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Abstract 

The application of nanotechnology to the petroleum industry has seen many recent 

advancements.  Nanocellulose is an emerging nanoparticle at the forefront of research.  Before 

nanocellulose can be injected into petroleum reservoirs, further understanding is needed as to 

the retention mechanisms that occur during nanocellulose transport through porous media.  A 

series of unconsolidated sandpack floods were preformed with nanocellulose and the resulting 

retention and permeability reduction were measured.  The experimental variables include 

nanocellulose type, sand grain size, flowrate, and salinity.  It was found that all types of 

nanocellulose tested showed significantly different transport properties.  Retention and 

permeability reduction increased as grain size decreased or flowrate decreased.  As a general 

trend, the larger the size of aggregates in bulk solution, the greater the retention and 

permeability reduction.  Salinity was found to be the primary parameter affecting transport.  

Increased salinity caused additional aggregation which resulted in increased straining and filter 

cake formation. 
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𝑖 = Current time step number (dimensionless) 

𝑚𝑒𝑓𝑓 = Mass of nanocellulose recovered in the effluent (grams) 

𝑓𝑐  = Conversion factor for converting absorance signal – mAU – to nanocellulose weight 

percentage (mAU/wt%) 
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𝐴𝑏 = Absorbance (mAU – dimensionless milli absorbance units) 

𝐴𝑏𝑑 = Average of absorbance signal zero offset over six pore volumes of injection (mAU) 

𝜌𝑖𝑛𝑗 = Density of injected nanocellulose slug (g/ml) 

𝐴𝑏0 = Absorbance signal zero offset at start of nanoflood (mAU) 

𝐴𝑏𝑓 = Absorbance signal zero offset at end of nanoflood (mAU) 

∆𝑚 = Nanocellulose retention (%) 

𝑚𝑖𝑛𝑗 = Mass of injected nanocellulose slug (grams) 

𝑉𝑖𝑛𝑗 = Volume of injected nanocellulose slug (ml) 

𝐶𝑖𝑛𝑗 = Injected nanocellulose concentration (wt%) 

𝐶𝑑 = Dimensionless effluent concentration (dimensionless – ratio of total injection 

concentration) 

𝑉𝑝𝑖𝑛𝑗 = Cumulative pore volumes injected (dimensionless) 

𝑡 = Cumulative injection time elapsed (minutes) 

𝑉𝑝 = Pore volume (cc) 

𝑊𝑏𝑠 = Weight of sandpack tubing before adding sand 

𝑊𝑎𝑠 = Weight of sandpack after packing 

𝜌𝑠 = Density of sand (taken to be 2.64 g/cc) 

𝑉𝑔 = Volume of sandpack tubing from geometry (measured to be 59.7 cc) 

𝐼𝑁𝑎𝐶𝑙 = Relative ionic strength of NaCl (mole/L) 

𝐼𝑁𝐶𝐶  = Relative ionic strength of NCC (mole/L)
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Chapter 1 – Introduction and Literature Search 

1.1 - Application of Nanotechnology to the Petroleum Industry 

The surface of nanoparticles can be tailored to interact with specific targets within a 

petroleum reservoir.  Engineering a surface-active nanoparticle has potential applications for 

enhanced oil recovery by reducing interfacial tension or enhancing the potential for 

nanosensing by targeting and attaching to molecules of interest.  To use nanoparticles as 

subsurface sensors or enhanced oil recovery agents, the nanomaterials require three properties 

(Yu et al., 2010): 

1. Long term dispersion stability without generating any aggregates, 

2. Ability to propagate long distances through porous media with minimal retention, and 

3. Attachment to specific desired target locations, such as oil/water interfaces. 

If these three conditions are met, nanomaterials could be engineered to replace existing 

chemical flooding technologies.  Nanomaterials may allow for increased efficiency and reduced 

environmental impact compared to current technologies. 

 Traditional polymer, surfactant, and alkaline flooding techniques focus on enhanced oil 

recovery through viscosity alteration for mobility improvement and interfacial tension 

reduction (Zhou, Dong, & Maini, 2013).  Nanoparticles can act to induce these mechanisms as 

well as a number of novel alternative EOR mechanisms.  The EOR mechanisms for nanofluids 

include disjoining pressure, pore channel plugging, viscosity alteration for mobility 

improvement, interfacial tension reduction, wettability alteration, and preventing asphaltene 

precipitation (Sun, Zhang, Chen, & Gai, 2017).  Some of the more exotic EOR mechanisms are 

illustrated in Figure 1 for better clarity.  Pore channel plugging is also known as log jamming 

when the nanoparticles block off pore throats that are larger than the individual particles.  One 

application of interest is use of nanoparticles to form log jams to divert flow in waterflooding, 

such as water shut-off technologies.  Ideally, nanoparticles would block off high permeability 

zones to divert flow to unswept oil bearing pores.  This would assist with waterflood 

conformance control (Izgec & Shook, 2012). Additionally, nanoparticles are theorized to be able 
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to immobilize silica fines thereby preventing formation damage from fines migration (Ahmadi, 

Habibi, Pourafshari, & Ayatollahi, 2011).  Certain metal nanoparticles have also been shown to 

catalyze oxidation reactions which can enable in situ upgrading of oil sands (Nassar, Hassan, & 

Pereira-Almao, 2011). 

 

Figure 1:  Visualization of EOR mechanisms of nanofluids.  Figure has been reproduced from 
literature (Sun et al., 2017). 

 

Nanotechnology also has applications in drilling operations such as the ability to prevent 

mud loss to the reservoir during drilling (Kong & Ohadi, 2010).  Mud loss to surrounding 

formations, as well as water influx, can be minimized by formation of a nanoparticle filter cake 

at the face of the wellbore during drilling (Yang, Ji, Li, Qin, & Lu, 2015). Nanocrystalline 

materials are especially promising as additives to drilling fluids since they could likely increase 

drilling speed while decreasing wear on drilling parts (Krishnamoorti, 2006).  Before 

nanotechnologies can be applied to the petroleum industry, a strong understanding of their 

transport through porous media is required. 
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1.2 - Transport and Retention of Nanoparticles in Porous Media 

Three main mechanisms affect the transport of materials through porous media.  These 

mechanisms are illustrated in Figure 2 (McDowell-Boyer, Hunt, & Sitar, 1986).  In the first 

mechanism, a filter cake is formed when suspended materials are of similar size or larger than 

the porous media grains.  Formation of a filter cake indicates that suspended materials are not 

able to pass into the porous media.  In the second mechanism, straining occurs when 

suspended particles are smaller than the average pore throat size but larger than the smallest 

pore throats.  The suspended materials can enter the porous media but some are mechanically 

retained in smaller pore throats.  In the third mechanism, very small suspended particles do not 

experience any mechanical retention, though they can still be retained in porous media due to 

adsorption to the grains of the media. 

 

Figure 2:  The main mechanisms effecting the transport of suspended materials through porous 
media.  Figure has been reproduced from literature (McDowell-Boyer et al., 1986). 

 

The retention of particles that enter porous media is described by deep bed filtration 

theory.  In additional to straining and physical-chemical effects, retention during deep bed 

filtration can also occur due to sedimentation.  Sedimentation occurs when particle density is 

much larger than solvent density and particle size is in the micron range (Zamani & Maini, 

2009).  However, in the case of nanoparticles, sedimentation is not a significant effect.  Instead, 

traditional deep bed filtration theory instead focuses on nanoparticle retention due to physio-

chemical effects as a result of collisions due to Brownian motion (Zamani & Maini, 2009).  Two 
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recent studies on the transport of Molybdenum Oxide nanoparticles through sandpacks did not 

result in permeability reduction, despite some retention due to deep bed filtration (Zamani, 

Maini, & Pereira-Almao, 2012; Zamani, Maini, & Pereira Almao, 2013). 

The energy barrier for nanoparticle adsorption to porous media varies directly in 

relation to nanoparticle size.  Smaller nanoparticles have been shown to have a lower energy 

barrier for deposition (Petosa et al., 2010).  Theoretical approaches on nanoparticle aggregation 

are limited to spherical particles (Petosa, Adamo, Deb, Ivan, & Menachem, 2010).  Thus, rod 

shaped nanoparticles can have unpredictable flow behavior due to additional retention 

mechanisms such as straining.  Rod shaped particles could also be more susceptible to collisions 

and subsequent aggregation during flow through porous media because the non-uniform shear 

field in pores will put an imbalance of force on the particles which will allow them to travel 

transverse to the bulk fluid flow streamline trajectories.  The imbalance of forces will be 

intensified for rod shaped particles relative to spherical particles (Zamani & Maini, 2009).  The 

nanocellulose particles used in this study are rod shaped and therefore very little theoretical 

modelling exists to describe their behavior.   

 

1.3 – Properties of Nanocellulose 

Cellulose is the most abundant natural biopolymer on earth (Peng, Dhar, Liu, & Tam, 

2011).  Nanocellulose in an emerging cellulose-based nanoparticle that is renewable, 

biodegradable, and has minimal toxicity.  Nanocellulose can be obtained from several natural 

sources and wood pulp is the most common feedstock used for large scale production.  

Nanocellulose crystals are the basic building block of tree cell walls as illustrated in Figure 3 

(Moon, Martini, Nairn, Simonsen, & Youngblood, 2011).   

Nanocellulose is a rod-shaped particle composed of parallel cellulose chains in a 

crystalline structure.  It is most commonly prepared through acid hydrolysis whereby wood 

pulp is reacted with concentrated acid to breakdown amorphous regions of cellulose 

microfibrils to release the individual nanocellulose crystals.  Typically, sulfuric acid is used to 

prepare nanocellulose as it also reacts with surface hydroxyl groups converting some of them to 
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sulfate half ester groups which have a strong negative charge thereby improving stability in 

aqueous solution (Peng et al., 2011).  There are many possible surface modifications available.  

This study focused on two surface modifications:  TEMPO (2,2,6,6-Tetramethylpiperidyl-1-Oxyl) 

mediated oxidation and sulfuric acid hydrolysis because these processes result in stable 

suspensions.  Both processes are being used in pilot scale production so sufficient quantities of 

consistent cellulose nanocrystal can be obtained.  TEMPO mediated oxidation results in surface 

carboxylate groups which have a strong negative charge.  Both of these surface modification 

processes are illustrated in Figure 4 (Lagerwall et al., 2014).   

 

Figure 3:  Visualization of nanocellulose fibrils as the basic building block of tree cell walls.  
Figure has been reproduced from literature (Moon et al., 2011). 
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Figure 4:  Surface modification reactions for producing stable anionic CNCs.  On the left is CNC 
with carboxylate groups produced by TEMPO mediated oxidation.  On the right is CNC with 
sulfate half ester groups produced by sulfuric acid hydrolysis.  Figure has been reproduced from 
literature (Lagerwall et al., 2014). 

 

In addition to stabilizing the nanoparticles, a negative surface charge helps to reduce 

adsorption to sand grains.  Sand tends to have a negative surface charge which will generate a 

repulsive force on suspended nanocellulose particles.  Reduced adsorption assists in reducing 

retention and improving transport of nanocellulose through porous media. 

 

1.4 – Transport of Nanocellulose Through Porous Media 

As nanocellulose is an emerging nanomaterial, there has been little research into its 

transport and retention in porous media.  Two injectivity studies have been found in the 

literature.  The first study looked at the injection of TEMPO oxidized nanofibrils into Berea 

sandstone cores (Kusanagi et al., 2015).  The authors found that the TEMPO fibrils exhibited 

poor injectivity and severe filtration indicated by formation of a filter cake at the core inlet and 
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a high pressure drop increase during injection of the nanocellulose suspension.  The 

nanocellulose was also observed to aggregate and become unstable in the presence of salt and 

rock fines. 

The second injectivity study investigated the injection of cellulose nanocrystals 

produced by the United States Department of Agriculture into outcrop sandstone cores 

(Molnes, Torrijos, Strand, Paso, & Syverud, 2016).  The nanoparticles used in this second 

injectivity study showed good injectivity into a core of 210 mD.  Experiments were carried out 

at 0.1 wt.% salinity because it is necessary to have some salinity in the carrier solution to 

prevent permeability reduction from swelling clays.  At this salinity, it was determined that the 

particles did not aggregate. 

The difference of nanocellulose behavior between these two studies is quite substantial.  

Further research is therefore needed to understand the behavior of nanocellulose flow in 

porous media before the technology can be successfully advanced to field trials.  A better 

understanding of the key variables that impact nanocellulose transport is required to 

understand how to tailor nanocellulose suspension properties for optimal transport and 

retention behavior. 

In addition to the two injectivity tests mentioned above, three supplementary studies 

were also identified to provide further insight as to how nanocellulose may behave in an oil 

reservoir.  The first study focused on microfluidic experiments in which a nanocellulose 

suspension was used to displace oil out of a micromodel that had been waterflooded to 98% 

water cut (Wei, Li, Jin, Li, & Wang, 2016).  It was found that nanocellulose suspensions tested 

improved sweep efficiency beyond that of waterflooding alone.   

The second study focused on the temperature stability of nanocellulose disperions.  It 

was found that cellulose nanocrystals remained thermally stable at 110°C for three days when 

in aqueous suspension (Heggset, Chinga-Carrasco, & Syverud, 2017).  Increased temperature 

stability was observed when formate was used as an additive.  The potential of nanocellulose to 

remain thermally stable at elevated temperatures over the course of days suggests that it could 

potentially be used as a drilling mud additive.  In addition, the authors of the same study 
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identified that current organic drilling fluids suffer from temperature stability while synthetic 

drilling fluids are often environmental harmful.  Therefore, cellulose nanocrystals could be a 

very attractive additive for modifying the rheology of drilling fluids because the nanocrystals 

are both thermally stable and environmentally friendly. 

The third study investigated methods for improving the stability of nanocellulose in 

salinity.  Nanocellulose aggregates in the presence of salt which can lead to instability.  For long 

range propagation, it would ideal to minimize the amount of aggregation occurring.  Grafting 

groups of 2-acrylamido-2-methylpropane sulfonic acid monomer (AMPS) and alkyl chain onto 

the nanocellulose backbone was found to impart significantly improved salinity tolerance (Li, 

Wei, Xue, Wen, & Li, 2016).  Given that surface modification and salinity can impact the stability 

and aggregation of nanocellulose, it is reasonable to assume that numerous transport 

outcomes are achievable by tailoring the nanocellulose surface chemistry and carrier fluid 

salinity. 

 

1.5 – Motivation for Study 

The goal of the research documented in this thesis is to provide foundational work to 

understand transport and retention of cellulose nanocrystals through porous media.  

Nanocellulose is a new class of nanomaterial and as a result, there has been very little research 

into its flow behavior in porous media.  Traditional flow experiments have focused on spherical 

nanoparticles, in particular, iron oxide and silica.  In their dry state, cellulose nanocrystals are 

rod shaped which adds another element of complexity to their flow behavior because they are 

not symmetrical in all directions.  The orientation of the rods during flow impacts their passage 

through porous media.  Recent work on cellulose nanocrystals (Molnes et al., 2016) has 

confirmed that at least some of the particles are able to pass through sandstone cores.  

However, the number of particles that traverse the porous media has not been quantified and 

the retention mechanism still remains unknown.  This study seeks to expand on previous 

studies to identify retention mechanisms that affect transport of cellulose nanocrystals through 

porous media. 



9 
 

It is critical that the flow of cellulose nanocrystals in single phase aqueous systems is 

thoroughly understood before use of these nanoparticles can be scaled up for tertiary flooding 

into porous media saturated with light oil.  Once the behavior of nanocellulose in light oil 

systems is better understood, this will provide some indicators as to how nanocellulose flooding 

could be applicable in heavy oil or bitumen reservoirs. 

Overall, the study outlined in this thesis is foundational and meant to highlight future 

research opportunities for the application of nanocellulose in the petroleum industry. 

 

1.6 - Early Investigation and Development of Hypothesis 

The first step of this study was to identify some phenomena that may be used to 

influence the transport and retention of cellulose nanocrystals in porous media.  Nanocellulose 

aqueous solutions are known to be shear thinning (Shafiei-Sabet, Hamad, & Hatzikiriakos, 

2012).  The rheological behavior is hypothesized to be a result of geometric effects due to the 

rod shape of the particles and the viscosity curves for nanocellulose are well fitted by using a 

model that assumes a log jamming phenomena is taking place (Lu, Hemraz, Khalili, & Boluk, 

2014).  Log jamming essentially means that nanoparticles become entangled with and 

constrained by adjacent nanoparticles.  Because log jamming is believed to affect the viscosity 

of nanocellulose suspensions, it can be expected that log jamming could also impact the 

transport of nanocellulose particles by formation of large aggregates that block off some pore 

throats.  This is analogous to how many small logs flowing down a river can pile up and form 

large log jams blocking the surface of the river. 

Log jamming has been previously proposed as a mechanism contributing to enchanced 

oil recovery during injection of colloidal dispersion gels which are crosslinked polymers (Spildo, 

Skauge, Aarra, & Tweheyo, 2009).  In addition, Spildo identified that at least 29 field trials have 

been preformed with colloidal dispersions gels and the majority resulted in promising 

incremental oil recovery, especially from highly heterogeneous reservoirs.  The mechanism by 

which log jamming occurs has been theorized to result from the acceleration of flow as fluid 

enters a narrowing pore throat.  The solvent particles accelerate faster than the nanoparticles 
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because the solvent particles have less mass.  This results in an accumulation of nanoparticles in 

the pore throats which can restrict and eventually block off the pore throat (Skauge, Spildo, & 

Skauge, 2010).  Blocking off pore throats results in microscope flow diversion and pressure 

redistribution that can help to redirect flow to oil bearing pores.  Microscope flow diversion to 

oil bearing pores results in a macroscopic improvement in sweep efficiency.  Interestingly, a 

resistance to structural alterations is believed to promote log jamming.  Uncrosslinked 

polymers can unfold as they enter pore throats due to increased shear.  This assists in their 

transport through pore throats.  A crosslinked polymer, such as a colloid dispersion gel, is more 

resistant to deformation which promotes their accumulation in pore throats (Skauge et al., 

2010).  Nanocellulose particles are rigid so it is reasonable to assume they will readily 

accumulate and form log jams in pore throats, similar to the behavior of colloidal dispersion 

gels. 

From experimental studies, electric and magnetic fields have also been shown to be 

capable of aligning and orienting cellulose rods and fibers.  However, field strength and time 

needed to influence the fibers is excessive and does not seem practically applicable to 

influencing nanocellulose transport through porous media.  One study showed that to align 

cellulose nanocrystals, an electric field strength of 2000 V/cm at a frequency ranging between 

104 and 106 Hz was required (Habibi, Heim, & Douillard, 2008).  Another study showed that a 

magnetic field strength of 10-12 T applied over 40 hours was required to see consistent 

ordering of cellulose microfibrils (Kimura et al., 2005).  Given the large electromagnetic field 

strength required to influence the nanocellulose particles, the impact of electric and magnetic 

fields on nanocellulose transport through porous media was not investigated further.   

Finally, physio-chemical affects were considered as a possible retention mechanism 

impacting nanocellulose transport.  Previous work on silica and iron oxide nanoparticles has 

shown that significant retention occurs during transport through porous media due to 

adsorption of the nanoparticles to the sand and clay grains (Zhang et al., 2015).  It would 

therefore be reasonable to assume that nanocellulose particles could also experience retention 

due to adsorption.   
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Based on the early investigation, it was determined there are four main transport 

outcomes that could occur during nanocellulose flow through porous media depending on 

which retention mechanism is dominant.  To determine which retention mechanism is 

dominant and which variables impact retention, a series of flow experiments was carried out to 

examine what set of conditions lead to each transport outcome.  These outcomes are 

illustrated in Figure 2 and Figure 5 and are listed below: 

1. The cellulose nanocrystals flow unhindered through the porous media enabling them to 

travel long distances in the subsurface.  This is the ideal case which would allow 

injection of cellulose nanocrystals for enhanced oil recovery. 

2. Some of the particles adsorb to the porous media (in the case of a sandstone reservoir it 

is predominantly silica sand).  The absorbed particles may either be permanently 

retained or they may slowly release overtime. 

3. Some of the particles and aggregates may create an aggregate log jam or form larger 

aggregates which block off some of the pore throats and results in retention of the 

cellulose nanocrystals in the porous media.  This is the ideal case for application of 

nanocellulose as a flow diversion technology. 

4. Excessively large aggregates could form a filter cake at the inlet to the porous media, 

preventing any transport of nanocellulose through the porous media.  This is the ideal 

case for developing nanocellulose as an additive to drilling mud to reduce mud losses or 

water incursion. 
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Figure 5:  Potential retention mechanisms impacting flow of nanocellulose through porous 
media 

 

1.7 - Hypothesis 

The dominant retention mechanism that affects the transport of nanocellulose through 

porous media is log jamming of large aggregates. 

 

1.8 – Conceptual Model to Describe Transport under the Influence of Log Jamming 

It is theorized that there are three competing influences that impact the straining of 

nanocellulose aggregates.  These influences are illustrated in Figure 6.  The first influence is the 

straining of preexisting aggregates in the injection solution.  If the injection solution contains 

aggregates of sufficient size, some of these aggregates will become mechanically retained in the 

smallest pore throats.  The second influence is straining of larger aggregates that are formed 

during flow through the porous media.  The formation of larger aggregates during flow is what 

results in a log jamming effect. Aggregation during flow is theorized to be a result of 

accumulation of nanocellulose in pore throats due to flow acceleration in pore throats.  

Accumulation leads to the formation of larger aggregate log jams.  This allows many small 

aggregates to block off pore throats that are much larger than the individual aggregates in the 

injection solution.    The third influence is disaggregation caused by shear forces.  A previous 
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rheology study found that once a critical shear threshold is reached, nanocellulose aggregates 

begin to breakdown (Xu, Tang, & Ouyang, 2017).  This could both help to prevent the formation 

of larger aggregate log jams, as well as eroding and breaking apart log jams that have already 

formed.  In this way, the straining of nanocellulose aggregates is reversible. 

 

The aggregation of nanoparticle in these experiments may be qualitatively explained by 

using the DLVO (Derjaguin-Landau-Vervey-Overbeek) theory.  It should be noted that this 

theory was derived for spherical particles, however, it is assumed that it should still allow for 

relative comparison for rod shaped particles.  For the CNC (AITF), the particles appear to 

Figure 6:  Phenomena influencing the straining of nanocellulose aggregates in 
porous media. 
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aggregate in low salinity water but they remain stable.  From DLVO theory, this could be 

explained by the presence of a secondary minimum in which some flocculation occurs.  Despite 

some flocculation, the system still has not overcome the primary maximum (energy barrier) 

needed for kinetically favorable large-scale coagulation.   The electrostatic dynamics of the 

system are illustrated using the following DLVO energy-distance curve (Tadros, 2006): 

 

Figure 7:  DLVO energy-distance curve for a electrostatically stabilized system.  Figure has been 
reproduced from literature (Tadros, 2006). 

 

Ga is the Van der Waals Attractive energy.  Attraction can be a result of dipole-dipole 

forces, dipole-induced dipole forces, and London dispersion interactions.  For suspended 

materials, dipole-dipole and dipole-induced dipole forces cancel out so only London dispersion 

forces are relevant.  The attractive force due to London dispersion interactions is given by the 

following equations (Tadros, 2006): 
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where 𝐺𝑎 = attractive energy (J), 𝐴12 = Hamaker constant of particles of material 1 dispersed in 

medium 2 (J), 𝐴11 = Hamaker constant of particles of material 1 – nanocelluose (J), 𝐴22 = 

Hamaker constant of medium 2 – brine (J), 𝑅 = radius of suspended particles (m), and ℎ = 

separation distance between particles (m).   

Gel is the electrostatic energy of repulsion.  Nanoparticles in solution will develop a field, 

called an electric layer, of electrolyte ions around them.  When the electric layers of two 

nanoparticles with the same charge overlap, an electric double layer is formed and electrostatic 

repulsion will occur between like charges.  The electrostatic energy of repulsion can be 

described by the following formula which is applicable when kR<3 (Tadros, 2006): 
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where: 𝐺𝑒𝑙 = repulsive energy (J), 𝜀𝑟 = relative permittivity (F/m), 𝜀0 = permittivity of free space 

(F/m), 𝜓𝑑 = Stern-potential (v), 
1

𝑘
 = electric double layer thickness (m), 𝐾𝐵 = Boltzmann’s 

constant (1.38064852x10-23 m2 kg s-2 K-1), 𝑇 = temperature (K), 𝑛0 = number of ions of each type 

present in the bulk phase (dimensionless), 𝑍 = valence of the ions (dimensionless), and 𝑒 = 

electronic charge (1.60217662x10-19 C).   

