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Functionalized carbon nanotubes: synthesis,
properties and applications in water purification,
drug delivery, and material and biomedical sciences

Rama Dubey,@* Dhiraj Dutta, Arpan Sarkar and Pronobesh Chattopadhyay@

Carbon nanotubes (CNTs) are considered as one of the ideal materials due to their high surface area, high
aspect ratio, and impressive material properties, such as mechanical strength, and thermal and electrical
conductivity, for the manufacture of next generation composite materials. In spite of the mentioned
attractive features, they tend to agglomerate due to their inherent chemical structure which limits their
application. Surface modification is required to overcome the agglomeration and increase their dispersability
leading to enhanced interactions of the functionalized CNTs with matrix materials/polymer matrices. Recent
developments concerning reliable methods for the functionalization of carbon nanotubes offer an additional
thrust towards extending their application areas. By chemical functionalization, organic functional groups are
generated/attached to the surfaces as well as the tip of CNTs which opens up the possibilities for tailoring
the properties of nanotubes and extending their application areas. Different research efforts have been
devoted towards both covalent and non-covalent functionalization for different applications. Functionalized
CNTs have been used successfully for the development of high quality nanocomposites, finding wide
application as chemical and biological sensors, in optoelectronics and catalysis. Non covalently
functionalized carbon nanotubes have been used as a substrate for the immobilization of a large variety of
biomolecules to impart specific recognition properties for the development of miniaturized biosensors as
well as designing of novel bioactive nanomaterials. Functionalized CNTs have also been demonstrated as
one of the promising nanomaterials for the decontamination of water due to their high adsorption capacity
and specificity for various contaminants. Specifically modified CNTs have been utilized for bone tissue
engineering and as a novel and versatile drug delivery vehicle. This review article discusses in short the
synthesis, properties and applications of CNTs. This includes the need for functionalization of CNTs,
methods and types of functionalization, and properties of functionalized CNTs and their applications
especially with respect to material and biomedical sciences, water purification, and drug delivery systems.

Defence Research Laboratory, Post Bag No. 2, Tezpur 784001, Assam, India,
+91-3712-258508, +91-3712-258836, +91-3712-258534. E-mail: ramadubey@drl.

drdo.in

and microwave absorption.

Rama Dubey obtained her PhD
from Kanpur University in 2000.
She was deputed to Penn State
University and  Arkansas
University, USA in the year 2002
and 2007. Currently she s
heading a team of scientists at
the Defence Research Labora-
tory, DRDO, Tezpur, India. Her
research areas are engineering
and conducting polymers, smart
technologies in the field of water
purification, fuel and lubricants

5722 | Nanoscale Adv., 2021, 3, 5722-5744

Dhiraj Dutta graduated in 2005
from Tezpur Central University.
He is a PhD student at NIT
Nagaland. He joined DRDO as
a scientist in 2008. His primary
interests are development of
technical materials for specific
applications including aero-
grade materials with extremely
low density.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00293g&domain=pdf&date_stamp=2021-10-11
http://orcid.org/0000-0002-1423-0611
http://orcid.org/0000-0001-7770-6341
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00293g
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003020

Open Access Article. Published on 09 aostu 2021. Downloaded on 29/01/2026 4:24:28.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

1. Introduction

Since their discovery by Iijima' in 1991, carbon nanotubes
(CNTs) have attracted considerable attention in applied
research. There are mainly two types of carbon nanotubes: (i)
single walled nanotubes (SWCNTs) and (ii) multiwalled nano-
tubes (MWCNTs). Both the types have rolled-up graphene
sheets forming nanotube cylinders. The wall of nanotubes is
made up of carbon hexagons and the tubular curved ends have
some carbon pentagons. The salient features of both the types
of carbon nanotubes are given in Table 1.

1.1 Synthesis of carbon nanotubes

Several methods have been reported for the synthesis of CNTs,
but the most common methods are arc-discharge,>” laser
ablation®® and chemical vapor deposition (CVD).'**® A
comparative description of these three methods is given in
Table 2. In addition to these, a few less frequently used
approaches for synthesizing nanotubes are the gas phase cata-
lytic process (HiPCO),"” flame synthesis,' core shell polymer
microsphere method," aerosol precursor method,*® arc water
process,* low temperature route,” plasma method,* fluidized
bed method* and nebulized spray process.*

1.2 Impressive properties of carbon nanotubes

CNTs have many magnificent properties that have motivated
researchers of many disciplines to conduct intensive studies.
Impressive properties in various aspects i.e. mechanical, elec-
trical, thermal, chemical and biological are presented briefly in
this section. Besides them, the small size of nanotubes which
leads to many unique advantages will also be discussed.

1.2.1 Mechanical properties. CNTs possess high stiffness
and axial strength as a result of carbon-carbon sp® bonding.>
They are the stiffest known fiber, with a measured Young's
modulus of 1.4 TPa.”” Their elongation to failure is 20-30%,
which combined with the stiffness projects a tensile strength
above 100 GPa, the highest known so far. For example the
Young's modulus of high strength steel is around 200 GPa, and
its tensile strength is 1-2 GPa.”®
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1.2.2 Electrical properties. The unique electrical properties
of CNTs are derived from their 1D characteristics and the
peculiar electronic structure of graphite. They possess extremely
low electrical resistance. In addition, they show the highest
current density of any known material measured, as high as 10°
A cm 2.2 They have shown to be superconducting even at low
temperatures. These unique electrical properties are utilized for
fabricating field emission displays (FEDs) as well as construct-
ing electronic computer circuits entirely out of carbon
nanotubes.

1.2.3 Thermal, chemical and biological properties. Before
CNTs, diamond was known to be the best thermal conductor.
CNTs have now shown to have a thermal conductivity at least
twice that of diamond.** They are chemically inert, especially
when no defects are present. This makes them chemically stable
and biologically compatible. Besides being chemically stable,
they have a large surface to volume ratio and hence are
becoming an interesting material for hydrogen storage. In
terms of biological applications, SWCNTs have been used as
drug delivery vehicles to bring chemicals into cells.**

1.2.4 Small size. The biggest advantage of CNTs is their
small diameter due to which they have been attached onto
normal AFM tips in order to improve their resolving capability.
The small size of SWCNTs makes it easier to study chemical
bindings between only one pair of receptor/target. Another
application utilizing the small size of SWCNTs is as electron
emitters. This kind of emitter can be used to extract electrons to
generate light, either visible (TV) or X-ray (portable and high
resolution X-ray machine).*

1.3 Applications of CNTs

Among the plethora of applications for CNTs, polymer
composites, field effect transistors, field emission displays and
hydrogen storage appear to be the most promising areas. For
example, CNTs have been considered to be novel components
for molecular electronics and for integration into conventional
circuits.>* CNT polymer composites are expected to be tougher
and more scratch resistant than other materials.*> Recently
CNTs have been used as field emission electron sources.*® This
technology finds applications in the construction of flat panel
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Table 1 Salient features of SWCNTs and MWCNTs
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S. no. SWCNTs MWCNTSs
1 Single layer of graphene having a diameter of 0.4 Multiple layer (2-50) of graphene having
to 3.0 nm a diameter 1.4 to 100 nm (15-55 nm preferred)
2 Catalyst is required for synthesis Can be produced without a catalyst
3 Bulk synthesis difficult due to requirement of Bulk synthesis is easy
proper control over growth and atmospheric
conditions
4 Purity is poor Purity is high
5 Functionalization sometimes results in defect Chances of defect generation during
generation functionalization are comparatively less
6 Characterization and evaluation is easy It is a very complex structure
7 Easily twistable and pliable Can't be easily twisted

displays and X-rays to microwave generators.?” Finally, storage
of hydrogen on CNTs represents a great development in the
field of fuel cells and a milestone towards energy clean
systems.>*3°

1.4 Disadvantages of CNTs

In spite of excellent properties and widespread applications, the
lack of solubility in aqueous and organic media has been
a major technological barrier for CNTs. This is due to their

stable structure having pure carbon element. In addition, they
have very high long range van der Waals forces of attraction due
to which they have a tendency to aggregate together and it
becomes very difficult to disperse them.*** Thus the poor
processability due to their insoluble and intractable nature has
hindered their use in many applications. To overcome this
problem of poor processability and in order to take full advan-

tage of the properties of CNTs,

Table 2 Comparison of main synthesis methods of carbon nanotubes

functionalization and

Method/requirements CVD

Laser ablation

Arc discharge

Fossil based & botanical
hydrocarbon, abundantly available
Continuous, substrate placed in an
oven, and heated to high
temperature followed by slow
addition of carbon bearing gas such
as methane. Gas decomposes to
liberate carbon atoms which
combine to form nanotubes

