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ABSTRACT: Traditional protective garments loaded with activated
carbons to remove toxic gases are very bulky. Novel graphene oxide
(GO) flake-based composite lamellar membrane structure is being
developed as a potential component of a garment for protection
against chemical warfare agents (CWAs) represented here by
simulants, dimethyl methyl phosphonate (DMMP) (a sarin-simulant),
and 2-chloroethyl ethyl sulfide (CEES) (a simulant for sulfur
mustard), yet allowing a high-moisture transmission rate. GO flakes
of dimensions 300−800 nm, 0.7−1.2 nm thickness and dispersed in
an aqueous suspension were formed into a membrane by vacuum filtration on a porous poly(ether sulfone) (PES) or poly(ether
ether ketone) (PEEK) support membrane for noncovalent π−π interactions with GO flakes. After physical compression of such a
membrane, upright cup tests indicated that it can block toluene for 3−4 days and DMMP for 5 days while exhibiting excellent water
vapor permeation. Further, they display very low permeances for small-molecule gases/vapors. The GO flakes underwent cross-
linking later with ethylenediamine (EDA) introduced during the vacuum filtration followed by physical compression and heating.
With a further spray coating of polyurethane (PU), these membranes could be bent without losing barrier properties vis-a-̀vis the
CWA simulant DMMP for 5 days; a membrane not subjected to bending blocked DMMP for 15 days. For the PEEK-EDA-GO-PU-
compressed membranes after bending, the separation factors of H2O over other species for low gas flow rates in the dynamic
moisture permeation cell (DMPC) are: αH2O−He is 42.3; αH2O−N2

is 110; and αH2O−ethane is 1800. At higher gas flow rates in the
DMPC, the moisture transmission rate goes up considerably due to reduced boundary layer resistances and exceeds the threshold
water vapor flux of 2000 g/(m2·day) that defines a breathable fabric. This membrane displayed considerable resistance to permeation
by CEES as well. The PES-EDA-GO-PU-compressed membrane shows good mechanical property under tensile strength tests.

KEYWORDS: multilayer graphene oxide film, composite barrier membrane, chemical warfare agents, breathable fabric,
diamine cross-linking, good mechanical properties

1. INTRODUCTION

Novel materials and material structures have been investigated
as a protective fabric/barrier for total protection from chemical
and biological threat (CBT) including chemical warfare agents
(CWAs).1,2 The protective fabric should be breathable3 and
have excellent mechanical properties.
Traditional garments to protect against CBT use a high

loading of sorbents, e.g., activated carbons, and are very bulky.
Metal−organic frameworks (MOFs) having high surface areas
and pore volumes are being explored for efficient CWA
removal.4 Such approaches target detoxification of the CWAs
to prevent penetration for an extended time. Advanced highly
ordered materials and nanomaterials that prevent penetration
but are lightweight, flexible, and have high breathability are of
particular interest. Graphene (GR)- and graphene oxide (GO)-
based film structures are highly moisture permeable and almost
impermeable to small gases;5 these may block CWAs.
One-atom-thick, single-layer GR has a two-dimensional

(2D) structure. The GR platelet aspect ratio is very high. Large
amounts of GR in the form of GO can be made by Hummers’

method.6 However, reduced GO (rGO) so produced using
different chemical agents yields only a GR-like structure but
not the original GR. Spray coating of a dispersion of GO
crystallites in water (produced by sonication7,8) on a Cu foil
(with a small aperture) produced a 0.1−10 μm thick GO film,
which had a high-moisture permeance, allowed traces of He in
the presence of moisture but was almost impermeable to gases
H2, N2, Ar, and ethanol.5 Apparently, through GO nano-
capillaries between closely spaced GR sheets, water monolayers
flow but prevent other gases/vapors from flowing especially
under reduced humidity. Separation studies using GO, rGO,
and ultrathin GO membranes show: low gas permeability
strongly affected by the presence of intercalated water;9

isopropyl alcohol vapor permeability is strongly reduced in
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contact with water;10 composite membranes of GO nano-
platelets show antibiofouling in wastewater treatment;11 GO
membranes on a ceramic hollow fiber exhibited selective water
permeation over organics.12

To develop a CWA-rejecting membrane, recognize: a highly
permeable poly(1-methylsilyl-1-propyne)-supported one-layer
GR sheet via a chemical vapor deposition (CVD)-yielded a
defective barrier.13 Several-layered GR films had high O2-N2
selectivity; increasing layers decreased O2 permeability.
Defective GR sheets were irregularly aligned creating gas-
permeable slit-like size-distributed interlayer spacing (as in
carbon molecular sieve membranes, 0.355 nm average;
graphitic layers, 0.335 nm).13

