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oxide–polysulfone derived membranes for water
remediation

Muhammad Zubair, a Sadia Farooq,b Ajaz Hussain,b Sadia Riazb and Aman Ullah *a

Water pollution has become a major issue due to the presence of hazardous pollutants resulting from ever-

increasing industrial growth, and researchers are actively seeking innovative solutions for water treatment.

Graphene Oxide (GO)–polysulfone (PSF) membranes are widely used in water remediation due to their

resistance to high pH and harsh chemicals, and their ability to remove water pollutants. These materials

have unique two-dimensional structures, tailorable micropores, large surface areas, and fascinating

surface properties, making them ideal for water treatment. This review article provides a comprehensive

overview of the latest developments in polysulfone-derived membranes modified with graphene oxide,

including their separation performance, antifouling effect, and ability to separate and degrade organic

pollutants. Additionally, the review article covers membrane performance for filtration of organic dyes,

metal ions, radionuclides and salts from contaminated water. The review article also highlights simulation

or computational studies and concludes by discussing the challenges and prospects of GO–PSF derived

membranes for water remediation.
Environmental signicance

Water pollution poses a signicant threat to both the environment and public health, primarily due to unregulated industrial development. Numerous indi-
viduals worldwide lack access to clean drinking water, underscoring the need for effective water treatment methods. Membrane technology, which encompasses
polymeric membranes, such as polysulfone, demonstrates promise due to its cost-effective nature and mechanical properties. However, further research is
essential to explore the use of nanomaterials, such as graphene oxide (GO), to enhance the performance of these membranes. The development of advanced
composite membranes holds great potential for addressing water pollution and scarcity, preserving water resources, and promoting sustainable environmental
management.
1. Introduction

The escalating population and unprecedented industrialization
have imposed numerous challenges, including a hazardous
environment, on our generation. The byproducts of industrial
processes have permeated the air and water, contaminating
water resources and depriving humans and other living organ-
isms of clean water.1–4 The World Health Organization (WHO)
reports that billions of individuals are faced with a shortage of
hygienic drinking water.5 Additionally, oil spills from trans-
portation, drilling, and storage activities further exacerbate the
pollution of water resources.6,7 The need for potable water and
a solution for the global water scarcity problem has led to the
development of effective water treatment methods.8,9
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Membrane technology is of considerable importance in the
separation process. It is a highly effective method for treating
wastewater, effluents, and seawater desalination due to its cost-
efficiency, high productivity, exceptional removal efficiency,
straightforward operation, and minimal reliance on chemical
additives.10–13 A membrane serves as a physical barrier that
allows for selective permeation of desired materials, while
preventing the passage of unwanted materials.10,14 Membranes
are classied based on various characteristics, including the
material used for their fabrication, the surface properties of the
membrane, and the ltration process and pore size.15 They are
typically divided into polymeric and inorganic membranes,
which differ in the materials used for their construction. Inor-
ganic membranes are made from metals and ceramic materials
and possess high thermal, structural, and mechanical strength.
However, they have limited permeability and are therefore less
commonly used.16 The issue of permeability has been addressed
through the use of polymeric membranes. Membranes are
typically classied based on their surface properties as either
hydrophilic (polar surface) or hydrophobic (non-polar surface).
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Additionally, the ltration process and pore size are also used to
categorize membranes into Nano-Filtration (NF), Micro-
Filtration (MF), Ultra-Filtration (UF), and Reverse Osmosis
(RO) membranes.17–21

MF membranes have a pore size ranging from 0.1–1 mm,
making them suitable for the separation of macromolecules,
colloids, and bacteria.22 UFmembranes have a pore size of 0.01–
0.1 mm, making them impermeable to viruses and macromol-
ecules, yet permeable to water molecules and low molecular
weight solutes.23 NF membranes have a pore size of 0.1–0.001
mm, making them more dense than MF and UF membranes,
and they are capable of removing divalent ions while allowing
monovalent ions to pass.24,25 RO membranes have a pore size of
less than 0.001 mm,making them the densest of all membranes,
and they are only used in high-pressure ltration processes to
produce clean water by removing impurities and monovalent
ions.26,27

Polymeric materials, such as polysulfones and polyamides,
are commonly used membranes.28,29 Polysulfones are widely
employed polymers in water treatment applications due to their
porous structure, favorable mechanical properties, relatively
low cost, and ease of operation.30,31 Additionally, they exhibit
resistance to higher pH, high temperatures, and chemical
inertness. However, the hydrophobic nature of PSF limits its
use, as these membranes are prone to fouling.32,33

To address this issue, various nanomaterials, including
zeolite, MOFs (metal–organic frameworks), metal carbides,
chalcogenides, carbon-composite based nanobers and carbo-
naceous materials, are suitable for enhancing the characteris-
tics of PSF membranes.34–39 Graphene derivatives, such as
graphene oxide (GO), are the most popular carbonaceous
materials used to improve the separation performance of
membranes. GO is a well-known graphene derivative and is
commonly used for synthesizing composite membranes.40–42

The addition of GO not only decreases the membrane's hydro-
phobicity but also improves its mechanical properties. GO has
oxygen;43,44 as a result, the GO surface is electron-rich (nega-
tively charged) and exhibits excellent adsorption of cationic
compounds.45–47 Moreover, these membranes do not swell in
water and remain stable.48,49 Single layer GO nanosheets are
two-dimensional and approximately 1–2 nm thick. Due to their
high surface area, GO nanosheets exhibit high interaction with
Fig. 1 GO synthesis by a modified Hummer's method.57

984 | Environ. Sci.: Adv., 2024, 3, 983–1003
PSF membranes.46,49,50 These extraordinary surface and dimen-
sional properties make GO a promising candidate for the
development of PSF composite membranes. These PSF
composite materials exhibit extraordinary structural properties,
including increased hydrophilicity, high chemical stability,
water permeation, and excellent antifouling properties.51–53

So, the objective of this review is to examine the most recent
advancements made in PSF membranes that have been modi-
ed with graphene oxide, specically their applications for
water remediation. This literature review distinguishes itself
from prior studies by providing a comprehensive review of
graphene oxide–polysulfone based membranes, covering
aspects such as performance, mechanism, properties and
computational studies, all within a single review article.
2. Methods of preparation of GO and
PSF

The utilization of graphene derivatives, particularly those
derived from carbonaceous materials, has become increasingly
popular for enhancing the performance of membranes utilized
for separation purposes. Among these derivatives, graphene
oxide (GO) is notably prominent and widely employed in the
fabrication of composite membranes.54 Graphene oxide (GO)
has the ability to not only decrease the hydrophobicity of
membranes but also enhance their mechanical properties. This
is due to the presence of oxygenated groups on the GO surface.55

The electron-rich (negatively charged) GO surface exhibits an
exceptional ability for the adsorption of cationic compounds.
This is attributed to the electrostatic repulsive force that repels
negatively charged ions from passing through the surface. As
illustrated in Fig. 1, the single layer GO nanosheet is two-
dimensional with a one atom thickness, translating to approx-
imately 1–2 nm. The high surface area of GO nanosheets facil-
itates their remarkable interaction with membranes.3,57 The
remarkable surface and dimensional characteristics of GO
nanosheets make them a more favourable option for the
fabrication of composite membranes. These composite mate-
rials exhibit exceptional structural properties, such as elevated
hydrophilicity, enhanced chemical stability, superior water
permeability, and anti-fouling properties.54
© 2024 The Author(s). Published by the Royal Society of Chemistry
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There are numerous techniques employed in the production
of membranes, including stretching, track-etching, dip-coating,
template-leaching, sintering, and phase inversion. Among these
methods, phase inversion is the most commonly utilized
procedure for generating membranes from polymers.58–62

The phase-inversion method (immersion–precipitation
technique) is widely used for the generation of membranes
from polysulfone like other polymers such as polycarbonates,
polyoxadiazoles, polyamides, nylon 6,6, polyphenylene oxide
and polyimides.63–65 This technique consists of four steps:
solution preparation of PSF in a suitable solvent, lm formation
of PSF solution on a at support, lm immersion in a coagula-
tion bath having polymer solvent and conditioning of the
membrane.59,66,67 The schematic procedure of the phase inver-
sion method is shown in Fig. 2.