High temperatures within 500 to
1000 °C at atmospheric pressure
Low

Not required

Raw materials & availability

Nature of process & description

Process condition

Production cost
Post treatment

Yield High 20-100%

SWCNT Long tubes with diameters ranging
from 0.6 to 4 nm

MWCNT Long tubes with the diameter in the
range of 10 to 240 nm

Purity High

Production rate High

Energy requirement Moderate

Reactor design Easy

Advantages Easy to scale up, simple process,
long length SWCNTs with
a controllable diameter and good
purity

Disadvantages Synthesized CNTs are usually with
defects

References 10-16
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Graphite, difficult to get

Batch intense laser pulse used to
blast graphite to generate carbon
gas to form CNTs, and different
conditions were tried to get
optimum which produces

a sufficient amount of SWCNTs

Argon or nitrogen gas at 500 Torr

High

Required

Moderate 70% max

Long bundles of tubes with length
5-20 microns, and individual
diameter from 1-2 nm

MWNT synthesis is possible but it is
too expensive

High

Low

High

Difficult

Good quality SWNTs with high yield
and narrow distribution compared
to arc discharge

Costly technique since it requires
expensive lasers and high-power,
limited to labscale

8and 9

Pure graphite, difficult to get

Batch two graphite rods placed

a few millimeters apart and
connected to a power supply. At 100
amps carbon vaporizes and forms
hot plasma

Low-pressure inert gas (helium)

High

Required

Good 30-90% max

Short tubes having diameters in
range 0.6-1.4 nm

Short tubes with inner diameter 1-3
nm and the outer diameter
approximately 10 nm

High

Low

High

Difficult

Less expensive with open air
synthesis. Can easily produce SWNT
& MWNTs. SWNT with few
structural defects & MWNTSs even
without a catalyst

Extensive purification required
since nanotubes are short, tangled
with random sizes and directions
2-7
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Table 3 Effect of CNTs functionalization on properties
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Functionalization method Property enhancement References
Fluorination Enhanced solubility in organic solvents 56 and 57
1,3-Dipolar cycloaddition Enhanced solubility in aqueous & organic solvents 62 and 63
Aryl diazonium salt reduction Enhanced solubility in organic solvents 64 and 65
Reactive species functionalization Further derivative functionalization 66-68
Electrophilic addition Further derivative functionalization 69
Metal-containing molecular complex Enhanced solubility & stability in organic solvents 70 and 71
formation
Carboxylation Further derivatization, use as molecular linker to interconnect nanotubes 74-76
Nanoparticles deposition Soluble in water & able to trap water soluble metal ions 88-99
Surfactant functionalization Enhanced dispersion 102-113
Polymer wrapping Reversibly solubilized in water stable dispersion in water and organic solvents 115-121
Polymer absorption Enhanced anchoring ability for proteins and small biomolecules, enhanced dispersion in = 122-124
organic solvents
Polymer encapsulation Enhance dispersion of CNTs in a wide variety of polar and non polar solvents and polymer 125-129
matrices
Metal deposition Metal nanotube supported metal nanowire structures 130-134

solubilization of CNTs have received much recent attention.
This helps to extend their application areas immensely.

1.5 Functionalization of CNTs and offered advantages

Functionalization is the generation of functional groups on the
surfaces of CNTs. These functional groups help in decreasing

o é\ Jog

\( \K W\ A\ Diazotisation

\\/\ \(

X \\

the long range van der Waals forces of attraction and increase
the CNTs-matrix/solvent interaction and give rise to a homoge-
neous dispersion or result in solubilization of CNTs.**** The
effect of functionalization of CNTs on properties is given in
Table 3. Thus functionalization enhances the reactivity,
improves the solubility and provides an avenue for further
chemical modification of CNTs such as ion adsorption, metal

| | Functionalization Approaches for CNTs ‘ |

l
v '

Exohedral Approaches ‘ ‘ Endohedral Approaches ‘

|

Covalent

l l —> Metal Encapsulation

Non-Covalent Encapsulation —

Fullerene
Encapsulation

K Direct A

Through acid/hydroxy e

groups * Surfactants

Hydrogenation

Organometallic
Reactions «—

A\ *ROUACH

Scheme 1 Functionalization approaches for CNTs.
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Table 4 Advantages and disadvantages of various methods of CNT functionalization

View Article Online

Review

Methods for CNT functionalization

Advantages

Disadvantages

References

Exohedral

Covalent

Non covalent

Endohedral

5726 | Nanoscale Adv., 2021, 3, 5722-5744

e Does not disrupt the main
structure of CNTs

e Properties of both CNTs and
functional group achieved

e Covalent bonds act as substitution
sites for functionalization

e Secondary substitution reactions
possible

¢ Functionalization leads to
enhanced solubility in water and
organic solvents

e Hydrophilic groups introduced
onto the CNT surface render them
more biocompatible and
biodegradable

e Possibility of adsorbing various
groups on CNT surface without
disturbing the 1 system of the
graphene sheets

e Hydrophobic part of the adsorbed
molecules attaches with nanotube
sidewalls through van der Waals, 7t-
7, CH-7t and other interactions,
whereas aqueous solubility is
provided by the hydrophilic part of
the molecules

e Aggregation prevented by
coulombic repulsion forces between
modified CNTs

e Polymer encapsulated CNTs could
be well dispersed in polymer
matrices and solvents

e NTs serve as an electrodeposition
template and subsequently as a wire
to electrically connect the deposited
Au, Pt and Pd nanoparticles
resulting in metal nanotube
supported metal nanowire
structures

e Non covalent strategy to attach
carboxylic functional groups
through p-p stacking interactions,
thereby creating stable aqueous
dispersions and limiting
cytotoxicity

e Buckytubes constitute smart
carrier systems which may be filled
with tailored materials to address
specific demands

e CNTs can be filled with anticancer
antimalarial drugs

e Sensitive biological compounds
with a low melting point or high
decomposition rate can be easily
dissolved and introduced into the
CNTs, which would otherwise be
impossible through a physical route
e MWNTs allow for prolonged
release of the encapsulated drug,
thereby increasing its anticancer
efficacy

e Properties are specific to the
nature of functional groups
attached

e Change of hybridization from sp”
to sp® and loss of the p-conjugation
system on the graphene layer

o This results in quenching of the
tube emission

e Sometimes CNTs get oxidatively
consumed in the process

e Stability of dispersions also
depends on the nature and
concentration of surfactants

o Polymer wrapping over CNT
surface is solvent dependent

o This strategy requires CNTs to be
opened, usually under aggressive
conditions, which may lead to
damaging of the outer wall or
surface functionalization

o Filling yield tends to be rather low
(scarcely above 20%) and
dramatically reduced with

a decrease in CNT diameter, which
makes the task rather difficult in the
case of SWNTs and DWNTs

56-99

100-134

135-157
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deposition, grafting reactions etc. In addition the functional
groups can also serve as anchor groups for joining two moieties
and further derivatization by chemical reactions with other
functional groups. Taking the advantages offered by function-
alization of CNTs into account, a lot of modeling studies have
been carried out to predict the properties of functionalized
CNTs as well as their impact on other biomolecules.***¢

In this review, we have focused on different functionalization
approaches for the synthesis of functionalized CNTs (f-CNTs),
which are the primary prerequisite for application of CNTs in
any area. Both covalent and non-covalent approaches for func-
tionalization have been discussed in detail. The advantages and
applications of f-CNTs have also been discussed with special
emphasis on their application in the area of material and
biomedical sciences, water purification, and drug delivery
systems. Although different reviews on functionalization of
CNTs and their application in the field of biomedical science,
drug delivery, water treatment etc. have been published in the
literature,””>* there is a need for a comprehensive account
encompassing different application areas together which has
been incorporated in this review. The goal is to offer a brief and
valuable description to the reader about the key functionaliza-
tion strategies developed in this field along with their potential
applications in the areas of human concern. At the end, future
recommendations for this exciting research area have also been
provided.

