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Propositions 

accompanying the dissertation 

EFFECT OF NANOPARTICLES AND PRE-SHEARING ON 

THE PERFORMANCE OF WATER-SOLUBLE POLYMERS 

FLOW IN POROUS MEDIA 

By 

Mohsen MIRZAIE YEGANE 

1. The addition of hydrophobically modified silica nanoparticles, above a critical 

concentration, to a solution containing a hydrophobically modified 

polyacrylamide in the semi-dilute regime significantly improves its viscosity at 

high salinity and temperature conditions (Chapter 3). 

2. Ensuring good injectivity is the most important aspect when developing new 

polymer-based chemicals for enhanced oil recovery at high salinity and 

temperature conditions (Chapters 2, 4, and 5). 

3. Pre-shearing a polymer solution, to induce high-stretching of the polymer chains 

and thus promote the breakup of the longest ones, improves its injectivity in 

porous media significantly without considerably reducing its viscosity (Chapter 

5). 

4. The injection of nanoparticles in porous media for enhanced oil recovery and 

other purposes without systematically studying their colloidal stability at 

reservoir conditions is senseless (Chapters 2, 3, and 4). 

5. There is no such thing as failure in scientific research. One either succeeds or 

learns. 

6. European countries are the leading nations in the energy transition to renewables 

but also the ones who benefit the most. 

7. There should be a strong connection between PhD research and industrial 

applications. This should not, however, sacrifice the scientific mission of the 

PhD research. 

8. The process of writing a movie script and a research paper is similar. It initiates 

with an idea and proceeds with the drawing of a clear structure, knowing the 

beginning, turning points, and the end. But what makes them both a great piece 

of work is the attention to detail. 
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9. “Good artists copy, great artists steal.” -Pablo Picasso. A similar attitude for 

scientists is dangerous. 

10. ‘The Office’ and ‘Friends’ are the two funniest franchises in the history of 

television with the former being the funnier one. 

 

 

These propositions are regarded as opposable and defendable, and have been 

approved as such by the promotors prof. dr. P.L.J. Zitha and dr. P.E. Boukany.
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Summary 

Polymer flooding is a commercially viable chemical enhanced oil recovery (cEOR) 

method. It includes the injection of water-soluble polymers into a reservoir to improve 

the drive water viscosity and consequently to increase the sweep and displacement 

efficiency of the water. Despite the success in both laboratory and field applications, there 

are still some challenges associated with the application of polymers for cEOR. The first 

challenge is that the implementation of conventional polymers used for cEOR at high 

salinity, hardness, and temperature reservoirs is difficult and costly because of the 

viscosity loss and polymer precipitation at these harsh conditions. The second challenge 

concerns the injectivity of the polymers. Long polymer chains tend to block the small 

pores which leads to a time-dependent injectivity decline. This thesis investigates the 

potential solutions to address these two challenges in order to improve the performance 

of water-soluble polymers. 

Firstly, Chapter 2 presents a critical review of the most recent research progress in the 

application of polymers for cEOR. The transport mechanisms of water-soluble polymers 

in porous media namely polymer rheology and polymer retention are discussed, and the 

areas which need further research are highlighted. This critical review is also focused on 

the limitations of conventional polymers at high salinity and temperature. It is discussed 

that the modification of polyacrylamides by the incorporation of small hydrophobic 

monomers, or salt- and temperature-tolerant monomers can improve the polymer 

performance at high salinity and temperature. Nonetheless, commercial implementation 

of these polymers seems to be challenging. The modified polyacrylamides have a lower 

molecular weight than the conventional polymers used for cEOR which implies they 

should be overdosed to meet the target viscosity, thus making them an economically 

unattractive choice. 

Chapter 3 investigates an alternative approach to improve the viscosity and enhance the 

stability at high salinity and temperature. This approach consists of combining a 

hydrophobically modified polyacrylamide (HMPAM) and hydrophobically modified 

silica nanoparticles (NPs). Hydrophobic modification of the NPs ensures their colloidal 

stability at high salinity by providing sufficient steric stabilization, while also causing 

them to interact with HMPAM chains through hydrophobic–hydrophobic interactions. By 

performing rheological measurements, it is shown that the hybridization of HMPAM with 

NPs leads to a higher viscosity at high salinity and temperature. Such an increase is more 
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pronounced when the concentration of HMPAM is in the semi-dilute regime and the 

concentration of the NPs is higher than a critical threshold where NPs can bridge between 

the HMPAM chains, thus increasing the hydrodynamic radius which in turn increases the 

viscosity. 

Chapter 4 investigates the porous media behaviour of the HMPAM and NPs at high 

salinity and temperature conditions. Core-flood experiments are performed by injection 

of either HMPAM solution, NPs suspension, or a HMPAM–NPs hybrid at superficial 

velocities of 1 and 10 ft/day to assess their retention and injectivity. It is shown that the 

injection of HMPAM and NPs in the same solution has the following benefits: (a) the 

HMPAM–NPs hybrid has a higher flow resistance as compared to the injection of 

HMPAM alone (b) the HMPAM–NPs hybrid prevents filtration of the NPs in the inlet 

while the injection of NPs alone results in significant filtration in the inlet and (c) the co-

injection of HMPAM and NPs also decreases the retention of both HMPAM and NPs as 

compared to when they are injected individually. The results are discussed in light of the 

transport mechanisms of  HMPAM and NPs. The results of both Chapters 3 and 4 show 

the potential of the HMPAM–NPs hybrid as a mobility control agent for cEOR at high 

salinity and temperature. 

Chapter 5 studies the effect of pre-shearing, by agitators and flow through contractions, 

on the flow enhancement of water-soluble polymers through porous media. Pre-shearing 

the polymer solutions is done under fast flow to induce high-stretching of the polymer 

chains and thus promote breaking of the high-end fragments of the molecular weight 

distribution (i.e. breaking the longest polymer chains which results in a decrease in 

relaxation time and shear-thinning level). The pre-sheared polymers are then forced 

through sand-packs to assess the flow enhancement. It is shown that the reduction in both 

the viscosity and the screen factor of the pre-sheared polymer solutions, as a function of 

energy input, is path independent regardless of the shearing device. The viscosity of the 

polymer solutions remains unchanged up to a critical Weissenberg number and starts to 

decrease only beyond that. Sand-pack experiments show that pre-shearing the polymer 

solution can considerably enhance its flow through porous media while its viscosity is not 

significantly affected. Our numerical simulation suggests that the main mechanism 

behind this is a reduction in the size of the polymer chains which results in a less 

significant mechanical entrapment. This strategy can be used to improve the injectivity 

of polymers in cEOR applications. 
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Samenvatting 

Polymeer stroming [Engels: polymer flooding] is een methode om het rendement van 

oliewinning uit een reservoir te verhogen doormiddel van het injecteren van polymeren 

[Engels: chemical enhanced oil recovery (cEOR)]. Het is bewezen dat de methodiek 

commercieel haalbaar is. De methode omvat de injectie van in wateroplosbare polymeren 

in een reservoir om de viscositeit van het water te verhogen en, als gevolg hiervan, de 

veeg- en verplaatsingsefficiëntie van het water te verhogen. Ondanks het succes in zowel 

laboratorium- als veld-toepassingen, nog steeds zijn er enkele uitdagingen verbonden aan 

het gebruik van polymeren voor cEOR. De eerste uitdaging is de implementatie van 

conventionele polymeren die worden gebruikt voor cEOR bij een reservoir met een hoog 

zoutgehalte, hoge hardheid en hoge temperatuur. Dit is moeilijk en kostbaar vanwege het 

viscositeitsverlies en de polymeerprecipitatie onder deze zware omstandigheden. De 

tweede uitdaging betreft de injectiviteit van de polymeren. Lange polymeerketens 

verstoppen de kleine poriën, wat vervolgens leidt tot een tijdsafhankelijke afname van de 

injectiviteit. In dit proefschrift onderzoeken we de mogelijke oplossingen om deze twee 

uitdagingen aan te pakken. 

In eerste instantie, in Hoofdstuk 2, presenteren we een kritisch overzicht van de meest 

recente voortgang dat is geboekt door onderzoekers met betrekking tot het gebruik van 

polymeren voor cEOR. We bespreken de transportmechanismen van in wateroplosbare 

polymeren in poreuze media, inclusief polymeerreologie en polymeerretentie, en kaarten 

aspecten aan die verder diepgaand onderzoek vereisen. Dit  overzicht gaat ook over de 

beperkingen van conventionele polymeren bij een hoog zoutgehalte en hoge temperatuur. 

We bespreken de modificatie van polyacrylamiden door het opnemen van kleine 

hydrofobe monomeren, of zout- en temperatuur-tolerante monomeren. Deze monomeren 

kunnen de prestaties van polymeren verbeteren bij een hoog zoutgehalte en hoge 

temperatuur. Desalniettemin is de commerciële implementatie van deze gemodificeerde 

polymeren een uitdaging. De gemodificeerde polyacrylamiden hebben een lager 

molecuulmassa dan de conventionele polymeren die voor cEOR worden gebruikt. Dit 

betekent dat ze in een overdosis aanwezig moeten zijn om aan de beoogde viscositeit van 

het water te voldoen, waardoor ze een economisch onaantrekkelijke keuze zijn. 

In Hoofdstuk 3, onderzoeken we een alternatieve benadering om de viscositeit en de 

stabiliteit bij een hoog zoutgehalte en een hoge temperatuur te verbeteren. Deze 

benadering omvat de combinatie van een hydrofoob gemodificeerd polyacrylamide 
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[Engels: hydrophobically modified polyacrylamide (HMPAM)] en hydrofobe 

gemodificeerde silica nanodeeltjes [Engels: nanoparticles (NPs)]. Hydrofobe modificatie 

van de NPs zorgt voor hun colloïdale stabiliteit bij een hoog zoutgehalte. Dit resulteert 

ook in hun wisselwerking met HMPAM-ketens door middel van hydrofobe-hydrofobe 

interacties. Door reologische metingen uit te voeren, laten we zien dat de hybridisatie van 

HMPAM met NPs leidt tot een hogere viscositeit bij een hoog zoutgehalte en hoge 

temperatuur. Deze toename in viscositeit is significanter wanneer de concentratie van 

HMPAM zich in het semi-verdunde regime bevindt en de concentratie van de NPs hoger 

is dan een kritische drempel. In deze toestand kunnen NPs een brug slaan tussen de 

HMPAM-ketens, waardoor de hydrodynamische straal toeneemt, wat op zijn beurt de 

viscositeit verhoogt. 

In Hoofdstuk 4, onderzoeken we het gedrag van de HMPAM en NPs in poreuze media 

bij een hoog zoutgehalte en hoge temperatuur. We voeren stromingsexperimenten uit 

door injectie van HMPAM-oplossing, NPs-suspensie en HMPAM-NP hybride met 

oppervlakkige snelheden van 1 en 10 ft /dag om hun retentie en injectiviteit te beoordelen. 

We laten zien dat de injectie van HMPAM en NPs in dezelfde oplossing de volgende 

voordelen heeft: (a) de HMPAM-NPs hybride heeft een hogere stromingsweerstand in 

vergelijking met de injectie van alleen HMPAM, (b) de HMPAM-NPs hybride voorkomt 

filtratie van de NPs in de injectiepunt, terwijl de injectie van NPs alleen resulteert in 

aanzienlijke filtratie in het injectiepunt en (c) de gelijktijdige injectie van HMPAM en 

NPs vermindert ook de retentie van zowel HMPAM als NP's in vergelijking met wanneer 

ze afzonderlijk worden geïnjecteerd. De resultaten worden besproken om de 

transportmechanismen van HMPAM en NPs te interpreteren. De resultaten van beide 

hoofdstukken (3 en 4) laten het potentieel zien van de HMPAM-NPs hybride als een 

middel om de mobiliteit te controleren bij een hoog zoutgehalte en hoge temperatuur. 

In Hoofdstuk 5, bestuderen we het effect van afschuiven, door drie verschillende 

afschuiven apparaten, op de stromingsverbetering van polymeren door poreuze media. 

Het afschuiven van de polymeren wordt gedaan om alle polymeerketens uit te rekken en 

de langste ketens te breken. Dit leidt tot het breken van de hoogwaardige fragmenten van 

de molecuulgewichtsverdeling. Met andere woorden, het resulteert in het breken van de 

langste polymeerketens, wat leidt tot een afname van de relaxatietijd en de mate van 

afschuifverdunning. De polymeren worden vervolgens in zandpakken geïnjecteerd om de 

stromingsverbetering te beoordelen. We laten zien dat de verlaging van zowel de 

viscositeit als de schermfactor van de polymeeroplossingen, als functie van de energie-
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input, onafhankelijk is van afschuifapparaten. De viscositeit van de polymeeroplossingen 

blijft onveranderd tot een kritiek Weissenbergnummer en begint pas daarna af te nemen. 

Experimenten met zandpakken tonen aan dat afschuiven van de polymeeroplossing de 

doorstroming door poreuze media aanzienlijk kan verbeteren, terwijl de viscositeit niet 

significant wordt beïnvloed. Onze numerieke simulatie suggereert dat het belangrijkste 

mechanisme hierachter een vermindering van de grootte van de polymeerketens is, wat 

resulteert in een minder significante mechanische beknelling. Deze strategie kan worden 

gebruikt om de injectiviteit van polymeren in cEOR-toepassingen te verbeteren. 
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CHAPTER 1: INTRODUCTION 

1 

1 INTRODUCTION 

Life without energy is inconceivable. Throughout history, Homo sapiens have used 

energy in their daily life. Before the industrial revolution, their needs for energy were 

scanty. They relied on the sun for heat and when there was no sun, they burned wood, 

dried dung, and straw. They used the muscle of horses and the power of the wind for 

transportation and exploited animals to do things that they were not able to do with their 

own labour. After the industrial revolution, however, with the appearance of steam 

engines and electric motors, etc. the energy use, and demand significantly increased. This 

needed energy was predominantly generated from biomass and later on from coal. Coal 

had twice the calorific value of wood and was cheaper and easier to distribute. 

Nonetheless, there were great environmental concerns involved with coal. In the early 

20th century, the appearance of crude oil as the most important source of energy changed 

the world forever. Oil was relatively cheap, and compared to coal had a higher calorific 

value and lower carbon footprint. 

Since then, oil has become to be the backbone of contemporary life. The oil’s products 

underpin our daily life, predominantly providing energy to the power industry, providing 

heat to our houses, and supplying fuel for means of transportation to carry goods, and 

people around the globe. Along with other technological advances, oil brought well-being 

and prosperity across the globe and led to unprecedented growth in world population in 

the 20th century (from ~1.5 billion in 1900 to ~6 billion in 2000). As can be seen in Figure 

1.1, energy use increased by a factor of ~10 during the course of the 20th century. Even 

unprecedented events, such as the current global pandemic because of COVID-19, have 

had an only a marginal impact on energy consumption. A recent study has shown that as 
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the COVID-19 lockdowns are relaxed, energy consumption will start to recover quickly 

[1]. 

With the increasing world population, meeting the growing energy demand in a safe and 

environmentally responsible manner is a vital challenge. The oil industry, now more than 

ever, is facing public opposition predominantly with respect to its environmental impact. 

There is thus an increasing mandate to move towards energies with a lower CO2 emission. 

Nonetheless, for the foreseeable future, oil will remain a part of the energy mix, 

particularly in developing countries. Figure 1.2 shows that the International Energy 

Agency’s Sustainable Development scenario and the Shell Sky scenario – both aggressive 

decarbonisation forecasts – indicate a continuing, long-standing role for oil, even while 

demand levels decrease as compared to today’s level. In contrast, the International Energy 

Agency’s Stated Policies scenario indicates continued increase in oil demand. 

In the author’s opinion, while a quick transition to low carbon emissions is essential and 

inevitable, oil will remain an important primary energy source throughout the period of 

transition. Oil companies can have a major role during the transition period and they could 

invest part of their revenues in low carbon business models that minimise carbon 

utilisation while maintaining their profitability. They can thus expand the application of 

low carbon technologies such as carbon capture and storage (CCS), blue and green 

hydrogen, etc. 

 

Figure 1.1: The world energy use throughout recent history [2] 
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Figure 1.2: Long-term oil demand forecast based on different scenarios (bpd=barrel per day, IEA=international 

energy agency) [3] 

Due to increased energy demand, it is imperative to maximize the recovery from existing 

oilfields, given that the discovery of new giant oilfields is becoming exceedingly difficult. 

The recovery factor from mature oilfields is only almost 30% [4,5], which means that a 

large proportion of the original oil in place (OOIP) is left behind in the subsurface. This 

necessitates the use of secondary and tertiary recovery techniques after the primary oil 

recovery. In primary oil recovery, the oil is produced due to natural flow, which is a result 

of the pressure difference between the oil-bearing reservoir and the well. However, over 

time and as a result of oil production, the reservoir pressure falls and a point is reached 

where there is insufficient underground pressure to bring the oil to the surface. 

Subsequently, secondary recovery techniques are employed. These techniques involve 

the supply of external energy into the reservoir by the injection of fluids, such as water 

and gas, or the use of an artificial gas lift to increase the reservoir pressure. 

By the injection of water into the injection well, oil can be produced in the production 

well – this is commonly known as waterflooding. The efficiency of waterflooding is 

dependent on both the microscopic displacement efficiency and the volumetric sweep 

efficiency. The microscopic displacement efficiency refers to the ratio of the oil mobilised 

to the oil contacted by water. It is reported that microscopic displacement efficiencies can 

be as high as ~70% [5], only leaving behind oil droplets within the pore space that are 

trapped because of capillary forces. The volumetric sweep efficiency is the product of 

areal and vertical sweep efficiencies. The areal sweep efficiency refers to the fraction of 

the reservoir area contacted by water and it depends on several parameters: the relative 

flow properties of oil and water, the injection-production well patterns, the pressure 



EFFECT OF NANOPARTICLES AND PRE-SHEARING ON THE PERFORMANCE OF WATER-SOLUBLE POLYMERS 

FLOW IN POROUS MEDIA 

4 

distribution between the injection and production wells, the injection rate, the total 

volume of injected water, and the directional permeability [6]. The vertical sweep 

efficiency is the fraction of the reservoir in a vertical plane that is contacted by water and 

depends mainly on the degree of vertical stratification existing in the reservoir. An 

illustration of areal and vertical sweep efficiencies is shown in Figure 1.3.  

 

Figure 1.3: A representation of volumetric sweep efficiency: (a) areal sweep and (b) vertical sweep in a stratified 

reservoir [7] 

The volumetric sweep efficiency is typically considerably lower than the microscopic 

displacement efficiency [5]. If the water moves more easily than the oil, tongues of water 

form at the interface, a phenomenon known as viscous fingering. This occurs at high 

capillary numbers where the viscous forces are superior to the capillary forces, and this 

can be a result of the water having a lower viscosity than the oil. The result of such a 

phenomenon is an early breakthrough of water followed by a long period of two-phase 

production. On average, the recovery factor after primary and secondary oil recovery is 

between 35% and 45% [8] denoting that a large proportion of oil still remains in the 

subsurface. 

Polymer flooding is a tertiary oil recovery technique where a small amount of a water-

soluble polymer is added to water (brine) to increase its viscosity. The presence of the 

polymer macromolecules in water reduces its mobility and consequently reduces the 

fractional flow of water. This in turn helps with the reduction of viscous fingering and 

increases the volumetric sweep efficiency (see Figure 1.4). Polymers can also provide in-

depth diversion effects in heterogonous reservoirs. To achieve this, a crosslinking 

polymer is injected that propagates deep into the reservoir where it forms a gel [9]. This 
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can substantially reduce the permeability of thief zones and improve the vertical sweep 

efficiency. Throughout this thesis, the application of crosslinking polymers will not be 

discussed. The general screening criteria for a polymer flood based on the oilfield data is 

shown in Table 1.1.   

 

Figure 1.4: An illustration of (a) an unstable water flooding and (b) a stable polymer flooding displacement [10] 

Table 1.1: Criteria guide for polymer flooding in the data set adopted from [11]. The values in the table represent the 

mean values of the data set 

Oil 

gravity 

(oAPI) 

Oil 

Viscosity 

(mPa s) 

Porosity 

(%) 

Oil 

saturation, 

start (%) 

Oil 

saturation, 

end (%) 

Average 

permeability 

(mD) 

Depth 

(ft) 

Temperature 

(℃) 

31.2 12.21 18.15 55.85 46.57 384.88 4,004.21 47.8 

The two most common polymers for polymer flooding applications are hydrolysed 

polyacrylamide (HPAM) and xanthan gum. HPAM, which is by far, the most frequently 

used polymer in field projects, has shown promising results and can improve oil recovery 

after water flooding. However, there are two main restrictions associated with HPAM: 

(a) the implementation of HPAM at elevated temperature and/or at high salinity has 

proved to be significantly more difficult and costly than anticipated because of the 

polymer degradation at these conditions and (b) HPAM macromolecules tend to block 

small pores, particularly in low permeability reservoirs, which leads to a time-dependent 

injectivity decline. In this thesis, these two challenges are addressed and potential 

solutions to improve the performance of water-soluble polymers are investigated. In the 

next sections, each of these two challenges is briefly discussed. Thereafter, the research 

objectives and the thesis organization are presented. 
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1.1 Polymer degradation at elevated temperatures and high 

salinities 

HPAM increases the viscosity of water due to two reasons: (a) the high molecular weight 

of the HPAM (reaching 30 × 106 g/mol [12]) and (b) the degree of hydrolysis of HPAM 

(ranging from 15% to 35% [13]). Thanks to the hydrolysis, negative charges are induced 

along the polymer backbone as a result of the dissociation of the carboxylate groups. The 

electrostatic repulsion between these negative charges expands the polymer chain in 

water, which leads to an increase in viscosity compared to a neutral chain. 

Salinity and hardness have been linked with two major problems that impact polymer 

performance: viscosity loss and polymer precipitation. For HPAM, the viscosity loss at 

high salinities has been attributed to the shielding effect of the charges [14]. As high 

molecular weight HPAM has a flexible structure, it responds strongly to the ionic strength 

of the aqueous solvent [10]. As a result, at high salinities, the negative charges along the 

HPAM backbone are screened. This results in a decrease in the electrostatic repulsion 

among the polymer chains and thus to a less substantial expansion of the polymer coils 

in the solvent. As can be seen in Figure 1.5a, the end result of this process is a relatively 

lower hydrodynamic volume of the polymer coils, which is equivalent to a reduction in 

viscosity. Another major issue for HPAM at high salinities is the high concentration of 

divalent cations such as Ca2+ and Mg2+. In the presence of the divalent cations, polyion–

metal complexes can be formed and the HPAM chains can be bridged by the cations. This 

bridging leads to polymer precipitation due to the complexing ability of the HPAM 

carboxylate groups (see Figure 1.5b) [15,16]. 

In many reservoirs, high salinity and hardness in are often accompanied by high 

temperatures. The viscosity loss and polymer precipitation of HPAM become more severe 

at high temperatures as further hydrolysis of the polymer backbone is promoted. This 

hydrolysis then causes additional interaction between the charged polymer backbone and 

ions in the solvent (see Figure 1.5c). Moreover, HPAM precipitation occurs more readily 

at temperatures that are higher than the cloud point of the solution [17]. The cloud point 

is referred to as a critical temperature above which the polymer starts to separate from the 

water solution. This makes the solution turbid due to the creation of polymer-rich 

emulsion droplets [18]. 
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Figure 1.5: HPAM challenges in harsh conditions. (a) At high salinities, negative charges along the HPAM backbone 

are screened which results in a less substantial expansion of the polymer coils. (b) At high divalent concentrations, the 

HPAM chains are bridged by divalent cations which leads to polymer precipitation. (c) At high temperatures, the 

additional negative charges in the HPAM chain interact with the mono- and divalent cations. Also, above the cloud 

point, the solution becomes turbid and polymer separates from the water solution 

1.2 Polymer injectivity challenges  

Polymer injectivity is an indication of how easily a polymer solution can flow from the 

near-wellbore region into the reservoir or how fast it can propagate within the porous 

medium of the reservoir [19]. Mechanical entrapment is one important mechanism which 

can hinder the propagation of polymers through porous media. It occurs when larger 

polymer molecules become trapped in narrow pore throats [20]. This happens when 

polymer molecules are smaller than the inlet of the pore throats but larger than their outlet 

[21,22]. Once polymer molecules are trapped in the narrow pore throats, the size of the 

pores gradually becomes smaller, which increases the probability of trapping smaller 

polymer molecules. This will ultimately lead to pore-clogging and a time-dependent 

injectivity decline. Major sources of mechanical entrapment are the high-end fragments 

of the polymer molecular weight distribution and the highly-entangled polymer chains, 

formed as a result of hydrogen bonding as well as precipitation due to the presence of 

divalent ions, are [10]. 

Polymer injectivity is represented by the resistance factor (𝑅𝐹) and the residual resistance 

factor (𝑅𝑅𝐹) [23]. The former is the ratio of the mobilities of the brine and the polymer 

solution and is related to pressure drop according to the following equation:  

𝑅𝐹 =
𝜆𝑏0

𝜆𝑝
=

(
𝑘
µ)

𝑏0

(
𝑘
µ)

𝑝

=
∆𝑃𝑝

∆P𝑏
0 (1.1) 
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where 𝜆 , 𝜇 , 𝑘  and Δ𝑃  are the mobility, viscosity, permeability and pressure drop 

respectively and where the subscripts 𝑏0  and 𝑝 refer to the brine before the polymer 

injection and polymer solution respectively. In practice, 𝑅𝐹 shows an increase during the 

polymer injection, due to the viscosity increase and a reduction in permeability. 𝑅𝑅𝐹 

describes the permeability reduction after the polymer injection. It is the ratio of the brine 

mobility before the polymer injection (corresponding to subscript 𝑏0 ) to the brine 

mobility after the polymer injection (corresponding to subscript 𝑏1): 

𝑅𝑅𝐹 =
𝜆𝑏0

𝜆𝑏1

=

(
𝑘
µ)

𝑏0

(
𝑘
µ

)
𝑏1

=
∆P𝑏

1

∆P𝑏
0 (1.2) 

If the polymer injectivity is good, 𝑅𝐹  levels off to a plateau value after polymer 

breakthrough and 𝑅𝑅𝐹 is close to 1, suggesting that there is no significant retention of 

polymer in porous media. However, if the polymer injectivity is poor, there will be a time-

dependent increase in 𝑅𝐹  with the injection of several pore volumes of the polymer 

solution and 𝑅𝑅𝐹 will be significantly higher than 1. 

1.3 Research questions and objectives 

This thesis addresses the knowledge gap and challenges outlined in the previous sections. 

The two main hypotheses of this work are as follows: (a) a hybrid of modified 

polyacrylamide and silica nanoparticles is capable of improving mobility control in high 

salinity and temperature reservoirs, and (b) controlled pre-shearing of water-soluble 

polymers can enhance their flow through porous media. More specifically, the sub-

questions related to each hypothesis are stated below. 

(a) First hypothesis: hybridization of polymer and nanoparticles for mobility control in 

high salinity and temperature conditions 

Here, the first sub-question is: at what concentration of polymer and nanoparticles the 

viscosity improvement of the hybrid is expected? The hypothesis related to this sub-

question is that the viscosity improvement is more noticeable when the concentration of 

polymer is in the semi-dilute regime and the concentration of nanoparticles is higher than 

a critical threshold. Therefore, the objective here is to investigate the rheological response 

of hybrid mixtures of hydrophobically modified polyacrylamide with hydrophobically 

modified silica nanoparticles at various concentrations as a strategy for achieving 

enhanced stability and improved viscosity at high salinity and temperature conditions. 
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The second sub-question is whether the hybrid of polymer and nanoparticles results in 

higher flow resistance in porous media compared to the polymer alone. The hypothesis 

concerning this sub-question is that hybrid shows larger flow resistance, consistent with 

its higher viscosity, compared to the simple polymer. Thus the objective here is to 

investigate the behaviour of the polymer–nanoparticles hybrid in porous media. The main 

goal is to investigate the rheology, retention and injectivity of the hybrid at typical 

salinities, pressures and temperatures encountered in oil reservoirs. 

(b) Second hypothesis: pre-shearing for flow enhancement of polymers in porous media 

Here, the first sub-question is: what is the rheological response of polymer chains to pre-

shearing? The hypothesis related to this sub-question is that pre-shearing of the polymer 

under fast flow induces high-stretching of the polymer chains and thus promotes the 

break-up of the longest ones (i.e. the high-end fragments of molecular weight 

distribution). This results in flow enhancement of the polymer in porous media without a 

significant reduction in its viscosity. The objective here is to find a suitable range of strain 

rates (translated to volume specific energy input) at which the polymer flow performance 

in porous media is optimised. 

The second sub-question is: what is the impact of pre-shearing on time-dependent 

injectivity decline? The hypothesis regarding this sub-question is that the reduction in the 

size of polymer chains after pre-shearing leads to smaller mechanical entrapment and a 

less pronounced increase in the flow resistance. Therefore, the objective here is to 

describe how the flow of un-sheared and pre-shared polymer solutions through porous 

media impact the mechanical entrapment and consequently flow resistance of water-

soluble polymers. 

1.4 Thesis organisation 

This thesis consists of six chapters including this introduction and the conclusions. 

Chapter two through five address the research objectives introduced in the previous 

section. While there is a reasonable connection between chapters, they are a collection of 

papers and therefore can also be read independently. 

Firstly, to fully understand the state-of-the-art for polymers and nanoparticles in cEOR 

applications, a critical review of the most recent research progress in this field is presented 

in Chapter 2. It lays the ground for the development of polymer–nanoparticles hybrid 

systems for elevated temperatures and high salinities. The important physical and 

chemical characteristics of polymers and nanoparticles and their transport mechanisms in 
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porous media are highlighted. Their use in enhanced oil recovery is also discussed and 

the effect of salinity and temperature on their performance is studied. 

Chapter 3 examines the rheological response of the polymer–nanoparticles hybrid for 

achieving enhanced stability and high viscosity at high salinity (>20 wt% total dissolved 

solids), hardness (>1.5 wt% divalent cations), and temperature (>70 °C). 

Hydrophobically modified silica nanoparticles are added to a solution of hydrophobically 

modified polyacrylamide to facilitate the bridging between polymer chains. Silica 

nanoparticles are modified by a low molecular weight organic ligand to provide steric 

stabilization and ensure colloidal stability at high salinity. To describe the colloidal 

stability of nanoparticles, an extended DLVO theory is used. To study the improvement 

in the flow responses of the hybrids, viscosity measurements are performed at various 

concentrations of polymer and nanoparticles. 

In Chapter 4, the performance of the polymer–nanoparticles hybrid in 3D porous media 

is assessed. This is done by performing core-flood experiments with sandstone core using, 

the polymer, the nanoparticle, or their hybrid, and injecting at both low and high flow 

rates. The retention and injectivity of the polymer and nanoparticles in the porous media 

are examined. Furthermore, their porous media flow characteristics are discussed in light 

of their bulk rheological properties. 

Chapter 5 investigates the porous media flow enhancement of polymer solutions 

containing an acrylamide-based copolymer by controlled pre-shearing. The pre-shearing 

is achieved using two agitators and the pressure-driven flow through capillaries at various 

energy inputs. The porous media flow behaviour for polymer solutions that have been 

pre-sheared with different shearing devices is studied. This flow behaviour is then 

compared with the rheological response in both Ubbelohde and screen viscometers as 

well as in a rotational rheometer. Moreover, a numerical simulation based on a one-

dimensional model is carried out aiming at studying the mechanisms of flow efficiency 

in porous media. 

Finally, in Chapter 6, the conclusions based on the findings in this thesis are given with 

recommendations for future work. 
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2 WATER SOLUBLE-POLYMERS 

FOR EOR: A REVIEW 

Polymer flooding is the most frequently used chemical enhanced oil recovery (cEOR) 

method in field applications which increases oil sweep and displacement efficiency. The 

commercial implementation of polymer flooding at elevated temperature and/or high 

salinity reservoirs is significantly more difficult and costly than in more conventional 

reservoirs. Hybrid mixtures of polymers and nanoparticles have emerged as a promising 

strategy for achieving enhanced stability and high viscosity at high salinity and 

temperature conditions. (Chapter 3). In this chapter, the characteristics of the 

components of such a hybrid (i.e. polymers and nanoparticles) are discussed. A critical 

review is presented which is about the most recent research progress in the application of 

polymers and nanoparticles, including their mechanisms of oil recovery improvement and 

their transport mechanisms in porous media. The focus is on recent advances that have 

been made to develop polymers that are suitable for high salinity and temperature 

conditions. 

2.1 Introduction 

Injection of water-soluble polymers improves the oil recovery over water flooding by 

viscosifying the drive water [8]. The concept of polymer injection was first established by 

Pye [24] and Sandiford [25] in 1964, when they observed that water mobility was reduced 

and oil recovery was improved, by the addition of small amounts of water-soluble 

polymers. These included the extended family of acrylamide polymers. Several pilots and 

field applications were then reported in the USA during the 70s and 80s [26-30]. Since the 

mid-90s polymer flooding has also been implemented in China with success [31-34]. The 

characteristics of water-soluble polymers, including the fundamental physical and 

chemical properties and the structure-property relationship, have been thoroughly 

discussed and reviewed in previous review articles [26,27,35-44]. These reviews also 

discuss full-scale polymer floods, the knowledge, and learning related to the logistics of 
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field execution, process development, and key concepts for successful implementation of 

the technology as well as any remaining challenges. 

The two most common polymers used in field applications are hydrolyzed 

polyacrylamide (HPAM) and xanthan gum. HPAM, which is by far the most widely used 

polymer for cEOR, is a synthetic water-soluble polymer. The viscosifying power of 

HPAM is due to two reasons: (a) the high molecular weight (which can vary up to nearly 

30 × 106 g/mol [12]) and (b) the degree of hydrolysis (ranging from 15% to 35% [13]). As 

a result of hydrolysis, the induced negative charges of the carboxylate groups along the 

polymer backbone expand the polymer chain in water which leads to an increase in 

viscosity in comparison with neutral polyacrylamide (PAM). However, at high salinities, 

electrostatic repulsions between the negatively charged groups along the chain are almost 

completely screened by mono- or divalent cations which leads to a reduction in viscosity 

[45]. This effect is worsened as temperature increases due to further hydrolysis of 

acrylamide monomers in the polymer backbone [46]. Even though the xanthan gum 

biopolymer is more resistant to high salinities and temperatures, it is very susceptible to 

bacterial degradation [47,48] and its solution contains some cellular debris that can cause 

pore-clogging [12]. Cost, availability, and the limited possibilities of modification for 

xanthan gum are the other reasons which make HPAM far more popular than xanthan 

gum for field applications. 

Reservoirs with both high salinity and high temperature, which are potential targets for 

polymer flooding, remain untouched due to the scarcity of suitable polymers at these 

conditions. This shows that there is a need for polymers that can maintain their viscosity 

in the long term at high salinity and temperature conditions. Several approaches for 

synthesizing water-soluble polymers with improved rheological properties at high 

salinities and temperatures have been reported [49-53]. Many focus on the substitution of 

the acrylamide monomer by at least another monomer type which can enhance the 

stability of the polymer in harsh conditions [49-51,54] (this will be discussed in more detail 

in Section 2.2.6). Even though modified polyacrylamides have shown promising results 

at high temperatures and salinities, they are more expensive than HPAM and need to be 

overdosed to reach target viscosities since their molecular weight is low [43]. Therefore, 

the use of such modified polymers is often economically unattractive. An alternative 

approach to overcome the above issues consists of combining the polymer with 

nanoparticles (NPs) to form a hybrid system with enhanced stability and high viscosity at 
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elevated temperatures and high salinities (Chapter 3). NPs are abundant and relatively 

cheap and their combination with the state-of-the-art polymers used for cEOR can be 

economically appealing. 

