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This review analyses the authors’ recent and related works on electrokinetic properties and colloidal stability of
aqueous suspension of multi-walled carbon nanotubes (CNTs) in the presence of surfactants and nanoparticles.
Selected adsorptive properties of carbon nanotubes are also considered.

The applicability of classical theories of electrophoresis for description of electrophoretic mobility of carbon
nanotubes is discussed. Examples on the (-potential of CNTs in aqueous suspensions as a function of pH and
concentration of electrolytes (KCIl, CaCl; and AICI3) are given. Additions of cetyltrimethylammonium bromide
(CTAB) cationic surfactant below the critical micelle formation concentration (CMC) values give a reduction and
then an overcharging the CNT surface because of accumulation of the surfactant ions in the Stern layer. At
concentrations above CMC the substantial drop in (-potential is observed. It is due to the shift of the shear plane
toward solution as a result of formation of hemi-micelles on the surface. An increase in the mass ratio of artificial
mineral Laponite (Lap) in suspension (X) from 0 to 0.4 results in a monotonic decrease of the (-potential of CNT +
Lap hybrids with reaching its plateau value ~—-32 mV at X > 0.4 that corresponds to the {-potential of “pure” Lap
platelets. This evidences the high surface coverage of nanotubes surface with Lap at X > 0.4.

The major methods to improve the dispersibility of carbon nanotubes, their colloidal stability and adsorptive
properties are briefly discussed, namely: stabilization in mixtures of water and organic solvents, functionalization by
chemical treatment,; stabilization by additives of surfactants or polymers and hybridization by addition of
supplementary stabilizing nanoparticles. CNTs can be significantly debundled in “good” solvents, such as I-
cyclohexyl-2-pyrrolidone, N,N-dimethylformamide, or N-methyl-2-pyrrolidone. It is demonstrated that the
dispersibility of CNTs is a complex function of the type of surfactant, its concentration and the surfactant/CNTs
ratio. The optimum concentration of CTAB to achieve homogeneous aqueous dispersion of carbon nanotubes was
identified to be near the CMC. Additions of CTAB significantly modify the size distribution of CNTs and a sharp
transition from small primary aggregates to large secondary aggregates at concentrations above CMC is observed.
At optimal concentration of Lap the nanotube particles get well stabilized, and a stepwise increase of sedimentation
stability is observed.

We have shown also that CNT + Lap hybrids can be effectively used for removal of methylene blue dye from
aqueous systems. The kinetics and mechanisms of adsorption are elucidated.
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INTRODUCTION drug delivery and tissue engineering have been
proposed.

However, the poor dispersibility of CNTs in
most of the solvents and tendency of their
aggregation present a serious obstacle for
preparation of materials with good functionality.
Preparation of CNT products are often realized
through use of their stable aqueous suspensions
[2]. Commonly, these suspensions possess low
colloidal and sedimentation stability. The strong
aggregation of CNTs is due to the high surface
energy and aspect ratio, presence of strong van
der Waals and hydrophobic attractive forces.
Moreover, because of high hydrophobicity of
CNT surface, the water is a poor solvent for

The composite materials doped with carbon
nanotubes (CNTs) have demonstrated many
attractive physico-chemical properties (electrical,
magnetic, mechanical, thermal etc.) [1]. On the
base of these materials different types of
electrochemical biosensors, nanosensors for
chemical and biological applications, piezo-
resistive strain sensors, electrical energy, memory
storage devices, and super-capacitors, nanofluids
for heat transfer devices, sorbents, materials for
nanomedicine and  promising  biomedical
applications, cancer therapy, biopharmaceutics
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preparation of stable aqueous CNT suspensions.
The electrical, mechanical and thermal properties
of composite materials can be significantly
deteriorated by aggregation of CNTs. Therefore,
the prevention aggregation and regulation of
stability of suspensions of the CNTs is important
scientific and technical task. In addition, the
colloidal stability of the CNTs may be crucial
with respect to the environmental impact of these
materials.

In this review we briefly discuss our resent
results on electrokinetic properties and colloidal
stability of aqueous suspension of carbon
nanotubes in the presence of surfactants and
nanoparticles. Selected adsorptive properties of
carbon nanotubes are also considered.

ELECTROPHORETIC MOBILITY AND ZETA
POTENTIAL OF CARBON NANOTUBES

The electrophoretic mobility of charged
particles dispersed in a solution is defined by
interaction of their electrical double layers
(EDL) with an external field. At relatively low

fields (typically several or several dozen V/cm)
the velocity of motion V is proportional to the
electric field strength E, i.e., V = uE, where u is
a electrophoretic mobility [3]. Electrophoresis is
widely used in colloid and material science,
medical and biological applications for
characterization of the particles surface,
separation of biocolloids, macromolecules, in
electrodeposition/electrocoating technologies for
fabricating of advanced materials, ion batteries
and ceramic coatings [4].

In aqueous systems the electrophoretic
mobility is greatly affected by the sort and
concentration of electrolytes, and character of
ions hydration. Effect of ions can be represented
as the Hofmeister or lyotropic series which
orders them with respect to macroscopic
properties like surface tension, solubility of
hydrocarbons, protein denaturation, efc. The
Hofmeister series [5] reflect the orders of the ion
effect on hydration of anions and cations:

Increasing hydration of anions

COs* <F <CH;COO < CI" <Br <NO; < ClO4 < SCN,,

Increasing hydration of cations

Cs"<Rb*<K'<Na'<Li"

o

Generally, anions show more specific and
more pronounced effects than cations. This
distinction can be explained by the fact that
anions are commonly bigger and more
polarisable than cations. The simple explanation
of the Hofmeister series is based on the
hydration. Generally, there is no unique
Hofmeister series for the electrophoretic
mobility, it can depend on the nature of the
surface involved (sign of charge, polarity,
hydrophilic or hydrophobic nature, etc.), type of
electrolyte, pH, temperature and other conditions
of the experiment [6]. Depending on parameters,
the ordering of the ions within the Hofmeister
series can be direct, indirect and partially altered.

