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Nanofluidic transport through humic acid
modified graphene oxide nanochannels†
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The chemical similarity of graphene oxide (GO) and humic acid has been exploited to fine-tune the ionic

and molecular transport properties of a lamellar GO membrane. Introduction of humic acid (in 10, 15 and

20%) is found to improve the nanofluidic transport characteristics, such as ionic mobility, molecular

selectivity, diffusivity and permeability, of the GO membrane. Remarkably, the membrane prepared with

15% humic acid displayed superior proton mobility (mH = 1.04 � 10�4 cm2 V�1 s�1), in-plane diffusivity

(D = 4.8 � 10�6 cm2 s�1), and cross-plane permeability (PL = 2.03 � 10�4 mm g cm�2 s�1 bar�1) to the

pure GO and other composite membranes. The favorable nanofluidic characteristics of the 15%

membrane are attributed to the larger effective heights of the 2D nanochannels, derived from the onset

point of the surface charge governed ionic conductivity of the membranes. The activation energy of

proton transport (B0.07 to 0.1 eV) confirmed the occurrence of a Grotthuss-like hopping mechanism in

all the GO–HA membranes. Introduction of humic acid into two-dimensional GO channels also improved

the solution stability and mechanical robustness of the pristine GO membrane. The lamellar GO–HA

membranes were also found to be suitable for energy harvesting applications such as direct methanol fuel

cells and reverse electrodialysis. Remarkably, even after 72 hours exposure to electrolyte solutions, open

circuit potentials up to 0.05 V, 0.21 V, and 0.12 V were found for the 10, 15, and 20% membranes,

respectively.

Introduction

Fabrication of well-defined nanochannels in the sub-
nanometer size regime is a matter of great importance as these
channels provide access to interesting phenomena associated
with biological nanochannels and promise technological break-
throughs in areas like water treatment, energy harvesting and
molecular sieving.1–4 The major bottleneck in the study of sub-
nanometer-size fluids is the limitation in device fabrication techni-
ques. The traditional methods employed for this purpose are either
of low-throughput or require highly expensive and sophisticated
instrumentation.5–7 In order to overcome these shortcomings,
molecularly thin nanochannels were prepared by self-assembling
exfoliated layers of two-dimensional (2D) materials.8–14 The space
between the layers of reconstructed-layered-materials forms a

percolated network of two-dimensional nanochannels, providing
a new platform to study ionic/molecular transport under sub-
nanometer confinement. Thanks to the abundance of layered
materials, and ease of preparation and scalability, reconstructed
lamellar membranes also promise practical applications in areas
like water desalination, molecular sieving, and energy storage
and harvesting.15,16

Even though layered material based lamellar membranes
have several advantages over polymer and inorganic membranes,
they are not free from drawbacks. The sub-nanometer-size pores
of lamellar membranes that facilitate unprecedented ionic/
molecular selectivity also impede molecular permeability. The
natural choice to overcome the problem of low permeability is
to increase the channels’ heights by applying spacers between
the sheets.17–19 However, application of incompatible inert
spacers could sacrifice the selectivity and robustness of the
pristine membranes. Here, we have explored the possibility of
tuning the transport characteristics of GO membranes without
sacrificing their lamellar structure or altering the channels’
heights. Humic acid, a naturally occurring organic material, is
applied here to tune the structure of GO nanochannels. With a
structure chemically and physically similar to that of GO, humic
acid causes an all-round improvement of the GO lamellar
membrane.
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Results and discussion

