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Abstract

Many environmental technologies rely on containment by engineered barriers that inhibit the
release or transport of toxicants. Graphene is a new, atomically thin, two-dimensional sheet
material, whose aspect ratio, chemical resistance, flexibility, and impermeability make it a
promising candidate for inclusion in a next generation of engineered barriers. Here we show that
ultrathin graphene oxide (GO) films can serve as effective barriers for both liquid and vapor
permeants. First, GO deposition on porous substrates is shown to block convective flow at much
lower mass loadings than other carbon nanomaterials, and can achieve hydraulic conductivities of
5×10−12 cm/s or lower. Second we show that ultrathin GO films of only 20 nm thickness coated
on polyethylene films reduce their vapor permeability by 90% using elemental mercury as a model
vapor toxicant. The barrier performance of GO in this thin-film configuration is much better than
the Nielsen model limit, which describes ideal behavior of flake-like fillers uniformly imbedded in
a polymer. The Hg barrier performance of GO films is found to be sensitive to residual water in
the films, which is consistent with molecular dynamics (MD) simulations that show lateral
diffusion of Hg atoms in graphene interlayer spaces that have been expanded by hydration.

INTRODUCTION

Approaches for managing toxic substances include capture and removal, destruction,
chemical transformation to low-toxicity products, and source containment. In many practical
scenarios, containment is the technology of choice due to cost and simplicity. The
containment approach typically relies on engineered barriers that prevent or inhibit toxicant
transport to the open environment or to compartments where exposures are more likely for
humans or sensitive environmental receptors.

The containment approach encompasses a wide range of technologies that include personal
protective equipment for workers or military personnel, geomembranes for landfill liners
and caps,1 sealants for surfaces containing lead paint, architectural vapor barriers to protect
buildings from the intrusion of radon or volatile organic compounds, vertical subsurface
barriers that are either passive2 or reactive,3 in situ sediment caps4 sealants or coatings to
suppress indoor formaldehyde release from manufactured wood products, or tarps as
transport barriers for soil fumigants.5 Suppressing the transport or release of toxicants is also
important in shipping and recycling of wastes containing volatile mercury6, 7 which
permeates through most bag and box materials, and in food and pharmaceutical packaging,
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where inks, monomers, and plasticizers can leach through or from the polymer packaging
into the product. Improved barrier fillers or inner linings may be able to reduce the amount
of “leachables and extractables” that find their way into foods and drugs.

Many synthetic barriers are based on polymers, and most commodity polymers are not
effective barriers to small molecule permeation, especially in the vapor phase. There is
strong motivation to identify low-cost methods for improving the barrier performance of
polymers.8 A new approach for designing transport barriers makes use of graphene, single-
atom-thick sheet of carbon observed in 196159 and first isolated from crystalline graphite in
2004.9 The perfect graphene monolayer is impermeable even to He atoms,10, 11 and its
atomically thin structure could allow it to perform its barrier function at very low mass
loadings and thus low cost and weight. The economical forms of graphene available now,
however, have limited lateral dimension on the scale of microns, and the technical challenge
is to assemble these building blocks into practical materials or composites that meet the
requirements for specific barrier applications.

The work to date on graphene-based barriers has focused on gases (oxygen, helium,
hydrogen, nitrogen, water vapor)12–15,61,62 with a limited amount of work on organic
solvents (ethanol, hexane).15 In the environmental literature, graphene materials have been
explored as sorbents,16, 17 sensors,18 photocatalysts,19 or electrodes for capacitive
deionization20 but there has been no work to our knowledge on graphene-based barriers to
toxicant transport, i.e. barriers for environmental containment technologies.

