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ABSTRACT: Garments protective against chemical warfare agents (CWAs) or accidently released toxic chemicals must block the
transport of toxic gases/vapors for a substantial time and allow moisture transport for breathability. These demands are challenging:
either the barriers block CWAs effectively but have poor breathability or barriers have excellent breathability but cannot block CWAs
well. Existing protective garments employ large amounts of active carbon, making them quite heavy. Metal−organic framework
(MOF)-based adsorbents are being investigated as sorbents for CWAs. Breathable laminate of graphene oxide (GO) flakes
supported on a porous membrane reduces permeation rates of CWA simulants substantially. We developed a multilayered
membrane-based flexible barrier: GO laminate-based membrane over a MOF nanocrystal-filled expanded polytetrafluorethylene
(ePTFE) membrane having submicrometer pores. The GO laminate-based layer developed a steady breakthrough concentration
level almost 2 orders of magnitude below the usual breakthrough level. This highly reduced level of CWA was blocked by the MOF
nanocrystal-filled membrane substrate layer over a highly extended period. We demonstrated the blocking of CWAs, mustard (HD),
soman (GD), a sarin simulant [dimethyl methyl phosphonate (DMMP)], and ammonia for an extended period while the moisture
transmission rate was substantial. The times for complete blockage of ammonia, HD, GD, and DMMP were 2750 min, 1075 min,
176 min, and 7 days, respectively. This remarkable performance resulted from a very low steady-state penetrant permeation through
GO-laminate membrane and substantial penetrant sorption by MOF nanocrystals; furthermore, both layers show high moisture
vapor transmission.

KEYWORDS: multilayer barrier structure, chemical warfare agents, breathable fabric, graphene oxide laminate membrane,
metal−organic framework, nano-scale packed bed

■ INTRODUCTION

Garments acting as protective fabric/barrier are employed to
protect personnel from exposure to chemical warfare agents
(CWAs) and toxic gases and vapors accidently released in
manufacturing facilities. Such structures/garments must be
breathable with sufficient moisture transmission capability and
yet block completely transmission of harmful gases/vapors for
extended periods. These garments are heavy because a large
amount of porous sorbents, for example, active carbons, are
employed for total protection from chemical and biological
threat including CWAs. Typical CWA simulants studied are
dimethyl methyl phosphonate (DMMP) (a sarin-simulant)

and 2-chloroethyl ethyl sulfide (CEES) (a simulant for sulfur
mustard).
A variety of materials, material structures, and membranes

have been studied vis-a-vis their barrier properties1,2 for
blocking toxic gases and vapors including breathability3 (see
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earlier literature4−7). Recently, there has been an increasing
focus on metal−organic frameworks (MOFs) for removing
toxic gases by adsorption and destruction. Independent
sorption and breakthrough studies of NH3 and CNCl through
a packed bed of pellets of MOF UiO-66-NH2 were
implemented8 in a micro-breakthrough and regular test-tube
packed beds setup under dry and humid conditions. Ammonia
sorption and breakthrough studies for various functionalized
variations of Zr-based MOF UiO-66 [UiO-66-OH, UiO-66-
(OH)2, UiO-66-NO2, UiO-66-NH2, UiO-66-SO3H, and UiO-
66-(COOH)2] in a packed bed were carried out9 with dry and
humid air. High NH3 capture/storage capacity was demon-
strated by modifying the surface of pores in covalent organic
networks (CONs).10,11

Other formats for using MOFs in barriers/suits have been
studied for protection against CWAs. Electrospun nanofibers
of polystyrene containing MOF UiO-66-NH2 were studied to

remove Cl2 and the nerve agent soman.12 Layers of pure MOF
as a membrane or mixed matrix membranes (MMMs) having
MOFs dispersed in a polymer have been studied for a variety
of separations.13−16 Such membranes are usually thin and
prepared for steady-state gas separations. They cannot
completely block a selected gas/vapor species. This is true
even when a gas separation membrane has a very high
selectivity of 15,000−18,000.17 A much thicker membrane (20
mil) with a high loading (50%) of the MOF HKUST-1 in an
elastomeric triblock copolymer18 had a high permeation lag
time: the breakthrough time for CEES feed concentration was
high, ∼4000 min. The moisture vapor transmission rate
(MVTR) was however low ∼192 g/m2 day (required
minimum ∼2000 g/m2 day19). Extended duration CWA
blockage is needed along with high MVTR values.
An alternative to the MMM concept18 employs a

membrane-based strategy involving a serial membrane

Figure 1. GO-MOF multilayer membrane and illustrative 25 °C performances for DMMP blockage and moisture removal. (A) Schematic of
blockage concept: a GO laminate membrane23,32,33 on top of a MOF-filled porous membrane. (B) CEES permeation rate through individual
barriers: GO laminate membrane;22 UiO-66-NH2 MOF-filled porous ePTFE membrane.21 (C) Functional schematic of a moisture-permeable
multilayer barrier against toxic gases and vapors. (D) Details of the actual multilayer structure-schematic. (E) Upright cup method results in
separate experiments for water vapor and sarin simulant DMMP for GO-MOF multilayer membrane for 7 days. (F) Moisture transmission rates
obtained in the DMPC for GO-MOF multilayer membrane. Membrane dimensions in Figure 1E,F are 1.8 and 3.0 cm, respectively. The method for
fabrication of the GO layer is illustrated in Figure S4.
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structure using carbon nanotubes (CNTs). Using a highly
breathable CNT-membrane providing an effective barrier
against biological agents as a base,19 a layer of polymer chains
was grown on the top surface of the CNTs. The polymer
chains reversibly collapsed in contact with a CWA threat, thus
temporarily shutting CNT pore mouths and drastically
reducing the permeation rate of the nerve agent simulant
across the membrane.20 The nerve agent simulant was diethyl
chlorophosphate (DCP); experiments showed that DCP
permeation was restricted to ≈1% of the chemical challenge.
We recently developed21 a 79 μm thick, porous flat