Humic acid, a decomposed product of organic biomass, is
ubiquitous in a natural environment. The outstanding
chemical functionalities of humic acid are known for more
than 150 years, but these functionalities have not been applied
much in advanced technologies due to uncertainties in its
chemical structure. Recent studies demonstrated that the
morphology and composition of humic acid are very similar
to those of GO.20 Moreover, just like GO, humic acid produces
conductive 2D sheets upon reduction.21,22 Based on their
structural and chemical similarities, humic acid molecules
are expected to perform as synergistic spacers in the GO
membrane. Humic acid extracted from native soils following
standard procedures was characterized with various spectro-
scopic techniques such as IR, UV-Vis, and fluorescence spectro-
scopy (Fig. S1, ESI†). X-ray photoelectron spectroscopy based
analysis reveals the O/C ratio of purified humic acid samples to
be 0.3 (Fig. S2a, ESI†), which was also supported by the EDX
elemental quantification carried out under an electron micro-
scope as shown in Fig. S2b (ESI†) (the O/C ratios were found to
be in the 0.25 to 0.3 range). Similar to GO, humic acid forms
homogeneous dispersions in neutral water and hence it can
be easily mixed with GO into appropriate compositions. The
GO sample used here was synthesized following modified
Hummers’ method and characterized with electron and atomic
force microscopy, see Fig. S3 (ESI†). The interactions between
GO and humic acid can be visualized by studying the colloidal
stability of the mixtures. In Fig. 1a, aqueous dispersions of
GO and humic acid are compared with those of the mixtures
(10, 15 or 20% humic acid with GO). While dispersions of
humic acid started settling down after around 72 undisturbed
hours, those of the mixtures remained unaltered for 60 days
(Fig. 1b), suggesting the existence of favorable interactions
between these two negatively charged nanomaterials. Composed
of synergistic blends of aromatic and oxygenated carbon atoms,
both humic acid and GO sheets are amphiphilic in nature. The
surfactant-like properties of both these materials23–27 have been
exploited to disperse hydrophobic nanomaterials like carbon
nanotubes through p–p stacking.28,29 In the HA–GO dispersion,
the aromatic segments of humic acid molecules are expected to
interact with the hydrophobic regions of the GO surface through
p–p stacking, projecting away the oxygen containing hydrophilic
regions. As a result, the negative zeta potential of the humic acid
and GO dispersions increases upon mixing (Fig. S4a, ESI†),
which is attributed to the superior dispersibility of the mixtures
in polar solvents like water. As the polarity of the medium was
decreased by adding ethyl acetate and isopropanol, the HA–GO
mixture agglomerated before pure GO and humic acid disper-
sions, as can be seen in Fig. S4b (ESI†). The existence of p–p
stacking between the hydrophobic regimes of humic acid and
the GO sheets was also verified through the fluorescence
quenching experiment shown in Fig. S5 (ESI†). The purified
humic acid samples display a characteristic emission spectrum
(lexcitation = 320 nm and lemission = 470 nm) that originates from
the conjugated carbon atoms (both aromatic and non-aromatic)

bonded with various chromophores.30,31 Addition of GO not only
quenched the fluorescence of the humic acid dispersion, but the
extent of quenching was also found to be directly proportional to
the amount of GO added. It supports the existence of definite
interactions between the two materials, as GO is known to
quench fluorophores through excited-state energy transfers via
p–p stacking.20,32–34

Similarly, upon vacuum filtration, except for pure humic
acid, all other dispersions yielded freestanding membranes.
Fig. 1c shows a digital photo of a composite membrane
(GO–HA) obtained from the dispersion of 15% humic acid.
The cross-sectional field emission electron microscopy (FESEM)
examinations on the broken edges of the GO–HA membranes
revealed the formation of densely packed lamellar structures.
Under the electron microscopy examinations no large pores or
agglomerated chunks of humic acid were observed. A character-
istic cross-sectional FESEM image of the 15% GO–HA membrane
is presented in Fig. 1d. The lamellar structures of the GO–HA
membranes were also confirmed by the existence of character-
istic (002) reflections in the XRD patterns (Fig. 1e). Addition
of humic acid marginally increased the interlayer spacing, from
8.2 Å of GO to 8.8 Å, in the 20% GO–HA membranes. In order to
test their solution stability, small pieces of the membranes
(15 mm � 7 mm) were soaked in water for a prolonged time.

Fig. 1 Aqueous dispersions of GO, humic acid and their mixtures (10, 15
and 20% humic acids in GO) after (a) 5 minutes and (b) 60 days of
preparation. (c) Digital photograph and (d) cross-sectional FESEM image
of the 15% GO–HA membrane. (e) XRD patterns of the air dried mem-
branes. (f) Photographs of the GO and GO–HA membranes soaked in
water for 60 days.
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As can be seen from Fig. 1f, the GO membrane started disin-
tegrating within 3 days of soaking, but the GO–HA membranes
remained unaltered for more than 60 days. The enhanced
stability of the GO–HA membranes is attributed to the cross-
linking of lamellar GO sheets by the humic acid molecules.
During vacuum filtration, the humic acid modified GO sheets
are forced into a tightly packed lamellar structure, providing a
geometrically favourable situation for crosslinking interactions
such as p–p stacking, H-bonding, and CH–p stacking. The
existence of these interactions in the composite membranes is
evident from the Fourier transform infrared (FTIR) spectra
shown in Fig. S6 (ESI†). The p–p interaction weakens the double
bond character of the aromatic rings, causing a red-shift of the
CQC stretching vibration band of humic acid35 from 1657 cm�1

