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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

consumption for in-land transportation. Here we report that water content determines

the adhesion strength of oil sands on solid surfaces at temperature of -2.5 ◦C to -20 ◦C.

Our measurements by X-ray micro-computed tomography revealed that water forms

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. We experimentally measured the minimal force required to push the

frozen oil sands off the substrate and identified that the adhesion strength increased
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linearly with water content from 4% to 14% on both rubber and steel substrate. For

short freezing time at a fixed water content, lowering the temperature increased the ad-

hesion 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. We also found an effective

method to reduce the adhesion of oil sands by spraying a little amount of anti-freezing

liquid on the substrate. Our approach may reduce the energy consumption in trans-

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

the cost from cleaning in industrial operations. The insight from our work may have

wide applicability to many natural/industrial processes, such as soil formation, food

processing, and porous structures in ice crystal-templating nanomaterials synthesis by

freezing-drying.

Introduction

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 preservation 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 However, in many

other cases, accumulation of frozen granular materials on solid surfaces (such as wheels of

cars and trucks, ship hulls,8 wings of air crafts,9,10 power lines,11 and wind turbines12,13) is
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highly undesirable, and it leads to deterioration of vehicles, increased energy consumption

in transport, and additional cost and manpower for cleaning and maintenance. Despite its

importance, it remains unclear what determines the adhesion of granular materials on solid

surfaces at low temperature.

For ice accumulated on a solid surface, the physical and chemical properties of the solid

substrate determine the adhesion strength.14–16 On flat surfaces, Meuler et al17 (and oth-

ers18–20) 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 reced-

ing contact angle. Increasing surface roughness can either decrease ice adhesion by trapping

air pockets between ice and the surface21 or increase adhesion by providing more sites for

the nucleated ice to mechanically interlock with the substrates.22–26 Ice adhesion strength

also depends on the stiffness of the substrate; soft material typically reduce ice adhesion by

promoting crack initiation at the ice-substrate interface.27–31 When contacting a metal or

a dielectric material, electrostatic force is the main contributor to ice adhesion.15,32–36 For

surfaces with hydroxyl groups, hydrogen bonding between ice and substrate dominates, with

insignificant contribution from van der Waals’ interactions.37–40 Adding surfactants (such as

polyglycerol to water) can reduce the ice adhesion strength, as the surfactants adsorb onto

the surface (such as copper) and reduce the work of adhesion.41,42

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

sified 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 thermody-

namics on microscopic scale.43 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.44

In the mixtures of solid particles and two immiscible fluids, capillary network forms
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between the particles in suspension.45 Depending on the fraction of liquid wetting 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.

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

sisting 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),46,47 and 2 to 8 wt% of

water.47–50 Water is mainly sandwiched between hydrophilic sand surface and hydrophobic

bitumen,51 so bitumen can be separated from solids by warm water extraction in surface

mining operations.48,49 Strong adhesion of oil sands at low temperature creates problems

for mining fleet management. The large carryback of oil sands after unloading reduces the

transport capacity 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 bitu-

men, 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.52

In this work, 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.
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Materials and Methods

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 extensively studied in

literature.27–31 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: stain-

less steel 304 (McMaster-Carr, USA) with thermal conductivity of 14 to 15 W/m.K 53,54

and oil-resistant Buna-N nitrile rubber (McMaster-Carr, USA) with thermal conductivity of

around 0.25 W/m.K.55,56 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 1.6 mm, 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 bitumen

and asphaltene in oil sands, the steel substrate was coated with bitumen/asphaltene. Bi-

tumen 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 concen-

tration of 250 mg/mL, and were homogenized by sonicating the solution for 15 min. To

coat the steel, 0.75 mL of the bitumen or asphaltene solution was deposited on a steel plate,
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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 1.

Table 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

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.49,57 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.
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Table 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

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 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).

Quantitative measurements of frozen oil sand adhesion

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

setup (Figure 1(a)), adapted from the methodologies for ice adhesion measurements in lit-

erature.17,58 A ceramic Peltier plate was used to control the temperature of the substrate.
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Figure 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.

The heat produced on the opposite face of the Peltier plate was continuously removed by a

water circulation system and a fin-type heat sink. The substrate was attached to the Peltier

plate via thermally-conductive double sided tape, and a thermocouple was connected to the

substrate to monitor the temperature.
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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 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 1(c)). The load was removed before a force was

applied to push the frozen sample.

