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Abstract
The use of solvents in desalination processes limits the use of certain materials in the construction of the reverse 

osmosis membranes. Therefore now the research effort has focused on improving new materials. In particular, nano-
structured materials will probably form the basis for new reverse osmosis membrane materials. This study makes a 
review of the new materials used for the construction of reverse osmosis membranes, highlighting the advantages 
and disadvantages that each of them gives to the desalination process. Firstly inorganic membranes, made mainly 
from zeolites, offer higher tolerance to a variety of feed waters and harsh cleaning methods. Secondly, two carbon-
derived materials as carbon nanotubes, exhibit high permeability and high rejection rate, and graphene, with high 
breaking strength and impermeability to molecules as small standard gases. Finally, a novel concept of membranes 
called Mixed Matrix Membrane (MMM) which combines organic and inorganic material and the benefits of each one.

Keywords: Membranes; Reverse osmosis; Desalination;
Nanomaterials

Highlights
• Nanotechnology has opened the way to incorporate

nanomaterials into RO processes.

• Research efforts are focussed on developing new materials that
were less vulnerable to fouling and are easy to regenerate.

• Inorganic materials are potentially tolerant to waters which
foul polymer membranes.

• CNT Membranes provide high water flux and rejection rate,
and low energy consumption.

• Mixed matrix membrane has shown improved properties for
numerous separation processes.

Introduction
Since the building of the first RO desalination plant, only polymeric 

membranes have been employed for industrial use. Thus, membrane 
modules have been improved by increasing membrane area per module. 
So it is appropriate review the historical development of commercially 
successful RO membrane materials and look forward to the novel nano-
structured materials that will shape future trends in reverse osmosis 
membranes research. In fact, advances in nanotechnology have led to 
the development of nano-structured materials which may form the 
basis for new RO membranes. Thus, nanotechnology has opened the 
way to incorporate nanomaterials into RO processes [1].

Nowadays membranes technologies show advantages in both 
energy efficiency and high water quality. However, the use of organic 
membranes is highly limited due to the presence of solvents in the 
process of reverse osmosis for water desalination. Because of this, 
research efforts are focussed on developing new materials that were less 
vulnerable to fouling and were easy to regenerate [2].

Humplik et al. [3] affirmed that advances in nanotechnology have 
enabled unprecedented control on the fabrication of nanostructured 
materials, and in particular, makes possible to create well-defined, size-
selective, nanostructured filtration membranes. 

Finally, different authors have introduced the concept of Mixed 

Matrix Membrane (MMM), which combines organic and inorganic 
material. 

Inorganic Membranes
Zeolites

Nowadays, inorganic membranes can be composed of a wide 
range of materials (from alpha alumina to zircon). The most common 
membranes are made of Al, Si, Ti or Zr oxides. Each oxide has a different 
surface charge in solution. Other membranes can be composed of 
mixed oxides of two of the previous elements, or are established by 
some additional compounds present in minor concentration. Their 
use is currently limited to applications where polymeric membranes 
cannot be used due to the high manufacturing cost. The structure of 
inorganic membrane modules is a flat membrane made up of a macro-
porous supporting layer and a meso or micro-porous active layer. 
Figure 1 shows the sub-nm inter-crystalline pores within the zeolite 
structure that allow the passage of water molecules and rejects the 
salt [1]. Currently, inorganic membranes are widely used in micro- 
and ultra-filtration applications whereas inorganic membranes for 
nanofiltration are under development [1].

Inorganic materials such as zeolites are capable of providing the 
required desalination properties while being potentially tolerant to 
waters which readily foul polymer membranes and/or can withstand 
more cost effective cleaning methods [4]. 

A group of researchers from the New Mexico Institute of Mining 
and Technology [5] reported the early results on the use of inorganic 
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membranes for RO desalination. Based on a molecular dynamic 
simulation which showed the feasibility (100% of ion rejection) of 
using ZK-4 zeolites as membranes to separate water from aqueous 
NaCl solutions by Lin and Murad [6], this group investigated the RO 
separation mechanism and the feasibility of application of inorganic 
membranes. 