membrane-supported nano-packed bed of MOF UiO-66-
NH2 which needed ∼200−300 min for ammonia to appear
in the dead-end mode on the other side of the membrane; the
MVTR values were ∼5000 g/m2 day. We also investigated a
graphene oxide (GO)-based barrier membrane possessing a
high MVTR to drastically reduce the permeation rate of
CWAs.22 Under appropriate conditions, graphene (GR)-based
as well as GO-based membranes can shut off gas permeation
except for moisture vapor and traces of He.23 Multilayered GO
platelet-based membranes at zero relative humidity (RH) are
essentially impermeable to small gases but allow H2O vapor to
go through GO nano-capillaries between GR sheets via water
monolayers; this structure prevents other gases/vapors from
flowing especially under reduced humidity. Our studies22

showed that multilayered GO membrane blocked DMMP
vapor for 15 days. There are several studies which illustrate and
illuminate the extraordinary barrier properties of GO-based
membranes.24−27

This study explores the breakthrough and permeation
behavior of toxic gases and vapors through a novel composite
structure: a GO-based multilayered composite membrane at
the top exposed to the toxic gas mixture and backed up by a
membrane-supported MOF, UiO-66-NH2, forming a nano-
packed bed at the bottom/permeate side. Earlier fabrication of
a porous expanded polytetrafluoroethylene (ePTFE) mem-
brane-supported nanopacked bed of MOF nanocrystals via
solvothermal synthesis21 involved a lengthy solvent exchange
procedure to incorporate 80:20 ratio of the DMF−methanol
solvent mixture in the pores of the PTFE membrane because
DMF does not wet the pores of the hydrophobic ePTFE
membrane but is needed for MOF synthesis.28,29 A much more
facile synthesis of such a structure was pursued here. The
CWAs/vapors/gases whose blockages/permeations have been
studied include DMMP (a sarin-simulant), sulfur mustard
(HD), nerve agent soman (GD), NH3, and N2. Two sample
sizes were prepared for various experiments: 4.7 and 9.0 cm.
We report here a complete shut-off of CWAs, HD and GD, a
CWA simulant, DMMP, and NH3 for an extended period.

■ RESULTS AND DISCUSSION
We illustrate a conceptual schematic of the multilayer structure
needed for the core concept in Figure 1A. The top layer built
of a multi-layered GO platelet-based membrane is essentially
impermeable to small gases at zero RH but allows H2O vapor
to go through GO nano-capillaries between closely spaced
graphene (GR) sheets via water monolayers.23 Under humid
conditions, water vapor shows high selectivity over various
small gases/vapors, for example, N2, ethane.

22 Earlier studies
by others24,25 showed considerable selectivity for water vapor
over environmental toxicants, for example, benzene, hexane,
chloroform, etc. We demonstrated complete blockage of
toluene.22 This top GO-layer is conceptually placed over a

nanoporous membrane whose pores are filled with UiO-66-
NH2 MOF nanocrystals.
Figure 1B illustrates the individual permeation behavior of

each individual part of this hypothetical structure. When
exposed to a feed concentration of 300 mg/m3 of CEES in air,
the MOF-containing layer blocked CEES transmission
completely for 46 min. Then, slowly CEES appeared and
completely broke through at around 150 min;21 the break-
through concentration was 12 mg/m3 due to dilution by sweep
air on the other side of the membrane. When the GO-layer was
exposed to the same 300 mg/m3 of CEES containing air
stream, there was complete blockage for 16 min only.
However, CEES then slowly appeared and maintained a
steady rate of permeation for a constant breakthrough
concentration of around 0.25 mg/m3 (corresponding to a
steady 97.2% rejection with respect to a breakthrough
concentration of 12 mg/m3) for 600 min when the experiment
was stopped.22 This very low value of 0.25 mg/m3 is to be
contrasted with the high breakthrough concentration of 12
mg/m3 in the case of the MOF barrier. These numbers suggest
that the very strong reduction of the CEES permeation rate
through the top GO layer will provide such a low level of
challenge for the MOF-containing layer as to prevent a
breakthrough for a considerable length of time. These two
layers have altogether different functions from CWA sorption/
transport perspectives and can together provide a platform for
blocking other vapors/gases by selecting, for example,
appropriate MOFs.
Figure 1C shows an illustrative schematic of such a layered

structure that blocks toxic penetrants but allows moisture to go
through. Figure 1D provides details of such a layered structure.
The top part contains a GO laminate-based membrane
crosslinked with ethylene diamine (EDA); it is supported at
the bottom on a porous polyethersulfone membrane via π−π
bonding30 and coated at the top by a thin polyurethane (PU)
coating as an anti-scratching layer. The bottom part of the
structure is a 79 μm thick, porous ePTFE membrane whose
sub-micrometer pores/interfibrillar space are filled with
nanocrystals and sub-micrometer size crystals of MOF, UiO-
66-NH2, grown in situ by solvothermal synthesis.21 The
performance of such a multilayer structure as a vapor/gas
barrier is illustrated next for moisture and sarin-simulant
DMMP in Figure 1E,F. Using the upright cup test method
(Figure S1), Figure 1E plots the data of mass loss versus time
in days obtained in separate experiments for moisture and
DMMP. For 7 days, no loss was recorded for DMMP, but
there was a significant and continuing loss of water. The data
for mass loss are available in Table S1 along with the water
vapor flux.
The corresponding values for only the GO part of the

