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Physical functionalization of multi-walled carbon nanotubes
for enhanced dispersibility in aqueous medium
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Abstract
Noncovalent functionalization of multi-walled carbon nanotubes (MWCNTs) by anionic surfactants (sodium dodecylbenzene
sulfonate; SDBS and sodium cholate; SC) results in stable aqueous dispersions. SDBS showed better dispersing efficiency at
lower concentration than that of SC due to the stabilizing π-π stacking induced by the presence of benzene ring in the tail of
SBDS. The hemimicelle formation on the surface of nanotubes is likely to be the dominant dispersion mechanism that imparts
higher colloidal stability for the MWCNTs in aqueous medium.
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1 Introduction

Carbon nanotubes (CNTs) are unique kind of carbonaceous
nanomaterials which are characterized by excellent electrical
and mechanical properties making them intriguing component
in composite reinforcement materials [1], chemical sensors
[2], supercapacitors [3], and other energy storage systems [4,
5]. The CNT is viewed as concentric cylinders of graphene
sheets rolled up in a hollow rodlike morphology with high
aspect ratio (d/L; d and L denote the diameter and length of
nanotube, respectively). Depending on the number of rolled
sheets, CNTcan be commonly differentiated to three types: (i)
single-walled carbon nanotube (SWCNT) which is formed
from a single-rolled sheet of graphene with diameter of the
order of 1 nm and length of up to cm [6], (ii) double-walled
carbon nanotube (DWCNT) composed of two rolled sheets
giving an average diameter of 2 nm and length scale up to
10 μm [7], and (iii) multi-walled carbon nanotube (MWCNT)
which consists of an array of graphene sheets with typical
diameter between 2 and 100 nm and a length of tens ofμm [8].

Generally, CNTs have a crystalline structure formed by
hexagonal network of benzene rings with carbons having
sp2 hybridization [9]. However, the number of defects, due

to polygonal structures, at the endcaps and sidewall of the
nanotubes causes them to curve forming seamless structure
with sp3 defects lines in the sp2 network which, of course,
affect the properties (e.g., electrical properties) of the CNTs
[10]. Therefore, CNTs have a unique graphitic structure with
mixture of metallic and semiconducting characters [11] de-
pending on the diameter and chirality of nanotubes. For in-
stance, MWNTs showed a high degree of graphitization with
an intrinsic electrical conductivity of about1.85 kS cm−1 along
the long axis [12].

Essentially, the CNTs are strongly hydrophobic materials
with some degree of hydrophilicity originating from oxygen-
based functional groups (e.g., carboxylic, hydroxyl, phenolic,
lactone, etc.) randomly distributed on the surface of nanotubes
[13]. The concentration of surface oxygen groups varies ac-
cording to the synthesis methodology ormanufacturer, but it is
not enough to impose electrostatic stabilization for the suspen-
sion of CNTs in aqueous media. Instead, the van der Waals
attraction forces dominate leading to aggregation (bundling)
of nanotubes and formation of larger agglomerates so that
sedimentation occurs [14]. In addition, the electric current
only flows on the outermost tubes in a bundled CNTs, while
the inner tubes do not contribute significantly to the current
[15] resulting in potential loss of electronic wiring.
Unfortunately, this behavior renders CNT dispersion a chal-
lenging risk and restrains their potential applications in many
fields especially the formulation of uniform or homogenous
electrodes for electrochemical energy storage systems (EESS)
such as ion batteries and redox flow cells [16, 17].
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Back to 5000 years, the ancient Egyptian used sugar solu-
tion to “unbundle” the agglomerated carbon blacks; thereby,
they could overcome the van der Waals forces and obtain
homogenous stable inks. Recently, many approaches, includ-
ing mechanical treatment and physical (noncovalent) and
chemical (covalent) functionalization, have been developed
to overcome the attractive forces and then enhance the disper-
sion stability of various types of carbon nanotubes.

