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ABSTRACT

Oil-spill is one of the major global issues facing society in this century. The aim of this study
was to develop a steel-based membrane for selective separation of oil from oil/water mixture.
For this purpose, a single-step, rapid and environmentally friendly closed-batch initiated
chemical vapor deposition (iCVD) method was employed to deposit hydrophobic thin film on
a stainless-steel mesh. Perfluorodecyl acrylate (PFDA) and tert-butyl peroxide (TBPO) were
used as monomer and initiator, respectively. Owing to the inherent vapor-based nature of iCVD
method provided excellent conformal coverage on the mesh with high durability. iCVD coated
mesh showed 96% oil/water separation efficiency. Highly reproducible results were obtained
when the oil/water separation experiments were repeated.
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1.0 INTRODUCTION

Industrial discharge of oily water and
oil spillages adversely affect the
environment and the health of all
organisms. Oil-spill can have serious
long-term negative impacts on the
ecosystem due to the presence of
various of hazardous and volatile
organic compounds. Oil pollution can
be accepted as one of the major global
issues facing humanity in this century.
International regulations have been
prepared to prevent or minimize oil
pollution [1]. In addition, in recent
years, there has been growing interest in
the oil-spill clean-up [2-4]. Various
approaches have been proposed to
collect or remove oil. The use of
absorbent materials and membrane
filtration are the most common ones.
Fibres, zeolites, clays and human hair

can be given as examples of absorbent
materials [5-8]. However, use of
absorbent materials in the oil-spill
clean-up  suffer from  serious
disadvantages. For instance, these
materials can absorb not only oil but
also water, which reduces their
efficiency. Moreover, additional steps
are necessary to regenerate these
materials, which is undesirable property
for continuous processes. On the other
hand, membranes can be used for
continuous oil/water separation and
they have shown high oil-removal
efficiency in the oil/water separation.
For selective separation of oil from
oil/water mixture, membranes are
usually functionalized to change their
wettabilities [9, 10]. The main aim of
the functionalization 1is that the
membranes repel one of the liquids
while absorbing the other. These
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membranes can be either
hydrophobic/oleophilic or
hydrophilic/oleophobic.

Various techniques have been
proposed to functionalize membranes.
These techniques can be categorized
into two main groups: liquid-based
processes and vapor-based processes.
Initiated  atom  transfer  radical
polymerization (ATRP) [11], sol-gel
[12], lithography [13], and dip-coating
[14] can be given as examples of liquid-
based processes. Although these
methods can be easily applied and
usually do not need any expensive and
special equipment. Solvents used in
these methods can fill the pores of
substrate. However, the preservation of
porous structure of membranes is very
important. Moreover, hazardous and
aggressive solvents may pose a threat to
environment and human health. On the
other hand, inherent solventless nature
of vapor-based processes eliminates
solution-related problems. As a vapor-
based method, environmentally
friendly and single-step chemical vapor
deposition (CVD) is an efficient
functionalization method. Moreover,
CVD process can be easily scalable to
achieve mass production using some
equipment such as roll-to-roll process
[15, 16]. So far, various types of CVD
techniques have been applied to
functionalize  different types of
membranes [17-22].

In this study, it was aimed that a
commercial ordinary stainless-steel
mesh was transformed into a
hydrophobic/oleophilic thin film coated
mesh for water/oil separation. Being
inexpensive and abundant makes steel-
based membrane a good choice for
oil/water  separation  applications.
Moreover, steel-based membranes have
high mechanical strength and they can
be durable in aggressive environmental
conditions. Hence, they have been
widely used in oil/water separation
applications. For instance, Wang et al.

deposited copper film on steel mesh,
which showed high stability and
durability under extreme environment
conditions [23]. Gunatilake and
Bandara coated steel mesh surface with
TiO2 nanofibers using spray coating
method [24]. Tang et al. applied
bacterially induced biomineralization
method to modify steel mesh for
oil/water separation [25]. Because of
the aforementioned advantages of
ICVD method, it was used to modify
stainless steel meshes. Hydrophobic
Poly (perfluorodecyl acrylate)
(PPFDA) thin film was deposited on the
mesh using single-step iCVD method.
The oil/water separation performance
of PPFDA coated mesh was tested.
Hydrophobic/oleophilic PPFDA coated
mesh developed by iCVD in this study
showed a promising  oil/water
separation performance.

