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ABSTRACT

Reverse osmosis (RO) is currently the most important desalination technology and it is experiencing
significant growth. This paper reviews the historical and current development of RO membrane
materials which are the key determinants of separation performance and water productivity, and
hence to define performance targets for those who are developing new RO membrane materials.
Given their unique structural and morphological features, nanomaterials have gained considerable
attention for their applications in membrane desalination. The emergence of nanotechnology in
membrane materials science could offer an attractive alternative to polymeric materials. Hence nano-
structured membranes are discussed in this review including zeolite membranes, carbon nanotube,
graphene and graphene oxide membranes in their free-standing and composite forms. It is proposed
that these novel materials represent the most likely opportunities for enhanced RO desalination
performance in the future, but that a number of challenges remain with regard to their practical

implementation.
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1. Introduction

Most of the water supplies worldwide have tradition-
ally come from groundwater aquifers, rivers and lakes.
However, changing climate combined with population
growth, economic development, urbanization, large-scale
industrialization, and environmental concerns, and lim-
ited availability of new and inexpensive freshwater sup-
plies are shifting the water industry’s attention to new
unconventional water sources. Such scarcity drives us to
use lower quality and unconventional water sources, and
the treatment and recycling of wastewater (water reuse) as
well as desalination of seawater and high-salted ground-
water, by far the most abundant global water resource.
Desalination has long served as a feasible option to provide
safe drinking water in many deserted areas, coastal regions
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or remote locations [1], offering one of the most import-
ant solutions to water deficiency problems.

Beyond mature thermal desalination technologies
(multi-stage flash (MSF) and multi-effect distillation
(MED), interest has turned to membrane-based technolo-
gies because of more favorable energetic (i.e., lower energy
consumption). With their outstanding attributes for desali-
nation, membrane desalination technology addresses key
issues regarding current and future water shortages. For
decades, the desalination plant designs and evaluation
of the performances, the conventionally used membrane
desalination, particularly for seawater reverse osmosis
(SWRO), have been well established to confirm to a com-
plete range of industry standards [2]. However, SWRO is
still an energy-intensive technology with associated green-
house gas emissions and other environmental impacts.
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Nevertheless, despite the overwhelming features of this
desalination technologies, the impacts of environments and
resource depletion associated with the pretreatment and
recovery of the membrane-based desalination still deserve
growing attention [3,4]. Although the impact of these issues
can be alleviated with good equipment design, operation,
practice and maintenance, there are always urgent needs
to improve and strengthen the sustainability of this tech-
nology [5]. Thus, there is an interest in both the greening
of SWRO and emerging technologies beyond SWRO.

Table 1 presents the energy use associated with various
water supply alternatives [6].

A lot of improvements in membrane technology and
energy recovery equipment over the past 20 y have allowed
a two-fold reduction of power needed for seawater desali-
nation [6-8]. The use of desalination for the production of
fresh drinking and industrial water significantly increases
over the past two decades. The number and size of desali-
nation installations worldwide have been growing at a
rate of 5%—6% per year since 2010, which corresponds to
an addition of 3.0 to 4.0 million m3/d of new freshwater
capacity every year. For example, in the first half of 2008
growth in contracted capacity was 39%, and the total global
desalination capacity was about 50 million m? in 2009 [9]
and between June 2015 and July 2016, the new desalina-
tion plant production capacity contracted and installed
globally was 3.7 million m*d and the total number of new
plants added during this period was 512 [10].

The recent survey stated that a steady increase in
demand for a membrane-based desalination market is
observed throughout the globe due to its advantage and
advancement in the production of low-cost pure water.
In addition to this, Global Water Intelligence and International
Desalination Association revealed that installed desalina-
tion plants around the world have the capacity to produce
more than 19.8 billion gallons of freshwater per day [11].
The membrane and the desalination-based industry is a
vast portion worth billions. The current desalination market
trend is presented in Fig. 1. The freshwater production from
membrane-based technology increases significantly over the
years. It is also estimated that trend is going to increase dras-
tically in the upcoming days. The noticeable membrane fab-
ricating organizations, such as Toray, CSM, Koch Membrane
Systems, Dow-Filmtec, Hydranautics (Nitto Denko) and
GE Osmonics, cater to the demand of freshwater crisis [12].

One key for further decreasing the energy consump-
tion of using membranes is to develop novel membrane
materials with high permeability. Nevertheless, the

Table 1
Energy use of various water supply alternatives

Water supply alternative Energy use (kWh/m?)
Conventional treatment of surface 0.2-04
water
Water reclamation 0.5-1.0
Indirect potable reuse 1.5-2.0
Brackish water desalination 1.0-1.5
Desalination of Pacific Ocean water 2.5-4.0
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current thin-film composite (TFC) reverse osmosis (RO)
membranes suffer from a trade-off between salt rejection
rate and permeability. To overcome the limits of current
polymeric membranes, new types of the membrane with
higher permeability and rejection rate have been invented.
Membranes with the use of nanoparticles, first of all zeo-
lites, carbon nanotubes (CNTs) and graphene and graphene
oxide (GO), can improve the membrane properties and its
efficiency [13-15]. Nano-modified membranes could poten-
tially provide a solution to water shortages, as they seem
to outperform existing membranes by providing higher
water flux and lower energy consumption. Fabrication
of membranes with nanoparticles, which have controlled
geometry, porosity, and pore shapes, is also challenging [16].

This paper reviews the state-of-art for fabrication and
application of desalination membranes with nanoparti-
cles and critically evaluates the advantages and disadvan-
tages of these approaches. Two types of nanomembranes
are compared, including free-standing nanomembranes,
and mixed (composite) nanomembranes. The prospect
of using these novel membranes for water purification is
also discussed.

2. Current state-of-the-art reverse osmosis technology

RO is today the leading desalination technology and
is expected to maintain its leadership in the near future,
though new technologies such as membrane distillation
[17], electrodialysis [18], capacitive deionization [19] and
forward osmosis [20] have been proposed.

Commercial interest in RO technology is increasing
globally due to continuous process improvements, which
lead to significant cost reductions. These advances include
developments in membrane materials and module design,
process design, feed pre-treatment, and energy recovery, or
reduction in energy consumption. The seven-fold decrease
in the salt passage over 30 y has greatly expanded the
range of saline feeds that can be treated to meet the strin-
gent potable water standards. The enhanced mechanical,
biological and chemical strength of RO membranes, as
well as the increased permeability, have reduced the mem-
brane cost per unit volume of water produced by more than
10 times since 1978. The combined effort to salt separation
from saline water, minimizing fouling and concentration
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Fig. 1. The market for desalination technology is made by the
Global Water Intelligence survey [https://www.desaldata.com/].
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polarization, in addition, to maximizing permeate flux and
energy recovery requires a significant amount of energy
to overcome the naturally occurring osmotic pressure
exerted on the RO membranes. SWRO desalination uses
several times more energy-intensive than the conventional
treatment of freshwater resources [6].

Table 2 provides typical ranges for the cost of freshwa-
ter production and energy use of RO membrane systems
of medium and large seawater desalination plants with a
freshwater production capacity of 40,000 m*d, or more [6].
As seen from Table 2, SWRO systems of best-in-class sea-
water desalination plants use between 2.5 and 2.8 kWh of
electricity to produce 1 m® of freshwater, while the indus-
try average energy use is approximately 3.1 kWh/m?
The industry-wide cost for the production of fresh drinking
water from seawater at present is approximate 1.1 US$/m?>.
Energy expenditure typically contributes 25%—40% of this
cost depending on the unit power rate and the SWRO
plant design, and equipment efficiency.

The systematic long-term testing of full-scale desali-
nation system in the United States (US) shows the lowest
energy use that could be achieved with actual highly effi-
cient commercially available desalination equipment and
RO membranes at the time of testing (years 2006-2007)
was determined to be 1.58 kWh/m? [21]. That means that
the energy consumption decreased from 12 kWh/m? in the
1970s to less than 2 kWh/m? in 2006 [9]. Such energy use
was measured at RO system recovery of 42% and average
SWRO membrane flux of 10.2 L/m? h. With the integration
of energy recovery devices (ERD) in SWRO during the early
1990s, specific energy consumption has been significantly
reduced from 5 to 10 kWh/m? to its present 3-4 kWh/m?
with the most efficient ERD systems [22]. About 85% of
this energy is associated with the SWRO process itself, and
about 15% are for other SWRO system components (intake,
pre- and post-treatment).

Dual media filtration remains the conventional pretreat-
ment process, however, ultrafiltration (UF) pretreatment,
UEF-SWRO, are becoming more common [23], especially for
waters with high impurities. Both UF and dissolved air flo-
tation are receiving increasing attention for their resistance
to harmful algal blooms (e.g., at the Gulf of Arabia) [24].
Also, subsurface intakes have recently been applied because
of a significant degree of pretreatment. Such a solution
acts as a biological filter to remove biodegradable organic
carbon and reduce membrane biofouling [25]. Effective
pretreatment can affect the energetics of the RO step by
reducing fouling.

Given a virtually infinite supply of seawater, SWRO
facilities are typically run as one-pass systems with

Table 2

recoveries of 35%—60% but sometimes is necessary to use
a second pass for boron removal [26]. Acid addition and/
or antiscalant addition are practiced for scaling control and
chlorine-sodium bisulfite for biofouling control, although
alternative disinfectants are applied, for example, chlora-
mines (carried through the RO membrane as a residual)
or chlorine dioxide (followed by sodium bisulfate before
the membrane) as practiced at some RO facility. SWRO
trends include larger capacity facilities (e.g., the Sorek
facility in Israel, 624 million L/d in 2013), with larger ele-
ments (16-in.), vertical orientation for RO membrane mod-
ules and pressure vessels (to permit air scouring), and
improved operations (fouling control and sensors).

The major environmental impacts of SWRO plants are
greenhouse gas (GHG) emissions associated with (fossil
fuel) energy use, brine disposal impacts on marine pollu-
tion, chemical use, land use, and material use. However,
sustainable solutions are available to mitigate these impacts
[27]. GHGs can be minimized by renewable energy using.
Renewable energy-driven SWRO [28], especially using solar
energy (the largest solar-SWRO plant (30,000 m%d) in the
world is under construction in Saudi Arabia), and energy
compensation by wind energy in Australia. While the use
of renewable energy does not necessarily reduce specific
energy consumption, it provides a reduction in GHG emis-
sions. This interest in renewable energy is now evolving
toward integrated systems beyond just electricity provided
solar photovoltaic panels or wind turbines.

Concentrate discharge can be managed by dispersion
through a multiport diffuser system in a suitable marine
site, controlling the extent and concentration of the brine
[10]. Treatment of all backwashing and cleaning wastes can
reduce marine pollution. Chemical use can be minimized
by suitable pretreatment (subsurface intakes or UF without
coagulant). Furthermore, harmful chemicals can be changed
by less toxic, more degradable substances. Material use
can be offset by improved recycling and reuse of materials,
including SWRO modules.

