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1. Introduction

The inaccessibility to adequate clean water is one of 
the most serious problems affecting large numbers  
of people worldwide (Shannon et al 2008). Effective 
and economical methods to purify water are required 
and continue to be the subject of extensive research and 
development (Shannon et al 2008, Pendergast and Hoek 
2011). Among the range of appropriate technologies, 
membrane separation has many advantages (Han et al 
2013) as the chemical and energy requirements may 
be less than conventional processes and treated water 
of high quality can be obtained (Pendergast and Hoek 
2011).

Membranes act as selective barriers and play an 
integral role in water treatment for a range of con-
taminants (Dikin et al 2007, Koenig et al 2012).  

Pres sure-driven membrane processes remain the 
most widely applied technologies (e.g. ultrafiltration, 
nano-filtration), and there continues to be a need for 
new, improved materials to enhance membrane per-
formance (Pendergast and Hoek 2011). Nowadays, 
the most common materials applied in water treat-
ment are inorganic (ceramic) and organic polymeric 
membranes. In general, polymeric membranes are 
simpler and easier to prepare, and more flexible, but 
their limitations include relatively poor chemical 
resistance, a limited lifetime, and serious membrane 
fouling (Han et al 2013, Zeng et al 2016). In contrast, 
although ceramic membranes enjoy a distinct advan-
tage in strength, thermal stability, solvent resistance, 
and longer lifetime, they are more complex and expen-
sive to fabricate, and more brittle (Karan et al 2012, 
Han et al 2013). Therefore, ideal filtration membranes 
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Abstract
Membranes prepared from layers of graphene oxide (GO) offer substantial advantages over 
conventional materials for water treatment (e.g. greater flux), but the stability of GO membranes 
in water has not been achieved until now. In this study the behavior of GO membranes prepared 
with different quantities and species of cations has been investigated to establish the feasibility of 
their application in water treatment. A range of cation-modified GO membranes were prepared and 
exposed to aqueous solutions containing specific chemical constituents. In pure water, unmodified 
and Na-modified GO membranes were highly unstable, while GO membranes modified with 
multivalent cations were stable provided there were sufficient quantities of cations present; their 
relative capability to achieve GO stability was as follows: Al3+  >  Ca2+  >  Mg2+  >  Na+. It is believed 
that the mechanism of cross-linking, and membrane stability, is via metal-carboxylate chelates and 
cation-graphite surface interactions (cation-π interaction), and that the latter appears to increase 
with increasing cation valency. The instability of cation (Ca or Al)-modified GO membranes by NaCl 
solutions during permeation occurred as Na+ exchanged with the incorporated multivalent cations, 
but a high content of Al3+ in the GO membrane impeded Al3+/Na+ exchange and thus retained 
membrane stability. In solutions containing biopolymers representative of surface waters or seawater 
(protein and polysaccharide solutions), Ca-GO membranes (even with high Ca2+ content) were 
not stable, while Al-GO membranes were stable if the Al3+ content was sufficiently high; Al-formed 
membranes also had a greater flux than Ca-GO membranes.
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should be made by a simple process, and possess the 
advantages of both kinds of membranes (Han et al 
2013).

Graphite is inexpensive and available abundantly 
from both natural and synthetic sources (Eda and 
Chhowalla 2010). Graphene is a single atomic layer 
of graphite (Bunch et al 2008, Geim 2009, Han et al 
2013), consisting of a flat monolayer of sp2 hybridized 
carbon atoms tightly packed into a two-dimensional 
(2D) honeycomb lattice nanostructure (Geim and 
Novoselov 2007, Li et al 2008, Eda and Chhowalla 
2010). Graphene has a number of important benefi-
cial properties, including high chemical and thermal 
stability (Geim and Novoselov 2007), great flexibility 
and mechanical strength (Lee et al 2008), and imper-
meability to all standard gases and liquids (Bunch et al 
2008, Leenaerts et al 2008). Given these important 
qualities, graphene is a potential membrane material 
for water treatment (Nair et al 2012, Huang et al 2013).

However, recent research has shown that graphene 
sheets tend to form agglomerates or restack to form 
graphite under van der Waals interactions, which rep-
resent significant obstacles to water treatment applica-
tions (Li et al 2008). In order to overcome this problem, 
some materials made from graphene readily disperse 
and form solutions of individual sheets in water, such 
as graphene oxide (GO). Sheets of GO have almost all 
the beneficial properties of graphene and in addition, 
they have widely spread oxygen functional groups 
on basal planes and edges (Park et al 2008, Eda and 
Chhowalla, 2010, Yeh et al 2015). By employing a fac-
ile flow-directed filtration-assisted assembly method, 
the GO sheets can form a highly ordered free-standing 
carbon-based membrane material with 2D nano-
channels between two graphene sheets (Dikin et al 
2007, Li et al 2008, Han et al 2013). GO nano-sheets 
are easily stackable because of their single-atom thick-
ness. Initial results with assembled GO membranes 
show them to have distinct and beneficial characteris-
tics including a degree of hydrophilicity and mechani-
cal strength, tunable electrical properties (Eda and 
Chhowalla 2010), a combination of stiffness and mac-
roscopic flexibility due to the unique interlocking-tile 
structure of the GO crystallites (Dikin et al 2007, Nair 
et al 2012), and a slightly enhanced antibacterial abil-
ity arising from the cytotoxic mechanisms of physical 
piercing and oxidative stress (Zeng et al 2016). A recent 
study has introduced a new way to produce large-area 
GO membranes in very short time periods, by using a 
shear alignment of the discotic nematic phase of GO 
liquid crystals (Akbari et al 2016). It has been suggested 
that GO membranes, with all their favorable proper-
ties, are ideal for contaminant filtration, sieving and 
separation in water treatment (Nair et al 2012, Huang 
et al 2013, Wang et al 2016). Graphene oxide has been 
studied either as a pure/skeleton membrane mat-
erial or as an additive in, and a functional coating on, 
matrix membranes for water purification because of 
its unique physico-chemico-mechanical properties 