Zeolites are crystalline aluminosilicate materials with uniform 
subnanometer- or nanometer-scale pores; microstructure is composed 
of 3–8 Å pores. Zeolite crystals occur naturally or can be synthesized 
in a laboratory environment using a high temperature furnace and an 
autoclave. In fact, varying synthesis temperature and time, crystal sizes 
can be controlled from a few nanometers to centimetres. Properties 
such as adsorption characteristics, geometry, ion exchange capabilities, 
and catalytic behaviour differ among the zeolite crystal families and can 
be tailored for a specific application by using the correct composition. 
Besides, due to the inert property of aluminosilicate crystal, zeolite 
membranes have superior thermal and chemical stabilities [3,7].

Theoretical calculations showed that zeolite membranes with pore 
sizes smaller than hydrated ion size could completely exclude them. 
The first experimental attempt was developed by Li et al. [8], who 
used hydrothermal synthesis to develop 0.5–3 μm thick membranes 
consisting of hydrophobic MFI (mordenite framework inverted) type 
zeolites with an average pore diameter of 5.6 Å on a porous α-alumina 
support. Under an applied pressure of 2.07 MPa (20.7 bar) and with 
0.1 M NaCl feedwater, the membranes rejected 76% of Na+ ions while 
permitting a water flux of 0.112 kg m−2 h−1(~0.11 l m−2 h−1). This lower 
rejection was attributed to ion transporting across nanometer-sized 
interstitial defects created during the membrane synthesis process 
[3]. Lee et al. [1] exposed that in a test using a feed containing mixed 
ion species the rejection of bivalent cations was higher than for 
monovalent ions, or, in other terms, the rejection of sodium ions in a 
mixed ion solution was lower than for a pure solution of NaCl. These 
results show that the filtration mechanism is not only dependent on 
size exclusion, but also on Donnan exclusion due to the charged double 
layer induced by adsorbed ions on the pore or the intercrystalline walls. 
Li et al. [9] stated that the salt rejection depended on the formation and 
size of EDLs (electric double layer) at the surface of the intercrystalline 
defects. The thickness of this layer decreases with an increase in ion 
concentration; in low salt concentrations, the EDLs can overlap and 

prohibit the transport of salt ions, while, in high salt concentrations, 
EDLs become thinner and no longer overlap, allowing ions to pass 
through the intercrystalline defects. All these experimental results 
showed that nanometer-sized intercrystalline defects controlled the 
majority of ion transport and represent a challenge for the fabrication 
of zeolite membranes [1,2,3,8,10]. In fact, Dong et al. [10] stated that 
polycrystalline zeolite membranes inevitably contain nanometer-
scale intercrystalline pores, which decrease the efficiency of ion 
rejection especially for high concentration feed solutions and solutions 
containing multivalent cations.

Recently Li and Wang [11] stated that typical zeolite membranes 
are prepared by the hydrothermal deposition method on suitable 
porous inorganic or stainless steel supports. A supporting material 
must provide the physical durability to membranes, but none effect on 
fluid flow and salt rejection than the zeolite separation layer. 

Two basic parameters, salt rejection and water flux, were too low to 
be of practical use, so subsequent work has been conducted to improve 
both by modifying the zeolite structure [1]. The Si / Al ratio was 
optimized to improve them. The Al content in the membrane can alter 
the surface hydrophilicity and therefore affinity with water. Besides, 
Defects in the crystal structure are minimized by secondary growth 
of a zeolite layer on zeolite seeded onto a porous α-alumina substrate 
[4]. This combined effort generated a remarkable improvement, with 
a 2 µm thick zeolite membrane with 50:50 Si/Al ratios. The water flux 
increased from 0.112 to 1.129 kg m-2 h-1 and ion rejection increased from 
90.6% to 92.9% as 2.0 mol % Si4+ in zeolite framework was substituted 
by Al3+ [12]. In recent reports from the same group, the thickness of 
the membrane has been further reduced to 0.7 µm, providing excellent 
organic (>99%) and salt rejection (97.3%) as well as nearly 4 times 
improvement in water flux [1,13,14].