Nevertheless, the greatest efficiency gains have arisen
from the improvement of the membranes. The structure,
material, and morphology of RO membranes have been
modified to improve functionality (permeability and
selectivity) and applicability (mechanical, chemical and
biological stability). The current commercial RO mem-
branes are dominated by TFC polyamide (PA) (and its
derivatives) membranes consisting of three layers: sup-
port (120-150 pum thick), a microporous interlayer (about
40 um), and an ultra-thin barrier layer on the upper sur-
face (0.2 pm) [29]. Between the barrier layer and the support
layer, a micro-porous interlayer of polysulfone is added to

Typical cost and energy use for medium and large size SWRO systems [6]

Water supply alternative Cost of water (US$/m?) Energy use (kWh/m?)
Low-end bracket 0.5-0.8 2.5-2.8

Medium range 0.9-1.5 2.9-3.2

High-end bracket 1.6-3.0 3.34.0

Average 1.1 3.1
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withstand high-pressure compression. The selective bar-
rier layer is most often made of aromatic PA, for example
via interfacial polymerization of 1,3-phenylenediamine
(also known as 1,3-benzenediamine) and the tri-acid chlo-
ride of benzene (trimesoyl chloride) [30]. Membrane pore
size is normally less than 0.6 nm to achieve salt rejection
consistently higher than 99%. These membranes face critical
challenges of relatively low water permeability, low selec-
tivity and high fouling tendency. For example, typical water
permeability of commercial TFC RO membranes ranges
from ~1-2 L/m? h bar for SWRO membranes and ~2-8 L/
m? h bar for brackish water reverse osmosis (BWRO) [31].
Synthesizing novel RO membranes with improved sep-
aration properties and better antifouling performance is
therefore a key research focus in the field of desalination
[32]. With improved chemical resistance and structural
robustness, it offers reasonable tolerance to impurities,
enhanced durability and easy cleaning characteristics
[9,33]. Generally, the development of membrane materi-
als can be divided into two periods according to research
activity: (i) the search for a suitable material (chemical com-
position) and membrane formation mechanism (1960s to
late 1980s), and (ii) the evolution of more controlled con-
ditions for membrane formulation to enhance membrane
functionality and durability (late 1980s to date) [9].

Several RO membrane manufacturers have developed
a new SWRO membrane that includes (i) low fouling
membranes, (ii) enhanced boron-rejection membranes,
and (iii) inorganic-organic nanocomposite membranes
with higher permeability. The main reason was the reduc-
tion of specific energy consumption and associated GHG
emissions thanks to higher permeability and lower work-
ing pressure RO membranes. The fouling-resistant mem-
brane can also significantly reduce energy consumption
because transmembrane pressure (TMP) needed to main-
tain constant RO flux during an operational/cleaning cycle,
can have a long time a proper value. Further advances in
material science offer the promise of ultra-high perme-
ability RO membranes through a new generation of the
nanocomposite, biomimetic (aquaporins), and possibly
membranes with zeolite, carbon nanotube or graphene
nanoparticle [14,34]. However, there is a limit to lowering
energy by increasing permeability because the inherent

Fig. 2. Schemes of various membrane processes.
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osmotic pressure amounted to about 28 bar for seawa-
ter, increasing to double at 50% recovery. Operating pres-
sure to overcome RO membrane resistance and provide
flux is typically about 10%—20% above the highest osmotic
pressure condition in the element/pressure vessel.

While present SWRO practice serves the desalination
industry well, it remains an energy-intensive technology
with significant environmental impacts.

3. Other membrane desalination technologies

There are several emerging low-energy desalination
technologies that can potentially achieve a threshold of
2.0 kWh/m? during seawater desalination [10]. These include
forward osmosis (FO) and membrane distillation (MD),
and electrochemical desalting processes such as capacitive
deionization (CDI) (mostly used for brackish water desali-
nation) [10]. Fig. 2 presents the differences between these
processes [10].

FO is an osmotic-pressure gradient driven process,
which involves the extraction of water from a lower-osmotic
pressure feed solution into a higher-osmotic pressure draw
solution across an FO membrane. FO has drawbacks in
relation to fabricating high-performance membranes that
also ensure minimal internal concentration polarization
[35,36]. Internal concentration polarization in FO is caused
by salt diffusion into the porous space of the membrane’s
support layer and causes a severe reduction in flux [36].
For FO, there has been significant progress in the evolution
of higher-flux, lower-salt leakage, commercially-available
FO membranes, with an aquaporin FO membrane. We
observed also recent progress in developing hollow-fiber
FO membranes [37,38]; with the flux of >40 L/m*h against
a draw solution of 2 M NaCl [38]. Progress is also evi-
dent in devising more effective draw solutions, driven by
the goals of higher osmotic pressure, lower reverse draw
solute flux, easy regeneration, non-toxic, and lower cost.
The carbon dioxide-ammonia thermolytic draw solution
has evolved into commercial applications [39], with tem-
perature-sensitive hydrogels showing promise as a draw
solution. Moreover, low-grade waste heat (e.g., 60°C) is
adequate to recirculate these thermolytic components [40].
Several commercial FO companies are (i) operating in niche
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applications (e.g., brine concentration), (ii) fabricating FO
membranes (presently limited to flat sheet/spiral wound/
plate-and frame membranes/modules), and (iii) marketing
thermolytic draw solutions (utilizing waste heat for com-
ponent recirculation). The FO process itself can directly
desalt seawater as a feed solution by employing a higher-
osmotic pressure draw solution, however, the energy con-
sumption of product water recovery and draw solution
recirculation are not low [41]. The energetic of the FO
process can increase if coupled with low-pressure reverse
osmosis (LPRO) [20,42], in which indirect desalination is
achieved. The FO step dilutes seawater (acting as a draw
solution) with water of low quality (e.g., effluent after sec-
ondary wastewater treatment) acting as a feed solution, and
the diluted draw solution than further processed by LPRO
(Fig. 3). The FO-RO sequence provides a double barrier for
organic micropollutants and pathogens in the wastewater
which, as a result, is a water recovery from wastewater
(water reuse) [43]. The resultant concentrated feed solution
can potentially be treated by an anaerobic process with a
biogas production of about 1.5 kWh/m? for FO concentra-
tion factor of 1 [43], and further can decrease the energy
consumption of the overall FO-LPRO system. Valladares
Linares et al. [44] showed that compared to SWRO, the
FO-LPRO system has a higher capital cost but a significantly
lower operations cost due to savings in energy consumption
and fouling control, with a lower unit cost of produces water.

Summing up, Shaefer et al. [45] have stated that the
“FO process is not intended to replace RO, but rather is to
be used to process feed waters that cannot be treated by
RO”, so the hybrid system FO-LPRO is the step which pro-
vides pretreatment (salinity and fouling reduction) for the
subsequent LPRO step.

MD is a membrane process, driven by a thermal (tem-
perature) gradient, with water vapor transported across a
hydrophobic microporous membrane using a significantly
lower temperature than conventional distillation at very
low operating pressures (nearly 1 bar). Advantages of the
MD process are that product-water distillate flux and qual-
ity (<10 ppm) are insensitive to feed-water salinity up to
about 200,000 ppm [46,47], it is less prone to fouling than

Dilutate (feed) |[FO
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Fig. 3. FO-RO/NF/MD system for water desalination.

pressure-driven membranes [47], and it requires a small
footprint. Depending on operational conditions, water
recovery can reach (more than) 90%. Current MD mem-
branes synthesized from polytetrafluoroethylene (PTFE)
and polyvinylidene fluoride (PVDF) face challenges in cost,
sufficient porosity and low flux compared to membranes
applied in RO; therefore, fabrication of high-performance
novel MD membranes that can compete with RO may help
increase the future application of MD in desalination. In
a further improvement of the process are MD membranes
with higher flux, higher hydrophobicity (contact angle),
and lower wettability and appropriate process configura-
tion [48,49]. Recent progress has been made in fabricating
hollow fiber and multi-bore MD membranes [50]. Module
scale-up with efficient internal heat recovery and satisfac-
tory flux remains one of the main challenges of the MD
process [51,52]. Some companies propose water-treatment
hollow fiber microfiltration (MF) membranes as MD mem-
branes, but they do not always possess the desired prop-
erties. That is why MD units with different configurations
and capacities use flat-sheet membranes [10].

MD requires thermal energy to drive the separation
process and electrical to move feed, product, and brine
flows. MD can meet the energy threshold if powered
by waste heat to satisfy the thermal power requirement
(>100 kWh/m?) [49], with only about 1.0 kWh/m? of electri-
cal power. It is a necessity to integrate waste heat recovery
and utilization into the overall MD system. When coupled
with solar energy or geothermal energy, a hybrid MD sys-
tem can provide a reduction in GHG emissions. Fouling in
MD is significantly lower than in conventional pressure-
driven membrane separation, and scale inhibitor and acid
may be required to prevent scaling.

CDI is a technology to deionize water by applying an
electrical potential difference over two electrodes, which are
often made of porous carbon. Anions, ions with a negative
charge, are removed from the water and are stored in the
positively polarized electrode. Likewise, cations (positive
charge) are stored in the cathode, which is the negatively
polarized electrode [53]. The CDI apparatus used consisted
of two electrodes that formed a capacitor, across which a
voltage was applied to adsorb ions of opposite polarity from
a stream of salty water (Fig. 2). When the applied poten-
tial was reversed, the salt was then released in the form
of a concentrated brine solution. The physical properties
of CDI electrodes involved in ion adsorption significantly
affect the dynamics of the CDI process [53]. The CDI elec-
trode material must have a large surface area to allow the
accumulation of ions and high electrical conductivity, high
capacity and reasonable porosity to guarantee the adsorp-
tion of ions in the electrode structure [53,54]. Carbon-based
materials have been shown to have such properties and
have been documented as potential electrode materials in
CDI applications in the form of carbon aerogels [55], carbon
sheets [56] or carbon nanotubes [54,57,58]. Compared to RO
and distillation, CDI is considered to be an energy-efficient
technology for brackish water desalination. This is mainly
because CDI removes the salt ions from the water, while the
other technologies extract the water from the salt solution.

All of the discussed membrane processes, conven-
tional and emerging, have inherent fouling challenges and
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associated pretreatment requirements. However, these vary
among processes, for example, FO is less prone to irrevers-
ible fouling than RO and requires less pretreatment [20]
whereas scaling represents the main challenge for MD vs.
biofouling for RO. Discussion is ongoing whether any of
the aforementioned processes will, in the near or even the
long term, replace SWRO as the conventional seawater
desalination technology. However, there are other niche
applications, for example, (i) use of FO in brine concentra-
tion in managing produced water from fracking and (ii)
use of MD in brine concentration and a step toward zero
liquid discharge (ZLD) in inland desalting applications [6].
Among the many possible hybrid systems, potential hybrids
of interest include: (i) the FO-LPRO hybrids for indirect
seawater desalination; (ii) FO-MD in which (waste heat-
driven) MD plays a role in recycling draw solution compo-
nents; and (iii) MSF (or MED) MD in which the latent heat
of the thermal brine is used to recover additional water [10].