to 1620 cm�1. Similar p–p interaction is also seen in the pure GO
membranes. The weakening of the stretching vibrations of the
C–H bond (2920–2850 cm�1) in the composite system as com-
pared to those of humic acid and GO can be attributed to the
CH–p interaction between the sheets.32,36 Likewise, in the O–H
stretching regime, a decrease in peak intensity, broadening, and
shifting of the peak position (from 3440 cm�1 to 3340 cm�1)
indicate the occurrence of inter-molecular H-bonding between
the hydrophilic functionalities of the two materials.37 The cross-
linking effect of humic acid was further confirmed by studying
the mechanical properties of the membranes. Fig. S7 (ESI†)
shows that the tensile strength values of the membranes,
determined from maximum loads lifted by rectangular strips
(dimensions of 20 mm � 3 mm � 0.027 mm) before failure,
improve with increasing humic acid content on them. The same
trend is also followed by the bending stiffness values of the
membranes, discussed in Fig. S8 (ESI†).

One of the most widely anticipated applications of recon-
structed layered materials is in the water treatment processes.
The requirements of ideal water purification membranes
include chemical/mechanical robustness, high permeability
and great selectivity. The solution stability and mechanical
robustness of the GO–HA membranes are already described
in Fig. 1f and Fig. S7 and S8 (ESI†), respectively. The next key is
to improve permeability and selectivity, concurrently. With the
intention to test permeability and selectivity, fixed volumes
(3 ml) of aqueous dye solutions (200 ppm) were vacuum filtered
through the composite membranes. From the ‘‘time’’ required
to complete the filtration process, the permeabilities of the
membranes were calculated by employing eqn (1).11

Permeability

¼ membrane thicknessð Þ � amount of permeateð Þ
membrane surface areað Þ � timeð Þ � differential pressureð Þ

(1)

The bar diagrams of Fig. 2a show the liquid permeabilities
of the membranes of different compositions. Surprisingly,
the 15% GO–HA membrane shows higher permeability than
the 10%, 20% and pure GO membranes. The selectivities of the
membranes were studied by measuring the concentration of
the methylene blue (MB) dye in the solution before and after

filtration by recording their UV-Vis spectra. The weights of the
dye molecules separated from their aqueous dispersions during
the filtration process are shown as bar diagrams in Fig. S9a
(ESI†). Interestingly, the pure GO and membranes with 15%
humic acids removed slightly more dye molecules than the 10%
and 20% GO–HA membranes. But the dye removal efficiency
(F(aff)) of the membrane with 15% humic acid was calculated to
be far better than those of the pure GO and other composite
membranes (bar diagrams in Fig. 2b). The F(aff) value of a
membrane was calculated by dividing the weight (w) of the
dye molecules removed from the solution by the product of
the time (t) required for the filtration and the weight (mw) of
the membrane (F(aff) = w/(t � mw)). It demonstrates the
possibility of enhancing both the permeability and selectivity
of the lamellar membrane just by tuning the composition of
the right spacer. With the intention of further confirming the
prospect of creating favourable channel structures for mole-
cular diffusion, the permeabilities of water vapors through
the membranes were studied gravimetrically. Fig. S10 (ESI†)
shows the evaporation rate of water from a glass vial covered
with different membranes with thicknesses of B20 microns.
Here again, the GO–HA membranes allowed the permeation of
water vapor at much higher rates than the GO membrane. The
membrane with 15% humic acids displayed a permeation
value (1.02 � 10�6 mm g cm�2 s�1 bar�1) almost equal to
the one with no barrier on it (1.3 � 10�6 mm g cm�2 s�1 bar�1).

