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Abstract

Oil sands adhered on truck bed reduce transport capacity of the truck, require
manual cleaning, and create hurdles for automated surface mining. Study on the adhe-
sion properties of oil sands to solid substrates is important to minimize the fouling of
substrates during mining operation. In this work, we study the influence of hydropho-
bicity and mechanical properties of the substrates on the adhesion strength of frozen
oil sands. By using an adhesion force apparatus with temperature control, we measure

the adhesion strength of both ice and frozen oil sands on six types of substrates with
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water contact angle from ~20° to ~130° and Young’s modulus from a few M Pa to
300 GPa. A clear linear correlation between the adhesion strength of pure ice and
that of frozen oil sands is observed. Furthermore, the adhesion strength increases with
the load on the oil sands sample, and reaches a plateau at ~450 kPa. The maximum
adhesion strength may be due to the limit of particle packing of oil sands. We also
demonstrate that spray coating of anti-freezing liquids is effective for the mitigation of
the adhesion of frozen oil sands. Substrates coated with various anti-freezing liquids
showed undetectable oil sands adhesion strength at -20 °C with 0.06 M Pa of load. The
study on oil sands adhesion and potential fouling mitigation method may provide a
potential solution to industries looking to reduce fouling of surfaces by frozen granular

matter.

Introduction

As a complex granular matrix in nature, oil sands typically consist of 80 to 90 wt% sand
(including silica, clay, and other minerals), 8 to 13 wt% of bitumen (saturates, aromatics,
resins, and asphaltenes),>? and 2 to 8 wt% of water.? Accumulation of oil sands to the
surface of truck bed and canopy cause serious fouling problems in the oil sands industry.
As shown in Figure 1, the adhered oil sands reduce transport capacity of the trucks, con-
sume excess amount of fuels to transport the carryback after dumping, and require cleaning
processes by steaming or manual scarping. 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.

When quantifying macroscopic ice adhesion to a solid surface, the most common method
is to measure the force F' required to dislodge an ice block of known contact area A, i.e.,

7 = F/A,%" under shearing stress. The hydrophobicity and softness of the solid substrate



Figure 1: Example photo of oil sands fouling on truck after dumping.

were reported to decrease the ice adhesion strength (7;.) in the literature. The difference
in the stiffness between ice and a soft substrate leads to stress concentration at the ice-
substrate interface, which facilitates the detachment of ice from the the substrate by creating
cracks at the interface.®? Among the materials for soft coatings to achieve low ice adhesion,
poly(dimethylsiloxane) (PDMS) — a silicone-based elastomeric polymer — has been studied
the most, due to its natural hydrophobicity and tunable mechanical properties.”%12 To
further decrease the ice adhesion strength on PDMS substrates, modification of the surface
structure is a feasible method. Combined with the surface micro/nano-structures, PDMS
substrate can achieve superhydrophobicity, and the ice adhesion strength can be reduced
to less than 20 kPa.'® Qil infusion into PDMS substrates can reduce the ice adhesion
even further (< 10 kPa).'> However, the durability of the lubricated PDMS substrate is
influenced by the depletion of the lubrication oil layer by the icing-deicing cycles. 617

We recently showed that at temperatures below the freezing point of water, the adhesion
of oil sands increases rapidly, and the adhesion strength of oil sands is strongly correlated

to the water content.!® However, 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.'® 2! The porosity of oil sands matrix influences
the mechanical properties and behaviours of the oil sands, for example, under the shearing
stress.?? 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 M Pa of load.'® With increasing load, the
volume of the void spaces in the matrix would be lower. 2123

In this work, we show that the adhesion of oil sands resembles the adhesion behavior
of ice on the same kind of substrates, for both hard substrates (with Young’s modulus on
the order of GPa) and soft substrates (Young’s modulus on the order of M Pa). On steel,
we found a correlation between the load on the sample and the adhesion strength of frozen
oil sands, 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 larger scale (around 500 ¢m?), which

is promising for commercial application in the oil sands industry.

Materials and methods

Preparation of oil sands samples

Oil sands sample (Imperial Oil, Canada) was homogenized under ambient condition and
stored in sealed plastic bags at -18 °C, as reported in our previous work.'® The oil sands
samples used in this study naturally contained 4 wt% of water, 13 wt% of bitumen and 83
wt% of solids.'® To prevent evaporation of water, the vessel containing the homogenized
oil sands were sealed with paraffin films till the samples were fully unfrozen before each

measurements.



