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ABSTRACT 

 

NANOCELLULOSE AS AN ENHANCED OIL RECOVERY AGENT FOR 

CARBONATE RESERVOIRS 

 

 

 

Ünal Kızılırmak, Candan 

Doctor of Philosophy, Petroleum and Natural Gas Engineering 

Supervisor : Prof. Dr. Serhat Akın 

 

 

 

September 2023, 195 pages 

 

Almost one third of the oil cannot be recovered from the reservoir. Along with being 

a solution to recover that amount of oil, enhanced oil recovery (EOR) techniques 

have become vital in the life span of a mature field due to decrease in oil field 

explorations in the last decade. There are several conventional enhanced oil recovery 

(EOR) methods, such as gas injection, thermal methods, and chemical injection 

methods including alkaline, surfactant flooding, and polymer flooding. In addition 

to these conventional techniques, novel and more environmentally friendly EOR 

models should be developed due to environmental concerns. There are several green 

agents and biopolymers contributing to additional oil recovery. This study introduces 

nanocellulose as one of these green agents to develop an alternative EOR technique 

for carbonate reservoirs. Being a sustainable material due to its biodegradable nature, 

availability and cost-effectiveness (abundant in the nature), and their convenience 

for a wide range of pore sizes make nanocellulose a favorable candidate for EOR. 

The injection of nanocrystalline cellulose as an EOR method for carbonate reservoirs 

is a new concept for the oil industry. This study presents an in-depth analysis of 

nanocellulose as an enhanced oil recovery agent for carbonate reservoirs, focusing 

on its potential to improve oil recovery, with a particular emphasis on its successful 
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mechanism of wettability alteration, elucidated through laboratory-scale studies. 

Thus, this research investigated nanocellulose through material characterization 

studies including viscosity tests, solubility tests, and wettability tests to interpret 

better its oil recovery mechanism and convenience for carbonate reservoirs. The 

findings indicated that nanocellulose exhibits greater compatibility with low-salinity 

water, particularly when the water has a salinity level below 10,000 ppm of NaCl 

concentration. Contact angle measurements were employed to quantify the 

alterations in wettability towards a more water-wet state. The results revealed 

significant wettability modifications induced by nanocellulose, decreasing contact 

angle between rock surface and oil droplet from 135.1° to 67.3°, leading to improved 

oil mobilization and displacement within the carbonate matrix. Besides, several core 

flooding experiments were performed with carbonate core plug samples to mimic its 

possible applications in the field. The main objective of coreflood tests was to assess 

the effectiveness and stability of nanocellulose in improving oil recovery, 

considering variations in nanocellulose concentration (0.5 wt%, 1 wt%, and 2 wt%)  

and the API gravity of oil samples (16, 22, and 36). Results indicate that 

nanocellulose injection in carbonate reservoirs exhibits a significant increase in oil 

recovery efficiency with an additional oil recovery of up to 28.2%. As a sustainable 

and effective enhanced oil recovery agent, nanocellulose holds great potential for 

commercial applications in the oil and gas industry, offering an innovative approach 

to maximize oil production from carbonate reservoirs.    

 

Keywords: Enhanced oil recovery, Nanocellulose, Carbonate reservoirs, Coreflood 

experiments 
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ÖZ 

 

NANOSELÜLOZUN KARBONAT REZERVUARLARINDA 

GELİŞTİRİLMİŞ PETROL KURTARIM ARACI OLARAK KULLANIMI 

 

 

 

Ünal Kızılırmak, Candan 

Doktora, Petrol ve Doğal Gaz Mühendisliği 

Tez Yöneticisi: Prof. Dr. Serhat akın 

 

 

Eylül 2023, 195 sayfa 

 

Rezervuardaki petrolün yaklaşık üçte biri çoğunlukla üretilemiyor. Üretilemeden 

rezervuarda bırakılan bu petrolün kurtarımına katkı sağlamanın yanı sıra, 

geliştirilmiş petrol kurtarım yöntemleri son zamanlarda yeni petrol sahası 

keşiflerinin azalmasıyla daha da hayati bir önem kazanmıştır. Gaz enjeksiyonu, 

termal yöntemler ve kimyasal yöntemler (alkali enjeksiyonu, sürfaktant enjeksiyonu 

ve polimer enjeksiyonu) gibi çeşitli konvansiyonel geliştirilmiş petrol kurtarım 

metodları bulunmaktadır. Çevreyi korumaya yönelik kaygılar da dikkate alındığında, 

bu yöntemlere ek olarak daha çevre dostu ve yenilikçi yöntemler geliştirilmelidir. 

İlave petrol kurtarımına katkıda bulunan çeşitli çevreci ve biyopolimer cinsi 

malzemeler bulunmaktadır. Bu çalışmada, nanoselüloz karbonat rezervuarları için 

bu çevreci malzemelerden biri olarak sunulmuştur. Biyolojik olarak çevreye zarar 

vermeden bozunup çözünebildiği, sürdürülebilir olması, doğada bolca bulunması 

sebebiyle halihazırda kolay ulaşılabilir olması sebebiyle ekonomik olması ve nano 

boyutta oldukları için çok geniş bir gözenek sıkalasına sahip rezervuarlarda 

uygulanabilir olması nanoselülozu geliştirilmiş petrol kurtarımı metodu olarak iyi 

bir aday yapmaktadır. Nanokristal yapıdaki nanoselülozun karbonat kayaçlardan 

ilave petrol üretebilmek için kullanımı petrol endüstrisi için oldukça yeni bir konsept. 
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Bu sebeple, bu çalışmada, vizkozite analizleri, çözünürlük testleri, ıslanımlılık 

testleri gibi malzeme karakterizasyonu adı altında gerçekleştirilen alt çalışmalar ile 

nanoselülozun özelliklerinin karbonat kayaçlar için uygunluğunun daha iyi 

anlaşılması ve geliştirilmiş petrol kurtarımı olarak kullanımındaki temel mekanizma 

araştırılmıştır. Çalışmalar neticesinde, nanoselüloz düşük tuzluluktaki sularda, 

özellikle 10,000 ppm NaCl konsentrasyonunda daha düşük tuzluluktaki sularda, 

daha iyi uyumluluk göstermiştir. Yapılan temas açısı çalışmasıyla da nanoselülozun 

ıslanımlılığa etkisi nicel olarak belirlenmek istemiştir. Temas açısı çalışmalarına 

göre, nanoselüloz ile kayaç ve petrol arasındaki temas açısı 135.1°’den 67.3°’ye 

düşmektedir. Ayrıca, tapalarda gerçekleştirilen çeşitli karot öteleme testleriyle de 

rezervuar koşulları temsil edilerek olası bir uygulamada nanoselülozun ilave petrol 

kurtarımına katkısı test edilmiştir. Bu akış testlerinde  çeşitli nanoselüloz 

konsentrasyonlarının ve farklı API gravitesine sahip petrollerin, nanoselüloz ile 

petrol kurtarımına etkisini tespit etmek hedeflenmiştir. Akış testlerinden alınan 

başarılı sonuçlar nanoselülozun rezervuar kayaca zarar vermeden ilave petrol 

kurtarımına katkıda bulunduğunu ve %28.2’ ye kadar ilave petrol kurtarımı 

sağlayabildiğini göstermektedir. Sonuç olarak bu çalışmanın genel amacı, 

nanoselülozun karbonat rezervuarlarında bir potansiyel geliştirilmiş petrol kurtarımı 

ajanı olarak etkinliğini çeşitli yönleriyle analiz etmektir. 

 

Anahtar Kelimeler: Geliştirilmiş petrol kurtarımı, Nanoselüloz, Karbonat 

rezervuarları, Öteleme testleri 
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CHAPTER 1  

1 INTRODUCTION 

The economic growth followed by the industrial improvements and increasing 

population all over the world are the main indicators of increase in global energy 

demand. Crude oil and hyrocarbon gases are the primary energy sources to meet that 

demand. However, the oil and gas production is carried out along with enormous 

amounts of reservoir water production. Such water production, along with oil, might 

be indispensible to some extent at the beginning of the production stage of wells. 

The origin and type of produced water should be determined. If water is produced at 

a rate above the economic limit of water/oil ratio and does not contribute the 

production of oil, or commingled flow of oil and water takes places above the 

economic limit, excess water production becomes a problem for the life of a 

reservoir.  

In addition to excess water production, oil fields can readily complete their 

productive life by reaching residual oil saturation levels. Some fields might start a 

declining trend in oil production at the very beginning of their production history. At 

this point, enhanced oil recovery (EOR) methods come to stage to offer solutions to 

that problem. There are several EOR methods including thermal methods and 

chemical injections. Various techniques or processes that aim to increase oil recovery 

by changing physicochemical properties of the reservoir rock and/or the fluids.    

Nano technology is widely used in various industries, including oil and gas, by 

offering effective solutions to oilfield and reservoir related problems. Thanks to their 

particle size (3-100 nm) and low viscosity, nano particles have been becoming more 

favorable as an easily injected agent. Nano particles are used for enhancing oil 

recovery through their unique properties that make them effective agents in 

improving the efficiency of traditional oil extraction methods. One of the key 
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properties of nano particles that contribute to oil recovery is their large surface area. 

Nano particles have an extremely high surface area-to-volume ratio that provide 

abundant active sites for interactions with oil and reservoir rock surface. This 

property enhances their adsorption capacity and allows them to displace and 

mobilize trapped oil effectively. Another important property of nano particles is 

enhanced mobility. Nano particles exhibit excellent mobility control of oil 

displacement in porous reservoir formations, even in low-permeability formations 

like carbonate reservoirs. Their small size allows them to penetrate deep into the 

reservoir matrix, reaching and mobilizing oil in areas that are difficult to access by 

conventional methods. Additionally, nano particles' properties can be tailored and 

optimized to suit specific reservoir conditions and recovery mechanisms. By altering 

factors like particle size and surface charge, their performance can be fine-tuned for 

various oil recovery scenarios. Some nano particles possess inherent wettability-

altering capabilities, allowing them to change the wetting characteristics of the 

reservoir rock surface. This property can enhance oil displacement and increase the 

sweep efficiency during the recovery process. Furthermore, nano particles can 

maintain their stability and effectiveness under high-pressure, high-temperature, and 

high-salinity conditions typically encountered in oil reservoirs. Many nano particles 

used in enhanced oil recovery, such as nanocellulose, are derived from renewable 

and biodegradable sources, making them environmentally friendly and sustainable 

alternatives to traditional chemical agents. 

In this research, nanocellulose is introduced as an alternative green enhanced oil 

recovery agent. Nanocellulose, owing to its biodegradable nature, abundant 

availability, and cost-effectiveness, emerges as a favorable candidate for EOR. Its 

versatility in pore sizes further supports its application potential. In this research, 

nanocellulose was thoroughly characterized through viscosity, solubility, and 

wettability tests to unravel its oil recovery mechanism and suitability for carbonate 

reservoirs. Additionally, core flooding experiments with carbonate core plug 

samples were conducted to simulate field applications. The promising results from 
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the core flooding experiments signify the potential of nanocellulose to contribute 

significantly to additional oil production. 

The thesis is structured as follows: 

 Chapter 2 comprises a literature review, discussing existing EOR methods 

for carbonate reservoirs, the use of nano particles in the oil industry, and the 

applications of nanocellulose in the oil industry. 

 Chapter 3 presents the statement of the problem addressed in the research. 

 Chapter 4 focuses on the material characterization of nanocellulose. 

 Chapter 5 details the procedure and technical aspects of the coreflood tests 

conducted. 

 Chapter 6 presents the results and discussions derived from the research. 

 Chapter 7 provides a summary of conclusions drawn from the research and 

offers recommendations for future studies.
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CHAPTER 2  

2 LITERATURE REVIEW 

As the population of the world increases incrementally, the need for energy also 

shows a drastic increase. Although there are several sources of energy for meeting 

that energy demand, the fossil fuels and especially oil and gas, are still at the top of 

this list as the largest contributor to the primary energy demand. 

The number of new hydrocarbon discoveries is declining, and production from 

mature fields is decreasing. At that point, enhanced oil recovery (EOR) comes to the 

stage as a well-accepted technique in terms of contributing to global hydrocarbon 

production worldwide. EOR benefits companies by increasing the recovery factor, 

extending the lifespan of the fields, and maximizing the reserves by helping the 

recovery of additional volumes. EOR is a significant tool for aiding to match the 

growing energy demand by maintaining production, thus it raises the returns on 

former investments.  

To better understand the feasibility of EOR applications, it is better first to 

understand production stages of a conventional oil field. It is split into three stages: 

primary production, secondary production and tertiary recovery, also named as 

enhanced oil recovery (EOR). Primary oil production is the production of oil via the 

natural energy of the reservoir system. Primary oil production also includes 

utilization of artificial lift systems, such as pumps. Secondary recovery aims pressure 

maintenance in the reservoir by injecting water to displace oil and drive it to a 

production wellbore or by injecting gas in the gas cap. Utilization of secondary oil 

recovery techniques can recover only about 30% of the oil in the reservoir and leave 

up to 70% of the oil in the ground (McGlade et al., 2018). Tertiary recovery, also 

known as EOR, is the key option for further increase in oil production. Despite 

mostly being costly to employ on the field, it is much easier to produce oil from 

already recovered oil fields through various EOR methods, which claim prospects 
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for producing up to 60 percent, or more, of the original oil in place (The US 

Department of Energy, n.d.). 

2.1 Enhanced Oil Recovery Methods 

EOR provides physicochemical alteration of reservoir rock or fluids to contribute to 

contribute additional recovery, distinguishing EOR from secondary recovery 

mechanisms. To illustrate, EOR based steam or gas injections aim to have thermal 

or compositional transformation of either reservoir rock or fluid while waterflooding 

and gas injection through secondary recovery are employed to push oil to the 

production wells. EOR techniques are classified into three major subcategories: 

thermal processes, high pressure gas injection processes, and chemical processes. 

2.1.1 Thermal Enhanced Oil Recovery 

Thermal EOR methods are feasible to apply for heavy and viscous oil. The main 

mechanism of thermal EOR is the introduction of heat/thermal energy into the 

reservoir (Butler, 1991). Increase in the reservoir temperature results in decrease in 

the viscosity of the oil dramatically, thus, mobility of the oil in the reservoir is 

improved due to thinning of the pil by heat introduction. Heavy oil refers to oils with 

gravity values lower than 20°API, and a reservoir viscosity range of 50–5,000 cP 

(Albulkadir et al., 2017). Thermal EOR technology involves hot water injection, 

steam flooding, in situ combustion and electrical heating. Classification of thermal 

EOR methods can be seen in Figure 2.1. 
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Figure 2.1: Thermal EOR Classification 

Hot water injection is very similar to conventional water flooding. Hot water 

injection consists of heating water on the surface and injected into the reservoir via 

injection wells. Heat decreases the oil's viscosity and ease the oil flow in addition to 

the displacing mechanism of waterflooding to the production wells. Mobility of oil 

increases more compared to mobility of water as a result of temperature increase 

(Edmondson, 1965; Tang & Morrow, 1997; Alajmi et al., 2009). 

Steam injection is the most common method including steam flooding, cyclic steam 

injection/stimulation (CSS) and steam assisted gravity drainage (SAGD). Steam 

flooding applies heat to the reservoir by injecting steam into the formation. The main 

mechanism is the reduction of oil viscosity, and hence improvement of oil mobility. 

Steam flooding is favorable  mainly for shallow reservoirs.  

In steam injection, steam is continuously injected from generally one or multiple 

injection wells, and oil is produced from the production wells (Farouq Ali & Melday, 
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1979; Farouq Ali, 1982). The steam chamber formed through the injection of steam 

from injection wells displaces the oil into the production well by decreasing oil 

viscosity (Lake & Walsh, 2008). Reservoir pressure and depth are the limiting factors 

for the application of steam injection (Kovscek, 2012). Cyclic steam injection, also 

known as steam huff and puff or cyclic steam injection, introduces wet saturated 

steam into the reservoir at high temperature and pressure. The well is shut in for a 

few days or several weeks to let the steam has enough soaking time to heat the oil in 

the reservoir and reduce viscosity. Then, oil production takes place due to lower 

viscosity of the oil after soaking process (Owens & Suter, 1965; Lake & Walsh, 

2008). As the reservoir temperature decreases, the oil production also decreases, 

resulting in employing cycles repetitively (Alvarez & Han, 2013).  

Steam assisted gravity drainage (SAGD) is an advanced steam injection technique 

which is more favorable in heavy oil and tar sands (with gravity values less than or 

equal to 10° API). Butler (1985) developed SAGD in order to obtain in situ recovery 

from the bitumen of Alberta. The technique relies on gravity segregation of steam 

through a pair of parallel horizontal wells in the reservoir. Top well serves as the 

injection well, and the bottom horizontal well is utilized as the production well. 

Steam is injected through upper horizontal well. Steam rises to the top of the 

formation and creates a steam chamber, which reduces the viscosity. Oil with 

reduced viscosity starts moving down by gravity, and it is produced by lower 

horizontal well. Expansion and spread of steam chamber laterally is provided by 

continuous injection of steam. The key point of a successful SAGD application is 

having high vertical permeability (Thomas, 2008).  

In situ combustion (ISC), erroneously known as fire flooding, relies on the injection 

of air or oxygen to generate heat by burning some portion of the oil and produce 

combustion gases internally. In the combustion zone, very high temperature levels 

are reached in the range of 450-600°C, which causes a higher viscosity reduction 

downstream of the combustion front.  As the combustion takes place, in the reservoir, 

in situ, there are no heat losses along surface lines or wellbore, which makes ISC 

more efficient than steam injection in terms of thermal efficiency (Chu, 1977; Chu 
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1982). There are several different applications of ISC:  forward combustion, reverse 

combustion, and high pressure air injection. ISC can be applied as forward or reverse 

based on the propagation direction of combustion front and injected gas. If the 

ignition takes place near the injection well, it is called forward combustion. Unlike 

forward combustion, ignition occurs near the production well in reverse combustion. 

Low temperature oxidation of oil in place without ignition is known as high pressure 

air injection, more favorable for light oil reservoirs (Thomas, 2008). 

Reduction of viscosity by heat can be gained by various other methods, including, 

downhole combustors (Al-Mashrafi et al., 2021), electromagnetic heating (Bera & 

Babadagli, 2015), microwave heating in the reservoir (Sahni et al., 2000; 

Jalalalhosseini, 2015) and downhole electric resistance heaters (Rangel-German et 

al., 2004). 

2.1.2 Gas Injection 

Gas injection is one of the non-thermal EOR methods best appropriate for light oils 

with low viscosity values. It might be either miscible or immiscible depending on 

the target of EOR and reservoir conditions.  

Miscible gas flooding is based on mixing of gas completely with oil either at first 

contact or multiple contacts. Mixing of gas and crude oil in the reservoir takes place 

at or above the minimum miscibility pressure (MMP). Nitrogen and natural gas or 

the combination of these gases can be utilized for the injection process due the fact 

that their MMP values are similar to each other. The primary methods for miscible 

flooding include the miscible slug process, enriched gas drive, vaporizing gas drive, 

and high-pressure gas injection (utilizing CO2 or N2). These techniques have been 

discussed in studies by Fath and Pouranfard (2014) and Nwidee et al. (2016). The 

process referred to as "enriched gas drive" involves the continuous injection of a gas 

(which can be natural gas, flue gas, or nitrogen) that contains higher concentrations 

of C2-C4 fractions. Under increased pressures, these fractions begin to condense 
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within the crude oil, forming a transition zone. Achieving miscibility requires 

multiple interactions between the injected gas and the reservoir oil. This mechanism 

is best suited for deep reservoirs (deeper than 6000 ft) due to high pressure 

requirements (Thomas, 2008). In vaporizing gas drive, C2-C6 fractions of oil 

vaporize under high pressure (10-15 MPa) and generate a transition zone. Miscibility 

is reached after multiple contacts. The process is limited to the reservoirs with oil 

having enough C2-C6 fractions (Benmekki & Mansoori, 1986; Stalkup, 1987). High 

pressure gas injection includes the injection of CO2 and N2. In CO2 injection, 

intermediate fractions of oil are vaporized into CO2 phase. Through gas injection, 

gas phase is enriched by lighter carbon fractures resulting in a denser gas phase. 

Miscible zone is developed by the condensation of heavier gas into the reservoir oil. 

As a result, viscosity and density reduction take place. Due to the miscibility between 

CO2 and crude oil, interfacial tension between the two phases is reduced to zero, 

forming a single phase fluid moving towards producers (Holm, 1959; Fath & 

Pouranfard, 2014; Saraperded et al., 2014). Due to cost related concerns and readily 

availability from natural sources, CO2 injection is favorable for both sandstone and 

carbonate reservoirs (Dino et al., 2007; Holtz, 2008; Moritis, 2008). Similar to the 

miscible CO2 injection mechanism, N2 injection also has miscibility mechanism.  

MMP values for N2 injection is much higher when compared to that for miscible CO2 

injection. Cantarell N2 flood project in Mexico is known as one of the largest field 

application of miscible N2 injection with high production levels (Sebastian & 

Lawrence, 1992; Sanchez et al., 2005).  

Immiscible gas flooding involves the gas injection into the reservoir below MMP, at 

which gas and oil cannot become miscible. Immiscible gas flooding process end up 

with lower recovery values than miscible flooding mechanism. Oil recovery 

achieved by immiscible flooding is mainly based on oil swelling, which increases 

the efficiency of macroscopic displacement (Oren et al., 1992; Taheri et al., 2013; 

Yousefi et al. 2019). Oklahoma City field in the US and Bahrain field in Bahrain are 

the first field applications of this method back in the 1930s accomplished by using 

lean hydrocarbon gas (Muskat, 1949; Cotter, 1962; Shehabi; 1979).  
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2.1.3 Chemical Enhanced Oil Recovery 

Chemical EOR is mainly based on enhancing the water injection efficiency by using 

various mechanisms of chemicals depending on the reservoir. These mechanisms 

include but are not limited to reducing IFT, increasing viscosity for conformance 

control, improving sweep efficiency, and wettability alteration (Donaldson et al., 

1989). Surfactant flooding, polymer flooding, and alkaline flooding are the mostly 

known conventional chemical EOR methods. (Samanta et al., 2012; Babu et al., 

2015). 

Surfactant flooding relies on the injection of surfactant solution right after 

waterflooding so that oil-water interfacial tension is reduced and reservoir rock 

wettability is altered. All this mechanism results in additional oil recovery. There are 

various types of surfactant: anionic, cationic, non-ionic, and zwitterionic surfactants 

(Gurgel et al., 2008). 

Polymer flooding targets enhancing oil recovery by increasing sweep efficiency.  

