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The kinetics of adsorption and parameters of equilibrium adsorption of Methylene Blue
(MB) on hybrid laponite-multi-walled carbon nanotube (NT) particles in aqueous suspen-
sions were determined. The laponite platelets were used in order to facilitate disaggrega-
tion of NTs in aqueous suspensions and enhance the adsorption capacity of hybrid particles
for MB. Experiments were performed at room temperature (298 K), and the laponite/NT
ratio (Xl) was varied in the range of 0–0.5. For elucidation of the mechanism of MB
adsorption on hybrid particles, the electrical conductivity of the system as well as the
electrokinetic potential of laponite-NT hybrid particles were measured. Three different
stages in the kinetics of adsorption of MB on the surface of NTs or hybrid laponite-NT
particles were discovered to be a fast initial stage I (adsorption time t = 0–10 min), a slower
intermediate stage II (up to t = 120 min) and a long-lasting final stage III (up to t = 24 hr).
The presence of these stages was explained accounting for different types of interactions
between MB and adsorbent particles, as well as for the changes in the structure of
aggregates of NT particles and the long-range processes of restructuring of laponite
platelets on the surface of NTs. The analysis of experimental data on specific surface area
versus the value of Xl evidenced in favor of the model with linear contacts between rigid
laponite platelets and NTs. It was also concluded that electrostatic interactions control the
first stage of adsorption at low MB concentrations.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Recent studies have shown the good potential of carbon
nanotubes (NTs) for adsorptive purification of water contam-
inated by toxic metals (Kabbashi et al., 2009; Adolph et al.,
2012; Yu et al., 2013), organic matters (Bele, 2010; Lian et al.,
2012) and synthetic dyes (Fugetsu et al., 2004; Gupta et al.,
2013; Kerkez and Bayazit, 2014). Methylene Blue (MB) is
frequently used as amodel dye in investigations of adsorption
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on carbon-based substances. The data on adsorption of MB by
different types of carbons (Wang et al., 2005; Kavitha and
Namasivayam, 2007; Qada et al., 2008) and NTs (Yan et al.,
2005; Qu et al., 2008; Shahryari et al., 2010; Madrakiana et al.,
2011; Norzilah et al., 2011; Ma et al., 2012; Li et al., 2013;
Szlachta and Wójtowicz, 2013; Tabrizi and Yavari, 2015) were
already reported.

The kinetic and equilibrium data for adsorption of MB on
multi-walled NTs at different temperatures were analyzed
.
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(Shahryari et al., 2010). Adsorption equilibrium was attained
within ~2 hr. The estimated thermodynamic parameters
suggested that the process of MB adsorption on NTs was
spontaneous and endothermic. The same conclusions were
done from adsorption investigation of MB on NT-based
aerogel (Tabrizi and Yavari, 2015). Data on adsorption kinetics
of MB onmulti-walled NTs revealed that adsorption was rapid
in the initial stage and then followed by a slower process to
reach the plateau value (Szlachta andWójtowicz, 2013). Study
of the adsorption of MB on single-walled NTs testified that the
nature of adsorption is mainly determined by charge-transfer
and hydrophobic interactions (Yan et al., 2005). The presence
of solubilization of NTs and formation of MB–NT adsorptive
nanostructures in water has been demonstrated. Adsorption
of MB on NTs at different pH was studied in details, and it was
concluded that the adsorption mechanism may be due to π–π
electron donor acceptor interactions and electrostatic attrac-
tion between positively charged dye ions and NTs (Li et al.,
2013). The method of removal of MB from aqueous solution
using multi-walled magnetic NTs was proposed (Qu et al.,
2008; Madrakiana et al., 2011). The prepared magnetic NTs
can be easily separated in magnetic field after they have
been loaded with dye. The alkali-activated NTs demonstrated
excellent adsorption capacity for MB (399 mg/g). The effects
were attributed to the multiple adsorption interaction mech-
anisms (hydrogen bonding, π–π and electrostatic interactions,
etc.) (Ma et al., 2012).

The adsorption capacity of NTs forMB is increased after heat
treatment and it is decreased after acid modification (Norzilah
et al., 2011). It was demonstrated that the adsorption of MB on
modified NTs was mainly influenced by surface functional
groups. Recently, a new type of hybrid adsorbent based on
multi-walledNTs covered by platelets of laponitewas described
(Loginov et al., 2012). Stabilization of NTs in the presence of
laponite was explained by the formation of the hydrophilic
charged shells on the NTs surface. The presence of such shells
was recently visualized using high resolution transmission
electron microscopy (TEM) technique (Manilo et al., 2015).
Hydride laponite-NT adsorbent can be effectively used for
removal of MB from aqueous systems (Loginov et al., 2014).
Moreover, the prepared hybrid adsorbent can be easily separat-
ed using filtration after being loaded with dye. However, the
mechanism of adsorption of MB on the surface of hybrid
laponite-NT adsorbent has not been fully understood yet.