2. Methods of functionalization

There are many well reported methods of functionalization as
shown in Scheme 1. Broadly they can be classified as either
exohedral or endohedral, depending on whether the modifica-
tion is being done on the outside or inside walls of the CNTs.
The exohedral functionalization is further subdivided into two
categories: (a) covalent functionalization and (b) non-covalent
functionalization. Table 4 shows the advantages and disad-
vantages of various functionalization methods which are dis-
cussed below.

2.1 Exohedral functionalization

2.1.1 Covalent functionalization. Covalent functionaliza-
tion can roughly be divided into two categories, ie. direct

Where, R1/R, = Alkyl or Aryl Group
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attachment of functional groups to the graphitic surface such as
fluorination, hydrogenation, 1,3 dipolar addition etc. or the use
of nanotube bound carboxylic or hydroxyl functional groups for
further derivatization (amidation or esterification) and chem-
ical reactions as discussed below.

2.1.1.1 Covalent functionalization by direct attachment of
functional groups

(i) Fluorination. Fluorination of CNTs was developed by
Margrave and coworkers.*® Fluorination is generally carried out
by treatment with molecular fluorine at temperatures between
150 and 600 °C. Depending on the reaction temperature,
different degrees of fluorination can be accomplished. This
method gives heavily functionalized CNTs with increased
solubility in organic solvents such as alcohols.”” The covalent
bond formation with fluorine has been confirmed by IR spec-
troscopy, through the C-F valence vibration at 1220-1250 cm ™.
Fluorination drastically changes the electronic properties of
CNTs making them insulators when fluorination was carried
out above 250 °C. However, treatment of such derivatized
nanotubes with hydrazine results in defunctionalization, such
that intact CNTs can be recovered. In addition, F atoms could be
displaced by various nucleophiles such as organolithium and
Grignard reagents to give nanotubes functionalized with
organic moieties,*® leading to much better dissolution
properties.>

(it) Hydrogenation. Pekker and coworkers reported the
hydrogenation of CNTs via birch reduction in ammonia.® Later
Han et al. used a gas phase technique for CNT functionalization
with atomic hydrogen.® This technique proved to be useful due
to its clean and low temperature process in comparison to wet
chemical methods which result in the change of physical and
chemical properties of CNTs. This approach used a glow
discharge to generate the necessary precursors and is suitable
for attaching a wide variety of chemical groups to CNTs. The
functionalization was carried out with atomic hydrogen. FTIR
spectroscopy showed the presence of bands at 1370 and 1457
cm ! that are due to the bending mode of C-H vibrations in
SWCNTs based on functionalization with a H atom.

(iii) 1,3-Dipolar cycloadditions. Prato and coworkers reported
1,3-dipolar cycloaddition®>® of azomethine ylides (generated by
condensation of substituted o-amino acids and an aldehyde as
shown in Fig. 1) for functionalization of both single walled (SW)

CNTs, DMF

120 hrs

Fig. 1 Cycloaddition reactions of CNTs, where R{/R, = alkyl or aryl group.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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as well as MWCNTs. This type of functionalization leads to
a very high level of solubility of the resulting products in water
as well as organic solvents such as chloroform, acetone, meth-
anol etc.

The main advantage of this reaction is the easy attachment
of pyrrolidine rings substituted with chemical functionalities to
the side walls of the CNTs which leads to the construction of
novel materials with diverse applications. Thus functionalized
aldehydes can lead to 2-substituted pyrrolidine moieties located
on the side walls of CNTs, while modified a¢-amino acids could
also lead to numerous diverse functionalized materials.

(iv) Functionalization by reduction of aryl diazonium salts. Aryl
diazonium salts are known to react with olefins resulting in
arylation of aromatic compounds. Hence SWCNTs have also
been functionalized with aryl moieties by the reduction of
a variety of substituted aryl diazonium salts either electro-
chemically® or under normal room temperature conditions® as
shown in Fig. 2. It was found that CNTs derivatized with a 4-tert-
butylbenzene moiety possess much improved solubility in
organic solvents. However the functionalizing moieties can be
removed by heating in an argon atmosphere.

As described by J. M. Tour et al.** both direct treatment of
SWCNTs with aryl diazonium tetrafluoroborate salts in solution
and in situ generation of diazonium with an alkyl nitrite are
effective means of functionalization. In some cases direct
treatment with preformed diazonium salts is observed to be
effective at moderate or even room temperature. However the in
situ generation of diazonium species is advantageous since it
avoids the necessity of isolating and storing unstable and light
sensitive aryl diazonium salts.

(v) Reactive species functionalization. This type of functional-
ization was reported by M. Holzinger et al.*>*” and is achieved by

View Article Online
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directly reacting CNTs with highly reactive groups such as
nitrenes, carbenes, radicals etc.®® as shown in Fig. 3 and 4. For
example the thermal reaction of alkyl azidoformiates leads to N,
extrusion and alkoxycarbonylaziridino derivatized CNTs, which
are soluble in organic solvents such as DMSO.

Stable solutions of functionalized SWCNTs are also formed
from the addition of nucleophilic carbenes. Deprotonation of
the dipyridyl imidazolium system leads to the generation of
dipyridyl imidazolidene resulting in carbine addition. They
react with the electrophilic 7 system of CNTS to give zwitter-
ionic 1 : 1 adducts rather than cyclopropane systems because of
the special stability of the resultant aromatic 14 7 perimeter.
Because of its high nucleophilicity, side wall functionalization
of SWCNTs takes place by a nucleophilic polyaddition reaction.
Thus, in this case no cyclopropanation occurs; rather each
added group is bound through just one covalent bond to the
tube and is positively charged due to the transfer of one negative
charge per addend to the nanotube framework. The high solu-
bility of carbine adducts is due to mutual electrostatic repulsion
of the tubes.

Functionalization of SWCNTs with radicals was also carried
out by photoinduced addition of perfluorinated alkyl radicals as
shown in Fig. 4. This was conducted by irradiating a solution of
heptadecafluorooctyl iodide with a mercury lamp. However, the
fluoroalkyl substituted NTs did not show any improvement in
solubility compared to raw SWCNTs.

(vi) Electrophilic addition. An electrophilic addition to
SWCNTs (prepared by a gas phase catalytic method) was re-
ported by N. Tagmatarchis et al.* Upon a mechanochemical
reaction in the presence of a Lewis acid, such as aluminum
trichloride (AICl;), a molecule of chloroform was found to be
added to the side walls of CNTs. It was also possible to exchange

ODCB/CHsCN 2:1
60°C, 12h

Where, R = Cl, NO2, COOH, CO,CH; etc

(CH3)2CHCH,CH;NO;

Fig. 2 Arylation of CNTs via reduction of diazonium salts, where R = Cl, NO,, COOH, CO,CHj5 etc.

5728 | Nanoscale Adv,, 2021, 3, 5722-5744
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Where R = Alkyl Group

Fig. 3 Functionalization of CNTs with nitrenes, where R = alkyl group.

the chlorine atoms with hydroxyl groups, which in a second step
were esterified to yield corresponding esters as shown in Fig. 5.

This functionalization of SWCNTs not only resulted in
a soluble functionalized material but also showed that specifi-
cally derivatized CNTs bearing free functional groups on their
skeleton can serve as suitable synthons for the multistep
synthesis of CNT based materials.

(vii) Functionalization of CNTs with a metal-containing molec-
ular complex. Both raw and oxidized CNTs have been function-
alized with Vaskas compound t¢rans-IrCl(CO)(PPh;), to form
a covalent CNT-metal complex by coordination through the
increased number of oxygen atoms, and formed a hex-
acoordinate structure around the Ir atom”™ respectively. The
complexes of oxidized nanotubes with Vaska's compound were
soluble and stable in organic solutions compared to raw and

CF3(CF2)sCFal

hv,4 hrs

Fig. 4 Functionalization of CNTs with radicals.