In order for one to develop a polymer–NPs hybrid system, a profound understanding of 

polymers, NPs, and their flow performance in porous media is required. With this aim in 

mind, the goal of this review is to elaborate and summarize the current status of water-

soluble polymers and NPs for cEOR from their fundamental chemical and physical 

properties to innovations as well as limitations associated with them. The overview of 

this paper is given in Figure 2.1. The important characteristics of polymers and NPs are 

highlighted namely their oil recovery and transport mechanisms in porous media and 

insights for future developments of polymer–NPs hybrids for high salinity and 

temperature conditions are provided. 

 

Figure 2.1: Oil recovery and transport mechanisms of polymers and nanoparticles, as will be discussed in this chapter. 

(a) The decrease in water mobility due to the presence of polymer macromolecules in water [10]. (b) Polymer retention 

mechanisms in porous media [10]. (c) Reduction in interfacial tension and wettability alteration by nanoparticles [55]. 

(d) Nanoparticles-stabilised emulsions [56]. (e) Increase in the viscosity of polymer solution because of bridging 

between polymer chains by nanoparticles. (f) Nanoparticles retention mechanisms in porous media 
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2.2 Polymers for enhanced oil recovery 

2.2.1 Polymer flooding mechanisms 

2.2.1.1 Mobility control 

It is conventionally believed that oil recovery improvement in polymer flooding is 

attributed to the concept of the mobility ratio [8,10,57] which is defined by Equation 2.1: 

𝑀 =
𝜆𝑤

𝜆𝑜
=

𝑘𝑟𝑤
𝑒 µ𝑜

𝑘𝑟𝑜
𝑒 µ𝑤

 (2.1) 

where 𝜆 , 𝑘𝑟
𝑒  and 𝜇  are the mobility, endpoint relative permeability, and viscosity 

respectively, and where the subscripts 𝑜 and 𝑤 refer to oil and water respectively. Once 

the mobility ratio (M) is unfavourable (i.e. M > 1), there is a macroscopic sweep 

inefficiency that triggers an early breakthrough of water. The presence of polymer 

macromolecules in the water reduces the mobility of the displacing fluid and 

consequently reduces the fractional flow of water which in turn increases the volumetric 

sweep efficiency of the system. This is achieved through two mechanisms: (a) by 

increasing the drive water viscosity and (b) by the reduction in disproportionate 

permeability. The latter means that the water relative permeability is significantly 

reduced, while there is a minimum decrease in the oil relative permeability [58,59]. The 

disproportionate permeability reduction results from the formation of an adsorbed layer 

of polymer on the pore wall and the segregation of the oil and water flow pathways [60-

65]. It should be pointed out that the importance of the disproportionate permeability 

reduction is more significant for water control than for polymer flooding. 

2.2.1.2 Effect of polymer on residual oil saturation 

Until recently it was believed that water-soluble polymers merely improved the 

macroscopic sweep efficiency with no impact on the microscopic displacement 

efficiency. However, an unexpected increase in the recovery factor from the Daqing oil 

field, of 13% of the original oil in place (OOIP), generated questions about whether this 

can be justified by only considering the macroscopic efficiency [66]. Recent studies have 

suggested that polymer flooding may also improve microscopic displacement efficiency 

[67,68]. This is accomplished by mobilizing and displacing the residual oil trapped by 

capillary forces and is attributed to the viscoelastic properties of the polymer solutions. 

The oil stripping, pulling effect, oil thread and/or column flow, and shear-thickening 
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behaviour of the polymers have been suggested as mechanisms to elucidate the reduction 

in residual oil saturation [69]. 

2.2.2 Polymer rheology in porous media 

2.2.2.1 Shear-thickening behaviour 

The flow in the microscopic structures of a porous medium is much more complex than 

the flow in the well-defined geometries of a classical rotational rheometer [10]. For 

increasing shear rates, the apparent viscosity of polymer solutions versus shear rate in 

porous media exhibits three main regions. At low shear rates, the polymer viscosity is 

independent of shear rate (Newtonian behaviour). Above a critical shear rate, the polymer 

viscosity decreases with increasing shear rate (shear-thinning or pseudo-plastic 

behaviour). Finally, above a second critical shear-rate, the polymer viscosity increases 

with shear rate (shear-thickening or dilatant behaviour) [70]. 

The shear-thickening behaviour of polymer solutions has been investigated by flow 

experiments in a capillary as a very simple model porous media [71,72]. During flow 

through capillaries, polymer solutions experience both shear stresses and extensional 

stresses, the latter being essentially confined to the entry and exit zones of the capillary. 

Figure 2.2 compares the shear viscosity, measured by a rheometer, and the apparent 

viscosities in capillaries with varying lengths for an HPAM solution [73]. Below the 

second critical shear rate, the apparent and shear viscosities are identical. However, above 

this shear rate, high-pressure drops are observed in the capillaries which results in the 

deviation of the apparent viscosity from the shear viscosity. The observed pressure drops 

can be expressed as a summation of three contributions: (1) entry pressure drop, (2) exit 

pressure drop, and (3) pressure drop due to friction of polymer solution with the wall over 

the length of the capillary. In capillaries with equal diameter, entry and exit pressure drops 

are nearly equal and are independent of the capillary length, while the frictional pressure 

drop increases with capillary length [74]. This results in an increase in apparent viscosity 

as the entry and exit effects become more significant as the length to radius ratio (l/r) 

decreases. 
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Figure 2.2: Comparison of shear and apparent viscosities in capillaries with different lengths. The experiments were 

performed at 30 ℃ with 0.034 wt% HPAM dissolved in a brine containing 2 wt% NaCl (1 wt% =10,000 ppm). The 

radius (r) of the capillary was 1 mm and the length (l) varied [73] 

The exact mechanism of shear-thickening behaviour in porous media has been a subject 

of much research and debate among researchers [75-80]. Several studies have 

demonstrated that the presence of extensional flow (also referred to as elongational flow) 

leads to shear-thickening behaviour [45,81-84]. Nonetheless, there is no consensus about 

the mechanism responsible for the extensional flow of polymer solutions in porous media. 

There are two difficulties in describing polymer flow through porous media: (1) the 

topological complexity of the pore network and the geometric complexity of the pore 

space and (2) the complex behaviour of polymer molecules in extensional flows. The 

former was studied by using simplified geometries such as (converging-diverging) 

capillaries to isolate the effects of the extensional flow [81,83,84] and the latter was 

addressed in more recent studies using microfluidic devices that enabled simultaneous 

measurements of the apparent viscosity and the visualisation of the polymer deformations 

due to extensional flows [85]. Here the three main theories found in the literature, that 

justify the increase in the viscosity of polymer solutions at high flow rates, are presented: 

(a) the coil–stretch theory, (b) the transient network theory, and (c) the presence of elastic 

flow instabilities. 

In the coil–stretch theory, as De Gennes [86] predicted, the randomly coiled polymers will 

become fully extended at a critical strain rate (𝜀�̇�) larger than the rate of relaxation and 

the coil–stretch transition will occur. This is equivalent to a Weissenberg number 𝑊𝑖 

(defined as the product of strain rate and relaxation time) larger than 1. Later, a theoretical 

calculation based on the generalized Zimm model [87] and a numerical calculation by 
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Larson and Magda [88] have indicated that the onset of the coil– stretch transition takes 

place when 𝑊𝑖  > 0.5. Notably, single molecule experiments (based on the DNA 

visualization) were combined with microfluidic devices to confirm the onset of the coil–

stretch transition during flow at 𝑊𝑖 > 0.5 [89-91]. 

In the transient network theory, the shear-thickening behaviour of polymer solution is 

related to the formation of transient networks of polymer chains. Such transient networks 

exist when entanglements among polymer chains become mechanically effective (i.e. 

both ends of a chain are incorporated in the network) at timescales shorter than the 

disentanglement time [92,93]. Shear-thickening effects were observed in (nearly) non-

inertial flows for very dilute polymer solutions which would usually disfavour the 

transient network concept. However, if the polymer molecules are in the stretched state, 

the probability of forming locally transient networks will increase considerably. 

The shear-thickening behaviour has also been recently ascribed to elastic flow 

instabilities at negligible inertial effect [94-96]. These instabilities are principally a result 

of inhomogeneous flow fields, which in turn depend on the rheology of the polymer 

solution and the geometry of flow fields. Kawale et al. [85] found that flowing an HPAM 

solution in the presence of salt through a model porous media leads to two elastic 

instabilities. The first elastic instability exists during an apparent shear-thinning regime 

at 𝑊𝑖~80 . By increasing the flow rate at 𝑊𝑖~626  the second elastic instability is 

observed. The authors attributed the onset of shear-thickening to the second type of elastic 

instability.  

2.2.2.2 Rheological models for polymer flow through porous media 

Most of the studies that have looked at modelling polymer rheology in porous media [97-

102] have been based on the analytical and numerical solutions of non-Newtonian fluids. 

Comprehensive reviews on this subject have been given by Savins [103] and Sochi [104]. 

According to Sochi [104], there is no general methodology yet that can deal with all cases 

of non-Newtonian flow in porous media. In the absence of a general approach, the 

continuum approach, capillary bundle models and pore-scale network modelling have 

received greater attention. These approaches are briefly described below. 

Continuum approach: In this model, the porous media is considered as a continuum and 

its microscopic properties are translated into Darcy-scale parameters such as 

permeability. The Darcy and Blake-Kozeny-Carman equations are examples of 



EFFECT OF NANOPARTICLES AND PRE-SHEARING ON THE PERFORMANCE OF WATER-SOLUBLE POLYMERS 

FLOW IN POROUS MEDIA 

18 

continuum models. For a non-Newtonian flow such as polymer solution, Darcy’s law can 

be used to determine the polymer apparent viscosity (𝜂𝑎𝑝𝑝) according to Equation 2.2: 

𝜂𝑎𝑝𝑝 =
𝑘

𝑉𝑠
 
𝛥𝑃

𝐿
 (2.2) 

where 𝑘 is the permeability, 𝛥𝑃 is the pressure drop across a porous medium with length 

𝐿, and 𝑉𝑠 is the superficial velocity in the porous medium. Darcy’s law is valid only at a 

low Reynolds number where the flow is laminar. It also considers only the viscous term 

and ignores the inertial term. However, at high superficial velocities, inertial effects are 

no longer negligible. Modifications to Darcy’s equation are available to include these 

non-linearities using the homogenization or volume averaging method [105,106]. 

A semi-empirical Blake-Kozeny-Carman model is a microscopic approach that is used in 

fluid dynamics to determine the pressure drop from the superficial velocity of a fluid 

flowing through a granular packed bed of solids. According to this model, the polymer 

apparent viscosity can be calculated according to Equation 2.3: 

𝜂𝑎𝑝𝑝 =
𝜙3

(1 − 𝜙)

𝐿

𝛥𝑃

 𝜓2 𝐷2

150

1

𝑉𝑠
 (2.3) 

where 𝜙 is the bed porosity, 𝜓 is the sphericity of the particles in the packed bed and 𝐷 

is the diameter of the spherical particle [107]. 

Capillary bundle models: In this approach, it is assumed that the porous medium 

consists of parallel capillaries. For the simplest case where the capillaries are uniform and 

all have the same radius and length, the permeability is given by [108]: 

𝑘 =
𝜙𝑅2

8
 (2.4) 

where 𝑅 is the radius of each tube and 𝜙 is the porosity of the medium. This is a very 

simple approach to the porous medium. However, it works very well for the flow of 

(quasi) Newtonian fluids. Nonetheless, this simplicity ignores several characteristics of 

the porous medium such as heterogeneity, converging-diverging nature, and morphology 

of pore space (e.g. pore size distribution, the tortuous character of any flow path). These 

ignored characteristics can be very important in modelling the flow behaviour of the 

polymer solution in porous media. For instance, the tortuous character of the flow path 

causes the polymer molecules to be accelerated and decelerated, and the converging-

diverging nature of pore space strongly affects the flow of viscoelastic polymer solutions 
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[104]. Capillary bundle models have been modified by considering a bundle of capillaries 

of varying cross-sections [109], to account for the tortuosity [110] and pore size distribution 

of porous media [111]. 

Pore-scale network modelling: The basis of the above two approaches is on providing 

an analytical solution for non-Newtonian fluid flow through porous media. However, the 

microscopic features of porous media are overlooked, as mentioned above. The modelling 

of viscoelastic behaviour on the pore-scale aims to take into account both macroscopic 

and microscopic features. Typically, in pore-scale network modelling, the porous media 

is considered as a connected network of capillaries [112]. To depict the flow through the 

network, a simplified form of the flow equations are used. To solve a system with multiple 

flow equations in order to determine the flow field, a numerical approach is typically 

exploited. Applying this methodology for a particular random network gives the 

macroscopic properties (e.g. the apparent viscosity) as a function of flow rate. Generally, 

the rheology of the polymer solution in the bulk phase and a pore space depiction of the 

porous media are used as input to the model. The pore-scale simulation begins with 

solving the flow equation for one single capillary as described in Equation 2.5: 

𝑄 = 𝐻𝛥𝑃  (2.5) 

where 𝑄 is the volumetric flow rate, 𝛥𝑃 is the pressure drop along the capillary and 𝐻 is 

the flow conductance which is dependent on the viscosity and pressure drop. To find the 

apparent viscosity of the polymer solution, a set of flow equations is solved for a 

connected network of capillaries with the assumption that mass conservation is satisfied. 

The inlet and outlet pressures of the network are set as boundary conditions. In Equation 

2.5, the viscosity is pressure-dependent and unknown. Therefore, first, an initial guess for 

the viscosity is considered. Thereafter, to start, the pressure field is solved iteratively and 

the viscosity is updated after each iteration cycle, up to the point where the convergence 

is achieved [113]. Even though pore-scale network modelling is capable of envisaging the 

general trend of polymer flow through porous media, it still cannot comprise all the 

complexities. The limitations of this approach include the difficulty in identifying the 

deformation history of the polymer in the pore throats, the compromise in the 

viscoelasticity of the polymer solution due to the idealization of the void space, and the 

adoption of the no-slip-at-wall condition [104].   



EFFECT OF NANOPARTICLES AND PRE-SHEARING ON THE PERFORMANCE OF WATER-SOLUBLE POLYMERS 

FLOW IN POROUS MEDIA 

20 

2.2.3 Polymer retention in porous media 

Polymer retention results from the interaction between polymer molecules in the solution 

and the porous media itself. It leads to the loss of polymer, and if this loss is significant, 

to a reduction in the viscosity of the polymer solution which in turn results in a decline in 

oil recovery. Therefore, polymer retention can have an enormous impact on the technical 

feasibility and economic viability of commercial polymer flooding projects. 

2.2.3.1 Polymer retention mechanisms 

There are three mechanisms for the retention of polymer in porous media: mechanical 

entrapment, hydrodynamic retention, and adsorption (see Figure 1b). Retention by 

mechanical entrapment occurs in porous media when larger polymer molecules become 

lodged in narrow pore throats [20]. This happens when polymer molecules are smaller 

than the inlet of the pore throats but larger than their outlet [21,22]. When polymer 

molecules become trapped in narrow pores, the pore size decreases which increases the 

probability of trapping the smaller polymer molecules. This self-amplifying process 

ultimately leads to pore-clogging. 

Hydrodynamic retention is caused by an increase in the hydrodynamic forces acting upon 

the polymer molecules. Once equilibrium in polymer retention is reached, a sudden 

increase in flow rate will result in extra polymer loss in the porous media as some of the 

polymer molecules are trapped in stagnant flow regions by hydrodynamic drag forces. 

When the flow rate is reduced or flow is completely stopped, polymer molecules may 

diffuse back to the main flow channels and the newly-retained polymer molecules will be 

released; therefore this phenomenon is reversible [20,114,115]. 

Adsorption takes place when there is an attractive interaction between the polymer 

molecules and the rock surface. Polymer adsorption onto the rock is considered a physical 

phenomenon and is a result of the high affinity of the polymer due to van der Waals forces 

and hydrogen bonding [116-118]. The adsorbed flexible polymer chain exists as a series of 

trains, loops and tails. The trains are the polar groups along the polymer chain that are 

attached to the various polar points on the rock surface. The loops are those parts of the 

chain that exist between two trains that stretch out into the solution. The tails are at the 

end of the polymer chain and have merely one end fixed to the surface [57,119]. Even 

though some of the trains of the polymer chain might detach from the surface of the rock, 

other trains will remain in place. Once other trains detach, the formerly detached trains 

may reattach to the surface of the rock. Therefore, it is statistically very unlikely that a 
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polymer chain would release all the attachment points simultaneously. This was explained 

by Zitha et al. [120] using a mechanism comprised of the following stages: (a) chain 

stretching in the zones where the flow is strongly extensional, (b) a transport short enough 

for the stretched chains not to be relaxed, and (c) adsorption by the formation of bridges 

across the smallest pore restrictions. If the ends of the molecules attach to the rock, a 

plugging or increased resistance to flow can develop. 

Among the above three mechanisms, hydrodynamic retention is probably the one that 

contributes the least and is often neglected [70]. The relative importance of mechanical 

entrapment and adsorption depends on the ratio between the hydrodynamic radius of the 

polymer coil (𝑅ℎ) and the pore radius (𝑅𝑝). For 𝑅𝑝 > 50𝑅ℎ, which is almost always the 

case for high-permeability sands [115], polymer adsorption is the dominant mechanism 

while for 𝑅𝑝 < 3𝑅ℎ, which is typical of low-permeability rocks, mechanical entrapment 

is dominant [20,22,115]. However, there are exceptions to this criterion. For instance, only 

35.2% of the retention of an HPAM solution in a high-permeability silica pack (5.6 

Darcy) was accounted for by adsorption and the remaining retention was attributed to 

mechanical entrapment and hydrodynamic retention. This discrepancy can be accounted 

for by the high heterogeneity of the tested silica pack [121]. 

2.2.3.2 Polymer depletion and inaccessible pore volume 

If the size of the polymer chain is not negligible compared to the pore size, which is the 

case for low permeability rocks, the following consequences for polymer rheology may 

be expected: (a) in a non-adsorbent porous media, pore wall depletion excludes the 

polymer macromolecules from the slowest streamlines near the wall, thus giving a 

polymer velocity higher than the solvent velocity and (b) in an adsorbent porous media, 

the flow is modified due to adsorbed layer thickness [45]. 

The inaccessible pore volume (IPV) [20,122] accounts for the volume of the pores through 

which the large polymer molecules cannot flow. Several models and mechanisms have 

been proposed in the literature to explain the occurrence of IPV, including the relative 

size of pore throats, pore wall exclusion, and entropic effects [123-127]. As a result of the 

existence of IPV, polymer adsorption is reduced as there will be less contact between the 

polymer molecules and the rock surface. 

2.2.3.3 Measurement of polymer retention in porous media 

The measurement of polymer retention in the laboratory can be done in bulk or core-flood 

experiments. Bulk tests are usually referred to as static adsorption tests, which measures 
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the change in polymer concentration when it is mixed with a crushed rock sample. 

Polymer retention in core-flood experiments is referred to as dynamic adsorption (DA). 

A polymer solution together with a non-adsorbing tracer (commonly potassium iodide) is 

injected into the cores and the effluent is collected over time. Thereafter, the effluent is 

analysed to determine the variation in the tracer and polymer with time, and thus to find 

the level of adsorption (i.e. the comparison of the effluent concentration to the initial 

polymer concentration). The two most frequently used methods in the literature to 

measure dynamic adsorption are described below. 

In the first method, which is known as the single injection method, the polymer and tracer 

are co-injected and their normalized concentrations (i.e. the effluent concentration 

divided by the initial concentration) are plotted as a function of pore volumes (PV) 

injected. The DA is then determined by calculating the area between the polymer and 

tracer curves and subtracting the IPV [122]. Alternatively, the DA can be calculated by 

reading the pore volumes of the injected tracer and polymer where their normalized 

concentration is 0.5 and subtracting the IPV [20]. The disadvantage of the single injection 

method is that the IPV must be known in order to obtain an accurate result. 

The second method, known as the double injection or extended injectivity method, is 

proposed by several authors [128-130]. In this method, two injection steps are taken. An 

illustration of these two injection steps is shown in Figure 2.3. 

 

Figure 2.3: The tracer and polymer normalised concentration profiles in the effluent in the double injection method for 

polymer retention measurement in porous media. Taken from [129] with minor changes 
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In the first step, the polymer and tracer are co-injected. In this step, the tracer leads the 

polymer because of polymer adsorption which delays the polymer advancement through 

the porous medium. The assumption here is that the injection of many pore volumes of 

polymer solution leads to saturation of all the adsorption sites on the rock surface by the 

polymer molecules. In the second step, brine is first injected to displace all the mobile 

polymer and tracer, followed by the co-injection of polymer and tracer once again. In this 

step adsorption no longer plays a role. Since some of the pores are not accessible to the 

polymer molecules, but are to the tracer, the polymer leads the tracer. Consequently, the 

IPV is determined during the second step by calculating the difference between the areas 

of the tracer and polymer curves according to Equation 2.6: 

IPV = Σ [((
𝐶

𝐶0
)

𝑝

− (
𝐶

𝐶0
)

𝑡

) × ΔPV] (2.6) 

where 𝐶 and 𝐶0 are the effluent and initial polymer concentration respectively, ΔPV is 

pore volume increment for each effluent sample and where subscripts 𝑝 and 𝑡 refer to 

polymer and tracer respectively. It should be noted that this IPV, measured in the presence 

of adsorbed polymer, could be different from the IPV of the bare porous medium before 

any adsorption has taken place. The DA is then determined from the first injection step 

by Equation 2.7: 

DA =

Σ [(((
𝐶
𝐶0

)
𝑝

− (
𝐶
𝐶0

)
𝑡
) × ΔPV) + IPV] × (𝐶0)𝑝 × PV

𝑚
 

 

(2.7) 

where 𝑚 is the rock mass. 

2.2.3.4 Modelling of polymer retention in porous media 

To model the polymer retention in porous media, simulators such as UTCHEM and 

Eclipse consider a Langmuir type isotherm. In this approach, polymer retention is 

modelled as a function of polymer concentration, salinity, and permeability according to 

Equation 2.8 [131]: 

𝐶4  ̂ = min [C4̃,
𝑎4 (𝐶4̃ − 𝐶4  ̂)

1 + 𝑏4 (𝐶4̃ − 𝐶4  ̂)
] (2.8) 

where 𝐶4  ̂and 𝐶4̃ are the polymer retention and concentration respectively. The minimum 

is taken to ensure that the polymer retention is smaller than the total polymer 

concentration. 𝑎4 is defined as: 
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𝑎4 = (𝑎41 + 𝑎42𝐶SEP) (
𝑘𝑟𝑒𝑓

𝑘
)

0.5

 (2.9) 

where 𝐶SEP is the effective salinity described as follows: 

𝐶SEP =
𝐶51 + (𝛽p − 1)𝐶61

𝐶11
 (2.10) 

where 𝐶51, 𝐶61, and 𝐶11 are the anion, divalent cation, and water concentrations in the 

aqueous phase and 𝛽p  is the covalent coefficient which is known from laboratory 

experiments. The value of 𝑎4/𝑏4 characterizes the highest amount of adsorbed polymer 

and 𝑏4 controls the curvature of the isotherm. The reference permeability (𝑘𝑟𝑒𝑓) is the 

permeability at which the input adsorption parameters are stated. 

2.2.4 Factors influencing polymer performance in porous media 

2.2.4.1 Polymer type 

As discussed, high molecular weight synthetic polymers like HPAM exhibit shear-

thickening behaviour in porous media due to their flexible coil conformation. However, 

such shear-thickening behaviour is absent for biopolymers like xanthan gum and 

scleroglucan due to their rigid rod-like conformation. They are likely to align in the flow 

field and remain shear-thinning instead of showing viscoelastic behaviour [132-134]. 

Biopolymers have also shown significantly lower retention in porous media compared to 

synthetic polymers [10,57]. For synthetic polyacrylamides, the degree of hydrolysis plays 

an important role in polymer retention, and as it increases the polymer retention in porous 

media decreases [135]. Lecourtier et al. [136] observed that the retention of a non-ionic 

polyacrylamide (PAM) solution with pH 7 onto a SiC surface was dramatically higher 

than that of HPAM with a degree of hydrolysis of 30%. This was because the negatively 

charged surface of SiC at pH 7 gives rise to a repulsion term once it interacts with the 

negative charges present in the HPAM chain. The retention of PAM and HMPM were 

comparable only at a salinity of 2.4 wt% (24,000 ppm), where the negative charges along 

HPAM are screened. 

Modifying the polymers (as discussed in Section 2.2.6) can also influence polymer 

adsorption and retention. Szabo [137] showed that the adsorption of poly(2-acrylamido-2-

methyl-1-propanesulfonic acid) commonly known as AMPS, is lower than HPAM. 
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Vermolen et al. [138] also reported that the incorporation of AMPS, as well as N-vinyl 

pyrrolidone (N-VP) into HPAM, can dramatically reduce its retention. 

2.2.4.2 Polymer molecular weight 

Higher molecular weight, i.e. longer polymer chains, implies higher viscosifying power 

and potentially higher resistance to flow in porous media. However, flow resistance, also 

referred to as injectivity decline, can be time-dependent [21,139] as higher molecular 

weight polymers are more sensitive to mechanical degradation. Mechanical degradation 

will be more likely to occur in extensional flow fields, but some degradation of polymer 

chains with very high molecular weight (or degree of polymerization) may also occur for 

pure shear flows [140]. Odell et al. [141] predicted that a mid-chain scission will occur, in 

the dilute regime, when there is a continuous increase of stress on the centre of the chain 

and after a critical strain rate known as the critical fracture (𝜀�̇�). Since the relaxation time 

increases with chain length, 𝑊𝑖  is larger for the longest chains than for the shortest 

chains. Hence, the higher molecular weight polymers are more prone to mid-chain 

scission than the lower molecular weight ones. It has been experimentally shown that 

mid-chain scission is induced by a transient extensional flow field [142,143] as well as 

ultrasonic cavitation [144,145]. 

The effect of molecular weight on polymer retention has also received attention. Dang et 

al. [146] reported a simulation study showing that the maximum adsorption of HPAM was 

obtained with the lowest molecular weight in good agreement with the experimental study 

of Yang et al. [147] in which adsorption of HPAM on sodium–montmorillonite decreased 

with increasing molecular weight. In some studies, however, with increasing molecular 

weight, the adsorption level first increased and then became constant [148,149]. 

2.2.4.3 Polymer concentration regimes 

Depending on the target viscosity, polymer solutions may be used at different 

concentrations. Several authors have proposed that HPAM retention is dependent on the 

polymer concentration regime [22,122,150,151]. In the semi-dilute regime, polymer 

retention increases with increasing concentration. Szabo and Corp [22] suggested that the 

concentration dependence of HPAM adsorption in the semi-dilute regime is linear. In the 

dilute and concentrated regimes, on the other hand, polymer retention is basically 

concentration-independent [150]. This implies that a Langmuir isotherm can describe the 

concentration dependency of the polymer retention [152] (see Section 2.2.3.4). 

Furthermore, polymer chain scission is also concentration-dependent. In the dilute 
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regime, beyond the critical fracture, the mid-chain scission occurs and the polymer chain 

is broken almost precisely in half. Whereas in the semi-dilute regime, with increasing the 

polymer concentration, the chain scission does not occur in the centre of the chain and is 

increasingly randomized [153]. 

2.2.4.4 Porous media permeability  

When the retained polymer molecules form an adsorption layer on the rock surface, the 

effective pore size is reduced, resulting in a decrease in the rock permeability or an 

increase in the residual resistance factor. This phenomenon typically becomes more 

severe when the rock permeability is smaller than 500 mD [154-157].  

In such lower-permeable rocks (<500mD), the polymer retention also increases 

dramatically with decreasing permeability. Vela et al. [155] measured the polymer 

retention from the material balance of injected and produced fluids, and found that the 

retention of HPAM increases from ~12 μg/g in 137 mD sandstone to ~130 μg/g in 12 mD 

sandstone. In contrast, in higher permeability rocks, polymer retention is generally 

insensitive to permeability [65].  

2.2.4.5 Residual oil saturation 

In water-wet cores, the presence of residual oil in the core has little effect on the polymer 

retention [158], or even reduces it [22,129,159], as compared to oil-free, 100% brine 

saturated cores. However, in contradiction to these findings, Hughes et al. [129] observed 

that the retention of xanthan gum on 127 mD Berea sandstone increased in the presence 

of residual oil. The authors ascribed this phenomenon to the increase in polymer trapping 

caused by the reduction, due to the presence of the oil, of the core permeability. 

The effect of residual oil on polymer retention may be different in oil-wet cores. Broseta 

et al. [158] described that the existence of residual oil (iso-octane) saturation in oil-wet 

cores significantly decreased the HPAM retention by a factor of 2–5. 

2.2.4.6 Iron and clay content   

The presence of iron and clay can strongly affect the surface properties of the core. The 

point of zero charge (PZC) for pure quartz is reported to be 1–3 [136,160,161]. Farooq et 

al. [162] reported that the PZCs of Bentheimer and Berea sandstone samples were 

approximately 3.0 and 8.2 respectively. In their experiments, the quartz fractions for 

Bentheimer and Berea sandstone samples were found to be approximately 98.0% and 

82.5% respectively whereas the clay fractions were approximately 0.5% and 9.0% 
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respectively. Peksa et al. [163], whose Bentheimer sample had a quartz fraction of 

approximately 92%, measured a PZC of nearly 8. This unexpectedly high PZC was 

attributed to the presence of clay (~ 2.7 %) and iron particles (~ 0.2 %) distributed within 

the sample. Clay particles are well distributed in sandstone and become mobile in contact 

with fluids at pH higher than 8 [164,165]. The higher the pH, the more visible the effect is. 

In addition, the effect of the iron minerals, such as goethite and hematite, present in 

sandstone on the PZC was observed. Iron oxides represent a PZC in the range of 8.5–11 

[166]. This suggests that even a small proportion of iron and clay content, if well 

distributed in the rock, can dramatically increase the PZC of the sandstones. Further work 

on the effect of iron and clay particles on the PZC of sandstone is needed. A PZC of 8 for 

sandstone leads to a positively charged rock surface at injected water pH of around 7, 

which results in increased interactions with negatively charged polymers such as HPAM 

or xanthan gum. 

2.2.4.7 Salinity and hardness 

Salinity and hardness have been associated with two major effects on polymer 

performance in the literature: viscosity loss and polymer precipitation. For synthetic 

polymers, namely HPAM, the viscosity loss at high salinities has been ascribed to 

shielding of the electric charges along the polymer chain [14]. Since high molecular 

weight HPAM has a flexible coil conformation, it responds strongly to the ionic strength 

of the aqueous solvent [10]. At high salinities, the negative charges along the HPAM 

backbone are screened leading to a reduction in electrostatic repulsion and a shrinking of 

the polymer coils in the solvent. The end result of this process is a relatively lower 

hydrodynamic radius of the polymer coils. The reduction of the hydrodynamic radius of 

the polymer coils results in viscosity loss.  

In addition, a major challenge for the use of HPAM at high salinities is the presence of a 

high concentration of divalent cations such as Ca2+ and Mg2+. In the presence of the 

divalent cations, polyion–metal complexes can be formed, which in turn leads to polymer 

precipitation due to the complexing ability of the carboxylate groups of HPAM [15,16]. 

Biopolymers, namely xanthan gum have shown less sensitivity to salinity and hardness 

compared to synthetic polymers. At high salinities, the structure of the xanthan gum 

backbone experiences a conformational alteration from a disordered conformation to an 

ordered and more rigid structure (coil-helix transition) [167-169]. As a result of the rigidity 

of the polymer chain, xanthan gum is less sensitive to the presence of ions in the solvent, 

as compared to HPAM. 
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2.2.4.8 Temperature 

High salinity and hardness in oil reservoirs are often accompanied by high temperatures. 

Viscosity loss and polymer precipitation of HPAM become more severe at elevated 

temperatures, as the further hydrolysis of the polymer backbone is promoted. This causes 

additional interaction between the charged polymer backbone and ions in the solvent. 

Moradi-Araghi and Doe [17] suggested a temperature stability limit for HPAM based on 

the cloud point and rate of hydrolysis. They demonstrated a “safe” limit of approximately 

75, 88, 96, and 204 ℃ for HPAM in brines containing 2,000, 500, 270, and 20 ppm 

hardness respectively. They suggest that even a small concentration of divalent cations at 

high temperatures can substantially hinder the use of HPAM. 

A helix-coil transition occurs in the structure of xanthan gum at high temperatures which 

causes a reduction in the viscosity. However, compared to HPAM, xanthan gum is more 

resistant to high temperatures due to its more rigid backbone. Long-term stability 

experiments carried out using a commercial xanthan gum showed that the solution 

viscosity remained almost unchanged for about 2 years at 80 ℃ [170]. 

A common way of assessing the long-term stability (ageing) of polymers at combined 

high salinity, hardness, and temperature is to keep the samples in an oven for up to one 

year and monitor the viscosity loss or polymer precipitation over time. Alternatively, 

thermal gravimetric analysis (TGA) can be used to assess the polymer resistance to 

thermal degradation [171-173]. For long-term stability experiments, the polymer samples 

should be completely de-oxygenated (i.e. the experiments are performed at anaerobic 

conditions). This is needed to ensure that viscosity loss is only due to the effect of high 

salinity, hardness, and temperature, rather than the effect of a free radical attack caused 

by the presence of oxygen in the samples. 

2.2.5 Polymer flooding in practice 

Several authors have proposed criteria for polymer flooding projects based on the effects 

of the parameters discussed in the preceding sections. There is a consensus about the fact 

that, prior to any field applications, laboratory experiments should be carried out to assess 

the feasibility of a polymer flooding project and estimate the probability of success 

[174,175]. Specific criteria in laboratory experiments to enhance the chances of success of 

a polymer flooding project include the following: (a) meeting the target viscosity at 

reservoir conditions, (b) good filterability to ensure good injectivity, (c) suitable solubility 
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in brine, and (d) maintaining stability and viscosity under the influence of degrading 

factors such as shearing, heating, salinity and hardness [174]. 

Table 2.1 shows the range of parameters for polymer flooding in laboratory experiments 

compared to real field applications. Table 2.2 gives a summary of these parameters in 

different field projects that have been performed recently.  

A summary of the range of parameters in the laboratory experiments, as shown in Table 

2.1, is as follows. HPAM, xanthan gum, and associative polymers have been extensively 

used in laboratory experiments. There is a wide range in both the molecular weight (1–

25 × 106 g/mol) and the concentration (from 30 up to 10,000 ppm) of these polymers in 

the performed experiments. The salinity of the water, in which the polymers are dissolved, 

is as high as 186,000 ppm. The experiments are performed at temperatures of up to 120 

℃. Moreover, in laboratory experiments, the behaviour of the polymers is studied in 

various types of model porous media including sandstone and carbonate cores, sand-

packs and microfluidics. The permeabilities of these porous media range from very low 

(<10 mD) to very high (>13,000 mD) and the porosity ranged from 10 to 47%. 