The measured electrophoretic mobility u
may be converted into {~potential (zeta potential)
using the Smoluchowski’s approximation [3]

ISSN 2079-1704. X®TI12020. T. 11. Ne 1

Surface tension
Solubility of hydrocarbons
Protein denaturation

145

e

c=un/ee~p/(£oK), (1

where ¢ and # are the dielectric constant and
dynamic viscosity of the solution, respectively,
& is the permittivity of the free space, p is the
charge density at the slip plane in the EDL,
x=1/1p is the inverse Debye screening length.
The {-potential corresponds to the potential drop
between the shear plane (i.e. the plane where the
abrupt change in the viscosity of liquid adjacent
to the surface takes place) and the bulk of
solution.

The validity of Smoluchowski’s equation
assumes that the ({-potential is distributed
uniformly, the local radii of curvature of the
particles are much larger than the thickness of
the electric double layer A and the electric double
layer remains in equilibrium. For heterogeneous
charge distribution and for arbitrary shaped
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particles, the relevant corrections to the
Smoluchowski’s equation are necessary. The
theory of electrophoretic mobility was mainly
developed for cylindrical, spherical and disk-like
particles [7]. However, the proposed models are
rather complicated for mathematical analysis of
the experimental systems.

In general, the electrophoretic mobility of CNT
aggregates cannot be treated in the same manner as
for spherical particles due to the large size and
possible complexity of the aggregates. For thin
double layers, the particles of any shape and size
mostly behave very closely to that as expected for
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spheres of equivalent volume and charge. In this
case, the classical Smoluchowski’s equation can be
applied for estimation of the “effective” {-potential
(which is equal to the electrophoretic mobility
multiplied by the ratio of the viscosity of the
medium to its permittivity) [8], and it becomes
even more appropriated for the large aggregates of
CNTs. Such a procedure is accepted in the
literature, and it can serve for comparison purposes,
i.e. to follow the effects of different variables on
the electrophoretic mobility and {-potential values.
The Smoluchowski’s equation was widely used for
estimation of the effective (-potential of CNTs [9].
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Fig. 1. {-potential (the electrophoretic mobility u at right axes) of MWCNTs (0.01 % wt.) in water versus pH (@)
and versus concentration of electrolyte, C, for KCI, CaCl, and AICl; (b) (adapted from [10])

The effects of pH and the validity of the
Hofmeister series for suspensions of multi-
walled carbon nanotubes (MWCNTSs) in water
has been checked [10]. Fig.1a shows an
example of the pH dependence of (-potential
(and electrophoretic mobility ) of 0.1 % wt.
MWCNTs in distilled water. The nanotubes were
charged negatively in the whole interval of pH
values (pH=2-12), and an increase in pH resulted
in a noticeable increase of (-potential from
~-19mV at pH=2 to =44 mV at pH=12. The
step-like behavior with near-constant ¢-potential
(¢ =30 mV) in the interval of pH 4-8 was
observed. Such behavior can be explained by the
impact of pH on dissociation of weak acidic
functional groups on the surface of nanotubes,
presumably hydroxyl and carbonyl groups (the
presence of such groups was justified by the IR
spectroscopy data) [10]. These functional groups
(e.g., —OH and —COOH) can arise on the surface
of CNTs as the result of the applied synthesis
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and purification procedures. The step-like
behavior was explained by presence of carbonyl
functional groups and phenolic hydroxyls with
pK ~ 2-3 and 10, respectively. Therefore, the
observed dependence ((pH) evidently reflected
the contribution of functional groups on the
surface of MWCNTs, and changes in the
synthesis and purification procedures can result
in changes of the shape of {(pH).

Figure 2 b shows the effects of electrolytes
KCl, CaCl, and AICIz on the {-potential of
MWCNTs (0.01 % wt) in water [10]. Addition of
a KCI solution resulted in an initial increase of
the {-potential and at high KCI concentrations
(above 6.6:10° mol/dm®) a decrease of the
{-potential was observed. Such a dependence
with a maximum at low ionic strength values can
be attributed to surface conductivity effects [11].
Polarization of the EDL can induce the dipole
moment oriented oppositely to the external
electric field. The dipole moment magnitude
increases with increasing the electrolyte content.
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This leads to an increasing retardation of the
particle movement in the electric field. However,
at high electrolyte concentrations, this effect is
overcompensated by the EDL compression and
this results in a decrease in mobility. Typically,
appearance of unusual changes in the {(C)
dependence  corresponds  to  electrolyte
concentrations at which contribution of the
surface conductivity to the conductivity of
dispersions is quite large. For bivalent (CaCl,)
and trivalent (AICl3) counter-ions increase in
concentration, C, resulted in considerable
decrease of the (-potential of MWCNTs,
moreover with adding of AICl; the overcharging
of nanotubes above some critical concentration
(=2%10*M) was observed (Fig.1b). Such
behavior is rather typical for hydrophobic
colloidal particles [11].

REGULATION OF COLLOIDAL STABILITY

To improve the dispersibility of carbon
nanotubes, their colloidal stability and adsorptive
properties (increase of their surface activity and
specific surface area) several approaches have
been proposed:

= stabilization in mixtures of water and
organic solvents [12];

= functionalization by chemical treatment of
the MWCNT surface [13];

= stabilization by additives of surfactants or
polymers de-bundling the aggregated MWCNTSs
[14, 15];

= hybridization by addition of supplementary
stabilizing nanoparticles (formation of hybrid
MWCNT-based particles) [16].

