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ABSTRACT:

Sand, as an abundant resource from the nature, is a promising candidate for oil/water
separation. Herein, raw sand was designed with a switchable surface wettability to enable
recyclability and versatility in practical oil/water separation. The “smart” sand was fabricated by
grafting  pH-responsive  poly(4-vinylpyridine) (P4VP) and  oleophilic/hydrophobic
octadecyltrimethoxysilane (OTS) onto its surface. The derocated sand can be used as the oil
sorbent for controllable oil sorption and desorption in response to different pHs, as well as a
filter to selectively separate either oil or water on demand. This novel design offers an
intelligent, low cost, large-scale, and highly efficient route to potentially settle the issues of

industrial oily wastewater and oil spills.

1. INTRODUCTION

With the increasing amount of industrial oily wastewater and frequent accidents of crude oil
spill, a cost-effective and efficient oil/water separation technology based on “smart” materials is
highly desired.! In the past decade, the remarkable progress in advanced interfaces with super-
wettability towards water or oil has made a sound contribution to the development of the next
generation oil/water separation systems, particularly in adsorption- and filtration-based
separation, by using modified sponge, mesh, textile, membrane, etc.'> 3 Although the oil/water
separation efficiency of the materials ever reported is promising, their real-life application at
scale remains restricted due to the complicated surface modification processes, high materials

cost, and low recyclability during practical oil/water separation.



The raw sand, a rich resource across the entire planet, can be abundantly obtained from
the deserts, river and seashore. Owing to its natural superhydrophilic and underwater
superoleophobic properties, the raw sand carries the merits of excellent water absorption and
ultralow oil adhesion capability that are beneficial for oil/water separation.”!? In addition to the
low materials and possible operating cost, the benefits of using sand as the oil/water separation
materials also include their tunable operating scales that can be easily controlled by adjusting the
amount of sand used.” !* Furthermore, considering the recyclability and versatility requirement
for oil-water separation processes in the practical application, it is highly desirable to have the
separation materials with controllable surface wettability, which can be modulated by external
stimuli.!* % ¢ By using responsive materials with switchable wettability, the absorbed oil can be
easily recovered, and the smart materials can be reused in a sustainable and cost-effective
manner for the oily wastewater treatment or oil spill cleanup.>? Among them, the pH-responsive
ones are attractive due to their fast wettability switch triggered by the changes of pH.!*?* The
developed materials possess switchable oil wettability under different pHs, which can be used for
controllable oil/water separation processes. Nevertheless, smart sand has never been developed

for the oil/water separation.

Herein, the smart sand with pH-responsive oil wettability was for the first time fabricated
for oil/water separation by grafting poly(4-vinylpyridine) (P4VP) and octadecyltrimethoxysilane
(OTS) onto the surface of silica particles pre-modified raw sand. The as-prepared smart sand
displayed highly switchable superoleophilicity and superoleophobicity under water in response
to different pHs, which allows for its easy regeneration in aqueous solutions at room

temperature. It could effectively absorb oil that can be rapidly released upon acid treatment. It



also shows a promising oil/water separation with a high water flux for immiscible oil/water

mixture driven by gravity, as well as excellent recyclability.

2. EXPERIMETAL SECTION

2.1. Materials

Raw sand was directly obtained from the desert in Thuwal, Saudi Arabia and was cleaned with
ethanol and deionized water sequentially in an ultrasonic cleaner before use. Cetyltrimethyl
ammonium bromide (CTAB), tetracthoxysilane (TEOS), (3-bromopropyl)trimethoxysilane
(BPS), poly(4-vinylpyridine) (P4VP), hexadecane, ethanol, hexane, petroleum ether, oil red O
and anhydrous toluene were all purchased from Sigma-Aldrich. Kerosene was purchased from
Ricca chemical company. Hydrochloric acid (HCI) and ammonium hydroxide was ordered from
Fisher Chemical. Octadecyl-trimethoxy-silane (OTS) and methylene blue were purchased from
Acros Organics. Crude oil (density: 0.9 g/mL, API gravity: 32.6, viscosity: 31 mPa-s) was
received from Ali I. Al-Naimi Petroleum Engineering Research Center, KAUST. All chemicals

were used as received. Deionized water purified by Milli-Q system was used in all experiments.

2.2. Fabrication of SiO2 modified sand

To obtain the SiO> modified sand, the surface of raw sand was first modified to be positively
charged. In doing so, 100 mL of 50 mg/mL CTAB aqueous solution was added to 25 g of sand in
200 mL ethanol solution, and then the mixture was stirred for 1 h. Afterwards, the pH value of
the mixture solution was adjusted to 12 by using ammonium hydroxide. 20 mL TEOS was then

added drop-wise to the above mixture followed by continuous and vigorous stirring for 12 h for



silica coating. Finally, the SiO, modified sand was rinsed with deionized water followed by

drying in an oven at 60 °C.