As can be seen in Table 2.1, in field applications, HPAM is the most commonly used 

polymer by far and only one project used an associative polymer (SZ36-1, China). As for 

the polymer molecular weight and concentration, the selected range for field applications 

is more limited than the laboratory experiments. The main motivation behind this is to 

avoid the injectivity problems, which can be a result of the high concentration and 

molecular weight of the injected polymer solution. The range of polymer molecular 

weights used is strongly dependent on reservoir permeability. High molecular weight 

polymers (>17×106  g/mol) have been used in reservoirs with an average to high 

permeability (> 400 mD). 

In contrast to the laboratory experiments, polymer injection has rarely been used in 

carbonate reservoirs in field applications and its use is mainly limited to sandstone 

reservoirs. The salinity of the injected water in the majority of field applications is lower 

than 50,000 ppm. It should be noted that for the Dalia/Camelia field in Angola, the 

formation water salinity was 117,000 ppm but the injected water salinity was 24,900 

[176,177]. To our knowledge, the only field application with a very high salinity in the 

injected water is the Bockstedt field in Germany in which schizophyllan was used but 

despite good injectivity, considerable biological degradation was observed even in 

presence of biocide [178,179]. 
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The lack of successful projects in harsh conditions inspires the need for polymers that are 

stable at high salinity, especially in situations where there are high temperatures, which 

can worsen the degradation effects. In the following section, the recent developments in 

polymers for high salinity and temperature conditions are discussed. 

Table 2.1: Range of parameters for polymer flooding in laboratory vs. field applications [36,174,175] 

Parameter Laboratory experiments  Field applications  

Polymer type 

HPAM 

Xanthan gum 

Associative polymer 

HPAM 

Xanthan gum 

Associative polymer (1 project) 

Polymer molecular weight 

(g/mol) 
1–25 × 106 12–25 × 106 

Polymer concentration (ppm) 30–10,000 300–4,000 

Permeability (mD) 2.5–13,000 >50 

Porosity (%) 10–47  4–37  

Oil viscosity (mPa s) 1.7–5,500  <5,000 

Lithology 

Sandstone cores 

Carbonate cores 

Sand-packs 

Micromodels 

Majority in sandstone reservoirs 

Very few in carbonate reservoirs 

Water salinity (ppm) 250–186,000 Majority <50,000  

Temperature (℃) 20–120  <99 
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Table 2.2: Range of parameters in recent polymer flooding field applications ( 1 MDa =106 g/mol,  NR = not reported) 

Country Field 

Formation 

water 

salinity 

(ppm) 

Temperature 

(℃) 

Oil viscosity 

(cp) 
Polymer type 

Polymer 

concentration 

(ppm) 

Polymer 

viscosity 

(cp) 

Ref. 

Canada 

East 

Bodo/Lloydmi

nster 

29,000 NR 417–2,000 
HPAM 

(F3630/F3830) 
1,500 50–60 [180] 

Pelican Lake 6,853 23 1000–3000 
HPAM (13.6 

MDa) 
600–3,000 13–50 [181] 

China 

SZ36-1 6,071 65 70 
Associative 

polymer 
600–2,400 98 [182] 

Daqing 6,000 45 44,113 HPAM 1,000–2,500 40–300 [183,184] 

Shengtuo 21,000 80 10–40 HPAM 1,800 30–50 [174] 

Bohai Bai 
2,873– 

20,000 
50–70 30–450 HPAM 1,200–2,500 98 [185] 

Gudao 8,207 65 50–150 HPAM 2,000 350 [174] 

ShuangHe 5,060 72 7.8 HPAM 1,090 93 [186] 

Brazil 

Buracica 41,000 60 44,013 
HPAM 

(Flopam) 
500 10 [187] 

Carmopolis 17,091 50 10.5 
HPAM 

(Flopam) 
500 40 [188] 

Oman Marmul 3,000 46 80–90 
HPAM (Nalco 

Q41F) 
1,000 15 [189,190] 

Suriname Tambaredjo 5,000 38 325–2,209 HPAM (3630S) 1,000–2,500 45–140 [191] 

India Mangala 5,400 62 44,805 HPAM 2,000–2,500 20 [192,193] 

Germany Bockstedt 186,000 54 47,423 Schizophyllan 300 25 [178,179] 

Angola Dalia/Camelia 117,700 45–56 44,136 
HPAM (18–20 

MDa) 
900 3 [176,177] 
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2.2.6 Polymers for high salinity and temperature 

The synthesis of modified polymers, with higher temperature and/or salt tolerance, has 

been reported by several authors. These modified polymers are listed in Table 2.3. They 

were typically obtained by hydrophobically modifying conventional polymers or by the 

incorporation of salt- and temperature tolerant monomers such as 2-acrylamido-2-methyl-

1-propanesulfonic acid (AMPS) and n-vinyl pyrrolidone (N-VP) to the HPAM backbone. 

Table 2.3: Polymers stable at high salinity and/or high temperature (TDS=total dissolved solids, DC=divalent 

cations) 

 Polymer 
Salinity 

(ppm) 

Temperature 

(℃) 
Ref. 

No.1 
Hydrophobically modified polyacrylamide with 

methylene 
100,000 25 [194] 

No.2 
Hydrophobically modified polyacrylic acid with alkyl 

acrylate 
40,000 25 [195] 

No.3 

Hydrophobically modified polyacrylic acid with 2-(N-

ethylperfluorooctanesulfoamido) 

ethyl acrylate (FA) or 2-(N-

ethylperfluorooctanesulfoamido) 

ethyl methacrylate (FMA) 

19,000 25 [196] 

No.4 
Hydrophobically modified polyacrylamide with N-

phenethylacrylamide 
90,000 25 [197] 

No.5 

Terpolymers of acrylamide 

(AM) with sodium 3-acrylamido-3-methylbutanoate 

(Na-AMB) and 2-acrylamido- 

2methylpropanedimethylammonium chloride 

(AMPDAC) 

30,000 
30–60 

 
[198] 

No.6 
Hydrophobically modified polyacrylic acid with 3-

pentadecylcyclohexylamine (3-PDCA) 
0 

30–60 

 
[199] 

No.7 

Hydrophobically modified polyacrylamide 3-(2-

acrylamido-2-methylpropanedimethylammonio)- 

l-propanesulphonate (AMPDAPS) 

0 
25–60 

 
[200] 
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No.8 Poly(propylene oxide) methacrylate 0 
25–70 

 
[201] 

No.9 

Thermoviscosifying 

polymers (TVP) mainly based on thermosensitive 

poly(N-isopropylacrylamide) (PNIPAM) and 

polyethylene (PEO) 

33,000 

(TDS), 

900 (DC) 

90 [202] 

No.10 

Copolymer of hydrolysed polyacrylamide (HPAM) 

and 2-acrylamido-2-methylpropane sulfonic acid 

(AMPS) 

50,000 80 [203] 

No.11 

Incorporation of Acrylamido-Ter-Butyl-Sulfonate 

(ATBS) and/or N-vinyl pyrrolidone (N-VP) into 

hydrolysed polyacrylamide (HPAM) 

500–

100,000 

85–140 

 
[204] 

No.12 

Synergy of hydrolysed polyacrylamide (HPAM) or and 

2-acrylamido-2-methylpropane sulfonic acid (AMPS) 

with surfactant    

172,000 95 [205] 

No.13 

Incorporation of sodium 2-acrylamido-2-

methylpropane sulfonic acid (Na-AMPS) and/or N-

vinyl pyrrolidone (N-VP) and/or sodium 3-acrylamid 

3-methyl butyrate (N-AMB) and/or N-vinyl amide (N-

VAM) into hydrolysed polyacrylamide (HPAM) 

34,600–

180,000 

(TDS) 

90–120 

 
[206] 

No.14 

Incorporation of Acrylamido-Ter-Butyl-Sulfonate 

(ATBS) and/or N-vinyl pyrrolidone (N-VP) into 

hydrolysed polyacrylamide (HPAM) 

13,000 

(TDS), 

7,000 (DC) 

85 [207] 

No.15 

Copolymer of 2-acrylamido-2-methylpropane 

sulfonic acid (AMPS) and hydrolysed polyacrylamide 

(HPAM) 

170,000 

(TDS), 

17,000 (DC) 

100 [52] 

No.16 

Incorporation of sodium 2-acrylamido-2-

methylpropane sulfonic acid (Na-AMPS) and/or N-

vinyl pyrrolidone (N-VP) into hydrolysed 

polyacrylamide (HPAM) 

43,700–

179,800 

(TDS), 

2,100–

17,700 (DC) 

 

120 [138] 
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In literature, the experiments that investigate the effectiveness of modified polymers at 

high salinity and temperature conditions fall into the following three categories: (a) the 

viscosity of the modified polymer is compared with the viscosity of a conventional 

polymer such as HPAM, both dissolved in brine [171,208] (b) the viscosity of the modified 

polymer dissolved in brine is compared with its viscosity in de-ionised (DI) water 

[134,209,210] and (c) the viscosity of the modified polymer is measured in brine with 

different compositions and ionic strengths [134,171,209,211]. Such experiments are often 

performed at various temperatures and consider both short- and long-term temperature 

effects on the performance of the modified polymers. In the following sections, a 

summary of these investigations is given, and the mechanisms for the enhanced 

performance of polymers at high salinity and temperature are discussed. 

2.2.6.1 Hydrophobically modified polyacrylamides 

Hydrophobically modified polyacrylamides differ from the conventional 

polyacrylamides used for cEOR, as they have small hydrophobic units in the polymer 

chain. Several hydrophobic monomers, for example, acrylate or alkyl groups with 

different topologies and number of carbons, have been used as the hydrophobic units of 

these polymers [212-214]. The fraction of hydrophobic units should be minimized to ensure 

the solubility of the polymer in water. However, even a small hydrophobic fraction can 

significantly change polymer properties. 

Hydrophobically modified polyacrylamides are synthesized using different techniques 

such as micellar [215-217], homogeneous, and heterogeneous polymerisation [215]. The 

hydrophobic units may be distributed in various ways through the polymer, such as 

randomly or block-like [51,54,213,215,218-220], and they can be coupled at one or both ends 

[221-226]. The distribution of the hydrophobic groups as a result of micellar 

copolymerization is block-like while solution copolymerization results in a random 

distribution. This will be discussed in more detail in Chapter 3. 

a) General properties  

Hydrophobic–hydrophobic interactions among the polymer chains result in either intra- 

or inter-molecular associations or their combination. An illustration of the concept of 

intra- or inter-molecular associations for a hydrophobically modified polyacrylamide is 

shown in Figure 2.4. 
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The dominance of either association type depends on the polymer concentration and has 

a strong impact on the viscosity of the polymer solution. In the dilute regime, HMPAM 

forms more intra-molecular associations than intermolecular ones, twisting the 

macromolecular chains and reducing the hydrodynamic radius, and thus reducing the 

viscosity. At concentrations higher than the critical association concentration (CAC), 

inter-molecular associations become more dominant which abruptly increases the 

hydrodynamic radius of the polyacrylamides [227-231].  

 

Figure 2.4: Intra- and inter-molecular associations in a hydrophobically modified polyacrylamide [231] 

b) Effect of salinity 

Several authors have reported that the addition of salt can enhance the viscosity of 

hydrophobically modified polyacrylamides [213,232,233]. The reason for this appears to be 

that, by screening the electric charges along the chains with the salts, the electrostatic 

interactions are suppressed. As a result, the hydrophobic associations are less likely to be 

disrupted by electrostatic interactions, and this results in a higher solution polarity. The 

higher polarity leads, in turn, to the reinforcement of the hydrophobic associations which 

allow the formation of aggregates and a stronger network through inter-molecular 

hydrophobic associations [196]. Therefore, an increase in the viscosity of the solution is 

expected in the presence of salt (see polymers 1, 2, 3, 4 in Table 2.3). 

However, upon a further increase in salinity, the hydrophobic aggregates become more 

compact. These condensed aggregates then associate to form larger aggregates, which 

results in the phase separation of the polymer and a reduction in the viscosity [213,234]. 

For instance, Al Sabagh et al. [235] reported a rheological study of three HMPAMs [236] 

at 30 ℃ . The authors found that first, the viscosity increases with increasing NaCl 

concentration up to 2.9 wt% (salt-thickening) and then above this value, the viscosity 

decreases as the NaCl concentration increases (salt-thinning) (see Figure 2.5a). Rather 
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similar behaviour was observed for CaCl2 concentration. However, the transition from 

salt thickening to salt thinning behaviour occurs at a much lower concentration for CaCl2 

(0.2 wt%) (see Figure 2.5b). Zhong et al. [237] suggested that salt thickening behaviour 

can occur at two ranges of salinities (2–3 wt% and 5–9 wt%) but at salinities higher than 

9 wt%, the viscosity decreased. 

 

Figure 2.5: Effects of NaCl and CaCl2 Concentration on the viscosity of hydrophobically modified polyacrylamides at 

30 oC [235] 

More recently, Mirzaie Yegane et a. [238] showed that the viscosity of HMPAM in a brine 

containing 20 wt% NaCl and 1.5 wt% Ca2+ has a viscosity some 55% higher than its 

viscosity in DI water regardless of HMPAM concentration. This exceptional viscosity 

increase at high salinity was attributed to the excellent solubility of the HMPAM in both 

brine and DI water, as well as the increase in solvent viscosity which was measured to be 

0.9 ± 0.1 and 1.4 ± 0.1 mPa s for DI water and brine respectively. It is our understanding 

that the solubility of the hydrophobic group plays a key role in maintaining the viscosity 

with increasing salinity and hardness. Therefore, it is recommended to estimate the 

solubility limit of the hydrophobic comonomers prior to polymerization to decide on (a) 

the type of hydrophobic group and (b) the fraction of hydrophobic units to be incorporated 

into the polymer backbone. 

c) Effect of temperature 

For both compositional and structural reasons, the behaviour of the HMPAMs is 

significantly affected by temperature. An increase in temperature improves the solvent 

quality of the hydrophilic segments of the HMPAM. This will tend to increase the 

hydrodynamic radius of the chains. At the same time, the solvent quality for the 

hydrophobic segments will deteriorate. Therefore, the hydrophobic units will have an 
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increased tendency to form stable networks. Both effects could lead to an increase in 

viscosity as temperature increases. 

The increase in the viscosity of the HMPAMs with increasing temperature is also 

explained by the concept of so-called thermo-thickening copolymers (also known as 

thermo-associative and thermo-stimulated copolymers) [239-241]. This concept is based 

on the switch properties of polymers characterized by a lower critical solution 

temperature (LCST). These polymers have a highly water-soluble macromolecular 

backbone, with some LCST side chains or blocks (see Figure 2.6). With increasing 

temperature, these thermo-sensitive moieties can undergo reversible micro-phase 

segregation. Above the CAC, this change results in an increase in the solution viscosity 

through inter-molecular associations. It is noteworthy that the thermo-thickening 

behaviour of the polymer solution is more evident at low salinities and shear rates [242]. 

 

Figure 2.6: Thermo-thickening concept in aqueous solutions: (a) copolymer structure; (b) association mechanism 

(T>LCST) [241] 

The viscosities of solutions of polymers 5 or 6 in Table 2.3 are not significantly dependent 

on the temperature, when in the range of 30–60 ℃ [198,199]. The intrinsic viscosity of a 

solution containing polymer 7, rose from 6.5 to 8.5 dl/g as temperature increased from 25 

to 60 ℃ [200]. Thermo-thickening behaviour at low ionic strength and shear rate was 

observed with polymer 8 [201]. This was ascribed to the increase in the concentration of 

poly(propylene oxide) (PPO) in the hydrophobic micro-domains. This resulted in an 

increase in chain mobility at fairly high temperatures. With further increase in the 

temperature, the viscosity of the hydrophobically modified polymers is expected to 

decrease. This is ascribed to the loss in the network connectivity because of changes in 

the hydrophobic micro-domains.  
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Even though hydrophobically modified polymers can enhance the solution viscosity at 

moderately high salinity and temperature, their application at higher salinity (>5 wt% 

TDS) and higher temperature (>80 ℃) is challenging. This becomes more difficult, in 

particular, when high salinity and high temperature coexist in a reservoir where the 

polymer solution viscosity will potentially be strongly reduced. 

2.2.6.2 Salt- and temperature-tolerant modified polyacrylamides 

Several researchers have attempted to synthesize modified polyacrylamides with both 

salt- and temperature-tolerant comonomers, in order to enlarge the envelope of polymer 

flooding at high salinity and temperature conditions. The synthesis attempts were based 

on the modification of polyacrylamide by the incorporation of one or more of the 

monomers that can enhance the stability of the polymer in such conditions (see polymer 

9 through 16 in Table 2.3). For instance, the incorporation of AMPS or Acrylamido-Ter-

Butyl-Sulfonate (ATBS) to polyacrylamide increases the tolerance to high salinity and 

hardness [52,203,204]. The incorporation of N-VP to polyacrylamide, on the other hand, 

seems to protect the polyacrylamide units against hydrolysis. Stahl et al. [243] studied a 

wide range of synthetic and biopolymers at an elevated temperature and moderately high 

salinity (121 ℃  and 3.3 wt% TDS). They found that the incorporation of N-VP in 

acrylamide prevents precipitation of the polymer at this temperature. They also observed 

that N-VP limits the level of acrylamide hydrolysis, and argued that this gives the 

copolymer its enhanced stability in high salinity and hardness brines. Vermolen et al. [138] 

studied the effect of HPAM modification with AMPS and/or N-VP monomers, with aim 

of maintaining the viscosity at elevated temperature (120 ℃) and high salinity (20 wt% 

TDS) in both the absence and presence of divalent ions (up to 1.8 wt%). They found that, 

in the absence of divalent ions (no hardness), HPAM is stable for more than 180 days. 

Unfortunately, the incorporation of 20–25 mol% AMPS to HPAM did not enhance the 

resistance against the presence of divalent ions at high temperatures. However, a 

terpolymer including acrylamide, 20–25 mol% AMPS, and 35%–50 mol% N-VP 

monomers did stabilize the polymer in such harsh conditions. 

2.3 Nanoparticles for chemical enhanced oil recovery 

The application of nanoparticles (NPs) in the oil and gas industry, and particularly in 

cEOR, gained much attention in the last decade as illustrated by the establishment of 

various dedicated research centres [244]. Nanoparticles, or ultrafine particles, are defined 
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as a particle of matter ranging in size from 1 to 100 nm [245]. The small size of the NPs 

results in many interesting characteristics such as high specific surface area, high surface 

energy, and active chemical responses which provide a platform to easily modify their 

surface. The aim of using NPs for cEOR is to improve on the existing conventional 

methods, by co-injection of NPs with other chemical agents such as polymers and 

surfactants. The NPs can penetrate into small pore spaces that are not accessible to 

conventional chemical agents. Moreover, because of the ease of surface modification of 

NPs, they can easily be tailored to adjust the rock and fluid properties including 

wettability, interfacial tension (IFT), and mobility ratio in order to improve the oil 

recovery. 

Silica NPs have been the most frequently studied for cEOR due to their potential to 

change the rock wettability and reduce the IFT [246], and also to enhance the viscosity of 

the base-fluid [247]. The surface properties of silica NPs can be changed from hydrophobic 

to hydrophilic by silanisation with hydrophilic hydroxyl groups, hydrophobic sulphonic 

acid, or hydrophilic polyethylene glycol [248]. Moreover, silica NPs have shown good 

thermal stability [249]. However, their main downside is their tendency to aggregate to 

larger particles which can lead to injectivity problems [248] 

Several reviews on the fundamental properties of NPs and their application for EOR have 

been reported [250-258]. In this section, the focus is on the mechanisms through which NPs 

can improve oil recovery and their transport mechanisms in porous media. 

2.3.1 Nanoparticles enhanced oil recovery (nEOR) mechanisms 

This section presents a brief survey of the current status of the research on nanoparticles 

enhanced oil recovery (nEOR). The key nEOR mechanisms will be examined. The 

discussion will be restricted to mechanisms relevant to nEOR as an extension of more 

conventional cEOR. 

2.3.1.1 Stabilising emulsions 

Oil/water emulsions can be used as the mobility control agent for oil recovery 

improvement [259,260]. The fundamental principles and applications of emulsions in the 

petroleum industry have been described in detail by Schramm [261]. Traditionally, 

emulsions are stabilised by using surfactants. However, the benefits of emulsions 

stabilized using colloidal particles, referred to as Pickering emulsions, were recognized 

as well. Nevertheless, the application of Pickering emulsions in EOR has been limited 
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because the relatively large colloidal particles are easily trapped in narrow pores, leading 

to clogging of the porous media. NPs proved to be an excellent alternative for the 

following main reasons [262]: (a) since NPs are at least two orders of magnitude smaller 

than colloidal particles, they can flow through the narrowest pores without being subject 

to retention, (b) they can endure the high temperature in the subsurface for prolonged 

times, and (c) they may have added functionalities, for instance, super-paramagnetism, 

which helps to control their transport by application of magnetic field, or reaction 

catalysis, which facilitates the in-situ reduction of the oil viscosity. Zhang et al. [263] 

studied the phase behaviour of NPs-induced suspensions. They investigated the effect of 

5 nm and 10 nm silica NPs, which were coated with short-chain polyethylene oxide (PEO) 

and a silane end group, on the stability of emulsions. They found that NPs can create 

stable toluene-in-water and oil-in-water emulsions. Nonetheless, an increase in NPs 

concentration and salinity had an unfavourable effect on the stability of the emulsions. 

Pei et al. [264] investigated the recovery improvement, for a medium-heavy oil (350 mPa 

s at 50 ℃), by an emulsion that was stabilized with a hybrid of NPs–surfactant hybrid. 

Through phase behaviour and rheological analysis, they found that the addition of NPs 

leads to improved stability of the emulsion, and its viscosity was significantly increased. 

This improved the oil recovery by up to 40% of OOIP, which was a substantial recovery 

improvement as compared to the surfactant-stabilized emulsion. Using microfluidic 

devices (2D micro-flow models), they also observed that NPs can dramatically improve 

the sweep efficiency by thickening the emulsion. Kim et al. [265] investigated the effect 

of an NPs–surfactant hybrid on the stability of an oil-in-brine emulsion (8% NaCl and 

2% CaCl2). They noticed that strong and stable emulsions were successfully produced for 

the combinations of either cationic or non-ionic surfactant with NPs, whereas applying 

NPs or surfactants individually did not lead to a stable emulsion. 

2.3.1.2 IFT reduction 

The IFT between the aqueous and oleic phases is reduced by surface-active agents such 

as surfactants. The co-presence of NPs and surfactant in the aqueous phase can reduce 

the IFT value further [266]. This is due to the presence of NPs in the interfacial layers. 

When the concentration of NPs is above a critical threshold, they become attached to the 

liquid interface and, as a result of the adsorption process, decrease the IFT. Consequently, 

the IFT of the aqueous phase is defined by a mixed layer consisting of the attached NPs 

and adsorbed surfactant in the liquid interface [267]. Using an aqueous solution of anionic 
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surfactant with the addition of light non-ferrous metal NPs, Suleimanov et al. [268] 

observed that the IFT on an oil boundary was reduced by 70–90%, as compared to the 

case where only surfactant in aqueous solution was used. This led to an increase in the oil 

recovery of 35%  after primary water flooding in a homogeneous porous media, whereas 

the surfactant alone increased the recovery by only 17%. Hendraningrat et al. [269] studied 

the application of hydrophilic silica NPs for oil recovery improvement in Berea 

sandstones with various permeability (9–400 mD). They observed that a dispersion of 

NPs can reduce the IFT between the aqueous and oleic phases, as well as making the solid 

surface more water-wet, which can lead to an increase of about 4–5% in the oil recovery 

as compared to water flooding. Nonetheless, they argued that a decrease in the IFT with 

increasing NPs concentration at low permeability cores does not guarantee improved oil 

recovery because the aggregation of NPs tend to clog the narrow pores. 

Zargartalebi et al. [270] investigated the properties of a surfactant (sodium dodecyl sulfate) 

upon the addition of either hydrophilic or hydrophobically modified fumed silica NPs 

(AEROSIL 300 and AEROSIL R816 respectively). at very low surfactant concentrations, 

the inclusion of NPs, no matter whether hydrophilic or hydrophobically modified, had the 

following effect: below a certain crossover surfactant concentration, the NPs augmented 

surfactant exhibits systematically lower IFT values. However, above the crossover 

concentration, the benefit of the NPs was lost. Below the crossover concentration, the 

surfactant efficiency was considerably improved as surfactant concentration increased up 

to about the critical micelle concentration (CMC), after which the IFT started to increase. 

Moreover, increasing the concentration of hydrophobically modified NPs from 1,000 to 

2,000 ppm did not lead to an additional decrease in the IFT (see Figure 2.7b). 

 

Figure 2.7: The interfacial tension between aqueous and oleic phase as a function of surfactant concentration in 

combination with a) 1,000 ppm hydrophilic silica NPs (AEROSIL 300) and b) 1,000 and 2,000 ppm hydrophobically 

modified silica NPs [270] 
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2.3.1.3 Wettability alteration 

Surface-active agents change the wettability of the rock surface to a condition where oil 

recovery can be improved. For instance, the hydrophobic tail of anionic surfactants can 

interact with the adsorbed crude oil components on the surface of an oil-wet rock and 

form a monolayer. This monolayer of adsorbed surfactants with hydrophilic head groups 

covers the rock surface and alters the wettability of the surface to more water-wet. 

However, the change in the wettability of the rock surface by NPs has a more complicated 

mechanism. Once NPs are confined in the thin aqueous film between an oil drop and a 

solid substrate immersed in the aqueous phase, they are likely to organize themselves in 

well-ordered layers (Figure 2.8). The existence of ordered, solid-like structures is due to 

the fact that the ordering causes an increase in the entropy of the NPs dispersion by 

permitting greater degrees of freedom for the NPs in the bulk liquid. Such ordered 

microstructures near the contact line result in high disjoining pressures which leads to a 

wedge-like spreading of the aqueous phase containing the NPs and as a result to two 

contact lines. Thanks to this wedge-like spreading of the aqueous phase, the NPs can 

interact with the rock surface and alter the wettability from an oil-wet surface to a more 

water-wet state (see an illustration of this concept in Figure 2.8a). The disjoining pressure 

has an oscillatory exponential decay with increasing film thickness (see Figure 2.8b) and 

both the period of oscillation and decay factor equal the effective diameter of the NPs 

[271]. 

 

Figure 2.8: An illustration of the concept of wettability alteration by NPs. (a) Wedge-like spreading of the aqueous 

phase containing NPs. (b) The oscillatory exponential decay of disjoining pressure (from [271-273]) 

Several researchers have assessed the contact angle of oil-wet surfaces before and after 

treatment with NPs, and have observed that NPs are able to decrease the contact angle of 

different surfaces [274-277]. Ju and Fan [276] conducted adsorption experiments of 

lipophobic and hydrophilic polysilicon NPs (LHPN) on a sandstone surface to detect the 

wettability change of the surface. They also carried out a transmission electron 
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microscopy (TEM) to observe the NPs attached to pore walls. The alteration in the contact 

angle proved that the sandstone surface wettability can be changed from oil-wet to water-

wet by the adsorption of the LHPN. Karimi et al. [275] assessed the wettability alteration 

of oil-wet carbonates by zirconium NPs and performed contact angle measurement and 

imbibition tests. The zirconium NPs reduced the water contact angle significantly i.e. they 

reversed the wettability of the carbonate. The spontaneous imbibition tests recovered 60% 

of the OOIP while the recovery by DI water was less than 5% of the OOIP. The authors, 

however, speculated that this significantly high oil recovery could not be attributed only 

to the alteration of wettability. 

2.3.1.4 Viscosity enhancement 

The presence of NPs in a dispersion can increase the shear viscosity of the base-fluid [278-

281]. Several experimental [282-286] and theoretical [286-289] studies have investigated the 

mechanisms of this viscosity enhancement. There is a consensus that the aggregation of 

NPs into particles of larger size increases the viscosity. This was attributed to the fact that 

aggregates result in an apparent volume fraction of NPs higher than the real one [290]. In 

addition, the short-range local interactions within the equilibrium microstructure (e.g. 

collisions caused by Brownian motion) can have an important role in increasing viscosity. 

These interactions within the microstructure of the nanofluids and the resultant increase 

in viscosity are discussed in terms of an enhancement in thermal conductivity [282]. 

The viscosity of hard spheres in a dilute system is described by Einstein’s equation as 

follows [291]: 

𝜂𝐷 = 𝜂𝐵(1 + 2.5𝜑) (2.11) 

where 𝜂𝐷 is the viscosity of the dispersion, 𝜂𝐵 is the viscosity of the base-fluid and 𝜑 is 

the volume fraction of the solids in the dispersion. The viscosity of the dispersion 

increases with increasing NPs volume fraction. Even when the NPs volume fraction is 

small and their aggregation is insignificant, 𝜂𝐷 can differ significantly from the prediction 

of Einstein’s equation, which is usually valid for 𝜑<2% [292]. Balasubramanian et al. [292] 

used equilibrium molecular dynamics simulations to describe the rise in the water 

viscosity around the suspended silica NPs. They recognized the contribution of the NPs 

surface area to the rheological behaviour of the dispersion and presented an empirical 

model that takes this into account. Their model perfectly matched the shear viscosity 

predictions with the experimental measurements. Jamshidi et al. [293] observed that by 

increasing the silica NPs volume faction in water, the viscosity of the base-fluid also 



EFFECT OF NANOPARTICLES AND PRE-SHEARING ON THE PERFORMANCE OF WATER-SOLUBLE POLYMERS 

FLOW IN POROUS MEDIA 

44 

increases. The increase in the viscosity did not follow Einstein’s equation and they 

presented new correlations for predicting the dispersion viscosity. The data they presented 

showed that increasing the temperature decreases the viscosity of the dispersion. Zhao et 

al. [247] investigated the thickening ability of silica NPs on the wormlike micelles. They 

prepared an NPs-enhanced wormlike micellar system by adding silica NPs at different 

concentration to 50 mM cetyltrimethyl ammonium bromide (CTAB) and 60 mM sodium 

salicylate (NaSal). As shown in Figure 2.9, the rheological results showed that as the 

concentration of NPs first increased, the zero-shear viscosity increased, regardless of 

temperature. However, at some critical concentration (i.e. 0.1 wt%), the zero-shear 

viscosity reached a maximum, and at higher concentrations the viscosity only decreased. 

 

Figure 2.9: Zero-shear viscosity of silica NPs-enhanced wormlike micellar system at various NPs concentrations at 

20, 30, and 40 ℃ [247] 

NPs have also been used in combination with polymers to enhance the viscosity of 

polymer solutions and improve oil recovery by providing better mobility control. Maghzi 

et al. [294] showed that the addition of 0.1 wt% silica nanoparticles to a solution of 0.1 

wt% polyacrylamide can increase the oil recovery by 10%. Cao et al. [295] also showed 

that combination of 0.25 wt% copolymer of acrylamide and AMPS and 0.1 wt% silica 

nanoparticles leads to 16.3% oil recovery, while the copolymer alone recovered only 6% 

of the OOIP. The effect of hybridization of NPs and polymers, particularly at high salinity 

and temperature will be discussed in detail in Chapters 3 and 4. 

2.3.2 Transport of nanoparticles in porous media 

To improve the oil recovery, the NPs should propagate deep into the porous media and 

thus facilitate the oil displacement. Based on the observation of several researchers, this 
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can be challenging [296-300]. As NPs propagate through porous media, various 

mechanisms can lead to their retention [301]. As illustrated in Figure 2.10a and 2.10b, the 

main mechanisms for the retention of NPs in porous media are adsorption on the pore 

walls, mechanical entrapment, and log-jamming [302]. 

 

Figure 2.10: Particle retention mechanisms; (a) adsorption and mechanical entrapment, (b) Log-jamming [303] 

2.3.2.1 Adsorption of NPs on pore walls 

Adsorption onto solid surfaces may hinder the NPs transport. As the size of NPs is in the 

range 1–100 nm, they are considered as Brownian particles, and five forces then dominate 

the interactions between the NPs and the pore walls: the London-van der Waals attractive 

force, the repulsive force due to the overlap of the double electrical layers of the NPs and 

the rock surfaces, the Born Repulsion (significant at a distance of less than 5 Å), the 

hydrodynamic drag force ( which depends on the interstitial velocity of the permeating 

liquid) and the Lewis acid-base interaction [257]. An overall attractive interaction between 

the NPs and the pore walls results in the adsorption of NPs onto the pore walls. On the 

other hand, if the overall interaction is repulsive, the desorption of NPs from the pore 

walls occurs. Zhang et al. [304] suggested that both reversible and irreversible adsorption 

of NPs occurs during their propagation in porous media. They showed that finite 

capacities exist, for both reversible and irreversible adsorption, which depend on the 

operating conditions (e.g. concentration, volumetric flow rate etc.) and the porous 

medium characteristics (e.g. clay content, NPs type etc.).  

2.3.2.2 Mechanical entrapment 

Mechanical entrapment occurs if the size of the NPs is larger than the pore throat size, 

which leads to clogging of the pores (Figure 2.10a). This is crucial in low permeability 

rocks, where the pores are of a narrow size. Sometimes the particle size is smaller than 

the pore throat size but mechanical entrapment can still occur because of aggregation of 

NPs and the formation of bigger particles that do not pass through pores. The tendency 

of nanoparticles to aggregate, particularly at high salinities, is one of the main reasons 
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that limits the use of NPs in field applications [248]. For non-aggregated particles, the size, 

shape, and aspect ratio play an important role in whether they can pass through a pore 

medium. For instance, NPs with a high aspect ratio (e.g. platelet and needle-like NPs) are 

more likely to clog the pores. 

2.3.2.3 Log-Jamming 

Log-jamming causes the clogging of the pore throats that are larger than the NPs. It can 

be advantageous for improving oil recovery. When a dispersion of NPs flows from a pore 

body to a pore throat, the constant differential pressure will result in an increase in the 

velocity of the fluid at the pore throat. The water molecules in the base-fluid flow faster 

than the NPs, and this leads to an accumulation of NPs at the entrance of the pore throats 

[302] (see Figure 2.10b). The blocked pore throat causes a pressure drop build-up across 

the adjacent pores, and this pushes the oil, which is trapped in the pore throats, out. When 

the oil is freed, the neighbouring pressure falls off and as a result of the flow reversal, the 

NPs begin flowing with the water. This is regarded as temporary log-jamming. Log-

jamming is primarily influenced by flow rate, NPs concentration, and the pore size 

distribution. 

2.4 Key observations 

In this review, a critical overview of the state-of-the-art research on polymers and 

nanoparticles for cEOR was presented. Polymers can improve oil recovery by increasing 

the viscosity of the aqueous phase, thus reducing the mobility ratio. Another proposed 

mechanism is that, due to their viscoelastic properties, polymers can displace the residual 

oil trapped by capillary forces. However, only a few studies have investigated this 

phenomenon and the exact mechanism behind it is not entirely clear. The shear-thickening 

behaviour of flexible polymers in porous media is one of the most debated subjects in this 

field. It has previously been explained by the coil–stretch transition and transient network 

theories and more recently attributed to flow instabilities at negligible inertial effect. The 

performance of polymers in porous media (i.e. polymer rheology and retention) is 

dependent on many parameters, including polymer type, polymer molecular weight and 

concentration, porous media permeability, residual oil saturation, iron and clay content 

of the rock, salinity, and temperature. The employment of conventional polymers at high 

salinity and temperature reservoirs is a challenge and there is limited success in field 

applications. The modification of polyacrylamide with monomers such as AMPS and N-
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VP has shown promising results at high temperature and salinity; however, these 

polymers are more expensive than conventional polymers used for cEOR such as HPAM. 

