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a b s t r a c t
In this work, we have developed multilayer nanoporous graphene oxide-based membranes by 
(1) taking advantage of nematic liquid crystalline phase of graphene oxide (GO) and alignment of 
pores through shear forces (SA GO) and (2) holey graphene (hG) with extremely controlled narrow 
pore size distribution via catalytic metal oxidation, for the efficient transport of water and rejection of 
undesired solute ions, as potential successor of reverse osmosis nanofiltration membranes. The mem-
branes performance was evaluated by measuring flux (permeability) and rejection (retention and 
adsorption) with applied pressure using a dead-end filtration cell investigating steady-state perme-
ation properties. These ordered, continuous SA GO and hG membranes (~140 ± 20 nm thick) demon-
strated faster water transport (higher permeability; ~70 ± 12 L m–2 h–1 bar–1), higher retention for 
charged and uncharged organic probe molecules (>95%) with hydrated radii >5 Å and modest (~40%) 
to high (~70%) rejection of mono- and divalent ion salts. The superior flux and efficient transports are 
attributed to the formation of in-plane organized, molecule-hugging cylindrical (slit-like) and spher-
ical (pore-like) nanochannels with optimum interlayer distance, low friction and large slip length 
of water following pore-flow model. The ion rejection mechanism from these primarily negatively 
charged membranes reveal that physical sieving and electrostatic interactions dominate the filtration 
process. We also presented the results with extremely cost-effective use of xylem plant as a natural 
filtration medium for economical disadvantaged regions and countries where potable freshwater 
is limited or lacking. These findings demonstrate a facile scalable method to obtain G-based mem-
branes with reasonable good stability, adjustable thickness and tunable interlayer spacing, thereby 
eliminating problems typically caused by aggregation limiting practical use of functional moieties.
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1. Introduction

Water is one of the planet’s most precious resources and 
life’s most basic and indispensable component. The reverse 
osmosis (RO) filtration in water purification is increasingly 
used to produce potable freshwater for growing world 
population, with currently greater than 50% of desalina-
tion plants worldwide using RO technology [1–3]. RO is a 

process by which pre-filtered seawater is forced through a 
series of semipermeable membranes under a pressure that is 
greater than the osmotic pressure, producing potable water 
by removing ions, molecules, biomolecules and larger par-
ticles [3]; it requires approximately 3 kW h–1 of energy per 
kg to produce 1 m3 of drinking water. Dwindling water 
resources with global increase in cleaning water consump-
tion requiring lot of energy forces to re-consider advanced 
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and novel conceptualization of water filtration technologies, 
which can provide safe supply in a faster and more energy- 
efficient, environmentally sustainable way [4]. Advances 
in the strategic design and synthesis of water filtration 
membranes with significantly improved retention, flux 
and cost-effectiveness will have tremendous impacts [5]. 
Current membranes based on conventional polymers (e.g. 
polyamide; PA) and ceramics used in molecular separation, 
sensing, biomedical and water purification technologies 
have salient advantages. However, these membranes suf-
fer from limitations that call out the development for the 
conception of novel membranes that offer high permeabil-
ity (water flux), ion differentiation (selectivity) and struc-
turally stable, scalable, reproducible, cost-effective as well 
as energy efficient. Graphene–atomic thin two-dimensional 
honeycomb sp2 bonded carbon lattice–is an exciting and 
potential game changing multifunctional nanomaterial, 
that possesses a combination of strong mechanical proper-
ties, extremely large surface area, chemical inertness and 
imperviousness to atoms even as small as Helium [4,6]. 
These nanoscale materials have shown potential in a vari-
ety of applications including water desalination and puri-
fication, electrochemical energy systems (supercapacitors 
and Li-ion batteries) [7–9], electrocatalytical enzyme-free 
biosensors [10,11], and proton conductors [12]. The concept 
of graphene-based membranes was first realized by molec-
ular dynamic (MD) simulations where nanopores were 
simulated on the surface or basal plane of high strength 
graphene monolayers to allow water to permeate while 
selectively rejecting other undesired substances proficiently 
[13]. Controlled by pore size and functional groups on the  
nanopore edge, one could make monolayer graphene useful 
for water filtration/desalination with higher permeabil-
ity than those of current RO membranes, was elucidated. 
Recent experiments of graphene-based membranes pre-
pared from monolayer graphene with arrays of nanosize 
holes provide ultrathin, ultrafast transport, high flux, ener-
gy-efficient, precise molecular sieving of gas and solvated 
molecules demonstrate great promise [6,14–18]. Despite of 
MD simulations and various experimental demonstrations 
and efforts, significant technical challenges exist as they 
suffer from manufacturing benefits that require expensive 
equipment and employ laborious methods in creating mem-
branes with organized nanopores for practical purposes 
such as scalability, reproducibility and mechanical robust-
ness due to thinness. Other potential two-dimensional 
layered materials suggested for similar applications are 
molybdenum disulfide (MoS2) monolayers [19] and hexag-
onal boron nitride (h-BN) [20]. Therefore, developing few- 
and multilayer nanoporous graphene (mNPG) membranes 
present viable and energy–efficient alternatives for the RO 
desalination process [7,15,21].

Graphene oxide (GO) particularly, which is a pseudo- 
two-dimensional material with strong in-plane covalent 
bonding and weak interlayer contacts made by hydro-
gen bonds between intercalated water molecules, is use-
ful for their easy processability [22]. The carbons in GO 
nanoscale flakes contain basal embedded hydroxyl (–OH) 
and carbonyl (–CO) functional groups as well as carboxyl 
(–COOH) groups situated at the edge sites of the sheets [23]. 
As a result, these surface functionalized graphene namely 

GO offers extraordinary potential for making functional 
systems and composites with high chemical stability and 
mechanical robustness, strong hydrophilicity, excellent anti-
fouling and antibacterial properties, all of which are prom-
ising in water detoxification processes [24]. Several other 
advantages of GO-based multilayer membrane technologies 
include cost-effectiveness, scalability due to facile syntheses, 
safety, environmentally friendliness and easy recyclability. 
Likewise, holey graphene (hG)–closed-edge nanopore con-
tained in graphene nanosheet–prepared from thermally 
reduced rGO in bulk using different methods (helium ion 
and electron beam drilling, defect-selective electron recoil 
sputtering, focused ion beam direct writing, metal catalyzed 
oxidation process) for precise control of nanopore size dis-
tribution [25–27]. In fact, edge sites are equally emerging 
for functionalization with single-ion biological channels or 
biomolecules for preparing biologically-inspired and bio-
mimetic membranes, sequencing of DNA, single- molecule 
detection besides water detoxification [28–30]. In spite of many 
reports on multilayered GO-based membranes [7,15,31] and 
graphene with arrayed holes [23,24,32], this work revisits 
on the strategic production of next-generation large-area 
mNPG oxide and hG membranes [24].