(Fathizadeh et al 2017). Fabrication of the GO mem-
brane on a highly porous support may provide many 
new opportunities for high performance nanofiltra-
tion applications (Wang et al 2016). GO function-
alization of thin-film composite membranes could 
mitigate the problem of biofouling (Han et al 2016, 
Perreault et al 2016).

While in many previous studies GO membranes 
have shown extraordinary stability, they have also been 
reported occasionally to re-disperse in water (Yeh et al 
2015). Un-bonded GO layers can be easily damaged 
(even by a gentle finger touch) or become detached 
from the membrane support by water rinsing (Hu and 
Mi 2013), which indicates possible problems regarding 
the stability of GO membranes. Pure GO membranes 
will readily disintegrate in water, because GO sheets 
will become negatively charged on hydration, and the 
electrostatic repulsion between GO sheets will over-
come the van der Waals attraction and hydrogen bond-
ing, causing the GO sheets to separate from each other 
(Yeh et al 2015). Some researchers have used a layer by 
layer method to make stable GO membranes for water 
treatment using cross-linking organic polymers (Hu 
and Mi 2013). Alternatively, intercalating monolayer 
titania (TO) nano-sheets into graphene oxide (GO) 
laminates has been reported to exhibit excellent water 
desalination performances (Sun et al 2015). Also, 
Cu(NO3)2 and ethanol amine have been used to form 
stable nano-strand-channelled GO ultrafiltration 
membranes, comprising a network of nano-channels 
after the ethanol amine was washed away by N2H4 
(Huang et al 2013). Very recently, it has been shown 
that GO nanosheets could be modified/connected by 
solvent green (8-hydroxy-1,3,6-pyrenetrisulfonic acid 
trisodium salt) through the strong π–π stacking inter-
actions (Shen et al 2017) or by ethylenediamine (Han 
et al 2016).

An alternative approach for preparing a stable 
GO membrane is by introducing small amounts of 
multivalent cations, such as Al3+, which can crosslink 
the GO sheets and thereby stabilize the membrane  
(Yeh et al 2015). Evidence has also been found that 
a small amount of divalent cations can enhance 
mechanical stiffness and fracture strength (Park et al 
2008). However, all these previous studies have not 
considered the stability of GO membranes in the con-
text of the filtration of surface waters. Thus, in this 
paper we have considered in detail the influence of cat-
ions on GO membrane stability in respect of its appli-
cation in water treatment. The properties of GO mem-
branes prepared with small amounts of multivalent 
cations have been evaluated, and their stability in treat-
ing solutions containing common surface water con-
taminants, namely NaCl, a polysaccharide (sodium 
alginate) and protein (bovine serum albumin) have 
been determined. The testing of the GO membrane 
for the filtration of surface water was undertaken over  
several days to ensure its suitability in practice. Finally, 
the quantity of cations applied in the membrane  

2D Mater. 4 (2017) 045006
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preparation has been investigated and found to be crit-
ical to the membrane stability and performance.

2. Results

2.1. Characteristics of GO membranes
The effect of different cations, at different nominal 
quantities, on the zeta potential of GO sheets (2 mg 
GO) is shown in figure 1(a). In the absence of cations, 
the zeta potential of GO sheets was found to be 
strongly negative (around  −40 mV), because of the 
de-protonation of carboxyl groups on the edges/layers 
of the GO sheets (Park et al 2008, Chua and Pumera 
2013). Modification by the addition of low quantities 
of Na+ resulted in an increase of zeta potential and 
the charge was constant (−32 mV) at 0.2 mmol Na+ 
or greater. For Ca2+ and Mg2+ the results were very 
similar for the two divalent cations, with a sharp 
increase in zeta potential from  −40 mV to  −19 mV 
at low cation quantities (~0.05 mmol), and a gradual 
increase in zeta potential to  −15 mV with cation 
quantity at 1 mmol Ca2+/Mg2+. For GO membranes 
modified by Al3+, very low cation quantities resulted 
in a steep rise in zeta potential and charge reversal 
occurred at about 0.4 mmol Al3+. At higher quantities 
of Al3+, the zeta potential reached a plateau value of 
around  +10 mV. From these results, it can be seen that 
the zeta potential values for the different cations were 
in the order of their valence and charge neutralizing 
ability, viz: Al3+  >  Ca2+ ~ Mg2+  >  Na+.