membrane are provided in Figure S2 which also illustrates the
considerable effect of the boundary layer resistance in the
upright cup method. To determine the true moisture vapor
permeation rate, we used the dynamic moisture permeation
cell (DMPC)31 (Figure S3) to eliminate the boundary layer
resistance by increasing the feed and He sweep gas flow rate.
The measured MVTR (Figure 1F) exceeds the required
minimum of 1500−2000 g/m2 day.19,22 The insert in Figure
1F shows that the feed and sweep gas flow rate variation does
not influence the permeance of the much less permeable gas,
N2.

22 Permeances of the following gas species, N2, ethane,
ethylene, He, as well as water vapor measured in the DMPC
through such a multi-layered structure and reported in Table
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S2 show how high the water vapor permeance is compared to
those of others. In general, the larger is the kinetic diameter of
the gas, the smaller is its permeance through GO laminate
membrane.22

The permeances reported in Table S2 are pure gas
permeances for He, and N2 so that ideal selectivity can be
obtained by dividing individual permeances. From these values,
we find ideal selectivity of H2O/He, H2O/N2, and He/N2
systems to be, respectively, 6.9, 216, and 31.3. However, the
data for ethylene and ethane were obtained from a 50−50 feed
mixture; the corresponding selectivity for H2O/C2H4, H2O/
C2H6, and C2H4/C2H6 systems are 1317, 1460, and 1.1. The
results for these four gases show how permeable the GO-MOF
membrane is to water vapor. It is useful to recall here that GO
flakes dispersed in a polymer matrix34 or reduced GO (rGO)
flakes dispersed in an organo-silica network,35 creating a
MMM display considerable selectivity for CO2 over N2. In
polysulfone (PsF) hollow fibers, only 0.25% GO in PsF
enhanced mixed gas selectivity for CO2/N2 by 201%.

34 In a 1:1
r-GO/silica membrane on a support, the selectivities for H2/
CH4 and CO2/CH4 were found to be 223 and 55,
respectively.35 By intercalating Fe ions in mildly reduced GO
(rGO)-based gas separation membranes,36 an excellent N2/
CO2 selectivity of ∼97 was obtained at 110 mbar. After
introducing Mg2+ ions within GO channels,37 the CO2/N2
separation factor of the GO membrane is remarkably increased
from 4 to 48.8 with CO2.
The performances of our multilayer structure shown in

Figure 1D and its component parts are illustrated in Figure 2
when exposed to a 100 ppmv NH3-containing N2 gas stream as
feed; the diffusive permeate is picked up by a sweep N2 gas

stream in the DMPC. The base membrane size for the GO part
was 47 mm. The permeate NH3 concentration under feed
breakthrough conditions is naturally lower than the feed
concentration level of 100 ppmv NH3 due to sweep N2 gas-
based dilution. Figure 2A shows that when a multilayered GO-
MOF membrane of Figure 1D is used, ammonia is blocked for
2790 min; then, it appears at an approximately constant level
of around 5.3 ppmv after a ramp up. Figure 2B reports such a
result in an alternate fashion by plotting ammonia concen-
tration on the permeate side against the ratio of time per unit
weight of ePTFE plus the MOF in min/g.
The breakthrough performance of the GO part of the

multilayer membrane is shown in Figure 2C. This structure
completely blocks NH3 for only 10 min; however, its
characteristic behavior reduces the steady leakage rate to a
very low level of 4.4 ppmv. On the other hand, the MOF-filled
ePTFE membrane part of the multilayer structure blocks
ammonia for 210 min (Figure 2D); then, ammonia appears in
the sweep gas and its concentration there rises slowly and
steadily to 34 ppmv. It is now clear that the very low value of
the steady leakage rate through the top GO part of the
structure allows the MOF-filled bottom supporting membrane
layer to hold back ammonia breakthrough to a high value of
2790 min.
The earlier technique of solvothermal synthesis of UiO-66-

NH2 MOF nanoparticles in the sub-micrometer ePTFE
membrane pores/interfibrillar space21 involved an extended
6-step solvent-exchange process to incorporate 80% DMF−
20% methanol in the membrane pores which are not
spontaneously wetted by the highly polar aprotic DMF-based
solvents. The reactants were then introduced into the liquid in

Figure 2. Time dependence of NH3 blockage from a 100 ppmv NH3-containing dry N2 feed gas stream1 by the multilayer GO-MOF membrane
(Figure 1D) and two individual membrane parts. (A) Multilayer membrane: GO membrane (47 mm diameter) exposed to feed N2 stream
supported by the MOF-filled membrane at the bottom. (B) Alternative plot illustrates NH3 blockage versus time/(weight of MOF and ePTFE
membrane in the multilayer membrane). (C) NH3 blocking behavior by GO layer only. (D) NH3 blocking behavior by the MOF-filled ePTFE
membrane only. 1N2 feed gas stream flowing at 10 cm3/min at 25 °C in the DMPC.
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the pores by exchange with the outside solution containing the
reactants. Such a process may not guarantee inside the
membrane pores the level of reactants concentration present
outside. Here, we bypassed the solvent exchange process and
introduced the reactants-containing 80% DMF−20% methanol
solution directly into the ePTFE membrane pores by applying
vacuum on the other side of the membrane. A higher level of
synthesis of MOFs distributed throughout the membrane
pores via repeating such a process resulted in a significantly
higher breakthrough time of 210 min; this contributed
considerably to a long ammonia breakthrough time of 2790
min. This blocking behavior was found to be unaffected by
50% RH. An ePTFE membrane filled with MOF by the earlier
method21 was exposed to 100 ppmv NH3-containing N2 gas
having 50% RH; the breakthrough time was quite close to that
for a dry NH3-containing N2 gas.21 An experiment using a
multilayer GO-MOF membrane with the same humidified feed
gas blocked NH3 for more than 6 h when the experiment was
stopped.
We will now consider breakthrough studies of two CWAs:

mustard gas (HD), C4H8Cl2S, bis(2-chloroethyl) sulfide;
organophosphorus nerve agent, soman (GD), C7H16FO2P,
3,3-dimethylbutan-2-yl methylphosphonofluoridate. The
blocking of a simulant for HD, namely, 2-CEES, was studied
earlier in separate investigations by small samples of the GO
membrane22 as well as by the earlier generation of the UiO-66-
NH2 MOF-filled ePTFE membrane.21 Figure 3A provides a
window into how the multilayer membrane structure blocks
the real CWAs instead of the simulant(s). The multilayered
membrane having one GO membrane layer on top of a MOF-
filled ePTFE membrane layer (wt % of MOF in MOF-filled
membrane, 45%), completely blocked HD for 1075 min. The

experiment was not extended beyond this time. Previously,21

we reported a breakthrough concentration of 12 mg/m3 of 2-
CEES (a HD simulant) through a MOF-filled ePTFE
membrane (67% MOF filled) on the permeate side per
ASTM F 739-12 when exposed in a cross-flow setup of Peske
PTF 700 permeation cell with a feed CEES concentration at
300 mg/m3; 2-CEES was blocked completely for 46.4 min.
The individual GO-based membrane completely blocked 2-
CEES for only 16 min22 but limited the plateau concentration
of CEES to a very low value of ∼0.25 mg/m3 for a long period
of time. Obviously, this very low level of continuous leakage
from the top GO layer was highly useful for the bottom MOF-
filled layer to adsorb for an extended time.
The time for complete blockage of GD by the multilayer

membrane was on the other hand 176 min (Figure 3A). The
breakthrough concentration for GD appears to be a low value
1.2 mg/m3 under the same test condition and method used for
HD. The agent transport data for the multilayer structure
illustrating the behavior of Figure 3A are provided in Tables S3
and S4. The individual adsorption-breakthrough behaviors of
the MOF-filled bottom membrane layer only for both HD and
GD are illustrated in Figure 3B. It appears that HD is almost
totally blocked for ∼20 min; the breakthrough concentration
value is ∼42 mg/m3. However, GD does not appear to be
totally blocked by this MOF for much time. We need to
explore other MOFs possessing superior sorption capabilities
for a wider range of CWAs. The breakthrough value for GD is
∼62 mg/m3. The higher breakthrough value for GD is due to a
higher feed agent concentration of ∼375 mg/m3. The agent
transport data for the MOF layer only are available in Tables
S5 and S6. The process of MOF synthesis in membrane pores
is illustrated in Figures S5 and S6.

Figure 3. Permeation tests of nerve agent soman (GD) and mustard gas (HD) in cross flow, their MOF sorption behaviors and TGA of the MOF.
(A) Individual permeation result through the one layer of GO-membrane (90 mm) stacked on one layer of the MOF-filled ePTFE membrane [(wt
of MOF/wt of MOF-filled membrane) = 45%] for 300 mg/m3 soman (GD) and mustard gas (HD) containing gas streams. (B) Individual agent
permeation results through only the MOF layer of the multilayer structure used for (A). (C) HD and GD adsorption capacity measurements of the
MOF. (D) TGA data for UiO-66-NH2.
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The difference in permeation behavior between GD and HD
in the MOF layer can be explained by the underlying
properties of the MOF itself. The adsorption properties of
the MOF were assessed using a Cahn microbalance, where the
GD and HD uptake (Figure 3C) were determined to be ∼0.07
and 0.16 g agent per g of MOF, respectively (the setup is
shown in Figure S7). Of particular note is the relatively fast
uptake of HD, which reaches its approximate equilibrium
capacity in ∼2 h, in comparison to GD, which never reaches its
full capacity after ∼24 h. This diffusional inhibition is
consistent with the MOF having a low fraction of defects. In
such a case, the diffusion of GD into the pore structure is
inhibited relative to the less sterically hindered HD. Indeed,
the MOF surface area (∼984 m2/g; Table S7) is indicative of
low defects. Furthermore, thermogravimetric analysis (TGA)
using the method developed by Lillerud and co-workers38 and
shown in Figure 3D led to the conclusion that the MOF had
∼0.02 missing linkers per node, thus supporting the diffusion
inhibition toward GD. The temperature plateau at 297 °C was
used to calculate the number of defects in the MOF.
Regarding competitive adsorption of moisture with other

analytes in the MOF, experiments39 show that when amine-
unfunctionalized UiO-66 type MOF is exposed to 75%
humidity for 100 days, the nitrogen-accessible BET surface
area remains unchanged. Furthermore, “as long as the RH
remains below the condensation step (pore filling), water can
safely coexist within the MOF and with other analytes in the
pore”.39 Our results for NH3-containing N2 stream at 50% RH
mentioned earlier support this conclusion.
Figure 4 focuses primarily on the scanning electron

microscopy (SEM) of the cross section of the ePTFE
membranes where MOF nanocrystals were developed

