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Vertically-aligned multi-walled carbon nanotubes (CNTs) were grown on stainless steel (SS)
mesh by thermal chemical vapor deposition with a diffusion barrier of Al,05 film. These
three-dimensional porous structures (SS-CNT meshes) were found to be superhydrophobic
and superoleophilic. Water advancing contact angles of 145-150° were determined for these
SS-CNT meshes in air and oil (gasoline, isooctane). Oil, on the other hand, completely wet
the SS-CNT meshes. This combined superhydrophobic and superoleophilic property
repelled water while allowed the permeation of oil. Filtration tests demonstrated efficien-
cies better than 80% of these SS-CNT meshes as the filtration membranes of the water-
in-oil emulsions. We have conducted quantitative analysis on the diameters of the oil
droplets in both the feed emulsion and the filtrate. Then, we have evaluated the issue of
water blockage and possible way to improve the filtration efficiency. Finally, the filtration
and blockage mechanisms are proposed.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Water-oil filtration can be achieved by using the superhydrop-
hobicity and superoleophilicity of porous materials that repel
water while allow the permeation of oil, respectively. As in-
spired by many natural plants, superhydrophobicity also
known as the Lotus effect [1,2], is generally defined if water
contact angle (CA) is larger than 150° and the sliding angle
is small, less than 5-10° [3]. Numerous studies have confirmed
that combination of microscopic and nanoscopic surface
topographies, along with low surface energy material give rise
to high water contact angle and low oil contact angle [3-7].
There is a significant research interest to test nanomaterials
[8] including carbon nanotubes (CNTs) [9-12], boron nitride
nanotubes [13], ZnO [14] and TiO, [15] nanowires, as the build-
ing blocks of superhydrophobic and oleophilic surfaces. For
example, a superhydrophobic surface was created via func-
tionalization of vertically aligned carbon nanotubes with a
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hydrophobic poly(tetrafluoroethylene) (PTFE) coating [10] or
a fluorocarbon film coating [11].

Combining the associated superhydrophobicity and super-
oleophilicity of nanomaterials, we think that it is possible to
construct filters that could separate water from oils and or-
ganic solvents. This can be achieved by coating nanomateri-
als on a supporting mesh. The superhydrophobicity of the
nanomaterials will repel water while the associated super-
oleophilicity allows oil to wet the nanomaterials and pass
through such a water—oil filter. However, the durability, and
stability of filters for such dewatering applications will de-
pend on the nanomaterials used. Both metals and ceramics
are usually preferred over polymeric membranes and cellu-
lose-based filters. Unfortunately, metal and ceramic based
filters need intensive modification to improve their hydropho-
bic and oleophilic properties. For example, nanostructured
copper mesh with a variety of treatments such as immersing
in NaOH and K;S,0g and subsequent modification with
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n-dodecanethiol [16], coating the surface with long-chain
fatty acids [17], and modification with poly(N-isopropylacryl-
amide) (PNIPAAm) [18] were demonstrated. Stainless steel
(SS) mesh coated with a rough surface of PTFE was also re-
ported [19]. Organic and polymeric modifiers, however, are
unable to withstand higher temperatures and conduct heat.
They are also not very resistant to aggressive liquids such
as selected organic solvents, salty, acidic or basic aqueous
solutions, common to many industrial emulsions.

CNTs are known as one of the stiffest materials on earth
due to their strong sp*-hybridized carbon tubular networks.
The tensile strength of CNTs is 10-20 times higher than that
of stainless steel while their Young’s modulus is about 5 times
higher [20-22]. With their density as low as 1.3-1.4 g/cm?, the
specific strength of carbon nanotubes can reach the value of
up to 46 M Nm/kg, more than 300 times higher than for steels
[20]. Furthermore, CNTs posses high thermal conductivity
(3500 W/mK) [23], and thermal stability between 350-600 °C
in air [24,25], making them exceptional for applications at ele-
vated temperatures. In addition, due to their chemical inert-
ness, nanoscale dimensions, and high aspect ratio, CNTs
are good candidates for applications in superhydrophobic
coatings [9-12] and hydrophobic membranes [16-19]. By com-
bining all these desired properties as well as its superhydro-
phobic and superoleophilic properties, CNT coating on
stainless steel (SS) mesh is applicable for water-oil filtration
[26]. Here, quantitative analysis on the diameters of the oil
droplets in both the water-oil emulsion and the filtrates is
conducted. The filtration mechanism of these CNT meshes
is then proposed.

