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Abstract

Adhesion of frozen granular materials on solid surfaces creates various problems for

surface cleaning, reduces the carrying capacity of vehicles, and increases energy con-

sumption for in-land transportation. Here in the first part of this thesis, water content

demonstrates to determine the adhesion strength of oil sands (a complex granular

matter) on solid surfaces at temperature of -2.5 ◦C to -20 ◦C. Measurements by X-ray

micro-computed tomography revealed that water formed capillary bridges between

the sand particles and the solid substrate and more air gaps at the interface between

oil sands and the substrate are filled with interstitial water at a higher content. The

minimal force required to push the frozen oil sands off the substrate was experimen-

tally measured and the adhesion strength was identified to increase linearly with water

content from 4 to 14 wt% on both rubber and steel substrate. For short freezing time

at a fixed water content, lowering the temperature increased the adhesion strength

on the steel substrate. Fouling from a layer of bitumen or asphaltenes aggravated the

adhesion of oil sands on steel. A theoretical model was proposed to rationalize the

linear relationship between water content and the adhesion strength, based on the

contact area between ice and the substrate.

In the second main part of this thesis, the adhesion behavior of oil sands under

more complicated conditions was studied. The dependence of the adhesion of oil

sands on hydrophobicity and softness of the substrates was found to follow the same

trend as the ice adhesion strength on both hard and soft substrates. The adhesion

strength of oil sands were directly proportional to the ice adhesion strength on the

substrate, confirming the significance of ice to the adhesion of frozen granular matrix.
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Furthermore, the adhesion of oilsands on the substrate was found to increase with the

load on the oilsands up to a plateau. The increase of adhesion strength with the load

was attributed to the increase in water/ice contact area with the substrate under a

higher load, and the plateau in adhesion strength may be explained by the fact that

the void space in the oil sands granular matrix was limited by the packing mode.

Finally, the performance of various types of liquids including aqueous ethylene

glycol solution as anti-freezing liquid by spraying each liquid on a target substrate

was evaluated. We first established a simple method to spray coat a little amount

of pure ethylene glycol on the substrate to dramatically decrease the oil sands adhe-

sion strength. More types of the anti-freezing liquids were tested after we found the

strategy worked well in reducing the oil sands adhesion. Also, the sprayed droplets

were found to stay stable with time and under shearing force. The strategy of spray-

ing anti-freezing liquids was proven to be applicable for the industrial scale as well.

The approach proposed in this thesis work may reduce the energy consumption in

transport and processing of wet granular materials, and potentially save manpower

and the cost from cleaning in industrial operations. The insight from this thesis work

may have wide applicability to many natural and industrial processes, such as soil for-

mation, food processing and storage, and porous structures in ice crystal-templating

nanomaterials synthesis by freezing-drying.
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Chapter 1

Introduction

1.1 Background

1.1.1 Adhesion of frozen matter on solid substrates1

Freezing of wet granular materials is important for many processes, ranging from

landscape and soil formation in nature[1], to food storage in cold chain[2, 3], preser-

vation of biological materials and systems at low temperature[4], and porous materials

synthesis by templating ice crystals [5]. Phase change of interstitial water trapped

in confined spaces plays an essential role in all the above processes. For instance,

the cycles of freezing and thawing of water determines weathering of rocks in soil

formation [6]. In food processing, the texture of ice creams is strongly correlated

with ice crystals in the matrix of fat, proteins, and bubbles [7]. Ice nucleation and

sublimation in a freezing-drying process creates porous structures in the framework

of materials, producing not only soft porous polymers like hydrogels or aerogels, but

also hard materials of ceramics, metal or metal organic frameworks [5].

As a complex granular matrix in the nature, oil sands typically consists of 80 to

90 wt% sand (including silica, clay, and other minerals), 8 to 13 wt% of bitumen

(saturates, aromatics, resins, and asphaltenes) [8, 9], and 2 to 8 wt% of water[9–

1This section contains modified parts of 1) submitted work Q. Yang, J. B. You, B. Tian, S.
Sun, D. Daniel, Q. Liu, X. Zhang. Water-mediated adhesion of oil sands on solid surfaces at low
temperature, Fuel. (2021) and 2) manuscript under preparation by Q. Yang, N. Moradpour, J. B.
You, B. Tian, S. Sun, D. Daniel, Q. Liu, D. Wang, X. Deng, X. Zhang. Effects of load and substrate
properties on ice-enhanced adhesion of frozen oil sands.

1



12]. Strong adhesion of oil sands to the surface of truck bed and canopy causes

serious fouling problems in the oil industry. As shown in Figure 1.1, the adhered oil

sands reduces transport capacity of the trucks, consumes excess amount of fuels to

transport the carryback after dumping, requires cleaning processes by steaming or

manual shoveling. The fouling issue appears to be more serious in winter than in

warmer seasons. The estimated cost is several million dollars per year for one fleet

working on the mining site. Therefore, it is important to understand the mechanism

behind the strong adhesion of oil sands at low temperature, and identify potential

approaches for mitigation.

Figure 1.1: Photo of oil sands fouling on truck after dumping. Taken from a mining site.

Our recent work showed that at the temperature below the freezing point of water,

the adhesion of oil sands increased rapidly, and the adhesion strength of oil sands

was strongly correlated to the water content. This drove us to recognize that ice

may the the key factor that leads to the strong adhesion of oil sands after frozen.

And studying the adhesion strength of ice can possibly be beneficial to reduce the

adhesion of frozen oil sands. For ice accumulated on a solid surface, the physical and

chemical properties of the solid substrate determine the adhesion strength [13–15].

On flat surfaces, Meuler et al [16] (and others[17–19]) showed that the ice adhesion

strength is linearly proportional to the Young-Dupre work of adhesion γ (1 + cos

θrec), where γ is the surface tension of water and θrec is the receding contact angle.
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Increasing surface roughness can either decrease ice adhesion by trapping air pockets

between ice and the surface[20] or increase adhesion by providing more sites for the

nucleated ice to mechanically interlock with the substrates[21–25]. The discrepancy

between advancing and receding contact angles, known as contact angle hysteresis

(CAH), was also reported to influence the ice adhesion strength. CAH originates

from the physicochemical and geometrical heterogeneities that disrupt the three-phase

contact line movement. Higher hysteresis reflects greater extent of heterogeneities

such as surface roughness or flexibility and chemical interactions [26–28]. It is worth to

mention that for a substrate containing roughness or defects with opposite wettability,

the adhesion of water droplets to the substrates could be higher, and thus increase

the ice adhesion strength after frozen[29, 30].

When contacting a metal or a dielectric material, electrostatic force is the main

contributor to ice adhesion [14, 31–35]. For surfaces with hydroxyl groups, hydrogen

bonding between ice and substrate dominates, with insignificant contribution from

van der Waals’ interactions[36–39]. Adding surfactants (such as polyglycerol to water)

can reduce the ice adhesion strength, as the surfactants absorb onto the surface (such

as copper) and reduce the work of adhesion[40, 41].

For freezing in porous structures formed by packed solid particles, water is typically

classified into 3 categories: (1) free water (almost the same as bulk water); (2) slightly

bound water that freezes at temperature slightly below the freezing point of water (0

◦C); (3) strongly bound water that does not freeze even at -100 ◦C. The freezing point

of water in confined space is determined by the size and shape of the pores, based on

surface thermodynamics on microscopic scale [42]. When the pore size decreases, the

expected freezing point of pore water also decreases. For example, the freezing point

of water in porous silica glass was estimated to decrease from -1 ◦C to -9 ◦C when

the pore size ranged from 1 to 0.01 µm [43].

In the mixtures of solid particles and two immiscible fluids, capillary network forms

between the particles in suspension [44]. Depending on the fraction of liquid wetting
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the particle surface, the mixture is stabilized in a pendular or capillary state. However,

whether the capillary bridges of interstitial water correlates with the adhesion of

granular materials on solid surfaces remains unclear.

1.1.2 Strategies for reducing ice adhesion strength

Soft coatings

The softness of the solid substrate is reported to decrease the ice adhesion strength.

The difference in the stiffness between ice and a soft substrate leads to stress con-

centration at the ice-substrate interface, which facilitates the ice to detach from the

the substrate by creating cracks at the interface under the shearing stress[45, 46].

The reduced adhesion strength was only valid when shearing stress is asserted on

the ice adhered to the substrate. Among the candidate materials for soft coatings

to achieve low ice adhesion, poly(dimethylsiloxane) (PDMS) − a silicone-based elas-

tomeric polymer − has been studied the most, due to its natural hydrophobicity and

tunable mechanical properties[47–50].

To figure out the mechanism of the ice-repellent property of the silicone-based

soft coatings, Fu et al.[20] studied the effect of surface energy and surface roughness

on the ice adhesion strength. In Figure 1.2 (a) & (b), we could see the surface

roughness of both normal silicone coating (denoted as ‘G’, with surface energy of

∼62 mJ/m2) and fluoridated silicone coating (denoted as ‘F’, with a surface energy

of ∼12 mJ/m2) increased with decorating by hydrophobic silica nanoparticles. The

surface energy of the fluoridated silicone coating was naturally lower, and so as to

the silica nanoparticles decorated ones. From Figure 1.2.(c) & (d), we could readily

see the ice adhesion strength was constantly lower on fluoridated silicone coating,

which possessed intrinsically lower surface energy. Increasing the surface roughness is

beneficial to anti-icing performance for silicone coating with low surface energy, while

simply making the silicone-based coating rougher will only cause stronger mechanical

interlock between ice and the coating, leading to higher ice adhesion on normal silicone
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coating shown in Figure 1.2.(c).

Figure 1.2: (a,b) - Effect of introducing hydrophobic silica particles on traditional sili-
cone coating on glass(denoted as ‘G’, with surface energy of ∼62 mJ/m2)/fluoridated sili-
cone coating on glass(denoted as ‘F’, with a surface energy of ∼12 mJ/m2) on the surface
roughness of the substrates. The number beside represents the weight content of silica
nanoparticles grafted into the silicone-based coating; (c,d) - Ice adhesion strength on sil-
ica nanoparticles decorated silicone coating/fluoridated silicone coating. The figure was
modified from the work by Fu et al.[20]

Apart from surface energy and roughness, Golovin et al. demonstrated that, re-

gardless of material chemistry, silicone-based soft coatings with low cross-linking den-

sity are efficient in reducing the ice adhesion. When the cross-linking density of a

coating is low, it can induce interfacial slippage against ice, which significantly lowers

the ice adhesion. Based on this idea, the authors achieved a minimum ice adhesion

of τice = 0.2 kPa[51], which is much lower compared with the conventional superhy-

drophobic surface with ice adhesion of τice ∼ 100 kPa.

