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ABSTRACT

Biofouling prevention is a critical challenge in the membrane-based water and wastewater
treatment process. Carbon-based nanomaterials which are having exceptional physical,
chemical, and electrical properties bring new technologies for addressing biofouling. This
paper highlights the novel membrane developments using carbon-based nanomaterials and
their potential applications for anti-biofouling technology and its recent cutting-edge
developments. Finally, this review also outlines future opportunities for carbon-nanomaterial

application in environmental systems.
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1.0 INTRODUCTION

Presently, the global water crisis and
especially the current water challenges
due to accelerating population growth
and rapid developments in industrial
and agricultural activities worldwide
have incited a drastic increase of
contaminants that are released into the
environment [1]. Membrane
technology researchers believe that
breakthrough  solutions can  be
achieved through cutting-edge
chemical engineering and technology.
The most common technology for
drinking  water  production  is
desalination  processes. Membrane
technology is now highly used for
desalination and water treatment, but
the energy and operational costs are
high, and membranes do not always
remove  emerging  contaminants.
Critical challenges in membrane
separations and filtration systems are

fouling such as scaling, colloidal,
organic, and biofouling, which leads
eventually to high energy demand and
less economic [2, 3].

Especially, biofouling control is one
of the greatest challenges in a pressure
driven membrane filtration system in
water and wastewater treatments [4].
For instance, only a small number of
bacteria that infiltrate the membrane
system are sufficient for biofilm
development. Biofouling negatively
affects the water flux and leads to high
energy demand, so to minimize energy
consumption, the development of
cutting-edge anti-biofouling
technology for desalination and
wastewater treatment is needed.
Although the chemical cleaning
(hypochlorite, acid, and base)
processes are in practice currently [5],
these chemicals most likely to
deteriorate the active layer of the
reverse osmosis membrane, and thus
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selectivity decreases eventually life
span decreases and frequent
replacements are needed [6].

The coupled nature of many important
processes, €.g., the energy required to
treat water and the water required to
generate energy, makes identifying
solutions at the water/energy nexus
particularly important [7]. Currently
the role nanomaterials and
nanotechnology are very important in
many environmental applications.
Many varieties of nanomaterials
having huge potential due to their
unique properties such as high surface
area and catalytic properties [8].
Electrically conductive nanomaterials,
in particular, hold great utility in many
applications, including but not limited
to the development of energy-storage
devices such as batteries,
supercapacitors, fouling-resistant
systems for desalination and water
treatment, enhanced separation
methods, and innovative biosensing or
electrocatalytic platforms [9,10]. In
this short article, the cutting-edge
technologies  based on  carbon
nanomaterials and their application in
tackling membrane separation issues
and solution will be highlighted.

2.0 BIOFOULING IN PRESSURE

DRIVEN MEMBRANE
PROCESSES
Microorganisms in wastewater

treatment systems tend to adhere to
membrane surfaces and form a gel
layer called biofilm, which serves as a
secondary membrane in the separation
process. An initial deposition of
planktonic bacteria on solid surfaces,
which overcomes the repulsive forces
between the bacteria cell and surface,
initiates the biofilm formation. It
causes an increase of fluid friction
resistance on the feed water side,
which increases feed pressure APgeed

and also overall hydraulic resistance of
the membrane  APmembrane  [11].
Treatment to remove fouling includes
cleaning in place (CIP) by using strong
bases, acids, and oxidizing chemicals
(i.e. chlorine) that are specific to the
fouling material [12]. Bacterial
adhesion and biofouling is a serious
problem in water filtration membrane
systems, industries, and medicinal
equipment [13]. It is very important to
minimize the organic carbon from
wastewater, thus limiting the major
substrate for the growth of biofouling.

3.0 ROLE OF NANOMATERIALS
AND NANOTECHNOLOGY

Many antimicrobial nanomaterials are
studied including their merits and
demerits towards biofouling control
and disinfection of microbes in water
[14]. However, once the deposition of
foulants has taken place, the surface
modification is no longer effective to
prevent fouling, because the effect of
solute-membrane interaction is
severely reduced once a layer of
deposited foulants is formed [14]. An
emerging new membrane field is
composite  polymeric  membranes
embedded with nanomaterials. Among
all nanoparticles, carbon nanotubes
(CNTs) and graphene have a great
potential application in water and
wastewater treatment. Intrinsic
properties of these carbon
nanomaterials have high physical
properties and chemical resistance to
chemicals, combined with electrical
conductivity and  ductility, and
antibacterial activity.