The GO membrane preparation method (vacuum filtration,
direct evaporation, and spray and spin coating13) and
interlayer spacing are important. The interlayer spacing of
GO membranes can go up to 1 nm;5 recent studies14 show that
it can attain 1.1−1.2 nm at 100% relative humidity (RH). A
study15 on water vapor transport through ultrathin GO
membranes by grazing incidence X-ray scattering in air
dehumidification experiments reveals interesting features:
water vapor absorption follows a modified Kelvin equation
revealing condensation in an elastic slit; GO interlayer
distances vary between 7.2 and 11.5 Å depending on partial
water pressures in the feed and the permeate; interstitial water
quantity dictated by water partial pressure governs GO
membrane performance.
The permeation of gases, e.g., CH4, N2, O2, CO2, and butane

along with water vapor was studied16 with RH variation
through thin GO membranes supported on a porous Al2O3
membrane. Layered GO membranes at RH = 0 are essentially
impermeable to small gases but allow H2O vapor to go
through. Under high humidity,13 CO2/N2 selectivity of ∼20
was due to interaction with polar groups in GO. The transport
of small gases, e.g., H2, He, CO2, N2, O2, depended on the
degree of interlocking within the stacked GO structure. A heat
treatment at 130−140 °C led to irreversible pore formation.
There is limited information on the transport of larger

molecules, e.g., toxic gases/vapors and CWAs. The GR−
elastomer bilayer structure consisting of a prestacked planar
multilayer GO film on a prestretched elastomeric substrate was
studied17 for protection against organic solvents [e.g., hexane,
chloroform, and trichloroethylene (TCE)] as well as for
functioning as a sensor and subsequent actuation. GO
membranes were studied as water-breathable barrier layers
for the personal protective equipment18 by measuring
permeation of environmental toxicants, TCE and benzene.
Another reference19 demonstrated ultrabreathable and protec-
tive properties of membranes having sub-5 nm pores
developed using carbon nanotube (CNT) pores; no toxic gas
transport was studied.
A major transport pathway through ultrathin GO mem-

branes was dimensionally selective structural defects in the GO
flake instead of interflake spacing δgap (Figure 1).20 High H2
selectivity over CO2 or N2 was observed. H2 and He
permeances decreased exponentially with membrane thickness
(1.8−180 nm) via high tortuosity (Figure 1). The structural
defects rejected CO2: selectivity αH2−CO2

was 25020 at 100 °C;
under pressure water permeance decreased drastically for rGO
membranes.5

Multiple GO layers mask the effect of inevitable structural
defects in GO flakes. The three dimensionality introduced by

OH, COOH, and epoxy groups on a flake increases δgap to 1.2
nm.14 Raman spectroscopy21 and atomic force microscopy22

were used to estimate the GR layer thickness, the membrane
thickness, and the number of layers. Thermally reduced GO
was studied23 by imaging ellipsometry. The X-ray diffraction
(XRD) technique of Liu et al.14 is preferred for estimating the
interlayer gap.
Functional group density in a GO flake is limited except at

the highest oxidation levels and is likely to be present at the
edges. The valence shell of sp2-hybridized carbon atoms in a
GR sheet possesses three σ electrons and one π electron. In a
GO flake, the density of the π electrons will be high.
Sulfonated poly(ether ether ketone) (PEEK) macromolecules
are noncovalently adsorbed on the GR surface via π−π
interactions.24 Any GO flake on a porous polymer surface will
stick if there is a π−π interaction; the substrate polymer should
preferably have π electrons. We selected porous substrates of
poly(ether sulfone) (PES) and PEEK to build a lamellar
structure of GO flakes. We made barrier membranes of GO
flakes blocking CWA simulants, e.g., dimethyl methyl
phosphonate (DMMP) (a sarin-simulant for calibration of
organophosphorus detectors), 2-chloroethyl ethyl sulfide
(CEES) (the simulant for sulfur mustard) yet allowing high-
moisture vapor transport. There is no such study. We
characterized their permeation properties for a few gases and
toluene vapor. Such barriers should be breathable, flexible,
bondable to a porous substrate membrane, and be usable in a
fabric.

2. METHODS AND MATERIALS
2.1. Chemicals and Gases. Single-layer graphene oxide (GO)

flakes made by the modified Hummers’ method were from Cheap
Tubes (Grafton, VT). The GO dimensions were 300−800 nm with a
thickness of 0.7−1.2 nm. GO flakes were also obtained from Angstron
Materials (Dayton, OH): the GO flake dimensions were ∼7 μm with
2−3 nm thickness. Sodium dodecyl sulfate (SDS) (ACS reagent,
≥99.0%), ethylenediamine (EDA) [puriss. p.a., absolute, ≥99.5%
(GC)], and DMMP (97%) were bought from Sigma-Aldrich.
Polyurethane (PU) spray was from Minwax (Minwax fast-drying
semigloss oil-based polyurethane: Minwax, Upper Saddle River, NJ).
Methanol (GR ACS) was bought from EMD Millipore (Billerica,
MA). Gas cylinders of He, N2, and ethane were from Airgas
(Piscataway, NJ). CEES was obtained from Millipore Sigma (97%).

2.2. Support Membranes and GO. The poly(ether sulfone)
membrane (Sterlitech, Kent, WA) was earlier selected as the substrate
because of its benzene rings, which can develop noncovalent π−π
interactions with graphene. Later studies explored a flat microporous
PEEK membrane (200 nm pore size)24 (Sterlitech) as the support. It
has high organic resistance; PES has much less. Membrane parameters
are shown in Table S1.