The x-ray photoelectron spectroscopy (XPS) data 
(figure 1(b)) showed that about 47.1% of carbon in 
the GO membrane was not oxidized, 42.1% had C−O 
bonds (representing hydroxyl and epoxide groups), 
and 10.8% had COOH bonds. Therefore, there are suf-
ficient oxidized chemical bonds on the GO membrane 
to react with cations, and this led to an increasing 
zeta potential of the GO membranes with increasing 
quantities of bound cations. As only about half of the 
C atoms in the GO flakes, comprising the membranes, 
are oxidized, it is likely that pristine regions account 
for a significant proportion of the membrane, and 
graphite surfaces with π electron-rich structures have a 
strong adsorption capability for cations (Shi et al 2013, 
Williams et al 2017).

XRD (x-ray powder diffraction) was used to char-
acterize the interlayer spacing between GO sheets in 
the modified GO membrane with 0.01 mmol cations 
(figure 1(c)). According to Bragg’s Law, the incident 
x-rays are scattered from lattice planes (GO sheets) 
and the interplanar distance d of two GO sheets in the 
GO membrane can be calculated from the following 
formula (Myers 1997):

λ θ=n d2 sin

where n is a positive integer and λ is the wavelength of 
incident wave.

The XRD intensity peaks of the GO membranes 
were found to be 11.85°, 11.50°, 11.50°, and 11.03° 
for Na+, Mg2+, Ca2+ and Al3+, respectively, at an 

applied quantity of 0.01 mmol. Therefore, the rela-
tive interlayer spacings of the lamellar structures of 
the GO membranes were in the order Na+  <  Mg2+ ~  
Ca2+  <  Al3+; these were estimated to be 0.85 nm, 
0.89 nm, 0.89 nm, and 0.91 nm, respectively, using 
Bragg’s Law. The XRD patterns of the cation-modified 
GO membrane showed an increased layer-to-layer dis-
tance (d-spacing) compared to that of the unmodified 
GO membrane, which is also confirmed by previous 
research. As there was little difference in the spectra of 
unmodified and 0.01 mmol Na+ modified GO mem-
branes (not shown in figure 1(c)), only membranes 
with greater quantities (10 mmol) of Al3+, Ca2+ and 
Mg2+ were further analyzed. The results (figure 1(d)) 
confirmed that there was little difference in the struc-
ture of Ca2+ and Mg2+ modified GO membranes, with 
the intensity peak of both membranes at approxi-
mately 10.41° (d  =  0.95 nm; cf. ionic radius of Mg2+ 
and Ca2+ is 0.078 nm and 0.108 nm respectively), while 
for Al3+, the peak was at 9.15° (d  =  1.07 nm; cf. ionic 
radius of Al3+ is 0.114 nm). The results confirm that 
the interlayer spacing between GO layers in the modi-
fied membrane increases with both the amount of the 
adsorbed cation and its valence. It is noted that a pre-
vious study (Lerf et al 2006) showed that the distance 
between sheets in a pure GO membrane increased as 
the presence of water (humidity) increased, but the 
addition of Al3+ imparted stability to the interplanar 
distance, with the degree of stability increasing with 
the quantity of Al3+.

Further analysis by Fourier Transform Infrared 
spectroscopy (FTIR) was used to characterize the vari-
ation of chemical bonds on the membrane surface 
and between the GO layers (figure 1(e)). The FTIR 
spectrum of the unmodified (pure) GO membrane 
indicates the presence of unoxidized sp2 C = C bonds 
in the carbon lattice (1608 cm−1), oxygen-containing 
functional groups of C−O vibrations (1045 cm−1), 
and C=O stretching vibration (1718 cm−1). In com-
parison, those for cation modified GO membranes 
exhibited decreased C=O stretch intensities, as well as 
increased carboxy C–O stretch intensities whose peak 
positions were also shifted to larger wavenumbers 
(1066 cm−1); the peak at 1591 cm−1 is believed to be 
significantly related to carboxylate chelates to the metal 
or cross-linking between GO layers by π electron-rich 
structures. The adsorption of cations by π electron-rich 
structures on graphite surfaces decreases the intensity 
of π electron-rich structures (C = C bonds). Therefore, 
it is believed that the mechanism of cross-linking, and 
membrane stability, is via metal-carboxylate chelates 
and cation-graphite surface interactions (π electron-
rich adsorption), and the latter appears to increase with 
increasing cation valency.

2.2. SEM images of GO membrane
The unmodified GO membrane was compared with 
the GO membrane modified with 10 mmol Al3+ 
by scanning electron microscopy (SEM) to further 
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identify differences in their properties (figure 2). 
Comparing the top view SEM images of the GO 
membranes (figures 2(a) and (c)), there appeared to 
be many more folds on the unmodified GO membrane 
than on the Al3+-modified GO membrane. As there 
was little connection between two layers at the folds, 
it is suggested there were more cross-linking points 
between the GO layers for the cation-GO because of 
the presence of Al3+. Cross-sectional SEM images 
(figures 2(b) and (d)) did not show any apparent 
difference in the lamellar ordering of GO layer for 
the two membranes, except that the distance between 
two GO layers was less with the presence of Al3+; 
however, the comparative interplanar distances are not 
representative of the membranes prepared in water 
owing to the SEM analytical procedure (i.e. N2 drying 

under high pressure (Lerf et al 2006). Therefore, in 
general, the GO layers with their 2D structure are 
believed to have different degrees of cross-linking 
owing to the presence of different types and quantities 
of cation associated with the GO sheets.