solvothermally inside the interfibrillar space of the ePTFE
membrane located below the GO laminate membrane; we also
look at the cross section of the GO laminate membrane. The
SEM image of Figure 4A illustrates the dense growth of
nanocrystals of MOF UiO-66-NH2 inside and around the
fibrillar structure of the ePTFE membrane. This growth was
achieved by synthesis carried out three times (Figures S5 and
S6) on the same piece of membrane with additional crystal
growth taking place each time after the first synthesis step. The
crystals (a few identified by red circles) appear to have
dimensions of ∼100−200 nm. Figure 4B shows the original
SEM from whose marked top left-hand section, material was
taken to develop Figure 4A. Figure 4C illustrates the fibrillar
structure of the virgin 0.4 μm pore size ePTFE membrane
inside whose structural openings MOF crystals were
synthesized.
The BET adsorption−desorption behavior and the pore size

distribution of the MOF are provided in Figure S8; the
corresponding surface areas are provided in Table S7. Around
3μm+ thickness of the laminated GO layer is visible in the
SEM image of Figure 4D. The gap between the PES substrate
and the bottom surface of the GO layer on top developed
during sample preparation at a low temperature. Additional
SEM images of the GO layer at 50,000× magnification and the
overall GO-PES support layer at a low 500× magnification
have been provided in Figure S9.
Figure 5 presents the results of characterizations of the

material structures employed in the two individual layers of the
multilayer membrane via X-ray diffraction (XRD) and Fourier-
transform infrared (FTIR) spectroscopy. The XRD patterns of
the GO membrane (without PU coating) and the PES support
membrane for both larger and smaller sizes are illustrated in
Figure 5A. For the larger size membranes prepared using 32
mg GO, d-spacing calculation for the GO laminate based on
the first peak located at 9.7° (2θ) is 9.1 Å. There is another
smaller peak at 17.7° corresponding to a d-spacing of 5 Å. For
the 8 mg based smaller size GO-membrane, the peak at 10.0°
(2θ) leads to a d-spacing of 8.8 Å. There is another peak at
18.2° leading to a d-spacing of 4.9 Å. Because the 32 mg
amount reflects a proportionate increase from 8 mg due to a
larger size porous membrane substrate, we do not expect much
variation between the 32 and 8 mg membranes in terms of the
XRD pattern. The substrate PES shows a broad peak around
18° as well which is also appearing in the patterns for the GO
laminates.
The XRD patterns of the MOF-filled ePTFE membrane

illustrated in Figure 5B show two peaks at 2θ values of 7.6 and
8.73 which yield d-spacings of 11.6 and 10.1 Å, respectively.
These peaks of the MOF, UiO-66-NH2, have been identified
often in literature.28,29 Figure 5C shows the FTIR spectra of a
virgin ePTFE membrane employed to support MOF nano-
crystals in the interfibrillar space of an ePTFE membrane along
with those of a membrane supporting the MOF nanocrystals.
The difference between the two matches clearly with the
spectra shown also of the solvothermally synthesized MOF
crystals investigated earlier.21

In this multilayered structure of a GO laminate-based
membrane at the top exposed to the toxic gas mixture and
backed up by a porous membrane-supported MOF, UiO-66-
NH2, forming a nano-packed bed at the bottom/permeate side,
the top layer acts as a highly water vapor selective membrane
drastically reducing the permeation rate of toxic vapors and
gases having larger kinetic diameters. The bottom layer acts as

Figure 4. Membrane cross-sectional SEM images for MOF nano-
crystals in the ePTFE membrane interfibrillar space and SEM image
showing GO laminate membrane thickness. (A) SEM of MOF
nanocrystals in the openings/pores of the ePTFE membrane. (B)
SEM image shows a profusion of MOF nanocrystal aggregates in
ePTFE membrane openings/pores. (C) SEM image of the ePTFE
membrane showing its microfibrillar structure. (D) SEM image of the
cross section of the GO layer deposited on the PES substrate; GO
layer thickness is ∼3 μm (32 mg of GO used with large size PES
substrate membrane).
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a highly moisture permeable nano-packed bed with a high
sorption capacity to drastically enhance the time needed for
the low level of toxic vapors/gases leaking through the top
layer to show up at the other end of the structure. Whereas
there are other multilayer structures using GO for mainly
mechanical/support perspectives,22,24 here the two layers have
two altogether separate functions from CWA sorption/
transport considerations. It is to be recognized also that
multilayer structures are frequently used in practice for
protective clothings.5

■ CONCLUSIONS

It is useful to emphasize the barrier performances of the
multilayer structure for four toxic penetrants. The barrier
blocked NH3, HD, GD, and a sarin simulant, DMMP,
completely for 2750, 1075, 176 min, and 7 days, respectively.
Our experiments with a top laminated GO layer supported at
the bottom by a layer of nanocrystals of a suitable MOF
adsorbent in generally sub-micrometer interfibrillar space of a
support membrane establish the concept of a highly moisture-
permeable barrier that can block toxic vapors, CWAs, and so
forth for an extended period. It is highly unlikely that one can
have a single membrane or barrier such that it is moisture
permeable and yet blocks other toxic gases/vapors for an
extended period of time. It is not enough to develop 98−99%+
rejection of toxic gases and vapors in personal protection
equipment which some of the more interesting approaches
such as a GO laminate-based membrane22 or a collapsible
polymer at the mouth of a CNT20 were achieving. Complete
shut-out is needed for an extended time. Therefore, such
membranes/barriers need to be serially reinforced with an
adsorbent layer that is highly efficient via porous membrane
supported MOF nanocrystals. Correspondingly, other bar-
riers20 may be used at the top instead of a GO22 layer and
achieve the purpose of a successful barrier membrane. A
challenge that remains unanswered is the availability of a
barrier permeable to a specific vapor species and completely
blocks other species regardless of their type. An additional
challenge involves the elimination of the porous PES
membrane which supports the laminated GO layer and have
the latter supported by the porous membrane layer housing the
MOF nanocrystals.