GT is the total energy of interaction which is defined as the summation of the 

electrostatic energy of repulsion and the Van der Waals Attractive energy.  If GT is negative, 
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then this indicates that the total energy of interaction is attractive which will result in 

aggregation of the suspended nanoparticles.  The energy barrier, Gmax, must be overcome for 

rapid aggregation to form nanocellulose aggregates that are large enough to cause a significant 

straining effect.  One possible way to do this would be to add energy to the system.  The two 

ways that energy might be transferred to the nanofluid flowing in the sandpack are increasing 

the velocity or increasing the temperature.  From the results of the retention floods, increased 

velocity reduces retention and permeability reduction.  As such, it is unlikely that increased 

velocity in the pore throats of the porous media is causing aggregation.  Also, temperature is 

held constant in every experiment so there is no energy addition through heating.   

Aggregation is believed to be a result of tortuous flow paths through the porous media 

and acceleration of flow in pore throats, both of which increase the probability of nanoparticles 

colliding and coming close enough to aggregate and become entangled in a log jam.  Higher 

salinity increases the likelihood of aggregation because it reduces the repulsive force between 

particles, making collisions much more likely.  In relation to Figure 7, increased salinity will 

decrease the energy barrier, Gmax, which increases the probability and rate of aggregation.  At 

the same time, disaggregation will be occurring as a result of shear due to the flow velocity.  

No mathematical model could be found in literature to explain the bulk scale transport 

of particles flowing while undergoing aggregation due to collisions, as well as the breakdown of 

aggregates due to shear forces.  The formation and release of log jams is an inherently random 

phenomenon.  As a result it is likely that a stochastic model would need to be developed to 

model this phenomenon on the bulk scale and it would only be able to predict average trends, 

not the exact shape of breakthrough curves.  However, a pore scale model was found in 

literature that is developed to model microscopic flow diversion effects that occur during 

polymer flooding(Bolandtaba, Skauge, & Mackay, 2009).  The model is capable of simulating log 

jamming at the pore level and has been used to show how log jamming can lead to flow 

diversion and improved oil recovery.  This pore scale model would serve as an excellent basis 

for development of a bulk scale log jamming transport model. 
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1.9 – Organization of Thesis 

 Chapter 2 consists of the material and methods that were used in this thesis. 

 Chapter 3 consists of the results of the experiments conducted for this research. 

Chapter 4 consists of the main conclusions of this study and recommendations for 

future work. 
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Chapter 2 - Materials & Methods 

2.1 - Nanoparticles Used in Research 

Three types of nanocellulose were tested in this work.  Most experiments were carried 

out with cellulose nanocrystals provided by Alberta Innovates Technology Futures.  Throughout 

this thesis, these particles will be referred to as CNC (AITF).  The properties of the batch of CNC 

(AITF) used in this study, as measured by the supplier Alberta Innovates, are provided in Table 

1.  Several experiments were also carried out with cellulose nanocrystals provided by the 

United States Department of Agriculture.  Throughout this thesis, these particles will be 

referred to as CNC (USDA).  The properties of the CNC (USDA) used in this study, as measured 

by the supplier and reported in literature (Molnes et al., 2016), are provided in Table 2.  

Finally, a small number of experiments were performed with cellulose nanofibrils 

provided by the Paper Fiber Research Institute in Trondheim, Norway.  Throughout this thesis 

these particles will be referred to as CNF (PFI).  The properties of these particles, as measured 

by the Paper Fiber Research Institute, are provided in Table 3. 

 

Table 1:  Properties of Alberta Innovates Nanocellulose - CNC (AITF).   

Scanning Electron Microscopy in 
Transmission Mode – Width (nm) 

15 

Scanning Electron Microscopy in 
Transmission Mode – Length (nm) 

100 - 200 

Zeta Potential at pH 7 (mV) -42 

Element Analysis by Combustion – Total 
Sulfur Content (wt.%) 

1.0 

 

Table 2:  Properties of United States Department of Agriculture Nanocellulose - CNC (USDA).   

Width Measured by TEM and AFM (nm) 5.9 +/- 1.8 

Length Measured by TEM and AFM (nm) 130 +/- 67 

Aspect Ration Calculated from TEM and 
AFM (nm) 

23 +/- 12 

Element Analysis  Not performed but product was prepared with 
sulfuric acid so surface chemistry is sulfonated. 
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Table 3:  Properties of Paper Fiber Research Institute Nanocellulose - CNF (PFI).   

Charge Density of Carboxylic Acid 1128 umol/g 

 

2.2 – Sand Used 

Three types of sand were used in this work.  The largest grain size (16-30 mesh) was 

selected because it is the largest grain size that could be used while still maintaining grain 

diameter less than 1/10th of sandpack ID to prevent significant edge effects.  The smallest grain 

size (mesh 140-270) was selected because it was the smallest grain size that could be found 

without using a crushing process which would significantly alter the shape and pore size 

distribution of the sand grains.  The average size of the smallest pore throats was calculated by 

approximating the smallest grains as spheres.  It then follows from geometry that the pore 

throat diameter is equal to about 1/6th of the grain diameter.  The full sand details are listed in 

Table 4. 

 

Table 4:  Properties of the various silica sands used in retention experiments. 

Sand Mesh Size 
(openings per 
linear inch) 

Sand Grain 
Size (µm) 

Average Size of 
Smallest Pore 
Throats (µm) 

Sand Source 

16 – 30 595 – 1190 99.2 Unknown 

50 – 70 210 – 297 35 Sigma Aldrich product number 274739; 
Also used glass beads which were 
product number 
G1277 

140 – 270 53 – 105 8.8 AGSCO Corporation 

 

2.3 – Refractive Index Measurements 

All refractive index measurements were performed using a Mettler Toledo RM40 

refractometer.  Refractive index was found to correlate linearly with nanocellulose 

concentration and therefore allowed for quick concentration measurements of batch solution. 
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2.4 – Phenol-Sulfuric Acid Method Concentration Measurements 

 The phenol sulfuric acid method is a wet chemistry method used to measure the 

concentration of nanocellulose in solution.  It is more accurate than the refractive index 

method to in determining small concentration changes because it does not suffer from 

instrument truncation error.  When cellulose is treated with phenol and concentrated sulfuric 

acid, it produces a solution with an orange color.  Colorimetry is then used to convert the 

absorbance of the orange solution at a specific wavelength to the concentration of suspended 

nanocellulose using a calibration curve for the specified wavelength.  The full protocol and 

theory are available in the literature (DuBois, Gilles, Hamilton, Rebers, & Smith, 1956). 

 

2.5 – Batch Adsorption Experiments 

Sand was placed in a beaker and then filled with aqueous suspension of cellulose 

nanocrystals.  The solution fully saturated the sand and a thin layer of fluid was left on top as a 

barrier to prevent evaporation of the fluid in the sand grains.  The beaker was covered with 

saran wrap to prevent further evaporation and left to sit for 48 hours.  A picture of the 

experimental setup is shown in Figure 8Figure 8.  After 48 hours, the aqueous phase was 

separated from the sand through a sieve and its refractive index was measured. 
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Figure 8:  Picture of batch experiment to test for adsorption. 

 

2.6 – Particle Sizing and Zeta Potential Experiments 

A NanoPlus HD zeta/nano particle analyzer was used to perform zeta potential and 

particle size measurements used in this study.  Particle size measurements were done by 

dynamic light scattering.  This method measures the speed at which particles diffuse due to 

Brownian motion (Particulate Systems, 2016) and relates this measurement to particle size.  

The speed of diffusion, described by the diffusion coefficient, is measured indirectly by 

measuring the intensity fluctuation of the light scattered by the particles.  Larger particles will 

diffuse slower so the intensity of the light they scatter will fluctuate slower than for smaller 

particles.  The change in the intensity of the scattered light during a small time step can be used 

to calculate the diffusion coefficient by using the following formulas (Particulate Systems, 

2016): 
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𝐺2(𝜏) =
〈𝐼(𝑡) ∗ 𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 

𝐺1(𝜏) = 𝐵𝑒−𝛤𝜏 

𝛤 = 𝐷𝑞2 

𝑞 =
4𝜋𝑛

𝜆
sin

𝜃

2
 

𝐺2(𝜏) = [𝐺1(𝜏)]2 

where 𝐼(𝑡) = intensity detected at time t (candela), 𝜏 = a small time step (seconds), <> = time 

average, B = constant dependent on instrument properties (dimensionless), D = diffusion 

coefficient (m2/s), n = refractive index of media (dimensionless), 𝜃 = scattering angle (radians), 

and 𝜆 = wavelength of scattered length (m).  Once the diffusion coefficient has been calculated, 

it is used to calculate the hydrodynamic radius of particles in solution using the Stokes-Einstein 

equation (Particulate Systems, 2016): 

𝑑 =
𝐾𝐵𝑇

3𝜋µ𝐷
 

where 𝑑 = hydrodynamic radius (m), 𝐾𝐵 = Boltzmann’s constant (1.3806485*10-23 m2 kg s-2 K-1), 

𝑇 = absolute temperature (Kelvin), and µ = dynamic viscosity (kg m-1 s-1). 

It should be noted that the hydrodynamic radius calculated by dynamic light scattering 

assumes particles are spherical in shape.  Nanocellulose particles are rod shaped therefore, the 

particle size calculated by dynamic light scattering is an approximation.  This does allow relative 

comparison between nanocellulose samples under different conditions. 
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2.7 - Microscopy Work 

 Images of nanocellulose aggregates were taken by using transition electron microscopy 

(TEM).  A Tecnai F20 electron microscope was used.  The electron microscope is available in the 

University of Calgary Microscopy and Imaging Facility (MIF) located in the basement of the 

health sciences building at Foothills Hospital in Calgary.  

 

2.8 - Sandpack Retention Experiments 

Nanoparticle retention experiments were performed by using a sandpack flooding 

apparatus that was built in-house.  A process diagram of the apparatus is presented in Figure 9. 

A list of the apparatus components is provided in Table 5 and a picture of the apparatus is 

provided in Figure 10.  Unconsolidated sand was chosen for its consistent and homogeneous 

properties, as opposed to cores or ground sandstone which may vary in properties due to 

natural heterogeneities in reservoir rock.  This allowed for a more direct comparison between 

experiments.  The sand was held inside the sandpack by mesh screens.  The size of screen used 

was changed depending on the size of sand grains being used.  The opening size of the 100 

mesh screen is 149 µm making it larger than the average size of the smallest pores for both the 

50 – 70 mesh sand and the 16 – 30 mesh sand.  Therefore, any observed retention should not 

be a result of the mesh and any filter cake observed on the mesh would have formed a filter 

cake on the sandpack as well.  The opening size of the 325 mesh screen is 44 µm making it 

larger than the average size of the smallest pores for the 140 – 270 mesh sand. 

An in-line UV Vis was used to measure the concentration of CNC in solution.  However, 

the maximum concentration of CNC used in experiments was capped because the UV Vis 

calibration curve becomes non-linear at high concentrations of CNC.   The onset and severity of 

non-linearity varies depending on the type of CNC used.  To help correct for some non-linearity, 

a non-linear calibration curve fitting was used as outlined in Section Appendices A.6 - UV Vis 

Non-Linear Curve Fitting Procedure. 

The flooding apparatus records pressure drop and effluent concentration every second. 

This allows for generation of high resolution breakthrough curves.  The high resolution of the 
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data allows for subtle anomalies in the breakthrough curves to be identified.  Data acquisition is 

automated allowing for ease of use and consistency.  The pressure transmitter can be re-ranged 

allowing for accurate detection of pressure drop for a wide range of sand permeability and flow 

rates.  The UV Vis detector can monitor and log data for two wavelengths at once.  This allows 

for co-injection of multiple components with different absorbance spectrums.  The syringe 

pump allows for precise flow rate control and the system is designed to operate up to 1000 psi.  

The transfer cylinder is used to hold nanofluids so that they do not damage the pump seals.  

This makes the system compatible with almost any type of nanofluid.  The vacuum pump is 

effective at bringing the whole apparatus down to a 0.16 kPa vacuum ensuring that air can be 

removed from the system in preparation for nanofloods. 

Before each retention flood, the sandpack was subjected to alternating purges of 

deionized water and high salinity brine.  The purging process was found to be effective at 

removing the majority of silica fines.  Silica fines are detected by UV Vis so they had to be 

removed to prevent mass balance error.  After purging the sandpack, 2 pore volumes of NaI 

tracer were injected, followed by 4 pore volumes of brine post-flush.  The tracer flood was 

performed to characterize the dispersivity of the sandpacks.  Following the brine post-flush, the 

sandpack was again subjected to alternating purges of deionized water and high salinity brine 

to bring the sandpack back to a consistent starting state.  After purging the sandpack, 2 pore 

volumes of nanofluid were injected, followed by 4 pore volumes of brine post-flush.  The 

breakthrough curves for the tracer and the nanofluid were then compared to identify 

interesting transport and retention anomalies.  The full retention flooding procedure is 

described in Section Appendices A.12 - Retention Flow Experiment. 
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Figure 9:  Process flow diagram of retention experiment flooding apparatus. 

 

Table 5:  List of equipment used in retention flooding apparatus. 

Equipment Type 

Tubing and Valves Swagelok stainless steel.  Line diameters and lengths are provided 
in section Appendices B.2 - Dead Volume Measurement. 

Syringe Pump VINDUM Engineering Inc. Model VP-12K-SS with viton seal. 

Transfer Cylinder 500 ml stainless steel cylinder with brass floating piston.  
Manufactured in-house. 

Sandpack 1-foot-long 3/4" O.D. with 0.065”wall thickness stainless steel 
Swagelok tubing.  Inlet and outlet have 100 or 325 stainless steel 
mesh elements (depending on the sand grain size being used) that 
were manufactured in-house. 

Pressure Transmitter Rosemont transmitter model: 3051S1CD3A2A12A1AK6M5 with 
Viator HART Interface for re-ranging. 

Data Acquisition System National Instruments NI cDAQ-9188. 

Vacuum Pump CPS 2 CFM Vacuum Pump with CPS VG200 pressure gauge. 

In-Line UV Vis DIONEX UltiMate 3400 RS Variable Wavelength Detector. 

Fraction Collector Teledyne ISCO Foxy R2. 
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The In-line UV Vis detector measures concentration of nanoparticles or tracer in the 

effluent as a function of monochromatic light absorbance.  Absorbance is calculated by using a 

variation of Lambert-Beer’s Law (Thermo Fisher Scientific, 2013): 

𝐴𝑏 =  𝜀𝑐𝑙(1000) =  1000 (log (
𝐼𝑟

𝐼𝑠
) − log (

𝐼𝑟𝑜

𝐼𝑠𝑜
)) 

where 𝐴𝑏 = absorbance (mAU – dimensionless milli absorbance units), 𝜀 = molar excitation 

coefficient of the analyte (L1 mol-1 cm-1), 𝑐 = concentration (mol/L), 𝑙 = flow cell optical path 

length (cm), 𝐼𝑟 = reference beam intensity (candela), 𝐼𝑠 = sample beam intensity (candela), 𝐼𝑟𝑜 = 

reference beam intensity with autozero (candela), and 𝐼𝑠𝑜 = sample beam intensity with 

autozero (candela). 

Pump 

Sandpack 

In-Line 
UV Vis Pressure 

Transducer 

Transfer 
Cylinder 

Vacuum 
Pump 

Figure 10:  Picture of the experimental apparatus 
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The absorbance signal from the in-line UV Vis detector was then converted into a 

concentration using a calibration curve.  The concentration reading from the calibration curve 

enabled calculation of a mass balance around the sandpack to determine how much 

nanocellulose was retained in the sand. 

 

2.9 – Selecting Absorbance Wavelength for Nanocellulose Floods 

 At the beginning of this study, before the UltiMate 3400 UV Vis detector was available, 

CNC (AITF) was tested in three bench top batch UV Vis detectors.  It was observed that 

benchtop UV Vis detectors did not give consistent absorbance readings for a constant 

concentration of CNC (AITF).  This meant that benchtop UV Vis detectors would not be able to 

give an accurate mass balance of the amount of nanocellulose exiting the sandpack in effluent 

samples.  However, use of the bench top UV Vis detectors did allow for mapping the 

absorbance spectrum of nanocellulose.  Figure 11 shows the absorbance spectrum for CNC 

(AITF) in a bench top detector.  From the spectrum, it is evident that the absorbance of 

nanocellulose decreases as wavelength is increased above ~300 nm.  Also, there is a lot of noise 

below ~280 nm.  The high noise observed with bench top UV Vis detectors is another reason 

they were not used in the retention flow experiments.    
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Figure 11:  UV Vis absorbance spectrum for CNC (AITF) in a bench top UV Vis detector. 

 

 Initial testing with the UltiMate 3400 UV Vis detector confirmed that absorbance 

decreased as wavelength was increased.  Additionally, the UltiMate 3400 had much less noise 

and could detect absorbance at wavelengths as low as 190 nm.  It was found that in the full UV 

Vis spectrum from 190 nm to 900 nm, absorbance was always higher at lower wavelengths.  

This also meant the UV Vis spectrum did not have an isolated peak for the UltiMate 3400 

detector.  As well, wavelengths below ~250 nm had increased noise and would often take an 

excessive amount of time to settle on a steady absorbance reading during calibration floods.  At 

wavelengths over ~300 nm, nanocellulose had low absorbance and readings at these 

wavelengths were therefore more susceptible to error that could be caused by the presence of 

nm.
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trace amounts of silica fines.  Trace amounts of silica fines will increase the absorbance reading 

by a small amount.  This created more error at higher wavelengths because the UV absorbance 

of nanocellulose is quite low at these wavelengths.  Thus, a small amount of silica fines could 

appreciably increase the absorbance reading when a wavelength higher than 300 nm was used.  

Therefore, it was decided that a wavelength between 250 nm and 300 nm be selected for 

measuring nanocellulose concentration. 

Figure 12 shows the absorbance for CNC (USDA) in 0.1% NaCl at four different 

wavelengths.  A linear trendline was fitted to the calibration curve data for each wavelength to 

determine which wavelength gave the best linearity.  From the calculated R2 values, it was 

determined that of the wavelengths tested, 254 nm gave the best linearity.  For this reason, 254 

nm was selected as the wavelength to use for nanocellulose in retention floods.  All 

nanocellulose types were detected at the same wavelength for consistency.  All nanocellulose 

types showed relatively good linearity at 254 nm when 0.5 wt.% nanocellulose concentration 

was used.  The calibration curves for all nanocellulose types were found to become increasingly 

non-linear as nanocellulose concentration was increased above 0.5 wt.%.  For this reason, the 

concentration of injected nanocellulose solutions was taken as 0.5 wt.% and higher 

concentrations were not tested.  The calibration curves were often not perfectly linear so a 

non-linear curve fitting procedure was developed to minimize error in concentration 

estimation.  For more information on the non-linear curve fitting procedure, as well as the 

calibration curves used for each nanocellulose solution see Section Appendices A.6 - UV Vis 

Non-Linear Curve Fitting Procedure.  It should also be noted that the absorbance of 

nanocellulose becomes significantly higher as NaCl concentration is increased so separate 

calibration curves were developed for each salinity tested.  All calibration curves used in this 

thesis are provided in section Appendi. 
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Figure 12:  Wavelength mapping and selection for CNC (USDA) using the UltiMate 3400 UV Vis 
detector. 

 

2.10 – Purpose for Using a Tracer 

 During initial testing of the retention equipment, it was noticed that the breakthrough 

curves for CNC (AITF) were not smooth.  This was an unexpected result and there was concern 

it could be due to a flaw in the equipment design or an improper sand packing resulting in a 

heterogeneity that affected flow.  In order to rule out an equipment flaw or sandpack 

heterogeneity, a tracer flood was performed before each nanofluid flood.  The tracer flood 

allowed a conservative convective-diffusive breakthrough curve to be plotted for each 

sandpack.  A not-smooth breakthrough curve for the tracer is an indication of heterogeneity of 

the packing of sand.  The breakthrough curve for the nanoflood was then compared to the 

breakthrough curve for the tracer.  Differences in the shape of the breakthrough curve for the 
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nanofluid versus that for the tracer could indicate potential phenomena occurring during the 

nanoflood that are specific to interactions between nanoparticles and the grains of the 

sandpack. 

Sodium Iodide (NaI) was selected as a tracer because it was shown to behave as a 

conservative convective-diffusive tracer in a previous study (Chung, 2013).  The wavelength 

used for the tracer was selected to be 254 nm.  This number was consistent with the 

wavelength used for nanocellulose and only a small amount of NaI was required to get a strong 

absorbance signal at 254 nm.  The tracer was flooded at a concentration of 0.255 wt.% as this 

was approximately the same ionic strength as a 0.1% sodium chloride (NaCl) solution.  The pre-

flush and post-flush were carried out with 0.1% NaCl so the ionic strength in the pack was 

relatively unchanged during the tracer flood.  This helped to minimize any fines migration 

caused by changes in ionic strength.  Minimizing fines migration ensured that the resulting 

tracer breakthrough curve looked like a standard breakthrough curve for a conservative 

convective-diffusive tracer.  The sodium iodide used in this study was sourced from Sigma 

Aldrich – product number 71712. 

 

2.11 – Post-Flood Sand Baking 

 The sand from each sandpack was baked in an oven after the nanoflood to visualize 

which regions of the pack retained the most nanocellulose.  Nanocellulose turns black when it is 

heated to 300°C.  Therefore, the regions of the pack that retained more nanocellulose 

appeared relatively darker than the rest of the sandpack after baking.  Post-flood baking was 

done in a Thermo Scientific HERATHERM Oven. 
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Chapter 3 - Results and Discussion 

3.1 – Particle Sizing Experiments Set 1 (Stability vs. Particle Type & Sonication Energy Input) 

Sonication helps to disperse cellulose nanoparticles and break apart large aggregates. 

This helps to minimize the size and polydispersivity of the injected aggregates.  To compare 

results between nanofluid batches it was decided that each batch should be sonicated with a 

consistent amount of energy per unit mass.  Figure 13 shows that the particle size for CNC 

(AITF) displays an asymptote as sonication input energy increases.  To prevent excessive 

sonication time and heating near the sonication probe, it was decided that 4000 kJ / 20 grams 

of solution was enough input energy to ensure the cellulose nanoparticles were relatively well 

dispersed.  Particle size is still higher than the nominal particle size, indicating that there is still 

some degree of aggregation.  Despite some aggregation, the suspension remained stable. 

Sonication was carried out at 50% amplitude which greatly reduced heating of the sample. 

 

Figure 13:  Sonication energy versus particle size measured by DLS for 20 gram sample of CNC 
0.5% (AITF) in deionized water.  Dashed line is the nominal particle size as calculated from the 
measurements reported by AITF, see Table 6. 
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Similarly, Figure 14 shows that the average particle diameter decreases with sonication 

time (energy) for cellulose nanoparticles in 0.1% NaCl solution.  The particle diameter is larger 

in 0.1% NaCl than in deionized water, suggesting that increased aggregation is occurring in the 

presence of salt.  However, an input energy of 4000 kJ/ 20 gram of solution still is sufficient to 

ensure the cellulose nanocrystals form a stable dispersion.  It should be noted that the input 

energy recorded is a measure of the total energy delivered by the probe as mechanical 

agitation and heat.  The temperature of samples was not measured after sonication, though 

dramatic differences were not apparent while handling the samples except for a general trend 

of warmer samples as the energy input increases, so a quantitative comparison of the fraction 

of energy delivered as mechanical agitation is not possible. 

 

Figure 14:  Sonication energy versus particle size measured by DLS for 20 gram sample of 0.5% 
CNC (AITF) in 0.1% NaCl.  Dashed line is the nominal particle size as calculated from the 
measurements reported by AITF, see Table 6. 
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energy input is much less drastic for CNC (USDA) than CNC (AITF).  Further, CNC (USDA) seems 

to remain relatively well dispersed with no sonication energy input.  CNC (USDA) in 0.1% NaCl 

also does not show a large change in particle size over a period of a week, while CNC (AITF) 

shows an increase in particle size over a week.  This indicate that CNC (USDA) has better long 

term stability than CNC (AITF).  It should be noted that the samples used in these graphs were 

mixed with a magnetic stir bar before the sonication energy was applied.  This was to ensure all 

tests had consistent starting conditions. 

 

Figure 15:  Sonication energy versus particle size measured by DLS for 20 gram sample of 0.5% 
CNC (USDA) in deionized water.  Dashed line is the nominal particle size as calculated from the 
measurements reported by USDA, see Table 6. 
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Overall, it was determined that sonicating at 50% amplitude with the input energy of 

4000 kJ / 20 grams of sample fluid allows for formation of stable dispersions for all types of 

nanocellulose tested.   