To achieve mNPG membranes with high water perme-
ability and salt rejection rate, we employed the following 
design guidelines based on modeling and simulations: 
(1) Both pore alignment and layer separation could be precisely 
controlled, a mNPG membrane with the smallest possible 
layer separation and fully aligned pores would represent the 
most promising choice. (2) It would be preferable to have 
sufficiently large layer separation to avoid fully impeding 
water passage across misaligned pores. Although large pore 
offsets would lead to a lower flux per membrane area, salt 
rejection could be enhanced. Additional NPG layers could 
be also used to further increase salt rejection; (3) Pores offset 
can be controlled experimentally and it is suggestive that a 
membrane with fully aligned pores is desirable. Although a 
large layer separation may result in lower salt rejection, more 
layers could then be superimposed to achieve the requisite 
salt rejection; and finally, (4) when neither pore alignment 
nor layer separation is controlled, having NPG membrane 
with the greatest pore density is recommended to enhance 
the likelihood of having aligned pores such as in this study. 
Furthermore, a larger pore density per unit area results in 
a higher net water flux per membrane area. Specifically, we 
report on the preparation of shear-aligned (SA) GO mem-
branes driven by liquid crystalline phase transition of GO 
[33] and controlled metal catalyzed hG membranes using 
facile methods on microporous Nylon support membrane 
[23,30]. They are expected to have optimized functional 
pore-pore alignment (organized) and interlayer distance in 
concurrent with mechanical robustness and chemical sta-
bility needed during pressure driven RO process. The per-
formance evaluation in terms of permeability (or flux) and 
retention is carried out to elucidate the roles of several key 
parameters such as pore size, shape (slit-like and hole-like), 
alignment (random vs. organized), pore edge and mem-
brane surface functional chemistry. The various results were 
discussed while addressing the following questions: Are the 
SA GO and hG membranes’ performance reproducible? Can 
we affect the quality of multilayer SA GO films by varying 
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the conditions of their deposition and post-processing such 
as thermal reduction? How the nanopore size, shape, align-
ment affect the filtration and desalination performance? 
We strongly believe this work will also open up new innova-
tions for nanoporous graphene-based membranes with other 
significant value propositions those are less prone to fouling, 
resistant to scaling, stable to chlorine and extreme pH, by 
designing nanocomposite thin film membranes with inter-
facial polymerization, for instance, among other strategies.

2. Experimental setup

2.1. Materials and methods

2.1.1. Synthesis of GO dispersions and hG

GO was synthesized using modified Hummers’ method 
as described [34–36]. According to the work reported in lit-
erature [7], an additional graphite oxidation procedure was 
needed, otherwise, incompletely oxidized graphite (core)/
GO (shell) microparticles were observed in the final prod-
uct. Briefly, natural graphite powder (4 g, Flake Graphite, 
Graphene Supermarket, TX), concentrated sulfuric acid H2SO4 
(25 mL) containing KMnO4 (5 g) and NaNO3 (5 g) (Sigma-
Aldrich, St. Louis, MO) as strong oxidizing agents were used for 
the synthesis. The synthesized GO product is re-suspended 
in water to a brown dispersion, which is subjected to dial-
ysis to remove residual metal ions and acids. The purified 
GO dispersion is sonicated by centrifugation (3,000 rpm and 
10 min) for exfoliation in RO water for 2.5 h, followed by 
centrifugation to remove the aggregated and un-exfoliated 
GO. The average lateral size of the GO nanosheets were 
determined using a scanning electron microscopy (SEM) 
(Model JSM-6510LV, MA) estimated to be ~1.5 ± 0.4 mm. A 
UV–Vis–NIR spectrophotometer (Perkin-Elmer 1050) in a 
range of 200–700 nm was used to determine the GO concen-
tration via measuring the absorbance at 230 nm (not shown). 
Various concentrations of GO dispersions were prepared 
using a superabsorbent polymer (cross-linked polyacrylate 
based hydrophilic hydrogel beads, Alibaba, China). For 
example, within ~2.5 h, a 12.5 ml GO dispersion with a con-
centration of 10 mg mL–1 within ~2.5 h was obtained from a 
500 ml suspension of 0.25 mg mL–1 GO where we used 11.5 g 
of hydrogel beads. This process is repeated to produce con-
centration GO of 14, 16 and 20 mg mL–1 viscous colloidal dis-
persions [29,31]. To avoid possible concentration around the 
beads and to speed up the absorbent process the container 
was mildly agitated by a magnetic stirrer. After the hydrogel 
beads were saturated with water, they were removed from 
the concentrated solution, cleaned with RO water. The GO 
deposits adhering to the surface of the saturated beads were 
also removed by washing them with RO water. The saturated 
hydrogel beads could be reused after drying them at 50°C 
overnight or leave them for drying in the air for 24–48 h. 
Fig. 1a summarizes the procedural steps. The as-prepared 
GO samples resulting in ratio of C:O (2:1) were then char-
acterized with SEM and transmission electron microscopy 
(TEM) (Model 1400 Plus, OR).