2.3. Stability of GO membranes in DI water
The GO surface is functionalized with various 
oxygen-containing groups, predominantly hydroxyl 
and epoxide moieties (figure 1(b)), on both its basal 
planes and edges (Cai et al 2008). At least four kinds 
of interactive forces exist: electrostatic attraction, 
electrostatic repulsion, hydrogen bonding, and 
hydrophobic interaction (Wu et al 2015). It is well 
known that a GO membrane can be strengthened by 
crosslinking with divalent metal ions (Park et al 2008). 

Figure 1. Characteristics of GO sheets or membranes (2 mg GO): (a) variation of GO sheet zeta potential with nominal cation 
quantities; (b) XPS spectrum of GO membrane; (c) XRD spectra of GO membrane with 0.01 mmol cation; (d) XRD spectra of GO 
membrane with 10 mmol cation; (e) FTIR spectra; (f) photo-image of GO membrane.

2D Mater. 4 (2017) 045006
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Being a trivalent cation, Al3+, or its hydrated form, 
is highly effective at flocculating negatively charged 
colloids (Yu et al 2016) and consequently is also 
effective at crosslinking the GO layers. This implies 
that the variation in reported interplanar distance 
of GO layers obtained with different species and 
quantities of ions can be attributed to different degrees 
of crosslinking. Thus, while GO membranes with 
different species and concentrations of ions may have 
very similar microstructures, they can have drastically 
different mechanical properties and stability in water 
(Yeh et al 2015).

The stability of the various modified GO mem-
branes in DI water was evaluated by visual inspection 
and marked differences were found. When Na+ was 
used as the cross-linking ion for the GO membrane, 
the GO-Na+ membrane completely re-dispersed 
after 30 min for all applied levels of Na+ (figure 3(a)). 
Comparing figures 3(a) and 1(a), it is evident that 
the strong negative charge (around  −32 mV) of the 
GO nano-layers, even at high applied levels of Na+, 
caused the layers/sheets within the membrane to be 
electrostatically repulsive, and thus, the membrane to 
gradually disintegrate. In contrast, the GO membranes 
prepared in the presence of Mg2+, Ca2+ and Al3+ had 
greater degrees of stability. For Mg2+, the GO mem-
brane with 0.02 mmol Mg2+ was unstable in water 
after 30 min, but with a higher quantity of 0.05 mmol 
Mg2+ the modified GO membrane was stable over 4 h 
(figure 3(b)). For Ca2+, 0.01 mmol Ca2+ enabled the 

GO membrane to be stable for 30 min, but not over 4 h; 
stability over 4 h could be achieved at the higher Ca2+ 
level of 0.02 mmol (figure 3(c)). GO membranes mod-
ified with Al were stable over 4 h for 0.01 mmol Al3+ 
and higher Al3+ quantities (figure 3(d)).

In order to determine more clearly the stability of 
the modified GO membranes formed from the inter-
action of the different cations and their quantities, 
the stability ratio of each GO membrane was deter-
mined by image analysis (Scion Images software), 
defined as the ratio of unchanged membrane area to 
the total membrane area, using the images shown in 
figures 3(a)–(d) and other un-shown figures. The 
results illustrated in figure 3(e) indicate clearly that a 
GO membrane with incorporated Na+ is not stable in 
water for all the Na+ quantities considered. Incorpo-
rating Mg2+ into the GO membrane achieves partial 
stability with quantities between 0.01 and 0.02 mmol, 
and complete stability with Mg2+  ⩾  0.05 mmol (for 
2 mg GO). For Ca2+ and Al3+, complete stability cor-
responded to the corresponding cation quantities of 
0.02 mmol and 0.01 mmol. The adsorption and stabil-
ity effects of higher valent cations are known to be sig-
nificantly stronger than those of lower valent cations  
(Shi et al 2013, Williams et al 2017). The reason why 
Mg2+ is not as good as Ca2+ for stability is believed to 
be related to their respective atomic properties. Ca2+ is 
a bigger atom, and has a lower ionization potential and 
thus a greater complexation (and cross-linking) ability, 
thereby giving a greater stability to the GO membrane. 

Figure 2. SEM images of GO membranes (2 mg): unmodified GO, top view (a) and cross-section (b); modified with 10 mmol Al3+, 
top view (c) and cross-section (d) (sampled when membrane was prepared and then air-dried for 3 d).

2D Mater. 4 (2017) 045006
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Thus, in summary, the results have demonstrated the 
capability of multivalent cations, in sufficient quanti-
ties, to produce a stable, ultra-thin GO membrane in 
water, with the cation effectiveness as follows: Al3+  >  
Ca2+  >  Mg2+  >  Na+  =  none.