2.3. Preparation of GO Flake Suspension. Initially, 4 mg of the
GO powder was added to 40 mL of deionized (DI) water (the use of
20 mL was also explored); 16 mg of SDS (4 mg SDS/mg of GO) was
added as a dispersant. Different GO amounts, 1, 2, and 3 mg, were
used for specific experiments. Later, it was found that 3 mg of SDS/
mg of GO was enough for a good dispersion. The ultrasonication was
employed until a clear dispersion was obtained. The ultrasonication

Figure 1. Possible permeation routes through defects in a GO
laminate of individual flakes.
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time was increased from 15 to 60 min to get a more uniform
dispersion. However, this led to a dispersion, which became too
warm, which could affect the substrate structure. Therefore, the time
was reduced to 45 min; the suspension was allowed to cool down to
room temperature for 5 min. For our studies reported here, 45 min
ultrasonication time was used.
2.4. Un-cross-Linked GO Membrane Preparation on the PES

Support Membrane. The PES membrane was placed on a vacuum
filter holder (Fritted Support Assembly, 47 mm, VWR, PA). The
suction filtration was carried out to remove water and SDS completely
(wash several times with DI water until no foam was observed in the
exhaust pipe). A long neck dropper was used to add water slowly and
carefully to avoid flushing the GO layers away when washing it to
remove the SDS. The membrane surface appeared to be smoother.
This will indicate that the membrane structure is more uniform
suggesting that the GO layers are likely to be stacked in a more
orderly fashion (Figure 1) to reduce the number of large defects. It
was more difficult to prepare a clear dispersion with GO from
Angstron Materials compared to that with GO of smaller dimensions
from Cheap Tubes; much more SDS had to be added. After filtration,
the membrane was taken out and slowly dried in an oven in N2 at 40
°C.
2.5. Cross-Linked GO Membrane Preparation on the PEEK/

PES Support Membrane. While retaining the permeation proper-
ties of the GO membrane, the membrane still needs to be
mechanically stronger and more ductile for purposes like making
clothes. EDA was selected as the cross-linking agent with GO.25 The
corresponding membrane making process was as follows.
The GO powder (8 mg) was added to 100 mL of deionized water;

16 mg of SDS was added as the dispersant. The ultrasonication was
used until a clear dispersion was obtained. Then, 6 g of EDA was
added to 40 mL of cold deionized water, and then more cold water
was added to lower the temperature of the solution. The reason for
keeping the solution cold was to prevent an observed increase in
viscosity due to the potential lowering of critical micelle concentration
of SDS and the corresponding micellization in the presence of amines.
The diamine solution was slowly mixed with GO dispersion with
stirring.
Then, the substrate hydrophobic PEEK membrane was placed on

the vacuum filter holder and was fixed. Several drops of methanol
were added to the hydrophobic PEEK membrane to wet it. Next,
suction filtration was carried out to remove all the water and SDS
(wash several times with EDA solution with the same concentration
in case EDA might be washed away during this process, until no foam
can be observed in the pipe); this usually took 2−3 days.
The membrane was then taken out and slowly dried in an oven in a

N2 atmosphere at 40 °C. The membrane was subjected next to
physical compression (see Section 2.6). Then, the membrane was put
back into the oven at 80 °C for an hour to create cross-linking with
the amine between various functional groups sticking out of the edges
of GO flakes. In the end, a polyurethane coating (∼2 μm thick) on
top of the GO membrane was developed via spray coating. An hour
gap was provided after coating each time with a total of three coats.
Next, the membrane was dried slowly for 48 h before testing. Such
membranes were designated PEEK-EDA-GO-PU. The PU-coated
side faces the feed gas/vapor during experimental permeation studies.
This method was also carried out with the PES substrate

membrane instead of the PEEK substrate membrane. The only
difference with the above-mentioned procedure was that the step
involving the wetting of the membrane with methanol was not needed
with the PES substrate. Such a membrane was designated as PES-
EDA-GO-PU. A graphical illustration of the fabrication procedure
ending with a polyurethane coating is provided in Figure S1
(Supporting Information, SI).
2.6. Compression of GO Membranes. In the GO membranes

prepared, GR flakes are not all stacked horizontally. Instead, they
stack at an angle increasing the gap between GO layers and let more
gases/vapors go through. The GO membranes prepared were
therefore often subjected to physical pressure-based compression
using a tableting machine (model 3853-0, CARVER, Inc., Wabash,

IN) for 2 min. This compression was done with the membranes in
steps for membrane making described under Sections 2.4 and 2.5.

2.7. Thickness Measurement and Fourier transform infra-
red (FTIR) Characterization. Research was conducted on
measuring both the thickness of the GO membrane and the thickness
of the interlayer. Scanning electron microscopy (SEM) [(1) JSM-
7900F field emission SEM, JEOL USA, Inc.; (2) LEO 1530VP-Zyvex
Nanomanipulator System/Cryo-system, Zeiss, Thornwood, NY] and
transmission electron microscopy (TEM) (Hitachi H-7500) were
used to determine the GO membrane thickness and its interlayer
morphology. An Empyrean multipurpose diffractometer with a
PIXcel1D detector (Serial 202627, PANalytical) was used to obtain
the spectra of GO membranes on the PES support as well as the
PEEK support membrane. XRD patterns of samples were scanned by
Cu K(α) radiation (λ = 1.54 Å, 40 mA, 45 kV) from 5 to 60° of 2θ,
step size = 0.0260° (2θ) to provide guidance on different values of the
interlayer gaps. The samples for XRD were kept in closed sample
containers but were exposed to the XRD equipment environment. For
FTIR (Agilent Cary 670 FTIR Imaging Microscope, Agilent, Santa
Clara, CA) spectra of samples, 32 scans were taken for each sample
over a range of 6000 to 400 cm−1 with a resolution of 4 cm−1.

