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Here, a facile strategy is reported to prepare thin freestanding graphene oxide (GO) laminar membranes
through thermally-induced chemical cross-linking process. The resultant freestanding cross-linked GO
(F-CGO) membranes show controllable inter-laminar distance and hydraulic stability in aqueous media.
Semi-permeability tests through a forward osmosis (FO) system show that the water permeation rate of
the F-CGO membranes is up to 35.5 L m™2 h™ when the draw solution is 2.0 mol L™ NaCl solution.
This value is much higher than that of standing cross-linked GO (S-CGO) membranes, which indicates
that the internal concentration polarization (ICP) effect has been alleviated by the F-CGO membrane.

Received 22nd November 2016 Furthermore, clean-water was taken in from various wastewaters, but without any detectable residual
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pollutants by using the F-CGO membrane as a separator. This work demonstrates that the F-CGO

DOI 10.1039/c6ra27141c membrane is promising for water purification applications through the FO process, especially for
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Introduction

Recently, graphene oxide (GO) has emerged as an excellent
membrane material, drawing huge attention from separation
fields. Nair et al. demonstrated that sub-micrometre-thick
laminar GO membranes allow for the un-impeded perme-
ation of water, whereas they block everything else in the liquid
or vapour form, and even gases including helium.' They
attribute these anomalous observations to the low-friction
monolayer flow of water through the two-dimensional capil-
laries formed by the non-oxidized regions of the GO sheets.
These capillaries block other molecules because they are nar-
rowed or reversibly clogged with water. This work was then
immediately expanded to explore the penetration behaviour of
ions through GO membranes. Joshi et al.> found that laminar
GO membranes act as molecular sieves in aqueous solutions,
blocking all solutes with a hydrated radii larger than 0.45 nm,
while the permeation rates of smaller ions through these
membranes are thousands of times faster than those in simple

diffusions. For the same reason, the network of
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portable water purification systems utilized during emergency situations.

nanocapillaries only accepts species that fit in, and a capillary-
like high pressure acts on ions inside the capillaries, acceler-
ating their diffusion behaviour.®* The manifested size-
exclusion properties make GO laminar membranes prom-
ising materials for ion-selective separation,*® organic-water
separation,”® water desalination'***> and purification,”*™*
and so on. However, owing to the highly hydrophilic and
negatively charged oxygen-containing groups of the GO
sheets,'® the inter-layer distance (d-spacing) of laminar GO
membranes will be enlarged, causing the possible disinte-
gration of the two-dimensional capillaries when they are
immersed in aqueous media for long time periods.'” That is
why a pure GO laminar membrane cannot effectively perform
its size-exclusion function during membrane separation
processes due to its low mechanical stability.*®*®** Therefore,
to enhance their stability in aqueous systems, laminar
GO membranes need to be modified by processes such as
chemical cross-linking,>*>* partial reduction®?* and
intercalation.”®

As an emerging membrane technology, forward osmosis
(FO) has attracted much attention because of its wonderful
advantages over other traditional membrane separation tech-
niques, including low energy consumption,’*® low membrane
fouling”* and low equipment requirement, and so on.
Nevertheless, the application of FO technique still suffers from
some problems, especially, internal concentration polarization
(ICP),>* which stems from the bilayer structure of FO
membrane, thin selective layer and porous supporting layer.*®
The severe ICP effect during FO process would induce the

This journal is © The Royal Society of Chemistry 2017
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driving force decrease, further reduce the membrane flux. In
principle, FO process is based on the natural osmosis
phenomenon, in which water is drawn across a semipermeable
membrane from a feed solution into a draw solution by an
osmotic pressure difference (A7) between the two solutions,
while the solutes are left behind in the feed solution. The FO
membrane is just required to stand the osmotic pressure, which
is much lower than membranes for reverse osmosis (RO),
nanofiltration (NF), or ultrafiltration (UF) process. Therefore,
freestanding FO membrane, without the supporting layer, has
been proposed to eliminate ICP effect in recent.”