Water soluble polymer solution, whose mobility is less than oil is injected into the 

reservoir. Viscous, less mobile phase polymer solution moves through higher 

permeable sections by reducing flow rate. Therefore, sweep efficiency is improved 

for the sections with lower permeability values (Clarke et al., 2016). Synthetic 

polymers (such as, polyacrylamide, PAM), hydrolysed polyacrylamide (HPAM), 

biopolymers (such as, xanthan gum) and superabsorbent polymer composite (SAPC) 

are improved for polymer flooding to improve mobility ratio and eliminate 

permeability contrasts (Wever et al., 2011; Abidina et al., 2012). Loss of polymer 

into the porous media and polymer degradation are the major possible drawbacks of 

the mechanism. Thus, it is better to apply polymer flooding at the very beginning of 

waterflood till water breakthrough (Chang, 1978).  

Alkaline flooding mechanism is based on the reaction of injected alkaline fluid ( such 

as sodium hydroxide, sodium orthosilicate or sodium carbonate) with oil (acid 

components), to develop in situ surfactants. As the result, reduction of oil-water 
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interfacial takes places and, hence, reservoir rock wettability is changed (Bortolotti 

et al., 2009). Alkaline, surfactant, and polymer (ASP) flooding is the combined 

method of all aforementioned chemical EOR processes to take advantage of each 

process, including IFT reduction, wettability alteration, and sweep efficiency 

improvement (Chen et al., 2013). Wettability alteration takes place in the case of 

using larger concentrations of alkaline solutions compared to the one in conventional 

alkaline flooding application (Froning & Leach, 1967).  

There are various other methods of chemical EOR in addition to the ones defined 

above. Emulsion flooding (Mandal & Bera, 2015), inorganic nanoparticle flooding 

(Mohammadi et al., 2017), gel injection for conformance control (Demir et al., 2008; 

Aldhaheri et al., 2016), foam flooding (Kovscek & Radke, 1994; Sunmonu & 

Onyekonwu; 2013), micellar flooding as the combination of micellar slug and 

polymer slug (Gogarty & Tosch, 1968; Farouq Ali & Thomas, 1986), and microbial 

EOR (Kogler et al., 2017) can be also listed as promising methods in terms of using 

physicochemical alterations to improve oil recovery. 

2.2 Conformance Control Methods 

Excessive water production is one of the critical issues faced in oil and gas reservoirs. 

Oil fields under water drive or producing by waterflood are likely to produce water 

together with oil. Oil companies currently produce almost a barrel of oil along with 

three barrels of water from their mature fields (Bailey et al., 2000). There are several 

conformance control techniques to mitigate water-based problems which can be 

classified in two different types: mechanical and chemical methods. 

2.2.1 Mechanical Methods 

Mechanical techniques encompass a range of approaches, such as cementing, 

inserting sand plugs, utilizing packers, employing bridge plugs, applying mechanical 

patches, and implementing pattern flow control. In general, mechanical techniques 
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are limited to near wellbore applications and require the implementation of a specific 

completion tool. For example, dual completion systems are applied against water 

conning (Swisher & Wojtanowicz, 1995; Shirman, 2000; Seright, 2008) and hydro 

cyclones are used to isolate and separate water during the production stage 

(Meldrum, 1988). Packers are also used to seal the unwanted water sections. There 

are two major packers: expandable packers and non-expandable packers. Inflatable 

elements are the major parts of expandable packers aimed to enlarge in the wellbore 

and satisfy the isolation conditions. Most of the expandable packers do not provide 

permanent sealing; they are retrievable (Sun & Bai, 2017). Inflatable packers, bridge 

plugs, swell packers, straddle packers, inflatable cement retainers, and expandable 

tubulars are classified under expandable packers. Their expansion mechanism is 

triggered by several mechanisms. For example, mechanic expansion is the major 

mechanism for expanding bridge plugs and expandable tubulars (Al-Shahrani et al., 

2007). The expansion of swell packers is achieved by being in contact with fluids in 

wells. Depositing either sand or cement into a well results in isolating the lower 

perforations. Another method for addressing channeling and blocking near-well 

fractures is to employ cement squeezing, which involves filling the affected areas 

(Sun & Bai, 2017). 

2.2.2 Chemical Methods 

Traditional mechanical approaches, including cementing, bridge plugs, and 

mechanical tubing patches, prove highly efficient when addressing less complex 

conformance issues and managing issues like wellbore water sealing, such as casing 

leaks and fluid flow behind the pipe (Seright et al., 2001). Plugging matrix or 

fractures in the reservoir are the main objectives of the chemical methods. Chemical 

methods include pumping chemical products into an injector or producer wells. 

Chemical methods consist of silicate solutions and gels (Grattoni et al., 2001; Fleury 

et al., 2017), resins (Seright et al., 2003), and polymer gels (Sydansk, 1990; Sydansk, 

2007).  
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At the beginning, polymers were injected directly for water diversion. As large 

volumes of polymer were used in field applications, the method of using polymers 

deep in the reservoir was not cost effective. Philips Co. (Needham et al., 1974) 

initiated the first polymer gel application as a conformance control by using partially 

hydrolyzed polyacrylamides (HPAM) and aluminum citrate. The polymer gel system 

usually comprises a high-molecular weight polymer and a cross linker. Depending 

on their formulations, the triggering mechanism to make polymer molecules link 

together to form interconnected polymer molecules alters. These rigid, viscous gels 

completely or partially plug flow channels where water production is excess and 

provide a barrier to water flow. The mixture of polymer solution and crosslinking 

agent is known as gelant.  Polymer gel treatment, also called as relative permeability 

modifier, is formed when the enough gelation time passes and polymer molecules 

crosslink to each other. Polymer gels can be classified into two groups: In situ 

crosslinked polymer gels and pre-formed gels. Utilizing in-situ crosslinked polymer 

gels is an effective approach for addressing casing leaks with flow limitations, flow 

issues occurring behind the pipe with constraints, two-dimensional coning through a 

hydraulic fracture from an aquifer, and natural fracture systems that connect to an 

aquifer. On the other hand, pre-formed gels are primarily employed to tackle faults 

or fractures intersecting deviated or horizontal wells, a single fracture causing 

channeling between wells, and natural fracture systems that facilitate channeling 

between wells. Treatments with in-situ crosslinked polymer gels are good solutions 

for casing leaks with flow restrictions, flow behind pipe with flow restrictions, two-

dimensional coning through a hydraulic fracture from an aquifer, and natural fracture 

system leading to an aquifer.  

2.3 Nanoparticles and Their Use in Oil Industry  

Nanotechnology is the nanoscale integration of science, medicine, engineering, and 

technology. Moreover, it is mainly focused on the utilization of nanoparticles with a 

particle size varying from 1 nm to 100 nm. Due to the improvements in extraction 
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technology and their unique chemical, thermal, and mechanical properties, 

nanoparticles become more attractive and convenient for use in various industries 

(Bera & Belhaj, 2016). Nanotechnology has been brought to the upstream petroleum 

industry, including drilling, completion, fracturing, and EOR, as a cutting-edge 

approach (Hoelscher et al., 2012; Turkenburg et al., 2012). Nanoparticles are still 

being studied in the laboratory scale as a potential EOR method. Nanoparticles can 

be categorized into magnetic types (such as iron, cobalt, and their respective oxides), 

metallic types (including gold, silver, copper, and platinum), or metal oxide variants 

(consisting of oxides like aluminum, zinc, silicon, magnesium, zirconium, cerium, 

and titanium) as outlined by Nwidee et al. in 2018. A base fluid with nanoparticles 

suspended in it with an average size of less than 100 nm is known as a nanofluid 

(Wasan et al., 2011; El-Diasty & Ragab, 2013). In comparison to microscale 

suspensions, suspensions of nanoscaled materials exhibit higher stability against 

sedimentation due to the great amount of surface forces that prevent the particles 

from aggregating (Husein, 2017). The primary characteristics listed below have 

rendered nanoparticles and nanofluids potentially useful compounds or materials for 

use in the oil industry (Foroozesh & Kumar, 2020).  

One crucial factor in achieving successful drilling operations is the reduction of 

formation damage, which can be accomplished by employing appropriate drilling 

fluid additives to establish an effective filter cake. This filter cake plays a crucial role 

in safeguarding formations against excessive filtrate invasion. Research has been 

conducted on various additives aimed at preventing mud filtrates from entering the 

formations in close proximity to the borehole. Recently, there has been a growing 

interest in a range of metallic oxide nanoparticles due to their unique characteristics, 

notably their small size and relatively high surface-area-to-volume ratio (Barry et al., 

2015; Mahmoud et al., 2017; Mahmoud & Nasr-El-Din; 2018; Zhou et al., 2020). 

Asphaltene molecules' tendency to self-associate results in the formation of large 

clusters and viscoelastic networks, significantly increasing the viscosity of heavy oil. 

Given this, research focused on improving heavy oils by removing asphaltenes is of 
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utmost importance. This objective can be achieved by employing magnetic 

nanoparticles (MNPs) since the attachment of asphaltenes to the nanoparticle surface 

will reduce their ability to form interactions with each other (Nassar et al., 2012; 

Betancur et al., 2016).  

Through one or more of the mechanisms including wettability alteration, interfacial 

tension decrease, disjoining pressure, and stabilizing foams and/or emulsions under 

challenging conditions, the nanomaterials utilized in nano flooding assist in oil 

recovery.  

Nanofluids have the capability to induce physical interactions with fluid-solid 

interfaces, thereby modifying the wetting properties of solid surfaces. As an 

example, the oil industry has endorsed the use of nanoparticles for altering surface 

wettability (Vafaei et al., 2006; Hendraningrat et al., 2013). Various nanofluids, such 

as SiO2 and ZrO2, showed a reduction in contact angles on carbonates. Similar 

studies on sandstones were also performed using TiO2 and Al2O3, and it was shown 

that these substances brought about a substantial shift in the wetting characteristics 

of rock surfaces, transitioning them from being oil-wet to either intermediate-wet or 

water-wet conditions (Ehtesabi et al., 2013; Giraldo et al., 2013; Nowrouzi et al., 

2020). By overcoming the available disjoining pressure, zirconia nanoparticles could 

alter the wettability of rocks. Additionally, as the concentration of nanoparticles in 

oil increases, the water becomes more viscous, which lowers the mobility ratio and 

improves oil recovery (Rezvani et al., 2017). 

Nanoparticles have the capacity to move readily through porous materials over 

significant distances thanks to their small size. They can traverse pores without 

obstructing the pore throats since their particle size does not reach the magnitude 

required to block the pore throats within porous media, as noted by Ayatollahi et al. 

(2012) and Mcelfresh et al. (2012). Surface and interfacial features of nanoparticles 

that offer a variety of interactions between various reservoir phases, such as lowering 

the oil-water interfacial tension (IFT), further make it possible to improve oil 

recovery. Because of their significant specific surface area and surface energy, 
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nanoparticles, like in the case of surfactants, naturally adhere to the oil-water 

interface to decrease interfacial tension (IFT) (Zhu et al., 2006; Wang et al., 2008). 

Nanoparticles can actively interact with fluid-fluid interfaces because of their high 

surface area to volume ratio and strong adsorption affinity (Ehtesabi et al., 2013). As 

a result, nanofluids may have lower interfacial tensions than base fluids (Ravera et 

al., 2006). Laboratory studies conducted by Torsater et al. (2012) and Hendraningrat 

et al. (2013) revealed that IFT between synthetic oil and brine was decreased after 

addition of nanoparticles into the brine. 

Previous research has identified key mechanisms by which silica nanoparticles 

enhance oil recovery. These mechanisms include reducing the interfacial tension 

between oil and water and altering the rock's wettability towards a water-wet 

condition (Ayatollahi & Zerafat, 2012; Zallaghi et al., 2017). In a different study, 

Roustaei et al. (2012) employed hydrophilic-lipophilic polysilicon (HLP) and 

naturally wet polysilicon (NWP) in an experiment demonstrating that IFT was 

decreased from 26.3 mN/m to 2.55 mN/m and 1.75 mN/m, respectively. 

To prolong the maintenance of high steam quality in the thermal recovery of extra 

heavy oil or bitumen, metallic nanoparticles with exceptional thermal characteristics 

(notably, their heat-carrying capacity) are employed. For instance, induction heating 

with magnetic nanoparticles (MNPs) is a possible substitute that can overcome 

conventional thermal techniques' drawbacks. Due to hysteresis loss and relaxation 

loss, MNPs will produce a self-heating effect when an alternating magnetic field is 

applied at a specific frequency, helping to heat heavy oil (Bhatia & Chacko, 2011).  

Shokrlu and Babadagli (2010) investigated the effects of several nano- and micron-

sized metals of iron, nickel, and copper and their varied oxides on the viscosity 

reduction of heavy oil in their laboratory trials. With nano-sized particles, the results 

showed a stronger viscosity reduction of oil samples, which was observed and 

attributed to their greater specific surface area (Taborda et al., 2017). Additionally, 

it was stated that the viscosity of heavy oil might be reduced by using a nano-nickel 
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catalyst (Li et al., 2007). Furthermore, Srinivasan and Shah (2014) investigated how 

the addition of nanofluids based on surfactants reduced the viscosity of heavy oil. 

The findings of mixing the produced nano-emulsions with heavy oil samples showed 

promising results. In another research, Pramana et al. (2010) also studied that that 

nano-ferrofluid heats up more rapidly through electromagnetic induction compared 

to graphite fluid and brine. 

Numerous research papers have presented experimental findings that clearly 

demonstrate the positive impact of nanofluids on enhancing oil recovery. The extent 

of this enhancement depends on various nanofluid properties, including particle size, 

concentration, and material composition. Researchers have proposed several 

potential mechanisms for nanofluid-enhanced oil recovery. These mechanisms 

encompass alterations in wettability to promote water-wet conditions, reductions in 

interfacial surface tension (IFT) between oil and water, adjustments in disjoining 

pressure, increased viscosity of aqueous solutions, lowered oil viscosity, processes 

like climbing film and slug-like displacement, log-jamming where nanoparticles 

obstruct specific pores and redirect trapped oil to neighboring pores, combinations 

of multiple mechanisms, and unidentified mechanisms yet to be determined (Wasan 

et al., 2011; Torsater et al., 2012; Luo et al., 2016). 

With the use of nanoparticles as viscosity modifiers, it is possible to make the 

injected fluid more viscous, which enhances the mobility ratio of the flood and 

results in a high sweep efficiency and more effective EOR (Murshed et al., 2008). 

Nanoparticles have the ability to transform an emulsion's rheological properties from 

a Newtonian fluid to a non-Newtonian fluid. When trapped oil is emulsified in situ, 

a non-Newtonian fluid with a higher viscosity forms, which may have a better sweep 

efficiency than the injected fluid (Malkin, 2013). The resulting fluid may have a 

piston-like mechanism that can more effectively displace the oil and defeat capillary 

forces.  

Nanoparticles-assisted polymer (NAP) flood is the utilization of nanoparticles in 

conventional polymer flooding to benefit from nanoparticles as viscofiers. 
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According to Zeyghami et al. (2014), silica nanoparticles increase viscosity in 

sulfonated PAM solutions while having an increasing influence on hydrolyzed 

polyacrylamide (HPAM) at higher silica concentrations and a decreasing effect at 

lower silica concentrations. Based on the findings by Khalilinezhad et al. (2016), 

dispersed silica nanoparticles increase solution viscosity and oil recovery during a 

nanoparticles-aided polymer (NAP) flood by reducing polymer adsorption.  

A nanoemulsion is a type of emulsion stabilized by nanoparticles that exhibits a 

remarkable capacity to overcome problems that are present in traditional emulsions 

stabilized by surfactants or colloidal solids. The exceptional thermal and mechanical 

durability, along with their inherent stiffness, enables nanoparticles to maintain 

stability even in demanding reservoir environments. In situations characterized by 

short stability durations, where substances like surfactants and polymers tend to 

break down, nanoparticles stand out. In comparison to microemulsions, 

nanoemulsions exhibit a broader range of applicability and can withstand extreme 

conditions, including high temperatures, pressures, shear forces, and salinity, 

ensuring their stability within reservoirs (Mandal et al., 2012).  

Small size and shape of nanoparticles enable efficient transit or propagation through 

the porous media of the reservoir's micron-sized pores without clogging the pore 

throats. Nanoemulsions are also tiny enough to pass through pore throats without 

retaining much. They are appropriate for widespread field applications (Zhang et al., 

2010). Apart from the utilization of nanoparticles for emulsion technology, foam 

stability is provided by nanoparticles even in the hot reservoir conditions.  It was 

concluded by Yu et al. (2013) that oil recovery in both high and low permeability 

cores during waterflooding can be improved by nanoparticle stabilized CO2 foam. 

Nanoparticles are also employed to address the issue of conformance control, 

offering more efficient solutions. In the presence of external substances like 

surfactants and co-surfactants/alcohols, oil and water typically form emulsions. In 

such flooding scenarios, in-situ emulsion formation is quite common and contributes 

to enhanced oil recovery. The primary reasons behind emulsion flooding are the 
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lower interfacial tension (IFT) of the resulting emulsion and the ability of emulsion 

droplets to block the high-permeability zones of the reservoir, thus enabling injected 

fluids to access trapped oil by passing through the unswept zone (de Farias et al., 

2012).  

When nanoparticles adhere to the oil-water interface, their high desorption energy 

results in a more stable emulsion compared to surfactant-based emulsions, which 

have lower desorption energy due to surfactant molecules. These nanoparticle-based 

emulsions, often referred to as pickering emulsions, exhibit stability even in 

challenging reservoir conditions, including high shear rates, in contrast to surfactant-

based emulsions (Sharma et al., 2015; Pandey et al., 2018; Zoppe et al., 2021). 

2.4 Nanocellulose 

Cellulose is a type of natural linear polymer with the chemical formula (C6H10O5)n, 

where n denotes the degree of polymerization (Figure 2.2). The most abundant 

biopolymer in the world, cellulose is crucial for the tissue structure of eukaryotic 

cells and plant cell walls (Cervin et al., 2013; Zoppe et al., 2021). It is made of beta 

glucose monomers that are connected by 1-4 glycosidic bonds and has a degree of 

polymerization between 10,000 and 15,000 (Poletto et al., 2013). 

 

Figure 2.2: Chemical structure of cellulose (Mishra, 2018) 

 

An essential technique for isolating nanocellulose from cellulosic materials is acid 

hydrolysis. This process takes advantage of the combination of structured and 

unstructured segments within cellulose chains, resulting in the preservation of the 
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structured portions while the unstructured regions are broken down by the acid. 

Sulfuric acid is the primary acid employed in acid hydrolysis (Moon et al., 2011; 

Lavoine et al., 2012). The key parameters that govern the properties of the produced 

nanocellulose are reaction time, temperature, and acid concentration. However, a 

significant drawback of acid hydrolysis is the generation of acidic wastewater during 

the washing phase required to neutralize the pH of the nanocellulose solution (Peng 

et al., 2011). 

It is a naturally occurring polysaccharide obtained from various cellulosic sources, 

the most popular of which are cotton and wood. The amount and properties of 

cellulose might differ depending on the features of the sources (for example, wood 

contains between 40 and 50 percent cellulose, whereas cotton contains 90 percent 

cellulose) (Khazraji & Robert, 2013). The main properties of cellulose are 

hydrophilicity with a contact angle of 20o-300o and the absence of taste and odor 

(Mishra, 2018). 

The term "nanocellulose" (NC) refers to cellulose fibrils or crystallites with at least 

one dimension in the nanoscale range (smaller than 100 nm), which can be produced 

by chemically or mechanically treating plant or wood cellulose (Isogai, 2013).  

Nanocellulose is structurally distinct from conventional materials and have a variety 

of benefits over them, including low density, high crystallinity, high modulus, high 

strength, and superior modifiability (Zhu et al., 2021). Because of their 

hydrophilicity, which results from the abundance of hydroxyl groups on their 

surface, NCs can be dispersed in some strong polar solvents, particularly in water 

(Thomas et al., 2020). 

Nanocellulose is appealing for applications in various industries due to its 

exceptional characteristics and biodegradability, such as nanocomposite materials, 

surface-modified materials, and transparent paper with unique functions (Abitbol et 

al., 2016). Nanocomposite materials containing nanocellulose are known for their 

distinctive characteristics, including remarkable mechanical and thermal strength, in 
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addition to their lightweight and transparent nature (Dufresne, 2012). Nanocellulose 

has a large surface area and is rich in hydroxyl groups, making it useful for surface 

modification (Moon et al., 2011).  

Three forms of cellulose can be distinguished based on their varying lengths: 

cellulose nanocrystals (CNCs), cellulose nanofiber (CNF), and bacterial 

nanocellulose (BNC). 

2.4.1 Cellulose Nanocrystal (CNC)  

The rod-like nanocrystal configuration is referred to as a cellulose nanocrystal. The 

amorphous areas in the native cellulose are removed using the acid hydrolysis 

process. As illustrated in Figure 2.3, in order to create CNC, the amorphous 

components of cellulose are hydrolyzed using mineral acids, then the remaining 

acids and impurities are removed, and the crystals are separated by sonication (Dong 

et al., 1998; Brinchi et al., 2013). During the production of cellulose nanocrystals 

(CNC), also referred to as nanocrystalline cellulose or cellulose whiskers, the highly 

crystalline segment within native cellulose usually remains unaltered through the 

acid treatment process, resulting in the formation of a rod-shaped structure (Habibi 

et al., 2010). 

 

Figure 2.3: Cellulose nanocrystals (CNC) extraction (Phanthong et al., 2018) 

The level of crystallinity in cellulose nanocrystals is comparatively high, ranging 

from 54 to 88%. The size of cellulose nanocrystals depends on the type of their 

source, but typically they have dimensions of 3–30 nm in diameter and 100–1 µm in 
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length (Lavoine et al., 2012). It demonstrates that nanocrystalline cellulose has all 

dimensions that fall within the nanometer size range. 

2.4.2 Cellulose Nanofibril (CNF)  

When wood pulp is subjected to mechanochemical treatment, it produces 

nanofibrillated cellulose (CNF), which is used to express fibrils with dimensions in 

the nanometric range. Individual nanofibrils and aggregated nanofibrils make up 

CNF (Turbak et al., 1982 & 1983; Liu et al., 2014). Its chemical makeup is entirely 

composed of cellulose and has both crystalline and amorphous regions (Dufresne, 

2012). Figure 2.4 illustrates the schematic of nanofibrillated cellulose that can be 

separated from cellulose chains by the cleavage of fibrils along the force provided 

by a mechanical process (Moon et al., 2011). 

 

Figure 2.4: Cellulose nanofibril (CNF) extraction (Phanthong et al., 2018) 

In contrast to nanocrystalline cellulose, nanofibrillated cellulose exhibits greater 

length, a higher aspect ratio (length to diameter), increased surface area, and a higher 

concentration of hydroxyl groups, all of which make it more receptive to surface 

modifications (Lavoine et al., 2012). 