Here we report on the first exploration of graphene materials as environmental barriers to
toxicant transport. We focus on graphene oxide building blocks, which can be processed in
water, and perform proof-of-principle experiments on both vapor barriers and hydraulic
(liquid) barriers. For the vapor demonstration, elemental mercury was adopted as a model
vapor toxicant that is known to permeate commodity polymer films.6, 7 We show that
ultrathin GO films with as few as 25 layers (thickness ~ 20 nm) can reduce Hg permeation
by 90%, and that the multilayer film geometry far outperforms the imbedded sheet geometry
(common “Nielsen” configuration) due to suppression of horizontal migration between the
layers. The barrier mechanism for these ultrathin GO films is investigated by studying
moisture dependence and through analytical modeling and molecular dynamics simulations
of Hg atom diffusion in confined inter-laminar spaces.

MATERIALS AND METHODS

Materials

Graphene oxide was prepared using a modified Hummer’s method,21 and characterized by
atomic force microscopy (AFM), scanning electron microscopy (SEM), and dynamic light
scattering (DLS) (Supporting info). In aqueous suspension it exists primarily as monolayer
sheets from 0.3–3 μm (volume mean diameter: ~ 1.7 μm) (Fig. S2) in lateral dimension. A
set of commercial polymer film materials was purchased from McMaster-Carr and cut into
15 cm diameter disks for permeability testing. The work on graphene hydraulic sealants
used 1D and 3D reference materials: multiwalled carbon nanotubes from Mitsui (nominal
diameter 20–100 nm and length ~15 μm) and carbon black (Printex 90, primary particle
diameter 14 nm).

Hydraulic Sealing Experiments

Suspensions of graphene oxide, carbon nanotubes, and carbon black were subjected to
pressure-driven flow through syringe filters (Anotop 25: Whatman Ltd., pore size 20 nm,
filtration area 4.78 cm2; or Nylon syringe filters: Cameo 17GN, pore size 220 nm, filtration
area 1.0 cm2) using a syringe pump (Sage 361) at 1 mL/min (Fig. S4). The hydraulic
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pressure drop was monitored over time by an upstream pressure sensor (USB output PX409,
Omega).

Graphene Film Fabrication

Based on significant preliminary testing, drop casting on cationic surfactant-treated polymer
surfaces was determined to be a suitable method for generating uniform graphene oxide
films. Other techniques such as spin-coating have been reported,63,64 but the drop casting
technique allows direct calculation of the coating mass and estimation of mean layer
number. Polyethylene was chosen as the base polymer substrate. A circular polyethylene
sheet with a diameter of 20 cm was cleaned with ethanol and nanopure water, and immersed
in a shallow pool of 173 ppm cetyl trimethylammonium bromide (CTAB) for 10 minutes to
increase surface hydrophilicity and impart positive charge. The sheet was dried at 70°C for
60 minutes and stretched over a 20 cm glass plate and secured with adhesive tape to
eliminate wrinkles and creases. The GO suspension was diluted (typically 0.05 – 0.5 mg/
mL), and 25mL of the dilution was drop cast in the center of the polyethylene sheet. The
sample, consisting of glass plate, polyethylene sheet, CTAB layer, and GO drop, was dried
in air or placed in the drying oven at 70°C for 48 hours. The layered film was then removed
from the glass plate and its mercury vapor permeability was tested.

Film Permeability Testing

Measurements of vapor permeability require special equipment to eliminate mass transfer
resistances in the gas spaces on either side of the test film. We were unable to find
commercial equipment for mercury vapor, so a custom device (Fig. 1) was designed and
tested. This glass mercury diffusion cell uses Viton O-rings to seal a polymer film or
polymer/GO film over a standing pool of elemental mercury of 50 mm depth 74 mm
diameter (Fig. 1). To reduce gas-phase transport resistance, the membrane was positioned
only 2 mm above the pool surface giving a mass transfer coefficient of order D/δ (stagnant
gas limit), which represents less than 5% of the resistance of the polymer film. Downstream
of the membrane, a miniature electric fan forces convective flow onto the test surface which
reduces gas-phase transport resistance to small values. The mercury concentration in the exit
stream (200 cc/min) was determined by a semi-continuous gold-trap atomic fluorescence
mercury vapor analyzer (Sir Galahad, PSAnalytical) and the mercury molar flow converted
to permeation flux. The analysis stream induced an equivalent in-flow of room air (200 cc/
min) from a side pore in the upper half of the cell, which also serves as a feed for the
electrical wiring. To avoid mercury contamination above the film, the cap was kept separate
from the pool between tests and was purged with compressed air for several minutes
between each test. A thick impermeable control film of polyethylene terephthalate was
inserted between each test until baseline concentrations of exit Hg reached suitably low
baseline values.