Moreover, they need to be overdosed to reach target viscosities since their molecular 

weight is low. 

Nanoparticles have recently emerged as potential agents for cEOR. They have been used 

for emulsion stabilisation, interfacial tension reduction, wettability alteration, and 

viscosity enhancement. Notwithstanding their success in the laboratory, their application 

in field projects has been limited as they show some challenges. Nanoparticles tend to 

aggregate because of strong van der Waals interactions at harsh reservoir conditions, and 

this results in pore-clogging and injectivity problems. Therefore for the successful 

implementation of nanoparticles in field applications, their tendency to aggregate should 

be mitigated. 
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3 RHEOLOGY OF POLYMER–

NANOPARTICLES HYBRIDS AT 

HIGH SALINITY AND 

TEMPERATURE  

Chapter 2 discussed that water-soluble polymers are susceptible to degradation at 

combined high salinity and elevated temperature conditions which limits their overall 

performance. In this chapter, a novel polymer-based chemical for harsh conditions is 

introduced. Hybrid mixtures of hydrophobically modified polyacrylamide (HMPAM) 

with hydrophobically modified silica nanoparticles (NPs) emerged as a promising 

strategy for achieving enhanced stability and high viscosity in brines having a high total 

dissolved solids (TDS) content and high hardness at elevated temperatures (> 20 wt% 

TDS, including > 1.5 wt% divalent cations at T > 70 °C). The rheological response of the 

hybrids at various concentrations of HMPAM and NPs was examined to investigate the 

synergic effects. Hybridization of HMPAM with NPs led to a higher viscosity at high 

salinity and elevated temperature. The viscosity improvement was more pronounced 

when the concentration of HMPAM was in the semi-dilute regime and the concentration 

of NPs was higher than a critical threshold where the viscosity increased roughly by a 

factor of 1.5. Here, the mechanisms of improved viscosity behaviour are presented. The 

rheological data suggest the role of NPs in the bridging between HMPAM molecules, 

which in turn increases the hydrodynamic radius and consequently the viscosity of the 

hybrids. The porous media flow characteristics of the HMPAM–NPs hybrids will be 

discussed in Chapter 4. 

3.1 Introduction 

The stability of colloidal systems at high electrolyte concentration is critical for optimum 

performance of various industrial products and processes, including water-based coatings 

or paints [305-307], environmental applications [308-310] and chemical enhanced oil 
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recovery (cEOR) [311-313]. In paints, for instance, once the salt concentration in the rust 

layer at the steel-paint interface exceeds a threshold, premature deterioration of the paint 

coating is observed [314]. 

As a basic cEOR method, polymer injection increases oil recovery over water flooding 

by viscosifying the aqueous drive water [8]. Partially hydrolysed polyacrylamide (HPAM) 

is the most commonly utilised polymer for cEOR [8,10,70,315]. HPAM is characterized by 

the presence of negatively charged carboxylic groups along the polymer backbone [316]. 

Electrostatic repulsion among the carboxylic groups results in the expansion of the coiled 

HPAM chains, thus increasing the solution viscosity, compared to non-ionic 

polyacrylamide (PAM) [10]. At high ionic strength, however, electrostatic repulsions 

between the negatively charged groups are almost completely screened by mono- and 

divalent cations. Therefore, the excluded volume and consequently the molecular size of 

the polymer chains are reduced [45]. For this reason, HPAM viscosity decreases as salinity 

increases. At sufficiently high concentrations of divalent cations, complexation of the 

metal ion by the carboxylate groups occurs leading to polymer precipitation [15,16]. These 

effects are exacerbated as temperature increases due to further hydrolysis of acrylamide 

monomers in the polymer backbone [46].  

Several approaches for synthesising water-soluble polymers with improved rheological 

properties at high salinities up to 20 wt% total dissolved solids (TDS) and temperatures 

up to 120 °C have been reported [49-53]. Many focus on the substitution of the acrylamide 

monomer by at least another monomer type which can enhance the stability of the 

polymer at such harsh conditions [49-51,54]. For instance, the incorporation of 2-

acrylamido-2-methylpropane sulfonic acid (AMPS) [52,138] and N-vinyl-2-pyrrolidone 

(N-VP) [53,138] co-monomers increases tolerance to high salinity particularly to the 

presence of divalent cations and against thermal hydrolysis respectively. Even though 

modified polyacrylamides have shown promising results at high temperatures and 

salinities, they are more expensive than HPAM and need to be overdosed to reach target 

viscosities since their molecular weight is low [317]. Therefore, the use of such polymers 

is economically unattractive. 

3.2 A novel approach 

Despite the above-described research efforts, developing polymeric or polymer-based 

materials to improve water viscosity at elevated temperature and high salinity, especially 
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in presence of divalent cations remains an unresolved issue. Because a significant amount 

of oil remains in place after primary water flooding in high salinity and temperature 

reservoirs, this brings up the necessity of a new chemical system that can survive in these 

harsh conditions and increase the sweep efficiency of the flooding. 

An alternative approach is to use a hybrid of polymer–NPs to form a hybrid system that 

is stable at high salinity and temperature. This novel approach is based on the idea that 

the rheological properties of polymer solution at such harsh conditions can be controlled 

by polymer–NPs interactions. Several studies have shown that hybrid networks based on 

reversible associations, can be obtained by the inclusion of silica NPs into the 

macromolecular architecture of associative polymers [318-322]. Moreover, the associative 

polymers also show LCST properties, as discussed in Section 2.2.6.1, temperature and 

salting-out may be used to modify the viscoelastic properties of the hybrid network [318]. 

Bhardwaj et al. [323] observed improved thermo-resistance and high thermal stability 

behaviour for nano-size silica–polyacrylamide composites. Maghzi et al. [294] showed 

that the viscosity of a hybrid of polyacrylamide–silica was higher than the viscosity of 

the polyacrylamide solution for salinities ranging from 1.4 wt% to 8.4 wt% TDS. Hu et 

al. [324] observed that the introduction of silica NPs considerably enhanced the viscosity 

of HPAM at salinities up to 8 wt% NaCl and temperatures up to 80 ℃. Cao et al. [295] 

reported that the salt-tolerance and heat-resistance properties of a copolymer of 

acrylamide and AMPS solution were improved at salinities up to 8 wt% NaCl and 0.12 

wt% CaCl2 at 70 ℃ upon addition of amino-functionalized silica NPs. The interaction 

between silica NPs and polymer was mainly attributed to hydrogen bonds between the 

functional groups on polymer molecule including hydroxyl, amide, and carboxylate 

groups and the silanol groups on the surface of silica NPs [295,323-325].  

However, the above approaches suffer from some drawbacks: (a) no polymer–NPs hybrid 

was studied for salinities higher than 8.4 wt%, (b) the colloidal stability at high salinity 

conditions, and (c) the role of polymer concentration on the rheological response of 

hybrids was not investigated. To address these limitations, it is proposed that enhanced 

stability and increased viscosity can be achieved at extreme salinities (>20 wt% TDS, 

including >1.5 wt% divalent cations) and elevated temperatures (T > 70℃) by the 

hybridization of hydrophobically modified polyacrylamide with hydrophobically 

modified silica NPs [238]. 
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In the experiments presented in this chapter, hydrophobically modified silica NPs were 

added to a solution of hydrophobically modified polyacrylamide (HMPAM) to facilitate 

the bridging between polymer chains. Silica NPs were modified by gamma-

glycidoxypropyltrimethoxysilane (GPTMS), a low molecular weight organic ligand to 

provide steric stabilization and ensure the colloidal stability at high salinity [326]. By 

modification, the surface becomes more hydrophobic than the original bare silica but still 

has sufficient polarity to allow a good dispersion in water. To describe the colloidal 

stability of NPs in this work, an extended DLVO (xDLVO) [298,327,328] theory has been 

used in different ionic strengths and with or without surface modification of NPs. In order 

to study the improvement of flow responses of the hybrids, viscosity measurements were 

performed at various concentrations of HMPAM and NPs. 

The results showed that the addition of NPs increases the viscosity of HMPAM solutions. 

The increase was more pronounced once the concentration of HMPAM was in the semi-

dilute regime and the concentration of NPs was larger than a critical threshold. The results 

suggest that in the semi-dilute regime, where polymer chains are in closer proximity to 

each other, NPs-induced bridging between HMPAM chains can occur which in turn 

enlarge the hydrodynamic radius of the hybrids and consequently increase their viscosity. 

3.3 Experiments 

3.3.1 Materials 

GPTMS-modified silica NPs which are available under the commercial name Levasil 

CC301 were supplied by AkzoNobel in suspension (ρ = 1.2 g cm-3) containing 28.1 wt% 

silica with an average particle diameter of 7 nm as reported by the manufacturer. Bare 

silica NPs were supplied by Sigma-Aldrich in powder form with a particle diameter of 

10–20 nm obtained from BET. Acrylamide and t-butyl acrylamide monomers were 

purchased from Sigma-Aldrich. HMPAM (98 mol% acrylamide and 2 mol% t-butyl 

acrylamide) and PAM (100 mol% acrylamide) were synthesised using free radical 

polymerization [53]. Their average molecular weights were estimated using the 

methodology used by Wu et al [329] which is based on viscosity measurements and found 

to be approximately 2.1 × 106 and 2.7 × 106 g mol-1 for HMPAM and PAM respectively 

(see Appendix A). Sodium chloride (NaCl) and calcium chloride dihydrate (CaCl2.2H2O) 

used for brine preparation were purchased from Sigma-Aldrich as well. All materials were 

used as received without further purification. 
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3.3.2 Preparation of modified silica NPs, polymers and hybrids 

3.3.2.1 GPTMS-modified silica NPs 

Detail of typical modification conditions and characteristics of GPTMS-modified silica 

NPs are described elsewhere [326,330,331]. Here, only the important aspects are 

highlighted. GPTMS is a silane epoxy functional group (RSi(OMe)3) which is not stable 

in aqueous solutions. It undergoes a hydrolysis reaction according to the following 

chemical reaction: 

RSi(OMe)3 + 3H2O → RSi(OH)3 + 3MeOH (3.1) 

Pre-hydrolysed silane is continuously added to the colloidal silica at 60 °C, at a rate of 

nearly 1.4 molecules GPTMS per nm2 silica surface per hour while being agitated. The 

pre-hydrolysed silane reacts with silanol groups on the surface of silica NPs, according 

to the following condensation reaction: 

Y−R−Si(OH)3 + (HO)X−silica particle 

→ Y−R(OH)3-X−silica particle + xH2O 
(3.2) 

An aqueous silica sol contains 4.6 silanol groups per nm2 silica surface [326]. Since each 

silane reacts with three silanol groups and there exists 1.4 molecules GPTMS per nm2, 

only 0.4 silanol groups per nm2 remain on the surface, which shifts the surface from 

hydrophilic to hydrophobic [332]. During silylation, GPTMS covalently binds to the 

surface of silica and the epoxy ring opens and converts to a diol as indicated in Scheme 

3.1a. The silylation of silica surface also substantially decreases the total of charged 

surface groups and specific surface area. The schematic of a GPTMS-modified silica 

nanoparticle is shown in Scheme 3.1b. 

 

Scheme 3.1: (a) Ring-opening of GPTMS during silylation reaction. (b) The schematic of attachment of GPTMS to a 

silica nanoparticle surface by covalent bonds 
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3.3.2.2 Polymers 

Polymerization reactions of acrylamide monomers to synthesize PAM and acrylamide 

and t-butyl acrylamide monomers to synthesize HMPAM were performed in a double-

walled glass sealed reactor with magnetic stirring coupled through the lid towards an 

internal propeller stirrer. The reactor was filled with a pre-set amount of monomers and 

de-ionised (DI) water. Thereafter, a water-cooled condenser was placed on the lid and the 

temperature was raised to 40 °C using an external thermostat connected to the lid. 

Subsequently, an inlet tube was lowered into the liquid phase, purging the water-

monomer phase with nitrogen under stirring to remove any oxygen present. After 30 

minutes of purging, the nitrogen tube was lifted into the headspace. Shortly after, 10 mL 

of DI water containing 0.05 mole potassium persulfate as the initiator was introduced 

through a septum to commence the polymerization. Viscosity was built up within 5–10 

minutes; however, polymerization was allowed to run for two hours to complete the 

process. The original concentration of the solution of monomers was 5 wt%. The feed 

molar ratio of acrylamide to t-butyl acrylamide monomers in HMPAM was 98 to 2. 

3.3.2.3 Hybrid samples 

Hybrid samples were prepared by adding the required amounts of HMPAM and modified 

NPs in brine with a salinity of 20 wt% TDS including 1.5 wt% Ca2+, hereafter referred to 

as Brine2015. Polymer solutions and NPs dispersions were diluted from their original 

concentration to the desired concentration in Brine2015 as the dispersant medium and 

stirred overnight and for 2 hours respectively until they became completely homogenous 

and transparent. In order to achieve a hybrid at desired concentration of polymer (Cp) and 

NPs (Cnp), the required mass of NPs dispersion with a concentration of 2Cnp was added 

to the equal mass of polymer solution with a concentration of 2Cp. The hybrid sample 

was then homogenized by stirring for nearly 2 hours. In order to ensure the homogeneity 

and stability of the hybrid sample, it was stored for one week, in the absence of degrading 

factors such as light and heat, before viscosity measurements were made. 

3.3.3 Characterization of NPs and HMPAM 

3.3.3.1 Zeta potential 

The zeta potential of the NPs in DI water was identified using a Malvern Zetasizer Nano 

ZS at room temperature. The NPs concentration was adjusted to provide a count rate of 

ca. 500 kcPs on this instrument. Samples were run in triplicate in the auto mode and the 



CHAPTER 3: RHEOLOGY OF POLYMER–NANOPARTICLES HYBRIDS AT HIGH SALINITY AND TEMPERATURE 

55 

average was recorded. There was a 30–60 second pause between each run, so the sample 

is able to relax. For GPTMS-modified silica NPs the zeta potential was measured to be -

29 ± 5 mV. 

3.3.3.2 Transmission electron microscopy (TEM) 

TEM imaging on the NPs was performed using a JEOL JEM 1400 TEM with a 120 kV 

beam. For preparing the samples, a 10 μL droplet of the NPs dispersion was brought into 

contact with the carbon grid. The sample droplet was slid off the grid after approximately 

5 seconds of contact. The grid was then dried in ambient conditions for 5 minutes before 

inserting it into the TEM machine. 

3.3.3.3 Determination of ligand grafting density 

The number of moles of bound ligands per unit surface area (i.e. the grafting density σ) 

was experimentally derived from total organic carbon (TOC) analysis [333]. TOC analysis 

was performed using a DC‐190 Dohrmann high temperature TOC Apparatus. A 100 μL 

sample was placed in the combustion tube. Catalytic oxidation of the sample in a furnace 

produced a gaseous mixture of CO2 and H2O. The CO2 and steam were moved into the 

internal circulation reactor using a carbon‐free carrier. Then, it passed through a 

condenser, a liquid gas separator and the moisture trap. The permeation dryer removed 

the H2O. After that, the dried CO2 passed through the non‐dispersive infrared detector 

(NDIR) in order to measure the total carbon content. The grafting density from the TOC 

analysis was determined using Equation 3.3 [333]: 

σ =

[𝐶]
[𝑁𝑝]

𝜌𝑐
4
3 𝜋𝑅𝑐

3

𝑀𝑊𝑙4𝜋𝑅𝑐
2

 
(3.3) 

where [NP] represents the concentration of NPs, [C] is the organic carbon concentration 

obtained from TOC analysis, ρc and Rc are the density and radius of a nanoparticle 

respectively and MWl is the molecular weight of GPTMS. 

3.3.3.4 NMR elucidations 

The prepared stock polymer solutions were freeze-dried by Christ Alpha 1-4 LD plus 

apparatus. The solutions were frozen quickly with liquid nitrogen in a glass flask, which 

was then attached to the freeze-dryer and left there overnight without further cooling. 

Thereafter, the obtained polymer powders were dissolved in D2O. Before the test, air 

bubbles were removed by centrifuging the sample at 10,000 revolutions per minute (rpm) 

for 20 minutes. All spectra were recorded on a wide-bore 500 MHz Bruker NMR. 1H 
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NMR spectra were acquired at 500 MHz to determine the hydrophobic content of 

HMPAM. As a reference, a similar analysis was performed on PAM. 

3.3.3.5 Rheological measurements 

The viscosity of the polymer solutions, NPs dispersions and hybrid samples were 

measured by an Anton Paar rheometer (MCR-302) in Couette geometry. To investigate 

any shape memory effects, all measurements were done four times by repeating the 

sequence (a) from low to high shear rates and (b) then from high to low shear rates. It 

turned out that the four different series of viscosity data per sample were identical within 

the experimental error (< 5%). Hence, the average values of the viscosity of the four series 

were considered.  

In order to study the shear-thinning behaviour of the polymer solutions, the Carreau–

Yasuda model [334] as shown in Equation 3.4 was used: 

𝜂 − 𝜂∞ = (𝜂0 − 𝜂∞)[1 + (�̇�𝜆)𝑎]
𝑛−1

𝑎  (3.4) 

where η is the polymer viscosity, 𝜂∞ denotes the viscosity of second Newtonian plateau 

which is assumed to be equal to the viscosity of the solvent, η0  is the zero shear rate 

viscosity of the polymer, �̇� is the shear rate and λ is a time constant known as relaxation 

time which is an inverse of a critical shear rate at which the transition from Newtonian to 

shear-thinning regimes occurs. The parameter n is the power-law slope obtained from the 

shear-thinning part and the parameter a controls the width of transition from Newtonian 

to shear-thinning. For oscillatory tests, the amplitude sweep was attempted at a constant 

frequency to realize the linear viscoelastic regime after which the frequency dependence 

of the hybrids was analysed within this viscoelastic regime. 

3.3.4 Colloidal stability of dispersed NPs 

3.3.4.1 Inter-particle interactions 

Dispersed NPs are subject to Brownian motion which induces frequent inter-particle 

collisions. The balance between inter-particle interactions determines whether the 

dispersion of NPs is stable. Inter-particle interactions between coated NPs have been 

successfully described by the xDLVO theory [328,335].  According to this theory, the total 

interaction between two functionalized spherical NPs (Vt) with radius R, at separation 

distance h is specified by the sum of van der Waals (Vvdw), electrostatic (Vele), and steric 

(Vstr) potentials: 
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𝑉𝑡(𝑥) = 𝑉𝑣𝑑𝑤(𝑥) + 𝑉𝑒𝑙𝑒(𝑥) + 𝑉𝑠𝑡𝑟(𝑥) (3.5) 

where x is the normalised separation distance equal to h/R.  

The van der Waals potential is [336]: 

𝑉𝑣𝑑𝑤(𝑥)

𝑘𝐵𝑇
= − (

(√𝐴𝑝 − √𝐴𝑚)
2

6𝑘𝐵𝑇
) [

2

𝑥(x + 4)
+

2

(x + 2)2
+ 𝑙𝑛 (

𝑥(x + 4)

(x + 2)2
)] (3.6) 

where Ap and Am are Hamaker constants for particle and medium respectively [337], kB is 

the Boltzmann constant and T is the absolute temperature. The electrostatic potential is 

given by [338]: 

𝑉𝑒𝑙𝑒(𝑥)

𝑘𝐵𝑇
=

2𝜋𝜀0𝜀𝑟𝜓0
2𝑅

𝑘𝐵𝑇
ln (1 + 𝑒−𝜅𝑅𝑥) (3.7) 

where ε0 is the vacuum permittivity, εr is the medium relative permittivity, ψ0 is the 

surface potential and κ-1 is Debye length. The latter is calculated as follows: 

𝜅−1 = (
𝜀0𝜀𝑟𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
)

0.5

 (3.8) 

where e is the electronic charge, NA is the Avogadro number, and 𝐼 is the medium ionic 

strength [339]. Surface potential is approximated by knowing the zeta potential (ζ ) using 

Equation 3.9: 

𝜓0 = 𝜁 (1 +
1

𝜅𝑅
) exp(1) (3.9) 

The steric potential (Vstr) for the grafted ligand is calculated by summing the osmotic 

(Vosm) and elastic potentials (Vela) [339]. These are short-range repulsive interactions that 

tend to kinetically stabilize the NPs dispersion. The osmotic potential can be expressed 

as [340]: 

𝑉𝑜𝑠𝑚(𝑥)

𝑘𝐵𝑇
=

4𝜋𝑅𝐿𝑁𝐴

ν1
𝜙𝑙

2 (
1

2
− 𝜒) (1 −

x

2α
) α ≤ 𝑥 ≤ 2α 

𝑉𝑜𝑠𝑚(𝑥)

𝑘𝐵𝑇
=

4𝜋𝑅𝐿2𝑁𝐴

ν1
𝜙𝑙

2 (
1

2
− 𝜒) [

x

2α
−

1

4
− 𝑙𝑛 (

x

α
)] 

 

𝑥 < α 

                                                  

(3.10) 
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where L is the particle coating thickness, α is equal to L/R,  𝜈1 is the solvent molar volume, 

𝜙𝑙  is the ligand volume fraction (see Appendix A) and 𝜒 is the Flory–Huggins interaction 

parameter which is a function of solvent quality [339]. When the particle separation 

distance is shorter than the thickness of particle coating (i.e. x < α) entropic effects arise 

from the compression of the ligand resulting in elastic repulsion between particles given 

by [341]: 

𝑉𝑒𝑙𝑎(𝑥)

𝑘𝐵𝑇
= (

2𝜋𝑅𝑁𝐴

𝑀𝑊𝑙
𝜙𝑙𝐿2𝜌𝑙) [

x

α
𝑙𝑛 (

x

α
(

3 −
x
α

2
)

2

) − 6𝑙𝑛 (
3 −

x
α

2
) + 3 (1 −

x

α
)] (3.11) 

where 𝜌𝑙 is the bulk density of the pure ligand. Dispersions of NPs stay kinetically stable 

if the potential barrier (Vmax) is larger than ∼16/kBT [342,343]. 

3.4 Results and discussion 

3.4.1 Stability of hydrophobically modified silica NPs 

Dispersions of GPTMS modified silica NPs in Brine2015 were found to be stable for over 

three months (Figure A.1, Appendix A). In order to characterize the morphology of 

GPTMS-modified NPs (i.e. shape and size), TEM was performed for modified NPs 

dispersed either in DI water or in Brine2015. In order to study the impact of GPTMS 

modification on the prevention of aggregation of silica NPs, TEM was also performed on 

bare silica NPs with an approximately identical particle diameter (10–20 nm as reported 

by the supplier). Figure 3.1 shows the TEM images of dilute dispersions of 

hydrophobically modified and bare silica NPs in DI water and in Brine2015. Stable 

dispersions were obtained for both types of NPs in DI water. However, the dispersion of 

modified NPs was completely transparent while the dispersion of bare NPs showed some 

turbidity (Figure A.2, Appendix A). Figure 3.1a shows that for the bare silica NPs in DI 

water, NPs formed aggregates even though the dispersion showed no phase separation. 

In contrast, for the GPTMS-modified NPs dispersed in DI water the TEM image (Figure 

3.1b) shows the presence of individual NPs and small clusters of NPs with a narrow 

cluster size distribution (see Figure A.5, Appendix A) suggesting a slight tendency of 

NPs to form large aggregates. 

When bare NPs were dispersed in Brine2015 most of them adhered to one another and 

large aggregates were formed (see Figure 3.1c). This is in agreement with the flocculation 
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of small silica NPs into particulate networks, resulting in sedimentation as also reported 

by others [344,345]. Figure 3.1d shows that for GPTMS-modified silica NPs in Brine2015, 

even though a few slightly larger agglomerates were formed, a majority of the NPs 

remained separated from each other. This shows that grafting low molecular weight 

ligands to the surface of NPs can prevent their aggregation in media with high ionic 

strength [333,346]. The sample pictures of a suspension of bare and modified silica NPs in 

DI water and Brine2015 at a concentration of 0.05 wt% are shown in Figure A.2, 

Appendix A. 

 

Figure 3.1: TEM images of dried samples (a) bare NPs in DI water (b) GPTMS-modified NPs in DI water (c) bare 

NPs in 20 wt% TDS brine (Brine2015) and (d) GPTMS-modified NPs in Brine2015 

Table 3.1: Functionalised NP parameters at 298.15 K used in xDLVO theory calculations 

Parameter NPs functionality 

Hamaker constant for water (J) 3.7 × 10−20 

Hamaker constant for silica (J) 6.3 × 10−20 

Particle diameter (nm) 7 

Bulk density of ligand (g cm-3) 1 

Ligand molecular weight (g mol-1) 236 

Ligand grafting density (µmol m-2) 2.6 

Ligand length (nm) 0.95 

ζ potential (mV) −29 

Flory–Huggins interaction parameter 0.49 
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To determine the relative contributions of the surface forces to NPs interactions, the van 

der Waals, electrostatic and steric potentials were estimated using the xDLVO theory (see 

inter-particle interaction section). This provides a semi-quantitative description of 

stability of NPs and the calculations highlight the importance of the grafted ligand for 

NPs stabilization at high salinity. For this purpose, three scenarios were considered: (a) 

bare silica NPs dispersed in a medium with low ionic strength (𝐼=10 mM, equivalent to 

0.06 wt% NaCl), (b) bare silica NPs in a high ionic strength medium (𝐼=3834 mM 

representing the ionic strength of Brine2015) and (c) GPTMS modified NPs in a medium 

with similar high ionic strength. Table 3.1 summarises the parameters which were used 

for the calculations. All three scenarios were considered at room temperature. The ligand 

grafting density from TOC analysis according to Equation 3.3 was calculated to be 2.6 ± 

0.1 µmol m-2. The thickness of the particle coating (L) was regarded as the length of a 

GPTMS molecule which is 0.95 nm [346]. Even though it is reported in the literature that 

GPTMS is relatively well solvated in high salinities water [326,346], the Flory–Huggins 

interaction parameter was taken as 0.49 to give a conservatively low estimate of Vosm. 

The calculated interaction potentials are shown in Figure 3.2. As Figure 3.2a suggests, 

for bare silica NPs dispersed in a low ionic strength medium, Vele decreased exponentially 

with increasing h, approaching zero at large h. Vvdw, which indicates an inverse power law 

with h, did not decay to zero. Vvdw is dominant over Vele in very short particle separation 

distances, which results in a deep minimum in the Vt profile. However, for larger h values 

(i.e. h > 0.1 nm), the electrostatic double layer repulsion becomes dominant and a 

potential barrier of larger than 55/kBT is obtained (Vmax > 55/kBT). This implies that the 

colloidal stability is ensured. When bare silica NPs were dispersed in Brine2015 (Figure 

3.2b), Vvdw did not change, as it is independent of aqueous phase salinity. However, as can 

be inferred from Equation 3.8, the Debye length diminishes with increasing ionic 

strength, resulting in significant reduction in Vele. This is also evident in Vt and the 

potential barrier becomes smaller than 16/kBT (Vmax < 16/kBT) implying that the colloidal 

stability is not achieved. The fact that the potential barrier did not completely disappear 

was due to the high 𝜁 potential and small size of the NPs. The latter makes the van der 

Waals attracting potential smaller. 

When two GPTMS-modified silica NPs approach each other to a separation distance h 

smaller than 2L (h < 2L) the ligand molecules interact with each other, which leads to an 

increase in the local segment density of ligand molecules in the interaction zone. This 
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results in strongly repulsive interaction due mainly to two effects: (a) to rise in osmotic 

potential in the interaction zone according to Equation 3.10 and (b) decrease in 

configurational entropy of the ligand molecules in the overlap region due to decrease in 

volume available for ligand molecules, as is shown in Equation 3.11. Figure 3.2c indicates 

that the contribution of Vosm and Vela significantly increases the potential barrier to more 

than 50/kBT (Vmax > 50/kBT) which ensures the colloidal stability of GPTMS-modified 

silica NPs at such high salinity. Note that these calculations are based on some inherent 

assumptions in xDLVO theory [347] and were used to semi-quantitatively show the effect 

of NPs surface modification by GPTMS on the colloidal stability of the system. 

 

Figure 3.2: Inter-particle interaction potential (V) as a function of particle separation distance (h) calculated by xDLVO 

theory for (a) un-modified NPs in a medium with low ionic strength (I=10 mM) (b) un-modified NPs in a medium with 

high ionic strength (I=3834 mM) and (c) GPTMS-modified NPs in same high ionic strength medium 

3.4.2 Hydrophobic content of HMPAM 

The result of 1H NMR spectra is shown in Figure 3.3. For PAM, as can be seen in Figure 

3.3a, peaks a and b correspond to aliphatic CH2 and aliphatic CH respectively in 

polyacrylamide. Moreover, some other peaks appear in the range of  5.65–6.25 ppm. 

These peaks are attributed to vinylic CH and CH2 in acrylamide monomer which means 

some of the monomers were not polymerized [348]. The yield of polymerization was 

estimated to be 92.5 ± 0.5 %. For HMPAM, as can be seen in Figure 3.3b, compared with 

PAM two additional peaks were detected. Peak c corresponds to the proton in the methyl 

group (– CH3)3) of HMPAM. Another peak (c’) was observed next to peak c. This small 

peak is attributed to the methyl groups in t-butyl acrylamide monomer which were not 

polymerized (see the 1H NMR spectrum of t-butyl acrylamide in Figure A.8, Appendix 

A). Also here, the peaks in the range of 5.65–6.25 ppm correspond to vinylic CH and CH2 

in acrylamide and t-butyl acrylamide monomers which were not polymerized. As 

compared to PAM, the integrating areas of these peaks appear to be larger. This indicates 

that the yield of the polymerization is smaller and it was estimated to be 81.0 ± 0.5 %. 

The hydrophobic content of HMPAM was estimated according to the following equation: 
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𝑆𝑐

𝑆𝑎 + 𝑆𝑏
=

9𝑧

3𝑦 + 3𝑧
 (3.12) 

where 𝑆𝑎, 𝑆𝑏, and 𝑆𝑐 are the integrating areas of peaks a, b and c respectively, and y and 

z are the non-hydrophobic and hydrophobic content of HMPAM respectively (y+z=100). 

This leads to a hydrophobic content of 1.80 ± 0.50 mol% which is slightly smaller than 

the hydrophobic content in the original feed. 

 

Figure 3.3: 1H NMR spectra of (a) PAM and (b) HMPAM. Peaks a and b correspond to aliphatic CH2 and aliphatic 

CH respectively in PAM and HMPAM. Peak c corresponds to the proton in the t-butyl group of t-butyl acrylamide in 

HMPAM. Peak c’ corresponds to t-butyl group in t-butyl acrylamide monomers which were not polymerized 

3.4.3 Rheology of HMPAM solutions 

Figure 3.4 shows the viscosities of HMPAM solution in DI water and Brine2015 at 25 °C 

and in Brine2015 at 70 °C as a function of shear rate at different concentrations. The 

Carreau–Yasuda model (Equation 3.4) was used to fit the experimental rheology data. 

The list of fitting parameters is tabulated in Tables A.1–A.3, Appendix A. From Figure 

3.4a, it can be observed that HMPAM solutions in DI water showed a Newtonian 

behaviour at low to intermediate shear rates which was followed by a shear-thinning 

behaviour at higher shear rates. The extension of the Newtonian and shear-thinning 

regimes depends on the concentration of HMPAM. The shear-thinning effect was more 

pronounced for high concentrations of HMPAM solution. This is explained by the 

deformation of polymer chains in the shear direction, which allows for easier flow of the 

molecules, resulting in the reduction of the viscosity with an increase in shear rates [349]. 
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However, it was found that at concentrations lower than 0.1 wt%, HMPAM solution only 

exhibits a Newtonian behaviour over the range of tested shear rates. This suggests that, 

in this case, the structural characteristics of the polymer chains no longer affect the 

viscosity. The shear rate dependency of HMPAM solution increased with an increase in 

polymer concentration. This is ascribed to an increase of associations among polymer 

chains leading to the higher viscosity and extending the shear-thinning region [350]. Such 

shear rate dependency was more pronounced at concentrations larger than the overlap 

concentration (Cp
*), which was calculated to be approximately 0.49 ± 0.01 wt% for 

HMPAM in DI water (see Figure A.7a, Appendix A). From Table A.1 in Appendix A, 

it can be seen that relaxation time increases as concentration rises. This means that at 

higher concentrations, when HMPAM molecule is deformed by shear forces, it requires 

a longer time to relax to its original conformation. 

HMPAM showed an excellent solubility in Brine2015 over the range of tested 

concentrations, up to 0.5 wt%, which led to complete transparent solutions. Since 

HMPAM is a non-ionic polymer, it did not strongly respond to the presence of cations in 

the solvent. Figure 3.4b shows that, irrespective of concentration, the viscosity of 

HMPAM solutions increased in Brine2015 throughout all the tested shear rates as 

compared to HMPAM solutions in DI water. As HMPAM showed an excellent solubility 

both in DI water and Brine2015, this is mainly attributed to an increase in solvent 

viscosity which was measured to be 0.9 ± 0.1 and 1.4 ± 0.1 mPa s for DI water and 

Brine2015 respectively. This implies that the increase in viscosity is approximately 55% 

which is close to the observed increase in the viscosity for HMPAM at various 

concentrations. 

The overlap concentration of HMPAM dissolved in Brine2015 was found to be 

approximately 0.30 ± 0.01 wt% (see Figure A.7b, Appendix A). This infers that an 

association among HMPAM chains occurs at lower concentrations in Brine2015 than in 

DI water. As can be seen in Figure 3.4b and Table A.2, Appendix A, it was also found 

that at a given concentration, the shear-thinning behaviour was more pronounced and the 

relaxation time was longer in Brine2015 when compared with HMPAM in DI water. 

Figure 3.4c shows that increasing the temperature from 25 °C to 70 °C reduced the 

viscosities of HMPAM solution in Brine2015 and made the shear dependency of 

concentration less pronounced. Such a reduction in the viscosity was by a factor of 2.3 

for HMPAM solutions with concentrations of 0.05 and 0.1 wt%, which is comparable 
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with the reduction in viscosity of Brine2015. At higher concentrations, this factor 

increased up to 3.3 for 0.5 wt% HMPAM. 