Mixed solvents. The dispersibility of carbon
nanotubes can be noticeably improved in non-
aqueous solvents or mixtures of water with
suitable organic solvent [12]. MWCNTSs can be
significantly debundled in ,,good” solvents, such
as l-cyclohexyl-2-pyrrolidone (CHP), N,N-di-
methylformamide (DMF), and N-methyl-2-
pyrrolidone (NMP) [12]. For example the aprotic
CHP can disperse MWCNTs up to 3.5 mg/mL
with very large populations of individual
particles [12]. The dispersibility of carbon
nanotubes in the given solvent is defined by the
energetic costs of nanotube exfoliation. The
“good” solvents have surface tension close to
~ 40 mJ/m® [12], moreover, it was speculated
that the dispersibility can be predicted from
estimation of Hansen solubility parameter [17].

The dispersibility of MWCNTs in the
mixture of CHP (“good”) and water (“poor”)
solvents has been studied [18]. The CHP and
water have significantly different total Hansen

parameters: Sr=47.8 MPa'”? and
or=20.5MPa'?  respectively [17].  This
difference is related to the differences in

dispersion and hydrogen bonding components of
the Hansen parameters for CHP and water.
Nevertheless, the CHP is fully miscible with
water below the lower consolute temperature
T=320K [19].

Fig.2 shows examples of photos of
nanotubes suspensions (for mass concentration
of nanotubes C,=0.1 % wt.) at two small and
large mass fraction of water, x,,, in mixed solvent
(=m/(my+ mcup), where m,, and mcyp are the
masses of water and CHP, respectively) [18].
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Fig. 2.

Examples of optical microscopy images of 0.1 % wt. MWCNT suspensions at different mass fractions of

water, x,,, in mixed water + CHP solvents: x,, = 0.15 (a) and x,, = 0.75 (b). Different colors correspond to the
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my/(my+ mcup), where m,, and mcpp are the masses
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The nanotubes clusters were not detected
visually in pure CHP, but even at a low
concentration of water (x, = 0.05), they became
visible and their size increased with an increase
of the water content. For example, the mean
radius of two-dimensional projections of clusters
was about 25 um at x, = 0.05 and it was about
850 um at x,=1.0 (pure water). Observed
clusters were ramified, their surface was tortuous
and fractal. The estimated fractal dimensionality
of the aggregate surface increased with x,,.

The changes in the dispersibility of
MWCNTs greatly affected the electrical
conductivity of suspensions, G, in mixed water +
CHP solvents. Fig.2 shows o versus the
concentration of MWCNTs, C,, at different mass
fractions of water, x, [18]. Electrical
conductivity significantly increased (by several

o, S/em

orders of magnitude) even at rather small
concentrations of nanotubes (below 1 %). This
clearly evidenced the presence of percolation
transition related to the bridging of different
clusters. In absence of water (x,=0) the
electrical conductivity was low and the
percolation transition was rather smooth. The
inset to Fig. 3 shows the value of oy determined
at fixed C,=1.0 % wt. versus the value of x,.
The value of o significantly increased with x,,
and it was estimated that in the poor solvent
(water) it is approximately 25 times higher than
that in the good solvent (CHP). Such behavior in
water can be explained by easier constant
between  large ramified clusters  and
improvement of electrical contacts between
different nanotubes because of the appearance of
hydrophobic attraction.

x,=0.75

0 02

Fig. 3.
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Electrical conductivity o versus concentration of MWCNTs, C,, in mixed water+CHP solvents at different

mass fraction of water, x,,. Inset shows the value of electrical conductivity o; at fixed C, = 1.0 % versus x,.

The temperature was 294 K (adapted from [18])

Functionalization of CNT surface. Colloid
stability of aqueous suspensions can be improved
by oxidation or functionalization of the
MWCNTSs [13]. The surface functional groups
determine the wetting properties, surface charge
density, and ({-potential of nanotubes. For
example, oxidation of CNTs by acids, hydrogen
peroxide, ozone, efc. can lead to formation of
carboxyl, carbonyl and hydroxyl groups on the
CNTs surface [20]. Correlation between (-
potential, dispersion in solvents and oxygen
content of multi-walled CNTs, modified by
functionalization, have been discussed [21]. The
observed electrokinetic behavior of the CNTs
was similar to that typical for hydrophobic
colloids. MWCNTs modified with application of
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stabilization or chemical functionalization
techniques were used for production of filtering
sheets (so called, bucky-papers), and absorbing
additives [22] for purification of water [23].
Adding of surfactants. Effect of different
surfactants on stabilization of aqueous dispersion
of CNTs has been discussed in the literature in
detail [14, 15, 24]. It has been demonstrated that
the dispersibility of carbon nanotubes is a
complex function of the type of surfactant
(cetyltrimethylammonium bromide (CTAB),
sodium dodecyl sulfate, Triton X-100, etc.), its
concentration and the surfactant/CNTs ratio [25].
Cationic surfactant CTAB was widely used
for stabilization of carbon nanotubes in aqueous
suspensions [26—30]. The CTAB molecule has
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length of 2.33nm, and its critical micelle
concentration (CMC) in water is ~1 mM
(0.0364 % wt).

Isotherm of adsorption of CTAB on the
MWCNT surface and behavior of {-potential in
the presence of CTAB were investigated in a
number of works [27-30]. The aggregation
stability was quantified using photometric
dispersion analyzer (PDA) in a flow system by
the PDA aggregation ratio Rpps [31]. Fig.2
presents examples of (-potential and PDA
aggregation ratio, Rpp4, versus concentration of
CTAB, C;, in aqueous suspension of MWCNTs
(C,=0.003 % wt.) [29,30]. A change in the
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Fig. 4.