Figure 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.58 Figure 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 40 mm2 was 95 ± 6 kPa, within the reported

literature values of 70 to 100 kPa under similar experimental conditions.27–31 The good

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

Results and discussion

Oil sands microstructure

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

images in Figure 2.(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 millimetric

air gaps (Figure 2a), whereas at Cw = 14 wt%, only submillimetric-sized air gaps remain
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Figure 2: (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.

(Figure 2b). A video from stacking of images is provided in supporting information. We

were able to distinguish the solid, liquid and air phases, and their relative compositions are

summarized in Table 3. 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/cm3.59

At Cw = 4 wt%, the sand particles (about 55 v%) are presumed to be held together by

mostly bitumen capillary bridges (due to the low water content), with significant amount

(about 25 v%) of air. The air gaps gets filled up as more water is mixed with oil sands,
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Table 3: 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

resulting in a more compact microstructure. 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%. The sand

particles are held together by water or bitumen capillary bridges. As the silica particles are

cloaked by bitumen layer,51 we do not expect water to displace the bitumen bridges because

of the highly viscoelastic nature of bitumen at the temperature range in the experiments.

Images of vertical cross sections also reveal the formation of capillary bridges linking the sand

particles and the solid substrate when increasing water content from Cw = 4 wt% (Figure 2

(c)) to Cw = 14 wt% (Figure 2 (d)).

Based on the micro-CT results, we proposed a model of oil sands microstructures after

compression. A small amount of water that mainly distributes around the oil sand parti-

cles forms a thin hydration layer around the hydrophilic silica surface, as depicted in the

schematic in Figure 2(e).51 The sand particles are polydisperse with sizes ranging from tens

to hundreds of microns and are held together by liquid (mostly bitumen) capillary bridges

and with significant amount of air gaps. Increasing the water content (from 4 to 14wt%)

results in a more compact structure with smaller air gaps as the water occupies some of the

pore spaces(Figure 2 (f)), perhaps similar to the transition from the pendular to funicular

state in wet granular matter.45

With the model above, we propose that at low temperatures, the adhesion between oil

sand sample and a solid substrate comes from 5 types of substances: sand particles, air, ice,

unfrozen water and bitumen. Among them, the interaction between air and the substrate is
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almost negligible, but that between ice and the substrate is the strongest. We anticipate that

there will be an increase of surface area covered by water bridges at the oil sands-substrate

interface with water content from 4 to 14 wt%. When frozen, the contact area of water and

the substrate may contribute significantly to the adhesion strength of oil sands.

Oil sands adhesion in the limit of short freezing time

Figure 3: τad of oil sands with Cw = 4–20 wt% on steel substrate after 5 min of freezing. (a, b)
Force curves at T= -2.5 ◦C and -20 ◦C, respectively, with 3 repeats for each Cw value. (c) τad is as
a function of Cw. Error bars in (c) are standard deviations for 5 repeats. The adhesion strength
τad was calculated by normalizing Fad by the contact area of 40 mm2.

We first observed that at temperatures T > 0 ◦C the adhesion of oil sands to steel was

below the measurable limit of 2 kPa, regardless of the water content Cw = 4 to 20 wt%.

The minimal detaching force Fad became measurable after a short freezing time t = 5 min.

Figures 3(a) and (b) show the force curves for Cw = 4 and 14 wt% obtained at T = -2.5 ◦C
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and -20 ◦C, respectively.

As Cw increased from 4 to 14 wt% at T = -2.5 ◦C, τad increased by almost 10 times

from 74 ± 7 kPa to 710 ± 60 kPa. The same magnitude of increase in τad was observed

also at T = -10 ◦C (from 97 ± 6 kPa to 910 ± 80 kPa) and at T = -20 ◦C (from 107

± 12 kPa to 1,090 ± 90 kPa). At a given temperature, the adhesion strength increases

approximately linearly with the increase in water contents (Figure 3 (c)). This implies that

ice formation at the sample-substrate interface is key to understanding the strength of oil

sands adhesion at low temperatures, with the solid, bitumen and air components contributing

little to adhesion strength. Note that even at the highest water content level (Cw = 14%)

and lowest temperature 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,60,61 reflecting the fact that

surface ice coverage in oil sands is lower compared to the case of pure ice.