2.3. Fabrication of smart sand

25g of Si0;-modified sand was added into a 200 ml of toluene solution containing 2g of BPS
and OTS to functionalize the sand surface with bromoalkyl groups and alkyl groups via
silanization. The ratio of BPS and OTS was set as 0:10, 1:9, 3:7, 5:5, 7:3, 9:1, 0:10, respectively.
After continuous and vigorous stirring for 12 h at room temperature, the silanized sand was
rinsed with toluene and ethanol to remove the unreactive siloxane followed by drying in the oven
at 60 °C. The dried silanized sand was then added into 1 wt% ethanol solution of P4VP under
stirring for 1 h. Finally, the smart sand was obtained by heating under vacuum at 150 °C for 12 h
to enable quaternization between the bromoalkyl groups of BPS and the pyridine groups of

P4VP. The unreactive polymers were removed by washing with copious amounts of ethanol.

2.4. Characterization

Scanning electron microscopy (SEM) images were taken with a Zeiss Merlin scanning electron
microscope. Contact angles (CAs) were measured on a commercial contact angle system (OCA
35 of DataPhysics, Filderstadt, Germany) at ambient temperature. The X-ray photoelectron
spectroscopy (XPS) was carried out on a Kratos Axis Ultra instrument under ultrahigh vacuum
conditions in the range of ~ 10° mbar by using a monochromatic Al Ko X-ray source
(hv=1486.6 ¢V) operated at 150 W. The weight of sand was measured by digital balance

(Mettler Toledo).

2.5. Controllable sorption and desorption of oil



Hexadecane dyed with oil red O was placed onto the surface of water in a glass bottle. Then a
proper amount of the smart sand was added into the glass bottle. Hexadecane was adsorbed
directly by the smart sand, and the saturated oily sand then sank to the bottom of the glass bottle
driven by gravity. To release the hexadecane from the hexadecane-loaded smart sand, a certain
amount of acidic water with pHs range from 1 to 3 was placed into the glass bottle to change the

oil wettability of the smart sand.

2.6. Controllable separation of oil and water mixtures

To perform the separation of oil and water mixtures, a layer of smart sand with different
thickness from 1 to 4 cm was fixed between two glass tubes with a diameter of 16 mm, serving
as a separator. A piece of non-woven textile was placed below the sand to prevent the sand from
being lost. With the non-acidic pretreated smart sand placed between two glass tubes, a mixture
of hexadecane dyed with oil red O and water of pH 6.5 dyed with methylene blue in a ratio of
3:1 was poured into the upper glass tube, and the separation was achieved driven by gravity. The
hexadecane successfully passed through the sand layer, whereas the water remained in the upper
glass tube. For the acidic water-treated smart sand, the smart sand was first pre-wetted with
acidic water with a pH of 2.0 before the separation process. Then a mixture of hexadecane dyed
with oil red O and pH 6.5 water dyed with methylene blue in a ratio of 1:3 was poured into the
same filtration system. Water selectively passed through the sand layer, whereas hexadecane

remained in the upper glass tube.

3. RESULTS AND DISCUSSION

3.1. The fabrication of the smart sand



Compared with the recently used organic and inorganic substrate materials, the advantages of
desert sand include its mechanical and chemical stability, environmental friendliness, and its
abundance in nature.”” Any raw sand with the lateral size > 0.6 mm could be sieved out by the
stainless steel mesh before its surface modification. Figure S1 shows the raw sand particles have
an average particle size of 0.27+0.08 mm in lateral dimension. Generally, to achieve super-
wettability, the substrate material should possess sufficient surface roughness in order to amplify
its intrinsic wetting behavior.”>*! Herein, SiO» particles were modified onto the raw sand
(Sand@Si0,) via the hydrolysis of TEOS in an alkaline environment.”3? Figure 1a and 1b show
that the raw sand possessed a very smooth surface, while the surface of the Sand@Si0, became

rougher due to the presence of silica nanoparticle aggregates on its surface (Figure 1c-d).