{-potential from negative to positive values with
increasing the CTAB concentration, C;, was
observed. The position of the isoelectric point
(IEP) was found at about Cy(IEP) ~ 3.7:10° M. It
corresponds to 0.51 mg of CTAB/m? of the CNT
surface (x; =ms/m,=0.13 g/g). The decrease of
(-potential at larger concentrations of CTAB,
above C(IEP), was observed. This reflected the
formation of CTAB micelles and their adsorption
onto the MWCNT surfaces. The adsorption of
surfactant micelles shifts the slip plane toward
solution and decreases the {-potential value.

| ¢,=0.003 %, T=298 K

RPDA

10°

IEP CMC

o ol ol L
10° 10° 10* 10°
Cc.M

{-potential (a), and PDA aggregation ratio, Rpp4, (b) versus concentration of CTAB, C;, for aqueous

suspensions of MWCNT (C, =0.003 % wt.) Insert to (a) shows the sediment suspension photographs at
24 h after its preparation. The temperature was 298 K (adapted from [29, 30])

The similar overcharging behaviour was also
observed in other works [27, 28]. For example,
for 0.175% wt. aqueous suspension of
MWCNTs the position of the isoelectric point
(IEP) was about C;=~1mM at pH 6.3 and the
zeta potential reached the saturation level of
about 50 mV for C; > 2 mM [28].

Also the CTAB/MWCNTs ratio affects the
character of adsorption and stabilization of
nanotubes in aqueous suspensions [26]. For
example, at C;=0.27 mM (below CMC) the
{-potentials of nanotubes were negative
((=—46mV at C,= 107> % wt., and {=-25mV
at C,=107%wt.), whereas at C,=2.7mM
(above CMC) they turned out to be positive
((=66mV at C,= 107> % wt., and {=40 mV at
C,=10?%wt.). For low concentration of
MWCNTs, C,=10°%wt., the effective
stabilization over a 15-day period was observed
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for both C;=0.27mM (below CMC) and
C;=27mM (above CMC). For high
concentration of MWCNTs, C,=2.5%1072 %,
the stabilization was more efficient at
C;=027mM than that at C;=2.7mM. The
observed phenomena were explained by
differences in adsorption of individual CTAB
molecules and worm-like CTAB micelles on the
surface of nanotubes [26].

The dispersibility of carbon nanotubes in the
presence of CTAB and aggregation stability of
MWCNTs were studied in different works
[26, 29, 30, 32]. The optimum concentration of
CTAB to achieve homogeneous dispersibility of
carbon nanotubes in aqueous suspensions was
identified to be near the CMC [26, 32].
Remarkable that, in spite of the high negative
charge of the carbon nanotubes, they were
unstable in aqueous suspensions in the absence
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of CTAB [29, 30]. At C;=0 M the nanotubes at
C,=0.003 % formed large visible aggregates
and the measured values of PDA ratio were
rather large (R =~ 8) (Fig. 4 b). However, addition
of CTAB in the concentration interval between
5107 and 3.7:107° M resulted in stabilization of
CNT suspension and the R values diminished to
1.5-3.0. It is unusual that stabilization was
observed even in the vicinity of the isoelectric
point, i.e. at C(IEP) = 3.7-10° M. At high CTAB
concentrations, above the IEP (e.g., at CMC,
Cs;~=1mM), destabilisation and aggregation
were again observed (Fig.4). However, the
character of this aggregation and aggregation at
C; = 0 M were significantly different.

Fig. 5 shows examples of size distribution
functions ¥(d) in aqueous suspension of
MWCNTs in the absence (C;=0M) and
presence (Cy=2.64 mM) of CTAB [30]. The
distribution functions were measured in gently
stirred suspensions with applied hydrodynamic
perturbations to prevent sedimentation of large
aggregates. The distributions were monomodal

appearance of several fractions of nanotubes. In
the absence of CTAB, the median size of
aggregates was rather small, dso = 22.5 um, and
this size was roughly twofold higher than the
maximum length of individual carbon nanotubes
(5-10 um). These primary aggregates in the
absence of CTAB are stable and resistant to the
applied shear.

Addition of CTAB significantly modified the
size distribution and a rather sharp transition from
small primary aggregates to large secondary
aggregates at concentrations above CMC was
observed [30]. For example, the median size was
dso= 154 um at Cy=2.64 mM (Fig.5). A one-
week aging of nanotube suspensions containing
different amounts of CTAB (with C; between
0.001 and 5.2 mM), or supplementary ultrasonic
treatment in the measuring unit after formation of
initial aggregates (for 10sec — 2 min) did not
significantly affected the stability of the systems
neither in diluted (below CMC) nor in concentrated
(above CMC) systems.

C=2.64 mM

10°

d, um

Size distribution functions F(d) in aqueous suspensions of MWCNTs in the absence and presence of CTAB.

The aging time after ultrasonic pre-treatment time for 5 min was 2 h. The temperature was 298 K (adapted

and  logarithmically  symmetric ~ without
i €,=0.003 %, 7=298 K
I C=0M
15
S
10'
Fig. S.
from [30])
Different mechanisms responsible for

stabilization of MWCNT suspensions in the
presence of CTAB were identified (Fig. 6). At
small values of C; (below IEP) the decorated
adsorption of CTAB can be realized in the form
of patches with different organization of CTAB
molecules on the nanotube surface (Fig. 6 a):

e the positively-charged groups of CTAB
[CH3(CH»)15(CH3);N]  can  neutralize  the
negatively charged surface groups. This results

150

in the screening of nanotube charge and
formation of hydrophobic patches around
nanotubes.

e the long alkyl chain (length of ~2 nm)
can be attracted toward the “pure” carbon
skeleton by hydrophobic forces. This charges the
nanotubes positively and results in formation of
hydrophilic shells around nanotubes.