 

Figure 16:  Sonication energy versus particle size measured by DLS for 20 gram sample of 0.5% 
CNC (USDA) in 0.1% NaCl.  Dashed line is the nominal particle size as calculated from the 
measurements reported by USDA, see Table 6. 
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particles.  The CNF (PFI) was not tested at higher salinity because they form a thick gel at higher 

salinity.  They were also found to form a thick gel when the concentration of cellulose 

nanofibrils was increased above 0.25 wt.%.  As well, it was observed that the CNC (USDA) was 

the smallest particle, followed by the CNC (AITF).  The CNF (PFI) was the largest particle.  The 

nominal particle size is reported for CNC (AITF) and CNC (USDA) based on the particle 

dimensions measured from TEM, AFM, and SEM and reported in Table 1 and Table 2.  The 

nominal particle size is calculated by averaging the measured length, width, and thickness 

(assumed thickness is the same as width for a rod shaped particle). 

 

Table 6:  Particle sizing data and zeta potential for the solutions used in the retention floods.  All 
samples received 200 J/g solution sonication input energy. 

Particle CNC (AITF) CNC (USDA) CNF (PFI) 

Salinity (wt.%) 0.1 0.3 0.1 0.3 1.0 0.1 

Cellulose Conc. (wt.%) 0.5 0.5 0.5 0.5 0.5 0.25 

Avg. Particle Size (nm) 
321  

+/- 29 
1355  

+/- 172 
67    

+/- 3 
298    

+/- 11 
905 

+/- 127 
755             

+/- 140 

Zeta Potential (mV) 
-23.60 

+/- 2.22 
-15.69 

+/- 1.54 
-30.28 

+/- 1.18 
-21.20 

+/- 2.37 
-11.01 

+/- 1.32 
-26.54 

+/- 1.05 

Nominal Particle Size 
(nm) 60 47 n/a 

 

3.3 - Microscopy Findings 

 The images presented in this section are meant to illustrate the stark difference in 

aggregate structure between CNC (AITF) and CNC (USDA).  These images were taken on Jan 25, 

2017 which is ~1-2 months after the samples were prepared.  As well, the sample preparation 

for TEM tends to result in aggregation of the samples.  For these reasons, the injected CNC 

solutions are likely far less aggregated than what is shown in these images.  However, the TEM 

images do allow us to compare how each type of CNC structures itself and what the resulting 

aggregates look like. 
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 The first set of images is for the 0.5% CNC (AITF) in 0.1% NaCl injection solution that was 

used in Experiment 21.  It should be noted that this sample was prepared by dilution in 

isopropyl alcohol.  Figure 17 shows grey masses that are CNC aggregates, as well as a fibrous 

CNC network.  From the image is evident that CNC (AITF) can form large, micrometer sized 

aggregates. The black cubes are believed to be salt crystals based on their diffraction signature.  

Figure 18 is a magnified view of the region encompassed by the red box in Figure 17.  The 

magnified view lets us get a closer view of the aggregate structure.  The CNC (AITF) aggregates 

appear to be a mesoporous structure composed of entangled fibers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17:  TEM image of 0.5% CNC (AITF) in 0.1% NaCl from injection solution used in 
Experiment 21. 

CNC Aggregate 

Fibrous Network 
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Figure 18:  Close-up TEM image of 0.5% CNC (AITF) in 0.1% NaCl from injection solution used in 
Experiment 21. 

 

 In comparison to CNC (AITF), CNC (USDA) does not show the presence of large 

aggregates.  Figure 19 shows the 0.5% CNC (USDA) in 0.1% NaCl injection solution that was 

used in Experiment 17.  It should be noted that this sample was prepared by dilution in 

deionized water.  A fibrous CNC network is visible but there are no large aggregated masses.  

Individual Fiber 
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Figure 20 is a magnified view of the region encompassed by the red box in Figure 19.  The 

individual CNC rods are visible and they have stayed relatively dispersed without forming any 

larger mesoporous aggregates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19:  TEM image of 0.5% CNC (AITF) in 0.1% NaCl from injection solution used in 
Experiment 17. 
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Figure 20:  Close-up TEM image of 0.5% CNC (AITF) in 0.1% NaCl from injection solution used in 
Experiment 17. 

 

 Overall, the TEM images suggest that CNC (AITF) tends to more readily form large 

aggregates while CNC (USDA) stays relatively dispersed.  The tendency of CNC (AITF) to form 

aggregates could explain why it has increased retention and permeability reduction during 

Individual Particle 
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transport through porous media.  The transport results for both types of particles will be 

describe in further detail in Section 3.5 - Sandpack Retention Experiments. 

 

3.4 - Batch Adsorption Experiment Findings 

The batch experiments showed no measureable adsorption for the CNC (AITF) particles 

and the CNC (USDA) particles.  This indicates that any large retention observed in the flow 

experiments is likely a result of straining or caking as opposed to adsorption.  The results of the 

batch experiments using refractive index to measure concentration are summarized in Table 7.  

Given that there is some truncation error in these experiments they may not be able to detect 

small amounts of adsorption. 

An additional set of batch experiments was performed by using the phenol-sulfuric acid 

method to measure nanocellulose concentration.  The purpose for these experiments was to 

more accurately measure any small changes in concentrations giving a better idea if adsorption 

is occurring. The results are presented in Table 8.  The data shows that CNC (USDA) has no 

measureable adsorption.  This supports the finding from the refractive index method which 

indicates any major retention during flow experiments is likely a result of straining or caking as 

opposed to adsorption.  The lab that performed these measurements did not have a sonicator 

so a stable CNC (AITF) suspension could not be formed.  Therefore, the phenol-sulfuric acid 

method was not used for CNC (AITF). 
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Table 7:  Results from batch experiments that used refractive index to measure concentration. 

Particle 
Type 

Sand Mesh 
(openings 
per linear 
inch) 

Calculated 
CNC 
Concentration 
from RI  

Aqueous CNC 
Concentration 
if Monolayer 
Coverage 

Comment 

0.5% 
CNC 
(AITF) 
In 0.1% 
NaCl 

50 – 70 0.5% 0% Only last decimal of RI Instrument 
could detect CNC at this low of a 
concentration.  Resulted in some 
truncation error which meant that 
small changes in concentration 
could not be detected. 

0.5% 
CNC 
(AITF) 
in 0.1% 
NaCl 

140 - 270 0.57% 0% Liquid could not be sieved out of 
the sand, used supernatant instead.  
The process of trying to sieve liquid 
out of the sand took about 20 
minutes so likely some evaporation 
occurred during this time which 
caused the concentration to read 
above 0.5%.  The higher 
concentration reading is also due to 
truncation error because only the 
last decimal of the RI instrument 
could detect CNC at this 
concentration.  The increase from 
0.5% to 0.57% was a result of the 
last decimal of the RI instrument 
increasing by a value of 1.  

2.0% 
CNC 
(USDA) 
in 0.1% 
NaCl 

50 – 70 2.06% 1.75% A 2.0% solution was used in an 
attempt to reduce truncation error.  
The process of sieving out liquid and 
taking a RI reading takes about 20 
min.  There was likely some 
evaporation during this time which 
caused the concentration to read 
slightly above 2%. 

0.5% 
CNC 
(USDA) 
in 0.3% 
NaCl 

50 – 70 0.54% 0% The higher concentration reading is 
also due to truncation error 
because only the last decimal of the 
RI instrument could detect CNC at 
this concentration.  The increase 
from 0.5% to 0.54% was a result of 
the last decimal of the RI instrument 
increasing by a value of 1. 
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Table 8:  Results from batch experiments that used the phenol-sulfuric acid method to measure 
concentration. 

Particle 
Type 

Sand Mesh 
(openings per 
linear inch) 

Calculated 
Concentration 

Aqueous Concentration 
if Monolayer Coverage 

Comment 

0.5% 
CNC 
(USDA) 
in 0.1% 
NaCl 

50 – 70 0.5% 0.3% No measureable 
adsorption 

0.5% 
CNC 
(USDA) 
in 0.1% 
NaCl 

140 – 270 0.52% 0% No measureable 
adsorption.  Likely some 
minor error due to 
evaporation. 

 

To help explain the results of the batch experiments, the theoretical concentration 

change that would be expected for monolayer adsorption was also calculated.  This allowed the 

actual concentration change to be compared to the theoretical concentration change if 

adsorption was occurring to a significant extent.  It was found that for all batch experiments the 

concentration of CNC remaining in solution at the end of the experiment should have 

substantially decreased or reached zero if monolayer adsorption had occurred.  Given that the 

batch experiments did not show any concentration decrease this indicates that very little 

adsorption is occurring. 

Monolayer coverage is calculated by approximating the nanoparticles as spheres with 

diameter equal to the hydrodynamic diameter measured from dynamic light scattering and 

presented in Table 7.  The aggregate volume is assumed to be entirely composed of 

nanocellulose and the density of nanocellulose is taken to be a commonly accepted value of 1.6 

g/cm3 (Moon et al., 2011).  The monolayer coverage for a hexagonally packed pattern is 

calculated with the following formula (Zhang, 2012): 

𝑅𝑚𝑜𝑛𝑜 =
𝜋

3√3
𝑑𝑝𝜌𝑝 
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where 𝑅𝑚𝑜𝑛𝑜 = monolayer coverage (gram CNC / m2), 𝑑𝑝 = nanocellulose aggregate diameter 

(m), and 𝜌𝑝 = nanocellulose density (g / m3). 

 The sand grains are approximated as spheres so that their surface area per gram can be 

calculated from geometry.  The grain diameter is taken as the average between the smallest 

and largest grains size in the sand, as shown in Table 4.  The following formula is used: 

𝐴𝑠 =
6

𝑑𝑠𝜌𝑠
 

where 𝐴𝑠 = surface area per gram of sand (m2 / g), 𝑑𝑠 = sand grain diameter (m), and 𝜌𝑠 = sand 

density (g / m3). 

 A sample calculation is provided below for 0.5% CNC (AITF) in 50-70 mesh sand: 

Monolayer Coverage 

𝑅𝑚𝑜𝑛𝑜 =
𝜋

3√3
(321x10−9𝑚)(1.6x106 𝑔 𝑚3⁄ ) = 0.311 𝑔 𝐶𝑁𝐶 𝑚2⁄  

Specific Surface Area of Sand 

𝐴𝑠 =
6

(253.5x10−6𝑚)(2.64x106 𝑔 𝑚3⁄ )
= 0.00897 𝑚2 𝑔 𝑆𝑎𝑛𝑑⁄  

Monolayer Capacity 

𝑅𝑚𝑜𝑛𝑜𝐴𝑠 = (0.311 𝑔 𝐶𝑁𝐶 𝑚2⁄ )(0.00897 𝑚2 𝑔 𝑆𝑎𝑛𝑑⁄ ) = 0.00278 𝑔 𝐶𝑁𝐶 𝑔 𝑆𝑎𝑛𝑑⁄  

Multiply by the Total Amount of Sand Used to get Total Monolayer Capacity 

(0.00278 𝑔 𝐶𝑁𝐶 𝑔 𝑆𝑎𝑛𝑑⁄ )(188.98 𝑔 𝑆𝑎𝑛𝑑) = 0.525 𝑔 𝐶𝑁𝐶 

Multiply Mass of Nanofluid with the Concentration to get Total Mass of CNC 

(44.43 𝑔 𝑁𝑎𝑛𝑜𝑓𝑙𝑢𝑖𝑑)(0.005 𝑔 𝐶𝑁𝐶 𝑔 𝑁𝑎𝑛𝑜𝑓𝑙𝑢𝑖𝑑⁄ ) = 0.222 𝑔 𝐶𝑁𝐶 

 Therefore, it is evident that the sand has enough monolayer capacity (0.493 g) to 

completely adsorb all of the CNC in solution (0.222 g).  As the CNC concentration in the 
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nanofluid did not decrease over the course of the experiment this indicates that CNC does not 

have a strong affinity to adsorb to the sand. 

 

3.5 - Sandpack Retention Experiments 

To test retention mechanisms affecting nanocellulose transport through porous media, 

namely caking, straining, and log jamming, a series of flow experiments were conducted.  Three 

main variables that impact retention were identified from literature (McDowell-Boyer et al., 

1986).  The variables are grain size, particle type, and velocity.  In addition, salinity was 

theorized to impact retention because initial testing with CNC showed that it aggregates when 

salinity is increased, as shown in Table 6.  Previous research has shown that for silica and iron 

oxide nanoparticles, temperature had very little impact on the adsorption of particles in porous 

media (Caldelas, Murphy, Huh, & Bryant, 2011).  For this reason, temperature was not 

investigated in this study.  The variables tested and values chosen for each variable are listed in 

Table 9. 

 

Table 9:  Variables tested in retention floods.   

Variables 
Tested 

Values Tested Experiments Included 

Grain Size 

16-30 Mesh Sand Experiment 15 vs 16 vs 17 
And 

Experiment 18 vs 22 vs 25 
50-70 Mesh Sand 

140-270 Mesh Sand 

Particle Type 

CNC (USDA) 

Experiment 11 vs 17 vs 25 CNC (AITF) 

CNF (PFI) 

Salinity 

0.1% Experiment 4 vs 7 
And 

Experiment 12 vs 17 vs 29 
0.3% 

1.0% 

Velocity 

0.1 cc/min 

Experiment 19 vs 24 vs 25 1 cc/min 

8 cc/min 
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 When reading the plots in this section there are several key features that 

indicate various phenomena occurring.  In all of the plots presented in this section, a 2 pore 

volume slug of nanoflood is injected, followed by a 4 pore volume brine post-flush.  Three 

example pressure plots (Figure 21, Figure 22, and Figure 23) are provided to illustrate how 

different phenomena can be identified from a flood’s pressure profile.  In terms of pressure 

drop, when a viscous plug of fluid flows through a sandpack without being filtered, the pressure 

drop is expected to increase until the media is fully saturated with the viscous liquid.  At this 

point, the pressure drop levels out because there is no further increase in viscosity in the bed.  

When the viscous fluid is displaced from the bed by a post-flush, the pressure drop is expected 

to return to its original value.  The pressure drop profile for viscous plug flow without filtration 

is illustrated in Figure 21.   

When a filter cake is formed in a dynamic system, a steady pressure drop increase is 

expected as the cake builds.  There is no slope change in the pressure profile after 1 pore 

volume because viscous fluid is not entering the bed.  During the post-flush, the pressure drop 

stays level as the filter cake is not able to displace into the bed.  The pressure drop profile for 

dynamic filter cake formation is illustrated in Figure 22.  When deep bed filtration of a viscous 

fluid is occurring, the pressure increases rapidly during the first pore volume of injection 

because the media is being saturated with viscous fluid and the permeability is being reduced 

due to deposition of suspended materials.  After 1 pore volume of injection, the pressure drop 

increase slows.  This is because after 1 pore volume of injection, the bed is fully saturated with 

viscous fluid so there is no longer a pressure drop increase due to increasing the viscosity in the 

bed.  Between 1 and 2 pore volumes, the pressure drop increase is only a function of deep bed 

filtration.  Once the post-flush starts at 2 pore volumes, the pressure drop decreases until all 

the viscous fluid has been displaced out of the bed.  At this point, the pressure drop profile 

levels out.  The final pressure drop across the bed is higher than the initial pressure drop due to 

deposited materials from the nanoflood that remain in the bed.  The pressure drop profile for 

deep bed filtration is illustrated in Figure 23.  The phenomena observed in the sandpack floods 

exhibit these behaviors and several variations of them.  A guide to interpreting all the 

phenomena observed in the experiments plotted in this section is provided in Table 10. 
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Drop

Pore Volumes

1 2 3 4

Figure 21:  Presure drop profile for viscous plug flow without filtration.  Post-flush starts at 2 
PV. 

Pressure 
Drop 

Pore Volumes 

1 2 3 4 

Figure 22:  Pressure drop profile for dynamic filter cake formation.  Post-flush starts at 2 
PV. 
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Figure 23:  Pressure drop profile for deep bed filtration with straining.  Post-flush starts at 2 PV. 



49 
 

Table 10:  Interpretation of observations in the breakthrough curve retention and pressure drop 
profiles for nanocellulose floods. 

Observation Interpretation 

Pressure drop is continuous for 2 PV 
of injection and levels out as soon as 
the post-flush starts. 

A filter cake has formed on the inlet of the sandpack. 

Pressure drop levels out after the 
first PV of injection. 

The sandpack is fully saturated with viscous fluid and 
no further filtration is occurring. 

Pressure drop increases during 2 PV 
of injection but after 1 PV has 
elapsed, the pressure drop increase 
lessens. 

During the first PV of injection, the sandpack is 
saturated with viscous fluid and filtration is occurring.  
During the second PV of injection, the sandpack is fully 
saturated with viscous fluid and filtration is occurring. 

Pressure drop gradually increases as 
post-flush continues. 

A filter cake on the pack inlet is being compressed or 
some fines migration is occurring. 

The nanocellulose concentration 
curve breaks through later than the 
tracer concentration curve. 

Fast-rate adsorption is occurring. 

The post-flush breaks through 
quicker for the nanocellulose flood 
relative to the tracer flood. 

The nanocellulose flood resulted in a reduction of pore 
volume and blocking of pore throats. 

The nanocellulose concentration 
curve does not reach injection 
concentration. 

Significant filtration is occurring. 

The nanocellulose concentration 
curve is bumpy during the post-flush. 

Nanocellulose aggregates blocked off some of the pore 
throats and some of these aggregates are shearing 
apart and releasing clusters of nanocellulose during the 
post-flush. 

 

3.5.1 - Effect of Grain Size on Nanocellulose Transport 

The case of using the smallest nanocrystals – CNC (USDA) – was expected to show 

behavior identical to the tracer.  However, it was found that the nanocellulose effluent 

concentration curve deviated slightly from the tracer concentration curve.  Specifically, it took 

the nanocellulose curve longer to reach unity than the tracer curve, suggesting a small amount 

of retention was occurring.  Also, the nanocellulose had a slightly longer effluent tail.  These 

observations are visible in Figure 24 which displays the breakthrough curve of Experiment 15 

where CNC (USDA) was flooded through the 16-30 mesh sand grains.  The sand grains used in 

this experiment were large enough that there should be no straining occurring and a negligible 
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amount of adsorption to the sand grains due to the relatively small surface area.  Also, the 

batch experiments never indicated any significant adsorption as describe in section 3.4 - Batch 

Adsorption Experiment Findings.  From these results of Experiment 15, it was determined that 

the smallest nanoparticles adsorb to the apparatus.  The UV flow cell reading seems to increase 

between pre-flush and post-flush which suggests some of the particles are adsorbing to the 

detector resulting in the increased signal. For this reason, the effluent and tracer curves do not 

line-up perfectly and there was some retention of the nanocellulose.  It should be noted that 

this was the only grain size experiment performed at 2 ml/min instead of 1 ml/min.  The higher 

flow rate was used to get enough pressure drop to reduce the signal-to-noise ratio of the 

pressure data.  The pressure drop profile is noisy but it appears to follow the general profile for 

viscous plug flow without filtration.  The pressure drop increases during the first pore volume of 

nanofluid injected and appears to remain level during the second pore volume injected.  This 

flood was performed before a tool for rearranging the pressure transmitter to manually adjust 

the signal to noise ratio had been purchased.   The higher flow rate is not expected to impact 

the results because straining was never observed for CNC (USDA) so the higher shear would not 

have impacted breakdown of aggregates. 
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Figure 24:  Breakthrough curve for experiment 15 - 0.5% CNC (USDA) in 0.1% NaCl at 2.0 ml/min 
through 16-30 mesh sand. 

 

When the smaller 50-70 mesh sand grains are used, there is one very significant change.  

The green effluent curve now shows a delayed breakthrough relative to the red tracer curve at 

around 1 pore volume, as shown in Figure 25 for Experiment 17.  This delayed breakthrough 

suggests that some adsorption is taking place.  There is likely some fast rate adsorption 

occurring such that the first nanoparticles to enter the pack are retained.  The number of 

adsorption sites is small, considering the small batch adsorption, and thus fill up quickly and the 

effluent curve then approaches injection concentration.  The pressure spike that occurs right 

before 2 pore volumes is because a valve was flipped to start the post-flush.  The pressure drop 

profile again appears to follow the general profile for viscous plug flow without filtration.  The 
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pressure drop increases during the first pore volume of nanofluid injected and appears to 

remain level during the second pore volume injected.  This indicates that after the initial fast 

rate adsorption, no further filtration occurs. 

 

Figure 25:  Breakthrough curve for experiment 17 - 0.5% CNC (USDA) in 0.1% NaCl at 1.0 ml/min 
through 50-70 mesh sand. 

 

In the case of the smallest 140-270 mesh sand grains, shown in Figure 26 for experiment 

16, it is evident that the nanocellulose shows a delayed breakthrough relative to the tracer.  

This would again suggest that fast rate of adsorption is taking place.  It should be noted that for 

Experiment 14, the tracer went significantly above unity.  Therefore, it was adjusted back down 

to a maximum of unity.  The extra signal was likely a result of some mobilized fines which are 
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detected by UV Vis.  Due to the fines, there may be some additional error in the calculated 

retention of CNC.  The pressure drop profile again appears to follow the general profile for 

viscous plug flow without filtration.  The pressure drop increases during the first pore volume of 

nanofluid injected and appears to remain level during the second pore volume injected.  This 

indicates that after the initial fast rate adsorption, no further filtration occurs.  It is observed 

that the pressure drop continued to increase during the post-flush which was not observed for 

the 50-70 mesh or 16-30 mesh sands.  The increased permeability drop also suggests that some 

formation damage is occurring when the nanofluid is injected.  The formation damage could be 

a result of fines migration stimulated by the nanocellulose. 

 

Figure 26:  Breakthrough curve for experiment 16 - 0.5% CNC (USDA) in 0.1% NaCl at 1.0 ml/min 
through 140-270 mesh sand. 
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The impact of grain size on permeability reduction and retention was also tested for 

CNC (AITF).  Figure 27 shows the breakthrough curve for Experiment 18; the case of flooding 

CNC (AITF) through 16 – 30 mesh sand.  The first interesting observation is that the post-flush 

shows an early breakthrough.  The early post-flush breakthrough can be seen just before 3 pore 

volumes when the green effluent curve starts dropping notably earlier than the red tracer 

curve.  The tracer flood is performed before the nanoflood.  Given this, earlier post-flush 

breakthrough on the nanofluid flood suggests that the post-flush had less volume to travel 

through after the nanoflood compared to after the tracer flood.  This indicates that the 

nanoflood reduced the volume of the sandpack, indicating that retained nanocellulose has 

blocked off some of the pore throats.  The nanoflood breakthrough curve also has a bump in 

the tail, which suggests that some nanocellulose retained during the flood was released during 

the post-flush.  The results of this flood suggest that some aggregation occurs when the 

nanofluid passes through the porous medium.  The combination of many aggregates into a 

single large log jam could explain why the nanoparticles can restrict some pore throats, even in 

such large sand grains.  It is difficult to tell if the pressure drop is increasing during the second 

pore volume of nanofluid injection because of the noise.  However, there is a permeability 

reduction following the nanoflood which suggests that some filtration has occurred.  The sand 

grains used in this experiment are very large; Therefore, adsorption would not be expected to 

add significantly to the pressure drop in the pack.  Instead, the permeability reduction suggests 

that straining of aggregate log jams has occurred. 

A final interesting observation from Figure 24 is that the nanocellulose breaksthrough 

the pack slightly faster than the tracer.  This is evident just before 1 pore volume of injection 

when the nanocellulose effluent concentration starts increasing earlier than the tracer effluent 

concentration.  The observation suggests that the nanocellulose underwent accelerated 

transport.  Accelerated transport has been observed previously for polymers and it was 

determined to be a result of some of the pore volume being inaccessible to the polymer due to 

steric hindrance (Dawson & Lantz, 1972).  In the case of sandpacks, the pore throats are quite 

large so it is not expected that there would be any inaccessible pore volume.  Instead, the 

accelerated transport could be a result of shear-induced migration (Leighton & Acrivos, 1987). 
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Figure 27:  Breakthrough curve for experiment 18 - 0.5% CNC (AITF) in 0.1% NaCl at 1.0 ml/min 
through 16-30 mesh sand. 