To fabricate the smart sand, the as-prepared Sand@SiO> was first modified with BPS and OTS
under a defined mixing ratio. The surface grafted OTS provides low surface energy chains to
give hydrophobicity to the smart sand under non-acidic condition. The modification of BPS is to
functionalize the surface of the sand with bromoalkyl groups via silanization, which serves as a
binder for subsequent grafting of PAVP on its surface (Figure 1e). Then the P4VP polymer was
grafted onto the surface of previously silanized Sand@SiO, through the quaternization reaction
between the bromoalkyl groups of BPS and the pyridyl groups of P4VP by heating under
vacuum at 150 °C for 12 h. The grafted P4AVP endows the sand surface with a pH-responsive

wettability.!8-20-24
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Figure 1. SEM images of (a-b) raw sand and (c-d) the SiO>-modified sand (Sand@SiO>). Scale

bar: 100 um and 10 pm. (e) Schematic diagram of preparation of SiO> modified sand
(Sand@Si107), BPS and OTS modified Sand@SiO> (Sand@SiO>-BPS/OTS) and smart sand

(Sand@Si02-P4VP/OTS).

To confirm the successful chemical modification of the sand, its surface was analyzed by XPS.
The raw sand shows significant Si and O peaks around 100 eV (Si 2p), 150 eV (Si 2s), and 530
eV (O 1s), with possible minor C 1s contaminants at around 285 eV (Figure 2a). This result
agrees with the fact that the raw sand is mainly composed of silica.”® Additionally, the
characteristic peaks of some metal elements (Mg, Ca, Al, and Fe) are also observed in the
spectrum of raw sand due to the co-existence of few metal species in the sand. In comparison
with the raw sand, the characteristic peaks of metal species are not obvious on Sand@SiO»,
indicating the SiO, coating layer fully covering the entire surface of the sand (Figure 2b). The
appearance of Br 3d peak of Sand@SiO,-BPS/OTS suggests that the BPS was successfully
grafted onto the sand surface via silanization (Figure 2c). As for the smart sand final product, a
unique N signal peak that appears at around 400 eV (N 1s) can be assigned to the nitrogen of the

pyridine groups from P4VP polymer, indicating the successful grafting of P4VP onto the surface



of the smart sand (Figure 2d-e). Furthermore, as shown in Figure 2f, the high resolution C 1s

core-level spectra further confirm the modification of P4VP on the modified sand surfaces due to

the presence of the polymer backbone C-C peak at 284.4 eV, aromatic C-C at 285.0 eV, and

aromatic C-N at 285.5 eV. Meanwhile, the EDS mapping images of the smart sand surface also

clearly show that the C and N elements associated with P4VP was uniformly present on the sand

surface (Figure S2).
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Figure 2. XPS spectra of (a) the raw sand, (b) Sand@Si02, (¢) Sand@Si10,-BPS/OTS and (d) the

smart sand. The high resolution spectra of (¢) N 1s and (f) C 1s of the smart sand.

3.2 Wettability of the smart sand.

The original raw sand surface is covered with a large number of hydroxyl groups, metal species

and silica dioxide with a high surface free energy, thus endowing the surface with intrinsic



hydrophilicity and oleophilicity in air (Figure S3).”-% 10 After the successful modification of both
P4VP and OTS, the surface wettability of the smart sand surface possesses switchable wettability
between superhydrophilicity and hydrophobicity in response to the change of the pH of aqueous

solution from 1.0 to 6.5 (Figure S4).

As shown in Figure 3a, the as-prepared smart sand exhibits hydrophobicity in the air with a
water contact angle (WCA) of 136°, which can be attributed to the presence of OTS on the
surface, as well as the deprotonation state of P4VP. Furthermore, it shows a mirror-like sand
surface underneath water because the air trapped around the hydrophobic sand prevents the water
permeating into the interstice among sands (Figure S5a). In addition to hydrophobicity, the
oleophilicity of OTS also endows the sand surface with high affinity to oil. The oil droplet can be
immediately adsorbed into the smart sand surface within 0.05s, exhibiting its superoleophilicity
in the air (Figure 3b). The smart sand is also able to capture oil underwater (ESI Movie 1),

indicating its underwater superoleophilicity.

However, when an acidic water droplet of pH 2.0 was placed on the surface of the smart sand
in the air, the water droplet was quickly adsorbed into the surface within 4 s (Figure 3¢, ESI
Movie 2), indicating the pH-responsive switchable wettability of the smart sand surface.
Furthermore, the oil wettability of this smart sand can be completely reversed when it is
immersed in acidic water. The smart sand exhibits an underwater oleophobicity with an
underwater oil contact angle (OCA) of 138° in the acidic water of pH 2.0 (Figure 3d, Figure
S5b), which confirms its switchable oil wettability in low-pH solution. In addition, such oil
droplet can roll off easily from the sand surface, showing a sliding angle of 7° (ESI Movie 3) and

indicating the low oil adhesion of the smart sand surface in the acidic water.