The observed effect of CTAB induced
stabilization of aqueous suspension of CNTs can
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reflect competition between these two adsorption above IEP more complex mechanisms of
mechanisms. Note that structural repulsion adsorption of individual CTAB molecules and
forces can originate between the layers of micelles/semi-micelles on the hydrophobic
adsorbed strongly hydrated CTAB molecules. In surface might be realized [33]. The different
the vicinity of CMC the differences in adsorption types of encapsulation of nanotubes in a
of individual CTAB molecules and worm-like cylindrical surfactant micelle, hemi-micellar
CTAB micelles on the CNT surface may be also adsorption and random adsorption can be also
important [27, 28]. At concentrations of CTAB considered (Fig. 6 b).
a) B, b)

% Encapsulated in a .:’

cylindrical micelle *

Surface groups

Hemimicellar
adsorption

Random
adsorption

Concentration of CTAB, C|

Fig. 6. Adsorption mechanisms of CTAB on the surface of carbon nanotubes at low (a) and large (b) concentration
of CTAB (with permission from [29])

Hpybridization with other nanoparticles. individual nanotubes (Fig. 7). In the presence of
Hybridization with other nanoparticles has optimal concentration of Laponite (x;= 0.3), all
attracted a great attention during the last decades nanotube particles got stabilized, and a step-wise
[34-36]. In this technique the MWCNTSs are increase of sedimentation stability was observed
used as a base for preparation of hybrid particles [16]. Stabilization of nanotubes by Lap
with superior chemical activity, surface area and nanoparticles was explained by formation of the
adsorptive properties as compared to intact hydrophilic charged shells on the nanotube
MWCNTs. Different methods were proposed for surface. The presence of Lap shells around the
preparation of hybrids: covalent and non- MWCNT surface was recently visualized using
covalent interaction, in situ sol-gel process, high resolution TEM technique [43].
chemical vapor deposition, electrochemical Fig. 8 a illustrates the effect of Lap additions
deposition, etc. [37]. on the {-potential of MWCNT + Lap hybrids. An

Recently, a new type of hybrid based on increase in x; = my/m, ratio (here m; and m, are
MWCNTs covered by platelets of Laponite RD® the masses of Lap and MWCNTs, respectively)
(Lap) was described [16]. Lap represents a from 0 to 0.4 resulted in a monotonic decrease of
synthetic ~ clay with the formula of {-potential from 40 to -32mV. The
Naos[(SisMgssLio4)O20(OH)s], and it s {-potential reached plateau value =32 mV at
composed of charged platelets with thickness of x> 0.4 that corresponds to the (-potential of
about 1 nm and average diameter of about “pure” Lap platelets, {~-30mV [10], i.e. the
25-30 nm. The negative surface charge of Lap MWCNT + Lap hybrids acquired the (-potential
faces is counterbalanced by the positive charge of the “pure” Lap platelets. Such behaviour
of exchangeable sodium ions (for other details, evidenced the high surface coverage of
see the recent review [38]). Adhesion of charged nanotubes surface with Lap at x; > 0.4.

Lap nanoparticles on the surface of nanotubes The observed heterocoagulation and
improved their dispersion [10, 29, 39-44]. formation of MWCNT + Lap hybrids reflect the
Addition of Lap resulted in efficient dispersion presence of attractive interactions between
of MWCNT aggregates and separation of similarly charged species. Such attractive forces
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can exist between similarly and highly charged
colloidal particles (see [45] for a review). The
charge non-uniformity on the surface of
MWCNTs (see e.g., Fig. 6) may significantly
contribute to the attractive interactions. The Lap
disks can be effectively immobilized on the
neutral parts of the nanotube surface due to
strong attractive electrostatic image forces
between the charged particles and neutral
graphite-like surface. The examination of size
distribution function of MWCNT + Lap hybrids
revealed the presence of species with different
sizes (Fig.85b). At small content of Lap

(x; =0.1), the relatively large aggregates of non-
stabilized nanotubes (several um), intermediate
aggregates of partially stabilized nanotubes
(300-1000 nm) and small species of stabilized
hybrids (100-200 nm) were observed. Note that
even at small content of Lap the size of particles
was significantly smaller than that in absence of
Lap (Fig.5). At higher concentrations of Lap
(7 = 0.6 and x; = 0.7) the content of the partially
stabilized and stabilized hybrids was noticeably
higher.

Fig. 7. Examples of optical microscopy images of 0.01 % MWCNT aqueous suspensions at different ratios Lap and
MWCNT: x;=0.0 (a) and x;=0.2 (b). Here x;=m/m,, where m; and m, are the masses of Lap and
MWCNTs, respectively. The temperature was 298 K (adapted from [16])

-25 -5
| C,=001 %, T=298K

Spotential, mV
0
[$,]

&

-3.5

e pmem V-lgl

C,=0.01 %, T=298 K ’“
i 4

x=07% ¢
¢

10F

o _ .

Fig. 8. ({-potential (the electrophoretic mobility x at right axes) of MWCNTs+Lap hybrids in water versus ratio Lap
and MWCNT, x;, (a), and size distribution functions F(d) at different values of x;. Here x; = mi/m,, where m
and m, are the masses of Lap and MWCNTs, respectively. The aging time after ultrasonic pre-treatment
time for 5 min was 2 h, the temperature was 298 K (adapted from [10])
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ADSORPTIVE PROPERTIES OF CNTS

Adsorptive properties of carbon nanotubes
are determined by their high specific surface area
and functional groups on the surface. Typically
they have cylindrical shape and consist of
graphene sheets wrapped around themselves.
The multi-wall carbon nanotubes (MWCNTS)
contain two or more concentric shells with inter-
shell distance dy=0.34 nm. For known outer
diameter, d,, and number of walls, n, of
MWCNTs (of order 10-20nm) the inner
diameter d; can be evaluated as d; = d,-2nd,,. The
mass of one nanotube with length of L (of order

600 [<

S, m?/g

5-10 um) can be evaluated as m,=zldon(1-
(n+1)dy/do)/S. where S. (= 1315m%/g) is the
surface area of the graphene sheet [46, 47]. Then
the specific surface area can be evaluated as
[10]:

S=s,/m,=S/[n(1-(n+1)dss/d], ()

where s,=7ld)is the surface of one nanotube.
Fig. 9 presents evaluated specific surface
area, S, versus the external diameter of
MWCNTs, dy, at different values of n. Note that
increase of the number of walls, n, or the outer
diameter, dy, results in decrease of the value of S.

Fig. 9. Calculated specific surface area of MWCNTSs, S, (Eq. (2) versus its outer diameter, d,, at different numbers
of walls, n. Inset shows example of TEM image of MWCNTs (adapted from [10])

Recent studies have shown the good
potential of MWCNTs for adsorptive
purification of water contaminated by toxic
metals [48], organic matters [49], and synthetic
dyes [50].