4. Nanomaterials in water desalination

As mentioned above, the application of the conven-
tionally used RO membranes has been severely restricted
by the unsatisfactory water recovery and high-pressure
operation, especially while generating substantial amounts
of liquid wastes. Therefore, the development of the next-
generation of low-pressure membranes with low energy
consumption and heightened salt rejection is needed to
provide a viable route for sustainable membrane desali-
nation [2]. Exciting findings and breakthroughs have
been constantly made through the incorporation of nano-
inorganic nanomaterials as zeolites, metal oxides, silica,
nano-clay and metal-organic framework to the manufac-
ture of nanocomposite membrane to enhance the mem-
brane physicochemical properties and execution [14,59-63].
Among them, zeolite, carbon nanotube- and graphene-
based nanomaterials are reflected as the huge potential
and prominent contenders for the advancement of the
membrane separation process [64—68].

4.1. Zeolite membranes

Zeolites are crystalline aluminosilicate materials with
uniform subnanometer- or nanometer-scale pores, that is,
0.3-0.8 nm [69]. Zeolites have a three-dimensional frame-
work structure that forms uniformly sized pores of molec-
ular dimensions. Those pores act as sieves on a molecular
scale, which means they selectively allow molecules that
fit inside the pores to pass while excluding molecules that
are too large. Zeolites are produced industrially in large
quantities but are also available naturally.

Three forms of zeolite membranes have been prepared
and studied, that is, an individual zeolite layer, zeolite
crystals in the polymer membrane matrix, and a mono-
lithic zeolite layer on support [70]. Zeolite membranes pose
unique properties for wide applications such as membrane
reactors [71], gas separation [72], fuel cells [73], pervapo-
ration (PV) [74], and desalination [75,76]. The most used
methods to synthesize zeolites that can be used to obtain
zeolite membranes are in-situ crystallization, secondary
growth, and vapor phase conversion [70,77]. In the first

method, hydrated silica and alumina in form of gel are cast
on a support to form the zeolite crystalline structure under
certain temperature conditions [70]. In the secondary growth
method, the process consists of two stages: nucleation and
growth of the crystals. The last method, the vapor phase con-
version, consists of the crystallization of amorphous alumi-
nosilicates into zeolites through their contact with vapors of
organic substances and water in autoclaves [70]. Fig. 4 shows
the sub-nm inter-crystalline pores within the zeolite struc-
ture that allow the passage of water molecules and rejects the
salt [69], and Fig. 5 zeolite nanocomposite membrane [78].

4.1.1. Zeolite membranes in RO desalination

Zeolite membranes have high thermal and mechanical
properties, which make them suitable for different desali-
nation processes. For instance, RO membranes should with-
stand high pressure and MD membranes should tolerate
high temperature. Increasing the TMP can enhance both the
water flux and ion rejection because the ion flux is much
less affected by pressure compared to the water flux. When
high pressure and temperature affect RO and MD mem-
brane properties, operating at elevated temperatures and
high hydraulic pressures is desirable for enhancing the sep-
aration efficiency using zeolite membranes [78]. Because of
their high cost, zeolite membranes in desalination are cur-
rently used where polymeric membranes cannot be used.
However, many experimental studies have been done to
evaluate the potential of zeolite membranes. Molecular
dynamic simulation studies showed that zeolite membranes
could theoretically remove ions from aqueous solutions
by RO processes. Theoretical calculations have shown that
ions can be completely excluded by zeolite membranes with
pore sizes smaller than the size of the hydrated ion. A-type
zeolite membranes have 0.4 nm pores and MFI (mobil five)
type membranes 0.56 nm. The first experimental attempt at
RO of a NaCl solution using a MFI silicalite-1 zeolite mem-
brane showed 77% salt rejection and a water flux as low as
0.003 m*/m?d at 21 bar. It is also reported that the rejection
of divalent cations was higher than for monovalent ions.
In other words, the rejection of sodium ions in a mixed ion

Intercrystalline
Microporous
Channel

Zeolite
Skeleton

Intercrystalline
Microporous
Channel

Zeolite
Skeleton

Fig. 4. Micro-porous ceramic membrane structure: micro-porous
channel in the crystalline structure: (a) Type A zeolite and
(b) MFI zeolite) [69,78].
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Fig. 5. Schematic cross-section of zeolite nanocomposite
membrane [78].

solution was lower than that for a pure solution of NaCl.
These results show that the filtration mechanism is not only
dependent on size exclusion, but also on Donnan exclu-
sion due to the charged double layer induced by adsorbed
ions on the pore or the inter-crystalline walls [79].

Although the first RO test with a zeolite membrane
was unsuccessful, that is, both salt rejection and water flux
were too low for practical use. Modifying the zeolite struc-
ture, first of all, the optimizing Si/Al ratio, which domi-
nates the wettability and membrane surface charge, flux
and salt rejection can be improved. The Al content in the
membrane influences the surface hydrophilicity and there-
fore affinity with water [80]. Defects in the crystal structure
are minimized by the secondary growth of a zeolite layer
on zeolite seeded onto a porous a-alumina substrate [81].
This combined effort generated a remarkable improve-
ment, with a 2 um thick zeolite membrane with a 50:50
Si/Al ratio rejecting 92.9% of sodium ions with a water flux
of 1.129 kg/m*h at 28 bar [82]. In a recent report, the thick-
ness of the membrane has been further reduced to 0.7 um,
providing excellent organic (>99%) and salt rejection (97.3%)
as well as nearly 4 times improvement in water flux [83].

RO membranes synthesized with hydroxysodalite (FHS)
zeolite simultaneous removed ions and dissolved organics
from water [84]. Results at an optimum feed flow rate of 3 L/
min, feed temperature of 60°C, and TMP of 3 bar, permeate
flux the tested HS zeolite membrane amounted to 4 L/m?h.

Fathizadeh et al. [85] studied the effect of NaX nano-
zeolite addition into polyamide as a top thin layer of mem-
brane on water flux and salt rejection in a RO process.
Compared to the polyamide membranes without NaX, the
prepared membranes had higher water permeability and
were more thermally stable, due to the increase of pore
size, improving the surface properties indicated by rough-
ness, contact angle, and solid-liquid interfacial free energy.
However, the obtained salt rejection was low. Experimental
results showed that the nanocomposite zeolite membrane
containing 0.2% (w/v) nano-NaX zeolite had a water flux
higher by 1.8 times than the water flux of the pure polyamide
membrane [85].

Liu et al. [86] using MFI-type zeolite membranes for
separation of organics/water mixture showed how ionic
species and dynamic size of dissolved organics highly affect
the organic rejection performance. For electrolytes, the
zeolite membrane achieved separation efficiency of 96.5%

with a water flux of 0.33 L/m?h, and for non-electrolytes
separation efficiency was 99.5% and 17% for 100 ppm of
toluene and 100 ppm of ethanol, respectively indicating
higher separation efficiency for the organics with higher
molecular dynamic size [86]. Also, Rassoulinejad-Mousavi
et al. [87] studied zeolite MFI as a nanostructured mem-
brane to remove hazardous chemicals from a contaminated
water solution. A non-equilibrium molecular dynamics
analysis was performed to see the potentials of the zeolite
porous nanosheet to separate the mercury chloride (HgCl,))
and copper chloride (CuCl)) from water as two major haz-
ardous contaminants. A RO system was simulated and
tested at different induced pressures from 10 to 200 MPa.
Ion removal, water flux, water molecules accumulation at
different locations, number of hydrogen bonds, Van der
Waals interactions, ions tracking path and radial distribu-
tion function between water molecules and the ions, were
investigated in detail. The results indicated that the zeo-
lite MFI nano-membrane can effectively prevent mercury,
copper and chlorine ions from permeation while keeping
a large water flux through the membrane. This behavior
of the zeolite introduces a competitive candidate for the
water purification industry and sets it apart from other
nanostructured membranes.

Some recent results of zeolite membranes applications
in desalination are provided in Table 3.

4.1.2. Challenges and opportunities of application of
zeolite in desalination

In the last decade, the significant advances that have
been made for zeolite membrane synthesis, preparations,
characterization, and modifications have increased their
opportunities and applications in different areas, desalina-
tion included. Synthesis of high water flux, defect-free, thin
zeolite membranes was possible thanks to the understand-
ing of separation mechanisms during transport through
zeolite membranes. Crystallization of oriented zeolite layers
on supports and the appropriate use of microwave heat-
ing, as well as the development of thin supported zeolite
layers, seems to be the most promising tool in zeolite mem-
brane preparation [92]. An additional opportunity for the
zeolite membrane is the growth of oriented microcrystals
in the zeolite layer, which results in enhancing mass trans-
port and controlling the thermal stress [93]. Nevertheless,
zeolite membranes and the use of zeolite materials for
membrane preparation still face some challenges.

The scaling up of zeolite membranes should also be
solved. Moreover, long-term stability, membrane reliability,
and cost reduction of zeolite membranes should be further
improved to allow for higher applicability on an indus-
trial scale. Permeability data of zeolite membranes are also
conflicting. While many studies have shown high water per-
meability of zeolite membranes [94], many others reported
very low water flux [95]. On one side, when compared
with commercial PA membranes, both molecular dynam-
ics simulations and experimental results showed much
lower permeability of zeolite 4A membranes [96]. The com-
mercial PA membranes have 10-folds higher permeability
than that of zeolite 4A membranes [96]. On the other hand,
the new concepts to integrate the zeolite nanoparticles
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Table 3

Recent applications of zeolite membranes in desalination
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Materials Operating conditions Performance results References
MFI-type zeolites 0.1 M NaCl feed water; 2.07 MPa; Flux 0.112 L/m? h; Na* rejection 76%; [82]
0.1 MNaCl+0.1MKCl+0.1M flux 0.0.058 L/m? h; rejection: 58.1% Na;
NH,Cl +0.1 M CaCl, + 0.1 M MgCl, 62.6% K*; 79.9% NH}; 80.7% Ca*; 88.4%
at 2.4 MPa Mg*
MFI-type zeolite Feed: 0.1 M NaCl; Rejection 99.4% Na*; flux: 0.35 kg/m? h; [86]
100 ppm of pantothenic acid; 96.5% rejection; flux: with 0.33 L/m? h;
100 ppm of toluene; 99.5% toluene and 17% ethanol rejections
100 ppm of ethanol; with flux 0.03 kg/m? h
2.76 MPa; 20°C
Hydroxysodalite (HS) Feed: hydrated ions of size Water flux: 4 L/m?>h [84]
zeolite 0.26 nm-0.86 nm; flow rate: 3 L/min;
temperature: 60°C; TMP: 3 bars
NaX nano-zeolite/PA Feed: 2,000 ppm of NaCl and MgSO,; 29.76 L/m? h water flux [85]
TMP: 12 bar; temperature: 25°C
Polysulfone (PSf) UF/ Feed: 1,000 mg/L; BSA and pepsin 500 L/m? h of water flux; rejections 97.0% [88]
specific zeolite 4° aqueous solutions; TMP: 0.1 MPa BSA; 88.6% pepsin
3% NaA zeolite/UF 100 mg/L of polyethylene glycol (PEG) 96.8% PEG 6000 rejection; flux: 246 L/m*h ~ [89]
poly(phthalazinone and Titan Yellow dye solution; 0.1 MPa;
ether sulfone ketone) ambient temperature
NaA zeolite 570 mL of 10:90 water: ethanol mixture; ethanol of around 99.5% concentration; [90]
70°C; 10 mm Hg 0.4-1.0 kg/m? h of water flux
Zeolite from natural Synthetic seawater with 100 mg/L Na*; 99.99%, 98.52%, 97.5% and 97.5% rejection  [91]
clinoptilolite 75°C; 1 atm pressure of Mg*, Ca*, Na* and K*, respectively;
2.5 kg/m? h water flux
NaA zeolite/PA 2,000 ppm aqueous solution of PEG; 93.9 + 0.3 NaCl rejection [92]

2,000 ppm aqueous solutions of NaCl

and MgSO,; 20°C; 1.24 MPa

within the PA layer thin-film nanocomposite (TFN) gives
higher water fluxes compared to the pristine PA mem-
branes, keeping similar salt rejections [78]. Huang et al. [94]
compared two membranes prepared with silicalite-1 and
zeolite 4A. The results showed much higher flux for the
membranes prepared with silicalite-1 compared to the one
prepared with zeolite 4A while both maintained high salt
rejection. With those contradicting references, even though
some studies reported very high fluxes, the permeability of
zeolite membranes still poses a challenge for future emerg-
ing desalination applications [97].