 

Figure 3.4: Steady state shear viscosity of HMPAM at different concentrations in (a) DI water at 25 °C (b) Brine2015 

at 25 °C and (c) Brine2015 at 70 °C. The solid line is acquired by fitting the experimental data into Carreau–Yasuda 

model. The fitting parameters are presented in Table A.1–A.3, Appendix A 
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3.4.4 Rheology of HMPAM–NPs hybrids at high salinity and temperature 

The rheological response of the hybrids of HMPAM and GPTMS-modified NPs at high 

salinity and the elevated temperature was investigated at various HMPAM and NPs 

concentrations. All the samples were prepared in Brine2015 and the viscosity 

measurements were performed at 70 °C. The concentration of HMPAM was selected as 

0.05, 0.1 and 0.2 wt% in the dilute regime, 0.3 wt% in the boundary of transition from 

dilute to semi-dilute and 0.5 and 0.6 wt% in the semi-dilute regime. The concentration of 

NPs also varied from 0.5 to 4 wt%. Figure 4.4 shows the results of such viscosity 

measurements. All the reported viscosities are at shear rate of 7.5 s-1 which is within the 

typical range of practical shear rate values in various industrial processes [351]. The 

inserted values on the horizontal axis of the plot in Figure 3.5 correspond to the viscosities 

of HMPAM solutions without NPs. The viscosity of Brine2015 at 70 oC (corresponding 

to the origin of the graph) was 0.6 ± 0.1 mPa s. Once up to 0.3 wt% of HMPAM was 

added to Brine2015, the viscosity increased to 4.2 ± 0.1 mPa s. An additional increase of 

the concentration to 0.5 and 0.6 wt% significantly increased the viscosity to 11.2 ± 0.1 

and 19.5 ± 0.1 mPa s respectively as the association among chains was achieved. The 

values along the vertical axis of the plot in Figure 3.5 represent the viscosity of NPs 

dispersion in the absence of HMPAM. The increase in NPs concentration from 0.5 to 4 

wt% increased the viscosity from 0.6 ± 0.1 to 1.0 ± 0.1 mPa s. The viscosity of HMPAM–

NPs hybrids is discussed at different polymer concentration regimes. In the dilute regime 

(Cp = 0.05,0.1 and 0.2 wt%), the addition of NPs to HMPAM solution did not have a 

substantial impact on the viscosity of the hybrids. For instance, the addition of 4 wt% NPs 

to 0.2 wt% HMPAM only increased the viscosity another 1.0 ± 0.1 mPa s. Once the 

HMPAM concentration was close to the overlap concentration (Cp
* = 0.3 wt%), as the 

NPs concentration increased, a more substantial increase in viscosity was perceived 

(incremental viscosity of 1.8 ± 0.1 mPa s with the addition of 4 wt% NPs). Furthermore, 

in the semi-dilute regime (Cp = 0.5 and 0.6 wt%) the most significant synergic effect was 

witnessed. Addition of 4 wt% NPs to 0.5 and 0.6 wt% HMPAM solution increased the 

viscosity another 6.4 ± 0.1 and 9.4 ± 0.1 mPa s respectively. In this polymer concentration 

regime, there appears to be a critical NPs concentration (Cnp,c) present, above which the 

increase in the viscosity of the hybrid is more pronounced. 
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Figure 3.5: Viscosities of HMPAM–NPs hybrids at shear rate of 7.5 s-1 at different concentrations. The materials were 

dispersed in Brine2015 and the measurements were done at 70 °C. The magnitude of viscosity in terms of mPa s is 

shown next to or inside the circle. The viscosities scale with the radius of the circles  

In order to provide a better assessment of the effect of Cnp,c on the viscosity of the 

HMPAM–NPs hybrid when HMPAM is in the semi-dilute concentration regime, Figure 

3.6 was plotted. The viscosity measurement was also attempted for the hybrid of 0.5 wt% 

HMPAM and 3.5 wt% NPs (this was not represented in Figure 3.5 for better readability 

of the graph). As can be seen in Figure 3.6, regardless of concentration, the viscosity of 

the dispersion of NPs remained low, suggesting that the viscosity enhancement of 

HMPAM–NPs hybrid cannot be considered as a superposition of viscosity of HMPAM 

solution and NPs dispersion. On the other hand, the increase in NPs concentration 

increased the viscosity of the hybrids containing 0.5 and 0.6 wt% HMPAM in two 

different regimes: for the hybrids containing 0.5 wt% HMPAM, with the addition of up 

to 3 wt% NPs, the viscosity of hybrid grew linearly with a relatively small growth rate; 

however, from 3 wt% to 4 wt% a second more significant linear increase in viscosity was 

observed. This suggests that in order to have a considerable increase in the viscosity of 

the hybrid, the NPs concentration should be above a certain critical threshold (Cnp,c) to 

bridge between HMPAM chains using hydrophobic–hydrophobic interactions. Cnp,c for 

the hybrids containing 0.5 wt% HMPAM was 3.0 ± 0.1 wt%. For the hybrid containing 

0.6 wt% HMPAM, however, it was found that Cnp,c is lower (1.5 ± 0.1 wt%). This can be 

explained by the fact that with an increase in the HMPAM concentration in the semi-
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dilute regime, the polymer chains come in closer proximity to each other and a smaller 

amount of NPs is needed to enable the bridging between HMPAM molecules. 

 

Figure 3.6: Viscosities of 0.5 and 0.6 wt% HMPAM in combination with NPs at different concentrations ranging from 

0 to 4 wt% at shear rate of 7.5 s-1 

To investigate the influence of hydrophobic–hydrophobic interactions on the NPs-

induced bridging between HMPAM molecules, the shear rate dependency of two 

combinations were studied (a) the hybrid of 0.5 wt% HMPAM and 4 wt% NPs and (b) 

the hybrid of 0.5 wt% PAM and 4 wt% NPs. As mentioned earlier, unlike HMPAM, PAM 

does not contain the hydrophobic group of t-butyl acrylamide and it was selected to 

examine whether there is a similar synergic effect between PAM and NPs or not. As can 

be seen in Figure 3.7, the viscosity of the hybrid of HMPAM and NPs is considerably 

higher than the viscosity of HMPAM, whereas a synergic effect was not observed for the 

hybrid of PAM and NPs and the viscosity of this hybrid was only slightly higher than the 

viscosity of PAM. This finding suggests that NPs can facilitate the bridging between 

HMPAM molecules only using hydrophobic–hydrophobic interactions, with the end 

result of creating larger molecules, whereas such an effect was not observed for the hybrid 

of NPs and PAM. Therefore, it can be inferred that as expected there is no effective 

interaction between PAM and hydrophobically modified silica NPs. 

Moreover, to investigate the rheological properties of the hybrids, where shear-thinning 

occurs, the shear rate dependency of the hybrids was studied. As can be seen in Figure 

3.7, the hybrid of HMPAM and NPs showed a shear-thinning behaviour both in low shear 

rates (< 10 s-1) and high shear rates (> 100 s-1). The power-law slope of the second shear-

thinning is close to the power-law slope of the shear-thinning observed for HMPAM at 

high shear rates, whereas at low shear rates a shear-thinning for HMPAM was not 

detected. The presence of two shear-thinning regimes for HMPAM–NPs hybrid is  
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hypothesized as follows. HMPAM chains are bridged by NPs through two types of 

interactions between HMPAM chains and NPs; weak interactions and strong interactions. 

When the hybrid is exposed to a shear-flow field, first at low shear rates, the weak 

interactions are continuously broken which results in the first shear-thinning regime. In 

intermediate shear rates, only strong interactions play a role in NPs-induced bridging 

between HMPAM chains which are not yet broken. As a result, a Newtonian regime is 

observed for the HMPAM–NPs hybrid at intermediate shear rates. At high shear rates, 

however, strong interactions are also broken which leads to the second shear-thinning 

regime. It should be noted that the hybrid of PAM–NPs did not show a shear-thinning 

behaviour at low shear rates which is again an indication of a lack of effective interactions 

between PAM and NPs. 

 

Figure 3.7: Viscosities of polymer–NPs in Brine2015 at 70 °C as a function of shear rate. Open and filled circles 

represent viscosity of 0.5 wt% HMPAM and hybrid of 0.5 wt% HMPAM and 4 wt% NPs respectively. Open and filled 

triangles represent viscosity of 0.5 wt% PAM and hybrid of 0.5 wt% PAM and 4 wt% NPs respectively. n and n’ 

represents the power-law slope at low and high shear rates respectively 

The shear-thinning behaviour was also investigated in different HMPAM concentration 

regimes. The selected hybrids contained constant NPs concentration of 4 wt% and the 

concentration of HMPAM varied from 0.2 to 0.6 wt% (i.e. from dilute to the semi-dilute 

regime). As can be seen in Figure 3.8, at low shear rates, for the hybrids with HMPAM 

in the dilute regime, there was no shear-thinning regime, whereas for the hybrids with 

HMPAM in the semi-dilute regime we observed a shear-thinning behaviour and the 

power-law slope was around 0.9 (0.9 and 0.89 for 0.5 and 0.6 wt% HMPAM 

respectively). At high shear rates, for the hybrids with HMPAM in the dilute regime, the 

power-law slope was close to unity (1 and 0.96 for 0.2 and 0.3 wt% respectively), whereas 
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when HMPAM was in the semi-dilute regime, the power-law slope was around 0.8 (0.84 

and 0.81 for 0.5 and 0.6 wt% respectively). This increase in the power-law slope of the 

hybrids from dilute to semi-dilute regime is attributed to bridging between different 

HMPAM chains by NPs in the semi-dilute regime. In a shear-flow field, these bridges are 

broken and a more shear-thinning behaviour is expected. The formation of such bridges 

in the dilute regime is not expected as the HMPAM chains are not in close proximity of 

each other. 

 

Figure 3.8: Shear rate dependency of HMPAM–NPs hybrids in Brine2015 at 70 °C. The concentration of NP was kept 

constant at 4 wt% and the concentration of HMPAM varied from 0.2 to 0.6 wt%. Power-law slope decreased with 

increasing HMPAM concentration. n and n’ represents the power-law slope at low and high shear rates respectively 

3.4.5 Dynamic rheological behaviour of the hybrids at different NPs 

concentration 

In order to shed light on the viscoelastic response of HMPAM–NPs hybrids, the dynamic 

viscoelasticity was examined. For this purpose two oscillatory tests were performed: i) 

the amplitude sweep test to measure the storage modulus (G’) and loss modulus (G”) as 

a function of strain (ε) and ii) the frequency sweep test to assess the frequency dependence 

of the storage and loss moduli. The hybrids for which this analysis was performed 

contained constant NPs concentration of 4 wt% and the concentration of HMPAM varied 

from 0.2 to 0.6 wt% (i.e. from the dilute to semi-dilute regime). This was to investigate 

the viscoelastic response of the hybrids in the different HMPAM concentration regimes. 

As can be seen in Figure 3.9a and 3.9b, for the amplitude sweep test performed on the 

hybrids, the loss modulus is larger than the storage modulus over the range of strains up 

to 1000% regardless of HMPAM concentration, implying that even for HMPAM in the 
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semi-dilute regime the rheological response of the hybrids is controlled by the viscous 

component. The loss modulus was almost constant for the hybrids with 0.2 and 0.3 wt% 

HMPAM (i.e. when the polymer is in the dilute regime) but it slightly decreased for 

hybrids containing 0.5 and 0.6 wt% HMPAM (i.e. when the polymer is in the semi-dilute 

regime) at high strains. The storage modulus of these hybrids, however, showed a sharper 

decrease at high strains (note that accurate values of storage modulus were not measured 

for the hybrid with 0.2 wt% HMPAM at low and high strains due to the limitations of the 

rheometer). The stronger decrease of the storage modulus for these hybrids as compared 

to hybrids with HMPAM in the dilute regime is an indication of a more effective 

interaction between HMPAM and NPs. 

Figure 3.9c shows that for all the tested frequencies, from 1 to 100 rad/s, all the hybrids 

exhibited predominantly viscous behaviour over elastic behaviour irrespective of 

HMPAM concentration. It can be seen that with the increase in HMPAM concentration, 

G’ and G” became stronger. The slope of G’ over the slope of G” in a log-log plot was 

calculated for these four hybrids. It was found that for the hybrids containing 0.2 and 0.3 

wt% HMPAM (i.e. dilute regime) the slope ratio was 2.0 ± 0.1 and 1.9 ± 0.1 Pa s/rad 

respectively indicating the hybrids behave like a liquid. Nonetheless, for the hybrids 

containing 0.5 and 0.6 wt% HMPAM (i.e. semi-dilute regime) the slope ratio was 1.7 ± 

0.1 and 1.6 ± 0.1 Pa s/rad respectively. This decrease in slope ratio with increasing 

HMPAM concentration indicates that in the semi-dilute regime some degree of bridging 

between HMPAM chains induced by NPs occurs. 

In Figure 3.10, the viscosity and storage and loss moduli of the hybrids are plotted within 

the linear viscoelastic regime. This regime was obtained from the amplitude sweep test at 

a constant angular frequency of 20 rad/s in different HMPAM concentration regimes from 

dilute to semi-dilute. As can be observed for all three parameters the slope of the data 

points obtained in the semi-dilute regime became larger than their slope in the dilute 

regime. It can be concluded that the addition of 4 wt% NPs to HMPAM has a stronger 

viscoelastic effect when HMPAM is in the semi-dilute concentration regime. 
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Figure 3.9: Amplitude and frequency sweep tests. (a) Loss modulus G” as a function of strain ε at constant angular 

frequency ω=20 rad/s. (b) Storage modulus G’ as a function of ε at constant ω=20 rad/s. (c) G’ and G” as a function of 

ω at constant ε within the linear viscoelastic regime (ε was selected in the range of 50–75% depending on the test).  

Filled and open symbols represent G’ and G” respectively. The concentration of NPs was kept constant at 4 wt%. The 

concentration of HMPAM varied: diamonds, squares, triangles, and circles represents HMPAM concentration of 0.2, 

0.3, 0.5, and 0.6 wt% respectively 
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Figure 3.10: Comparison of the viscosity and storage and loss moduli of the hybrids at constant NPs concentration of 

4 wt% and varying HMPAM concentration from 0.2 to 0.6 wt%. G’ and G” were obtained from amplitude sweep test 

and constant angular frequency of 20 rad/s 

To illustrate various interactions in HMPAM–NPs hybrids, the molecular scenario as 

indicated in Figure 3.11 was drawn. The distribution of hydrophobic groups on HMPAM 

is random and HMPAM chains have a radius of gyration of approximately 80 ± 5 nm (see 

Equation A.4 in Appendix A), while the size of silica NPs is approximately 7 nm. The 

contour length of HMPAM was estimated to be 9.9 ± 1.9 µm which is much larger than 

the estimated persistence length of 2.2 ± 0.6 nm (see Equation A.5 in Appendix A). 

Therefore, our long-chain polymer behaves like a random coil. As indicated in Figure 

3.11a, for HMPAM chains in the semi-dilute regime in absence of NPs, two types of 

interactions are possible: (a) intra-chain hydrophobic association within an HMPAM 

chain (orange circles) and (b) inter-chain hydrophobic association between HMPAM 

chains (red circles). Figure 3.11b represents the interaction of hydrophobic groups on 

HMPAM and hydrophobically modified silica NPs and how silica NPs can play as 

bridging sites between the HMPAM chains. As discussed before, based on the viscosity 

results, bridging between HMPAM chains occurs only when the concentration of NPs is 

above Cnp,c. At concentrations lower than Cnp,c, hydrophobic groups present in the 

HMPAM are anchored onto hydrophobically modified NPs and there are no free NPs in 

the dispersant. Nonetheless, beyond the Cnp,c, free NPs come to be available and a further 

increase in Cnp will result in bridging between different HMPAM chains by NPs (black 

circle). The existence of the Cnp,c is in agreement with observations of Hu et al. [324] and 

Zhu et al. [325] who argued that interaction between polymer and silica NPs occurs by 

hydrogen bonding. It should be noted that the reason why the synergic effect between 

HMPAM and NPs is more significant when Cp > Cp
*, is because the inter-chain 
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association between some HMPAM chains has occurred previously and the chains are in 

closer proximity to each other. Consequently, the probability of bridging between 

HMPAM chains by NPs becomes higher compared to the dilute regime where HMPAM 

chains are distant from each other. As a result of bridging between HMPAM chains, the 

movement of HMPAM chains is limited and the hydrodynamic radius of the hybrid 

increases which eventually results in an increase in the viscosity. 

 

Figure 3.11: Schematic of various interactions in HMPAM–NPs hybrids. (a) Intra-chain (orange circles) and inter-

chain (red circles) hydrophobic associations in HMPAM chains in the semi-dilute regime in absence of NPs. (b) 

Bridging of HMPAM chains by NPs (black circle) in the semi-dilute regime when the concentration of NPs is larger 

than Cnp,c 

It should be noted that regardless of the concentration of HMPAM and NPs, all the 

developed hybrids were transparent and no phase separation was observed (see Figure 

A.3, Appendix A). This demonstrates an important aspect of HMPAM–NPs hybrid as an 

alternative for conventional cEOR polymers at harsh conditions as enhanced stability is 

achieved. 

3.4.6 Conclusions 

An innovative hybrid system using a combination of a hydrophobically modified 

polyacrylamide (HMPAM) and hydrophobically modified silica nanoparticles (NPs) was 

investigated. This system exhibited enhanced stability in high total dissolved solids (TDS) 

content and high hardness brines and improved the rheological properties of HMPAM at 

elevated temperatures. The silica NPs that had been modified by grafting an organic 

ligand (gamma-glycidoxypropyltrimethoxysilane) onto their surface showed good 

colloidal stability against aggregation at high salinity, due to the increased potential 

barrier as compared to bare silica NPs. Viscosity measurements at different HMPAM and 
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NPs concentrations showed that the improved rheological behaviour was more 

pronounced when the concentration of HMPAM was more than the overlap concentration 

(𝐶𝑝
∗~0.3 wt%). This occurred because in the semi-dilute regime HMPAM chains are in 

closer proximity and they can be bridged by NPs which in turn increases the 

hydrodynamic radius of the hybrid. Results also showed that for a given concentration of 

HMPAM in the semi-dilute regime, there was a critical concentration of NPs above which 

the bridging between HMPAM chains by NPs occurred and increased the viscosity more 

substantially. Dynamic rheological tests indicated that the hybrids were viscous 

dominated and storage and loss moduli had a stronger increase with HMPAM 

concentration in the semi-dilute regime compared to the dilute regime due to NPs-induced 

bridging between HMPAM chains. The results of this study provide insights into the 

interaction of polymer molecules and NPs in hybrid systems with the end result of 

enhancing the stability and improving the rheological properties, thus opening a pathway 

for developing other polymer-based systems for use in harsh conditions. 
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4 FLOW OF MODIFIED 

POLYACRYLAMIDE–SILICA 

NANOPARTICLES IN POROUS 

MEDIA 

This chapter is devoted to the behaviour of HMPAM–NPs hybrids in porous media. The 

primary goal of the study was to investigate their rheology, retention, and injectivity at 

the typical salinity, pressure, and temperatures encountered in oil reservoirs. Core-flood 

experiments were therefore performed using the HMPAM, NPs, and their hybrids, in  

Bentheimer core samples at both low and high flow superficial velocities of 1 and 10 ft/ 

day (equivalent to 0.3048 and 3.0480 m/day). The apparent viscosity of the HMPAM–

NPs hybrid in porous media was found to be the same as the shear viscosity in bulk. The 

injection of a dispersion of NPs resulted in a significant increase in the pressure drop over 

the core. This could be attributed to the external and internal filtration of nanoparticle 

aggregates. Intriguingly, the co-injection of  HMPAM and NPs resulted in a much milder 

increase of the pressure drop. This supports the proposed concept in Chapter 3, where 

bridging among the HMPAM chains is caused by NP-mediated hydrophobic–

hydrophobic interactions. This prevents the aggregation of NPs with one another and 

facilitates their transport through porous media with the HMPAM. Moreover, the 

injection of the HMPAM–NPs hybrid reduced the retention of both the HMPAM and the 

NPs as compared to when they were injected individually. This can be explained by the 

availability of fewer adsorption sites on the surface of the rock for HMPAM and NPs 

when both of them are present in the same solution. These results show the potential of 

the HMPAM–NPs hybrid as a mobility control agent for chemical enhanced oil recovery 

at high salinity and temperature. 
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4.1 Introduction 

In Chapter 2, it was shown that there is a need for a polymeric system with improved 

viscosity and enhanced stability at elevated temperature and high salinity particularly in 

presence of divalent cations. Despite the efforts to develop modified polymers suitable 

for such harsh conditions (Section 2.2.6), there is very limited data in the literature on 

their behaviour in porous media. 

In Chapter 3, a novel approach was presented that includes the hybridization of 

hydrophobically modified polyacrylamide (HMPAM) with hydrophobically modified 

silica nanoparticles (NPs) to achieve enhanced stability and high viscosity at extreme 

salinities and elevated temperatures (>20 wt% TDS, including >1.5 wt% divalent cations, 

and T > 70 ℃). It was shown that the hybridization of HMPAM with NPs leads to a higher 

viscosity at high salinity and temperature. This was due to the fact that the NPs bridge 

between the HMPAM chains, and increase the hydrodynamic radius, which in turn 

increases the viscosity. 

In this chapter, the behaviour of HMPAM–NPs hybrids in porous media is investigated. 

The main objective of the study is to examine their rheology, injectivity, and retention at 

typical salinity, pressure and temperatures encountered in oil reservoirs. The assessment 

of injectivity is based on an estimation of the resistance factor and residual resistance 

factor for the flow of HMPAM and NPs through porous media. This was discussed in 

detail in Section 1.2. The injectivity assessment was done at both low and high superficial 

velocities of 1 and 10 ft/day (equivalent to 0.3048 and 3.0480 m/day). The former is 

within the typical range of practical superficial velocities in oil reservoirs far from the 

wellbore and the latter is a typical superficial velocity encountered in the near-wellbore 

region [351]. The assessment of retention is based on the single injection method as 

discussed in Section 2.2.3.3. This was done at a low superficial velocity of 1 ft/day. In a 

series of core-flood experiments, first the HMPAM and NPs were individually injected 

into the Bentheimer core samples and their flow characteristics were studied. Next, the 

impact of the hybridization of the HMPAM and NPs on the transport mechanisms in 

porous media was investigated by observing the dependencies between core-flood 

experiments and the rheological experiments performed in bulk. 
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4.2 Experimental section 

4.2.1 Chemicals 

Silica NPs, available under the commercial name Levasil CC301, were supplied by 

AkzoNobel in suspension (ρ = 1.2 g cm-3) containing 28.1 wt% silica with an average 

particle diameter of 7 nm as reported by the manufacturer. The surface of the NPs was 

modified by gamma-glycidoxypropyltrimethoxysilane (GPTMS), a low molecular 

weight organic ligand to provide steric stabilization and ensure colloidal stability at high 

salinity [238]. Acrylamide and t-butyl acrylamide monomers were purchased from Sigma-

Aldrich. HMPAM (98 mol% acrylamide and 2 mol% t-butyl acrylamide) was synthesised 

using free radical polymerization [238]. Its average molecular weight was estimated using 

the methodology used by Wu et al. [329] which is based on viscosity measurements, and 

found to be approximately 2.1 × 106 g mol-1 (see Figure A.6 in Appendix A). The sodium 

chloride (NaCl) and calcium chloride dihydrate (CaCl2.2H2O) used for brine preparation 

and the potassium iodide (KI), used as the tracer, were also purchased from Sigma-

Aldrich. All materials were used as received without further purification. 

4.2.2 Solution preparation 

The HMPAM and NPs were diluted from their original concentration to the desired 

concentration in Brine2015 (20 wt% TDS including 1.5 wt% Ca2+) as the dispersant 

medium. The mixtures were stirred either overnight or for 2 hours respectively, until they 

became completely homogenous and transparent. The density and viscosity of Brine2015 

at 25 ℃ were 1.2 ± 0.01 g/cm3 and 1.4 ± 0.01 mPa s respectively. The hybrid samples of 

HMPAM–NPs were prepared in Brine2015 using the procedure explained in Section 

3.3.2.3. Before the core-flood experiments, the solution of polymer and/or NPs was 

stirred until the creation of a vortex, and then 0.1 wt% of the tracer (KI) was added to it. 

All the solutions were degassed to remove any dissolved oxygen.  

4.2.3 Porous medium 

The core-flood experiments were performed using Bentheimer sandstone of the Early 

Cretaceous age from the south-western part of the Lower Saxony Basin. The properties 

of the Bentheimer core samples used in the experiments are listed in Table 4.1 , and it can 

be seen that they consist mostly of quartz. The porosity of the core samples was measured 

by the standard gas expansion method. 
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To prepare the sandstone for the core-floods, cores were first cut and then dried in an 

oven for up to 48 hours at 60 ± 1 ℃. Subsequently, the cores were cast in an epoxy resin 

to prevent the bypassing of the flow alongside the core. The resin penetrated 

approximately 1.0 mm inside the core. Thereafter, the cores were machined to an effective 

diameter of 3.8 ± 0.1 cm and a length of 38.0 ± 0.1 cm. The machined samples were 

placed in an oven for 15 hours at 40 ± 1 ℃ to dry. The absolute permeability of each core 

to Brine2015 was then estimated using Darcy’s law. 

Table 4.1: Properties of the Bentheimer core samples used for core-flood  experiments 

Components 

Quartz Kaolinite 

99.3 ± 0.1% 0.7 ± 0.1% 

Porosity (%) 24.4 ± 0.2 

Length (cm) 38.0 ± 0.1  

Diameter (cm) 3.8 ± 0.1 

Initial Permeability (mD) 
Exp. 1 Exp. 2 Exp. 3 

2640 ± 20 2560 ± 20 2680 ± 20 

4.2.4 Experimental set-up 

The core-flood experimental setup is shown in Figure 4.1. A core sample was positioned 

in a core holder (poly-ether-ether-ketone). The core holder was oriented vertically to 

mitigate the effect of gravity. Fluids were injected into the core using a Quizix pump, 

which was operated at a constant flow rate. The pump had a flow rate accuracy of ± 2%. 

Six differential pressure transducers (KEMA03 ATEX 1561) with ± 300 mbar range and 

± 1 mbar accuracy were employed to measure the pressure drop in different sections of 

the core. The length of each section was either 6 or 6.5 cm. The pressure drop along the 

whole core length was measured using a seventh differential pressure transducer. The 

pressure drops were recorded as a function of time by a National InstrumentsTM data 

acquisition system. A back-pressure (BP) regulator connected to a nitrogen cylinder (100 

± 1 bar) was utilised for applying the desired back-pressure of 25 ± 1 bar. 

The effluent samples were collected using a GE Frac 920 fraction collector. Since the 

experiments needed to be conducted at high temperature, the core holder was kept in an 

oven, where the temperature was fixed at 70.0 ± 0.1 ℃, and the injected fluid flowed 
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through a coiled tube to ensure the solutions were heated up to the desired temperature 

before entering the core. The confining pressure was also taken from the injection line 

and it was inserted into the middle of the core to ensure the core does not break. 

 

Figure 4.1: The schematic of the experimental setup used to perform the core-flood experiments 

4.2.5 Experimental Procedure 

Prior to the core-flood experiments, the viscosities of the polymer solutions, NPs 

suspension, and the hybrid samples were measured by the methodology explained in 

Chapter 3 (see Section 3.3.3.5). 

For the core-flood experiments, the procedure for setting up a new core was as follows. 

After ensuring that there were no leaks, the system was flushed with carbon dioxide (CO2) 

for 30 minutes at a pressure of 5 ± 0.5 bar for the removal of air in the set-up. Thereafter, 

the setup was vacuumed to remove any remaining gas. Brine2015 was then injected for 

10.00 ± 0.05 pore volumes (PV) at a flow rate of 1.00 ± 0.02 mL/min to saturate the core. 

The permeability test was performed using the injection of Brine2015 at various flow 

rates. All the solutions were filtered with a 5-micron syringe filter before injection into 

the core. 

Three core-flood experiments were performed: the first experiment with 0.05 wt% 

HMPAM (Exp. 1), the second experiment with 0.5 wt% NPs (Exp. 2), and the third one 

with a combination of both (Exp. 3). The experiments were performed at two different 

flow rates: (a) low flow rate of 0.25 mL/min, equivalent to 1 ft/d and (b) high flow rate 
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of 2.5 mL/min equivalent to 10 ft/d. Table 4.2 describes all the steps in the procedure 

used in the core-flood experiments. Note that the letter a or b after the experiment number 

refers to the injection flow rate as described above. 

Table 4.2: The procedure of the performed core-flood  experiments 

Step Description 
Back-

pressure 

Flow rate 

(mL/min) 
PV injected 

1 CO2 flushing - - - 

2 Vacuuming - - - 

3 Brine2015 saturation 25 1.00 >10 

4 Permeability test 25 1.00–5.00 >10 

5 

 

Low flow 

rate 

Brine2015 injection 

 

 

25 

 

 

0.25 

~3 

Exp. 1a 0.05 wt% HMPAM injection 

 

~10 

Exp. 2a 0.5 wt% NPs injection 

Exp. 3a 
0.05 wt% HMPAM + 0.5 wt% 

NPs injection 

Brine2015 injection ~7 

6 

 

High flow 

rate 

Brine2015 injection 

 

 

25 

 

 

2.50 

~3 

Exp. 1b 0.05 wt% HMPAM injection 

 

~10 

Exp. 2b 0.5 wt% NPs injection 

Exp. 3b 
0.05 wt% HMPAM + 0.5 wt% 

NPs injection 

Brine 2015 injection ~7 

 

a) Injection at a low flow rate 

Injection at a low flow rate was carried out to assess the retention of materials and their 

propagation through porous media at a superficial velocity common in oil reservoirs (1 

ft/day). After ensuring that the core is saturated with Brine2015, the flow rate was set to 

0.25 mL/min. Then, as described in Table 4.2 (Step 5), Brine2015 was injected for ~3 PV 

followed by ~10 PV injection of HMPAM and/or NPs. Thereafter,  Brine 2015 injection 

was resumed and continued for ~7 PV. 
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To assess the retention of the materials, the effluent samples were collected every 20 min. 

The effluent samples were examined for total organic carbon (TOC), using a DC-190 

Dohrmann high-temperature TOC apparatus to determine the concentration of polymer. 

The samples with NPs were sent to Analytische Laboratorien GmbH for measurement of 

the concentration of silica nanoparticles by atomic absorption spectroscopy (AAS). The 

concentration of the potassium iodide tracer was measured using a UV-VIS 

Spectrophotometer UV Mini 1240 (Shimadzu). 

b) Injection at a high flow rate 

Injection at a high flow rate was carried out to assess the injectivity of the materials at a 

superficial velocity common in the near-wellbore region (10 ft/day). High flow rate 

injection of HMPAM and/or NPs was done immediately after the low flow rate injection, 

in the same core sample. After a steady-state pressure drop was achieved for the 

Brine2015 injection at a flow rate of 0.25 mL/min (Step 5), the flow rate was switched 

from 0.25 to 2.5 mL/min, and a similar procedure to that applied for the low flow rate 

was followed (i.e. ~3 PV Brine2015 injection followed by ~10 PV injection of HMPAM 

and/or NPs followed by ~10 PV Brine2015 injection, Table 4.2, Step 6). 

4.3 Results and discussion 

In Section 3.4.3, an extensive study on the rheological response of HMPAM and/or NPs 

at various concentrations was performed. In this chapter, the focus is on the porous media 

response at low concentrations of HMPAM and NPs. The experiments were performed 

with the following materials: 0.05 wt% HMPAM, 0.5 wt% NPs and their combination. 

They were dissolved/dispersed in Brine2015. All the experiments were carried out at 70 

℃. 

Figure 4.2 shows the solutions’ viscosities as a function of shear rate. The measured 

viscosities are compared at a shear rate of 7.5 s-1, which is within the typical range of 

practical shear rate values in a Bentheimer core at a superficial velocity of 1 ft/day (0.3048 

m/day) [352]. The viscosity of Brine2015 was 0.65 ± 0.02 mPa s. The viscosities of the 

HMPAM, NPs and the HMPAM–NPs hybrid were 1.00 ± 0.02, 0.69 ± 0.02, and 1.10 ± 

0.02 mPa s respectively. According to the Blake–Kozeny or Cannella equation [353], the 

effective shear rate in porous media scales linearly with the superficial velocity. 

Therefore, at a superficial velocity of 10 ft/day (3.048 m/day), the effective shear rate is 

expected to be approximately 75 s-1. As the hybrid of HMPAM–NPs, and also the 
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HMPAM and the NPs, showed Newtonian behaviour in the range of shear rates of 7.5–

75 s-1, the viscosities at shear rates of 75 s-1 and 7.5 s-1 were equal. 

 

Figure 4.2: Viscosity as a function of shear rate for 0.05 wt% HMPAM, 0.5 wt% NPs and their combination. The 

viscosity of Brine2015 is given as a reference. The solid lines represent the Carreau–Yasuda model fit to the 

experimental data 

In the following sections, the porous media flow behaviour of HMPAM and NPs, when 

injected individually, is discussed and compared to when the HMPAM–NPs hybrid is 

injected. The results of the experiments will be discussed in terms of: (a) the pressure 

drop observed along the core at low and high flow rates (superficial velocities of 1 and 

10 ft/day) and (b) the concentration of the injected solution/suspension and effluents. The 

former is used to assess the injectivity and propagation of materials and the latter is used 

to assess the retention of materials in porous media. 

4.3.1 The flow of HMPAM through porous media 

a) Pressure drops  

Figure 4.3 shows the pressure drop profiles obtained in Exp. 1a during the flow of both 

the Brine2015 and the HMPAM solutions through the porous medium at a flow rate of 

0.25 mL/min. During the injection of Brine2015 in the first step, a steady-state pressure 

drop was observed. Upon injection of the HMPAM solution, the pressure drop started to 

increase. This indicates the entrance of the HMPAM molecules into the core. After the 
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injection of approximately 2.1 ± 0.1 PV of the HMPAM solution, the rate of pressure 

drop growth significantly decreased. This suggests the breakthrough of the HMPAM at 

the core outlet. A very slight and gradual increase in the pressure drop beyond the 

HMPAM breakthrough shows the presence of an insignificant mechanical entrapment of 

HMPAM within the porous medium. After the HMPAM injection was complete, 

Brine2015 was injected again which led to a gradual decrease and then stabilization in 

the pressure drop. The plateau value in the secondary Brine2015 injection (3.5 ± 0.1 mbar) 

was slightly higher than the one observed in the primary Brine2015 injection (3.2 ± 0.1 

mbar) (i.e. the Brine2015 injection before injection of the HMPAM solution). This is a 

clear indication of the irreversible retention of polymer in the core. 

Considering the pressure drop profiles for each section in Figure 4.3, during the flow of 

the HMPAM through the core sample, it can be seen that the pressure drop profiles at the 

beginning of each section had a horizontal part, which represents the pressure drop due 

to the Brine2015 injection. This horizontal part was very short in the first section, as this 

section feels the polymer pressure drop almost immediately after the polymer solution 

moves through the inlet lines and the core holder cap. As the polymer travels from one 

section to the next, the total ∆P monotonically increases and persists up to a point where 

breakthrough occurs. However, the rate of increase may be slightly different from one 

section to another depending on the absolute permeability and amount of polymer 

retention inside each section. The behaviour of the pressure drop for the sixth section was 

identical to the total pressure drop i.e. a very slight and gradual increase in pressure drop. 