The specific surface area of CNTs can be
experimentally estimated using the gas
adsorption isotherm (e.g., N»), or dye adsorption
from the liquid phase. The methylene blue (MB)
is frequently used as a model dye in
investigations of adsorption on carbon-based
substances. The kinetic and equilibrium data for
adsorption of MB on MWCNTs at different
temperatures have been analyzed [51].
Adsorption equilibrium was attained within ~ 2 h
and the estimated thermodynamic parameters
suggested that adsorption was spontaneous and
endothermic. Adsorption was rapid in the initial
stage and then followed by a slower process to
reach the plateau value [52]. Based on the
studies of adsorption of MB on SWCNTs, it was
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concluded that adsorption is controlled by
charge-transfer and hydrophobic interactions
[53]. From studies of adsorption of MB on
MWCNTs at different pH it was speculated that
the adsorption mechanism may be due to 77
electron donor acceptor interactions and
electrostatic  attraction between positively
charged dye ions and nanotubes [54].

The alkali-activated nanotubes demonstrated
excellent adsorption capacity of MB [55]. The
effects were attributed to the multiple adsorption
interaction mechanisms on the functionalized
surface (hydrogen bonding, z—x and electrostatic
interactions, etc.). The adsorption capacity of
MB on modified nanotubes increased after heat
treatment, and decreased after acid modification
[56]. The method of removal of MB from
aqueous solution using magnetic MWCNTSs was
proposed [57, 58]. Magnetic nanotubes can be
easily separated in magnetic field after they have
been loaded with dye. The MWCNT-based
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hybrid sorbents can be used for water
purification from different inorganic, organic and
biological compounds, and nanoparticles [34-36].
MWCNT + Lap hybrids can be also
effectively used for removal of MB from
aqueous systems. Adsorption of MB on
MWCNT + Lap and dead-end membrane have
been studied [42, 44]. The size and the shape of

0.15

0.1

a, g MB/g MWCNTs
a,, ¢ MB/g MWCNTSs

0.05

hybrid particles were determined by nanotubes,
whereas the adsorption properties were
determined by Lap particles attached to the
surface of nanotubes. Due to the presence of
Lap, the adsorbing capacity of hybrid was much
higher as compared to the adsorbing capacity of
pure nanotubes.

05 1

x;, g Lap/g MWCNTs

02

|
04

06 08

C, g MB/g MWCNTSs

Fig. 10.

Adsorption curve of MB on MWCNT + Lap hybrid (x; = 0.5) represented as the relative quantity of the

MB adsorbed by hybrid, a, versus the MB/MWCNTs ratio in suspension, Cy. Inset shows the saturation
value a,, versus the ratio x; = m/m,, where m; and m, are the masses of Lap and MWCNTs, respectively.
Duration of adsorption time was 3 h, the temperature was 298 K (adapted from [42])

Fig. 10 presents example of adsorption curve
of MB on MWCNT + Lap hybrid (x;=0.5)
represented as the relative quantity of the MB
adsorbed by hybrid, a, versus the MB/MWCNTs
ratio in suspension, Cy; For Cz<0.2 (low
MB/MWCNTs ratio) the purified solution was
practically colourless, which is the evidence of
complete adsorption of the MB. The adsorption
reached its saturation level, a,, at a certain
critical MB/MWCNTs ratio (C;>0.2), and
remained constant with the further increase of
the MB concentration (Fig. 10). Inset to Fig. 10
presents the saturation adsorption of the MB, a,
at different values of x;. The maximal adsorption
of the MB in suspensions of pure MWCNTs (at
x;=0) was relatively low, a,=0.053+£0.007 g
MB/g MWCNTs. The increase of x; resulted in
increase of a, and at x;=0.2—1, the direct
proportionality between a, and x; was
approximately observed, a, = 0.46x;.

The MWCNT + Lap hybrids may be used
either as a purifying additive or as a filtering
layer if it is deposited on the surface of a
supporting membrane. Due to relatively large
size of hybrid particles, they can be easily
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separated from the purified solution by filtration
or centrifugation. Figure 11 shows the hybrid
membrane, obtained by filtration of hybrid
MWCNT + Lap suspension (x; = 0.5) through the
nylon membrane with nominal pore size 0.2 pm
(a), and ESEM image of the dynamic layer of
MWCNT + Lap hybrids [42].

The dynamic homogeneous layers of hybrids
have a micro-porous felt-like structure with a
carcass composed of disaggregated MWCNTs.
The average pore size of the layer, formed by
hybrids, was rather small (<1 pum). The
estimated specific filtration resistance of hybrids
increased from 2.010” m/kg to 7.1'10" m/kg
with increase of x from 0 to 0.5. For
comparison, the specific filtration resistance of
pure Lap was much high 1.5:10" m/kg.

The kinetics of adsorption and parameters of
equilibrium adsorption of MB on MWCNT + Lap
hybrids have been also investigated in detail
[44]. For elucidation of the mechanism of MB
adsorption, the electrical conductivity and
{-potential were measured [42,44]. Three
different stages in the kinetics of adsorption were
observed: a fast initial stage I (#=0-10 min), a
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slower intermediate stage II (up to ¢~ 120 min)
and a long-lasting final stage III (up to ¢ = 24 h).

long-range restructuring of Lap platelets on the
surface of MWCNTs. The analysis of the

adsorption data of MB by MWCNT + Lap
hybrid particles evidenced in favor of the model
with linear contacts between rigid Lap platelets
and MWCNTs [44].