GO required for the fabrication of the membrane is prepared
from the exfoliation of graphite oxide, which is used for cost-
effective and large-scale production of GO. Different methods
have been reported for the generation of graphite oxide from
graphite. Foremost, Brodie prepared graphite oxide by graphite
oxidation in a potassium chlorate mixture. Aer that, Stau-
denmaier et al. reported a method (Staudenmaier method) of
graphite oxidation using an ice bath with a 1 : 4 volume ratio of
nitric acid : sulphuric acid and potassium chlorate as an
oxidizing agent. Then, with continuous stirring, 4.37 g/100 mL
graphite was added to an ice bath. Although the evolution of
toxic gases is a limitation of the Staudenmaier method, it is
considered more secure than the Brodie method. In 1958,
Hummer reported another method involving the oxidation of
graphite in a few hours using H2SO4, NaNO3 and KMnO4 as
oxidizing agents. Hummers' Method (HM) has advantages, i.e.
less reaction time, safety from toxic explosives (ClO2 and KClO3)
because of using KMnO4 instead of KClO3 and removal of acid
fog formation using NaNO3 instead of HNO3. Therefore, HM is
preferred over the others for GO preparation. Later on, in 2010,
Tour et al. further improved HM to enhance the degree of
oxidation and to reduce the formation of toxic gases NO2 and
N2O4. In the Tour method, KMnO4 replaced sodium nitrate.69–74

Epoxy is the dominant group in graphene oxide (generated by
Fig. 2 Phase inversion method for generation of a PSF membrane.68

© 2024 The Author(s). Published by the Royal Society of Chemistry
the Hummer and Tour method). GO synthesis reported by HM
has extended sheets and is effective for developing the
mechanical properties of membranes. GO has lateral dimen-
sional thickness with amphiphilic nature due to the existence of
a variety of surface functionalities and chemical inertness.75,76

3. Separation mechanisms
3.1 Classical adsorption

The general adsorption process involving the transfer of mate-
rials to the surface of the solid phase, through either physical or
chemical interactions, is followed during classical adsorption
through membranes. The adsorption of metal ions by
a membrane (Fig. 3) consists of three steps. The rst step is the
penetration along with the diffusion of metal ions through
membrane pores and nger-like layers, the 2nd step consists of
surface complexation on inner spheres, which are external to
nano-sized adsorbents that are localized inside the membrane
structure, the third step involves the transfer of metal ions
towards the interface of the adsorbent and the last step is the
equilibrium stage. The preparation, characterization and
adsorptive removal of heavy metal ions from aqueous solution
using GO-impregnated membranes have been reported.77,78

3.2 Sieving mechanism/size exclusion (steric hindrance)

A particle removal process that prevents particles from passing
through any passage/way or pore smaller than the size of the
particle itself is called sieving.79 This process is presented in
Fig. 4(a). The membrane can only pass the particles that are
smaller than the pore size. Salt ions having hydrated ionic
diameters greater than the pore size of the membrane are
rejected due to steric hindrance.80 Uncharged or neutral solutes
are also separated through steric hindrance known as size
exclusion. The size exclusion process controls the rejection of
As(III) at pH values 4.5–8.5 because in this pH range, As(III)
remains uncharged.79–81

Themembrane separationmechanisms are based on various
mathematical models such as Spiegler–Kedem (SK), Combined-
Film-Theory-Spiegler–Kedem (CFSK) etc. The latter model is
Environ. Sci.: Adv., 2024, 3, 983–1003 | 985
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preferred over the former because the former doesn't consider
the concentration polarization effect (CPE). The CPE actually
causes a decrease in the performance of the system owing to the
increased osmotic pressure in the opposite direction at the
interface of the feed solution and membrane lm.82 The above-
discussed mechanisms ignore the impact of the charges on the
surface of membranes; however, the same has been considered
in the following mechanisms.

3.3 Donnan exclusion

For compact membranes, Donnan exclusion is a non-sieving
mechanism for the rejection of unwanted particles. The mech-
anism operates on the repulsion produced between the charged
membrane surface and ionic species. The steric hindrance also
operates at the isoelectric point, where electrostatic repulsions
disappear. The pH of solution less than the isoelectric point
induces a negatively charged surface of the membrane, which
shows greater repulsion towards negatively charged ions,
whereas a pH higher than the isoelectric point (IEP) generates
a positive charge on the membrane surface, which shows better
rejection towards positively charged ions. This reaction occurs
due to the ionization of functional groups on the membrane
Fig. 4 (a) Removal of non-ionic particles by size exclusion and (b) D
membrane.

986 | Environ. Sci.: Adv., 2024, 3, 983–1003
surface, which causes the creation of charges on the external
and internal surfaces of membranes.77,83,84
3.4 Dielectric exclusion

Yaroshcuk et al. reported dielectric exclusion during the sepa-
ration process by providing an in-depth analysis of this exclu-
sion mechanism. It has been postulated that when an ion
interacts with bound electrical charges produced by the ions at
the boundary between two materials with different dielectric
constants (solvent andmembranematrix), a dielectric exclusion
process occurs. According to relative dielectric constants, it is
measured that the ion polarizes the two media and forms
polarized charge distribution at the discontinuous surface.84–87
4. Separation performance of
modified PSF membranes

Several two-dimensional materials have been shown to be
excellent building blocks for high-performance membranes in
recent years. These materials include the graphene family,
exfoliated dichalcogenides, zeolites, metal–organic framework
(MOF) nanosheets, and dichalcogenides.88,89 However, gra-
phene oxide–polysulfone based membranes are preferred over
other 2D derivedmaterials due to their exceptional strength and
stability, resulting in increased durability and a longer life-
span.90 In addition, GO–PSF based membranes are known for
their exceptional permeability and selectivity, whichmake them
ideal for enhancing separation processes. The versatility of
graphene oxide–polysulfone membranes is enhanced by their
ability to function effectively in a variety of solvents and oper-
ating conditions, thereby enhancing their suitability for a broad
spectrum of pollutants for water remediation applications.91–93

Hydrophilic membranes show minimum fouling by oil drop-
lets as compared to hydrophobic membranes.94–96 The separation
application is affected due to membrane fouling, which results in
lowered membrane reusability. Membrane performance in terms
of permeability, thermo-mechanical stability and anti-fouling
onnan exclusion; attraction of positive ions by a negatively charged

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties can be increased by adding nanomaterials having an
extended surface area with adjustable pore size. Modi et al. re-
ported improvement in the efficiency of PSF membranes for oil/
water separation through implanting carboxylated multiwalled
CNTs/graphene oxide in the hollow region of the membranes.
They prepared GO by dispersion of graphite oxide in basic solu-
tion and obtained a monomolecular layer of GO. The modied
membrane showed high mechanical strength (Young's modulus),
anti-biofouling properties and high negative values of zeta
potential (high surface negative charge). The reported PSF
composite membranes showed high oil/water separation.55 The
separation tendency of hollow ber membranes (HFMs) can be
calculated by measuring antifouling properties, pure water
permeability (PWP), permeate water ux through the membrane
and efficiency of oil/water separation.55,97,98

4.1 Pure water permeability

Pure Water Permeability (PWP) is the ux of pure water without
fouling of membranes. The determination of PWP for different
samples of hollow ber membranes (HFMs) has been reported
by Modi et al. by passing water (for 2 h and at 1 bar pressure)
through different samples of HFMs. The PWP can be measured
using the following formula (shown in eqn (1)).99–101

PWP = Q/npDiLDP (1)

In the above-mentioned equation Q (mL h−1), Di (m), L (m) and
DP (Pa) represent the ow rate, inner diameter, ber length and
transmembrane pressure (TMP), respectively.55

In a study for oil/water separation, the preparation of oil/
water (O/W) emulsion was achieved by blending oil, water and
a weighed amount of sodium dodecyl sulphate (SDS) and the
resultant mixture was stirred and sonicated for 5 h. As a result,
milky white O/W emulsion having a pH of 6.5 was gener-
ated.102,103 The separation processes were applied by feeding O/
W emulsion through the HFM sample at one bar for 1 hour.
Permeate from HFMs was calculated and dynamic light scat-
tering (DLS) was used to measure the size distribution of oil
droplets in permeate. The following eqn (2) was applied to
compute the efficiency of each sample (HFMs) to separate O/W.

Rexp ¼
�
1� Cp

Cf

�
� 100% (2)
Fig. 5 Fouling and antifouling behaviour of PSF and GO/PSF.

© 2024 The Author(s). Published by the Royal Society of Chemistry
In the above equation, Cp and Cf demonstrate the oil-
concentration in the permeate and feed, respectively. A UV-
visible spectrophotometer was reported to perform calcula-
tions regarding oil concentration.104,105 An increase in the PWP
value by using a polysulfone membrane modied with gra-
phene oxide has been reported by Modi et al.55

Zhao et al. reported106 the determination of permeate water
ux from a membrane. In order to determine permeate ux,
different samples of membranes were submerged for 24 h in
deionized water. Then at operating pressure 1–2 bar, the volume
of permeate water within 50minutes wasmeasured by using the
following eqn (3).