Data shown in Fig. 2a and b show the permeability of water
molecules across the membrane in the vertical direction, where
water molecules travel through long zig-zag channels. In lamellar
membranes, the preferred movement of the molecules should be
in the horizontal direction, i.e. in the plane of the sheets. In order
to gain insights into their in-plane molecular diffusivity,

Fig. 2 (a) Liquid (water) permeabilities (Pl) and (b) dye removal efficiencies
(Faff) of the different GO–HA membranes are compared with that of GO.
(c) Schematic diagram of the device employed for determining in-plane
water diffusivity. (d) In-plane water diffusivities (D) of the different GO–HA
membranes.
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rectangular strips of the membranes were encapsulated into
freshly prepared polydimethylsiloxane (PDMS) elastomer. As
shown in the schematic of Fig. 2c, liquid water was introduced
into the channels through the holes cut out at both ends of the
strip. The diffusion process was monitored by measuring the
response current across the membranes after applying a voltage
(0.5 volt) for 50 ms through the Ag/AgCl electrodes inserted into
the droplets at regular intervals of 30 minutes. In the beginning,
no current was observed; measurable ionic current was seen only
when water molecules diffusing from both ends of the mem-
branes met each other to complete the circuit. As the water
molecules diffused into the other regions of the membranes,
the current values started increasing with time and reached
saturation when all the channels became completely hydrated
(Fig. S11, ESI†). The time (t) taken by the water molecules to
diffuse into the channels of the entire membrane reflects the
characteristics of the channels in the respective membranes.
Fig. 2d shows the diffusivity values (D) of the membranes
calculated using Einstein’s approximation for two dimensional
diffusions, eqn (2).12

x2 = 4Dt (2)

where the diffusion distance (x) is taken as half of the
membrane’s length.

Another important characteristic of reconstructed lamellar
membranes is their high nanofluidic ionic conductivity. Ionic
currents through the 2D channels of the different GO–HA
membranes were measured after exposing water soaked devices
to aqueous KCl solutions of different concentrations. The slopes of
the I–V curves (shown in Fig. 3a) measured after 7 hours of KCl
soaking were normalized with the membranes’ dimensions to
determine conductivity. The conductivity–concentration plots of

Fig. 3b reveal that each membrane exhibits two distinct regimes of
conductivity. At high concentrations, the conductivities of the
devices vary linearly with concentration similar to those of bulk
solutions. But, for concentrations below 10�2 M, the conductivity
does not vary even for a four orders of magnitude change in the
concentration. This typical characteristic of nanofluidic channels
known as the surface-charge-governed ionic conductivity origi-
nates from the overlapping Debye layers of the channel walls
under nanofluidic confinement. It not only confirms the for-
mation of a percolated network of nanofluidic channels but also
indicates the absence of large macropores. Moreover, the transi-
tion point (Ct), defined as the concentration at which the char-
acteristics of ionic conductivity changes from bulk-like to surface-
charge-governed, throws light on the effective dimensions of the
nanochannel.38 From the conductivity versus concentration plots
of Fig. 3b, the Ct values of the different membranes were deter-
mined from the intersection of the lines laid over the two distinct
conductivity regimes as shown in Fig. S12 (ESI†). The effective
channel heights (h) and Ct are connected through eqn (3).38

h ¼ 10�3
ss

eNACt
(3)

where ss, NA, and e stands for surface charge density, Avogadro’s
constant, and elementary charge, respectively. The effective
channel heights obtained as such for the different HA–GO
membranes are shown in Table 1.

Fig. 3b also reveals that in the surface-charge-governed
regime the membranes with 15% and 20% humic acid contents
showed B4 times higher ionic conductivity than the GO and
10% GO–HA membranes. In order to verify this unusual trend,
the conductivities of the membranes were also measured with
HCl solutions of similar concentrations. Here again, in the low

Fig. 3 (a) Representative I–V curves recorded with a nanofluidic device made from the 15% GO–HA membrane after soaking the same in aqueous KCl
solutions at different concentrations. Ionic conductivities (k) of the different nanofluidic devices as functions of (b) KCl and (c) HCl concentrations. (d)
Surface charge densities (ss), (e) proton mobilities (m), and (f) Arrhenius plots of the proton conductances of the different GO–HA membranes are
compared with those of GO.
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concentration regime the 15% and 20% GO–HA membranes
showed one order of magnitude higher ionic conductivity than
the other membranes, see Fig. 3c.