Although many techniques have been used to produce
CNTs on various substrates [27-32], chemical vapor deposition
(CVD) techniques by either floating ferrocene-derived iron cat-
alyst [33] or thin film type catalyst [10,28], remain the most
popular. However, most of these CNTs were grown on flat (2-
dimensional) silicon-based substrates. In this article, we
report a relatively simple method to directly synthesize verti-
cally aligned multi-walled carbon nanotubes on the rounded
rods of a commercially available SS mesh. We show that
CNT-coated SS mesh exhibits superhydrophobicity and super-
oleophilicity, which is applicable for water-oil separation.

2. Experimental procedure

2.1. Growth of CNTs on SS mesh

Thermal CVD technique, as described in details in the previ-
ous publication [28], was used to grow CNTs on a 304 SS mesh
(325 x 325 mesh). The SS mesh was first cleaned in 12 M HCl
for ~10s and then rinsed with deionized water to remove
any possible oxide compound or contamination on the sur-
face. A 35nm thick Al,0s; film was then coated on the SS
mesh, followed by a 10 nm thick Fe catalyst film, by pulsed la-
ser deposition (PLD). The catalyst film was pre-treated with H,
for 10 min at 700 °C in the CVD furnace. It was followed by the
CNT growth by introducing 30 sccm (standard cm®/min) C,H,
with 120 sccm H, for 10 min. The CNT-coated mesh (SS-CNT)
was cooled down to a low temperature in Ar environment for
~1h before taken out from the furnace.

2.2 Contact angle measurements

Both advancing and receding (static) contact angles (CAs)
were measured for water drops placed on the sample surface
using a KRUSS-G10 goniometer according to the methodology
described previously [13,34]. The advancing and receding CAs
are the largest and smallest CA, respectively, measured for
the water droplet without increasing its base diameter. The
measurements of advancing (receding) CAs were carried out
several seconds after small portions of liquid were added
(withdrew) to increase (decrease) the volume of the droplet.
In this work, 5-8 measurements were carried out for both an-
gles. The average values and standard deviations are reported
in this work. During CAs measurements the samples were
either surrounded by laboratory air or immersed in oil (isooc-
tane, gasoline 87). All measurements were carried out at room
temperature (~22 °C) and the relative humidity of air was 20-
30%.

During the measurement, a drop of deionized water, with
a diameter of ~2 mm, was formed at the tip of the needle and
attached to the sample. The size of the droplet was increased
until the base of the drop expanded on the sample surface
and the advancing contact angle was measured several sec-
onds after the size of the drop base stopped expansion. After
5-8 measurements of advancing contact angle were com-
pleted, the size of the water drop was reduced, until its base
contracted, and the receding contact angle was measured.
The receding contact angles were measured only for selected
systems. Also droplets of isooctane (98%, Aldrich) and gaso-
line 87 (British Petroleum) were deposited on the SS-CNT
mesh. These droplets completely spread over the mesh with
near zero contact angles, indicating superoleophilicity of the
SS-CNT mesh. As the result, neither advancing nor receding
contact angles could be determined for these liquids.

2.3. Emulsion dewatering tests

For the filtration test, the water-in-oil emulsion was prepared
by adding 20 mL deionized water to 80 mL of either isooctane
or gasoline in a 250 mL flask (ratio = 1:4). In selected tests, a
viscous oil (bar & chain oil, distributed by Robert Gruny, Med-
ford, WI), virgin oil lubricant for chain saws was used. The
idea of using gasoline and chain oil, beside well-defined or-
ganic solvent (isooctane), is to test filtration capability of the
SS-CNT mesh on potential contaminated products collected
from water or soil after accidental spills. The mixture of lig-
uids was vigorously shaken for 2-3 min. Resulting emulsion
was left to settle for 1-2 min before conducting filtration test.
The 1-2 min sedimentation time was necessary for the largest
water droplets to deposit at the bottom of the flask. A drop of
emulsion was spread on a glass slide for microscopic exami-
nation. The size and distribution of the water droplets were
analyzed under an optical microscope.

A SS-CNT mesh was mounted between two glass tubes
having internal diameter of 8 mm and equipped with joints
and O-rings. The emulsion was supplied manually to the fil-
tration module using a 5mL pipette. In total, 20-50 mL of
emulsion was passed through the mesh. A flow rate during
the filtration test was estimated to be 10-20 mL/(min x cm?)
for isooctane- and gasoline-based emulsions. Effective area
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of the mesh during filtration was about 0.5 cm? Filtrate was
collected in a glass beaker and left for sedimentation for sev-
eral hours to determine amount of water that passed through
the mesh with filtrate. A drop of filtrate was also spread over a
microscopic glass slide for optical microscopy examination.
Microscopic images were analyzed and the number of pixels
covered by water droplets was then calculated using a MAT-
LAB program. The ratio of this number versus the total pixel
number of the image is taken as the volume concentration
of water droplets. This is based on the assumption that the
volume concentration of water droplet in the emulsion can
be statistically estimated by the 2D area as seen from the
microscopic image. On the other hand, the water droplet size
distribution was estimated manually by counting the number
of droplets at particular size from several microscopic images.