The presence of these stages was explained
accounting for different types of interactions
between MB and hybrids, as well as for the
changes in the structure of aggregates and the

a)

Fig. 11. Hybrid membrane, obtained by filtration of hybrid MWCNT + Lap suspension (x; = 0.5) through the nylon
membrane with nominal pore size 0.2 um (a), and ESEM image of the dynamic layer of MWCNT + Lap
hybrids (adapted from [42, 59])
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KopoTtkuii orjisit npo pery/aroBaHHs CTA0iJILHOCTI BOJHHUX CyCIeH3iil ByrjeneBuX
HAHOTPYOOK

M.B. Mamuino, M.L.JIe6oBKka, 111. Bapani

Inemumym 6ioxonoionoi ximii im. @.J]. Osuapenrxa Hayionanvroi akademii hayx Ykpainu
oyn. Beprnaocwvroeo, 42, Kuis, 03142, Vkpaina, lebovka@gmail.com
Vuisepcumem Miwkonvy, Haykoeo-0ocaionutl incmumym RpUKIaoHux Hayk npo 3emiro ma OOCIiOHUYbKA epynda 3
mamepianig i3 mamepianoznascmea MTA-ME, Yeopwuna, akmbsab@uni-miskolc.hu

Y yvomy o02n:0i ananizyromuca HewjooasHi pobomu agmopie ma cnopioneni pooomu wooo eneKmpoKiHemuyHuUx
enacmugocmell ma KOMOIOHOI CmIlKocmi 800HUX cycneHnsill bazamowiaposux eyeneyesux nanompybox (CNTs) y
NPUCYMHOCMI NosepxHeso-akmugHux peuosur (IIAP) ma nanouacmunox. Jlano po3ensd maxoxc aocopoyiiHux
snacmueocmetl gy2neyesux HaHompyoox.

062060p10embCsi  3aCMOCY8ants  KIACUYHUX —Meopil  enekmpogope3y O0ns  onucy eiekmpopopemuynoi
pyxausocmi gyaneyesux Hanompyook. Hasedeno npuxnaou (-nomenyiany CNTs y 600nux cycnensisx sax @yukyii pH
ma xonyenmpayii enexmponimie (KCI, CaCl, ma AICI3). /looasanus xamiowHOi noeepxHes80-aKkmuHoi peuosuHu
yemunmpumemuiammoniro o6pomioy (CTAB) nuoicue sHauenv kpumuunoi konyenmpayii miyeroymeopenns (CMC)
npu3800umb 00 3MEHWEHHs, a NOmimM 00 nepesapsaoicenns nosepxui CNTs winsaxom nakonuyenns ionie CTAB 6 wapi
HlImepna. Ipu xonyenmpayisx euwe CMC cnocmepicacmbcs 3uaune cnadanusi (-nomenyiany. Lle nos’szano 3i
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SMIUEHHAM NIOWUHU 3CY8)Y 8 OIK PO3UUHY 8 pe3yIbmami YIMEOpeHHs Ha NosepXHi Haniemiyen. 30i1buieHHs MAC08020
cniggionoulents wmyunoeo minepany Jlanounim (Lap) y cycnensii (X) 6i0 0 do 0.4 npuzeooums 00 MOHOMOHHO2O
sHUdCeHHA (-nomenyiany 2iopudie CNT + Lap i3 0ocaenennam tioco niamo ~-32 mB npu X > 0.4, wo eionogioae
{-nomenyiany «uucmux» niacmunox Lap. Lle ciouums npo ucoxe noKpumms n08epxHi HAHOmMpYOoK 3a 00NOMO2010
Lap npu X > 0,4.

Kopomko o062060proombcs 0CHOBHI MemoOu noMinuwenHs OUCNEp208aHOCmi gy2iieyesux HAHompyoox, ixws
KONOIOHa cmilikicmb ma aocopOyitini eracmueocmi, a came: cmabinizayis 6 cymiuax 600U ma OpP2AHIYHUX
PO3YUHHUKIG, (YHKYIOHANI3aYis XIMIYHOIO 00po6KoI, cmabinizayis 000a8KaMU NOBEPXHEBO-AKMUBHOI pPeyosUHU
abo nonimepie ma 2ibpudusayisi WAAXoM 000asanHs 000amrogux cmadbinizyiouux Hanowacmurok. CNTs moocyme
Oymu 3HAUHO GIOOKPEMIeHI 6 «2apHUX» PO3YUHHUKAX, Maxux sK [-yuknocexcun-2-niponioown, N,N-Oumemun-
dopmamio abo N-memun-2-niponioon. IIpooemoncmposaro, wo oucnepzosanicmov CNTs € cknaouor @yHKyiero
muny IIAP, iioco kouwyenmpayii ma cniggionowenus IIAP / CNTs. Onmumanvna xouyewmpayis CTAB ona
docsazneHHs 00HOPIOHOI 600HOI Oucnepcii gyeneyesux Hanompyook oyna eusnauena noonuzy CMC. Jooasanna CTAB
3HauHO MoOougixyroms poznodin 3a posmipamu CNTs i cnocmepicacmvbcsi piskuil nepexio 6i0 Manux nepeuHHux
azpe2amig 00 GeIUKUX GMOPUHHUX azpezamig npu konyenmpayiax euwe CMC. Ipu onmumanwhiti konyenmpayii' Lap
YACMUHKU HAHOMPYOOK 000pe cmabinizylomsvcsi i CROCMepicacmvcsi CmyniHuacme NiOGUUIeHHS CMAOiIbHOCMI
ocaoocennsn. Mu makoxc noxasanu, wo 2iopuou CNTs + Lap moocyms epekmusHo SuKopucmosyeamucs Ois
8UOAIEHHS DAPEHUKA MEMULEHOB020 CUHBO2O 3 6OOHUX cucmem. Buceimneno kinemuxy ma mexanizmu adcopoyii.