Similar to the polymeric membranes, performance of zeolite 
membranes may be affected by transmembrane pressure, temperature, 
ion concentration and composition of the feed salt solution. An 
increasing of feed temperature has a greater influence on the ion 
permeation than on the water permeation, resulting in a decline of the 
ion rejection. On the contrary, increasing the transmembrane pressure 
can enhance both the water flux and ion rejection rates because the ion 
flux is much less affected by pressure compared to the water flux. These 
findings suggest that for RO on zeolite membranes, which possess 
excellent thermal and mechanical stabilities, operating at elevated 
temperatures and high hydraulic pressures is desirable for enhancing 
the separation efficiency [15]. Increasing feed ion concentration results 
in an exponential increase of ion flux because both the driving force 
for ion transport and effective pore size increases with increase of 
ion concentration due to diminishing of the electric double layer at 
increased ion concentration [9,11]. 

Thus, zeolite membranes have shown higher permeability and 
selectivity than polymeric membranes. They exhibit better resistance 
to harsh chemical conditions and can withstand high pressure and 
temperature, which constitute potential advantages for desalination 
[11].

Finally Lee et al. [1] stated that though the improvement of zeolite 
membranes has been remarkable in the past 10 years, their performance 
and economics are still no match for polymeric membranes. The zeolite 
membrane thickness is still at least 3 times higher than the current 
state of the art polymeric RO membranes, causing higher resistance to 
water flux. As a result, inorganic membranes require at least 50 times 
higher membrane area than polymeric ones to achieve an equivalent 
production capacity.

Intercrystalline
Microporous
Channel

Zeolite
Skeleton

Figure 1: Micro-porous ceramic membrane structure: micro-porous channel 
in the crystalline structure MFI Zeolite [1].
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Carbon nanotubes membranes

To overcome the limits of current polymeric membranes, which 
suffer from a trade-off between salt rejection rate and permeability, 
new types of membrane with higher permeability and rejection rate 
have been developed. These membranes use carbon nanotubes (CNTs) 
as membrane pores [16]. CNTs are an allotrope of carbon consisting of 
rolled-up sheets of graphitic layers [3]. Ahn et al. [17] stated that the 
cylindrical shape of single walled nanotubes (SWNTs) can be imagined 
virtually by wrapping them in a layer of graphite called graphene.

These CNT membranes could potentially provide a solution to 
water shortages, as they seem to outperform existing membranes by 
providing higher water flux and lower energy consumption, so they 
could be a dramatic improvement over the conventional membranes. 
In contrast, the feasibility of CNT membranes has not fully investigated, 
as they are still in the laboratory stage of development and not yet 
commercially available. Fabrication of CNT membranes, which have 
controlled geometry, porosity, and pore shapes, is also challenging 
[16,18]. 

According to Ahn et al. [17], CNTs can be classified into two 
categories according to the fabrication methods; (1) vertically aligned 
CNT membranes (VA-CNT membranes), and (2) mixed (composite) 
CNT membranes. With respect to VA-CNT membranes, nanotubes 
are arranged straight up and perpendicular to the membrane surface, 
and bound to each other by an organic or inorganic filler material. The 
authors highlight that an important advantage of VA-CNT membranes 
is that water flux would be very rapid due to the short nano-channel 
length and compactness of the nanotube forest. The features of VA-
CNT are the following:

•	 CNTs are aligned vertically.

•	 CNTs’ forest is compacted densely.

•	 Water flux is supposed to be fast drastically. 

•	 Functional group can be attached at the tip of CNTs or on the 
membrane surface conveniently.

•	 Fabrication procedures are complicated.

•	 May need specially adjusted operating system [17].

In high yield synthesis techniques, the majority of the nanotubes 
adopt a metallic armchair conformation [19], though difficulties 
in purifying for monochiral nanotubes constrain commercial and 
environmental applications of SWNTs. Double-walled and multiwalled 
nanotubes (MWNTs) are the one-dimensional analogues of carbon 
onions. MWNTs share many characteristics of bulk SWNTs since 
coupling across the 0.34 nm interlayer distance of MWNTs is weak. 
MWNTs do not exhibit the metallic properties of SWNTs, instead 
displaying the semiconducting characteristics of bulk graphite [20]. A 
sketch of SWNT and MWNT is shown in Figure 2.

The way graphene winds can be described by a pair of indices (n, 
m). The indices n and m are integers indicating the number of unit 
vectors along two directions of graphene. The inner diameter of a 
nanotube can be calculated from the ‘‘rolled up’’ vector as follows [22].