The measured ionic conductivity of the channels is a
product of surface charge density (equivalent to ionic concen-
tration) and ionic mobility. To understand the unusual
enhancement in the surface-charged-governed ionic conductivity
of the 15% and 20% GO–HA membranes, it is important to
determine one of these parameters, independently. The surface
charge density of the channel walls was determined by employ-
ing an ion-exchange based method.13 In the first step, all the
movable ions of the membranes were exchanged with Li+ by
stirring a piece of the membrane (11 mm � 7 mm � 0.013 mm
and 0.8 mg) with 10 ml of 2 M LiCl solution, for 24 hours. The
excess Li+ ions were then removed by washing with excess water.
The movable Li+ ions were then re-exchanged with H+, by stirring
the membranes with 1 mM HCl solution for 20 hours. The total
numbers of protons exchanged (Np) with Li+ ions were deter-
mined from the decrease in the conductivity value of the super-
natant liquid, by considering the limiting conductances of HCl
and LiCl as 425 O�1 and 115 O�1, respectively. The surface
charge densities (ss) of the different membranes were deter-
mined from Np using eqn (4).

ss ¼
Np � q

Nn � l � w
(4)

where Nn is the number of nanochannels obtained by dividing
the membrane thickness by the height of one channel (d spacing
of the (002) plane), q is the elementary charge, and l and w
represent the length and width of the membranes respectively.
The surface-charge-densities determined as such for the different
GO–HA membranes are shown in Fig. 3d. The walls of the
channels with 15% GO–HA exhibit slightly higher surface-
charge-density than those of the other membranes, but not
enough to explain one order of magnitude increase in the ionic
conductivity. The ss values obtained as such were used to
determine proton mobility (m) through the channels, by employ-
ing its relationship with surface-charge-governed conductivity
(G) (5).4,12,38,39

G ¼ 2mss
w

l
(5)

As can be seen from Fig. 3e, the membrane with 15% humic acid
contents exhibits much higher proton mobility than the GO and
10% GO–HA membranes. It is remarkable to observe that the
structures of the nanofluidic channels of the reconstructed
lamellar membranes can be finely-tuned to support not only

higher molecular diffusivity but also higher ionic mobility. To
understand the mechanism of proton transport, the conduc-
tance of 10�4 M HCl through the composite membranes was
studied as a function of temperature. The conductances of the
GO and GO–HA membranes follow an Arrhenius-like behaviour.
From the Arrhenius plots, shown in Fig. 3f, the activation
energies for proton transport through all the membranes were
found to be in the 0.07 to 0.1 eV range. The activation energy
values suggest the occurrence of a Grotthuss-like hopping,13,40

where charge is transported through coordinated hopping of
protons between water molecules and surface –OH groups of the
nanochannels.

In order to understand the unusual behaviour of the 15%
HA–GO membrane, the effective channel heights of the mem-
branes are compared with their ionic mobility, molecular
diffusivity and permeability values. The data listed in Table 1
clearly connect the superior mobility and diffusivity of the 15%
GO–HA membrane to the larger effective channel height of the
2D nanochannels. In order to understand the origin of the
larger effective channel height of the 15% membrane, HA–GO
dispersions were investigated under a transmission electron
microscope, which revealed that the surfaces of the GO sheets
with 15% humic acid are more rough and uneven than those of
the other compositions (Fig. S13, ESI†). The exact reason for the
same is not known yet. This inhomogeneous coating of the
sheets would create channels with non-uniform heights, having
localized regions of slightly larger channels. These localized
regions of the larger channels would not only provide addi-
tional spaces or pathways for ionic/molecular transportation
but also reduce the viscosity of permeates in those regimes.41

However, it is worth mentioning that as long as the overlapping
of Debye lengths occurs in the different regimes of the nanofluidic
network the selectivity value of the membrane would not be
compromised. In order to gain further insights into the nanofluidic
transport of the humic acid modified GO nanochannels, the
permeation of water molecules in the HA–GO membranes of
different compositions was investigated through equilibrium mole-
cular dynamics (MD) simulation. As both GO and humic acid
possess similar chemical structures, representative structures of
both these nanoflakes were constructed by locating hydroxyl and
epoxy functional groups on the basal planes of aromatic carbon
atoms (Fig. S14, ESI†); the carboxylic functional groups were placed
at the edges of the aromatic networks by fixing the elementary
compositions at C10O1(OH)1(COOH)0.5.42–44 The nanoflakes of GO
and humic acids were arranged in space to get the GO–humic acid
composite membrane of desired proportion (0, 10, 15 and 20%
humic acids with GO) as shown in Fig. S15a–d (ESI†). The geometric