■ MATERIALS AND EXPERIMENTAL METHODS
Membrane Supports. Hydrophobic expanded polytetrafluoro-

ethylene (ePTFE) membrane (GMM-404: pore size, 0.45 μm;
porosity, 80%; thickness, 79 μm; large flat sheet provided; W.L. Gore,
Elkton, MD) was used to support MOF nanocrystals. Asymmetric
poly (ether sulfone) (PES) membrane (skin side pore size, 0.03 μm;
diameter, 47 and 90 mm; thickness, 110−150 μm; Sterlitech, Kent,
WA) was employed as the support/substrate of laminated GO layers
because its benzene rings can develop noncovalent π−π interactions
with graphene.30 In a few experiments, a microporous polyether-
etherketone (PEEK) membrane (200 nm pore size; diameter, 47 mm;
thickness, 20−30 nm) (Sterlitech) was the support.

Materials. The GO flake dimensions were 300−800 nm with a
thickness of 0.7−1.2 nm. These single-layer GO flakes were made by
modified Hummers’ method and obtained from Cheap Tubes
(Grafton, VT, OH).

Chemicals. Dimethyl formamide (DMF) (Fisher Chemical,
99.9%), methanol (EMDMillipore, ≥99.8%), zirconium (IV) chloride
(Alfa Aesar, >99.5%), and 2-aminoterephthalic acid (H2BDCNH2,
Acros Organics, 99%) were used for UiO-66-NH2 MOF synthesis.
DMMP (97%), ethylenediamine (EDA) [puriss. p.a., absolute,
≥99.5% (GC)], sodium dodecyl sulfate (SDS) (ACS reagent,
≥99.0%) were bought from Sigma-Aldrich. PU spray was obtained
from Minwax (Minwax fast-drying PU semi-gloss oil-based PU:
Minwax, Upper Saddle River, NJ). Gas cylinders of He, N2, 50-50
ethane-ethylene, and CO2 were from Airgas (Piscataway, NJ). CEES
was obtained from Millipore Sigma (97%). O-Pinacolyl methylphos-
phonofluoridate (aka soman, GD, purity 95 ± 1.5%) and bis(2-
chloroethyl) sulfide (aka distilled mustard, HD, purity 98.7 ± 0.2%)
were obtained at CBC under the chemical agent standard analytical
reference Material (CASARM) quality assurance plan.

Preparation of GO Flake-Based Membrane. Six steps, namely,
GO suspension preparation, EDA addition, vacuum filtration, physical
compression, heat treatment, and PU coating, were implemented to
prepare the GO flake-based membranes (see Figure S4). Membranes
were prepared in two sizes based on the dimension of the PES
support membrane, 47 and 90 mm. The amount of chemicals/
materials used varied with the support membrane size. For 90 mm
membrane, 32 mg of GO powder was added to 100 mL of deionized
(DI) water; 20 mg of SDS was added as dispersant. The diameter of
the GO layer deposited on the support membrane is 70 mm.
Ultrasonication was used until a clear dispersion was obtained. Then,
10 mL of EDA was added to 100 mL of cold deionized water, and
then, more cold water was added to lower the temperature of the
solution (two such EDA solution batches were prepared). The reason
for keeping the solution cold was to prevent an observed increase in

Figure 5. PXRD scans and FTIR spectra of individual components of the multilayer GO-MOF structure. (A) XRD scans of a 32 mg GO-based
membrane on a PES substrate (large piece, diameter ∼8 cm), an 8 mg GO-based membrane on a PES substrate (small piece, diameter ∼4 cm), and
the corresponding PES substrate membranes. (B) XRD scans of the UiO-66-NH2 MOF-filled ePTFE membrane [(MOF/MOF-filled membrane)
= 45%, w/w] and virgin ePTFE membrane. (C) FTIR absorption spectra in 1800−400 cm−1 range of the following: UiO-66-NH2 MOF; UiO-66-
NH2 MOF-filled ePTFE membrane; and virgin ePTFE membrane.
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viscosity due to the potential lowering of the critical micelle
concentration of SDS and the corresponding micellization in the
presence of amines. The diamine solution was slowly mixed with the
GO dispersion with stirring. For 47 mm support membrane, the
values of the corresponding quantities are as follows: 8 mg of GO
powder, 16 mg of SDS, 100 mL of DI water, and 6 mL of EDA. The
diameter of the GO layer deposited on the support membrane is 38
mm.
Then, the substrate polyethersulfone membrane was placed on the

vacuum filter holder (47 mm: 80068-654, fritted support assembly,
VWR, PA; 90 mm: Z290424, Sigma-Aldrich vacuum filtration
assembly) and fixed. Next, suction filtration was carried out to
remove all of the water and SDS (wash several times with the second
EDA solution with the same concentration in case EDA might be
washed away during this process, until no foam can be observed in the
exhaust pipe); this usually took 2−3 days. Next, the membrane was
taken out and slowly dried in an oven in N2 atmosphere at 40 °C. The
membrane was subjected next to physical compression using a
tableting machine (model 3853-0, Carver Inc., Wabash, IN) for 2 min.
The membrane was put back into the oven in N2 atmosphere at 80 °C
for an hour to create crosslinking with the amine between various
functional groups sticking out of the edges of GO flakes. At the end, a
2 μm thick PU coating 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 PES−EDA−
GO−PU. The PU coated side faces the feed gas/vapor during
experimental permeation studies.
MOF Synthesis in the ePTFE Membrane via Infiltration