2.4.3 Bacterial Nanocellulose (BNC) 

A special type of nanocellulose from nanocrystalline and nanofibrillated cellulose is 

bacterial nanocellulose (BNC). A top-down approach can be used to extract 

nanocrystalline and nanofibrillated celluloses from lignocellulosic biomass, but 
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bacterial nanocellulose is created by bacteria, primarily Gluconacetobacter xylinus, 

over the course of a few days to two weeks (Abitbol et al. ,2016; Jozala et al., 2016). 

The chemical composition of bacterial nanocellulose is identical to that of the other 

two varieties of nanocellulose. It assumes the form of twisted ribbons with average 

diameters ranging from 20 to 100 nm and micrometer-scale lengths, resulting in a 

significant surface area per unit. BNC stands out for its remarkably high degree of 

polymerization, reaching up to 8,000, as well as its outstanding mechanical strength, 

biocompatibility, and water-retention capability. Additionally, it possesses a fine and 

pure fiber network structure (Kamel, 2007). 

2.5 Application of Nanocellulose in Oil Industry  

Nanocellulose has a lot of potential as a new material for oil and gas production 

based on the superior colloidal and interfacial features discussed above. Traditional 

oilfield chemical reagents are facing enormous difficulties as oil demand and 

development intensity rises year after year. Limitations of traditional chemicals 

under tough oil reservoir environments, such as low adaptation, instability at high 

temperatures, reservoir damage, and formation pollution, call for immediate 

attention. To meet the accelerating demands of a market that is expanding quickly 

and the demands of future oilfield technology, it is essential to develop unique, high-

performance, environmentally friendly, and non-damaging chemical reagents for 

oilfield applications. 

2.5.1 Application of Nanocellulose in Drilling Fluids 

Micro- and nanoparticles are being utilized more frequently in the production of oil 

and natural gas to increase drilling fluid efficiency and handle growing production 

issues. Rheology and fluid loss are two crucial performance indicators for drilling 

fluid that plays a significant role in the drilling process. The problem of maintaining 

the drilling fluid quality is brought on by the reservoir conditions, which are 
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gradually getting worse as the formation depth continues to increase (Wang et al., 

2021). Nanocellulose can be used to withstand severe conditions because of its 

strong mechanical and thermal stability features. The rheology, fluid loss, and 

thermal stability of the drilling fluid can all be significantly enhanced by using 

nanocellulose (Liu et al., 2019a; Ramasamy & Amanullah, 2020; Wei et al., 2020). 

Compared to traditional bulk cellulose, their highly organized structures offer much 

enhanced thermal and chemical stability. Due to the presence of hydroxyl groups on 

their surfaces, CNF and CNC are easily dissolved in water and produce fluids with 

shear-thinning rheology and thixotropy at low concentrations. Drilling and drill-in 

fluids may benefit from these two key characteristics of nanocellulose mentioned 

above (Hall et al., 2018). CNF with high performance water-based mud formulation 

and its derivatives were examined by Hall et al. (2017 & 2018). The performance of 

the slurry was investigated after several nanocellulose and derivatives, including 

CNF, carboxymethyl cellulose nanofibers (C-CNF), and TEMPO-oxidized cellulose 

nanofibers (TO-CNF), were employed to create the cement slurry. In contrast to 

xanthan gum, which disintegrated following heat treatment, CNF had superior 

thermal durability and could have preserved overall integrity even at higher 

temperatures.  

The use of CNC as a rheology modifier in drilling fluids was investigated by Li et 

al. (2015). Microfibrillated cellulose (MFC) was hydrolyzed with sulfuric acid to 

produce the CNC that was employed in their investigation. Compared to bentonite 

mud with MFC, CNC-containing bentonite mud has better rheological and fluid loss 

qualities. The outcomes demonstrated that including CNC improved the rheological 

characteristics, thermal stability, water loss, and mud cake deposition of the water-

based bentonite slurry. 

Attention is being focused on nano-sized additives in cement slurry formulation for 

better cement characteristics. Chemical reactions can be considerably improved and  

increase hydration due to the high surface area present in nanoscale materials 

(Sanchez and Sobolev, 2010). Because it has been used in the cementing process to 
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enhance features such as rheological properties, durability, degree of hydration, yield 

stress, shear thinning, etc., nanocellulose is an excellent option to support cement 

sustainability. According to Ardanuy et al. (2012), CNF has an impact on the 

mechanical characteristics of cement composites. Moreover, cement slurry can be 

reinforced with cellulose nanocrystal particles. For the duration of the cement 

slurry's setting process, adding nanocellulose particles can insulate it hermetically 

(Petrus, 2015). 

Investigations were also conducted into the use of CNF as a rheology modifier in oil 

well cement. It was found that, as anticipated, shear stresses rose when shear rate 

and CNF loading levels rose in the cement matrix of the oil well. Both the yield stress 

and the plastic viscosity exhibited this pattern (Sun et al., 2016). 

2.5.2 Application of Nanocellulose in Enhancing Oil Recovery 

Injecting a displacement fluid into reservoirs to release the residual oil in porous 

rocks is a traditional chemical EOR technique. Although polymer flooding improves 

sweep efficiency due to the fluid's high apparent viscosity, it also has issues with the 

reservoir's harsh conditions, low water/oil mobility ratio, and wettability of the rock 

surface. It is necessary to search for an effective and ecologically friendly 

replacement material used in EOR to address these technical obstacles. As a 

displacing fluid or interface stabilizer in EOR, nanocellulose has excellent potential 

(Wei et al., 2020; Zhu et al., 2021). 

Wei et al. (2017) studied that emulsification, dragging, and wettability change are 

three mechanisms by which surface-functionalized CNFs boosted 3%–17% oil 

recovery over water flooding. The hydrophobic and hydrophilic groups were 

successfully grafted onto CNFs, greatly enhancing their interfacial activity and salt 

tolerance. Surface modification did, however, increase the material's cost (Wei et al., 

2019). 
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One of the most crucial oil recovery methods used in the production of oil and gas 

fields is foam flooding. Before injection, foam might be produced either at the 

surface or in the reservoir's pore space. Sweep inhomogeneity brought on by layers 

with higher permeability than the surrounding formations or by gravity override are 

both mitigated by foam flooding (Sheng, 2013). The effectiveness of foam flooding 

to maximize oil recovery is directly dependent on the stability of the foam system. 

Through a synergistic interaction with the surfactants on the liquid film, 

nanocellulose raises the liquid-carrying capacity of the liquid film and enhances 

foam stability (Wang et al., 2021). At the gas-liquid interface, nanocellulose particles 

can be adsorbed, greatly enhancing the stability of the foam system (Wei et al., 2017; 

Liu et al., 2019). The cellulose nanofibers (L-CNFs) that Wei et al. (2019b) 

developed contain lignin and are green and biodegradable. They are utilized to 

maintain the liquid foam's interface so that oil production can be achieved. It was 

discovered through observation that the addition of L-CNF considerably increased 

the rates of foam drainage. 

In terms of stabilizing emulsions, nanocellulose with exceptional stability has 

received a lot of interest. The emulsion generated by nanoparticles is particularly 

stable due to the ability of nanocellulose to be irreversibly absorbed at the oil–water 

interface (Kalashnikova et al., 2011). High aspect ratio and amphiphilic 

characteristics characterize nanocellulose. Therefore, depending on the 

hydrophobicity/hydrophilicity of the cellulose surface medium, a more hydrophobic 

crystal plane of nanocellulose or a more hydrophilic crystal plane of nanocellulose 

could be directed toward the surrounding medium. Due to its amphiphilic properties, 

nanocellulose has the potential to be used as an emulsion stabilizer (Medronho & 

Lindman, 2014; Nikfarjam et al., 2015; Dai et al., 2020). 

Permeable channels in the reservoirs can be effectively obstructed through surfactant 

flooding, which can employ pre-prepared oil-in-water emulsions or induce in-situ 

emulsification. This process redirects water toward low-permeability zones, 

enhancing the efficiency of trapped oil recovery. Therefore, the stability of the oil-

in-water (o/w) emulsion is pivotal in this flooding technique. Wei et al. (2019c) 
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showcased the stabilizing influence of CNF when added to an alkaline-induced o/w 

emulsion created through saponification, using high total acid number (TAN) crude 

oil in an alkaline solution. 

In recent years, there has been a considerable focus on employing nanocellulose as 

a unique agent for displacing oil and enhancing oil recovery (Aadland et al., 2019). 

Li et al. (2017) proposed the use of nanocellulose in enhanced oil recovery, 

highlighting that the regenerated nanocellulose dispersion displayed notable 

resistance to salt and temperature, rendering it a promising material for improving 

oil recovery. Raza and Gates (2021) explored the oil displacement process using 

CNC fluids, revealing that CNC nanofluids have the potential to increase the 

viscosity of the aqueous phase and reduce the interfacial tension between oil and 

water. Moreover, as demonstrated by Molnes et al. in 2016, CNC dispersions in brine 

exhibited mobility and stability even under increasing ionic strength, making them 

potentially suitable as flooding fluids when injected into sandstone cores. 

Additionally, an investigation into CNC's injectability into highly porous sandstone 

cores, conducted by Molnes et al. in 2018, suggested that CNC has promise as an 

additive in injection water for enhanced oil recovery (EOR). 
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CHAPTER 3  

3 STATEMENT OF PROBLEM  

Enhanced Oil Recovery (EOR) techniques play a vital role in extracting trapped oil 

from carbonate reservoirs, which present unique challenges due to their complex and 

heterogeneous nature. Nanocellulose has emerged as a promising candidate for 

enhancing oil recovery in such reservoirs, offering potential advantages in improving 

sweep efficiency and displacing residual oil. However, the successful application of 

nanocellulose as an EOR agent necessitates a comprehensive understanding of its 

behavior within carbonate rock formations, particularly through lab-scale flow tests 

and thorough material characterization. 

The primary problem to be addressed in this study is to investigate the effectiveness 

and mechanisms of nanocellulose as an EOR agent in carbonate rocks. By 

conducting lab-scale flow tests aimed to explore the flow behavior of nanocellulose 

dispersions through porous media, including adsorption, retention, and potential 

plugging effects, as well as the impact on wettability alteration. 

Furthermore, the material characterization of nanocellulose is of utmost importance 

to comprehend its structural properties and interactions with the carbonate rock 

matrix. The investigation will explore the rheological properties and stability of 

nanocellulose dispersions under relevant reservoir conditions. Therefore, this study 

aims to address these knowledge gaps and challenges by conducting a 

comprehensive investigation of nanocellulose as an enhanced oil recovery agent for 

carbonate rocks. 

By addressing these critical aspects through lab-scale flow tests and comprehensive 

material characterization of nanocellulose, this study seeks to contribute valuable 

insights into the feasibility and efficacy of nanocellulose as an enhanced oil recovery 

agent for carbonate rocks. The findings from this study will aid in optimizing EOR 

strategies and provide valuable guidance for future research and potential field 
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applications, ultimately advancing the field of enhanced oil recovery and 

contributing to sustainable oil recovery.  
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CHAPTER 4  

4 MATERIAL CHARACTERIZATION 

This chapter presents a comprehensive investigation of nanocellulose material 

characterization for its application in enhanced oil recovery (EOR). Various 

characterization techniques were employed to study the physical and chemical 

properties of nanocellulose, including solubility bottle tests, viscosity bottle tests, 

particle size analysis, interfacial tension (IFT) measurements, wettability studies, 

and contact angle measurements.   

4.1 Nanocellulose Powder Samples 

At the beginning of this research study, two major types of nanocellulose samples, 

namely, cellulose nanofibrils (CNF) and crystalline nanocellulose (CNC), were 

investigated. CNFs are produced with three different processes: mechanical 

treatment (grinding, milling), chemical treatment (TEMPO oxidation), and 

combination of both processes. 

 

Figure 4.1: Stereo Microscope 
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CNF samples have both amorphous and crystalline structure in an individual fiber. 

On the other hand, CNCs are obtained from cellulose fibrils by acid hydrolysis. Acid 

removes the amorphous parts and crystalline regions are left in the structure. CNCs 

have about 90% crystallinity. Both CNF and CNC samples were analyzed by using 

stereo microscope (Figure 4.1), which reflects the light from the surface of an object 

not transmitting through it. 

4.1.1 CNF in Powder Form 

Images of powder form of CNF samples taken by using stereo microscope can be 

seen in Figure 4.2. 

 

Figure 4.2: CNF view under stereo microscope (left view with no magnification, 

right view with 115x magnification) 

Main functional group of CNFs is -OH. Transmission electron microscopy (TEM) 

image of powder form CNF can be seen in Figure 4.3. 
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Figure 4.3: TEM image of CNFs (Nanocellulose (n.d.)) 

The major characteristics of powder form CNF, including average particle size, 

cellulose crystallinity, decomposition temperature and density, are listed in Table 

4.1. All these properties were provided by the CNF manufacturing company. 

Table 4.1: General properties of powder CNF (Nanocellulose (n.d.)) 

Appearance (form) Dry powder (~4 wt% moisture) 

Avg particle size 10-20 nm width, 2-3 µm length 

Cellulose crystallinity (XRD) 92% 

Decomposition temperature 329 oC 

Density 1.50 g/cm3 
 

As stated in its Material Safety Data Sheet (MSDS) form, CNF has a hydrophilic 

character. It can be dispersed in water by using high-pressure homogenizer. Stereo 

microscope view of CNFs powder mixed with water can be seen in Figure 4.4. 

Although, CNF is hydrophilic, it is difficult to obtain a homogenous solution in 

which CNF still keeps its dimensions in nano size. 
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Figure 4.4: Stereo microscope views of CNF mixed with water (115x 

magnification) 

4.1.2 CNC in Powder Form 

Images of powder form of CNC samples taken by using stereo microscope can be 

seen in Figure 4.5. 

 

Figure 4.5: CNC (dry powder) views under stereo microscope with 115x 

magnification 

Besides hydroxyl (OH) groups as main chemical group, CNC also has sulphate 

(half-ester) groups as a result of acid hydrolysis process. Transmission electron 

microscopy (TEM) image of powder form CNC can be seen in Figure 4.6. 
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Figure 4.6: TEM image of CNCs (Nanocellulose (n.d.)) 

The major characteristics of powder form CNC, including average particle size, 

cellulose crystallinity, decomposition temperature and density, are listed in Table 

4.2. All these properties were provided by the CNC manufacturing company. 

Table 4.2: General properties of powder CNC (Nanocellulose (n.d.)) 

Appearance (form) Dry powder (~4 wt% moisture) 

Avg particle size 10-20 nm width, 300-900 nm length 

Cellulose crystallinity (XRD) 92% 

Decomposition temperature 349 oC 

Density 1.49 g/cm3 
 

According to MSDS form of CNC, it also shows hydrophilic characteristics. Like in 

the case of CNF, high-pressure homogenizer can be used to disperse CNC in water. 

Stereo microscope view of CNCs powder mixed with water can be seen in Figure 

4.7. Despite its hydrophilic behavior, dispersion of CNC is not that much simple as 

it may aggregate and form molecules larger than nanometer scale. 
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Figure 4.7: Stereo microscope views of CNC mixed with water (115x 

magnification) 

Dispersion stability is also another issue for such nano materials. It can be easily 

observed in the stereo microscope views that powder CNC mixed with water is blur 

and, in a gel like form. It seems to have inhomogeneous structure with an 

agglomeration like texture. 

4.2 Aqueous Suspension of Nanocrystalline Cellulose (NCC) 

It is difficult to stabilize powder forms of nanocellulose in aqueous suspension by 

preparing solutions in the laboratory. Forming homogenous and stable dispersion of 

a nano material is vital in the case of core pore scale studies. The particles have a 

great tendency of agglomeration which may lead to plugging of pores due to higher 

particle size of coagulated nanocellulose particles. The use of already existing 

suspension ease the application by skipping the stabilization problem of powder 

samples. Thus, aqueous suspension of nanocrystalline cellulose (NCC), 6%wt 

(Figure 4.8) was decided to be utilized in the further flow tests. 
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Figure 4.8: Aqueous suspension of nanocrystalline cellulose (NCC), 6%wt 

The major characteristics of aqueous suspension of nanocrystalline cellulose, 

including particle diameter, cellulose crystallinity, pH and bulk density, are listed in 

Table 4.3 and SEM image of NCC can be seen in Figure 4.9. All these properties 

were provided by the manufacturing chemical company. 

Table 4.3: General properties of NCC (Nanocellulose (n.d.)) 

Appearance (form) Aqueous gel, 6 wt% 

Particle diameter (crystallite) 2.4-4.6 nm 

Cellulose crystallinity (XRD) 89% 

pH  6-7 

Bulk density 0.68 g/cm3 
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Figure 4.9: SEM image of NCC (Nanocellulose (n.d.)) 

As a result, NCC was decided to be used for further flow tests in this study as a green 

enhanced oil recovery agent. Therefore, it was essential to characterize its properties 

to comprehend its behavior during the tests and analyze the working mechanism of 

that material. The rest of the sub-chapters within the Material Characterization 

Chapter of this study refer to the analysis conducted with/on NCC. Different 

concentrations of NCC were obtained by diluting already available 6 wt% NCC 

sample by using water with a specified salinity value. 

4.3 Solubility Bottle Tests 

The solubility bottle tests were conducted to evaluate the solubility of nanocellulose 

in different water systems, providing crucial information about its compatibility with 

reservoir fluids and injection fluids. These tests helped assess the stability of 

nanocellulose in various reservoir conditions, including temperature and salinity 

variations. In order to see the effect of salinity, nanocellulose concentration and 

temperature, basic solubility bottle tests were performed. The nanocellulose base 

solution was placed in a glass tube and required amount of water was added. The 

tube was shaken to ensure mixing. Then, the bottle tubes were left for stabilization. 
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This procedure was repeated to evaluate the effects of different parameters on the 

solubility of nanocellulose. 

4.3.1 Effect of Salinity  

1 weight (wt) % nanocellulose solutions were prepared by using water with varying 

NaCl concentrations. Tap water and water with different salinities (1,000 ppm, 5,000 

ppm, 10,000 ppm, 30,000 ppm and 65,000 ppm NaCl) were mixed with 

nanocellulose base solution to generate 1 wt% nanocellulose solution to analyze the 

effect of salinity. Bottles were kept at room temperature for some settling time to see 

the effect of salinity on nanocellulose solution (Figure 4.10). 

 

Figure 4.10: Solubility bottle tests for 1 wt% nanocellulose prepared by using water 

with varying salinities (room temperature) 

The sample prepared with tap water (the least saline water in the test group) seems 

more homogenized with no suspended nanocellulose particles. Increasing salinity 

has a negative effect on the solubility of nanocellulose in water. It is obvious from 

the bottle tests that nanocellulose solution prepared with more saline water contains 

some suspended particles. Furthermore, particle agglomeration is visible by 

increasing NaCl concentration, especially salinity values higher than 10,000 ppm 

(Figure 4.11). 
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Figure 4.11: 1 wt% nanocellulose prepared by using water with 65,000 ppm NaCl 

(room temperature) 

4.3.2 Effect of Nanocellulose Concentration 

The same solubility bottle tests were conducted with 2 wt% nanocellulose solution 

to compare the effect of nanocellulose concentration on the solubility (Figure 4.12). 

 

Figure 4.12: Solubility bottle tests for 2 wt% nanocellulose prepared by using water 

with varying salinities (room temperature) 

Increasing nanocellulose concentration results in more visible suspended particles. 

The cloudy part of the solution with visible suspended samples seems to increase 

with increasing concentration. 
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4.3.3 Effect of Temperature 

Another set of samples were also prepared by using water with varying salinity 

values and aforementioned nanocellulose concentrations (1 wt% and 2 wt%) and 

kept in the oven at 65 °C for more than 6 hours to see the effect of temperature on 

solubility (Figure 4.13 and Figure 4.14). 

 

Figure 4.13: Solubility bottle tests for 1 wt% nanocellulose prepared by using water 

with varying salinities (after 6 hours at 65 °C) 

 

Figure 4.14: Solubility bottle tests for 2 wt% nanocellulose prepared by using water 

with varying salinities (after 6 hours at 65 °C) 

When the samples with same nanocellulose concentrations and water salinities at 

different temperatures (room temperature and 65 °C) are compared, it is evident that 
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there is almost no difference in their solubility. The height of the cloudy part of the 

bottles are almost same for both temperature values. As in the case of room 

temperature, the sample prepared with tap water is again the most homogenous one 

after waiting 6 hours at 65 °C. It might be concluded that high reservoir temperatures 

do not negatively affect the solubility of nanocellulose and that suspended particles 

are not expected to precipitate at elevated temperature. It might be better to prepare 

nanocellulose solutions by using less saline water for the stabilization of the 

nanocellulose particles. 

4.4 Viscosity Bottle Tests 

Another step for the characterization of nanocellulose is the viscosity bottle tests. 

Viscosity bottle tests were utilized to investigate the rheological behavior of 

nanocellulose solutions. By measuring the changes in viscosity under different shear 

rates and temperatures, the study gained insights into the stability and effectiveness 

of nanocellulose as an EOR agent over time and under shear forces commonly 

encountered during injection processes. 

After concluding that less saline water used in the preparation of nanocellulose 

dispersion results in more homogenous solution, it is decided to conduct viscosity 

bottle tests with only fresh water, preferably tap water. In this way, solubility affect 

would be eliminated and misleading interpretation would be prevented by using 

readily homogenous dispersion. 

 In the context of viscosity bottle tests, the effect of concentration on the viscosity 

were tested for different time intervals at 65 °C. Two different concentrations of 

nanocellulose solution, 1 wt% and 2 wt%, were prepared by using fresh water. 

Solutions were placed in four glass tubes in order to measure viscosity for four 

different periods of time. The viscosities of nanocellulose solution in glass tubes 

were measured right after preparation at ambient conditions for both concentrations. 
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Then, the other glass tubes were placed in the oven with a set temperature of 65 °C 

(Figure 4.15).  

 

Figure 4.15: 1 wt% and 2 wt% nanocellulose solutions in the oven at 65 °C 

Viscosity measurements were performed by using an Anton Paar rheometer (Figure 

4.16). The rheometer used in the tests has a rotational system, based on the rotation 

of a cylindrical body immersed in a liquid, which experiences a viscous resistance 

force when a rotational speed is imposed on the system. The measuring bob is placed 

in the sample during the tests. The instrument provides viscosity data of a specific 

fluid with respect to varying shear rate at a certain temperature. 
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Figure 4.16: Anton Paar rheometer 

After placing the glass tubes in the oven, the viscosities of 1 wt% and 2 wt% 

nanocellulose solution in glass tubes were measured after 6 hours, 8 hours, 12 hours 

and 24 hours of aging in the oven at 65 °C. The view of bob after measuring viscosity 

of nanocellulose solution can be seen in Figure 4.17. 