The hG (see Fig. 1b) [24] preparation involves multi-
step process and it begins by creating mixture of thermally 
reduced rGO and silver acetate of two molar concentra-
tions 1% (9% silver acetate and 91% rGO wt.%) and 10% 

(47% silver acetate and 53% rGO wt.%) with both mixtures 
being 100 mg total. Thermal reduction took place at relatively 
low temperature of 180°C for 2 h in Ar atmosphere yielding 
C:O ratio of 8:1 measured through X-ray energy dispersive 
spectroscopy (Model JSM-6510LV, MA). These two mix-
tures were mechanically grinded for homogenization with 
a mortar and pestle for 30–60 min. The solid mixtures were 
then transferred to an appropriate container (e.g. Al pan or 
ceramic boat) and heated in Ar gas atmosphere in a tube fur-
nace (Lindberg blue, Ar gas flow rate ~80–100 cm3 min–1) to 
350°C over 1 h, held isothermally for 3 h and cooled to room 
temperature. The temperature of the furnace was increased 
at 10°C min–1. The cooled product was then collected as 
the (Ag-rGO)1 and (Ag-rGO)10 samples, were the subscript 
refers to Ag-to-C molar ratio in percentage. For metallized 
catalytic oxidation, these vessels were moved into an open-
ended tube furnace or an air oven to a given temperature of 
300°C over 1.5 h and held isothermally for 3 h to perform 
metal catalytic oxidation. The heating was performed to cre-
ate the functionalized holes as nanopores in graphene sheets 
to enhance filtration properties. For catalysts removal, in a 
typical reaction, these air-oxidized Ag-rGO samples (50 mg) 
were refluxed in diluted nitric acid (HNO3, 2.3 M, 30 ml) 
for 2 h to remove silver particles following 30 min to cool. 
These solutions were then transferred into falcon tubes for 
centrifugation at 5,000 rpm for 10 min and the supernatant 
was discarded. The solid then repeatedly washed with water 
from 8 to 10 times in re-dispersion-centrifugation cycles 
until the supernatant become neutral (pH > 6.2). The solid 
was then dried either at 70°C in vacuum or at room tem-
perature under a constant Ar flow to obtain the final hG1 
and hG10 products. Typically, the yield was approximately 
70%–80% for both the hG1 and hG10 samples (air oxidation 
at 300°C for 3 h).

2.1.2. SA GO and hG membranes preparation

To evaluate the optimal conditions required for pro-
duction of a continuous GO film, a simple lab-scale doctor 
blade (MTI Corporation, USA) was used for various GO 
concentrations. The doctor blade had a relatively finer rect-
angular outlet formed between the blade and the substrate, 
through which the movable blade spreads the nematic phase 
GO dispersions on the substrates (Fig. 1c). Fig. 1c also shows 
the photographs of the as-prepared multilayer nanoporous 
membrane discs namely, GObead, hG1 and hG10 clearly reveal-
ing far more uniformity and denser without pinholes and 
patched as opposed to vacuum filtered membrane GOvac. 
The doctor blade gap size was ~2 mm and the casting speed 
was ~0.5 cm s–1. To prepare GO film, 0.25 ml of GO dispersion 
was spread over a porous Nylon-66 membrane (pore size 
0.2 mm, 4.7 cm diameter, Sterlitech, USA). A syringe pump 
was used to precisely control the movement of the doctor 
blade. Subsequently, the resultant liquid films were dried 
overnight under ambient condition. To prepare both types of 
hG membranes, we used Nylon-66 support membrane and 
a vacuum filtration pump (KNF pump) from the purified 
solutions. We also prepared vacuum filtered GO membranes 
by using a 5.0 and 7.5 mg ml–1 GO solution (from same stock 
of GO dispersion) and filtered it through the same porous 
Nylon-66 support (pore size 0.2 mm, 47 mm diameter, 
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Fig. 1. (a) Procedure for concentration GO dispersions by adding polymer hydrogel beads. (b) Schematic of the scalable synthesis 
of hG sheets via catalytic metal oxidation in air. (c) Shear-aligned processing of nematic GO film. Also, shown as-prepared GObead, 
GOvac, hG1 and hG10 membrane discs revealing uniformity without pinholes. (d) SEM images of GO films demonstrate continuity and 
conformity of SA membranes over Nylon 66 membrane support and TEM images of hG1 and hG10 showing almost uniform pore size 
distribution. A cartoon of holey graphene nanosheet is included in inset of hG10 image. (e) X-ray diffraction of SA GO and hG10 films 
(e) Micro-Raman spectra of SA GOfilm, rGO, hG1 and hG10 films showing prominent first-order (D, G) and second-order (2D, D + G) 
bands besides D’ band for hG film.
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Sterlitech, USA) for comparison with SA GO membranes. 
Different thicknesses of membrane can be made by changing 
the volume of the GO solution.

2.1.3. Design of xylem plant as natural wood filtration medium

For creating wood filter [37], branches were excised from 
white pine tree (identified as Pinus strobus based on the 
5-fold cone needles grouping) growing on a private prop-
erty on north side of Kentucky and placed in RO drinking 
water. Wood sections after peeling off the bark with cam-
bium of different length and 1 cm diameter giving various 
aspect (L/D) ratio (0.833, 1.67, 2.50) were cut and inserted 
at the end of 1 cm internal diameter tygon tubing, sealed 
with quick fix epoxy, secured with hose clamps and allowed to 
cure for 30–40 min before conducting flow rate/filtration 
experiments (see Fig. 1).

2.1.4. Microstructure characterization

All of the samples were characterized using a range of 
complimentary techniques to reveal surface morphology, 
microstructure and lattice vibration properties. SEM images 
were taken while operating at a primary electron acceler-
ation voltage (Vacc) of 10–20 kV at constant current 45 µA 
in secondary electron imaging mode with a LaB6 filament. 
For TEM, images were taken using a JEOL (Tokyo, Japan) 
instrument operating in cryo-EM and SAED modes at 100–
120 kV and 1 nA from LaB6 gun with a Be specimen holder, a 
Gresham SiLi detector and with AMT 8 Mpixel cooled cam-
era. TEM measurements provided nanoscale morphology 
and structure that help to determine interplanar spacing. 
The X-ray diffraction (XRD) was measured using a Bruker 
(Billerica, MA) (Model D2 PHASER) diffractometer with 
Cu Ka line generated at 40 kV and 30 mA at a scan rate of 
0.2° min–1 and a step size of 0.02° in the range of 2q = 5°–70° 
for SA GO and hG membranes. The XRD and TEM sam-
ples were prepared by etching the Nylon 66 substrates with 
concentrated HCl acid (Sigma-Aldrich, St. Louis, MO) and 
transferring the free-standing SA GO and hG films on glass 
slides or TEM grids. Raman spectra were measured using 
a micro-Raman spectrometer (Model InVia Renishaw plc, 
Hoffman Estates, IL, USA) equipped with a laser providing 
excitation wavelength 633 nm. The scattered light from the 
sample is collected in backscattering geometry transmitted 
and detected by CCD camera. An objective lens of 50x was 
used providing a spot size of ~1–2 mm and the laser power 
on the sample is maintained between <0.1–0.5 mW (1% or 
5%) to avoid local heating effects. Raman spectra ranged 
from 120–3,200 cm–1 samples for nitrogenated samples from 
1,100 to 3,200 cm–1 for non-nitrogenated aerogel samples 
with spectral resolution of 1 cm–1.