Molecular Dynamics Simulations

MD methods were used to study the diffusion of Hg atoms through the interlayer spaces of
GO multilayer films as a function of water content. Medhekar et al. showed that the
interlayer spacing of GO can be controlled by the H2O fraction which determines the extent
and collective strength of interlayer hydrogen bond networks.49 We combined sets of MD
potentials for Hg, H2O, and C by adopting the potential hybrid method which enables the
use of multiple potentials in one simulation.57 For describing water interactions, SPC/E
water model is employed56 and the long-range Coulombic interactions are computed in
conjunction with the particle-particle particle-mesh solver.60 Other interactions such as Hg-
Hg and C-C are assumed to be Van der Waals interactions described by the Lennard-Jones
12–6 potential.55 The use of the simple LJ potential for describing the C-C interactions is
sufficient because all graphene sheets are assumed to be static. The standard Lorentz-
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Berthelot mixing rules are utilized for obtaining LJ potential parameters for the cross-
interactions. The cutoff distance for all interactions is set to 10 Å. Periodic boundary
conditions are imposed laterally to eliminate edge effects. The initial spacing between the
sheets is set at 20Å and the gap is closed at constant velocity until the desired interlayer
distance is reached.

RESULTS

Graphene oxide as a hydraulic sealant

In early, unrelated experiments we found it difficult to remove graphene oxide from
suspension by centrifugal ultrafiltration. This technique has been observed to work for the
separation of a variety of other nanomaterials, including those as small as 2–5 nm,22 but for
GO a portion of the solution appeared unable to pass the ultrafilter. We hypothesized that
GO was unusually effective at blocking convective liquid flows through porous substrates
and carried out systematic experiments to test this hypothesis. Aqueous suspensions of GO
(2D material) along with a 3D reference material (aryl-sulfonated carbon black particles),
and a 2D reference material (aryl-sulfonated carbon nanotubes) with the same mass
concentration were uniformly pumped through a syringe filter and the pressure drop
monitored over time. Only graphene oxide produces a diverging pressure drop after several
ml of flow (Fig. 2A). GO forms a dense surface film with a micron-scale tiling or wrinkle
pattern (Fig. 2B), while the 3D and 1D material form porous deposits. The development of
the sealant film can be tracked at higher resolution by a set of time-resolved experiments
using different GO concentrations (Fig. 2C). Figure D collapses that data set by
renormalization using GO mass on X-axis calculated as Vfiltrate×CGO, which represents the
total GO mass collected at time t. The total amount of GO deposited appears to determine
the sealant performance. Beyond 40 μg deposited or about 160 GO layers, the porous
material is effectively sealed irrespective of the applied pressure. At a typical wet GO
spacing of about 1 nm, the 50-layer stack in Fig. 2A represents a film of only 50 nm in
thickness. Barrier materials to convective water flow are often characterized by the
hydraulic conductivity, K, defined by v = KΔP/δfilm. At 50 nm, K = 5×10−13 m2/bar-sec, or
with pressure expressed in equivalent water column height, K = 5×10−12 cm/s. At the end of
our experiment, ΔP is increasing rapidly, which suggests that K values will continue to
decrease rapidly as deposition continues beyond the range accessible to our experiment (Fig.
2).

Few-layer graphene oxide vapor barriers

Elemental mercury has been reported to pass readily through common polymers used in
fluorescent lamp disposal and recycling,6, 7 and was chosen as a model permeating vapor
toxicant for this study. Prior to characterizing the barrier enhancement properties of GO
films, we needed quantitative data on Hg permeability in the base polymers, and we could
not find systematic data in the literature. We therefore adopted, as a secondary goal for this
study, to measure Hg-vapor permeability constants for a range of commercial polymers,
which could help guide the selection of containment materials for Hg-containing products
and wastes.