 

Figure 4.17: Nanocellulose after viscosity measurement 

 

Shear viscosity curves for 1 wt% nanocellulose aged at 65°C can be seen in Figure 

4.18. The curves show the viscosity change of 1 wt% nanocellulose by time at 65°C. 

Overall, the viscosity of nanocellulose increases by time gradually at a constant shear 

rate. Increasing shear rate results in a decline in the viscosity values for each period 

individually. 
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Figure 4.18: Shear viscosity curves for 1 wt% nanocellulose aged at 65°C up to 24 

hours 

Shear viscosity curves for 2 wt% nanocellulose aged at 65°C can be seen in Figure 

4.19. The graphs provide information about the viscosity change of 2 wt% 

nanocellulose by time at 65°C similarly, the viscosity of nanocellulose increases by 

time gradually at a constant shear rate.  

At a given shear rate and period, viscosity is higher in the case of 2 wt% 

nanocellulose concentration compared to 1 wt% nanocellulose concentration. Higher 

viscosity values might be advantageous for oil field applications in terms of 

residence time, which is preferred as longer as possible. 
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Figure 4.19: Shear viscosity curves for 2 wt% nanocellulose aged at 65°C up to 24 

hours 

4.5 Particle Size Analyses 

Particle size analysis was studied to determine nanocellulose particle size 

distribution, which plays a significant role in its performance in reservoirs. 

Understanding particle size variations aided in optimizing nanocellulose injection 

strategies to target specific pore sizes within the reservoir matrix. 

Samples with different nanocellulose concentrations (0.5 wt%, 1 wt% and 2 wt%) 

and water with varying salinities (fresh water, 10,000 ppm NaCl, and 30,000 ppm 

NaCl) were prepared for size distribution and zeta potential measurements. The main 

objective of this part of the study was to see the effect of nanocellulose concentration 

and salinity of water used in samples on the particle size and stability of 

nanocellulose. These samples can be seen in Figure 4.20. 
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Figure 4.20: Varying concentrations of nanocellulose solution (0.5 wt%, 1 wt% and 

2 wt%)  for size distribution and zeta potential measurements (a) prepared with 

fresh water b) prepared with 10,000 ppm NaCl water c) prepared with 30,000 ppm 

NaCl water  

4.5.1 Particle Size Distribution Measurements 

Particle size distribution of samples with particles ranging from 0.02 to 2000 µm is 

obtained by using laser diffraction technique. This method is based on the diffraction 

of laser through the sample. Particles dispersed in a liquid medium can be used. 

There are two major light sources: blue and red-light sources. Red laser is used for 

detecting larger particles, while the blue laser is utilized for measuring smaller 

particles. Actually, particle size distribution is the transformation of diffraction 

patterns, which are measured by detectors, based on an optical model.  

 

Figure 4.21: Schematic view of Mastersizer2000 (Particle Size and Zeta Potential 

Measurement Laboratory, Central Laboratory, n.d.) 
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Zetasizer, specifically Mastersizer2000 (Figure 4.21), was used to analyze the size 

distribution from 20 nm to 2 µm and zeta potential values of these particles (Figure 

4.20). These analyses were conducted by METU Central Laboratory (MERLAB) at 

room temperature. Results are presented in the figures below (Figure 4.22, Figure 

4.23, Figure 4.24, Figure 4.25, Figure 4.26, Figure 4.27, Figure 4.28, Figure 4.29, 

and Figure 4.30).  

Figures include average particle size/diameter (Z-average) and polydispersity index 

(PDI). Z-average is the intensity weighted mean. The degree of uniformity of a size 

distribution of particles is defined by using polydispersity term. PDI, also known as 

heterogeneity index, ranges from 0.0 (representing a perfectly uniform sample in 

terms of particle size) to 1.0 (representing a polydisperse sample with numerous 

particle size populations). PDI values higher than 0.7 refer that the sample has a wide 

particle size distribution, while PDI values lower than 0.05 indicate monodisperse 

systems (Danaei et al., 2018). 

 

Figure 4.22: Particle size distribution for 0.5 wt% nanocellulose solution prepared 

by using fresh water 
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Figure 4.23: Particle size distribution for 1 wt% nanocellulose solution prepared by 

using fresh water 

 

Figure 4.24: Particle size distribution for 2 wt% nanocellulose solution prepared by 

using fresh water 
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Figure 4.25: Particle size distribution for 0.5 wt% nanocellulose solution prepared 

by using water with 10,000 ppm NaCl 

 

 

Figure 4.26: Particle size distribution for 1 wt% nanocellulose solution prepared by 

using water with 10,000 ppm NaCl 
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Figure 4.27: Particle size distribution for 2 wt% nanocellulose solution prepared by 

using water with 10,000 ppm NaCl 

 

 

Figure 4.28: Particle size distribution for 0.5 wt% nanocellulose solution prepared 

by using water with 30,000 ppm NaCl 
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Figure 4.29: Particle size distribution for 1 wt% nanocellulose solution prepared by 

using water with 30,000 ppm NaCl 

 

 

Figure 4.30: Particle size distribution for 2 wt% nanocellulose solution prepared by 

using water with 30,000 ppm NaCl 
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The particle size distribution graphs indicate that nanocellulose solutions prepared 

using fresh water exhibit greater uniformity, as evidenced by the lower 

Polydispersity Index (PDI) values. However, an increase in nanocellulose 

concentration has a detrimental impact on this uniformity, resulting in a shift towards 

heterogeneous solutions. Notably, the 2 wt% nanocellulose solution displays 

heterogeneity according to PDI values, whereas the 0.5 wt% and 1 wt% 

nanocellulose solutions maintain uniform solutions. 

4.5.2 Zeta Potential Measurements 

Zeta potential is a measure of the surface charge of a particle and measured by light 

scattering methods. Zeta potential is one of the major indicators for stability 

measurements. Opposite charged ions creates a layer, called as Stern layer, on the 

surface of nanoparticle. Diffuse layer comprising loosely associated ions, resides on 

the top of Stern layer as an outer layer. These two layers are called together as 

electrical double layer. As nanoparticles are placed in a liquid medium, a boundary 

is created naturally between ions in the bulk dispersant and ions in the diffuse layer 

(Raval et al., 2019). Electrical potential of this boundary plane is called as Zeta 

Potential of the particle, ranges from +100 mV to -100 mV.  

The magnitude of zeta potential refers to the potential stability of the colloidal 

system. Higher zeta potential values point to high interparticle repulsion and stable 

suspension. The lower value of zeta potential is an indicator of a possible unstable 

suspension due to flocculation, aggregation, agglomeration of the particles. 

Nanoparticles with zeta potential values greater than +30 mV or smaller than -30 are 

indicated as stable suspensions with no aggregation. However, nanoparticles with 

zeta potential values within a range of -30 mV and +30 mV are considered as poor 

colloidal stability systems and highly likely to face flocculation, agglomeration, or 

aggregation (Metin et al., 2011).  
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Zeta potential measurements of aforementioned samples were conducted by METU 

Central Laboratory (MERLAB) at room temperature. Results are presented in the 

figures below (Figure 4.31, Figure 4.32, Figure 4.33, Figure 4.34, and Figure 4.35). 

Zeta potential distribution curves for the solutions prepared by using water with 

10,000 ppm NaCl and 30,000 ppm NaCl are not available due to higher conductivity 

of these samples (Figure 4.34 and Figure 4.35). Samples with higher conductivity 

values than the cutoff in the automatic mode are analyzed by Fast Field Reversal 

technique, which provides only a mean zeta potential, not a distribution. Since there 

is no zeta distribution, there is no standard deviation of the mean, and it can be 

detected as 0.00 mV. 

 

Figure 4.31: Zeta potential of 0.5 wt% nanocellulose solution prepared by using 

fresh water 
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Figure 4.32: Zeta potential of 1 wt% nanocellulose solution prepared by using fresh 

water 

 

 

Figure 4.33: Zeta potential of 2 wt% nanocellulose solution prepared by using fresh 

water 
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Figure 4.34: Zeta Potentials of solutions prepared by using water with 10,000 ppm 

NaCl and varying nanocellulose concentrations (a) 0.5 wt% nanocellulose, b) 1 

wt% nanocellulose, c) 2 wt% nanocellulose) 

 

 

Figure 4.35: Zeta Potentials of solutions prepared by using water with 30,000 ppm 

NaCl and varying nanocellulose concentrations (a) 0.5 wt% nanocellulose, b) 1 

wt% nanocellulose, c) 2 wt% nanocellulose) 

According to zeta potential results of the samples, solutions prepared by using fresh 

water are more stable than the solutions prepared by using higher salinity water. It 

can be concluded that as the salinity of the water used in nanocellulose dispersion 

increases, the tendency to flocculation, agglomeration, or aggregation increases 

resulting in unstable solutions. 

4.6 Interfacial Tension (IFT) Measurements  

Interfacial tension is the force of attraction between the molecules at the interface of 

two immiscible fluids. Rock samples typically have complex pore structures of 

various pore sizes and shapes. When crude oil is present in the rock's pore space, an 

interface formed between the oil and the solid surfaces of the rock. The interfacial 

tension between the rock and crude oil determines the ability of the oil to flow 

through the rock's pores. 

If the interfacial tension between the rock and crude oil is low, the two phases have 

a strong attraction or affinity for each other. This low interfacial tension allows the 
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oil to easily spread and flow through the rock's pores, resulting in better oil recovery 

during extraction processes. On the other hand, if the interfacial tension between the 

rock and crude oil is high, it indicates a weaker attraction between the two phases.  

IFT test was performed with Vinci IFT700 system shown in Figure 4.36. In addition 

to contact angle between liquid-gas or liquid-liquid and solid system, test system is 

capable of providing surface tension and interfacial tension using the pendant drop 

method. It involves the formation of a pendant droplet of one liquid suspended from 

a capillary tube (needle), immersed in another liquid. A drop is produced from the 

capillary needle in a bulk fluid at reservoir conditions (up to 10,000 psi pressure and 

175 °C). The complete shape of that drop is monitored with a high-resolution video 

lens system and analyzed with an advanced software. API gravity of oil used in the 

test was 36.               

 

Figure 4.36: IFT test system 

The tests were specifically designed to investigate the impact of nanocellulose 

concentration by conducting measurements at two different concentrations, namely 

1 wt% and 2 wt%, at a temperature of 65 °C. However, it was observed that the test 

cell containing nanocellulose appeared blurry at this elevated temperature. Despite 

this issue, an oil droplet was introduced into the 1 wt% nanocellulose solution. It was 
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successfully captured on the tip of the needle in a well-defined shape, as shown in 

Figure 4.37. Unfortunately, it was not possible to generate an interfacial tension 

value due to the blurred appearance of the nanocellulose dispersion caused by image 

contrast difficulties arising from the high temperature conditions. 

 

Figure 4.37: Oil droplet on the tip of the needle inside 1 wt% nanocellulose 

solution 

Upon dismantling the system, the nanocellulose was observed to be in a gel-like 

form, as depicted in Figure 4.38. The higher temperature conditions likely induced 

this gel-like state, causing the nanocellulose to become more viscous and resulting 

in a blurred appearance. This change in physical properties made it challenging to 

carry out the intended measurements successfully. The gel-like nature of the 

nanocellulose at elevated temperatures contributed to the difficulty in accurately 

assessing and characterizing its behavior in the system. 

 

Figure 4.38: Nanocellulose within the system after dismantling 
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4.7 Wettability Study 

Wettability is crucial for the optimization of oil recovery. It is the tendency of a solid 

to contact a particular fluid rather than another in the presence of a multiphase or 

two-phase fluid system. This tendency is explained by the balance of surface and 

interfacial forces. In reservoir rock system, it can be considered as the preference of 

reservoir rock to be covered with water, oil or gas.  In other words, if the rock prefers 

to contact with water, it is called as water-wet reservoir rock. An oil-wet reservoir 

will favorably contact oil.  

The degree of wettability of a reservoir rock (either water-wet or oil-wet) is mostly 

affected by adsorption of oil phase, mineralogy of the rock itself, and spreading 

capability of the oleic phase. Reservoir rock wettability is measured by contact angle, 

which is the angle between fluid-solid interface in a single fluid phase system. In a 

multifluid system, in the presence of two immiscible fluids, like oil and water, the 

contact angle is considered as angle measured through water. If contact angle is 

smaller than 90°, reservoir rock is defined as water-wet. The case of contact angle 

greater than 90° refers to an oil-wet system (Abdallah et al., 2007; Agbalaka et 

al.,2008). 

Wettability studies played a vital role in understanding the interaction between 

nanocellulose and reservoir rock surfaces. Nanocellulose's ability to alter the 

wettability of the rock surface from oil-wet to water-wet was investigated, as this 

transformation is crucial for enhancing oil recovery by improving water imbibition 

and displacing oil. 

This study aims to understand the effect of nanocellulose on wettability as an 

enhanced oil recovery agent. In this study, the wettability effect of nanocellulose was 

investigated with a basic test. The end trim of carbonate plug sample used in the core 

flooding experiments was used for this purpose. 

The plug end trim was placed in a closed glass bottle filled with oil. It was left for 

aging in the oil at a temperature of 65 °C for four weeks to restore wettability with 
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the original one to represent reservoir rock. The oil used in the test was the same as 

the one used in enhanced oil recovery tests.  

Then, the plug end trim was taken from the bottle and placed in another closed glass 

bottle filled with formation water. It was left in the formation water at a temperature 

of 65 °C for ten days (Figure 4.39). 

 

Figure 4.39: Wettability restoration process of plug end trim (a) aging in the oil, b) 

placing plug end trim in formation water, c) plug end trim after taken from 

formation water) 

The release of oil droplets from the end trim was observed and photographed as seen 

in Figure 4.40. It can be seen from the figure that oil is highly spread on the plug end 

trim. As wettability is the tendency of a fluid to spread on a rock surface in the 

presence of another immiscible fluid, it can be inferred that the rock is strongly oil-

wet with a contact angle greater than 90°. 
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Figure 4.40: Contact angle before nanocellulose soaking, original wettability 

condition of the rock 

Next, the same plug end trim was put into a closed glass bottle filled with 1 wt% 

nanocellulose solution prepared by using fresh water. It was left in the bottle with a 

temperature of 65 °C for three days.  

Then, the plug end trim was taken from the bottle and placed in another closed glass 

bottle filled with formation water. It was left in the formation water at a temperature 

of 65 °C for ten days (Figure 4.41). 

 

Figure 4.41: Testing effect of nanocellulose on the wettability of plug end trim (a) 

aging in the 1 wt% nanocellulose solution prepared with fresh water, b) placing 

plug end trim in formation water) 
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The release of oil droplets from the end trim was observed and photographed as seen 

in Figure 4.42. It is very clear that the oil droplets on the surface of plug end trim has 

a less tendency to spread with narrower shape. It can be obviously seen from the 

figure that oil is highly spread on the plug end trim. It can be defined that the rock is 

less oil-wet with a contact angle still greater than 90°, but closer to 90° when 

compared to the conditions before nanocellulose aging application. 

 

Figure 4.42: Contact angle after aging with 1 wt% nanocellulose 

It can be concluded such that nanocellulose has a wettability alteration effect by 

shifting wettability mechanism to a less oil wet when compared to original 

wettability conditions. This wettability alteration tendency of nanocellulose might 

be a major explanation of the additional oil recovery mechanism of nanocellulose in 

the core flooding tests. 

4.8 Contact Angle Measurements 

Contact angle refers to the point where the interface of oil and water meets the 

surface of a rock. It is a useful tool for assessing changes in surface wettability, as it 

quantifies the shift in affinity of the rock surface from one fluid to another in a 

continuous manner.  

Various methods have been developed to measure contact angle, with the sessile 

drop method being the most widely utilized in the petroleum industry. In this method, 

the flat surface of the rock sample, which is aged in the oil under reservoir 
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temperature, is horizontally suspended in water or another fluid, and a drop of oil is 

placed at the bottom of the rock sample. A photograph is taken to measure the contact 

angle accurately. In this system, a contact angle between 0° and 60°-75° is 

considered water-wet, while a contact angle between 180° and 105°-120° indicates 

an oil-wet system. A contact angle between 75° and 105° is classified as neutral-wet 

(Anderson, 1986).  

Contact angle measurements further complemented the wettability studies by 

quantifying the contact angle between nanocellulose solutions and the rock surface. 

These measurements provided essential data on the surface energy and wettability 

alteration mechanisms induced by nanocellulose. In this study, the contact angles of 

the rock sample within synthetic formation water and 1 wt% nanocellulose were 

measured using the sessile drop method as described. 

The core plug sample was trimmed into thin sections measuring approximately 2 

mm. These sections were then meticulously polished to achieve a completely smooth 

surface. To eliminate any potential surface impurities, the prepared thin sections 

underwent a cleaning process using toluene and distilled water. Following the 

procedures outlined by Villard et al. (1993) and Manshad et al. (2017), the polished 

rock pieces with flat surfaces were aged with crude oil to achieve an oil-wet reservoir 

rock sample. During this step, thin section was fully immersed in the crude oil, whose 

API gravity was 36, for a duration of three weeks at atmospheric pressure and 

reservoir temperature (65 °C). After aging in the crude oil, the polished rock piece 

was exposed to formation brine (20,000 ppm NaCl synthetic brine solution) to test 

surface wettability. Oil droplet was sent to the rock piece’s surface, which was 

immersed in synthetic formation brine. Contact angle measurements indicated an oil-

wet rock (oil still adhered to the surface), as shown Figure 4.43. 
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Figure 4.43: Contact angle measurement with 20,000 ppm NaCl synthetic brine 

solution (representing before treatment with nanocellulose) 

In order to see the effect of nanocellulose, another thin section went through the same 

stages as in the initial scenario. Then, it was immersed in a solution containing 1 

wt% nanocellulose, aiming to examine how nanocellulose affects changes in 

wettability. During this stage, aging took place at 65 °C for three days. Subsequently, 

a drop of oil with an API gravity of 36 was injected onto the rock surface in 1 wt% 

nanocellulose solution using a syringe needle, and the second and final contact 

angles were measured (Figure 4.44). The wettability of the carbonate core was 

qualitatively assessed by determining the contact angle of crude oil droplets on the 

surface of the prepared thin section at room temperature, both before and after the 

treatment with 1 wt% nanocellulose, which are 135.1° and 67.3°, respectively. 
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Figure 4.44: Contact angle measurement with 1 wt% nanocellulose solution 

(representing after treatment with nanocellulose) 

Illustrated in Figure 4.43, the rock surface demonstrated a distinctly oil-wet state 

(contact angle > 90) after undergoing the aging process with crude oil. Figure 4.44 

provides clear evidence that treatment with 1 wt% nanocellulose resulted in a 

significant decrease in the contact angle of the oil droplet on the surfaces compared 

to the initial state. This suggests a transition in surface wettability, changing from an 

oil-wet condition to an intermediate or water-wet state. 

The contact angle serves as a quantitative technique for assessing how a surface 

interacts with various phases when multiple phases are present. As reported by 

Sagala et al. in 2020, an increase in nanofluid concentration corresponds to an 

increase in the contact angle, signifying a transition in core wettability from 

intermediate to a more strongly water-wetting state. It is worth noting that although 

higher concentrations lead to a greater degree of water-wettability, surpassing the 

optimal concentration may not necessarily result in higher oil recovery. Excessive 

concentrations can cause nanoparticles to form clusters or aggregates that may block 
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reservoir pores and hinder fluid flow. Hence, maintaining an optimal concentration 

is crucial for effective enhanced oil recovery (EOR) applications (Lu et al., 2017). 
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CHAPTER 5  

5 COREFLOOD OIL ERCOVERY TESTS 

Within the scope of this research, flow tests were conducted under reservoir 

conditions with core plug samples to test the efficiency of nanocellulose dispersion 

as an enhanced oil recovery agent. Materials and method, experimental set up and 

procedure are explained in detail in this chapter.  

5.1 Material and Methods 

5.1.1 Nanocellulose Suspension 

Two different forms of nanocellulose were supplied by the chemical company: 

powder and dispersion forms. Aqueous suspension of cellulose nanocrystals (CNC) 

was used in all flow tests within the scope of this study. The basic properties of 

nanocellulose used in all oil recovery tests is given in Table 5.1. 

Table 5.1: Properties of nanocellulose dispersion 

Concentration  
(wt%) 

Bulk 
Density 
(g/cm3) 

Particle 
Diameter 

(crystallite) 
(nm) 

pH 

6% wt 0.68 2.4 - 4.6  6-7 

 

6 wt% nanocellulose dispersion was diluted to the required specific concentration 

using tap water. Nanocellulose dispersion was directly put in the water and stirred 

with a magnetic stirrer at high speed for 15 min to obtain a homogenous diluted 

solution. Obtained diluted solution was put into a sonic bath for an hour, which is 

demonstrated in Figure 5.1. 
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Figure 5.1: Preparation of diluted nanocellulose (stirrer on the left, sonic bath on 

the right) 

It is vital to follow all the Health and Safety (HSE) procedures while working with 

nanoparticles. Due to their particle size, inhaling and contacting this type of materials 

with the skin might cause damage to the lungs and skin. Therefore, disposable lab 

coats, two-layer lab gloves, and appropriate lab masks and glasses were used during 

the dilution process of nanocellulose.   

5.1.2 Synthetic Formation Water 

Synthetic formation water was prepared by using NaCl and deionized water for each 

coreflood test by mixing appropriate proportions to reach the designed salinity value. 

Synthetic water sample was used at saturating core plug samples and water flooding 

stages. Each synthetic brine sample was filtered with the millipore vacuum filter. 

The main properties of synthetic water used in coreflood tests are given in Table 5.2.  

Table 5.2: Properties of synthetic water sample used in the coreflood tests 

Density  
at 65 °C  
(g/cm3)  

Dynamic Viscosity  
at 65 °C 

(cP) 

Total Salinity  
(NaCl) 
(ppm) 

0.995 0.45 20,000 
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5.1.3 Dead Oil 

Crude oil samples from three different Southeastern Turkish oil reservoirs were used 

in the coreflood tests. Properties of oil samples are listed in Table 5.3. 

Table 5.3: Properties of oil samples used in the coreflood tests 

Oil Name API Gravity 
Density  
at 65 °C  
(g/cm3)  

Dynamic Viscosity  
at 65 °C 

(cP) 

R 16 0.928 202.4 

C 22 0.877 14.9 

S 36 0.810 2.3 

5.1.3.1 SARA Analysis 

SARA analysis method is used to categorize the components of crude oil based on 

their polarizability and polarity. It divides them into four fractions: saturates, 

aromatics, resins, and asphaltenes. The saturate fraction comprises nonpolar 

substances. Aromatics, which contain one or more aromatic rings, exhibit slightly 

higher polarizability. The remaining two fractions, resins and asphaltenes, contain 

polar substituents. The analysis is typically conducted using various separation 

techniques, such as column chromatography or solvent extraction, followed by 

quantification of the different fractions (Fan and Buckley, 2002). 