JW = V/(A × t) (3)

where JW, V, A and t represent the pure water ux (L h−1 m−2),
permeate water volume, membrane effective surface area and
time, respectively. The increase in the pure water ux with rise
in the GO content in membranes has been reported by Nasseri
et al. A GO/PSF membrane with 1.0% GO has been reported to
possess the highest ux of water, i.e. 512 L h−1 m−2.107
4.2 Antifouling behavior

The antifouling behavior of membranes is reduction in the depo-
sition of salts, microorganisms, macromolecules and colloids,
which cause membrane fouling (Fig. 5). The membrane fouling
decreases the membrane life, permeation ux and selectivity.108,109

The calculation of the antifouling behavior of different
samples of HFMs through measurement of the PWP value aer
a refusal of oil experiment has been reported. The pure water
permeability (PWP) aer fouling is called PWPf. The highest ux
recovery ratio (FRR) of 90.5% was reported for CGP-(carboxyl-
ated multiwalled GO–PSF)-100 (HFMS), whereas 84.3% FRR was
reported for CGP-75 (HFMs). The excellent performance of CGP-
100 was attributed to high hydrophilicity and negative surface
charge. The hydrophilic membranes containing negative
charges allowed the penetration of water molecules and
synchronously prevented oil adsorption and hence gave oil free
water in permeate.55 The factors including the measurement of
surface charge and electrostatic repulsion are reported for the
prediction of the foul-resistance features of the membrane.
Moreover, GO reduces the membrane roughness and the
resulting smooth surface possesses a better tendency to resist
Environ. Sci.: Adv., 2024, 3, 983–1003 | 987

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00058g


Environmental Science: Advances Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
5 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4/

07
/0

7 
23

:1
9:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the membrane-oil adhesion on the surface, which results in the
minimum fouling of the membrane. Modi et al. concluded that
among all the HFM samples, the reduction in the pure water
permeability value was found to be lowest in CGP-100 (9.5%).
For HFM samples, the ux recovery (FR) increased with the
decrease in the CGP percentage. Thus, it can be concluded that
polysulfone membranes modied with GO show enhanced
separation properties and anti-fouling ability. These graphene
oxide polysulfone composite membranes possess signicant oil
rejection efficiency and are hence used widely for O/W
separation.110
4.3 Selectivity performance

The term selectivity refers to the selective use of membranes for
the separation of certain substances. The changes in the
hydrophilicity, contact angle, zeta potential and size of pores
are the factors that affect the membrane selectivity
performance.111–113 The membrane having zeta potential and
a low contact angle (higher hydrophilicity) shows improved
permeability and the membrane having small sized pores
decreases the ux or enhances the selectivity of the
membrane.93 Oil rejection experiments have been reported
extensively in the literature, which reect the selectivity of
modied GO–PSF membranes for oil/water separation. An oil
rejection test was also reported to separate the oil from the
emulsion using dead cells by collecting three permeate
samples. The measurement of total organic carbon (TOC) of
feed and that of permeate was used to evaluate the oil rejection
% age. The membrane having 0.1% GO showed maximum oil
rejection up to 97.92%. The trade-off between permeability and
oil rejection is expected, but this can be adjusted by using the
optimum amount of GO. The best agreement between the
separation factor and permeability factor is usually achieved
through graphical comparison of permeability and selectivity.
The reported data showed that membranes which are more
permeable to water have less capacity for the separation of oil
and water, whereas the membranes with less water permeability
have higher potential for the separation of oil from water. The
best rejection efficiency was reported for the membrane con-
taining 0.1% GO with low permeability. The membrane having
high permeability was modied by minimizing the separation
factor.114 Since the properties of GO alter remarkably upon
changing the methods of its synthesis,115 GO/PSF membranes
fabricated from differently synthesized GO show different
properties. Salt, oil and various dyes are rejected by using mixed
matrix membranes containing GO because of having acidic
functional groups, which are the source of negative charge
separation on the surface of the membranes.116 Zeta potential
indicates the rejection performance, whichmeasures the charge
on the surface of the membranes. The zeta potential of PSF/GO
membranes is more negative as compared to PSF membranes,
which means that PSF/GO membranes have a more tendency to
reject negative ions. The presence of specic functional groups
having oxygen which include hydroxyl, carboxyl and carbonyl on
the membrane surface is the main reason for the negative
values of zeta potential. Initially, rejection increases with an
988 | Environ. Sci.: Adv., 2024, 3, 983–1003
increase in the graphene oxide concentration until the gra-
phene oxide concentration reaches the optimum value and
a further increase in the GO content beyond the optimum value
causes a decrease in the rejection. The use of GO in optimum
amounts causes increases in the ux and oil rejection. This is
attributed to the tailoring effect of hydrophilicity and the
surface contact angle from the measurement of hydrophilic and
hydrophobic properties from interfacial tensions.117
5. Characterization of modified
membranes

Most of the attributes of membranes depend on the
hydrophilic/hydrophobic nature of the membranes, the pore
size of the membranes and the rough/smooth appearance of the
membranes. The measurement of the contact angle is the best
way to determine these characteristics.118–120
5.1 Hydrophilic/hydrophobic properties

The use of the water contact angle is reported for the charac-
terization of the hydrophilicity of membranes. The water
contact angle decreases with an increase in the addition of
isocyanate graphene oxide (iGO) from 0.0 to 0.10%. This water
contact angle reduction is a manifestation of increasing
hydrophilicity of the membranes. When the iGO amount is
increased to 0.15%, then the water contact angle of blended
membranes is increased, indicating a decrease in the hydro-
philicity of the membrane. The irregular position of iGO in the
membrane structure at a concentration of 0.1% iGO causes
a reduction in the water contact angle. When the content of
isocyanate graphene oxide increases, then the zeta potential
decreases on account of the presence of carboxylic groups on
the surface layer, which appear on the surface due to hydrolysis
upon immersing the membrane in water. The reported experi-
mental results indicate an increase in water ux upon the
addition of a small amount of iGO (0.025%) to the PSF
membrane. This increase in the ux is due to an increase in
hydrophilicity and the formation of straighter and slightly
nger like microvoids. But if the iGO concentration exceeds
0.05%, then the water ux decreases. This decrease is due to the
agglomeration of iGO, which enhances the viscosity of the
membrane and consequently, the membrane porosity is
reduced greatly. The decrease in the ux is an indication of the
fouling process on the membrane.121,122
5.2 Pore size

Brunauer–Emmett–Teller (BET) analysis is used to nd out the
porosity as well as the surface area of micropores and meso-
pores in membranes. The BET method determines all the
available pores for nitrogen adsorption.123 Kovtun A. used the
BET formula to study the adsorption process for a GO–PSF
membrane for organic-contaminant removal from water as
shown in eqn (4).

Qe = (QmCBETx)/(1−x)(1 + CBETx − x) (4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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where Qe represents the number of molecules absorbed at
equilibrium, Qm represents the number of molecules required
to cover the whole surface of the adsorbent and CBET is the
thermodynamic equilibrium constant.124 Recently, Lekena N.
reported BET results for GO–PSF with a pore surface area of
80.5 m2 g−1, which increased in the case of the GO–APTES
system up to 333.8 m2 g−1.125

5.3 Surface roughness

Van der Waals forces, hydrogen bonding and electrostatic force
play a role in the fouling process.126,127 The ux recovery ratio of
composite membranes is greater than that of pure PSF
membranes, which reects the enhanced anti-fouling proper-
ties of composite membranes. The increase in hydrophilicity is
accountable for the blocking of protein chemisorption on the
membrane surfaces.128 Atomic Force Microscopy (AFM) is used
to study surface roughness and fouling. According to AFM,
a decrease in surface smoothness enhances fouling.129 The
antifouling properties can be increased by increasing the
surface smoothness. The smoothness of the surface is increased
aer doping iGO (0.05%) and as a result antifouling properties
are increased. When the iGO content is increased beyond
(0.15%), a valley appears and foulants are absorbed in the valley
of the membranes. which results in lowered antifouling
properties.130

6. Types of modification in GO–PSF
membranes
6.1 Modication in GO nanosheets

The synthesis of GO has been reported through the deposition of
nanosheets of GO in layers. These sheets were then inter-
connected through 1,3,5-benzenetricarbonyl trichloride on a PSF
support coated with polydopamine (PDA) as shown in Fig. 6.
Fig. 6 Modification of a graphene oxide based polydopamine coated p
minopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS).131

© 2024 The Author(s). Published by the Royal Society of Chemistry
Liang et al. recently reported poly(vinylidene uoride)
modied PSF/GO–Ag nanosheets with dopamine coating. This
membrane possessed a water ux of 650.52 L m−2 h−1, a contact
angle of 69°, a rejection of 98%, a pore size of 21.16 nm and
81.02% porosity.132 The separation performance of the
mentioned membrane is envisaged by using monovalent salt
sodium chloride (NaCl) and divalent Na2SO4 salt. The
membrane coated with polydopamine showed less than 10%
rejection of dyes and almost no rejection of the salt. GO coating
on this type of membrane increased the rejection of monovalent
along with divalent salts in the range of 6–19% and 26–46%,
respectively. The rejection rate varied due to a different number
of GO layers deposited on the polydopamine coated PSF
support. The rejection of organic dyes was also enhanced by GO
coating. The rejection rate for methylene blue was 46–66%,
whereas that of rhodamine-WT was 93–95%. The reasons
behind the higher rejection rate of R-WT include the higher
molecular weight of R-WT than that of MB dyes (size exclusion
effect), and the repulsion between the negatively charged
surface of the GO (due to the presence of carboxylic groups)
coated membrane and anionic R-WT in comparison to MB,
which is positively charged. So, the spacing between graphene
oxide layers (size exclusion effect) and membrane charges
(Donnan exclusion) are the prime factors that determine the
rejection performance of GO membranes. The rejection also
decreases when the concentration of the solution increases.
Na2SO4 rejection decreases from 88% to 26% upon an increase
in its concentration from 0.1 to 10 mM and a similar effect has
been reported for NaCl. The aforementioned observations
indicate the great contribution of the charge effect to the
membrane separation mechanism. A decrease in the Debye
length leads to a decrease in repulsion between the ions and
chargedmembranes, which ultimately leads to a decrease in the
rejection rate.133
olysulfone (GO–PDA–PSF) membrane using 1-ethyl-3-(3-dimethyla-
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6.2 PSF–GO silver nanocomposite membranes