10



The switchable wettability of the smart sand is significantly affected by the ratio of BPS and
OTS, which determines the ratio between P4VP and OTS in the final product. As shown in
Figure 3e, the WCA of the smart sand at pH 6.5 increased from 62° to 150° by increasing the
ratio of OTS over BPS owing to the increasing amount of hydrophobic OTS on the surface.
Meanwhile, the surface wettability of the smart sand could be switched to superhydrophilicity
(WCA: 0° at pH of 2.0, which can be well-maintained until the ratio of BPS and OTS was
adjusted to 3:7. Further increase in the amount of OTS significantly increases the WCA of the
smart sand and the surface becomes hydrophobic. This is because lowering the amount of BPS
might cause the significant decrease of grafted P4VP onto the silanized Sand@SiO> via

quaternization, leading to the loss of superhydrophilicity of smart sand at pH of 2.0.

Based on the results mentioned above, the switchable wettability of the smart sand is primarily
dependent on the amount of the surface P4AVP and OTS. At pH of 6.5, the P4VP is deprotonated
and exhibits a collapsed conformation. Correspondingly, more hydrophobic OTS chains could
dominantly expose itself to air, which turns the surface into hydrophobic and retains its high
affinity to oil. By contrast, at pH of 2.0, the pyridyl groups of P4VP are protonated considering
its pKa of approximately 3.5~4.5.!'% 33 The protonated P4VP chains exhibit an extended
conformation due to the electrostatic repulsion among the like-charges (Figure 3e, Inset). Thus,
they tend to stretch and expose to the sand surface, resulting in the formation of hydrophilic layer
onto the sand surface. In addition, this hydrophilic layer could effectively block the access of oil

by the OTS, which endows the smart sand with superior oil-repellency ability at low pH.

Besides, the acidic-water treated sand can easily recover its hydrophobicity and oleophilicity

after being rinsed with pure water and then dried in the air. This reversible cycle can be repeated

11



many times without any significant decline observed in its switchable wettability (Figure S6),

indicating that the formation of P4VP on the sand is very stable.
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Figure 3. (a) The image for a water droplet (pH~ 6.5) applied on the smart sand surface in air.
(b) Still images from the OCA measurements of an oil droplet (hexadecane) applied on the smart
sand surface in the air. (c) Still images from the WCA measurements for a water droplet (pH~
2.0) applied on the smart sand surface. The acidic water droplet was quickly absorbed into the
sand surface within 4s. (d) The image of an oil droplet applied on the surface of the smart sand in
water at pH of 2.0. (e) The wettability of the smart sand for water droplets at pH of 2.0 (blue
line) and 6.5 (red line) by tuning the ratio of BPS and OTS. Inset: schematic diagram of the pH-

responsive mechanism of P4VP.

3.3 Controllable oil absorption and desorption

Based on the above-mentioned switchable wettability performance, the smart sand could then be
used for oil sorption and desorption in aqueous media at different pHs. As illustrated in Figure
4a, an oil layer was placed onto the water surface at pH 6.5. Once the smart sand was in contact
with the oil layer spreading on the water surface, it instantaneously absorbed the oil from the
surface and sank to the bottom of the glass bottles driven by its own gravity due to its

superoleophilic properties. Moreover, the absorbed oil droplets could be spontaneously released

12



from the sand by immersing the oil-loaded sand into acidic water at pH 1.0 (Figure 4a, ESI

Movie 4), indicating its switchable surface wettability at low pH condition.

To further understand the effect of different pHs on the oil desorption capacity of the smart
sand, the saturated oily sand was treated by acidic water at different pHs (Figure 4b). The oil
desorption capacity is calculated by the weight ratio of the released oil and the absorbed oil. The
absorbed oil (1.0 g) was quickly released from the smart sand within 2 min with almost no
residual oil in the sand (>99%) under water at pH 1.0. However, with the same amount of
absorbed oil, it might take nearly 12 min with around 91% of oil desorption from the smart sand
under water of pH 2.0. And there was no oil released from the smart sand observed at pH > 3.0.
Additionally, such sorption and desorption cycle was successfully realized with various oils, i.e.,
hexadecane, petroleum ether, kerosene and hexane and these results can be clearly seen in Figure
S7. Besides that, the smart sand can realize controllable absorption and desorption of the highly

viscous crude oil (ESI Movie 5).