under Pressure. Solvothermal synthesis of the MOF, UiO-66-NH2,
employs the reaction of 40 mmol 2-aminoterephthalic acid in 80 g of
DMF with 40 mmol ZrCl4 in 20 g of methanol as the appropriate
solvent mixture and incorporated in membrane pores. The multistep
process resulting in the MOF-filled membrane is illustrated in Figure
S5. SDS powder was added to make the mixed solution contain 5 mM
SDS. The mixed reactants solution was stirred with a magnetic stirrer
for 15 min and sonicated for 15 min by an ultrasonic processor
(operating at an amplitude of 80% and pulsed mode: 15 s “on” and 5 s
“off”; model #: EW-04714, Cole Parmer, Vernon Hills, IL). The
membrane infiltration method can be implemented vis-a  -vis pressure
assistance in two ways: by pulling a vacuum or by applying pressurized
solution over the porous membrane. Here, we describe the vacuum-
assisted method due to the larger size of the samples needed as shown
in Figure S5; a photo of this part is shown Figure S6.
Virgin microporous hydrophobic ePTFE membrane (GMM404,

W. L. Gore) placed in the filtration cell was wetted by pure methanol
first. The mixed reactant-containing solution [40 mmol 2-amino-
terephthalic acid and 40 mmol ZrCl4 dissolved in 100 g of DMF−
methanol mixture (80% DMF, w/w)] (which was also a 5 mM
solution of SDS) was introduced into the pores of ePTFE membrane
via negative pressure (∼−10 psig) by pulling a vacuum, as shown in
Figure S6. The membrane and the remaining solution were
transferred into a Teflon-lined sealed vessel. The vessel was put
into an oven at 120 °C for 18 h. After the reaction is over, the
membrane was washed with methanol, dried at 50 °C for 4 days
under vacuum, and weighed to determine the amount of MOF in the
membrane. Often the membrane went through 2−3 cycles to enhance
the amount of crystals in membrane pores. For such a case, the MOF-
filled membrane from the first synthesis cycle was put into freshly
prepared mixed reactant-containing solution [40 mmol 2-amino-
terephthalic acid and 40 mmol ZrCl4 dissolved in 100 g of DMF−
methanol mixture (80% DMF, w/w); has 5 mM SDS]. The same
thermal synthesis process was followed after fully soaking. A digital
orbital shaker (model SK-O180-Pro, SCILOGEX) was used during
the soaking process. One more repeat cycle was applied in the
preparation for an even higher MOF loading of the MOF-filled
membrane. Then, the membrane was washed with methanol, dried at
50 °C for 4 days under vacuum, and weighed to determine the
amount of MOF in the membrane. To be noted here is that during
each solvothermal synthesis step, MOF crystals were also synthesized

outside the membrane in the solution containing the reactants. Such
MOF crystals were also characterized.

Characterization of Various Membranes and MOF. Powder
XRD (PXRD) patterns of the MOF in the membrane pores and the
GO membrane were obtained in an Empyrean multipurpose PXRD
with PIXcel1D detector (serial no. 202627, PANalytical). PXRD
patterns of all MOF samples were scanned by Cu Kα radiation (λ =
1.54 Å, 40 mA, 45 kV) from 2 to 60° of 2θ, step size = 0.0260°(2θ),
and scan step time = 99.176 s. The corresponding details for the GO
membrane are as follows: 5 to 60° of 2θ, step size = 0.0260° (2θ) to
provide guidance on different values of the interlayer gaps. A closed
sample box was used to store samples prior to testing. An Agilent
Cary 670 (Agilent, Santa Clara, CA) Fourier transform infrared
(FTIR) spectrometer was employed for FTIR spectra of samples of
both the GO and MOF samples; 32 scans were taken for each sample
over 6000−400 cm−1 with a resolution of 4 cm−1. Membrane cross-
sectional images were obtained by SEM in field emission-scanning
electron microscopy (FE-SEM, model JSM-7900F; JEOL USA,
Peabody, MA). The samples were mounted on the SEM stubs by
carbon tape and coated with 8 nm of gold by turbomolecular pumped
coater (model EMS Q150T ES).

An automated gas sorption analyzer (model #: ASIQM000000-6,
Quantachrome Instruments, Boynton Beach, FL) was employed to
collect N2 isotherm curves of samples. Commercial DFT software
combined with the instrument operation interface was used to
calculate pore size distribution and Brunauer−Emmett−Teller (BET)
surface area. Before starting BET measurement, membrane samples
were degassed at 70 °C for 48 h and UiO-66-NH2 MOF samples were
degassed at 120 °C for 18 h.

Adsorption capacity was obtained by measuring the uptake of
CWA vapor in terms of agent mass adsorbed onto an experimental
test sample of fabric or powder at both a fixed temperature and vapor
phase concentration in a setup shown in Figure S7. By using the vapor
pressure and temperature relationships of HD40 and GD,41 high-
purity CWA [CASARM HD lot # HD-U-2086-CTF-N was 98.7 ± 0.2
mol percent pure (determined by melting point); CASARM GD lot #
GD-U-2277-CTF-N, was 95.3 ± 1.5 weight percent by 31P NMR
spectroscopy], and a modified ASTM saturator methodology,42 the
vapor-phase concentration of each agent was selected, precisely
generated, diluted in purified dry air, and safely transported to the
sorbent sample, all within the confines of an approved fume hood.