Taking into consideration the excellent size-exclusion, water
permeation, and outstanding mechanical strength properties of
laminar GO membranes,*** they are promising materials for
the fabrication of freestanding semipermeable membranes for
FO processes. For instance, ultrathin laminar GO membranes
(40-200 nm), reduced by hydrogen iodide (HI) vapor, exhibited
a high enough tensile strength (170-270 MPa) for FO processes.
In addition, the obtained freestanding reduced GO membranes
showed a higher salt rejection and water permeation than
commercial cellulose triacetate (CTA) FO membranes.” Sun
et al. prepared a freestanding hybrid membrane consisting of
anionic GO, cationic Co-Al (or Mg-Al) layered double hydroxide
(LDH) that exhibited robust mechanical strength, and a highly
selective charge-guided ion transport in concentration gradient-
driven systems.*

In this work, we report a facile strategy to prepare thin
freestanding graphene-based laminar membrane through
thermally-induced chemical cross-linking process, named as
freestanding crosslinked GO (F-CGO) membranes. The sensi-
tivity of water to the inter-laminar distance of the F-CGO
membranes was evaluated by X-ray diffraction (XRD), and ter-
ahertz time-domain spectroscopy (THz-TDS). The salt rejection
performance and ICP effects of these F-CGO membranes were
investigated in a custom-made FO system, using NaCl solution
as the draw solution and ultrapure water as the feed solution. In
addition, the F-CGO membrane was used to intake clean-water
from various wastewaters that contained heavy metal ions or
organic dyes.

View Article Online
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Experimental
Preparation of F-CGO membranes

The monolayer GO sheets were prepared using modified
Hummer's method as reported in our previous works.**** Details
are shown in the ESL{ The scheme of the F-CGO membranes
preparation was shown as Scheme 1, and the details could be
described as follows. 10 mL of GO (0.5 mg mL™")/PA (propane-
dioic acid) mixtures, with different weight ratios of GO/PA, were
prepared and mildly shaken for a few minutes. Then, these
solutions were poured into the glass cup of a vacuum filter with
a CA microfiltration membrane (pore size, 0.22 pm). When
a filtration cake was formed on the CA membrane by continuous
pumping, several droplets of HCI solution (~9.6 mol L™") were
distributed on the cake, and then pump-filtrated until dry. After
that, the CA membrane coated with GO sheets was taken off from
the filter, and infiltrated with another several droplets of the HCl
solution. Then, to make sure the cross-linking reaction was
carried out, the GO sheets coated CA membrane was put in an
oven at 120 °C for 30 min. The cross-linking reaction involves the
esterification of the carboxylic acid on the PA with the hydroxyl
groups of the GO sheets. After cross-linking, this standing cross-
linked GO layer on CA membrane was named S-CGO
membrane, while the F-CGO membrane was obtained by
mechanically peeling off the cross-linked GO layer from the CA
microfiltration membrane. As a contrast, a GO membrane without
PA addition was also prepared by the same procedure and labelled
as GO-120 membrane. The areal loading of GO sheets was about
0.35 mg cm™ 2 in all of here prepared thin freestanding GO-based
membranes.

Semi-permeation tests

The semi-permeation tests were carried out on a custom-made
FO permeation cell as show in Fig. S1.f The permeation cell
consisted of two glass compartments, separated by the F-CGO
membrane, with a 19.6 mm ™ contact area. One compartment
was filled with ultrapure water as the feed solution, and the
other compartment was filled with an aqueous NacCl solution, at

HCI g
HCI 4
- e _
GO/crosslinker . @

| _sw GO paper Pumping
= -~

® e

~- e
Pumping -
F-CGO membrane 120 °C

Scheme 1 Schematic diagram of the F-CGO membranes preparation process.
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a pre-set concentration, as the draw solution. The feed solution
was circulated between the corresponding compartment of FO
permeation cell and an Erlenmeyer flask using a peristaltic
pump with a 45 mL min~ " flow rate, and so was the draw
solution. The initial volume of the feed solution was equal to
that of the draw solution. The Erlenmeyer flask-stored draw
solution was weighed on an electronic balance during the
permeation tests, and this weigh was used to calculate the water
permeation rate of the membrane using the following equation:
Rw _ Wz;l - I/Vt7 (1)
At
where R,, is the water permeation rate; W, and W, are the
weight of the draw solution at sampling time points (¢) and (¢ +
1), respectively; At is the time interval between two sampling
points; and Sy, is the effective contact area of the membrane
between the two compartments of the permeation cell. At the
same time, a few millilitres of the feed solution were sampled
and determined by Inductively Coupled Plasma Atomic Emis-
sion Spectrometry (ICP-AES) to measure the reverse salt rate,
which was calculated as follows:

_ GaVia -GV,

R, = , 2
SmAt 2)

where R, is the reverse salt rate; C; and C,,, are the concentra-
tions of Na" at sampling time points (¢) and (¢ + 1), respectively;
V, and V. are the volume of the feed solution at sampling time
points (¢) and (¢ + 1), respectively. To have an indication of the
membrane's Na' rejection performance, we calculated the Na*
selective permeation coefficient across the membrane based on
the water and Na" ion permeation rates, as follows:

GV

S = 3
- ®

where S is the selective permeation coefficient of Na'; Cq and V4
are the Na* concentration and volume of draw solution after 4 h
permeation, respectively; and C; and V; are the Na' concentra-
tion and volume of feed solution after 4 h permeation period,
respectively. Therefore, the rejection of Na* could be calculated
as follows:

S

Ry= ——
J S+17

(4)
where R; is the Na" rejection of the F-CGO membrane after 4 h
permeation.

Clean-water intake from wastewaters

The setup and procedure of this test are similar to those of the
semi-permeation test, except for the feed and draw solutions.
For this test, the feed solution was composed of a 10 ppm
methylene orange (MO), rhodamine B (RB), or Cu®>" aqueous
solution; and the draw solution consisted of a 2.0 mol L' NaCl
solution. The water permeation rate in the different feed solu-
tions was determined by measuring the weight change of the
draw solution. The draw solution was monitored by UV-Vis
spectroscopy (MO or RB feed solution), or with ICP-AES
instruments, to detect the leaking pollutants during the test.
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Results and discussion
Preparation of F-CGO membranes

The GO sheets prepared using modified Hummer's method,
were monolayer and had a basal size of about 10 um (Fig. S27).
PA was used as the cross-linker because of its acid-assisted
esterification with the hydroxyl groups on the GO sheet.** As
the Scheme 1 shows, after HCI solution wetting and a 120 °C
heat treatment, the GO-PA paper was easily released from the
supporting cellulose acetate (CA) membrane (Fig. 1a). The ob-
tained F-CGO membranes with different cross-linking degrees
were prepared by adjusting the PA/GO weight ratio and labelled
as F-CGOx membranes, where the x denotes the PA/GO weight
ratio in the corresponding GO/PA mixture dispersion used for
membrane preparation. The thermogravimetric analysis (TGA)
curves of the F-CGO membranes show the weight loss from
130 °C to 210 °C was increased as the PA/GO weight ratio
increasing (Fig. S31), which confirms the cross-linking degree of
F-CGO membrane increased, because of the poorer thermal
stability of cross-linker than that of GO sheets. We also
controlled the thickness of the F-CGO membranes by adjusting
the dosage of the GO dispersion. As it is shown in the insert of
Fig. 1a, the resultant F-CGO3 membrane exhibits semi-
transparency, and the cross-sectional SEM image shows its
thickness to be about 1 pm, with a noticeable regular laminar
structure (Fig. 1b). Fig. 1c shows that the surface of the F-CGO
membrane appears to have a ridge-like morphology, which
can be explained by the unevenly stress applied on the GO
sheets during their pumping-assistance assembly. This deduc-
tion is supported by the reverse surface morphology and optical
microscopy images of the F-CGO membrane (Fig. S41), in which
the observed radial trends of the ridges reflect that the strong
suction at the micro-pores of the supporting membrane resul-
ted in the uneven assembly of the GO sheet.

The FT-IR spectra of different GO membranes show that the
C=0 (~1730 cm™ ') and C-O (1300-1050 cm ') absorption
bands increased after cross-linking (Fig. 1d). This behaviour is
explained by the esterification of the GO hydroxyl groups with
the carboxylic acid of the PA.>* Investigating the C1s XPS spectra
of the F-CGO membrane and GO paper after their drying at
room temperature (25 °C) and 120 °C (labelled as GO-25 and
GO-120, respectively), we found that the intensity of peak at
~284.6 eV (C-C/C-H) increased obviously, and the peak at
~288.8 eV (C=0) decreased after 120 °C treatment whether PA
addition or not (Fig. 2), which demonstrates the GO sheets were
partially reduced during the thermal treatment. Comparing
with the GO-120 membrane, as shown in the Fig. 2c and d, the
intensity of the peak at ~286 €V, assigned as the C-OH signal,*®
decreased sharply; while the intensity of the C-O-C=0/C-O-C
(~287.2 eV)* peak increased. These results confirm that
chemical cross-linking happened between the PA and GO sheets
via esterification. Moreover, the higher area ratio of C-O-C=0/
C-O-C signal in F-CGO3 membrane (Fig. 2d) indicates the
(Fig. 2c) higher cross-linking degree than that of F-CGO1
membrane, which is evidenced by the pyrolysis behaviour of
as-prepared F-CGO membranes from different PA/GO