PSF–GO silver nanocomposite membranes are synthesized by
blending the solutions of PSF, GO and silver nanoparticles. These
membranes have a larger Young's modulus and tensile strength
than PSF membranes. The adsorption capacity of silver-
decorated graphene oxide (Ag/GO) is oen better than that of
graphene oxide (GO). This is because GO sheet stacking is
decreased and more adsorption sites are provided by the
attachment of silver nanoparticles (AgNPs). This decrease in
stacking effectively improves the surface area by increasing the
gap between the sheets.134,135 Moreover, the PSF–GO–AG
membrane possesses more nger shaped pores and channels
with reduced surface-pore size, which results in an enhanced
exchange rate in phase separation, increased surface roughness
having amean-surface (Ra) value of 4.40 nm and an increased ux
of 66.7 L m−2 h−1.136 Suhalim et al. reported a PSF–GO–Ag
nanocomposite membrane with a water ux of 141.6 L m−2 h−1,
a contact angle of 54.71°, rejection of 78.5% and 78% porosity.137

GO for membrane preparation was obtained from graphite
powder (raw material) by employing HM. A GO–Ag nano-hybrid
was prepared in a two step process. In the rst step, 20 mg GO
was mixed with 60 mL PPh3 (triphenylphosphine), followed by
sonication for 1 h at room temperature to disperse GO nano-
particles. 1.4 mg of AgNO3 was separately dispersed in PPh3.
Then both solutions were mixed and sonicated for half an hour.
Then themixture was stirred vigorously, and the temperature was
maintained at 80 °C for 24 hours. The GO–Ag nano-hybrid was
thus prepared. Aer that ethanol washing of the nano-hybrid and
then drying were performed above room temperature. The GO–
Ag nano-hybrid showed higher anti-bactericidal potential due to
strong adhesion through PPh3 between the sheets of GO and
AgNPs. A PSF–GO–Ag nanocomposite was synthesized by a solu-
tion blending method. First PSF was dried for 24 hours at 80 °C
under vacuum and then DMF as a solvent was added to poly-
sulfone resin (PSU) to form a transparent solution. Then this
solution was added to the dispersion of GO and silver nano-
particles and then stirred for 6 hours. With the use of an auto-
matic coating machine, the solution was cast into a thin lm.
Then solvent molecules were evaporated at 25 °C (room
temperature) to obtain PS–GO–Ag nanocomposite membranes.

The composite PSF–GO membrane containing silver nano-
particles possesses antibacterial properties against Staphylo-
coccus aureus and Escherichia coli at a low GO–Ag loading. The
antibacterial screening of the membrane was performed using
Gram-negative and Gram-positive bacteria. PSU lm samples
were cut having a width of (50 mm) and then placed into
a sterile Petri dish and then bacterial suspension of 0.4 mL was
poured onto the lm and the sample was covered with a poly-
ethylene square lm. Then the antibacterial rate was measured
using the following eqn (5).

R = N0 − N/N0(100) (5)

N0 represents the average number of viable bacteria on neat PSU
and N represents the number of viable bacteria on the PSU/GO–
Ag lm aer antibacterial examination. The above-mentioned
990 | Environ. Sci.: Adv., 2024, 3, 983–1003
use is because of their bactericidal capability to prevent bacte-
rial contamination. GO and AgNPs show antibacterial properties
(inhibition of bacterial growth) against Gram-positive as well as
Gram-negative bacteria. The antibacterial effect of GO–Ag
membranes is due to the fact that this material functions as
a conducting bridge for the electrons emitted during respiration
and fermentation processes to increase the concentration of
reactive oxygen species (ROS). The ROS disturbs the balance of
the metabolic process of bacteria and also accounts for
membrane damage. Besides causing imbalance in the metabolic
process and damage to the membranes, this membrane releases
Ag ions, which go into bacterial cell walls and have interaction
with the biochemical material and cause damage to the nitrog-
enous base and hereditary material DNA and hence result in
decreased cellular activity. Experimental studies indicate that the
anti-bactericidal properties are very high for E. coli (83%) and S.
aureus (58.5%) when using the PSU/GO–Ag nano-composite
membrane. This difference in antibacterial properties for
Gram-positive bacteria and Gram-negative bacteria may be
attributed to variations in the nature of the cell membrane and
the biochemical composition of each type of bacteria. This type of
membrane is therefore considered an excellent candidate for
medical uses because of having antibacterial properties.138
6.3 PSF/GO zinc oxide membranes

ZnO nanoparticles (ZnO NPs) are benecial for the membrane
process in desalination because of having anti-fouling and
antibacterial properties.139 Compared with other NPs, ZnO NPs
are cost effective, biocompatible and considered more appro-
priate for the preparation of nanocomposites.140 The ZnO
incorporated into the PSF/GO membrane possesses enhanced
porosity (83.00 ± 1.18%) compared to neat PSF 52.20 ± 0.28%.
These membranes possess a high permeate ux of 35.03 L m−2

h−1 and a reduced contact angle of 52°, showing more hydro-
philic nature than that of PSF/GO.97 The rejection behaviors of
PSF–ZnO–GO (ZG3), PSF polymer and PSF–ZnO (Z2) have been
compared by applying humic acid as an organic foulant in
solution form. The PSFmembrane shows a humic acid rejection
of 52% and the ZG3 membrane shows 99% rejection of humic
acid. ZG3 showed high permeability and excellent rejection
capability. This is because the anti-fouling properties of the
membrane are modied due to the hydrophilic character of GO
and ZnO–GO NPs. Consequently, the hydrophilic nature
decreases the adsorption of organic pollutants within the
membranes.141,142 This increased hydrophilicity is due to the
high polarity of ZnO NPs and the presence of epoxy, hydroxyl
and carbonyl functional groups on GO nanosheets, which
increase antifouling properties or minimize humic acid
adsorption on membrane surfaces. These more hydrophilic
membranes showed a higher affinity of nanoparticles towards
water instead of organic matter, thus causing a minimum
hydraulic resistance.143 The antifoulant behaviour is dependent
on the hydrophilicity of the membrane and this hydrophilicity
can be changed due to the presence of oxygenated groups in the
ZnO–GO nano-hybrid.144,145 ZnO nano-particles act as an anti-
microbial agent in many applications because they are bio-safe
© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials.146 ZnO NPs show antibacterial properties against
Bacillus subtilis and Escherichia coli 45, which inhibit bacterial
growth and propagation. ZnO NPs disturb the bacterial cell
integrity by direct interaction. This also causes the generation of
the ROS, which releases superoxide anions and hydrogen
peroxide, and hydrophilic membrane surfaces cause less
adhesion of E. coli. PSF–ZnO–GO shows antibacterial properties
due to the increased transfer of electrons to contribute to more
ROS generation and hence destroys the bacterial cell.147,148

6.4 PSF/GO-bovine serum albumin membranes

Bovine Serum Albumin (BSA) is a protein of serum (derived
from a cow) with wide biochemical application143 and routinely
employed as a concentration standard for proteins. BSA can
interact with different carbon nanomaterials.149 Huang et al.
reported a PSF/GO membrane with a ux of 641.7 L m−2 h−1

that is 3 times the ux of pristine PSF membranes (229.2 L m−2

h−1) under 0.1 MPa pressure. This membrane possessed
98.22% rejection for protein, 47.75 nm pore size, 78.07%
porosity and excellent hydrophilic character.150 Chemically
modied BSA has also been used as glue with GO to bind
enzymes without any loss in enzyme activity.151 A dye rejection
study is done with the composite (GO–PSF) using intermediate
BSA. Its mechanical strength, pore size and contact angle are
altered by adding GO to the PSF membrane, which generates
a center for binding of BSA. The molecular structure as well as
the properties of BSA help it to interact with GO and textile dye
(reactive orange), making it possible for the ltration of dye. The
pH has a major effect on the dye sorption and ltration mech-
anism. Experiments have been reported with three PSF
membranes different from each other and having different
concentrations of GO (2, 4 and 8%) at different pH. It has been
proven that addition of 2% GO at pH 7 is the optimal condition
for the binding of BSA. The carboxyl group of graphene binds to
the amine group of BSA through covalent linkages. Membranes
having 2% GO at pH 10 showed maximum dye rejection capa-
bility. Besides pH, contact time also affect the ltration mech-
anism. Higher the contact time between dye and protein
molecules, the higher will be the rejection capacity.141,152

6.5 PSF/GO matrix membranes

Polysulfone graphene oxide mixed matrix composite
membranes (MMMs) have been synthesized by the process of
Table 1 Comparison of the properties of various types of modified GO–

Types of membranes
Pore size
(nm)

Porosity
(%) Rejection

Con
ang

GO–PDA–PSF nanosheets 21.16 81.02 98% 69°
PSF/GO–Ag nanocomposite
membrane

2.1–2.4 78% 78.5% 54.7

PSF/GO–ZnO membranes 41.40 83 99% 52°

PSF/GO BSA membranes 47.75 78.07 98.22% 57°
PSF/GO matrix membranes 2.44 68.5 95.6% 65°

© 2024 The Author(s). Published by the Royal Society of Chemistry
phase inversion.153 Abdalla et al. reported PSF/GO–NH2 with
properties including 68.9% porosity, 65° contact angle, 95.6%
oil rejection, 2071 LMH bar−1 permeability and maximum
hydrophilic character for 0.2 wt% GO–NH2.154 Required
amounts of graphene oxide (0, 0.05, 0.1, 0.2, and 0.4) and
0.8 wt% relative to PSF are dispersed, which is carried out by
sonication in dimethylacetamide (DMAc) for ve minutes. A
solution of 80% N-DMAc/GO, 15% PSF and 5% PVP is prepared
by overnight stirring. Aer this nano-composite solution is
degassed in a sonication bath for 10 minutes and then this
solution is cast on a glass plate by using a membrane casting
machine. Then aer half a minute the glass plate is dipped in
a deionized water containing coagulation bath for ve minutes
and then the coagulating lm is stored in deionized water (UP,
ultra-pure water) for three days.153

