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Abstract: The oil industry is plagued with regular incidences of spills into the environment, causing
environmental damage to flora and fauna, especially in marine environments where spills easily
travel long distances from their sources. This study was carried out to investigate a simple two-step
process for the conversion of waste cigarette filters into a superhydrophobic and oleophilic sorbent
for application in oil/water separation and spill clean-up. Ultrasonically cleaned filters were
surface modified by chemical vapour deposition using methyltrichlorosilane. The results show
that the functionalised waste filters achieved superhydrophobic properties with a water contact
angle of 154 ± 3.5◦ , adsorbing 16 to 26 times their weights in various oils, which is a better oil
sorption performance than those of commercially available non-woven polypropylene adsorbents.
Also, the sorption capacity did not significantly deteriorate after 20 cycles of reuse, with up to 75%
sorption capacity retained. The surface modified filters demonstrated excellent water repellency,
oil sorption, and recyclability showing their potential application for full scale oil spill clean-up.
Keywords: cigarette filters; adsorption; oil/water separation; hydrophobicity; recyclability

1. Introduction
There have been several spills associated with the exploration, exploitation, and transportation of
crude oil. Several small spills occur daily during the production and transportation of crude oil [1],
with large-scale spills reported from time to time. In recent history, large-scale spills have occurred,
such as the Deepwater Horizon drilling rig explosion in the Gulf of Mexico in 2010 which lasted for
three months and remains a landmark oil spill. This incident renewed the interest on research into the
development of cheaper and more effective remediation technologies to help mitigate the effects of
possible future oil spills in aquatic environments [2,3]. Approaches used in the remediation of spills
include natural, chemical, and mechanical remediation. Bioremediation, however, is the eco-friendliest
means of clean-up; however, it requires more time, and as such is used as adjuncts to other remediation
technologies. The effectiveness of bioremediation is also affected by temperature, oxygen present,
and organic species [4,5].
Among the other methods, the use of oil-absorbent materials is one of the most economical and
effective approaches, because of the low operational costs, easy operation, and high efficiency [3,6,7].
To date, three types of oil-absorbent material have been frequently used to handle oil contamination.
They include organic natural products, such as wood, poplar, cotton, kapok fibre, and keratinous
materials [3,8]; inorganic mineral products, such as zeolite and inorganic meshes [9]; and synthetic
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organic products, such as polyacrylate, polystyrene, polypropylene, and polyurethane [10].
Nevertheless, traditional oil-absorbing materials have some disadvantages, such as low oil absorption
capacity and low oil-saving rate [11]. Thus, it is important that oil-absorbing materials with
high absorption capacity and a good oil-saving rate be fabricated in a green and facile manner
to accommodate the growing demand for economical remediation methods.
Cigarette filters are among the most prevalent forms of litter, with an estimated 4.5 trillion
produced annually around the world [12]. Tobacco production involves the use of a wide range of
chemicals, from the processes used in growing it to the various chemicals involved in the manufacture
of the filters, with the probability of these chemicals finding their way into the finished products.
Additional dangerous chemicals are introduced to the filters during use in the form of smoke and
particulate matter, which all contribute to make the waste filters dangerous to the environment [13–15].
Novotny et al. [12] found that arsenic, nicotine, polycyclic aromatic hydrocarbons, and heavy metals
are released into the environment by littered “roadside waste” cigarette butts. They further stated that
chemicals in cigarette filter leachate can be acutely toxic to aquatic organisms, as they found leachates
from smoked cigarette tobacco, smoked cigarette filters, and unsmoked cigarette filters to be acutely
toxic to the freshwater cladoceran (Daphnia magna). Cellulose (raw material for cigarette filters) is
the most abundant polymer on earth, making it an inexhaustible source of raw material for creating
environmentally friendly products. It is mainly produced by plants for use as their skeletal component.
Cellulose acetate, on the other hand, is a derivative of cellulose, which is fabricated by the reaction of
cellulose pulp with acetic acid, in the presence of sulfuric acid as the catalyst. This is then followed by a
reaction with acetic anhydride, which is then spun as cellulose acetate [16]. Various studies have been
attempted for the recycling of waste cigarette filters, which constitutes a huge environmental menace.
Zhao et al. [17] applied the waste as a corrosion inhibitor, while Liu et al. [18] reported the application
in oil spill clean-up. The purpose of this study was to develop a facile method for the recycling of
waste cigarette filters as a raw material for the fabrication of superhydrophobic and oleophilic material
for application in oil water separation.
2. Materials and Methods
2.1. Materials
The reagents used in the study, including acetone, dimethyl-sulfoxide, ethanol, Sudan red,
methyl-trichlorosilane (MTCS), and methyl-trimethoxisilane (MTMS), were purchased from Sigma
Aldrich (Gillingham United Kingdom). All reagents used were laboratory-grade products. The oils
used in the adsorption tests include vegetable oil, diesel oil, and 5W-30 motor oil (obtained from
Esso Filling Station, Coventry, UK) and vacuum pump (VP) oil. The cigarette filters were collected
from within the university-designated smoking areas. The equipment used in the study included a
portable shredder, scanning electron microscope (Zeiss Sigma500, Zeiss, Birkerød, Denmark), oven
(Gallenkamp, Loughborough, UK), freezer (BIOBASE BDF-86V340, Jinan, China), and a Kruss CAM200
drop shape analyser (Hamburg, Germany).
2.2. Fabrication of Adsorbent
The fabrication process for the adsorbent started with the collection and cleaning of the filters
before shredding. The shredded cigarette filters were soaked in ethanol under utrasonication for
1 h to remove impurities, and were subsequently hydrolysed in 1 molar sodium hydroxide solution
for 10 min to enhance the roughness of the surfaces of the filters [18]. The filters were washed in
distilled water until the supernatant was clear. They were then dried at 70 ◦ C in an oven for 24 h
before the surface modification. Due to the hydrophilic nature of the filters, the porous surfaces of
the filters were then coated with methyl-trichlorosilane/methyl-trimethoxisilane by thermal vapour
deposition method. The process involved putting 15 mL of the silylation solvents in 25 mL beakers,
then transferring the beakers into a large glass container with a lid holding the sorbents. The glass