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Digital pictures of the F-CGO3 membrane and its removal from the supporting membrane. (b) Cross-section and (c) surface

micromorphology of the F-CGO3 membrane. (d) FT-IR spectra of the GO-120 membrane and different F-CGO membranes, which were
prepared using different cross-linker dosages (the numbers denote the weight ratio of PA/GO in the mixture dispersion), which were tested on
transmission mode. The scale bar in (b) and (c) was 1 pm and 10 um, respectively.

dispersions (Fig. S31). The Raman spectra of the GO-120 and F-
CGO3 membranes show that the Ip/Ig ratio increased slightly
after cross-linking, which is in accordance with that was previ-
ously reported, indicating that only small distortions were
introduced on the laminar structure after cross-linking
(Fig. S5%).* Interestingly, the ILp/Is; ratio was slightly
increased from 0.609 of GO-120 to 0.694 of F-CGO3, where the
S3 peak is a second-order peak due to the D-G combination,
and 2D refers to the graphene 2D peak,*® which indicates that
less topological disorder within GO sheets in F-CGO3
membrane.* In other words, the defect density of GO sheets
in the F-CGO3 membranes was further reduced during the
thermal treatment at 120 °C with the assistance of cross-
linker,*® which was accompanied by a higher intensity of C-C/
C-H peak compared to the GO-120 membrane (Fig. 2). Addi-
tionally, it would also indicate the cross-linking between adja-
cent GO sheets enhanced the structure order of GO-based
membrane, which gives another reason for the light change of D
peaks in Raman spectra after cross-linker introduction.

Water sensitivity and hydraulic stability

In Fig. 3a, the water contact angle of the pristine GO membrane
(air-drying at 25 °C, GO-25) was ~40°. This value increased to

This journal is © The Royal Society of Chemistry 2017

>70° after the membrane was oven-dried at 120 °C or cross-
linked with PA, which indicates the partial reduction of GO
sheets in the membranes after these treatments. This result is
in accordance with the Raman spectra of the GO-120 and F-
CGO3 membranes. The partial reduction and increased hydro-
phobicity of the F-CGO3 membrane could enhance its structural
stability in aqueous media. The XRD patterns of the dry
membranes (Fig. 3b and S6at) show that the (002) diffraction
peak increased from 10.2° (GO-25, d-spacing 0.861 nm) to 10.4°
(GO-120, d-spacing 0.852 nm) after the heat treatment, indi-
cating the achievement of a more compact laminar structure. It
is noted that the diffraction peaks were further increased to
10.5° (d-spacing 0.844 nm), 10.8° (d-spacing 0.814 nm) and
10.9° (d-spacing 0.81 nm), as the PA/GO weight ratio increased.
This suggests that the cross-linking between PA and GO does
not expand, but narrow the interlayer distance instead. This
behaviour could be explained that the small size of cross-linker
molecule and low cross-linking degree of PA (as shown by the
TGA curves in Fig. S37), are unable to undermine the GO sheets
stacking, which happens during the polymer decoration of GO
sheets.*® Through comparisons of the XRD patterns from the
wet state of the membranes (Fig. 3b and S6bt), it was observed
that the GO-25 diffraction broadens and its 26 angle shifts to

RSC Adv., 2017, 7, 1326-1335 | 1329
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Fig. 2 The Cls XPS spectra of the (a) pristine GO membrane (GO-25), (b) GO-120 membrane, (c) F-CGO1 membrane and (d) F-CGO3

membrane.

6.6° (d-spacing 1.34 nm), while the other membranes still keep
sharp peak curves, even though their 26 angles shift to at least
7.0° (d-spacing 1.25 nm).