Mechanical methods such as ultrasonication, high-shear
mixing, or combined methods have been commonly used to
disperse CNTs in polar solvents [18–20]. However, upon re-
moval of external stress, the CNTs reconfigure themselves to
re-agglomerate, and coagulation/sedimentation occurs [21]. In
addition, prolonged exposure to mechanical stress seriously
shortens the nanotubes as well as induces more structural de-
fects on the sidewall of nanotubes [18, 22–24] which signifi-
cantly might alter the electrical conductivity of suspensions.

Physical adsorption of amphiphilic molecules (such as sur-
factants and some kinds of polymers) with the aid of mild
sonication resulted in homogenous stable CNT suspensions
stabilized by either electrostatic (for ionic surfactants) or steric
(for nonionic surfactant of polymers) repulsion forces.
Wrapping of nonionic surfactants [7, 25, 26] or polymer mol-
ecules [27–30] on the CNTs enhanced the CNT dispersibility
but significantly minimize the electrical conductivity of sus-
pensions. Alternatively, anionic surfactants such as sodium
dodecyl sulfate (SDS) [25, 31–36], sodium dodecyl benzene
sulfonate (SDBS) [25, 35, 37–44], and sodium deoxycholate
(SDC) [42, 43] have been extensively used as dispersing
agents in aqueous suspensions of CNTs. The quality of dis-
persion is dependent on the surfactant structure and relative
concentration of CNTs and the surfactant. For instance, star-
like surfactants presented good dispersibility for MWCNTs in
aqueous media [45]. There exists a discrepancy in the litera-
ture for the optimum surfactant concentration for improved
dispersibility [31, 33, 46]. However, there is a kind of quali-
tative agreement that the surfactant concentration should be
10–100 times above its cmc [47] and that the surfactant con-
centration nearly equals the CNT concentration [26] for pro-
duction of homogenous stable CNT suspensions. Therefore,
the optimum dispersion is obtained at intermediate concentra-
tion of surfactant [31, 33] where the nanotubes are unbundled
as a consequence of adsorption of surfactants’ hydrophobic
tails on the nanotubes surface leaving the hydrophilic
headgroups extended far into the aqueous medium producing
long-ranged electrostatic repulsion forces [48, 49]. When the
surfactant concentration increases, the formation of micelles
[26, 33, 46] or monolayers [49] additionally stabilize the sus-
pension through steric stabilization. (High surfactant concen-
tration resulted in depletion-induced aggregation of nanotubes
[25]).

The surfactant structure plays an important role in
MWCNT dispersibility. It has been found that the π-like

stacking of benzene rings in SDBS benefits the binding of
surfactant with CNTs [37, 40, 44]. In comparison, SDC
showed preferential adsorption to the nanotubes over SDBS
due to stronger hydrophobic interactions with the linked cho-
lesteric moiety in SDBS compared to the single alkyl chain of
SDBS [43]. In addition, the absence of hydroxyl group ren-
ders SDC as a better dispersing agent than sodium cholate [42,
50].

2 Experimental

2.1 Materials

Multi-walled carbon nanotubes (MWCNTs; purity >
90%), sodium dodecylbenzene sulfonate (SDBS;
C18H29NaO3S), and hydrated sodium cholate (SC; >
99%; C24H39NaO5.xH2O) were purchased from Sigma-
Aldrich, USA. The diameter (d) and length (L) of nano-
tubes were 110–170 nm and 5–9 μm, respectively, as
provided by Sigma-Aldrich, USA. The materials were
used without further purifications, and the number of wa-
ter molecules (x) in the sodium cholate was estimated
from the thermogravimetric analysis (TGA from
PerkinElmer; data not shown). The weight loss percentage
of 15.94% corresponds to 4.53 molecules of water per
molecule of sodium cholate. Therefore, the molar mass
of hydrated sodium cholate is 512.1 g/mol.