2.8. Gas Permeation Setups and Permeability Measure-
ments. The gas permeation apparatus using crossflow and based on
the concept of the dynamic moisture permeation cell (DMPC)26 is
shown in Figure S2. A pressure gage was added to each of the feed
side inlet and sweep side inlet to ensure that the pressure difference
between the two streams was very low. Mass flow controllers were
used at the feed inlet, the sweep inlet, and the sweep outlet. The
membrane area in the cell was 7.07 × 10−4 m2. More details are
provided in Section S.1, SI.

Permeability measurement studies for dry N2 permeation were
made through a GO membrane using a thermal conductivity detector.
In addition, a flame ionization detector (FID) was used also for
permeation measurements of organic gases/vapors. Details for
permeability measurement of He and water vapor at 25 °C are in
Section S.1. The humidity of the feed gas was usually around 96%.

Permeation rate measurements carried out initially with un-cross-
linked and cross-linked GO membranes utilized a low gas flow rate of
20 cm3/min for both feed and sweep gas streams on two sides of the
membrane. These experiments involved determination of perme-
abilities of N2, He, and ethane along with that of moisture. When
individual permeabilities of N2 and ethane were determined with N2
or ethane as the feed gas, the humidifier was detached from the setup.
So, there was no moisture in the feed gas. He was used as the sweep
gas. When moisture permeability was being determined, N2 was
humidified and passed on the feed side and He on the sweep side. No
N2 permeability measurement was made in such runs by the gas
chromatograph (GC).

It is known that boundary layer resistances are quite important;26

therefore, gas flow rates on both sides of the membrane were
important. The effect of gas flow rate variation on individual gas
permeation rate was also examined for the transport of moisture and
N2 at flow rates of 20, 50, 100, 200, and 500 cm3/min (same value on
both sides).

Equation S.1 in the SI defines gas/vapor permeance of species i:
(Qim/δm).

27,28 Using individual gas species permeances, one can
define a separation factor between species i and species j

(Q / )

(Q / )ij
i i

j j

m m

m m
α

δ
δ

=
(1)

Permeation studies were also made using the “upright cup
method”29,30 (Figure S3 and Section S.2), which employs diffusion
without any bulk flow resulting in high boundary layer resistances.

The CEES permeation testing was conducted to determine barrier
properties against a chemical warfare agent simulant. The testing was
conducted per ASTM F 739-12. A swatch was cut and placed within a
1 in. diameter Pesce PTF 700 permeation cell. Dry air at 300 mL/min
was applied countercurrently above and below the test swatch. CEES
was fed from a saturator cell at a rate necessary to achieve 300 mg/m3.
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The test was terminated when the steady state was reached and the
permeate and retentate stream concentrations equaled the feed
concentration accounting for the dilution in the permeate.
2.9. Tensile Strength Measurements of GO Membranes.

Tensile strength tests were carried out using the Instron model 3342
Testing System (Instron, Norwood, MA). Samples were cut into 10
mm × 30 mm rectangular strips and were held in the testing machine
sample holder. The load was slowly increased to get the tensile stress/
strain plots. The slope of the stress−strain curve is Young’s modulus.

3. RESULTS AND DISCUSSION

3.1. Un-cross-Linked GO Membranes on PES: Thick-
ness Measurement and Compression. A number of
membranes were made by vacuum filtration of a GO slurry
on a porous PES support membrane. A series of GO
membranes were prepared using the process Section 2.4, but
with different amounts of GO in dispersion (with 1, 2, 3, and 4
mg of the GO powder) all other conditions remaining the
same. A few such membranes are shown in Figure S4. As the
GO concentration decreases, the color of the membrane
became less dark.
The thicknesses of this series of GO membranes were

measured by SEM; the micrographs are shown in Figure S5.
Figure S5a−d corresponds to membranes made with 4, 3, 2,
and 1 mg of GO. As the GO content decreases, the membrane
thickness decreases (the color becoming lighter, Figure S4).
The left-hand side of Figure 2 shows the cross-section of a

GO flake-based membrane structure for a 4 mg GO-based
membrane obtained by SEM. From the calculations for the
average gap between the consecutive GO laminate layers
shown in Section S.3 (SI) along with Figure S6 for GR, it
appears that the average gap between the consecutive GO
layers is ≈2.21 nm for the 4 mg GO-based membranes. What
happens to this value when the 4 mg GO-based membrane is
compressed is shown in a SEM on the right-hand side of
Figure 2. The irregular stacking and the gaps between layers
were decreased; the thickness is reduced to 2.16 μm. For the 4
mg based GO membrane subjected to compression, the
average gap distance between layers should then become 2.16
μm/5400 ≈ 0.4 nm since calculations in Section S.3 indicate
5400 layers in this membrane.
One can use XRD to explore the gap distance14 between

consecutive layers of GO in such membranes, which were not
subjected to compression. Figure 3 provides the XRD patterns
for both 2 and 4 mg GO-PES membranes showing a diffraction
peak at 2θ = 18.20°, which corresponds to an interlayer
spacing of about 0.49 nm. The 4 mg GO membrane has
another peak, which appears at 2θ = 9.05°; the corresponding
interlayer distance calculated for this 4 mg sample is 0.978 nm.