Measurements of Hg vapor permeability in polymer films—We applied the custom
diffusion cell in Fig. 1 to a range of commercial polymers in sheet form (Figure 3). For
sheets, the permeation rate R (mol/s) is given by: R = APΔC, where A is the membrane area
and P is the permeability, P = DH/δ, where D is the diffusion coefficient of Hg in the
polymer, δ the film thickness, and H the partition coefficient of Hg in the two phases at
equilibrium (Cpolymer

/Cvapor). In these experiments the pre-membrane concentration is
saturated Hg vapor (18,000 μg/m3 at 23°C),23 and the post-membrane concentration is
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approximately equal to the measured steady state exit concentration due to active stirring in
the head space. Example raw data is shown in Fig. S5. For highly permeable materials,
membranes were stacked to increase resistance and in all cases we report the permeability
coefficient (DH), which unlike the permeability itself (DH/δ) is a material property
independent of sheet thickness. Figure 3 shows that common polymers exhibit a wide range
of permeability coefficients for vapor-phase Hg (atomic diameter: 0.3 nm) and that the
values are of the same order of magnitude as values for small gases O2 (0.35 nm), N2 (0.37
nm) or CO2 (0.4 nm).24 Nylon, acetate, and polyester show the lowest permeability
coefficients, followed by high-density polyethylene at ~ 5× higher permeability, and the
elastomers (neoprene, silicone).

Graphene oxide for enhanced barrier performance—Low-density polyethylene
(LDPE) films of 50 μm thickness were chosen as a model substrate for graphene-based
barrier enhancement. The conventional approach to barrier enhancement is to add the low-
permeability component as filler uniformly distributed in the polymer matrix. Mineral flakes
are a common filler,26–30 and they suppress permeation better than spheres or cylinders at
equal volume percentage.31 The primary mechanism of barrier enhancement is an increase
the diffusive path length (Fig. 4) described by Eq. (1), the simple Nielsen model.32

(1)

Here P is the permeability of the composite; Pm is the permeability of the matrix material; is
φ the volume fraction of the flake fillers; α is the aspect ratio (lateral size/thickness). The
performance of fillers in the imbedded (Nielsen) configuration is limited because it does not
necessarily alter the diffusion coefficient in the polymer phase, but only increases path
length.

Our concept here was to strive for greater barrier enhancement by collapsing the GO flakes
into a film that also restricts horizontal migration (see Fig. 4). Of several ways to make GO
films,12–14, 33–42 we chose to directly cast GO suspension onto polymer membranes
pretreated with the cationic surfactant CTAB to impart hydrophilicity and positive charge.
The thickness of the films can be varied by GO concentration and liquid volume. The GO
laminates are observed to be adherent and mechanically stable on the polyethylene surfaces
even after hand folding. The polymers with GO nanofilms are noticably darker than the
untreated polymers but still transparent (Fig. 4).

Figure 4 shows that the film configuration is indeed highly effective as a barrier
enhancement. GO films of only 10 nm thickness can suppress Hg-vapor permeability by
60%, and 20 nm coatings can achieve ~ 90% reduction. The barrier suppression is much
greater than that expected for ideal imbedding, as predicted by the Nielsen model (Eq.1) for
horizontally aligned single-sheet flakes at the same GO/polymer mass loading (reference
curve in Fig. 4). Many experimental studies with imbedded clay or graphene materials do
not achieve the Nielsen limit due to non-uniform mixing or to misalignment, so the ability of
these films to exceed the Nielsen limit is significant.