© 2021 The Author(s). Published by the Royal Society of Chemistry

-N» SWNT/160°C

oxidized tubes. Moreover the tubes could be easily recovered
from solution. The novelty of this derivatization is that the
nanotube can be considered as a primary ligand, as a functional
moiety like any other, with respect to the central metal atom, Ir.
In effect, Ir was found to coordinate with the nanotubes in
several distinctive bonding arrangements, depending on the
oxidation state of the nanotubes. Thus the electronic structure
of nanotubes is preserved due to functionalization through
coordinate attachment. A similar type of functionalization has
also been observed with Wilkinson's complex, RhCI(PPhj;);.”
Hence, this functionalization opens up the area of metallo-
organic chemistry suggesting potential application in catalysis
and molecular electronics.

2.1.1.2 Covalent functionalization by derivatization of func-
tional groups

Nanoscale Adv, 2021, 3, 5722-5744 | 5729
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HO
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Fig. 5 Electrophilic addition reaction of CNTs, where R = alkyl/aryl group.

(I) Carboxylation and further derivatization. The purification of
CNTs involves the removal of metal particles or amorphous
carbon from the crude material by oxidative methods in strong
acidic media.”»”® Under such harsh conditions, the end caps of
the nanotubes get opened and become acidic (-COOH) and
other (-OH) functionalities suitable for further derivatization
are formed at the tips as well as on the side walls.”*”® The tip
functionalized CNTs can form a closed ring shape, or even
function as single molecular sensors or probes, whereas surface
functionalized CNTs can be used as a molecular linker to
interconnect nanotubes” as shown in Fig. 6.

For carrying out the functionalization of CNTs by oxidation,
potassium permanganate has been used as the oxidant in the

Where R = Alkyl/Aryl Group

Fig. 6 Linking of CNTs via surface and tip functionalized groups.

5730 | Nanoscale Adv, 2021, 3, 5722-5744

presence of sulfuric acid. It has also been used along with
a phase transfer catalyst.” Other oxidants used to functionalize
CNTs are concentrated nitric acid, concentrated sulfuric acid,
a mixture of concentrated sulfuric and nitric acid, superacid
HF/BF;, aqua regia, aqueous MO, (M = Os, Ru), 0sO,-NalO,,
H,0,, K,Cr,0; etc.””* However some of these reagents open the
tips of the tubes, causing damage to the tubular structure, or
even introducing contaminants.

(1) Amidation and esterification of -COOH groups via cova-
lent linkages. Generally activation of carboxyl moieties with
thionyl chloride and subsequent reaction with amines are
preferred as shown in Fig. 7, or alternatively, direct condensa-
tion of oxidized NTs with amines is also carried out.*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Amidation of COOH functionalized CNTs.

Niyogi and co-workers first reported the use of acid groups
for attaching long alkyl chains to SWCNTs via amide linkages.
Thus long chain alkylamines were condensed with carboxylic
groups present on the surface of CNTs.** The amido functional
NTs were found to be soluble in solvents such as tetrahydro-
furan or dichlorobenzene. Sun and coworkers showed that the
esterification of carboxylic acids results in functionalization as
well as solubilization of nanotubes of any length.**** Thus the
amidation and esterification reactions of oxidized NTs have
been reported which finally result in soluble functionalized
CNTs.®%¢ An advantage with ester linkages is that they can be
facilely defunctionalized via acid or base catalyzed hydrolysis,
allowing the recovery of carbon nanotubes from the soluble
samples.

(2) Ionic functionalization of -COOH groups. Non-covalent
functionalization of -COOH groups present on the surface of
pure SWCNTs has been carried out by reacting with octadecyl-
amine.*” The acid base reaction leads to the formation of
SWCNT-carboxylate zwitterions as shown in Fig. 8. These zwit-
terions are soluble in THF and 1,2-dichlorobenzene and
partially in dichloromethane, chlorobenzene etc. This ionic
functionalization approach shows advantages such as a high
yield (~70%) of soluble NTs compared to that obtained in
covalent functionalization (~30%).

Further the presence of zwitterions improves the solubility of
purified CNTs significantly and the acid base reaction

CHs(CH2)17NH>
! —
120°C-130°C

Fig. 8 lonic functionalization of COOH functionalized CNTs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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R-NH.

represents the simplest possible route to soluble SWCNTs and
can be readily scaled up at low cost. Unlike the covalent amide
bond, the cation ("NH;(CH,);,CHj3) in the ionic bond of the
(SWCNT-COO ™ )'NH;-(CH,),,CH; of soluble SWCNTs can be
readily exchanged for other organic and inorganic cations. Thus
it is possible to adjust the solubility properties of SWCNTs and
to use soluble SWCNT (s-SWCNTs) as versatile building blocks
for advanced SWCNT-based materials via supramolecular
chemistry. Furthermore, such an ionic feature allows electro-
static interactions between SWCNTs and biological molecules
and can serve as the basis for developing biocompatible
SWCNTs.

(II) Attachment of metallic nanoparticles. Carboxylic and
hydroxyl functionalized carbon nanotubes have also been used
for nanoparticle deposition by reducing metal precursors in
ethylene glycol solutions.®** Several researchers have reported
deposition of Pt, Ru and alloy PtRu nanoparticles by this
method.*"* Nanoparticles of 1-10 nm with metal loading less
than 10 wt% have been obtained. Deposition of Pt nanoparticles
has also been reported on sulfonic acid functionalized CNTs in
which the sulfonic acid sites act as molecular sites for Pt ion
adsorption, which get subsequently reduced to yield small Pt
nanoparticles.” Au has been deposited on CNTs by using a large
variety of functional groups. For example Au nanoparticles were
successfully self-assembled on the surface of MWCNT func-
tionalized with mercaptobenzene moieties.”* On the other

NH3(CH2)17CH3
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hand, Muhammad et al. reported deposition of Au nano-
particles on ethylenediamine functionalized SWCNTs.?® It was
found that the Au NPs acted as an electron acceptor to the
amine functionalized SWCNTs. Jiang et al. also attached Au NPs
to nitrogen doped MWCNTs with a H,SO,~HNO; chemical
treatment.® Ellis et al. demonstrated novel anchoring of gold
nanoclusters onto CNTs via hydrophobic interactions between
octanethiol capped nanoclusters and acetone activated CNT
surfaces.” According to Hwang et al. copper has also been
uniformly deposited on functionalized MWCNTs by chemical
methods.®® Recently, a novel type of Pd coated MWCNT has
been reported by Adeli et al.*® They polymerized citric acid on
the surface of functionalized (-COOH) MWCNTs resulting in
MWCNT-graft-poly(citric acid) (MWCNT-g-PCA) hybrid mate-
rials. These materials were not only soluble in water but were
also able to trap water soluble metal ions. Reduction of trapped
metal ions in the polymeric shell of MWCNT-g-PCA hybrid
materials by reducing agents such as sodium borohydride led
encapsulated metal nanoparticles on the surface of the
MWCNTs.

2.1.2 Noncovalent functionalization. Non covalent treat-
ment is particularly attractive because of the possibility of
adsorption of various groups on the CNT surface without dis-
turbing the = system of the graphene sheets.'*® Non-covalent
approaches are based on interactions of the hydrophobic part of

View Article Online

Review

the adsorbed molecules with nanotube sidewalls through van
der Waals, w-m, CH-7 and other interactions, and aqueous
solubility is provided by the hydrophilic part of the molecules.***
The charging of the nanotube surface due to adsorbed ionic
molecules additionally prevents nanotube aggregation by the
coulombic repulsion forces between modified CNTs. In the last
few years, the noncovalent treatment of CNTs with surfactants
and polymers has been widely used in the preparation of both
aqueous and organic solutions to obtain a high weight fraction
of individually dispersed nanotubes.

2.1.2.1 Surfactant functionalization. Surfactants generally
act as “solubilizers” and disperse CNTs via physical adsorption.
Generally the hydrophobic part of surfactants is oriented
towards the surface of CNTs, whereas the polar moiety interacts
with solvent molecules in the outer region as shown in Fig. 9.
Both ionic and non-ionic surfactants such as sodium dodecyl
sulphate (SDS), sodium dodecyl benzene sulfonate (SDBS),
cetyltrimethyl ammonium bromide (CTAB), Brij, Tween, Triton
X, and a siloxane polyether copolymer (PSPEO) have been used
for dispersion of CNTs in an aqueous medium.'*>™*¢ It is
believed that the nanotubes are in the hydrophobic interiors of
the corresponding micelles, which results in stable dispersion.
However, the nature and concentration of the surfactant plays
a very important role in obtaining stable dispersions.

