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he separation of gas and water vapor
Thas become increasingly important

in the process industry for the control
of humidity,' removal of water vapor from
natural gas,” and protection of electronic
equipment? The conventional methods
of removing water vapor by hygroscopic
agents or cooling the feed air below the
dew point have drawbacks such as the
disposal of the used agents and require-
ment of a large amount of energy for the
gas-to-liquid phase change.* On the other
hand, the separation process by mem-
branes offers lower energy consumption,
ease of operation, and low capital/operating
costs.>> Various polymeric membranes
have been employed to selectively transport
water molecules from gas mixtures."®~8
Water vapor is a unique penetrant since
the polar nature enables it to hydrogen
bond with itself and interact strongly with
the polymer, leading to the permeability in a
range between 4.95 x 1072 and 2.82 x
107" (mol-m/m?-s-Pa)."”® The permeabil-
ity of other gases, such as N,, was very small
(198 x 107 "® t0 6.97 x 10~ '® mol-m/m?-
s-Pa). However, the capacity and lifetime of
polymeric membranes could be deterio-
rated by the plasticization and clustering of
polymers via interaction with water vapor
permeating through membranes.’

Both chemical selectivity and high flux
should be achieved by the separation
membranes.'® Advances in nanotechnol-
ogy enabled enhanced chemical selectivity,
but it is also important to achieve high
flux of permeates in spite of the significant
decrease in the pore size. The flow through
channel is inversely proportional to viscosity
(Hagen—Poiseuille flow regime) when the
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ABSTRACT

The separation of gas molecules and water vapor has become increasingly important for
electronic, energy, and environmental systems. Here we demonstrate a new mechanism of
enhanced condensation, agglomeration, and rejection of water vapor by superhydrophobic
aligned multiwalled carbon nanotubes with the intertube distance of 73 nm, channel aspect
ratio of ~5.5 x 10*, and tortuosity of 1.157. The array with the characteristic channel
dimension some 300 times greater than the target molecule size effectively suppressed water
molecular transport at room temperature with the selectivity as high as ~2 x 10° (H,/H,0).
The flow through the interstitial space of nanotubes allowed high permeability of other gas
molecules (2.1 x 10~° to 3.8 x 10~ mol-m/m?-s-Pa), while retaining high selectivity,
which is orders of magnitude greater than the permeate flux of polymeric membranes used for
the water—gas mixture separation. This new separation mechanism with high selectivity and
permeate flux, enabled by the unique geometry of aligned nanotubes, can provide a low-

energy and cost-effective method to control humidity.

KEYWORDS: aligned multiwalled carbon nanotube membrane - water vapor
filtering - permeability - selectivity

characteristic channel dimension is signifi-  *Address correspondence to
cantly greater than the mean free path SPaikemeskkuackr.
(MFP)."" The gas separation through mem-
branes is typically described by the Knudsen  and accepted June 19, 2012.
diffusion model where particle—surface X .
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collisions dominate over particle—particle 19 1021/nn3008756
collisions as the pore size becomes smaller
than the MFP.">™"> The permeability of gas ~ ©2012 American Chemical Society
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Figure 1. Gas permeability was characterized using the aligned MWNT membrane. (a) Schematic of the gas transport
measurement system. The nanotube membrane and filter holder are magnified in the inset. (b—d) Optical, SEM (JEOL,
JSM7500F), and TEM (JEOL, JEM2100F) images of aligned MWNTs.

molecules is proportional to the inverse square root
of the molecular weight (M) in the Knudsen regime.
A further decrease in the pore size comparable to
that of target molecules can lead to the size exclu-
sion by molecular sieves, resulting in a relatively
small permeability of about 6.2 x 107" to 54 x
1072 mol-m/m?.s-Pa.'s" '8

