in the aerobic-produced water samples was measured by using the 

AF4-FFF system as reported in Table 1.2. A test methodology for fluid flow fractionation 

described in the above section was applied to characterize the produced water samples to 

determine molar mass distributions, radius distributions, and conformational properties. These 

plots were compared with the injecting fluid (Figure 1.6, Figure 1.7, and Figure 1.8) to predict 

the flow behavior of injecting fluid in the reservoir. Table 1.3 show the average molar mass and 

radius of gyration for the polymer samples. 
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Table 4.6 Polymer concentration in produced water 

Sample ID Polymer Concentration (ppm) 

Aerobic Sample 1 1404 

Aerobic Sample 2 1502 

A-079 Aerobic Sample 1460 

 

Table 4.7 Average Molar mass and radius for the produced water samples 

Sample 

  

Mn (M Da) Mw (MDa) Mz (M Da) PDI Rn (nm) Rw (nm) Rz (nm) 

Anaerobic Sample 1 12.16 19.13 24.03 1.574 398.3 446.4 466.5 

Aerobic Sample 1 4.681 6.446 7.087 1.377 362.3 436.3 450.9 

Anaerobic Sample 2 16.82 27.95 35.42 1.861 320.4 354.6 368.6 

Aerobic Sample 2 3.716 6.893 8.44 1.355 127.0 165.9 175.8 

A-079 Anerobic 

Sample 

15.26 27.27 35.3 1.787 219.6 251.9 263.6 

A-079 Aerobic Sample 5.122 6.51 7.564 1.271 175 191.2 198.9 

Raw Sample  32.28 47.54 57.47 1.473 505.8 556.5 577.6 
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(a) Molar mass distributions for Sample 1 and Injecting Fluid 

 

(b) Radius distributions for Sample 1 and Injecting Fluid 

Figure 4.17 Comparing the distributions of sample 1 with injecting fluid 
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(a) Molar mass distributions for Sample 2 and Injecting Fluid 

 

(b) Radius distributions for Sample 2 and Injecting Fluid 

Figure 4.18 Comparing the distributions of sample 2 with injecting fluid 
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(a) Molar mass distributions for A-079 Samples and Injecting Fluid 

 

(b) Radius distributions for A-079 Samples and Injecting Fluid 

Figure 4.19 Comparing the distributions of A-079 samples with injecting fluid 
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The results show a considerable difference in the average molar mass and radius values for the 

produced water samples compared to the injecting fluid. The average molar mass reduced from 

47.54 MDa to a range of 19 MDa-27 MDa for the anaerobic samples. Whereas for the aerobic 

samples, these seem reduced further around 6MDa for all aerobic samples. A very similar trend 

was observed for the radius of gyration where the average molecular radius values were dropped 

from 556.5 nm to a range of 250-446 nm for anaerobic samples and 191-436 nm for aerobic 

samples. These show clear differences in the analysis or characterization performed under 

aerobic conditions (in the lab) vs the anaerobic conditions applied to most oil reservoirs.  

The molecular weight distributions indicate that the entrapment of higher-end polymer chains is 

significant under anaerobic conditions. However, the crosslinking of the lower-end molecular 

chains (which may be due to the presence of cations in the reservoir) helps to maintain the 

performance of polymer flooding. Oxidative degradation due to dissolved oxygen along with 

cations plays a very important role in polymer success. All aerobic samples resulted in a very 

narrow MWD compared to injecting fluid. This indicates the redox state affects surface-charge 

density and potential. The injection fluid undergoes oxidative degradation, which is thought to be 

caused by radical species resulting from the redox cycling of transition metal ions. These radicals 

break the acrylic backbone of the polymer, resulting in a decrease in molecular weight and 

viscosity.  

The injecting fluid seems quite stable under anaerobic conditions. However, the crosslinking 

tendency of cations may attribute to gel-forming if intermolecular interactions dominate even in 

the absence of oxygen. These gel particles eventually grow and no longer flow in the porous 

media because of having a higher radius than the average pore size. This seems a possible 

entrapment mechanism for polymer retention in the porous media.  
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4.5 Conclusions 

We have investigated how hydrophobicity-dependent polymer conformations relate to the flow 

behavior of polymer in the porous media. The enabled polymer screen criteria explain how the 

hydrophobicity of polymer affects the polymer resistance and retention in the porous media, 

especially when shear and extensional rheology fails to pretend. The study showed that higher 

hydrophobic polymer was able to form non-Hookean polymer hard spherical structures that 

increase the hydrodynamic trapping. Whereas, at low hydrophobicity, the formation of soft 

randomly coiled polymer conformations offers favorable conditions even at the higher injection 

rates. Additionally, the polymer number density seems to be an important criterion for the 

prediction of polymer retention in the porous media. At the higher polymer concentration, the 

polymer retention in the porous media increased due to the identical rock and polymer 

interaction mechanism. Combining concentration and hydrophobicity-dependent structure 

formations allow for optimizing the operation parameters like flow rate, pre-shearing, and 

filtration conditions. 
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Chapter 5: Conclusion, Limitations, and recommendations 

5.1 Conclusions 

This study proposes new criteria for the polymer screening for polymer flooding. The importance 

of screening criteria was explained by conformational characteristics measured for the produced 

water samples and the injecting fluid. An explicit relationship of the polymer conformations with 

the flow of polymer solutions in the consolidated porous media was developed and also validated 

with the available literature on injectivity experiments in un-consolidated porous media.   