Xylem structure was visualized using SEM. Samples 
were sliced and coated with 10 nm thick gold before imaging 
for better visualization.

2.1.5. Nanofiltration performance of the membranes 
and wood filter

The SA GO and hG membranes were cut into the required 
size (43 mm diameter) of cell during nanofiltration tests. To 

increase the water stability of the SA GO and vacuum mem-
branes, they were exposed to 30 ml of hydrazine hydrate vapor 
(90%, Sigma-Aldrich, St. Louis, MO) for 10 min by placing 
in a hermetically sealed vessel containing the GO membrane 
onto a hot-plate at 60°C causing partial chemical reduction. 
We also soaked these SA GO membranes in 0.2 M NaCl 
and KCl for tuning interlayer spacing and nanochannel 
length via cationic intercalant control. The water permea-
bility and salt ion retention capabilities of the membranes 
were examined using a commercial bench-scale dead-end 
stirred cell-filtration unit (Sterlitech, Model UHP43, Kent, 
WA). The effective membrane area was ~14.5 cm2 and all the 
experiments were performed at ambient conditions (25°C) 
with pressure applied from 0.5 to 5 bar (60 psi or 413.7 kPa). 
Pressure was supplied using a nitrogen tank with a pres-
sure regulator for all the experiments. The permeability (χ)
of the membranes (with units L h–1 m–2 bar–1) for pure water, 
salt water and water/organic probe dye molecule solutions 
was determined after a constant flux was obtained, typically 
after 1 h of permeation, and calculated as:

χ =
⋅ ⋅

V
t A P

p

∆  (1)

where Vp is the permeate volume, t is the permeation time, 
A is the membrane active area and DP is the applied pressure 
of nitrogen. Prior to evaluation for retention performance 
of the membranes, the stirred cell was filled with 10 mg L–1 
of the test solutions. To diminish the role of adsorption, the 
membranes were pre-saturated by filtering ~20 ml of the test 
solution and then, to remove any solute adhered to the mem-
brane surfaces, the membranes were thoroughly washed with 
acetone followed by RO water (typically 50 ml of the solvent 
was added to the filtration cell and left stirring at 500 rpm for 
5 min). It is noteworthy that the cleaning process removed 
most of the probe molecules adhering to membrane surface 
and almost 100% recovery of membrane was observed. The 
retention performance of the membranes were evaluated by 
filling the cell with 40 ml of solution followed by applying 
pressure and allowing 10 ml to permeate through it. The 10 ml, 
which permeated through the membrane were collected and 
analyzed. All tests were repeated five times for reproduc-
ible results. For accurate estimation of the concentration of 
the probe dye molecules in the retentate stream, we rinsed 
all the components which were in contact with the retentate 
solution in the filtration cell, such as, the stirring apparatus, 
interior walls of the cell and the top surface of the mem-
branes with 100 ml of RO water multiple times and accounted 
for during calculation of the retentate concentration.

The salt retention performance of the SA GO and hG 
membranes was examined by evaluating the retention of 
the selected monovalent and divalent salts, NaCl, KCl, 
MgCl2, CaCl2, Na2SO4, K2SO4, MgSO4 and CaSO4, with a 
concentration of 0.5 g L–1. To minimize the concentration 
polarization effect on the retention performance, the feed 
solution was occasionally stirred at 500 rpm during the fil-
tration. We begin the tests by recording the permeability of 
the membranes for RO water until a stable condition was 
achieved (typically 1 h). Subsequently, RO water is replaced 
by 40 ml of the salt solution. The salt retention performance 
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of the membranes was evaluated by filtering 5–10 ml of the 
initial feed of 40 mL. Before every experiment, the mem-
brane was cleaned by filtering RO water through them until 
the permeability became stable and evidence of salts were 
observed typically 1–2. The retention performances of the 
membranes for the salts were calculated using the equation:

R
C C
C
f p

f

% %( ) =
−

× ( )100  (2)

where Cf is feed and Cp is permeate concentration, respec-
tively. The concentrations of the salts were also measured 
by an ion conductivity meter (Cole-Palmer, Vernon Hills, 
IL,  Model Oakton CON 450 Meter). Likewise, adsorption 
of probe dyes is calculated using:

Ads. %
( )

%( ) =
− +

× ( )
V C V C V C

V C
f f r r p p

f f

100  (3)

where Cp is the concentration of permeate and Vf , Vr and Vp 
refers to the volume of feed, retentate and permeate, respec-
tively. The Cf for all the molecular dyes used was 10 mM. 
Once all filtration was complete we kept it in a ~1–2 ml 
amount of filtered R6G (Rhodamine 6G), MB (Methylene 
Blue) and MV (Methyl Viologen) to determine the concen-
tration of permeate and retentate by analyzing permeate 
through UV-Vis absorption spectroscopy (Perkin-Elmer 1050, 
spectrophotometer, Waltham, MA). As for wood filters, they 
were flushed with 20 mL of RO water before experiments. 
Approximately 15 mL of deionized water or solution was placed 
in the tube. The filtrate was collected in glass vials. Care was 
taken to avoid drying of the filter and they were therefore 
soaked in RO water before and after use.

3. Results and discussion

3.1. Liquid crystalline phases of GO production and SA membrane

The liquid crystalline phase of anisotropic GO nano-
flakes (lateral size to thickness ratio ~1 k) suspended in  
water as stable colloidal suspension is produced by a unique 
sample concentration method, based on the superabsor-
bent polymeric hydrogel beads [38], unlike by application 
of heat or using vacuum [39,40]. They swell with water by 
absorbing small particles and water molecules within the 
beads, but larger particles are excluded and they are concen-
trated in the remaining un-absorbed water. In fact, similar 
approach is adopted for concentrating bacteria and other 
micro-organisms while detecting and quantifying patho-
gens in water while addressing water-borne diseases [41]. In 
general, as the concentration of GO dispersion increases, the 
GO nanoflakes undergo a structural phase transition , that 
is, from an isotropic dispersion to a biphasic system followed by 
full discotic nematic liquid crystal phase. The liquid crystal 
gel-like mesomorphic system displays a defect-free uniform 
director alignment over hundreds of micrometers. The dura-
tion for this process depends upon the initial concentration, 
the desired concentration and amount of hydrogels beads 
used. Fig. 1c shows the ~30 mg ml–1 concentrated GO dis-
persion [29,31].