(b)

Fig. 9 Surfactant functionalization of CNTs (a) and a surfactant micelle (b).

5732 | Nanoscale Adv., 2021, 3, 5722-5744
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Dispersion/solubilization is generally achieved by placing
CNTs in a solution of surfactant and sonication in an ultrasonic
bath. During sonication, the provided mechanical energy over-
comes the van der Waals interactions in the CNT bundles and
leads to CNT exfoliation, and at the same time the surfactant
molecules are adsorbed onto the surface of the CNT walls.'"”
The colloidal stability of the dispersion of the CNTs with
adsorbed molecules on their surface is guaranteed by electro-
static and/or steric repulsion.®®™* Y. Shi et al.***> reported the
preparation of individually dispersed SWCNTSs by sonication in
a micelle of SDS. Gao et al.'™® obtained a homogeneous disper-
sion of MWCNTs at the optimum composition of 0.5 wt%
MWCNTs and 2 wt% SDS relative to water. The interaction
between CNTs and SDS through the hydrophobic segment
causes a steric repulsion and higher negative surface charge,
which improves the dispersion of CNTs. Thus the charge of
ionic surfactants leads to electrostatic repulsion between the
surfactant molecules, and this stabilizes the nanotube colloids,
whereas the non-ionic surfactants stabilize the nanotubes in
solution primarily by steric interactions. Compared to tradi-
tional alkyl chain surfactants, silicone polymer surfactants
possess Dbetter properties such as super wettability and
extremely low surface tension."* PSPEO, a new amphiphilic
macromolecule surfactant, consists of hydrophobic -Si-O-Si-
main chains and hydrophilic pendant parts of polyethylene
oxide, with a comb-polymer molecular structure. MWCNTSs can
be easily solubilized in water by non-covalent functionalization
with PSPEO.'”

2.1.2.2 Polymer wrapping. Amphiphilic polymers are also
used to solubilize CNTs. The main advantage of using polymers
instead of small molecular surfactants is that polymers reduce
the entropic penalty of micelle formation. It has been reported
that some conjugated polymers have significantly higher energy
of interaction with nanotubes than small molecules. O'Connell
et al."*® reported that SWCNTs can be reversibly solubilized in
water in the g L' concentration range by noncovalent associ-
ation with a variety of linear polymers such as polyvinyl pyrro-
lidone (PVP) and polystyrene sulfonate (PSS).

PVP, a polymer with a hydrophobic alkyl backbone and
hydrophilic pendant groups, gets coiled around the nanotube in
a manner depicted in Fig. 10 such that its backbone is in contact
with the nanotube surface and pyrrolidone groups are exposed
to water.''® But the CNTs were found to unwrap on changing the
solvent system. S. H. Tan et al.*"” reported successful function-
alization of MWCNTs with water soluble poly(2-ethyl-2-oxazo-
line) (PEOX) through the polymer wrapping process. The
functionalized MWCNTs gave excellent and stable dispersion in

Fig. 10 Functionalization of CNTs via polymer wrapping.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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water as well as other organic solvents such as ethanol and N,N-
dimethylformamide (DMF). Compared to PVP, polynucleotides
are arranged in an opposite manner on CNTs due to their
hydrophilic sugar phosphate backbone and relatively hydro-
phobic aromatic nucleotide bases present as pendants. They
form various helical wrappings around the nanotube so that
aromatic nucleotide bases are in close contact with the
SWCNTSs."® Wrapping of polymers based on conjugated poly(m-
phenylenevinylene) (PmPV) systems is also very important as it
allows the formation of very effective van der Waals interactions
between the nanotubes and the conjugated backbone.''*'*°
Tang B. Z. et al.** synthesized poly(phenyl acetylene) wrapped
carbon nanotubes (PPAc-CNTs) which were soluble in organic
solvents such as tetrahydrofuran, toluene, chloroform and 1,4-
dioxane by in situ polymerization. Biological molecules such as
peptides and proteins have also been reported to interact with
the sidewalls of SWCNTs and make them more soluble in
solvents.

2.1.2.3 Polymer absorption. Pyrenes, a group with a large
aromatic system, have demonstrated very high affinity for the
nanotube surface and are hence considered an efficient moiety
for noncovalent functionalization,"* as shown in Fig. 11. In fact
the interaction of the pyrene aromatic system with nanotubes is
so effective that functionalized pyrenes have been used for
anchoring proteins and small biomolecules. For example R. J.
Chen et al. developed a method for the immobilization of
proteins and small biomolecules into succinimidyl pyr-
enebutyrate modified SWCNTs.**® In addition, pyrenes bearing
hydrophilic groups such as ammonium ions, carboxylates and
block copolymer components give rise to tubes with aqueous
solubility. Anthracenes are another class of polyaromatic
molecules forming specific -7 interactions with nanotubes.
However, anthracenes can be replaced by pyrenes which show
stronger interactions with nanotubes. Heterocyclic poly-
aromatic molecules such as porphyrins and phthalocyanines
can also form effective interactions with nanotubes. Nakashima
et al. found that porphyrin has the ability to disperse SWCNTs
for long periods in organic solvents."*

2.1.2.4 Polymer encapsulation. Encapsulating CNTs with
polymers is used as an advantageous alternative approach to
realize surface modification. Being a non covalent process, it
offers the advantage of maintaining the inherent electronic
properties of CNTs. For example, polymer encapsulated
MWCNTs have been successfully prepared by Wang et al
through ultrasonically initiated in situ emulsion polymeriza-
tions of n-butyl acrylate (BA) and methyl methacrylate (MMA) in
the presence of MWCNTSs.'*® The polymer encapsulated CNTs
showed strong interactions between the polymer and MWCNT
and they could be well dispersed in polymer matrices such as
Nylon 6. In addition to encapsulation of MWCNTSs, SWCNTs
were also encased within crosslinked/hyperbranched amphi-
philic copolymer micelles.’****” The results showed that the
dispersion performance of the obtained micelle encapsulated
CNTs in water was greatly improved compared to that of pure
CNTs. Stupp et al. reported encapsulation of both single and
multiwall carbon nanotubes by self assembling peptide
amphiphiles.”” CNTs have also been encapsulated inside
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Fig. 11 Functionalization of CNTs by substituted pyrenes.

polyamide microcapsules for the development of remotely
triggerable microcapsules.” Such encapsulations enhance the
dispersion of CNTs significantly in a wide variety of polar and
non-polar solvents and polymer matrices.

2.1.2.5 Metal deposition. In addition to deposition of various
metals on functionalized CNTs, different types of metals have
successfully been deposited on unfunctionalized CNTs also.
Different strategies involved are electrochemical deposition,
electroless deposition with and without the aid of reducing
agents and physical/chemical deposition on CNTs without
surface activation. Among these, electroless deposition is of
particular interest because of its simplicity and feasibility for
large scale production of nanotube-nanoparticle hybrids. The
electroless deposition of a large variety of metal nanoparticles
including Cu and Ag has been reported on both SWCNTs and
MWCNTs in the absence of any reducing agents.”® Dai and
coworkers reported the spontaneous nucleation of bare Pt and
Au particles on SWCNT side walls.”® Sometimes NTs were
found to be oxidatively consumed in the process. Lemay et al.
demonstrated electrodeposition of Au, Pt and Pd nanoparticles
on the sidewalls of SWCNTs under direct potential control
where the nanotube acts as a nonsacrificial template for the
deposited clusters.'*” Here the nanotube shows a dual function:
initially as an electrodeposition template and subsequently as
a wire to electrically connect the deposited Au, Pt and Pd
nanoparticles. Spontaneous deposition of Pt and Au NPs on the
sidewalls of single and multiwall CNTs was also reported by Wu

Fig. 12 Fullerene encapsulation inside CNTs.

5734 | Nanoscale Adv, 2021, 3, 5722-5744

et al." The studies showed that metal ions were first adsorbed
on the sidewalls of CNTs and then were reduced by ethanol.
Zhang et al. reported continuous and quasi-continuous coating
of various metals such as Ti, Ni and Pd on suspended SWCNTs
by electron beam evaporation™* resulting in metal nanotube
supported metal nanowire structures.