Table 1 Various nanofluidic parameters for GO and GO–HA membranes are compared with their inter-planner distances ((002) reflections) and the
corresponding effective channel heights

Membrane
Effective channel
height (nm)

Liquid permeability
(mm g cm�1 s�1 bar�1)

Gas permeability
(mm g cm�1 s�1 bar�1)

In-plane diffusivity
(cm2 s�1)

Proton mobility
(cm2 V�1 s�1)

Activation
energy (eV)

GO 1.54 1.0 � 10�4 2.6 � 10�7 2.4 � 10�6 1.6 � 10�5 0.10
10% 1.60 1.5 � 10�4 8.3 � 10�7 3.4 � 10�6 1.7 � 10�5 0.09
15% 2.19 2.0 � 10�4 1.0 � 10�6 4.8 � 10�6 1.0 � 10�4 0.07
20% 1.99 1.4 � 10�4 7.3 � 10�7 3.9 � 10�6 7.0 � 10�5 0.07
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parameters of the membrane were kept as H = 8 Å, W = 5 Å and
D = 10 Å. After the construction of the layered GO membranes, each
of the membranes was hydrated with a water box (dimensions:
147 � 102 � 64 Å3) containing 19 894 water molecules, and the
water molecules within 2 Å of the GO nanosheets were removed.
A methylene blue (MB) solution box (4 MB molecules and 7745
water molecules in a box with dimensions of 147 � 102 � 32 Å3)
was placed above and below the hydrated membrane. Equilibrium
molecular dynamics (MD) simulations were performed to investi-
gate the permeation of water molecules. The simulation setup is
shown in Fig. S16 (ESI†). During the simulation no MB molecules
permeated through any of the membranes. The details of the MD
simulation are provided in the ESI.† Typically, when a water
molecule travels from one end of the membrane to the other end,
a water permeation event is counted. During the simulation, the
15% GO–HA membrane showed better permeability with 571 water
molecules permeated, and for comparison the pure GO and the
membranes with 10 and 20% humic acid displayed permeation of
416, 480 and 512 water molecules respectively. The permeabilities of
water (Nw) through the different HA–GO membranes obtained as
such are shown in Fig. 4a.

The work here demonstrated that the interlayer spaces of GO
membranes can be modified with humic acid to further
improve their ionic conductivity, solution stability and mechanical
robustness. Such improved membranes should be ideal for energy
harvesting applications such direct methanol fuel cells (DMFCs)
and reverse electrodialysis (RED). A major problem faced by

traditional proton exchange membranes like Nafion in DMFC
applications is their high methanol permeability, which leads to
a crossover effect.45,46 In order to verify the prospects of GO–HA
membranes in DMFC applications, the permeabilities of different
solvent vapors through the membranes were studied by the
gravimetric method. The rates of solvent evaporation from glass
vials covered with the membranes 20 mm thick are shown in
Fig. 4b. Interestingly, all the GO–HA membranes blocked methanol
vapors much more effectively than the pure GO membrane
(Fig. 4b). Typically, the membrane performance for DMFCs is
evaluated by the selectivity value defined as the ratio of proton
conductivity to methanol permeability.45,46 The bar diagrams shown
in Fig. 4d clearly show that GO–HA membranes will be more
preferred over GO membranes for DMFC applications. Similarly,
the applicability of GO–HA membranes for RED was tested by
measuring open circuit voltages obtained from the concentration
differences of the electrolytes across the membranes.9,47 Devices
comprising two compartments separated by GO–HA membranes
were fabricated using freshly prepared PDMS elastomer are shown
in Fig. S17 (ESI†). The compartments were filled with KCl solutions
of different concentrations, 10�3 M in the low (CL) and 1 M in the
high (CH) concentration chamber. The transmembrane potentials
and diffusion currents were measured by inserting Ag/AgCl
electrodes into the solutions. In Fig. 4e, the transmembrane
potentials recorded as a function of time are shown for the
different membranes, after 72 hours of experiment. Remarkably,
even after the 3rd consecutive cycle (each cycle 24 hours long) the
open circuit potentials due to the concentration gradient driven
transport of cations across the membranes were calculated to be
0.125 V, 0.05 V, 0.21 V and 0.12 V, for the GO, 10%, 15% and 20%
membranes respectively. In order to demonstrate the contribu-
tion of the HA–GO membranes to the measured cross-
membrane potential, the experiment was repeated by replacing
the HA–GO membranes with a commercial PTFE membrane
(pore dimension 1 mm) and an insulating non-permeable plastic
barrier. In both the cases, no open circuit voltage was observed
(Fig. S18a and b, ESI†). Similarly, to exclude concentration
gradient induced redox reactions at the electrode surface, the
open circuit voltages were measured by applying the Ag/AgCl
electrodes through agar–agar salt bridges (Fig. S18c, ESI†).