Here we report a new mechanism to separate water
vapor from gas mixtures using aligned multiwalled
carbon nanotube (aligned-MWNT) membranes. The
high surface roughness of the tube array induces
superhydrophobicity.'® Both theoretical and experi-
mental works previously demonstrated the fast mo-
lecular transport through inner space as well as on
the outside of nanotubes.'*'*'32°=23 The fast permea-
tion of water through submicrometer-thick mem-
branes made from graphene oxide was also recently
reported.?* The interstitial space between tubes
(~73 nm) was utilized in this study, without filling the
gap, to maximize the flow area for high flux of perme-
ates. The condensation of water vapor was significantly
enhanced by particle—tube collisions with the channel
aspect ratio of ~5.5 x 10* and tortuosity of 1.157. The
condensed molecules were agglomerated in the nano-
scale channel, protruded out of the array, and rejected
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by the superhydrophobic array as will be discussed
shortly. It is remarkable that the membrane with a
characteristic channel dimension of 73 nm could effec-
tively suppress the transport of water vapor. Various
polar and nonpolar gas molecules were also tested,
and the selectivity was as high as ~2 x 10° (H,/H,0).
The achieved permeability of single dry gases was
2.1 x 107°t03.8 x 10" mol-m/m?-s- Pa, which is orders
of magnitude greater than the permeate flux of polymeric
membranes used for water vapor separation."”?

RESULTS AND DISCUSSION

Figure 1a shows a schematic of the gas transport
measurement system. The permeability of single dry
gases as well as binary mixtures was characterized
using the nanotube membrane. The gas flow rate
was controlled by a pressure regulator (DRASTAR Co.
Ltd., DRASTAR 072), and Table 1 summarizes physical
properties of gases (H,, He, CH,4, NH3, Ny, CoH,4, O,, Ar,
and CO,) used in this study.>>?° The binary gas mixture
with water vapor was generated using a nebulizer
(HCT Co. Ltd., Aerosol atomizer 4810). Helium was
selected as a carrier gas due to the inertness, low
melting/boiling temperatures,” and non-adsorbing
nature on carbonaceous materials.®?° A pressure
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TABLE 1. Physical Properties of Dry Gases”

MW (g/mol)  kinetic diameters (D) (R)>>  absolute pressure (Pa)

H, 2 2.89 163,380
He 4 260 163,380
CH, 16 3.80 163,380
NH; 17 260 163,380
N, 28 3.64 163,380
GHq 28 3.90 163,380
0, 3 346 163,380
Ar 40 3.40 163,380
@, 4 330 163,380

viscosity (77) Knudsen number polarity

flow rate (sccm) ~ MFP (nm) (10 ° Pa-s)*®  (K,) of the channel ~ (Debye)

217 67 0.88 0.9 nonpolar

212 83 1.97 11 nonpolar
29 39 m 0.5 nonpolar
23 83 0.9 11 147
3.0 [y} 1.76 0.6 nonpolar
18 37 1.02 0.5 nonpolar
3.0 47 2.02 0.6 nonpolar
23 48 2.23 0.7 nonpolar
1.2 51 1.47 0.7 nonpolar

“Knudsen number and MFP were calculated under the actual experimental conditions (see Supporting Information for details). The pressure on the feed side and the flow rate
are also shown. The experimental conditions of He—H,0 mixtures are provided in Supporting Table S1.

sensor (DRASTAR Co. Ltd., DRA-S0030) was installed on
the feed side. A flow meter with a precision needle
valve (KOFLOC, RK 1200, 0.5—20 sccm) was also in-
stalled on the permeate side (see Supporting Informa-
tion for details). The permeate side was at atmospheric
pressure. The inner and outer diameters of the tube
were 4.7 and 7.8 mm (Tygon, R-3603). The tube fittings
including 2-way and 3-way valves were obtained from
Sang-A Pneumatic Company (maximum air pressure
~1 MPa). The distance from the nebulizer to the
nanotube membrane was 1.8 m, and the distance from
the nanotube membrane to the ball flow meter was
1 m. The temperature and relative humidity (RH) on
both feed and permeate sides were monitored using
hygro-thermometers (TECPEL Co. Ltd., DTM-321). The
capacitive-type polymer hygrometer can measure
RH of a variety of gas mixtures® over a wide range of
pressures since the saturated water vapor pressure
depends only on temperature.?® The size of a rectan-
gular sensing element was ~3.2 x 1.4 mm?, and the
top surface was smooth, as shown in an optical micro-
scope image (Supporting Figure S1). The experiments
were carried outina dry room at 21 °Cand less than 2%
RH as well as atmospheric ambient condition at ~27 °C
and ~48% RH.