Preparation and characterization of substrates

Six types of substrates were used in this work. The substrates can be classified as hard and
soft, based on their Young’s moduli. 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 PDMS. Table 1 lists the Young’s moduli of the selected
substrates, which were cited from literature, except for the rubber substrate, which was
provided by the vendor (Macmaster-Carr).

For hard substrates, the steel substrate was cut into square-shaped plates with the dimen-
sions of 4 em x 4 em. CCO was first cut into rectangular-shaped plates with the dimensions
of 7.em x 5 ¢m, 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 4.5:1.2* After applying
about 2 ¢ of the mixed prepolymer 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 as
the steel plates, with the dimensions of 4 cm x 4 em. To fabricate the PDMS substrate,
a base and a curing agent (Sylgard 184, Dow Corning, USA) 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 x 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 ¢m
x 6 cm. The structured PDMS was fabricated using standard photo- and soft lithographic

methods.?® The scanning electron microscopic (SEM) images were taken by Zeiss Sigma Field



emitting Scanning Electron Microscope. The detailed fabrication procedure and the images
are provided in the Supplementary Information (Figure S1). 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 1.

Table 1: Contact angle of water and Young’s modulus of substrates

Substrate Ouiv (°)  Orec (°)  Hysteresis (°)  Young’s modulus
Stainless steel 9242 21+4 71 ~200 GPa?°
CCO 7143 20+4 51 ~300 GPa?*"
Silikopon EF 100+£3 69+4 31 ~3 GPa**
Rubber 109+3 5843 51 3.2 M Pa

Bare PDMS 12143 4744 74 1 MPa?®
Structured PDMS 1514+4 120£10 31 1 MPa?

To simulate the industrial environment where the substrate is often fouled by oil sands
stain, we also prepared steel substrates with a layer of oil sands. To coat the steel substrate
with oil sands, about 10 ¢ of oil sands with a water content (C,,) of 10 wt% was smeared
uniformly on a piece of steel plate and pressed with a load of 0.06 M Pa for close contacting.
Cy of the fouling layer is higher than the natural value (4 wt%) to achieve a more distin-
guishable result. The fabrication of oil sands with C,, higher than 4 wt% was described in
our previous work.'® 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 avoid
contamination and eliminate the variation in water content of the oil sands layer, the coated
substrate was wrapped in a paraffin film before being placed in the freezer. The substrate

was stored in the freezer until the experiment to prevent the oil sands from thawing.
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Figure 2: Schematic of adhesion strength measurement device. The sample filling in the sample
holder was around 5 mm in height under a load between 0 and 1 M Pa. The sample holder was
cylindrical with a inner diameter of 7.2 mm, and the contact area between sample and the substrate
was around 40 mm?. The temperature range of the Peltier stage was 0 to -20 °C.

Measurements of adhesion strength

To measure the adhesion strength of frozen oil sands (7,5) and ice (7;.) to a solid substrate,
we built a custom device which was described in detail in our previous work'® (Figure 2).
Either water (0.2 mL) or oil sands (0.3 g) were placed in a cylindrical sample holder. The
height of the sample in the holder was kept at 5 mm. For the oil sands, a homemade stage
(labeled as pressure control unit in the figure) with the same base diameter of the sample
holder was placed on the sample to ensure good contact with the substrate. By varying the
weight loaded on the pressure control unit, we could control the pressure between the sample
and the substrate from 0 to 1 M Pa.

After placing the load on the sample, the Peltier stage was switched on to bring down the
temperature of the substrate to -10 °C for freezing. A thermocouple was attached onto the
substrate to monitor the temperature. The temperature variation of our setup was within
+1 °C, as shown in our previous work. !

Once the sample was frozen, the load on the pressure control unit was removed and the
minimal detaching force of the sample from the substrate was measured by a digital force

gauge attached to a movable stage. The maximum value measured before the sample was



pushed off from the substrate was recorded as the detaching force. The adhesion strength
(1) of the sample to the substrate was calculated by dividing the detaching force by the

contact area (40 mm?).