Different peaks in the interlayer spacing of this GO
membrane result from the disorder that exists in the as-formed
GO-PES membrane. The disorder increases as the membrane
thickness increases. The 2 mg membrane hardly shows much
XRD intensity for the larger gap of 0.978 nm due to a lower
level of disorder. The sharp peaks located from 25 to 60° all
belong to the PES substrate.

3.2. Gas Permeation Behavior of Un-cross-Linked GO
Membranes. Gas/vapor permeation tests were run with the
un-cross-linked GO membranes shown in Figures S4 and S5.
The permeances of various gases and vapors obtained are
shown in Table 1. Figure S7 graphically illustrates the relation
between species permeance and the membrane thickness for
He, N2, an organic vapor (C2H6), and water vapor (data
collected with the 20 cc/min gas flow rate on two sides of the
membrane in the DMPC cell.) The effect of the feed and the
sweep gas flow rate will be considered later. Note that there
was no moisture in the system for N2, ethane, and He.

Figure 2. Left-hand side SEM micrograph shows the layer by layer structure of the 4 mg based GO membrane; the right-hand side SEM
micrograph shows the cross-section of the 4 mg based GO membrane after compression.

Figure 3. XRD scans of a 4 and a 2 mg GO-based membrane on a
PES substrate; these membranes were not subjected to compression.

Table 1. Species Permeancesa with PES Substrates for
Different Un-cross-Linked Membrane Thicknesses Due to
Different GO Amounts for Several Gases/Vapors

permeance [×109 mol/(s·m2·Pa)]

usage of GO (mg) thickness (μm) He N2 ethane H2O

4 11.92 5.0 3.1 1.4 226
3 8.01 7.1 3.3 1.7 152
2 1.46 20.0 5.1 2.8 149
1 0.84 46.1 18.5 15.9 128

aData taken with the 20 cm3/min gas flow rate on both sides of the
membrane in DMPC.
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It is clear from Table 1 and Figure S7 that gas permeance
drops with the increasing membrane thickness for all species
except water vapor. Also, the larger is the kinetic diameter of
the gas/vapor, the lower is its membrane permeance with
ethane possessing the largest kinetic diameter having the
lowest permeance. Water vapor permeance has a unique
behavior, as it does not show a clear relation with the
membrane thickness except it appears to be significantly higher
for the 4 mg membrane. We postulate that higher membrane
thicknesses resulting from higher GO usage would lead to a
higher level of disorder between the consecutive layers (as
shown in Figure 3). Water monolayer transport5 through GO
nanocapillaries of larger dimensions between closely spaced
GR sheets would therefore be enhanced. The permeation rates
of the three gas species studied were quite low. Since there was
no moisture during their permeability measurements, their
permeances decreased as the layer numbers increased with an
increase in the membrane thickness.
Remarkably, the permeance of water vapor is much higher.

At the highest membrane thickness, the water vapor
permeance is more than 150 times that of ethane. It is
expected that when larger size organic vapors appear,
extraordinarily high selectivity for water vapor will be achieved
and probably the larger organic vapor species may be blocked.
With the 4 mg GO membrane, the separation factors of H2O
over various other species calculated using mole-based
permeances are as follows: αH2O−He is 45.2, αH2O−N2

is 72.9,

and αH2O−ethane is 161.4.
After compression of the un-cross-linked GO membrane, the

irregular stacking and the gaps between layers were decreased.
The modified process described in Section 2.5 without cross-
linking and PU coating was used here with 8 mg of GO
powder with 80 mL of DI water and 24 mg of SDS to make the
membrane. Those changes also led to a longer time of washing
to remove the SDS (about 10 days). The presence of SDS in
the interlayer region increases the interlayer gap leading to
potentially reduced selectivity of water vapor vis-a-̀vis larger
species. The SEM pictures of these membranes are shown in
Figure 4.
The compression of the un-cross-linked GO membranes

leads also to somewhat lower permeances of various gases/
vapors, as shown in Table 2. For comparison, the data on 4 mg
membranes without compression are shown also in Table 2 at
the beginning.
Two separate tests were run using the upright cup method

with water and toluene for 5 days using the 4 mg based
membrane (see Figure 5a and Table S2). Note: for each pure
liquid in the cell, it is a separate run even though we are

showing the results for two liquids in the same Figure 5a and
Table S2. It can be easily calculated that water vapor
permeance is ∼1.3 × 10−7 mol/(s·m2·Pa) (similar to that in
Table 2), while for toluene, the membrane is nearly
impermeable. But the 4 mg GO membranes with compression
did not totally block toluene. It appears that a significant mass
loss with toluene starts showing up after 3 days. Figure 5b and
Table S2 also show the corresponding data for 8 mg
membranes. A significant mass loss with toluene starts
appearing somewhat later after 4 days. Mass loss results
shown in Figure 5c and Table S3 employed upright cup
method tests for the 8 mg GO-based membranes prepared via
Section 2.4 on the PES support membrane for DMMP and
water in separate experiments as test liquids. It appears that the
mass loss with DMMP is vanishingly small even after 5 days. A
linear mass loss for water vapor can be observed in all plots in
Figure 5.
The kinetic diameter for toluene is 0.65 nm and DMMP is