The effect of water on the structure of the membranes was
monitored by terahertz time-domain spectroscopy (THz-TDS),
which is a novel and promising tool to characterize the weak
interactions of molecules, such as hydrogen bond and van der
Waals force, because of its unique time-resolved feature and
high signal to noise (SNR) in THz frequency range (wavelength
in 0.03-3 mm).* As a polar liquid, water strongly absorbs THz
radiation, which enables the THz-TDS to determine the
absorption coefficient and refractive index of aqueous sample
in THz range.*"** The THz-TDS spectra of GO-25, GO-120 and F-
CGO3 membranes containing different water contents were
recorded and shown in Fig. 3¢, d and S7a.f Due to the highly
sensitive to water, the THz-absorbance of the GO-25, GO-120
and F-CGO3 membranes (Fig. S7b-df) from 0.5 to 3.5 THz
demonstrates a postive relationship with the water contents in
the GO-25, GO-120 and F-CGO3 membranes. The THz-TDS
spectra show that the transmission intensity of the dry F-
CGO3 membrane is slightly lower than that of the dry GO-25
and GO-120 membrane because of the introduction of cross-
linker into the F-CGO3 membrane, which would be THz-
sensitive and thus bring about the transmittance decreasing
of incent THz radiation. This result is very consistent with those

1330 | RSC Adv., 2017, 7, 1326-1335

from FT-IR, Raman and TG analyses. A noticeable time delay
can be observed in the THz-TDS spectra when the membrane
was at different wet states. The time delay was obvious higher
for the F-CGO3 membrane than that for the GO-25 membrane
(Fig. 3c and d). In principle, the time delay is the function of the
refractive index and thickness of sample material, and can be
defined mathematically as follows:*
(n2 — I’ll)d

where At is the time delay degree; c is the speed of light; d is the
thickness of the sample; and n, and n, are the refractive indexes
of the material and background, respectively. Dry air was taken
as the background in our experiment.

As eqn (5) shows, the time delay degree is positively related to
the refractive index and thickness of the membrane. After being
wetted with water, the refractive index and thickness of the GO
membranes simultaneously increase. Given the higher water
stability of the F-CGO3 membrane, the thickness of the wet F-
CGO3 membrane should not be larger than that of the wet
GO-25 membrane. Thereby, the refractive index of the wet F-
CGO3 membrane should be larger than that of the wet GO-25
membrane. In fact, we calculated the refractive index of GO-
25 and F-CGO3 membrane at dry and wet state by the
TAS7400 system software and the arithmetic library provided
from the THz instruments manufacture (Advantest

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27141c

Open Access Article. Published on 05 January 2017. Downloaded on 11/6/2025 12:34:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
—Q@— Wet —O— Dry
a1+ b 144 —0—Wet—0—Dry [
B /
& 801 e A A 1.2 12
P 1 3 =
=) £ e
S
& 60 o 0—_—0_’4__0/,0’—0 8
g £ 104 I ©
©
£ - 2 5
8 40- o W
% 0.8 4 / -8
= 204 /W-‘{\
0.6 L6
0- T T T T T T
GO-25 GO-120 F-CGO1 F-CGO2 F-CGO3 GO-25 GO-120 F-CGO1 F-CGO2 F-CGO3
Membranes Membranes
0.9 0.9
— Wet I 06
C ] Wet — F-CGO3 (Wet)
— Half-wet — ¥
Half-wet o3 2.5 1 —— F-CGO3 (Dry)
06 Dry —D
64 0.6 ry —— GO-25 (Wet)
o —— GO-25 (Dry)
3 ’; -03 x
~ . (]
e 231 & 034 i ©
':‘3 670 672 674 €56 €8 % 670 672 674 616 6.8 :
2 i =
'§ 0.0 Q 0 §
.0 - o
g g 5
w
-0.3
-0.3 1 s e
1.0+ po
-0.6 4
T T T T -0.6 T T T T T T T T T
66.8 67.2 67.6 68.0 68.4 66.8 67.2 67.6 68.0 68.4 05 10 15 20 25 30 35
Time (ps) Time (ps) Frequency (THz)

Fig. 3 (a) Water contact angle on different GO membranes surface; (b)
wet states (immersed in water for 1 h); and THz-TDS spectra of (c) GO-

comparison of the d-spacing of different GO membranes at the dry and
25 and (d) F-CGO3 membranes at different wet states. (e) The refractive

indexes of the GO-25 and F-CGO3 membranes at wet and dry states. Dry state: stored in 25 °C desiccator overnight; wet state: picked out from
ultrapure water after immersing 1 h and blotted with paper; half-wet state: leaving in sample chamber of THz spectrometer for 10 min.