The results show that the solutions prepared with the non-associating polymers exhibit the lowest 

experimental break-up time and extensional viscosity. The presence of divalent ions resulted in 

effective charge screening, leading to narrow molecular weight distribution (MWD) curves and 

lower radius of gyration (Rg) for both types of HPAMs, co-hydrolyzed and post-hydrolyzed. 

However, the co-hydrolyzed PAM demonstrated higher Rg values in the presence of CaCl2 

brine, indicating enhanced tolerance towards divalent salts. In contrast, divalent ions more 

efficiently reduced the extensional viscosities of HPAM solutions compared to monovalent ions. 

The domination of intra-molecular forces irrespective of the polymer concentration, and solvent 

type results in the narrowest molecular weight and radius distributions. The average values for 

the radius of gyration were found close to the average pore size of the Bentheimer core. That is 

why the negligible viscoelastic resistance in the porous media generated by these randomly 

coiled polymer conformations resulted in the lowest values for RF and RRF.  

For the associative polymers in the aqueous media, the domination of inter-molecular forces was 

observed in the semi-dilute regime (polymer concentration 2000 ppm). Hydrophobicity plays a 

crucial role in altering the entanglement between polymer chains, influencing the formation of 

rigid or flexible complex structures. Higher entanglements result in strain hardening for C319, 
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whereas increased hydrophobicity contributes to the rigidity and compaction of polymer 

complexes, resulting in lower relaxation time and extensional viscosity. Conversely, the 

formation of flexible polymer networks that can withstand greater extensional resistance leads to 

higher relaxation time and extensional viscosity in the semi-dilute regime. Very similar behavior 

was found for the associative polymers in brine except for the presence of cations contributed to 

the charge-shielding effects lowering the critical aggregation concentration below 1000 ppm of 

polymer in the brine. Whereas the is no direct correlation found between the extensional 

properties of polymer solutions and polymer retention in the porous media, the hydrophobicity-

dependent polymer conformation explains this property co-relationship.  

The injectivity experiments show that the resulting polymer conformation of the rigid non-

Hookean type contributes to the higher polymer retention in the porous media. Additionally, the 

presence of higher molecular end polymer molecule chains triggers mechanical entrapment. 

However, the flexible Hookean polymer conformations help to overcome the visco-elastic 

resistance even at higher concentrations. This could be a possible reason for lower RF and RRF 

for C319 compared to D118.  

Another side, the conformational study of the produced water samples shows considerable 

polymer degradation under aerobic conditions. However, the presence of cations in the reservoir 

can lead to the cross-linking of the lower-end molecular chains, which, in turn, helps maintain 

the effectiveness of polymer flooding. The success of polymer flooding is significantly 

influenced by oxidative degradation caused by dissolved oxygen and cations. In aerobic samples, 

the molecular weight distribution (MWD) becomes much narrower compared to the injecting 

fluid, indicating that the redox state affects the surface-charge density and potential. The 

injecting fluid undergoes oxidative degradation, likely due to radical species generated from the 
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redox cycling of transition metal ions. These radicals break the acrylic backbone of the polymer, 

resulting in a decrease in both molecular weight and viscosity. 

Under anaerobic conditions, the injecting fluid appears to be relatively stable. However, even in 

the absence of oxygen, the presence of cations can lead to a tendency for crosslinking, 

potentially resulting in gel formation if intermolecular interactions dominate. These gel particles 

then grow and become immobile in porous media, as their size exceeds the average pore size. 

This mechanism of entrapment could explain the retention of the polymer within the porous 

media. 

5.2 Limitations 

AF4-FFF experimental set-up include using a regenerated cellulose membrane to elute the 

polymer sample to be tested for Mw, MWD, and radius distributions. Any chemical species 

reacting extensively with it limits the usage of the system. These limitations extend to the 

samples containing trace oil. All of the characterizations and injectivity experiments were 

performed at ambient temperature. However, the effect of temperature on the concerned 

properties can be studied and correlated with the injectivity experiments. The study could be 

extended to distinguish the effect of molecular weight distributions on the adsorption and 

hydrodynamic retention. This could be done by combining perform a separate quantitative 

adsorption by using the scanning electron microscopy or X-ray diffraction. The additional loss of 

polymer concentration along with molecular weight and radius distributions provide better 

insights to the mechanical retention.  
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5.3 Recommendations 

The polydispersity index and slope of the conformational plot can be immersed in the promising 

rheological models to estimate the RF and RRF values. This could eliminate the requirement to 

perform the time-consuming core-flood experiments. Also, the Oil recovery factors can be 

correlated to the above-mentioned parameters to estimate the success of polymer EOR. The 

produced water samples could be analyzed for MWD and radius distribution determinations. 

Overlapping these plots with the bulk or raw sample data may give important information on the 

molecular species responsible for the risks associated with polymer EOR. Overlapping the radius 

distributions with the pore size distribution for the core enable the additional polymer screening 

criteria to avoid the problems associated with the polymer blockage in the porous media. The 

quantitative difference between polymer adsorption and mechanical entrapment could help in 

understanding what type of polymer chains or conformations contribute to adsorption and/or 

entrapment. Also, the subjected study can be expanded at various temperature conditions.  
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