A recently discovered material by
Prof. Tour’s group named laser-
induced graphene (LIG), a facile and
scalable  approach  to  produce
conformal 3D porous graphene
structures on surfaces in a single step
[15]. LIG is a desirable material for



Grand Challenges in Membrane Biofouling Mitigation 13

use in water desalination and
membrane technologies for several
reasons. While its extensive, multi-
layered graphitic structure confers the
impermeability ~ characteristic ~ of
pristine graphene, the hierarchical LIG
structure is also porous, allowing for
the possibility of water permeation
with  concomitant salt rejection;
moreover, the effective pore size can
be successfully modulated by the
choice of polymer substrate for laser
scribing, laser irradiation conditions,
and the dopants or functional
molecules present within the LIG
network [9]. Then our group has
developed the fabrication method so
that various LIG forms can be obtained
on almost any carbon substrate,
enabling graphene coatings on a wide
range of materials [16]. LIG can be
chemically tuned or functionalized and
has enabled the production of biocides
and oxidant and reductant radicals with
exceptional electrochemical
performance as electrocatalytic
surfaces and aided the development of
various  technologies for  water
remediation [9]. More recently,
polymer films and membranes
decorated with standalone or doped
LIG have exhibited remarkable
antimicrobial and biofilm inhibition
activities while conducting current in
aqueous environments, paving the way
for the development of energy-efficient
graphene surfaces and filters suited to
many disinfection and water treatment
systems [9, 17].

4.0 CUTTING-EDGE
ANTIBIOFOULING
TECHNOLOGIES

Electrically conductive solid surfaces
such as surgical stainless steel [18],
gold [19], Indium tin oxide (ITO) [20],
platinum [21] were extensively studied
for avoiding biofilm and bacterial

attachment in the medical and
industrial field using low electric
potential. An electroconductive feed
spacer was also studied as a tool for
controlling biofouling in a lab-scale
crossflow membrane system at a low
electric potential of 1 V [22]. Applying
electric  potential on membrane
modules to control biofouling is
environmentally friendly and can be
potentially automated and applied to
highly electrically conductive
membranes. In recent years both
alternating (AC) or block current and
direct current (DC) have been widely
studied, including the specific role of
anodic, cathodic and block current to
detach, prevent attachment and
inactivate the bacterial cells [20,23].
Furthermore, by applying a low
alternating electrical potential on the
conductive membrane, biofilm growth
could be controlled and inactivated
[24].

Upon application of cathodic
current on CNT self-supporting
membranes, bacterial attachment on
the membrane surface decreases
significantly however, bacteria that
remained on the electrode surface were
alive. In contrast, when an anodic
current was applied, the bacteria that
remained on the surface became
inactive with time, although bacterial
detachment was not significant. But
both detachment and inactivation were
effectively noticed in the alternating
current. Hence, an alternating (block)
electric field has been suggested as a
possible means of controlling biofilm
development [20,25]. The alternating
current had a synergic effect of both
anodic and cathodic potential.

Many electrically conductive CNT
composite membranes are developed
for biofouling prevention under an
electric  field [26,27]. Examples
include de Lannoy et al., who
developed an electrically conductive
CNT-polyamide composite membrane
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with an interfacial polymerization
process and prevented the formation of
microbial biofilms wusing 1.5 V
alternating current (AC). Ronen et al.
studied electrically conducting
composite CNT membranes for
bacteria detachment by applying a
direct current (DC) potential of 1.5 V
[26]. Our research group recently
studied the effect of low voltage
electric fields, both AC and direct
current (DC), on the prevention of
bacterial ~ attachment and  cell
inactivation to highly electrically
conductive (40000  S/m)  self-
supporting CNT membranes [4].
Enhancing the antifouling effect can be
achieved using other strategies as well,
for example, CNT membranes
anchored with silver ions are effective
in reducing biofouling in membrane
separation processes [28].