The most important goal of this work is to fabricate scal-
able and membranes with reproducible performance taking 
advantage of this discotic nematic liquid crystalline phase of 
GO dispersion, by shear-induced alignment, going beyond 
the high solid contents of GO to produce continuous films. 
In our work, we observed an isotropic (0.25 mg ml–1) to nem-
atic phase transition at 7.5 mg ml–1, biphasic at 16 mg ml–1 
and complete nematic phases at ³20 mg ml–1 or beyond. It 
is known that nematic ordered fluid phases of GO have 
non-Newtonian flow characteristics [29,42], which are used 
to produce large-area films by use of shear forces applied 
through either doctor blading (a rigid blade typically used 
in liquid thin film processing for polymeric films) or dip 
coating [43]. While the size of membrane is governed by 
the shearing apparatus, we produced continuous films of 
area ~20 cm2 using a lab-scale doctor blade. The viscosity 
of the fluid is an important material parameter imposed 
during shear stress producing homogeneous films over 
large areas known as shear-thinning phenomena despite 
high viscosity. Fig. 1c shows the shearing process and the 
corresponding photographs of the shear-alignment (SA GO) 
membranes on porous Nylon-66 substrates (namely, GObead) 
besides SEM (Fig. 1d) displaying surface uniformity. To sta-
bilize the membranes, we partially reduced the GO mem-
branes by exposure to hydrazine hydrate vapor for 10 min. 
followed by soaking in cationic (NaCl and KCl) solution for 
cation-controlled interlayer spacing.

3.2. hG membrane

Figs. 1b and d shows photograph of hG membranes 
showing uniformity and TEM images of both the hG1 and 
hG10 membranes, respectively. The nanocrystalline domains 
and point defects on the graphene basal planes react with 
oxygen in the presence of metal catalyst leaving holes upon 
catalytic oxidation by etching away carbon atoms on the 
sheets primarily at the location of the metal catalyst. The 
electron microscopy shows the nanopore size distribu-
tion controlled by the amount of Ag metal catalyst content 
with respect to carbon, higher amount led to larger aver-
age size of Ag nanoparticles. It resulted in overall opti-
mally sized holes adopted by the size of the nanopores in 
hG membranes. The hole or nanopore size for hG10 ranged 
from 10–20 nm as compared with hG1 which was ~5 nm in 
average diameter. Typically, the hG1 samples have a lower 
degree of oxidation with the same temperature treatment 
making its hole size close to Ag-graphene contact area 
(smaller than the average diameter of Ag nanoparticles) 
in contrast to hG10 sample which has higher contact area 
as well as lower oxidation threshold that have holes with 
diameters closer or sometimes larger due to hole merging 
than the original size of Ag nanoparticles. Interestingly, the 
edge planes around the holes of hG samples appeared to be 
relatively smoother. Moreover, nitric acid treatment tends 
to introduce oxygen-containing groups such as carboxylic 
acid (–COOH) to sp2-bonded C (sp2C) systems. The micro- 
Raman spectra are XRD shown in Fig. 1e and f, respectively, 
are consistent with this observation. In particular, there was 
not significant change in interplanar spacing deduced from 
peak at 2q = 13.93° identified as d002 and the relative change 
in intensity of D (1,340 cm–1) and G (1,590 cm–1) bands, 



65S. Gupta et al. / Desalination and Water Treatment 169 (2019) 59–71

as well as peak positions and band widths, for hG1 and hG10 
membranes. The Raman band at 1,620–1,630 cm–1 identified 
as D’ band is apparent in hG films unlike in GObead mem-
branes despite some similar observations were made both in 
XRD and Raman spectra. The D’ band in highly perforated 
structures such as hG arises due to many more unsaturated 
edge carbon sites and substantial defects number density 
(vacancy plus edge sites). Despite the holey appearance, the 
rest of the nanosheet structures were still highly crystalline. 
Therefore, the retained graphitic nature suggests that prop-
erties such as electrical conductivity, thermal conductivity 
and mechanical properties are largely preserved.

3.3. Nanofiltration performance

The water flux (or permeability) and salt ion rejection 
are the two most important factors defining effectiveness of 
membranes besides underlying principles of fluid-physics 
in confined space necessary for describing the performance 
of mNPG membranes that is now discussed. The SA GO 
(after soaked in NaCl and KCl for 1 h) and as-synthesized 
hG1 and hG10 membranes of thickness ~140 ± 20 nm are eval-
uated by measuring the flow rate in a dead-end filtration 
cell with RO water, organic probe dye, and various elec-
trolytes to exhibit the most promising trade-offs between 
flux (permeability) and retention (rejection of unwanted 
ions) to produce freshwater. The thinness of SA mem-
branes strongly suggests that the shear stress orients the GO 
mesogens into the plane of the substrate and both of these 
membranes are suitable for medium scale pressure driven 
filtration. Fig. 2 summarizes the permeability and flux plots 
(panels Figs. 2a–c) and flux histograms (panel Fig. 2d) for 
various salts and dyes. Consequently, the SA GO mem-
branes are also compared with vacuum filtered membranes 
made from two GO concentrations i.e. 5.0 mg ml–1 (GO5) 
and 7.5 mg ml–1 (GO7.5). These membranes were reduced in 
hydrazine hydrate vapor following similar approach to that 
of SA GO membrane. The water and salt permeability and 
retention of three different organic dyes (methyl blue–MB, 
negatively charged; rhodamine 6G–R6G, electroneutral at 
pH = 6; and methyl viologen–MV, positively charged) are 
compared. All of these membranes surface tend to be nega-
tively charged due to the presence of carboxyl (–COOH) or 
hydroxyl (–OH) groups. While it is not surprising that the 
retention of organic dyes is improved, water permeability 
is extremely good due to the optimum stacking ordering of 
multilayer graphene nanosheets. The SA GO membrane and 
hG membranes showed water permeability (70 ± 12 L m–2, 
h–1 bar–1) that is approximately eight times larger than those 
of vacuum filtered membranes (9 ± 5 L m–2, h–1 bar–1) at the 
maximum applied pressure difference. It is apparent that  
the flux through the membrane increases linearly with incre-
asing applied pressure difference (Fig. 2) following solution- 
diffusion model [44] or permeability with time.