 

Retention increases when the dimensions of the sand grains are reduced as illustrated in 

Figure 28 for Experiment 25 in the 50-70 mesh sand grains.  There is a more noticeable bump in 

the breakthrough curve tail and the post-flush again breaks through early.  The pressure drop 

increases during the first pore volume of nanofluid injection and appears to continue 

increasing, but at a slower rate, during the second pore volume of nanofluid injection.  The 

pressure drop increase during the second pore volume of injection indicates filtration is 

occurring.  The pore throats in this sand are on the order of >35µm which is much larger than 

the size of the injected nanoparticle aggregates (~0.32 µm).  Therefore, for pressure drop to 

keep increasing, as well as for the post-flush to break through early, it is expected that the 
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injected nanofluid is forming larger aggregates during transport through the porous media. This 

results in straining of aggregate log jams which restricts some of the pore throats. 

 

Figure 28:  Breakthrough curve for experiment 21 - 0.5% CNC (AITF) in 0.1% NaCl at 1.0 ml/min 
through 50-70 mesh sand. 

 

For the flood through the pack containing the smallest sand grains, retention and 

permeability reduction becomes significantly worse as illustrated in Figure 29 for Experiment 22 

in the 140-270 mesh sand grains.  There are multiple bumps in the effluent tail suggesting that 

notable log jamming occurring.  Nanocellulose aggregates have been shown to break apart 

from shear (Xu et al., 2017) so the bumps are likely caused by clusters of nanocellulose being 

released as some of the aggregate log jams are sheared apart during the post-flush.  Also, the 

effluent concentration does not reach the injection concentration and the post-flush breaks 
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through early.  Both suggest significant retention of aggregates is occurring.  The pressure drop 

increase during the second pore volume of nanofluid injection is more rapid as compared to the 

increase observed for the larger sand grains.  This indicates that the effect of log jamming 

becomes more pronounced in the smaller sand grains.  This makes sense as less aggregation is 

required to block off smaller pore throats.  Interestingly, the pressure drop keeps increasing as 

well during the post-flush.  A small filter cake was observed on the pack inlet for this flood.  It is 

possible thatthe filter cake became compressed during the post-flush which resulted in the 

slowly increasing pressure drop.  The small filter cake is pictured in Figure 30 showing a thin 

shining gel on the mesh element.  This gel is from the sand face that was in contact with the 

element.  It should also be noted that the tracer did not reach unity for this flood likely due to 

some drift during the calibration flood.  The tracer curve was shifted up to unity. 

 

Figure 29:  Breakthrough curve for experiment 22 - 0.5% CNC (AITF) in 0.1% NaCl at 1.0 ml/min 
through 140-270 mesh sand. 
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Figure 30:  Filter cake on the inlet mesh after experiment 22. 

 

The main findings of the impact of grain size on the transport of nanocellulose through 

sandpacks are outlined in Table 11 for CNC (USDA) and Table 12 for CNC (AITF).  The impact of 

grain size on nanocellulose retention is plotted in Figure 31 and the impact on permeability 

reduction is graphed in Figure 32.  The main findings are that grain size appears to significantly 

affect retention for CNC (AITF) but not for CNC (USDA).  For CNC (AITF), smaller grains result in 

higher retention.  This relationship is most evident from the large increase in retention for the 

flood in the 140-270 mesh sand grains.  The increased retention is believed to be a result of 

increased straining of nanocellulose aggregate log jams.  For CNC (USDA), a significant 

relationship was not observed between grain size and retention.  This suggests that these 

nanoparticles do not undergo straining, given that straining effects should increase with smaller 

size sand grains.  There was a delay observed in the breakthrough curve which would indicate 

that some adsorption is taking place. 

Grain size appears to have a significant impact on permeability reduction for both 

particle types with smaller grain size resulting in higher permeability reduction following a 

nanocellulose flood.  The relationship is most evident from the large increase in permeability 

reduction for the flood in the 140-270 mesh sand grains. 

Viscous Gel Filter Cake 
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Table 11:  Summary of main findings from sand grain size experiments with CNC (USDA). 

 
Experiment 15 – 0.5% 

CNC (USDA) at 2 ml/min 
in 16-30 mesh sand  

Experiment 17 – 0.5% 
CNC (USDA) at 1 ml/min 

in 50-70 mesh sand 

Experiment 16 – 0.5% 
CNC (USDA) at 1 ml/min 
in 140-270 mesh sand 

Experiment 
Date 

(m/d/y) 
11/4/2016 11/14/2016 11/10/2016 

Salinity 
(wt%) 

0.1 0.1 0.1 

Minimum 
Pore Throat 

Size (µm) 
99.2 35.0 8.8 

Retention 
(wt%) 

2.5 
+/- 2.5 

5.9 
+/- 2.5 

6.6 
+/- 2.5 

Permeability 
Reduction 

(%) 

5.2 
+/- 5.2 

5.5 
+/- 5.2 

21.4 
+/- 5.2 

Observations 

 Very similar behavior 
to the tracer 

 Pressure drop profile 
similar to viscous 
plug flow 

 Delayed 
nanocellulose 
breakthrough 

 Pressure drop profile 
similar to viscous 
plug flow 

 Delayed 
nanocellulose 
breakthrough 

 Pressure drop profile 
similar to viscous 
plug flow 

 Pressure drop 
increases during 
post-flush 

Porosity (%) 32.6 36.5 39 

Initial 
Permeability 

(Darcy) 
295.7 34 2.4 

PV of 
Nanofluid 
Injected 

2 2 2 

PV of Post-
flush Injected 

4 4 4 

Total PV 
Injected 

6 6 6 
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Table 12:  Summary of main findings from sand grain size experiments with CNC (AITF). 

  
Experiment 18 – 0.5% 
CNC (AITF) at 1 ml/min 

in 16-30 mesh sand  

Experiment 25 – 0.5% 
CNC (AITF) at 1 ml/min 

in 50-70 mesh sand 

Experiment 22 – 0.5% 
CNC (AITF) at 1 ml/min 
in 140-270 mesh sand 

Experiment Date 
(m/d/y) 

11/28/2016 01/27/2017 12/8/2016 

Salinity (wt%) 0.1 0.1 0.1 

Minimum Pore 
Throat Size (µm) 

99.2 35.0 8.8 

Retention (wt%) 
3.0 

+/- 2.5 
6.4 

+/- 2.5 
26.5 

+/- 2.5 

Permeability 
Reduction (%) 

16.1 
+/- 5.2 

13.3 
+/- 5.2 

66.1 
+/- 5.2 

Observations 

 Post-flush breaks 
through early 

 Bump in effluent 
curve tail 

 Pressure drop 
profile similar to 
viscous plug flow 
with filtration 

 Post-flush breaks 
through early 

 Bump in effluent 
curve tail 

 Pressure drop 
profile similar to 
viscous plug flow 
with filtration 

 Post-flush breaks 
through early 

 Many bumps in 
effluent curve tail 

 Effluent does not 
reach injection 
concentration 

 Pressure drop 
profile similar to 
viscous plug flow 
with filtration 

 Pressure drop 
increases during 
post-flush 

Porosity (%) 33.2 36.8 40.0 

Initial Permeability 
(Darcy) 

272.3 35.8 2.7 

PV of Nanofluid 
Injected 

2 2 2 

PV of Post-flush 
Injected 

4 4 4 

Total PV Injected 6 6 6 
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Figure 31:  Bar graph illustrating the impact of sand grain size on nanocellulose retention. 

 

 

Figure 32:  Bar graph illustrating the impact of sand grain size permeability reduction due to 
nanocellulose. 
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3.5.2 - Effect of Particle Type on Nanocellulose Transport 

One of the major learnings from this research is that not all nanocellulose is the same.  

Every nanocellulose type used in this study was produced from wood pulp and had a negative 

surface charge.  However, the particle size, zeta potential, and the likelihood of forming 

aggregates was found to vary considerably in relation to particle type. These observations led 

to the question of whether the different nanocellulose types would then have significantly 

different transport properties.  Three floods were carried out, one for each nanocellulose type, 

in 0.1% NaCl and 50-70 mesh sand to allow for a direct comparison of retention and 

permeability reduction during transport through porous media. 

The smallest nanocellulose particles, CNC (USDA), had the lowest retention and 

permeability reduction, suggesting these would be the best particles for long distance transport 

through porous media.  Figure 25 displays the results for Experiment 17 for CNC (USDA).  The 

transport appears to be affected by adsorption of the CNC to the sand grains, as illustrated by 

the delayed breakthrough of the green effluent curve relative to the red tracer curve.  

However, the impact of adsorption seems minor and the effluent nanocellulose concentration 

quickly reaches the injection concentration.  The CNC (USDA) particles do not appear to have a 

delayed post-flush breakthrough or any bumps in the effluent curve which indicates that 

straining of aggregate log jams is not a significant factor.  The pressure drop also stays level 

during the second pore volume of nanofluid injection suggesting that no further filtration or 

straining is occurring after the initial fast rate adsorption.  The absence of straining effects 

suggests that CNC (USDA) does not significantly aggregate while flowing through the sandpacks.  

This is very beneficial to long distance transport as the CNC (USDA) nanoparticles do not 

aggregate significantly and remain nanoscale which minimizes its retention in the porous 

media. 

The attractive long distance flow behavior of CNC (USDA) makes it the most likely 

candidate for enhanced oil recovery applications.  Future studies could look at the potential of 

CNC (USDA) to be developed as a replacement for current polymers or surfactants.  At a high 

enough concentration, it may be able to increase the viscosity of the aqueous phase improving 
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the mobility ratio and allowing for a more piston-like displacement similar to the function of a 

polymer.  Alternatively, if CNC has surfactant properties, it could reduce interfacial tension and 

improve oil recovery by reducing residual oil saturation, similar to the function of a surfactant. 

The CNC (AITF) particle forms aggregates in the 0.1% NaCl flood conditions and the 

overall size of the aggregates is larger than that of the CNC (USDA) particle.  The CNC (AITF) also 

shows increased retention and permeability reduction relative to the CNC (USDA).  Figure 28 

displays the results for Experiment 21 with CNC (AITF).  The two major differences that stand 

out are that the post-flush breaks-through early, as indicated by the green effluent curve 

dropping notably earlier than the red tracer curve, and that tail of the effluent curve has a 

bump.  Both observations suggest that the transport of CNC (AITF) is being influenced by 

straining of aggregate log jams.  The individual nanocellulose aggregates are too small to 

become stuck in a pore throat so it is likely that the individual aggregates are forming larger 

aggregates during transport, thereby creating log jams that become strained in some of the 

pore throats.  It is likely that the bump in the effluent tail was observed once a large log jam 

broke apart due to shear and exited the pack.  The pressure drop is also observed to increase 

during the second pore volume of nanofluid injection which indicates filtration is occurring.  

This further supports the theory that straining of aggregate log jams is occurring. 

The CNC (ATIF) particle, under the 0.1% NaCl conditions, demonstrate promising flow 

diversion applications.  The particles do not appear to form a significant filter cake so they could 

be injected into a reservoir and travel through the porous media.  The ability to restrict pore 

throats could prove useful in blocking off high permeability channels to assist with conformance 

control during water flooding.  Most the nanocellulose would be directed through the high 

permeability zones as these are the main flow channels.  Therefore, it would be reasonable to 

expect that the CNC (AITF) would have the highest likelihood of forming log jams in the high 

permeability channels.  If the high permeability channels were blocked off, this would help to 

direct flow towards the lower permeability flow channels that are still saturated with oil.  This 

would assist in sweeping oil out of the lower permeability pore throats, instead of having the 
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water travel directly from injector to producer through the easiest flow channel, bypassing a 

large portion of the reservoir. 

For the case of the largest nanocellulose particles, CNF (PFI), permeability reduction and 

retention was significantly higher than for the other particle types.  This would suggest that the 

CNC (PFI) would be the best particle type for hindering transport through porous media.  Figure 

33 displays the results for Experiment 11 with CNF (PFI).  The figure shows a very early post-

flush breakthrough indicating that most the pore throats have been blocked off by particle 

aggregate log jams.  The nanocellulose effluent concentration does not reach injection 

concentration which further supports the idea that significant retention is occurring.  There is 

no delay in the breakthrough of the effluent curve which indicates there is not much adsorption 

to the sand grains occurring for CNF (PFI). 

An interesting observation is that the pressure drop for the CNF (PFI) flood appears to 

have mostly leveled out during the second pore volume of nanofluid injection.  This suggest 

that during the first pore volume of injection the sandpack has essentially reached its filtration 

capacity.  There is likely one main flow path still open so further straining cannot occur or flow 

would stop.  The pressure drop keeps increasing during the post-flush which can be explained 

by compression of a filter cake on the front of the pack.   From Figure 34, it can be observed 

that the CNF (PFI) formed a filter cake on the inlet to the sandpack.  Size 100 mesh was used 

which has larger openings than the average pore throat size in size 50-70 mesh sand.  

Therefore, the fibrils that formed a filter cake against the mesh would not have flown through 

the sand. 

It should be noted that this was the only particle type experiment that was carried out 

at 0.25% nanocellulose concentration instead of 0.5% nanocellulose concentration.  It was 

found that when the CNF (PFI) concentration was 0.3% and above it would form a viscous gel 

that could not be pumped.  For these findings, running with the CNF (PFI) at a lower 

concentration is still comparable to the other particles at a higher concentration.  This is 

because even at a low concentration, the CNF (PFI) show significantly increased retention and 

permeability reduction.  It is expected that retention and permeability reduction in the 
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sandpack would increase at higher concentrations.  At higher concentrations, the CNF (PFI) 

could not flow through the flow lines which are larger than the pore throats in the sandpack.  

There was a bit of extra nanocellulose injected in this flood (2.12 pore volumes versus 2 pore 

volumes for most floods) because an incorrect apparatus dead volume was assumed for this 

flood.  This is a very minor difference and the UV signal still has sufficient post-flush to level out.  

Therefore, the impact to the resulting retention and permeability reduction should be 

negligible.   Also, the drift during calibration was not accounted for during this flood.  This flood 

was performed before it was realized that some nanocellulose can adsorb to the detector 

causing a slight increase in the signal during calibration.  For this reason, the baseline signal 

before and after the calibration was not recorded.  The drift during the flood was taken as the 

average between the UV signal at the start of the flood and the signal at 6 PV which gave a very 

small drift of ~2 mAU.  Calibration drift is expected to be similar.  Because this flood had more 

than double the retention of the floods in 50-70 mesh sand for CNC (AITF) and CNC (USDA), 

there is enough of a difference between the floods to conclude the difference in retention for 

CNF (PFI) is significantly higher despite not accounting for calibration drift. 

Overall, the CNF (PFI) appears to severely reduce the permeability due to high 

nanocellulose retention in the sandpack.  This could potentially have beneficial applications in 

situations when flow into a porous media is not desired.  An example is the nanocellulose could 

be added to a drilling fluid.  It could form a filter cake against the borehole which could help to 

hinder flow between the borehole and the reservoir.  This could have benefit in preventing loss 

of expensive drilling mud, as well as preventing influx of formation water into the borehole in 

situations where water influx is not desirable. 
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Figure 33:  Breakthrough curve for experiment 11 - 0.25% CNF (PFI) in 0.1% NaCl 1.0 ml/min 

through 50-70 mesh sand. 

 

 

Figure 34:  Inlet to Sandpack had a filter cake after flowing CNF (PFI) through the sandpack.  The 
filter cake in this image can be seen be the ring of viscous fibril gel in the tubing inlet.  This 
viscous gel accumulated on the mesh at sandpack inlet. 
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The impact of particle type on the transport of nanocellulose through sandpacks is 

outlined in Table 13 for floods in 50-70 mesh sand.  As well, the impact of particle type on 

nanocellulose retention in 50-70 mesh sand is plotted in Figure 35 and the impact on 

permeability reduction is plotted in Figure 36.  The impact of particle type on nanocellulose 

retention in 140-270 mesh sand is plotted in Figure 37  and the impact on permeability 

reduction is plotted in Figure 38. The main findings are that particle type impacts both 

retention and permeability reduction.  CNC (USDA) has the least retention and permeability 

reduction, followed by CNC (AITF).  The difference in retention and permeability reduction 

between CNC (USDA) and CNC (AITF) is most clear for the floods in 140-270 mesh sand.  CNF 

(PFI) has the highest retention and permeability reduction.  This trend in retention and 

permeability reduction appears to follow the particle size in bulk solution trend shown in Table 

6.  The larger the size of the aggregates in bulk solution, the more retention and permeability 

reduction experienced during transport.  The increased retention and permeability reduction is 

believed to be a result of increased likelihood of straining of aggregate log jams and filter-cake 

formation as the size of aggregates in the bulk solution increases. 
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Table 13: Summary of main findings from particle type experiments with CNC (AITF). 

 

Experiment 17 – 
0.5% CNC (USDA) 
at 1 ml/min in 50-

70 mesh sand  

Experiment 25 – 
0.5% CNC (AITF) at 1 

ml/min in 50-70 
mesh sand 

Experiment 11 – 0.25% CNF (PFI) 
at 1 ml/min in 50-70 mesh sand 

Experiment 
Date 

11/14/2016 01/27/2017 10/19/2016 

Salinity 
(wt%) 

0.1 0.1 0.1 

Average 
Particle 

Diameter 
(nm) 

67 
+/- 3 

321  
+/- 29 

755 
+/- 140 

Retention 
(wt%) 

5.9 
+/- 2.5 

6.4 
+/- 2.5 

34.9 
+/- 2.5 

Permeability 
Reduction 

(%) 

5.5 
+/- 5.2 

13.3 
+/- 5.2 

91.2 
+/- 5.2 

Observations 

 Delayed 
nanocellulose 
breakthrough 

 Pressure drop 
profile similar 
to viscous 
plug flow  

 Post-flush 
breaks through 
early 

 Bump in effluent 
curve tail 

 Pressure drop 
profile similar to 
viscous plug flow 
with filtration 

 Post-flush breaks through 
very early 

 Pressure keeps increasing 
during post-flush 

 Long spikey effluent curve tail 

 Effluent does not reach 
injection concentration 

 Pressure drop profile similar 
to viscous plug flow with 
filtration 

Porosity (%) 36.5 36.8 35.9 

Initial 
Permeability 

(Darcy) 
34 35.8 33.6 

PV of 
Nanofluid 
Injected 

2 2 2.12 

PV of Post-
flush Injected 

4 4 3.88 

Total PV 
Injected 

6 6 6 
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Figure 35:  Bar graph illustrating the impact of particle type on nanocellulose retention in 50-70 
mesh sand. 

 

 

Figure 36:  Bar graph illustrating the impact of particle type on permeability reduction due to 
nanocellulose in 50-70 mesh sand. 
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Figure 37:  Bar graph illustrating the impact of particle type on nanocellulose retention in 140-
270 mesh sand. 

 

 

Figure 38:  Bar graph illustrating the impact of particle type on permeability reduction due to 
nanocellulose in 50-70 mesh sand. 
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3.5.3 - Effect of Salinity on Nanocellulose Transport 

The major impact of salinity is that it causes increased aggregation and aggregate size 

for all types of nanocellulose tested.  The impact of salinity was tested for both CNC (AITF) and 

CNC (USDA).  The impact of salinity was not tested for the CNF (PFI) because of the tendency of 

these fibrils to form a very viscous gel at higher salinities which cannot be pumped.  Figure 25 

shows that CNC (USDA) has a delayed breakthrough in 0.1% brine when flowing through 50 – 

70 mesh sand.  This suggests some adsorption is taking place.  After breakthrough occurs, 

concentration quickly reaches injection concentration and the effluent curve tail is smooth, 

both of which indicate very little straining of aggregate log jams is occurring.  When salinity is 

increased by a factor of three to 0.3% the breakthrough curve changes considerably.   

Figure 39 shows the results for Experiment 28 with CNC (USDA) in 0.3% NaCl.  The post-

flush breaks through early and there is a bump in the effluent curve tail; both of which indicate 

straining of aggregate log jams is occurring.  The effluent curve also takes far longer to 

approach injection concentration, further supporting that there is increased retention 

occurring.  Interestingly, the breakthrough curve is not delayed for CNC (USDA) in 0.3% NaCl, 

whereas it was delayed for CNC (USDA) in 0.1% NaCl as shown in Figure 25.  This suggests that 

as salinity increases, adsorption to the sand grains becomes less significant and retention 

becomes dominated by aggregation of the nanocellulose particles.  The pressure drop 

continues to increase during the second pore volume of injection, which further supports that 

some straining of aggregate log jams is occuring.  The breakthrough curve and pressure drop 

profile for CNC (USDA) in 0.3% NaCl looks similar to the breakthrough curve for CNC (AITF) in 

0.1% NaCl shown in Figure 28.  This suggests that as salinity is increased, CNC (USDA) begins to 

be impacted by aggregation, similar to the behavior of CNC (AITF).   
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Figure 39: Breakthrough curve for experiment 28 - 0.5% CNC (USDA) in 0.3% NaCl at 1.0 ml/min 
through 50-70 mesh sand. 

 

Figure 40 shows the results for Experiment 29 with CNC (USDA) in 1.0% NaCl.  A 

calibration curve could not be developed for this flood because the UV Vis signal became erratic 

as a result of the nanocellulose aggregation in high salinity.  However, it was observed that the 

maximum UV Signal recorded during the flood was ~1.5 mAU.  This represents a very trace 

amount of nanocellulose.  By comparison, the UV signal during the calibration flood remained 

above ~1600 mAU.  The retention for this flood was approximated by assuming a linear 

calibration.  The resulting retention was calculated as ~99%.   The pressure drop increases 

rapidly during the first two pore volumes of injection, indicating significant retention is 

occurring.  As well, the slope of the pressure drop profile does not decrease after the first pore 

volume of nanofluid injection.  This indicates that the dominant retention mechanism is likely 
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filter cake formation.  At the end of the flood the sandpack was opened up and a small filter 

cake buildup was visible on the inlet sandface, as shown in Figure 41.  The pressure drop kept 

increasing during the post-flush, which could indicate some compression of the filter cake.  A 

sample of the injection fluid used in this flood was kept in a separate vial and the particle size 

was measured with dynamic light scattering while the flood was occurring.  This way, the 

particle size measured is directly representative of the particle size of the nanocellulose 

entering the sandpack.  The particle size was measured to be ~1.4 µm.  This is a very interesting 

observation because the pore throats in this sandpack are on the order of >35µm so the 

individual aggregates should be able to pass through the sandpack.  The formation of a filter 

cake therefore further supports the notion that nanocellulose particles aggregate and form log 

jams during flow through porous media.  The aggregates formed during flow are larger than the 

aggregates in the bulk injection solution.  In this case, the aggregation is so severe that it results 

in the formation of a filter cake. 

 

Figure 40:  Breakthrough curve for experiment 29 - 0.5% CNC (USDA) in 1.0% NaCl at 1.0 ml/min 
through 50-70 mesh sand. 
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Figure 41:  Filter cake on the sandpack inlet after Experiment 29. 

 

CNC (AITF) is impacted by salinity in a similar manner to CNC (USDA).   Figure 42 

presents the results for Experiment 4 with CNC (AITF) in 0.1% NaCl at 2 ml/min.  The post-flush 

breaks through early and there is a bump in the effluent curve tail; both of which indicate 

straining of aggregate log jams is occurring.  The pressure drop continues to increase during the 

second pore volume of injection, indicating some filtration is occurring.  The pressure drop 

levels out during the post-flush which is to be expected, suggesting that all of the retained 

nanocellulose that could release or migrate has already done so.  An interesting observation 

with this flood is that the effluent concentration does not reach injection concentration.  This 

indicates that retention effects were continuing to occur.  Diffusion into the sensing lines is 

believed to be the cause of the retention that prevented effluent concentration from reaching 

injection concentration.   During the flooding experiments used to build the calibration curves, 

it was noticed that diffusion into the pressure transmitter sensing lines generally takes about 40 

minutes to level out, at which further concentration changes due to diffusion are not evident.  

The impact of diffusion into the sensing lines is likely more noticeable for nanocellulose than for 

Viscous Gel Filter Cake 
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the tracer because the species would have different diffusion coefficients.  Nanocellulose is 

larger and more viscous than the tracer so it would diffuse more slowly.  Therefore, it would 

take longer for the nanocellulose diffusion to reach steady state as compared to the tracer 

diffusion.  In Experiment 4, 46 ml of nanocellulose was injected at 2 ml/min which took 23 min 

for completion.  This is not long enough for diffusion into the sensing lines to reach steady 

state.  Because of this, most later floods were run at 1 ml/min to provide enough time for 

diffusion into the sensing lines to reach steady state so effluent concentration could reach 

injection concentration.  Some of the earlier floods were run at 2 ml/min to reduce experiment 

run time as well as testing velocity.   