2 2
in ( ) 2rc

ad n m nm
π
 = + + − 
 

din, inner diameter (I.D.) of nanotubes; a, lattice parameter of 
graphene (=2.46Å); and rc, van der Waal’s radius of a carbon atom (1.7 
Å) [17].

Advances in synthesis procedures, such as chemical vapour 
deposition (CVD), have recently enabled ultra small diameter SWNT 
and lengths up to a few centimetres [23]. Controlled synthesis 
techniques have led to the recent discovery of high water fluxes through 
CNT membranes [16,24], opening the possibility of using such CNT 
membranes for RO [3,25].

Nano-pores should be homogeneously distributed on the surface 
layer to enhance the performance of CNT membranes. Above all, it is 
crucial to produce high quality CNTs. Nanotubes should be prepared 
uniformly to obtain high desalination capacity. Thus, homogeneity of 
nano-pores is crucial, and the inner diameter of nanotubes should be 
distributed within a very narrow range. The inner diameter of MWNTs 
can range from a few nanometers to tens of nanometers, which 
may result in poor desalination capacity. In contrast, SWNTs inner 
diameters are <1–2 nm, but their manufacturing procedure is relatively 
complicated. During the manufacture of nanotubes, the dependence of 
carbon nanotube inner diameter and number of walls upon the size of 
the inorganic catalyst has been studied [17,26,27]. 

Results obtained by different authors using the MD modelling and 
performing experiments showed that water fluxes several magnitudes 
greater than those predicted by continuum hydrodynamics through 
CNTs. In the same way, mechanistic insights into the ultrafast water 
transport have been provided by MD simulations [16,24,28,29]. 
Kolesnikov et al. [30] suggests that interactions of water molecules 
with the CNT wall are lower than the interactions between the water 
molecules. This suggestion was proved by confinement of water 
molecules in a CNT, leads to the formation of an ‘ice shell plus water 
chain structure". The results obtained by the study of the transport of 
water molecules through CNTs with varying degrees of hydrophobicity 
and surface roughness, showed that  for fast water transport are 
necessary both hydrophobicity and the atomistic smoothness of CNT 
walls, resulting in nearly frictionless flow [28].

More recently, Falk et al. [31] demonstrated that the curvature 
modulates the interaction energy landscape of water molecules with the 
CNT such that the friction decreases with decreasing CNT diameters, 
and vanishes below a CNT diameter of 0.5 nm; these results were taken 
using MD simulation. Likewise, the simulations indicated that the 
friction was higher for water molecules interacting with the outer surface 
of the CNTs, concluded that the friction coefficient between the water 
molecules and the CNT wall is highly dependent upon the curvature 
of the graphitic surface of the CNTs [30]. Majumder et al. [16] and 
Holt et al. [24], who experimentally verified fast mass transport, made 
CNT membranes by filling the interstitial space of an array of vertically 

SWNT                                            MWNT

Figure 2: Molecular structure of SWNT and MWNT [21].



Citation: Rodríguez-Calvo A, Silva-Castro GA, Osorio F, González-López J, Calvo C (2014) Novel Membrane Materials for Reverse Osmosis 
Desalination. Hydrol Current Res 5: 167. doi:10.4172/2157-7587.1000167

Page 4 of 7

Volume 5 • Issue 2 • 1000167
Hydrol Current Res
ISSN: 2157-7587 HYCR, an open access journal 

aligned CNTs with polystyrene and silicon nitride, respectively. They 
measured the flow rate of water, ethanol, isopropanol, hexane, and 
decane through CNTs under 1 bar of pressure. It showed that, firstly, 
increasing fluid viscosity did not decrease liquid flux, and secondly, 
the flux predicted by continuum hydrodynamics was 4–5 orders of 
magnitude smaller than the liquid flux through the membrane.

Hinds’s research group introduced the first prototype for a VA-
CNT and found that water flow rates increased 4- to 5-fold over those 
of conventional fluid flow, which was estimated from the Hagen–
Poiseuille equation, by performing a series of pressure-driven flow 
experiments. However, they did not report ion selectivity, which is 
strongly related to desalination potential during the desalination 
process [32]. In addition, Holt et al. [24] improved upon size selectivity 
in a membrane of aligned double-walled CNTs with an inner diameter 
less than 2 nm, while maintaining high mass transport rates.