SARA analysis of each oil sample was conducted and SARA fractions are listed in 

Table 5.4. 

Table 5.4: SARA fractions of oil samples 

Oil Name Asphaltenes (%) Saturates (%) Aromatics (%) Resins (%) 

R 18.3 23.3 53.1 5.3 

C 18.7 24.6 49.8 6.9 

S 1.2 44.1 52.1 2.6 
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5.1.3.2 Gas Chromatography (GC) Analysis 

Additionally, the results of the high-resolution gas chromatographic (GC) analysis 

of the three crude oil samples is presented in Table 5.5. 

Table 5.5: GC analysis results of oil samples used in coreflood tests 

Components 
Mole % 

Oil-R Oil-C Oil-S 

N2            0.0 0.0 0.0 

CO2            0.0 0.0 0.0 

C1            0.0 0.0 0.0 

C2        0.0 0.0 0.0 

C3       0.0 0.5 0.7 

iC4        0.0 0.2 1.6 

nC4          0.0 0.8 1.9 

iC5      0.0 1.2 0.0 

nC5              0.0 0.0 0.0 

nC6             0.2 0.3 1.3 

nC7          4.6 7.1 4.4 

C8            5.6 4.7 8.5 

C9                6.8 4.3 16.9 

C10              7.4 3.6 13.6 

C11           5.1 2.3 8.8 

C12         4.3 3.0 9.4 

C13          2.0 1.0 7.7 

C14        1.2 0.8 4.3 

C15+           62.8 70.3 20.9 

5.2 Rock Sample Properties and Preparation of Coreflood Tests 

Core plug samples taken from carbonate cores from the same reservoir formation 

were used in all coreflood experiments. This chapter will present the basic 

petrophysical properties of each core plug sample. 



 

 

71 

5.2.1 Core Plug Cleaning 

First of all, plug samples were cleaned by extraction with hot toluene in Soxhlet 

extractors. Soxhlet extraction is designed for removal of hydrocarbons and water 

from core samples. The Soxhlet thimble is placed in a siphon tube and the system is 

placed on a heating mantle. The bottom flask is filled with the appropriate solvent, 

which is toluene in our case. As far as the toluene comes to its boiling point (110°C), 

it evaporates and travels up to the condenser, which is continuously circulated with 

cold water. When the toluene reaches the condenser, it condenses and gets through 

the plug samples. The hot toluene diffuses into the pores of core samples and 

removes hydrocarbons. Evaporation of water from core plug samples takes places 

when the temperature of toluene is circa 100°C or more. Toluene and oil (removed 

from the pores) siphon as they reach the reflux point. The cycle of heating flask, 

contains oil-toluene mixture, fresh toluene vapor production, condensation and 

extraction oil from the pores is repeated continually for many times until no further 

discoloration of solvent occurs.  

 

Figure 5.2: Soxhlet extraction (left), temperature-controlled oven (right) 

The core plugs may contain salts from formation water, some residual water, and 

some heavier components of residual oil by the end of Soxhlet extraction with 

toluene stage. Thus, the core plug samples were placed in methyl alcohol in a vacuum 

oven to eliminate the remaining contaminants. The cleaned core plugs samples were 

dried in a temperature-controlled oven at 70°C as part of the cleaning process. 
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Finally, the weight, diameter and length of the dried cylindrical core plug samples 

were measured and recorded to be used for routine core analyses calculations. 

5.2.2 Routine Core Analyses 

5.2.2.1 Porosity Measurement 

Porosity measurements of core plug samples were conducted using a helium gas 

expansion porosimeter (Figure 5.3) based on Boyle's Law. Each plug sample was 

individually placed within the matrix cup connected to the porosimeter. If the core 

plug sample was too short, the matrix cup was filled with known bulk volume billets. 

Helium, maintained at a known pressure of 100 psig from a reference cell with a 

known volume, was introduced isothermally into the matrix cup. This allowed for 

the expansion of helium into the available pore spaces within the core plug sample, 

determining the grain volume utilized for calculating grain density and pore volume, 

ultimately resulting in the determination of the core plug sample's porosity. The 

shape of plug sample (a perfect cylinder) is vital for pore volume measurement. 

Therefore, helium porosimeter method does not provide very accurate results for 

plugs with irregular shapes or with vugs on their surfaces.  

 

Figure 5.3: Helium porosimeter test system 
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5.2.2.2 Permeability Measurement 

Permeability measurements were performed on the core plugs, which were placed 

within a Hassler-type core holder and confined under a pressure of 300 psig. The use 

of a steady-state gas permeameter (Figure 5.4) allows for precise determination of 

gas permeability in core-sized samples at room temperature and moderate confining 

pressures, employing the steady-state method. This method involves maintaining a 

constant flow rate across the sample.  

 

Figure 5.4: Air permeameter test system 

The constant flow rate of dry air passing through the core sample is observed, and 

the differential pressure across the plug sample is read from pressure gauge. These 

measurements, in conjunction with the core sample's length and cross-sectional area, 

are employed to compute air permeability by applying "Darcy's Law" for three 

different mean pressures, under the condition that the air flow is laminar. Finally, 

Klinkenberg permeability (kL) is calculated by plotting measured air permeability 

(kair) vs. mean pressure applied. The porosity and permeability results are listed in 

Table 5.6 and Figure 5.5 displays the permeability-porosity relationships for selected 

plug samples, based on data obtained from Routine Core Analysis (RCA). 
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Table 5.6: Routine core analysis results 

Plug 
Name 

Length 
(mm) 

Diameter 
(mm) 

Pore 
Volume 

(cc) 

Porosity 
(%) 

kair 
(md) 

kL 
(md) 

Grain 
Density 
(g/cc) 

210 69.75 37.67 20.3 26.1 218.7 198.7 2.70 

211 71.3 37.67 21.8 27.1 211.7 191.7 2.70 

347 65.9 37.7 13.5 18.2 55.6 49.0 2.69 

346 65.8 37.7 14.1 19.3 101.4 80.0 2.69 

213 70.65 37.6 18.8 24.0 136.1 124.2 2.70 

207 65.38 37.31 19.3 26.9 244.5 224.5 2.69 

209 68.67 37.8 22.7 29.0 151.7 139.4 2.70 

 

 

Figure 5.5: Porosity-permeability x-plot for core plug samples 

5.2.2.3 Reservoir Quality Index (RQI) and Flow Zone Indicator (FZI) 

Calculations 

Carbonate reservoirs are characterized by their heterogeneity, resulting from 

sedimentary deposition and diagenetic processes occurring after deposition. The 

characterization of carbonate rock reservoirs is essential in comprehending their 

storage and flow capacities (Martin et al., 1997).  
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A practical approach involves dividing the reservoir into different hydraulic flow 

units, which allows for effective reservoir zonation based on distinct petrophysical 

characteristics like porosity, permeability, pore throat, and cementation exponent. To 

achieve this, a sound methodology is proposed to identify and characterize hydraulic 

units within mappable geological units or facies for classification and differentiation 

of each zone. Flow unit evaluation is carried out using the flow zone indicator (FZI) 

and reservoir quality index (RQI) calculations (Martin et al., 1997). 

The technique relies on a modified Kozeny-Carmen equation and the concept of 

mean hydraulic radius, which are represented as FZI (Amaefule et al., 1993; Orodu 

et al., 2009). The functions for RQI and FZI are as follows: 

𝑅𝑄𝐼 = 0.0314 𝑥 √
𝑘

ϕ
           (1) 

ϕ𝑧 =
ϕ

1−𝜙
                               (2) 

𝐹𝑍𝐼 =  
𝑅𝑄𝐼

𝜙𝑧
                            (3) 

The parameter ∅𝑧 represents the ratio of pore volume to grain volume, providing 

valuable information about the porosity of the reservoir. In a reservoir, different flow 

units exhibit distinct FZI values, reflecting the distribution of pore space geometry. 

By correlating the Reservoir Quality Index (RQI) and ∅𝑧, geoscientists and reservoir 

engineers can gain comprehensive insights into the reservoir's heterogeneity and 

performance potential. Thus, in this study, FZI and RQI values were calculated using 

equations (1), (2), and (3) to assess the heterogeneity of plug samples. The calculated 

results of FZI and RQI values are presented in Table 5.7. 
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Table 5.7: RQI and RZI values for plug samples used in coreflood tests 

Plug No 
Porosity 

(%) 
ka 

(md) 
kL 

(md) 

Grain 
Density 
(g/cc) 

RQI 
(μm) 

FZI  
(μm) 

210 26.1 218.7 198.7 2.70 0.87 2.45 

211 27.1 211.7 191.7 2.70 0.84 2.25 

347 18.2 55.6 49.0 2.69 0.52 2.32 

346 19.3 101.4 80.0 2.69 0.64 2.67 

213 24.0 136.1 124.2 2.70 0.71 2.26 

207 26.9 244.5 224.5 2.69 0.91 2.46 

209 29.0 151.7 139.4 2.70 0.69 1.69 

 

On a log-log plot of RQI versus normalized porosity (Figure 5.6), core samples with 

similar hydraulic characteristics and petrophysical properties will exhibit a unit slope 

straight line. This relationship allows for the identification of reservoir flow units 

that share common characteristics. The intercept of the unit slope with the y-axis, 

where the normalized porosity equals one, defines the FZI for that particular group 

of samples. 

The graph in Figure 5.6 reveals that the plug samples exhibit a similar distribution 

of RQI values, indicating a degree of homogeneity among them. The concentration 

of data points within this limited range of FZI values indicates a high degree of 

similarity in hydraulic characteristics and petrophysical properties across the 

majority of the reservoir samples. Furthermore, the samples appear to align along the 

same FZI line, which suggests a potential similarity in reservoir characteristics and 

behavior. These findings provide valuable information about the reservoir's internal 

consistency and the potential for uniform oil recovery within the studied area. 

Understanding the heterogeneity of the plug samples based on FZI and RQI values 

is crucial for optimizing enhanced oil recovery strategies and maximizing 

hydrocarbon production from the reservoir. Plug samples #346 and #209 could be 

considered as potential outliers within the data set  according to Figure 5.6. 
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Figure 5.6: RQI vs normalized porosity for the plug samples used in coreflood tests 

5.2.3 Mercury Injection Capillary Pressure (MICP) Analysis 

Mercury injection capillary pressure (MICP) analysis is a method used to measure 

pore throat size in rocks. The process involves injecting mercury into a sample under 

controlled pressure. As the pressure increases, the mercury fills the larger pores and 

eventually enters the narrowest part of the pore network, typically the pore throats, 

the narrowest constrictions connecting adjacent pores. The pressure required to inject 

mercury into these small pore throats is recorded. By analyzing the pressure data, the 

size distribution of the pore throats within the sample can be determined. The 

capillary pressure curve obtained from the MICP analysis provides information 
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about the connectivity and geometry of the pore network, as well as the range of pore 

throat sizes present (Purcell, 1949; Swanson, 1981).  

Understanding the pore throat size is crucial in reservoir characterization because it 

directly influences the flow of fluids through the rock. Pore throat size affects fluid 

flow rates, permeability, and the efficiency of hydrocarbon recovery from reservoirs. 

 

Figure 5.7: Micromeritics Autopore IV 

The tests were conducted using the high-pressure mercury injection method with 

Micromeritics Autopore IV (Figure 5.7). End trims of core plug samples were used 

for this purpose. Capillary pressure drainage curves were generated by calculating 

the volumes of the non-wetting phase (mercury) entering the pores of rock samples 

at various pressure increments ranging from 0.5 to 60,000 psia, and plotting the 

capillary pressure values against the saturations of the wetting phase (mercury vapor 

or air) obtained. With the help of this data, calculations were made to determine the 

pore throat size distribution for the samples. 
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The calculation of the distribution of pore throat sizes is done by measuring how 

much mercury enters the pore size corresponding to each pressure using the basic 

capillary pressure formula. The pore throat diameter corresponding to different 

pressures is calculated using the Washburn equation (Washburn, 1921) as stated in 

(4). With this formula, it is possible to determine theoretically which pore sizes larger 

than a certain diameter will allow mercury to enter at each applied pressure. 

𝐷𝑖 =  
𝑎∗𝛾∗(−4∗𝑐𝑜𝑠𝜃)

𝑃𝑖
               (4) 

Di = pore throat diameter, micron  

a = Washburn constant, 0.145 

γ = interfacial tension, dyne/cm 

θ = contact angle, rad 

          Pi = pressure, psi 

Through this formula, the pore throat size corresponding to any given pressure can 

be calculated. The assumption in this formula is that the pore throat forms the same 

angle as the two pores that constitute it, which is spherical. Additionally, the 

temperature is assumed to be 20°C. Deviations from these two assumptions will 

naturally result in errors in the pore throat diameters. However, since the same values 

are used for each rock sample and the pore throat sizes are used to compare rocks 

rather than their numerical significance, these errors can be neglected. 

Comprehensive information about pore sizes of the samples was obtained through 

MICP measurements. Based on the measurements, pore throat size distributions 

calculated during drainage have been determined for each sample. Additionally, the 

classification of pore throats has been performed. The classification, based on the 

total volume occupied by pore throat sizes, uses the following criteria (Nelson, 2009) 

in Table 5.8. 



 

 

80 

Table 5.8: Pore throat size classification (Nelson, 2009) 

Micro Size Pore Throat Diameter < 1 micron 

Meso Size 1 micron < Pore Throat Diameter < 3 microns 

Macro Size Pore Throat Diameter > 3 microns 

 

The data obtained based on these criteria have been used to generate pore throat size 

distribution curves for each sample. Figure 5.8 presents these curves collectively for 

comparison. The outcomes of the analysis concerning the distribution of pore throat 

sizes reveal that the core plug samples demonstrate uniform pore throat dimensions, 

falling within the range of 0.01 to 10 microns. 

 

Figure 5.8: Pore throat size distribution curves of plug samples used in coreflood 

tests 

5.2.4 Core Plug Saturation 

Core plug samples are saturated with synthetic formation water prepared in the 

laboratory with 20,000 ppm NaCl solution by using vacuum pump (Figure 5.9). Core 

plugs are kept in a saturator for at least two days to ensure ionic balance. 
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Figure 5.9: Vacuum saturator (left), plug samples in formation water (right) 

5.3 Coreflood Experimental Setup 

The coreflood system enables researchers to simulate reservoir conditions and study 

the effects of chemicals as an enhanced oil recovery agent on core samples, providing 

valuable insights into their potential applications in the oil and gas industry. 

As part of this investigation, flow tests were carried out using the core flood system. 

During the flow tests, nanocellulose solutions and other fluids were injected into the 

core samples at controlled flow rates, mimicking the injection process in actual 

reservoirs. These flow tests are essential to understand the interaction between the 

nanocellulose or other fluids and the reservoir rock, as well as to evaluate the 

efficiency of nanocellulose as an enhanced oil recovery agent. Parameters such as 

pressure, flow rates, and fluid properties are carefully monitored and recorded using 

pressure transducers and data acquisition systems.  

Figure 5.10 illustrates the coreflood system used in laboratory experiments for 

investigating nanocellulose-enhanced oil recovery. Each number on the illustration 

corresponds to various components within the coreflood system: 
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Figure 5.10: Schematic drawing of coreflood setup 

1. Injection Pump: The injection pump is responsible for delivering 

nanocellulose solutions or other fluids into the core sample at a controlled 

flow rate. 

2. Oil Accumulator: The oil accumulator stores the oil phase used in the 

coreflood experiment. 

3. Formation Brine Accumulator: The formation brine accumulator holds the 

brine solution representing the reservoir formation water. 

4. Nanocellulose Accumulator: The nanocellulose accumulator stores the 

nanocellulose solution used as an enhanced oil recovery agent. 

5. Heating Cabinet/Oven: The heating cabinet or oven maintains the desired 

temperature of the coreflood experiment, ensuring it matches the reservoir 

conditions. 
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6. Core Holder: The core holder securely holds the core sample during the 

experiment, allowing fluid injection and flow through the sample. 

7. Pressure Transducer: The pressure transducer measures the pressure changes 

within the core sample during fluid injection and flow. 

8. Overburden Pump: The overburden pump applies confining pressure on the 

core sample to simulate reservoir conditions. 

9. Outlet Collector: The outlet collector collects the effluent fluids that have 

passed through the core sample during the experiment. 

10. Back Pressure Regulator: The back pressure regulator maintains a constant 

pressure at the outlet collector, controlling the flow rate of effluent fluids. 

11. Hydraulic Pump: The hydraulic pump pressurizes the nanocellulose or other 

fluids for injection into the core sample. 

12. Data Acquisition System: The data acquisition system records and stores the 

experimental data, such as pressure and flow rates for analysis and 

interpretation. 

 

Figure 5.11: Coreflood System, CFS-1 Setup 
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Two separate core flood systems were used for the tests. Coreflood system-1 (CFS-

1) in Figure 5.11 consists of heating belts to provide reservoir temperature of 65 °C 

for fluid accumulators (water and oil) and core holder. Furthermore, isolation belts 

were added into the system by covering flow lines in order to maintain reservoir 

temperature in the whole system and prevent heat losses. 

Some of the coreflood tests were conducted using the CFS700 (Core Flooding 

System) from Vinci Technologies in Paris, France. This system consists of gas, 

water, and oil accumulators, as well as connecting lines, all housed in an oven. 

CFS700 (Figure 5.12) has 10,000 psi fluid and confining pressure and 150°C 

temperature limitations. Apart from CFS-1, this particular system includes a high 

temperature oven. Gas, liquid, and oil accumulators and a core holder (for 1.5-inch 

plugs) with the connected lines are placed in this oven system, which allows it to 

reach reservoir temperature.  

The core sample used in the experiment had a diameter of 1.5 inches, and it was 

positioned vertically with the fluid inlets for oil and water at the top. Pressure sensors 

were used to measure the upstream, downstream, and differential pressures. A dual 

pump was employed for continuous oil or water flooding, and a separate pump 

automatically controlled the confining pressure. The fluid pressure at the outlet was 

regulated by a back-pressure regulator. 
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Figure 5.12: Coreflood System, CFS700 Setup 

5.4 Coreflood Test Procedure 

Flow tests were performed to analyze extra oil production after nanocellulose 

application and observe the effect of nanocellulose on additional oil recovery. 

Within the scope of flow tests, saturated core plug is placed in the core holder and 

heated up to reservoir temperature. Overburden pressure and back pressure are set to 

a specific value. All the fluids (dead oil from the field and synthetic formation water) 

are placed into accumulators and heated up to the reservoir temperature. Flow test 

steps are summarized as follows: 

• When the system reaches reservoir temperature, heated synthetic 

formation water is injected into the core plug and plug, and the plug sample 

is saturated for two days.  
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• Then, synthetic formation water is injected at steady-state conditions, 

using varying flow rates. The average permeability is then calculated by using 

Darcy’s equation. 

• Subsequently, dead oil is injected into the system with a constant flow 

rate, and the cumulative volume of water produced is recorded. Oil 

permeability (ko) at irreducible water saturation (Swi) is measured by 

injecting oil at varying flow rates. 

• Then, the system is left for the aging process for at least four weeks 

at reservoir temperature and net confining stress. The aging process is the 

restoration of wettability with the original one under reservoir conditions to 

have more realistic results in terms of relative permeability values.  

• After the aging process, dead oil injection is initiated at a constant 

flow rate. The pressure difference across the core plug is monitored to 

confirm the complete displacement of the post-aging crude.   

• Then, synthetic formation water injection takes place to reach residual 

oil saturation (Sor) condition. Synthetic formation water is injected through 

the core plug with a constant flow rate. Once the pressure and saturation are 

stabilized at 100% water fractional flow, the injection rate is increased up to 

three or five times (ie. bump flood) to reduce any possible capillary end 

effect. During the test, the pressure difference (dP) across the plug is closely 

monitored for permeability calculations. Throughout these periods, oil 

recovery  from the core is constantly monitored. Water injection is stopped 

when a water cut of 99.5% is attained. 

• Nanocellulose solution is introduced into core plug with a flow rate 

of 1 cc/min. Nanocellulose solution is injected until the water cut of 99.5% is 

reached.  

• Then, the system is left for a soaking process for 24 hours before water 

flood. 
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• After the completion of the nanocellulose flooding and soaking 

process, synthetic formation water injection is repeated to measure 

permeability and recover additional oil left in the core plug. 

• Finally, synthetic formation water is injected with a constant flow rate 

and varying flow rates (bump flow) to recover the remaining oil in the plug 

sample. Water injection continues until a water cut of 99.5% is achieved. 

The process involved injecting fluids in a series of injections until a stable condition 

is reached, except for nanocellulose injection. The steady-state conditions can be 

described as follows: 

• Flow rates remain constant throughout the injections. 

• The fractional flow of each phase remains constant. 

• There should be a constant pressure drop. 

5.5 Further Analysis on Core Plug Samples 

After completing the injection process, the pressure in the system is released, and the 

core plug is removed from the core holder. Subsequently, the core plug sample is 

halved to facilitate additional analysis, which involves X-ray diffraction (XRD), 

scanning electron microscopy with energy-dispersive X-ray spectroscopy 

(SEM/EDS), and thin section analysis. 

5.5.1 X-Ray Diffraction (XRD) Analysis 

XRD (X-ray diffraction) is a technique used to determine the mineralogy of a sample, 

specifically identifying the different phases present. X-ray diffraction is commonly 

utilized not only for the qualitative identification of minerals in geological samples 

using a fingerprinting method; but has also demonstrated its efficacy in quantifying 

mineralogical data. Quantification relies on the principle that the intensities of X-ray 
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diffraction peaks from a specific mineral are proportionate to its concentration within 

the sample. Thus, by measuring peak intensities, valuable information about the 

relative abundance of the corresponding mineral phase can be obtained (Bish and 

Post, 1989). 

The end trim of the core plug sample before conducting the coreflood test was 

analyzed by XRD, which represents the mineralogical composition of the core plug 

sample before any test. After completing coreflood test, one of the half slabs of the 

core plug was analyzed by XRD to see any change in mineralogical composition of 

the core plug after nanocellulose flood. The bulk powder and clay fraction XRD 

results are presented in this report later on. 

5.5.2 SEM/EDS Analyses 

Scanning Electron Microscope (SEM) imaging analysis and Energy Dispersive 

Spectroscopy (EDS) chemical analysis were performed for the plug samples before 

and after coreflood tests. The end trims of core plug samples were used for this 

purpose.  