Corporation, Japan). As Fig. 3e shows, the refractive indexes of
both GO-25 and F-CGO3 membranes are increased obviously
after water wetting, but the refractive index of wet F-CGO3
membrane is really larger than that of wet GO-25 membrane.
As we know, the refractive index is relevant for the material
density.**** Therefore, our results indicate that the density of
wet F-CGO3 membrane is higher than that of the wet GO-25,
which is a result of the cross-linking treatment having
enhanced the GO sheets stacking, and thus producing a more
stable membrane in water.

The obtained F-CGO3 membrane was cut into 0.8 x 3.0 cm
strips, and hung on the bracket of a retort stand. The strips
exhibited good strength as they could withstand at least a 20 g
weight and 2 g aids (Fig. S87). To assess the hydraulic stability of
the membranes visually, the maximum hydraulic pressure that
the membranes could resist in the FO setup was also measured.
The F-CGO membranes with 1 um thickness (attached on
a silicone pad with an aperture of 19.6 mm 2, as shown in
Fig. S9at) were able to withstand static hydraulic pressures up
to ~9 kPa, much higher than that of the GO-120 membrane
(Fig. S10bt), which indicates the cross-linking treatment

This journal is © The Royal Society of Chemistry 2017

enhanced the hydraulic stability of GO membrane obviously. It
also was shown that the hydraulic stability of F-CGO
membranes is proportional to their crosslinking degree,
which means that the GO sheets in the membrane were tightly
connected together by cross-linker, and formed a consubstan-
tial entity. This result demonstrates the F-CGO membranes
would be able to withstanding osmotic pressure during FO
process.

Semi-permeability of F-CGO membranes

Taking into consideration the high osmotic potential and
nontoxicity of NaCl, it is an ideal and promising candidate as
a hydration draw reagent for the FO setup. Here, we mainly
investigated the Na' permeability of F-CGO membranes by
using a custom-made osmotic cell, as shown in Fig. S1.7 In this
set-up, one side of the osmotic cell was ultrapure water (the feed
solution), and the other side was the NaCl solution (the draw
solution). Fig. 4a shows that when the concentration of the NaCl
solution was 0.5 mol L™, the Na” permeation decreased as the
cross-linking degree increased, which is in accordance with the
d-spacing changes observed after cross-linking (Fig. 3b). We

RSC Adv., 2017, 7, 1326-1335 | 1331
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Fig. 4 (a) Reverse salt diffusion and (b) water permeation results of
different GO membranes; (c) comparison between the water perme-
ation of F-CGO3 and S-CGO3 membranes; (d) selective Na* perme-
ation coefficient across different GO membranes. The feed solution
was ultrapure water, and the draw solution was a 2.0 mol L~ NaCl
solution. The active layer of the S-CGO membrane faced the feed
solution. The reverse salt diffusion test lasted 4 h, while the water
permeation rate was obtained from a 0.5 h permeation period.

also found that F-CGO membranes with different crosslinking
degrees exhibited different swelling durability in high salinity
solutions. When a 1.0 mol L' NaCl solution was used as the
draw solution, the GO-120 and F-CGO1 membranes dis-
integrated after several minutes of testing. As the NaCl
concentration increased to 2.0 mol L™*, the F-CGO2 membrane
also experienced disintegration. This behaviour is explained by
the high osmotic pressure induced on the GO membranes by
the highly concentrated draw solution. These results indicate
that the higher crosslinking degree of F-CGO membranes not
only hinders the diffusion of Na’, but it also provides the
membrane with a good structural stability in highly saline
water, which is in accordance with the static hydraulic pressure
test results (Fig. S9bt).

Based on the comparison of Na' permeation through cross-
linked GO membranes with and without a supporting CA
microfiltration membrane (Fig. S107), it was found that the Na*
permeation of the F-CGO3 membrane was higher than that of
the S-CGO3 membrane. Given the same structure and thickness
of the active layer of the S-CGO3 membrane with that of the F-
CGO3 membrane, the effect of the porous supporting
membrane is accountable for the differences in the Na'
permeation. As previously mentioned, the porous supporting
membrane decreases the osmotic gradient decrease because it
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concentrates the solutes in the supporting layer (i.e. ICP effect).
Thus, a decreasing driving force results in a decreasing Na*
permeation rate through the crosslinked GO membrane, which
indicates that the permeation behaviour of the S-CGO
membrane suffers from serious ICP effects, in comparison to
the F-CGO membrane, because of its porous supporting layer.