100um

In selected experiments, an electrical current was passed
through the SS-CNT mesh in order to investigate the temper-
ature effect on the filtration. In such experiments, only vis-
cous chain oil was used.

3. Results and discussion

3.1.  Properties of the SS-CNT Mesh

Stainless steel is not a popular substrate for the growth of
CNTs as there are not many successful examples [30,35] due
to the possible interaction of catalyst with the transitional
metals present in the SS composition. At the growth temper-
ature of CNTs, catalyst can easily diffuse into SS to form an
alloy. In order to eliminate this situation, a thin layer of

Intensity (a.u.)

1000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 1 - SEM images of (a) a bare SS mesh, (b) top view of CNTs grown on a SS mesh, (c and d) a cross sectional view of CNTs
grown on a SS mesh, (e) HRTEM image of a CNT, (f) Raman spectrum of the as-grown sample.
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Al,O5 film was first deposited on the SS mesh as the diffusion
barrier. Al,O3 diffusion barrier was also shown to be effective
for the growth of boron nitride nanotubes at temperatures as
high as 1200 °C [36].

Scanning electron microscopy (SEM) images of a bare SS
mesh and as-grown CNTs on a SS mesh are shown in
Fig. 1a and b for comparison. A forest of vertically-aligned
CNTs was deposited on the mesh as shown in the cross sec-
tional views in Fig. 1c and d. The height of the CNT forest is
estimated to be >5pum. Fig. le shows the image of high-
resolution transmission electron microscopy (HRTEM) for an
individual CNT from the mesh. The outer diameter was mea-
sured for several CNTs and found to vary typically from ~10 to
30 nm. Raman spectrum (Fig. 1f) reveals D, G and a shoulder
of D’ carbon peaks at 1325 cm™, 1578 cm~* and ~1605 cm™?
respectively, the characteristic peaks commonly recorded
for multi-walled CNTs [37,38].

3.2. Wetting characteristic of SS-CNT mesh

Flat stainless steel surface is poorly wetted by water with
advancing water contact angles (CAs) from 55-78°, depending
on the surface finish and cleaning [39-42]. On the other hand,
the advancing CA for water droplets placed on the bare SS
mesh in air was determined to be ~127° (Table 1). This value
was much larger than that of a flat surface as the result of
openings in between wires. The larger CA on SS mesh is
due to the smaller water droplet base area in contact with
the mesh wires. This is consistent to the relation described
by the Cassie-Baxter (CB) equation: [41] cosfyesh = fa (COSOss +
1) —1, where Opesh and 0ss are the contact angles measured on
the SS mesh and flat SS surface, respectively, and f, is the
fractional area of the drop base in contact with the mesh
wires. Based on the value of 0ss (~67°) and Ouesn (=127°), fa
was estimated to be ~0.29. However, according to the opening
geometry, the f, value for 325 x 325 mesh is between 0.68 and
0.77, depending whether an area of circular straight wire or a
projected area of the wire are taken into calculations. The
theoretical value of f, is much lower than that of the geomet-
rical analysis, suggesting that the overlapping and bending
wires in the mesh (Fig. 1a and c) reduce the actual contact
area between water and SS mesh. In fact, the CB equation ap-
plies to equilibrium contact angles. Since equilibrium contact
angles are impossible or difficult to measure for structured
substrates, advancing contact angles are often used instead.
Advancing contact angles more closely represent wetting
characteristic of materials than receding contact angles,
which are more sensitive to structural and chemical imper-
fections of the substrates.

Vertically-aligned CNTs produced a superior enhancement
of the hydrophobicity of the SS mesh. The advancing water
CA on the SS-CNT mesh was measured to be ~150° (Table
1). Carbon-based products such as graphite and graphene
are more hydrophobic than SS with water CA from 82-86°
[43]. For CNTs, water CAs as high as 150-170° were reported
[10,12]. Based on the CB equation, cosfss.cnt = fenT (COSOc + 1)
—1, where 0ss_cnt (=150°) and 6 (=82-86°) are the contact an-
gles measured on the SS-CNT mesh and carbon material
(graphite). The fcnr is estimated to be ~0.12. This value indi-
cates, as expected, that a water droplet has smaller contact
area with SS-CNT mesh than with SS mesh (as estimated ear-
lier, f, =0.29). Hydrophobicity and small diameters of CNTs
prevent water from penetration into less hydrophobic SS
mesh.