This composite membrane shows better mechanical and
thermal performance as compared to PSF. The reported result is
that the tensile modulus and tensile strength are also increased
by the incorporation of GO from 153 MPa to 330 MPa and from
3.5 MPa to 5.6 MPa, respectively.155

Interfacial polymerization is also a technique used to
prepare thin lm composite membranes with or without gra-
phene oxide on the top surface of polysulfone membranes.
Hosseini et al. reported this process including washing (with
deionized water), spreading of metaphenylene diamine (MPD)
having additives (sodium lauryl sulfate and camphor sulfonic
acid) on a polysulfone substrate, initiation of interfacial poly-
merization by trimesoylchloride solution (in hexane), and
removal of excess organic solution, followed by heat treatment
of the PSF membrane at 65 °C for the thin lm composite
membrane. Aer this washing is done with water and then
these membranes are stored in water. For the preparation of
a graphene oxide incorporated thin lm/layer composite
membrane, the same process is followed and the only difference
is the use of MPD/GO aqueous solution (Table 1).156
7. Applications of GO–PSF
membranes
7.1 Removal of organic pollutants

Bisphenol A (BPA) is generally used for the synthesis of plastics
and found as a pollutant in small amounts in water due to its
low solubility. BPA is a hazardous pollutant of water bodies.107
PSF membranes

tact
le

Permeate
ux L
m−2 h−1 Operating conditions Pollutants Ref.

650.52 37 °C, 0.1 MPa BSA 131
1° 141.6 37 °C, 7 bar, stirring at 300

rpm
Fe2+ 132

35.03 5 bar sheet thickness 4 cm Organic
pollutant

97

641.7 0.1 MPa BSA 150
207.1 1–7 bar Oil 154

Environ. Sci.: Adv., 2024, 3, 983–1003 | 991

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00058g


Environmental Science: Advances Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
5 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4/

07
/0

7 
23

:1
9:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
This pollutant disturbs the endocrine function. It can cause
liver damage, (THD) and cancer.157 Traditional methods are not
good for the removal of BPA. For the removal of this pollutant,
membrane physiochemical separation techniques are
feasible.158

Nano-composite membranes show better performance when
regarding BPA removal and permeate ux. This permeated ux
has linear relationships with the GO content of the membranes,
meaning that permeated ux increases when the graphene
oxide content increases. The BPA rejection efficiency is highest
for the nanocomposite-membrane having 0.4% GO. There are
various factors that affect the BPA removal efficiency. The BPA
rejection efficiency is enhanced by lowering the operating
pressure and enhancing the BPA concentration. When the BPA
concentration is high, then less time is required for the removal
of BPA because of enhanced electrostatic repulsion of negative
charge with the membrane negative charges. pH also affects the
rejection efficiency of BPA. Increased pH results in increased
electrostatic repulsion and hence leads to higher BPA rejection
and also reduced operating time.107

Methylene Blue (MB) is a cationic dye and hazardous
because its exposure results in jaundice and an increased heart
rate. Hence, removal of dye from water is essential to avoid its
health risks.159 PSF exhibits low adsorption of dye. An increase
in the adsorption of MB dye has been reported upon using
a PSF/GO nanocomposite (generated by a phase inversion
Table 2 GO–PSF derived materials for the removal of organicsa

Adsorbent Adsorbate
Ad
(m

Alg/GO Methylene blue 12.
GO–PAMAM Oil 120
PSF–TiO2/GO TDS (from rubber) NA
(P(Aam-IA)/GO–PEI) Azo dyes (cationic (crystal violet)) 390
SA/GO@Fe3O4/CS Methylene blue 21.

Neutral red 44.
Safranine T 44.

CS/AAm/IA/GO Methylene blue 247
rGO/MMT/XDV Rhodamine 482
rGO/XDV Toluene 500
b-CD/GO Organic dyes (methylene blue) 76.
SA–GO Tartrazine 420
MOF-525/GO Tetracycline 436
SA–HEC/GO Crystal violet 312
GO
rGO

Methylene blue 33
Methylene blue 200

Fe3O4@GO@AHSA Methylene blue 286
PSF/GO/poly(MMA-co-GMA) Oil NA

BSA
PSF–MMMs–GO Oil NA
GO–CuO@CA–PES Methylene blue 37.

Rhodamine blue 30.
Congo red 20.
Methyl orange 6.7

RGO–PEG–ZnO 2,4-Dichlorophenol (2,4-DCP) 570
Phenol 531
2-CP 511
Bisphenol-A (BPA) 485

a NA: data not available.

992 | Environ. Sci.: Adv., 2024, 3, 983–1003
method). The adsorption efficiency increased approximately
20% for PSF/GO composite membranes in comparison to PSF
membranes. This increase is attributed to the negatively
charged groups of GO on the polysulfone membrane surface.
The observed ease in the absorption of methylene blue was due
to electrostatic interactions between positively charged MB and
the negatively charged membrane surface.90

PSF modied with GO (1% weight) exhibits organic removal
up to 70%. The doping of GO in PSF gives additional properties to
the membranes.160 Ion adsorption and Gibbs Donnan exclusion
are operative mechanisms in the rejection performance of
membranes. GO imparts negative charges to the membrane on
account of deprotonated carboxyl groups. The negatively charged
surface repels anionic species and facilitates the adsorption of
positively chargedmetal cations. Higher the quantity of GO in the
membrane, easier will be the adsorption of dissolved ions
(having position charge) and hence lower the total dissolved salt
concentration (TDS) in water.161 Ammonia exists in the form of
ammonium ions in water bearing positive charge. The pH of
natural rubber wastewater was 6.6. This phenomenon shows that
equilibrium shis towards the ionized form (ammonium ions)
having a positive zeta potential effect on the separation proper-
ties of membranes particularly for charges to be separated. These
positively charged ions are adsorbed on the negatively charged
membrane surface (Table 2).162
sorption capacity
g g−1) Parameters Ref.

64 25 °C, pH = 7.78 163
4 recycles 164
pH = 8–8.5, C 335 mg L−1 160

.6–774.46 0.2% GO wt 165
325 5 recycles 166
654
313
.47 C0 5 mg L−1, pH = 8 167

5 adsorption/desorption cycle 168

4 70 °C, 60 min, adsorbent C = 0.04 g L−1 169
.36 Aqueous medium 170

303 K, pH = 3 171
.72 pH = 5 172
333 25 °C 173
0

37 °C 174
C 50–1000 mg L−1 104

C 0.05–0.8 wt% 114
1 273 K, C = 1 × 10−5 M & pH 9 175
05
20
9
.641 25 °C, pH = 7 176
.804
.248
.756

© 2024 The Author(s). Published by the Royal Society of Chemistry
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7.2 Removal of salts

Desalination is an important method for fresh water augmenta-
tion by removal of salts and minerals from saline water.177

Membranes used for the desalination process require modica-
tion in terms of antifouling properties, water ux and salt rejec-
tion. The development of nano-elds leads to addition of nano-
materials in polymeric membranes for desalination techniques.
Advanced membrane materials have an inuence on desalina-
tion processes, including reverse-osmosis, membrane distilla-
tion, forward-osmosis, pervaporation, and electrodialysis.178

Desalination membranes require hydrophilicity. For
increasing hydrophilicity and salt rejection, PSF membranes are
modied with GO. MGO has amphiphilic nature, and water
molecules are adsorbed rst at terminal hydroxide (hydrophilic
nature) and then rapidly diffused in the carbon core (hydrophobic
and hence a creating water channel), which enhances the
permeation ux. This thin carbon sheet when incorporated in PSF
increases the properties of PSF at low concentration. Besides
increasing the salt rejection, water uptake also increases the water
uptake with increase in GO in the membranes. This relationship
is due to the presence of hydrophilic sites in GO, which result in
increase in the uptake of the solvent. Three factors affect the water
uptake potential of the membranes and are the membrane
morphology, number of hydrophilic sites in the membranes and
pH. GO doping also increases macro-voids in the PSF sub-layer.
This increase in macro-voids results in increase of the uptake
capacity of the membranes. Solvent uptake increases with
increase in pH in GO/PSFmembranes. Through ion dipole forces,
negative charges (on GO) interact with molecules of water,
resulting in more water uptake. When pH increases, hydrogen ion
concentration decreases and hence equilibrium reactions shi
toward the right, producing more negative ions.179