The approximate linear relationship between the adhesion strength and water contents

may be rationalized by the contact area of ice and the substrate surface. 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 Fig. 3(c).

The short freezing time t = 5 min may not be enough for all the water to freeze completely.

The measured τad values in Figure 3 may therefore not be equilibrium values, hence allowing

us to understand the effects from ice nucleation rate on the adhesion strength of oil sands.

From classical nucleation theory, we expect the ice nucleation rate (J) to be given by the

Arrhenius equation62

J = A · exp

(
− ∆G

KBT

)
(1)
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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 by62

∆G =
16π

3

γ3

∆S2 ∆T 2
f(θ)

=
16π

3

γ3 T 2
m

L2
v ∆T 2

f(θ)

(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.63

f(θ) =
(2 + cos θ)(1− cos θ)2

4
≈ 3× 10−3 (3)

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

mately 20◦, we estimated f(θ) to be 3 × 10−3 in our experiments. Thus, Eq.(1) and (2) can

be rearranged to

J = A · exp

(
− C

∆T 2

)
C =

16π

3

γ3T 2
m

L2
vKBT

f(θ)

≈ 16π

3

γ3Tm
L2
vKB

f(θ) = 2.7K2

(4)

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

2.74 K2 that depends on the material properties of oil sands and the substrate.

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
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Figure 4: (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.

Cw values (Figure 4.(a)). Plotting log τad against -1/∆T 2 also results in straight lines with

slopes ranging from 1.7 to 2.7 K2, close to the expected C value as predicted by Equation 4

(Figure 4.(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.

Oil sands adhesion in the limit of long freezing time

To evaluate the effect of freezing temperature and Cw on τad after longer freezing time, we

increased the freezing time from 5 to 60 min. Figure 5 shows that τad reached equilibrium

after sufficient freezing time. At T of -5 ◦C, -10 ◦C, and -20 ◦C, τad always reached the same

plateaued value of ∼950 kPa. Here, the water concentration was kept at Cw of 10 wt%.

The time for τad to plateau (tplateau) was the shortest at the lowest temperature of -20 ◦C

(tplateau ∼10 min), which doubled to ∼20 min at -10 ◦C and tripled to ∼30 min at -5 ◦C.

The same τad at three test temperatures suggests that τad may not be limited by nucleation
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Figure 5: 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.

rate after long freezing time. In this case, all the water in oil sands that can be frozen may

determine τad at the plateau.

Figure 5.(b) shows the plateau adhesion strength varies with water content in oil sands.

The adhesion strength of oil sand samples changed with time at -20 ◦C. For the first 10 min

of freezing, the adhesion strengths of all the samples (Cw from 4 to 10 wt%) increased with

freezing time until reaching a plateau. The rate at which adhesion strength increases was

higher for samples with more water. After 10 min of freezing time, the adhesion strength

reached the plateau for all the water content levels. Again, the equilibrium adhesion strength
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was higher for samples with a higher water content, which is consistent with the results shown

in Figure 3.

The adhesion strength increases linearly with water content for both freezing time of 5

and 20 min as shown in Figure 5.(c). This result indicated that the ice coverage of oil sand

samples increased linearly with Cw from 4 wt% to 14 wt% given sufficiently long freezing

time (20 min) and at sufficiently low temperature (-20 ◦C), which also agrees with the model

we proposed in Figure 2.

Effects of substrate properties on the adhesion

To evaluate the influence of substrate property, we measured τad of oil sands on 3 more

substrates. Shown in Figure 6.(a), 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 we proposed in Figure 2 is not limited to steel.