The objective of this study is to investigate the mechanism
of adsorption of MB onto hybrid laponite and NT particles in
aqueous suspensions. The kinetics of adsorption and parame-
ters of equilibriumadsorption at different values of laponite/NT
ratio were measured. For elucidation of the nature of MB
adsorption onto hybrid particles the studies of electrical
conductivity and electrophoretic mobility were also performed.
1. Experimental

1.1. Materials

The multi-walled carbon nanotubes (NTs) were produced
by catalytic chemical vapor deposition (CVD) method in the
presence of Fe–Mo–Al catalyst (Specmash, Kyiv, Ukraine)
(Melezhyk et al., 2005). NTs were purified by annealing to
separate from the catalyst and mineral impurities, and
treated by aqueous solutions of alkali (NaOH) and hydrochlo-
ric acid (HCl). Then samples were filtered to remove the
excess acid and repeatedly washed by distilled water until the
constant pH of ~7.5. The studied NTs were composed of
concentric shells with inter-shell distance (dss) of 0.34 nm,
their typical outer diameter (dn) of 10–20 nm, their length (ln)
of 5–10 μm, and the number of walls within the range of ~6-8
layers. The estimated density (ρn) of NTs decreases from 1.6 to
~1 g/cm3, while their outer diameter increased from 10 to
20 nm (Manilo et al., 2014). Typically, as-grown by CVD
method the multi-walled carbon nanotubes have closed
ends and the internal surface is unavailable to the absorption
(Yao et al., 2008). It was supported by the adsorption data. The
specific surface area of NTs (Sn), experimentally determined
by nitrogen adsorption, was 254 ± 5 m2/g and was close to
the theoretically estimated value of the outer specific area
(Manilo et al., 2014) which was calculated as follows:

Smn ¼ πdnln ≈ 260 m2=g:

The laponite RD (Rockwood Additives Ltd., Widnes, UK)
is a typical synthetic swelling clay with the formula of
Na0.7[(Si8Mg5.5Li0.4)O20(OH)4]. It is composed of charged
disk-like platelets with thickness (hl) about 1 nm and average
diameter (dl) about 25 nm (Zebrowski et al., 2003). The density of
laponite (ρl) is equal to 2.53 g/cm3 (Zebrowski et al., 2003).
Taking into account the shape, size and density of the laponite
particles, their specific surface area (Slm) may be theoretically
estimated as:

Sml ¼ 2
hlρl

≈ 791 m2=g:

This value noticeably exceeded the experimental value
(359–368 m2/g) determined by N2 adsorption (Fripiat et al.,
1982), or by H2O adsorption (345.1 m2/g) (Fripiat et al., 1982).
The laponite platelets are charged highly heterogeneously in
aqueous suspensions. Their faces have large negative charge,
while smaller surface charge of their edges (~10% of the total
charge) is pH-dependent and positive in acidic medium. The
negative surface charge of laponite RD, defined as its cation
exchange capacity (CEC), was equal to 0.75 meq/g.

Cationic dye Methylene Blue (MB) with molecular for-
mula C16H18N3SCl (molecular weight (MMB) of 319.85 g/mol)
was chosen as adsorbate. The molecule of MB can be
regarded approximately as a rectangular volume of dimen-
sions 1.7 nm × 0.76 nm × 0.325 nm with effective areas of
adsorption on face and edge surfaces equalling to 1.3 nm2

and 0.55 nm2, respectively (Johnson, 1957) (Fig. 1). The dye
stock solution was prepared by dissolving the weighted
solid crystal-hydrate C16H18ClN3S·3H2O (Merck, Darmstadt,
Germany), withMMB of 373.9 g/mol in distilled water tomake a
concentration of 100 mg/dm3. Then experimental solutions
were prepared by diluting stock solution with distilled water
to the designated concentration.

Hybrid laponite-NT systems were obtained by addition of
the appropriate amounts of laponite and NTs to distilled
water and subsequent sonication of mixtures using ultrasonic



Fig. 1 – Structure and molecular dimensions of cationic dye
Methylene Blue (MB) and its typical spectrum in water (the
concentration of MB is 12 mmol/L) in the region 260–340 nm.
D: optical density; λ: wavelength.
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disperser (UZDN-20/40, UkrRosprylad, Sumy, Ukraine) at the
frequency of 44 kHz and the output power of 150 W during
10 min. To prevent overheating, the suspensions were soni-
cated in a cold-water bath, and the temperature of suspension
never exceeded 30°C. The laponite/NTs ratio (Xl = ml/mn) (g/g),
was changed in the range of 0–0.5. Preliminary microscopic
observations have shown that an increase of Xl resulted in
efficient dispersion and disaggregation of NTs, and at Xl ≈ 0.5
formation of fully disaggregated suspensions was observed
(Loginov et al., 2012).