For salt rejection PSF/GO nano-composite membranes can
also be used. A salt rejection study has been performed through
nding rejection in 1000 ppm Na2SO4 and NaCl solution at
various operating pressures. The solute rejection is directly
proportional to GO content in composite membranes.
Membranes having 2000 ppm GO content show an optimum
rejection of 72% for Na2SO4 at an operating pressure of 4 bar. The
low pH of feed solution induces low rejection. This low rejection
is because of small dissociation of ionizable species and reaction
shi toward the le, which produces less negative charge or
fewer cation exchange groups. This also indicates that the
membrane has negative charge on the surface. The functional
group dissociation is also a cause of the appearance of negative
charges found on graphene oxide. At higher applied pressure, the
rejection efficiency of PSF/GO is decreased as compared to that at
low pressure. The pristine PSF membrane shows poor rejection
efficiency as compared to PSF/GO nano-composite membranes.
The rejection efficiency is highest when 2000 ppm GO is doped
into PSF membranes. PSF/GO membranes show higher rejection
of Na2SO4 as compared to NaCl. This increased rejection of
Na2SO4 is because of negative charges on the membranes, which
strongly repel SO4

2− in contrast to chloride ions due to smaller
hydrated ionic size.180 Hence, the low rejection of NaCl by the
membranes is attributed to the small effect of Donnan and size
© 2024 The Author(s). Published by the Royal Society of Chemistry
exclusion. GO nanosheets are incorporated in polysulfone to get
a polysulfone graphene oxide composite membrane support
layer. Aer this polyamide layers are generated on polysulfone
GO through interfacial polymerization for a thin lm composite
for forward osmosis (TFC-FO membranes). The membrane
permeability for water molecules is increased by a suitable
amount of GO in PSF.112 The problem of water storage arises due
to economic development and population growth. To overcome
this water shortage, one solution is sea water desalination for
substituted resources of water. The technology of forward
osmosis (FO) membranes is implemented for desalination181 and
wastewater treatment.182,183 The FOmembrane is semi-permeable
and across it a gradient of osmotic pressure induces the transport
of water. TFC membranes show high permeability for water
molecules and low reverse permeability for solute molecules. The
FOmembrane containing a thin lm composite has a slim active
layer, which is formed from polyamide with a permeable struc-
ture. This polyamide layer (PA) is liable for large salt rejection and
promotes the transport of water molecules. GO is an excellent
material to modify TFC-FO membranes because of possessing
various oxygen containing functional groups.184 GO with a high
surface area to volume ratio facilitates effective interaction with
the matrix of polymer. The addition of GO also reduces the
contact angle that corresponds to higher hydrophilicity and this
increased hydrophilicity results in increased water permeability
for composite membranes. The addition of GO beyond 1% cau-
ses the reduction of favorable structural properties, which affects
layer preparation for PA rejection and water permeability. This
reduction in permeability and rejection for higher contents of GO
is because of unequal GO dispersion in the PSF and leads to
membrane formation having smaller pore size, resulting in an
adverse effect on membrane salt rejection.185,186

7.2.1 Regression error. Regression models are applied to
study the statistical effects of various parameters on the desali-
nation performance of membranes. The given relationship deter-
mines how the empirical equation is employed to approximate the
experimental data regarding the independent process variables.

Y ¼ b0 þ
Xn

i¼1

bi Xi þ
Xn

i¼1

biiXi
2 þ

Xn�1

i¼1

Xn

j¼iþ1

bijXiXj

where Xi and Xj are the dimensionless coded variables, Y is the
expected response, b0 indicates the constant, bi, bii, and bij are
the linear, quadratic, and interaction regression coefficients,
and n is the number of design variables.187 A determination
coefficient (R2) is also used to elucidate the model data derived
from experimental data and it also determines the removal
efficiency of the membrane. The ratio of the model's sum
square to the sum square of y was dened as R2.188

R2 ¼ SSmod

SStot

7.3 Removal of metal ions

The biochemical process within the human body involves some
heavy metals like Zn, Cu and Mn. Unfortunately, excessive
exposure to these metals causes an adverse effect and some
Environ. Sci.: Adv., 2024, 3, 983–1003 | 993
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heavy metals including cadmium, mercury and lead are toxic
because these metals are non-biodegradable and hence can
store in the human body. These metals should therefore be
removed from water.189

Commercial GO based nano-ltration membranes are
available for heavy metal rejection. These commercial
membranes have been used successfully for the treatment of
copper, cadmium, manganese, and lead under a pressure of 4
bar for 1000 mg L−1 initial concentration of heavy metal. Metal
salts are successfully rejected according to Donnan exclusion
theory. There is a signicant role of Donnan repulsion as well as
the adsorption mechanism in rejection. This composite
membrane shows greater adsorption (Table 3) due to the exis-
tence of reactive functional groups, including the carboxylic
group on the membrane's surface and due to porous additives
in the membrane's structure.77 Arsenate rejection up to 83%
occurs at basic pH. The predominant mechanism in arsenate
rejection is Donnan repulsion.190 Lead is a heavy metal and
exists in divalent form. Lead damages the kidney, brain and
reproductive system in humans. Uncoupling of ionic species
through nano-ltration membranes is dependent on
membrane charges and the membrane pore radius. A porous
membrane possessing smaller pores has potential for the
retention of charged species, and highly charged membranes
have more potential for the exclusion of co-ions (similarly
charged ions to membranes). A lead rejection experiment has
been reported at various pressures 1, 2, and 3 bar at solution pH
6. Aer 30 minutes, the permeate sample is collected and
quantitative analysis is performed by measuring rejection for
lead ions. At 1 bar pressure, 1% GO content membranes are
reported to show high rejection. PSF/GO nano-composite
membranes exhibit lower ux for lead nitrate solution as
compared to pure water. The ux decreased but it was still
higher than the ux when only PSF membranes were used.
Table 3 GO–PSF derived materials for the removal of inorganicsa

Adsorbent Adsorbate
Adsorptio
(mg g−1)

GO–Ch Cu cation 58.5
GO–Fe3O4/PSf NaCl NA
rGO@CDs As(V) 87.6
PSF–GO/Pt Nitrate NA
PSF–PVA–SA–GO As(III) NA
PSF–MMt–GO Hg(II) 144.89
PSF–ZnO Cu(II) 84
GO–Fe3O4 Cu(II) 18.1
Sr–GO–MMT–PSF Cu(III) 101.83
GO–EDA–Al2O3 Na+, Mg2+, SO4

2− NA
Lignin–PNMA–rGO Pb(II) 753.5
GO–EDTA–CS Hg(II) 324

Cu(II) 130
GO/PEI Cu(II) 150.9
MXene/GO U(VI) 1003.5
CS–GO–DO/ZnO Uranium 561.09
Lignin/GO–PSF Pb(II) 71.32

a NA: data not available.

994 | Environ. Sci.: Adv., 2024, 3, 983–1003
When only the PSFmembrane was used, the ux for lead nitrate
was higher than the pure water ux. This increase is due to pore
opening and the absence of graphene oxide that can retain the
lead ions. Membrane rejection efficiency decreased with
increase in pressure. A higher pressure results in increased
permeability for water molecules, which causes lead ions to
pass through membranous pores by convection. GO addition
develops negative charges on the membrane, which cause the
adsorption of lead ions (positively charged).191

Donnan exclusion (charge–charge repulsion) in arsenic
removal occurs from water when using nano-ltration
membranes having negative charges. As (5) and As (3) have
different rejection capacities by the membranes when the
concentration of arsenic feed water solution is changed. By
enhancing the concentration of arsenic feed, the rejection effi-
ciency of As(V) is also expanded from 60% to 90% by increasing
the concentration of arsenic feed from 10 to 316 mg L−1. The
rejection efficiency of As(III) is decreased by increasing the
arsenate feed water concentration. The arsenate rejection effi-
ciency is decreased to 5% from 28% by increasing the arsenic
feed concentration from 10 to 316 mg L−1. The rejection effi-
ciency of As(V) decreases by decreasing the pH. However, the
As(III) rejection efficiency is affected by the pH. This information
is obtained on the basis of membrane pore size and charge.
Donnan exclusionmechanisms are the reason for high rejection
efficiency instead of relatively large membrane pore size. The
separation results show that for highly charged species As(V)
rejection the employed mechanism is Donnan exclusion. The
reported arsenic rejection survey determines that the main
factors affecting the separation (As(V) and As(III)) are the pH and
concentration of bulk solution. The separation of As(V) was
found to be within 60–90% for the feed concentration of arsenic
of 10 and 315 mg L−1. The rejection was decreased to 5% by
adding 10 mM NaCl. There, rejection is due to electrostatic
n capacity
Parameters Ref.