For LIG surfaces, an initial
biofouling  investigation = showed
antibiofilm properties but antimicrobial
activity was limited to support from an
electrical potential [29]. PES-LIG,
PPSU-LIG surfaces, and PES-LIG
porous membranes exhibited
exceptional antibacterial and anti-
biofouling properties when tested with
P. aeruginosa and mixed bacterial
culture [30]. The PES-LIG membrane
fabricated using a  commercial
ultrafiltration membrane as a substrate
showed complete elimination of
bacterial viability in the permeate (6-
log reduction) in a flow-through
filtration mode under an electric field.
The LIG composites also demonstrated
similar  antibacterial and  anti-
biofouling activity [17,31]. Similar to
CNTs, LIG with embedded silver
nanoparticles  showed an  anti-
biofouling effect and greatly increased
the surface toxicity toward bacteria
[32].

The  bacterial adhesion and
attachment are mainly based on the
interaction forces such as electrostatic

repulsion/attraction, van der Waals
attraction, and
hydrophilic/hydrophobic ~ forces, it
depends also based on the bacteria
surface properties [33]. Another
reports stats that electrostatic and
electrophoretic forces are dominating
the bacterial attachment when -ve
potential applied to the solid surface,
while applying +ve potential the
bonding between the solid and
bacterial surfaces becomes loosening
due to osmotic forces, it could be
washed off with higher shear forces
[34]. Low voltage current from 60-
100pA  was studied in detail for
avoiding the adhesion for gram (-) and
gram (+) bacteria in solid surfaces
[18,35]. Most importantly, it has to be
taken into account that permeates drag
forces play a significant role in biofilm
adhesion [36].

It is well known that graphene-
based materials exert intrinsic
antimicrobial activities. For instance,
graphene  and  graphene  oxide
nanosheets display electrochemical and
contact-based toxicity toward both
Gram-positive and Gram-negative
bacteria, phytopathogens, parasitic
algae, and several other classes of
microorganisms [37]. Besides, surfaces
consisting of graphene derivatives are
refractory to biofouling and the
formation of microbial biofilms [38].
The microbicidal and anti-biofouling
activity of graphene surfaces is
enhanced further by the introduction of
an electrical current. The inactivation
occurs in two ways, direct oxidation,
which damages the cell wall of the
membrane, and indirect oxidation due
to the generation of biocides such as
oxide radicals (OH") and chlorine (CI)
and hydrogen peroxide (H207), etc.
[39]. Biofouling prevention and
inactivation mechanism were explicit
in detail. H2O; prevents biofilm growth
on solid surfaces, however, H,O; is not
detected in the bulk solution. It is
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supposed to be nearer to the solid
surface. In a high electric field
complete inactivation was observed,
this is obviously due to direct
oxidation and also the generation of
biocides. The bacterial cell damage
during the inactivation is elucidated in
detail for different treatments including
high hydrostatic pressure, pulsed
electric fields, and thermos sonicated
showed a total disruption of the cell
membrane, perforation, and release of
the cell wall and formation of pores
[40].

LIG electrodes also kill microbes
via oxidative stress mechanisms,
through direct contact as well as by
promoting the evolution of reactive
chemical species. For instance,
according to Singh et al. [29], the
cathodic oxidation of water molecules
formed considerable amounts of H>O»,
which is a potent oxidizing agent; by
reacting with key biomolecules and

redox-state mediators in
microorganisms, H»O> and similar
chemical species generated

electrochemically  can engender
substantial oxidative stress that leads to
cell death. The edge-rich and
hierarchical architecture of LIG is
especially integral to anti-biofouling
effects, as crushed LIG exhibits
markedly  reduced efficacy in
preventing bacterial adhesion and
biofilm materialization [41]. Initially
adhering bacteria are known to adhere
more reversible than bacteria growing
in the later stage of biofilm formation,
hence prevention of initial attachment
1s very important [4].

5.0 SUMMARY AND FUTURE
PROSPECTS

Carbon-based nanomaterials and their
remarkable physical and chemical
properties could make next-generation
electroconductive biofouling resistant

membranes.  These  carbon-based
nanomaterials are not only limited to
the separation process, this also can
apply to novel electrocatalytic
platforms by doping different metals
[42, 43], fog harvest, membrane
distillation [44—46] resource recovery,
and energy storage applications like
batteries and supercapacitors. However,
making a robust -electroconductive
membrane with retaining electrical
conductivity is still a challenge.
Secondly, protection of oxidation
during the electrochemical reaction
another important challenge which is
partially protected with polyaniline
coating [47]. The further developments
of these carbon-based materials to
overcome these obstacles will be
beneficial for efficient and attractive
low-cost water treatment and other
environmental applications.