This suggests the presence of mechanical entrapment of HMPAM chains. It should be 

noted that minor fluctuation in pressure drop profile along the core may be a result of the 

long injection period of the experiments. This required the experiments to run over days 

and nights which yields inevitable temperature differentiation. 
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Figure 4.3: Pressure drop profile during low flow rate injection of HMPAM (Exp. 1a). The experiment was performed 

at a flow rate of 0.25 mL/min (equivalent to a superficial velocity of 1 ft/day) with the following sequence: injecting 

Brine2015 for 3.0 ± 0.1 PV, then injection of HMPAM solution for 10.1 ± 0.1 PV and resuming Brine2015 injection 

for 7.3 ± 0.1 PV to finish 

Upon completion of the HMPAM injection at a low flow rate, the core was flushed with 

at least 10 PV of Brine2015. Exp. 1b was performed at a constant flow rate of 2.50 

mL/min equivalent to a superficial velocity of 10 ft/d. During the primary Brine2015 

injection a steady-state pressure drop was observed (Figure 4.4.). For the HMPAM 

injection, the pressure drop first increased continuously with the number of pore volumes 

injected. After the injection of 1.30 ± 0.1 PV, the pressure drop reached a steady-state 

value suggesting  HMPAM breakthrough at the outlet. The stabilised pressure drop values 

after the breakthrough point indicate only trivial mechanical entrapment within the core 

in Exp. 1b. The fact that the total pressure drop levels off to a plateau is an indication of 

the very good injectivity of HMPAM. As can be seen in Figure 4.4, a similar trend was 

observed in all six sections of the core. There are obvious differences in plateau values of 

pressure drops of each section which is due to different permeabilities in each section. It 

is also noted that the pressure drop in the first section is higher than in the rest of the 

sections. This can be explained by the fact that because of the high flow rate of HMPAM 

injection there was not sufficient time for the solution to heat up to 70 ℃ in the inlet. As 
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a result, the viscosity is slightly higher which leads to a higher pressure drop compared 

to the rest of the sections. 

 

Figure 4.4: Pressure drop profiles for the injection of HMPAM at a high flow rate (Exp. 1b). The experiment was 

carried out at a flow rate of 2.5 mL/min (equivalent to a superficial velocity of 10 ft/day) with the following sequence: 

injecting Brine2015 for 3.7 ± 0.1 PV, then injection of HMPAM solution for 8.7 ± 0.1 PV and finishing with Brine2015 

injection for 6.9 ± 0.1 PV 

Based on the pressure drop profiles measured at both low and high flow rates, as shown 

in Figures 4.3 and 4.4, values for 𝑅𝐹 and 𝑅𝑅𝐹 were estimated. Table 4.3 indicates the 

observed pressure drop values and the estimated 𝑅𝐹 and 𝑅𝑅𝐹 at the end of the injection 

process. The increase in pressure drop during the HMPAM injection is a result of energy 

dissipation arising from (a) the interactions between the HMPAM molecules, which 

manifests as the higher HMPAM viscosity than Brine 2015, and (b) the interaction 

between the HMPAM molecules and the rock surface, which leads to the irreversible 

reduction in the rock permeability. As mentioned in Section 1.2, 𝑅𝐹 includes both these 

effects, while the permeability reduction alone is described by 𝑅𝑅𝐹 . Therefore, the 

following equation relates 𝑅𝐹 to 𝑅𝑅𝐹: 

𝑅𝐹 =
𝜂𝑝

𝜂𝑏
× 𝑅𝑅𝐹 (4.1) 

where 𝜂𝑝 and 𝜂𝑏 are the polymer and brine viscosities respectively. For the low flow rate 

injection experiment (Exp. 1a), this equation is in excellent agreement with our 
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experimental data based on the measured pressure drops (see Table 4.3) and viscosities 

(see Figure 4.2). The estimated 𝑅𝐹 value suggests that the mobility of Brine2015 is 

reduced by 1.7 ± 0.1 times by the HMPAM, which can be beneficial for improving sweep 

efficiency. The estimated 𝑅𝑅𝐹 shows that the permeability of the core to Brine2015 is 

reduced only 1.10 ± 0.1 times. This suggests that the permeability of the porous medium 

was affected only marginally by the injection of HMPAM solution. Since the high flow 

rate injection experiment (Exp. 1b) was carried out in the same core used for Exp. 1a, 

most of the adsorption sites on the rock surface were already occupied with the polymer 

molecules, and the estimated 𝑅𝐹 and 𝑅𝑅𝐹 did not follow Equation 4.1. For Exp. 1b 𝑅𝐹 

was higher than 𝑅𝐹 for Exp. 1a.  𝑅𝑅𝐹s in Exp. 1a and Exp. 1b were comparable. 

Table 4.3: The observed pressure drops, and the estimated RF and RRF for the injection of the primary and secondary 

Brine2015 and HMPAM at low and high flow rates (Exp. 1a and 1b). Superscript 0 is for the primary injection and 1 

is for the secondary injection 

Q 

(mL/min) 

∆𝑃𝑏
0  

(mbar) 

∆𝑃𝑝 

(mbar) 

∆𝑃𝑏
1 

(mbar) 

RF 

(-) 

RRF 

(-) 

0.25 3.2 ± 0.1 5.6 ± 0.1 3.5 ± 0.1 1.7 ± 0.1 1.10 ± 0.1 

2.5 36.9 ± 0.1 55.6 ± 0.1 41.3 ± 0.1 1.5 ± 0.1 1.10 ± 0.1 

b) Concentration of the injected HMPAM solution and effluents 

The retention of the HMPAM was obtained using the single injection method, as 

explained in Section 2.2.3.3. The normalised concentration (i.e. the ratio of the effluent 

concentration to the concentration of the injected solution) was plotted as a function of 

the pore volumes injected. The polymer retention was estimated using Equation 2.7 by 

reading the pore volumes of the injected tracer and polymer where the normalized 

concentration is 0.5. The IPV (see Section 2.2.3.2) can be neglected in this study due to 

the much smaller size of the polymers and nanoparticles as compared to pore throats size 

(the radius of gyration of the polymer is ~80 nm and nanoparticle radius is 7 nm while 

more than 85% of pore throats in Bentheimer sandstone have a size larger than 10 μm 

and only 5% of them are smaller than 5 μm [163]). 

As shown in Figure 4.5, the tracer and HMPAM pass through the 0.50 ± 0.05 normalised 

concentrations at 1.10 ± 0.05 and 2.10 ± 0.05 PV respectively. The retardation of the 

HMPAM (R) is a measure of its retention. Table 4.4 shows the parameters used to 

calculate the retention of the polymer. The HMPAM retention was estimated to be 63.0 
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± 0.5 µg HMPAM/g rock. After approximately 3.50 ± 0.05 PV, the normalized 

concentration of HMPAM levels off to about one. 

 

Figure 4.5: Normalised concentrations of tracer and HMPAM as a function of injected pore volumes. The experiment 

was done at a low flow rate of 0.25 mL/min (equivalent to 1 ft/d) 

Table 4.4: Parameters used to calculate the HMPAM retention 

∆PV @ 0.5 
𝐶

𝐶0
 1.0 

Pore volume (mL) 108 

Polymer concentration (wt%) 0.05 

Mass of sandstone grains (g) 858.8  

Adsorbed amount (µg/g rock) 63.0  

4.3.2 The flow of NPs through porous media 

a) Pressure drops  

Exp. 2a was performed at a low flow rate of 0.25 mL/min to investigate the propagation 

of NPs through porous media. Figure 4.6 shows the pressure drop profiles obtained from 

this experiment. The steady-state value of the pressure drop for the primary Brine2015 

injection was constant at 3.4 ± 0.1 mbar. Then, during the first 9.0 ± 0.1 PV of NPs 

injection, the pressure drop rose gradually from 3.4 ± 0.1 to 6.3 ± 0.1 mbar. However, the 

increase in pressure drop was much more dramatic in the final pore volume of injection 

of NPs, when the value rose to 20.6 ± 0.1 mbar. To interpret this phenomenon, a sample 

of NPs suspension used in the experiment, as well as the inlet of the core sample, were 

examined directly after the experiment. Upon careful visual inspection, the dispersion of 
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NPs was found to be completely transparent and showed no signs of NPs aggregation and 

sedimentation. A white layer of NPs, however, was observed at the core inlet of the 

sandstone core. As can be seen in Figure .64 , the pressure drop in the first section of the 

core behaves similarly to the total pressure drop, and it also increased significantly in the 

first section. This indicates a filtration of the NPs at the inlet of the core, which eventually 

leads to the formation of a filter cake. Upon injection of the secondary Brine2015, the 

cake of NPs was gradually washed out which resulted in a decrease in the pressure drop. 

 

Figure 4.6: Pressure drop profiles of the NPs suspension injection at a low flow rate (Exp. 2a). The experiment was 

carried out at a flow rate of 0.25 mL/min (equivalent to a superficial velocity of 1 ft/day) with the following sequence: 

injecting Brine2015 for 3.1 ± 0.1 PV, then injection of NPs dispersion for 10.1 ± 0.1 PV and finishing with Brine2015 

injection for 6.2 ± 0.1 PV 

Figure 7.4  shows the pressure drop obtained during the high flow rate injection of the 

NPs suspension (Exp. 2b). The experiment was done at a flow rate of 2.5 mL/min 

(equivalent to a superficial velocity of 10 ft/day) using the same Bentheimer core as used 

for Exp. 2a. The pressure drops over the core length and the first section (near the inlet) 

increased slightly during the NP injection while they remained practically constant for all 

other sections. The small increase in the pressure drop is most likely due to the filtration 

of NP aggregates near the core inlet. A remarkable feature of Exp. 2b is that the measured 

increase in pressure drop and, correspondingly, the retention of NPs, is much smaller than 

that obtained at the low flow rate (0.25 mL/min) in Exp. 2a. This hints at a strong 
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competition between the attractive forces responsible for the retention of NPs and the 

hydrodynamic drag which tends to prevent such retention. Finally, during the injection of 

secondary Brine2015, the filtered NPs in the inlet were washed out. As a result, the 

pressure drop first decreased and then levelled off to a plateau value. 

 

Figure 4.7: Pressure drop profiles during the high flow rate injection of the NPs suspension (Exp. 2b). The experiment 

was carried out at a flow rate of 2.5 mL/min (equivalent to a superficial velocity of 10 ft/day) with the following 

sequence: injecting Brine2015 for 2.7 ± 0.1 PV, then injection of NPs suspension for 8.2 ± 0.1 PV and ending with 

Brine2015 injection for 6.9 ± 0.1 PV 

Table 4.5 shows the measured pressure drop values and estimated 𝑅𝐹 and 𝑅𝑅𝐹 at the end 

of the injection of the NPs suspension at the high flow rate (2.5 mL/min). These factors 

were not investigated for the low flow rate as the pressure drop across the core was 

increasing rapidly at the end of the injection period. It can be observed that the end-

pressure drop values for the injection of NPs suspension and secondary brine were close. 

This is probably can be due to the small viscosity difference between the NPs suspension 

and Brine2015 (0.69 ± 0.02 vs. 0.65 ± 0.02 mPa s respectively) and the small reduction 

in the permeability of the core sample which is also visible from a 𝑅𝑅𝐹 value close to 1. 

 

Table 4.5: The observed pressure drops and estimated values of RF and RRF for injection of Brine2015 and NPs 

suspension in Exp. 2b 
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Q 

(mL/min) 

∆𝑃𝑏
0  

(mbar) 

∆𝑃𝑝 

(mbar) 

∆𝑃𝑏
1 

(mbar) 

RF 

(-) 

RRF 

(-) 

0.25 39.50 ± 0.10 42.90 ± 0.10 41.3 ± 0.10 1.08 ± 0.10 1.06 ± 0.10 

b) Concentration of the injected suspension and effluents 

As can be seen from Figure 4.8, the tracer passes through the 0.50 ± 0.05 normalised 

concentration at 1.10 ± 0.05 PV, whereas this happens for the NPs at 1.75 ± 0.05 PV, due 

to the retardation in the propagation of NPs (R’). Between 2–5 PV, the normalised 

concentration of NPs fluctuated, which means that the NPs concentration at the outlet is 

not constant. This can be because of temporary log-jamming of the NPs in some pores. 

After 7 PV, the normalised concentration of NPs stabilized but did not approach the unity 

because of ongoing NPs filtration at the inlet of the core. A similar methodology used to 

determine the HMPAM retention was also used to estimate the NPs retention (Equation 

2.7). Table 4.6 shows the parameters used for the calculation of the NPs retention in the 

porous medium. The NPs retention was estimated to be 409.0 ± 0.5 µg NPs/g rock. 

 

Figure 4.8: Normalised concentrations of tracer and NPs as a function of the injected pore volumes. The experiment 

was carried out at a low flow rate of 0.25 mL/min (equivalent to 1 ft/d) 
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Table 4.6: Parameters used to calculate the NPs retention 

∆PV @ 0.5 
𝐶

𝐶0
 0.65 

Pore volume (mL) 108 

NPs concentration (wt%) 0.5 

Mass of sandstone grains (g) 858.8  

Adsorbed amount (µg/g rock) 409.0  

4.3.3 The flow of the HMPAM–NPs hybrid through porous media 

a) Pressure drops 

Exp. 3a was the low flow rate injection of the HMPAM–NPs hybrid. As can be seen in 

Figure 4.9, the steady-state pressure drop for the primary Brine2015 injection was 3.5 ± 

0.1 mbar. During the HMPAM–NPs hybrid injection, the pressure drop increased from 

the time of the entry of the hybrid into the core up to its breakthrough at the core outlet, 

at approximately 2.0 ± 0.1 PV. Beyond this injected volume, the pressure drop reached a 

steady-state value, if the small increase due to mechanical entrapment within the core is 

discounted. Resuming the Brine2015 injection led to a gradual decrease in the pressure 

drop, before a stabilization at a plateau value only slightly larger than that for the primary 

Brine2015 injection. This suggests that the permeability of the core is not significantly 

affected by flowing the HMPAM–NPs hybrid through the porous medium. 

As can be seen in Figure 4.9, the pressure drop profiles in the six different sections of the 

core suggest a smooth propagation of the HMPAM–NPs hybrid from the injection line 

through the core to the outlet. Similar to the HMPAM, the pressure drop for each section 

had a horizontal part which shows the presence of the Brine2015 in that section. In the 

first section, however, such a horizontal part was very short. As soon as the HMPAM–

NPs hybrid entered the core the pressure drop rose in the first section. As the HMPAM–

NPs hybrid propagated from one section to another, the pressure drop monotonically 

increased and levelled off to a plateau value after the breakthrough. It should be noted 

that there seems to be an interference between the signals of the differential pressure 

transducers in the fourth and fifth sections. Moreover, the minor fluctuations in the 

pressure drop profiles can be attributed to the long-running time of the experiment and 

possible variations in the temperature. 
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Figure 4.9: Pressure drop profiles during the low flow rate injection of the HMPAM–NPs hybrid (Exp. 3a). The 

experiment was carried out at a flow rate of 0.25 mL/min  (equivalent to a superficial velocity of 1 ft/day). The injection 

sequence was as follows: primary Brine2015 for 3.0 ± 0.1 PV, HMPAM–NPs hybrid for 9.9 ± 0.1 PV, then the 

secondary Brine2015 for 7.0 ± 0.1 PV 

Upon completion of the low flow rate injection of HMPAM–NPs hybrid, the core was 

flushed with Brine2015 for at least 10 PV after which the high flow rate injection of the 

hybrid began (Exp. 3b). Figure 4.10 shows the pressure drop profiles along the full core 

length and each section as a function of the injected HMPAM–NPs pore volumes. During 

the primary Brine2015 injection, a steady-state pressure drop value of 37.9 ± 0.1 mbar 

was observed. During the HMPAM–NPs hybrid injection, the pressure drop first 

increased continuously with the pore volumes injected. Then, after an injection of 1.5 ± 

0.1 PV of the hybrid, the pressure drop reached a steady-state value. This shows that there 

is an insignificant amount of mechanical entrapment within the core, in addition to a very 

good injectivity of the HMPAM–NPs hybrid. Similarly, the propagation of the HMPAM–

NPs hybrid in each section also experienced a trivial mechanical entrapment. The small 

differences between the pressure drops for sections 2 through 6 are probably due to small 

differences in their permeabilities. The higher pressure drop in the first section is due to 

the higher viscosity of the HMPAM–NPs hybrid as a result of the lower temperature, as 

explained in Section 4.3.1. The secondary injection of Brine2015, resulted in a gradual 

decrease of the pressure drop, before levelling off to a plateau value only slightly larger 
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than that for the primary Brine2015 injection. This suggested there was an insignificant 

reduction in the permeability of the core sample. 

 

Figure 4.10: Pressure drop profiles during the high flow rate injection of the HMPAM–NPs hybrid (Exp. 3b). The 

experiment was performed at a flow rate of 2.5 mL/min  (equivalent to a superficial velocity of 10 ft/day) with the 

following sequence: injecting Brine2015 for 2.8 ± 0.1 PV, then injection of HMPAM–NPs hybrid for 9.8 ± 0.1 PV and 

finally resuming Brine2015 injection for 7.2 ± 0.1 PV 

Table 4.7 shows the measured end-pressure drops and estimated 𝑅𝐹  and 𝑅𝑅𝐹  values 

during the flow of the HMPAM–NPs hybrid both at low and high flow rates (Exp. 3a and 

3b respectively). For Exp. 3a, 𝑅𝐹 and 𝑅𝑅𝐹 were estimated to be 1.8 ± 0.1 and 1.1 ± 0.1 

respectively. The estimated 𝑅𝐹 value suggests that the mobility of the Brine2015 is 

reduced by 1.8 ± 0.1 times by the presence of the hybrid, which can be advantageous for 

providing mobility control. The estimated 𝑅𝑅𝐹 shows that the permeability of the core 

with Brine2015 is reduced only 1.10 ± 0.1 times. Considering that the viscosities of the 

HMPAM–NPs hybrid and Brine2015 were 1.10 ± 0.02 and 0.65 ± 0.02 respectively, the 

model described by Equation 4.1 is in excellent agreement with the estimated 𝑅𝐹 and 

𝑅𝑅𝐹 based on the measured pressure drops in the experiments. This behaviour of the 

HMPAM–NPs hybrid is similar to what was observed for the flow of the HMPAM in 

porous media. The only difference is that the estimated 𝑅𝐹 for the HMPAM–NPs hybrid 

is higher than that for HMPAM. This is due to the higher viscosity of the HMPAM–NPs 

hybrid as compared to the HMPAM. For Exp. 3b, 𝑅𝐹 and 𝑅𝑅𝐹 were estimated to be 1.60 
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± 0.10 and 1.05 ± 0.10 respectively (see Table 4.7). Considering that the core used for 

Exp. 3b was already used for Exp. 3a, most of the adsorption sites on the rock surface 

were already occupied with HMPAM and NPs and an 𝑅𝑅𝐹 close to 1 was expected. The 

estimated 𝑅𝐹 for Exp. 3b approximately equal to the viscosity ratio of HMPAM–NPs the 

Brine2015. 

Table 4.7: The observed pressure drops, and the estimated RF and RRF, for the injection of the primary and secondary 

Brine2015 and the HMPAM–NPs hybrid at low and high flow rates (Exp. 3a and 3b)  

Q 

(mL/min) 

∆𝑃𝑏
0  

(mbar) 

∆𝑃𝑝 

(mbar) 

∆𝑃𝑏
1 

(mbar) 

RF 

(-) 

RRF 

(-) 

0.25 3.2 ± 0.1 5.9 ± 0.1 3.5 ± 0.1 1.8 ± 0.1 1.1 ± 0.10 

2.5 37.9 ± 0.1 60.8 ± 0.1 38.6 ± 0.1 1.60 ± 0.10  1.05 ± 0.05 

b) Concentration of injected dispersion and effluents 

The retention of both HMPAM and NPs was investigated during the flow of the 

HMPAM–NPs hybrid in porous media using the single injection method. Equation 2.7 

was used to estimate the retention of the HMPAM and NPs. The IPV was neglected due 

to fact that the HMPAM and NPs have much smaller size than the pore throats in the 

Bentheimer core sample (see Section 4.3.1) As shown in Figure 4.11, the tracer reached 

the 0.50 ± 0.05 normalised concentration at 1.10 ± 0.05 PV. In contrast, the HMPAM and 

NPs passed through the 0.50 ± 0.05 normalised concentration at 2.05 ± 0.05 and 1.7 ± 

0.05 PV respectively. The retardation of the HMPAM (R) and NPs (R’), as compared to 

the tracer results, gives the difference between the motion of the HMPAM–NPs hybrid 

and the average motion of the fluid. This retardation decreases the average velocity of the 

HMPAM–NPs hybrid, to such an extent that these components travel slower than the 

solvent (and tracer). Table 4.8 shows the parameters used to calculate the retention. The 

HMPAM and NPs retention were estimated to be 59.8 ± 0.1 µg HMPAM/g rock and 

377.6 ± 0.1 µg NPs/g rock respectively. The retention of both HMPAM and NPs through 

the flow of the HMPAM–NPs hybrid in the porous medium is lower than their retention 

when they were injected individually. Note also that the normalised concentrations of 

HMPAM and NPs do not reach unity over 9.9 ± 0.1 PV of the HMPAM–NPs hybrid 

injection. This is due to the combined effects of filtration, dispersion [159], and the mass 

transfer between the stagnant and flowing HMPAM–NPs hybrid [10]. Some effect of 

filtration at the core inlet was also noticed after the end of the experiment. 
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Figure 4.11: Normalised concentrations of the tracer, HMPAM and NPs as a function of injected pore volumes of the 

HMPAM–NPs hybrid. The experiment was carried out at a low flow rate of 0.25 mL/min (equivalent to 1 ft/d) 

Table 4.8: Parameters used to estimate HMPAM and NPs retention during the flow of the HMPAM – NPs hybrid in 

porous media 

∆PV for HMPAM @ 0.5 
𝐶

𝐶0
 0.95 

∆PV for NPs @ 0.5 
𝐶

𝐶0
 0.60 

Pore volume (mL) 108 

HMPAM concentration (wt%) 0.05 

NPs concentration (wt%) 0.5 

Mass of sandstone grains (g) 858.8  

Adsorbed amount of HMPAM (µg/g rock) 59.8 

Adsorbed amount of NPs (µg/g rock) 377.6 

4.4 Discussion 

The purpose of this chapter was to study the porous media behaviour of a hybrid of 

hydrophobically modified polyacrylamide and hydrophobically modified silica 

nanoparticles. This hybrid was being considered as a potential mobility control agent at 

high salinity and temperature conditions. The proposed mechanism to improve mobility 

control was to add the NPs to the HMPAM solution to improve its viscosity by increasing 

the hydrodynamic radius (this was discussed in detail in Chapter 3). The flow 

characteristics of the HMPAM–NPs hybrid were investigated by (a) performing 

rheological experiments in a rotational rheometer, (b) observing the pressure drop profiles 
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in a core-flood and (c) measuring the concentration of the injected solution/suspension 

and effluents in the core-flood. 

 In our experiments, the addition of 0.5 wt% NPs to a 0.05 wt% HMPAM solution 

improved the viscosity by 10%. The flow of the HMPAM solution alone through a porous 

media showed classic polymer behaviour. When the polymer molecules entered the core, 

the pressure drop first increased monotonically, and then levelled off to a plateau value. 

The addition of NPs to the HMPAM solution resulted in a pressure drop response similar 

to that of HMPAM. However, the plateau value for the HMPAM–NPs hybrid was higher. 

This was due to the larger flow resistance of the hybrid, consistent with its higher 

viscosity, as compared to the HMPAM solution. 

Moreover, from the concentration profiles (Figure 4.11) is evident that during the flow of 

the HMPAM–NPs hybrid, the HMPAM and NPs propagate through porous media 

together. This supports the proposed mechanism that due to hydrophobic–hydrophobic 

interactions between the HMPAM and NPs, they are transported through the porous 

medium in unison. As a result, there was no significant retardation between the HMPAM 

and NPs during their flow in the porous medium. The effect of these hydrophobic–

hydrophobic interactions was also advantageous for preventing significant filtration of 

the NPs. The injection of a NPs suspension at a low flow rate led to a significant increase 

in the pressure drop due to both external and internal filtration of nanoparticle aggregates 

(Figure 4.6). However, co-injecting the HMPAM and NPs under similar conditions, 

prevented the formation of large aggregates and thus no significant filtration was 

observed (Figure 4.9). As mentioned previously, the co-injection of HMPAM and NPs 

resulted in their lower retention as compared to when they were injected individually. 

Rock surfaces have a finite capacity for the adsorption of polymers and NPs [304], so 

when HMPAM and NPs are co-injected, there are fewer adsorption sites available as 

compared to when they are injected individually. 

4.5 Conclusions 

A systematic experimental study was conducted to investigate the porous media flow 

characteristics of a hybrid of hydrophobically modified polyacrylamide (HMPAM) and 

hydrophobically modified silica nanoparticles (NPs) at high salinity and high temperature 

conditions. A series of core-flood experiments was performed at two different superficial 

velocities of 1 and 10 ft/day to assess the retention and injectivity of the materials. By 
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comparing the rheological parameters and porous media flow behaviour of the materials, 

the following conclusions are driven: 

 The viscosity of the HMPAM–NPs hybrid was higher than the viscosity of the 

HMPAM solution. 

 The injection of the HMPAM–NPs hybrid into a porous medium led to a higher 

𝑅𝐹, as compared to that of the HMPAM solution injection, while their 𝑅𝑅𝐹s were 

comparable. Moreover, due to the hydrophobic–hydrophobic interactions 

between the HMPAM and NPs, they were transported through the porous media 

in unison. 

 Hybridization of the HMPAM and NPs prevented significant external and internal 

filtration of nanoparticle aggregates and no substantial increase of the pressure 

drop in the inlet was observed. 

 The HMPAM–NPs hybrid showed excellent injectivity, both at low and high 

superficial velocities. This ensures an easy flow from the near-wellbore region 

into the reservoir and within the porous medium of the reservoir. 

 The Retention of the HMPAM and NPs decreased when they were co-injected. 

This is due to the availability of fewer adsorption sites on the surface of the rock 

for HMPAM and NPs when both of them are present in the same solution. 

 In comparison with the HMPAM, the higher viscosity and lower retention of 

HMPAM–NPs hybrid, as well as its excellent injectivity, highlight the potential 

of the hybrid as a mobility control agent for chemical enhanced oil recovery at 

high salinity and temperature. 
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5 FLOW ENHANCEMENT OF 

WATER-SOLUBLE POLYMERS 

THROUGH POROUS MEDIA 

In Chapters 3 and 4 a polymer-based chemical for enhanced oil recovery at high salinity 

and temperature was introduced and its rheological response and porous media flow 

behaviour was investigated. In this chapter, the focus is on improving the injectivity of 

water-soluble polymers in porous media. The role of pre-shearing on the flow properties 

of polymer solutions is investigated. The polymer solutions contained an acrylamide-

based copolymer obtained from an emulsified polymer emulsion inverted by a surfactant. 

The polymer solutions were pre-sheared using three possible methods: (1) a Buddeberg 

disperser (2) an Ultra-Turrax disperser or (3) a pressure-driven flow through a capillary. 

Shearing the polymer solution was done under a fast flow to induce high-stretching of the 

polymer chains, and thus promote the break-up of the longest ones (i.e. bring about a 

decrease in relaxation time and shear-thinning level). The un-sheared and pre-sheared 

polymer solutions were forced through sand-packs to compare the corresponding flow 

resistances. It was observed that the reduction in the viscosity and screen factor of the 

pre-sheared polymer solutions is path independent, regardless of the shearing device. A 

critical Weissenberg number (𝑊𝑖𝑐 ~13) was found above which the viscosity of the 

polymer solutions started to decrease. The resistance factor for the polymer solutions pre-

sheared with Ultra-Turrax at an energy input of 31.3 MJ/m3 and 290.7 MJ/m3 was nearly 

3 and 7 times lower, respectively, than for the un-sheared polymer solution, while the 

viscosity only decreased by 27% and 48% respectively. The sand-pack experiments were 

successfully interpreted using a numerical model, taking into account time-dependent 

retention. The model showed that the flow of the pre-sheared polymer solutions through 

the sand-packs was mainly enhanced due to the breaking of the longest polymer chains, 

which results in smaller mechanical entrapment. This pre-shearing of the water-soluble 

polymers can be used in multiple industrial applications including chemical enhanced oil 

recovery and optimization of polymer processing. 
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5.1 Introduction 

Long polymer chains can break due to strong flow-induced chain scission. This process 

can be undesirable in many practical applications including turbulent drag reduction of 

dilute solutions of high molecular weight polymers [354] or polymer/DNA 

characterization methods such as high shear rheology in microfluidics [355-357] and gel 

permeation chromatography (GPC). However, if done in a controlled manner,  chain 

scission can be desirable in other applications. Examples include drug delivery [358,359], 

lithography [360,361] and chemical enhanced oil recovery (cEOR) [45]. 

In cEOR applications, polymers are added with the aim of viscosifying the water. 

Controlled chain scission of polymers (often referred to as controlled pre-shearing) has 

been used to improve their flow efficiency in porous media i.e. to reduce the flow 

resistance [8,10,70]. Polymers used in cEOR typically have a large size and are 

polydisperse, i.e. have a broad molecular weight distribution (MWD) [10]. Long polymer 

chains offer more flow resistance and tend to block the smallest pores in porous media, 

which leads to a time-dependent injectivity decline [20-22]. The premise of the controlled 

pre-shearing is to (a) stretch all the polymer chains and (b) break the longest polymer 

chains into smaller size chains by strong flow-induced chain scission [362], as will be 

discussed in more detail below. The latter includes the homolytic scission of valence 

bonds, which connects the atoms to form the macromolecule [363]. 

Pre-shearing of polymer solutions in dilute and semi-dilute regimes was investigated by 

several authors, building upon the work of De Gennes [86] which predicted that random 

polymers coiled in dilute solutions will be fully extended due to a coil–stretch transition 

at a critical strain rate (𝜀�̇�). This strain rate is larger than the rate of relaxation (
1

𝜆
, where 𝜆 

is the longest relaxation time of the polymer chain). This is equivalent to a Weissenberg 

number (𝑊𝑖), defined as the product of strain rate and relaxation time, larger than 1. 

Theoretical calculation based on the generalized Zimm model [87] and numerical 

calculation by Larson and Magda [88] indicated that the onset of the coil–stretch transition 

takes place when 𝑊𝑖  > 0.5. Later, single molecule experiments (based on DNA 

visualization) were combined with microfluidic devices to confirm the onset of the coil-

stretch transition during flow at 𝑊𝑖 > 0.5 [89-91]. Odell et al. [141] established that the 

mid-chain scission occurs due to a continuous increase in stress on the centre of the chain, 

when the strain rate is larger than a critical strain rate known as a critical fracture (𝜀�̇�). 

Since the relaxation time increases with chain length [364], for a polydisperse polymer, 
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the 𝑊𝑖 for the longest chains is larger than for the shortest chains. Hence, the longer 

chains are more prone to mid-chain scission than the smaller ones. This implies that first, 

at a certain critical strain rate ( 𝜀𝑓𝑙̇ ), the longer polymer chains are broken and 

consequently, at a higher critical strain rate (𝜀𝑓𝑠̇ ), the shorter chains are broken. It was 

experimentally shown that mid-chain scission can be induced by an extensional flow field 

[142,143] as well as by ultrasonic cavitation [144,145]. In contrast, pre-shearing a polymer 

solution in the semi-dilute regime is concentration dependent [365]. Unlike the dilute 

regime for which the mid-chain scission occurs, in the semi-dilute regime, the chain 

scission is increasingly randomized at higher concentrations [153]. 

Several studies have investigated the rheological properties of sheared polymer solutions 

[141,153], and their flow behaviour in contractions [365,366]. They found that shearing 

water-soluble polymers, such as hydrolyzed polyacrylamide (HPAM) and polyethylene 

oxide (PEO), improved their flow efficiency in contractions. However, the behaviour of 

pre-sheared polymer solutions in porous media remains poorly understood, which 

demands a detailed study that links the rheology of pre-sheared water-soluble polymers 

to their porous media flow characteristics.  

In this chapter, the porous media flow enhancement of polymer solutions by controlled 

pre-shearing is investigated. The polymer solutions contained an acrylamide-based 

copolymer obtained from an emulsified polymer emulsion that had been inverted by a 

surfactant. The pre-shearing was achieved using either an agitator (a Buddeberg disperser 

or an Ultra-Turrax disperser) or pressure-driven flow through capillaries. The process of 

pre-shearing was performed at various shearing intensities, equivalent to different strain 

rates. To ensure the reduction of the porous media flow resistance while maintaining the 

viscosity, the applied strain rates were higher than 𝜀�̇�  and 𝜀𝑓𝑙̇  but smaller than 𝜀𝑓𝑠̇ . A 

detailed rheological analysis was carried out to examine the effect of the pre-shearing on 

the polymer solutions for each shearing device. The viscosity, screen factor, and imposed 

energy input by pre-shearing were determined, which allows the dependencies and 

correlations between the rheological parameters to be studies. Based on the rheological 

experiments, sand-pack flow experiments were performed. The porous media flow 

behaviour for differently pre-sheared polymer solutions was studied by observing 

interdependence between these tests and the rheological experiments. Moreover, a 

numerical simulation based on a one-dimensional model was carried out, aimed at 

studying the mechanisms of flow efficiency in porous media. 
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5.2 Experimental section 

5.2.1 Materials 

The polymer solution used to conduct the experiments, designated as PS-A, contained 

essentially an acrylamide-based copolymer. PS-A was obtained from an active emulsion 

polymer (designated as EP-A) which was inverted by an active inverter surfactant 

(designated as IS-A). PS-A contained 0.4 wt% EP-A and 0.24 wt% IS-A (1 wt% ~ 10,000 

ppm). The molecular weight of the polymer was estimated at around 2.5× 106 g/mol (see 

Section 4 in Appendix B). The solvent was synthetic seawater SSW-A having total 

dissolved solids (TDS) of approximately 5 wt%. The exact composition of SSW-A is 

given in Table 5.1. Details of a typical inverse polymerization used to synthesize 

acrylamide-based polymers is described elsewhere [367,368]. Here, only the important 

aspects are highlighted and the focus is on the role of pre-shearing on the flow response 

of polymer solutions. PS-A was prepared by first adding IS-A to SSW-A, followed by the 

addition of EP-A under continuous mixing with a magnetic stirrer set to 600 revolutions 

per minute (rpm) at room temperature. The polymer system was fully inverted by a few 

minutes of gentle stirring. To make sure that all the polymer chains were released, the 

solution was stirred for an additional 45 min. During the stirring with the magnetic stirrer, 

no viscosity loss occurred, as confirmed by measuring the viscosity at different stirring 

times. The polymer solution resulting from this process is referred to as the un-sheared 

polymer solution. The critical overlap concentration of the polymer was found to be 0.40 

± 0.01 wt% (see Figure B.3, Appendix B). This indicates that the selected concentration 

of polymer in PS-A is close to the overlap concentration. 

Table 5.1: The synthetic Seawater SSW-A composition with ~ 5 wt% TDS (1 wt% ~ 10,000 ppm) 

Component Na+ K+ Mg2+ Ca2+ Sr2+ Cl- SO42- HCO3- TDS 

Concentration 

(ppm) 
15,121 511 1,928 649 3 27,771 3,700 153 49,836 

5.2.2 Polymer pre-shearing 

Polymer solutions obtained as described above were pre-sheared using three different 

shearing devices. Two agitators were used, namely, a Buddeberg DS5 disperser (hereafter 

referred to as Buddeberg), and an Ultra-Turrax S25 N-18G disperser (hereafter referred 

to as Ultra-Turrax) to shear the polymer solution at various intensities The polymer 



CHAPTER 5: FLOW ENHANCEMENT OF WATER-SOLUBLE POLYMERS THROUGH POROUS MEDIA 

103 

solution was sheared by Buddeberg by using a toothed circular disk stirrer, and by Ultra-

Turrax by forcing the solution through the gaps of the rotating rotor in the shear gap 

between the rotor and stator. In the third shearing method, the polymer solution was 

forced through a capillary die. The capillary die was made up of a steel cylinder, having 

300 mL volume, together with an attached capillary tube. The inner diameter of the 

capillary was 1 mm and the length varied from 3, 10 to 20 cm. At the top of the cylinder, 

pressures between 1 to 20 bar were applied using compressed air. 250 mL of the inverted 

polymer solution was filled in the cylinder and forced through the capillary at a constant 

pressure drop. At the capillary exit, the extruded polymer solution was collected in a 

beaker positioned on a weighing scale to estimate the volumetric flow. 