2.2 Preparation of dispersions

Stock solutions of two anionic surfactants, sodium
dodecylbenzene sulfonate (SDBS) and sodium cholate
(SC), were prepared by dissolving appropriate masses
of surfactants in distilled water at the room temperature
(ca. 22–23 °C). This temperature is above the Krafft
temperature of both surfactants [51] so that the stock
surfactant solutions remain stable at room temperature.
Three stock MWCNT dispersions were prepared by dis-
persing constant amount of MWCNT at 0.80 mg in
5 mL surfactant solutions (at 5, 10, and 30 mM SDBS
or SC) using bath sonicator (Barason 2800) for 8 h. The
temperature is kept constant below 30 °C by adding ice
to the water bath of sonicator.

For UV-Vis and zeta potential measurements, the stock
dispersions were diluted by distilled water and/or diluted sur-
factant solutions keeping the MWCNT concentration at
0.133 mg for 3 mL of solutions and varying the surfactant
concentration from 0.717 to 150 mM. Again, the diluted dis-
persions were homogenized by sonication for 30 min and then
left to equilibrate for 15 min before measurements.
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2.3 UV-Visible spectroscopy

The UV-Vis measurements were conducted in Agilent Cary
8453 spectrophotometer (with photodiode array) in the fre-
quency range of 230–1100 nm, using 1-cm quartz cuvette.
The absorption spectra were collected at room temperature
(22–23 °C). Beer-Lambert law relates the absorbance (A) to
the concentration (C) through Beer’s law: A = ε b C, where b
is the path length (= 1 cm) and ε is the molar absorptivity.
Rationally, the absorbance increases as the concentration of
nanotubes increases showing a linear relationship. However,
Beer’s equation correctly holds over defined concentration
range beyond which the Beer-Lambert law deviates from lin-
earity at strong absorbance [52], i.e., high MWCNT concen-
tration. Therefore, highly diluted dispersions were prepared
from the stock dispersions to keep the measured absorbance
A in the range of 0.1 to 2 in the entire wavelength range. In
order to eliminate the interference between the absorption of
surfactant and MWCNT, the subtraction method [33, 53] was
followed where an aqueous surfactant solution with the same
surfactant concentration was used as reference (blank) before
recording the spectrum of its MWCNT dispersion.

2.4 Zeta potential

The quality of the nanotube dispersions was estimated by
measuring the zeta potential of dispersions by Zetasizer
Nano ZSP, Malvern, using light scattering method.
Adsorption of chargedmolecules onMWCNTsurfaces affects
the zeta potential, because an effective charged molecule ap-
pears on the coated tube; the surfactant-coated nanotubes are
surrounded by a layer of adsorbed surfactant molecular ions,
which is surrounded by a mobile counterions with more dif-
fuse zone; therefore, the electrical double layer formed and the
zeta potential can be measured.

Carbon nanotubes commonly has negatively charged sur-
faces due to some functional oxide surface groups such as
carboxylic, hydroxyl groups, etc.; therefore they showed neg-
ative zeta potentials. The measuring of zeta potential is an
indicator of stability; if the absolute value zeta potential is
greater than 15 mV, then the colloidal particles are stable
due to electrostatic forces. This means that a stable nanotube
surfactant dispersion should have a large zeta potential, which
indicate that an increase of adsorbed surfactants per unit area
of MWCNT surfaces is required.

Fig. 1 Transmission electron
micrographs of multi-walled car-
bon nanotubes

Fig. 2 Scanning electron micrographs of carbon nanotubes in their dry powder (a, b) and dispersion in sodium cholate solution (c): the red and yellow
arrows correspond, respectively, to dispersed tubes and small bundles
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2.5 Electron microscopy

Transmission electron microscope (TEM; Tecnica) was
employed to image the microstructure and morphology
of carbon nanotubes. Traces of MWCNTs were dis-
persed in ethanol and then placed on carbon grids and
dried before loading in the instrument. Micrographs
were recorded on a Gatan CCD camera and analyzed
by Digital Micrograph software. Scanning electron mi-
croscope (SEM; JOEL JCM 6000) was used to investi-
gate the agglomerates of powdered MWCNTs and their
dispersions in surfactant solutions. The MWCNT disper-
sions were sprayed on an aluminum substrate, and SEM
micrographs were recorded by the instrument software. 3 Results and discussion

