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2 Introduction to Nanocellulose 

2.1 Cellulose 

Figure 2.1:
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Figure 2.2:
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2.2 Cellulose nanocrystals (CNC) 

2.2.1 Background 

Figure 2.3:
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2.2.2 Production 

Figure 2.4:
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2.2.3 Colloidal behaviour of cellulose nanocrystals 

Figure 2.5:
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Figure 2.7:

Table 2.1:

Zeta potential (mV) Colloidal stability
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2.2.4 Rheology 

Figure 2.8: 
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2.3 Cellulose products in the oil industry
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3 Basic Concepts of Oil Recovery 

3.1 Introduction 

Table 3.1:

Element Percentage (in wt. %)

source rocks
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Figure 3.1:
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Figure 3.2:

Petroleum Resources: Norwegian Continental 
Shelf

3.2 Mineralogical description of sandstones 
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3.2.4 Clays 
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Figure 3.4
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Illite 

Chlorite 
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Table 3.2: Technical Manual for Drilling, 
Completion and Workover Fluids

Property Kaolinite Illite Chlorite Montmorillonite
Structure

Particle size 
(μm)

CEC (meq/100 
g)

Surface area 
BET (m2/g)

3.3 Oil recovery mechanisms 

exploration 

evaluation

development

production
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3.3.1 Primary recovery 

Rock and liquid expansion drive: 
undersaturated

Figure 3.5:

Solution gas (depletion) drive:
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Gas-cap drive: 

Water drive: 

Gravity drainage:

Combination drive: 

3.3.2 Secondary recovery 
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3.3.3 Tertiary recovery – Enhanced oil recovery 

3.3.4 General description and characterisation of EOR 
processes 
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Figure 3.6:
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4 Fundamentals of Porous Systems,
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4.2.2 DLVO theory 
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Pres Pb

5.1 What is a “Smart Water”?

5.2 Smart Water EOR in sandstone 
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5.2.1 Premises for Smart Water EOR 
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5.2.2 Smart Water EOR mechanism 

Figure 5.1:
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Figure 5.2:
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5.3 Proposed mechanism for Smart Water flooding 
with CNC

Figure 5.3:
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6 Materials and Methods 

6.1 Materials 

6.1.1 Cellulose nanocrystals (CNC) 
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Figure 6.1:
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Table 6.1:

Sample Charge density 
(mmol/g)

Crystallite 
diameter (nm)c

Crystallite 
length (nm)c

Functional 
groups

CNC

6.1.2 Brines

Table 6.2:

Ions FW (mM) d5FW (mM) LS (mM)
Na+

Cl-

Ca2+

TDS (mg/L)
pH
μ at 25 °C (mPa·s)
μ at 60 °C (mPa·s)
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6.1.3 Core material 

Figure 6.2:

Table 6.3:

Albite Quartz Calcite Chlorite Illite Clays & micas
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Table 6.4:

Core
#

Length
(cm)

Diameter
(cm)

Pore
volume
(mL)

Dry
weight

(g)

Sat.
weight

(g)

Porosity
(%)

SM8
SM10

6.1.4 Crude oil 

Table 6.5:

Acid number 
(AN) mg KOH/g

Base number (BN) 
mg KOH/g

Density 
at 20 C

Viscosity 
at 20 C
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6.2 Methods 

6.2.1 Rheology 

Concentration dependency:

Ionic strength dependency:

pH dependency:
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Heat aging 120 °C: 

Dynamic heat aging 90 °C:

6.2.2 Zeta potential 
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Temperature dependency: 

6.2.3 Atomic force microscopy 

Figure 6.3:
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6.2.4 Core restoration 

Core cleaning: 

Initial water saturation: 



Materials and Methods 

Crude oil saturation: 

6.2.5 Core flooding 

Figure 6.4:
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Figure 6.5:
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7 Results and Discussion 

7.1 Zeta potential 
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7.1.1 Stability with increasing salinity 

Table 7.1:

CNC concentration 
(wt.%)

NaCl concentration 
(mM) pH
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Figure 7.1:

7.1.2 pH effects 
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Figure 7.2:
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7.1.3 Temperature influence 

Figure 7.3:

7.2 Rheology 
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7.2.1 Effect of CNC concentration  

Figure 7.4:
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Figure 7.5:
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7.2.3 Effect of pH 

Table 7.2:

Sample type Initial pH Desired pH Testing pH
CNC-DI
CNC-DI
CNC-DI
CNC-DI
CNC-DI
CNC-LS
CNC-LS
CNC-LS
CNC-LS
CNC-LS



Results and Discussion 

Figure 7.6:

Figure 7.7:
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7.2.4 Heat aging 
Introduction 
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Aging at 120 °C for 24, 48 and 168 hours 

Figure 7.8:



Results and Discussion 

Table 7.3:
.

Sample pH
t = 0 h

pH
t = 24 h

pH
t = 48 h

pH
t = 168 h

Δ pH
(168 h)

H+ formed in ‰ of 
glucose units,
(120 °C, 24 h)

CNC-DI
CNC-LS

Table 7.4: .

Sample pH
t = 0 h

pH
t = 168 h

Δ pH
(168 h)

H+ formed in ‰ of glucose 
units (90 °C, 168 hrs)

CNC-DI
CNC-LS



Results and Discussion 



Results and Discussion 

Figure 7.9:

Figure 7.10:
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Dynamic time and temperature 
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Figure 7.11:

Figure 7.12:
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Table 7.5:

Sample pH
t = 0 h

pH
t = 50 h Δ pH H+ formed in ‰ of 

glucose units (90 C)
CNC-DI
CNC-LS
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Figure 7.13:

Table 7.6:

Sample pH
t = 0 h

pH
t = 175 h Δ pH H+ formed in ‰ of 

glucose units (90 C)
0.5 wt. % CNC-LS
2.0 wt. % CNC-LS
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7.3 Atomic force microscopy 

Figure 7.14:
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Figure 7.15:

Figure 7.16:
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Figure 7.17:

Figure 7.18:
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Figure 7.19:

Figure 7.20:
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7.4 Core flooding 

7.4.1 Injectivity studies and effect of increasing CNC 
concentration 
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Figure 7.21:

Figure 7.22:
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Table 7.7:

Core permeability
(mD) after

Initial 
LS brine

0.5 wt. %
CNC-LS

1 wt. %
CNC-LS

2 wt.%
CNC-LS
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Figure 7.23:
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Figure 7.24:

7.4.2 Effect of increasing temperature 
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Figure 7.25
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Figure 7.26:
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Table 7.8:

Temperature, °C Permeability 1, mD Permeability 2, mD
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Table 7.9

Table 7.9

Initial bulk pH pH after 60 °C pH after 90 °C pH after 120 °C

7.4.3 Oil recovery experiments 
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Figure 7.27:
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Figure 7.28:

Table 7.10:

Sample Bulk pH Effluent pH Δ pH
LS brine
CNC-LS
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8 Concluding remarks and future work 

8.1 Characterisation and temperature stability 

8.1.1 Dispersion stability 
Salt stability: 
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Effect of pH: 

Temperature tolerance:

8.1.2 Viscosity 

8.1.3 Effects of heat aging on CNC dispersions 
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8.2 Core-flooding experiments 

8.2.1 Injectivity 
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8.2.2 Enhanced oil recovery experiments 
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8.3 Future work 

Cationisation:

Size optimisation:

,

Production process upscaling: 
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Increase water flood temperature:
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Appendix 

Appendix 

A.1 Calculation of desired core weight at Swi = 20 % 

169.14 g



Appendix 

A.2 Calculation of H+ formed from pH reduction  
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