A summary of the pre-shearing techniques is given in Table 5.2, showing the polymer 

solutions at the different shearing intensities for the Buddeberg and Ultra-Turrax or the 

different applied pressures for the capillary. These shearing intensities were then 

translated to volume specific energy input and Weissenberg number (see Sections 2 and 

3 in Appendix B for details of strain rate calculations).  As mentioned, pre-shearing the 

polymer solution promotes stretching of the polymer chains (equivalent to increasing 𝑊𝑖, 

see Figure 5.1a) and breaking of the longest ones. In literature, the latter is attributed to 

the breaking of the high molecular weight fragments of MWD into lower molecular 

weight fragments, resulting in a narrower MWD (see Figure 5.1b) [362,369]. 

Table 5.2: The shearing intensities or applied pressures for each shearing device 

Shearing device 
Shearing intensity 

(rotational speed or pressure drop) 

Shearing duration or length 

of the capillary 

Buddeberg 

Ultra-Turrax 

Capillary 

500, 750, 1000, 1250, 1500 and 1750 rpm  

5,000, 10,000, and 20,000 rpm  

1, 2, 3, 4, 5, 10, and 20 bar  

30 and 60 min 

1, 3.25, 5, 7.75, and 10 min 

3, 10 and 20 cm 
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Figure 5.1: a) Stretching a polymer chain by increasing the Weissenberg number (Wi). At Weissenberg numbers higher 

than 1 the polymer is fully extended due to the coil–stretch transition. (b) Breaking the high-end fragments of the 

polymer MWD by controlled pre-shearing. The red ellipse highlights the longest chains which have a higher potential 

to be ruptured. In the molecular weight distribution on the right-hand side, the dashed line represents the original MWD 

and the solid line represents the MWD for the pre-sheared polymer. (c) Schematic of the flow of the pre-sheared 

polymer solution through a sand-pack. SSW-A is either directly forced into the sand-pack or is pumped into the first 

equalizing tank where the spacer oil stays on top. Thereafter, the spacer oil moves to the second equalizing tank and 

pushes the polymer solution into the sand-pack 

5.2.3 Rheological measurements 

To study the role of the pre-shearing devices on the flow properties of the polymer 

solutions, a rheological analysis of the polymer solutions (before and after pre-shearing) 

was performed. The viscosity of the polymer solutions ( 𝜂 ) was determined by an 

Ubbelohde viscometer (type number 501 13 Ic). The screen factor (𝑆𝐹), which is a 

measure of the extensional viscosity from stretched to the coiled state, was determined in 

a screen viscometer [370]. The screen factor is defined as the ratio of the time that a certain 

volume of the polymer solution needs to pass through five 100-mesh screens to the flow 

time for the same volume of the solvent through the screens [70]. 𝑆𝐹 measurement has 

typically been employed to determine whether mechanical degradation of a polymer 

solution has occurred during a process [10]. The viscosity of the un-sheared polymer 

solution (𝜂0) was found to be 12.5  0.6 mPa s and its screen factor (𝑆𝐹0) was 19.0  0.9. 

The viscosity of the polymer solutions as a function of shear rate was measured using a 

commercial rheometer (MCR-302, Anton Paar GmbH) in a Couette cell (cup ID = 28.92 

mm, bob OD = 26.66 mm, gap = 1.18 mm). To study the shear-thinning behaviour of the 

polymer solutions, the Carreau–Yasuda model [334] as shown below was used: 

𝜂 − 𝜂∞ = (𝜂i − 𝜂∞)[1 + (�̇�𝜆)𝑎]
𝑛−1

𝑎  (5.1) 
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where 𝜂  is the shear dependent polymer viscosity, 𝜂∞ is assumed to be the solvent 

viscosity, 𝜂i is the zero shear rate viscosity, �̇� is the shear rate and 𝜆 is the relaxation time 

which is the inverse of a critical shear rate where the transition from Newtonian to shear-

thinning occurs. Here, the parameter 𝑛 is the power-law exponent. It is obtained from the 

shear-thinning part of the viscosity response curve and gives information about  the width 

of the transition region from Newtonian to shear-thinning. 

The dynamic viscoelasticity of the polymer solutions was examined to elucidate their 

viscoelastic response. The amplitude sweep was performed and the storage and loss 

moduli were measured as a function of strain. All the rheological measurements in this 

study were performed at 30 ℃. 

5.2.4 Sand-Pack flow experiments 

A sand-pack was used as the model porous medium: 20.0 ± 0.1 g of quartz sand (99% 

pure quartz with trace quantities of iron oxide) having grain sizes smaller than 125 µm 

was packed in a cylindrical cell with inner diameter and length of 1.52 and 7.50 cm 

respectively. A 30 µm square mesh filter and a coarser filter were mounted at the bottom 

of the sand cell. The pore volume (PV) and porosity of the sand-pack were calculated to 

be 6.5 ± 0.1 cm3 and 46 ± 1% respectively. Before the flow test, the air was evacuated 

from the sand-pack cell, and the cell then flushed with SSW-A for 10 min. 

Figure 5.1c shows the schematic of the sand-pack flow set-up. A pressure sensor type A-

10 from WIKA with a measurement range of 0 to 4 bar and an accuracy of 0.5% was 

installed on top of the sand-pack cell. SSW-A was pumped either directly into the sand-

pack or into an equalizing tank initially filled with a spacer-oil. The spacer oil then 

displaces the polymer solution in the polymer tank. This causes the polymer solution to 

flow to the sand-pack cell without a need to be directly pumped. By doing this, it is 

ensured that any mechanical degradation of the polymer solution caused by pumping is 

minimised. 

5.2.5 Sand-pack flow experimental procedure 

The procedure for the sand-pack flow tests is shown in Table 5.3. The sand-pack was 

flushed with SSW-A for 30 min at 3 mL/min, which is equivalent to 14.0 ± 0.5 pore 

volumes (PV), to ensure 100% saturation of the sand-pack with SSW-A. After that, the 

permeability test was performed and the permeability of the sand-pack cell was 

determined to be 1,000  20 mD. Next, the flow rate was switched to 0.5 mL/min and the 



EFFECT OF NANOPARTICLES AND PRE-SHEARING ON THE PERFORMANCE OF WATER-SOLUBLE POLYMERS 

FLOW IN POROUS MEDIA 

106 

injection continued for another 30 min (equivalent to 2.0 ± 0.5 PV) followed by the 

polymer injection. The polymer solution was injected for 30.0 ± 0.5 PV. The resistance 

factor 𝑅𝐹 (defined as the ratio of the pressure drop for polymer solution to the pressure 

drop for the primary SSW-A) was recorded for the whole injection cycle to assess the 

flow resistance of the polymer solutions (see Section 1 in Appendix B for more details 

on 𝑅𝐹). 

Table 5.3: Overview of sand-pack flow experimental procedure 

Sequence Injected fluid 
Injection rate 

(mL/min) 

Injection time 

(min) 

Number of injected 

pore volumes 

1 Synthetic seawater SSW-A 3 30 ~14 

2 Synthetic seawater SSW-A 0.5 30 ~2 

3 Polymer solution PS-A 0.5 Overnight ~30 

5.2.6 Numerical simulation of sand-pack flow 

The polymer flow efficiency in the sand-packs was also investigated by solving 

numerically the one-dimensional model for polymer flow in porous media introduced by 

Yerramilli et al. [371]. The model accounts for the time-dependent polymer retention in 

addition to advection, dispersion, filtration, and static adsorption. A custom-made 

MATLAB code was used to solve the equations. The details and equations used in the 

model can be found in the above reference. Figure B.6 in Appendix B represents the 

workflow used for the simulation. Here, only the key features of the model are presented. 

5.2.6.1 Polymer response to pre-shearing 

The effect of pre-shearing the polymer chains was modelled using the conceptual model 

introduced by Sorbie and Roberts [369] which is based on a discrete multi-component 

representation of the polymer MWD. The model assumes that during pre-shearing, the 

MWD changes, as the higher components degrade into lower molecular weight 

fragments. Therefore, the average molecular weight (𝑀𝑤̅̅ ̅̅ ̅) of the polymers shifts to the 

left (i.e. lower molecular weight) while the amount of polymers corresponded to the 

average molecular weight (𝐶̅) shifts upward (i.e., increase in the amount). Sorbie and 

Roberts [369] proposed the following equations to model the change in MWD because of 

pre-shearing: 
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[𝜂]̅̅ ̅̅ = 𝐴(𝑀𝑤̅̅ ̅̅ ̅)𝑏 (5.2) 

�̅� = 𝜂𝑠[𝜂]̅̅ ̅̅ 𝐶̅ (5.3) 

where �̅� and [𝜂]̅̅ ̅̅  are the average polymer viscosity and intrinsic viscosity respectively, 

and b and A are equal to 0.87 and 2.6 × 10-7, respectively, gives [𝜂]̅̅ ̅̅  in  ppm-1 and 𝐶̅ in 

ppm [369]. For the un-sheared polymer solution, 𝑀𝑤̅̅ ̅̅ ̅ used in the model was obtained 

using the methodology explained in Section 4 in Appendix B and [𝜂]̅̅ ̅̅  and 𝐶̅ could then 

be calculated using Equations 5.2 and 5.3 respectively. For the pre-sheared polymer 

solutions, the average polymer viscosity is already known from the experiments and 𝑀𝑤̅̅ ̅̅ ̅ 

and 𝐶̅ are used as the matching parameters according to Equations 5.2 and 5.3, to obtain 

the same value of viscosity. The change in 𝑀𝑤̅̅ ̅̅ ̅ and 𝐶̅ is based on the trend explained 

above (i.e. decrease in 𝑀𝑤̅̅ ̅̅ ̅ and an increase in 𝐶̅ with increasing energy input). As a result, 

for each shearing condition the relevant values of 𝑀𝑤̅̅ ̅̅ ̅ and [𝜂]̅̅ ̅̅  are input into the model. 

5.2.6.2 Polymer viscosity model 

The dependence of the polymer viscosity on concentration was modelled using the 

modified Flory–Huggins equation described by Equation 5.4 [371]: 

𝜂𝑖 = 𝜂𝑠 [1 + (𝑎1𝑐𝑝 + 𝑎1𝑐𝑝
2 + 𝑎1𝑐𝑝

3)𝑆𝑠]𝑚 (5.4) 

where 𝑎1, 𝑎2 and 𝑎3 are the polymer viscosity fitting parameters, which vary with the 

salinity of the solvent (𝑆𝑠), and 𝑚 is the slope of a log-log plot of (𝜂𝑖- 𝜂𝑠)/ 𝜂𝑠 versus 𝑆𝑠 

for a given energy input. Considering the viscosity values found from the experiments, 

the matching parameters for each shearing condition are obtained, and these can be seen 

in Table B.2 in Appendix B. 

5.2.6.3 Time-dependent reduction of the pore throat radius 

To capture the time-dependent pressure behaviour observed for the un-sheared model, a 

simple model is proposed where the pore throat radius decreases with time. Physically 

this is equivalent to the formation of an impermeable polymer adsorption layer on the 

pore walls with a thickness that grows over time. The growth rate of the polymer layer 

thickness depends on the characteristic size of the polymer molecules in the solution and 

thus also on the molecular weight. The model considers that the pore throat radius reduces 

with the injection of many pore volumes of the polymer solutions. In this simple model, 

the polymer retention, as a result of adsorption and mechanical entrapment, increases 

continuously rather than levelling off to an equilibrium value. 
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5.3 Results and discussion 

5.3.1 Rheological response of pre-sheared polymer chains 

To understand the impact of pre-shearing on the polymer performance, the viscosity and 

screen factor were measured for polymer solutions sheared by Buddeberg, Ultra-Turrax, 

or the capillary die with different shearing intensities (see Table 5.2 for details of the 

shearing conditions for each device). The viscosities were measured with an Ubbelohde 

viscometer and were converted to the zero shear rate viscosity using the correlation 

explained in Section 7 of Appendix B. Figures 5.2a-b show the viscosity and screen 

factor of Buddeberg sheared PS-A as a function of rotational speed. It was observed that 

shearing the PS-A for both 30 min and 60 min leads to comparable viscosities and screen 

factors. This suggests that doubling the shearing time, at these long time scales,  had no 

significant impact on the viscosity reduction. Shearing the polymer solution at a rotational 

speed of 500 rpm hardly influenced the screen factor suggesting that the applied strain 

rate is too small to break the polymer chains. However, from this rotational speed 

upwards, the screen factor continuously decreased. It was found that at 1,750 rpm, the 

screen factor was reduced by 36%. Furthermore, the viscosity was not substantially 

affected by the shearing irrespective of the rotational speed and it decreased only by 7% 

after 30 min at 1,750 rpm. The significant difference between the change in the screen 

factor and the change in the viscosity indicates that Buddeberg ruptures the high-end 

fragments of MWD without significantly rupturing the shorter chains. 

Figures 5.2c-d show that for Ultra-Turrax sheared PS-A at a rotational speed of 5,000 

rpm, the screen factor dropped by 29% whereas the viscosity decreased only by 11%. 

This is identical to what was observed for Buddeberg (i.e. rupturing the high-end 

fragments of MWD only). However, increasing the rotational speed to 10,000, and 20,000 

rpm had a much more significant effect on the viscosity and screen factor; the viscosity 

decreased by 35% and 50% respectively and screen factor dropped by 51% and 71% 

respectively. It can thus be inferred that shearing the polymer solution at rotational speeds 

larger than 5,000 rpm results in a strain rate higher than 𝜀𝑓𝑠̇  , which decreases the viscosity 

more significantly. Moreover, for each rotational speed, the screen factors asymptotically 

tend to a final value meaning that after some point the shearing time no longer affects the 

screen factor. This is consistent with the experimental observations for Buddeberg, where 

shearing the polymer solution for an additional 30 min had little effect on the screen 

factor. 
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Figure 5.2: Impact of the pre-shearing on the viscosity and screen factor of the polymer solutions. For Buddeberg: (a) 

the normalized viscosity and (b) the normalized screen factor as a function of rotational speed after 30 and 60 min of 

shearing. For Ultra-Turrax: (c) the normalized viscosity and (d) the normalized screen factor as a function of shearing 

time at a rotational speed of 5,000, 10,000, and 20,000 rpm. For the capillaries: (e) the normalized viscosity and (f) the 

normalized screen factor as a function of flow rate for 𝐿/r ratios of 60, 200 and 400 

For the capillary sheared polymer solutions, the viscosity and screen factor were 

measured for capillaries with different lengths at various pressure drops (see Table 5.2). 

The total pressure drop across a capillary die is a summation of three contributions: entry 

pressure drop, end pressure drop, and the pressure drop due to the friction of the polymer 

solution with the wall over the length of the capillary. The entry and end pressure drops 

are nearly equal for the different lengths while the frictional pressure drop increases with 

the capillary length. Therefore, for a certain pressure drop, the degradation is higher in 

shorter capillaries. To investigate the change in viscosity and screen factor as a function 
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of flow rate in capillaries, the pressure drops were translated to equivalent flow rates using 

the Poiseuille equation. As can be seen in Figures 5.2e-f, the viscosity and screen factor 

decreased with increasing flow rate. This decrease was more pronounced in the shortest 

capillary (L/r =60) where the observed viscosity and screen factor losses were 30% and 

52% respectively. 

The deformation and breaking of the polymer chains is dependent on the type of flow and 

the chemistry of the polymer [372]. The nature of the flow field created by these shearing 

devices is complex and differs from one device to another. Using shearing devices with 

a region of strong extensional flow such as Buddeberg and Ultra-Turrax, the chains may 

be completely stretched before breaking in their centre [365]. In the flow through the 

capillaries, however, a large proportion of the chains experience the extensional flow field 

and rupture before they are fully stretched (this has been reported for polyacrylamide in 

the turbulent flow and dilute regime [366,373] which is identical to the condition of our 

experiments). Moreover, the residence time for flow in the capillary die was shorter than 

for the flow in Buddeberg and Ultra-Turrax. 

To gain a more detailed insight on how the polymer chains are deformed as a result of 

pre-shearing, the normalized viscosity is plotted as a function of 𝑊𝑖 (see Figure 5.3). 

Note that the viscosity data reported in Figure 5.3 for the polymer solution pre-sheared 

by Ultra-Turrax, are for samples sheared for 7.75 min at rotational speeds of 5,000, 

10,000, or 20,000 rpm. The relaxation time used for the calculation of 𝑊𝑖 is obtained 

from the Carreau–Yasuda model (see Figure 5.5). 

The minimum calculated 𝑊𝑖, for the polymer chains sheared by three shearing devices, 

was 6 ± 1. This suggests that a coil–stretch transition has occurred even at the lowest 

rotational speed of the agitators and the lowest flow rate of the capillary. The viscosity of 

the polymer solutions remained un-changed up to a critical Weissenberg number  

(𝑊𝑖𝑐~13). Then beyond this value, it decreased according to a logarithmic function of 

𝑊𝑖. The data in Figure 5.3 indicates that the polymer pre-shearing is path independent, 

i.e. the viscosity decreases in the same way regardless of the shearing device used for pre-

shearing. Moreover, it can be inferred that the rate of viscosity reduction becomes slower 

at higher 𝑊𝑖 (> 60 ± 1). This suggests that once a certain stress is applied to the polymer, 

the longer polymer chains (higher-end fragments of MWD) are ruptured first. To rupture 

the smaller polymer chains (lower-end fragments of MWD), a higher 𝑊𝑖 is needed. This 

is in good agreement with the observation of Odell et al. [141,374] where the critical strain 
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rate to rupture the polymer chains scales with 1/𝑀𝑤2. The 𝑀𝑤 for the pre-shared polymer 

solutions was measured and plotted as a function of 𝑊𝑖 (see Figure B.4, Appendix B). 

The fact that 𝑀𝑤 decreases only at Weissenberg numbers higher than 𝑊𝑖𝑐 indicates the 

rupture of the longest chains at high strain rates. The effect of shearing time on the 

reduction of the molecular weight for polymer solutions sheared with Ultra-Turrax was 

investigated (see Figure B.5, Appendix B). It was found that for a certain strain rate there 

is a critical 𝑀𝑤 below which there is no reduction in viscosity. This means that the 

reduction of 𝑀𝑤  as a function of shearing time evolves towards a plateau value 

corresponding to the critical 𝑀𝑤 (𝑀𝑤𝑐). Below 𝑀𝑤𝑐, polymer chains can no longer be 

broken irrespective of the duration of pre-shearing. The value of 𝑊𝑖𝑐 obtained from our 

study is in good agreement with that obtained by  Garrepally et al. [366] who found 𝑊𝑖𝑐 

for sheared polymers in the range of 11 to 22 depending on the 𝑀𝑤. 

 

Figure 5.3: The normalized viscosity versus Weissenberg number. Red, green, and grey data points represent the 

Buddeberg, Ultra-Turrax, and capillary respectively 

An important remark should be made concerning the calculation of the Weissenberg 

number. 𝑊𝑖 can be used for both shear flow and extensional flow [375]. For the former, 

the Weissenberg number is defined as 𝑊𝑖 = �̇�𝜆 and for the latter, it is defined as 𝑊𝑖 =

𝜀̇𝜆. The geometries used in this study combine shear and extensional flows. For these 

types of flow, it is generally accepted that a one-to-one relationship between strain rate 

and shear rate exists [376-378]; however, the exact form of such relationship may differ 

from one geometry to another. The Weissenberg number was calculated using 𝑊𝑖 = 𝜀̇𝜆 

for the capillary die. The Weissenberg numbers for Buddeberg and Ultra-Turrax, 

however, were calculated using 𝑊𝑖 = �̇�𝜆 as the available analytical expressions only 

allowed us to convert the rotational speed of these shearing devices to shear rate. 
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5.3.2 Effect of stored energy 

The impact of pre-shearing on the performance of the polymer solution was further 

examined by calculating the energy input into the polymer chains. The calculation was 

based on the shearing intensity, and was used to reconcile the differences between flow 

types in the shearing devices. In this approach, the friction and consequent chain 

stretching and rupturing are not attributed to the strain experienced by the polymer. They 

are rather related to the total accumulated strain, corresponding to the total energy stored 

[365]. Degradation results from the energy accumulation during the stretching process 

which is correlated with the energy dissipated by the shearing devices [372,379]. 

The superimposed volume specific energy input by the agitators can be determined by 

turbine-power correlations, which is expressed by a power number (𝑁𝑝) versus Reynolds 

number for agitators (𝑅𝑒). For this, the power input (𝑃𝑁) can be determined as follows 

[380]: 

𝑃𝑁 = 𝑁𝑝 ∙ 𝜌 ∙ 𝑛𝑟
3 ∙ 𝑑𝑖

5 (5.5) 

where 𝜌 is the fluid density, 𝑛𝑟 the rotational speed, and 𝑑𝑖 is the diameter of the agitator. 

The value of 𝑁𝑝 is found from the power number-Reynolds number relationship, which 

is known for many agitators, and 𝑅𝑒 is calculated by Equation 5.6 [381]: 

𝑅𝑒 =
𝜌 ∙ 𝑛𝑟 ∙ 𝑑𝑖

2

𝜂
 (5.6) 

The imposed volume specific energy input (𝐸𝑣) on the polymer solution can then be 

determined using Equation 5.7: 

𝐸𝑣 =
𝑃𝑁 ∙ 𝑡

𝑉
 (5.7) 

where 𝑡 is the stirring time, and 𝑉 is the stirred volume. A more detailed explanation of 

the calculation of the volume specific energy input is given in Section 2 of Appendix B. 

As shown in Figures 5.4a-b, two master curves could be established between the 

viscosity/ screen factor and the volume specific energy input independent of the shearing 

device. Both the viscosity and the screen factor decrease as the energy input increases. 

The viscosity decreases as a power-law function and the screen factor decreases as a 

logarithmic function of energy input. 
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Figure 5.4: The change in viscosity and screen factor versus shearing intensity (based on the energy input) from the 

experimental series. (a) The normalized viscosity and (b) the normalized screen factor as a function of energy input 

and (c) the normalized screen factor as a function of the normalized viscosity. Red, green, and grey data points represent 

Buddeberg, Ultra-Turrax, and capillary respectively. The data presented here corresponds to the data given in Figure 

5.2 

As shown in Figure 5.4c, another master curve was established between the screen factor 

and the viscosity of the pre-sheared polymer solutions independent of the shearing device. 

The screen factor increased as an exponential function of the viscosity. At the beginning 

of the pre-shearing process, only the screen factor decreased sharply while the reduction 
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in viscosity was samller. Later, both the screen factor and viscosity decreased 

significantly. This supports the hypothesis that by shearing the polymer solution, first the 

long polymer chains are ruptured (which mainly causes a reduction in the screen factor) 

but after a critical strain rate, the shorter polymer chains are ruptured as well (which 

causes reduction in both the screen factor and viscosity). 

The shear viscosity measurements were performed for the PS-A with no pre-shearing and 

the pre-sheared PS-A, using the Buddeberg, Ultra-Turrax, and capillary at different 

energy inputs as indicated in Figure 5.5a. The Carreau–Yasuda model (Equation 5.3) was 

used to fit the experimental data. The list of fitting parameters is tabulated in Table B.1 

(see Appendix B). The data shows that regardless of the shearing conditions, the PS-A 

exhibits a Newtonian behaviour at low to intermediate shear rates, followed by a shear-

thinning behaviour at higher shear rates. The extension of Newtonian and shear-thinning 

regimes depends on the energy input. The shear rate dependency of the PS-A decreased 

with increasing the energy input. On the other hand, from Table B.1, it can be seen that 

the relaxation time decreases with increasing energy input. This means that at a higher 

energy input, the polymer solutions contain shorter polymer chains, and these chains are 

more stretched. Consequently, when a polymer molecule is deformed by the shear forces, 

it requires a shorter time to relax to its original conformation. 

 

Figure 5.5: (a) The normalized steady-state shear viscosity of un-sheared and pre-sheared polymer solutions. The solid 

lines are acquired by fitting the experimental data with the Carreau–Yasuda model. The fitting parameters are presented 

in Table B.1 (see Appendix B).  (b) The storage modulus (𝐺′) and loss modulus (𝐺′′) as a function of strain at a constant 

angular frequency 𝜔=6.28 rad/s 

Amplitude sweep tests were conducted to measure the storage modulus (𝐺′) and loss 

modulus (𝐺′′) as a function of strain (𝜀) at a constant angular frequency (𝜔) of 6.28 rad/s. 

This test was attempted with the PS-A with no pre- shearing and also with the PS-A 
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sheared with Buddeberg and Ultra-Turrax at volume specific energy inputs of 14.6 and 

40.8 MJ/m3 respectively. As can be seen in Figure 5.5b, for the PS-A with no pre-shearing 

the loss modulus was larger than the storage modulus over the whole range of strains, up 

to 1000%. This implies that even in the absence of pre-shearing the rheological response 

of the polymer solution is controlled by the viscous component and there is no significant 

entanglement among the polymer chains. With increase in the energy input imposed by 

the Buddeberg and Ultra-Turrax, both 𝐺′ and 𝐺′′ decrease, and the response was still 

completely viscous dominant. This is another indication of the stretching of the polymer 

chains and the breaking of the longest ones by pre-shearing. 

5.3.3 Effect of pre-shearing on porous media flow 

Based on the results of the rheology of the pre-sheared polymer chains, the following 

polymer solutions were selected for the sand-pack flow experiments: the PS-A with no 

pre-shearing and Ultra-Turrax sheared PS-A with an energy input of either 31.3 MJ/m3 

or 290.7 MJ/m3. Here, the focus is only on the polymer solutions pre-sheared by the Ultra-

Turrax, with different energy inputs, as the flow field is similar. This enables the 

investigation of the effect of energy input on the flow enhancement of the pre-sheared 

polymer solutions in porous media. The summary of the sand-pack flow experiments 

performed is given in Table 5.4. The results will be discussed and interpreted in terms of 

the resistance factor 𝑅𝐹 of the polymer solution. As a point of reference, the 𝑅𝐹 will be 

compared at 30.0 ± 0.5  PV for all the experiments. Thereafter, the results of the numerical 

simulation will be presented, to aid in the understanding of the behaviour of the polymer 

flow through the sand-packs. 

Table 5.4: Summary of performed sand-pack flow experiments 

 

 

Volume specific energy input 

(MJ/m3) 

Viscosity 

(mPa s) 
Screen factor 

Resistance factor 

at 30 PV 

No pre-shearing 0 25.7 18.4 84.5 

Ultra-Turrax  31.3 18.7 10.3 29.0 

Ultra-Turrax 290.7 13.3 6.4 13.0 

In Figure 5.6a, the 𝑅𝐹s of the un-sheared and pre-shared polymer solutions are plotted as 

a function of the number of pore volumes (PV) forced through the sand-pack. When the 

un-sheared PS-A was forced through the sand pack, a significant increase in the 𝑅𝐹 was 

immediately observed, and after only  3.5 ± 0.5 PV injection of PS-A, the resistance factor 
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rose to 30.0 ± 0.5. Thereafter, the rate of increase became slower and after 30.0 ± 0.5 PV, 

the 𝑅𝐹 reached 84.5 ± 0.5. 

 

Figure 5.6: The sand-pack flow experimental and numerical modelling results. (a) Resistance factor (RF) as a function 

of pore volume for the flow of un-sheared and Ultra-Turrax sheared polymer solutions at different energy input through 

the sand-pack and (b) reduction in the radius of pore throat (𝑅𝑝) as a function of pore volume 

Pre-shearing the PS-A with the Ultra-Turrax significantly enhanced the flow through the 

sand-pack. However, when the Ultra-Turrax sheared PS-A with energy input of 31.3 

MJ/m3 was forced through the sand-pack for 30.0 ± 0.5 PV, the 𝑅𝐹 rose to 29.0 ± 0.5. 

This represents a 66% decrease in the 𝑅𝐹 compared to un-shared PS-A while the viscosity 

decreased by 27% only . When the energy input of the Ultra-Turrax was significantly 

increased to 290.7 MJ/m3, 𝑅𝐹 at 30.0 ± 0.5 PV dropped by an additional 19% whereas 

the viscosity dropped by an additional 21%. The reduction in the 𝑅𝐹 of the pre-sheared 

polymer solutions is consistent with the reduction in the 𝑆𝐹 formerly observed in the 

screen factor experiments. 
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These results are in agreement with the study of Dupas et al. [382] who found that the 

moderate mechanical degradation of HPAM prior to injection improves its injectivity in 

sand-packs. The authors also found that at high injection velocities, the apparent rheo-

thickening for the degraded HPAM solution was less pronounced as compared to the 

native HPAM solution. This was attributed to the reduction of the extensional viscosity 

at high degradation rates (through the rupture of longer chains) while the shear viscosity 

decreased only slightly. 

A summary of the parameters used in the numerical simulation to match the sand-pack 

flow experiments for each pre-shearing condition is given in Table B.2 in Appendix B. 

Figure 5.6a shows that the model was able to perfectly match the sand-pack flow 

experiments. A significant increase in the 𝑅𝐹 of the un-sheared PS-A at the beginning of 

the flow through the sand-pack is due to the combined effect of adsorption and 

mechanical entrapment, which leads to drastic polymer retention. Whether mechanical 

entrapment or adsorption is dominant depends on the permeability of the porous medium. 

Comparing the hydrodynamic radius of the polymer coil (𝑅ℎ) and the pore throat radius 

(𝑅𝑝), the adsorption may be the dominant mechanism for polymer retentions in high-

permeability sands (𝑅𝑝  > 50𝑅ℎ) [115], while the mechanical entrapment dominates in low-

permeability rocks (𝑅𝑝   < 3𝑅ℎ) [20,22,115]. Hence, the adsorption here is more dominant 

as the permeability of the sand-pack is relatively high. Nevertheless, after all the 

adsorption sites in the sand-pack are occupied with the polymer molecules, the 

mechanical entrapment becomes the dominant factor for polymer retention. Our model 

considers a time-dependent reduction in pore throat radius meaning that the pore throat 

becomes smaller due to the flow of many pore volumes of PS-A through the sand-pack 

and the consequent mechanical entrapment. As can be seen in Figure 5.6b, upon flowing 

the PS-A through the sand-pack, the radius of the pore throat becomes smaller and 

smaller. After 30.0 ± 0.5 PV, a 34% reduction in the radius of the pore throat is observed. 

This is consistent with a significant reduction in the size of polymer chains. 

The flow of 30.0 ± 0.5  PV of the Ultra-Turrax sheared PS-A (energy input of 31.3 MJ/m3) 

through the sand-pack leads to a reduction of pore throat radius by 24%. This suggests 

that the longest polymer chains have been broken after pre-shearing, which makes the 

mechanical entrapment and continuous increase in 𝑅𝐹 less pronounced. The flow of 30.0 

± 0.5 PV of Ultra-Turrax sheared PS-A (energy input of 290.7 MJ/m3) results in a 
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decrease in the pore throat radius of only 7%, which leads to a very gentle increase in the 

𝑅𝐹. This suggests that the size of polymer chains has significantly reduced. 

Even though the pre-shearing PS-A with the high energy input of 290.7 MJ/m3 leads to 

the best porous media flow enhancement, it should be noted that it also decreases the 

original viscosity by 48%. This lower viscosity results in a reduction in the ability of the 

polymer solution to improve the sweep efficiency and consequently to enhance the oil 

recovery. Moreover, the significant energy applied to break the polymer chains is costly. 

Pre-shearing the polymer solution with the energy input of 31.3 MJ/m3, however, results 

in only a 27% reduction of viscosity while the applied energy is 90% reduced compared 

to the 290.7 MJ/m3 case. Therefore, the trade-off between the flow enhancement, the 

viscosity reduction, and the cost of energy generation should always be considered when 

choosing the optimum level of energy input for pre-shearing the polymer solutions. 

5.4 Conclusions 

The effect of controlled pre-shearing on the flow of a polymer solution containing an 

inverse emulsion polymer dissolved in synthetic seawater was investigated. Three 

shearing devices were considered, namely a Buddeberg disperser, an Ultra-Turrax 

disperser, and pressure-driven flow through a capillary die. By comparing the flow 

properties of polymer solutions pre-sheared at different intensities, the following 

conclusions are driven: 

 A critical Weissenberg number was found (𝑊𝑖𝑐~13) above which the viscosity of 

the polymer solution started to decrease. The rate of viscosity reduction at large 

𝑊𝑖  became slower. Polymer pre-shearing was found to be path independent, 

regardless of the shearing device. 

 Plotting the viscosity and screen factor of the pre-sheared polymer solution as a 

function of the energy dissipated by the shearing devices resulted in the 

establishment of master curves. By increasing the energy input, initially, only the 

screen factor decreased sharply, while the reduction in viscosity was more 

gradual. Later, both the screen factor and viscosity decreased significantly. These 

master curves for the polymer system were proven to be independent of the 

shearing device.  
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 Pre-shearing the polymer solution enhanced its flow efficiency in porous media. 

The Ultra-Turrax sheared polymer solution with an energy input of either 31.3 or 

290.7 MJ/m3 showed a 66% and 85% drop in resistance factor respectively, while 

the viscosity was reduced by 27% and 48% respectively. 

 A numerical model for polymer flow in porous media that accounted for time-

dependent retention was built. The model predictions were found to be in good 

agreement with the reported experiments. The model assumed that the main 

mechanism for flow efficiency enhancement is a reduction in the size of polymer 

chains after pre-shearing which in turn leads to smaller mechanical entrapment 

and a less pronounced increase in resistance factor. 

 The pre-shearing techniques can be applied to other polymers typically used for 

cEOR such as hydrolyzed polyacrylamide (HPAM). The shear degradation of 

HPAM (i.e. the decrease in viscosity in shear flow fields) has also been reported 

in several studies [79,383-386]. 

 Further studies are needed to determine the precise relationship between the shear 

and extensional flows as a result of pre-shearing. Moreover, direct measurements 

of MWD can better illustrate the concept of flow enhancement of water-soluble 

polymers in porous media. Our study could be extended by investigating the effect 

of porous media permeability on the effectiveness of pre-shearing for flow 

enhancement, particularly in low permeability cores where polymer injectivity is 

a serious challenge. 
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6 GENERAL CONCLUSIONS 

AND OUTLOOK 

The implementation of conventional water-soluble polymers for chemical enhanced oil 

recovery (cEOR) at high salinity and temperature and their time-dependent injectivity 

decline are two common challenges in field applications. This thesis was focused on the 

investigation of a hybrid of hydrophobically modified polyacrylamide and 

hydrophobically modified silica nanoparticles for cEOR at high salinity, hardness, and 

temperature including characterizing each component of the hybrid, their rheological 

response, and behaviour in porous media. In the subsequent part of this thesis, the flow 

enhancement and injectivity improvement of an inverted emulsified polymer emulsion in 

porous media by pre‑shearing through contractions and agitators were investigated. This 

chapter gives the general conclusions of the thesis followed by the outlook for future 

research. 