Processes 2018, 6, 140

3 of 11

Processes 2018, 6, x FOR PEER REVIEW

3 of 10

containers now containing the 25 mL beakers with silylation solvents and sorbents were capped and
◦ C for 4 h to ensure complete coating of the sorbents, as graphically described in
put
in an
an oven
oven at
at 70
70 °C
put in
coating of the sorbents, as
described in
Figure1.1.The
Thefunctionalised
functionalisedsorbents
sorbentswere
werethen
thenallowed
allowedto
tocool
cooland
anddry
dry under
under atmospheric
atmosphericconditions
conditions
Figure
forone
oneday
day[4].
[4].
for

Figure1.1.Schematic
Schematicfor
forthe
thehydrophobic
hydrophobiccoating
coatingprocess.
process.
Figure

2.3.Characterisations
CharacterisationsofofAdsorbents
Adsorbents
2.3.
Thechanges
changesin
inthe
themorphology
morphologyof
ofthe
thesorbents
sorbentswere
wereobserved
observedbefore
beforeand
andafter
afterfunctionalisation
functionalisation
The
byvisual
visualexamination
examinationand
andwith
withthe
theaid
aidof
ofscanning
scanningelectron
electronmicroscopy.
microscopy. The
Theporous
poroussurfaces
surfaceswere
were
by
observedbefore
beforeand
andafter
afterfunctionalisation
functionalisationto
toascertain
ascertainthe
thechanges
changesbrought
broughtabout
aboutby
bythe
thesilylation
silylation
observed
coating[19–21].
[19–21].
coating
Thehydrophobicity
hydrophobicitywas
wasdetermined,
determined,as
ashave
havebeen
beenpreviously
previouslydescribed
described[22,23].
[22,23].Water
Watercontact
contact
The
angleswere
weremeasured
measuredusing
usingthe
thesessile
sessiledrop
droptechnique
techniqueby
bymaking
makingstatic
staticmeasurements
measurementsof
ofthe
thewater
water
angles
contact
angle
on
sorbent
surfaces,
with
contact
angle
fitting
performed
according
to
the
Young–Laplace
contact
on sorbent surfaces, with contact angle fitting performed according to the Young–
fit [7,24].
Ten measurements
werewere
made
for for
each
sorbent
atatspatially
using
Laplace
fit [7,24].
Ten measurements
made
each
sorbent
spatiallydifferent
different locations using
HPLC-gradewater
water(0.4
(0.4μL),
µL),and
and the
the average
average water
water contact
contact angles
angles were
were reported.
reported.
HPLC-grade
2.4.Batch
BatchAdsorption
AdsorptionTests
Tests
2.4.
Oilsorption
sorptioncharacterization
characterizationwas
wascarried
carriedout
outusing
usingaamodified
modifiedversion
versionof
ofthe
themethod
methodused
usedby
by
Oil
Feng
et
al.
[4],
which
involved
weighing
the
dry
sorbent
materials
and
then
immersing
them
in
150
mL
Feng et al. [4], which involved weighing the dry sorbent materials and then immersing them in 150
of the
various
oilsoils
forfor
2 h2toh ensure
swelling
equilibrium,
after
which
they
were
lifted
with
a pair
of
mL
of the
various
to ensure
swelling
equilibrium,
after
which
they
were
lifted
with
a pair
tweezers,
drained
in
the
air
for
30
s,
and
weighed
again.
The
oil
absorption
capacities
of
the
filters
of tweezers, drained in the air for 30 s, and weighed again. The oil absorption capacities of the filters
−m
𝑑 d where Q t is the absorption capacity of the sorbent materials
werethen
thencalculated
calculatedusing
using 𝑄Qt ==𝑚m𝑤w−𝑚
were
where 𝑄𝑡 is the absorption capacity of the sorbent materials
m
𝑡
𝑚𝑑 d
at time t, md(g) is the sorbent material weight before oil adsorption, and mw (g) is the sorbent material
at time t, md(g) is the sorbent material weight before oil adsorption, and mw(g) is the sorbent material
weight after oil adsorption.
weight after oil adsorption.
The recyclability of the sorbents was measured using the squeezing technique. The process
The recyclability of the sorbents was measured using the squeezing technique. The process