The film results can also be compared to a simple model in which thin disks randomly
deposit on the polymer surface and cast diffusion shadows that inhibit transport into and
through the film. In the limit of thin polymer films, this blockage is directly proportional to
the fractional coverage, if the disks fall by an independent Poisson process that allows
overlap.43 In this case the inhibition is:
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(2)

where P/Pm is the relative permeability, Q the proportion of uncovered area which equals to
the relative permeability; λ the density of disk centers in counts per square areal unit; A is
the disk area; n is the number of layers (see Fig. 4 curve).

The permeability of GO-coated polyester was found to be sensitive to drying conditions.
Figure 5 shows that films dried at room temperature show significantly higher Hg-vapor
permeabilities than films dried at 70 °C. We suspected that this effect was due to lateral
diffusion of Hg through the expanded layer structure associated with interlayer water.15 We
therefore applied X-ray diffraction to the films and found that high-temperature drying
decreased interlayer spacing consistent with interstitial water removal (Fig. 5). Nair et al.
have recently reported that drying improves the barrier properties of GO films to small gas
molecules15 and the XRD results were used along with MD simulations to gain insight into
the molecular events associated with Hg permeation (see Discussion).

DISCUSSION AND MODELLING

This data set shows that casting graphene oxide from aqueous suspension onto polymer or
porous ceramic substrates can produce adherent, ultrathin films with very good hydraulic
and mercury vapor barrier properties. The hydraulic barrier performance is believed to be
due to the sealing effect of GO sheets that deposit with their axes parallel to substrates
containing submicron pores. The hydraulic conductivities are much lower for GO than 1D
and 3D carbon-based nanomaterials. Although monolayer graphene is in principle an
effective barrier, here the finite lateral size of the GO sheets (~ 1μm) requires that covering
films be built up gradually by deposition, good hydraulic barrier performance is achieved
here only after statistical tiling or overlapping of at least 25–50 layers. At 50 layers we
calculate a hydraulic conductivity of 5×10−12 cm/s, which is lower than natural geological
materials classified as “impervious” such as limestone, granite, or unweathered clay.
Extrapolation of the curves in Fig. 2 suggest that lower values are likely achievable by
further deposition.

As vapor barriers, ultrathin GO coatings on polymers are also effective for the model vapor
toxicant, mercury. The Hg permeability of polyethylene can be reduced by 90% with as few
as 25 GO layers (~ 20 nm films) that represent a very low mass fraction of the base polymer
(0.05 wt-% for 20 nm films on 50 μm polyethylene), which is promising for practical
applications. Especially noteworthy is the ability of the films to achieve barrier properties
that exceed the well-known Nielsen limit for ideal imbedding of flake-like fillers oriented
parallel to the substrate (Fig. 4 sketch and reference curve). The barrier performace seen in
the present work can be compared to that of Kim et al.,14 which uses imbedded graphene
oxide to decrease the permeability of PVA to oxygen. Adding 0.3 wt-% GO to PVA
decreased the permeability of their layered structure by P/Po = 0.257/1.27 or a reduction of
80%. The film configuration in the present work achieves 90% reduction with 1/6 of that
mass loading. Note that Kim et al. report improved performance if the GO is reduced with
hydrazine (P/Po = 0.0514/1.27 or 95% reduction at 0.3 wt-%). Using nano-clay in PVA,
Yuen et al.44 report P/Po of 29% at 5 wt.% clay loading. Compton et al. report P/Po of 50%
at about 1 wt-% graphene addition to polystyrene films.12 In comparison to these
benchmarks, the ultrathin graphene oxide films prepared here achieve much improved
barrier performance at equivalent mass loadings. Of course the imbedded configuration
offers the practical advantage that the graphene filler is mechanically stabilized within the
polymer sheet.

Guo et al. Page 6

Environ Sci Technol. Author manuscript; available in PMC 2013 July 17.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



For further development of this technology it would be useful to understand the mechanisms
that limit barrier performance. The small amount of residual Hg vapor “leakage” through
GO films seen here may be due to (i) atomic defects in the GO sheets,45, 46 (ii) imperfect
depositional assembly that lead to microscopic flaws in the covering film, or (iii) solute
permeation through the multilayer stacks involving lateral diffusion through interlayer
spaces to find pathways around individual GO sheets (Fig. S6). The observation that
permeability is sensitive to drying conditions provides insight into mechanism (iii).

