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Abstract

Oil spills on water surface and shoreline have caused significant water pollution, and one of the ways to deal with them
is to use oil sorbents. An effective sorbent provides high oil uptake and retention values, high selectivity, super-fast uptake
kinetics, and sufficient mechanical strength to ensure practical application under different conditions. In this regard, synthetic
sorbents made up of graphene, carbon nanotubes, and polymers in the form of aerogels, thin films, pads, and non-woven
fibers have been widely explored. However, none of them addresses all the attributes of an ideal oil sorbent. Aerogels provide
extremely high uptake values, but they are so light that it is difficult for the end user to handle them. On the other hand, thin
films and non-woven fibers can quickly absorb oil but suffer from low uptake capacity with low retention values. Similarly,
commercial oil sorbent pads have sufficient mechanical strength, but low uptake capacity compared to aerogels. Herein, we
present a super oil sorbent with a porous structure using a facile energy-efficient approach. The as-prepared sorbent comprises
a porous thin film with micropores and macro-cavities, resulting in super-fast uptake kinetics and a high oil uptake value of 85
g/g. Moreover, tensile test results confirm sorbent’s effectiveness in spill response. Lastly, our unique design does not involve
expensive hydrophobic functionalization and thus utilizes lower embodied energy and generates lower carbon footprints.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Water pollution caused by oil spills has been a critical threat to the environment. An estimated 5 million tons of
oil and organic liquid are transported annually [1], and shorelines and inland water areas are increasingly polluted
by the spillage [2].

One of the effective ways to counter oil spillage is using sorbents, especially when a thin film of oil and organic
compounds is floating on top of the water’s surface. An effective oil sorbent should be porous, oleophilic, and
hydrophobic to achieve satisfactory uptake capacities and oil-water separation. When an oil sorbent is brought in
contact with a mixture of oil and water, the non-polar attraction, along with the porous structure, will facilitate the
initial passage of oil inside the sorbent. The hydrophobic surface forms a layer of oil around itself, acting as a
waterproof barrier [3].

The oil sorption mechanism relies on several factors, including surface roughness, surface attraction towards oil,
porous structure, cavities to hold oil, the cohesion of oil molecules, and adhesive forces acting on the surface of
sorbent through capillary action. Diersch et al. described capillary action as one of the main driving forces of oil
sorption [4]. Further, surface roughness also plays a part as the adhesion between oil and the sorbent’s surface
increases with surface roughness [5].

On the other hand, the sorbent’s thickness determines how quickly the saturation is reached [6—8]. Generally, the
thinnest possible sorbent films with sufficient mechanical strength are the fastest to reach oil saturation [9]. However,
thin films do not have adequate oil storage capacity. Although they may have high g/g values (i.e., amount of oil
absorbed per unit mass of dry sorbent), the actual amount absorbed is hardly significant. Hence, preparing an oil
sorbent that addresses all the issues discussed here was hypothesized. It should provide pores and macro cavities
to enhance surface roughness for quick oil diffusion.

2. Experimental section

2.1. Materials

Reagents like p-xylene ACS reagent was purchased from Sigma Aldrich and was used without further purifica-
tion, high-density polyethylene (HDPE), and ultra-high-molecular-weight polyethylene (UHMWPE) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Plain glass plate was cut to a size of 5 cm x 5 cm and was fixed on
the chuck of the spin coater. The chuck was customized by Ossila. Sodium chloride was purchased from a local
market and was sieved to a size of 150 um to 200 pm.

2.2. Equipment

Spin coater from Ossila was used for spin coating. PerkinElmer DSC 8500 was used for differential scanning
calorimetry, Friction/peel tester Lloyd instruments Ltd Bognor Regis, UK was used for tensile strength and modulus
calculations. SEM images were captured with FEI Quanta650FEG. The optical contact angle was calculated using
OCA 35, Dataphysics instruments GmbH — Filderstadt, Germany.

2.3. Methodology

1.275 g of HDPE, 0.225 g of UHMWPE, and 50 ml of p-xylene were added and allowed to stir under reflux
conditions at 130 °C till a clear solution was achieved (see Fig. 1). Usually, the polymer dissolves in 10-15 min.
Then 3 g of sodium chloride as a filler of size 150 um-200 um was added into the polymer solution and stirred
for 10—15 min or till a homogeneous dispersed solution was achieved. Moreover, the glass substrate was heated at
120 °C and was placed on the customized spin coater chuck. The polymer solution was then poured onto the hot
glass surface and the lid of the spin coater was closed to avoid solvent evaporation and exposure. The spin coater
was turned on and allowed to spin in three steps. Initially, the spin speed was 500 rpm for 5 s, followed by 1000
rpm for 60 s, and finally 3000 rpm for 60 s. After the completion of spin coating, a white powdered layer was
observed. The glass plate was removed from the chuck and placed in a hot air oven at 130 °C for 20 min. Finally,
the as-prepared thin film was peeled off using a tweezer. The reaction hotplate stirrer and spin coater were placed
side-by-side to avoid solvent exposure to the environment, and the whole setup was kept inside the fume hood. The
spin coater drain was connected to a receiver to collect solvent and excess polymer.
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Dissolution Spin Coating

Sorbent

Filler Removal .