involved carrying out several adsorption tests using the same sorbent material, squeezing into a beaker
involved carrying out several adsorption tests using the same sorbent material, squeezing into a
to recover the oil, and repeating the process. A total of twenty adsorption runs were carried out on the
beaker to recover the oil, and repeating the process. A total of twenty adsorption runs were carried
sorbents to test their recyclability [21,22,25].
out on the sorbents to test their recyclability [21,22,25].

3. Results and Discussion
3.1. Surface Modification of the Adsorbents
The adsorbent filters were functionalised using methyl-trimethoxisilane (MTMS) and
methyltrichlorosilane (MTCS), which are both silylation reagents. The process involved heating a
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3.2. Surface Characterisation of Adsorbent Filters
The surface morphology of the fabricated sorbent material was observed using a scanning electron
microscope at an electron high tension (EHT) of 3 kV, a magnification of 992 times, and variable working
distances between several runs at 10 µm and 20 µm. The results show the surface morphologies of the
sorbents with the un-functionalised variants (Figure 4a) exhibiting smooth surfaces on their individual
strands. The functionalised variants (Figure 4b), however, showed the presence of the silylation coating,
as seen by the grainy appearance on the surface of their individual strands.

Figure 3. Hydrophobicity test showing air bubbles trapped on the surface of a functionalised cigarette filter.

3.2. Surface Characterisation of Adsorbent Filters

Figure 2. Hydrophobicity test using the floating method, between (a) functionalised cigarette filters and
(b) un-functionalised cigarette filters.

The sorbents were dipped in beakers containing water and exhibited a silvery mirror-like appearance
signifies that tiny air bubbles were trapped on the surface of the sorbents, thereby
5 of 11
demonstrating hydrophobic behaviour as was also described by Ren et al. [22] and Han et al. [23].
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Figure 5. AT-Infra Red spectra of (a) functionalised cigarette filters and (b) unfunctionalized cigarette filters.
Figure 5. AT-Infra Red spectra of (a) functionalised cigarette filters and (b) unfunctionalized
cigarette filters.
◦

The analysis showed a maximum average water contact angle of 154 ± 3.5 and a roll-off angle of
2.2◦ for the surface functionalized cigarette filters, indicating superhydrophobic properties, as can be
seen in Figure 6, where adsorbent filter repelled water but adsorbed both diesel and vacuum pump
oil. The CA values are comparable to those reported by other studies for carbon aerogel (132◦ ) [23],
waste newspaper aerogel (136◦ ) [24], silica cellulose aerogel (138◦ ) [17], and octadecyltrichlorosilane
modified cigarette filters (158◦ ), cellulose aerogel (150◦ ) [4] and MWCNTs-Silica aerogel (154◦ ) [28].
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Table 1 presents the comparison of the sorption capacity of the waste cigarette butts with those
Figure 8. Sorption capacities of fabricated sorbents for various oils.
of other oil adsorbents. As can be seen, they showed a better performance compared to commercial
polypropylene, carbonised rice husk, and coconut coir, and compared favourably with graphene
aerogel and carbon foam. The performance is seen to be less successful than that of cellulose aerogel.
However, the filters used in this work have the advantage of easy fabrication (a simple two-step
process), and can be made from readily available waste material.
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Table 1. Adsorption capacity of various fabricated sorbent materials.
Adsorbent Material