The adsorbent sample (3−5 mg) was placed in a small, gold-plated,
stainless steel, mesh basket suspended from an arm of the calibrated
Cahn (Orion Research Inc., Boston, MA) model D-200 microbalance
by a thin wire. The wire and basket were located in the central cavity
of the quartz test chamber. An initial drying step allowed for the
removal of water from the sorbent. The temperature of the drying
step was obtained by resistive heating using nichrome wire located
within a series of glass coils within the inner cavity of the test chamber
and near the suspended basket. Thermally stable powders were heated
at 100 °C for 30 min under a dry air flow rate equal to the total flow
rate of the uptake experiment, either 0.5 or 1.0 L per min (LPM).
Thermally sensitive fabrics receive moderate heat at 40 °C for 30 to
60 min under a dry air flow rate of either 0.5 or 1.0 LPM.

Starting and final sorbent masses were recorded with the sample at
well controlled laboratory ambient temperature under a no flow
condition after a 2-minute pause to ensure microbalance stability.
During the uptake experiment, the CWA vapor was passed over the
adsorbent with mass changes recorded using an in-house LabVIEW
(National Instruments) based data acquisition and control system.
The agent vapor exited the test chamber and was scrubbed by a
carbon filter. Static issues were eliminated using an Americium-241
source in line with basket. The experiment was determined to be
complete when there is no observable change in sorbent mass.

Vapor Permeance Measurement by Upright Cup Method.
This method uses a cup-like test cell for holding a volatile sample
liquid (Figure S1). The cup is filled with a liquid to be tested (e.g.,
water, DMMP) and covered with the multilayer membrane barrier to
be tested. The GO side of the membrane faced the test liquid; the
back side of the MOF filled membrane is exposed to the environment
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of a desiccator in which the assembled test cell is located. For water as
the test liquid, the RH in this cell is very high (∼90% RH) and water
vapor (e.g.) migrates across the membrane into the very dry permeate
side (∼1−5% RH) in the desiccator. The experiment was carried out
under such a condition for 7 or more days; the weight loss of the
entire setup was measured once every day over the whole week. The
test cell cup was made of PVC (the membrane area in the cell was
2.85 × 10−4 m2). In some experiments, to avoid sorption of the
chemical by the PVC material, a thin metallic foil was used to shield
the polymer material forming the cup. The membrane area in the cell
for these experiments was smaller, 1.77 × 10−4 m2; temperature was
25 °C.
Water Vapor Permeance Measurement in DMPC. The

diameter of the circular composite membrane in the DMPC31 is 47
mm. The effective membrane area in the cell was 7.07 × 10−4 m2.
Temperature was 25 °C. The RH in the feed side of the cell was very
high (∼90% RH). Water vapor migrated across the membrane into
the dry permeate side (∼1−5% RH). Relative humidities of both
streams were measured by four RH transducers (HMP76, Vaisala,
Woburn, MA). The pressure difference maintained between the two
inlet locations (feed inlet and sweep inlet) was less than ∼0.1 inch of
water during moisture permeation measurement. Certain flow rates of
gases were employed both in the feed side (pure N2) and sweep side
(pure He). To determine the permeance of moisture and N2, the gas
flow rates on both sides were maintained at the same value; these
values were 20, 50, 100, 200, and 500 cm3/min. The pressures were
essentially atmospheric. A gas chromatograph (GC) (GC-2014,
SHIMADZU) was used with a thermal conductivity detector (TCD);
the column used for N2 was as follows: fused silica capillary column
(30 m × 0.53 mm; Supelco Analytical). The conditions used were as
follows: carrier gas temperature, 200 °C; column temperature, 180
°C; and detector temperature 230 °C.
Experiments for Ammonia Breakthrough Studies. A dry

nitrogen gas stream containing 100 ppmv NH3 was introduced to the
feed side of the DMPC at 10 cm3/min flow rate from a gas cylinder
having this N2 calibration gas mixture (Gasco, Oldsmar, FL). On the
other side of the cell, ultrahigh purity N2 gas (UHP NI 300, Airgas,
Oakland, NJ) was introduced at the same flow rate (Figure S10). The
very low level of ammonia in the counter-currently flowing stream was
analyzed by a CMS analyzer (Draeger, Telford, PA) with ammonia
CMS chips (0.2−5 ppm, model 6406550, 2−50 ppm, model 6406130,
10−150 ppm, model 6406020, Draeger, Telford, PA).
Testing of Breakthrough of CWAs. The testing of CWAs, HD,

GD was carried out according to ASTM F 739-12. A schematic of the
1inch diameter Pesce PTF 700 permeation test cell used is shown in
Figure S11. A sample membrane was cut out to the required
dimension of the cell. The permeation area is 5.02 cm2. Dry air was
introduced to both sides of the cell in a countercurrent fashion at 300
cm3/min. Into the air entering the challenge side of the cell, the CWA
or its simulant was introduced from a saturator cell at a rate sufficient
to develop a concentration of 300 mg/m3 concentration. When the
CWA/simulant breaks through completely at its feed concentration
level through the membrane into the collection chamber, its
concentration level measured from the air stream exiting the
collection chamber is going to be considerably lower due to dilution.
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substrate; schematic for ammonia breakthrough testing
using the DMPC; and Pesce PTF 700 permeation cell
for ASTM F 739-12 (PDF)
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