The modified Hagen-Poiseuille Eq. (4):

Flux ∅( ) ≈ h P
L x

4

1212
∆
∆

 (4)

where h is the interplanar distance between graphene sheets 
(equivalent of channel length vertical to the flow), L is the 

average lateral length of graphene sheets, h is viscosity of 
water (0.001 Pa s at 22°C), and Dx the thickness of graphene 
membranes. Here an approximate explanation of fluid flow 
through multilayered structures assumes that the flow is 
through cylindrical (or slit-shaped) or spherical-shaped 
(circular) pores in which volumetric flow is given by:

Q h L
l

=
3

12
∆p
η

 (5)

where the effective channel length l = L Dx/h (l will be the 
diameter of circular hole in hG membrane) and an areal den-
sity is given by 1 L–2. Therefore, for thickness of ~140–160 nm, 
this equation yields a flux of 0.5 × 10–4 L m–2 h–1 bar–1, several 
orders of magnitude smaller than our experimental values. 
One possible explanation is that the water molecules might 
go through the defect edge of pores within the graphene 
sheets of multilayer membranes, leading to smaller L for both 
circular- and slit-like pores, thereby yielding higher calcu-
lated flux for relatively lower applied pressure (Figs. 2a and 
b). The other possible explanation for the observed response 
could be the slip flow theory. The basic presumption of 
Hagen-Poiseuille’s equation is laminar flow and no-slip 
(or liquid flow with zero velocity) at the boundary (mem-
brane-electrolyte) layer [45]. The departure of experimental 
flux from the classical equation suggests that the velocity of 
the liquid flow at graphene wall and hG pore edge is not zero. 
Similar to carbon nanotubes (CNTs) with diameter smaller 
than 10 nm (few-layer CNTs), a flow enhancement of 103–104 
fold was found for water confined in 1D nanochannels [46]. 
Such a fast transport of water through CNTs is ascribed due 
to two reasons: (1) low friction between water and hydro-
phobic carbon wall and (2) ordered hydrogen bonds formed 
by the single file or address of water molecules being reg-
istered. Likewise, the graphene membranes studied in this 
work with nanopores also possess frictionless carbon walls 
and nanocapillaries in 2D form are organized and expected 
to be mostly aligned. Notably, the oxygen-contained groups 
on graphene sheets would block water molecules because of 
strong interaction between them. Thus the graphene regions 
without or less functional groups are responsible for faster 
transport of water. This explanation is supported by the fact 
that neat GO membranes filtered through vacuum showed 
much less water flux at the same measurement conditions 
(Fig. 2). Actually, since slip flow theory itself is limited more 
experiments should be carried out for direct proof to obtain 
insights into deeper understanding of the fluid transport in 
confined 2D nanochannels with rectangular (slit) or circular 
(round) holes.

Now we turn our attention toward the measurements 
of retention and permeability of several monovalent (NaCl, 
KCl, Na2SO4 and K2SO4) and divalent cationic salts (CaCl2, 
MgSO4 and MgCl2) at concentration of 0.5 g L–1 and organic 
probe dyes of 10 mM concentration with different net 
charges (see Figs. 2b–d and Figs. 3a–b). The SA GO mem-
brane showed modest retention (between 30%–40%) capabil-
ity as compared to higher retention (between 50%–70%) from 
hG membranes (Fig. 3a) with lowest retention (20%–25% 
of NaCl) for GO vacuum filtered membranes (not shown). 
The GO interlayer distance is not constant and depends 
strongly on the GO:H2O ratio [22]. Therefore this capability 
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is not surprising as the interlayer spacing for SA GO mem-
brane is rather small (~6.3–7.6 Å) as compared with vacuum 
filtered membranes (~9.2 Å). Also, both (SA GO as well as 
hG) membranes surface is abundant with various oxygen-
ated functional groups, such as carboxyl, hydroxyl and 
epoxy, which persisted post mild chemical reduction for 
stabilization. According to Klinowski et al. [23], the carbons 
in GO layers contain two domains randomly distributed 
namely, aromatic regions with unoxidized benzene rings 
and aliphatic regions with six-membered carbon rings and 
relative domains size depends on the degree of oxidation. 
The phenolic hydroxyl groups are acidic and along with 
carboxyl groups, are responsible for negatively charged 
surface of GO nanosheets in aqueous suspension. While 
chemical functionalization of nanopores with hydroxyl 
groups can enhance permeability, but typically reduces 
desalination efficiency. The reason being hydroxyl groups 
provide hydrophilic sites at the edge of pore, which give 
rise to attraction of water molecules and enhanced flux is 
due to super denser packing of water molecules inside the 
pore. It is therefore clear there is a general trend for ion 

rejection regardless of the type of the pore shape. In other 
words, ion rejection depends on the pore size or effective 
membrane area and type of pore plays lesser important role. 
As shown in Fig. 3a, the retention sequence of salt solutions 
was R(NaCl) @ R(KCl) > R(MgSO4) > R(CaCl2) > R(CaSO4) 
@ R(Na2SO4), comparable to those reported and higher 
than CNT–based membranes at the concentration used [39], 
but somewhat lower than those of commercial desalination 
nanofiltration membranes. There are at least two reasons 
that can contribute to this effect, first the operation pressure 
is quite low (<<10 bar) owing to limitation of our filtration 
device (5.5 bar) and these studies demonstrated that the 
retention of salts decreases with decreasing applied pres-
sure difference [47]. Secondly, there might be some pores 
larger than 4 nm and unzipped slit-like pores caused by GO 
surface oxidation. Therefore, further optimization for both 
types of multilayer nanoporous membranes will facilitate 
commercialization.