As nanotubes are hydrophobic, there is a decreasing water flux due 
to the movement of water molecules hindered in areas adjacent to the 
surface of a CNT membrane. However, the hydrophobic interior wall 
is favourable, so it helps the water molecules to be transported at ultra-
high speed once water molecules enter the membrane. Therefore, it 
may be beneficial to functionalize the end tips of nanotubes to change 
hydrophobicity of the CNT membrane and eventually enhance ion 
selectivity. However, according to Ahn et al. [17], a further detailed 
study will be necessary to develop a coating with densely charged 
polymers over the entire membrane surface as well as CNT end tips 
to increase salt rejection efficiency. In the same way, Humplik et al. [3] 
reported that membranes comprising CNTs with chemically modified 
tips with charged groups were developed because CNT diameters were 
too large to act as molecular sieves for excluding salt ions even though 
the high flux through the CNT membranes were applied. Fornasiero 
et al. [25] functionalized with carboxyl groups the pore entrance of 
these CNT arrays, which successfully achieved of 40–60% salt rejection 
for dilute (<0.01 M) salt concentrations of KCl, and nearly 100% salt 
rejection for dilute solutions of K3Fe(CN)6. The higher rejection ratio 
for K3Fe(CN)6 may be attributed to the greater electrostatic repulsion 
between the trivalent anion and the carboxyl groups at the CNT 
entrance. The salt rejection was poor for higher salt concentrations that 
correspond to a smaller electrostatic Debye screening length.

Various studies have reported that CNTs trigger inactivation 
of bacterial cells by attacking cell walls. These membranes suppress 
biofilm formation on deposited surfaces; SWNTs are more often fatal 
to bacteria than MWNTs. Two trials have been conducted to reduce 
biofouling using nanotubes. Therefore, this low biofouling surface 
may reduce the maintenance required for commercialized NF and RO 
membranes [17,33,34]. The CNT membrane process will require less 
energy consumption than that of other membrane processes because it 
can run without high-pressure pump and due to the fact that the specific 
surface area of the membrane element attaining the targeted permeate 
volume should be diminished [17]. Commercially available SWNTs 
and MWNTs are replete with defects, metal catalyst contamination, 
and physical heterogeneities. While a number of purification schemes 
have been developed [35], variation between samples is a challenge for 
research on the implications and commercial applications of CNTs 
[20]. 

Graphene

Graphene is a carbon-based material considered as a potentially 
selective material for membranes. According to Humplik et al. 
[3] graphene is a single layer of graphite with atomistic thickness, 

consisting of a lattice of hexagonally arranged sp2-bonded atom, which 
exhibits a high breaking strength [36] and impermeability to molecules 
as small as standard gases including helium [37]. These properties 
suggest to create graphene ultrathin high flux membranes that can act 
as molecular sieves [3,38]. Furthermore, it has been developed the roll-
to-roll production of graphene on ultralarge copper, which indicates 
the feasibility of large-scale membrane fabrication [39].

Some recent studies have explored the transport of or ions through 
pores in graphene membranes [40,41]. Sint et al. [40] showed that 
graphene monolayers could serve as ionic sieves of high selectivity and 
transparency. More Recently, Suk and Aluru [41] explored the water 
transport through a porous graphene membrane and compared the 
results with water transport through thin (less than 10 nm in thickness/ 
length) carbon nanotube (CNT) membranes. For smaller diameter 
membranes, water flux was lower through the graphene membrane 
compared to that of the CNT membrane, but for larger diameter pores, 
water flux is higher through the graphene. These results suggest that 
graphene membrane can be used as an ultra efficient water transporter, 
compared to thin CNT membranes, whenever the diameter is larger 
than 0.8 nm. However, Humplik et al. [3] stated that experimental 
measurements of water transport and salt rejection remain to be 
realized.

Cohen Tanugi and Grossman [38] showed that nanometer-scale 
pores in single-layer freestanding graphene can effectively filter NaCl 
salt from water. They stated that nanoporous membranes can allow for 
fast convective water flow across well-defined channels. In contrast with 
classical RO membranes, where water transports slowly via a solution-
diffusion process. Using classical molecular dynamics simulations, they 
examined differences in desalination dynamics related to pore size, 
pore chemistry, and hydrostatic pressure applied. 