Oil Type

Adsorption Capacity (g/g)

References

Polypropylene
Superhydrophobic cotton
Graphene aerogels
Recycled cellulose aerogels
Coconut coir fibre
Recycled cellulose aerogels
Cellulose Aerogel
Carbonised rice husk
Carbon foam

Crude oil
Crude oil
Motor oil
Motor oil
Diesel oil
Motor oil
Pump oil
Diesel oil
Motor oil

9.1–10
52.6
26
18–20
6.53
40–95
59.32
5.5
25

[29]
[30]
[22]
[25]
[31]
[4]
[32]
[33]
[34]

Cigarette filters

Veg oil
Diesel oil
Motor oil
VP oil

25.6
15.8
17.2
21.5

This study

3.4. Recyclability of Cigarette Filters and Shredded Cigarette Filters
Sorbent recyclability (like buoyancy) and water repellency are important characteristics of a
practical oil sorbent. The recyclability tests were carried out using the squeezing method, as the oil was
easily recoverable by squeezing. The squeezing and reuse cycle was repeated 20 times using motor
oil. It can be observed in Figure 9 that the sorption capacity of the filters decreased quickly within the
first five repeat cycles, and then remained relatively stable for the next 15 cycles, retaining up to 75%
9. capacity after 20 cycles of reuse. The initial fast drop in adsorption capacity can be
of its oil Figure
sorption
attributed to the recovery method. With the squeezing method, it is usually impossible to recover all
Updated version:
the adsorbed oil.

Figure 9. Recyclability test for functionalised cigarette filters using motor oil.

The recyclability results showed very good recyclability when compared with the work of
Jin et al. [24], where the adsorption capacity of cellulose-based aerogels from waste newspaper lost
over 93% of their adsorption capacity after five recyclability tests using squeezing, which implied
a total collapse of the porous structures. The filters, however, compared favorably with
the work of Ou et al. [35], who achieved up to 96% capacity after 10 cycles of reused of
hexadecyltrimethoxysilane-modified cigarette filters for the removal of kerosene, and Han et al. [23],
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who recorded a reduction of 31.5% in the adsorption capacity of carbon aerogels from waste newspaper
using the squeezing method, a reduction of 3% using the “combustion in air” method, and an
adsorption capacity that stayed unaltered using the distillation method, all after five recyclability cycles.
Huang et al. [28] recorded a 30% loss of adsorption capacity from multi-walled carbon nanotube-silica
aerogels in their study after 15 adsorption capacity cycles. Zhu et al. [36] fabricated porous carbon
aerogels from pomelo peels, which showed a reduction of 28% after five recyclability cycles using the
solvent extraction method. The results of this work show that waste cigarette filters have excellent
recyclability when compared to fabricated materials from other studies, as the sorbents continued to
adsorb oil even after 20 recyclability cycles, making them an excellent low-cost alternative to the more
advanced sorbent materials.
4. Conclusions
Waste cigarette filters are an environmental menace. In this research, they were used as raw
material for the simple fabrication of a superhydrophobic and oleophilic sorbent for application in
oil/water separation and spill clean-up. Following the cleaning and hydrolysis of the filters, they were
surface-functionalised by MTCS, using vapor phase deposition to improve the hydrophobicity of the
adsorbent. The functionalisation process transformed the adsorbent into a superhydrophobic material
with a water contact angle of 154 ± 3.5◦ . The fabricated filters achieved an oil sorption capacity of 25.6,
15.8, 17.2, and 21.5 g/g for vegetable oil, diesel oil, motor oil, and VP oil, respectively. The sorbent
oil sorption capacity did not significantly deteriorate after 20 cycles of reuse, indicating the potential
of the waste filters as a high sorption and recyclable sorbent for oil spill clean-up while providing a
means of eliminating an environmental pollutant.
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