Unlike hard coating, where the receding water contact angle was reported to de-

termine the ice adhesion strength on smooth surfaces,[16] the ice adhesion on soft

PDMS coatings was later found to be dominated by its mechanical properties[46].

5



Since people found that the cross-linking density and the elastic/shear modulus of

the soft coatings can be tuned by the ratio of elastomer base to curing agent[48], the

ice adhesion on PDMS coatings is reported to increase linearly with the elastic/shear

modulus of the coating, as shown in the Figure 1.3:

Figure 1.3: Effect of shear modulus on ice adhesion strength of a group of PDMS-based soft
coatings. The figure was modified from the work of Beemer et al.[49]

As shown in Figure 1.3, Beemer et al. reported a PDMS gel synthesized by hydrosi-

lylation of vinyl-terminated PDMS (v-PDMS) with H-terminated PDMS (H-PDMS)

has a ice adhesion strength linearly related with the shear modulus of the coating.[49]

The authors also tuned the cross-linking density of the gel by adding trimethyl ter-

minated PDMS (t-PDMS) at varying proportions. The gel showed an optimized

performance of ice-adhesion strength of τice = 5.2 kPa, which is significantly lower

than a commercially available de-icing coating (NuSil R2180) with τ = 37 kPa. In

a later work, the same authors reported that soft PDMS can mitigate ice formation

in conditions pertinent to aircraft during flight.[52] The authors attribute the excel-

lent icephobic property on both the hydrophobic property of PDMS gel as well as its

softness, which play a key role in bouncing off droplets that can accumulate on the

surface and become ice.
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The thickness of the soft coatings has also been reported as an important factor

that influences the ice adhesion on soft coatings. Demonstrated by Wang et al.,[48]

ice adhesion strength on PDMS coating has a linear relationship with the thickness

of the coating to the power of -0.5 in Figure 1.4.(a). They attributed this trend with

a finding from a previously published work by Kendall et al.[53] From the model

proposed by Kendall et al., the tensile adhesion strength of a rigid solid to a soft

elastomer has a linear relation with thickness to the power of -0.5. Because the

tensile and the shear modulus of soft polymers are also linearly related[48], they

rationalized the finding between ice adhesion strength and the coating thickness (Ps

∝ thickness−0.5). However, when the thickness of the coating reached a certain value,

the influence from the coating thickness on ice adhesion was negligible, as shown in

Figure 1.4.(b).

Apart from the outstanding mechanical property and the relatively low surface en-

ergy that makes silicon-based polymers promising for icephobic purpose, the abundant

space between the polymer network and high affinity to oils with similar structures

also endow the silicon-based coatings a possibility to be developed as liquid-infused

surfaces to enhance the ice repellency. Due to the similarity in the molecular struc-

ture of silicon oil and silicon-based polymer, silicon oil is considered to be a very good

candidacy for lubricating PDMS-based substrate to reduce the ice adhesion force by

forming a oil-lubricated layer. If the lubrication layer is thick enough, interfacial slip-

page can also be achieved and thus dramatically decrease the ice-adhesion force. In

a popular research, Zhu et al. introduced a PDMS-based coating infused with silicon

oil and with addition of silica-nanoparticles to enhance the mechanical property and

durability[54]. Surface modified nano-sized silica particles (primary size: 10-15 nm)

were added to enhance the mechanical property and platinum catalyst was added to

promote cross-linking between vinyl and silane group so that the silicon oil can be

held in the polymer network.

Except for silicon oil that has almost the same structure as PDMS base, paraffin oil
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Figure 1.4: (a) - Linear relationship between ice adhesion strength and the thickness of
PDMS coating by the power of 0.5 within the thickness of around 20-500 µm; (b) - Re-
lationship between ice adhesion strength and coating thickness from 20 to 800 µm. The
figures were modified from the work by Wang et al.[48]

is another lubricate that can be infused into PDMS network to reduce ice adhesion.

Wang et al. introduced an organogel system comprised of paraffin oil infused PDMS

as anti-icing coating[55]. As they stated, organogel outperforms traditional lubricated

surfaces in outdoor anti-icing application because of the nature for slow and contin-

uous releasing of liquids from the three-dimensional polymer network, which is the

main characteristic of an organogel system. Ice adhesion was found to be ultra-low

- only 1.7 kPa even under extremely low temperature (-70 ◦C). However, because of
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the inevitable depletion of lubricant oil with icing/deicing cycles and the complicated

procedure to refill lubricants into PDMS base, the research of oil-infused PDMS was

only limited to lab scale and not applicable to industrial applications[56]. In this

case, the study of self-lubricating coatings that could use surface non-freezing water

as lubricant liquid brought the attention of many research groups.

Self-lubricated coatings

Since slippery liquid infused porous surface (SLIPS) as icephobic surfaces has been an

attracting topic for many groups focusing on anti-icing surfaces, surface non-freezing

water was seen as a promising candidate for the purpose of anti-icing, and this strategy

was known as ‘self-lubricating coating’. The mechanism of self-lubricating coating

was introduced in the work of Chen et al. that the hygroscopic polymer layer could

serve as a reservoir to grab water from the surroundings and break the hydrogen

bonds between water molecules near the surface. [57] Thus, the interfacial water

close to the substrate could remain in liquid state and work as lubricant even below

the freezing point of bulk water in nature (0 ◦C). Since the liquid-like surface could

greatly reduce the attachment of ice, self-lubricating SLIPS, especially those with

significant durability, is under extensive investigation for mitigating ice adhesion.

As described in Dr. Lei Jiang’s group[58], they successfully prepared a self-

lubricating robust anti-icing surface on silicon wafer. They first etched some holes

on silicon wafer and then introduced crosslinked hydrogel inside the as prepared pits.

The hydrogel will bump out of the pits and form a self-lubricate layer on top of the

wafer after condensation and perhaps deliquesces, and they will merge under molecu-

lar interactions. The self-lubricating layer can self-heal and could absorb water from

the ice formed on top of that, and the reduced ice point on the layer can be at-

tributed to the tuned water activity. While, in another work of the same group[59],

they mentioned a new structure of anti-icing surface with grafted ionize polymer a

hydrophobic polyurethane core. The hydrophilic corona structured self-lubricating
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Figure 1.5: Mechanism of self-lubricating coating for icephobic purpose. Figure modified
from the work of Chen et al.[57]

unit can be easily attached to a variety of substrates with the help of highly adhe-

sive polyurethane core and thus induce the anti-icing performance on the surfaces

attached by the units.

Also, in the work from Cao et al.[60], they mentioned that the addition of hy-

drophobic polymer into the polymer chain will enhance the performance of hygro-

scopic polymer PSBMA by dispersing water and facilitate the water absorption pro-

cess. The similar strategy can be seen in many other works, such as the work from

Chen et al.[61], who fabricated an amphiphilic copolymer made of PDMS and PEG.

The slippery PDMS could facilitate the separation of formed ice layer and the bonded

non-freezing water lubricate. The function of PEG is just like PSBMA, which is ab-

sorbing water from surroundings and form hydrogen bonding with water molecules

to decrease its ice point. The PDMS-co-PEG system was applied to PDMS, epoxy

and polyurethane base to show a significant reduction in the ice adhesion strength.

However, since the preparation methods of self-lubricating layers were too compli-
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cated and the price of the materials was typically high due to the requirement of

co-polymerization, the application of self-lubricating polymer to the real industry

was also restricted.

1.1.3 Spraying method for icephobic coatings

One critical issue that prevents putting icephobic coatings into real applications is

the coating method. In laboratory researches, multiple-step coating methods (spin

coating, dip coating, annealing/heat treatment, addition of nanoparticles) are com-

monly used. Also, the fabrication of fancy icephobic coatings usually contains surface

micro/nano-structure or lubrication. However, these complicated fabrication methods

are not possible to be applied to industrial applications due to the lack of experimen-

tal environments or the high cost. Compared with the fabrication methods mentioned

above, one-step spray-coating method has an outstanding versatility and easiness to

apply, enabling this method to be adopted to the fabrication of large-scale icephobic

coating.

Sprayable silicone-based hydrophobic coatings

Silicon-based polymers were introduced in previous section to serve as a good candi-

date for icephobic coatings. However, the methods of preparing those silicon-based

coatings, mainly PDMS-based coatings, are spin coating or dip coating, which are

limited to small scale or highly dependent on the geometry of the substrate. In

this section, a type of sprayable PDMS-based coating with superhydrophobicity and

self-healing property is introduced.

As stated by Yao et al.[62], the sprayable hydrophobic PDMS-based coating they

developed recently is promising to be used as anti-icing surfaces. The coating they

developed is a kind of supramolecular material, which could have integrated prop-

erties of intrinsic healing, malleability, and recyclability. This can be attributed

to the stable mechanical strength via reversible crosslinks. In their following work,
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they introduced how they transferred the supramolecular silicon into sprayable su-

perhydrophobic coating[63]. According to the authors, the polymeric coating they

fabricated, with combined properties of superhydrophobicity, strong adhesion to sub-

strates, mechanical robustness, and damage healing is of great importance for indus-

tries such as liquid transportation, oil-water separation, and anti-icing purpose. The

main component of the coating is the same as what they mentioned in their previ-

ous work[62] and they also added silica nanoparticles to enhance the durability of

the coating. Once sprayed on a porous substrate, the water contact angle can reach

157.2±1.9◦, and the water sliding angle can be as low as 7.8±0.8◦. The coating could

recover from knife cutting tests for 10 times and tape peeling/sandpaper testing for

over 100 times, demonstrating good durability.