3.1 Microstructure and morphology of carbon
nanotubes

The transmission electron micrographs of pristine multi-
walled carbon nanotubes (Fig. 1) demonstrate their cy-
lindrical morphology where graphene sheets are rolled up
in a hollow rodlike structure with high aspect ratio (L/d)
of about 100 with an average length (L) ~ 10 μm and
diameter (d) ~ 100 nm. The small defected regions along
the nanotubes length and their pentagon-like tip (Fig. 1b)
confirm the picture of a perfect carbon nanotube that is a
cylindrical graphene sheet with seamless structure com-
posed of hexagons with a minimum of defects at the tips
[53].

The strong van der Waals attraction forces render carbon
nanotubes exist in the form of large agglomerates of size in the
range of few hundreds of micrometers (Fig. 2a). Such agglom-
erates are composed of small (few micrometers) polydisperse
aggregates (bundles) of nanotubes (Fig. 2b).

Fig. 5 Variation of absorbance at 273 nm with the surfactant
concentration (CSDBS for sodium dodecylbenzene sulfonate and CSC for
sodium cholate) at constant concentration of MWCNT = 44.3 mg/L.

Fig. 4 Absorption spectra of surfactant-MWCNT dispersions at constant
MWCNT concentration (44.3 mg/L) and different surfactant
concentrations

Fig. 3 Absorption spectra (absorbance Aversus wavelength λ) of SDBS-
MWCNT dispersion at different sonication times (from 2 to 8 h)
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3.2 Nondestructive mild sonication

In order to obtain good dispersion of MWCNTs in aqueous
media, we should overcome the van der Waals attraction
forces between the nanotubes. Among various approaches,
the utilization of dispersing agents such as low molecular
weight amphiphilic surfactants [32] or polymers [30, 54]
prove to be efficient and nondestructive method because it is
considered as noncovalent functionalization for the surface of
nanotubes [55]. Among series of amphiphilic surfactants
ranged from ionic to nonionic , an ionic sodium
dodecylbenzene sulfonate (SDBS) [25, 37–39, 41–44, 56,
57] and sodium cholate (SC) [42, 50, 57–59] proved to effi-
ciently disperse MWCNTs in aqueous media.

The sonication is commonly used to facilitate the disper-
sion of MWCNTs in aqueous media. The input energy should
be enough to separate the nanotubes allowing the surfactant
molecules to adsorb on the nanotubes’ surface. Almost all the
research work in this domain relies on using destructive tip
sonication that might lead to strong reduction of the length of
nanotubes. Then, the dispersibility of MWCNTs may strongly
originate from the short nanotubes rather than the surfactant
itself. Moreover, the tip sonication usually is conducted in

open vials so that solvent evaporation probably occurs and
then the concentration of dispersion varies with time.
Alternatively, the bath sonication is likely to be a gentle meth-
od that aids dispersion ofMWCNTswithout significant reduc-
tion of nanotubes’ length, and solvent evaporation is ignored.
As can be seen from the SEM micrograph (Fig. 2c), the bath-
sonicated dispersion of MWCNT in SDBS solution shows
individual nanotubes (red arrows) with an average length of
10 μm indicating the nondestructive nature of this dispersion
method. This sample was sonicated for 2 h; therefore, small
bundles of MWCNTs (yellow arrows) still exist in the disper-
sion. Accordingly, the sonication time (2 h) is likely to be
insufficient to completely disperse the nanotubes.

It is necessarily required to investigate the optimal sonica-
tion time that result in better dispersion. Figure 3 demonstrates
the effect of sonication time on the absorption spectra of an
SDBS-MWCNT dispersion as an example. This dispersion
shows an absorption spectrum characterized by an absorption
peak at 273 nm. The peak intensity increases with the sonica-
tion time indicating a better dispersion quality [56] at sonica-
tion time of 8 h (Fig. 3). This is the first time to systematically
investigate the optimal time required to prepare good
MWCNT dispersion in comparison to few research studies
where bath sonication was used randomly for 2 h [33] or
24 h [53]. The 2-h sonication is likely to be insufficient to
efficiently disperse the MWCNTs, and the 24-h sonication
may induce water evaporation and inaccurate concentration
results.