Though the improvement of zeolite membranes has
been tremendous in the past 10 y, their performance and
economics are still worse compared to polymeric mem-
branes. The zeolite membrane thickness is still at least 3 times
higher than the current polymeric RO membranes, causing
higher resistance to water flux. Consequently, ceramic mem-
branes require at least 50 times higher membrane area than
polymeric ones to achieve an equivalent production capac-
ity. This value can be even higher when the higher density
and lower packing effectiveness are considered. Moreover,
whilst zeolite membranes are claimed to have high organic
rejection, organic fouling has caused almost 25% loss in

flux after only 2 h of operation, though full recovery of flux
was achieved after chemical washing [84].

4.2. Membranes based on carbon-nanomaterials

CNT [64,6598] and graphene-based nanomaterials
[66,68], that is, nanoporous graphene (NPG) [66,68,99,100]
and GO [101,102] are novel nanomaterials with high
potential in the development of membranes, especially in
desalination. The main properties of membranes made of
these nanomaterials are the following [15,103,104]:

e Unique water transport rate through films containing
CNT, NPG and GO.

e High chemical, thermal and mechanical resistance.

e High conductivity, low density and specific optical
properties.

e Retention properties are strongly dependent on size of
channels to water transport as well as on chemical modi-
fications (e.g., presence of functional groups).

There are two categories of desalination membranes
made of CNT, NPG and GO [15]:



M. Bodzek, K. Konieczny / Desalination and Water Treatment 214 (2021) 155-180 163

¢ Freestanding CNT, GO or NPG membranes,
¢ Polymeric membranes modified with CNT, GO or NPG.

In the first group, nanomaterial is directly used as a
separation layer, while in the second surface or matrix of
polymeric membranes are modified by nanomaterial.

4.2.1. Freestanding CNT membranes

Two main types of CNT freestanding membranes may
be distinguished, that is, isoporous and “buckypaper” ones
[105].

Isoporous membranes are formed from adjusted cylin-
drical pores in an impermeable matrix, and the flow of
liquids takes place only through empty CNTs. They have
the fluid flux 2-3 orders of magnitude higher than the one
resulted from the fluids flow theory [13]. Vertically oriented
CNTs (VA-CNTs) have been introduced to polymeric foil
forming nanoporous membrane structure, what has been
confirmed by scanning electron microscopy (SEM) images,
gas permeation and investigations on the transport of ions
[13]. Fig. 6 presents the SEM image and schematic illustra-
tion of the structure of an aligned CNT membrane [106].
Water transport and salt retention using VA-CNTs mem-
branes depend mainly on the diameter and homogeneity
of CNTs [107,108]. It was stated that by increasing the CNT
diameter from 0.66 to 0.93 nm, the ion retention decreases
from 100% to 95% [109]. Other studies have shown that by
reducing the CNT radius from 0.34 to 0.39 nm, we obtained
complete retention of sodium and chloride ions, but water
transport inside the CNT takes place without obstacles
[110]. Narrower nanotubes have a lower flux and there
are difficult to produce membranes for applications in the
RO process [111]. Therefore, studies are being carried out
on the preparation of VA-CNTs membranes with a diame-
ter of 0.6-0.8 nm with a high water flux at simultaneously
maximum ion retention [111].

It has been shown that CNTs functionalization with
carboxyl or amine groups on CNTs rims or tips prevents
the entering of ions [110], but simultaneously give a slight
decrease in the water flux [109]. Holt et al. [103] have
examined isoporous CNT membranes of pore size 2 nm
and they have stated that water flux is three orders of
magnitude higher than the value predicted by the hydro-
dynamic model. Similar, water permeability through
isoporous CNT membranes has been several order of mag-
nitude higher than commercial membranes despite the
pore size has been the order of magnitude smaller, which
increases selectivity and flux of these membranes [103].
Hummer et al. [112] have shown that the chain of water
molecules may permeate fast, frictionless through CNT,
what results from hydrogen bonds present in water mol-
ecules chain, which are introduced to the hydrophobic
interior of CNT, while interactions between carbon and
water molecules occurring inside CNT are insignificant.
In addition to the higher flux rate and high removal of
various salts, VA-CNT membranes exhibit strong anti-
bacterial properties. Brady-Estévez et al. [113] proposed
a single-walled carbon nanotube (SWCNT) filter for the
removal of pathogen microbes from water, which showed
high antibacterial activity for Escherichia coli K12 (E. coli).

CNT membranes of “buckypaper” type (BP) may be
described as randomly distributed CNTs in a non-woven
structure similar to paper [105]. The main advantages
of such CNT membranes are the presence of a very large
porous 3D net and large specific surface. They are pre-
pared using vacuum filtration [114], layer-by-layer (LbL)
[115] or electrospinning [116] methods. Peng et al. [114]
have formed freestanding CNT membranes using vacuum
filtration of suspension of oxidized SWCNTs through a
polycarbonate membrane (Fig. 7). After immersion in eth-
anol ultrathin films have been removed from polycarbon-
ate (PC) support. The obtained CNT membranes have had
a thickness of several dozens to several hundred nanome-
ters. The authors suggest, that freestanding CNT films with
well-defined nanostructure may potentially be widely used
in membrane separation, sensors and catalysis [114].

In Table 4 selected results obtained of water desalination
using both SWCNTs and multi-walled carbon nanotubes
(MWCNTs), have been presented.

It is worth mentioning that despite the high rate of fluid
transport through the VA-CNTs membranes, CNTs align-
ment control in the matrix over a large area and control of
CNTs agglomerations is still a huge challenge. Therefore,
future research and development are necessary to verify
the feasibility and practicality of VA-CNT membranes in
industrial use. The development of a selective membrane
with high flux and anti-fouling properties is expected
in the future for applications in water and wastewater
technology [123].

Despite many advantageous features, BP-CNT mem-
branes after long terms exploitation reveal a significant
decrease of water flux as well as delamination due to micro-
cracks initiated by removal of water by capillary forces.
This issue may be minimized by the development of meth-
ods of CNTs chemical modification, which includes: UV/
ozone treatment used to form active hydroxyl an carboxyl
sites and coating with a thin PTFE layer [124]. Such actions
lead to the improvement in membranes’ flux, due to higher
hydrophilicity of the materials, and elongate their lifespan.

4.2.2. Freestanding GO/NPG membranes

Freestanding membranes made of graphene and gra-
phene oxide are a set of nanosheets, arranged in a series of
layers, packed and situated one on another and properly
distanced from each other [125]. Water molecules are trans-
ported through neighbor hooding nanochannels, while salts
are retained (Fig. 8). The effective thickness of one nanosheet
of GO/NPG is 0.5 nm, while the site thickness may vary
from hundreds of nanometres to dozens of micrometers
[102]. Freestanding GO/NPG membranes are flexible and
mechanically stable [125,126].

The most important methods of preparation of freestand-
ing GO/NPG membranes are filtration, self-assembly LbL,
spray or spin coating, GO/NPG nanosheets casting or an
electric field-induced method [101,126,127-129].

The filtration method comprises the creating of GO/
NPG layer on the porous membrane (usually UF or
MF) at pressure or vacuum and next drying [130,131].
Membranes obtained by means of this method have a thick-
ness from several nanometers to several microns, but the
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Table 4
Results of the use of CNT membranes in water desalination
Material Feed Efficiency References
CNTs-nanolayer Cu Salt water Improving selectivity with an increase of the amount of CNTs [117]
in the composite
Carboxylated CNTs NaCl solution of Stability of membrane over a long period of time [118]
concentration 3.4% Water flux: 19.2 kg/m? h
MWCNTs Solution KCI Retention mechanism: electrostatic interactions between [119]
membrane and ion charge
CNTs Salt water CNTs increase porosity and hydrophilicity of the surface and [120]
its permeability
Zwitterionic CNTs Salt water High water flux and salt retention [121]
High resistance to biofouling
MWCNTs oxidized Salt water Maximum retention was at the highest concentration of salt [122]
with HNO, and H,SO, in raw water
CNT inner pore

CNT outer surface

/
Polymer
between CNTs

Fig. 6. (a) Scanning electron microscopy (SEM) image of a vertically aligned array of CNTs produced using a Fe-catalysed chemical
vapor deposition (CVD) process and (b) schematic illustration of the structure of an aligned CNT membrane [13,106].

IIIIIIIIIIIII Filtration II II CNT removal

PC membrane with CNT layer

PC membrane

CNT membrane

Fig. 7. Preparation of freestanding “buckypaper” type CNT membrane.

connection between neighbor layers is weak and the stability
of a membrane is poor.

Nair et al. [126] using a spray or spin coating method
from stable dispersion of GO/NPG in water. The obtained
membranes have distances between GO/NPG 1 nm and have
been completely impermeable to gases, vapors and liquids,
except for the permeation of water. The permeability of
water through the membrane is, similarly to VA-CNT, due

to almost frictionless flow of monolayer of water through
2-D capillaries between graphene sheets placed in the close
distance one from another [126]. Hydroxyl and epoxide
functional groups attached to GO/NPG nanosheets are also
responsible for keeping distance between nanosheets [132].
LbL self-assembly membranes are multilayered
nano-architectures obtained by depositing oppositely
charged polyelectrolytes or molecules presenting mutually
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Fig. 8. Scheme of transport mechanisms and SEM image of graphene oxide freestanding membrane ([127];

https://commons.wikimedia.org/wiki/File:Graphite-sheet-side-3D-balls.png).

interacting binding sites [133,134] (Fig. 9). The principal
idea of the method consists of the resaturation of poly-
ion adsorption, resulting in the alternation of the terminal
charge after every subsequent layer deposition. The LbL
method can not only be applied to polymers but also to
the combinations of polymers with particles. The sequen-
tial adsorption of charged polymers and/or nanopar-
ticles is a valuable technique for the formation of thin
multilayers.