1.2 Motivation

Among granular matters in nature, oil sands have complex compositions, typically

consisting of 80 to 90 wt% sand (including silica, clay, and other minerals), 8 to

13 wt% of heavy oil bitumen (saturates, aromatics, resins, and asphaltenes) [8, 9],

and 2 to 8 wt% of water[9–12]. Oil sands is an importance source of crude oil in

Canada, since bitumen can be separated from solids by warm water extraction in

surface mining operations [10, 11]. Strong adhesion of oil sands to steel substrates at

low temperature creates problems for mining fleet management. The large carryback

of oil sands after unloading reduces the transport capacity of the trucks moving from

the mining point to the refinery station and causes extra time and cost for removing

oil sands deposits from the truck surface. One may intuitively attribute adhesion of

oil sands to heavy species in bitumen, in particular asphaltenes that are well-known

to ‘glue’ firmly onto almost all kinds of solid surfaces, due to strong π−π interactions

and colloidal aggregation[64]. However, it was yet reported in the literature that what

caused the strong adhesion of oil sands to steel substrates under 0 ◦C. Moreover, there

is no current commercially available methods to reducing the adhesion of frozen oil
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sands to the steel substrates in winter. This work aims to not only figure out the

mechanism of oil sands adhesion at low temperature, but give feasible and simple

approach to solve the issue for the oil industry.

1.3 Thesis Objectives

The overall goal of this thesis is to investigate the factors that determined the adhesion

strength of oil sands to the solid substrates, analyze the relationship between the

composition and the adhesion strength of frozen oil sands, and provide solutions

to mitigate the adhesion strength of oil sands with easy manners. The individual

objectives of this thesis work are as following:

1. To observe the structure of oil sands with the help of micro-CT and figure out

the relationship between changing the composition of oil sands and the contact

area of each component at the oil sands-substrate interface.

2. To determine and analyze the reason for the correlation between the water con-

tent in oil sands and the adhesion strength of frozen oil sands to steel substrate.

3. To analyze the relationship between freezing temperature and oil sands adhesion

strength with nucleation theory.

4. To evaluate the oil sands adhesion strength on substrates with different Young’s

modulus and surface wettability and relate oil sands adhesion with ice adhesion

strength on the substrates.

5. To evaluate and analyze the influence from load on the oil sands sample to the

adhesion strength of oil sands and give possible explanation.

6. To test the performance of anti-freezing liquid spray for reducing the adhesion

strength of frozen oil sands on multiple substrates, evaluate the stability of the

spray, and check if the spray works for large scale applications.
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1.4 Thesis Outline

Chapter 1 provides a brief introduction on the adhesion of frozen matters to solid

substrates, the possible mechanisms for the adhesion, and strategies to reduce the

adhesion strength of ice studied in literature. The method of spray coating of the

protective coatings to substrate to reduce the adhesion is also briefly discussed. The

motivation and objectives of the thesis are also introduced in this chapter.

Chapter 2 provides the experimental procedures, equipment and characterization

methods used to obtain the results given in Chapter 3 and Chapter 4.

Chapter 3 demonstrates the influence from water content on oil sands adhesion

strength and a model of the oil sands, which is verified with the characterization of

micro-CT system. The influence from freezing temperature and freezing time is also

analyzed in this chapter. A possible solution to mitigate the adhesion of oil sands

by spray coating of anti-freezing liquid is proposed and the performance of some

preliminary tests with one type of anti-freezing liquid is presented.

Chapter 4 presents the experimental results and discussions for the study about

the influence from substrate surface properties on oil sands adhesion strength. The

correlation between ice adhesion strength and oil sands adhesion strength is demon-

strated, and the influence from load on the adhesion strength is investigated. The

performance of spraying of anti-freezing liquid with multiple composition is evalu-

ated comprehensively. The stability of the spray is tested, and the results of the

performance of the spray at a large scale are presented.

Chapter 5 summarizes the two works discussed in Chapter 3 and chapter 4 and

finalizes with potential future works that could help determine the factors influenc-

ing the adhesion strength of oil sands and understand the ice nucleation process in

granular matrix.
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Chapter 2

Methods and procedure1

2.1 Methods and procedure for Chapter 3

2.1.1 Preparation and characterization of substrates

Calibration of the device for adhesion strength measurements was performed by using

a slab of polydimethylsiloxane (PDMS), as ice adhesion on PDMS has been exten-

sively studied in literature. [46–49, 65] To fabricate the PDMS slab, a base and a

curing agent (Sylgard 184, Dow Corning) were mixed rigorously at a weight ratio

of 10:1 and cast onto a clean glass slide (70 mm × 20 mm) to fully cover the slide

surface. After degassing in vacuum for 30 minutes, the glass slide coated with PDMS

resin was transferred into an oven to cure at 80 ◦C for 2 hours. The thickness of the

PDMS slab formed on the glass slide was around 1 mm. Before use, the PDMS slab

was rinsed with acetone (>99.5%, Fisher), ethanol (>99%, Fisher), and deionized

water. Reagents (acetone and ethanol) were used as received without any further

treatment.

Two solid substrates were used for oil sands adhesion strength (τad) measurements:

stainless steel 304 (McMaster-Carr, USA) with thermal conductivity of 14 to 15

W/m.K[66, 67] and oil-resistant Buna-N nitrile rubber (McMaster-Carr, USA) with

1This section contains modified parts of 1) submitted work Q. Yang, J. B. You, B. Tian, S.
Sun, D. Daniel, Q. Liu, X. Zhang. Water-mediated adhesion of oil sands on solid surfaces at low
temperature, Fuel. (2021) and 2) manuscript under preparation by Q. Yang, N. Moradpour, J. B.
You, B. Tian, S. Sun, D. Daniel, Q. Liu, D. Wang, X. Deng, X. Zhang. Effects of load and substrate
properties on ice-enhanced adhesion of frozen oil sands.
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Table 2.1: Contact angle of water on substrates

Substrate Advancing angle (◦) Receding angle (◦) Hysteresis (◦)

Stainless steel 92±2 21±4 71

Rubber 109±3 58±3 51

Bitumen-coated steel 102±3 43±4 51

Asphaltene-coated steel 96±2 55±4 41

thermal conductivity of around 0.25 W/m.K[68, 69]. The steel and rubber substrates

were cut into square-shaped plates with the dimensions of 40 mm × 40 mm, and a

thicknesses of 0.76 and 1.6mm, respectively. The substrates were rinsed consecutively

in acetone, ethanol, and water to clean the surface thoroughly before each experiment.

To simulate the industrial scenario where substrates are commonly fouled by bitu-

men and asphaltene in oil sands, the steel substrate was coated with bitumen/asphal-

tene. Bitumen used in this study was provided by an oil sands operator in northern

Alberta, while n-pentane precipitated asphaltene was supplied by Quadrise Canada

Corporation. Bitumen and asphaltene were first dissolved in toluene (>99.5%, Fisher)

to achieve the same concentration of 250 mg/mL, and were homogenized by sonicat-

ing the solution for 15 min. To coat the steel, 0.75 mL of the bitumen or asphaltene

solution was deposited on a steel plate, which was then spun at 600 revolutions-

per-minute (RPM) for 30 sec on a spin coater (WS-650Mz, Laurell, USA). After

spin coating, the coated substrates were placed under ambient condition for 2 days

to ensure complete evaporation of the solvent. The coated substrates were rinsed

with water before use. The thicknesses of the bitumen and asphaltene coatings were

determined to be 30-50 µm as measured by using an optical microscope.

The contact angles of water on the substrates were determined by using a contact

angle instrument (DSA100 system, Kruss, USA). The advancing and receding contact

angles of water are shown in Table 2.1.
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Table 2.2: Composition of oil sands samples (wt%)

Water Bitumen Solids

4.0 13.0 83.0

6.0 12.7 81.3

8.0 12.5 79.5

10.0 12.2 77.8

12.0 11.9 76.1

14.0 11.6 74.4

2.1.2 Preparation of oil sands samples

Oil sands, which were provided by the same operator as the one for our bitumen

sample, were homogenized and stored in sealed plastic bags at -18 ◦C to keep the

samples consistent for all the experiments. Before use, the sample was thawed at room

temperature overnight. The composition of the oil sands samples was determined by a

set of standard Dean-Stark apparatus, under the standard procedure in literature[11,

70]. The samples used in this study naturally contained 4 wt% of water, 13 wt%

of bitumen and 83 wt% of solids. To prepare oil sands with higher water weight

percentage (Cw), a certain volume of deionized water was added with micro-pipettes

and homogenized manually. To prevent water evaporation, the prepared samples with

certain water contents were sealed with a paraffin film till the measurements. The

composition of the oil sands used in this study is shown in Table 2.2.

2.1.3 Micro-CT scanning of oil sands

To evaluate the microstructures of oil sands, we scanned the samples with Cw of 4 and

14 wt%. An X-ray micro-CT system (ZEISS Xradia Versa 620 X-Ray Microscope,

Zeiss, Germany) was used and the CT scans were performed under ambient condition.

Around 0.3 g of oil sands were confined in a polypropylene cylindrical tube (sample

holder) with an inner diameter of 7.2 mm and a cross-sectional area of ∼40 mm2 and
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was put on the steel substrate. A load of 250 g, equivalent to a pressure of around 60

kPa, was applied to the oil sands on a homemade stage (pressure control unit). The

pressure is larger than the maximum load experienced by the area on the truck with

most carryback after dumping.

The X-ray source was operated at a voltage of 80 kV and a current of 126 µA for 5 to

6 hours per scan. The spatial resolution of the micro-CT scanning is 4.25 µm/pixel.

With the high contrast in the obtained images, we were able to differentiate the

compositions of oil sand samples into 3 parts: solids, liquids (bitumen and water),

and air. The microstructure of solid/liquid/air phase and the volume fraction of

those phases were analyzed using Dragonfly Pro software (Object Research Systems,

Canada).

2.1.4 Quantitative measurements of frozen oil sand adhesion

To quantitatively evaluate the adhesion strength of ice to solid substrate, multiple

measuring setups have been studied and applied in researches related with ice ad-

hesion study. The most commonly adopted test methods in laboratory study of ice

adhesion includes tensile test[71, 72], horizontal/vertical shear test[13, 23, 48, 73],

and centrifuge test[74, 75]. For the work principle of the horizontal shear test, the

fracture force of ice column with a known contact area under shearing pushing force

can be precisely measured by a force transducer, and the adhesion strength can be

easily collected from the force-displacement (or force-time) curve[76, 77]. Compared

with the other methods, the shear test method has advantages of simple structure

and high accuracy. Hence, the shear test method has been widely used in ice-adhesion

related works[13, 45, 56, 78, 79].