The aligned MWNTSs were grown by thermal chemi-
cal vapor deposition,'®*"3? and synthesis procedures
are described in Methods. As shown in Figure 1b—d,
the average inner and outer diameters of nanotubes
were 6.7 and 10 nm with an average number of walls
of 5. The nanotube length was 4 mm. The tube array
(Figure 1b, 5 x 5 x 4 mm?) was surrounded by poly-
(dimethylsiloxane) (PDMS) to provide a clamping area
for the filter holder as shown in Figure 1a and Support-
ing Figure S2. PDMS did not infiltrate into the inter-
stitial space among tubes in the central region of the
array. Any attempt to open the tube ends or remove
catalyst particles was not undertaken. As shown in
Figure 1c, the tubes were not perfectly straight
and partially entangled. The average tortuosity (7),
the degree of curviness, was 1.157 obtained using
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representative SEM images over the entire length of
4 mm (Supporting Figure 53).33 The porosity, nanotube
areal density, and average distance between tubes
calculated based on a previously published protocol**
were 98.5%, 1.9 x 10'° cm~2, and 73 nm, respectively
(see Supporting Information). This intertube distance is
consistent with the previous reports'® and the obser-
vation from SEM images (Supporting Figure S3).
The channel aspect ratio based on the characteristic
channel dimension of 73 nm and tube length of 4 mm
was ~5.5 x 10%

Since the gap among tubes was not filled by PDMS,
the molecular transport primarily occurred through the
interstitial space rather than the inner holes of nano-
tubes. This resulted in a significantly larger flow area
and higher flux of permeates. As shown in Table 1, MFP
was on the same order of the characteristic channel
dimension, and the Knudsen number ranged between
0.5 and 1.1. It is likely that the gas molecules collide
with the tube surface at the very inlet region of the
array, leading to a higher possibility of gas-to-liquid
phase change of condensable molecules, such as
water, as will be discussed shortly. Amorphous carbon
deposits on the outer surface of nanotubes could be
observed in a TEM image (Figure 1d), and there was
a large D mode in the Raman spectrum of MWNTSs
(Supporting Figure S4a).3> The FT-IR analysis also in-
dicated the existence of oxygen-containing surface
functional groups (Supporting Figure $4b).3%3” This
could also partly contribute to the increase in the D
mode of the Raman spectrum.

Figure 2a shows the relative humidity on both feed
and permeate sides monitored for more than 14 h. The
experiments were carried out in a dry room at 21 °C
and less than 2% RH. Four different water partial
pressures were generated (30, 60, 90, and 100% RH)
using He—H,0 binary gas mixtures. The relative hu-
midity on the permeate side reached the steady
state in less than 2 h, although there was somewhat
of a fluctuation in the feed line due to the unstable
operation of the pressure regulator and nebulizer.
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Figure 2. Gas transport through aligned MWNT membranes. (a) Relative humidity on both feed and permeate sides was
monitored over 14 h. (b) Permeability of single dry gases and water vapor in binary mixtures. (c) Selectivity with respect to
H,0 (100% RH). (d) Comparison of permeability. The data obtained in this study and control data from literature are shown in
solid square and open symbols, respectively. B: Aligned MWNTs. Red circles: molecular sieves.'® '8 Green diamonds: carbon

nanotubes (inner holes).*'® Blue stars: polymeric membranes for water vapor separation.

Surprisingly, the relative humidity of permeate gas
mixture decreased as that of feed gas increased. The
mass of filtered water was calculated using the partial
pressure, temperature, volume flow rate, and psychro-
metric chart (Supporting Table S1). The mass of filtered
water was 9.12 mg (100% RH) during the 14 h opera-
tion, whereas the increase in mass of the PDMS-
surrounded aligned MWNT membrane was only
0.62 mg. We found that the mass increase in the
surrounding PDMS was ~0.57 mg, due to the water
absorption, in a control experiment carried out using
the PDMS membrane without nanotubes. This indi-
cates that most of the water molecules were rejected
by aligned MWNTs rather than adsorption. The de-
creasing relative humidity of permeate with increasing
relative humidity of feed gas also supports this hypo-
thesis. The mechanism for the rejection of water
molecules by the superhydrophobic aligned MWNTs
will be discussed shortly (Figure 3a).