0.57 nm.31 They are both larger than 0.4 nm, which is the
estimated average gap distance between GO layers after
compression (further details on the interlayer gap will be
provided soon). The visible mass loss for toluene after 4−5
days resulted from poor chemical resistance of PES against
aromatic hydrocarbons. Toluene swells PES, destroying its
structure and causing leakage to occur earlier than that for
DMMP. After taking the membrane out of the cell, we
observed that the substrate membrane was essentially almost
ruptured by swelling with toluene, which affected the stability
of the GO layer on its top. This suggested the use of the PEEK
substrate.

3.3. Cross-Linked GO Membrane. FTIR was used to
identify the cross-linking in the GO membrane. As shown in
Figure 6, the C−N stretching mode line around 1050 cm−1 is
somewhat weak but shows the characteristic absorption lines of
EDA−GO cross-linking. Other relevant peaks correspond to
alkoxy (C−O) at 1029 cm−1, carboxy (C−O) at 1377 cm−1,

Figure 4. SEM micrograph of the cross-section of the compressed 8 mg GO membrane on PES support after washing for 1 week (left side) and 2
weeks (right side) (thickness: left: 4.53 μm; right: 3.78 μm).

Table 2. Gas/Vapor Permeancesa of Compressed 4 and 8
mg Un-cross-Linked GO Membranes by DMPC

permeance
[×109 mol/(s·m2·Pa)]

usage of GO (mg) thickness (μm) He N2 ethane H2O

4 (without compression) 11.92 5.0 3.1 1.4 226
4 2.16 3.8 1.8 1.0 172
8 (1 week washing) 4.53 2.5 1.2 0.81 154

aData taken with 20 cm3/min gas flow rate on both sides of the
membrane in DMPC.
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and N−H at 1560 cm−1. The peaks of the substrate membrane
of PES are quite strong. A photo of the PEEK-supported cross-
linked GO membrane developed using the process described
in Section 2.5 is shown in Figure S8.
The mechanical property of this membrane was greatly

improved by cross-linking. As shown in Figure 7, it can be
rolled or bent multiple times without showing any cracks; this

was not possible earlier. The polyurethane coating provides an
antiscratching layer. Permeation tests were carried out using
the upright cup method for a few membranes. Figure 8a,b
shows, respectively, the upright cup method results for DMMP
and toluene using cross-linked GO membranes (with PU
coating) prepared on a PEEK membrane substrate. As before,
these involve separate experiments with each liquid including
water if shown. There was no leakage of either DMMP or
toluene over the 5 day period.
Figure 8c illustrates the upright cup method results for

DMMP carried out for 15 days with no weight loss at all. In a
similar experiment with water, all water was gone by the 8th
day.
The PEEK substrate has good chemical resistances against

aromatic hydrocarbons; so, it was used to support the GO
membrane to specifically deal with organic vapors such as
toluene. Although it blocked toluene for 5 days, the
polyurethane coating facing toluene vapor underwent large
swelling and its shape appeared quite distorted after the test.
With DMMP, we did not see any such effects. It is clear that
these types of membranes have good mechanical and
permeation properties. Table 3 provides permeation data by
the upright cup method for cross-linked membranes before
and after bending. For DMMP, there is hardly any difference.
Therefore, the EDA cross-linked membranes have made good
progress toward usability. Note: the GO membranes in ref 18
allowed a significant permeation flux of benzene but reduced
the flux of trichloroethylene substantially.
Table 4 illustrates the permeance data for various gases/

vapors using the DMPC method for PEEK-EDA-GO-PU
membranes before and after bending. The data in Tables 3 and
4 show that this type of cross-linked GO membrane retains
good performance even after bending multiple times. Based on
Table 4 data for PEEK-EDA-GO-PU membranes after
bending, the separation factors of H2O over various other
species are as follows: αH2O−He is 42.3, αH2O−N2

is 110 and

αH2O−ethane is 1800. Note: water vapor permeance per this table
is around 145 × 10−9 mol/(s·m2·Pa) which is close to the
upright cup method value 130 × 10−9 mol/(s·m2·Pa) from the
data in Figure 5a. It shows that the reduction in water vapor
permeability due to GO cross-linking is not substantial.
However, the permeances of other gases and vapors do get
reduced significantly. Cross-linking leads to a membrane with
good permeation performance for moisture in addition to
excellent selectivity over small gases/vapors.