ACKNOWLEDGEMENT

Dr. Chidambaram Thamaraiselvan is
grateful to the Department of Science
and Technology (DST), New Delhi,
India, for awarding the INSPIRE
Faculty Award
(DST/INSPIRE/04/2019/000925).

REFERENCES

[1] F. Perreault, A. Fonseca de Faria,
M. Elimelech. 2015.
Environmental Applications of
Graphene-based Nanomaterials,
Chem. Soc. Rev. 44: 5861-5896.
d0i:10.1039/C5CS00021A.

[2] M. Elimelech, W. A. Phillip.
2011. The Future of Seawater

Desalination: Energy,
Technology, and the
Environment. Science. 333: 712-
717.

doi:10.1126/science.1200488.
[3] L-C. Kim, Y.-H. Ka, J.-Y. Park,



16

[4]

[5]

[6]

[7]

[8]

[9]

Chidambaram Thamaraiselvan

K.-H. Lee. 2004. Preparation of
Fouling Resistant Nanofiltration
and Reverse Osmosis
Membranes and Their Use for
Dyeing Wastewater Effluent. J.
Ind. Eng. Chem. 10: 115-121.
http://www.cheric.org/research/te
ch/periodicals/view.php?seq=441
266.

C. Thamaraiselvan, A. Ronen, S.
Lerman, M. Balaish, Y. Ein-Eli,
C. G. Dosoretz. 2018. Low
Voltage Electric Potential as a
Driving Force to  Hinder
Biofouling in Self-Supporting
Carbon Nanotube Membranes.
Water Res. 129: 143-153.
doi:10.1016/J.WATRES.2017.11
.004.

S. Balta, A. Sotto, P. Luis, L.
Benea, B. Van der Bruggen, J.
Kim. 2012. A New Outlook on
Membrane Enhancement with
Nanoparticles: The Alternative
of ZnO. J. Memb. Sci. 389: 155-
161.
doi:10.1016/j.memsci.2011.10.0
25.

J. H. Jhaveri, Z. V. P. Murthy.
2016. A Comprehensive Review
on Anti-Fouling Nanocomposite
Membranes for Pressure Driven
Membrane Separation Processes.
Desalination.  379: 137-154.
doi:10.1016/j.desal.2015.11.0009.
K. Hussey, J. Pittock. 2012. The
Energy—Water Nexus: Managing
the Links between Energy and
Water for a Sustainable Future.
Ecol. Soc. 17: 31.
doi:10.5751/ES-04641-170131.
A. A. Yagoob, T. Parveen, K.
Umar, M. N. M. Ibrahim. 2020.
Role of Nanomaterials in the
Treatment of Wastewater: A
Review. Water (Switzerland). 12:
495. doi:10.3390/w12020495.

C. Thamaraiselvan, J. Wang, D.
K. James, P. Narkhede, S. P.
Singh, D. Jassby, J. M. Tour, C.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

J. Arnusch. 2020. Laser-induced
Graphene and Carbon Nanotubes
as Conductive Carbon-Based
Materials in  Environmental
Technology. Materials Today.
34: 115-131.
doi:10.1016/j.mattod.2019.08.01
4,

R. Ye, D. K. James, J. M. Tour.
2019. Laser-Induced Graphene:
From Discovery to Translation.
Adv. Mater. 31: 1803621.
doi:10.1002/ADMA.201803621.
H. C. Flemming, G. Schaule, T.
Griebe, J. Schmitt, a
Tamachkiarowa. 1997.
Biofouling-The Achilles Heel of
Membrane Processes.
Desalination. 113: 215-225. doi:
10.1016/S0011-9164(97)00132-

X.

E. Drioli, L. Giorno. 2006,

Encyclopedia of Membranes.
Springer  Berlin, Heidelberg,
2016.  doi:10.1007/978-3-662-
44324-8.

J. S. Baker, L. Y. Dudley. 1998.
Biofouling in Membrane
Systems - A Review.

Desalination. 118: 81-89. doi:
10.1016/S0011-9164(98)00091-

5.