Fig. 1. The process of preparing super-sorbents using spin coating technique.

3. Results and discussion

3.1. Oil sorption

The saturation kinetics of our sorbent were examined to determine how quickly it reaches saturation. Fig. 2
represents the oil uptake kinetics using synthetic oil with density of 0.89 g/cm®. The as-prepared sorbent reached
its maximum capacity within a minute. Upon removing the oil sorbent film from the oil container, it should be
allowed to drain any oil that is loosely connected with the film’s surface. Hanging the sorbent in the air and letting
it drain under gravitational force is the best way to perform this test. The ASTM F716 and F726 standards suggest
reporting the oil uptake capacity after 2 min of dripping. We kept the sorbent hanged for 5 min to reach equilibrium
values. The equilibrium uptake was found to be 85 g/g though the value obtained after 0 min of dripping was 140
g/g. As we placed the film in the oil, the porous thin film started absorbing and storing it in the cavities. The small
pores were helpful in diffusion as well as absorption.

The high oil uptake capacity is due to the following reason: The presence of micro-pores throughout the surface
of film, macro-cavities of size 150 to 200 um, roughness of the film surface, thinness of the film, strong capillary
action that exerts force to keep oil inside the pores, cohesion between oil molecules that are inside the cavities and
on the surface of the film, and adhesion between the oil molecules and the surface of the film.

Fig. 3 depicts a comparison among different oils and organic solvents. Synthetic oil exhibited the highest uptake
values, while toluene showed the lowest. The synthetic oil had higher viscosities at room temperature compared
to toluene, sunflower oil and paraffin oil. Thus, they flowed slower and showed more adhesion towards sorbent.
A higher viscosity generates more resistance to flow, which can be combined with a stronger capillary action to
increase uptake capacities.

3.2. SEM and profilometry

The SEM micrograph of the thin film sorbent with open pores ranging from 1-10 um and macrocavities is
shown in Fig. 4a, while profilometric images of surface roughness and macrocavities are shown in Fig. 4b to d. The
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Fig. 2. Oil uptake of super-sorbent at different times using synthetic oil.
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Fig. 3. Uptake capacity of super-sorbent with different types of sorbates.

cavities were created once the filler was removed from the sorbent structure. The size of the cavity depends upon
the size of the filler. In our case, we used the particle size of 150 to 200 wum with three-dimensional shape. If the
filler is larger than 200 um, it will settle down to the bottom and comes into direct contact with the solid substrate
as it has a much higher density than the polymer. During spin coating, the top and side surfaces of the filler are
fully covered with a polymer layer, while the bottom portion is only covered by 20%. As the size of the filler was
200 um in our case, therefore the size of the cavity’s opening was 20% smaller i.e., 160 pm.

3.3. Mechanical properties

Table 1 shows the tensile strength, tensile modulus, and % elongation of the sorbent film. The tensile strength
and tensile modulus of our sorbent were found to be 10 MPa and 362 MPa, respectively which reflect the strength
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(c) . (d) -

Fig. 4. (a) SEM micrograph showing macrocavities and micropores; (b—d) Profilometry image showing cavity for oil storage.

Table 1. Mechanical properties of as-prepared super-sorbent.

Sample name Tensile strength (MPa) Young’s modulus (MPa) Elongation (%)
Super-sorbent 10 £ 2 362 + 40 36 + 3
A4 Paper 38 +£3 4136 £+ 35 6+ 1

and stiffness of the material. The results were compared with commonly available material such as A4 paper to
show that the sorbent can be used in all types of practical applications.

3.4. Selectivity test and contact angle

Fig. 5a depicts the oil-water selectivity test. In real-world applications, oil is rarely required to be absorbed
separately. It is always connected with water and stays at the surface of the water in the form of a thin or thick
film. Hence, the oil-water selectivity test is essential to predict the real-time performance of the sorbent. When an
oil sorbent is brought in contact with a mixture of oil and water, the non-polar attraction, along with the porous
structure, will facilitate the initial passage of oil inside the sorbent. The hydrophobic surface forms a layer of oil
around it, thus acting as a waterproof barrier. The water uptake was found to be 0.6 g/g, and the values did not
change with the increase or decrease of the percentage of oil.

Fig. 5b reflects the contact angle of the sorbent film using synthetic oil. The contact angle was measured after
5 s and found to be 17°, which confirmed the oleophilicity of the sorbent.

4. Conclusion

The super-sorbent was synthesized and systematically characterized. The microporous structure with macrocavi-
ties facilitated the oil sorption mechanism as revealed by SEM micrographs and profilometry. The equilibrium uptake
capacity of the sorbent was 85 g/g; however, it varied depending on the type of oil used. The sorbent had sufficient
mechanical strength for practical applications. Combining these attributes with the materials’ cost-effectiveness, the
as-prepared sorbent meets the requirements of an effective oil sorbent.
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Fig. 5. (a) Selectivity test of oil/water mixtures; (b) Contact angle with synthetic oil.
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