This is attributed to the protonated pyridyl groups of P4VP at pH < 3, generating a surface of
superhydrophilicity and underwater oleophobicity and thus leading to the weak affinity between
smart sand surface and oil. Accordingly, the rate of oil releasing from sand can be adjusted,
where lowering pH can make the oil releasing faster and more efficient owing to the generation
of more protonated pyridyl groups in a shorter time.'® Nevertheless, at pH higher than 3, the
deprotonated P4VP remains its collapsed conformation and the OTS still dominantly exposes to
the outer layer, leading to the hydrophobicity and oleophilicity of the smart sand. Therefore, no
oil is released. This also agrees well with the contact angle measurements that the WCA of the

smart sand at pH 3 is around 114° (Figure S4).
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Furthermore, the smart sand maintains its pH responsiveness even after 6 cycles of oil sorption
and desorption process (Figure 4c). Unlike conventional recovery of oil/water separation
materials by using mechanical squeezing or rinsing by organic solvent,* this smart sand can be
repeatedly used in aqueous solutions at room temperature without generating secondary waste
organic solvent or destroying the material structure. Besides, the smart sand can be molded into
any shape on demand, due to random accumulation of the sand particles. This unique advantage
is distinctly different from conventional oil/water separation materials and would be able to

decrease the overall material amount and the related operating costs.
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Figure 4. (a) Snapshots showing the sorption of the oil (hexadecane stained with oil red O dye)
by the smart sand in water at pH 6.5, as well as the release of the captured oil after acid

treatment. (b) The oil desorption capacity of saturated oily smart sand versus time in water at
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different pH values. (c) The oil desorption capacity of saturated oily smart sand in different

cycling tests in water at pH of 1 and 2.

3.4 Controllable oil/water separation.

The smart sand can act as a separating membrane for controllable oil/water separation owing to
its switchable superoleophilicity and superoleophobicity. As shown in Figure 5a, a layer of smart
sand was fixed between two glass tubes with a piece of non-woven textile placing below the sand
to prevent the sand from being lost. Then, a mixture of oil and water at pH 6.5 was poured into
the upper glass tube. Based on the superoleophilicity and high hydrophobicity of the smart sand,
the oil quickly passed through the sand layer, but the water was retained on top of the sand layer
in the upper glass tube (ESI Movie 6). Nevertheless, once the sand layer was pre-wetted by
acidic water at pH 2.0, the opposite separation phenomenon could be realized (Figure 5b, ESI
Movie 7). That is, the water quickly passed through the sand layer while the oil was completely
retained on top of the sand layer in the glass tube due to the formation of a hydrated layer caused
by the protonation of P4VP. Similar separation process is also available for a mixture of water

and highly viscous crude oil (ESI Movie 8)

During the controllable separation processes, the water and oil fluxes of the sand layer with
different thickness of the sand layer were calculated by measuring the time for an oil/water
mixture of a certain volume to permeate through. As shown in Figure 5c, both oil and water
fluxes decreased with the increase in the thickness of the sand layer (from 1 to 4 cm) due to a
longer effective penetration distance. When the thickness of the sand layer is 1 c¢m, the oil and

water flux can reach up to 2906 and 9556 L m™ h'!, respectively. Furthermore, the difference in
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the water and oil fluxes (J) and their respective flux behaviors with the thickness of sand layer

could be explained by Hagen-Poiseuille equation:

EMTp24p
8uL

J =

Where, ¢ is the surface porosity, 7, is the pore radius, 4p is the pressure drop, u is the viscosity
of penetrating solution, and L is the effective filtrate distance.>> As described on the formula
above, the filtrate flux (J) is inversely proportional to the effective filtrate distance (L). In
addition, the flux is also inversely proportional to the viscosity of penetrating solution (u).
Therefore, the water flux (viscosity: 1.002 mPa s at 20 °C for water) is higher than that of oil

(viscosity: 3.474 mPa s at 20 °C for hexadecane).
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mixture of oil (hexadecane dyed with oil red O) and water (dyed with methylene blue) was
poured into the upper glass tube. The oil selectively passed through the sand layer, while the
water remained in the upper glass tube. (b) When the smart sand was first wetted by acidic water
(pH 2.0) before the oil/water separation process, water selectively passed through the sand layer,
while oil remained in the upper glass tube. (¢) The influence of the thickness of the smart sand

layer on the fluxes of water (blue line) and oil (red line).

16



4. CONCLUSIONS

In conclusion, we prepared the smart sand by grafting pH-responsive P4VP and
oleophilic/hydrophobic OTS onto the sand surface and demonstrated its switchable wettability
for controllable oil absorption/desorption. In terms of the filtration-based separation, either oil or
water could selectively pass through or remain on top of the sand on demand, which is suitable
for oil removal from wastewater with an oil density either higher or lower than water. This
intelligent, low cost, large-scale, and highly efficient route of oil/water separation will offer a

new perspective on solving the problems of practical oily industrial wastewater and oil spills.
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