2.4. The stability of modified GO membranes  
in NaCl solution
The stability of Al-GO and Ca-GO membranes with 
different quantities of Al3+ or Ca2+ in 1 M NaCl 
solution was explored (figure 4). It was found that all 
Al-GO membranes prepared with Al quantities in the 
range of 0.01 mmol Al3+ to 10 mmol Al3+ were stable 
in 1 M NaCl solution (figure 4(a)). Similar results 

were found for the Ca-GO membranes (figure 4(b)), 
but for Ca2+ quantities  ⩾  0.1 mmol (GO membrane 
prepared with 0.01 mmol Ca2+ was not shown as it 
was not stable in DI water—figure 3). The results are 
in contrast to a recent study which reported that the 
interlayer cation (Al3+) in GO membranes could be 
exchanged with hydrogen ions (from hydrochloric 
acid) or other monovalent cations such as Na+ and 
Li+, after which the membrane readily disintegrated 
in water (Yeh et al 2015). In order to consider the 
mechanism further, the permeation (filtration) of 
NaCl solution by Al-GO membranes with different 
Al3+ contents was undertaken, and described in the 
next section.

Figure 3. Variation of GO membrane stability in DI water (2 mg GO with different quantities of cations: (a) Na+; (b) Mg2+;  
(c) Ca2+; (d) Al3+; and (e) their stability ratio (stable area: all area) for different cation quantities).

2D Mater. 4 (2017) 045006
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2.5. Effect of NaCl permeation on the stability  
of Al-GO membranes
To investigate the possibility of membrane instability 
during permeation by cation exchange with the 
influent solution (NaCl), further experiments were 
undertaken. Two Al-GO membranes (2 mg GO) with 
0.01 mmol Al3+ or 10 mmol Al3+ were used to filter 
300 ml of 0.1 mol l−1 NaCl solution (corresponding 
theoretically to enough Na+ to exchange all of the Al3+ 
in the GO membrane, if the exchange occurred), and 
were subsequently soaked in DI water (figure 5). After 
2 h in DI water the stability of the membranes was 
observed and recorded. The results showed that the GO 
membrane with 0.01 mmol Al3+ was stable for a short 
while after permeation of the NaCl solution, but after 
prolonged standing in water the membrane clearly 
disintegrated into a powder (figure 5(a)). These results 
are consistent with previous research, where it was 
found that a Al-modified GO, when separated from 
the membrane support, re-dispersed in NaCl solution 

(Yeh et al 2015). It is believed that the reason for the 
variation in stability of the modified GO membranes 
in NaCl solution is related to the relative difficulty of 
Na+ ions to enter the inner GO membrane when it 
was immersed in the NaCl solution. In contrast, the 
10 mmol Al3+ modified GO remained stable over an 
extensive period (>10 d). The results indicate that 
the membrane stability is dependent on the quantity 
of incorporated Al3+, and consequently the interlayer 
structure (see subsequent results that show an inverse 
relationship between membrane flux and Al3+ 
quantity—section 2.7). Therefore, it is concluded that 
an Al-GO membrane is more likely to be stable when 
there is a high degree of Al3+ ion incorporation within 
the GO membrane.

A further experiment was conducted to exam-
ine the potential displacement of Al3+ ions by Na+ as 
indicated by changes in solution conductivity. In this 
experiment 300 ml DI water was filtered through the 
Al-GO membrane (10 mmol Al3+), followed by 300 ml 

Figure 4. Variation of Al-GO and Ca-GO membrane stability with cation quantity in 1 M NaCl solution.

Figure 5. Effect of NaCl filtration on the stability of Al-GO membranes formed with 0.01 mmol Al3+ and 10 mmol Al3+:  
(a) images of membranes (after filtration of 300 ml 0.1 M NaCl, and subsequently 2 h in DI water); (b) results of conductivity tests 
(conductivity at 0 ml is the conductivity of the liquid before filtration) for GO membrane with 10 mmol l−1 Al3+ by DI water, and 
subsequently 0.1 M NaCl.

2D Mater. 4 (2017) 045006
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0.1 mol l−1 NaCl solution. The results are summarized 
in figure 5(b) and show that the conductivity of the 
DI water was unchanging, except for the first DI water 
sample at 60 ml, which was relatively greater than the 
four subsequent samples (120, 180, 240, and 290 ml), 
suggesting that some residual, unbound Al3+ was pre-
sent from the membrane preparation. Notwithstand-
ing the slightly higher conductivity at 60 ml, there was 
little evidence of a sustained destabilization and loss 
of the cross-linked Al3+ within the membrane. For the 
subsequent filtration of NaCl solution, the samples 
again showed a relatively unchanging conductivity 
although there was a slight decrease of the conductiv-
ity at 60 ml. Overall, these results are consistent with 
the absence of any significant Na+/Al3+ exchange with 
the 10 mmol Al-GO membrane during NaCl permea-
tion.