6.1 General conclusions 

A critical review of the most recent advances on polymers and nanoparticles for cEOR 

was given and the areas which need further researches were highlighted. The challenges 

for the application of conventional polymers for cEOR at high salinity and temperature 

conditions were discussed in some detail. A notable finding from the literature is that 

modified polyacrylamides by incorporation of small hydrophobic or salt- and 

temperature-tolerant monomers exhibit much higher stability at elevated temperature and 

high salinity. Nonetheless, few studies concerning their behaviour in porous media have 

been reported in the literature. Moreover, the molecular weight of the modified 

polyacrylamides, with salt- and temperature-tolerant monomers, is on the low side. For 

this reason, they need to be overdosed to meet the viscosities required for oil recovery, 

which has obvious economic disadvantages. This thesis addressed the limitations of the 

currently available polymer materials by proposing a novel approach for enhancing water 

viscosity. The new approach is based on the hybridization of polymers and nanoparticles 

to achieve stable hybrids with superior and tuneable rheological properties. 
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Concerning the four research questions presented in Section 1.3, the conclusions are 

given below. 

6.1.1 The rheological response of hybrids at various concentrations 

The proposed hybrid consists of a hydrophobically modified polyacrylamide (HMPAM) 

and hydrophobically modified silica nanoparticles (NPs). A detailed investigation of this 

hybrid at various concentrations was undertaken to characterize its physical-chemical 

properties and underlying mechanics concept. The NPs were hydrophobically modified 

by grafting a low molecular weight organic ligand (gamma-

glycidoxypropyltrimethoxysilane) onto their surface. The modified polymer and NPs 

became more hydrophobic than the original polymer and NPs but still had sufficient 

polarity to allow a good dispersion in water. An xDLVO analysis showed that such 

modification led to an increased potential barrier compared to the bare nanoparticles due 

to provided steric stabilization which ensured the colloidal stability at high salinity. 

Hybridization of HMPAM with NPs resulted in a higher viscosity at high salinity and 

temperature. The viscosity improvement was more pronounced for HMPAM in the semi-

dilute regime. Apparently, the HMPAM chains in the semi-dilute regime overlap, and 

therefore they can be bridged by NPs more easily. For a given HMPAM concentration, 

in the semi-dilute regime, there was a critical concentration of NPs above which the 

bridging of HMPAM chains by NPs happened more easily resulting in a significant 

increase in viscosity. 

6.1.2 The effect of nanoparticles on the flow performance of polymers in 

porous media 

The porous media flow behaviour of HMPAM, NPs, and HMPAM–NPs hybrid was 

investigated by performing a series of core-flood experiments at low and high superficial 

velocities. The hybrid showed larger flow resistance, consistent with its higher viscosity, 

compared to the simple polymer. Injection of NPs suspension at low superficial velocity 

led to a substantial increase in the pressure drop due to external and internal filtration of 

nanoparticle aggregates. However, co-injection of HMPAM and NPs under similar 

conditions prevented such filtration. This supports the proposed mechanism where 

hydrophobic–hydrophobic interactions between HMPAM and NPs prevent the 

aggregation of NPs as polymer and nanoparticles are transported through porous media 

in unison. Co-injection of HMPAM and NPs also reduced the retention of both HMPAM 
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and NPs compared to when they were injected individually. This can be explained by the 

availability of fewer adsorption sites on the surface of the rock for HMPAM or NPs when 

both of them are present in the same solution. The results show the potential of HMPAM–

NPs hybrid as a mobility control agent for chemical enhanced oil recovery at high salinity 

and temperature. 

6.1.3 The rheological response of the pre-sheared polymer chains 

To understand the impact of pre-shearing on the rheological response of the polymer 

chains, the viscosity and screen factor were measured for polymer solutions sheared by 

two agitators and a capillary die with different shearing intensities. The polymer solution 

contained essentially an acrylamide-based copolymer obtained from an emulsified 

polymer emulsion inverted by a surfactant. Pre-shearing the polymer solution was done 

under fast flow to induce high-stretching of the polymer chains and thus promote the 

break-up of the longest ones (i.e. decrease in relaxation time and shear-thinning level). 

Beyond a certain critical Weissenberg number, independent of the shearing device, the 

viscosity of the polymer solution decreased. Plotting the viscosity and screen factor of 

pre-sheared polymer solution as a function of the energy dissipated by the shearing 

devices resulted in establishing master curves. These master curves for the polymer 

system were proven to be independent of the shearing device. By increasing the energy 

input, first, only the screen factor decreased sharply while the reduction in viscosity was 

not as much. Later, both the screen factor and viscosity decreased significantly. 

6.1.4 The effect of pre-shearing on the flow performance of polymers in 

porous media 

To understand the impact of pre-shearing on the flow performance of polymers in porous 

media, the un-sheared and pre-sheared polymer solutions at different energy inputs were 

forced through sand-packs to compare their corresponding flow resistances. Moreover, 

the sand-pack experiments were interpreted using a numerical model which takes into 

account the time-dependent retention of polymers. The porous media experiments in 

sand-packs proved that pre-shearing the polymer improves its injectivity considerably 

without a significant reduction in viscosity. The injectivity improvement was in excellent 

agreement with the proposed idea that pre-shearing breaks the longer chains thus reducing 

the effects of mechanical entrapment of polymer molecules. 
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6.2 Outlook 

This thesis presented a novel polymer-based chemical for cEOR at high salinity and 

elevated temperature and a novel method for improving the injectivity of polymers. Some 

aspects of these novel approaches may require further research. Some of the research 

opportunities are outlined below. 

Further investigation of the long-term stability of the HMPAM–NPs hybrid is 

recommended (Chapter 3). Complementary experiments such as the study of the 

colloidal stability and change in the hybrids viscosity over time are recommended to 

investigate the effectiveness of the hybrids at high temperatures in the long-term. The 

organic ligand can ensure the colloidal stability of NPs at high salinity; however, at high 

temperatures, in the long-term, the epoxy functional groups of the organic ligand can 

react/open up which increases the likelihood of NPs aggregation in presence of salt. 

Therefore, further research on the development of organic ligands suitable for high 

temperatures in the long-term will be helpful. 

Flow resistance as a result of the HMPAM–NPs hybrid flow through porous media at the 

attempted concentrations proved to follow its bulk rheological behaviour (Chapter 4). 

Performing core-flood experiments at various HMPAM and NPs concentrations is 

recommended to investigate whether this observation is also valid at other concentrations. 

It would be particularly interesting to investigate if the good injectivity observed for the 

HMPAM–NPs hybrid also occurs at higher concentrations of NPs where the probability 

of NPs aggregation becomes higher. 

Pre-shearing the polymer solutions clearly improved their injectivity through a porous 

medium with relatively high permeability (Chapter 5). An extension of our study can be 

to investigate the impact of porous media permeability on the effectiveness of the pre-

shearing for flow enhancement of water-soluble polymers. In particular, performing the 

experiments at low permeable rocks, for which the propagation of long-chain polymers 

seems to be a challenge, is an interesting follow-up for this research. 
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7 APPENDICES 

7.1 Appendix A: Rheology of HMPAM–NPs hybrid 

 

1. Calculation of the volume fraction of the ligand 

The volume fraction of a ligand (𝜙𝑙) in the shell is determined by the following equation 

[387]: 

𝜙𝑙 =
3𝛤𝑚𝑎𝑥𝑅2

𝜌𝑙[(𝐿 + 𝑅)3 − 𝑅3]
 (A.1) 

where 𝜌𝑙 is the bulk density of a pure ligand, 𝛤𝑚𝑎𝑥 is the grafting density of the ligand in 

units of ligand mass per nanoparticle surface area, R is the radius of the nanoparticle and 

L is the thickness of particle coating by the ligand.  𝛤𝑚𝑎𝑥 is derived from the following 

equation: 

𝛤𝑚𝑎𝑥 =
𝜎𝑀𝑊𝑙

𝑁𝐴
 (A.2) 

where 𝜎, as calculated by Equation 3.3, is the grafting density of the ligand in units of 

molecules per nanoparticle surface area, 𝑀𝑊𝑙 is the molecular weight of the ligand and 

𝑁𝐴 is the Avogadro’s number. 

2. Stability of NPs and hybrids 

Figure A.1 shows the samples of GPTMS modified NPs dispersed in Brine2015 in 

different concentrations from 0.05 to 4.0 wt% over the course of three months. As can be 

seen, all the samples were colloidally stable and no sedimentation was observed. 
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Figure A.1: Samples of GPTMS modified silica NPs at different concentrations dispersed in Brine2015; from right to 

left: 0.05, 0.5, 1.0, 2.0, 3.0 and 4 wt% 

Figure A.2 shows the samples of bare and GPTMS modified NPs dispersed in DI water 

and Brine 2015 at a concentration of 0.05 wt% after three months. Both bare and GPTMS 

modified NPs were stable in DI water but bare NPs showed some turbidity while the 

dispersion of GPTMS modified NPs was transparent. On the other hand, the dispersion 

of bare NPs in Brine2015 resulted in sedimentation whereas the dispersion of GPTMS 

modified NPs in Brine2015 was stable. 

 

Figure A.2: Different samples of silica NPs. From right to left: bare silica NPs in DI water, GPTMS modified NPs in 

DI water, bare NPs in Brine2015 and GPTMS modified NPs in Brine2015. The dispersion of bare NPs in Brine2015 

resulted in sedimentation 

Figure A.3 shows hybrid samples of HMPAM and GPTMS modified NPs in Brine2015 

at a constant NPs concentration of 4 wt%. The concentration of HMPAM varied from 

0.05 to 0.6 wt%. As can be seen, all the hybrids were stable after three months and no 

sedimentation was observed.  
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Figure A.3: Hybrid samples of HMPAM and GPTMS modified silica NPs in Brine2015. The concentration of NPs 

was 4 wt% for all the samples and the concentration of HMPAM varied. From right to left, concentration of HMPAM 

was 0.05, 0.1, 0.2, 0.3, 0.5 and 0.6 wt% 

3. TEM of nanoparticles 

In order to disperse the bare silica NPs in DI water and Brine2015, the solutions were 

sonicated in a water bath for 30 min. After the sonication, a visually homogenous 

dispersion of NPs was observed in DI water. In the Brine2015, some nanoparticle 

aggregates were still visible. Particle size distribution (PSD) analyses on the bare silica 

NPs dispersed in DI water and brine confirm larger agglomerations of the particles in 

brine compared to water (Figure A.4). 

 

Figure A.4: 50 ppm dispersion of silica NPs in (a, c) DI water TEM and PSD analysis, (b, d) Brine2015 TEM and PSD 

analysis (scale bar: 80 nm). The solid line is the normal distribution of data 
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The TEM analysis of the GPTMS modified NPs in DI water shows the presence of 

individual and small clusters of NPs with a narrow cluster size distribution which has an 

average size of 22 nm (Figure A.5a and A.5c). For the NPs dispersed in Brine2015, larger 

agglomerates are formed resulting in clusters with a wider distribution averaging at about 

42 nm (Figure A.5b and A.5d). 

 

Figure A.5: 50 ppm dispersion of GPTMS modified silica NPs in (a, c) DI water TEM and PSD analysis, (b, d) 

Brine2015 TEM, and PSD analysis (scale bar: 100 nm). The solid line is the normal distribution of data 

4. Carreau–Yasuda model for the shear-thinning response of polymer solutions 

The viscosity of polymer solutions as a function of shear rate was fitted in Carreau–

Yasuda model. The results were shown in Figure 3.3. In Table A.1 the fitting parameters 

are shown for HMPAM solutions in DI water at 25 °C. The DI water viscosity was 

considered 0.9 mPa s (i.e. η∞=0.9 mPa s). Table A.2 shows the fitting parameter for 

HMPAM solutions in Brine2015 at 25 °C with solvent viscosity of 1.4 mPa s (i.e. η∞=1.4 

mPa s). In Table A.3 fitting parameters of HMPAM solutions in Brine2015 at 70 °C is 

shown (η∞=0.65mPa s). 
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Table A.1: Fitting parameters for HMPAM solution in DI water at 25 °C (η∞=0.9 mPa s) 

Polymer conc. 

(wt%) 

ηo  (mPa s) λ (s) n a 

0.70 46.9 0.042 0.71 1.49 

0.50 19.8 0.038 0.82 1.90 

0.40 12.7 0.035 0.86 2.47 

0.30 8.2 0.033 0.90 1.11 

0.20 4.8 0.025 0.94 1.00 

0.15 3.7 0.013 0.96 0.73 

0.10 2.0 0.004 0.98 2.65 

 

Table A.2: Fitting parameters for HMPAM solution in Brine2015 at 25 °C (η∞=1.4 mPa s) 

Polymer conc. 

(wt%) 

ηo  (mPa s) λ (s) n a 

0.50 36.7 0.045 0.77 1.98 

0.40 22.8 0.043 0.83 2.62 

0.30 16.1 0.032 0.87 3.00 

0.20 7.4 0.025 0.93 0.83 

0.10 3.5 0.0025 0.95 2.51 

0.05 2.4 0.002 0.97 2.45 
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Table A.3: Fitting parameters for HMPAM solution in Brine2015 at 70 °C (η∞=0.65 mPa s) 

Polymer conc. 

(wt%) 

ηo  (mPa 

s) 

λ (s) n a 

0.50 11.2 0.019 0.84 1.45 

0.40 7.4 0.017 0.90 2.00 

0.30 4.2 0.009 0.98 1.31 

0.20 2.7 0.003 0.99 1.50 

0.10 1.4 0.0025 0.99 2.51 

0.05 1.0 0.002 0.99 2.45 

 

5. Molecular weight estimation of HMPAM and PAM 

The free-radical based polymerization techniques employed to synthesize the 

polyacrylamide derivatives is anticipated to yield high molecular weight polymers (> 106 

g mol-1). Measuring molecular weights of these polymers via standard size exclusion 

chromatography proved to be challenging. Therefore, the molecular weights were 

estimated based on viscosity measurements. Wu et al. [329] reported the Mark-Houwink 

parameters for PAM homopolymers relating the intrinsic viscosity ([η]), which is directly 

related to the coil dimension of polymers in solution, to their molecular weight. 

The intrinsic viscosity can be determined by measuring the solution viscosity (η) with 

respect to the solvent viscosity (η0 ) in the dilute regime (no overlap between polymer 

coils) and extrapolation to zero polymer concentration as described by Equation A.3. ηsp 

represents the specific viscosity here. 

[𝜂] = lim
𝑐→0

(
𝜂 − 𝜂0

𝜂0
)/𝑐 = lim

𝑐→0

𝜂𝑠𝑝

𝑐
 (A.3) 

As the fraction of hydrophobic comonomers in HMPAM is only small, we assumed that 

this equation for polyacrylamide homopolymers holds for the hydrophobically modified 

polyacrylamide derivatives as well. Following the protocol from Wu et al. [329], η was 

measured in an aqueous 0.2 M Na2SO4 solution for HMPAM and PAM in a concentration 
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window ranging from 0–0.4 g/dL. A rolling ball micro-viscometer was used for the 

viscosity measurements, as this instrument is able to measure viscosities at significantly 

higher accuracy than a conventional rheometer. These measurements yielded a fairly 

linear relationship between η and the polymer concentration for both PAM (Figure A.6a) 

and HMPAM (Figure A.6c). This indicates that the measurements were performed in the 

dilute regime, ensuring that the intrinsic viscosities and hence molecular weights of single 

polymer chains were measured. Plotting the data according to Equation A.3 and perform 

the extrapolation yields intrinsic viscosities of 6.8 and 5.6 dL/g for PAM (Figure A.6b) 

and HMPAM (Figure A.6d) respectively. Based on these values, molecular weights of 

2.7 ± 0.1 × 106 and 2.1 ± 0.03 × 106 g mol-1 were obtained for PAM and HMPAM, 

respectively. The molecular weights of both polymers are approximately the same, 

indicating that incorporating hydrophobic co-monomers in the PAM polymers is not 

significantly altering the polymerization kinetics and achievable monomer conversions. 

We must note that the molecular weights reported here are merely estimates. Wu et al. 

[329] reported that the Mark-Houwink parameters depend on the degree of hydrolysis of 

the incorporated acrylamide monomers. At higher hydrolysis degrees the polymers 

behave more like polyelectrolytes. The introduction of charged moieties increases the coil 

volume of the polymers and hence the value for [η]. As the measured intrinsic viscosities 

were converted to molecular weights using parameters for polyacrylamide polymers with 

no hydrolysis, the reported molecular weights might be overestimated. As we did not 

attempt to measure the degree of hydrolysis for PAM or HMPAM, the reported values 

can be treated as an upper bound to the true molecular weight. Besides the unknown 

degree of hydrolysis, the relation reported by Wu et al. [329] was only verified for 

polymers of molecular weights up to 1.5 · 106 g·mol-1. Small deviations of this relation 

when increasing the molecular weight a factor of 2–3 could be present. 
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Figure A.6: Solution viscosity (η) versus polymer concentration for (a) PAM and (c) HMPAM. The plot of the specific 

viscosity (ηsp = (η–η0)/η0, with η0 = viscosity of the pure solvent) divided by the polymer concentration versus the 

polymer concentration for (b) PAM and (d) HMPAM. Extrapolation to zero polymer concentration yields the intrinsic 

viscosities ([η]) of the polymers. Measurements were performed in 0.2 M Na2SO4 at 25 °C 

6. Estimation of overlap concentration and radius of gyration 

As can be seen in Figure A.7, the overlap concentration of HMPAM in DI water and 

Brine2015 was found to be 0.49 ± 0.01 wt% and 0.30 ± 0.01 wt% respectively. The radius 

of gyration (RG) of HMPAM was estimated from the following equation [388]:   

𝑅𝐺 = (
[𝜂]𝑀𝑊

Φ
)

1/3

 (A.4) 

where [𝜂] is the intrinsic viscosity, MW is the molecular weight of polymer and 𝛷 is a 

universal constant (4.2 × 1024 mol-1). RG in DI water and Brine2015 was found to be 70 ± 

5 and 80 ± 5 nm respectively.  
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Figure A.7: Determination of Cp
* for HMPAM (a) in DI water and (b) in Brine2015 

7. Estimation of HMPAM persistence length 

To calculate the persistence length of HMPAM chains, we estimated the intrinsic 

viscosity (see Figure A.7) from which the radius of gyration (RG) was estimated (see 

Equation A.4). For a non-branched wormlike chain, the persistence length can be 

estimated from RG based on the following equation [389]:  

< 𝑅𝐺
2 > =

𝐿𝐿𝑡

3
− 𝐿𝑡

2 +
2𝐿𝑡

3

𝐿
−

2𝐿𝑡
4

𝐿2
(1 − 𝑒

−
𝐿
𝐿𝑡) (A.5) 

where 𝐿𝑡 is the persistence length and 𝐿 is the contour length (𝐿 =
𝑀𝑏

𝑚
, with M and m 

being the polymer and monomer molecular weight and 𝑏  is the contour length per 

monomer). Since both acrylamide and t-butyl acrylamide have the same “acrylamido” 

backbone, thus the same carbon-carbon bond length, the whole chain can be assumed as 

a connection of acrylamide. Therefore, for the sake of calculation, we assumed HMPAM 

as a pure polyacrylamide. The HMPAM contour length per monomer was considered to 

be within the range of 0.27–0.40 nm [390]. As a result, the HMPAM contour length and 

persistence length was estimated to be 9.9 ± 1.9 µm and 2.2 ± 0.6 nm respectively. Since 

the contour length is much larger than the persistence length, therefore, our long-chain 

polymer behaves like a random coil. Considering that the distribution of hydrophobic 

groups on HMPAM is random, three types of interactions are possible in an HMPAM–

NPs hybrid: (a) intra-chain hydrophobic association within an HMPAM chain (b) inter-

chain hydrophobic association between HMPAM chains, and (c) hydrophobic–

hydrophobic interaction between t-butyl acrylamide units on HMPAM and 

hydrophobically modified silica NPs. Here, beyond Cnp,c, NPs facilitate the bridging 

between different HMPAM chains. 
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8. 1H NMR for t-butyl acrylamide 

Figure A.8 shows 1H NMR spectrum for t-butyl acrylamide in D2O. Peak c’ corresponds 

to the methyl groups in t-butyl acrylamide. 

 

Figure A.8: 1H NMR spectrum for t-butyl acrylamide 
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7.2 Appendix B: Polymer pre-shearing 

 

1. Polymer injectivity 

Mechanical entrapment is one important mechanism that can hinder the propagation of 

polymers through porous media. It will ultimately lead to pore-clogging and a time-

dependent injectivity decline. The high-end fragments of the polymer molecular weight 

distribution and the highly-entangled polymer chains, formed as a result of hydrogen 

bonding along with precipitation due to the presence of divalent ions, are major sources 

of mechanical entrapment [10]. 

Polymer injectivity is described by the resistance factor 𝑅𝐹 [23] which is the ratio of the 

mobility of brine and polymer solution. 𝑅𝐹 is related to pressure drop according to the 

following equation: 

𝑅𝐹 =
𝜆𝑏0

𝜆p
=

(
𝑘
µ)

𝑏0

(
𝑘
µ)

p

=
∆𝑃𝑝

∆P𝑏
0 (B.1) 

where 𝜆 , 𝜇 , 𝑘  and Δ𝑃  are the mobility, viscosity, permeability and pressure drop 

respectively and where the subscripts 𝑏0 and 𝑝 refer to brine before the polymer injection 

and polymer solution respectively. In practice, 𝑅𝐹  indicates an increase during the 

polymer injection, due to the viscosity increase and a reduction in permeability.  

With the injectivity gradient 𝐼𝐺, 𝑅𝐹 profile is examined over the injection of several pore 

volumes 𝑃𝑉. 𝐼𝐺 is calculated by the ratio of 𝑅𝐹 at a certain pore volume (𝑥)𝑃𝑉 to an 𝑅𝐹 

at an earlier pore volume (𝑥 − 1)𝑃𝑉: 

𝑅𝐺(𝑥)𝑃𝑉 =
𝑅𝐹(𝑥)𝑃𝑉

𝑅𝐹(𝑥−1)𝑃𝑉
 (B.2) 

In the hypothetical case of lack of polymer retention, 𝐼𝐺 is 1 meaning that there is no 

increase in 𝑅𝐹. 

 

2. Calculation of shear rate and energy input 

In an early work, Metzner and Otto [391] suggested that the average shear rate �̇� in a 

mixing tank is proportionate to the rotational speed of the impellers, described as below: 
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�̇� = 𝐾𝑠𝑁 (B.3) 

where KS is a non-dimensional constant, which depends on the geometry of the impeller, 

and N is the shaft rotational speed. This notion was broadly recognised and used in non-

Newtonian fluid mixing studies [392-397]. The value of KS has been reported in the range 

of 3–13 depending on the impeller geometry and whether the impeller generates radial or 

axial flow patterns. 

It has been reported that for a rotational system creating a Couette geometry, the shear 

rate as a function of rotational speed can be calculated as follows [398]: 

�̇� =
4𝜋𝑁

𝑚
 (B.4) 

where m is the slop plot of torque as a function of rotational speed in a log-log plot. 

Therefore, to estimate m, the torque of the agitators at different rotational speed should 

be calculated. To do so, turbine power correlations are used.  

Rushton, Costrich & Everitt [399] proposed using turbine-power correlations, which were 

also taken on by other researchers [400,401]. These turbine-power correlations are 

empirical geometry dependent. First, the power input 𝑃𝑁, has to be determined: 

𝑃𝑁 = 𝑁𝑝. 𝜌 ∙ 𝑁3 ∙ 𝑑𝑖
5 (B.5) 

where 𝑁𝑝 is the power number, 𝜌 the fluid density and 𝑑𝑖 the diameter of the agitator. 𝑁𝑝 

is found from the power number-Reynolds number relationship which is known for many 

agitators. 𝑅𝑒 is calculated by Equation B.6 in the following way: 

𝑅𝑒 =
𝜌 ∙ 𝑁 ∙ 𝑑𝑖

2

𝜇
 (B.6) 

Torque T can also be calculated according to the following equation [402]: 

𝑇 =
𝑃𝑁

2𝜋𝑁
 (B.7) 

The existing turbine-power correlation for disperser (Buddeberg disperser) and disk 

stirrer is shown in Figure B.1. The Ultra-Turrax geometry is comparable to the disk stirrer, 

but it offers a higher energy input because of the rotor and stator components. Thus, the 

curve for the disk stirrer was shifted by matching the rheological data of the polymer 

solution sheared by Ultra-Turrax to the Buddeberg-sheared solutions to provide a realistic 
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𝑁𝑝 . The calculated value of m for Buddeberg and Ultra-Turrax was 1.7 and 2.2 

respectively. 

 

Figure B.1: Turbine-power correlation for  Buddeberg disperser and Ultra-Turrax adapted from [399-401] 

This also enables us to quantify the energy input applied to shear the polymer solution. 

The applied volume specific energy input 𝐸𝑣, is then estimated using Equation B.8 as 

follows: 

𝐸𝑣 =
𝑃𝑁 ∙ 𝑡

𝑉
 (B.8) 

3. Calculation of strain rate in capillary 

The strain rate in a capillary is calculated based on the following equation [403,404]: 

𝜀̇ =
𝑄

𝜋𝑅0
2𝐿

(exp(𝜀ℎ) − 1) (B.9) 

where Q is the flow rate, R0 is the outlet radius and 𝜀ℎ is the Hencky strain found from 

the following equation: 

𝜀ℎ = 𝐿𝑛(𝑅𝑖
2/𝑅0

2) (B.10) 

where Ri is the inlet radius of the capillary.  

4. Molecular weight estimation of polymer 

The procedure used to estimate the average molecular weight of un-sheared and pre-

sheard polymer solutions is described in this section. First, the polymer was extracted 

from the solution (see Figure B.2). For this, 50 mL of the polymer solution was added to 

a beaker containing 300 mL ethanol which was on a magnetic stirrer (Figure B.2a). After 

stirring the solution for a few hours, the polymer precipitated in the beaker (Figure B.2b). 
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A suction filter connected to a vacuum pump filtered the precipitated polymer. After that, 

ethanol was added to the extracted polymer in the suction filter and the vacuum pump 

was turned on to separate the remnants from the polymer. This was done three times. The 

extracted polymer was then placed in an oven to dry for 24 hours (Figure B.2c). Next, the 

extracted polymer was dissolved in de-ionised water at the original concentration of 0.5 

wt% (Figure B.2d) which was then diluted to the desired concentrations. The intrinsic 

viscosity was determined by measuring the solution viscosity with respect to the solvent 

viscosity in the dilute regime and extrapolation to zero polymer concentration. The Mark-

Houwink constants (𝜂𝑖𝑛𝑡 = 𝐾 ∙ 𝑀𝑤
𝑎 ), 𝐾  and 𝑎 , are chosen to be 6.31×10-3 and 0.8 

respectively, which corresponds to water as solvent and polyacrylamide as polymer [405].  

 

Figure B.2: Separation in ethanol (a]), washing separated polymer with suction filter (b), dried polymer (c), dissolved 

in distilled water (d) 

As can be seen in Figure B.3, the overlap concentration of un-sheared polymer solution 

in synthetic seawater was found to be 0.40 ± 0.01 wt% (1 mg/L = 10-4 wt%). The intrinsic 

viscosity was also found to be 865 ± 5 mL/g which leads to a molecular weight of 

approximately 2.5 × 106 g/mol. 

 

Figure B.3: Determination of Cp
* for un-sheared polymer solution in synthetic seawater 



CHAPTER 7: APPENDICES 

139 

Results of estimated molecular weight as a function of Weissenberg number for three 

shearing devices and molecular weight as a function of shearing time for Ultra-Turrax at 

a rotational speed of 1750 rpm are shown in Figure B.4 and B.5 respectively. 

 

Figure B.4: Molecular weight versus Weissenberg number. Mw0 represents the molecular weight of the un-sheared 

polymer 

 

Figure B.5: The molecular weight as a function of shearing time for polymer solution sheared with Ultra-Turrax at a 

rotational speed of 1750 rpm. Mw0 represents the molecular weight of the un-sheared polymer 

5. Carreau–Yasuda model for polymer viscosity  

The viscosity of polymer solutions as a function of shear rate was fitted in Carreau–

Yasuda model. The results were shown in Figure 5.5a. In Table B.1 the fitting parameters 
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are shown for polymer solution with no pre-shearing and pre-sheared with Buddeberg, 

Ultra-Turrax, and a capillary at different volume specific energy input. The viscosity of 

synesthetic seawater in which polymer solution was dissolved, was considered 0.9 mPa s 

(i.e. η∞=0.9 mPa s). 

Table B.1: Fitting parameters for polymer solutions in synthetic seawater (η∞=0.9 mPa s) 

 ηo  (mPa s) λ (s) n a 

No pre-shearing 25.6 0.103 0.75 1.27 

Buddeberg –14.6 MJ/m3 21.5 0.067 0.76 1.67 

Ultra-Turrax–31.3 MJ/m3 18.8 0.048 0.77 1.41 

Ultra-Turrax–40.8 MJ/m3 18.1 0.045 0.78 1.34 

Capillary–50.1 MJ/m3 16.9 0.041 0.80 1.56 

Ultra-Turrax–290.7 MJ/m3 13.2 0.02 0.82 1.04 

 

6. Numerical simulation parameters to match the sand-pack flow experiments 

A one-dimensional model based on the work of Yerramilli et al. [371] was carried out to 

solve the time-dependent mass conservation for polymer flow in porous media. Table B.2 

in Appendix B gives a summary of parameters and Figure B.6 represents the workflow 

used for the simulation. 

 

Figure B.6: Workflow for modelling the polymer flow through sand-packs 
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Table B.2: The summary of parameters used to match the sand-pack flow experiments 

Polymer 
An inverted emulsified polymer emulsion containing polymer solution 

containing essentially an acrylamide-based copolymer 

Conditions 
0.4 wt% polymer and 0.24 wt% active inverter surfactant, Salinity Ss =50 

g/L, T= 30 oC 

Sand-pack properties K= 1000 mD, 𝜙 = 0.46, D= 1.58 cm, L= 7.5 cm 

Spatial and temporal 

parameters 
Number of grids Nx=500, Number of time steps, Nt=500 

Sand-pack flow test Unit 
No pre-

shearing 

Ultra-Turrax–31.3 

MJ/m3 

Ultra-Turrax–290.7 

MJ/m3 

Polymer molecular weight, 

Mw 
g/mol 2.5 × 106 1.95 × 106 1.35 × 106 

Polymer intrinsic viscosity, 

[η] 
cm3/g 865 704 512 

Equilibrium rate constant, 

Ke 
cm3/g 972.9 972.9 972.9 

Maximum adsorption 

capacity, 𝛤∞ 
g/cm2 4.6 × 10-7 4.6 × 10-7 4.6 × 10-7 

Parameters for viscosity 

model (modified Flory-

Huggins equation) 

- 

a1 = 92.6, 

a2 = 104545.2, 

a3= 1905109.8, 

b= -0.58 

a1 = 85.2, 

a2 = 99845.2, 

a3= 1205109.8, 

b= -0.56 

a1 = 79, 

a2 = 89955.2, 

a3= 857109.8, 

b= -0.53 

 

7. Zero-shear rate viscosity estimation from Ubbelohde viscometer data 

The viscosity measurement with the Ubbelohde viscometer is easy to perform, quick, and 

independent of the total volume of the solution [406]. Considering the fact that viscosity 

measurements in our study were performed for 77 polymer solutions pre-sheared at 

different energy input, the Ubbelohde viscometer gives us some flexibility compared to 

the Couette cell shear rheometer for which a large volume of polymer solution 

(approximately 12 mL) is needed and the measurement takes relatively much longer.  
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However, in order to confirm the validity of the measurements with the Ubbelohde 

viscometer, we measured the viscosities as a function of shear rate for 11 polymer 

solutions pre-sheared at different energy input with a commercial rheometer (MCR-302, 

Anton Paar GmbH) in a Couette cell (cup ID = 28.92 mm, bob OD = 26.66 mm, gap = 

1.18 mm) and calculated the results with Ubbelohde viscosities. The shear rate of the 

Ubbelohde viscometer can be calculated using the Hagen-Poiseuille equation [132] given 

by:  

�̇� =
4 ∙ 𝑢𝐷

𝑅
=

4 ∙ 𝑉

𝜋 ∙ 𝑅3 ∙ 𝑡
 (B.11) 

The calculated viscosity was according to the following equation: 

𝜂 = 𝐾𝜌𝑡 (B.12) 

where K is the Ubbelohde constant and is equal to 0.03 for the used Ubbelohde 

viscometer. 

The viscosity of the un-sheared polymer solution determined with the Ubbelohde 

viscometer was found to be 12.5 ± 0.6 mPa s. The viscosity of the un-sheared polymer 

solution was also determined with the shear rheometer from low to high shear rates. The 

viscosity was measured at four intervals from low to high and then from high to low shear 

rate and again from low to high and from high to low. This was done to investigate the 

shape memory of the un-sheared polymer solution. As it is shown in Figure B.7 identical 

values of viscosity in the four intervals were measured. This means that shearing the 

polymer solution in the coquette geometry rheometer cell did not change the rheological 

behaviour. The viscosity curve indicated Newtonian behaviour at low shear rates; 

however, it was difficult to determine the viscosity data at shear rates smaller than 1 s-1 

since it was within the range of sensitivity of the rheometer. The Newtonian behaviour 

was followed by shear-thinning behaviour. The viscosity measured by the Ubbelohde is 

also shown in Figure B.7, whereby the shear rate is calculated with the Hagen-Poiseuille 

equation. The slight discrepancy of < 5% between the viscosities measured by the 

Ubbelohde and the rheometer is within the experimental accuracy of the apparatuses. 
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Figure B.7: Viscosity stability at changing shear rate of the un-sheared polymer solution, running the solution from 

low to high, high to low, low to high, high to low shear rate measured with the Anton Paar rheometer, and viscosity 

measured with the Ubbelohde viscometer 

Figure B.8a shows the viscosity as a function of shear rate for the 11 polymer solutions 

pre-sheared at different energy input and Figure B.8b shows the correlation between the 

zero-shear viscosity obtained from the shear rheometer and Ubbelohde viscosity. As can 

be seen, the viscosity decreased by increasing the energy input regardless of the shearing 

device. On the other hand, the zero shear rate viscosity increased by a power-law function 

of Ubbelohde viscosity (see Figure B.8b). Considering the correlation indicated in Figure 

B.8b, all the viscosity values from the Ubbelohde can be converted to zero-shear rate 

viscosity.  
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Figure B.8: (a) Viscosity as a function of shear rate measured by the shear rheometer. (b) Zero-shear rate viscosity 

obtained from the shear rheometer vs. the viscosity measured by the Ubbelohde viscometer 
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"Nano" comes from the Greek word "dwarf". Nanoparticles, or 

ultrafine particles, are defined as a particle of matter ranging in size 

from 1 to 100 nm, which is 1 million times smaller than the size of a 

football. Alternatively, the difference in size between a nanoparticle 

and a football is the same difference in size between the football and 

the earth. 

The small size of the nanoparticles results in many interesting 

characteristics such as high specific surface area, high surface energy, 

and active chemical responses which provide a platform to easily 

modify their surface. The aim of using nanoparticles for chemical 

enhanced oil recovery is to improve on the existing conventional 

methods, by co-injection of nanoparticles with other chemical agents 

such as polymers and surfactants. The nanoparticles can penetrate into 

small pore spaces that are not accessible to conventional chemical 

agents. Moreover, because of the ease of surface modification of 

nanoparticles, they can easily be tailored to adjust the rock and fluid 

properties including wettability, interfacial tension, and mobility ratio 

in order to improve the oil recovery. 