According their simulations, the permeability scales linearly with 
pore area, as expected from the Hagen Poiseuille equation. On the other 
hand, the effect of pore chemistry has no clear analog in macroscopic 
fluid dynamic. For a given pore size, water permeability is significantly 
enhanced by hydroxylation compared with the hydrogenated case. 
This behaviour is due to the fact that hydrophilic functional groups 
increase the water flux by allowing for a greater number of hydrogen-
bonding configurations inside the pore. On the other hand, salt 
rejection decrease with increasing pore size, which is expected from 
a size exclusion argument. However, the dependence of salt rejection 
on applied pressure is noteworthy; the salt rejection of a given pore 
decreases at higher applied pressures, which is the opposite of what is 
observed in diffusive RO membranes. They attributed this difference 
in behaviour to the large effective volume of ions in solution, which 
causes them to respond more sensitively to pressure increases than 
water molecules. This is in contrast with RO membranes, in which the 
governing driving force for salt passage is osmotic pressure and where 
water flux increases faster than salt flux with rising pressure. These 
results indicated that pore chemistry also has a notable effect on salt 
rejection. For a given pore size and applied pressure, the salt rejection is 
lower for hydroxylated pores. They attributed this effect to the fact that 
hydroxyl radical (OH) functional groups can hydrogen-bond with salt 
ions much like water molecules do, which results in a lower free energy 
barrier to ionic passage [38].

Finally, their examination of the structure of water in the pore 
vicinity revealed that the hydrophobic character of hydrogenated pores 
reduces the water flow by imposing additional conformational order 
on the system, even as the limited hydrogen bonding allows for greater 
salt rejection relative to hydroxylated pores [38].
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Mixed matrix membranes

Mixed matrix membrane (MMM), also known as composite 
membrane, produced by dispersing fillers in a polymeric matrix, has 
shown advantages in the development of advanced membranes with 
improved properties for numerous separation processes [11].

The concept of MMM, the combination of organic and inorganic 
material, is not new. In 1980 a silicalite-cellulose acetate MMM for gas 
separation was developed, showing superior selectivity to conventional 
polymeric membranes and in the 1990s water / ethanol separation via 
pervaporation. The incorporation of inorganic materials into organic 
RO TFC membranes only started in the early 2000s. The main objective 
of MMM is to combine the benefits offered by each material, i.e. the 
high packing density, good permselectivity, and long operational 
know-how of polymeric membranes, coupled with the superior 
chemical, biological and thermal stability of inorganic membranes [1].

Nano-Particle/Polymeric Membranes
According to Lee et al. [1], zeolite nano-particles have been 

used to prepare MMMs. Lind et al. [42] stated that the concept of a 
mixed-matrix membrane, where a small filler material is dispersed 
throughout a larger polymeric matrix, has brought new degrees of 
freedom to the development of advanced membrane materials for 
numerous separation processes. Jeong et al. [43] exposed that these 
NaA-type zeolite particles, which are characterized by being very 
hydrophilic, are in the size range of 50–150 nm with a Si/Al ratio of 
1.5. The zeolite nano-particles are dissolved into a cross-linking agent 
solution (trimesoyl chloride dissolved in hexane) before the interfacial 
polycondensation reaction takes place. A homogeneous dispersion of 
zeolite particles is achieved using ultrasonication before the standard 
interfacial polymerization is carried out. RO membranes with various 
zeolite loadings were prepared and consequent changes in membrane 
characteristics were observed, i.e. the membranes were smoother, 
more hydrophilic and more negatively charged with increasing nano-
particle loading. The MMM membrane exhibited 90% of flux and 
a slight improvement in salt rejection relative to the hand cast TFC 
membrane without zeolite nano-particles. Authors suggest that this 
could be a result of enhanced Donnan exclusion by the zeolite particles 
and changes of membrane morphology [1,42,43].

Lind et al. [42] reported that the presence of zeolite nanoparticles 
may change polyamide film structure, which was likely induced by 
the formation of microporous defects and reduced the crosslinking 
extent. As a result, the zeolite A–polyamide TFN membranes exhibited 
improved permeability while retaining a good rejection.