Figure 2b shows the experimentally measured per-
meability obtained from the volume flow rate, thick-
ness of the membrane, flow area, and partial/total
pressures (Supporting equation S22). For gas—moisture
mixtures, the Dalton's assumption of ideal gas mixtures
was employed to calculate the permeability of each
component.®® The partial pressure of each component
was used to calculate the pressure drop, and the
volume flow rate of the whole mixture was used
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17,8

to obtain the permeability of each component (see
Supporting Information for details).'’ The permeability
of water was significantly smaller than those of other
polar and nonpolar gas species, and the selectivity was
as high as ~2 x 10 (Figure 2c, H,/H,0 100% RH). Three
molecular transport theories through membranes (size
exclusion, Hagen—Poiseuille, and Knudsen diffusion
theories) were compared with the experimental data
(Supporting Figure S5). None of them could explain the
significantly reduced permeability of water molecules.
The permeability of other gas molecules except water
was roughly proportional to the inverse square root
of M (Supporting Figure S5c). The trendline “M~%>" is
also shown as a guideline to data in Figure 2c. There
was no systematic trend in permeability with regard
to the kinetic diameter (size exclusion) or viscosity
(Hagen—Poiseuille theory).'® 8% The experimentally
measured permeabilities were significantly greater
than the predictions of Hagen—Poiseuille and Knudsen
diffusion theories (Supporting Figure S5b,c). The fast
transport of single dry gases (H,, He, CH4, N3, O,, and Ar)
through inner holes of carbon nanotubes, compared
with the Knudsen predictions, was also reported
previously.'*'”

Figure 2d compares the permeabilities obtained in
this study with those of molecular sieves,'®~'® carbon
nanotubes (inner hole transport),'*'> and polymeric
membranes.””® The aligned MWNTs demonstrated

\
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Figure 3. Mechanistic investigation of water vapor transport through aligned MWNT membranes. (a) Mass flow rate of
rejected water was investigated as the feed line and membrane were heated. Three different temperatures are denoted by
shaded regions (20.6, 31.7, 43.3 °C). (b) Reproducibility of three aligned MWNT membranes. (c) Comparison of water vapor
transport through PTFE, track-etched polycarbonate, and aligned MWNT membranes. (d) Effect of exhaust reservoir condition
on the relative humidity of permeate (dry condition, <2% RH and 21 °C, vs ambient condition, ~48% RH and ~27 °C).

extraordinary high permeabilities for gas species other
than water. For the polymeric membranes used for
water vapor separation, where the solution—diffusion
theory can be applied to describe the transport phe-
nomenon, water is a unique penetrant and other gas
molecules are retarded or rejected by the membrane.>®
The permeability of water was 4.95 x 102 t0 2.82 x
107" mol-m/m?-s-Pa, whereas that of N, was 1.98 x
107810 6.97 x 107'® mol-m/m?-s-Pa."”® The flux of
permeates of aligned MWNTSs (gas species other than
water) was 77—7800 times greater than that of perme-
ate of polymeric membranes (water).

Figure 3a shows the change in the mass flow rate of
rejected water as the feed line and membrane were
locally heated by wrapping the tubing with a far-
infrared flexible panel heater (Hansol DCS, Film heater
C08, 15 x 80 cm?). The relative humidity and tempera-
ture were measured using hygro-thermometers lo-
cated 5 cm both upstream and downstream of the
nanotube membrane. The relative humidity on the
feed side decreased with increasing temperature pri-
marily due to the increase in saturated water vapor
pressure.?” However, there was only a slight fluctuation
in the mass flow rate ratio of water to He on the feed
side, calculated using Supporting equations $16—S519,
demonstrating the stable operation of the nebulizer.
For the permeate side, the relative humidity did not
show any abrupt change and the temperature was
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almost constant at 20.8—21.1 °C throughout the
experiment. The mass flow rate of rejected water,
calculated every 2 h using Supporting equation S21,
decreased as the temperature of the feed line and
membrane was increased. The decreased relative
humidity of the feed gas and increased temperature
of aligned MWNTSs probably led to a decrease in the
condensation of water vapor at the nanotube mem-
brane and, therefore, a decrease in the mass flow rate
of rejected water.