D. Rana, T. Matsuura. 2010.
Surface Modifications  for
Antifouling Membranes. Chem.
Rev. 110: 2448-2471. doi:
10.1021/cr800208y.

J. Lin, Z. Peng, Y. Liu, F. Ruiz-
Zepeda, R. Ye, E. L. G. Samuel,
M. J. Yacaman, B. I. Yakobson,
J. M. Tour. 2014. Laser-induced
Porous Graphene Films from
Commercial  Polymers.  Nat.
Commun. 5(5): 5714. doi:
10.1038/ncomms6714.

Y. Chyan, R. Ye, Y. Li, S. Pratap
Singh, C. J. Arnusch, J. M. Tour,
S. P. Singh, C. J. Arnusch, J. M.
Tour. 2018.  Laser-Induced
Graphene by Multiple Lasing:



[17]

[18]

[19]

[20]

[21]

Grand Challenges in Membrane Biofouling Mitigation 17

Toward Electronics on Cloth,
Paper, and Food. ACS Nano. 12:
2176-2183.

doi: 10.1021/acsnano.7b08539.
A. K. Thakur, S. P. Singh, C.

Thamaraiselvan, M. N.
Kleinberg, C. J. Arnusch. 2019.
Graphene Oxide on Laser-
Induced Graphene Filters for
Antifouling, Electrically
Conductive Ultrafiltration

Membranes. J. Memb. Sci. 591:
117322. doi:
10.1016/j.memsci.2019.117322.
a J. van der Borden, H. C. van
der Mei, H. J. Busscher. 2004.
Electric-current-induced
Detachment of Staphylococcus
Epidermidis Strains from
Surgical Stainless Steel. J.
Biomed. Mater. Res. B. Appl.
Biomater. 68: 160-164.
doi:10.1002/jbm.b.20015.

J. P. Busalmen, S. R. De
Sanchez. 2001. Adhesion of
Pseudomonas Fluorescens
(ATCC 17552) to Nonpolarized
and Polarized Thin Films of
Gold. Appl. Environ. Microbiol.
67: 3188-3194. doi:
10.1128/AEM.67.7.3188-
3194.2001.

S. H. Hong, J. Jeong, S. Shim, H.
Kang, S. Kwon, K. H. Ahn, J.
Yoon. 2008. Effect of Electric
Currents on Bacterial
Detachment and Inactivation.
Biotechnol. Bioeng. 100: 379-
386. doi: 10.1002/bit.21760.

R. E. Pérez-Roa, D. T.
Tompkins, M. Paulose, C. A.
Grimes, M. A. Anderson, D. R.
Noguera. 2006. Effects of
localised, Low-Voltage Pulsed
Electric Fields on the
Development and Inhibition of
Pseudomonas Aeruginosa
Biofilms. Biofouling. 22: 383-
390. doi:
10.1080/08927010601053541.

[22]

[23]

[24]

[25]

[26]

[27]

Y. Baek, H. Yoon, S. Shim, J.
Choi, J. Yoon. 2014,
Electroconductive Feed Spacer
as a Tool for Biofouling Control
in a Membrane System for Water
Treatment. Environ. Sci.
Technol. Lett. 1: 179-184.

doi: 10.1021/ez400206d.

H. Kang, S. Shim, S. J. Lee, J.
Yoon, K. H. Ahn. 2011
Bacterial translational Motion on
the Electrode Surface Under
Anodic Electric Field. Environ.
Sci. Technol. 45: 5769-5774.

doi: 10.1021/es200752h.

C. F. De Lannoy, D. Jasshy, K.

Gloe, A. D. Gordon, M. R.
Wiesner. 2013. Aguatic
Biofouling Prevention by
Electrically Charged

Nanocomposite Polymer Thin
Film Membranes. Environ. Sci.
Technol. 47: 2760-2768.

doi: 10.1021/es3045168.