The dramatic increase in solute permeability might limit the 
application of TFN (thin film nanocomposite) membranes used in 
traditional RO systems designed to operate at extremely low water 
fluxes. Moreover, these results offer additional support for the 
hypothesis that zeolite nanoparticles change bulk polyamide film 
structure possibly by creation of microporous defects as well as reduced 
cross-linking through heat released during the polymerization reaction 
[42].

On the other hand, Kim et al. [44] performed a trial where TiO2 
nano-particles (<10 nm) were subsequently dip-coated onto an 
interfacial polymerized fully cross-linked polyamide TFC membrane 
with a surface layer functionalised with carboxylate groups. These 
carboxylate groups are necessary for the self-assembly of TiO2 within 
the barrier layer via an adsorption mechanism. Testing with E. coli-
containing feed water has shown superior anti-biofouling properties, 

especially with the aid of UV excitation, without compromising 
the flux and salt rejection performance of the original membrane. 
No significant loss of TiO2 nano-particles from the membrane was 
observed after a continuous 7-day RO trial [1].

However, in another trial performed by Lee et al. [45], the 
addition of TiO2 during in situ interfacial polymerization of polyamide 
produced the TFN membranes with improved pure water flux and 
enhanced hydrophilicity. As TiO2 loading increased, salt rejection 
initially increased, accompanied with a slight change of flux; however, 
further increased TiO2 loading led to a reduction of salt rejection with 
a jump of water flux and poor mechanical strength. They believed 
that the interference of interfacial polymerization by inorganic TiO2 
nanoparticles became significant at higher TiO2 loadings, resulting in a 
lower degree of polymerization. 

Li and Wang [11] stated that the fabricated membranes having poor 
mechanical property may limit their practical application, therefore it 
is necessary to optimize the membrane fabrication and polymerization 
processes by considering the effect of inorganic fillers.

Carbon Nano-Tube/Polymeric Membranes
Anh et al. [17] described an earlier model of a mixed-CNT 

membrane which was mainly designed to upgrade a UF membrane 
with nanotubes. MWNTs (up to 5% by weight volume) were blended 
with polysulfone (PSf), and water fluxes were measured under an 
operating pressure of 1– 4 bar [46]. They reported that the MWNT/
PSf membrane revealed two pieces of conflicting data according to 
the molecular weight of the solute. For an aqueous solution of poly-
ethyleneoxide 100,000, the solute rejection efficiency was high (>95%) 
and the water flux was measured at 14–17 l m2 h1. In contrast, the 
solute rejection efficiency was reduced by 20–60% for aqueous solution 
of poly-vinylpyrrolidone (PVP) 55,000, whereas the water flux was 
increased to >40 l m2 h1. Choi et al. [46] postulated that the plugging 
effect between both sizes of nano-pores and the solute molecule 
might contribute to differences in the solute rejection efficiencies and, 
according to them, it seemed to be a dilemma to accomplish a higher 
permeability and rejection rate at the same time with the mixed-CNT 
membrane [17]. 

On the other hand, Anh et al. [17] reported that functionalized 
MWNTs blended with PSf have been prepared for UF membranes 
[47]. MWNTs were modified by attaching isocyanate and isophthaloyl 
chloride functional groups, and protein adsorption on the membrane 
surface was suppressed. Thus, it was anticipated that a functionalized 
MWNT/PSf membrane would alleviate membrane biofouling. 

According to Lee et al. [1] the fabrication of the CNT/polymeric 
membrane in some experimental studies [16,27,32], involves multiple 
complex steps, such as catalytic growth of CNTs onto expensive 
substrates, polymer filling of the inter-tube spaces, substrate removal, 
and CNT tip opening via etching. Furthermore, they stated that the 
size distribution of the CNT diameters is still not small enough to 
complement the simulation studies performed. 

Ratto et al. [48] realized a patent which could overcome this 
problem. They disclosed the blending of CNTs into solutions, preferably 
cross-linking agent solutions (trimesoyl of isophthalic chlorides), for 
formulation of composite polymeric membranes (Figure 3). 