2.6. Effect of polysaccharide and protein  
on the stability of GO membrane
All previous studies with GO membranes have 
involved their evaluation in DI water only or salt 
solutions. However, it is possible that the stability 
of GO membranes may be susceptible to other 
components of surface waters/sea waters, not only 
salts but biopolymers, such as polysaccharides and 
proteins. Therefore, in this study further tests were 
undertaken with modified GO membranes in the 

presence of a representative polysaccharide, sodium 
alginate (NaAlg), and a representative protein, bovine 
serum albumin (BSA). In these tests GO membranes, 
modified with quantities of Al3+ and Ca2+, were 
immersed in NaAlg solution of different concentrations 
in a range that is realistic of, and significantly greater 
than, surface waters (figure 6 and figure S1 (stacks.iop.
org/TDM/4/045006/mmedia)). The GO membrane 
formed with 0.01 mmol Al3+ was stable in 10 mg l−1 
NaAlg solution, but was unstable in 50 mg l−1 or higher 
NaAlg concentrations. Since the GO membrane with 
0.01 mmol Al3+ was shown previously to be stable in 
NaCl solution, it is unlikely that the instability with 
NaAlg was caused by Al3+ replacement by Na+ through 
ionic exchange, but through the interaction with the 
alginate. A similar effect has been reported previously 
where the removal of Al3+ was accelerated by soaking 
the GO films in a solution of the metal-chelating agent, 
ethylenediaminetetraacetic acid (Yeh et al 2015).

For GO membranes formed with greater quanti-
ties of Al, for example 10 mmol Al3+, the modified 
GO membrane was stable for all alginate concentra-
tions tested and there was no disintegration of the GO 
membrane, even after 7 d (figure 6(b)). In contrast, the 
GO membrane formed with the highest Ca2+ quantity,  
10 mmol Ca2+, was unstable in 10 mg l−1 alginate solu-
tion after 7 d, and at the higher alginate concentra-
tions of 50 mg l−1 and above, the GO membrane was 

Figure 6. Variation of Al-GO and Ca-GO membrane stability with alginate concentration (2 mg GO): (a) 0.01 mmol Al3+;  
(b) 10 mmol Al3+; (c) 10 mmol Ca2+.
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not stable after 3 d, and disintegrated fully after 7 d  
(figure 6(c)). Therefore, the results show that Ca-mod-
ified GO membranes are not stable in alginate solution 
while Al-modified GO membranes with a sufficiently 
high Al3+ content appear to be stable.

For the stability tests with the protein solution, 
there was no Na+ associated with the BSA solution, 
so potential cation exchange was not a relevant fac-
tor in these tests. GO membranes modified with dif-
ferent amounts of Al3+ and Ca2+, both separately and 
mixed in a 1:1 mole ratio, were immersed in 1 g l−1 
BSA solution (figure 7) or filtrated with 10 mg l−1 BSA  
(figure S2). For all the GO membranes formed with 
Al3+ (between 0.01 mmol and 10 mmol), there was no 
sign of instability or disintegration of the membrane 
over 14 d in BSA solution. In contrast, Ca-modified 
GO membranes prepared with  ⩾0.1 mmol Ca2+ were 
stable in BSA solution up to 1 d only. All Ca-modified 
GO membranes were unstable after 7 d (especially with 
0.1 mmol Ca2+), and disintegrated in the BSA solution 
after 14 d. For GO membranes formed with a Al3+ and 
Ca2+ mixture (molar ratio  =  1:1) (Al  +  Ca-GO), the 
stability of the GO membrane was very similar to the 
GO membrane with only Al3+, and all the Al  +  Ca-GO 
membranes were still stable after 14 d in BSA solution. 
The BSA filtration results further confirmed that high 
contents of Al3+ or Ca2+ in the GO membranes would 
increase their stability, and for the same molar con-
tent the stability was greater for the Al3+, compared to 
Ca2+. In summary, the results confirmed that the pres-
ence of sufficiently high quantities of Al3+ within the 
GO membrane made it stable when exposed to BSA 
and alginate solutions, which suggested that it would 
be suitable for use in drinking water treatment, assum-
ing that it is equally resilient to the presence of other 
proteins and polysaccharides found typically in real 
source waters.

2.7. Influence of cations on membrane flux
The variation of GO membrane flux with the type and 
quantity of cations was evaluated using GO membranes 
modified with Al3+, Ca2+and Ca2+  +  Al3+ and formed 
on a PVDF ultrafiltration supporting membrane; the 
results are summarised in figure 8. At the lowest cation 
level (0.1 mmol), the Al-GO membrane had a water 
permeability of 66  ±  6 l m−2 h−1 bar−1, and the Ca-
GO membrane had a lower permeability of 44  ±  8 l 
m−2 h−1 bar−1. For the GO membrane prepared with 
mixed Al and Ca cations (1:1 molar ratio), the flux 
was between that of the Al-GO and the Ca-GO, but 
closer to the former. In comparison to a conventional 
nanofiltration membrane (pore size near 1.55 nm), 
which had a permeability of around 6 l m−2 h−1 bar−1 
found by previous research (Zhu et al 2016), the 
permeabilities of the modified GO membranes were 
nearly an order of magnitude greater. The results also 
showed that the flux of the modified GO membranes 
decreased systematically with the quantity of cations 
used in the membrane preparation (from 0.1 mmol to 

10 mmol) (figure 8(a)). This trend could be explained 
by an increase in the connection points between GO 
layers through cross-linking of the cations, thereby 
causing greater resistance to flow.