The water permeation of different membranes is presented in
Fig. 4b, where it can be observed that the water permeation of F-
CGO membranes is inversely proportional to their cross-linking
degree, although it does not differ much for the different
samples. Even when a highly concentrated draw solution was
used, there was only a slight difference between the water
permeation values of the F-CGO2 and F-CGO3 membranes, which
may be due to differences in the d-spacing of GO membranes after
they were cross-linked under different PA dosages. This indicates
that cross-linking the GO sheets has little impact on the water
permeation of the membrane. Fig. 4c shows that the water
permeation of the F-CGO3 membrane is higher than that of the S-
CGO3 membrane, particularly when using a highly concentrated
draw solution. This result confirms that the freestanding
membrane (F-CGO) is better for water permeation than the
composite membrane (S-CGO) because, even though it has
a faster cross-membrane diffusion of the draw reagent (Fig. S107),
the ICP effects on the freestanding membrane were efficiently
alleviated or eliminated. We also noted that the water permeation
rate of the F-CGO3 membrane was ~35 L m~> h™' when using
a 2.0 mol L™ NaCl solution as the draw solution, and ultrapure
water as the feed solution. This value is about three times that of
commercial cellulose triacetate (CTA) FO membranes produced
by HTI Inc. under the same testing conditions.”

To further reveal the semi-permeability of the F-CGO
membrane, we calculated the selective Na' permeation coeffi-
cient across the membranes based on the reverse salt rate and
water permeation rate. This parameter is defined as the molar
ratio of Na" in the draw solution to that in the feed solution after
permeation testing; and it indicates the Na* rejection perfor-
mance of the membranes under different conditions. Fig. 4d
shows that when the NaCl concentration of the draw solution is
0.5 mol L', the Na* rejection performance increases as the
cross-linking degree increases, which is a trend in agreement
with the salt diffusion behaviour of different
membranes (Fig. 4a). The F-CGO3 membrane showed the
highest Na* rejection value of ~6700 (1.0 mol L™* NaCl solution
as the draw solution). Even at the highest saline solution, the
Na" selective permeation coefficient was higher than 2000,
which means that the F-CGO3 membrane rejected 99.95% of
Na" by retaining it on the side of the draw solution during the
osmotic-pressure-driven permeation process. This high Na*
rejection ability makes the membrane beneficial for applica-
tions such as water desalination, and for the removal of toxic
ions and organic pollutants from water through forward
osmosis processes.

reverse

Clean-water intake from wastewaters

Inspired by its good Na' rejection and water permeation, the F-
CGO3 membrane was used to intake clean-water from solutions
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contaminated with organic dyes, such as methylene orange
(MO) and rhodamine B (RB). As Fig. 5a shows, a noticeable
liquid level difference appeared in the U-shaped tube between
the NaCl solution (2.0 mol L") and the wastewaters, which
indicates the intake of water by the NaCl solution through the F-
CGO3 membrane. The MO and RB pollutants were rejected by
the membrane, as evidenced by the colourless NaCl solution
after testing. In addition, after the membrane was immersed for
15 days in the high saline water and polluted solutions, the F-
CGO3 membranes were able to withstand the high liquid level
difference between the draw and feed solutions, showcasing
their excellent durability and hydraulic stability. The water
intake efficiency (water permeation ratio) of the F-CGO3
membrane was determined using the same setup as the semi-
permeability tests shown in Fig. S1, where a 2.0 mol L*
NaCl solution and wastewater were used as the draw and feed
solutions, respectively.