3.3 Effect of surfactant concentration on MWCNT
dispersion: SDBS vs SC

The quality of MWCNT dispersions in anionic surfactant
(SDBS or SC) solutions has been investigated by following
the absorption intensity of dispersions. As can be seen from
Fig. 4, the MWCNT dispersions show an absorption peak at a
wavelength of 273 nm. This peak is characteristic for metallic
nanotubes [32] due to the π-plasmon resonance absorption of
sp2-hybridized bonds [35]. Previous studies reported similar
absorption peaks over wavelength range from 253 to 300 nm
[33, 34, 53, 56]. Such absorption peak signifies individually
dispersed nanotubes. Moreover, the absorption spectra lack
peaks in the near IR region (> 800 nm) which characterize
bundled nanotubes [53]. Figure 4 depicts examples of few
surfactant-MWCNT dispersions at fixed amount of
MWCNT (44.3 mg/L) and varied surfactant (SDBS or SC)
concentrations.

In an attempt to investigate the effect of surfactant type and
concentration on the dispersion quality, the variation of absor-
bance A (at 273 nm) with the surfactant concentration is
depicted in Fig. 5 considering the absorption intensity as a
measure for the quality of dispersion [53]. At constant CNT
concentration (44.3 mg/L), the absorbance initially increases

Fig. 6 Variation of zeta potential (ζ) and ionic conductivity (Σ) of
dispersions with the surfactant concentration (CSDBS for sodium
dodecylbenzene sulfonate and CSC for sodium cholate) at constant
concentration of MWCNT= 44.3 mg/L and 25 °C
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with the surfactant concentration until reaching a critical con-
centration beyond which the absorbance decreases. Both an-
ionic surfactants almost exhibit the same trend with different
critical concentration. The SDBS-MWCNT system shows a
critical concentration at about 70 mM SDBS (Fig. 5a), where-
as higher concentration (90mMSC) is required to obtain good
dispersibility of nanotubes for SC-MWCNT system (Fig. 5b).

Zeta potential (ζ) is a measure for the surface charge of
nanotubes in their aqueous dispersions. It is a valuable phys-
ical parameter through which the effect of surfactant on the
dispersion mechanism and quality of surfactant-CNT systems
can be studied. Figure 6 represents the dependency of zeta
potential and ionic conductivity (Σ) of MWCNTs with surfac-
tant concentration at constant concentration of MWCNT
(44.3 mg/L). The pristine MWCNT aqueous dispersions
(without surfactant) have ζ = − 45 mV indicating the negative
surface charges of nanotubes probably due to ionized

carboxylic (–COOH) groups. On addition of anionic surfac-
tant to the MWCNT, the hydrophobic tails of surfactant mol-
ecules are expected to wrap (cover) the nanotubes’ surface
leaving the anionic headgroups exposed to the bulk water.
Therefore, the nanotube surface charges are likely to increase,
and hence the absolute value of zeta potential |ζ| increases.
This behavior is reasonable below the critical micelle concen-
tration (cmc) of surfactants where the dispersionmechanism is
dominated by surfactant wrapping on the surface of the nano-
tubes by hydrophobic interaction [38]. Above the cmc, differ-
ent behavior can be recognized depending on the surfactant’s
concentration and type.