Y. Baek, C. Kim, D. K. Seo, T.
Kim, J. S. Lee, Y. H. Kim, K. H.
Ahn, S. S. Bae, S. C. Lee, J. Lim,
K. Lee, J. Yoon. 2014. High
Performance and Antifouling
Vertically  Aligned  Carbon
Nanotube Membrane for Water
Purification. J. Memb. Sci. 460:
171-177. doi:
10.1016/j.memsci.2014.02.042.
A. Ronen, W. Duan, .
Wheeldon, S. Walker, D. Jassby.
2015. Microbial  Attachment
Inhibition through Low-Voltage
Electrochemical Reactions on
Electrically Conducting
Membranes. Environ. Sci.
Technol. 49: 12741-12750. doi:
10.1021/acs.est.5b01281.

C. F. de Lannoy, E. Soyer, M. R.
Wiesner.  2013.  Optimizing
Carbon Nanotube-Reinforced
Polysulfone Ultrafiltration
Membranes through Carboxylic
Acid Functionalization. J. Memb.
Sci. 447 395-402. doi:



18

[28]

[29]

[30]

[31]

[32]

[33]

Chidambaram Thamaraiselvan

10.1016/j.memsci.2013.07.023.
Ihsanullah, A. M. Al Amer, T.
Laoui, A. Abbas, N. N. Al-
Ageeli, F. Patel, M. Khraisheh,
M. A. Atieh, N. Hilal. 2015.
Fabrication and  Antifouling
Behaviour of a Carbon Nanotube
Membrane. Mater. Des. 89: 549-
558. doi:
10.1016/j.matdes.2015.10.018.
S. P. Singh, Y. Li, A. Be’er, Y.
Oren, J. M. Tour, C. J. Arnusch.
2017. Laser-Induced Graphene
Layers and Electrodes Prevents
Microbial Fouling and Exerts
Antimicrobial Action. ACS Appl.
Mater. Interfaces. 9: 18238-
18247. doi:
10.1021/acsami.7b04863.

S. P. Singh, Y. Li, J. Zhang, J.
M. Tour, C. J. Arnusch. 2018.
Sulfur-Doped Laser-Induced
Porous Graphene Derived from
Polysulfone-Class Polymers and
Membranes. ACS Nano. 12: 289-
297.

doi: 10.1021/acsnano.7b06263.
A. K. Thakur, S. P. Singh, M. N.
Kleinberg, A. Gupta, C. J.
Arnusch. 2019. Laser-Induced
Graphene-PVA Composites as
Robust Electrically Conductive
Water Treatment Membranes.
ACS Appl. Mater. Interfaces. 11:
10914-10921.

doi: 10.1021/acsami.9b00510.

A. Gupta, L. Holoidovsky, C.
Thamaraiselvan, A. K. Thakur,
S. P. Singh, M. M. Meijler, C. J.

Arnusch. 2019. Silver-doped
Laser-Induced  Graphene for
Potent Surface Antibacterial
Activity and  Anti-Biofilm
Action. Chem. Commun. 55:
6890-6893.
http://xlink.rsc.org/?DOI=C9CC
02415H (accessed July 14,
2019).

A. T. Poortinga, R. Bos, W.
Norde, H. J. Busscher. 2002.

[34]

[35]

[36]

[37]

[38]

Electric Double Layer
Interactions in Bacterial
Adhesion to Surfaces. Surf. Sci.
Rep. 47: 1-32. doi:
10.1016/S0167-5729(02)00032-
8.

A. T. Poortinga, J. Smit, H. C.
Van Der Mei, H. J. Busscher.
2001. Electric Field Induced
Desorption of Bacteria from a
Conditioning  Film  Covered
Substratum. Biotechnol. Bioeng.
76: 395-399.

doi: 10.1002/bit.10129.

G. Daeschlein, O. Assadian, L.
C. Kloth, C. Meinl, F. Ney, A.
Kramer. 2007. Antibacterial
Activity of Positive and Negative
Polarity Low-Voltage Pulsed
Current (LVPC) on Six Typical
Gram-Positive  and  Gram-
Negative Bacterial Pathogens of
Chronic Wounds. Wound Repair
Regen. 15: 399-403. doi:
10.1111/j.1524-
475X.2007.00242 x.

L. Eshed, S. Yaron, C. G.
Dosoretz.  2008. Effect of
Permeate Drag Force on the
Development of a Biofouling
Layer in a Pressure-Driven
Membrane Separation System.
Appl. Environ. Microbiol. 74:
7338-7347.

doi: 10.1128/AEM.00631-08.