Larger scale tests for removal of frozen oil sands

To test the feasibility of anti-freezing liquid spray for easy removal of frozen oil sands, we
conducted the adhesion measurement of oil sands (C,, = 4 wt%) on a large stainless steel
plate (1.2 m x 0.6 m) sprayed with ~100 mL of ethylene glycol (EG) solution (EG:water =
2:1). Subsequently, about 5 kg of oil sands were spread on the steel substrate under ambient
condition. The possible contact area between oil sands and the coated substrate was 530,000
mm?. An additional load from a box with a weight of around 53 kg was placed on the oil
sands, creating a load of ~0.01 M Pa, as shown in Figure 3.(a). After loading, the substrate
with oil sands was transferred into a walk-in freezer and was kept at -18 °C for over 2 hr.
After freezing, the load was removed and the substrate was held vertically to check if the oil
sands can be removed by gradually adding a lateral pushing force, as shown in Figure 3.(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.

Results and discussion

Effects of load on oil sands adhesion strength

Figure 4.(a) showed the representative plots of force/stress versus time under the load of
0.03 M Pa (shown in color red) and 0.6 M Pa (shown in color green). The slopes of the
curves for all samples were similar to each other, indicating that the pushing velocity from
the movable stage was reliable over repeated experiments. The colored boxes in Figure 4.(a)

represent the range of variation in the adhesion force (F,s)/strength (7,5) for the samples. As

8



(@) (b)

T=-18°C;t=2hrs

Pushing force

Load: ~0.01 MPa
Cardboard

substrate —

Spray layer

Oil sands

Oil sands ~ 5kg ~3cm

Substrate Glycol spray

Figure 3: 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 M Pa; (b)
- Process of oil sands removal after frozen by adding weight on the cardboard.

shown, the boxes were narrow enough showing that both F,, and 7,, for all tested samples
were measured with acceptable variation. After oil sands were detached from the substrate,
no residual sample was observed on the substrate, justifying the rationality of normalizing
by the apparent contact area between oil sands and the substrate.

In Figure 4.(b), we showed how 7, varied with load applied on the oil sands samples for
two different freezing times. With 15 min of freezing time, 7,, for oil sands rapidly increased
from 0 to 450 kPa with the load on the sample from 0 to 0.1 M Pa. Above the applied load
of 0.45 M Pa and up until 0.6 M Pa, 7,5 remained nearly plateaued at 550 kPa. 7, increased
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.(b)). Under the same load, no
apparent difference was observed between 7,; 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 increase in 7,5 with the load from 0.03 to 0.1 M Pa could be attributed to displace-
ment of voids and some initial easy rearrangement of composition in oil sands. The previous

work showed that after compression under 0.06 M Pa of load, oil sands consisted of 55 v% of
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Figure 4: Effect of load on the 7,5. (a) - Representative force/stress curves for 7,5 at -10 °C for 15
min of freezing. The black dashed line denotes 0 N or 0 kPa of adhesion. The lines with red/green
color are for oil sands under 0.03/0.6 M Pa of load. The colored stripe with corresponding color
denotes the minimum detachment force (F,q)/adhesion strength (7) for frozen oil sands at 0.03
(green) and 0.6 (red) M Pa of load. The width of the stripe denotes the variation of 3 repeated
tests; (b) - Effect of load from 0 to 1 M Pa on 7,5 with a freezing time of 15 min and 30 min. The
dotted line is at 0.1 M Pa. Error bars are standard deviation of at least 3 repeated measurements;
(¢) - Tos under an extremely high load of 1 M Pa with 15 min of freezing time for 6 runs.

solids, 20 v% of liquids and 25 v% of air.® 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 ef-
fects in small gaps under the compression.? Water accumulated at the substrate could form

more bridges and larger contact area with the substrates, leading to the sharp increase in

Tos- As the load reached around 400 kPa and above, 7,; only increased slowly because of
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the lower mobility and deformability of the densely packed materials in oil sands. The effect
of the load on the adhesion strength of oil sands supports our argument that water contact
area dominates 7,4 for oil sands adhesion to the steel substrate.

However, at an even higher load of 1 M Pa, the average value of 7, increased significantly
to ~800 kPa. We assume that peeling off of the bitumen layer from the sands surface 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 CO, pressure could enhance the bitumen
liberation during the extraction process.?*3 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 7,5 under 1 M Pa of load (Figure 4.(b)) may be

attributed to random redistribution of the granular structure in each test.