They assure that CNTs can be effectively embedded onto the 
barrier layer formed by conventional interfacial polymerization on a 
micro-porous polyethersulfone support. In this patent the CNTs are 
functionalized with octadecylamine; Lee et al. [1] reported that CNTs 
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need to be functionalized to obtain better solubility in organic solvents. 
The resulting membrane can be easily adapted into current filtration 
and RO systems, with the CNTs used being 0.8 nm in diameter.

Lee et al. [1] exposed the results of a test disclosed in the patent which 
compares membranes fabricated with and without embedded CNTs, to 
demonstrate the enhanced flow generated by the CNT pathways. From 
these results, they concluded that with CNTs present a slightly higher 
salt rejection was achieved (97.69% as compared with 96.19%) and a 
near doubling of water flux (44 l m−2 day−1 bar−1 as compared with 26 
l m−2 day−1 bar−1) was obtained.  However as the membrane disc that 
was synthesized was only 47 mm in diameter, studies on much larger 
surface area membranes are needed before large scale manufacturing 
methods can be developed.

Conclusions
Efficiency of a membrane depends on two parameters: permeate flux 

and salt rejection. It has been proposed various RO novel membrane 
materials, but the development of such membranes is only in its initial 
stages. However, some results from experimental assays show how their 
efficiency has been improved. Thus, in the first experimental attempt 
with inorganic membranes (zeolites), these membranes  rejected 76% 
of Na+ ions while permitting a water flux of 0.112 kg m−2 h−1(~0.11 l 
m−2 h−1) (under an applied pressure of 2.07 MPa (20.7 bar) and with 
0.1 M NaCl feed water). In order to improve both parameters, zeolite 
structure was modified by optimizing Si/Al ratio (50/50) and defects 
in the crystal structure have been minimized. Recently it has been 
reported that reduction of the thickness of the membrane to 0.7 µm, 
providing excellent organic (>99%) and salt rejection (97.3%) as well as 
nearly 4 times improvement in water flux [1,13,14].

Regarding to CNT membranes, as it has been exposed before, 
fabrication of them is also challenging. Advances in synthesis techniques 
have opened the possibility of using such CNT membranes for RO 
due to the discovery of high water fluxes through CNT membranes 
[3,16,24,25].

Hinds’s research group, that introduced the first prototype for a 
VA-CNT, found that water flow rates increased 4- to 5-fold over those 
of conventional fluid flow, but they did not report ion selectivity [32]. 

As it has been explained, the performance of a CNT membrane can 
be mainly gauged by water flux and salt rejection efficiency, and the 
smooth and hydrophobic wall of nanotubes facilitates the rapid and 
frictionless movement of water molecules in chains. Thus, one of the 
main fields of research is the developing of narrower inner diameter 
of nanotubes, to get faster transport of water molecules. Furthermore, 

another point of interest is to research the functionalization of the 
end tips of nanotubes, in order to change hydrophobicity of the CNT 
membrane and eventually enhance ion selectivity [17].

Suk and Aluru [41] compared the result from water transport 
through a porous graphene membrane with water transport through 
thin carbon nanotube (CNT) membranes. They demonstrated that 
for larger diameter membranes, water flux was higher through the 
graphene membrane than of the CNT membrane, while for smaller 
diameter pores, water flux was lower through the graphene. Moreover, 
Cohen Tanugi and Grossman [38] showed that nanometer-scale pores 
in single-layer freestanding graphene can effectively filter NaCl salt 
from water.

In the case of Mixed Matrix Membranes, with respect to Nano-
particle/polymeric membranes, the presence of various zeolites in RO 
membranes causes changes in membrane characteristics; even they 
may change polyamide film structure according to some authors. As 
a result, in almost all of the trials the MMM membrane exhibited and 
a slight improvement in water flux and in salt rejection relative to the 
hand cast TFC membrane without zeolite nano-particles [1,42-45].

On the other hand, in the case of carbon nano-tube/polymeric 
membranes, a study patented by Ratto et al. [48] compared membranes 
fabricated with and without embedded CNTs. The results demonstrated 
the enhanced flow generated by the CNT pathways, a near doubling 
of water flux (44 l m−2 day−1 bar−1 as compared with 26 l m−2 day−1 
bar−1), with a slightly higher salt rejection (97.69% as compared with 
96.19%). However, there is a need for studies on much larger surface 
area membranes.
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