One of the intriguing observations from Fig. 2b is the 
permeability of CaSO4 is ~4.5–5 times higher than those of 
Na2SO4 and MgSO4 salts. These measurements were repeated 

(c) 

(b) (a) (b)

(c)

(a))))

  

(d) 

Fig. 2. Filtration performance (a) water flux ((f) vs. applied pressure for various membranes. (b) Permeability (c) for SA GO membrane 
for alkali and alkaline salts. (c) Flux (f) of NaCl and methylene blue; MB dye for SA GO membrane and hG10 membranes vs. applied 
pressure. These are also compared with vacuum filtered GO5 and GO7.5 membranes. (d) Flux (f) histograms for NaCl, Rhodamine 
6G (R6G), MB, and methyl viologen (MV) dyes at the maximum applied pressure difference. RO water flux is also shown as horizontal 
dotted line.
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at least four times and here we attempt to provide explana-
tion based on the reported computations helping to gain fur-
ther insights. The understanding of the ions accumulation on 
the surfaces with π-electron-rich structures become far more 
complex due to the cation-π interaction in 1980’s [48] as well 
as hydration or ion solvation effects [49–51]. Basically, the 
cation-π interaction is the noncovalent interaction between 
a cation and π-electron-rich carbon-based structure deter-
mined using quantum mechanical (DFT and ab initio) meth-
ods [50]. While there is clear enrichment of Na+, Mg2+ and 
Ca2+ cations on carbon-based surface, anions (Cl– and SO4

2–) 
are also enriched but the hydrated anions-π interaction is 
much weaker. Moreover, hydrated divalent cations interact 
strongly than those of monovalent cations, there are sub-
tle differences among divalent ions which require further 
study. Nevertheless, such singular behavior for Ca2+ has been 
reported earlier while investigating charge transfer dynam-
ics on single-walled CNTs using in situ Raman spectroscopy 
technique [52].

As for ion transport, it is dominated by flow through 
large uncovered pores that permit significant flow (pres-
sure driven if pores are <50 nm) and ions can go through 
the pores without much retardation such that the exclusion of 
ions can be described using Donnan theory for membrane 
equilibria. Based on Gibbs-Donnan exclusion theory [39], 
the Donnan potential at the interphase of feed solution and 
membranes, these membranes will repel co-ions and conse-
quently retain counterions to keep electroneutrality of the 
solutions on each side of the membranes. In the exclusion 
model, the rejection, R, of ionic species can be controlled 
by the charge density of the membrane by:

R
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Z C
Z C X
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i f
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= − = −
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where Cf and Cp are concentration of co-ions in the feed and 
permeate (membrane phase) solutions, X is the membrane 

 

 

(b) 

(a) 

 

 (c) 

(d) 

Fig. 3. (a) Various salts retention by SA GO and hG membranes. NaCl retention for GO5 vacuum filtered membranes is also shown. 
(b) Retention and corresponding details (concentration and adsorption) of R6G, MB, and MV dyes. The violet, red and blue symbols 
represent positively, electroneutral and negatively charged organic probe dye molecules, respectively. Error bars in these figures are 
from four measurements showing the maximum and minimum values. (c, d) Removal of MB and R6G dyes from water by filtra-
tion. Images of the solution before (feed) and after (permeate) filtration. The inserts are the UV-Visible absorption spectra of the dye 
solution before and after filtration from different membranes.
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charge density, i and j are the subscripts refer to co- and 
counter-ions and Z is the ion valence. At a fixed surface 
charge density (s), the effective membrane charge density 
|X| will increase with the decreasing pore diameter, 2r, as 
described by a simple scaling relationship [52], X

Fr
=

2
σ , 

where F is Faraday constant. In context of Donnan exclusion 
[19,53,54], the maximum of ~30% rejection of 1 mM NaCl 
corresponds to a membrane charge density |X| ~0.6 mM. 
It turns out that the surface charge density for approximately 
85% oxidation was measured to be 0.4 per 100 Å2 by Fendler 
and co-workers [55]. It implies that, for salts ion rejection 
more than 30% should result into somewhat lower degree of 
oxidation of SA GO (as well as hG membranes surface) than 
85%, which is consistent with our mild chemical reduction. 
Computer simulation show that a graphene membrane con-
taining oxygenated groups lined nanopores/nanochannels, 
such as in our SA GO and hG membranes, can trap Na+, K+, 
Mg2+ and Ca2+ ions under certain electrochemical conditions 
and water molecules transport without much retardation. 
Similar observations have been made in atomically sym-
metric ultra-narrow nanopores in transition metal dichal-
cogenides (monolayer molybdenum disulfide, for example) 
and h-BN [18]. It is established from proton exchange mem-
branes in fuel cells to ion channels in biological membranes, 
the well-specified control of ionic interactions in confined 
geometries profoundly influences the transport and selectiv-
ity of porous materials. The first principle calculations and 
density functional theory have revealed that the location of 
the most stable cation adsorption is where oxide groups and 
aromatic rings co-exist [50]. The narrow dimensions of the 
interlayer region or extremely narrow pore size may act as 
an energetic barrier to ions, however, with shorter pore-pore 
distances (i.e., aligned nanopores) allowing for a smaller 
transport barrier than large pore-pore distances (i.e., mis-
aligned nanpores) which suggested novel approach toward 
optimizing multilayer RO membranes in which the offset 
between pores can be purposely maximized to increase salt 
rejection while maintaining a roughly constant water flow 
rate per pore. However, this approach would also result in 
lower pore density and lower net water flux per membrane 
area. Therefore layer separation and pore alignment play 
crucial role in determining desalination performance.

The retention (R) and adsorption (Ads.) percentage for 
organic dyes were determined from UV-Visible absorption 
spectroscopy (see Figs. 3b–d along with feed and colorless 
permeates of R6G and MB dyes photographs post-filtration). 
They exhibited high retention (>92%) for charged (MB > MV) 
and marginally less for uncharged (R6G) solutes with 
hydrated radii above 5 Å (Fig. 3b reports the analysis from 
feed, retentate, and permeate concentrations). Interestingly, 
the findings display that the retentate concentration is 
always larger than the feed concentration, while the adsorp-
tion percentage is ~12%, irrespective of the probe molecule 
species. The permeability (Fig. 2) during filtration of probe 
molecules is almost 90% or higher to those of clean water 
permeability that supports minimum adsorption. Based on 
these measurements, it appears that SA GO and hG mem-
branes physically sieve molecules when the interlayer space 
of the graphene sheets approaches the size of the probe 
molecules, reported as hydrated radii (~5 Å) mentioned 

above. It is worth noting that the negatively charged probe 
molecules have marginally larger retention than the posi-
tively charged molecules suggestive of electrostatic repul-
sion. Overall, the retention mechanism is possibly attributed 
to the following: (1) direct adsorption of dye molecules, 
(2) physical sieving by 2D nanochannels which is controlled 
by channel sizes and alignment and (3) electrostatic interac-
tions between charged dyes and negatively charge surface 
group, on SA GO and hG membranes. To analyze further 
the performance, we used pore-flow model for our multi-
layer nanoporous membranes and qualitatively determined 
the reverse osmotic pressure (Dp; hydrostatic pressure 
required to stop the water flow as in normal osmosis) fol-
lowing proposed solution-diffusion model [42]. Fig. 4 illus-
trates pore-flow model and associated parameters (panel a) 
and summarizes the outcome for different membrane types 
(panel b). The applicability of this phenomenological model 
and other attributes mentioned above once again provided 
the evidence of the membranes’ behavior (for example, 
surface activity of membranes) observed in this study.