A. M. Jastrzgbska, P. Kurtycz, A.
R. Olszyna. 2012. Recent
Advances in Graphene Family
Materials Toxicity
Investigations. J. Nanoparticle
Res. 14 1320. doi:
10.1007/s11051-012-1320-8.

D. H. Seo, S. Pineda, Y. C. Woo,
M. Xie, A. T. Murdock, E. Y. M.
Ang, Y. Jiao, M. J. Park, S. Il
Lim, M. Lawn, F. F. Borghi, Z.J.
Han, S. Gray, G. Millar, A. Du,
H. K. Shon, T. Y. Ng, K
Ostrikov. 2018. Anti-fouling
Graphene-Based Membranes for



[39]

[40]

[41]

[42]

Grand Challenges in Membrane Biofouling Mitigation 19

Effective Water Desalination,
Nat. Commun. 9: 683. doi:
10.1038/s41467-018-02871-3.
J. Jeong, J. Y. Kim, M. Cho, W.
Choi, J. Yoon. Inactivation of
Escherichia  Coli  in  the
Electrochemical Disinfection
Process wusing a Pt Anode.
Chemosphere. 67: 652-659. doi:
10.1016/j.chemosphere.2006.11.
035.

G. Marx, A. Moody, D.
Bermudez-Aguirre.  2011. A
Comparative  Study on the
Structure of  Saccharomyces
Cerevisiae under Nonthermal
Technologies: High Hydrostatic
Pressure, Pulsed Electric Fields
and Thermo-Sonication. Int. J.
Food Microbiol. 151: 327-337.
doi:10.1016/j.ijfoodmicro.2011.0
9.027.

S. P. Singh, S. Ramanan, Y.
Kaufman, C. J. Arnusch. 2018.
Laser-Induced Graphene Biofilm
Inhibition: Texture Does Matter.
ACS Appl. Nano Mater. 11713-
1720.

doi: 10.1021/acsanm.8b00175.

J. Lin, W. Ye, J. Huang, B.
Ricard, M. C. Baltaru, B.
Greydanus, S. Balta, J. Shen, M.
Vlad, A. Sotto, P. Luis, B. Van
Der Bruggen. 2015. Toward
Resource Recovery from Textile
Wastewater: Dye Extraction,
Water and Base/Acid
Regeneration Using a Hybrid
NF-BMED Process. ACS
Sustain. Chem. Eng. 3: 1993-
2001.
doi:10.1021/acssuschemeng.5b0
0234,

[43]

[44]

[45]

[46]

[47]

P. Duan, X. Yang, G. Huang, J.
Wei, Z. Sun, X. Hu. 2019
La203-CuO2/CNTs Electrode
with Excellent Electrocatalytic

Oxidation Ability for
Ceftazidime  Removal from
Aqueous  Solution.  Colloids
Surfaces a Physicochem. Eng.
Asp. 569: 119-128.
d0i:10.1016/J.COLSURFA.2019
.02.056.

C. M. Tittle, D. Yilman, M. A.
Pope, C. J. Backhouse. 2018.
Robust Superhydrophobic Laser-
Induced Graphene for
Desalination Applications. Adv.
Mater. Technol. 3: 1700207.
d0i:10.1002/admt.201700207.

G. Li, W.-C. Law, K. C. Chan.
2018. Floating, Highly Efficient,

and Scalable Graphene
Membranes for Seawater
Desalination Using Solar

Energy. Green Chem. 20: 3689-
3695.

doi: 10.1039/C8GC01347K.

A. V. Dudchenko, C. Chen, A.
Cardenas, J. Rolf, D. Jassby.
2017. Frequency-dependent
Stability of CNT Joule Heaters in
lonizable Media and
Desalination  Processes.  Nat.
Nanotechnol. 12: 557-563.

doi: 10.1038/nnano.2017.102.

L. Li, J. Zhang, Z. Peng, Y. Li,
C. Gao, Y. Ji, R. Ye, N.D. Kim,
Q. Zhong, Y. Yang, H. Fei, G.
Ruan, J. M. 2016. Tour, High-
Performance  Pseudocapacitive
Microsupercapacitors from
Laser-Induced Graphene, Adv.
Mater. 28: 838-845.
doi:10.1002/adma.201503333.