The adhesion strength of oil sands on solid substrates was measured using a custom-

built setup (Figure 2.1(a)), adapted from the methodologies for ice adhesion measure-

ments in literature[16, 71]. A ceramic Peltier plate was used to control the tempera-

ture of the substrate. The heat produced on the opposite face of the Peltier plate was
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Figure 2.1: Adhesion strength measurement device and test procedure. (a) Schematic of
the setup. (b) A force gauge measures the force applied to the frozen oil sand to the
point of detachment. (c) Representative temperature curve on the Peltier stage around
the set point temperature of -10 ◦C (denoted as the red dashed line, with the variation
indicated by the yellow band). (d) Force/stress curves during the ice adhesion strength
measurements on PDMS substrate (3 repeats). The blue band shows the variation of the
detaching force(Fad)/adhesion strength(τad) of ice from PDMS substrate.

continuously removed by a water circulation system and a fin-type heat sink. The sub-

strate was attached to the Peltier plate via thermally-conductive double sided tape,

and a thermocouple was connected to the substrate to monitor the temperature.

About 0.3 g of oil sands was placed into the sample holder (same as the one used for

CT scan). Then, a pressure of 60 kPa was applied on the sample with the pressure

control unit (also the same as the one for CT scan). The load was kept on the
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sample for a preset freezing time, beginning from the moment when the substrate

reached the target temperature. During the freezing process, the temperature of the

substrate remained within ±1 ◦C of the set-point, as monitored by the thermocouple

(Figure 2.1(c)). The load was removed before a force was applied to push the frozen

sample.

Figure 2.1(b) shows the detaching process of the samples from the substrates. To

apply a force parallel to the substrate, a force gauge probe attached to a linear motor

was placed <2 mm above the substrate. The short distance enabled minimal torque

applied to the sample before detachment[71]. Figure 2.1(d) shows the force curves

from three repeated measurements of ice adhesion strength on PDMS substrates after

freezing water in the sample holder at -10 ◦C for 30 min. As the linear motor moves

at a constant speed of 0.7 mm/s, the applied force increases linearly with time at 4

N/s until it reaches the minimal force required to detach the ice column at which

point the force falls back to zero. The minimal detachment force Fad for the three

repeats are highly reproducible. The adhesion strength τad obtained by normalizing

the force by the contact area of 40mm2 was 95± 6 kPa, within the reported literature

values of 70 to 100 kPa under similar experimental conditions [46–49, 65]. The good

reproducibility of the adhesion strength suggests the reliability of our methodology.

2.2 Methods and procedure for Chapter 4

2.2.1 Preparation of substrates

Six types of substrates were used in this work. The substrates can be classified as

hard and soft, based on the scale of Young’s modulus. The hard substrates include

Silicone-epoxy-coated steel substrate (Silikopon EF, Evonik, Germany), chromium-

carbide-overlay (CCO) (Imperial Oil, Canada), and steel 304 (McMaster-Carr, USA).

The soft substrates are oil-resistant Buna-N nitrile rubber (McMaster-Carr, USA),

poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning, USA), and structured
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PDMS. The fabrication of structured PDMS slab was described in another paper[80],

and the procedure was provided in Supporting information.

For hard substrates, the steel substrate was cut into square-shaped plates with

the dimensions of 4 cm × 4 cm. CCO was first cut into rectangular-shaped plates

with the dimensions of 7 cm × 5 cm, and polished by a diamond grinding wheel

(D150N100b1/8, USA) mounted on a surface grinder for 30 min. To fabricate the

silicone-epoxy coated steel substrate, the elastomer base, Silikopon EF, was mixed

rigorously with the curing agent, (3-Aminopropyl) triethoxysilane (APTES) (>99%,

Sigma, USA), by weight ratio of 4.5:1. After applying about 2 g of the mixed prepoly-

mer to a cleaned steel substrate, the fully coated substrate was put under ambient

temperature for over 24 hr to cure.

For soft substrates, oil-resistant Buna-N nitrile rubber were cut into the same

shape of the steel plates, with the dimensions of 4 cm × 4 cm. To fabricate the

PDMS substrate, a base and a curing agent were mixed rigorously at a weight ratio

of 10:1. About 2 g of the mixed elastomer was cast onto a clean glass slide (7 cm × 2

cm) to fully cover the slide surface with a thickness of about 1 mm. After degassing

for 30 min and curing at the temperature of 80◦C for 2 hours, the substrate coated

with PDMS were placed under ambient conditions to cool down before use. The

structured PDMS substrate was fabricated in a square shape with the dimensions

of 6 cm × 6 cm. Before use, all the substrates were rinsed with acetone (>99.5%,

Fisher), ethanol (>99%, Fisher), and deionized water. The reagents (acetone and

ethanol) were used as received without additional treatment.

The contact angles of water on the substrates were determined by using a contact

angle instrument (DSA100 system, Kruss, USA). The advancing and receding contact

angles of water are shown in Table 2.3. The Young’s modulus of the substrates were

cited from literature, except for the rubber substrate, which was provided by the

vendor (Macmaster-Carr).

To simulate the industrial environment where the substrate is often fouled by oil
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Table 2.3: Contact angle of water and Young’s modulus of substrates

Substrate θadv (◦) θrec (
◦) Hysteresis (◦) Young’s modulus

Stainless steel 92±2 21±4 71 ∼200 GPa[81]

CCO 71±3 20±4 51 ∼300 GPa[82]

Silikopon EF 100±3 69±4 31 ∼3 GPa[83]

Rubber 109±3 58±3 51 3.2 MPa

Bare PDMS 121±3 47±4 74 1 MPa[84]

Structured PDMS 134±2 132±1 2 1 MPa[84]

sands stain, we also prepared steel substrates with an oil sands layer. To coat the

steel substrate with oil sands, about 10 g of oil sands with Cw of 10 wt% was smeared

uniformly on a piece of steel plate and pressed with a load of 0.06 MPa for close

contacting. The fabrication of oil sands with Cw higher than 4 wt% was described in

our previous work.[85] After removing the excess oil sands not touching the substrate,

the coated substrate was placed in a freezer at a temperature of -10 ◦C for 1 hr to

freeze. To avoid contamination and eliminate the variation in water content of the

oil sands layer, the coated substrate was wrapped in a paraffin film before put in the

freezer. The substrate was stored in the freezer until the experiment to prevent the

oil sands from thawing and melting.

2.2.2 Spray coating and stability test of anti-freezing liquid

To mitigate the adhesion strength of wet granular matrix on solid substrates, we

spray-coated the substrates with an anti-freezing liquid before applying the oil sands.

Aqueous solutions of ethylene glycol (EG) (>98%, Sigma) and propylene glycol (PG)

(85 v% with 15 v% of water, Sigma) were used as anti-freezing liquids. The solutions

were diluted by water to reach a formulation of 2 or 3 parts of either EG or PG to

1 part of water by volume. The prepared anti-freezing liquid was stored in a spray

bottle before use. For the test, certain amount of the anti-freezing liquid was sprayed
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on the substrate to reach a uniform distribution of about 0.01 mL of liquid per cm2

of the substrate.

To evaluate the stability of the anti-freezing liquid, we first sprayed ∼0.2 mL of

EG solution (EG:water = 2:1) on our steel substrate (4 cm × 4 cm) and observed

the profile of the sprayed droplets. With the side-view camera from the contact angle

instrument, we observed and recorded the height and the base diameter of a droplet

for over 3 hr under ambient conditions. We also observed the lateral profile of anti-

freezing liquid under external forces to simulate the friction from wind after sprayed

the liquid in real applications. To simulate the wind in the real scenario, we used

a spin coater (WS-650Mz, Laurell, USA) to create a steady spinning speed of 500

revolutions-per-minute (RPM). After spraying ∼0.2 mL of EG solution (EG:water

= 2:1) on our substrates (4 cm × 4 cm), the substrates were mounted to the spin

coater and spun for 60 sec at 500 RPM. The profile of a droplet at the rim of the

substrate, where the centrifugal force is at maximum on the substrate, was observed

by the side-view camera before and after the spinning test. The adhesion strength of

the anti-freezing liquid drop was calculated by dividing the centrifugal force with the

contact area of the droplet.

2.2.3 Procedure for large scale tests

To test the feasibility of anti-freezing liquid spray for easy removal of frozen oil sands,

we conducted the adhesion measurement of oil sands (Cw = 4 wt%) on a large stainless

steel plate (1.2 m × 0.6 m) sprayed with ∼100 mL of EG solution (EG:water =

2:1). Subsequently, about 5 kg of oil sands were dumped on the steel substrate

under ambient condition. The possible contact area between oil sands and the coated

substrate was 530,000 mm2. An additional load from a box of weight of around 53 kg

was placed on the oil sands, creating a load of ∼0.01 MPa, as shown in Figure 2.2 (a).

After loading, the substrate with oil sands was transferred into a walk-in freezer and

kept at -18 ◦C for over 2 hr. After freezing, the load was removed and the substrate
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was held vertically to check if the oil sands can be removed by gradually adding a

pushing force, as shown in Figure 2.2 (b). The pushing force was applied by gently

placing a cardboard on the oil sands and adding a weight from the top to make the

force parallel to the steel plate. The test was also performed with pristine, uncoated

stainless steel substrate as control.

Figure 2.2: Schematic of large scale test procedure with the glycol spray. (a) - Process of
oil sands sample freezing on the substrate sprayed with anti-freezing liquids under a load
of ∼0.01 MPa; (b) - Process of oil sands removal after frozen by adding weight on the
cardboard.
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Chapter 3

Water-mediated adhesion of oil
sands on solid surfaces at low
temperature1

In chapter 3, we will show that the strong adhesion of oil sands at low temperature

(0 ◦C to -20 ◦C) is determined by freezing of water in oil sands. With x-ray micro-

computed tomography (micro-CT), between the sand particles and the solid substrate,

we observed water capillary bridges, which contribute to adhesion strength when

frozen. We identified a linear relationship between the adhesion strength and the

water content in oil sands, based on the local contact area between ice and the solid

surface. The insights from our study can help mitigate fouling from oil sands in

winter. To the best of the authors’ knowledge, this research work is the first study

about the adhesion of a frozen granular matter to solid substrates, which may have

wider applicability to many natural and industrial processes.

3.1 Oil sands microstructure

The microstructures of oil sands are characterized using X-ray micro-CT scanning.