Permeability of water in freestanding GO/NPG mem-
branes depends on pore size and distance between sheets.
Water flux and selectivity of GO/NPG membrane depends
also on interlayer nanostructure [135], that is, the increase
of porosity and surface of edges of nanosheets may influ-
ence of higher permeability of freestanding GO/NPG mem-
branes. The action of OH* radicals on GO/NPG sheets elim-
inate carbon atoms at edges (as CO,) and inside GO sheet
(as CO) and lace-like edges and nanopores on the mem-
brane surface are formed [136]. The elongation of distances
between GO/NPG sheets can be partially prevented by the
thickening of films, which allows application in desalina-
tion, that is, filtration of hydrated ions of smaller radius.
The distances between GO sheets should be shorter than
0.7 nm in order to reject hydrated Na* ions [102]. Mi [137]
has stated that distances between nanosheets can be also
decreased by chemical reduction of GO or by covalent bind-
ing of small particles to GO sheets, which allows for over-
coming of hydration forces. For example, GO membrane
after carboxylation with glycine (GO-COOH) shows higher

00000600606

permeability and salt retention, because negative GO-COOH
surface favors electrostatic repulsion, which characterizes
with increase hydrophilicity and a higher number of chan-
nels for water transport [138].

Freestanding membranes made of GO/NPG can be
used in the water desalination process [139] because they
completely rejecting salt, and water flux can be twice as
large as commercial RO membranes due to the very low
thickness of GO membrane (ca. 10 nm). Cohen-Tanugi and
Grossman [140] have stated that the graphene layer with
nanopores of diameter below 0.55 nm is suitable for water
desalination and retention of salt is higher than commercial
RO membranes. They have also stated that water flux
through GO freestanding with thickness 10 nm is as high as
400 L/m? d MPa, that is, several times higher than in case of
commercial RO membranes. On the other hand, Han et al.
[141] have stated that nanofiltration (NF) GO membranes
characterize low water flux of 21.8 L/m?h and only 40% salt
retention. They explained the reason for poor retention of
the presence of open cracks, the appearance of which has
been related to GO sheets preparation. Also, Hu and Mi
[102] obtained low retention of salt, which was varied from
6%—46%, during their research with the use of graphene
membrane, but it water flux was high, that is, in the range
of 80 to 276 L/m* h MPa in dependence of a number of GO
nanosheets. However, the presence of NaCl and Na_SO, can
reduce the distances between the GO layer, due to solution
ionic strength (ca. 1-2 nm at 100 mM), and due to their
hydration and impact of the charge, which compresses

Fig. 9. Schematic of layer-by-layer (LbL) self-assembly of a multilayer coating by sequential adsorption of oppositely charged

layers [134].
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the electric layer, what often allows for transport of K*
and Na" disabling its use to water desalination [142].

Xu et al. [143] have used a vacuum filtration tech-
nique to form GO/TiO, membranes by the introduction
of TiO, nanoparticles between GO nanosheets. The pres-
ence of functional groups enables easy dispersion of GO
nanosheets in water, and thanks to this diameter of the
average pores of the prepared membrane have been equal
to 3.5 nm. TiO, nanoparticles interact with GO nanosheets
what increases the distance between nanosheets and grows
channels for water transport through the membrane.
GO-TiO, nanofiltration membranes have been characterized
with complete retention of methyl and rhodamine B what
confirms their usability to remove not only hardness but
also dyes from water.

In Table 5 exemplary characteristics and efficiencies
of freestanding GO/NPG membranes are presented.

Graphene and GO membranes have many advantages
over other membranes and that is why they can be used
for water desalination. The first and the most important
advantage is one atom thickness of NPG/GO sheets and
yet mechanical high strength and these two attributes lead
to low-pressure requirements and faster water transport.
However, experimental data suggest, that multilayer GO/
NPG membranes and also CNTs are rather unstable and
do not assure sufficient retention of salts and low molec-
ular weight compounds [127,148,149]. Hence, a number
of researches on the preparation of hybrid membranes
based on carbon nanomaterials combined with polymers
are carried out.

4.2.3. Composite GO/NPG/CNT membranes

A modification of polymeric/inorganic membranes
may be made by the introduction of a nanomaterial either
on a membrane’s surface or to casting solution followed by
membrane formation from the mixture of a polymer and a
nanomaterial [127,148-151].

Modification of a polymer surface is performed by
interfacial polymerization with the TFC membrane sur-
face resulting in the formation of the TFN membrane [150]
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or direct introduction of nanomaterial by means of layer-
by-layer method or vacuum filtration [101]. Preparation
of membranes by the introduction of nanomaterial on the
membrane surface by means of covalent [152], electro-
static [153] or coordination bonding in order to increase
separation efficiency may also be applied.

Modification of polymeric or ceramic membrane surface
using graphene and its derivatives may improve membrane
properties, including antifouling and antibacterial ones
[154]. Additionally, membranes with the modified surface
are more resistant to chlorine, while the effectiveness of the
membrane process is maintained. Modification of membrane
surface requires a relatively low amount of nanomaterial,
which is economically beneficial and limits the impact of
nanomaterial production on the environment.

4.2.3.1. Surface modification with NPG/GO nanoparticles

One of the most commonly used methods for the
introduction of CNT/NPG/GO nanoparticles onto poly-
mer membranes surface is interfacial polymerization (IP)
[101,155-157]. Initial concentration (IC) occurs at the inter-
face between two immiscible phases (generally two liquids),
resulting in a polymer that is constrained to the interface.
There are several variations of IP, which result in several
types of polymer topologies, but in membrane preparation,
the most important is ultra-thin film formation [147,158] have
synthesized TFC membrane from GO by IP of m-phenyl-
enediamine and 1,3,5-benzenetricarboxyl acid to evaluate
its desalination efficiency. The obtained salt retention has
reached more than 97% during desalination of the solution
of salt concentration 2,000 mg/L at water flux 29.6 L/m?* h and
process pressure 1.5 MPa. GO introduction has improved
both, membrane stability and antifouling properties.

Yin et al. [159] have introduced GO nanosheets into
TFN RO membrane by in situ IP method. With the increase
of GO in the membrane from 0 to 0.015 %wt., the perme-
ate flux increased from 39.0 to 60.0 + 0.4 L/m? h at 300 psi.
NaCl and Na,SO, rejection slightly decreased from
95.7% +0.6% t0 93.8% + 0.6% and 98.1% + 0.4% t0 97.3% + 0.3%,
respectively.

Table 5

Exemplary characteristics and efficiencies of freestanding GO/NPG membranes
Preparation method Membrane type Process/ Permeability/  Retention References

conditions flux
LbL GO/PAA/PAN NF/5 bar 0.84 L/m*hbar 43.2% Na*; 92.6% Mg* [144]
LbL GO/PSt NF/3.4bar  27.6 L/m*hbar 46% Na,SO,; 93%-95% rhodamine [102]
Self-assembly GO-COOH NF/1.5MPa - 48.2% NaCl; 91.3% Na,SO, [138]
Vacuum filtration GO-PAN nanofibres NF/1-3bar 2 L/m?h bar 56.7% Na,SO,; 100% Congo red [101]
Vacuum filtration GO with various NEF/5 bar 21.8 L/m?*hbar >99% dyes; ~20%—60% salts [145]
supports
Vacuum filtration GO/PVDE UF 80-100 L/ Natural organic matter (NOM) [146]
m?h bar

Oxygen plasma etching ~ Nanoporous single RO/17kPa 106 g/m’s ~100% monovalent ions [147]

layer graphene

PAA - polyallylamine; PAN — polyacrylonitrile; PSf — polysulfone; PVDF — polyvinylidene fluoride.
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Xu et al. [160] have made membranes by vacuum filtra-
tion of GO suspension through aluminum oxide support
coated with polydopamine and then burned in order to
improve connection with support and increase the stabil-
ity of the membrane. The finally obtained membranes have
revealed high water flux equal 48.4 L/m?*h at NaCl reten-
tion 99.7% and temperature 90°C. Similarly, Wang et al.
[101] have prepared membranes containing GO on a sup-
port made of polyacrylonitrile nanofibers using vacuum
filtration of GO suspension. The obtained membranes have
moderate retention of bivalent ions equal 56.7% for Na,SO,
with water permeability of 2 L/m? h bar and additionally
high retention of dyes (ca. 100% of Congo red). Hu and Mi
[102] have used GO crosslinking by using 1,3,5-benzenetri-
carbonyl chloride (TMC) to covalently bond GO nanosheets
on polysulfone (PSf) support coated with polydopamine.
The obtained GO membrane has been characterized with
water permeability equal from 8 to 27.6 L/m?h bar at rela-
tively low retention of mono- and bivalent ions (6%—46%)
and high retention of dyes (93%—-95%). What is more inter-
esting, the permeability of water and retention of salts
have not changed with the increased number of GO lay-
ers. The authors have explained this unique phenomenon
by frictionless transport of water between the GO layer.

GO with carboxylic, hydroxyl, epoxide and amide
groups may be used for the preparation of desalina-
tion membranes using the self-assembly LbL method.
Carboxylic and amine groups on GO surface formed neg-
ative charge of GO particles dispersed in water, thus they
can move in an electric field, during the formation of self-
assembly film. Kim et al. [161], using the LbL method, have
coated polyethersulphone (PES) membrane surface with
negatively charged GO nanoparticles and the next depos-
ited positively charged GO layer with amine groups on
the negative layer. The modified membrane has revealed
high water flux equal to 28 L/m? h and 98% retention of
salt. Choi et al. [153] have also used the LbL technique to
modify the PA membrane surface with GO and amine-
functionalized GO (aGO) nanosheets. The modified mem-
brane has shown good resistance to chlorine degradation
and to fouling and has shown a 10% flux increase, while
NaCl retention measured during filtration of a water solu-
tion containing 2,000 mg/L of salt has decreased by 0.7%.

Covalent bonding may be used to the modifier of desali-
nation membranes surface with GO. For example, an amide
bond can be formed between carboxylic groups attached to
GO nanosheets with other carboxylic groups present on the
thin polyamide layer (PA) of the TFC membrane (Fig. 10)
[152]. Functionalization of the PA surface in TFC membranes
causes that nanosheets are better arranged of the mem-
brane surface, which has a positive effect on antibacterial
and hydrophilic properties of modified membranes. It has
been found that surface hydrophilicity does not increase
membrane water flux, as water flux is regulated by the
solution-diffusion mechanism in the active PA layer (TFC),
independently of surface modification [40].