The following three-step mechanism (condensation,
agglomeration, and rejection) is proposed for the
unique filtering of water vapor by the aligned MWNT
membrane. The first step is condensation. The adsorp-
tion isotherm of nanoporous carbon materials revealed
energetically unfavorable adsorption of water mol-
ecules on the hydrophobic carbon nanopores due
to the weak interaction.**~** The uptake typically
initiated at relative pressures (P/Py) of 0.4—0.6.2%%
The cluster-mediated adsorption of water molecules
was proposed since the chemical affinity of the cluster
becomes less hydrophilic or even hydrophobic.*?~**
A critical cluster size of 0.6 nm, corresponding to
octamers to decimers of water molecules, was sug-
gested in carbon nanopores.*>** The oxygen func-
tional groups at the surface, such as carboxyl (COOH),
hydroxyl (OH), and carbonyl (C=0), can also enhance
the adsorption of water molecules due to the tendency
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to form hydrogen bonds.*"*? In this work, the adsorp-
tion of water molecules would take place on top and
side walls of nanotubes. The water molecules in the
nanopore associate to form clusters on condensation
since they cannot form large gas clusters that are larger
than the pore size due to the geometrical restriction.*°
It is also possible that the surface functional groups,
confirmed by the FT-IR analysis (Supporting Figure S4b),
may enhance the condensation of water vapor. The
continuous supply of water molecules into a mem-
brane with a large channel aspect ratio and high
molecular selectivity, such as the flow system used in
this study, would increase the local concentration and
relative pressure of water which is favorable for the
water condensation.

The next step is agglomeration. The adsorbed mol-
ecules on the sidewall of nanotubes act as secondary
nucleation centers for the cluster growth.*? The grand
canonical Monte Carlo simulation demonstrated that
unit clusters (~0.7 nm) bridge each other to rapidly
grow the size of aggregates.*® In this study, the water
aggregates are laterally confined by the hydrophobic
nanotubes. The condensation study on hydrophobized
silicon pillars showed that the surface tension keeps
the aggregates reasonably spherical to grow upward
and protrude above the surface of pillars.** The macro-
scopic aggregates (i.e., droplets) also coalesced with
another neighboring top surface droplet*® or con-
densed water that remained between the pillars.*®
Considering the small gap size and high aspect ratio
of aligned MWNTs, the water molecule—surface inter-
action, condensation, and agglomeration would take
place near the tip of nanotubes, pushing the droplets
above the nanotube surface. Finally, the droplets are
rejected by the superhydrophobic aligned MWNTs.
The nanoscale needle-like tubes combined with the
low surface energy of carbon provided superhydro-
phobicity which could be utilized for the rejection
of water even from the surfactant-aided oil—water
mixtures.'® The Cassie—Baxter wetting regime would
be more appropriate, rather than the Wenzel-type
surface, to describe the droplet behavior on top of
aligned MWNTs considering the large aspect ratio of
channels.***” The droplets would easily move and fall
down from the superhydrophobic surface, aided by
gravity, since the tubes are aligned laterally in the
current experimental design. This unique mechanism
(condensation, agglomeration, and rejection) provided
remarkable filtering of water molecules with a kinetic
diameter of 0.265 nm by the aligned MWNT membrane
with a gap size of 73 nm while maintaining high
permeability of other gas molecules.

Figure 3b shows permeability measurements from
three different aligned MWNT membranes demon-
strating good reproducibility. The large selectivity with
respect to water vapor (feed gas: 100% RH in He) could
be obtained for all membranes. A control experiment
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without a nebulizer on the feed side and with an oil
bubbler on the permeate side was also carried out at
ambient conditions. The He—H,0O mixture (100% RH)
was generated by introducing He gas through a cy-
lindrical water reservoir. There was a significant de-
crease in RH when the He—H,0O mixture passed
through the nanotube membrane, and the result was
consistent with those of the experiments carried out in
a dry room (see Supporting Information for details).
The mechanical durability was good. Four samples out
of five tested aligned MWNT membranes endured at
the pressure difference of 303.4 kPa, which is the
maximum generatable pressure difference in the cur-
rent experimental setup (Supporting Figure S7). The
area of aligned MWNTs was 5 x 5 mm?. The mechanical
durability may be reduced if the membrane area
increases significantly. Therefore, a parallel array of
nanotube membranes may be required for scale-up
of the separation of water vapor.