The images in Figure 3.1 (a) and (b) show the horizontal cross sections for Cw = 4 and

14 wt% close to the solid substrate z < 0.01 mm. At Cw = 4 wt%, we observed large

1This section contains modified parts of submitted work Q. Yang, J. B. You, B. Tian, S. Sun, D.
Daniel, Q. Liu, X. Zhang. Water-mediated adhesion of oil sands on solid surfaces at low temperature,
Fuel. (2021)
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Figure 3.1: (a, b) Horizontal cross section of the oil sands with Cw = 4 and 14 wt% taken
near the substrate z ≈ 0 using a micro-CT. Scale bars are 0.5 mm. (c, d) The vertical cross
section of the same oil sand with Cw = 4 and 14 wt%. The area was picked within the
distance range from the substrate of near 0 to 0.25 mm. Scale bars are 0.25 mm. (e, f) Oil
sand is a wet granular matter with solid sand particles held together by liquid (bitumen
and water) capillary bridges. Increasing water content results in a more compact structure
with fewer air gaps.

millimetric air gaps (Figure 3.1 (a)), whereas at Cw = 14 wt%, only submillimetric-

sized air gaps remain (Figure 3.1 (b)). We were able to distinguish the solid, liquid

and air phases, and their relative compositions are summarized in Table 3.1. Note

that we are not able to distinguish between bitumen and water, because their densities

are close to each other, both around 1.0 g/cm3 [86].

Based on the micro-CT results, we propose the following model of oil sands mi-

crostructures after compression. The sand particles are polydisperse with sizes rang-

ing from tens to hundreds of microns. At low water content Cw = 4 wt%, the sand
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Table 3.1: Compositions of oil sand samples after compression at 60 kPa. z: the
distance from the substrate.

Cw (wt%) z (mm)
Volume fraction(%)

Solids Liquids Air

4
0–0.25 54.2 21.8 24.0

0.25–0.50 54.9 18.9 26.2

14
0–0.25 56.3 34.5 9.2

0.25–0.50 55.7 36.5 7.8

particles (about 55 v%) are held together mostly by bitumen capillary bridges (due

to the low water content), with significant amount of air gaps (about 25 v%). A thin

hydration layer also likely envelopes the sand particles, separating the hydrophilic sil-

ica surface and the hydrophobic bitumen [87], as depicted in the schematic in Figure

3.1 (e). Increasing the water content (from 4 to 14 wt%) results in a more com-

pact structure with smaller air gaps as the water occupies some of the pore spaces

(Figure 3.1 (f)), similar to the transition from the pendular to funicular state in wet

granular matter [44]. Increasing Cw from 4 to 14 wt% reduces the volume of air gaps

by a similar percentage from about 25 v% to less than 10 v%.

At higher Cw = 14 wt%, the sand particles are held together by a combination

of water and bitumen capillary bridges (Figure 3.1 (f)); the bitumen bridges are

not likely to be displaced because of the highly viscoelastic nature of bitumen at

the temperature range in the experiments. Vertical cross sections also reveal the

formation of water capillary bridges (which become ice at low temperatures) linking

the sand particles and the solid substrate when increasing water content from Cw =

4 to 14 wt% (c.f. Figure 3.1 (c) and (d)).

At low temperatures, the adhesion between oil sand sample and a solid substrate

comes from 4 material types: sand particles, air, ice, and bitumen. Among them,

the interaction between air and the substrate is negligible, but that between ice and
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the substrate is the strongest. This explains why increasing water content results

in a dramatic increase in adhesion strength of frozen oil sands as will be discussed

in the next section. Note that while oil sands typically contains 4 to 6 wt% water,

water content can be much higher than 6 wt% during winter, when ice and snow is

abundant at the mining site.

3.2 Oil sands adhesion in the limit of short freezing

time

Figure 3.2: τad of oil sands with Cw = 4–14 wt% on steel substrate after 5 min of freezing.
(a, b) Representative force curves at T = -2.5 ◦C and -20 ◦C on steel substrate, respectively,
with 3 repeats for each Cw value. (c) Representative force curves at T = -10 ◦C on rubber
and steel substrates. (d) Plot of τad as a function of Cw on steel and rubber substrates.
Error bars in (d) are standard deviations for 5 repeats.

We measured the oil sand adhesion to pristine steel surfaces τad (obtained by di-

viding the adhesion force Fad and the contact area of 40 mm2) for Cw = 4 to 14 wt%

in the limit of short freezing time t = 5 min. Figures 3.2 (a) and (b) show the force
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curves for Cw = 4 and 14 wt% obtained at T = -2.5 ◦C and -20 ◦C, respectively. Note

that above the freezing point of water, i.e. T > 0 ◦C, τad is not measurable (below

the instrument limit of 2 kPa) regardless of water content Cw.

As Cw increased from 4 to 14 wt%, τad increased by almost 10 times from 74 ± 7

kPa to 710 ± 60 kPa at T = -2.5 ◦C (Figure 3.2 (a)). The same ten-fold increase

in τad (from 107 ± 12 kPa to 1,090 ± 90 kPa) was also observed at T = -20 ◦C

(Figure 3.2 (b)). At a given temperature, the adhesion strength increases with water

content Cw (Figure 3.2 (d)), consistent with our hypothesis that ice formation at the

sample-substrate interface is key to understanding the strength of oil sands adhesion

at low temperatures. The approximate linear relationship between τad and Cw may

be rationalized by the increase in the contact area of ice and the substrate surface

Aice. As discussed in the previous section, there are water capillary bridges connecting

the oil sand and the surface, which can freeze when T < 0 ◦C. The contact area of

water capillary bridges Awater (and hence of ice contact area Aice after freezing) should

increase linearly with Cw. Hence, we expect Fad and τad to increase linearly with Cw,

as we observed experimentally in Figure 3.2 (d).

Note that even at the highest water content level (Cw = 14%) and lowest temper-

ature tested (T = -20◦C), the measured τad ≈ 1,100 kPa is still lower than the τad =

1,250 kPa previously reported for pure ice on steel [78, 79], reflecting the fact that

surface ice coverage in oil sands is only partial. We tried to measure the adhesion

strength of pure ice on steel with our setup. But the adhesion strength of ice on steel

exceeded the upper limit of our force apparatus of 1,200 kPa. Hence, we quoted the

value of ice adhesion strength on steel from the literature.

Interestingly, also shown in Figure 3.2 (d), τad increased almost linearly from 24 ±

9 kPa to 125 ± 30 kPa with Cw from 4 to 14 wt% on a rubber substrate at -10 ◦C

for 5 min of freezing time. This result confirms that water content in oil sands is also

essential for the rubber substrate, and the model which we proposed in Figure 3.1

is not limited to steel. Compared with τad on steel substrate under same conditions,
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τad on rubber substrate was about 15-20% of the value for oil sands with the given

Cw level. The softness and hydrophobicity of the substrate may decrease τad on the

rubber, based on the influence of substrate properties on ice adhesion strength[46–49,

65].

τad is higher at lower temperature at a given Cw level, suggesting that the short

freezing time t = 5 min may not be long enough for water to freeze completely. In

other words, the measured τad values in Figure 3.2 may not be the equilibrium values

and therefore depend on the ice nucleation rate. From classical nucleation theory, the

ice nucleation rate (J) is given by the Arrhenius equation[88]

J = A · exp
(︃
− ∆G

KBT

)︃
(3.1)

where A is the pre-exponential factor, KB is the Boltzmann’s constant, T (in

Kelvin) is the absolute temperature. The activation energy ∆G is given by[88]

∆G =
16π

3

γ3

∆S2∆T 2
f(θ)

=
16π

3

γ3 T 2
m

L2
v ∆T 2

f(θ)

(3.2)

γ (≈ 20 mN m−1) is the water-ice interfacial energy, ∆S (= Lv/Tm) is the entropy

of fusion, with Lv of 3.34 × 108 J m−3 (the specific latent heat of fusion for ice) and

Tm of 273.15 K (the melting point for ice), and ∆T (= T − Tm) is the degree of

supercooling. f(θ) is a geometrical factor that depends on the contact angle of water

on steel.[89]

f(θ) =
(2 + cos θ)(1− cos θ)2

4
≈ 3× 10−3 (3.3)

From the measured receding contact angel of water on steel substrate, which is

approximately 20◦, we estimated f(θ) to be 3 × 10−3 in our experiments. Thus,

Eq.(3.1) and (3.2) can be rearranged to
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J = A · exp
(︃
− C

∆T 2

)︃
C =

16π

3

γ3T 2
m

L2
v KBT

f(θ)

≈ 16π

3

γ3Tm

L2
v KB

f(θ) = 71K2

(3.4)

The ice nucleation rate (J) is therefore highly dependent on ∆T , with a constant

C ≈ 71 K2 that depends on the material properties of water and the substrate.

Figure 3.3: (a) τad of oil sand samples with different Cw to steel as a function of T after 5
min of freezing time. At T = 0 ◦C, τad is too low to be measured for all Cw levels. Lines are
guides to the eye. Error bars are standard deviations for 3 to 5 repeats. (b) Plot of log(τad)
against 1/∆T 2 for the same data in (a). τad and ∆T have units of kPa and K, respectively.

To verify that τad ∝ Aice ∝ J , we varied T from -2.5 to -20 ◦C and measured

τad while keeping the freezing time constant at 5 min. Indeed, τad increases with

increasing ∆T for all Cw values (Figure 3.3.(a)). Plotting log τad against -1/∆T 2 also

results in straight lines with slopes ranging from 1.7 to 2.7 K2. The linear trend and

the similar slopes are just as predicted by Equation 3.4 (Figure 3.3.(b)). In the limit

of short freezing time, the adhesion strength is therefore limited by the ice nucleation

rate and hence the degree of supercooling ∆T . In contrast, with longer freezing time,

the adhesion strength approaches the equilibrium value and no longer depends on

∆T , as will be discussed in the next section.
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3.3 Oil sands adhesion in the limit of long freezing

time

Figure 3.4: Equilibrium τad after longer freezing time. (a) - Results of oil sands τad with
longer freezing time for oil sands with Cw 10 wt% at -5 ◦C to -20 ◦C. Each color of the line
denotes the results at a certain temperature. The dashed lines with corresponding color
denotes the plateau time; (b) - τad for oil sands with Cw of 4 to 10 wt% at -20 ◦C with 5 to
20 min of freezing time. Each color of the lines denotes a certain Cw level. The dashed lines
of corresponding color label out the plateau for a Cw level; (c) - Results of linear fitting for
τad and Cw at -20 ◦C with 5 and 20 min of freezing time. Error bars show the standard
deviation from 3 to 5 repeated tests.