SEM-EDS analysis is an analytical technique that does not cause damage to the 

sample. However, unlike XRF (X-ray fluorescence) analysis, which can be 

conducted without removing the sample, SEM-EDS requires the removal of a 

sample. In SEM-EDS, the sample material is exposed to electrons, which results in 

the emission of characteristic x-rays from the elements present. The energy 

emissions are then translated into spectral peaks of varying intensity, creating a 

spectrum profile. This profile helps identify the different inorganic elements in the 

sample, such as lead, iron, copper, zinc, and others (The University of Melbourne, 

n.d.). It is important to note that SEM-EDS analysis is not quantitative. The intensity 

of the x-rays (size of spectrum peaks) is directly proportional to the concentration of 

elements in the sample. 
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Samples were prepared for SEM analysis by coating with gold-palladium (Au-Pd) 

alloy coating material. Without the alloy coating, non-conductive samples are mostly 

invisible to electron microscopes. Zeiss Evo-10 SEM device was used for SEM 

analysis, and Bruker Quantax-200 EDS detector was used for EDS analysis. 15 kV 

acceleration voltage and 30 μA beam current were selected. SEM images of some of 

the minerals that were detected in XRD analysis and their EDS spectrums are 

presented in this report later on. 

General views of the samples are given in these figures at low magnification in order 

to understand the general features (such as visible porosity, differences in 

grain/crystal sizes, homogeneity of the coating process, etc.). Gold (Au) and 

Palladium (Pd) peaks in EDS spectrums are caused by the Au-Pd alloy coating 

material, which does not belonge to the original materials detected in the samples. 

5.5.3 Thin Section Analysis  

A thin section is a wafer-thin slice of rock or mineral sample that is prepared for 

microscopic examination. It is typically around 30 micrometers thick, allowing for 

detailed analysis of the sample's mineral composition, texture, and other geological 

features. Thin sections are commonly used in the field of geology and petrology to 

study rocks, minerals, and their properties. 

To create a thin section, a small piece of rock or mineral sample is cut and mounted 

onto a glass slide. The sample is then ground and polished to achieve a smooth, flat 

surface. The prepared thin section is placed under a petrographic microscope, where 

it can be analyzed using various techniques such as polarized light microscopy and 

mineral identification methods. 

Thin sections provide important insights into the mineralogy, texture, and structure 

of rocks. They allow geologists to identify different minerals present in a sample, 

observe their crystal forms and associations, study the rock's fabric and sedimentary 

structures, and interpret the rock's formation and history.  
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CHAPTER 6  

6 RESULTS AND DISCUSSION 

As part of this study, flow tests were carried out using core plug samples under 

reservoir conditions to evaluate the effectiveness of nanocellulose dispersion as an 

enhanced oil recovery agent. In summary, all the tests were conducted on carbonate 

rock samples at a temperature of 65 °C. Each coreflood experiment aimed to assess 

the performance of nanocellulose under different conditions.  

6.1 Oil Recovery Coreflood Test Results 

Test conditions of each coreflood experiment was given in this section. Additionally, 

pressure difference through core plug sample during each injection stage and oil 

recovery values were presented for each coreflood experiment test.  

6.1.1 Coreflood Test #1 

Saturated core plug #210 is placed in the core holder and heated up to reservoir 

temperature, 65 °C. Overburden pressure and back pressure are set to 1,250 psi and 

550 psi, respectively. All the fluids (dead oil from the field and synthetic formation 

water) are placed into accumulators and heated to the reservoir temperature. Test 

conditions for coreflood test #1 are given in Table 6.1. 

Table 6.1: Test conditions for test #1 with plug #210 

Test 
No 

Plug 
No 

Overburden 
Pressure 

(psi) 

Back 
Pressure 

(psi) 

Test Temp  

(°C) 

Salinity 
(ppm) 

API 
Gravity 
of Oil 

1 210 1,250 550 65 20,000  16 
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The below procedure was followed for testing enhanced oil recovery efficiency of 

nanocellulose through coreflooding test: 

 Total 10 pore volumes (PV) of formation brine was injected into the core 

plug with varying flow rates (20 cc/min and 40 cc/min) and differential 

pressure (dP) in the core plug sample for each flow rate was recorded as seen 

in Table 6.2. 

Table 6.2: Differential pressure values for water injection to plug #210 

flow rate 
(cc/min) 

differential 
pressure  

(dP) 
injected fluid 

20 14.1 Water 

40 33 Water 

 

 Subsequently, a total 4.3 PV of dead oil was injected into the system with a 

constant flow rate, and the cumulative volume of water produced was 

recorded. Oil permeability (ko) at irreducible water saturation (Swi) was 

measured by injecting oil at varying flow rates. Flow rates were applied as 1 

cc/min and 0.5 cc/min, and differential pressure (dP) in the core plug sample 

vs. injected PV was recorded (Figure 6.1). 

 Then, the system is left for the aging process for at least four weeks at 

reservoir temperature and net confining stress. The aging process is basically 

the restoration of wettability with the original one under reservoir conditions 

to have more realistic results in terms of relative permeability values.  
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Figure 6.1: Oil injection before aging for plug #210 

 Next, synthetic formation water injection took place in order to reach residual 

oil saturation (Sor) condition. 3.1 PV water was injected through the core 

plug with a flow rate of 1 cc/min. Once the pressure and saturation are 

stabilized at 100% water fractional flow, the injection rate is increased up to 

5 times (bump flood) to reduce any possible capillary end effect. During the 

test, the pressure difference (dP) across the plug is closely monitored for 

permeability calculations (Figure 6.2). Throughout these periods, the 

recovery of oil from the core was constantly monitored. Water injection was 

stopped when a water cut of 99.5% was attained. During the waterflood, a 

total of 4.75 PV of brine was injected with a recovery of 64.3% OOIP. 
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Figure 6.2: Water injection after aging of plug #210 

 2 wt% nanocellulose solution was introduced into core plug with a flow rate 

of 1 cc/min. A total of 2.3 PV of this solution was injected until a water cut 

of 99.5% was reached with a recovery of 14.6% OOIP (Figure 6.3). The 

steady-state conditions could not be achieved due to an increasing pressure 

difference while maintaining a constant flow rate. It is most probably due to 

the log jamming effect. 

 Then, the system was left for a soaking process for 24 hours before water 

flood. 

 After the completion of the nanocellulose flooding and soaking process, 

synthetic formation water injection was repeated to measure permeability and 

recover additional oil left in the core plug. 

 Finally, a total of 5.1 PV synthetic formation water was injected with a flow 

rate of 1 cc/min and 5 cc/min (bump flow) to recover the remaining oil in the 

plug sample (Figure 6.4). Water injection continued until a water cut of 

99.5% was achieved. The incremental oil recovery during the water flood 

was 2.9% OOIP and the total oil recovery reached 81.9%.  
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Figure 6.3: 2 wt% nanocellulose injection to plug #210 

 

 

Figure 6.4: Water injection after 2 wt% nanocellulose soaking, plug #210 
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Table 6.3 displays the values of irreducible water saturation, residual oil saturation, 

and initial oil recovery obtained from test #1 performed on core plug #210. 

Table 6.3: Saturation results for test #1 

Test No 
Plug 
No 

Swi  
(%) 

Sor 
(%) 

Oil 
Recovery 

(%) 

1 210 15.8 30.0% 64.3% 

 

Additional oil recovery values by injection of nanocellulose and water injection to 

plug #210 are presented in Table 6.4. 

Table 6.4: Oil recovery test results for plug #210 

Initial Oil 
Recovery 

(%) 

Additional Oil 
Recovery by 

Nanocellulose 
(% OOIP) 

Additional Oil 
Recovery by 

Water Injection 
after 

Nanocellulose  
(% OOIP) 

Incremental Oil 
Recovery by 

Nanocellulose+Water 
Injection 
(% OOIP) 

Total Oil 
Recovery 
(% OOIP) 

64.3% 14.6% 2.9% 17.5% 81.9% 

6.1.2 Coreflood Test #2 

Saturated core plug #211 is placed in the core holder and heated up to reservoir 

temperature, 65 °C. Overburden pressure and back pressure are set to 1,500 psi and 

550 psi, respectively. All the fluids (dead oil from the field and synthetic formation 

water) are placed into accumulators and heated to the reservoir temperature. Test 

conditions for coreflood test #2 is given in Table 6.5. 

Table 6.5: Test conditions for test #2 with plug #211 

Test 
No 

Plug 
No 

Overburden 
Pressure 

(psi) 

Back 
Pressure 

(psi) 

Test Temp  

(°C) 
Salinity 
(ppm) 

API 
Gravity 
of Oil 

2 211 1,500 550 65  20,000  16 
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The below procedure was followed for testing enhanced oil recovery efficiency of 

nanocellulose through coreflooding test:  

 Total 12.5 pore volumes of formation brine was injected into the core plug 

with varying flow rates (10 cc/min and 20 cc/min), and differential pressure 

in the core plug sample for flow rate of 10 cc/min was recorded (Figure 6.5).  

 

Figure 6.5: Water injection for saturating core plug #211 

 Subsequently, a total 10.5 PV of dead oil was injected into the system with a 

constant flow rate, and the cumulative volume of water produced was 

recorded. Oil permeability (ko) at irreducible water saturation (Swi) was 

measured by injecting oil at varying flow rates. Flow rate of 1 cc/min was 

applied during injection and differential pressure in the core plug sample vs. 

injected PV was recorded (Figure 6.6). 
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Figure 6.6: Oil injection before aging for plug #211 

 Then, the system is left for the aging process for at least four weeks at 

reservoir temperature and net confining stress. The aging process is the 

restoration of wettability with the original one under reservoir conditions to 

have more realistic results in terms of relative permeability values.  

 Next, synthetic formation water injection took place in order to reach residual 

oil saturation (Sor) condition. 18 PV water was injected through the core plug 

with a flow rate of 1 cc/min. Once the pressure and saturation are stabilized 

at 100% water fractional flow, the injection rate is increased up to 5 and 10 

times (bump flood) to reduce any possible capillary end effect. During the 

test, the pressure difference (dP) across the plug is closely monitored for 

permeability calculations (Figure 6.7). Throughout these periods, the 

recovery of oil from the core was constantly monitored. Water injection was 

stopped when a water cut of 99.5% was attained. During waterflood, a total 

of 28 PV of brine was injected with a recovery of 52.7% OOIP. 
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Figure 6.7: Water injection after aging of plug #211 

 2 wt% nanocellulose solution was introduced into core plug with a flow rate 

of 1 cc/min. A total of 4.4 PV of this solution was injected until a water cut 

of 99.5% was reached with a recovery of 13.4% OOIP (Figure 6.8). The 

steady-state conditions could not be achieved due to an increasing pressure 

difference while maintaining a constant flow rate. 
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Figure 6.8: 2 wt% nanocellulose injection to plug #211 

 Then, the system was left for a soaking process for 24 hours before the water 

flood. 

 After the completion of the nanocellulose flooding and soaking process, 

synthetic formation water injection was repeated to measure permeability and 

recover additional oil left in the core plug. 

 Finally, a total of 8.7 PV synthetic formation water was injected with a flow 

rate of 1 cc/min and 5 cc/min (bump flow) to recover the remaining oil in the 

plug sample (Figure 6.9). Water injection continued until a water cut of 

99.5% was achieved. The incremental oil recovery during water flood was 

2.9% OOIP and the total oil recovery reached 69.0%. 
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Figure 6.9: Water injection after 2 wt% nanocellulose soaking, plug #211 

Table 6.6 displays the values of irreducible water saturation, residual oil saturation, 

and initial oil recovery obtained from test #2 performed on core plug #211. 

Table 6.6: Saturation results for test #2 

Test No 
Plug 
No 

Swi  
(%) 

Sor 
(%) 

Oil 
Recovery 

(%) 

2 211 20.1 37.8% 52.7% 

 

Additional oil recovery values by injection of nanocellulose and water injection to 

plug #211 is presented in Table 6.7. 

Table 6.7: Oil recovery test results for plug #211 

Initial Oil 
Recovery 

(%) 

Additional Oil 
Recovery by 

Nanocellulose 
(% OOIP) 

Additional Oil 
Recovery by 

Water Injection 
after 

Nanocellulose  
(% OOIP) 

Incremental Oil 
Recovery by 

Nanocellulose+Water 
Injection 
(% OOIP) 

Total Oil 
Recovery 
(% OOIP) 

52.7% 13.4% 2.9% 16.3% 69.0% 
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6.1.3 Coreflood Test #3 

Saturated core plug #347 is placed in core holder and heated up to reservoir 

temperature, 65 °C. Overburden pressure and back pressure are set to 1,500 psi and 

550 psi, respectively. All the fluids (dead oil from the field and synthetic formation 

water) are placed into accumulators and heated to the reservoir temperature. Test 

conditions for coreflood test #3 are given in Table 6.8. 

Table 6.8: Test conditions for test #3 with plug #347 

Test 
No 

Plug 
No 

Overburden 
Pressure 

(psi) 

Back 
Pressure 

(psi) 

Test Temp  

(°C) 
Salinity 
(ppm) 

API 
Gravity 
of Oil 

3 347 1,500 550 65  20,000  22 

 

The below procedure was followed for testing enhanced oil recovery efficiency of 

nanocellulose through coreflooding test:  

 Total of 15.8 pore volumes (PV) of formation brine was injected into the core 

plug with a flow rate of 20 cc/min and differential pressure (dP) in the core 

plug sample for mentioned flow rate was recorded as shown in Table 6.9. 

Table 6.9: Differential pressure value for water injection to plug #347 

flow rate 
(cc/min) 

differential 
pressure  

(psi) 

injected 
fluid 

20 30.9 Water 

 

 Subsequently, total 12.1 PV of dead oil was injected into the system with a 

constant flow rate, and the cumulative volume of water produced was 

recorded. Oil permeability (ko) at irreducible water saturation (Swi) was 

measured by injecting oil at varying flow rates. Flow rates was applied as 1 

cc/min and differential pressure (dP) in the core plug sample vs. injected PV 

was recorded (Figure 6.10). 
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 Then, the system is left for the aging process for at least four weeks at 

reservoir temperature and net confining stress.  

 

Figure 6.10: Oil injection before aging for plug #347 

 Next, synthetic formation water injection took place in order to reach residual 

oil saturation (Sor) condition. 6.2 PV water was injected through the core 

plug with a flow rate of 1 cc/min. Once the pressure and saturation are 

stabilized at 100% water fractional flow, the injection rate is increased up to 

5 times (bump flood) to reduce any possible capillary end effect. During the 

test, the pressure difference (dP) across the plug is closely monitored for 

permeability calculations (Figure 6.11). Throughout these periods, the 

recovery of oil from the core was constantly monitored. Water injection was 

stopped when a water cut of 99.5% was attained. During the waterflood, a 

total of 16.7 PV of brine was injected with a recovery of 67.1% OOIP. 

 2 wt% nanocellulose solution was introduced into core plug with a flow rate 

of 1 cc/min. A total of 3 PV of this solution was injected until a water cut of 

99.5% was reached with a recovery of 16.7% OOIP (Figure 6.12). The 
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steady-state conditions could not be achieved due to an increasing pressure 

difference (dP) while maintaining a constant flow rate. 

 

 

Figure 6.11: Water injection after aging of plug #347 
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Figure 6.12: 2 wt% nanocellulose injection to plug #347 

 Then, the system was left for a soaking process for 24 hours before water 

flood. 

 After the completion of the nanocellulose flooding and soaking process, 

synthetic formation water injection was repeated to measure permeability and 

recover additional oil left in the core plug. 

 Finally, a total of 26.7 PV synthetic formation water was injected with a flow 

rate of 1 cc/min and 3 cc/min (bump flow) to recover the remaining oil in the 

plug sample (Figure 6.13). Water injection continued until a water cut of 

99.5% was achieved. The incremental oil recovery during the water flood 

was 5.0% OOIP and the total oil recovery reached 88.8%. 
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Figure 6.13: Water injection after 2 wt% nanocellulose soaking, plug #347 

Table 6.10 displays the values of irreducible water saturation, residual oil saturation, 

and initial oil recovery obtained from test #3 performed on core plug #347. 

Table 6.10: Saturation results for test #3 

Test No 
Plug 
No 

Swi  
(%) 

Sor 
(%) 

Oil 
Recovery 

(%) 

3 347 11.1 29.3% 67.1% 

 

Additional oil recovery values by injection of nanocellulose and water injection to 

plug #347 are presented in Table 6.11. 

Table 6.11: Oil recovery test results for plug #347 

Initial Oil 
Recovery 

(%) 

Additional Oil 
Recovery by 

Nanocellulose 
(% OOIP) 

Additional Oil 
Recovery by 

Water Injection 
after 

Nanocellulose  
(% OOIP) 

Incremental Oil 
Recovery by 

Nanocellulose+Water 
Injection 
(% OOIP) 

Total Oil 
Recovery 
(% OOIP) 

67.1% 16.7% 5.0% 21.7% 88.8% 
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6.1.4 Coreflood Test #4 

Saturated core plug #346 is placed in the core holder and heated up to reservoir 

temperature, 65 °C. Overburden pressure and back pressure are set to 1,500 psi and 

550 psi, respectively. All the fluids (dead oil from the field and synthetic formation 

water) are placed into accumulators and heated to the reservoir temperature. Test 

conditions for coreflood test #4 are given in Table 6.12. 

Table 6.12: Test conditions for test #4 with plug #346 

Test 
No 

Plug 
No 

Overburden 
Pressure 

(psi) 

Back 
Pressure 

(psi) 

Test Temp  

(°C) 
Salinity 
(ppm) 

API 
Gravity 
of Oil 

4 346 1,500 550 65  20,000  22 

 

The below procedure was followed for testing enhanced oil recovery efficiency of 

nanocellulose through coreflooding test:  

 Total of 18.4 pore volumes (PV) of formation brine was injected into the core 

plug with varying flow rates (1 cc/min, 5 cc/min and 10 cc/min) and 

differential pressure (dP) in the core plug sample was recorded (Figure 6.14). 

 Subsequently, total of 10.3 PV of dead oil was injected into the system with 

a constant flow rate, and the cumulative volume of water produced was 

recorded. Oil permeability (ko) at irreducible water saturation (Swi) was 

measured by injecting oil at varying flow rates. Flow rates was applied as 1 

cc/min and differential pressure in the core plug sample vs. injected PV was 

recorded (Figure 6.15).  

 Then, the system is left for the aging process for at least four weeks at 

reservoir temperature and net confining stress.  
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Figure 6.14: Water injection for saturating core plug #346 

 

 

Figure 6.15: Oil injection before aging for plug #346 
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 After the aging process, dead oil injection was initiated at a constant flow 

rate of 1 cc/min. The pressure difference across the core plug is monitored to 

confirm the complete displacement of the post-aging crude as illustrated in 

Figure 6.16.   

 

Figure 6.16: Oil injection after aging for plug #346 

 Then, synthetic formation water injection took place in order to reach residual 

oil saturation (Sor) condition. 17.7 PV water was injected through the core 

plug with a flow rate of 1 cc/min. Once the pressure and saturation are 

stabilized at 100% water fractional flow, the injection rate is increased up to 

5 times (ie. bump flood) to reduce any possible capillary end effect. During 

the test, the pressure difference (dP) across the plug is closely monitored for 

permeability calculations (Figure 6.17). Throughout these periods, the 

recovery of oil from the core was constantly monitored. Water injection was 

stopped when a water cut of 99.5% was attained. During the waterflood, a 

total of 35.4 PV of brine was injected with a recovery of 70.8% OOIP. 
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Figure 6.17: Water injection after aging of plug #346 

 1 wt% nanocellulose solution was introduced into core plug with a flow rate 

of 1 cc/min. A total of 4.4 PV of this solution was injected until a water cut 

of 99.5% was reached with a recovery of 19.2% OOIP (Figure 6.19). The 

steady-state conditions could not be achieved due to an increasing pressure 

difference (dP) while maintaining a constant flow rate. 

 Then, the system was left for a soaking process for 24 hours before water 

flood. 

 After the completion of the nanocellulose flooding and soaking process, 

synthetic formation water injection was repeated to measure permeability and 

recover additional oil left in the core plug. 

 Finally, a total of 22 PV synthetic formation water was injected with a flow 

rate of 1 cc/min and 3 cc/min (bump flow) to recover the remaining oil in the 

plug sample (Figure 6.19). Water injection continued until a water cut of 

99.5% was achieved. The incremental oil recovery during the water flood 

was 5.8% OOIP and the total oil recovery reached 95.8%.  
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Figure 6.18: 1 wt% nanocellulose injection to plug #346 

 

 

Figure 6.19: Water injection after 1 wt% nanocellulose soaking, plug #346 
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Table 6.13 displays the values of irreducible water saturation, residual oil saturation, 

and initial oil recovery obtained from test #4 performed on core plug #346. 

Table 6.13: Saturation results for test #4 

Test No 
Plug 
No 

Swi  
(%) 

Sor 
(%) 

Oil 
Recovery 

(%) 

4 346 15.0 24.8% 70.8% 

 

Additional oil recovery values by injection of nanocellulose and water injection to 

plug #346 is presented in Table 6.14. 

Table 6.14: Oil recovery test results for plug #346 

Initial Oil 
Recovery 

(%) 

Additional Oil 
Recovery by 

Nanocellulose 
(% OOIP) 

Additional Oil 
Recovery by 

Water Injection 
after 

Nanocellulose  
(% OOIP) 

Incremental Oil 
Recovery by 

Nanocellulose+Water 
Injection 
(% OOIP) 

Total Oil 
Recovery 
(% OOIP) 

70.8% 19.2% 5.8% 25.0% 95.8% 

 

6.1.5 Coreflood Test #5 

Saturated core plug #213 is placed in the core holder and heated up to reservoir 

temperature, 65 °C. Overburden pressure and back pressure are set to 1,500 psi and 

550 psi, respectively. All the fluids (dead oil from the field and synthetic formation 

water) are placed into accumulators and heated to the reservoir temperature. Test 

conditions for coreflood test #5 are given in Table 6.15. 

Table 6.15: Test conditions for test #5 with plug #213 

Test 
No 

Plug 
No 

Overburden 
Pressure 

(psi) 

Back 
Pressure 

(psi) 

Test Temp  

(°C) 

Salinity 
(ppm) 

API 
Gravity 
of Oil 

5 213 1,500 550 65  20,000  36 
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The below procedure was followed for testing enhanced oil recovery efficiency of 

nanocellulose through coreflooding test:  

 Total 8 pore volumes (PV) of formation brine was injected into the core plug 

with varying flow rates (5 cc/min and 10 cc/min) and differential pressure 

(dP) in the core plug sample was recorded as seen in Table 6.16. 

Table 6.16: Differential pressure values for water injection to plug #213 

flow rate 
(cc/min) 

differential 
pressure  

(psi) 
injected fluid 

5 7.3 Water 

10 13.1 Water 

 

 Subsequently, a total of 10 PV of dead oil was injected into the system with 

a constant flow rate, and the cumulative volume of water produced was 

recorded. Oil permeability (ko) at irreducible water saturation (Swi) was 

measured by injecting oil at varying flow rates. Flow rates were applied as 1 

cc/min and differential pressure (dP) in the core plug sample vs. injected PV 

was recorded (Figure 6.20). 