3.4. Xylem plant (white pine or Pinus strobus) as natural 
filtration medium

Generally, the flow of sap in plants is driven primarily by 
transpiration from the leaves to the atmosphere, which cre-
ates negative pressure in the xylem. Therefore, xylem mor-
phology evolved under competing pressures of providing 
minimal resistance to the sap flow, while protecting against 
cavitation while maintaining mechanical strength [31] has 
some analogy to the practical membranes studied in this 
work. The xylem structure comprises many small conduits 
that work in parallel and operate in a manner that is robust 
to cavitation (Figs. 5a–c). The xylem conduits in conifers are 
formed from single dead cells known as tracheids or several 
cells arranged in a single file called vessels. These parallel 
conduits have closed ends and are connected to adjacent con-
duits via ‘‘pits’’ [8] (Fig. 5c). The pits have membranes with 
nanoscale pores that perform the critical function. The long 
length of xylem vessels implies that a large thickness (a few 
cm) of xylem tissue will be required to achieve any filtration 
effect. In contrast, conifers, including softwood trees have 
short tracheids that would force water to flow through pit 
membranes even for small thicknesses of xylem tissue such 
as in our case (Fig. 5c). Consequently, since they offer higher 
resistance to flow, is likely to be the most suitable xylem for 
construction of a water filtration device as proposed in ref. 
[31]. We found that water readily flowed through the xylem. 
The flow rate or flux was proportional to applied pressure 
(Figs. 5d and e), which allowed for the determination of the 
hydrodynamic conductivity K following:

Q P
l

 volumetric flow rate in m s   KA m Pa s3( − − −( ) ( )=1 2 1 1∆  (7)

and flux (f) in similar manner as graphene-based nanoporous 
membranes. The observed conductivities for water (and 
similarly MB dye) for three or four different filters were in 
the range of 2–25 × 10–7 m2 Pa–1 s–1 (Figs. 5d and e). Biologists 
have performed similar flow rate measurements by cutting a 
section of a plant stem under water and applying a pressure 
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Fig. 4. (a) Chemical potential (m), pressure (p) and solvent activity (gc) profiles in an osmotic membrane according to the pore-flow 
model from left to right. The concentration within the membrane is assumed to be uniform, so the chemical potential gradient in the 
membrane is expressed as a pressure gradient (Dp). (b) Qualitative assessment of osmotic pressure (Dp) histogram from Fig. 2 for RO 
water and NaCl for different membrane types.

Fig. 5. (a) Photograph of a white pine tree and a clean cross-sectional pine tree (Pinus strobus) branch of 1.5 cm diameter, 50 mm 
thick after peeled off skin. (b) Xylem plant filter construct. (c) Scanning electron microscope (SEM) image of cut section showing 
tracheid (top view) cross section and (side view) lengthwise profile. Scale bar is 20 mm. Xylem plant filtration performance in terms 
of (d) flux with applied pressure (f) and (e) hydrodynamic conductivity (K) of water and methylene blue (MB) with different aspect 
ratio (L/D). Hydrodynamic conductivity of the filter is deduced at each applied pressure using the total filter cross-section area 
and thickness. The Images of the solution before and after filtration from Xylem plant filter with L/D = 1.67 is provided.
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difference to measure the flow rate [56]. Xylem conductivi-
ties of conifers typically ranged [57], which compares very 
well with the conductivities measured in our experiments. 
We also tested filters’ ability to filter an organic dye with a 
broad particle size distribution. The blue color of the feed 
solution partially disappeared upon filtration (Fig. 5c) indi-
cating that the xylem filter could effectively filter out the 
dye. We concluded that the flow rate measurements in our 
wood filter systems are consistent albeit somewhat higher 
with those expected from prior literature on conductivity 
of conifer xylem [31]. Xylem filter technology could be an 
attractive option for low-cost and highly efficient device for 
water treatment by filtration, overcoming some of the chal-
lenges associated with conventional polymeric membranes, 
requiring only simple replacement. The measured flow rates 
of about 0.1 mL s–1 using only a one cm2 filter area correspond 
to a flow rate of over 4 L d–1, sufficient to meet the drinking 
water requirements of one person [58].

4. Conclusion

In summary, this work was reported that the develop-
ment of a large-area shear-aligned GO and hG membranes 
with a network of relatively aligned nanopores guided by 
strategic synthetic approaches and the evaluation of their 
performance for water detoxification (filtration and desali-
nation). The permeance offers several fold enhancements 
without sacrificing the rejection rate compared with those 
prepared by vacuum filtered GO membranes and it is two 
orders of magnitude higher to those of commercial ultrafil-
tration membranes with similar rejection. The higher flux 
is attributed to the functionalized nanoporous structure, 
reduced channel length and controlled interlayer distance. 
The water flow through these organized hydrophilic nano-
channels is identified as viscous while mitigating structural 
breakdown during relatively higher pressure driven RO 
process. It is demonstrated that the retention mechanism 
(or ion rejection and organic dyes) in membranes are co-re-
liant on size exclusion and/or physical sieving, electrostatic 
repulsion of co-ions and physio-adsorption, usually occur 
concurrently that affect ions rejection separations. mNPG-
based membranes are promising choice as they retain many 
of the exceptional physicochemical properties of thin mono-
layer membrane and offer greater flexibility in experimental 
synthesis and long-term membrane production. Fabricating 
membranes with nanochannels through this approach is 
extendable to other 2D layered materials, providing poten-
tial for accelerated discoveries and innovations in the field 
of water purification and molecular separation.

As for xylem plant as natural filtration medium from 
coniferous trees, which is a mesoporous material, it is suit-
able as inexpensive, biodegradable and disposable system 
for water disinfection. However, further research and devel-
opment of xylem wood filters from other genus/species 
could potentially lead to their widespread use, especially in 
developing countries.
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