Effects of surface properties on adhesion strength

Tos and Tie on six substrates (shown in Table 1) were compared. 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 151° and receding
angle of over 120°. The influence of contact angle on ice adhesion strength on hard and
soft substrates is shown in Figure 5.(a). Structured PDMS yielded the lowest ice adhesion
strength (7ce= 39 kPa). On the other hand, 7. on CCO was dramatically higher, 817 kPa.
Tice ON steel is too high to be measured within the detectable range of the force gauge in our
apparatus. From the literature, 7;.. on steel is ~1,250 kPa.3!32

Theoretical description of the relationship between ice adhesion strength and static water

contact angle has been reported in the literature.?® Thermodynamic work of adhesion of

water on the substrate is expressed as below.

7 = Co(1 + cos O,.) (1)

11



(@) 1,400 ;
= 1,200 ]
& ] | ® Soft substrates
X 1,000 7 ) trates
= ] &
= 800 ] 2
C ]
D 600 1
B
g =0 : . Rubber
(72} ] o
o 2079 structured PDMS » ¥ PDMS
2 0 ] T L |. L T L T L T T L L T T T L * L L
0.0 0.5 (1 1.0 6_) 1.5 20
+COS rec
(b) (c)
1,500 400
© ' ]
o L Ice adhesion ] ,
= 1| © Oil sands adhesion | >€€ 300 - I
< 1,000 - ] 'Y
2 ] © o.-° 1
L . % 200 ] 02
@ 1 e ] [zl |
c 500 ] $ ] Rubber [T
.8 1 Rubber 100 A e
®  |PDMsg : 0 1 7 sk
e - D ] &
2 L] é e . e i 0 :i‘é —PDMS (structured/bare)
1.E-1 1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1E+6 0 500 1,000 1,500
log(Young’'s modulus) [MPa] T (kPa)

Figure 5: Effect of substrate surface properties on ice/oil sands adhesion strength on hard (Sili-
copon, CCO, and steel) and soft substrates (rubber, PDMS, and structured PDMS). (a) - 7jce to
work of detachment of water (1 4 cos 6,¢.) on hard (orange) and soft substrates (blue); (b) - 7os
and ice on both soft and hard substrates with the Young’s modulus of the substrates in M Pa. The
oil sands were under 0.03 M Pa of load before frozen; (c) - Linear relationship between 7,5 and Tjce
on 6 substrates. 7,5 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.

where 7 is ice adhesion strength in kPa, Cj is a constant also in k Pa related to the surface
tension of water, and 6, is the receding contact angle of water on the substrate. According
to Eq.1, a linear correlation between the adhesion strength and cos 6,.. is expected. However,
as shown in Figure 5 (a), the adhesion strength is strongly influenced by the properties of

the substrates such as hardness and surface roughness.

For hard substrates, namely, Silikopon, steel and CCO, the ice adhesion increases with
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surface roughness which can be deduced from the contact angle hysteresis values. It has
been reported that the surface roughness of the substrates can increase the ice adhesion 3¢
by increasing the contact area between ice and substrate. As shown in Table 1 and Figure 5
(a), the high contact angle hysteresis (6,4, — rec) of CCO and steel may be related with the
high surface roughness of the two substrates, which may explain the reason for the high 7;..
as compared to the Silikopon EF substrate.

On the other hand, for soft substrates, deformability also influences the adhesion strength.

3738 which is at least

The Young’s modulus of ice is known to be on the order of 8 to 10 G Pa,
1,000 times higher than that of PDMS (~ 1 M Pa) and rubber substrates (~ 3.2 M Pa).
Mismatch between the moduli of ice and soft substrates can cause stress concentration at the
interface which can facilitate ice detachment under shear stress and ice sliding on the soft
substrate.?> As shown in Figure 5 (a), the adhesion strength for the rubber substrate is
higher than that of bare PDMS despite the fact that the rubber has higher 6,... Therefore, in
this case, an interplay between the surface energy, surface roughness and substrate modulus
determines the adhesion. In the case for structured PDMS sample, the ice-solid contact area
is much lower compared to that of the rubber and flat PDMS, which additionally decreases
the ice adhesion.