20 � 2 °C, pH = 7, 20 g L−1 196
27.79 g mL−1 197
100 mg L−1, 40 bar 198
50 mg L−1, 3 bar 199
5 mg L−1 200
150 mg L−1, pH = 2 201
pH = 7 202
Basic conditions 203
pH = 6 204
pH = 7–11 205
pH = 5.1 206
pH = 5.10–8.30 207

pH = 5.5 208
pH = 6.0, 298 K 209
— 210
pH = 7.0, 300 rpm 211

© 2024 The Author(s). Published by the Royal Society of Chemistry
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repulsion that exists between the co-ion HAsO4
2− and the

negatively charged membranes. The decrease of rejection effi-
ciency by adding salt is because of charge exclusion decrease
due to increasing salt concentration in the test solution,
therefore lowering the separation of As(V) oxyanions. According
to Hodgson, the ionic separation of different species can be
enhanced using solutions of various solutes due to the presence
of more permeable ions of the same charges.192 Hence the
rejection of As(V) can be increased by the addition of bicar-
bonate ions that are more permeable than As(V). When feed
arsenate concentration increases, As(III) separation decreases.
This decrease is because when feed arsenate As(V) and As(III)
concentrations increase, the diffusion and convection of
uncharged species increase. This increase in the diffusion and
convection of As(III) results in a decrease in its rejection. At low
pH, As(V) rejection is also low and rejection of As(III) is inde-
pendent of the pH. There are multiple factors that contribute to
the decrease in the rejection of As(V) at low pH. In other words,
the negative charges on the membranes are less at low pH, thus
decreasing the Donnan exclusion for oxyanions of As(V). The
As(III) rejection is independent of pH in the range of 4.5 to 8.5.
This is because it remains unchanged in this range. The As(III)
removal is due to steric exclusion, which is small and therefore
its rejection is not affected by the change in the membrane
properties.193

Dhara et al. reported a lignin/GO–PSF membrane (synthe-
sized by phase inversion) for the removal of Pb(II) from water.
Filtration operations were performed using an aqueous solution
of Pb and Eosin Y dye. The electrostatic interaction between
Pb2+ ions and negatively charged Eosin Y molecules created
a bigger Eosin–Pb complex. According to the best-model-t, the
adsorption process may entail multilayer physisorption.194

The separation performance of a ZnO–Al2O3–PSF mixed
matrix membrane has been checked in terms of permeation
uctuation and removal of ions (heavy metal), including As(V)
and Pb(II). The improved hydrophilicity, surface charge, and
porosity of the synthesized membranes allowed the removal of
As and Pb with efficiencies of 87% and 98%, respectively.
Filtration experiments have been reported at different pres-
sures. Increasing the number of nanoparticles (Zn and Al2O3)
gradually increases the rejection of heavy metals and perme-
ation ux; however increasing the number of nanoparticles
beyond an optimum number results in decrease in the rejection
efficiency of the membranes and this is because excess
Fig. 7 Scheme for the preparation of defective GO: (a) explosive therm
dGO with sorption sites.219

© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoparticles lead to larger porosity. Steric and Donnan exclu-
sion is the operating mechanism for the rejection of ions. As(V)
is an oxyanion and it exists in the hydrogen arsenate form
(HAsO4

2−) and dihydrogen arsenate (H2AsO4) near neutral pH
and removal of As(V) is in the combined form. As negative
charge causes electrostatic repulsion by anionic species on the
membrane surface and Pb2+ cations cause electrostatic attrac-
tion with the negatively charged membrane surface. Dielectric
exclusion also contributes signicantly to ion rejection, and it
also explains the high rejection that is observed in the nano-
ltration membrane in ionic solution having divalent counter
ions. As(V) exists in the monovalent state H2AsO4

− and hence it
is affected slightly compared to Pb2+.195
7.4 Removal of radionuclides

Graphene oxide has high potential for radionuclide sorption.
GO synthesized by Hummers' method (HGO) exhibits a high
sorption capacity of radionuclides as compared to GO generated
by the Brodie method (BGO). BGO shows fewer defects and
contains a high relative concentration of hydroxyl groups and
even functional group distribution over the surface.212 Fig. 7
presents an illustration of the formation of HGO defects and
sorption sites. HGO exhibits a larger number of carboxyl and
carbonyl groups possessing numerous holes and increased
sorption capacity of HGO towards radionuclides due to inter-
actions with the carboxylic group on GO akes.213 HGO is used
to produce reduced graphene oxide (rGO), which is then
oxidized by HM, resulting in the formation of defective gra-
phene oxide (dGO). This dGO exhibits enhanced sorption of
radionuclides due to a larger number of defects and doubly
bonded oxygen. This rGO is generated by thermal standard
HGO molting.214 This reduced graphene oxide undergoes
further oxidation, which results in the multiplication of defects.
The gas pressure inside the interlayer is developed due to the
high rate of generation of carbon oxides and explosion.215 The
strong explosion and heating result in the maximum surface
area and maximum number of defects.216–218 The carboxylic
group which is present inside the hole of dGO is the sorption
site for the elimination of radioactive waste from aqueous
solution.

The sorption of U(VI), Am(III), and Eu(III) has been reported
for the examination of graphene oxide defects and the HGO
standard. U(VI) is present in the form of a cation that is the
al-exfoliation of GO, (b) Hummer's oxidation of defective rGO and (c)

Environ. Sci.: Adv., 2024, 3, 983–1003 | 995
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uranyl cation UO2
2+ possessing +2 total charge and +3.2 effective

charge. Am(III) has +3 charge. dGO has great sorption potential
for both U and Am over a wide range of pH. dGO shows higher
sorption because of higher carboxyl group concentration than
HGO. Hence the sorption isotherm for radionuclides has been
applied to nd functional group contents. The sorption capacity
of dGO is 15 times more for U(VI) and 2 times for Am(III) as
compared to pristine HGO. Radionuclides bind to various GO
types, and carboxylic acid present on the boundaries of small
holes is the reason for the sorption of cations including uranyl
cations. dGO exhibits 15 times more sorption for U(VI) and 2
times for Am(III). This huge increase in the sorption of uranyl is
due to even uranyl distribution over the dGO akes. This uranyl
cation is bound to the carboxylic group. This carboxyl group is
found inside of small holes in dGO. dGO shows higher sorption
capacity due to this increase in the defect and hence can be used
in the treatment of radioactive waste.214

Graphene is considered an excellent adsorbent because of its
high surface to volume ratio.220 But graphene has one disad-
vantage; it causes aggregation and hence promotes the precip-
itation of aqueous solution that hinders its application. The
dispersion properties can be increased by graphene oxide for
which graphene is the precursor, and it can be applied as an
adsorbent for radionuclides. Adsorption is a surface phenom-
enon and is regulated by surface functionalities. Graphene is
modied with functional groups to enhance the adsorption
potential for pollutants by increasing dispersion in solution and
decreasing the self-aggregation.221 Amidoxime is graed on
graphene oxide. Amidoxime has hydroxyl and amino groups
that are used for improving the performance of adsorbent
adsorption for aqueous solution containing heavy metal ions.222

pH also affects the adsorption of radionuclides on poly ami-
doxime reduced graphene oxide (PAO–rGO). The adsorption of
Sr(II) on the PAO–rGO composite increased from 7–73% in the
pH range 2–11. The pH change can increase or decrease the
metal ion adsorption by changing Sr(II) distribution in the
solution and charges on the adsorbent surface through disso-
ciation of the functional group.223 When pH is low, the func-
tional group on the adsorbent surface is less dissociated. As
a result, less Sr(II) is adsorbed and increasing pH causes nega-
tive charges on the adsorbent surface and increases the
adsorption potential.224 The zeta potential at different pH is
examined to study the pH effect on radionuclide removal. The
membrane or adsorbent surface is positively charged at pH less
than 4.2 due to protonation of the PAO group. However, when
pH is more than 4.2 the composite membrane gains a negative
charge, which causes an increase in the binding of positive
radionuclide ions. Hence, the trivalent ions having a positive
charge on Eu possess a higher binding than positively charged
divalent ions Co. From the above-mentioned information, it can
be concluded that the adsorption of radionuclides is due to the
interaction of ions having opposite charges.223 Sr is a radionu-
clide, and it enters the body and replaces calcium and it
damages the organs of the body and is hence responsible for
causing diseases.225 Hence it is very important to remove
strontium from wastewater. The interlamellar spacing of GO
using polyvinyl alcohol increases, which enhances the exposure
996 | Environ. Sci.: Adv., 2024, 3, 983–1003
of the active site and increases the adsorption capacity of GO
towards strontium. The PVA/GO aerogel possesses monolithic
morphology. This unique morphological feature endows the
aerogel with a unique feature of convenient separation. The
reported result indicates that the adsorption of strontium does
not depend on temperature. PVA/GO at pH 7 exhibits a high
removal efficiency of up to 79.13. Under a low pH or acidic
environment, the carboxyl group of GO is protonated and the
Sr(II) adsorption is decreased because of electrostatic repul-
sion.226 Under a higher pH or basic environment, the deproto-
nation of the carboxyl group of GO occurs, and the presence of
the hydroxyl group therefore destroys the H bond and as
a result, aggregation of GO leading to reduced active sites has
been observed. The selectivity of PVA/GO can be checked in the
presence of various competitors like Na1+, K1+, Ca2+, and Mg2+.
The competitive effect depends on the nature of Sr(II) ions, and
this ability follows the decreasing trend Mg2+ > K1+ > Na1+. This
competitive ion decreases the adsorption performance of Sr
when the ratio is set as 40/1. Moreover, the hydrated ionic
radius of divalent ions is comparable to that of strontium, and
thus they also have a much greater inhibition effect on the
immobilization of Sr2+. The adsorption mechanism of Sr
includes two aspects: interaction developed between the pi
electron domain of GO sheets and Sr(II) and strong complexa-
tion between Sr(II) and COOH/OH groups. Both of the above
aspects decrease the interlamellar spacing among GO layers
and hence cause deformation along GO planes.225
8. Simulation studies of PSF
membranes

Simulation studies give information related to the microstruc-
ture of nanocomposite polymer membranes. In addition, these
studies give fast and computationally inexpensive information
about calculated properties, which include end to end distance,
d spacing of microstructural plates and free volume of the
polymer chain with high accuracy compared to experimental
data.227

Force gives a statistically consistent set of system congu-
rations along with a complete description of quantum
mechanics.228,229 Within a statistical framework, discrete and
random samples are used in the Monte Carlo (MC) simulation
approach. It is frequently used in thermodynamic systems,
especially when examining atomic migration and related
phenomena. Defects in layered 2D nanomaterial membranes
were studied using Monte Carlo simulations in order to
understand how their layered structure forms and how this
affects molecular transport, namely permeability and selec-
tivity.230,231 Independent pathways have different probabilities of
permeability because molecules prefer paths with a lower
barrier. The effective path length was given by eqn (6)

Le ¼ nTPnp
i¼0

ðaLV þ LHÞ�1
¼ 1

z

2
664 npPnp

i¼0

ðaLV þ LHÞ�1

3
775 (6)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a and b) Side view and top view of the optimized position of Pt-
nanoparticles on the surface of GO, and (c) optimized nitrate-inter-
action with the GO/Pt surface and bond lengths (Å).199

Critical Review Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
5 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4/

07
/0

7 
23

:1
9:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
where nT and nP are the total number of probes and the number
of probes passing through the membrane; z is the ratio of nT
and nP, a is the weighting factor, and LV and LH are the vertical
and horizontal path length, respectively. Since the path length
that water molecules take through the laminate determines the
water permeability, which is inversely proportional, the average
permeability P is therefore determined using the harmonic
mean as the function that is followed.