The inset of Fig. 6a presents the dependency of ζ on the
SDBS concentration in the low concentration regime where |ζ|
value dramatically increases from 45 to 80 mVat about 4 mM
SDBS beyond which it again slightly decreases to 70 mV then
increases to 95 mV at 20 mM SDBS. In the high SDBS

Fig. 7 a Scheme of the chemical formula and diagrammatic structures of
sodium cholate (SC) and sodium dodecylbenzene sulfonate (SDBS). b
Schematic representations for possible dispersion mechanism for

MWCNT induced by surfactants: (I) random adsorption, (II) cylindrical
micelles, and (III) hemimicelles on the MWCNT surface (adapted from
[60])
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concentration regime (Fig. 6a), |ζ| strongly decreases at
30 mM SDBS before increasing again as the SDBS concen-
tration increases. This complex behavior of ζ with the surfac-
tant concentration is related to different dispersion mecha-
nisms ranged from random adsorption to dispersion stabilized
by micelle formation as the surfactant concentration varies.
This will be described in Section 3.4. Moreover, the ionic
conductivity (Σ) surprisingly shows nonmonotonic behavior
in tandem with the zeta potential variation with SDBS con-
centration (Fig. 6a).

The zeta potential of SC-MWCNT dispersions exhibits
different trend as the SC concentration increases, where the
|ζ| strongly increases from 45 to about 65 mV at 15 mM SC
beyond which the |ζ| continuously decreases with the SC con-
centration (Fig. 6b). However, the ionic conductivity exhibits
continuously increases with SC concentration.

3.4 Mechanism of dispersion: SDBS vs SC

It is likely that the two anionic surfactants behave differently
because of their different (size and structure) hydrophobic tails
(Fig. 7a) and hence different critical micelle concentration
(cmc): cmc of SDBS is about 2.23 mM [61], and that of SC
is 9–15 mM [62] at room temperature (from 20 °C to 25 °C).

It should be stated that the sign and magnitude of zeta
potential respectively reflect the nature and magnitude of sur-
face charges on the surface of nanotubes. Hence, both pristine
and surfactant-CNT systems are negatively charged because
of –COOH (for pristine) and the adsorbed anionic surfactant
molecules on the nanotube surface. Rational increase of the
magnitude of ζ is expected as the surfactant concentration
increases. However, this trend is not monotonic over wide
surfactant concentration range as described above. This be-
havior can be ascribed to different dispersion mechanisms
depending on the surfactant molecular structure and its cmc.
In addition, it should be noted that the actual cmc of surfac-
tants will be shifted to higher values due to some surfactant
molecules adsorbed on the nanotubes. Considering that better
dispersion is obtained when ζ value is maximal [35, 57], the
mechanism of CNT dispersion can be explained as follows. In
the low surfactant concentration regime (> 4 mM SDBS and
15 mM SC), the CNT dispersion is dominated by simple ad-
sorption (Fig. 7b (I)) of surfactant molecules driven by hydro-
phobic interaction between the surfactant tail and nanotube
surface [38]. It is likely that the presence of benzene ring in
the tail of SDBS significantly enhances the dispersion by π-π
stacking [32] in comparison to the steroidal moiety of SC so
that maximal zeta potential is obtainedwith SDBS. Increase of
the surfactant concentration beyond its cmc results in disper-
sions stabilized almost by formation of hemimicelles on the
nanotube surfaces (Fig. 7b (III)) and hence the zeta potential
increases. Further increase of surfactant concentration is likely
to induce the formation of cylindrical (rodlike) micelles [31]

leading to strong decrease in zeta potential and also ionic
conductivity as a result of rendered mobility of ions [62] be-
cause of structured aggregates.

4 Conclusion

Homogenous dispersions of multi-walled carbon nano-
tubes (MWCNTs) can be obtained via electrostatic stabi-
lization imposed by anionic surfactants aided by nonde-
structive bath sonication where the length and graphitic
structure of nanotubes are preserved. The maximal stabi-
lization attains via hemimicelles adsorbed on the surface
of nanotubes when the surfactant concentration exceeds
its apparent critical micelle concentration (cmc). The ben-
zene ring of sodium dodecylbenzene sulfonate (SDBS)
tail stabilizes the SDBS-MWCNT dispersion via π-π
stacking interaction resulting in optimal dispersibility at
20 mM SDBS (10 times higher than cmc).
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