2.2 Endohedral functionalization

Endohedral functionalization is of particular interest since the
interior of carbon nanotubes is considered as a nanometer
sized test tube which provides a highly unexplored, ultrapure
nanospace where new reactions may be observed which do not
take place outside the tubes.”*® The interior surface of CNTs also
exhibits a stronger binding energy for adsorbate molecules
compared to the planar carbon surface, as expected for a mole-
cule in close proximity to the curved internal surface of the
tube.®**"¥” In addition, the inner cavity of CNTs offers space for
the storage as well as protection of guest molecules.

2.2.1 Metal encapsulation. At present, CNT encapsulated
metallic materials have aroused great interest around the world
due to the fact that the protective carbon layers prevent rapid
oxidation of bare metal nanoparticles. Generally, encapsulation
can be carried out by two methods either during CNT synthesis
itself that is an in situ process or by wet chemical methods of
opening and filling the nanotubes. Both processes have been
widely studied. Various techniques have been developed for
synthesizing in situ metal filled CNTs, such as the standard
carbon arc technique, modified arc deposition or catalytic
pyrolysis. Nanoparticles of nearly 15 metals (including Fe, Co,
Ni, Ti, Cu and a few rare earth metals and metal carbides) have
been successfully encapsulated in CNTs by including the metals
in the carbon arc commonly used to synthesize the nano-
tubes.’***° Several groups have studied the filling of CNTs by
wet chemical methods.”*'** Small quantities of low melting
metals such as lead, zinc, selenium and molten silver nitrate
have also been incorporated into nanotubes through capillary
action after the closed ends of nanotubes were partially opened
chemically."” To date, the uptake and the endohedral chemistry

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of metals and metal salts have been intensively investigated. For
example, gold and platinum nanothreads have been created in
the capillaries of the tubes, by treating the SWCNTs with the

Table 5 Application of functionalized CNTs
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corresponding perchlorometallic acids at high temperatures. In
some cases, the resulting nanothreads have been found to be
single crystals.

f-CNT compound (chemical
structure)

Application area

Advantages offered

References

Polyethylene/polystyrene/PMMA-
covalently functionalized SWCNTs

Polymer encapsulated CNTs-Nylon
6 nanocomposite

Metal NP supported CNTs

CNTs functionalized with Vaskas
compound

CdSe QDs loaded multiamino f-
CNTs & magnetic Fe;04 NPs for
nano sensors, optoelectronics
Metal coated and metal filled CNTs
SWCNTSs/PmPV

Immobilization of DNA, proteins,
oligonucleotides etc.

Chemically functionalized CNTs

Glucose oxidase attached CNTs
Covalently linked nanotube peptide
conjugates

Peptide wrapped SWCNTSs

f-SWCNTs-ethylene oxide
surfactants, 4-hydroxynonenal-
MWCNTSs

CNTs and telomeric DNA fragment
containing noncanonical G-
quadruplex and i-motif forms
Functionalized and cross linked
CNTs

Metal oxide coated CNTs
Magnetic CNTs, f-CNTs

Rim functionalized CNTs,
zwitterion functionalized CNTs/
polyamide nanocomposite
membranes, electrochemically
modified CNTs

Amine functionalized multi walled
carbon nanotubes (MWCNTS)-
polyimide membranes

PEG-CNTs

Functionalized CNTs
Polymeric nanohybrids and f-CNTs

COOH functionalized SWCNTSs

PEG-SWCNTs

Advanced polymeric
nanocomposites

Advanced polymeric
nanocomposites

Catalysis
Catalysis and molecular electronics

Nano sensors, optoelectronics,
catalysis etc.

Stealth technology

Photovoltaic devices
Miniaturized novel biosensors

Substrate for neuronal growth

Single-molecule biosensors
New bioactive nanomaterials

Designing & identification of

peptide sequences
Biomolecular recognition

Molecular dynamics simulation
studies

Water purification

Electrocatalytic water treatment
Separation of hydrocarbon and oil

from water
Water desalination

Organic solvent nanofiltration

Battery wastewater
Drug delivery
Drug delivery

Drug delivery

Drug delivery

© 2021 The Author(s). Published by the Royal Society of Chemistry

Enhanced dispersion of CNTs in
polymer matrices

Increased interfacial bonding
Improved interfacial adhesion
between polymer encapsulated
CNTs and Nylon 6

Improved catalytic activity and
selectivity

Enhanced solubility with solution
durability

Optical property of QDs and
magnetic properties of Fe;0,
nanoparticles were maintained
Enhanced EM absorbing properties
Enhanced optoelectronic properties
Coupling of NTs electronic
properties with recognition
properties of immobilized
biosystems

Controlled neuronal processes by
charge manipulation of f-CNTs
Controlled enzymatic activity
Enhanced in vivo antibody response

Identification using phage display

Detection of antibodies binding
Adsorption of specific antibody

Encoding of CNTs with tubular
nucleic acids for information
storage

Highly efficient and targeted
removal of chemical and biological
contaminants

Treatment by electrocatalytic
process

Enhanced separation capacity

Enhanced performance

Enhanced flux

Specific removal of chromium and
zine

Biocompatibility and targeted drug
delivery

Targeted drug delivery for cancer
therapy

Targeted delivery of cladribine and
flutamide anticancer drug for in

a gas phase and water solution
Targeted drug delivery for cancer

43 and 161-165

125

168-173

70

174

175 and 176

119 and 120
177-181

182

183
185 and 186

187

188

189-191

192, 193, 205, 207,

208, 210 and 211

194 and 195

196-199

200-203

204

206

212, 213, 215-217
and 221

214

218 and 219

220
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2.2.2 Fullerene encapsulation. The incorporation of
fullerenes such as Cg and C, (ref. 143-150) or metal-
lofullerenes such as Sm@C82 (ref. 151-153) is an especially
impressive example of the endohedral chemistry of SWCNTs
(Fig. 12). This incorporation is executed at defect sites localized
at the ends or in the sidewalls. The encapsulated fullerenes tend
to form chains that are coupled by van der Waals forces. Such
arrays are sometimes called ™bucky peapods, which are
considered a very interesting and curious material among novel
types of nanotube composites.

Peapods were first revealed by Luzzi et al.** and then were
synthesized in high yield by Burteaux et al.*** Upon annealing,
the encapsulated fullerenes coalesce in the interior of the
SWCNTs, which results in new, concentric, endohedral tubes,
with a diameter of 0.7 nm.

2.2.3 Miscellaneous. In addition to metal and fullerenes,
other types of materials such as halogen elements have also
been encapsulated inside CNTs."***>”

3. Important properties of
functionalized CNTs

A variety of oligomeric and polymeric compounds have been
used in the functionalization of CNTs due to their solubility in
common organic solvents and water."***% This functionaliza-
tion breaks nanotube bundles, which is essential to the solu-
bility. For example the carboxylic groups of f-CNTs could be
ionically bound to metal ions, or get covalently linked through
different organic groups. Increased solubility due to exfoliation
of the nanotube bundles is the most important, common, and
frequently reported property of functionalized CNTs. The amide
and ester functionalities dramatically improve their solubility in
organic solvents. Similar solubility properties were also ob-
tained for amine zwitterion functionalized SWCNTs. In addi-
tion, polymer wrapped CNTs are also among the most soluble
samples. SWCNTs and MWCNTs functionalized with highly
soluble PPEI-EI, PVA-VA and PEO polymers as well as with PEO-
derived dendron moieties are soluble not only in organic
solvents but also in water. Glucosamine and protein conjugates
with CNTs are highly soluble in water. Attaching transition
metal complexes to nanotubes increases their solubility in
dimethylformamide, dimethylsulphoxide, tetrahydrofuran,
methanol, chloroform, toluene etc. Strong luminescence was
reported for CNTs chemically bound to PPEI-EI, PVA-VA poly-
mers, and PEO derived dendron moieties. Luminescence
quantum yields were found to be substantial, 11% for MWCNT-
PPEI-EI in chloroform at 400 nm excitation.