The intertube distance of aligned MWNTs (73 nm)
makes it classified as a microfiltration (MF) membrane
(pore size: 50 nm to 50 m).*® Two polymer-based MF
membranes, a hydrophilic track-etched polycarbonate
membrane (Whatman #111103, pore size = 50 nm) and
a hydrophobic polytetrafluoroethylene (PTFE) mem-
brane (Advantec #J020A047A, pore size = 200 nm),
were tested under the identical flow condition, as
shown in Figure 3c. The permeate side relative humid-
ities of track-etched polycarbonate and PTFE mem-
branes were significantly greater than that of the
aligned MWNT membrane. The relative humidity of
feed gas was 100%. The static water contactangles and
physical properties of three membranes are compared
in Supporting Figure S8 and Table S2. The superhy-
drophobicity of the aligned MWNT membrane with a
contact angle of 155° is shown. The water permeability
of aligned MWNTs, compensating the difference in
the thickness of membranes, was also 3—4 orders
of magnitude smaller than those of polymer-based
MF membranes. This demonstrates the unique and
excellent behavior of condensation, aggregation, and
rejection of water vapor by aligned MWNTs.

As shown in Figure 3d, the experiments were carried
out in a dry room (<2% RH and 21 °C) as well as
ambient conditions (~48% RH and ~27 °C) to investi-
gate the effect of exhaust reservoir condition on the
relative humidity of permeate. The surrounding cham-
ber condition did not affect the relative humidity on
the feed side since it was separated by the nanotube
membrane from the permeate side. For the experi-
ment carried out in ambient conditions, the initial
relative humidity on the permeate side was 48% and
remained constant over 14 h. The water vapor on the
permeate side of the tube was not initially purged. This
could affect the measurement since the volume flow
rate was small, although the precise reason needs to be
investigated further. The steady-state relative humidity
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of permeate was 10.7% in the dry condition. It will be
interesting to investigate the effect of different gas
species, especially polar molecules, on the water con-
densation on the nanotube surface in the future.

CONCLUSION

In summary, the effective filtering of water
vapor by the interstitial space of aligned MWNTs,
whose characteristic channel dimension was some
300 times greater than the target molecule size, was
demonstrated in this study. A new separation mech-
anism of enhanced condensation, agglomeration, and
rejection of water molecules was proposed for the

METHODS

Synthesis of Aligned MWNTs. Aligned MWNTSs were synthesized
by thermal chemical vapor deposition in a horizontal quartz tube
furnace with an inner diameter of 29 mm. Detailed synthesis
procedures were published previously,'®*'*2 and a brief descrip-
tion is provided below. Sandwich-like catalyst layers, Al,O3 (30 nm)
and Fe (1 nm), were deposited onto a SiO, (300 nm)—Si wafer
using an e-beam evaporator. The areawas 5 x 5 mm? The furnace
was purged using Ar (150 sccm) for 13 min while the temperature
was increased to 760 °C. In the next step, H, (55 sccm) and Ar
(150 sccm) were supplied as etching and carrier gases for 10 min.
A mixture of C;H4 (25 sccm), H, (55 scecm), and Ar (150 sccm) was
then introduced into the tube furnace for 3.5 h to grow nanotubes
with an average length of 4 mm. Finally, the reactor was cooled to
room temperature.

The nanotube array was surrounded by PDMS to provide a
clamping area for the filter holder (Supporting Figure S2). First,
the array was placed at the center of a Petri dish with a diameter
of 60 mm, and a mixture of prepolymer solution (PDMS, Sewang
Hitech Silicon, Sylgard 184A) and curing agent (Sewang Hitech
Silicon; Sylgard 184B) in a 10:1 weight ratio was poured around
the tube array. The height was carefully controlled not to cover
the top of the nanotubes. The aligned MWNTs surrounded
by PDMS were then cured at 60 °C for 3 h followed by the
detachment of the SiO,—Si substrate. The interstitial space
among tubes in the central region of the array was not blocked.
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