One of the main issues in membrane exploitation to
desalination is fouling, which significantly depends on
membrane material selection, chemical features of its
surface and structure porosity [162]. NPG and GO can
improve resistance to fouling because they reveal the

ability to inactivate bacteria in direct contact with their
cells [152,154,162-165]. Perreault et al. [152] have investi-
gated the impact of LbL modification of membrane with
GO to improve the antibacterial properties of TFC mem-
branes made of PA. It has been shown that 65% of E. coli
cells become deactivated during direct contact with the
membrane within 1 h. It has been found that GO deacti-
vates bacteria by the initiation of physical damage of the
cell’s membrane [154] followed by the eventual extraction
of lipids out of the cell [153]. SEM images show that cells,
which are in contact with the GO membrane seem to be
flattened or shrunken in comparison with cells observed
on the reference membrane. Such the antibacterial behavior
of the modified membrane does not cause any losses in its
transport properties.

Antibacterial and anti-biofouling properties of TFC
membranes can be also improved by an introduction to
membrane surface the metal nanoparticles. Sun et al. [164]
have presented research describing the preparation of com-
posite membranes made of cellulose acetate (CA) modified
with graphene containing silver nanoparticles (GO-AgNP).
The decrease of relative permeate flux of composite
GO-AgNP membrane has reached 46%, that is, much less
than in case of CA reference membranes (88%). Additionally,
the flux of the composite GO-AgNP membrane is higher
than one measured for membranes modified only with GO
or only with AgNP. Composite GO-AgNP membranes effi-
ciently prevent bacteria growth and formation of biofilm
on the membrane surface causing 86% E. coli inactivation
after 2 h contact the membrane. Ma et al. [165] have intro-
duced copper nanoparticles (CuNPs) on the polyamide
RO membrane in order to decrease its biofouling.

In Table 6, the list of selected surface-modified
membranes with GO/NPG is given together with their
characteristics.

4.2.3.2. Surface modification with CNT nanoparticles

Due to difficulties related to the preparation of mem-
branes containing vertically oriented CNT, which char-
acterize by proper retention of solutes, many researchers

g

Fig. 10. The scheme of modification of the membrane surface
by covalent bonding.



M. Bodzek, K. Konieczny / Desalination and Water Treatment 214 (2021) 155-180

168

*9PIX0 WnuIWIN[e dIpoue — QY'Y O[uruojineljod — NvJ DuojmsAod - 354 ‘euoydnsiayiaijod pajeurwre — g Je ‘ouoydnsiayiadiod — gqJ
‘apixo auayderd pazieuonouny — Q9+ ‘epixo suayderd peonpar — OO ‘eprwedjod - yq ‘eqmioueu uoqied — [ND ‘I9Ae[-Aq-1ahe] — Tq7 ‘uonezuowAod [eweyour — J[

[121] "0OS‘eN %¥8 10BN %¥ Teq Y W/ 6 IE AN OVV-LND-0DI uonen[y Wnndep
[to1] "OS“eN %95 ‘IDeN %8'6 Teqy W/ 8 1eq 0T - AN NVd/OD uonen[y WNndep
[cat] [DBN %86 Teq Yy W/ Sy I'qV 1eq 947~ Od Vd-094 puoq ajeurproo)
[891] "0S“eN %868 ‘IDeN %EE Teq Y uw/7 /y'S 1eq 0L - AN ISd-0D Suneo)
[991] '0S"eN 7'S6 ‘IDeN §'65 Teq Y w/76h'e eJIN 9°0 — AN (1M %€°0) 0D-JSd Suneo)
[o£1] 1DN %86 U W/ 8T ed 005G - O¥ Sdde/0D/0De 197 Suneo)
[oz1] "0S°eN %226 ‘TDeN %29 Teqyw/7 8.1 AN 3Sd/uesoyyd-0D 1971 A[qussse-J[ag
[esT1] 1DBN %¥'96 Teq . w/160 Teq ¢'Gr - O Vd-0D 1971
[691] [DBN %S¥'66 Teq y W/ ¢y'e Teq ¢r - O Vd/(3m %Z°0) “OLL/ODA dI
[891] "0S"eN 9°€6 “TDeN 9'9€ Y ,u1/7909 1eq 0L - AN 38d/°011/0D1 dl
TO8IN %505 OSSN %S'96
[to1] "OSeN %286 ‘IDeN %89S Y w/19/8 eJIN 9°0 — AN apruwe-surzeradid£jod/0D dI
[291] "OSSIN%L6< TDBN %88< Y wW/1Te AN vd/0D dI
TOSIN %129 "OSSIN %116
[991] "OSeN %Z'S6 ‘TN %S 65 Teq Y ur/7 6¢6e Teq 8- AN Vd/0D dI
[2¥1] [OBN %£6< Y W/79'6¢C Teq 6T - O¥ Vd/0D dI
anssaid/ssavoxd
SaDUDIRJY +U01jUa}ay] XN[J/A[IqeautIa sueIqUIBIA 1owAjod aseg powgowr uoneredarg

DJIN/OD 3ursn saueiquiawr dLWA[od Jo UOTJEdTPOUT 32BJINS UO SAPILISI JO S)NSIT PajII[G

9 9[9eL



M. Bodzek, K. Konieczny / Desalination and Water Treatment 214 (2021) 155-180 169

have focused on the preparation of TEN membranes based
on CNT, in which CNT are introduced to the retention
layer [172]. As CNT are hydrophobic and non-reactive,
which often causes incompatibility with polymeric matri-
ces, a number of methods of chemical or physical modi-
fication have been developed to improve CNT dispersion
in a coating solution [173]. Among them the use of acid is
found to be the most efficient method as it allows to form
hydroxyl (-OH) and carboxylic (-COOH) groups at CNT
ends making them more hydrophilic and more reactive
[174]. Functionalized CNT may be next introduced to a
thin skin layer made of polyamide [174], which may sig-
nificantly influence on physicochemical properties of mem-
branes (e.g., hydrophilicity, porosity, charge density and
additional water channels) [175]. A number of research has
also shown that TFN membranes based on CNT character-
ize improved antifouling properties [149] as CNT possesses
strong antibacterial properties.

Fig. 11 presents a scheme of RO membrane obtained
with conventional IP on polymeric microporous support.
The open ends of CNTs with a diameter of approximately
0.8 nm are embedded on a selective layer, with the thickness
of the active layer being much less than the average length
of CNTs, allowing nanotubes to be randomly oriented to
the matrix and the channels extending through the layer
allow for selective water permeation, at a rate almost twice
as high as membranes not containing CNTs with a slight
increase in salt retention [176].

Polyamide RO membranes with CNTs are frequently
prepared by IP method using trimesoyl chloride (TMC)
solutions in n-hexane and aqueous solutions of m-phenyl-
enediamine (MPD) containing functionalized CNTs with an
acid mixture of sulfuric and nitric acids) [177,178]. It was
shown that with an increase in the carbon nanotube load-
ing in the membrane, the membrane morphology changed
distinctly, leading to a significantly improved flux without
sacrificing the solute rejection, and the surface of the nano-
composite membrane was more negatively charged than
the pristine polyamide membrane. Furthermore, the dura-
bility and chemical resistance against NaCl solutions of
the membranes containing CNTs are found to be improved
compared with those of the membrane without CNTs. The
nanocomposite membranes showed better antifouling and
antioxidative properties than MWCNT-free polyamide
membranes, suggesting that the incorporation of modified
MWCNTs in membranes is effective for improving mem-
brane performance.

Carbon nanotubes

X\
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Folyamide skin layer

Folysulfone support

Momwoven fabric

Xue et al. [172] have functionalized MWCNTs with
three different functional groups, that is, carboxylic
(MWCNT-COOH), hydroxyl (MWCNT-OH) and amine
(MWCNT-NH,) ones, and next they have introduced
functionalized CNT to an aqueous solution of piperazine
(PIP) in order to prepare TFN membranes via IP method.
At the optimum concentration of 0.01% (m/v) of MWCNT,
all membranes have revealed higher permeability of pure
water and higher retention of salts. Among three types of
MWCNTs membranes, the TFN MWCNT-OH membrane
has revealed the highest water flux and salt retention. The
authors have related this capacity to the synergy of —-OH
groups in MWCNTs and —-NH, groups in PIP. Additionally,
membranes with MWCNTs-NH, have revealed better salt
retention and stability than MWCNT-COOH due to adhe-
sion between -NH, and -COOH in PA matrix.

Chan et al. [121] have introduced positively and neg-
atively charged CNT using vacuum filtration to produce
high-quality RO membranes. The obtained CNT contain-
ing membranes has been characterized with four times
higher water permeability (1.3 L/m? h bar for TFN vs. 0.3 L/
m? h bar for TFC) and retention almost identical to non-
modified membranes (98.6% for TEN vs 97.6% for TFC). The
authors have related increased permeability of the modified
membrane to ultrafast transport through CNT, which
has been uniformly distributed on the ultrathin skin layer.

Tiraferri et al. [179] have presented the new strategy for
the immobilization of CNTs functionalized with a carboxylic
group on the skin layer of the polyamide membrane, which
involves strong covalent bonding (Fig. 12). Before modifica-
tion, CNTs had been functionalized with carboxylic groups
and next 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC/NHS) solution has been used to transform carboxylic
groups of polyamide thin layer to semi-stable amino-reac-
tive in order to enable reaction with ethylenediamine (ED).
Characterization of the SWCNT-functionalized surfaces
demonstrated the attainment of membranes with novel
properties that continued to exhibit high performance in
water separation processes. The presence of surface-bound
antimicrobial single-walled carbon naotubes (SWCNTs) was
confirmed by experiments using E. coli cells that demon-
strated enhanced bacterial cytotoxicity for the SWCNT-
coated membranes. The SWCNT membranes were observed
to achieve up to 60% inactivation of bacteria attached to the
membrane within 1 h of contact time. Our results suggest
the potential of covalently bonded SWCNTs to delay the
onset of membrane biofouling during operation.

/;»;_\ \‘\\‘x
f;,\“\\

Fig. 11. Cross-section diagram of the TFC membrane containing CNTs in the active layer.
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Fig. 12. The scheme of CNT immobilization on the PA TFC membrane.

Zhang et al. [180] have connected GO with oxidized
CNT to modify the PVDF membrane. The presence of long
and curled CNT allows us to prevent GO aggregation, as
they reveal the tendency to bind with neighbor hooding
GO nanosheets. Modified GO-CNT membrane has shown
much higher hydrophilicity and antifouling properties than
membranes modified only with GO or only with CNT. Water
flux of membranes modified with GO and CNT in weight
ratio equal 1:1 has been increased by 252% in comparison
with the PVDF reference membrane.

4.2.3.3. Modification of membrane matrix

Membranes made of polymeric materials, as aromatic
and aliphatic polyamides, cellulose acetate, PVDF, poly-
sulfone, sulfonated polyether and non-polymeric mate-
rials (ceramic, metals) and their composites are used in
desalination [181,182]. The introduction of carbon nano-
materials to polymeric membrane matrix influences its
structure and antibacterial properties as well as hydro-
philicity, water permeation, retention and mechanical
strength [180,183-185]. In comparison with conventional
membranes, the surface of the modified membrane char-
acterized by a dense pore structure, which is the result
of nanomaterial precipitation during the phase inver-
sion process. Hence, the introduction of carbon nano-
materials enables exploitation in a dry state without
permeability affection, which is especially important to the
resistance of microorganisms and enhances transport.