Importantly, on both hard and soft substrates, we demonstrated a clear correlation be-
tween 7, and T;... The oil sands were pressurized with 0.03 M Pa of load during freezing. As
shown in Figure 5.(b), both 7;. and 7,s increased with the Young’s modulus of the substrate.
Interestingly, 7,5 on bare and structured PDMS surface were even below the minimum de-
tectable range of our setup (< 2 kPa), in agreement with the low 7;.. on PDMS substrate
(< 100 kPa). Results in Figure 5.(b) suggest that for structured PDMS, the contents in the
oil sand matrix (i.e. sand particles and bitumen) may not penetrate into the microstructure.
Otherwise, the effect of mechanical interlock would have increased 7,4 on structured PDMS.

Thus, the low 7,5 on structured PDMS substrate is an indicator that the oil sands stayed

on top of the microstructures of the PDMS substrate with air filling the gaps, much like in
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‘Cassie-Baxter’ state.

Figure 5.(c) shows that the adhesion strength of oil sands 7,s increases with the ice
adhesion ;.. on both soft and hard substrates. In our recent work, we demonstrated 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. The close correlation between 7,, and
Tice in Figure 5.(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 5.(c) is 0.2, suggesting that the surface coverage of
ice on all six substrates is around 20%. Considering the weight percentage 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/em? for water and bitumen and 2.6 g/cm? for sands), the maximal
volume fraction of water is ~10 v% in oil sands assuming no void space is present. The
maximal surface coverage of water on the substrates is estimated to be (10 v%)%? ~ 0.22,

which is in good agreement with the slope of the linear fitting.

Mitigation of adhesion by anti-freezing liquid

Spraying a layer of anti-freezing liquid such as ethylene glycol is an effective approach to
reduce the adhesion strength of oil sands.® Here, to explore the applicability of anti-freezing
liquids, we tested aqueous solutions of ethylene glycol and propylene glycol, which were
reported to reduce the freezing point of water down to -40 °C in principle.??%? The solutions
were spray coated on target substrates prior to testing them for the adhesion of frozen oil
sands. The stability of the sprayed droplets were evaluated after evaporating under ambient
condition and after spinning. The detailed procedure of the stability tests was provided
in Supplementary Information (Figure S2) and the EG droplets remained stable after 3 hr
of evaporation and could hold a stress equivalent to 60 kPa. Figure 6 shows the adhesion

strength of the frozen oil sands sample on the substrates coated/uncoated by one type of
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anti-freezing solution — EG:water = 2:1.
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Figure 6: 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 15 min. The value of force and stress is all 0 for the case with glycol
spray with 3 repeated tests (shown as 3 types of red lines in the figure).

In Figure 6, apart from pristine steel substrates (7,5 &~ 250 kPa), we also measured 7,5 on
the pre-fouled oil sands layer. The adhesion strength of oil sands with C,, of 4 wt% was over
700 kPa, which was around three times 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 outstanding performance of spraying a layer of
glycol solution, 7, on both pristine and fouled substrates reduced to an almost undetectable
level at -10°C. Table 2 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 7,5 on all of the spray coated substrates were lower than the detection limit
of the experimental apparatus, which was around 2 kPa.

From the data listed in Table 2, we could see that by spraying anti-freezing liquids

with multiple compositions, 7,5 decreased to almost undetectable not only on pristine steel
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Table 2: Conditions and results of 7,; measurement with anti-freezing liquid spray.

Substrate Anti-freezing liquid (v/v) Tos
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

substrate, but also on the oil sands-fouled substrates, which naturally has higher 7,,. 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.

Faling 3 After

removal

Figure 7: 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. Videos are provided in Supplementary Information
(video S1 & S2). (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 7. Detailed testing procedure is discussed in the Experimental section.
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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 7.(b)), the frozen oil sands can be easily removed 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
carryback, and thus save the time and energy consumption from the traditional scrapping
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 S2, it is reasonable to assume the spray on the steel substrate is a
layer of uniform coating with a thickness of ~10 um. The price of ethylene glycol on the
market is ~1,000 CAD/m?. Considering that the total area of the truck bed and canopy
is around 75 m? for 797F mining truck (one type of truck working on the oil sands mining
spot), the cost for each truck for each run will be only 0.5 CAD. From the field data, each
truck takes 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 is estimated to be ~0.3 million CAD.

Conclusion

In this work, we showed that the adhesion of frozen oil sand is 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
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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 the adhesion strength for oil sands to less than 2 kPa
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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