As shown in Table 1, suspension of water droplets in oil in-
stead of air did not significantly affect the CAs on both bare SS
mesh and SS-CNT mesh. We observed that water droplets
rolled off from the mesh surface easily in air or oil, indicating
on a very small sliding angle. The receding water CAs were
only a few degrees smaller than advancing water CAs (Table
1). As a comparison, the receding CAs on a SS mesh without
CNTs were always near zero value. Besides, a water drop-
let always pined on the bare SS mesh even it was put upside
down. These observations and measurements confirmed high
CA hysteresis for a bare SS mesh.

In addition, we found that droplets of isooctane and gaso-
line spread on the SS-CNT mesh and drained through the
mesh. This means the SS-CNT mesh is superoleophilic.
Although neither advancing nor receding contact angles
could be measured precisely for these liquids, the contact an-
gles zero or nearly zero value could be deduced from micro-
scopic observations and are results of superoleophilic
nature of the porous SS-CNT mesh.

3.3.  Water-oil filtration

After confirming the superhydrophobicity and superoleophi-
licity of our SS-CNT mesh, we then proceeded to the water—
oil filtration experiments. First, we found that water droplets
with the diameter of 3-7 mm can reside on the SS-CNT mesh
over a period of several hours, showing no sign of water pen-
etration through the mesh. This means, our SS-CNT mesh
maintain a stable superhydrophobicity.

Fig. 2 shows examples of water droplets suspended on the
SS-CNT mesh in air and immersed in isooctance. Similar re-
sults were observed for gasoline with water (not shown). Sev-
eral water-in-oil emulsion filtration tests were then
performed using the SS-CNT mesh. Gasoline was used as a

Table 1 - Advancing and receding contact angles (CAs) measured for water droplets on SS mesh and SS-CNT mesh in different

fluids (ND = not determined).

SS-CNT Mesh

Bare SS mesh

Surrounding fluid Water CA [deg]

Advancing [deg] Receding [deg]

Air 150+ 3 143 +6
Isooctane 147 +9 142 +5
Gasoline 87 145 + 4 ND

Surrounding fluid Water CA [deg]

Advancing [deg] Receding [deg]
Air 127 £ 5 <10

Isooctane 133+2 10-15

Gasoline 87 129+ 4 ND
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waler droplet

isooctane

Fig. 2 - Water droplets suspended on SS-CNT mesh in (a) isooctance, and (b) air. Water of different pH was colored with

methyl red.

continuous phase in the tests and water was dispersed in it at
a concentration from about 5-10 wt.%. Emulsions prepared
for a filtration test were opaque due to dispersed water. Diam-
eter of water droplets dispersed varied mostly from about 3 to
over 100 pm. Fig. 3 shows optical microscopy images for one
of the samples tested, together with droplet size distribution
diagram.

In a typical test, 20-50 mL of emulsion was effectively fil-
trated through the SS-CNT mesh. In selected experiments,
3.0-3.2 A current and 1.4-1.6 V were applied to the SS-CNT
mesh, which resulted in a raise of the mesh temperature to
120-150°C in seconds. In such experiments viscous chain
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oil was used instead of gasoline. The heating of the mesh
did enhance the kinetics of filtration, increasing at least 2-3
times the flow rate of viscous emulsion passing through the
mesh. However, the efficiency of dewatering was not signifi-
cantly improved.

After the filtration through the SS-CNT mesh, the amount
of water in the gasoline was significantly reduced. It was ob-
served that the efficiency of dewatering was influenced by the
water droplet size distribution in the feed emulsion, duration
of filtration, and height of emulsion column placed on the
mesh during filtration. Most of the experiments were carried
out using emulsion with the water content of above 7 wt.%,

Filtrate: de-watered
Gasoline (Water
concentration: ~1.5 wt %)

100.00 :
—_ J 1
R
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= .
o
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Fig. 3 - (a) Photographs of beakers with the water-in-oil feed emulsion and filtrate obtained during the filtration test. (b)
Histogram of the size distribution of water droplet. (c) Cumulative water droplet size distribution curves for the feed emulsion

and the product (filtrate).
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which was then reduced to less than 1.5 wt.% in the filtrate,
preventing ~80 wt.% of water to pass through the mesh as de-
scribed hereafter. As shown by the images in Fig. 3a, the fil-
trate contained smaller population of the water droplets.
Quantitative analysis of water droplet size distribution con-
firmed that the majority of the droplets in both the feed emul-
sion and the product (filtrate) are smaller than the size of the
mesh openings (~45 pm) (Fig. 3b).