The most commonly used method of introducing car-
bon nanomaterials into the polymer membrane matrix is
the phase inversion process [186-190]. Phase inversion is
a process of controlled polymer transformation from a lig-
uid phase to a solid phase. There are four basic techniques

Solvent Polymer

Film casting
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used to create phase inversion membranes: precipitation
from the vapor phase, precipitation by controlled evapora-
tion, thermally induced phase separation, and immersion
precipitation (Fig. 13).

Out of the four, immersion precipitation is the
most widely-used technique for preparing polymeric
membranes. In comparison with conventional membranes
(without nanomaterial), the surface of the modified mem-
brane is characterized by a dense pore structure, which is
the result of nanomaterial precipitation during the phase
inversion process. The significant increase of membrane
hydrophilicity results in increased water permeation of
the modified membrane. Hence, the introduction of car-
bon nanomaterials creates the opportunity for membranes
exploitation in a dry state without permeability affection,
which is especially important in regard to membrane resis-
tance to microorganisms and enhances transport.

Wet phase inversion method is used to prepare first of
all of ultrafiltration or microfiltration membranes, while dry
phase inversion one to nanofiltration and RO membranes.

Lee et al. [184] have explained the role of nanomateri-
als in the phase inversion process during membrane cast-
ing. When GO-CNT is absent, the polymer solution quickly
solidifies at the phase boundary between polymer and non-
solvent during phase separation due to the concentration
gradient and fast interaction of all components. In non-stable
parts, polymeric surface damages and scratches can appear
due to fast desolvation. The introduction of hydrophilic
substances (nanomaterials) to casting solution increases
its hydrophilicity and increases the exchange rate between
solvent and non-solvent during phase separation, and thus
the number of damages and macro-holes are minimized.
The obtained membrane structure is more porous, however,
the use of small amounts of functionalized nanomaterials

Dry phase

inversion

Wet phase

inversion

Fig. 13. The idea of polymer membranes preparation using the phase inversion method.
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leads to an increase of porosity and membrane pore size,
but only to some critical point [186,187]. If the amount
of nanomaterial exceeds 0.5%, the porosity of the mem-
brane noticeably decreases [191]. This trend corresponds
to permeability test results, which also increases with
nanomaterial addition up to a critical point, after exceed-
ance of which it starts to decrease [191]. Xia and Ni [146]
have prepared PVDF membranes of different GO content
using the phase inversion method, which has significantly
improved water transport rate and antifouling properties.

Functionalized nanomaterial, due to the presence of
acidic groups, may yield negative charge on membrane
surface in the whole pH range [192], which increases the
separation of positive ions due to repulsion of negative ions
by negatively charged membrane surface. Nanomaterials
cause the increase of the membrane hydrophilicity, which
increases permeate flux during RO/NF processes because
the more hydrophilic membrane has a higher affinity to
water molecules in the membrane matrix and enables
their permeation through the membrane [193].

The research carried out by Bano et al. [166] have shown
the increase of permeate flux and retention of salt caused by
non-functionalized GO to PSf support covered with poly-
amide layer. Membranes prepared with casting solution
containing 0.3 wt. % GO have retention of Na,SO,, Mg,SO,,
MgCl, and NaCl equal 95.2%, 91.1%, 62.1% and 59.5%,
respectively.

Functionalized, hydrophilic nanoparticles mixed with
polymeric matrix improve membrane properties [194]. For
membrane made of functionalized GO (f-GO) the porosity
improves due to the formation of more dense pores, but
only if a small amount of -GO is added, while if the critical
amount is exceeded, the porosity of a membrane decreases
[185,195]. f~-GO introduction also increases thermodynamic
instability during the gelling process, which stimulates the
phase separation stage, that is, fast exchange of solvent with
non-solvent, resulting in the formation of a large number of
pores with a small amount of f-GO on the membrane sur-
face [185]. When f~GO amount is higher than 0.5 wt.%, its
coagulation during phase inversion increases the viscosity
of the casting solution and membrane porosity is signifi-
cantly decreased [195]. Additionally, it has been observed
that the increase of f~GO layers number affects the retention
of some metal ions, for example, Na* and Mg*, while water
permeability is simultaneously decreased.

RO or nanofiltration mixed nanocomposite membranes
are prepared first of all using the dry phase inversion method.
Previous investigators have made polymer—-nanomaterial
composites by mixing the nanomaterial and polymer in
a suitable solvent before evaporating the solvent to form a
composite film [196-200]. One of the benefits of this method
is that agitation of the nanomaterials added as a powder to
the solvent facilitates material de-aggregation and disper-
sion. Almost all solution-processing methods are variations
on a general theme that can be summarized as (i) dispersion
of nanomaterial in either a solvent or polymer solution by
energetic agitation; (ii) mixing of nanomaterial and polymer
in solution; (iii) casting the solution onto a clean surface;
(iv) controlled evaporation of the solvent, leaving a compos-
ite film. In general, agitation is provided by magnetic stirring,
shear mixing, reflux, or, most commonly, ultrasonication.

Mehwish et al. [199] used the dry phase inversion method
for the synthesis of silver modified nanocomposite nano-
filtration membranes PVDEF/poly(styrene-butadiene-sty-
rene)(SBS)/thiocyanate and MWCNTs. The PVDF and SBS
mixture has been prepared by dissolving and mixing at
room temperature of two polymers (1:1) in tetrahydrofu-
ran. Modified MWCNTs (0.01-0.1 wt.%) have been added
to the finished mixture, poured on a glass plate and left to
evaporate at room temperature to produce membranes pure
water flux, salt rejection, and recovery were found optimal
for 0.05% wt. silver nanoparticle-based modified system.
Novel membranes have fine nanofiltration characteristics
to be utilized in advanced water treatment industrial units.

Shawky et al. [200] have prepared nanocomposite mem-
branes MWCNT/aromatic PA for reverse osmosis with dry
phase inversion method using N,N-dimethylacetamide
(DMAC) as a solvent. MWCNTs were dispersed in DMAc
assisted ultrasonically and then benzoyl peroxide (BPO)
was added to enhance dispersion and facilitate to obtain
of a more homogeneous MWCNTs-PA mixture. The result-
ing solution was poured into a dried clean glass plate
and placed in a dryer at 90°C for 30 min to evaporate the
solvent. The formed uniform thin membrane with a thick-
ness of 200 pm was immediately cooled and immersed in
a distilled water bath for at least 15 h at room temperature.
The addition of MWCNTs improved the rejection of both
salt and organic matter relative to the 10% PA membrane
base case. The nanocomposite membrane synthesized with
15 mg/g MWCNT in a 10% PA casting solution rejected
NaCl and humic acid by factors of 3.17 and 1.67 respec-
tively relative to the PA membrane without MWCNTs,
while membrane permeability decreased by 6.5%.

Table 7 contain selected studies onto the desalination
of water by membranes containing f~CNT.

4.2.3.4. Desalination using diffusion membrane techniques

As noted in paragraph 3, research is being carried out
on the introduction of nanoparticles into FO membranes to
increase efficiency and reduce internal concentration polar-
ization, both using simulation studies and experimental
[201-203]. It has been observed that the introduction into
the nanocomposite FO membrane <0.1% MWCNTs (opti-
mum 0.05%), resulted in a 2.5-fold increase in the flux from
35.7 L/m’h for the TFC membrane to 96.7 L/m*h for the TFN
membrane. It can be assumed that MWCNTs form nano-
channels, which increase water permeability, and functionali-
zation with amine increases membrane hydrophilicity [201].

Goh et al. [203] made polyethyleneimine-poly(amide
imide) membranes containing immobilized MWCNT in
membrane structure using a vacuum filtration method. FO
test results showed that modified membranes reached a
flux of 13.4 L/m?h, which was 44% higher than membranes
without MWCNT.

Dumée et al. [202] fabricated TFN FO membranes
by IP a dense PA layer on self-supporting BPs made of
hydroxyl-functionalized CNTs. These hydrophilic supports
exhibited low water contact angle (<20°), high water uptake
capacity (17 wt.%), large porosity (>90%), making it a prom-
ising material, when compared with PSf, used to make
TFC membrane supports in RO.
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Shen et al. [209] GO nanosheets incorporated into the
PA selective layer to develop a novel TFC membrane for FO
application. The chemical structure and morphology of the
synthesized GO and GO-incorporated TFC membranes are
studied by various characterization techniques. Compared
with the control TFC membrane, GO-incorporated TFC
membranes exhibit higher water flux and reasonable
draw solute rejection. The effects of the GO loading on
the membrane morphology and FO performance of the
GO-incorporated TFC membranes are investigated system-
atically in terms of various characterizations and intrinsic
separation performance. The influence of the draw solu-
tion concentration is also studied. The GO-incorporated
TFC membranes also possess lower fouling propensity in
the FO test than that without embedded GO.

A novel PA-GO membrane was synthesized on poly-
ethersulfone support by first intra-crosslinking GO
aggregates via m-xylylenediamine (MXDA) and then inter-
crosslinking GO aggregates via TMC [210]. This method
allows for the use of hydrophilic, more porous supports in
FO membranes, thereby lending much flexibility to mem-
brane synthesis and also potentially reducing internal
concentration polarization in FO. The elemental compo-
sition, morphology, and hydrophilicity of the synthesized
PA-GO membrane were characterized to confirm intra- and
inter-crosslinking reactions and understand membrane
properties.

Hung et al. [211] were fabricated FO membranes based
on ultrathin GO. Suitable crosslinking agents were used
to tune the interlayer spacing of GO sheets to achieve the
desired membrane performance. The physicochemical prop-
erties of membranes were evaluated using different tech-
niques. The interlayer spacing of GO-based membranes has
controlled the interaction between the surface functionality
of GO with the nature of crosslinking agents, such as poly-
vinyl alcohol, MPD and TMC. The covalent bonds between
the layer and crosslinking agents effectively suppressed the
d-spacing stretching. Unlike other symmetric structures of
membranes, the GO-MPD/TMC behavior observed in the
ultrathin polyamide (36 nm) asymmetric structure for the
performance of pressure-retarded osmosis (PRO) model
showed the highest flux of 20.8 LMH and low reverse salt
flux of 3.4 g MH. A consistent water flux for a long-term PRO
operation was achieved using GO-MPD/TMC membrane
(~98.7%). Therefore, the GO-MPD/TMC membrane can be
used to suppress internal concentration polarisation.