Knrouosi cnosa: syeneyesi nanompyOKu, 8005HA CYCNeH3is, KONOIOHA CMAOIIbHICMb, NOBEPXHEBO-AKMUBHI
peuosuHu, 2iopuou

KpaTtkuii 0030p 1o peryJiMpoBaHuI0 CTA0WJIbHOCTH BOJHBIX CyCIIEH3H I
YIJIepOJHBIX HAHOTPYOOK

M.B. Mannio, H.H. Jle6oBka, 11I. Bapann

Hnemumym 6uoronnouonou xumuu um. @.J]. Osuapenxo Hayuonanvroi akademuu nayk Yxpaunot
6yn. Bepnaockoeo, 42, Kues, 03142, YVkpauna, lebovka@gmail.com
Yuueepcumem Muwxonvy, Hayuno-uccredosamenbckuil uHcmumym npukiaonsbix Hayk o 3emie u
uccre0osamenbekas epynna uz mamepuanog no mamepuanogeoenuto MTA-ME, Benepus, akmbsab@uni-miskolc.hu

B smom 0630pe ananuzupylomces HedaHue pabomsl agmopos u OausKue pabomuvl NO 31eKMPOKUHEMUYECKUX
CBOUCMBAM U KOJIOUOHOU YMOUYUBOCMU BOOHBIX CYCNEH3ULl MHOSOCIOUHBIX YyeaepoOHvix Hanompybox (CNTs) 6
npucymcmeuu  nosepxHocmHo-akmusHvle gewecms (IIAB) u nanouacmuy. Jlano paccmompenue maxoice
A0COPOYUOHHBIX CBOUICNE Y21ePOOHbIX HAHOMPYOOK.

Obcyacoaemest npumenenue KiacCudeckux meoputl d1ekmpogopesa Onsi ORUCauus 371eKmpoopemuyeckol
noo8udCHOCMU Y2lepoOHbIX Hanompyook. Ilpusedensvr npumepst (-nomenyuana CNTs 6 800HbIX CYCheH3UAX KAK
@ynxyus pH u xonyenmpayuu snexmporumos (KCI, CaCl, u AICIl3). [/lobasnenue KamuoHHOU NOSEPXHOCMHO-
axmuenozo eewjecmea yemunmpumemuiammonuss o6pomuda (CTAB) nudice 3nauenuti Kpumuueckol KOHYeHmpayuu
muyennoodpazosanusi (CMC) npusodum x ymeHvuienuro, a samem K nepeszapsaoke nogepxnocmu CNTs nymem
nakonnerus uonos CTAB 6 crnoe lImepna. Ilpu xonyenmpayusx eviwe CMC nabnrodaemcs 3nauumenvHoe nadenue
{-nomenyuana. Imo cesA3aH0 ¢ cMeujeHuemM nI0CKOCIU cO8uzd 8 CMopoHy pacmeopd 6 pesyivmame 00pa308aHus Ha
HOBEPXHOCMU NOTYMUYEILL. Y8enuueHue Macco8o20 COOMHOUEHUs UCKYCCmEenHo2o munepana Jlanowum (Lap) 6
cycnensuu (X) om 0 oo 0.4 npusodum K MOHOMOHHOMY CHudCceHuro (-nomenyuana eubpuooe YHT + Jlan c
docmudwcernuem naamo =-32mB npu X>0.4, umo coomeemcmeyem { «uucmeixy niacmunox Lap. Omo
c8UdemenbCmeyem 0 8blCOKOM HOKPbIMUsL NOBEPXHOCMU HaHompyook ¢ nomoubio Lap npu X > 0.4.

Kopomxko ob6cyscoaromes ocHoguvlie MemoObl yayuulenus OUCNep208aHOCU VenepOOHbIX HAHOMPYOOK, Ux
KOJLIOUOHAS YCMOUYUBOCMb U A0COPOYUOHHbIE CEOUCMEA, d UMEHHO. CIMAOUIU3AYUL 8 CMECAX 800bl U OP2AHUYECKUX
pacmeopumeinei, QVHKYUOHATU3AYUS XUMUYECKOU o0bpabomkou, cmadbunuzayus 0006asKamu NOGePXHOCMHO-
AKMUBHO20 Gewecmaea Uiy NOIUMEPO8 U cubpuousayusi nymem 000aeienus OONOIHUMENbHBIX CIAOULUZUPYIOWUX
nanowacmuy. CNTs moecym Ovimb 3HAUUMENLHO OMOENEHbl 6 «XOPOWIUX» PACMBOPUMENsX, MAKUX Kax
1-yuxnocexcun-2-nupponudon, N, N-oumemuagopmamuo uiu N-memun-2-nuppoaudon. Illpodemoncmpupogano, umo
oucnepeupyemvie CNTs sengemcs cuoocuon @yukyuei muna FOAP, e2o KoHyewmpayuu u COOMHOUIEHUS
FOAP/CNTs. Onmumanvrasn xonyenmpayusi CTAB 0na docmudicenuss 00HOPOOHOU 600HOU OUCHEPCUL YelePOOHbIX
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Hanompyook 6wina onpedenena ¢oausu CMC. Jlobasnenue CTAB 3nayumenvHo moougpuyupyiom pacnpeoeieHue no
pasmepam CNTs u umabarooaemcs pe3kuil nepexod om MAaablX NEPEUYHLIX azpecamos K OO0NbWUM 6MOPUYHBIM
aepecamam npu rkonyenmpayusx eviwe CMC. Ilpu onmumanvhou komyenmpayuu Lap uyacmuyer nanompy6ok
XOpOWO Cmabunu3upyIomcs u Habo0aemcs CmyneH4amoe noGbluleHue CmadUIbHOCMU 0CANCOEHUSL.

Mo maxoice nokazanu, umo eubpuovt CNTs + Lap mocym s¢hghexmusno ucnonvzosamocs Oiist yOaieHUs
Kpacumens MEMUieH08020 CUHe20 U3 600Hbix cucmem. Ocseujenvl KUHEMUKA U MeXAHU3Mbl a0COPOYUU.

Knrwouesvle cnosa: yenepoouvie HaHompyoKu, 800HblE CYCHEH3UU, KOIOUOHAS CMOUKOCMb, 3ema-nomeHyud,
NOBEPXHOCIMHO-AKMUBHbLE 8eUjecmed, 2UOpUobl
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