Conclusions

In summary, we have demonstrated that the ionic and molecular
transport properties of reconstructed lamellar membranes can be
finely tuned by applying appropriate spacers in right composition.
Application of humic acid not only improved the nanofluidic
transport of the GO membrane but also enhanced its solution
stability and mechanical robustness. Among the GO–HA mem-
branes with different compositions, the 15% membrane showed
remarkable enhancement in ionic mobility and molecular perme-
ability and selectivity. The data presented in this manuscript
indicate that slight variations in the channels’ dimensions within
the Debye-length-overlapping-regime do not deteriorate their selec-
tivity, but significantly enhance permeability and mobility by

Fig. 4 (a) Water molecules permeated through different membranes
under equilibrium MD simulation. (b) Experimental permeabilities (Pg) of
solvent vapors through different membranes. (c) Schematic diagrams
depicting probable channel structures of lamellar membranes with varying
contents of humic acids. (d) Membrane selectivities (jm) and (e) open
circuit voltages harvested from concentration gradients across the differ-
ent GO–HA membranes. The data show voltages obtained on the 3rd
consecutive cycle, where each cycle was run for 24 hours.
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providing additional pathways for ionic/molecular transportation
and reducing the viscosity of the permeates. With such improve-
ment, reconstructed lamellar membranes should be ideal for
applications like water desalination and energy harvesting from
direct methanol fuel cells and reverse electrodialysis.

Methods
Extraction of humic acid

Humic acid was extracted following the standard conjugative
alkaline–acid treatment method.48–50 In typical experiments,
100 g of a soil sample was mixed with 300 ml of 0.1 M NaOH
solution and stirred for 2 hours at room temperature. The
brown coloured supernatant obtained after allowing the reaction
mixture to stand overnight was collected by centrifugation. The
pH of the brownish dispersion was adjusted to 1, to precipitate
out the acid-insoluble humic acid. And the precipitate of humic
acid was thoroughly washed with deionized (DI) water and oven
dried at 60 1C.

Preparation of GO membranes

GO was synthesized following modified Hummers’ method.51

6 g of KMnO4 was gradually added to ice cold sulphuric acid
(17 M, 50 ml) mixed with 1 g of graphite powder under constant
stirring. The mixture was then stirred at 35 1C for two hours,
followed by slow addition of 100 ml of DI water. The reaction
was terminated by adding 8 ml of H2O2 (30%) solution. The
as-obtained yellow suspension was subjected to two-step
washing with HCl (1 M) and acetone. Freestanding membranes
were prepared by vacuum filtering aqueous dispersions of GO
through a polytetrafluoroethylene (PTFE) membrane.

Fabrication of composite membranes

Aqueous dispersions of GO and humic acid (1 mg ml�1 each)
were mixed in appropriate amounts (10, 15, and 20% humic
acid by weight) and sonicated for 15 minutes. The mixed disper-
sions were then passed through a cellulose nitrate membrane to
prepare GO–HA composite membranes.

Surface charge governed ionic transport

The ionic conductivities of the devices were measured by dipping
two Ag/AgCl electrodes in the reservoirs filled with electrolyte.
A source meter (Keithley 2450 model) instrument was used for
recording current and voltage values.

Characterisation

The functional groups present in humic acid were characterized
by Fourier transform infrared (FTIR) spectroscopy. The morpho-
logies of humic acid and graphene oxide were examined by
atomic force microscopy (AFM) (Agilent, Model 5500 series), field
emission scanning electron microscopy (FESEM) (Zeiss, Model:
Gemini), and field emission transmission electron microscopy
(FETEM) (JEOL, Model: 2100F). X-ray diffraction was studied
using Bruker D-205505 Cu-Ka radiation (l = 1.5406 Å).

Dye separation experiments were conducted using a UV-Vis
spectrophotometer (Systronics, Model: 117).
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