 

Figure 42:  Breakthrough curve for experiment 4 - 0.5% CNC (AITF) in 0.1% NaCl at 2.0 ml/min 
through 50-70 mesh sand. 
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A major change is evident when CNC (AITF) is flooded in a 0.3% brine solution.  Figure 43 

shows results for Experiment 7 with CNC (AITF) in 0.3% NaCl at 2 ml/min.  A mass balance was 

not possible at this salinity because the UV absorbance signal was extremely erratic and often 

saturated at its maximum value.  The UV detector did register some nanocellulose exiting the 

pack but because calibration was not possible the amount of nanocellulose exiting the pack 

could not be quantified.  From the pressure data, it is very clear that transport of nanocellulose 

through the porous media was severely impaired.  The pressure drop increases steadily during 

the nanofluid injection and levels out once the brine post-flush starts.  This is consistent with 

the pressure drop profile for filter cake formation.  In contrast to the data from other floods, for 

example Figure 42 for CNC (AITF) in 0.1% NaCl at 2 ml/min, the pressure drop does not start 

decreasing during the post-flush in Experiment 7.  This indicates that the post-flush is not 

effective in removing the nanocellulose from the sandpack, pointing to the formation of a solid 

filter cake on the front of the sandpack.  The brine post-flush was not carried out for a full 6 

pore volumes because there was no change in pressure during 1.5 pore volumes of brine post-

flush.  Instead, the opportunity was taken to perform two additional tests.   

The first additional test was started at roughly 3.6 pore volumes at which point the flow 

rate was increased from 2 ml/min to 10 ml/min.  Following the flowrate increase, the pressure 

spiked high and then started steadily decreasing.  At roughly 4.3 pore volumes, the flow rate 

was reduced back to 2 ml/min and the pressure drop leveled out at around 25 KPa vs 60 KPa at 

the beginning of the high flow rate test.  This indicates that the higher flow rate helped to 

recover permeability; suggesting that the increased shear accompanied by the higher flow rate 

assists in breaking apart the nanocellulose aggregates.  In turn, this allows the particles to travel 

through the sandpack. 

The second test occurred at approximately 4.8 pore volumes at which point the 

sandpack was flushed with deionized water at 2 ml/min.  During the deionized water purge, the 

pressure drop decreased from around 25 KPa and leveled out at around 7 KPa.  This indicates 

that the high salinity aggregation of nanocellulose may be reversible and flushing with 

deionized water can help to recover some lost permeability.  This could have many promising 
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applications.  For example, this could be an attractive property in a ‘smart’ drilling fluid.  During 

drilling, nanocellulose could be added to the drilling mud and the salinity of the drilling mud 

could be increased.  This would result in significant permeability reduction at the face of the 

porous media, and likely result in the formation of a filter cake if the salinity is high enough.  

The permeability reduction would minimize fluid transfer with the reservoir during drilling.  

After drilling is completed, the borehole could be flushed to recover some of the permeability 

that was lost.  In this way the formation damage and skin factor from the drilling process could 

potentially be reduced. 

 

Figure 43:  Pressure profile for experiment 7 - 0.5% CNC (AITF) in 0.4% NaCl at 2.0 ml/min 
through 50-70 mesh sand. 
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The impact of salinity on the transport of nanocellulose through sandpacks is outlined in 

Table 14 for CNC (USDA) and Table 15 for CNC (AITF).  As well, the impact of salinity on 

nanocellulose retention is plotted in Figure 44 and the impact on permeability reduction is 

plotted in Figure 45.  Salinity showed a significant impact on the retention of CNC (USDA).  This 

is most evident from the flood in 1.0% NaCl which showed almost 100% nanocellulose 

retention.   Salinity also appears to impact which retention mechanism is dominant.  This is 

illustrated in the breakthrough curves shown in Figure 25 for 0.5% CNC (USDA) in 0.1% NaCl, 

Figure 39 for 0.5% CNC (USDA) in 0.3% NaCl, and Figure 40 for 0.5% CNC (USDA) in 1.0% NaCl.  

In 0.1% NaCl, adsorption appears to be dominant.  In 0.3% NaCl, straining of aggregate log jams 

appears to be dominant.  In 1.0% NaCl, filter caking appears to be dominant.  The impact on 

retention could not be determined for CNC (AITF) because the UV detector could not get a 

stable reading for CNC (AITF) in the higher salinity.  Higher salinity also results in significantly 

higher permeability reduction for both particle types.  The impact of salinity on retention and 

permeability reduction is believed to be a result of the nanocellulose more readily forming large 

aggregates when salinity is increased. 
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Table 14:  Summary of main findings from salinity experiments with CNC (USDA). 

 

Experiment 17 – 
0.5% CNC (USDA) 
at 1 ml/min in 50-

70 mesh sand  

Experiment 28 – 
0.5% CNC (USDA) 
at 1 ml/min in 50-

70 mesh sand 

Experiment 29 – 
0.5% CNC (USDA) 
at 1 ml/min in 50-

70 mesh sand 

Experiment 
Date 

(m/d/y) 
11/14/2016 02/17/2016 02/22/2016 

Salinity 
(wt%) 

0.1 0.3 1.0 

Average 
Particle 

Diameter 
(nm) 

67 
+/- 3 

298 
+/- 11 

905 
+/- 127 

Retention 
(wt%) 

5.9 
+/- 2.5 

7.8 
+/- 2.5 

99.9 
+/- 2.5 

Permeability 
Reduction 

(%) 

5.5 
+/- 5.2 

23.7 
+/- 5.2 

99.2 
+/- 5.2 

Observations 

• Delayed 
nanocellulose 
breakthrough 
• Pressure drop 
profile similar to 
viscous plug flow 

• Post-flush 
breaks through 
early 
• Bump in effluent 
curve tail 

• Pressure drop 
profile similar to 
filter cake 
formation 
• UV signal only 
detected trace 
nanocellulose 
exiting the pack 
 

Porosity (%) 36.5 35.9 36.7 

Initial 
Permeability 

(Darcy) 
34 33.2 33.7 

PV of 
Nanofluid 
Injected 

2 2 2 

PV of Post-
flush Injected 

4 4 4 

Total PV 
Injected 

6 6 6 
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Table 15:  Summary of main findings from salinity experiments with CNC (AITF). 

 

Experiment 4 – 
0.5% CNC (AITF) at 
2 ml/min in 50-70 

mesh sand 

Experiment 7 – 0.5% CNC (AITF) at 2 ml/min in 
50-70 mesh sand 

Experiment 
Date 

(m/d/y) 
9/30/2016 10/7/2016 

Salinity (wt%) 0.1 0.3 

Average Particle 
Diameter (nm) 

321 
+/- 29 

1355 
+/- 172 

Retention (wt%) 
7.3 

+/- 1.4 
N/A 

Permeability 
Reduction (%) 

19.0 
+/- 5.2 

97.4  
+/- 5.2 

Observations 

•Post-flush breaks 
through early 
• Bump in effluent 
curve tail 
• Pressure drop 
profile similar to 
viscous plug flow 
with filtration 

• Mass balance not possible 
• Pressure levels out during post-flush 
• Some permeability recovered after increasing 
flow rate 
• Some permeability recovered after post-flush 
with deionized water 
• Pressure drop profile similar to filter cake 
formation 

Porosity (%) 37.2 37.0 

Initial Permeability 
(Darcy) 

33.1 31.8 

PV of Nanofluid 
Injected 

2.07 2.06 

PV of Post-flush 
Injected 

3.93 
1.56 

*Pressure leveled out so post-flush was stopped 
early 

Total PV Injected 6 3.62 
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Figure 44:  Bar graph illustrating the impact of salinity  on nanocellulose retention. 

 

 

Figure 45:  Bar graph illustrating the impact of salinity on permeability reduction due to 
nanocellulose. 
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3.5.4 - Effect of Velocity on Nanocellulose Transport 

 It is very important to understand the impact of velocity on nanocellulose transport 

because most the floods in this work were performed at a flow velocity much higher than the 

normal 1 ft/day rule of thumb representative of flow in oil reservoirs.  High flow rates were 

used to reduce flood time, allowing for quicker screening tests to identify key trends for focus 

in future core flooding studies.  The effect of velocity was investigated only for CNC (AITF).  This 

is for two reasons.  First, CNC (AITF) in 0.1% NaCl appears to show retention due to straining of 

aggregate log jams.  Thus, it would be important to determine if varying the shear in the 

sandpacks would impact the formation of aggregate log jams and nanocellulose retention.  A 

previous study found that a critical level of shear will result in breakdown of nanocellulose 

aggregates (Xu et al., 2017).  Secondly, the CNC (USDA) particles were provided by collaborators 

at the Norwegian University of Science and Technology (NTNU) and due to the terms of the 

collaboration, tests with these particles could only be carried out when one of their exchange 

students was present.  A Norwegian exchange student was only in the lab for a short period of 

time, which resulted in prioritizing other experiments. 

 At the normal flow rate used in experiments (1 ml/min), as shown in Figure 28 for 

Experiment 21, the post-flush shows early breakthrough and a bump in the effluent curve tail; 

indicating log jamming of aggregates.  When flow rate is decreased to 0.1 ml/min as shown in 

Figure 46 for Experiment 24, the signs of aggregate log jamming become much more 

pronounced.  The post-flush breaks through very early, suggesting that most pore throats have 

been restricted by aggregates.  This flood is one of the best examples supporting the idea of 

straining of aggregate log jams because a mono layer coverage of nanocellulose particles in the 

injection solution would not be sufficient to restrict enough of the pore space to result in such 

an early post-flush breakthrough.  The effluent concentration also does not reach injection 

concentration, which supports the idea that significant retention is taking place.  There is also a 

bump in the effluent curve tail which could indicate release of additional nanocellulose from an 

aggregate log jam that was broken apart by shear.  The pressure drop increases steadily during 

the second pore volume of injection, indicating severe filtration is taking place.  Finally, a very 

interesting observation from this flood is that the pressure drop keeps increasing during the 
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post-flush and there are many spikes in the pressure curve.  These spikes likely indicate 

reordering of the retained nanocellulose aggregates.  When pressure spikes low, this likely 

indicates that an aggregate log jam has released.  When pressure spikes high, this likely 

indicates that another aggregate log jam has formed. 

 It should be noted that for experiment 21 at 0.1 ml/min, there was a substantial 

increase in UV signal and pressure drop from before and after the flood.  This is believed to be a 

result of log jamming in the detector flow cell.  The extra UV signal increase meant that data 

analysis had to be performed differently for this flood.  Instead of averaging the UV signal 

before and after the flood to get an average drift, it was assumed the UV signal increased 

linearly with time during the period when nanocellulose was flowing through the detector.  This 

period was estimated to be between ~0.9 and ~3.7 pore volumes.  The linear increase in UV 

signal was capped at the value observed at the end of the flood during the UV calibration pre-

flush.  For more explanation on the normal data analysis procedure, see section Appendices A.2 

- Data Processing for Retention Experiments. 
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Figure 46:  Breakthrough curve for experiment 24 - 0.5% CNC (AITF) in 0.1% NaCl at 0.1 ml/min 
through 50-70 mesh sand. 

 

For the experiment where flow rate was increased to 8 ml/min as shown in Figure 47 for 

Experiment 19, the signs of straining of aggregate log jams diminish.  This is the first experiment 

for CNC (AITF) in which the effluent breakthrough curve is smooth and does not have a bump in 

the tail.  This suggests that aggregates are not being released during the post-flush, likely 

because they are not being formed.  Also, the post-flush appears to have minimal delay in 

breakthrough; suggesting that very few pore throats have been blocked off.  The pressure curve 

is also completely smooth, suggesting minimal closing and opening of pore throats.  The 

pressure drop increase during the second pore volume of injection is very minimal indicating 

very little filtration is occurring.  This suggests that at higher velocities there is enough shear to 

breakdown nanocellulose aggregates and prevent the formation of aggregate log jams.  

Interestingly, the effluent concentration does not reach injection concentration.  This can be 

explained by the diffusion into the sensing lines, which likely did not have enough time to reach 
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steady state.  In Experiment 19, 44.46 ml of nanocellulose was injected at 8 ml/min resulting in 

a total duration of 5.56 min.  This is not long enough for diffusion into the sensing lines to reach 

steady state.  From calibration floods, it was often found that diffusion into sensing lines could 

take as long as 40 minutes to reach steady state.  This is similar to the results observed for 

Experiment 4, shown in Figure 42, which was also performed at an elevated flow rate of 2 

ml/min. 

 

Figure 47:  Breakthrough curve for experiment 19 - 0.5% CNC (AITF) in 0.1% NaCl at 8.0 ml/min 
through 50-70 mesh sand. 

 

The impact of velocity on the transport of nanocellulose through sandpacks is outlined 

in Table 16.  The impact of velocity on nanocellulose retention is graphed in Figure 48 and the 

impact on permeability reduction is graphed in Figure 49.  The main finding is that increased 

velocity decreases nanocellulose retention and permeability reduction.  This is most evident 

from the large increase in retention and permeability reduction for the 0.1 ml/min flood as 

compared to the higher flow rate floods.  There is very little difference in the retention and 
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permeability reduction between the 1 ml/min flood and the 8 ml/min flood.  This suggests that 

once a critical velocity is reached the benefit of further velocity increases is minimal.  Overall, 

higher velocity results in better transport properties.  The reason for better transport 

properties at higher velocities is believed to be a result of increased shear.  Once a critical shear 

threshold is reached, the shear is believed to be sufficient to break apart aggregate log jams 

and prevent the formation of large aggregates. 

A sample calculation for flood velocity of Experiment 21 at 1 ml/min is provided below: 

𝐴 =
𝜋(𝐼𝐷)2

4
=

𝜋(1.5748 𝑐𝑚)2

4
= 1.94778 𝑐𝑚2 

𝑣 =
47.244𝑞

𝐴𝜙
=

47.244(1)

(1.94778)(0.3759)
= 65.53 𝑓𝑡 𝑑𝑎𝑦⁄  

where 𝐴 = internal cross sectional area of sandpack (cm2), 𝐼𝐷 = internal diameter of sandpack 

(cm), 𝑣 = interstitial velocity of flood fluid (ft/day), 𝑞 = injection flow rate (ml/min), and 𝜙 = 

porosity of sandpack (%). 
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Table 16:  Summary of main findings from velocity experiments. 

 
Experiment 24 – 0.5% CNC 

(AITF) at 0.1 ml/min in 50-70 
mesh sand  

Experiment 25 – 
0.5% CNC (AITF) at 
1 ml/min in 50-70 

mesh sand 

Experiment 19 – 
0.5% CNC (AITF) at 8 

ml/min in 50-70 
mesh sand 

Experiment Date 
(m/d/y) 

12/17/2016 01/27/2017 11/30/2016 

Velocity (ft/day) 6.56 65.9 521 

Salinity (wt%) 0.1 0.1 0.1 

Retention (wt%) 
27.1 

+/- 2.5 
6.4 

+/- 2.5 
8.3 

+/- 2.5 

Permeability 
Reduction (%) 

90.2 
+/- 5.2 

13.3 
+/- 5.2 

7.8 
+/- 5.2 

Observations 

• Post-flush breaks through 
very early 
• Pressure keeps increasing 
during post-flush 
• Effluent concentration 
does not reach injection 
concentration 
• Many spikes in pressure 
curve during post-flush 
• Bump in effluent curve tail 
• Pressure drop profile 
similar to viscous plug flow 
with severe filtration 

• Post-flush breaks 
through early 
• Bump in effluent 
curve tail 
• Pressure drop 
profile similar to 
viscous plug flow 
with filtration 

• Effluent does not 
reach injection 
concentration 
• Smooth effluent 
curve 
• Pressure drop 
profile similar to 
viscous plug flow 
with minimal 
filtration 

Porosity (%) 37.0 36.8 37.2 

Initial 
Permeability 

(Darcy) 
36.3 35.8 38.8 

PV of Nanofluid 
Injected 

2 2 2 

PV of Post-flush 
Injected 

4 4 4 

Total PV Injected 6 6 6 
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Figure 48:  Bar graph illustrating the impact of velocity  on nanocellulose retention. 

 

 

Figure 49:  Bar graph illustrating the impact of velocity on permeability reduction due to 
nanocellulose. 

0

5

10

15

20

25

30

35

R
et

en
ti

o
n

 (
%

)
Retention of Nanocellulose vs Flow Rate

0.1 ml/min 1 ml/min 8 ml/min

0

20

40

60

80

100

P
er

m
ea

b
ili

ty
 R

ed
u

ct
io

n
 (

%
)

Permeability Reduction vs Flow Rate

0.1 ml/min 1 ml/min 8 ml/min



89 
 

3.5.5 – Sources of Error  

 The retention experiments allowed for comparison of nanocellulose retention, 

permeability reduction, and breakthrough curve profile when large changes were made to the 

experimental variables.  As work progressed, it became apparent that the retention equipment 

is not sensitive enough to detect a significant impact when small changes are made in the 

experimental variables.  The limitations of the experimental equipment are likely due to several 

factors discovered during the experimental process.  The main factors impacting experimental 

error are listed below: 

 Overestimation of dead volume will shift breakthrough curves to the right while 

underestimation will shift breakthrough curves to the left. 

 Calibration flood drift can cause overestimation of the maximum injection 

concentration.  This results in effluent curves shifting downwards with the outcome 

being that they never reach injection concentration.  The issue had not been identified 

during the earlier floods.  Following identification, it was corrected in the later floods. 

 Sensing lines were required to tie in a pressure transmitter to calculate pressure drop 

and subsequent permeability reduction across the sandpack.  Unfortunately, diffusing 

into the sensing lines resulted in some nanocellulose retention in the apparatus instead 

of the sandpack.  Also, for floods with high flow rates, there wasn’t sufficient time for 

diffusion to reach steady state which resulted in the breakthrough curves not reaching 

injection concentration. 

 The nanocellulose exhibited a small amount of adsorption to the apparatus.  Between 

the pre-flush and post-flush for each experiment, it was observed that the UV Vis signal 

drifted very slightly.  This drift is believed to be a result of nanocellulose adsorbing to 

the detector.  The drift was always very small and accounted for in mass balance 

calculations so it is not believed to have a significant impact on results.  It was also 

observed that CNC (AITF) in 0.1% NaCl and CNC (USDA) in 0.3% brine became unstable 

after flowing through the UV Vis detector and associated capillary tubing.  Again, the 

drift in UV signal during these floods was very low.  As a result, the aggregation caused 

by flow through the UV Vis system is not believed to impact the mass balance.  Also, the 
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pressure drop across the UV Vis shows little to no increase during floods at 1 ml/min or 

higher.  Given this, it does not appear that nanocellulose is log jamming inside the UV 

Vis cell or associated capillary tubing. 

 The error in nanocellulose retention was calculated based on the results of experiment 

15 for 0.5% CNC (USDA) in 0.1% Brine 2.0 ml/min 2 PV Slug 16 – 30 Mesh Sand, as 

shown in Figure 24.  This experiment should behave as an ideal tracer because CNC 

(USDA) is stable in solution and should not aggregate.  As well, given the large sand 

grain size, no straining and negligible adsorption would be expected.  Based on the 

breakthrough curve, the nanocellulose does indeed show very similar behavior to the 

tracer.  However, the curves do not line up perfectly which results in a small amount of 

retention calculated for the CNC (USDA).  This extra retention of CNC relative to the 

tracer is believed to be a result of some adsorption of CNC to the flow lines.  The 

retention calculated for this experiment was taken as the margin of error for retention 

in all experiments.   The error margins are summarized in Table 17. 

  The error in permeability reduction was also calculated based on the results of 

experiment 15 for 0.5% CNC (USDA) in 0.1% Brine 2.0 ml/min 2 PV Slug 16 – 30 Mesh 

Sand, as shown in Figure 24.  This experiment was in 16-30 Mesh sand which has very 

low pressure drop so the permeability reduction is subject to the pressure transducer 

noise.  Therefore, because all other experiments had a better signal to noise ratio, the 

permeability reduction error margin calculated for this experiment should be sufficient 

for all the other experiments as well.  The error margins are summarized in Table 17. 

 

Table 17:  Error margins used in retention experiments. 

Mass Balance Retention Error Margin  +/-  2.5% 

Permeability Reduction Error Margin +/-  5.2% 

 

A margin of error was also calculated for the dynamic light scattering experiments that 

were used for particle sizing.  Dynamic light scattering runs consisted of 25 different size 
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measurements.  The error in dynamic light scattering was estimated by calculating the standard 

deviation of all measurements that were included in the sizing average.  Measurements were 

omitted if their intensity was more than one standard deviation away from the median 

intensity.  See Section Appendices A.1 - Data Processing for Dynamic Light Scatting Experiments 

for a more detailed explanation.  Zeta-potential error was calculated as the standard deviation 

of six measurements. 

 

3.6 – Post-flood Sand Baking 

After each flood, the sand was emptied from the pack and baked in an oven to 

determine where the nanocellulose was retained.  From thermal degradation analysis, cellulose 

nanocrystals show significant mass loss at 300°C.  Figure 50 is a thermal gravimetric plot for 

CNC (AITF) illustrating this mass loss.  The mass loss is a result of cellulose burning off.   

 

Figure 50:  Thermal gravimetric analysis plot for CNC (AITF). 

 Thermal gravimetric analysis also led to an interesting observation, nanocellulose 

samples heated to 300°C turn black due to the production of ash.  This observation was 
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retested using an oven set to 300°C for each type of nanocellulose used in this study.  It was 

found that in all cases, the nanocellulose sample would turn completely black after heating to 

300°C.  Figure 51 shows that nanocellulose, in this case CNF (PFI), becomes visually darker after 

heating. 

 

Figure 51:  Darkening of CNF (PFI) due to thermal degradation and ash production when heated 
to 300°C.  Left side is image of nanocellulose sample before heating.  Right side is image of 
nanocellulose after heating to 300°C in oven. 

 

The propensity of nanocellulose to darken after heating gave an interesting mechanism 

to visualize where nanocellulose was being retained in sandpacks.   By baking the sandpacks 

after a flood, the distinctive black ash can be used to identify which regions of the sandpack 

retained more cellulose relative to the rest of the pack.  If retention is occurring in the pack, it is 

expected that more retention will occur at the inlet of the pack.  Thus, after the pack has been 

in the oven at 300°C, the inlet of the pack should darken more than the outlet of the pack.  

While this does not allow for differentiating between retention due to adsorption or retention 

due to straining, it does confirm that retention is occurring in the pack.  This approach also can 

be used to qualitatively show the extent to which retention is occurring.  With significantly 

more retention, the pack will turn significantly darker. 

A drawback of the sand baking technique is that the sand also darkens when heated to 

300°C.  This means the darkening of the sand can hide a slight darkening gradient from a 
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nanocellulose retention gradient.  Also, the 140-270 mesh sand was found to darken more if it 

had more time to dry before entering the oven and the longer it was left in the oven.  To eliminate 

the sand darkening issues, some floods were carried out using glass beads to see if the post 

baking darkening was easier to notice.  Glass beads darken very little when heated so the 

darkening of the media has minimal interference with the relative darkening of the burnt 

nanocellulose.  The figures in this section show the image of the glass beads before heating on 

the top and the image after heating on the bottom.  Additionally, the front of each sandpack is 

always on the left to allow for a consistent reference.   

 Figure 52 shows the relative darkening for Experiment 14 – flooding of CNC (AITF) in 0.1% 

brine through 50-70 mesh glass beads.  The top images are post-flood glass beads before oven 

treatment.  These images have been brightened by 25% to clearly show that all the beads start 

the same color.  The bottom image is of post-flood glass beads after being treated in oven at 

300°C.  This image has been taken with an iPhone transfer camera filter to make the contrast 

across the length of the pack appear clearer in electronic format.  It is evident that the pack is 

darkest at the inlet and gradually brightens towards the outlet.  This indicates retention of 

nanocellulose in the pack.  It should be noted that the black spot on the left of the image is a 

marker that was used to indicate the front of the pack. 
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Figure 52:  Experiment 14, darkening of 50-70 mesh glass beads that has been flooded with 0.5% 
CNC (AITF) in 0.1% NaCl.  Top image shows the post-flood glass beads before being in the oven.  
Bottom image shows the glass beads after being in the oven. 

 

 Figure 53 shows the relative darkening for Experiment 26 – flooding of CNC (USDA) in 

0.1% brine through 50-70 mesh glass beads.  Again, the pack is relatively darker at the front, 

indicating retention is occurring in the pack.  Figure 54 shows the relative darkening for 

Experiment 26 – flooding of CNC (USDA) in 0.3% brine through 50-70 mesh glass beads.  It is 

evident that there is substantially more relative darkening at the front of the pack as compared 

to the flood with CNC (USDA) in 0.1% NaCl shown in Figure 53.   
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Figure 53:  Experiment 26, darkening of 50-70 mesh glass beads that has been flooded with 0.5% 
CNC (USDA) in 0.1% NaCl.  Top image shows the post-flood glass beads before being in the oven.  
Bottom image shows the glass beads after being in the oven. 
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Figure 54:  Experiment 27, darkening of 50-70 mesh glass beads that has been flooded with 0.5% 
CNC (USDA) in 0.3% NaCl.  Top image shows the post-flood glass beads before being in the oven.  
Bottom image shows the glass beads after being in the oven. 