Figure 5. Upright cup method plots of mass loss vs time in days for separate experiments with water vapor and toluene/DMMP, respectively, using
un-cross-linked GO membranes on a PES support membrane after compression: (a) water vapor and toluene, 4 mg GO membrane; (b) water
vapor and toluene, 8 mg GO membrane; and (c) water vapor and DMMP, 8 mg GO membrane.

Figure 6. Ethylenediamine (EDA) cross-linked with GO flakes
(shown as the inset on the right)18,25 and FTIR spectra between 1000
and 2000 cm−1 of EDA−GO cross-linked on the GO membrane as
described in Section 2.5 on a PES substrate membrane (larger, on the
left in orange) along with that of the poly(ether sulfone) substrate (in
blue).

Figure 7. Demonstration showing that due to the use of a cross-
linking agent, the membrane can be rolled or bent multiple times
without developing any cracks.
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It is important to explore further as to what is the true
moisture permeation rate of these membranes by reducing the
boundary layer resistances. Experiments were carried out in the
setup containing the DMPC with different flow rates of the
feed gas and the sweep gas (both having the same value); the
pressure difference between the two sides was always

maintained at a very low level (∼0.1−0.2 in. of water).
Measurements were made for water vapor and N2 permeation
rates to check whether higher gas flow rates affected N2
permeation rates since boundary layer resistances were not
expected to affect the very low N2 permeability (N2 has a very
high partial pressure difference compared to that for water).
Figure 9 provides the data.
The left-hand side inset in Figure 9 illustrates the N2 data; its

transmission rate does not vary much over the gas flow rate
range 20−500 cm3/min. If we convert N2 permeability data in
Table 1 or Figure S7 for the 4 mg membrane, we get a N2
transmission rate of 735 g/(m2·day). While this value is
somewhat higher than that in Figure 9, the membrane here is

Figure 8. Upright cup method plots of mass loss vs time in days: (a) water vapor and DMMP for 5 days for PEEK-EDA-GO-PU; (b) water vapor
and toluene for 5 days for PEEK-EDA-GO-PU; and (c) water vapor and DMMP for 15 days for PEEK-EDA-GO-PU.

Table 3. Upright Cup Method Results for Watera and
DMMP for PEEK-EDA-GO-PU Membranes before and
after Bending

days 1 2 3 4 5

mass loss GO/H2O
(g)

0 −0.1759 −0.3491 −0.5302 −0.7062

mass loss GO/
DMMP (g)
(before bending)

0 −0.0004 0.0002 0.0002 0.0005

mass loss GO/
DMMP (g) (after
bending)

0 0.0002 −0.0001 −0.0002 0.0001

aSeparate experiments were done first with water and then with
DMMP using the same membrane.

Table 4. Permeancesa of PEEK-EDA-GO-PU Membranes
for Various Species before and after Bending by DMPC

permeance [×109 mol/(s·m2·Pa)]

usage of GO (mg) thickness (μm) He N2 ethane H2O

8 (before bending) 6.10 3.4 1.2 0.09 146
8 (after bending) 6.10 3.4 1.3 0.08 144

aData taken with 20 cm3/min gas flow rate on both sides of the
membrane.

Figure 9. Transmission rates of moisture and N2 in the DMPC for
one 8 mg PES-EDA-GO-PU membrane at 25 °C.
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thicker (based on 8 mg GO), cross-linked, and has a PU
coating. This clearly shows that the boundary layer resistance
has almost no effect on N2 permeation rates. Further, very little
excess pressure difference was created due to higher gas flow
rates (see Table S4). On the other hand, the water vapor
transmission rate increases substantially going up to 3296 g/
(m2·day) as the gas flow rate increases. This demonstrates that
the results from the upright cup method presented earlier will
strongly underestimate moisture vapor permeability due to the
substantial boundary layer resistance. Without any membrane,
the upright cup method yields 1000 g/(m2·day) for water. The
separation factors αH2O−N2

of H2O over N2 for different gas
flow rates increase from 105 at the lowest gas flow rate to 439
at the highest gas flow rate.
Literature data provide a commonly cited minimum

(threshold) water vapor flux of 2000 g/(m2·day) that defines
a breathable fabric.32−35 Ref 18 has also cited this value; ref 19
has cited a few others, such as Gore-Tex Pro Shell, which has a
somewhat higher value [2800 g/(m2·day)] than this threshold,
whereas SympaTex has a somewhat lower value [1300 g/(m2·
day)] (all at 30 °C). Our value obtained at 25 °C and at the
highest gas flow rate is quite above this threshold.
The water vapor flux results from GO-based membranes of

ref 18 were for saturated water vapor at 60 °C. Due to the
temperature dependence of vapor pressure, they18 had
estimated that their reported values can be a factor of ∼3
higher than fluxes measured at 37 °C. Lowering the
temperature to 25 °C will still further reduce their value.
Our measured value of 3296 g/(m2·day) at a 500 cc/min gas
flow rate had a ΔRH of ∼82%. If we calculate the water vapor
transmission rate corresponding to a ΔRH of 50%, our
transmission rate at 25 °C would be reduced to 2064 g/(m2·
day) (Table S4). If we account for enhanced water vapor
pressure at 30 °C, the water vapor transmission rate will be
enhanced by a factor of 1.35. It is clear that the water
transmission rates of GO membranes of this study exceed the
minimum threshold value. The carbon nanotube (CNT)-based
membrane barrier with sub-5 nm pores is highly water vapor
permeable and has a few times higher water vapor flux at 30
°C19 than the threshold value.
For the separation factors of αH2O−N2