In typical iICVD reactor, the
polymerization is conducted out by
constantly feeding precursor into the
vacuum chamber and simultaneously
the reactor is continuously evacuated by
a vacuum pump to remove unreacted
chemicals and vapor-phase byproducts.
During the polymerization, the flow
rate of precursors is very important
parameter affecting the final properties
of the polymer. Thus, the calibration of
the flow rate is necessary and they
should be precisely adjusted. For this
purpose, expensive valves and/or mass
flow controllers are required in typical
reactors. Furthermore, the flow rates
should reach steady-state to produce
reproducible polymeric thin films. In
order to eliminate the problems related
to reaching steady-state flow rate or
calibration in typical iCVD reactor, an
alternative approach namely, closed-
batch iCVD reactor, was developed
[20]. In closed-batch iCVD reactor, the
reactor is filled by monomer and
initiator in place of tuning precursor
flow rates. According to literature on
the iICVD deposition, as compared with
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typical iCVD reactor, closed-batch
ICVD reduced the costs associated with
energy and chemical consumptions [26,
27]. Due to the advantages of closed-
batch iICVD reactor, this strategy was
applied in this study.

2.0 METHODS
2.1 Materials

A commercial stainless steel mesh
membrane was used as substrate. Diesel
was used as oil source and it was
purchased from a local oil company.
Monomer 1H,1H,2H,2H-
perfluorodecyl acrylate (PFDA, 97%),
and initiator di-tertbutyl peroxide
(TBPO, 97%) were purchased from
Sigma-Aldrich. The chemical
structures of precursors are
schematically given in Figure 1 (a) and

(b).
2.2 Deposition of Hydrophobic Film

Polymeric thin film was deposited on
stainless steel mesh surface using a
custom-build iCVD system. The
schematic diagram of iICVD system
used in this study is given in Figure 1
(c). A more detailed description of the
iICVD set-up has been described

cylindrical ~ stainless-steel  chamber
having 50 cm outer diameter and 75 cm
in height was used as the reactor.

Vacuum in the reactor was created
by oil-sealed rotary vane vacuum pump
(2XZ- 15C, EVP). The pressure in the
reactor was measured by a capacitance
type pressure gauge (MKS Baratron).
The reactor has stainless-steel doors on
both ends and the substrates were
placed on a stage in the reactor by
opening the reactor door. The backside
of the stage has a heat exchanger, which
was connected to a recirculating chiller
(Lab. Companion RW-0525G, South
Korea). The substrate temperature was
set at 35 °C. The required energy for
initiating for the polymerization was
supplied from a heated nichrome
filament array. The filament array was
located 2.5 cm above the substrate. The
filament temperature was kept constant
at 200 °C using a PID temperature
controller. The monomer and the
initiator were vaporized in separate
stainless-steel jars. The iCVD reactor
was evacuated down to system base
pressure, then the reactor was isolated
from the pump. Monomer and initiator
were fed into the reactor until the
desired  deposition pressure  was
reached. Monomer/initiator ratio was
kept constant at 1/1 and the ratio was
tuned based on monitoring the partial
pressure of the precursors.

(b)
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Figure 1 Chemical structures of PFDA (a) and TBPO (b). The schematic diagram of iCVD

system (c)
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2.3 Characterizations

Fourier transform infrared spectroscopy
(FTIR) was used to reveal the chemical
structures of as-deposited PPFDA thin
film.  FTIR  measurements were
conducted out using Bruker Vertex 70
with the help of a reflectance accessory
in a range of 700 to 3700 cm™. Water
contact angle measurements were
performed by a contact angle
goniometer device (Krlss Easy Drop)
using 2.0 pl of pure water at ambient
conditions.

10 mL oil/water mixture (with a
volume ratio of 1/1) was poured over
the inclined PPFDA coated mesh to
perform oil/water separation efficiency
experiment. Two separate containers
were placed below the mesh to collect
water and oil. When the experiments
were completed, the volumes of the
accumulated liquids in the containers
were measured.