 

The comparison in relative darkening for Experiment 26 and Experiment 27 is most clearly 

illustrated in Figure 55.  The top image shows the post-heating results for Experiment 26 – 0.5% 

CNC (USDA) in 0.1% NaCl and the bottom image shows the post-heating results for Experiment 

27 – 0.5% CNC (USDA) in 0.3% NaCl.  This indicates that retention increases when salinity is 

increased. 
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Figure 55:  Visualizing the impact of salinity on naocellulose retention.  Top image shows the 
results for Experiment 26, darkening of 50-70 mesh glass beads that has been flooded with 0.5% 
CNC (USDA) in 0.1% NaCl.  Bottom image shows the results for Experiment 27, darkening of 50-
70 mesh glass beads that has been flooded with 0.5% CNC (USDA) in 0.3% NaCl. 

 

 The comparison of relative darkening in 50-70 mesh sand was possible when comparing 

CNC (USDA) in 0.1% NaCl and 1.0% NaCl because there was such a substantial difference in 

retention.  The top image in Figure 56 shows the post-heating results for Experiment 17 – 0.5% 

CNC (USDA) in 0.1% NaCl and the bottom image shows the post-heating results for Experiment 

29 – 0.5% CNC (USDA) in 1.0% NaCl.  The top image shows no relative darkening anywhere in the 

pack for Experiment 17.  This suggests that significant aggregate log jamming was not occurring 

as straining of aggregates would be expected to result in darkening at the front of the pack.  By 

comparison, the bottom image in Figure 56 shows substantial preferential darkening at the front 

of the pack for Experiment 29 with some darkening in the middle of the pack as well. This would 

suggest that some deep bed filtration, including straining of aggregate log jams, was likely 



98 
 

occurring.  This also indicates that retention increases when salinity is increased.  For Experiment 

29, it was also observed that a viscous gel filter cake formed.  The viscous gel filter cake is easiest 

to visualize from Figure 57.  In this figure, the image on the left shows the sandpack inlet before 

baking.  There is a visible gel at the top of the pack, and a drip of gel is hanging on the side of the 

pack.  The image on the right shows the sandpack inlet after baking.  The most interesting 

observation is that the drip of gel on the side of the sandpack has turned black, confirming that 

this is a nanocellulose gel.  The formation of a nanocellulose gel filter cake, in addition to 

darkening of the sand in the middle of the pack, suggests that all retention mechanisms could 

have potentially been occurring.   

 

Figure 56:  Visualizing the impact of salinity on naocellulose retention.  Top image shows the 
results for Experiment 17, darkening of 50-70 mesh sand that has been flooded with 0.5% CNC 
(USDA) in 0.1% NaCl.  Bottom image shows the results for Experiment 29, darkening of 50-70 
mesh sand that has been flooded with 0.5% CNC (USDA) in 1.0% NaCl. 
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Figure 57:  Visualizing viscous gel filter cake for Experiment 29 - 0.5% CNC (USDA) in 1.0% NaCl.  
The left image shows the inlet of the sandpack before heating.  The right image shows the inlet 
to the sandpack after heating. 

 

Overall, the post-heating results confirm that nanocellulose retention is occurring in the 

porous media.  The post-heating results are not able to differentiate between which retention 

mechanism is dominant.  However, it is evident that retention increases when salinity is 

increased.  This supports the results from the retention flooding experiments that showed 

increased retention when salinity was increased. 

  

Viscous Gel Filter Cake 
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3.7 – Effluent Particle Size Investigation 

A set of dynamic light scattering tests were performed to compare the size of 

nanocellulose at the inlet and outlet of the sandpack.  Effluent was collected directly from the 

sandpack outlet, such that it did not flow through the UV Vis detector or associated capillary 

tubing.  The full results of the flow aggregation tests are provided in Table 18.  All tests were 

performed by first collecting ~1 pore volume of 0.5% CNC (AITF) in 0.1% NaCl followed by ~1 

pore volume of 0.1% NaCl post-flush.  Flow rate was kept constant at 1 ml/min and 50-70 mesh 

sand was used in all cases.   In the first test, the nanocellulose in the effluent was observed to 

become unstable which indicates that the size of aggregates increased during flow through the 

sandpack.  This suggests that the tendency to aggregate was the dominant factor over the 

breakup of aggregates due to shear force for this flood.   In the second test, there was no 

significant difference in the size of the nanocellulose aggregates in the injection fluid and 

effluent.  This suggests that aggregation influences were relatively balanced with shear 

disaggregation.  In the third test, the nanocellulose aggregates at the top of the effluent vial 

were found to be significantly smaller than the aggregates in the injection solution.  This 

suggests that shear disaggregation was dominant in this flood.  It should be noted that even if 

the aggregates exiting the pack are smaller, there could still be log jams retained in the pack.  It 

would appear that in this case, any log jams that became mobile were sheared apart into their 

constitutive aggregate elements.  Given that each test showed very different outcomes, this 

indicates that the system is near a critical threshold for aggregation.  This suggests that small 

deviations in certain parameters may have a significant impact on the size of nanocellulose 

aggregates.  It is theorized that small differences in salinity or the amount of time the nanofluid 

sits before flooding may impact the size of nanocellulose aggregates. 

In a supplementary Experiment, 0.5% CNC (AITF) in 0.1% NaCl was mixed with silica fines 

to determine if the fines were impacting the nanocellulose stability.  The solution was still 

stable after 48 hours, indicating that the silica fines are not causing aggregation of the 

nanocellulose. 
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Table 18:  Results of flow aggregation tests with CNC (USDA).   

Test 
Number 

Upstream 
Nanocellulose 

Size (nm) 

Downstream 
Nanocellulose 
Size from Top 
of Vial (nm) 

Downstream 
Nanocellulose Size 

from Bottom of 
Vial (nm) 

Comment 

Test 1 n/a n/a n/a Particle size 
measurements were 
not taken.  However, 
the injection fluid was 
observed to remain 
stable and the effluent 
was observed to 
become unstable 
indicating aggregation 
occurred during flow 
through the sandpack. 

Test 2 239 
+/- 17 

230 
+/- 13 

220 
+/- 16 

No significant change 
in particle size after 
flow through sandpack. 

Test 3 336 
+/- 35 

240 
+/- 17 

362 
+/- 42 

Some aggregates 
became smaller, likely 
sheared apart during 
transport through the 
sandpack. 
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Chapter 4 - Conclusions and Recommendations 

4.1 - Conclusions 

The focus of this study was to determine the main retention mechanism affecting 

nanocellulose transport through porous media.  The experimental work was centered on 

sandpack flow experiments testing the impact of grain size, particle type, salinity, and velocity 

on the retention of nanocellulose and resulting permeability reduction.  The main findings for 

each variable are listed below: 

1. Grain Size:  Larger grain size is beneficial to transport.  This is to be expected as larger 

grains have larger pore throats so effects of straining are reduced.  Larger grains also 

have less specific surface area so effects of adsorption are reduced.  Increased 

permeability reduction and retention of CNC (AITF) in packs of smaller grains suggests 

that straining of aggregate log jams is occurring.  Adsorption may also be occurring, but 

it is likely a minor effect because the batch experiments do not show any adsorption 

and there is negligible delay in the breakthrough curves for CNC (AITF). 

2. Particle Type:  Nanocellulose type appears to have a significant impact on transport 

properties.  Larger nanocellulose particles and aggregates in the bulk solution correlates 

with impaired transport properties through porous media.  In addition, CNC (USDA) in 

0.1% NaCl has a delay in the particle breakthrough which suggests some adsorption is 

taking place.  For CNC (USDA), the breakthrough curves have a smooth tail which 

suggests minimal straining of aggregate log jams.  A smooth tail is consistent with 

elution of rigid particles either dispersed in aqueous phase or reversibly detached from 

sand grains.   For CNC (AITF) in 0.1% NaCl, there is little to no delay in the particle 

breakthrough which suggests adsorption is not significant.  For CNC (AITF), the post-

flush shows a significantly earlier breakthrough than a conservative tracer and the tails 

are bumpy.  These factors appear to indicate that some straining of aggregate log jams 

is occurring.  A bumpy tail is an indicator of previously retained particles being released 

from log jams that have been broken apart by shear during the post-flush.  For CNF 

(PFI), visible formation of a filter cake is evident which indicates that they are likely 

impacted by caking, in addition to straining. 
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3. Salinity:  Lower salinity is beneficial to transport.  All forms of nanocellulose tested show 

significantly increased aggregation as salinity increases.  This leads to problems with 

straining of aggregate log jams in pore throats which leads to increased permeability 

reduction and retention.  If salinity is high enough, it results in formation of a filter cake. 

4. Velocity:  Higher velocity is beneficial to the transport of CNC (AITF) through porous 

media.  As flow rate is increased, permeability reduction and retention of nanocellulose 

are reduced.  Increasing flow rate after a flood can also recover some of the 

permeability.  Velocity is believed to be beneficial to transport because the increased 

shear breaks down nanocellulose aggregates. 

From the experimental results, it is concluded that the main retention mechanism for 

CNC (USDA) in low salinity is adsorption.  As salinity is increased, straining of aggregate log jams 

becomes more dominant.  At high salinities, filter cake formation becomes dominant.  For CNC 

(AITF) in low salinity, the main retention mechanism is straining of aggregate log jams.  As 

salinity is increased, filtering caking becomes more dominant as inferred from the data.  For 

CNF (PFI) in low salinity, both straining and filter caking retention mechanisms are evident. 

The measurements in this work are intended to show general trends.  There is some 

error with the measured values that is postulated not to impact the overall findings. 

 

4.2 - Recommendations 

 Given that nanocellulose is just emerging as a nanomaterial, there is still much research 

required for understanding its transport properties and potential applications.  This thesis is 

intended to provide foundational work and initial exploration into the application of 

nanocellulose for subsurface technologies in the petroleum industry.  From the findings and 

results of this study, there are several future research opportunities and follow-up studies 

which are outlined in Table 19.  The follow-up studies have been grouped based on what 

questions they would help to answer. 
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Table 19:  Recommendations for future work. 

1. Determining feasibility for field scale EOR or water shut-off applications 

i. Compare CNC (USDA) flooding to polymer flooding to see if nanocellulose yields any 
conformance control or production benefits over current polymer technologies.  
Test flooding at different concentrations to determine how much nanocellulose is 
required to get a piston-like displacement. 

ii. Determine the retention and permeability reduction that occurs during polymer 
injection and compare this to nanocellulose injection.   Ideally, nanocellulose will 
show less retention and permeability reduction. 

iii. Compare CNC (USDA) flooding to surfactant flooding to see if nanocellulose can 
increase ultimate oil recovery by a significant increment relative to current 
surfactant technologies.  Test flooding at different concentrations to determine an 
optimal concentration for incremental oil recovery. 

iv. Trial injection of a very large slug of CNC (AITF) to see if a maximum straining 
capacity is reached and what the corresponding permeability reduction is.  

v. Trial CNC (AITF) floods with a post-flush that is at a lower flow rate than the 
nanoflood.  This will assist in determining if reduced shear during the post-flush 
prevents recovery of permeability during the post-flush. 

vi. Trial floods with a post-flush that is a different salinity than the nanofluid to see if 
this has an impact on permeability reduction. 

vii. Trial floods with a porous media that is presaturated with a higher or lower salinity 
than the salinity of the nanofluid.  This would help to determine if the initial salinity 
of the porous media impacts aggregation of the nanofluid.  This would be especially 
helpful in understanding how the nanofluid may react if injected into a high salinity 
formation. 

viii. Determine the threshold salinity at which each type of nanocellulose starts to form 
aggregates. 

ix. Perform a nanofluid stability analysis.  It was observed that the size of the 
nanocellulose aggregates increases with time.  It would be useful to observe the 
change in size over the period of a month or more.  Also, it would be benifical to see 
how quickly the size of nanocellulose aggregates increases when extra salinity is 
added to the solution.  This would help in understanding how the nanocellulose will 
react when it comes into contact with higher salinities in the subsurface. 

x. Perform floods through reservoir cores.  This would give a better understanding of 
the behavior of nanocellulose in actual reservoir rock.  This is especially important 
for CNC (AITF) at reservoir flow rates.  If retention and permeability reduction are 
excessive at reservoir flow rates, then it may not be feasible to apply CNC (AITF) as a 
water shut-off technology for waterflood conformance control.  Test how 
concentration impacts retention and permeability in reservoir cores to determine 
optimal flooding concentrations. 

xi. Trial flooding CNC (AITF) in lower salinities through reservoir cores to identify a 
salinity that allows for optimal long distance transport or log jamming behavior. 
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1. Determining feasibility for field scale EOR or water shut-off applications 

xii. Performing floods at elevated temperature and overburden pressure to properly 
represent the thermodynamic conditions in situ. 

2. Determining feasibility for field scale drilling applications 

i. Test the impact of higher and lower salinities on filter cake formation and recovery. 

ii. Test the impact of concentration on filter cake formation.  Ideally, find the minimum 
concentration of nanocellulose required to form a filter cake per unit area of porous 
media.  Nanocellulose has been shown to form a chiral neumatic ordered phase 
above a critical concentration (Shafiei-Sabet et al., 2012) which may create 
challenges for high concentration applications. 

3. Addressing the key challenges to nanocellulose application 

i. Develop a process to reduce the production cost of CNC.  The cost of CNC is 
~$4000/kg (CAD) which makes it currently uneconomic for industry application. 

ii. Determine a way to increase the stability of CNC in salinity.  This will be required for 
long distance transport through reservoirs as CNC will be exposed to salt in the 
subsurface. 

4. Predicting and understanding the transport properties of CNC 

i. Explore why CNC (USDA) is more stable than CNC (AITF) at the same salinity.  Could 
this be a result of CNC (USDA) being produced in a gel state so it is always wet while 
CNC (AITF) is produced in a powder state? 

ii. Carry out a detailed imaging study on injection fluid and effluent samples to 
determine if aggregate size is increasing after flow through porous media.  It is 
recommend that imaging be performed with Cryo-SEM or possibly laser confocal 
microscopy.  The sample preparation for TEM causes aggregation of nanoparticles 
which makes it difficult to determine if the aggregate size measured by TEM is 
representative of the aggregate size in the original solution. 

iii. Develop a stochastic mathematical model to simulate the transport of nanocellulose 
undergoing a log jamming phenomena in porous media.  This could help to predict 
the performance of CNC as a water shut-off technology. 

iv. Perform floods at various flow rates through capillary tubes of various diameters.  
See if smaller capillaries cause aggregation and if higher flow rates help to prevent 
aggregation.  A very interesting outcome would be to see if it is possible to orient 
the nanocellulose rods in the direction of flow. 

5. Improving the flow apparatus used in this study 

i. To explore the potential of nanoparticles adhering to the apparatus: 
a) Try using plastic or Teflon tubing and flow cell to see if retention changes at all. 
b) Try a batch experiment with stainless steel tubing to see if there is any 

adsorption to the steel. 

ii. Trial use of a flow cell with larger internal volume if available.  Flooding with CNC 
(AITF) at 0.1 ml/min resulted in a pressure drop increase across the flow cell which 
could not be fully removed even after cleaning with methanol purge.  Since the 0.1 
ml/min CNC (AITF) flood the flow cell would occasionally completely plug off.  It 
seems that a log jamming effect occurred within the flow cell itself. 
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5. Improving the flow apparatus used in this study 

iii. Use vials with sealing caps for effluent collection to prevent evaporation and allow 
for long term storage of effluent.  Saran wrap was used to seal effluent vials during 
this study.  However, it was observed that overtime some evaporation would still 
occur and the saran wrap seal on the vial would weaken. 

iv. Use ICP-MS to take concentration measurements of effluent samples in situations 
where the UV Vis is not able to get accurate readings.  This will be particular useful 
for high salinity floods because the UV Vis is not able to get stable absorbance 
reading for nanocellulose solutions in higher salinities.  This will also be useful if 
floods are carried out with deionized water.  When nanocellulose is flooded in 
deionized water it is believed to trigger some fines migration which increases the 
UV Vis mass balance error.  

v. Trial a shorter purging procedure to reduce experimental runtime. 

vi. Minimize dead volume to help prevent any distortion of the breakthrough curves.  
This would be helpful in determining if there is any delay in the breakthrough 
curves. 
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Appendices A: Calibration Curves, Data Processing, and Experimental Protocols  

Appendices A.1 - Data Processing for Dynamic Light Scatting Experiments 

Dynamic light scattering experiments include 25 sizing measurements on each sample.  

Most measurements stayed around a central average.  Occasionally there would be a large 

spike in size.  Some samples had visual specks of dust which are believed to be the reason for 

the occasional size spikes.  To give an idea of the size of the cellulose particles in the 

homogenous solution, the larger size spikes had to be omitted to prevent skewing of the size 

average.  The median intensity of each sample was calculated and any size measurements that 

were more than one standard deviation away from the median intensity were omitted. 

 

Appendices A.2 - Data Processing for Retention Experiments 

 During the retention flooding experiments, data for the pressure drop across the 

sandpack and nanocellulose concentration in the effluent was recorded every second.  This 

data allowed for high resolution plotting of the pressure drop profile and effluent concentration 

profile over time.  From this data, two key parameters were calculated: permeability reduction 

and nanocellulose retention.  Permeability reduction was determined by comparing the 

permeability during the pre-flush to the permeability after six pore volumes of total injection 

(summation of nanofluid and post-flush volume).  It should be noted that all permeability 

calculations are performed when the flowing fluid is water.  Thus, the viscosity is assumed to be 

constant and independent of shear rate.  The permeability for single phase one dimensional 

flow in porous media is calculated using Darcy’s Law.   A constant has been added to the front 

to account for the units being used: 

𝑘𝑑 = 16887.898
𝑞𝜇𝐿

𝐴(∆𝑃 − ∆𝑃0)
 

where 𝑘𝑑 = permeability (Darcy), 𝑞 = injection flow rate (cc/min), 𝐿 = length of sandpack (m), 𝐴 

= internal cross sectional area of sandpack (cm2), ∆𝑃 = pressure drop across sandpack (Pascal), 

and ∆𝑃0 = pressure drop zero offset (Pascal). 



112 
 

 It should be noted that in the above formula the pressure drop has been adjusted to 

account for the zero offset.  This adjustment is needed because the transmitter zero is slightly 

off, such that when there is no flow a slight pressure drop is measured.  The pressure 

transmitter signal does not appear to drift appreciably.  Given this, no additional correction was 

made to account for instrument drift.  After the initial and final permeabilities have been 

calculated, the permeability reduction is determined from the following formula: 

∆𝑘𝑑 =
𝑘𝑑𝑏 − 𝑘𝑑𝑎

𝑘𝑑𝑏
100 

where ∆𝑘𝑑 = permeability reduction (%), 𝑘𝑑𝑏 = permeability before nanoflood (Darcy), and 𝑘𝑑𝑎 

= permeability after six pore volumes of total injection (Darcy). 

 The amount of nanocellulose exiting the sandpack in the effluent is calculated from the 

area under the nanocellulose effluent curve.  This area is determined by numerical integration 

using the midpoint rule.  Time step size is one second which is quite small.  Thus, truncation 

error is expected to be minimal.  The density of all the injected nanocellulose solutions were 

within ~0.2% of the density of water.  Therefore, density was constant and equal to the density 

of water regardless of nanocellulose concentration.  This assumption made calculations easier 

and introduced minimal error.  It should be noted that the absorbance signal from the 

nanocellulose exiting the pack is adjusted to account for instrument drift.  By assuming that 

drift varies linearly with time, the average drift can then be taken as the average between the 

initial zero offset and final zero offset of the UV Vis signal.  This also properly accounts for the 

slight zero offset of the detector (even after autozeroing the signal reads slightly off of zero).  

The numerical integration is completed by solving the following formula embedded in an Excel 

spreadsheet: 

𝑚𝑒𝑓𝑓 = ∑ (
𝑞

60
𝑓𝑐[(𝐴𝑏)𝑖 − 𝐴𝑏𝑑]

𝜌𝑖𝑛𝑗

100
)

𝑛

𝑖=1

 

𝐴𝑏𝑑 =
𝐴𝑏0 + 𝐴𝑏𝑓

2
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where 𝑛 = total number of one second time steps (dimensionless),𝑖 = current time step number 

(dimensionless), 𝑚𝑒𝑓𝑓 = mass of nanocellulose recovered in the effluent (grams), 𝑓𝑐  = 

conversion factor for converting absorbance signal – mAU – to nanocellulose weight percentage 

(mAU/wt%), 𝐴𝑏 = absorbance (mAU – dimensionless milli absorbance units), 𝐴𝑏𝑑 = average of 

absorbance signal zero offset over six pore volumes of injection (mAU), 𝜌𝑖𝑛𝑗 = density of 

injected nanocellulose slug (g/ml), 𝐴𝑏0 = absorbance signal zero offset at start of nanoflood 

(mAU), and 𝐴𝑏𝑓 = absorbance signal zero offset at end of nanoflood (mAU). 

 The above numerical integration formula uses a linear conversion factor 𝑓𝑐  and is 

therefore only applicable to cases where the calibration curve is linear.  Further details on the 

linear calibration curve cases are provided in Section Appendices A.4 - UV Vis Linear Calibration 

Curves used for Retention Experiments.  Some of the nanocellulose calibration curves are 

nonlinear which requires the linear conversion factor to be replaced with a second order 

polynomial equation.  Further details on the nonlinear calibration curve cases are provided in 

Section Appendices A.6 - UV Vis .  After the mass of nanocellulose exiting in the effluent is 

calculated, the amount of nanocellulose retained is determined from the following formulas: 

∆𝑚 =
𝑚𝑖𝑛𝑗 − 𝑚𝑒𝑓𝑓

𝑚𝑖𝑛𝑗
100 

𝑚𝑖𝑛𝑗 = 𝑉𝑖𝑛𝑗𝜌𝑖𝑛𝑗

𝐶𝑖𝑛𝑗

100
 

where ∆𝑚 = nanocellulose retention (%), 𝑚𝑖𝑛𝑗 = mass of injected nanocellulose slug (grams), 

𝑉𝑖𝑛𝑗 = volume of injected nanocellulose slug (ml), and 𝐶𝑖𝑛𝑗 = injected nanocellulose 

concentration (wt.%). 

 The plots of effluent concentration are nondimensionalized to make them easier to 

read.  The nondimensional effluent concentration is expressed as a ratio of the injection 

concentration.  The x-axis is also converted to units of pore volumes instead of time for easier 

comparison between sandpacks with different porosity.  Pore volume can be calculated from 

both sand weight and water weight.  Generally, the pore volume measured from sand weight is 

used in calculation.  For some of the earlier floods, sand weight was not taken.  Also for floods 
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with glass beads, the density of the beads is unknown.  In these situations, the pore volume 

measured from water weight is used in calculations.  The following formulas are used to format 

the effluent concentration plots: 

𝐶𝑑 =
(𝐴𝑏)𝑖𝑓𝑐

𝐶𝑖𝑛𝑗
 

𝑉𝑝𝑖𝑛𝑗 =
𝑞𝑡

𝑉𝑝
 

where 𝐶𝑑 = dimensionless effluent concentration (dimensionless – ratio of total injection 

concentration), 𝑉𝑝𝑖𝑛𝑗 = cumulative pore volumes injected (dimensionless), and 𝑡 = cumulative 

injection time elapsed (minutes). 

 Finally, it should be noted that the pressure drop and effluent concentration curves 

have been shifted slightly to the right to account for the tubing volume in the system.  The 

pressure drop curve has been shifted a pore volume equivalent of 1.73 ml to the right as this is 

the volume of tubing the CNC needs to travel through before it reaches the sandpack and 

registers a pressure drop.  The effluent concentration curve has been shifted a pore volume 

equivalent of 3.47 ml to the right as this is the total tubing volume between the transfer 

cylinder and UV Vis detector, not including the sandpack volume.  Further information on 

calculation of tubing dead volume is provided in Section Appendices B.2 - Dead Volume 

Measurement. 

 

Appendices A.3 - Refractive Index (RI) Calibration Curves used for Batch Experiments 

Calibration curve for CNC (AITF) in 0.1% NaCl was linear up to 2.0 wt% cellulose as 

shown in Figure 58.  The calibration curve was not tested beyond 2% because at higher 

concentrations it would be harder to detect a small change in concentration due to adsorption. 
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Figure 58:  Refractive Index Calibration Curve for CNC (AITF) in 0.1% NaCl.   