Fig. 5b shows that the initial membrane water permeation
rates in MO and RB solutions were 12.2 and 19.3 L m 2 h™,
respectively. These rates decreased as the permeation time was
prolonged, and reached stability after a 3 h permeation period.
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This is due to the interaction forces and steric effects of the
pollutants with the F-CGO3 membrane. As it is known, MO and
RB have conjugated aromatic structures (Fig. S11t), and are
attracted to GO sheets via the m-7 interaction. Additionally,
coulombic interactions may also contribute to the water
permeation decline because of the negatively charged GO sheets
and positively charged RB. Although RB has a larger conjugated
aromatic structure and more favourable coulombic interactions
with the GO sheets, its water intake efficiency is higher than that
of the MO solution at the same feeding weight concentration.
This might be caused by the smaller molecular weight of MO,
which results in a higher osmotic potential at the same weight
concentration. On the other hand, the smaller molecular size of
the MO molecule allows it to easily access the inlets of the inter-
laminar membrane channels and block the permeation of
water. Furthermore, to evaluate the influence of the supporting
layer on the water intake efficiency of the membranes, in Fig. 5b
the water permeation rates of the F-CGO3 and S-CGO
membranes in various wastewaters are compared. The figure
shows that when the S-CGO3 membrane was used as the
separator, the water permeation rates from feed solutions was
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Fig.5

(a) Digital pictures of the water permeation behaviour from a 10 ppm MO solution (left two) and a 10 ppm RB solution (right two) to a 2 mol

L~ NaCl solution through the F-CGO3 membrane, which was fixed in the tunnel of a glass communicating vessel. (b) Water permeation rates of
the F-CGO3 and S-CGO3 membranes in the MO or RB solution. (c) UV-Vis spectra of the original MO or RB solutions (diluted 2 times), and the
corresponding draw solutions after a 24 h permeation period performed with the F-CGO3 membrane. (d) Water permeation rate of the F-CG and
$-CGO3 membranes in the 10 ppm Cu?* solution. The feed solutions were 10 ppm MO, RB or Cu?* aqueous solutions, while the draw solution
was a 2 mol L™ NaCl solution.
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lower at the beginning and during the stable interval. These
results are consistent with those in Fig. 4c, thus indicating the
presence of ICP effects on the permeation of water during
a concentration gradient driven by a membrane separation
process, such as FO. We also detected by UV-Vis spectroscopy
that pollutants leaked into the draw solution. The UV-Vis
spectra in Fig. 5c¢ indicate that the absorption of MO and RB
molecules are both nil, which confirms that the intake from the
wastewaters is clean-water.

We also investigated the water intake efficiency of membranes
from heavy metal ions solutions using Cu®* as a model (Fig. 5d).
From the results, the initial water permeation rate in a Cu®"
solution was found to reach 36.7 L m~2 h™', and after 3 h, this
value stabilized to about 20 L m~> h™". This decrease in the water
permeation rate could be owing to the strong coordination
interactions between Cu®" and the oxidized region of the GO
sheets, which causes the Cu®* to concentrate around the inlets of
the inter-laminar channels of the F-CGO3 membrane, and results
in a high water permeation resistance across the membrane,
similar to what was reported by Shi et al.*® However, both the
initial and stable water permeation rates obtained for the Cu®*
solution are larger than those obtained for the MO and RB solu-
tions. This reflects the higher water intake efficiency from inor-
ganic wastewater by the F-CGO membrane. The draw solution
after permeation testing was also examined using an ICP-AES
instrument. In fact, there was no Cu?" was detected in the draw
solution after permeation testing, which indicates that the heavy
metal ions, ie. Cu®**, were completely blocked by the F-CGO3
membrane. Therefore, we can conclude that the F-CGO3
membrane can be used to intake clean-water from wastewater
by effectively rejecting heavy metal ions and organic pollutants.
This performance is useful for the on-site water purification from
natural or polluted waters, and therefore the fabricated
membrane would be a promising candidate to serve as the
functional membrane of some portable water purification devices,
such as a military hydration bag for its use during rough missions.

Conclusions

Through the thermally-induced chemical cross-linking process,
we successfully prepared a thin freestanding GO-based FO
membranes with controllable inter-laminar distance and good
hydraulic stability. Comparisons between the permeation
performances of the membranes confirmed that the water
permeation rate of the freestanding membrane is far higher
than that of standing membrane, which suggests that the ICP
effect induced by the FO process can be alleviated, and even
eliminated, by removing the porous supporting layer. The water
intake tests from water contaminated with heavy metal ion and
organic dyes demonstrated that the thin freestanding GO-based
FO membrane can be used to intake clean-water from waste-
water by effectively rejecting heavy metal ions and organic
pollutants. These properties make the fabricated membrane
a promising material for the assembly of portable water puri-
fication systems that can be used by field workers and the
military, or to supply drinking water during emergency
situations.
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