3.0 RESULTS AND DISCUSSION

3.1 PPFDA Coated Mesh

The photograph of stainless-steel mesh
membrane used in this study is shown
in Figure 2 (a). The opening size of the
mesh is approximately 700 um x 700
um. After the mesh was coated with
thin film using iICVD method, no
change is observed in the general
appearances of the mesh with naked
eyes. The porous structure of the mesh
is well-preserved, which indicates a
conformal coating of thin film on the
mesh. This observation is in agreement
with the literature on the CVD
deposition of porous materials [28, 29].
The water contact angle of PPFDA
coated mesh was found to be 127.0° and
the related image is given in Figure 2
(b).

Figure 3 shows the FTIR spectrum
of PPFDA thin film. The FTIR
spectrum was baseline. The spectra

displayed the following major peak
assignments: C-H stretching vibration
(at around 2850-2950 cm), C=0
stretching (at around 1730 cm?,
alkyl chains (at around 1458 and 1358
cm?), stretching vibrations -CF, (at
around 1246 cm™), and -CF,-CF; end
group (at around 1161 cm™) [30-32].
The spectrum exhibits narrow, sharp
and strong peaks, which belong to the
functional groups of the chemical
structure of PPFDA. Moreover, the
spectrum does not contain C=C double
bond, which implies that the
polymerization proceeded through
unsaturated C=C double bonds. Based
on the FTIR spectrum, it can be said that
a chemically well-defined polymeric
thin film was produced using iCVD
method.
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Figure 2 (a) Photograph of stainless-steel
mesh and (b) the water contact angle of
PPFDA coated mesh
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Figure 3 FTIR spectrum of PPFDA thin film

3.2 Oil/Water Separation Efficiency
of PPFDA Coated Mesh

Figure 4 presents photographs of
oil/water  separation  experiment.
Oil/water mixture wused in the
experiment was shown in Figure 4 (a).
In order to test oil/water separation
efficiency, a mixture of oil and water
was poured over PPFDA coated
inclined mesh. During the oil/water
separation  process,  while oil
directly and rapidly passed through
the mesh (Figure 4 (b)), the water
stayed above the mesh due to the
hydrophobic nature of the PPFDA
coated mesh. The water droplets easily
rolled off the mesh surface by
inclination of the mesh (Figure 4 (c)).
After the oil/water separation process,
the amount of collected oil in the oil
container was measured (Figure 4 (d)).

The oil/water separation efficiency
(E) was defined as the ratio of the
amount of collected oil in the oil
container (O) to the initial amount of oil
(Oo). The percentage of the oil/water
separation efficiency was calculated
according to Equation 1.

E(%) = (0/04)x 100 1)

Figure 4 Photographs taken during
oil/water separation process

The oil/water separation efficiency
of PPFDA coated mesh was found as
96%. Only a small amount of the oil
was dragged into the water-container
along with the water flow. The
durability of thin film on the mesh is a
primary necessity for the reusability of
the mesh. In order to test the reusability
of mesh, the oil/water separation
experiment was repeated 10 times for
the same mesh. Very similar oil/water
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separation efficiency values were found
in each cycle. Highly reproducible
results indicate that iCVD thin film was
produced with high durability.

4.0 CONCLUSION

A single-step, rapid and
environmentally friendly vapor-based
closed-batch iCVD method was utilized
to functionalize the mesh for oil/water
separation purpose. According to the
results of this study, it was shown that
an ordinary stainless-steel mesh was
successfully turned into a hydrophobic
steel membrane which repels water
while allowing the oil to penetrate
through. The porosity of the mesh is
well-preserved after the thin film
deposition by iCVD. High (96%) and
reproducible  oil/water  separation
efficiency was obtained using PPFDA
coated mesh. Oil/water separation was
performed in a single step without the
need of additional process, which
indicates that the produced mesh in this
study is highly incompatible with
continuous-flow systems. Moreover,
the developed technique in this study
can be used to functionalize various
kinds of meshes for different purposes.
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