Compared with τad on steel substrate under same conditions, τad on rubber substrate

was about 15-20% of the value for oil sands with the given Cw level. The softness of the

substrate may decrease the oil sands τad on the rubber.27–31

In the work of Meuler et al.,17 researchers found that the ice adhesion strength was

proportional to R = γ(1+cos(θrec)), which represents the work of detachment of water from

the substrate. From Figure 6.(b), the adhesion strength τad increases with R for rubber,

asphaltene and bitumen-coated substrates for oil sands with 10 wt% of water at -5 ◦C for

5 min of freezing time. But there was not a linear relationship between R and τad of oil

sands for oil sands. Our results suggest that for short freezing time, the adhesion strength

on different substrates cannot be explained only based on ice adhesion. From our discussion

above,the adhesion strength of oil sands is related to the ice coverage resulted from freezing of

water in oil sands. Within the relatively short freezing time of 5 min, a lower ice nucleation

rate is expected on the rubber substrate and coated steel, due to the higher contact angle
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Figure 6: Comparison of τad on steel and other substrates with 5 min of freezing time. (a) - τad
of oil sands with Cw of 4 to 14 wt% on steel and rubber substrates at -5 ◦C; (b) - Relationship
between oil sands τad with receding water contact angle on steel, rubber, and bitumen/asphaltene
coated substrates; (c) - Ice nucleation rate changing with receding water contact angle according
to Equation4 at -5 ◦C. Pre-exponential factor A was assumed to be 1 m−2s−1; (d) - Trend of τad
changing with nucleation rate and ice adhesion strength (J × cos(θrec)) at -5 ◦C. Error bars were
the standard deviation of 3 to 5 repeated tests.

of water (θ) in Eq.(4). The lower nucleation rate may lead to a lower Aice and consequently,

lower τad. It was reported that the hydrophobicity of the rubber substrate could increase

the activation energy and supercooling for ice formation, as the network of hydrogen bonds

in water is more disordered near a hydrophobic surface.64 A lower nucleation rate is resulted

from a larger f(θ) and larger C in Eq.(4).

Figure 6(c) shows the ice nucleation rate (J) for the four substrates based on Equation4

(assuming the pre-exponential factor A equals to 1 m−2s−1). Taking both nucleation rate
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and ice adhesion into consideration, we found that τad increases with J × (1+cos(θrec)) for

rubber, asphaltene and bitumen coated substrate in Figure 6.(d). However, τad on pristine

steel substrate is lower than expected. We suspect that the stiffness and the high roughness

of the steel (as evident by the large hysteresis of over 70◦ in the contact angle) reduces the

contact area and number of capillary bridges on the surface due to the presence of more

air pockets at the interface. As the surface layer is smoothed by bitumen or asphaltene

coating, there is more direct contact on the surface and thus, higher adhesion strength.

Also, for bitumen and asphaltene-coated substrates, the attraction between the coating and

bulk bitumen in oil sands (such as π - π interaction) might enhance the adhesion strength

in addition to the influence from surface roughness at low temperatures.52

Effective strategy to mitigate oil sands adhesion

Our results above showed that the ice was the key for the strong adhesion strength of oil

sands to solid substrates at low temperature. Thus, our rational design of the approach

to mitigating oil sands adhesion is to reduce the contact area of water bridges and prevent

water nucleation on solid substrates. To this end, we tried to utilize a commonly used

anti-freezing liquid, ethylene glycol (EG, >99.8%, Sigma), to shield water bridges from the

substrate and to reduce the freezing point of water. We measured τad of oil sands on the

solid substrates with a pre-deposited layer of EG before applying oil sands and kept all the

following procedure the same as we introduced in the previous sections. The conditions of

the tests with EG spray and the results of τad are shown in Table 4.

Table 4: Conditions and results of τad measurement with EG spray measured after 2 hr of freezing

Substrate Water content (wt%) Temperature (◦C) τad
Steel 4 -20 Undetectable
Steel 14 -10 Undetectable
Steel 14 -20 Undetectable

Bitumen-coated 4 -20 Undetectable
Bitumen-coated 14 -10 Undetectable
Bitumen-coated 14 -20 Undetectable
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With a sprayed layer of EG (at least 3 repeats under each condition showed in Table 4),

interestingly, we found that τad decreased to a value lower than the minimum limit of our

setup (<2 kPa). Note that the adhesion strength was ultra low not only on the pristine

steel substrate, but also on the bitumen-coated substrate. This impressive result shows that

reducing the contact area of water bridges and preventing ice formation are highly effective

in mitigating the adhesion of oil sands to solid substrates, even with the presence of bitumen

coating. Consequently, the method of spraying anti-freezing liquid can be a possible solution

for reducing oil sands adhesion in the oil industry.

Conclusions

In this work, 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.

The findings from this work may lead to promising solutions to prevent the accumulation

of oil sands on 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 solutions 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.
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