Suwaileh et al. [212] report the use of a LbL surface
modification method to fabricate novel positively charged
FO membranes. The main purpose of this work was to fab-
ricate an effective selective layer onto a commercial PES
UF membrane, which functioned as a support layer, to
provide the best performance for the treatment of brack-
ish water by FO. The new membranes containing a mixing
ratio of 0.1 MPDADMAC:0.001 MCMCNa in the polyelec-
trolyte complex exhibited the best performance in terms
of minimum reverse solute flux and acceptable water flux
as compared to that for membranes containing a mixing
ratio of 0.1 MPDADMAC:0.01 MCMCNa. The improved
performance and physicochemical properties of the new
membranes were explored by various analytical techniques
and were compared to the pristine membrane. Firstly,

structural characterization revealed that the new selective
layer was homogenous, uniform and strongly adhered to
the substrate resulting in excellent water permeability and
acceptable reverse solute flux. Secondly, it was found that
the optimal curing temperature was 60°C for 4 h that con-
tributed to enhanced membrane performance. Lastly, the
developed ranking protocol was adopted to optimize the
membrane performance in terms of the water permeability
coefficient (A) and the solute permeability coefficient (B).
According to this optimization procedure, the best perform-
ing membrane was membrane coated 2.5 bilayers which
had water permeability and solute permeability coefficients
of 23.1 Lm?h'bar" and 1.54 L m? h! respectively.

In contrast to other desalination techniques, such as
NF and RO, direct contact membrane distillation (DCMD)
offers a potentially low energy and high rejection route to
the desalination of highly dirty or salty waters. It is con-
sequently important to investigate other alternatives as
well as techniques for improving the process efficiency by
modifying the membrane properties and structure.

CNT nanocomposite membranes and bucky paper
CNT membranes have been found to have high desali-
nation efficiency in MD, as confirmed in laboratory-scale
studies [48,188,213].

Dumée et al. [48,124] received BP and CNT compos-
ite membranes that they used in the MD process. Self-
supporting BP-CNT membranes have been prepared by
vacuum filtration through 0.2 um PES 0.2 um pore size
support followed by flaking of the imposed layer. They
have characterized with higher porosity (90%), hydro-
phobicity (contact angle 113°), heat flux (2.7 kW/m? h)
and salt retention equal 99% and distillate flux 12 kg/m’h
(seawater 35 g NaCl/L) in comparison with PTFE mem-
brane. BP membranes had a 20% higher porosity compared
to conventional PTFE membranes, but in the MD process,
they did not show a higher water flux and salt retention
(99%) compared to conventional PTFE membranes [48]. On
the other hand, CNT composite membranes have shown
greater durability, performance and salt retention com-
pared to freestanding BP membranes.

Bhadra et al. [118] have used MWCNTs functionalized
with -COOH groups to the preparation of freestanding CNT
membrane dedicated to MD. The use of MWCNTs with car-
boxylic groups increases polarity and interaction between
membrane surface and water vapor, which results in the
increase of MD-based desalination. Distillate flux equal
19.2 kg/m? h measured for the MWCNT membrane is higher
than the one obtained for conventional PVDF membranes.

Although the BP made from CNTs possesses beneficial
characteristics of hydrophobic nature and high porosity for
MD application, the weak mechanical strength of BP has
often prevented the stable operation. A study performed by
Kim and Lee [214] aims to fabricate BP with high mechan-
ical strength to improve its MD performance. The strategy
was to increase the purity level of CNTs with an assump-
tion that purer CNTs would increase the Van der Waals
attraction, leading to the improvement of the mechanical
strength of BP. According to this study results, the purifi-
cation of CNT does not necessarily enhance the mechanical
strength of BP. The BP made from purer CNTs demonstrated
a high flux (142 kg/m? h) even at low AT (50°C and 20°C)
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during the experiments of DCMD. However, the opera-
tion was not stable because a crack quickly formed. Then,
a support layer of anodic aluminum oxide (AAO) filter
paper was introduced to reinforce the mechanical strength
of BP. The support reinforcement was able to increase the
mechanical strength, but wetting occurred. Therefore, the
mixed matrix membrane (PSf-CNT) using CNTs as filler
to polysulfone was fabricated. The DCMD operation with
the PSf-CNT membrane was stable, although the flux
was low (6.1 kg/m? h). This result suggests that the mixed
matrix membrane could be more beneficial for the stable
DCMD operation than the BP.

Bhadra et al. [215] demonstrate the immobilization of
graphene oxide on PTFE membrane surface for desalination
via DCMD. The graphene oxide immobilized membrane
significantly enhanced the overall permeate flux with com-
plete salt rejection, and the flux reached as high as 97 kg/
m?h at 80°C. Authors attribute this enhancement in flux to
multiple factors including selective sorption, nanocapil-
lary effect, reduced temperature polarization as well as the
presence of polar functional groups in graphene oxide.

Athanasekou et al. [216] elucidate the influence of
graphene and GO content on the desalination performance
and scaling characteristics of graphene/PVDF mixed matrix
and GO/PVDF composite-skin membranes, applied in a
DCMD process. Inclusion of high quality, nonoxidized,
monolayered graphene sheets as polymer membrane filler,
and application of a novel GO/water-bath coagulation
method for the preparation of the GO/PVDF composite
films, took place. Water permeability and desalination tests
via DCMD, revealed that the optimal graphene content
was 0.87 wt.%. At such concentration, the water vapor flux
of the graphene/PVDF membrane was 1.7 times that of the
nonmodified reference, while the salt rejection efficiency
was significantly improved (99.8%) as compared to the neat
PVDF. Similarly, the GO/PVDF surface-modified membrane,
prepared using a GO dispersion with a low concentration
(0.5 g/L), exhibited twofold higher water vapor permeate flux
as compared to the neat PVDEF, but however, it is salt rejec-
tion efficiency was moderate (80%), probably due to pore
wetting during DCMD. The relatively low scaling tendency
observed for both graphene and GO modified membranes
is primarily attributed to their smoother surface texture
as compared to neat PVDF while scaling is caused by the
deposition of calcite crystals, identified by XRPD analysis.

Carbon nanomaterials contribute to improving trans-
port and separation properties not only membranes used in
RO, FO and MD but have also been used in electrochem-
ical desalination processes, primarily by the CDI method.
The literature describes several polymer composite mate-
rials that contain CNT or other nanomaterials to increase
the conductivity of CDI electrodes, pore-volume, meso-
porosity, (pore diameters 5-20 nm), electron-ion sorption,
the efficiency of desalination, effective and rapid regener-
ation of ions and ultimately reduced energy consumption
[57,58,217]. Most findings indicate that the addition of CNTs
to polymers or other materials forming electrodes based on
the nanocarbon structure offers promising opportunities
in the CDI process.

Wimalasiri and Zou [217] studied CDI performance
using electrodes containing SW-CNT in combination with

nanographene sheets. The CNT-graphene composite elec-
trode had more favorable properties compared to electrodes
that use only graphene sheets. SWCNTs insert between
graphene nanosheets formed diffusion channels that facili-
tated the transport of ions, increased pore density, formed a
mesopore network, increased electrode conductivity, which
allowed for high removal efficiency of salts up to 98%.

In another study, Hou et al. [57] have developed
MWCNT/poly(vinyl alcohol) composite (MWCNT/PVA)
as an electrode for CDI. Results showed that compared to
electrodes from activated carbon, SWCNT/PVA composites
showed twice the electro-sorption efficiency, had a larger
area for efficient ion electro-sorption and reduced energy
consumption. Similar improvements of CDI electrodes were
made by combining conductive polypyrrole polymer and
CNT to form a polypyrrole/CNT composite with increased
adsorption capacity compared to CNT itself [218,219] in
turn combined polyaniline with SWCNT and observed an
improvement of the mesopore volumes and electrochem-
ical properties of the composite compared to polyaniline
or SWCNT, and salt removal efficiency increased by 12%
compared to SWCNT electrodes.

Li et al. [219] and Liu et al. [220] proposed the intro-
duction of CNTs into polymer ion exchange membranes for
use in the CDI process. Ion exchange membranes prevent
the attraction of the ions to the electrodes in the regenera-
tion phase. Liu et al. [220] combined CNT electrodes with
anionic polymer - dimethyldiallylammonium chloride
(DMDAAC) - and cationic polymer polyethyleneimine
(PEI) and studied membrane efficiency. The results of the
tests in this regard led to an improvement in the mesopo-
rosity and microstructure of the CNT film. Polymer fraction
of the ion exchange composite membrane increased the effi-
ciency of salt removal to 93% compared with 25% in CNT
electrodes alone.

4.2.3.5. Challenges and opportunities of
of CNT and graphene in desalination

application

Novel composite membranes containing NPG/GO and
CNT can be divided into two categories: membranes made
of only CNTs/NPG/GO known as freestanding membranes
and polymeric/ceramic membranes modified with these
nanomaterials. Modification of polymeric membranes can
be made either by the introduction of nanomaterial on a
membrane surface or its addition to a membrane casting
solution followed by membrane formation from a mixture
of a polymer and a nanomaterial.

Polymeric or ceramic membranes containing NPG/
GO and CNT used in pressure-driven processes character-
ize by high water/permeate flux and possess antifouling
and antibacterial properties as well as high mechanical and
thermal stability. The flux of nanomembranes is higher than
conventional RO or NF membranes, while the retention of
low molecular weight compounds is similar. The efficiency
of such membranes is beneficial in regard to the removal of
dyes, separation of monovalent ions from bivalent ones and
dewatering of water-solvent mixtures. Additionally, mem-
branes containing carbon-based nanomaterials have been
successfully applied to desalination with FO, MD and CDI,
due to their stability and high efficiency.
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Various synthesis of VA-CNT and graphene freestand-
ing membranes are complicated and research needs for
fabricating them on a large scale. Therefore, given their
productivity and cost, synthesizing these membranes may
not be practical for industrial use at the current time. The
potential use of mixed nanocomposite membranes could
offer a more feasible alternative compared to freestanding
membranes especially when functionalized with appro-
priate functional groups to enhance performance and
their tolerance to fouling. Studies did show that this mod-
ification and combination of polymers and nanocarbon
materials did enhance the desalination performance com-
pared to conventional desalination techniques. However,
there are still limitations associated with the preparation
of controllable composite with CNTs/NPG/GO that have
consistent properties.

The future development of membranes containing
NPG/GO and CNT should be focused on separation effi-
ciency improvement using different production strategies.
Alot of effort should be also dedicated to proper recognition
of the role and interaction mechanism between graphene or
CNT with a membrane. GO and CNT are promising materi-
als for the preparation of membranes for water desalination,
but more attention should be given to their disadvantages
like mechanical instability, aggregation, non-uniform dis-
tribution and surface damages. Additionally, scaling up
related to industrial production of commercial ultrathin
membranes of high capacity made of graphene is one of
the greatest scientific and technical challenges. If success-
ful, the use of such membranes at an industrial scale will
lead to significant energy saving in RO installation as well
as in other processes. The key to success is to find the bal-
ance between production costs and manufacture simplic-
ity. Additionally, such membranes should be resistant to
fouling and scaling, which assures high flux long-term
operation and savings in operational and capital costs.
Moreover, the release of nanomaterials from the membrane
and their eventual toxicity should be carefully investigated,
especially in regard to their practical use in desalination
processes.
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