To obtain the equilibrium τad values, we increased the freezing time from 5 to a

maximum of 60 min. Figure 3.4 (a) shows that after sufficient freezing time, most

(if not all) of the water is frozen and τad for Cw = 10 wt% reached a plateau or its

equilibrium value of approximately 950 kPa. τad is not limited by the ice nucleation

rate and is therefore independent of T = -5 ◦C, -10 ◦C, and -20 ◦C. The time taken for

τad to plateau tplateau ∼10 min was the shortest at the lowest temperature of T=-20

◦C, which doubled to ∼20 min at T = -10 ◦C, and tripled to ∼30 min at T=-5 ◦C.
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Table 3.2: Conditions and results of τad (Cw = 10 wt%) measurement with EG spray
measured after 5min of freezing. The standard deviation was from at least 3 repeated
tests.

Substrate Temperature (◦C) τad τad after spray

Steel -5 435 ± 33 kPa

Steel -10 < 2 kPa

Steel -20

Bitumen-coated -5 998 ± 103 kPa

Bitumen-coated -10 < 2 kPa

Bitumen-coated -20

Asphaltene-coated -5 611 ± 66 kPa < 2 kPa

Figure 3.4 (b) shows that the plateau adhesion strength increases with water content

in oil sands, and importantly tplateau ∼10 min is independent of Cw = 4 to 10 wt%.

Interestingly, τad is linearly proportional to Cw both for long freezing t = 20 min

(when τad reaches its plateau value) and short freezing t = 5 min (when τad is limited

by ice nucleation rates), as shown in Figure 3.4 (c).

3.4 Mitigation of oil sands adhesion on multiple

substrates

To mimic the situation of pre-fouled substrates in the industry, we measured τad

on bitumen and asphaltene coated substrates. For oil sands with 10 wt% of wa-

ter at -5 ◦C for 5 min of freezing time, the results in Table 3.2 show that τad was

higher on the coated substrates (∼ 1,000 kPa on bitumen-coated and ∼ 600 kPa on

asphaltene-coated). Lower adhesion on the steel substrate may be attributed to its

high roughness, as suggested by the large hysteresis of water on the substrate (Ta-

ble 2.1) and the optical images. Reduced number of capillary bridges formed between

oil sands and the rough steel substrate.

Since the adhesion strength of oil sands to solid substrates are dominated by ice
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formation at low temperatures, an effective strategy to mitigate oil sands adhesion is

to prevent ice formation in the first place. To this end, before placing the oil sands,

we spray the steel surface with a commonly used anti-freezing liquid ethylene glycol

(EG, >99.8%, Sigma) which is known to depress the freezing temperature of water

Tm. For example, a mixture of 60 v% EG and 40 v% water freezes at -45 ◦C. We found

that pre-spraying both pristine and bitumen-coated steel surfaces with EG reduces

τad to a value lower than the detectable limit of our set up (< 2 kPa) not only for

T = -5 ◦C, but even for -20 ◦C. The reduction in τad was significant compared with

the data shown in Table 3.2. Table 3.2 summarizes the experimental conditions that

we have tested; for each test, we performed at least 3 repeats. Note that the ultra-

low adhesion strength observed (< 2 kPa) is at least as good as the best-performing

anti-icing surfaces. Details of the EG spray formulation will be reported in a future

publication.

3.5 Conclusions

In this Chapter, we found that water content in critical for the adhesion of oil sands

(a complex granular matter) at low temperature. The images from our micro-CT

measurements show that the air pockets in oil sands was filled with interstitial water,

which forms capillary bridges with the substrate. The adhesion strength of oil sands

increased linearly on steel and rubber substrate with increase in the water content,

and also with the degree of supercooling within a short freezing time. Formation and

adhesion of ice was shown to increase the adhesion strength of oil sands. Fouling from

bitumen or asphaltene layer on the surface aggravates the adhesion of oil sands on

steel. Based on the significant impact from ice in the granular matrix, we developed

an effective approach to reducing the adhesion of oil sands by spraying an anti-freezing

liquid on the substrate. No adhesion was detected after spraying.

34



Chapter 4

Effects of load and substrate
properties on ice-enhanced
adhesion of frozen oil sands1

From chapter 3, we concluded that the adhesion strength of oil sands to solid sub-

strates at low temperature was strongly correlated with the water contents in the

granular matrix. With the help of X-ray computed tomography imaging system, we

observed that interstitial water forms capillary bridges between the solid particles

and the substrate, and the surface coverage of water bridges is the main contribution

to the adhesion strength after frozen into ice.

So far, the effects from substrate properties and from the load sustained by the oil

sands on the adhesion strength on solid substrates remain unclear. For natural oil

sands, a certain amount of porosity exists within the matrix with voids not occupied

by either bitumen or water.[90–92] The porosity of oil sands matrix influences the

mechanical properties and behaviours of the oil sands, for example, under the shearing

stress[93]. The volume of the void space depends on the water contents, which can

reach 25 v% for oil sands with 4 wt% of water under 0.06 MPa of load [85]. With

increasing load, the void spaces in the matrix may be replaced with the solid/liquid

components.[92, 94]

1This section contains modified parts of manuscript under preparation by Q. Yang, N. Morad-
pour, J. B. You, B. Tian, S. Sun, D. Daniel, Q. Liu, D. Wang, X. Deng, X. Zhang. Effects of load
and substrate properties on ice-enhanced adhesion of frozen oil sands.
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In chapter 4, we will show that the adhesion of oil sands resembles the adhesion

behavior of ice on the same kind of substrates, including hard substrates with Young’s

modulus on the order of GPa and soft substrates with high deformability (Young’s

modulus on the order of MPa). On a hard substrate of steel, we found a correlation

between the load on the sample and the adhesion strength of frozen oil sands, which

was attributed to the packing mode of the sand particles. The anti-freezing liquids

showed high potential to reduce the adhesion strength of oil sands on steel and oil

sands-fouled substrates. The strategy is also applicable at a large scale (around 500

cm2), which is greatly promising for real application in the oil industry.

4.1 Effects of surface properties on adhesion

τos and τice on six substrates (shown in Table 2.3) was compared in our experiment.

Among them, hard CCO is the most hydrophilic substrate (lowest advancing contact

angle of ∼70◦), and soft structured PDMS is the most hydrophobic with the highest

advancing contact angle of ∼134◦ and an ultra low contact angle hysteresis of only

2◦. The influence of contact angle on ice adhesion strength strength on hard and

soft substrates is shown in Figure 4.1.(a). Structured PDMS yielded the lowest ice

adhesion strength (τice = 39 kPa). On the other hand, τice on CCO was dramatically

higher, 817 kPa. τice on steel is too high to be measured within the detectable range of

the force gauge in our apparatus. From the literature, τice on steel is ∼1,250 kPa[78,

79].

Theoretical description of the relationship between ice adhesion strength and static

water contact angle has been reported in the literature [95]. Thermodynamic work

of adhesion of water on the substrate is expressed as below.

τ = C0(1 + cos θrec) (4.1)

Where τ is ice adhesion strength in kPa, C0 is a constant also in kPa related with
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Figure 4.1: Effect of substrate surface properties on ice/oil sands adhesion strength on hard
(Silicopon, CCO, and steel) and soft substrates (rubber, PDMS, and structured PDMS).
(a) - τice to work of detachment of water (1 + cos θrec) on hard (orange) and soft substrates
(blue); (b) - τos and ice on both soft and hard substrates with the Young’s modulus of the
substrates in MPa. The oil sands were under 0.03 MPa of load before frozen; (c) - Linear
relationship between τos and τice on 6 substrates. τos on PDMS substrates (structured and
bare) is below the minimum detectable range of our setup (∼2 kPa), labeled as 0 kPa on
the plots. Error bars are standard deviation of at least 3 repeated measurements.

the surface tension of water, and θrec is the receding contact angle of water on the

substrate representing the surface energy of the substrate. According to Eq.4.1, the

relation between adhesion strength and cos θrec was expected to be linear, which was

not observed in Figure 4.1 (a). For hard substrates, ice adhesion could be enhanced by

the surface roughness of the substrates[20, 22, 96], which increased the contact area

between ice and substrate. This may explain the reason for the high τice measured

on CCO. Substrate deformability also influences the adhesion strength. The Young’s

modulus of ice is known to be on the order of 8 to 10 GPa[97, 98], which is at least
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1,000 times higher than that of PDMS (∼ 1 MPa) and rubber substrates (∼ 3.2

MPa). Mismatched moduli of ice and soft substrates can cause stress concentration

at the interface and facilitate ice detachment under shearing stress, and facilitate

ice sliding on the soft substrate.[48, 80] The lower τice on structured PDMS may

be related to the Cassie-Baxter state of water at the interface, which provides less

ice-solid contact area compared to rubber and flat PDMS substrate.

Importantly, on both hard and soft substrates, we demonstrated a clear correlation

between τos and τice. As shown in Figure 4.1.(b), both τice and τos increased with the

Young’s modulus of the substrate. Interestingly, τos on bare and structured PDMS

surface were even below the minimum detectable range of our setup (< 2 kPa), in

agreement with the low τice on PDMS substrate (< 100 kPa). Results in Figure 4.1.(b)

suggested that, for structured PDMS, the composition in the oil sand matrix may

not penetrate into the microstructure. Otherwise, the effect of mechanical interlock

would have increased τos on structured PDMS. Thus, the low τos on structured PDMS

substrate is an indicator that water stayed in a ‘Cassie-Baxter’ state under 0.03 MPa

of load.

Figure 4.1.(c) showed that the adhesion strength of oil sands τos increased with the

ice adhesion τice on both soft and hard substrates. In our recent work, we demon-

strated the critical role of ice formation in the adhesion strength of a wet granular

matter (oil sands) at low temperature. Freezing of water bridges formed between

water in oil sands and the substrate led to strong adhesion of frozen oil sands[85].

The close correlation between τos and τice in Figure 4.1.(c) further confirms that the

ice formation on the solid surface is the primary reason for the adhesion strength of

frozen oil sands.

The slope of the linear fitting in Figure 4.1.(c) was 0.2, suggesting that the surface

coverage of ice on all six substrates was around 20%. Considering the weight per-

centage of each component in oil sands (4 wt% of water, 13 wt% of bitumen and 83

wt% of solids) and the density of each component (1 g/cm3 for water and bitumen
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and 2.4 g/cm3 for sands), the maximal volume fraction of water was ∼10 v% in oil

sands assuming no void space was present. The maximal surface coverage of water

on the substrates was estimated to be (10 v%)2/3 ≈ 0.22, which is in good agreement

with the slope of the linear fitting.