4. Applications of functionalized
CNTs

Functionalized CNTs find wide application in different areas of
materials science, biomedical science, water purification and
drug delivery systems as depicted in Table 5. The details are
discussed below:
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4.1 Materials science

In the area of materials science, f-CNTs are being widely used
for the development of high quality nanocomposites. The use of
f-CNTs for fabricating advanced polymeric composites****-1¢
offers significant advantages over the use of non functionalized
CNTs, by increasing the dispersion of carbon nanotubes in
polymeric matrices. The functional moiety increases the inter-
facial bonding, thereby, lessening fiber pullout during
mechanical stress or entanglement in contrast to unfunction-
alized CNTs where dispersion and interfacial bonding or
entanglement is minimal. For example covalently functional-
ized SWCNTs have been used as fillers at >1 wt% concentration
in polymeric hosts such as PMMA, PS, etc. For PMMA, tensile
modulus increased by more than a factor of 2 with only 0.1 wt%
f-SWCNTs added and for polystyrene f-SWCNT nanocomposites
a substantial increase in viscosity and elasticity of the system
was observed at low shear rates even at 1 wt% loading compared
to 3 wt% pristine CNT loading which remained like
a liquid.***** It was found that polymer encapsulated CNTs
could be well dispersed in a Nylon 6 matrix compared to
unmodified CNTs, due to improved interface adhesion between
the polymer encapsulated CNTs and Nylon 6. It was found that
yield strength improved by 30% and Youngs modulus by 35% at
only 1 wt% content of polymer encapsulated CNTs."* Thus the
solubilization of CNTs via chemical functionalization is an
effective approach to achieve a homogeneous dispersion of
CNTs in polymer matrices for high quality nanocomposites.

Functionalized CNTs also possess wide application in
catalysis by acting as support materials. V. O. Nyamori et al.
reviewed various surface functionalization techniques for
improving CNT properties for use as a catalyst support, and also
available methods for catalyst nanoparticles loading on f-
CNTs.'*® B. Ye et al.** reported oxygen functionalized CNTs for
selective catalytic reduction of NO, with NH;. Oxygen functional
groups were generated on the surface of CNTs by acid treat-
ment, which acted as anchoring sites for nanoparticles of
different metals. The synthesized functional materials exhibited
an enhanced NO, removal efficiency of over 90% at 350-380 °C.
More studies have been carried out in order to demonstrate that
metal nanoparticles supported on carbon nanotubes provide
much improved catalytic activity."*"”> Q. Wang et al. have'”?
reported that Pt nanoparticles deposited on Nafion® function-
alized CNTs show much higher catalytic activity for the oxygen
reduction reaction. The synthesized material also showed
a slower decomposition rate in an electrochemically accelerated
durability test making it a potential electrocatalyst for fuel cell
applications.

In addition to metal coated CNTs, metal filled CNTs also
have shown promising applications in heterogeneous catalysis.
Gao et al. reported a simple strategy for loading multiamino f-
CNTs with CdSe QDs and magnetic Fe;O, nanoparticles via
electrostatic attractions. It was observed that both the optical
properties of QDs and magnetic properties of Fe;O, nano-
particles were maintained and the resulting products showed
potential applications in nano sensors, optoelectronics, catal-
ysis and other fields."* In addition to catalysis, metal coated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and metal filled CNTs find wide application in stealth tech-
nology due to their EM absorbing properties.'”>'7¢

4.2 Biomedical science

Immobilization of biomolecules on CNTs for coupling the
electronic properties of NTs with the specific recognition
properties of the immobilized biosystems has motivated
researchers to use CNTs as a new type of miniaturized biosensor
materials."””'”®* For example metallothionein proteins were
trapped inside and placed on to the outer surfaces of open
ended MWCNTSs."7%*# Streptavidin was also found to adsorb on
MWCNTSs presumably via hydrophobic interactions between the
nanotubes and hydrophobic domains of the proteins. DNA
molecules adsorbed on MWCNTSs via non specific interactions
were also observed.”®**#° In addition to MWCNTSs, SWCNTSs have
also been noncovalently functionalized, and various biological
molecules have subsequently been immobilized onto f-SWCNTs
with a high degree of control and specificity."** Haddon et al.***
reported the use of chemically modified CNTs as a substrate for
growth of neurons. It was observed that by manipulating the
charge carried by f-CNTs the outgrowth and branching pattern
of neuronal processes could be controlled. Dekker et al.*®® re-
ported that redox enzyme glucose oxidase when attached to
CNTs preserved their enzymatic activity. Also, the enzyme-
coated tube was found to act as a pH sensor with large and
reversible changes in conductance upon changes in pH.
Different types of biomolecular interactions with CNTs
sidewalls have been explored extensively. For example water
soluble IPEG-SWCNT samples have been used as a starting
material in the exchange reaction with bovine serum albumin
(BSA) protein under ambient conditions for the preparation of
SWCNTs-BSA conjugates. Ippg-SWCNTs is also soluble in
organic solvents such as chloroform, but the SWCNTs-BSA
conjugate is only soluble in water. Thus the solubility change
acts as an indicator for ester to amide transformation in the
transformation reaction. The TEM results have confirmed that
the conjugate sample contains well dispersed SWCNTs.
Functionalized carbon nanotubes have also been reported
for targeting of Amphotericin B to cells."® The association of
CNTs with peptides is expected to be useful in biosensor
applications and in the development of new bioactive nano-
materials. For example Pantarotto et al.'®* demonstrated an
enhanced in vivo antibody response from covalently linked
nanotube peptide conjugates and Wang et al.**® reported iden-
tification of peptide sequences having specific affinities for
CNTs by using a phage display. Zorbas et al.**” designed an
amphiphilic peptide sequence which folds into an o-helix on
nanotube sidewalls. For sensing Shim et al**® functionalized
substrate grown SWCNTs with ethylene oxide based surfactants.
Subsequently these non-ionic surfactants were associated
covalently with proteins to electrically detect the binding of
antibodies. MWCNTs have been functionalized with 4-hydrox-
ynonenal (4-HNE) to induce adsorption of 4-HNE antibody. This
effect is interesting for the development of biosensors, because
the electronic properties of the tubes can be combined with the
recognition properties of the immobilized biosystems. In
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addition to this, molecular dynamics simulation studies have
been carried out for systems composed of CNTs and Telomeric
DNA fragment containing noncanonical G-quadruplex and i-
Motif forms.'®***° Y. Zhang et al. also reported the encoding of
CNTs with tubular nucleic acids for information storage, as
DNA interacts with CNTs in a sequence specific manner
resulting in different conformations including helix, i-motif,
and G-quadruplex.™*