 

Calibration curve for CNC (USDA) in 0.1% NaCl was linear up to 2.0 wt.% cellulose as 

shown in Figure 59.  The calibration curve was not tested beyond 2% because at higher 

concentrations it would be harder to detect a small change in concentration due to adsorption. 
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Figure 59:  Refractive Index Calibration Curve for CNC (USDA) in 0.1% NaCl.   

 

Calibration curve for CNC (USDA) in 0.3% NaCl was linear up to 1.0 wt.% cellulose as 

shown in Figure 60.  The calibration curve was not tested beyond 2% because at higher 

concentrations it would be harder to detect a small change in concentration due to adsorption. 
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Figure 60:  Refractive Index Calibration Curve for CNC (USDA) in 0.3% NaCl.   

 

Appendices A.4 - UV Vis Linear Calibration Curves used for Retention Experiments 

 Some of the flooding solutions used in retention experiments had a linear calibration up 

to a certain concentration.  The flooding concentration was selected so that calibration curve 

would remain linear throughout the experiment.  Having linear calibration curves greatly 

simplifies data analysis and reduces error because the machine signal (mAU) can be converted 

to concentration (wt.%) simply by multiplying by the slope of the calibration curve. 

The calibration curve for CNC (AITF) in 0.1% NaCl was linear up to 0.5 wt.% cellulose as 

shown in Figure 61.  Beyond this cellulose concentration, the calibration curve became non-

linear.  Therefore, 0.5 wt.% was the highest concentration used for flooding. 
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Figure 61:  254nm UV Calibration Curve for CNC (AITF) in 0.1% NaCl.   

 

The calibration curve for CNF (PFI) in 0.1% NaCl was linear up to 0.25 wt.% cellulose as 

shown in Figure 62.  Beyond this cellulose concentration, the CNF (PFI) becomes a viscous gel 

resulting in 0.25 wt.% as the highest concentration used for flooding. 
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Figure 62:  254nm UV Calibration for CNF (PFI) in 0.1% NaCl.   

 

Appendices A.5 - UV Vis Non-Linear Calibration Curves used for Retention Experiments 

 Several of the flooding solutions used in retention experiments did not yield linear 

calibration curves.  For these solutions the calibration curves could normally be fitted with a 

second order polynomial.  In some cases, the calibration curves were highly erratic and the UV 

signal periodically saturated at the maximum value.  In these cases, a curve fit was not possible. 

The calibration curve for CNC (USDA) in 0.1% brine shown in Figure 63 is slightly non-

linear.  The blue linear trendline fits the whole series while the orange linear trendline only 

includes the highest point and zero.  Each flood is calibrated using the highest concentration 

point (the injection concentration) and zero.  Assuming that the calibration curve is linear for 

CNC (USDA) in 0.1% NaCl results in a small amount of error in the mass balance.  The slight non-
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linearity is easier to understand when you see the tabulated data in Table 20.  Regardless of the 

wavelength used, the calibration curve is still non-linear.  The second order polynomial fit, 

shown by the red trendline in Figure 64 , gives a much better fit as indicated by an R2 much 

closer to 1. 

 

Figure 63:  254nm UV Calibration for CNC (USDA) in 0.1% NaCl.  A good example of how 
approximating a slightly non-linear calibration curve as linear will introduce mass balance error. 
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Figure 64:  254nm UV Calibration for CNC (USDA) in 0.1% NaCl.  Fitted with second order 
polynomial. 

 

Table 20:  Data points used to make the 254nm UV Calibration curve for CNC (USDA) in 0.1% 
NaCl. 

Absorbance 
(mAU @254nm) 

Absorbance 
(mAU @272nm) 

Absorbance 
(mAU @295nm) 

Absorbance 
(mAU @325nm) %w CNC 

0 0 0 0 0 

105 80.5 59 41 0.05 
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1644 1240 892 602 1 
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The calibration curve for CNC (USDA) in 0.3% NaCl was slightly non-linear up to 0.5 wt.% 

cellulose as shown in Figure 65.  Beyond this cellulose concentration, the calibration curve 

became non-linear.  Therefore, 0.5 wt.% was the highest concentration used for flooding. 

 

Figure 65:  254nm UV Calibration for CNC (USDA) in 0.3% NaCl.   

 

UV Vis readings for CNC (AITF) in 0.3% NaCl and CNC (USDA) in 1.0% NaCl were erratic 

resulting in the inability to produce a consistent calibration curve.  As a result, calibration 

curves were not developed for these solutions. 

The calibration curve for NaI in deionized water was highly nonlinear, as shown in Figure 

66.  In this case, the curve could not even be approximated as linear.  This spurred the 

development of the non-linear curve fitting procedure. 
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Figure 66:  Attempt at 254nm linear UV Calibration for NaI.   

 

Appendices A.6 - UV Vis Non-Linear Curve Fitting Procedure 

The calibration curves for the CNC (USDA) were found to be slightly non-linear and the 

calibration curve for NaI was found to be highly non-linear.  Each flood requires a new 

calibration because the maximum absorbance of each batch will vary slightly.  In the case of a 

linear calibration curve, only one calibration flood is required per batch.  This is because by 

knowing the maximum concentration and that at 0 wt.% the absorbance is defined as zero, a 

straight line can be drawn.  For the case of non-linear calibration curves, it is very impractical to 

develop a new calibration curve for each batch.  Instead, it was assumed that the shape of the 

non-linear calibration curves would stay the same for each batch.  If the maximum absorbance 

for a given batch was slightly higher, it then followed that the absorbance of all points on the 
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calibration curve would shift by the same percentage.  In effect, this keeps the distribution of 

the area of the curve the same for all renditions of the calibration curve regardless of the 

maximum absorbance value for a given batch.  As an example, the base calibration curve for 

NaI is shown in Figure 67 and the scaled calibration fit is shown in Figure 68.  The data used to 

develop the calibration curve and the fitting error is provided in Table 21. 

 

Figure 67:  254nm non-linear UV Calibration for NaI. 

 

It was found that a second order polynomial always gives a very good fit of the data.  As 

shown in Table 21.  The calibration curve for NaI was the most nonlinear and given this, was 

chosen to illustrate the nonlinear curve fitting. 
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Table 21:  Data points used to develop 254nm non-linear NaI Calibration curve and associated 
error from the non-linear fit. 

Absorbance (mAU @254nm) %w NaI Actual %w NaI From Fit Error From Fit (%) 

0 0 0 0 

1102 0.1 0.09859 1.41016398 

1738 0.2 0.201542 0.7710901 

2618 0.4 0.399574 0.10656509 

 

The assumption that the calibration curve retains the same shape for each batch results 

in only requiring one calibration flood for each batch to build the specific calibration curve for 

that batch.  The calibration flood tells us the absorbance reading of the solution in the transfer 

cylinder.  By taking the ratio of the absorbance reading from the calibration flood and the 

original full calibration curve, one can adjust the coefficients of the second order polynomial to 

appropriately model the current batch.  From the original calibration curve, the absorbance 

reading at 0.255 wt% NaI is 2020 mAU.  It then follows: 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 𝑜𝑓 𝐵𝑎𝑡𝑐ℎ

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 𝑜𝑛 𝐹𝑢𝑙𝑙 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑢𝑟𝑣𝑒
 

 

As an example, suppose that the current batch had an absorbance reading at 0.255 wt% 

of 1805.31 mAU.  Then we find: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 =
1805.31

2005.9
= 0.9 

The coefficients of the second order polynomial can then be adjusted by recognizing 

that if the shape of the polynomial remains the same, then the coefficients will scale with the 

relative increment as described by the following formula: 
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𝑦 =
𝑎

(𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡)2
𝑥2 +

𝑏

(𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡)
𝑥 

where ‘a’ and ‘b’ are the coefficients of the polynomial fit for the full calibration curve.  Carrying 

through the numbers in this example, one can then calculate the new polynomial coefficients 

for this batch: 

𝑦 =
0.000000041663

(0.9)2
𝑥2 +

0.000043551835

(0.9)
𝑥 

𝑦 = 0.000000051436𝑥2 + 0.000048390928𝑥 

It is clear that the coefficients calculated from this procedure are the same that are 

calculated from Excel if we manually adjust each point on the calibration curve for the new 

batch: 

 

Figure 68:  Visual example of non-linear curve fitting procedure for a NaI batch that has been 
scaled to fit the shape of the original NaI non-linear calibration curve. 
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Similarly, for CNC (USDA) in 0.1% and 0.3% NaCl, the non-linear curve fitting procedure 

is employed using the second order polynomial fits presented in Figure 64 and Figure 65. 

 

Appendices A.7 - Sand Washing Procedure 

Early on during research it was noticed that sand contained a lot of dirt which had to be 

flushed out before experiments.  Sand naturally has an abundance of silica fines adsorbed to its 

surface.  Under changing flow or ionic strength, these fines can become mobile and migrate 

through the porous media.  For these experiments, fines migration is undesirable as silica fines 

have delocalized electrons due to their double bonds and lone pairs; therefore, they are 

detected strongly by UV Vis.  This creates error in the nanoparticle mass balance.  The washing 

procedure below has been found useful in helping to remove silica fines before packing the 

sand: 

1. Place 2 scopes of sand (~150 grams) onto sieve 

2. Rinse with 1L of deionized water 

3. Rinse with 0.5L of 10% NaCl 

4. Rinse with 1L of deionized water 

5. Soak in 10% NaCl for 1 hour 

6. Rinse with 2L of deionized water 

7. Leave in oven at 120C overnight 

 

Appendices A.8 - Sand Packing Procedure 

A great deal of effort was taken to ensure every sandpack was as close in properties as 

possible.  Having homogeneous sandpacks allows for direct comparison between experiments.  

A consistent and efficient packing procedure was developed for preparing the sandpacks: 

1. Weigh empty sandpack with both end caps loosely attached 

2. Tighten endcap with mesh to one end of sandpack 
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3. Place sandpack in vertical holder with tightened end cap down and top end cap 

removed 

4. Weigh beaker filled with packing sand 

5. Using funnel and beaker, add ~20 grams of sand to pack 

6. Strike pack with a wrench using evenly spaced blows along its length to allow sand to 

settle.  Make at least 12 blows, adding additional sets if needed to allow sand to settle. 

7. Repeat steps 5 & 6 until pack is full 

8. Strike pack 12 times with a wrench to see if any final leveling occurs.  If so, top off pack 

with a bit of sand using a small weighing spoon. 

9. Place end cap on top of pack and blow any sand out of fitting using compressed air gun 

before closing the fitting 

10. Tighten end cap with mesh to top of pack 

11. Weigh sand beaker after packing and weigh full sand pack with end pieces after packing 

12. The weight of sand used is packing is one measure that can be used to calculate pore 

volume of the pack.  The pore volume and porosity are calculated with the following 

formulas: 

𝑉𝑝 =
(𝑊𝑏𝑠 − 𝑊𝑎𝑠)

𝜌𝑠
 

𝜙 =
𝑉𝑝

𝑉𝑔
100% 

where 𝑉𝑝 = pore volume (cc), 𝜙 = porosity (percentage), 𝑊𝑏𝑠 = weight of sandpack tubing 

before adding sand (grams), 𝑊𝑎𝑠 = weight of sandpack after packing (grams), 𝜌𝑠 = density of 

sand (taken to be 2.64 g/cc), and 𝑉𝑔 = volume of sandpack tubing from geometry (measured to 

be 59.7 cc). 

To keep the sand in the pack, mesh elements were installed in the pack fittings.  The 

mesh elements were manufactured in-house and designed to be easily replaceable so that the 

mesh size could be changed depending on what sand grain size was being used.  For the 140-

270 mesh sand, a 325 mesh retaining element was used.  For the 16-30 mesh sand and 50-70 
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mesh sand, a 100 mesh retaining element was used.  All sandpack parts are pictured in Figure 

69  and a close-up of an installed 100 mesh sand retaining element is pictured in Figure 70. 

 

Figure 69:  Picture of the sandpack parts used for retention flooding experiments. 

 

 

Figure 70:  Close-up picture of the replaceable sand retaining meshes used in the sandpack 
design. 
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Appendices A.9 - Inline UltiMate 3400 UV Vis Cleaning Procedure 

Overtime, the UV Vis flow cell and capillary lines seem to foul from general use.  It is 

good practice to clean the system every 3 weeks or sooner if the backpressure across the UV 

Vis seems to have increased, which would indicate some blockage or fouling.  The following 

procedure has been found effective at cleaning the UV Vis: 

1. Load transfer cylinder with methanol.   

2. Close valves to sandpack and open sandpack bypass valve.  Also, ensure valving is lined 

out to UV Vis.   

3. Inject methanol at 1 ml/min for 30 min then at 10 ml/min for 10 min.   

4. Stop pump and then reverse the inlet and outlet ports on the UV Vis flow cell and 

reverse the direction of the inlet capillary tubing.   

5. Inject methanol at 10 ml/min for 10 min then at 1 ml/min for 30 min.   

6. Stop pump and put UV Vis inlet and outlet connections and inlet capillary tubing 

direction back to their original configurations.   

7. Purge entire system with deionized water at high velocity until satisfied that no 

methanol remains in the system.   

 

Appendices A.10 - Vacuum Saturation Procedure 

Before each retention experiment, the sandpack is pulled down to vacuum.  This helps 

to ensure that there is no air in the pack.  It also allows the pack volume to be estimated using 

the weight before and after water saturation as well as the amount of flow into the pack from 

the pump flow meter.  The standard vacuum saturation procedure is as follows: 

1. Dry isolation valves and the small length of tubing between the isolation valves and the 

sandpack. 

2. Weigh the dry sandpack filled with sand and with isolation valves attached. 

3. Connect isolation valves to flow apparatus.  Leave the isolation valves open. 



131 
 

4. Lineout the upstream 3-way valve to the transfer cylinder bypass and close the needle 

valve at the syringe pump outlet.  Lineout the downstream 3-way valve to the vacuum 

pump.   

5. Start the vacuum pump and then close the atmospheric equalization valve at the 

vacuum pump inlet.  Allow the vacuum pump to run for 30 min. 

6. Once 30 minutes has elapsed, close the sandpack isolation valves and close the 

downstream 3-way valve. 

7. Open the atmospheric equalization valve at the vacuum pump inlet.  Then, turn off the 

vacuum pump.  The valve must be open to prevent a negative pressure upstream of the 

vacuum pump which would pull the lubricating oil out of the veins when the vacuum 

pump is turned off. 

8. Open the needle valve at the outlet of the syringe pump and start the pump at 5 

ml/min.  Keep running until the pump trips on high pressure (typical safety pressure is 

800 psi).  Once the pump stops, all flow lines are filled with water. 

9. Zero the cumulative volume on the syringe pump.  Open the sandpack isolation valves 

and start flowing the pump at 5 ml/min.  Once the pump trips on high pressure, the 

sandpack is saturated with water.  The cumulative volume on the flow meter can be 

used to estimate pore volume.  Of note, this seems to be the least accurate estimate of 

pore volume so it was not used to calculate any pore volumes in this thesis. 

10. Disconnect the isolation valves and weigh the wet sandpack with isolation valves 

attached.  The difference in weight from before and after saturation with water can be 

used to estimate pore volume.  Keep in mind that the isolation valves and tubing add 

~1.4 ml of volume that should not be included in the pore volume. 

11. Connect the isolation valves to the flow apparatus and lineout the downstream 3-way 

valve to the UV Vis detector.  The system is now ready to flow. 

12. If there is any reason to believe that some air remained in the sandpack after the 

vacuum saturation procedure, then repeat steps 4 to 11 and run the vacuum pump for 

2H instead of 30 min (altering step 5). 
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Appendices A.11 - Retention Flooding Sample Preparation 

 The nanofluids used in retention floods were mixed to a desired concentration on a per 

weight basis.  Using wt.% concentration allowed for better accuracy and reproducibility rather 

than using a volume basis.  The general procedure for mixing flooding solutions is as follows. 

1. Place empty beaker on scale and autozero. 

2. Add desired weight of salt, then nanocellulose, then deionized water. 

3. Mix sample by ultrasonication at 50% amplitude.  Higher amplitudes tend to lead to 

excessive heating around the sonicator tip.  Sonicate with 200 J of energy / gram of 

solution. 

4. After sonication, add deionized water to return solution to its original weight as some 

water will have evaporated during sonication. 

5. Cover beaker with saran wrap to prevent evaporation until sample is used. 

Every retention flooding solution contained some NaCl.  Low salinity flooding solution 

was used for two reasons: 

 Some salinity is required to prevent permeability reduction from swelling clays (Molnes 

et al., 2016).  While the sandpacks used in this study do not contain swelling clays, it is 

still important to understand how the nanocellulose particles behave in low salinity 

solution because they will most likely be exposed to some salinity during field 

applications. 

 Early in this study a few floods were attempted in deionized water.  However, the 

breakthrough curves for these floods would spike above injection concentration as 

shown in Figure 71. These spikes would result in the mass balance indicating mass 

generation in the sandpack.  It was later determined that the extra mass was due to 

fines migration.  It appears that nanocellulose in deionized water will stimulate some 

fines migration.  It was found that a low salinity carrier solution of 0.1% NaCl in 

combination with a 10% NaCl pre-flush was sufficient to prevent spikes in the 

breakthrough curves.  The ionic strength of the 0.1% NaCl solution was much larger that 

the ionic strength of the nanocellulose solution which minimized the electrostatic shock 
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to the system when the nanocellulose slug was injected.  This allowed for accurate mass 

balances by minimizing fines migration between the pre-flush, nanoflood, and post-

flush.  An example calculation is provided to show the fraction of solution ionic strength 

attributed to nanocellulose for a 0.5% nanocellulose solution in 0.1% NaCl: 

For each Molarity of NaCl: 

  𝐼𝑁𝑎𝐶𝑙 = (2 𝑚𝑜𝑙𝑒 𝑐ℎ𝑎𝑟𝑔𝑒 /𝐿) 𝑚𝑜𝑙𝑒 𝑁𝑎𝐶𝑙⁄  

For each Molarity of NaCl there is 5 Mass Equivalents of CNC: 

𝐼𝑁𝐶𝐶 =
(

58.44 𝑔 𝑁𝑎𝐶𝑙
1 𝑚𝑜𝑙𝑒 𝑁𝑎𝐶𝑙

x
1 𝑚𝑜𝑙𝑒 𝑁𝑎𝐶𝑙

𝐿
x

5 𝑔 𝐶𝑁𝐶
1 𝑔 𝑁𝑎𝐶𝑙

x
0.01 𝑔 𝑆𝑢𝑙𝑓𝑢𝑟

1 𝑔 𝐶𝑁𝐶
x

1 𝑚𝑜𝑙𝑒 𝑐ℎ𝑎𝑟𝑔𝑒
1 𝑚𝑜𝑙𝑒 𝑠𝑢𝑙𝑓𝑢𝑟

x
𝑚𝑜𝑙𝑒 𝑠𝑢𝑙𝑓𝑢𝑟

32.07 𝑔 𝑆𝑢𝑙𝑓𝑢𝑟
)

𝑚𝑜𝑙𝑒 𝑁𝑎𝐶𝑙
 

𝐼𝑁𝐶𝐶 = (0.09111 𝑚𝑜𝑙𝑒 𝑐ℎ𝑎𝑟𝑔𝑒 /𝐿) 𝑚𝑜𝑙𝑒 𝑁𝑎𝐶𝑙⁄  

Fraction of Ionic Strength due to CNC: 

𝐼𝑁𝐶𝐶(%) =
0.09111

0.09111 + 2
100% = 4.36% 

where 𝐼𝑁𝑎𝐶𝑙 = relative ionic strength of NaCl (mole/L) and𝐼𝑁𝐶𝐶  = relative ionic strength of NCC 

(mole/L). 
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Figure 71:  Example of CNC (AITF) flood in deionized water.  The effluent concentration profile 
spikes above inlet concentraiton when deioized water which is believed to be due to fines 
migration becasue of insufficient electrostatic shielding. 

 

Appendices A.12 - Retention Flow Experiment Procedure 

This procedure is repeated for both the tracer flood and nanoflood (will refer to these 

together as primary fluid) to ensure consistent preparation of the sandpack before any 

injection.  The effluent from Steps 1 – 3 & 5 is shown in Figure 72.  It is evident that the effluent 

becomes clear following this purge procedure.  The UV Vis signal also levels out by the end of 

step 5 indicating that all mobile fines have been removed under the current salinity and flow 

rate.  The full retention flow experiment procedure is as follows: 
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1. Purge sandpack at 29 ml/min for 30 min with deionized water.  This removes debris and 

loose fines in the sandpack. 

2. Purge sandpack at 2 ml/min for 3 hours with 10% NaCl solution.  This step is to remove 

adsorbed fines in the sand which show up on the UV Vis.  Record data in Chromeleon 

and LabView during this step. 

3. Purge bypass at 29 ml/min for 1 min then purge sandpack at 29 ml/min for 1 hour with 

deionized water.  This removes the brine and shocks the system to help remove any 

remaining fines.  For floods in 140-270 mesh sand or floods at 0.1 ml/min, the last 30 

min of the 29 ml/min purge was down with brine at the salinity of the flooding solution 

instead of deionized water.  This helped the UV signal to level out faster. 

4. Bleed the nanofluid to the transfer cylinder valve.  Then purge the main flow line before 

reconnecting the transfer cylinder to the main flow system. 

5. Purge sandpack with brine at the salinity and flow rate that will be used in the nanofluid 

or tracer flood.  Continue this purge until the UV Vis signal appears to have leveled out 

(or is changing very little).  Record data in Chromeleon and LabView during this step.  

Autozero the UV Vis at the end of this step. 

 

Figure 72:  Silica fines are visible in effluent during sandpack purging.  The effluent samples 
shown here are from the Dec 2, 2016 purges.  From left to right the samples shown are effluent 
from steps: 1, 2, 3, start of 5, end of 5. 
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6. Start the flood with the primary fluid.  To start the flood, start Chromeleon then flip the 

valve to the transfer cylinder at the same time you start LabView data recording.  Once 

the flood is running, turn on the fraction collector and leave it running for the duration 

of the flood.  Fractions are collected in 3 ml volumes.  Set the fraction collector timing so 

that the pump flow rate allows for 3 ml fraction volumes. 

7. Flood with 2 pore volumes of primary fluid and post-flush with at least 5 pore volumes 

of brine at the same salinity and flow rate as the primary fluid. 

8. Once the post-flush is complete stop the pump and record the zero offset for the 

pressure transmitter in LabView. 

9. Open the bypass and flush the UV Vis with brine at the same salinity and flow rate for 10 

min.  After 10 min, record the UV signal for 2 min to record the drift from the beginning 

of the flood. 

10. Run a calibration flood through the bypass.  Open flow to the transfer cylinder and start 

Chromeleon at the same time.  Run calibration flood until the UV signal levels out.  If 

signal has not leveled out by 60 min then stop the recording.  It is likely that 

nanoparticles are being adsorbed to the detector creating drift. 

11. Flush out the whole system with brine at the same salinity and flowrate.  Flush UV Vis 

with deionized water for 10 min, then record in Chromeleon for 2 min to determine the 

drift during the calibration flood.  Reduce the calibration signal recorded in step 10 by 

the drift recorded at the end of the calibration flood.  This is the accounts for the total 

amount of drift that occurred during the calibration reading relative to the initial 

autozero. 

 

Appendices A.13 - Sand Baking Procedure 

 After each nanoflood, the sand was baked in an oven.  The regions of the sandpack that 

had relatively higher nanocellulose retention darkened more than the rest of the pack.  The 

procedure for sand baking is as follows: 

1. Spread tinfoil sheet on lab bench.  The sheet should be at least 14 inches long and 6 

inches wide. 
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2. Remove one end cap from the sandpack and attach an air hose to the other end cap. 

3. Slowly throttle the air valve until there is a small trickle of air flow that is enough to 

slowly push the sand out of the sandpack. 

4. Flatten the sand down on the tin foil so it forms a very thin layer. 

5. Take a ‘before baking’ photo. 

6. Increase oven temperature to 300°C and put the sand covered tin foil sheet into the 

oven. 

7. After 10 minutes, remove sand from oven and take an ‘after baking’ photo. 

8. Return oven temperature to its original set point. 

 

Appendices A.14 - Batch Experiment Procedure 

 The batch experiments were designed to keep the conditions as close as possible to the 

conditions used in the flow experiments to allow for a more direct comparison.  A series of 

soaks were used to prepare the sand used in the batch experiments, mirroring the purges that 

were used in the flooding experiments.  The batch experiment procedure is as follows: 

1. Wash sand using the standard procedure. 

2. After sand has cooled from the oven, rinse with 1 L of deionized water. 

3. Soak in 10% Brine for 3 hours, this is to mimic the 10% brine flush used in the retention 

experiments. 