The corresponding cumulative weight versus the water
droplet diameter is presented in Fig. 3c. To calculate the
cumulative weight, the respective weight percentage (wt.%)
was first calculated using the following formula:
wt.% = f‘”’XiP -100%, where n; is the number of the water
droplet§in’ certain diameter range i, p is the density of water,
and V; is the average volume of the droplet in the diameter
range i. The cumulative weight is the weight percentage at
particular diameter range plus the sum of the weight percent-
ages for droplets with smaller diameters. The blue curve in
Fig. 3c shows that the feed emulsion contained only ~20
wt.% of water as droplets with diameter <45 pm although
the number of such droplets are high as shown in Fig. 3b.

Fig. 4 - Optical microscopy images of the mesh used in
filtration test. Many openings of the mesh were covered
with microscopic size water droplets after filtration
suggesting entrapment and/or growth of water droplets in
openings during filtration. Possible mechanisms of
formation of such water “gates” are shown in Fig. 5.

K\Nater droplets Iarger\

Eighty wt.% of water droplets in the feed emulsion have diam-
eter larger than the size of mesh openings (>45 pm), which
will not pass through the SS-CNT mesh. On the other hand,
majority of water droplets (~70 wt.%) in the product (red
curve) had diameter smaller than openings in the mesh
(<45 pm), confirming that the mesh was unable to prevent
the pass of fine droplets.

Nevertheless, we also found that some water was trapped
on the SS-CNT mesh, blocking individual openings of the
mesh. Fig. 4 shows the image of the SS-CNT mesh taken
immediately after filtration test. A significant portion of the
effective area of the mesh was covered with water droplets
that were approximately the size of individual segments of
the mesh (Fig. 4). We also observed that partial removal of
water droplets smaller than the size of mesh openings could
occur, especially at the beginning of filtration and when low
flow rates were used. It is speculated that water droplets re-
pelled by CNTs may prompt to a coalescence process as sche-
matically shown in Fig. 5. However, enlarged water droplets
finally could cover individual openings of the mesh, reducing
the effective area for filtration as was reflected in a reduced

Water droplet

Fig. 6 - The associated hydrophobicity and oleophilicity of
CNTs on the SS-CNT mesh.

than the mesh opening
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Fig. 5 - Illustration of possible mechanisms during the filtration of water-in-oil emulsion that led to entrapment and

formation of microscopic water droplets in mesh openings.
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liquid flow rate observed in our tests. We think that water that
accumulated on the mesh could pass through the SS-CNT
mesh under hydraulic pressure and reducing the filtration
efficiency. The use of cross-flow filtration scheme that would
continuously remove water away from the filter could proba-
bly eliminate this problem.

Finally, the associated superhydrophobicity and super-
oleophilicity of CNTs on our SS-CNT mesh can be schemati-
cally illustrated in Fig. 6. This is a bottom-up view, looking
upward from the SS-CNT mesh to the water-in-oil emulsion
on top of the CNT tips. As shown, a water droplet (top sphere)
is in contact with the tips of CNTs. Since CNTs are hydropho-
bic, water is prevented from wetting the side walls of CNTs.
On the other hand, due to the oleophilicity of CNTs, oil sur-
rounding the water droplet will wet the side walls of CNTs
and propagate downward to the filter due to gravitation force.
This will allow the flow of oil on the side walls of CNTs and
finally pass through the SS mesh underneath as the filtrate.

4, Conclusion

We demonstrated a simple procedure to grow vertically-
aligned CNTs on 3-dimensional and flexible stainless steel
mesh by thermal chemical vapor deposition technique. The
as-fabricated SS-CNT mesh has the ability to dewater
water-oil emulsion. Based on our quantitative analysis on
the diameters of the oil droplets in both the feed emulsion
and the filtrate, we think that the filtration efficiency depends
on the initial droplet sizes of the oil in the feed emulsion.
Water blockage issues and the related mechanisms are dis-
cussed. We propose that successful use of CNTs in such
water-oil filtration is due to the fact that CNTs have higher
affinity to oil than to water due to the hydrophobic interaction
between oil molecules and the graphene sheets of CNTs.
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