 

Figure 6.20: Oil injection before aging for plug #213 
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 Then, the system is left for the aging process for at least four weeks at 

reservoir temperature and net confining stress.  

 Next, synthetic formation water injection took place in order to reach residual 

oil saturation (Sor) condition. 3.9 PV water was injected through the core 

plug with a flow rate of 1 cc/min. Once the pressure and saturation are 

stabilized at 100% water fractional flow, the injection rate is increased up to 

3 times (bump flood) to reduce any possible capillary end effect. During the 

test, pressure difference (dP) across the plug is closely monitored for 

permeability calculations (Figure 6.21). Throughout these periods, the 

recovery of oil from the core was constantly monitored. Water injection was 

stopped when a water cut of 99.5% was attained. During the waterflood, a 

total of 10.1 PV of brine was injected with a recovery of 61.2% OOIP. 

 

Figure 6.21: Water injection after aging for plug #213 

 

 1 wt% nanocellulose solution was introduced into core plug with a flow rate 

of 1 cc/min. A total of 4.4 PV of this solution was injected until a water cut 
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of 99.5% was reached with a recovery of 24.7% OOIP (Figure 6.22). The 

steady-state conditions could not be achieved due to an increasing pressure 

difference (dP) while maintaining a constant flow rate. 

 

Figure 6.22: 1 wt% nanocellulose injection to plug #213 

 Then, the system was left for a soaking process for 24 hours before the water 

flood. 

 After the completion of the nanocellulose flooding and soaking process, 

synthetic formation water injection was repeated to measure permeability and 

recover additional oil left in the core plug. 

 Finally, a total of 17 PV synthetic formation water was injected with a flow 

rate of 1 cc/min, 3 cc/min and 5 cc/min (bump flows) to recover the 

remaining oil in the plug sample (Table 6.17). Water injection continued until 

a water cut of 99.5% was achieved. The incremental oil recovery during 

water flood was 3.5% OOIP and the total oil recovery reached 89.4%. 
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Table 6.17: Differential pressure values for water injection to plug #213 after 1 

wt% nanocellulose soaking 

flow rate 
(cc/min) 

differential 
pressure  

(psi) 
injected fluid 

1 200 Water 

3 226 Water 

5 255 Water 

 

Table 6.18 displays the values of irreducible water saturation, residual oil saturation, 

and initial oil recovery obtained from test #5 performed on core plug #213. 

Table 6.18: Saturation results for test #5 

Test No 
Plug 
No 

Swi  
(%) 

Sor 
(%) 

Oil 
Recovery 

(%) 

5 213 54.9 17.5% 61.2% 

 

Additional oil recovery values by injection of nanocellulose and water injection to 

plug #213 are presented in Table 6.19. 

Table 6.19: Oil recovery test results for plug #213 

Initial Oil 
Recovery 

(%) 

Additional Oil 
Recovery by 

Nanocellulose 
(% OOIP) 

Additional Oil 
Recovery by 

Water Injection 
after 

Nanocellulose  
(% OOIP) 

Incremental Oil 
Recovery by 

Nanocellulose+Water 
Injection 
(% OOIP) 

Total Oil 
Recovery 
(% OOIP) 

61.2% 24.7% 3.5% 28.2% 89.4% 

 

6.1.6 Coreflood Test #6 

Saturated core plug #207 is placed in the core holder and heated up to reservoir 

temperature, 65 °C. Overburden pressure and back pressure are set to 1,500 psi and 
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550 psi, respectively. All the fluids (dead oil from the field and synthetic formation 

water) are placed into accumulators and heated to the reservoir temperature. Test 

conditions for coreflood test #6 are given in Table 6.20. 

Table 6.20: Test conditions for test #6 with plug #207 

Test 
No 

Plug 
No 

Overburden 
Pressure 

(psi) 

Back 
Pressure 

(psi) 

Test Temp  

(°C) 
Salinity 
(ppm) 

API 
Gravity 
of Oil 

6 207 1,500 550 65   20,000  36 

 

The below procedure was followed for testing enhanced oil recovery efficiency of 

nanocellulose through the coreflooding test:  

 Total of 7.7 pore volumes (PV) of formation brine was injected into the core 

plug with varying flow rates (5 cc/min and 10 cc/min) and differential 

pressure (dP) in the core plug sample was monitored (Figure 6.23). 

 

 

Figure 6.23: Water injection for saturating core plug #207 

 Subsequently, total 8.7 PV of dead oil was injected into the system with a 

constant flow rate, and the cumulative volume of water produced was 
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recorded. Oil permeability (ko) at irreducible water saturation (Swi) was 

measured by injecting oil at varying flow rates. Flow rates was applied as 1 

cc/min, 3cc/min and 5 cc/min and differential pressure (dP) in the core plug 

sample vs. injected PV was monitored as shown in Figure 6.24. 

 

Figure 6.24: Oil injection before aging for plug #207 

 Then, the system is left for the aging process for at least four weeks at 

reservoir temperature and net confining stress.  

 Next, synthetic formation water injection took place in order to reach residual 

oil saturation (Sor) condition. 2.1 PV water was injected through the core 

plug with a flow rate of 1 cc/min. Once the pressure and saturation are 

stabilized at 100% water fractional flow, the injection rate is increased up to 

3 and 5 times (bump flood) to reduce any possible capillary end effect. 

During the test, the pressure difference (dP) across the plug is closely 

monitored for permeability calculations (Figure 6.25). Throughout these 

periods, the recovery of oil from the core was constantly monitored. Water 

injection was stopped when a water cut of 99.5% was attained. During the 
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waterflood, a total of 6.1 PV of brine was injected with a recovery of 66.0% 

OOIP. 

 

Figure 6.25: Oil injection after aging for plug #207 

 0.5 wt% nanocellulose solution was introduced into the core plug with a flow 

rate of 1 cc/min and 3 cc/min. A total of 4.7 PV of this solution was injected 

until a water cut of 99.5% was reached with a recovery of 11.3% OOIP 

(Figure 6.26). The steady-state conditions could not be achieved due to an 

increasing pressure difference (dP) while maintaining a constant flow rate. 

 Then, the system was left for a soaking process for 24 hours before the water 

flood. 

 After the completion of the nanocellulose flooding and soaking process, 

synthetic formation water injection was repeated to measure permeability and 

recover additional oil left in the core plug. 

 Finally, a total of 11.2 PV synthetic formation water was injected with a flow 

rate of 1 cc/min and 3 cc/min (bump flow) to recover the remaining oil in the 

plug sample (Figure 6.27). Water injection continued until a water cut of 
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99.5% was achieved. The incremental oil recovery during the water flood 

was 4.3% OOIP and the total oil recovery reached 81.6%.  

 

Figure 6.26: 0.5 wt% nanocellulose injection to plug #207 

 

 

Figure 6.27: Water injection after 0.5 wt% nanocellulose soaking, plug #207 
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Table 6.21 displays the values of irreducible water saturation, residual oil saturation, 

and initial oil recovery obtained from test #6 performed on core plug #207. 

Table 6.21: Saturation results for test #6 

Test No 
Plug 
No 

Swi  
(%) 

Sor 
(%) 

Oil 
Recovery 

(%) 

6 207 26.8 24.9% 66.0% 

 

Additional oil recovery values by injection of nanocellulose and water injection to 

plug #207 is presented in Table 6.22. 

Table 6.22: Oil recovery test results for plug #207 

Initial Oil 
Recovery 

(%) 

Additional Oil 
Recovery by 

Nanocellulose 
(% OOIP) 

Additional Oil 
Recovery by 

Water Injection 
after 

Nanocellulose  
(% OOIP) 

Incremental Oil 
Recovery by 

Nanocellulose+Water 
Injection 
(% OOIP) 

Total Oil 
Recovery 
(% OOIP) 

66.0% 11.3% 4.3% 15.6% 81.6% 

 

6.1.7 Coreflood Test #7 

Saturated core plug #209 is placed in the core holder and heated up to reservoir 

temperature, 65 °C. Overburden pressure and back pressure are set to 1,500 psi and 

550 psi, respectively. All the fluids (dead oil from the field and synthetic formation 

water) are placed into accumulators and heated to the reservoir temperature. Test 

conditions for coreflood test #7 are given in Table 6.23. 

Table 6.23: Test conditions for test #7 with plug #209 

Test 
No 

Plug 
No 

Overburden 
Pressure 

(psi) 

Back 
Pressure 

(psi) 

Test Temp  

(°C) 

Salinity 
(ppm) 

API 
Gravity 
of Oil 

7 209 1,500 550 65  20,000  36 
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The below procedure was followed for testing enhanced oil recovery efficiency of 

nanocellulose through coreflooding test:  

 Total of 10 pore volumes (PV) of formation brine was injected into the core 

plug with varying flow rates (1 cc/min, 3 cc/min, and 5 cc/min) and 

differential pressure (dP) in the core plug sample for each flow rate was 

monitored as shown in Figure 6.28. 

 

Figure 6.28: Water injection for saturating core plug #209 

 Subsequently, total of 8.6 PV of dead oil was injected into the system with a 

constant flow rate, and the cumulative volume of water produced was 

recorded. Oil permeability (ko) at irreducible water saturation (Swi) was 

measured by injecting oil at varying flow rates. Flow rates was applied as 1 

cc/min and 3cc/min and differential pressure (dP) in the core plug sample vs. 

injected PV was monitored as shown in Figure 6.29. 
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Figure 6.29: Oil injection before aging for plug #209 

 Then, the system is left for the aging process for at least four weeks at 

reservoir temperature and net confining stress.  

 Next, synthetic formation water injection took place in order to reach residual 

oil saturation (Sor) condition. A total of 6.2 PV water was injected through 

the core plug with a flow rate of 1 cc/min. During the test, the pressure 

difference (dP) across the plug is closely monitored for permeability 

calculations (Figure 6.30). Throughout these periods, the recovery of oil from 

the core was constantly monitored. Water injection was stopped when a water 

cut of 99.5% was attained. Brine was injected with a recovery of 59.6% 

OOIP. 
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Figure 6.30: Water injection after aging of plug #209 

 0.5 wt% nanocellulose solution was introduced into core plug with a flow 

rate of 1 cc/min. A total of 3.3 PV of this solution was injected until a water 

cut of 99.5% was reached with a recovery of 9.6% OOIP (Figure 6.31). The 

steady-state conditions could not be achieved due to an increasing pressure 

difference (dP) while maintaining a constant flow rate. 

 Then, the system was left for a soaking process for 24 hours before the water 

flood. 

 After the completion of the nanocellulose flooding and soaking process, 

synthetic formation water injection was repeated to measure permeability and 

recover additional oil left in the core plug. 

 Finally, a total of 6.4 PV synthetic formation water was injected with a flow 

rate of 1 cc/min and 2 cc/min (bump flow) to recover the remaining oil in the 

plug sample (Figure 6.32). Water injection continued until a water cut of 

99.5% was achieved. The incremental oil recovery during water flood was 

0.9% OOIP and the total oil recovery reached 70.2%. 
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Figure 6.31: 0.5 wt% nanocellulose injection to plug #209 

 

 

Figure 6.32: Water injection after 0.5 wt% nanocellulose soaking, plug #209 
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Table 6.24 displays the values of irreducible water saturation, residual oil saturation, 

and initial oil recovery obtained from test #7 performed on core plug #209. 

Table 6.24: Saturation results for test #7 

Test No 
Plug 
No 

Swi  
(%) 

Sor 
(%) 

Oil 
Recovery 

(%) 

7 209 47.1 21.4% 59.6% 

 

Additional oil recovery values by injection of nanocellulose and water injection to 

plug #209 are presented in Table 6.25. 

Table 6.25: Oil recovery test results for plug #209 

Initial Oil 
Recovery 

(%) 

Additional Oil 
Recovery by 

Nanocellulose 
(% OOIP) 

Additional Oil 
Recovery by 

Water Injection 
after 

Nanocellulose  
(% OOIP) 

Incremental Oil 
Recovery by 

Nanocellulose+Water 
Injection 
(% OOIP) 

Total Oil 
Recovery 
(% OOIP) 

59.6% 9.6% 0.9% 10.5% 70.2% 

 

6.2 XRD Analysis Results 

Core plug samples #211, #347 and #346 were trimmed into smaller sections (Figure 

6.33) before and after the coreflood tests to see the mineralogical content of each 

sample before and after introducing the nanocellulose into the core plug samples. 

These samples were chosen to perform XRD analysis before and after oil recovery 

coreflood tests, due to the fact that higher nanocellulose concentrations (2 wt% 

nanocellulose for core plug #211 and #347, and 1 wt% nanocellulose for core plug 

#346) were used during these core plug samples’ coreflood tests. The core plugs, on 

which low concentration nanocellulose (0.5 wt%) was applied for oil recovery, were 

not chosen for comparison of the mineralogy of the rock before and after the test. 
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Figure 6.33: End trim samples of core plug 211, 347 and 346 before and after oil 

recovery coreflood tests 

Table 6.26 presents the summarized results of X-ray diffraction (XRD) analysis 

conducted on core plug samples before and after the coreflood tests. The detailed 

XRD raw data can be found in the Appendix A. 

According to Table 6.26, the mineralogical content of all the rock samples consists 

predominantly of calcite, typical for carbonate rocks, accounting for almost 100% of 

the composition. After the nanocellulose treatments at concentrations of 2 wt% and 

1 wt%, the mineralogical content of the samples remained constant. This indicates 

that the application of nanocellulose, even at different concentrations, did not alter 

the rock's mineralogical composition. The constant mineralogical content observed 

is likely due to the preflush step conducted after nanocellulose soaking, which helped 

preserve the original mineralogical composition of the rock samples during the 

coreflood tests. 
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6.3 SEM/EDS Analysis Results 

In addition to XRD analysis, SEM/EDS analysis was performed to analyze the 

surface of rock samples to check whether the rock samples contain any nanocellulose 

sample or not. These analyses were performed for core plug sample #347 both before 

and after oil recovery tests with nanocellulose. The end trim samples (Figure 6.33), 

trimmed for XRD analysis, were used for this purpose. 

6.3.1 Results for Before Nanocellulose Oil Recovery Tests 

Prior to conducting any flow tests, EDS/SEM analysis was carried out to assess the 

original condition of the sample. This analysis provides valuable insights into the 

composition and characteristics of the sample, allowing to understand its initial state 

before subjecting it to any experimental procedures. First of all, the sample in Figure 

6.34 was used to analyze with SEM/EDS before conducting coreflood test. 

First SEM image of core sample #347 before coreflood tests can be seen in Figure 

6.35. The EDS analysis results of specific points indicated in this image (01, 02, and 

03) is presented in Figure 6.36. 
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Figure 6.34: Sample used for before nanocellulose oil recovery test (core plug 

#347) 

 

 

Figure 6.35: SEM image-1 of core sample #347 before coreflood tests 

01 

02 

03 
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Figure 6.36: EDS results for the points (01, 02 and 03) mentioned in Figure 6.35 

The EDS results obtained from each specific point in Figure 6.36 indicate that the 

sample is composed of carbon, calcium, and oxygen, which is consistent with the 

presence of calcium carbonate. These results align with the expectations based on 

the X-ray diffraction (XRD) analysis conducted earlier. The EDS analysis further 

confirms the mineralogical composition of the sample as calcium carbonate and 

provides additional evidence to support the XRD findings. 
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Second SEM image of core sample #347 before coreflood tests can be seen in Figure 

6.37. The EDS analysis results of specific points indicated in this image (01, 02, and 

03) is presented in Figure 6.38. 

 

Figure 6.37: SEM image-2 of core sample #347 before coreflood tests 

In the second image shown in Figure 6.37, different structures were analyzed using 

EDS, and the results were almost identical to the previous image, despite the 

differences in appearance between the structures. The EDS analysis revealed similar 

elemental compositions, with carbon, calcium, and oxygen being the dominant 

elements, confirming the presence of calcium carbonate in these structures. This 

consistency in results strengthens the conclusion that the samples consist mainly of 

calcium carbonate, even though the structures may appear visually distinct. 

01 

02 

03 
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Figure 6.38: EDS results for the points (01, 02 and 03) mentioned in 6.37 

6.3.2 Results for After Nanocellulose Oil Recovery Tests 

The samples in Figure 6.39 were used to analyze with SEM/EDS after conducting 

coreflood test. First of all, the sample on the left was used for SEM/EDS analysis. 

The first SEM image of core sample #347 (sample in the left in Figure 6.39) after 

the oil recovery test with 2 wt% nanocellulose can be seen in Figure 6.40. The EDS 

analysis results of specific points indicated in this image (01, 02, and 03) is presented 

in Figure 6.41. 
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Figure 6.39: Samples used for after oil recovery test with 2 wt% nanocellulose 

(core plug #347) 

 

 

Figure 6.40: SEM image-1 of core sample #347 (sample in the left in Figure 6.39) 

after oil recovery test with 2 wt% nanocellulose 

 

01 

02 

03 
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Figure 6.41: EDS results for the points (01, 02 and 03) mentioned in Figure 6.40 

Second SEM image of core sample #347 (sample in the left in Figure 6.39) after the 

oil recovery test with 2 wt% nanocellulose can be seen in Figure 6.42. The EDS 

analysis results of specific points indicated in this image (01, 02, and 03) is presented 

in Figure 6.43. 
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Figure 6.42: SEM image-2 of core sample #347 (sample in the left in Figure 6.39) 

after oil recovery test with 2 wt% nanocellulose 

 

Figure 6.43: EDS results for the points (01, 02 and 03) mentioned in Figure 6.42 

01 

02 

03 
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First SEM image of core sample #347 (sample in the right in Figure 6.39) after oil 

recovery test with 2 wt% nanocellulose can be seen in Figure 6.44. The EDS analysis 

results of the specific point indicated in this image (01) is presented in Figure 6.45. 

 

Figure 6.44: SEM image-1 of core sample #347 (sample in the right in Figure 6.39) 

after oil recovery test with 2 wt% nanocellulose 

 

 

Figure 6.45: EDS results for the point (01) mentioned in Figure 6.44 

The second SEM image of core sample #347 (sample in the right in Figure 6.39) 

after the oil recovery test with 2 wt% nanocellulose can be seen in Figure 6.46. The 

EDS analysis results of specific point indicated in this image (01) is presented in 

Figure 6.47. 

01 
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Figure 6.46: SEM image-2 of core sample #347 (sample in the right in Figure 6.39) 

after oil recovery test with 2 wt% nanocellulose 

 

 

Figure 6.47: EDS results for the point (01) mentioned in Figure 6.46 

The third SEM image of core sample #347 (sample in the right in Figure 6.39) after 

the oil recovery test with 2 wt% nanocellulose can be seen in Figure 6.48. The EDS 

analysis results of specific points indicated in this image (01, 02, and 03) is presented 

in Figure 6.49. 

01 
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Figure 6.48: SEM image-3 of core sample #347 (sample in the right in Figure 6.39) 

after oil recovery test with 2 wt% nanocellulose 

 

Figure 6.49: EDS results for the points (01, 02 and 03) mentioned in Figure 6.48 

01 

02 

03 
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The EDS results obtained from the samples after the coreflood tests with 

nanocellulose show similar outcomes to the ones observed before flow tests with 

nanocelllose. The elemental composition of carbon, calcium, and oxygen remains 

consistent, indicating that the presence of nanocellulose during the coreflood tests 

did not significantly alter the mineralogical composition of the sample. This finding 

reinforces the idea that nanocellulose treatment had no substantial impact on the 

original composition of the sample, and the mineralogical content remained 

relatively unchanged after the coreflood tests. 

6.4 Thin Section Analysis 

Core plug samples #211 and #347 were trimmed into smaller sections both before 

and after the coreflood tests to examine the mineralogical contents before and after 

introducing a 2 wt% nanocellulose solution into the core plug samples. These 

trimmed sections were subsequently ground and polished to achieve a smooth and 

flat surface. The prepared thin sections were placed under a petrographic 

microscope, allowing for analysis using polarized light microscopy. This 

microscopic analysis technique enables the examination and study of the 

mineralogical composition of the core plug samples, providing valuable insights into 

any changes that may have occurred as a result of the nanocellulose injection and 

subsequent coreflood tests. 

6.4.1 Thin Section Analysis for Plug #211 

Thin section core plug #211 was analyzed by polarized microscope before 

performing any coreflood experiment. As a general reference, in the thin section of 

a rock sample, the blue areas typically correspond to the pores within the rock, 

indicating void spaces. On the other hand, the light-brown areas represent skeletal 

fragments or solid components of the rock. The contrast between blue (pores) and 
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light-brown (skeletal fragments) helps visually identifying and understanding the 

rock's porosity and texture under microscope. 

 

Figure 6.50: Skeletal packstone with porosity, plug #211 before coreflood tests 

Based on Figure 6.50, the thin section analysis performed prior to injecting any fluids 

into the system reveals that the blue parts in the image represent the pores within the 

sample. On the other hand, the brown parts indicate the presence of skeletal 

fragments. The analysis helps to distinguish and visualize the pore spaces and 

skeletal components within the examined system. 
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Figure 6.51: Microscope image for plug #211 after coreflood tests with 

nanocellulose followed by waterflood 

Figure 6.51 shows that the thin section analysis of the core plug sample after 

nanocellulose injection followed by waterflooding reveals certain observations. The 

blue parts in the thin section represent pores that contain no additional fluid. Some 

pores still exhibit traces of oil. Notably, there is no evidence of nanocellulose present 

in the system, indicating that the nanocellulose has likely been displaced by the 

waterflooding process completely. 

6.4.2 Thin Section Analysis for Plug #347 

Figure 6.52, Figure 6.53 and Figure 6.54 represent the thin section views of core plug 

#347 prior to any experimental procedure. Skeletal packstone/rudstone type facies 

are commonly observed. Echinoid fragments are mostly seen as fragmented due to 

compaction. In addition to skeletal fragment, calcispherulids and benthic fragments 

can also be defined.  
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Figure 6.52: Image-1-Skeletal packstone with stylolites and vuggy porosity, plug 

#347 before coreflood tests 

 

Figure 6.53: Image-2- Calcispherulid-bearing benthic foraminiferal skeletal 

pacsktone with moldic and vuggy porosity, plug #347 before coreflood tests 
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Due to the dissolution of the benthic foraminifers and calcispherulids, moldic 

porosity is formed (Figure 6.53 and Figure 6.54). The most common porosity type is 

vuggy porosity, which enhances permeability in this carbonate formation. Fracture 

porosity and stylolites can also increase permeability. In some other cases, stylolites 

can behave as barriers in the rocks. 