GO is well known to hold water molecules in H-bonded configuration with its oxygen-
containing functional groups,47–49 and the bound water can increase interlayer
spacing.33, 49–51 The O-containing groups on GO tend to cluster leaving unfunctionalized
graphene patches that can participate in π-bonding and adsorption of hydrophobic
molecules.37, 52, 53 Nair et al.15 have recently reported that water vapor can facilitate the
permeation of gases through GO multilayer films. They propose that water molecules
associated with oxygen-containing functional groups act as pillars to increase the interlayer
spacing, and the unfunctionalized patches lying between these H-bonded pillars form
percolating channels that allow molecular transport through and across the films. Removing
water reduces interlayer spacing and effectively stops the permeation of small gases.15 We
hypothesized that residual water from incomplete drying is acting in the same way in our
Fig. 5 data.

To test this hypothesis we applied the Nielsen model to a hydrated GO multilayer, where the
water phase now becomes the matrix through which the permeating species (here Hg)
diffuses. The Nielsen model is derived for the dilute regime,26, 54 so we modified it by
accounting for excluded volume in the regime where the filler (GO) is more concentrated.
Eq.(3) shows a modified Nielsen model in which we subtract the excluded volume
associated with the finite size of the permeating molecule, σ.

(3)

Here H is the partition coefficient (obtained from Hg solubility in water); D is the effective
diffusivity of Hg in the interlayer space; W is the thickness of an unfunctionalized graphene
sheet including its electron clouds (0.34 nm); α is the aspect ratio of the plate fillers (lateral
size/thickness); n is the number of layers in the GO film, and dGO is the interlayer distance
(distance between nuclear planes) of GO, which can be measured by XRD. We use the
unfunctionalized sheet thickness to model the unfunctionalized regions in GO, which are
expected to be the primary diffusion paths. The primary unknown in this model is the
effective diffusivity of Hg in the interlayer spaces.

To understand Hg diffusion in hydrated GO interlayer spaces and to estimate D, we carried
out MD simulations involving a single Hg atom between two graphene sheets of 6.3 nm
lateral dimension containing interlayer water (Fig. 6). Details of the methods and potential
functions have been described previously55 and in the supporting information. At the chosen
layer spacing, water molecules are introduced into the available space at their liquid phase
density (33.3 molecules per nm3) and the temperature of the system except carbon atoms is
kept at 300K controlled by a Berendsen thermostat, which rescales their velocities every
timestep (each MD time step Δt=1.0 fs).56 The mean-squared displacement (MSD) is used
to calculate the mercury diffusion coefficient D0 by:
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(4)

applied after the system is fully relaxed. The Hg D0 is obtained from the asymptotic slope of
the MSD for 500 ps of MD simulations. All simulations are carried out by the LAMMPS
package.57

Figure 6 shows Hg diffusion coefficients as a function of interlayer spacing. The Hg atom is
immobile at spacings less than 7 Å and becomes increasingly mobile above 8 Å. All relevant
values are well below the diffusivity of Hg in bulk water (1.88 ×10−5 cm2/sec at 300 K 58).
We observe that Hg mobility is related to the mobility of the surrounding water molecules.
Below 7 Å the simulations show that water forms an immobile monolayer that traps the Hg,
while increasing spacing leads to a water double layer that enables Hg atom to move by
positional replacement. These results provide insight into interlayer Hg diffusion and can be
used to complete the model in Eq. (3).

Figure 7 shows the results of the Nielson model modified for excluded volume and using the
interlayer diffusivity values from the MD simulations of Fig. 6. The predicted permeabilities
show the same trend as the data in Fig. 5 as a function of interlayer spacing, which supports
mechanism (iii) above as the cause of the moisture dependence. Lateral diffusion of Hg
through hydrated and expanded interlayer spaces is consistent with the observed trends.