4. Rinse with 2L of deionized water. 

5. Rinse with 0.5L of 10% brine. 

6. Rinse with 2L of deionized water. 

7. Soak in brine concentration that the nanoparticle solution will be in (usually 0.1%) for 

1H. 

8. Rinse with 2L of deionized water. 

9. Put in oven overnight at 120C to dry. 

10. Soak in nanoparticle solution for 48H. 

11. Leave some extra nanoparticle solution to build a RI calibration curve via dilution. 
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12. After 48H soak is up, pour out supernatant.  Next filter nanofluid out of sand using size 

100 mesh whenever possible to allow for rapid draining of the water.  In cases where 

very small sand grains were used (140 – 270 mesh sand), 325 mesh was used for sieving 

out the liquid.  It is often not possible to sieve liquid out of the 140 – 270 mesh sand.  

When this happens, the supernatant liquid was used instead.  Take a RI reading of the 

filtered nanofluid and compare it to the RI calibration curve to determine if there was 

any adsorption. 

 

Appendices A.15 – Inline UltiMate 3400 UV Vis Calibration Procedure 

 The following procedure was used to develop the calibration curves that convert the UV 

Vis signal into a nanocellulose concentration value: 

1. Prepare standards of a known nanocellulose concentration in a desired salinity via 

dilution. 

2. Purge the UV Vis with brine at the same salinity as the nanocellulose standards. 

3. Once the UV signal has leveled out, autozero the UV Vis detector. 

4. Load the first nanocellulose standard into the transfer cylinder. 

5. Bypass the sandpack and pump the nanocellulose standard through the UV Vis detector 

until the signal levels out. 

6. Record the absorbance that the signal leveled out at. 

7. Repeat steps 4 – 6 for each of the prepared standards.  It is important to inject the 

standards in the order from lowest concentration to highest concentration. 

8. Plot the absorbance reading for each standard to get the calibration curve. 

 

Appendices A.16 – Dynamical Light Scattering vs Sonication Energy Procedure 

 This procedure allows for consistent preparation of samples if carried out as follows: 

1. Prepare large batch of a nanofluid of desired concentration and salinity.  Do not 

sonicate. 
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2. Mix solution using a magnetic stir bar until all nanoparticle are dissolved into solution. 

3. Aliquot the nanofluid into 20g scintillation vials. 

4. Sonicate each vial at 50% amplitude with a known amount of energy.  Each successive 

vial will be sonicated with more energy. 

5. Allow vials to cool to room temperature. 

6. Perform dynamic light scattering on each vial. 

 

Appendices A.17 – Dynamic Light Scattering vs Salinity Procedure 

This procedure allows for consistent preparation of samples if carried out as follows: 

1. Prepared desired nanofluid standards in 20 g scintillation vials. 

2. Sonicate each vial at 50% amplitude with 4000 J of energy. 

3. Transfer sample from vial into cuvette using a 1 ml syringe with the end cutoff.  This 

allows for a much larger opening to help prevent breakdown of aggregates that could 

occur in a slim needle or syringe tip. 

4. Perform dynamic light scattering on each vial. 

 

Appendices A.18 – Pressure Transmitter Re-Ranging Procedure  

 The pressure transducer has a full range of 0 – 1000” H2O.  However, the transmitter 

should be ranged down during most experiments.  Ranging the transmitter down limits the 

maximum pressure that can be sent to the data acquisition system.  Before the pressure 

transmitter signal is sent to the data acquisition system, it is converted from digital to analog so 

that the data acquisition system can read the signal.  This conversion adds some noise to the 

signal.  A high pressure range causes increased noise during the digital to analog conversion.  As 

a result, when a high pressure range is used for a flood with very little pressure drop, the noise 

from the digital to analog conversion can become dominant to the actual pressure drop signal.  

Selecting the upper pressure limit to use it easiest by doing a quick test flood with water at a 

desired flow rate to see what the resulting pressure drop is.  The following procedure is used 

for re-ranging the pressure transmitter: 
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1. Plug VIATOR HART USB interface into COM4 on USB hub (the COM4 port is labelled). 

2. Open ‘Instrument Inspector’ application. 

3. Double click on the image of the transmitter you would like to re-range. 

4. Click ‘configure’. 

5. Click ‘basic setup’. 

6. Keep hitting ‘next’ until you get to ‘analog output’. 

7. Type in desired pressure range. 

8. Hit ‘next’ and then ‘abort’ to save the changes. 

9. Disconnect VIATOR HART USB interface.  It seems to increase the noise generated 

during the digital analog conversion if it is left plugged in. 

10. Open LabView ‘configuration’ folder. 

11. Open ‘sandpack’ text file.  This file contains the parameters that are used in the digital 

to analog conversion. 

12. Change the slope and y-intercept to the correct values for the new pressure range.  

These values convert the digital signal from the pressure transmitter into the analog 

signal that is read by the data acquisition system.  The pressure transmitter is designed 

to vary the digital signal linearly with pressure drop.  The digital signal is always ranged 

from 4 – 20 mA where 4 mA indicates the lower pressure limit that the user has selected 

and 20 mA indicates the higher pressure limit that the user has selected.  The values for 

slope and y-intercept are calculated by solving the equation of a straight line for two 

scenarios.  One equation for the case when the transmitter is at its lower limit and one 

equation for the case when the transmitter is at is higher limit.  This gives two equations 

to solve for two unknowns (slope and y-intercept). 

 

 

Appendices A.19 – TEM Sample Preparation Procedure  

 This procedure is intended to minimize contamination and preserve nanoparticle 

aggregates.  It is carried out as follows: 

1. Rinse out a 125 ml beaker with deionized water. 
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2. Wash the beaker with soap and water. 

3. Rinse with IPA. 

4. Dry with compressed air to prevent and dust being left behind. 

5. Transfer 0.5 ml of desired sample solution into the beaker. 

6. Dilute with ~15 ml of brine that is the same salinity as the sample solution.  The solution 

should be diluted until the point that it is just slightly cloudy. 

7. Grab TEM grid from storage container with tweezers.   

8. Sweep TEM grid through the solution in the beaker. 

9. Allow the TEM grid to air dry. 

10. Store TEM grid in the same slot in the storage container that it was taken from 

originally. 

 

Appendices B: Detailed Flow Apparatus Information  

Appendices B.1 – Learnings from Original Apparatus Design 

  The retention apparatus described and used in this thesis was designed based on the 

learnings from an initial failed apparatus design.  The original design had ¼” flow lines, a 

capillary viscometer between the sandpack and UV detector, and two pressure transmitters 

across the sandpack and viscometer to allow for split range precision.  The ¼” flow lines and 

capillary viscometer greatly increased the system volume.  The pressure transmitters each had 

their own sensing lines which resulted in many dead legs branching off the main flow line.  The 

original apparatus design resulted in highly distorted breakthrough curves that did not 

resemble the passive dispersive behavior expected for a tracer.   From the original design, there 

were three main learnings that were incorporated in the design of the apparatus that was used 

to generate the data in this thesis: 

1. Flow line volume should be minimized as much as possible to minimize dispersion of the 

nanofluid.  Dispersion in the flow lines causes the breakthrough curves to spread out 

and form long tails.  This results in the appearance of an absorption phenomena, even 
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for the tracer.  Flow line volume is minimized by using short lengths of the smallest 

diameter tubing available. 

2. The number of dead legs in the system should be minimized to minimize retention due 

to diffusion into dead zones.  In the case of a sandpack flooding apparatus, the most 

common dead leg locations are the sensing lines used to connect pressure transmitters 

to the main flow line.  Therefore, in order to minimize the number of dead legs, the 

number of sensing lines should be kept to a minimum. 

3. Sensing lines should come off the top of the main flow line.  Injected nanofluids are 

slightly heavier than water so if sensing lines come of the bottom or sides of the main 

flow line then there can be some additional nanofluid lost to the sensing lines due to 

gravity.  This results in overestimation of the retention in the sandpack.  Having the 

sensing lines come off the top of the main flow line results in a higher likelihood of air 

becoming trapped in the pressure transmitter which distorts pressure readings.  

However, it was found that applying a vacuum to the flow apparatus is very effective at 

removing any air trapped in the pressure transmitters. 

 

Appendices B.2 - Dead Volume Measurement 

Due to the complex internal geometries of many of the valves and fittings used in the 

retention apparatus, dead volume could not be measured from measuring the line lengths and 

computing an internal diameter.  Instead, line volume was measured by drying out all of the 

lines and measuring how much water could be pumped into each line segment.  Water volumes 

were measured from the pump flow meter and compared to the time (measured by a stop 

watch) that it took to fill the lines at a known flow rate.  The pump flow meter and manually 

calculated volumes were almost exactly the same.  Thus, the calculated volumes are believed to 

be very accurate.  The dead volume of the UV Vis flow cell and capillary tubing is assumed to be 

negligible relative to the rest of the system volume.  The calculated tubing volumes are 

illustrated in Figure 73 with the measurements from injection into dry lines shown in red. 
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Figure 73:  Detailed flow apparatus line sizing and dead volume estimation. 



144 
 

Appendices C: Record of all Retention Experiments  

 To assist with further research, a record of all retention experiments that were 

conducted during this study is included.  The list includes all experiments that involved use of a 

tracer.  There were some earlier retention floods performed without a tracer but they were 

meant for testing the equipment.  The tracer experiments are summarized in Table 22. 

 

Table 22:  Record of all retention experiments performed. 

Experiment 
# 

Date 
(mm/ 
dd/yy) 

Grain 
Size 

(Mesh 
Size) 

Nanocellulose 
Type 

Salinity 
(wt.% 
NaCl) 

Flow 
Rate 

(ml/min) 

Retention 
(%) 

Perm 
Reduction 

(%) 

Comment 

1 09/19/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0 1 n/a n/a • Effluent 
concentration 
spiked above 
injection 
concentration. 
• Used KCl as 
tracer. 

2 09/23/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0 2 n/a n/a • Effluent 
concentration 
spiked above 
injection 
concentration. 
• Used KCl as 
tracer. 

3 09/27/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0.1 1 10.0 44.3 • Did not 
properly 
account for 
drift. 
• Used KCl as 
tracer. 

4 09/30/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0.1 2 7.6 19.0 • Did not 
properly 
account for 
drift. 

5 10/03/16 50-70 
Sand 

0.5% CNC 
(USDA) 

0.1 2 4.4 8.0 • Did not 
properly 
account for 
drift. 
 

6 10/05/16 50-70 
Sand 

0.5% CNC 
(USDA) 

0.1 1 n/a n/a • Did not run 
for 6 PV. 
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Experiment 
# 

Date 
(mm/ 

dd/yy) 

Grain 
Size 

(Mesh 
Size) 

Nanocellulose 
Type 

Salinity 
(wt.% 
NaCl) 

Flow 
Rate 

(ml/min) 

Retention 
(%) 

Perm 
Reduction 
(%) 

Comment 

7 10/07/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0.3 2 n/a 97.4 • No mass 
balance, could 
not calibrate 
due to erratic 
UV signal. 

8 10/12/16 20-30 
Sand 

0.5% CNC 
(AITF) 

0.1 2 3.7 19.3 • Did not 
properly 
account for 
drift. 
 
 
 
 
 

9 10/14/16 50-70 
Sand 

0.5% CNC 
(USDA) 

0.1 1 n/a n/a • Did not run 
for 6 PV. 
• Trialed 
pump stop for 
3 PV. 

10 10/17/16 50-70 
Sand 

0.5% CNC 
(USDA) 

0.1 1 n/a n/a • Did not run 
for 6 PV. 
• Trialed 
pump stop for 
3 PV followed 
by flow 
reversal. 

11 10/19/16 50-70 
Sand 

0.25% CNF 
(PFI) 

0.1 1 34.9 91.2 • Visible filter 
cake formed. 
 

12 10/21/16 50-70 
Sand 

0.5% CNC 
(USDA) 

0.3 1 10.6 73.4  

13 10/25/16 50-70 
Sand 

0.25% CNC 
(AITF) 

0.1 1 14.1 30.3 • Effluent 
breakthrough 
curve was 
delayed 
relative to 
tracer 
breakthrough 
curve. 

14 10/27/16 50-70 
Glass 
Beads 

0.5% CNC 
(AITF) 

0.1 1 6.3 35.9 • Post-flood 
burning is 
much easier 
to see in glass 
beads. 

15 11/04/16 16-30 
Sand 

0.5% CNC 
(USDA) 

0.1 2 2.5 5.2 • Used to 
estimate 
apparatus 
error. 



146 
 

Experiment 
# 

Date 
(mm/ 

dd/yy) 

Grain 
Size 

(Mesh 
Size) 

Nanocellulose 
Type 

Salinity 
(wt.% 
NaCl) 

Flow 
Rate 

(ml/min) 

Retention 
(%) 

Perm 
Reduction 
(%) 

Comment 

16 11/10/16 140-
270 
Sand 

0.5% CNC 
(USDA) 

0.1 1 6.6 21.4  

17 11/14/16 50-70 
Sand 

0.5% CNC 
(USDA) 

0.1 1 5.9 5.5 • Redo of 
Experiment 5 
to properly 
account for 
drift and run 
for 6 PV. 

18 11/28/16 16-30 
Sand 

0.5% CNC 
(AITF) 

0.1 1 3.0 16.1  

19 11/30/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0.1 8 8.3 7.8  

20 12/04/16 140-
270 
Sand 

0.5% CNC 
(AITF) 

0.1 1 n/a n/a • Ran out of 
nanofluid to 
complete 
calibration, 
mass balance 
therefore not 
possible. 

21 12/05/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0.1 1 6.8 28.1 • Redo of 
Experiment 3 
to properly 
account for 
drift and use 
NaI as tracer. 

22 12/08/16 140-
270 
Sand 

0.5% CNC 
(AITF) 

0.1 1 26.5 66.1 • Redo of 
Experiment 20 
to allow for 
proper 
nanofluid 
calibration. 

23 12/12/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0.1 0.1 n/a n/a • Laptop 
restarted 
midway 
through the 
flood and data 
acquisition 
stopped. 

24 12/17/16 50-70 
Sand 

0.5% CNC 
(AITF) 

0.1 0.1 27.1 90.2 • Redo of 
Experiment 23 
to get full data 
set. 
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Experiment 
# 

Date 
(mm/ 

dd/yy) 

Grain 
Size 

(Mesh 
Size) 

Nanocellulose 
Type 

Salinity 
(wt.% 
NaCl) 

Flow 
Rate 

(ml/min) 

Retention 
(%) 

Perm 
Reduction 
(%) 

Comment 

25 01/27/17 50-70 
Sand 

0.5% CNC 
(AITF) 

0.1 1 6.4 13.3 • Redo of 
Experiment 21 
because the 
permeability 
of the 
sandpack was 
unusually 
high. 

26 02/13/17 50-70 
Glass 
Beads 

0.5% CNC 
(USDA) 

0.1 1 n/a n/a • Drift was 
unusually 
high.  Did not 
finish data 
analysis 
because of 
high drift.  
Baking photo 
showed 
darkening at 
front of pack. 

27 02/15/17 50-70 
Glass 
Beads 

0.5% CNC 
(USDA) 

0.3 1 10.25 36.4 • Baking 
photo showed 
substantial 
darkening at 
front of pack. 

28 02/17/17 50-70 
Sand 

0.5% CNC 
(USDA) 

0.3 1 7.8 23.7 • Redo of 
Experiment 12 
to ensure 
pressure 
leveled out 
before 
nanoflood 
was started. 

29 02/22/17 50-70 
Sand 

0.5% CNC 
(USDA) 

1.0 1 99.9 99.2 • Visible filter 
cake 
• Baking 
photo showed 
substantial 
darkening at 
front of pack 
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Licensed Content Publisher Royal Society of Chemistry

Licensed Content Publication Chemical Society Reviews

Licensed Content Title Cellulose nanomaterials review: structure, properties and
nanocomposites

Licensed Content Author Robert J. Moon,Ashlie Martini,John Nairn,John Simonsen,Jeff
Youngblood

Licensed Content Date May 12, 2011

Licensed Content Volume 40

Licensed Content Issue 7

Type of Use Thesis/Dissertation

Requestor type academic/educational

Portion figures/tables/images

Number of figures/tables
/images

1

Format print and electronic

Distribution quantity 10

Will you be translating? no

Order reference number

Title of the
thesis/dissertation

Investigation of Single Phase NanoCellulose Transport Through
Porous Media

Expected completion date Mar 2017

Estimated size 150

Requestor Location Carter Dziuba
6012 Tipton Road NW

Calgary, AB T2K3L4
Canada
Attn: Carter Dziuba

Billing Type Invoice

Billing Address Carter Dziuba
6012 Tipton Road NW
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Calgary, AB T2K3L4
Canada
Attn: Carter Dziuba

Total 0.00 CAD

Terms and Conditions

This License Agreement is between {Requestor Name} (“You”) and The Royal Society of
Chemistry (“RSC”) provided by the Copyright Clearance Center (“CCC”). The license consists of
your order details, the terms and conditions provided by the Royal Society of Chemistry, and the
payment terms and conditions.
RSC / TERMS AND CONDITIONS
INTRODUCTION
The publisher for this copyrighted material is The Royal Society of Chemistry. By clicking
“accept” in connection with completing this licensing transaction, you agree that the
following terms and conditions apply to this transaction (along with the Billing and Payment
terms and conditions established by CCC, at the time that you opened your RightsLink
account and that are available at any time at .
LICENSE GRANTED
The RSC hereby grants you a non-exclusive license to use the aforementioned material
anywhere in the world subject to the terms and conditions indicated herein. Reproduction of
the material is confined to the purpose and/or media for which permission is hereby given.
RESERVATION OF RIGHTS
The RSC reserves all rights not specifically granted in the combination of (i) the license
details provided by your and accepted in the course of this licensing transaction; (ii) these
terms and conditions; and (iii) CCC’s Billing and Payment terms and conditions.
REVOCATION
The RSC reserves the right to revoke this license for any reason, including, but not limited
to, advertising and promotional uses of RSC content, third party usage, and incorrect source
figure attribution.
THIRD-PARTY MATERIAL DISCLAIMER
If part of the material to be used (for example, a figure) has appeared in the RSC publication
with credit to another source, permission must also be sought from that source. If the other
source is another RSC publication these details should be included in your RightsLink
request. If the other source is a third party, permission must be obtained from the third party.
The RSC disclaims any responsibility for the reproduction you make of items owned by a
third party.
PAYMENT OF FEE
If the permission fee for the requested material is waived in this instance, please be advised
that any future requests for the reproduction of RSC materials may attract a fee.
ACKNOWLEDGEMENT
The reproduction of the licensed material must be accompanied by the following
acknowledgement:
Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of The Royal Society of Chemistry.
If the licensed material is being reproduced from New Journal of Chemistry (NJC),
Photochemical & Photobiological Sciences (PPS) or Physical Chemistry Chemical Physics
(PCCP) you must include one of the following acknowledgements:
For figures originally published in NJC:
Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
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permission of The Royal Society of Chemistry (RSC) on behalf of the European Society for
Photobiology, the European Photochemistry Association and the RSC.
For figures originally published in PPS:
Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of The Royal Society of Chemistry (RSC) on behalf of the Centre National de la
Recherche Scientifique (CNRS) and the RSC.
For figures originally published in PCCP:
Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of the PCCP Owner Societies.
HYPERTEXT LINKS
With any material which is being reproduced in electronic form, you must include a
hypertext link to the original RSC article on the RSC’s website. The recommended form for
the hyperlink is http://dx.doi.org/10.1039/DOI suffix, for example in the link
http://dx.doi.org/10.1039/b110420a the DOI suffix is ‘b110420a’. To find the relevant DOI
suffix for the RSC article in question, go to the Journals section of the website and locate the
article in the list of papers for the volume and issue of your specific journal. You will find
the DOI suffix quoted there.
LICENSE CONTINGENT ON PAYMENT
While you may exercise the rights licensed immediately upon issuance of the license at the
end of the licensing process for the transaction, provided that you have disclosed complete
and accurate details of your proposed use, no license is finally effective unless and until full
payment is received from you (by CCC) as provided in CCC's Billing and Payment terms
and conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as well
as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and the RSC reserves the right to take any and all action to protect its
copyright in the materials.
WARRANTIES
The RSC makes no representations or warranties with respect to the licensed material.
INDEMNITY
You hereby indemnify and agree to hold harmless the RSC and the CCC, and their
respective officers, directors, trustees, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this licence.
NO TRANSFER OF LICENSE
This license is personal to you or your publisher and may not be sublicensed, assigned, or
transferred by you to any other person without the RSC's written permission.
NO AMENDMENT EXCEPT IN WRITING
This license may not be amended except in a writing signed by both parties (or, in the case
of “Other Conditions, v1.2”, by CCC on the RSC's behalf).
OBJECTION TO CONTRARY TERMS
You hereby acknowledge and agree that these terms and conditions, together with CCC's
Billing and Payment terms and conditions (which are incorporated herein), comprise the
entire agreement between you and the RSC (and CCC) concerning this licensing transaction,
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to the exclusion of all other terms and conditions, written or verbal, express or implied
(including any terms contained in any purchase order, acknowledgment, check endorsement
or other writing prepared by you). In the event of any conflict between your obligations
established by these terms and conditions and those established by CCC's Billing and
Payment terms and conditions, these terms and conditions shall control.
JURISDICTION
This license transaction shall be governed by and construed in accordance with the laws of
the District of Columbia. You hereby agree to submit to the jurisdiction of the courts located
in the District of Columbia for purposes of resolving any disputes that may arise in
connection with this licensing transaction.
LIMITED LICENSE
The following terms and conditions apply to specific license types:
Translation
This permission is granted for non-exclusive world English rights only unless your license
was granted for translation rights. If you licensed translation rights you may only translate
this content into the languages you requested. A professional translator must perform all
translations and reproduce the content word for word preserving the integrity of the article.
Intranet
If the licensed material is being posted on an Intranet, the Intranet is to be password-
protected and made available only to bona fide students or employees only. All content
posted to the Intranet must maintain the copyright information line on the bottom of each
image. You must also fully reference the material and include a hypertext link as specified
above.
Copies of Whole Articles
All copies of whole articles must maintain, if available, the copyright information line on the
bottom of each page.
Other Conditions
v1.2
Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable license
for your reference. No payment is required.
If you would like to pay for this license now, please remit this license along with
yourpayment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will
be invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing your account number and this invoice number {Invoice Number}.
Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.
Make Payment To:
Copyright Clearance Center
Dept 001
P.O. Box 843006
Boston, MA 02284-3006
For suggestions or comments regarding this order, contact Rightslink Customer Support:
customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Feb 06, 2017

This Agreement between Carter Dziuba ("You") and John Wiley and Sons ("John Wiley and
Sons") consists of your license details and the terms and conditions provided by John Wiley
and Sons and Copyright Clearance Center.

License Number 4043251031027

License date Feb 06, 2017

Licensed Content Publisher John Wiley and Sons

Licensed Content Publication Wiley oBooks

Licensed Content Title General Principles of Colloid Stability and the Role of Surface Forces

Licensed Content Author Tharwat Tadros

Licensed Content Date Jan 20, 2011

Licensed Content Pages 22

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 1

Original Wiley figure/table
number(s)

Fig 1.1

Will you be translating? No

Title of your thesis /
dissertation

Investigation of Single Phase NanoCellulose Transport Through
Porous Media

Expected completion date Mar 2017

Expected size (number of
pages)

150

Requestor Location Carter Dziuba
6012 Tipton Road NW

Calgary, AB T2K3L4
Canada
Attn: Carter Dziuba

Publisher Tax ID EU826007151

Billing Type Invoice

Billing Address Carter Dziuba
6012 Tipton Road NW

Calgary, AB T2K3L4
Canada
Attn: Carter Dziuba

RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

1 of 5 2/6/2017 2:47 PM



Total 0.00 CAD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

You are hereby granted a personal, non-exclusive, non-sub licensable (on a
stand-alone basis), non-transferable, worldwide, limited license to reproduce the
Wiley Materials for the purpose specified in the licensing process. This license, and
any CONTENT (PDF or image file) purchased as part of your order, is for a
one-time use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this license must be
completed within two years of the date of the grant of this license (although copies
prepared before the end date may be distributed thereafter). The Wiley Materials shall
not be used in any other manner or for any other purpose, beyond what is granted in
the license. Permission is granted subject to an appropriate acknowledgement given to
the author, title of the material/book/journal and the publisher. You shall also duplicate
the copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
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basis, or any of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.
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Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
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certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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