 

Figure 6.54: Image-3- Skeletal rudstone with fracture porosity and vuggy porosity, 

plug #347 before coreflood tests 

 

Figure 6.55 displays thin section images of plug 347 after undergoing nanocellulose 

treatment. The blue regions seen in the thin section correspond to pores that do not 

contain any additional fluid. Some pores still display remnants of oil. Importantly, 

there is no indication of nanocellulose presence in the system, suggesting that the 

nanocellulose has been entirely displaced by the waterflooding process. This 

observation suggests that the nanocellulose has been effectively flushed out of the 

system during the waterflooding phase. 
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Figure 6.55: Plug #347 after coreflood tests with nanocellulose flood followed by 

waterflood 

6.5 Discussion 

To summarize, seven sets of coreflood oil recovery tests were conducted within this 

study to analyze the utilization of nanocellulose as an eco-friendly EOR agent. The 

test procedure was applied to each test as follows: core plug selection, core cleaning, 

routine core analysis, core saturation with synthetic formation brine, injection of oil 

into the system, wettability restoration by aging, steady state injection of synthetic 

formation brine to reach Sor, additional oil recovery by nanocellulose injection, 

soaking of nanocellulose in the core plug, and additional oil recovery by synthetic 

formation brine. 

Test conditions, including overburden pressure, back pressure and test temperature 

and detailed information regarding formation water salinity, API gravity and 

viscosity of oil used for each plug sample are presented in Table 6.27. Additionally, 

the basic core properties of each core plug sample are also tabulated in Table 6.28. 
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Basically, continuous increase in pressure difference in core plug was observable for 

each coreflood tests during introducing nanocellulose into the system. It is most 

probably due to an increase in viscosity of nanocellulose at high temperature values. 

According to Table 6.29, it is obvious that nanocellulose can be utilized as an 

enhanced oil recovery agent.  In each oil recovery tests, nanocellulose was able to 

produce additional oil. The process of enhancing oil recovery through the 

introduction of nanocellulose into water involves intricate mechanisms that could 

involve various factors. It is better to understand the mechanisms behind this EOR 

process before going through results. These factors may include modifying the 

wettability of the rock surface, changing it from oil-wet to more water-wet, creating 

a log-jamming effect, and increasing the viscosity of the water phase during the 

flooding process. The change in wettability and other properties could potentially be 

driven by structural disjoining pressure. 
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Possible oil recovery mechanism for nanocellulose particles in this study might be 

due to the structural disjoining pressure mechanism as mentioned previously. Studies 

have demonstrated that during nanoflooding, the arrangement and layering of 

nanoparticles create an additional pressure within the wedge film, known as 

structural disjoining pressure.  

McElfresh et al. (2012) conducted an analysis of the disjoining pressure mechanism, 

focusing on electrostatic repulsion forces. As nanoparticles decrease in size, the 

electrostatic repulsion force between them intensifies. Moreover, an increase in the 

number of nanoparticles leads to a corresponding increase in this repulsive force. 

These particles, when present in the region where three phases converge, tend to 

create a wedge-like film structure. This results from the imbalanced forces at the 

interface among the solid, oil phase, and aqueous phase, where nanocellulose is 

involved in our scenario. As a consequence, the contact angle (θ) of the aqueous 

phase decreases nearly to zero, forming a wedge film. This wedge film acts as a 

barrier, effectively separating formation fluids like oil, water, and gas from the 

surface. 

Wasan and Nikolov (2003) observed that the primary force driving the spreading of 

nanofluids is the gradient of the structural disjoining pressure, often referred to as 

film tension. This force guides nanofluids from the bulk solution toward the wedge. 

The film tension is most pronounced near the vertex of the wedge, owing to the 

arrangement of nanoparticles within the confined space, as depicted Figure 6.56. 

This tension prompts the nanofluids to spread at the tip of the wedge, a phenomenon 

amplified by the increasing film tension toward the vertex. Their study also unveiled 

that the spreading coefficient experiences exponential growth as the film thickness 

diminishes or the number of particle layers within the film reduces. As the film 

thickness decreases closer to the vertex of the wedge, the structural disjoining 

pressure intensifies. 
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Figure 6.56: Nanoparticles organized within wedge-shaped films, resulting in a 

gradient of structural disjoining pressure at the wedge vertex (Wasan et al., 2011) 

The interface between the nanofluid and oil cuts through the oil-solid contact, 

facilitating the detachment of oil droplets from the pore throat in order to extract 

them (Zhang et al., 2016). This process is crucial for the transportation of the 

nanofluid-oil interface and subsequent oil recovery. The arrangement of 

nanoparticles in the wedge film was proposed as the main factor responsible for 

changing the wettability. 

Altering the wettability of a reservoir from a water-wetting system to a strongly 

water-wet condition plays a crucial role in enhancing oil production and is 

considered an important mechanism for enhanced oil recovery. Various active agents 

and techniques are available to modify the wettability of rock surfaces to a more 

favorable state (Khalil et al., 2017). Understanding the concept of disjoining pressure 

during nanofluid flooding is essential for comprehending the mechanism behind 

reducing the contact angle and changing the reservoir's wettability from oil-wet to 

water-wet. 

The alteration of wettability can significantly enhance the effectiveness of displacing 

crude oil within porous media. This effect is predominantly attributed to to changes 

in wettability rather than alterations in interfacial tension. As noted by Chengara et 
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al. in 2004, under the influence of injection pressure, nanoparticles create a slim film 

on the rock surface and tend to organize into structured layers. This, in turn, results 

in an additional disjoining pressure at the interface, exceeding that in the bulk liquid 

phase. 

Furthermore, as reported by McElfresh et al. in 2012, the developed nanofluid film 

on the rock surface possesses the capacity to separate and release trapped 

hydrocarbons within the reservoir, facilitating the shift from an oil-wet to a water-

wet system. However, it is important to note, as pointed out by Aveyard et al. (2003) 

that several factors can influence the characteristics of this film, including 

nanoparticle concentrations and sizes, salinity, temperature, and the properties of the 

rock surface. 

According to McElfresh et al. (2012), nanoparticles have a tendency to arrange 

themselves in a wedge-like form. This observation is supported by a previous study 

by Wasan and Nikolov (2003), which discussed the mechanism of oil removal from 

soil using nanofluids. The wedge-like structure of nanoparticles enhances their 

ability to displace the oil phase from the surface of rocks. 

In our case, when hydrophilic nanocellulose adhere to the rock surface, it creates a 

thin nano texture that coats the surface. Consequently, the wettability of the surface 

shifts towards becoming more water-wet. This phenomenon of wettability alteration 

was also confirmed by a contact angle study for nanocellulose in the scope of 

material characterization of nanocellulose (Figure 6.57). 

Another mechanism in nanoparticles EOR process is log jamming. Log jamming 

refers to the situation where nanofluids injected into the reservoir cause the 

formation's pores or rock matrix to become clogged or plugged. This phenomenon 

can obstruct the flow of fluids, including the injected nanofluids, oil, or water, 

thereby reducing the effectiveness of the EOR process. Log jamming is a potential 

challenge that researchers and engineers need to address during EOR tests. 
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Figure 6.57: Wettability alteration mechanism by disjoining pressure (a-first oil-

wet condition of the pore system, b-injection of nanocellulose into system, c-

subsequent injection of water after nanocellulose) 

It was also observable in our study that there was a log-jamming effect during 

nanocellulose injection at each coreflood test. The steady increase in differential 

pressure while injecting nanocellulose is a crucial sign for the log-jamming effect. 

Despite log jamming, there is additional oil recovery at each core flood during 

nanocellulose injection. In extremely narrow pore throats, the disparity in density 

between the nanoparticles and the water hinders the movement of particles, leading 

to their accumulation. This accumulation results in increased pressure in the 

surrounding pores, which in turn displaces the oil. Once the oil is released, the 

pressure in the vicinity decreases, allowing the blockage to dissolve gradually and 

the particles to flow along with the water. This phenomenon can be described as a 

transient log-jamming process (El-Diasty and Ragab, 2013), as depicted in Figure 

6.58. 
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Figure 6.58:Transient log-jamming process (El-Diasty and Ragab, 2013) 

The factors contributing to log jamming can vary depending on the specific 

conditions, including the type of nanofluid, reservoir characteristics, and injection 

parameters. Some possible causes of log jamming include particle aggregation, filter 

cake formation, and rock wettability alteration. 

In coreflood tests 1 and 2, the same oil sample with an API gravity of 16 was used. 

Enhanced oil recovery tests were performed with 2 wt% nanocellulose solution for 

both tests. The core plug samples #210 and #211 also have similar basic core 

properties, including porosity and permeability. The major concern for performing 

coreflood tests with similar properties is to confirm the repeatability of the test. When 

the oil recovery results were compared for coreflood tests 1 and 2, 2 wt% 

nanocellulose injection resulted in similar improved recovery values for both tests, 

which are 17.5% and 16.3%, respectively (Figure 6.59). 
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Figure 6.59: Additional oil recovery comparison for coreflood tests 1 and 2 

In coreflood tests 1, 2 and 3, enhanced oil recovery tests were performed with 2 wt% 

nanocellulose solution for both tests. However, with an oil API gravity of 22, the oil 

used in coreflood test 3 is lighter than the oil used coreflood tests 1 and 2. The 

primary purpose of coreflood test 3 is to see the effect of oil API gravity for the same 

nanocellulose concentration. Although; the permeability value of core plug sample 

#347 is one fourth of the other two samples (#210 and #211), individual improved 

oil recovery and overall improved oil recovery (16.7% and 5.0%, respectively) by 

nanocellulose for coreflood test #3 is higher than those for coreflood tests 1 and 2 

(Figure 6.60). It might be due to the oil API gravity and, consequently, the viscosity 

of oil used in coreflood test 3. Structural disjoining pressure might be more effective 

on systems with lighter oil to move oil through the system. 
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Figure 6.60: Additional oil recovery comparison for coreflood tests 1, 2 and 3 

In coreflood tests 3 and 4, enhanced oil recovery tests were performed with 2 and 1 

wt% nanocellulose solutions, respectively. The same oil sample with an API gravity 

of 22 was used for both core plug samples #347 and #346. Coreflood test 4 primarily 

aims to examine the impact of nanocellulose concentration on improved oil recovery. 

Both tests demonstrate similar findings, with slight deviations of approximately 2-

3% in additional oil recovery after the application of nanocellulose (Figure 6.61). 

Total improved oil recovery by nanocellulose and waterflooding is more in coreflood 

test 4 than the one in coreflood test 3, with additional oil recovery values of 21.7% 

and 25.0%, respectively. 

In the case of oil recovery tests with 2 wt% nanocellulose in coreflood tests 1, 2 and 

3, overall additional oil recovery is less than the one in coreflood tests 4 conducted 

with 1 wt% nanocellulose. It is clear that decrease in nanocellulose concentration 

enhances the oil recovery slightly more. There is a specific threshold for the 

concentration of injected nanoparticles, as exceeding this limit can result in pore 

throat blockage and a decrease in the overall oil recovery. If the concentration 

becomes too high, the nanoparticles tend to aggregate and accumulate around the 

inlet, thereby diminishing the displacement efficiency (Hendraningrat et al., 2014). 
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Opting for a lower nanocellulose concentration would be advisable for economic 

reasons, given that these results indicate similarity. 

 

Figure 6.61: Additional oil recovery comparison for coreflood tests 3 and 4 

In coreflood tests 4 and 5, the experiments aimed to enhance oil recovery using a 1 

wt% nanocellulose solution. However, there is a difference in the oil API gravity 

between the two tests, with the oil used in coreflood test 5 being lighter compared to 

coreflood test 4. The core plug samples, #346 and #213, share similar basic core 

properties including porosity and permeability. Coreflood test 5 specifically focuses 

on observing the impact of oil API gravity on a consistent nanocellulose 

concentration. 
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Figure 6.62: Additional oil recovery comparison for coreflood tests 4 and 5 

The overall improved oil recovery achieved by nanocellulose in coreflood test 5 is 

higher (28.2%) compared to coreflood test 4 (25.0%) (Figure 6.62). This trend is 

consistent with the observations made in coreflood tests 1 and 2 compared to 

coreflood test 3. It can be concluded that systems with lighter oil have a tendency to 

generate more additional oil when nanocellulose is applied. Furthermore, when 

comparing coreflood test 5 to other coreflood tests, it exhibits the highest additional 

oil recovery through nanocellulose flooding and waterflooding following 

nanocellulose injection. This holds true regardless of the nanocellulose concentration 

and oil API gravity. 
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Figure 6.63: Additional oil recovery comparison for coreflood tests 5 and 6 

In coreflood tests 5 and 6, enhanced oil recovery tests were performed with 1 and 

0.5 wt% nanocellulose solution, respectively. The same oil sample with an API 

gravity of 36 was used for both core plug samples #213 and #207. The primary 

objective of coreflood test 4 is to investigate how different nanocellulose 

concentrations can enhance oil recovery, specifically in lighter oil reservoir systems. 

It is evident that reducing the nanocellulose concentration significantly improves the 

oil recovery process (Figure 6.63). In coreflood test 6, the combined application of 

nanocellulose and waterflooding results in a greater overall improvement in oil 

recovery compared to coreflood test 5. Specifically, coreflood test 6 achieves 

additional oil recovery values of 28.2%, while coreflood test 5 demonstrates a lower 

increase of 15.6%. This indicates that the specific nanocellulose concentration used 

in coreflood test 6 is more effective in generating a greater improvement in oil 

recovery compared to the concentration used in coreflood test 5. 

The concentration of injected nanoparticles is a crucial factor that influences the 

enhanced oil recovery process. As noted by Chengara et al. (2014), higher 

nanoparticle concentrations lead to an increase in disjoining pressure and Brownian 

motion, which in turn results in stronger repulsion forces. The increase in 
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concentration also enhances the displacement efficiency due to the improved 

viscosity of the nanofluid and the spreading of nanoparticles on the surface of the 

grains. Based on the results, it can be concluded that selecting the optimal 

nanocellulose concentration is crucial for achieving the maximum additional oil 

recovery. The findings suggest that there is an optimal range of nanocellulose 

concentration that yields the highest increase in oil recovery, emphasizing the 

importance of careful consideration and optimization in this parameter. 

In coreflood tests 6 and 7, the same oil sample with an API gravity of 36 was used, 

and enhanced oil recovery tests were conducted using a 0.5 wt% nanocellulose 

solution for both tests. The core plug samples, #207 and #209, also share similar 

basic properties such as porosity and permeability. The primary objective of 

performing coreflood tests with similar properties is to ensure the repeatability of the 

test, particularly in cases involving lower nanocellulose concentration and lighter oil. 

Comparing the oil recovery results of coreflood tests 6 and 7, it is observed that the 

injection of a 0.5 wt% nanocellulose solution led to a higher overall improved oil 

recovery in coreflood test 6 compared to coreflood test 7. The respective oil recovery 

values were 15.6% and 10.5%, as indicated in Figure 6.64. The slight difference in 

oil recovery values could be attributed to the lower permeability of core plug sample 

#209, accepted as an outlier according to FZI values. 
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Figure 6.64: Additional oil recovery comparison for coreflood tests 6 and 7 

In addition to coreflood oil recovery test results, XRD, SEM/EDS, and thin section 

analyses provide specific findings. The XRD and SEM/EDS results obtained before 

and after nanocellulose injection followed by waterflooding indicate that the core 

plug samples are primarily composed of calcite, accounting for nearly 100% of the 

composition in all cases. These analytical techniques have revealed that the 

mineralogical composition of the core plug samples remains predominantly calcite 

before and after the nanocellulose injection and subsequent waterflood.  

The thin section analyses performed on the core plug sample before and after 

nanocellulose injection followed by waterflooding have provided detailed 

observations. Although traces of oil are still present in some pores, the most 

significant finding is the absence of detectable nanocellulose in the system. In 

addition to XRD and SEM/EDS data, this strongly suggests that the nanocellulose 

has been effectively displaced by the waterflooding process, leading to its almost 

complete removal from the analyzed sample. 
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CHAPTER 7  

7 CONCLUSIONS AND RECOMMENDATIONS 

The study conducted seven core flood experiments to investigate the potential of 

nanocellulose as a chemical enhanced oil recovery additive. Three different 

concentrations of nanocellulose were tested using oil samples with varying API 

gravities. The study assessed nanocellulose stability under solubility tests, 

considering factors such as salinity, nanocellulose concentration, and temperature. 

Additionally, particle size distribution and zeta potential measurements were 

conducted to understand the physical properties of nanocellulose in solution. The 

viscosity bottle test was employed to evaluate the stability of nanocellulose solutions 

over time and under shear. Furthermore, interfacial tension, wettability studies, and 

contact angle measurements were performed to gain insights into the impact of 

nanocellulose on wettability properties and oil recovery mechanisms. The study 

yields several key findings that can be inferred as follows: 

 Nanocellulose functions as an environmentally friendly agent to foster the 

development of an alternative EOR technique, with particular emphasis on 

carbonate reservoirs. It recovered additional oil up to 24.7% by itself. 

Additional waterflooding after nanocellulose soaking helped recovering 

additonal oil up to 5.8%.  

 The possible oil recovery mechanism for nanocellulose particles in this study 

might be due to the structural disjoining pressure mechanism. The primary 

factor responsible for the spreading of nanofluids is the variation in structural 

disjoining pressure (film tension) across the fluid, causing the nanofluids to 

move from the bulk solution towards the wedge region. 

 The arrangement of nanoparticles within the wedge film plays a crucial role 

in altering the wettability characteristics. Wettability alteration is identified 
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as one of the primary mechanisms of enhanced oil recovery (EOR) for 

nanocellulose, owing to its hydrophilic nature as an organic polymer. This 

proposition is substantiated by the results obtained from wettability studies 

and contact angle measurements. The experimental findings support the 

notion that nanocellulose can effectively modify the wettability of the 

reservoir, decreasing contact angle between rock surface and oil droplet from 

135.1° to 67.3°. These observations highlight the significance of wettability 

alteration as a key mechanism by which nanocellulose enhances the recovery 

of oil during the EOR process. 

 The concentration of injected nanoparticles is critical in influencing the 

enhanced oil recovery process. Higher concentrations of nanoparticles have 

several effects on the process. Firstly, they lead to an increase in disjoining 

pressure and Brownian motion, resulting in stronger repulsion forces 

between the nanoparticles. This enhanced repulsion aids in the displacement 

of oil. Secondly, higher concentrations improve the viscosity of the 

nanofluid, leading to better flow characteristics and increased displacement 

efficiency. Additionally, the nanoparticles spread more effectively on the 

surface of the reservoir grains, facilitating the displacement of oil. The study 

reveals that there exists a specific concentration threshold for injected 

nanoparticles. Among different nanocelluse concentrations (0.5 wt%, 1 wt%, 

and 2 wt%), it appears that an application concentration of around 1 wt% 

nanocellulose is the optimal choice for this study. It is important to note that 

exceeding this threshold can lead to undesirable consequences such as pore 

throat blockage, which can hinder the flow of fluids and ultimately decrease 

the overall oil recovery. Therefore, careful consideration and monitoring of 

nanoparticle concentration are crucial to avoid potential adverse effects and 

ensure optimal oil recovery during the enhanced oil recovery process.  

 The tests conducted indicate that nanocellulose exhibits higher stability in 

low salinity water. This finding is significant as it suggests that nanocellulose 

is particularly well-suited for application in areas where fresh water sources 



 

 

165 

are readily available for nanocellulose preparation. The abundance of fresh 

water resources can provide a favorable environment for the preparation and 

utilization of nanocellulose as an organic material in enhanced oil recovery. 

This information can help guide decision-making regarding the feasibility 

and practicality of implementing nanocellulose-based EOR applications in 

regions with accessible fresh water sources. 

 Water flooding conducted immediately after nanocellulose flooding proved 

successful in terms of recovering additional oil (up to 5.8% additional oil 

recovery) and removing any residual nanocellulose by additional analyses. 

These findings collectively suggest that nanocellulose application does not 

substantially alter the mineralogical or elemental composition of the reservoir 

plugs and can be effectively removed through subsequent water flooding, 

enabling successful oil recovery. 

 The absence of studies highlights a gap in the research regarding the potential 

application and effectiveness of nanocellulose for EOR in carbonate 

reservoirs, specifically in the context of Turkey's Southeastern Region. It 

would be valuable for future research efforts to explore the feasibility and 

performance of nanocellulose as an EOR agent specifically for carbonate 

formations in this region with further research and investigation. 

 It is important to emphasize that this study is focused on assessing the impact 

of nanocellulose on carbonate rocks. The analysis has shown that micro and 

meso pore throats were the predominant features in the plug samples, 

demonstrating that nanocellulose was investigated as a means to improve oil 

recovery from the matrix. This research is specifically concentrated on 

matrix-based production. Furthermore, it is possible to conduct additional 

research to explore how natural fractures affect the performance of 

nanocellulose as an EOR agent. 

 Indeed, further investigation into the effects of different nanocellulose 

soaking times and oil aging times on oil recovery is essential, as they can 

directly influence wettability and potentially impact the overall recovery 
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process. To study the influence of nanocellulose soaking time, different 

experiments can be conducted by subjecting the nanocellulose to varying 

soaking durations before the waterflooding process. The oil recovery 

efficiency can then be assessed and compared to determine the optimal 

soaking time that yields the highest recovery. Similarly, investigating the 

effects of different oil aging times is also important. The aging process 

involves exposing the oil to reservoir conditions for varying periods before 

subjecting it to waterflooding. This aging can lead to changes in the oil's 

composition and properties, which can subsequently impact its interaction 

with the reservoir rock. By studying different oil aging times in conjunction 

with nanocellulose treatments, researchers can gain insights into how oil 

characteristics evolve over time and its subsequent effect on recovery 

efficiency. By systematically exploring the effects of nanocellulose soaking 

time and oil aging time, researchers can better understand their influence on 

wettability and optimize the waterflooding process for enhanced oil recovery. 

 Overall, this study concludes that nanocellulose exhibits promise as a green 

chemical EOR additive (with an additional oil recovery up to 28.2%), with 

its stability, physical properties, and interactions with oil supporting its 

effectiveness in enhancing oil recovery. Further research and optimization of 

nanocellulose concentrations and application conditions are recommended to 

maximize its EOR potential.
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APPENDICES 

A. XRD Results of End Trim Samples  

 

Appendix A-1: XRD analysis result for core plug #211 before coreflood tests 

 

Appendix A-2: XRD analysis result for core plug #211 after coreflood tests 
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Appendix A-3: XRD analysis result for core plug #347 before coreflood tests 

 

Appendix A-4: XRD analysis result for core plug #347 after coreflood tests 
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Appendix A-5: XRD analysis result for core plug #346 before coreflood tests 

 

Appendix A-6: XRD analysis result for core plug #346 after coreflood tests 
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