\P$
1

rHLe

where rH represents the horizontal-resistance per unit-length.
The salt-rejection was given as eqn (7)232
Fig. 9 Illustration of the performance of the NPG membrane for the rem

© 2024 The Author(s). Published by the Royal Society of Chemistry
R ¼ 1� Cp

Cm

¼
A

B
ðDp� DPÞ

1� A

B
ðDp� DPÞ

¼
PwVw

PsRgT
ðDp� DPÞ

1þ PwVw

PsRgT
ðDp� DPÞ

(7)

The atomic-scale investigation of mass transport theory in
graphene-based membranes is greatly aided by molecular
mechanics-based MD simulation.233,234

Recently, Khajouei et al. performed the simulation investi-
gation (Fig. 8) of a GO–Pt/PSF membrane for nitrate removal
using simulating soware OPEN-MX. The results showed that
0.75 wt% GO/Pt nanoparticles have the highest stability in the
membrane.

Yang et al. reported a simulation examination of a single
layer nanoporous GOmembrane (NPG) for the desalination and
removal of small organic pollutant molecules from water. Seven
organic molecules including methanol, phenol, 2-propanol,
pyrrole, n-nitrosodimethylamine and urea were considered to
recognize the molecular factors that promote organic removal.
The reported results demonstrated that water-organic permse-
lectivity for small pores having hydroxyl functionalities is
higher. The pore-size sieving mechanism was observed for the
separation of organic molecules. Fig. 9 shows that transport
through the NPG membrane decreases with an increase in
molecular size.229,235
9. Challenges and future prospects

The performance of PSF–GO derived membranes in removing
pollutants from contaminated water has been impressive.
However, there are several challenges associated with scaling up
their applications. Firstly, research has demonstrated that the
issue of GO aggregation within polymeric networks can be
addressed through the functionalization of graphene oxide.
oval of organic molecules.229
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This functionalization prevents agglomeration in polymer
systems, particularly in the presence of sulfuric acid. Further-
more, sulfonated graphene oxide can be readily produced from
graphene oxide and features negatively charged clusters that
enhance hydrophilicity and dispersion and prevent fouling.236

Secondly, limited adhesion between the GO layer and the
substrate, since GO lms are commonly produced using the
drop-casting method, poses a challenge for the composite
structure. Nevertheless, studies have demonstrated that the
weak attachment can be improved by applying surface modi-
cation techniques.237

In recent times, a new nano-architecture has been intro-
duced that utilizes GO-assembled 2D channels with a specic
interlayer height of a few nanometers. This design is intended
to facilitate rapid transport and enable specic gas sieving
through the use of carefully craed external forces.238 In order to
enhance the hydrophilicity of a lm, various techniques have
been employed, including surface coating, interfacial polymer-
ization, and layer-by-layer assembly, each presenting specic
challenges. While surface coating effectively reduces the
number of surface pores on themembrane, it does not affect the
membrane's internal pores. However, the intricate procedures
involved in polymerization techniques, including interfacial
polymerization, increase the yield of the lm. An alternative
approach is to improve the antifouling performance by
increasing the hydrophilicity of the lm by incorporating
hydrophilic nanollers into the bulk polymer network to
produce a hybrid ultraltration membrane.239

The majority of existing research has focused on the indi-
vidual performance of each pollutant. However, it is extremely
difficult to adsorb both organic and inorganic pollutants
simultaneously with high adsorption. In the near future, it is
crucial to direct research efforts towards making specialized
modications to these membranes, to achieve improved
performance in the removal of multiple contaminants while
maintaining their durability.

10. Summary

Graphene oxide–polysulfone membranes have demonstrated
great potential for water purication. These membranes exhibit
exceptional adsorption capacities for organic and metal ions.
Recent research has enabled them to overcome their resistance
to high pH and harsh chemical conditions. The fabrication of
these membranes results in a superior porous structure, high
compressibility, and cost-effective operation when compared to
other membrane systems. Additionally, various methods have
been employed to generate GO–PSF membranes, and their
separation performance was tested for the removal of organic
pollutants, such as methylene blue, rhodamine blue, congo red,
methyl orange, tetracycline, tartrazine, rhodamine, toluene,
and safranine T, as well as inorganics, including Cu(II), U(VI),
Na+, Mg2+, SO4

2−, As(III), Hg(II), NaCl and nitrates. The incor-
poration of GO into/onto PSF membranes provides a variety of
pore sizes and thermal stability and enhances hydrophilicity,
contributing to the adsorption capacities of the membranes.
Studies have also shown that Donnan exclusion is the primary
998 | Environ. Sci.: Adv., 2024, 3, 983–1003
separation mechanism for GO–PSF membranes. Overall, the
availability of PSF–GO derived membranes on a commercial
scale is rather limited. Therefore, it is imperative that current
research initiatives focus on enhancing and optimizing gra-
phene oxide–polysulfone membranes for water purication at
the industrial level.
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2021, 275, 130024.

196 N. Politaeva, A. Yakovlev, E. Yakovleva, V. Chelysheva,
K. Tarantseva, S. Efremova, L. Mukhametova and
S. Ilyashenko, Water, 2022, 14, 1430.

197 M. Nasir, Y. Purnama Utami, N. Faaizatunnisa,
L. Rohmawati, E. Suebah, A. Tauq and E. S. Sazali, J.
Water Environ. Nanotechnol., 2023, 8, 241–253.

198 I. Akin and E. Zor, J. Environ. Chem. Eng., 2024, 111976.
199 M. Khajouei, M. Naja, S. A. Jafari and M. Lati,

Micromachines, 2023, 14, 128.
200 S. Amiri, V. Vatanpour and T. He, Chemosphere, 2023, 322,

138159.
201 A. M. Alosaimi, Polymers, 2021, 13, 2792.
202 R. Mondal and S. De, Environ. Technol. Innovation, 2022, 26,

102300.
203 Y. Liu, Ceram. Int., 2018, 44, 18571–18577.
204 X. Hao, S. Yang, E. Tao and Y. Li, J. Hazard. Mater., 2022,

424, 127680.
205 C. Ding and H. Qi, Membranes, 2023, 13, 536.
206 S. Velusamy, A. Roy, S. Sundaram and T. Kumar Mallick,

Chem. Rec., 2021, 21, 1570–1610.
207 M. Verma, I. Lee, J. Oh, V. Kumar and H. Kim, Chemosphere,

2022, 287, 132385.
208 Y. Kuang, Z. Zhang and D. Wu, Sci. Total Environ., 2022,

806, 151258.
209 K. Li, T. Xiong, J. Liao, Y. Lei, Y. Zhang and W. Zhu, Chem.

Eng. J., 2022, 433, 134449.
210 N. Liu, H. Liang, W. Tian, C. Li, Q. Gao, N. Wang, R. Guo

and Z. Mo, Colloids Surf., A, 2022, 649, 129367.
211 S. Dhara, A. D. Sontakke, N. S. Samanta, R. V. S. Uppaluri

and M. K. Purkait, Sep. Purif. Technol., 2024, 126894.
212 A. V. Talyzin, G. Mercier, A. Klechikov, M. Hedenström,

D. Johnels, D. Wei, D. Cotton, A. Opitz and E. Moons,
Carbon, 2017, 115, 430–440.

213 A. S. Kuzenkova, A. Y. Romanchuk, A. L. Trigub,
K. I. Maslakov, A. V. Egorov, L. Amidani, C. Kittrell,
K. O. Kvashnina, J. M. Tour and A. V. Talyzin, Carbon,
2020, 158, 291–302.

214 K. Erickson, R. Erni, Z. Lee, N. Alem, W. Gannett and
A. Zettl, Adv. Mater., 2010, 22, 4467–4472.

215 H.-P. Boehm, A. Clauss, G. Fischer and U. Hofmann,
Proceedings of the Fih Conference on Carbon, 1962.

216 A. G. Klechikov, G. Mercier, P. Merino, S. Blanco, C. Merino
and A. V. Talyzin, Microporous Mesoporous Mater., 2015,
210, 46–51.

217 A. V. Talyzin, T. Szabó, I. Dékány, F. Langenhorst,
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