The flux through the GO membrane was found to 
increase linearly with applied pressure (figure 8(b)), 
indicating quasi-laminar flow behaviour. The modi-
fied Hagen-Poiseuille equation for slit-shaped pores 
gives an approximate explanation of fluid flow through 
these multilayered structures (Huang et al 2013). Also, 
the flux of the Al-GO membrane was greater than the 
Ca-GO membrane at the same cation concentration, 
which may be related to the larger d-spacing of Al-GO 
membrane (d  =  1.07 nm), compared to the Ca-GO 
membrane (d  =  0.98 nm) (section 2.1).

As a preliminary indication of the performance 
of the Al-modified GO membrane for treating a rep-
resentative surface water, the flux variation and per-
meate molecular weight (MW) distribution were 
investigated using samples of River Thames near  
London. As can be seen in figure 9(a), the flux decreased 
by approximately 40% during 2.2 h of filtration time 
for the GO membrane with 0.1 mmol Al3+, but it was 
evident that with increasing Al content the extent of 
flux decline decreased, and was approximately 30% 
(at 2.2 h) for an Al3+ content of 10 mmol. The treat-
ment performance of the Al-modified GO membranes 
was investigated by comparing the MW distribution 
of UV-adsorbing organic matter of the River Thames 
samples before and after membrane filtration to reveal 
which fractions of the organic matter were retained by 
the GO membrane. It is evident from figure 9(b) that 
the GO membrane achieved a major reduction in the 
MW of the organic matter across all size fractions. The 
results also suggested that the removal of organic mat-
ter increased slightly with the Al3+ content of the GO 
membrane, especially for the organic fractions larger 
than 1000 Dalton. Thus, as well as inducing membrane 
stability, the incorporation of higher levels of Al3+ in 
the formation of the GO membrane induces a lower 
sensitivity to flux decrease (fouling), and a slightly 
superior treatment performance.

3. Discussion

Graphene oxide can be readily dispersed in water 
and manipulated to form membranes comprising 
hydrophilic layers that have a great number of 
oxygen functional groups on their basal planes and 
edges (Dikin et al 2007), and this enables GO to be 
exfoliated and functionalized (Park et al 2008, Eda and 
Chhowalla 2010, Yeh et al 2015). However, the negative 
surface potential of unmodified GO is sufficiently high 
that electrostatic repulsion between GO layers is able 
to overcome van der Waals attraction and hydrogen 
bonding, thereby preventing adhesion between layers 
(Yeh et al 2015). In this study we have investigated 
the benefits of cation addition as a means of reducing 
the negative surface charges, since oxygen functional 
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groups on the basal planes, and carboxylate groups 
on the edges, have been shown to bond to multivalent 
cations, such as Mg2+ and Ca2+ (Park et al 2008). In 
addition, surface potentials can be reduced by the 

adsorption of cations to pristine graphite surfaces with 
π electron-rich structures. By addition of such cations, 
the adhesion between GO layers is possible, and a 
membrane can be prepared from multiple GO layers. 

Figure 7. Variation of Al-GO, Ca-GO and Al  +  Ca-GO membrane stability with cation quantity in 1 g l−1 BSA solution (2 mg GO): 
(a) GO membrane with 0.01 mmol–10 mmol Al3+; (b) 0.1 mmol–10 mmol Ca2+; (c) 0.01 mmol–10 mmol Al3+ and Ca2 (molar 
ratio  =  1:1).

2D Mater. 4 (2017) 045006
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However, once formed and in operation, the integrity 
of the membrane will depend on the resilience of 
the cation-GO linkages, and this may be strongly 
influenced by the composition of the influent water 
during treatment.

In this study the results have shown that the mono-
valent cation, Na+, is unable to stabilize GO layers, but 
the multivalent cations (Mg2+, Ca2+ and Al3+) can pro-
duce a stable membrane provided there is a sufficient 
quantity of cation incorporated. When immersed in 
NaCl solution both Al-modified and Ca-modified GO 
membranes were not destabilized, probably because 
Na+ ions did not diffuse significantly into the GO 
membrane where they could replace the Al3+ or Ca2+ 
ions. However, with permeation/filtration of NaCl 
solution some replacement of the Al3+ ions by Na+ 
within an Al-modified GO membrane was observed, 
for a low level of incorporated Al, causing the mem-
brane to be unstable. This effect was dependent on the 
quantity of Al present in the membrane, as at a higher 

level of Al the modified GO membrane appeared 
to be more stable. The stability of cation-modified 
GO membranes in the presence of alginate and BSA, 
as representative biopolymers, was also found to be 
dependent on the level of cation present within the 
membrane. It is suggested that the reason for the mem-
brane instability is complexation between the alginate, 
or BSA, and the GO-bound cation, leading to the cat-
ion release. For the Al-GO membrane the instability 
was found to be dependent on the amount of incor-
porated Al and the concentration of the alginate, but 
the Al-GO membrane was stable in the presence of 
BSA under the test conditions. In contrast, the Ca-GO 
membrane was clearly not stable in the NaAlg and BSA 
solutions, which suggests its unsuitability for the treat-
ment of typical surface waters. However, by combining 
Al3+ with Ca2+ into the GO membrane the stability of 
the modified GO was enhanced; this further indicated 
the important role of Al3+ in providing stability to the 
GO membrane. The stability of the Al-GO membrane 

Figure 8. Variation of membrane flux for GO (2 mg) membranes prepared with different cation quantities (a), and the variation of 
flux with applied pressure (10 mmol cations) (b).
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was also demonstrated by the tests with a real surface 
water (River Thames) containing a range of organic 
components, including biopolymers (MW  >  40 kDa), 
and the membrane performed well in terms of mainte-
nance of flux and contaminant retention, particularly 
where the membrane had a high Al content (figure 9).