4.3 Water purification

Research on safe effective and economic materials that can
eliminate current and future contaminations from water is
a scientific and technological issue of primary importance to
the scientific community and scientists all over the world are
deeply involved in this research. Among many materials devel-
oped for the said purpose CNTs especially functionalized
carbon nanotubes have been widely researched for the said
application. K. M. Lee et al.*** reviewed the adsorptive potential
of f-CNTs for removal of water pollutants. M. Barrejon et al.
studied the adsorptive removal of water contaminants by using
chemically crosslinked SWCNTs.'”® They reported that the
cross-linked CNT adsorbents exhibited selective sorption
capability along with good recyclability for removal of oils and
organics from contaminated water. Jame et al.*** reviewed the
use of electrochemically active CNTs filters as an efficient
technology for water and wastewater treatment targeting
chemical and biological contaminants. The advantage of using
electrochemically active CNTs filters is that they provide addi-
tional electrooxidation of the adsorbed contaminants thus
increasing the effectiveness of treatment. The working princi-
ples, impacting factors and latest developments of electro-
chemically active CNT filters along with challenges and future
perspectives have been discussed. S. Y. Yang et al.** studied
metal oxide modified CNTs filters for electrocatalytic water
treatment especially for the removal of phenol. It was observed
that the performance of modified CNT performance was
approximately twice when compared to that with bare CNT
filters. In the wide spectrum of water contaminants magnetic
CNTs (MCNTs) have been used by Wang et al.**® for the removal
of oil droplets from contaminated water. The authors have
designed, fabricated and experimentally evaluated super-
paramagnetic iron oxide nanoparticle (SPIONs) decorated CNTs
for oil-water separation. They have shown that the synthesized
material removes oil through a two step mechanism, where in
the first step MCNTs get dispersed at the oil-water interface and
in the second step drag the oil droplets with them out of water
by a magnet. They have also mentioned that 80% of the sepa-
ration capacity could be restored by a 10 min wash by using 1 ml
ethanol for every 6 mg of MCNTSs. J. Liu et al.*®” used function-
alized multiwalled carbon nanotubes for separation of emulsi-
fied oil from oily wastewater. According to a recent article by N.
Al-Jammal**® functionalized carbon nanotubes have been used
for hydrocarbon removal from water. As per a recent report by T.
A. Abdullah et al.*® f-CNTs have been successfully used for oil
spill clean up from water. Functionalized CNTs have also been
used for desalination. Y. Hong et al. reported the use of rim
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functionalized carbon nanotubes for water desalination.”* In
a membrane form, zwitterion functionalized carbon nanotube/
polyamide nanocomposite membranes have been used for
water desalination.”* Z. Z. Chowdhury et al>** reviewed the
physio-chemical aspect along with the working mechanism of
electrochemically modified CNT membranes for desalination
and water purification. Das et al.>* reported the synthesis and
evaluation of functionalized carbon nanotube based polymer
composite nanofiltration membranes for desalination. Far-
ahani** et al. also reported the study of amine functionalized
multi walled carbon nanotube (MWCNTSs) based nanofiltration
membranes for desalination due to their high adsorption
capacity. I. G. Wenten et al.>® reviewed the progress of CNT
functionalization applied to membrane filtration with respect
to membrane properties and their performance. W. A. Hamzat
et al.*® studied the performance of purified carbon nanotubes
(P-CNTs) and polyethylene glycol carbon nanotubes (PEG-CNTs)
to remove specifically chromium (Cr) and zinc (Zn) from battery
wastewater by a batch adsorption process as a function of
contact time, adsorbent dose and temperature. The results
revealed that the optimum contact time and adsorbent dosage
to remove Cr and Zn by P-CNTs and PEG-CNTs were 90 and 50
min and 0.3 g respectively. The study demonstrated that PEG-
CNTs performed better compared to P-CNTs. E. M. Elsehly
et al.>” reported the use of functionalized carbon nanotubes for
fabrication of filters to remove chromium from aqueous solu-
tions. Removal of heavy metals from water by using multistage
functionalized multiwall carbon nanotubes has been reported
by D. Budimirovi¢ et al.**® In a recent report by M. M. Aslam
et al.>* the preparation and application of f-CNTs for water and
wastewater treatment have been reviewed. It was observed that,
functionalized CNTs have proven to be a promising nano-
material for the decontamination of water particularly due to
their high adsorption capacity. A. A. Atiyah et al.>*® reported
excellent antibacterial activity of silver nanoparticle deposited
MWCNTs against two pathogenic bacteria, Pseudomonas aeru-
ginosa and Staphylococcus aureus. Recently S. M. Al-Hakami
et al.*"* reported the use of microwave irradiated 1-octadecanol
(C18) functionalized CNTs for removal of Escherichia coli (E. coli)
from water. They observed that microwave irradiated unmodi-
fied CNTs removed only up to 98% of bacteria from water, while
CNTs-C18 were able to remove up to 100% of bacteria under
similar conditions.

4.4 Drug delivery system

Functionalized nanotubes have emerged as a novel and versa-
tile drug delivery vehicles due to their high drug loading effi-
ciency along with an ultrahigh surface area.> S. Sharma et al.
studied the effect of functionalization on the drug delivery
potential of CNTs where the results showed extended resistance
time with a sustained release profile for drug loaded surface
engineered MWCNTSs.** S. Prakash et al. reviewed the use of f-
CNTs as drug delivery vehicles in relation to cancer therapy.***
C. L. Lay et al. also studied the use of f-CNTs for anticancer drug
delivery. They reported that the most widely adopted species for
functionalization is poly(ethylene glycol), which enhances the
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biocompatibility and dispersability of CNTs in aqueous solu-
tion. Treatment efficacy of f-CNTs loaded with anticancer drugs,
such as doxorubicin, and paclitaxel was studied both by in vitro
and in vivo techniques. The results demonstrated that f-CNTs
were promising for development of unique delivery systems for
anticancer drugs.”” J. M. Tan et al.**® reviewed the biocompat-
ibility of f-CNTs in designing drug delivery systems, where drug
release from CNTs was achieved by utilizing various stimulants
such as magnetic or electric field and changes in pH. They have
discussed various parameters responsible for achieving higher
therapeutic efficiency of targeted drug delivery. Recently, S.
Paliwal et al.,**” reviewed f-CNTs as a nano carrier drug delivery
system.

Molecular modeling studies have also been performed to
gain a mechanistic understanding of surface functionalization
of carbon nanotubes as a nanocarrier with cladribine anticancer
drug.>*® Studies have been conducted by means of density
functional theory and molecular dynamics simulation calcula-
tions to investigate the drug delivery performance of the func-
tionalized SWCNTs with a carboxylic acid group for flutamide
anticancer drug in the gas phase as well as water solution.*" A.
A. Bhirde et al** studied the distribution and clearance of
polyethylene glycol (PEG)-SWCNTs as drug delivery vehicles for
the anticancer drug cisplatin, where tumor growth inhibition
was studied in mice. The studies revealed that control SWCNTs
were lodged in lung tissues as large aggregates compared to
PEG-SWCNTs, which showed little or no accumulation. J. Chen
et al.** studied the use of f-SWCNTs as a vehicle for tumor-tar-
geted drug delivery. The results showed high potency of mate-
rial towards specific cancer cell lines. In a recent review, J.
Jampilek et al.>** summarized the latest designed nanosystems
based on functionalized graphene and carbon nanotubes
mainly for anticancer therapy.

5. Future recommendations

Functionalization of CNTs has allowed the drawbacks associ-
ated with pristine CNTs****** to be overcome as well as tuning
their properties for specific applications.”***** Further, the
availability of a wide variety of functionalization approaches
discussed in this article gives an opportunity for judicious
selection of a particular method resulting in required func-
tionality and performance. Not only have functional groups
been added to the surface and tips of CNTs, but these unique
nanomaterials have been used as a carrier vehicle loaded with
a variety of biological molecules and drugs for their targeted
delivery to any organ of the human body. As the application of f-
CNTs in different areas is increasing, hazards due to their
exposure to both humans and the environment are also
increasing. Although a lot of studies have been carried out from
time to time drawing the attention of the scientific community
towards unexplored drawbacks and risks associated with this
material,>*>**>% still deeper understanding of their harm to the
environment and human body is urgently required.

In this respect a variety of novel functional groups are being
reported by different researchers for tackling the biocompati-
bility issue. Such groups may be incorporated to functionalize
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carbon nanotubes in order to enhance their biocompatibility. A
massive amount of work has been done on the functional
properties of f-CNTs, which beyond doubt enhances the appli-
cability of this material. However, an additional volume of work
is yet to be undertaken for making this material bio-friendly and
environment friendly. To decrease the toxicity concern of f-
CNTs, computational tools can also be employed such as
Autodock, Gaussian, etc. These tools along with their experi-
mental validation may render this material a well accepted
functional material.

6. Conclusion

CNTs have attracted attention of the scientific community due to
their unique properties and wide application in the various areas of
science and technology. But they also have some disadvantages
preventing them being ideal materials for proposed applications.
The primary one is the cost. Conventionally they are synthesized by
different methods especially by arc discharge, laser vaporization
and CVD. But now various modifications of these technique and
also new techniques have emerged, which lower the cost consid-
erably. On the other hand raw carbon nanotubes contain impuri-
ties such as metal nanoparticles and amorphous carbon which are
to be removed by treatment with strong acids and oxidizing agents.
The purified CNTs are inert and tend to agglomerate due to strong
van der Waals forces and hence the dispersion and the reinforcing
effect get suppressed. To overcome the aggregation and to increase
dispersion, functionalization is needed. Different covalent and non
covalent exohedral and endohedral functionalization techniques
are used to improve their functional properties. The functionalized
CNTs provide possibility of further chemical derivatization and
thus have a greater versatility for applications of CNTs in different
areas such as materials science, biomedical science and water
purification. Functionalized carbon nanotubes have been widely
studied and successfully used as adsorbents for removal of toxic
contaminants such as chromium, arsenic, zinc, etc. along with
liquid contaminants such as oils and organic solvents. They have
been used for fabrication of ultra and nano filtration membranes
for desalination application. Functionalized carbon nanotubes
have also been used for water disinfection by removal of patho-
genic microorganisms from water. Functionalized CNTs are also
useful for delivery of drugs in solid tumors, and cancer and
a plethora of other biomedical applications.
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