In conclusion, graphene-based materials show great promise for a next generation of
environmental barrier materials. These atomically thin materials provide low hydraulic
conductivity and low Hg-vapor permeability at very low areal density, which is promising
for practical, cost effective materials. Nair et al.15 report essentially no vapor permeability in
the dry state, but their films are much thicker (0.1 – 1 μm) and thus their results may be seen
as consistent with the present ones for ultrathin 25 nm films. The excellent barrier
performance exhibited for liquid water and mercury vapor are not believed to be highly
chemically specific properties, and could likely be extended to a wide range of toxicants.
The observed moisture sensitivity suggests one could create tunable or selective barriers by
altering residual water through humidity control. Much more work is needed on the large-
scale fabrication, permeability, and mechanical stability of graphene-based environmental
barriers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Custom glass diffusion cell developed for measurement of Hg-vapor permeability through
polymer and polymer/graphene sheet materials. A narrow gap (2mm) below the film and
forced convection above are features needed to minimize gas-phase mass transport barriers
and isolate the test film resistance.
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Figure 2.
Demonstration of graphene oxide as a hydraulic sealant. A. Pressure drop during forced
filtration through nanochannel alumina filters (20 nm pore size) for graphene oxide
compared to carbon black material) and carbon nanotubes (2D material), which form three-
dimensional porous filter cakes; B. SEMs showing structure of deposited films or porous
filter cakes; C. Concentration dependence of sealant effect for GO and Nylon filters. Label
“blocking” refers to a control experiment in which the syringe was capped; D. Unification of
panel C. data by renormalizing X-axis as the total mass of GO deposited (M = C·Vfiltration)
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Figure 3.
Measured Hg-vapor permeability coefficients (solid markers) for common commercial
polymer sheet materials. Literature values for small gases in the same materials included for
comparison 25
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Figure 4.
Effectiveness of thin graphene oxide films as Hg-vapor barrier enhancers on 50 μm
polyester. The film configuration is seen to be much more effective than the common
configuration with GO uniformly mixed (compounded) with the polymer (Nielsen model;
Cussler model26–29). The data lie between the Nielsen ideal imbedding limit and the limit
for random overlapping disks whose centers of mass deposit on the film by a Poisson
process. For the modeling, the atomic GO thickness was taken as 1 nm and the lateral
dimension 1 μm. Image shows polyester film treated with GO film (right) and untreated
(left).
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Figure 5.
Effect of drying conditions on the interlayer spacing and Hg permeability of GO films. The
permeability of films dried at room temperature at 15 % relative humidity for 48 hours (left),
and at approximately 70°C with zero relative humidity for 48 hours (right). The inserted X-
ray diffraction (XRD) spectra show that these two drying conditions lead to interlayer
spacings of 0.82 nm and 0.73 nm respectively. These GO films have an areal density of 35
mg/m2 and approximately 25 layers.

Guo et al. Page 16

Environ Sci Technol. Author manuscript; available in PMC 2013 July 17.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6.
Molecular dynamics (MD) simulations of Hg-atom diffusion in graphene interlayer spaces
containing water. The diffusivity of a tracer Hg-atom is seen to decrease with decreasing
interlayer spacing, and Hg becomes immobile below 7 Å spacing. Inset shows a graphene
interlayer region with with 8 Å spacing, and one mercury atom (blue) in water (red-grey
beads). The dashed line gives the known diffusivity of Hg in bulk water.
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Figure 7.
Results from the Nielsen model modified for excluded volume and using the Hg diffusivity
values obtained by MD simulation in Fig. 6. The curves are predictions for 25 nm GO films
with various values of GO aspect ratio, α. The triangles give the measured results from Fig.
5. These results support the hypothesis that the higher Hg permeability in wet films is due to
the increase in interlayer spacing associated with water pillaring, which allows lateral
diffusion of Hg atoms through the expanded and hydrated interlayer spaces. More complete
drying reduces interlayer spacing and restricts lateral Hg diffusion, which leads to lower
permeability.
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