4.2 Effects of load on oil sands adhesion strength

Figure 4.2: Effect of load on the τos. (a) - Representative force/stress curves for τos at
-10 ◦C for 15 min of freezing. The black dashed line denotes 0 N or 0 kPa of adhesion.
Curves with orange/blue color are for oil sands under 0.03/0.6 MPa of load. The colored
box with corresponding color denote the minimum detaching force (Fad)/adhesion strength
(τ) for frozen oil sands under 0.03 (orange) and 0.6 (blue) MPa of load. The height of the
box denotes the variation of 3 repeated tests; (b) - Effect of load from 0 to 1 MPa on τos
with a freezing time of 15 min and 30 min. The dotted line is at 0.1 MPa. Error bars are
standard deviation of at least 3 repeated measurements; (c) - τos under an extremely high
load of 1 MPa with 15 min of freezing time for 6 runs.

Figure 4.2.(a) showed the representative plots of force/stress versus time under
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the load of 0.03 MPa (shown in color orange) and 0.6 MPa (shown in color blue).

The slopes of the curves for all samples were similar to each other, indicating that

the pushing velocity from the movable stage was steady. The colored boxes in Fig-

ure 4.2.(a) represented the range of variation in the adhesion force (Fos)/strength

(τos) for the samples. As shown, the boxes were narrow enough showing that both

Fos and τos for all tested samples were measured with acceptable variation. After

oil sands were detached from the substrate, we observed no residual sample left on

the substrate, showing the rationality of normalizing by the apparent contact area

between oil sands and the substrate.

In Figure 4.2.(b), we showed how τos varied with load applied on the oil sands

samples for two different freezing times. With 15 min of freezing time, τos for oil

sands rapidly increased from 0 to 450 kPa with the load on the sample from 0 to

0.1 MPa. Above applied load of 0.45 MPa up until 0.6 MPa, τos remained nearly

plateaued at 550 kPa. The trend of τos increasing with the load and eventually

reached a plateau. Adhesion strength was also measured for 30 min of freezing

time (shown as orange points in Figure 4.2.(b)). Under the same load, no apparent

difference was observed between τos obtained at 15 min and at 30 min of freezing

time. Therefore, it is reasonable to assume that the equilibrium freezing time is ≤

15 min in our systems. The effect of the load on the adhesion strength of oil sands

proved that our argument − water contact area dominates τos, is correct for oil sands

adhesion to the steel substrate.

The increase in τos with the load from 0.03 to 0.1 MPa could be attributed to

displacement of voids and some initial easy rearrangement of composition in oil sands.

The previous work showed that after compression under 0.06 MPa of load, oil sands

consisted of 55 v% of solids, 20 v% of liquids and 25 v% of air [85]. Under the

load, the contact area initially occupied by voids (air) in loose oil sands could be

replaced by liquids or solid particles. Moreover, water could transfer from the sample

above to the substrate through stronger capillary effects in small gaps under the
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compression[94]. Water accumulated at the substrate could form more bridges and

larger contact area with the substrates, leading to the sharp increase in τos. As the

load reached around 400 kPa and above, τos only increased slowly because of less

mobility and deformability of the densely packed materials in oil sands.

However, at an even higher load of 1 MPa, the average value of τos increased

significantly to ∼800 kPa. We assume that peeling off of the bitumen layer under

a high load may lead to an increase in the contact between water and the substrate

surface. It was shown in the literature that the ultrasound and CO2 pressure could

enhance the bitumen liberation during the extraction process.[99, 100] The liberated

bitumen may spatially rearrange, and the composition in the oil sands matrix may

pack more densely, and thus, lead to higher adhesion strength. The large variation in

τos under 1 MPa of load (Figure 4.2.(b)) may be attributed to random redistribution

of the granular structure in each test.

4.3 Mitigation of adhesion by anti-freezing liquid

Spraying a layer of anti-freezing liquid, e.g. ethylene glycol, is an effective approach

of reducing the adhesion strength of oil sands.[85] Here, to explore the applicability

of anti-freezing liquids, we tested aqueous solutions of ethylene glycol and propylene

glycol, which in principle could reduce the freezing point of water down to -40 ◦C.

[101, 102] The solutions were spray coated on target substrates prior to testing them

for the adhesion of frozen oil sands. Figure 4.3 shows the adhesion strength of the

frozen oil sands sample on the substrates coated/uncotaed by one type of anti-freezing

solution − EG:water = 2:1.

In Figure 4.3, apart from pristine steel substrates (τos ≈ 250 kPa), we also measured

τos on the pre-fouled oil sands layer. The adhesion strength of oil sands with Cw of 4

wt% was over 700 kPa, which was around three times as high as the adhesion strength

of oil sands to the bare steel substrate under the same conditions, demonstrating a

stronger adhesion strength of oil sands to the fouled substrate. However, with the
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Figure 4.3: Representative force curves for oil sands adhesion strength on steel/oil sands
fouled layer with/without glycol spray (EG:water = 2:1). Adhesion tests were performed
with frozen oil sands with natural water concentration of 4 wt% under 60 kPa of load. The
freezing temperature and time were -10 ◦C and over 2 hr.

outstanding performance of spaying a layer of glycol solution, τos on both pristine

and fouled substrates reduced to almost undetectable at -10◦C. Table 4.1 lists the

condition and the adhesion strength of the frozen samples on the substrates coated

by the anti-freezing solutions with different compositions. As shown by the table, the

τos on the all of the spray coated substrates were lower than the detection limit of

our apparatus, which was around 2 kPa.

From the data listed in Table 4.1, we could see that by spraying anti-freezing liquids

with multiple compositions, τos decreased to almost undetectable not only on pristine

steel substrate, but the oil sands-fouled substrates, which naturally has higher τos.

In the oil industry, the surfaces are commonly pre-fouled by oil sands. In this case,

the possibility for the spray to reduce the adhesion strength between oil sands and

the pre-fouling layer endows it a broader application for anti-fouling purpose in the

industry.

As shown in Figure 4.4.(a), we chose 2 characteristic parameters of a single droplet,
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Table 4.1: Conditions and results of τos measurement with anti-freezing liquid spray.

Substrate Anti-freezing liquid (v/v) τos

Steel Without spray ∼250 kPa

Steel EG:water = 3:1 <2 kPa

Steel EG:water = 2:1 <2 kPa

Steel PG:water = 3:1 <2 kPa

Steel PG:water = 2:1 <2 kPa

Oil sands-fouled Without spray ∼700 kPa

Oil sands-fouled EG:water = 2:1 <2 kPa

Oil sands-fouled PG:water = 2:1 <2 kPa

Figure 4.4: Volume change and lateral-view images of EG spray (EG:water = 2:1) droplets
on steel substrate put under ambient conditions for 3 hr and after centrifuge. The black
contrast denotes the presence of EG droplets. The droplet volume was calculated by as-
suming spherical cap shape. Characteristic parameters: a - base radius, h - height of the
droplet. Length of scale bar: 0.1 mm;

namely the peak height (h) and base diameter (a), to determined the mass loss of the

EG droplets for 3 hr under ambient conditions. The figure shows an EG droplet with

a = 0.25 mm and h = 0.14 mm. As shown by the plot in Figure 4.4.(b), the droplet

remained unchanged even after 3 hr. Also, other droplets on the wafer showed no

noticeable change in size after 3 hr. Thus, the sprayed EG droplets remained stable

under ambient condition and the influence from evaporation was negligible.

Furthermore, to simulate the wind conditions in the environment, the spray coated
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EG droplets were spun using a spin coater. The drop volume was around 15 mm3 for

the same droplet that we observed for 3 hr. After spinning, the EG droplet showed

no noticeable change in the shape (a = 0.25 mm, h = 0.14 mm). The position of the

droplet also remained the same after the spinning process, demonstrating a strong

interaction of EG droplet with the substrate. The centrifugal force (F = mω2R)

applied to the droplet was calculated to be around 12 mN (Figure 4.4.(c)). The

adhesion strength of the EG drop to the steel substrate normalized by the contact area

of 0.2 mm2 was approximately 60 kPa. The stability of EG drops on the substrate

suggests that for real applications, the spray may be applied conveniently anytime

before loading oil sands to the truck.

Figure 4.5: Effects of EG spray (EG:water = 2:1) on reducing oil sands adhesion at large
scale. Snapshots were taken from the video recording of the removing process in the walk-in
freezer after the oil sands were frozen at -18 ◦C for 2 hr. (a) - Without anti-freezing liquid
spray, oil sands could not be removed with 5 kg of load; (b) - with anti-freezing liquid spray,
oil sands could be easily removed with 1.5 kg of load. No stain was observed after swiping
with acetone in the freezer.

The anti-fouling performance of anti-freezing liquid was also tested at large scale

as shown in Figure 4.5. Detailed testing procedure is discussed in the Experimental

section. For substrates without anti-freezing coating, oil sands could not be removed

with ∼5 kg of load nor by swiping with acetone at -18 ◦C. In contrast, for the

substrates with EG coating (Figure 4.5.(b)), the frozen oil sands can be easily removed
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with ∼1.5 kg of load on the oil sands sample. Only slight stain of bitumen was left

after oil sand fell of the substrate. The bitumen stain can be cleaned with acetone

swipe in the freezer, and the steel substrate after cleaning was almost as clean as

the condition before the test. The result indicates that by spray coating anti-freezing

liquid onto steel substrate, it is possible to remove the oil sands carryover, and thus

save the time and energy consumption from the traditional shoveling method.

The cost of the spray (EG:water = 2:1) is estimated by multiplying the price per

volume of the spray with the estimated total volume of spray on the truck for each

year. From the photo shown in Figure 4.4, it is reasonable to assume the spray on

the steel substrate is a layer of uniform coating with a thickness of ∼100 µm. The

price of ethylene glycol on the market is ∼1,000 CAD/m3. Considering that the total

area of the truck bed and canopy is around 75 mm2, the cost for each truck for each

run will be only 0.5 CAD. From the field data, each truck will take around 6,000 run

to transport the oil sands from the mining spot in each winter, and there are less

than 100 trucks working on the field at the same time. Assuming that the spray is

required after each run of transportation, the total cost of the spray for one fleet each

year will be ∼0.3 million CAD, which is much less compared with the additional cost

from the surface fouling (∼8 million CAD).