of H2O over N2 for
different gas flow rates reported in Figure 9, the transport of
each species was measured in separate experiments. The data
from Petukhov et al.16 are also based on the pure component
permeability ratio (i.e., “ideal separation factor”); depending
on the GO membrane type, it was very high between 95 and
13 260. Moisture permeances through these membranes
prepared by spin coating on porous anodic aluminum oxide
substrates and pressure-assisted filtration were strongly
dependent on the transmembrane pressure, diminishing by
an order of magnitude from equipressure conditions to a 0.1
MPa pressure difference.
We explore now the variations in the interlayer gap for the

compressed and cross-linked membranes on a PEEK substrate.
Figure 10 illustrates the XRD scan results for such a membrane
without any PU coating. There are several peaks identifiable
for the GO membrane. The diffraction peak at 2θ = 22.80°
with a high intensity corresponds to its interlayer spacing
(d002) of 0.389 nm.
This decrease in the interlayer spacing between the graphene

oxide sheets is attributed to the physical compression; this
value is close to an earlier calculated estimate of 0.4 nm

mentioned just before Figure 2. A 001 peak appears at 2θ =
11.28°. The interlayer distance calculated for this peak is 0.788
nm, which is in agreement with its high degree of oxidation.
Another peak is at 15.80°, corresponding to an interlayer
spacing of 0.563 nm. The peaks corresponding to various
estimates in the interlayer spacing of this GO result from the
high degree of disorder and are proportional to the content of
oxygen.
In Figure 10, there are two additional smaller sharp peaks on

both sides of the peak at ∼22°. These along with other peaks
essentially show a distribution of interlayer spacing including
some smaller than that at ∼22°. Compression and cross-linking
improve the situation; however, the rate and manner of
decompression is another variable that allows a bit of spring
back.
Permeation tests of CEES through the PEEK-EDA-GO-PU

barrier membrane were also carried out in the manner
described in Section 2.8.36 The results are shown in Figure
11. It appears that CEES is completely blocked for 16.2 min by
the GO barrier membrane. What is of much greater interest is
that after the breakthrough, the GO-based barrier allows in the
effluent a very low level of CEES for a long time coming out at
almost a constant rate. It shows that the PEEK-EDA-GO-PU
membrane has significant potential for blocking CEES under
appropriate conditions. We are exploring such aspects.
It is useful to develop an estimate of the effective diffusion

coefficient for CEES through this membrane barrier using time
lag information. Since time lag, tlag, is related to the effective
diffusion coefficient Do and the membrane thickness by tlag =
(l2/6Do), where l is the membrane thickness, we can calculate
the effective diffusion coefficient of CEES in this structure
given tlag to be 16.2 min. The value of Do turns out to be 6.38
× 10−11 cm2/s; this value is quite low compared to that
through butyl rubber (Do = 2.64 × 10−9 cm2/s).37 Young’s
modulus was also determined for a cross-linked and a PU-
coated membrane; details and the values are provided in
Section S.4 and Figure S9.

4. CONCLUSIONS
A novel GO-based composite membrane structure has been
developed. It has either a porous PES or a porous PEEK
membrane as the substrate with a GO layer on top developed
by vacuum filtration of a GO suspension. After a few
modifications such as EDA cross-linking, this membrane has
a reasonable water vapor transmission rate, which exceeds the
common breathability threshold while it can completely block
DMMP for 15 days as shown by the upright cup method. With
EDA as a cross-linking agent and polyurethane coating as an

Figure 10. XRD of an 8 mg GO membrane compressed and cross-
linked on a porous PEEK substrate without any PU coating.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c00615
ACS Appl. Mater. Interfaces 2020, 12, 11094−11103

11101

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c00615/suppl_file/am0c00615_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c00615/suppl_file/am0c00615_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c00615/suppl_file/am0c00615_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00615?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00615?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00615?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00615?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c00615?ref=pdf


antiscratching layer, the mechanical property of this membrane
has been greatly improved in that the membrane can be bent
without damage to species permeances, the selectivity of water
vis-a-̀vis other gas/vapor species, as well as blocking of DMMP.
Permeation behaviors of several gases/vapors, e.g., He, N2, and
ethane, have been studied using the dynamic moisture
permeation cell (DMPC). For the PEEK-EDA-GO-PU
membranes after bending, the separation factors of H2O over
various species for low gas flow rates in the DMPC are as
follows: αH2O−He is 42.35, αH2O−N2

is 110.77, and αH2O−ethane is
1800. At higher gas flow rates in the DMPC, the boundary
layer resistances to water vapor transmission due to high-
moisture permeability are reduced substantially and the
moisture transmission rate is considerably enhanced. Under
high gas flow rates, the water vapor to nitrogen selectivity went
up to 439. Permeation tests of CEES were also carried out.
The PEEK-EDA-GO-PU membrane can completely block
CEES for some time and then allows an extremely low rate of
steady CEES permeation.
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