4. Experimental section

4.1. Preparation of GO membranes
GO was synthesized from purified natural graphite 
(Fisher Scientific, UK) by the Hummers method 
(Hummers and Offeman, 1958). Aqueous dispersions 
of GO at a concentration of 2 g l−1 were prepared with 
the aid of ultrasound (KC3 Ultrasonic Cleaning Bath 
(38 kHz, 85 W), KERRY, GUTSON, United Kingdom) 
in 50 ml batches. Unmodified GO membranes were 
made by filtration of the GO solution through a 
cellulose acetate (CA) membrane filter (47 mm in 
diameter, 0.2 µm pore size, Whatman, Middlesex, UK) 
or PVDF ultrafiltration membrane (Ande membrane 

separation technology & engineering (Beijing) Co., 
Ltd, China) with a nominal molecular weight cutoff 
of 100 kDa (76 mm in diameter), equivalent to a GO 
mass of 2 mg. For the modified GO membranes, the 
GO solution was mixed with alternative salt solutions 
of the general form, MCln (where M represents the 
cations, Na, Mg, Ca and Al; and associated chloride 
n  =  1–3), and then filtered as indicated above by 
either CA or PVDF membranes. The quantity and 
concentration of salt solution used in the preparation 
of the modified GO membranes was adjusted to 
correspond to different nominal cation amounts (as 
indicated in the results).

4.2. Chemical reagents and membrane stability
All salt solutions were prepared in DI water with 
reagent grade chemicals. For the AlCl3 solution the pH 
was adjusted to pH 3 (by addition of HCl) to prevent 
precipitation. Sodium alginate (NaAlg) and bovine 
serum albumin (BSA) were obtained as reagent grade 
chemicals (Sigma, USA), and fresh solutions at a total 

Figure 9. Temporal variation of flux (a), and molecular weight distributions of raw and permeates (b), of Al-GO membranes 
formed with different quantities of Al3+ for samples of River Thames.

2D Mater. 4 (2017) 045006
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concentration of 10 g l−1 were prepared using DI water. 
The stock solution was stored in the dark at 4 °C and 
was brought to room temperature prior to use before 
working solutions were made, and the stock solution 
was used within 3 d.

To investigate the stability of the formed GO mem-
branes, they were placed into the respective test solu-
tion (i.e. DI water, NaCl solution, alginate solution and 
BSA solution) for periods ranging from several hours 
to several days. Subsequently, each GO membrane was 
shaken in its respective water for 1 min, and then pho-
tographic images of the GO membrane were taken.

4.3. GO membrane flux and fouling
Dead-end flow experiments were undertaken using 
formed GO membranes in a stirred cell apparatus 
(Amicon 8400, Millipore) with a constant upstream 
pressure (1 bar–4 bar) under nitrogen gas. Imme- 
diately before the stirred cell test the DI water flux of 
the membrane was determined by passing DI water 
through the membrane until a stable permeate flux was 
reached. The flux of the GO membrane with different 
concentrations of Al3+ or Ca2+ under 4 bar N2 gas was 
investigated, as well as the flux with 10 mmol Al3+ or 
Ca2+ under different applied pressures of N2 gas.

The fouling characteristics of the GO membrane 
were studied by filtering samples of River Thames 
abstracted near London from March 2016 to August 
2016. In each test the performance of the membrane 
was evaluated by recording the variation of nor-
malized flux, J/J0, as a function of time, where J0 is the 
initial membrane flux.

4.4. Characterization
Samples of selected GO membrane were platinum-
coated by a sputter and observed under high resolution 
field emission gun scanning electron microscope 
(FEGSEM, LEO Gemini 1525, Germany). Analysis 
of XRD patterns were collected by a Rigaku Dmax 
powder diffractometer with Cu Kα radiation 
(λ  =  1.5418 Å) at 40 kV, and x-ray photoelectron 
spectroscopy (XPS, Thermo Scientific ESCALAB 
250Xi) spectra were collected to identify the relative 
abundance of the different functional groups. The 
nature of the membranes was also analysed by fourier 
transform infrared spectroscopy (FTIR, Spectrum 400, 
PerkinElmer, USA) with Quest ATR Accessory (SPECAC 
Ltd, UK), and the zeta potential of GO sheets, with 
different concentrations of cations (Na+, Mg2+, Ca2+ 
and Al3+), were measured by a Zeta Sizer instrument 
(Nano-ZS90, Malvern Instruments Ltd, UK).
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