4.4 Conclusions

In this chapter, we showed that the adhesion of frozen oil sand was affected by the

substrate type as well as the load applied to the sand. Ice adhesion strength on all

six substrates in our experiments was found to correlate linearly with the adhesion

strength of frozen oil sands. Higher load was found to increase the adhesion strength,

possibly due to increased contact area with water in compact matrix of oil sands.

Up to a plateau load (i.e., 450 kPa), additional load could not increase the adhesion

strength any further. The maximum adhesion strength may be due to the limit of

particle packing of oil sands. Anti-freezing liquid was proved to effectively reduce
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the adhesion strength for oil sands under the freezing point of water. Applying anti-

freezing liquid was effective in reducing adhesion on all tested substrates including

pristine steel and oil sands-fouled substrates. The method of spray-coating of anti-

freezing liquid may provide a solution for eliminating carryover in transport of oil

sands in cold regions, as the method is time effective and easy to implement with

potential applications for autonomous mining.
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Chapter 5

Conclusions & Future Work

5.1 Main results and contributions

In Chapter 3, we found that water content is critical for the adhesion of oil sands

(a complex granular matter) at low temperature. The images from our micro-CT

measurements showed that the air pockets in oil sands were filled with interstitial

water, which formed capillary bridges with the substrate. The adhesion strength of

oil sands increased linearly on steel and rubber substrates with increase in the water

content, and also with the degree of supercooling within a short freezing time. Fouling

from bitumen or asphaltene layer on the surface aggravated the adhesion of oil sands

on steel. Based on the significant impact from ice formation, we demonstrated that

the effective approach to reducing the adhesion of oil sands is to spray anti-freezing

liquid on the substrate.

While in Chapter 4, we showed that the adhesion of frozen oil sand was affected by

the substrate type as well as the load applied to the sand. Ice adhesion strength on

all six substrates in our experiments was found to correlate linearly with the adhesion

strength of frozen oil sands. Higher load was found to increase the adhesion strength,

possibly due to increased contact area with water in compact matrix of oil sands.

Up to a plateau load (i.e., 450 kPa), additional load could not increase the adhesion

strength any further. The maximum adhesion strength may be due to the limit of

particle packing of oil sands. Anti-freezing liquid was proved to effectively reduce

47



the adhesion strength for oil sands under the freezing point of water. Applying anti-

freezing liquid was effective in reducing adhesion on all tested substrates including

pristine steel and oil sands-fouled substrates. The method of spray-coating of anti-

freezing liquid may provide a solution for eliminating carryover in transport of oil

sands in cold regions, as the method is time effective and easy to implement with

potential applications for autonomous mining.

The findings from this thesis work may lead to promising solutions to prevent the

accumulation of oil sands on truck surfaces at low temperature. The fundamental

understanding of the adhesion may be applicable to the adhesion of other frozen

granular matters on solid substrates. Based on the solution of anti-freezing liquid

spray coating provided in this work, the efficiency of transportation of oil sands at

low temperatures could increase. Meanwhile, the high cost from the labor and energy

intensive cleaning process for oil sands stain on surfaces may be reduced, which might

be profitable for the oil industry in many aspects.

5.2 Future Work

The work from this thesis was based on a real issue of oil sands adhere strongly to the

surface of truck bed and canopy at low temperature in the oil industry. The research

work drove us to explore the contribution of the components of oil sands interacting

with the solid substrate at the interface on the adhesion strength and we determined

the main contribution was from the freezing of water, and the ice adhesion strength on

a solid substrate was found to have a linear relationship with the oil sands adhesion

strength. With this understanding, we came up with a strategy of spray coating

of anti-freezing liquid and it was tested to perform well at both lab and industrial

scale. To further explore the phenomenon of the adhesion of frozen granular matter

on solid substrates and develop approaches to mitigate the adhesion, there are several

technical and fundamental issues deserve a deeper investigation.
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1. Evaluate the effect of surface roughness on steel substrate. In this thesis work,

the stainless steel substrate was just used as received without a control of the

surface roughness. From the oil sands adhesion strength measurement, we found

a stronger adhesion on the bitumen/asphaltene coating compared with pristine

steel, demonstrating a possibility of the influence from surface roughness. Pol-

ishing the steel substrate to certain surface finishes would be a solution to

control the surface roughness.

2. Characterize the water freezing process in oil sands granular matrix in-situ.

The oil sands sample was characterized by micro-CT imaging system under

ambient condition. Observing the freezing process of water bridges between

the granular matrix would help the understanding of the adhesion of frozen

granular matter, and possibly help with finding other solutions. Possible tools to

observe the ice formation in granular matrix are differential scanning calorimetry

(DSC), nuclear magnetic resonance (NMR), and X-ray diffraction (XRD). In the

appendix, we will demonstrate the process and results of DSC test for oil sands

sample with 2 water content levels as an example.

3. Fabricate artificial water-wet granular matrix to study the influence from the

composition on the adhesion strength of frozen granular matter. In this thesis

work, the type of granular matrix was only oil sands, which was restricted by

the time-sensitive issue from the oil industry. To better investigate the adhesion

of frozen granular matter, making artificial granular system should help with

separating the influence from each component, like the size of the solid particles,

metal salts concentration in water, and the type of miscible/immiscible liquid

added into the system. In the appendix, we will demonstrate the process and

results of adhesion strength measurement of a water-wet sand system as an

example.

4. Test the performance of spraying of hydrophobic PDMS-based coating on steel
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substrates in reducing the adhesion strength of frozen oil sands. The oil sands

adhesion strength was determined to have a linear relationship with ice adhesion

strength on the substrates. Hydrophobic coatings naturally has a lower ice

adhesion strength, and spraying method is favorable for large scale industrial

applications. With the self-healing property developed by researchers, PDMS-

based sprayable coating is a type of material showing good potential to mitigate

frozen oil sands in the oil industry. Compared with anti-freezing liquid spray,

which required spraying for each run, the coating could sustain for a longer time

with the load-unload cycles of oil sands.
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Appendix A: DSC result of oil
sands sample

A.1 Procedure of DSC tests

For DSC tests, we used oil sands with 2 water content levels: 4 wt% and 10 wt%. Oil

sands sample prepared as described in Chapter 3 was defrost in sealed plastic bags

under ambient condition for 3 hr. About 2 mg of the oil sands sample was transferred

into the Hermetic aluminum sample pan and sealed by a lid. After mounting the

sample pan onto the sample stage of the DSC analyze system (DSC-Q1000, TA,

USA). The target temperature of the sample was first stabilized at 0 ◦C for 3 min,

and decreased to -25 ◦C with a cooling rate of 5 ◦C/min.

A.2 Results of DSC tests

From the figure, we demonstrated the heat flow curve during the freezing of the oil

sands sample from 0 ◦C to -25 ◦C. From the curve, we observed a peak for sand-water

sample with 10 wt% of water contents, which did not appear for the sample with 4

wt% of water contents. Since the positive direction of the heat flow axis denotes the

release of heat from the sample to the surroundings, we could know that the peak

shown in the figure represents the process of water nucleation (an exothermic process).

The temperature where we observed the peak was -6.7 ◦C, which is lower than the

ice point of bulk water (0 ◦C). This could be possibly explained by the combining

energy between water and the sand particles that prevented water from nucleating

into ice at the normal ice point. The possible reason for us not seeing a peak for
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Figure A.1: DSC result of oil sands sample with 4 and 10 wt% of water. The positive
direction of heat flow axis denotes releasing heat from the sample to the surroundings.

sands sample with 4 wt% of water contents could be due to the water distribution in

granular matrix. Small amount of water (4 wt%) tended to wrap the sand particles

instead of generating water bridges in between the particles as in samples with higher

water content (10 wt%). Because water was in close contact with the sands in the

sample with 4 wt% of water contents, the freezing point of water was subsequently

suppressed to lower than -25 ◦C without contacting a solid substrate.
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Appendix B: Influence of particle
size on adhesion force of water-wet
sands

B.1 Preparation of sample and procedure of adhe-

sion force measurements

To prepare water-wet sand samples with controlled water weight percentage (Cw), a

certain volume of deionized water was added with micro-pipettes and the sand-water

mixture was homogenized manually. To evaluate the effect of particle size, 3 types of

sand samples with diversified diameter ranges were used: 210 µm - 420 µm, 149µm

- 210 µm, and 74 µm. To prevent evaporation of water, the prepared samples with

certain water contents were sealed in plastic bags till the measurements.

The measurement of adhesion force of the wet sands samples was similar to the

procedure of measuring the oil sands adhesion introduced in Chapter 3 and Chapter 4.

In brief, about 0.3 g of the wet sands sample was filled in the sample holder placed

on the steel substrate mounted to the Peltier stage. 30 kPa of load was placed onto

the sample while freezing at -10 ◦C for 15 min. After frozen, the load was removed

and the sample was pushed away by the force gauge, measuring the detaching force

from the substrate.
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Figure B.1: (a) - Photos of the substrate after adhesion force measurement. Length of
scale bar: 5 mm; (b) - Adhesion force of wet sands (Cw = 4 wt%) with 3 particle size
distributions on steel substrate with 15 min of freezing under 60 kPa of load. Error bars
are standard deviation of at least 3 repeated measurements.

B.2 Results of sand adhesion force measurements

In Figure B.1, we showed the adhesion force measured by our setup for wet sands (Cw

= 4 wt%) with 3 sizes: 210-420 µm, 149-210 µm, and 74 µm. From Figure B.1.(a), we

could see that for wet sands samples, there was residual sample left on the substrate

after the majority of the sample detached by the pushing force. The sands residue

indicated that the adhesion strength between the sample and the steel substrate was

stronger than that between wet sands particles, which was not observed for oil sands

samples. The possible mechanism of oil sands sample not leaving residue was that

the bitumen content in oil sands served as a shield between water and the substrate.

Thus the contact area of water was limited, and the adhesion strength of oil sands to
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the substrate was decreased.

From Figure B.1.(b), we could see an obvious trend of adhesion force decreased

with particle size from around 10 N for sands diameter of 210-420 µm to less than

2 N for sands diameter of 74 µm. The higher adhesion force for sands with larger

diameter can be attributed to the less compact packing, which could provide larger

area for water to form bridges. Assuming the ice adhesion strength between sands

particles to be the same for all the wet sands samples, the larger ice coverage of

the sands surface yields a stronger adhesion force. Also, from the trend of surface

coverage of sands on the substrate we could see that for sands with smaller size, the

surface area covered by residue sand is higher.
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