1.2. Experimental techniques

Batch adsorption experiments were carried out using 0.01 wt.%
suspension of laponite-NT hybrids and bulk MB solutions.
100 mL flask with suspension was shaken during the period up
to 24 hr. Then the suspension was filtered using a 0.2 μm
Millipore filter (Schleicher and Schuell BioScience GmbH,
Dassel, Germany) and the filtrates were analyzed for MB
concentration using ultraviolet–visible (UV–vis) spectropho-
tometer (Specord UV Vis, Analytik Jena AG, Jena, Germany) at
290 nm. MB showed two main absorption bands, one in the
region of 500–650 nm and another in the region of 270–320 nm
(Song et al., 2009). Aggregation of MB (with the formation of MB
dimers, trimers and higher aggregates) and interactions with
nanoparticle surfaces can gradually affect the structure of
absorption spectrum in the region of 500–650 nm (Cenens and
Schoonheydt, 1988; Schoonheydtandl and Heughebaert, 1992;
Schoonheydt and Johnston, 2006), while the absorbance in the
region of 260–340 nm (Fig. 1) usually displays only insignificant
changes (Song et al., 2009). In the present work for determina-
tion of MB concentration the absorbance at 290 nm was
analyzed. The content of MB was calculated using a standard
curve based on the Lambert–Beer law.
The adsorption capacity (a) (g/g) was the ratio of the
amount of dye adsorbed to the mass of NTs and was
calculated using the following mass balance equation:

a ¼ mo
d

mn
1−

md

mo
d

 !
ð1Þ

where, md
o (g) and md (g) are the initial and final dye masses

and mn is the mass of NTs.
The electrical conductivity of suspensions was measured

using the inductance, capacitance and resistance (LCR) meter
819 (Instek, Good Will Instrument Co., Ltd., New Taipei City,
Taiwan) under the applied external voltage of 1.0 V at the
frequency of 1 kHz. The measurements were carried out in a
cell with two platinum plate electrodes with the distance of
~5 mm between them and effective cell volume of ~1 cm3.
The electrical conductivity of distilled water (σ) was ~4 μS/cm.
Electrical conductivity measurements were performed imme-
diately after preparation of the samples.

Electrophoretic measurements of NTs, laponite and
NT-laponite complex were performed by ZetaSizer NS device
(Malvern Instruments Ltd, Malvern, Worcestershire, UK) at
electric field gradients of several or several dozen of V/cm and
at 25°C. The measurements are based on the combination of
laser doppler velocimetry and phase analysis light scattering
(PALS) in Malvern's M3-PALS technique. The instrument is
suitable for determination of size distribution function (F(R))
in the range of 0.3–10 μm. Measurements of F(R) are based on
application of non-invasive back scatter technology. The
electrophoretic mobility (μ) was converted into zeta potential
(ζ) using the classical Smoluchowsky formula (Dukhin and
Derjaguin, 1976).

The literature data evidence that laponite disks in aqueous
suspensions are chemically instable (Tiller, 1968a, 1968b;
Thompson and Butterworth, 1992; Mourchid and Levitz,
1998; Savenko et al., 2013; Jatav and Joshi, 2014). Typically,
dissolution is developed on a rather long time scale (several
weeks) and it is minimal in basic media. In order to prevent
the impact of the named chemical instability, freshly pre-
pared suspensions were used and all experiments were
performed at constant value of рН ~10.0, adjusted using
0.05 mol/L borate buffers. This level of pH was used to prevent
the fast degradation of laponite particles.

Experiments were carried out at a constant temperature of
298 K and were replicated 3–5 times. Themean values and the
standard deviations were calculated. The error bars in all the
figures correspond to the confidence level of 95%.
2. Results and discussion

Fig. 2 presents examples of time dependence of adsorption (a)
at different values of Xl. It is seen that three different stages of
the kinetics could be distinguished. In all cases the adsorption
of MB onto NTs and hybrid laponite-NT particles was rapid in
the initial stage I (adsorption time t = 0–10 min), followed by a
slower process (stage II) up to t = 120 min. Note, that the
presence of fast initial stage in the adsorption of MB on
multi-walled NTs was also reported earlier (Szlachta and
Wójtowicz, 2013).



Fig. 2 – Typical time dependences of MB adsorption capacity
(a) on laponite-NT hybrid particles at different values of the
laponite/NTs ratio (Xl) and equilibrium relative concentration
of dye (Xd). The chosen value of Xd approximately corre-
sponds to that required for the monolayer adsorption at the
given value of Xl. MB: Methylene Blue; NT: nanotube.

Fig. 3 – Adsorption capacity (a) versus equilibrium relative
concentration of dye (Xd) at different values of the laponite/
NTs ratio (Xl). Inset plot shows the initial section of isotherms
at small Xd and different values of Xl. NT: nanotube.
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It can be speculated that during stage I the adsorption of
MB on the most active centers on the surface of particles may
occur. During this stage the adsorption was governed by
strong electrostatic interactions between positively charged
cation of MB+ and negatively charged surfaces of laponite and
NTs. The negative charge of the faces of laponite originates
from the water–particle interactions as a result of hydrolysis
while the negative charge of NTs is attributed to the
dissociation of surface functional groups. According to FTIR
spectra, the NT surface contained a small amount of hydroxyl
and carboxylic groups (Manilo et al., 2014). Moreover, MB is an
ideally planar molecule, and π–π stacking interactions be-
tween the hexagonal skeleton of NTs and aromatic backbone
of MB (Chen et al., 2007) may also be rather important at this
stage of adsorption.

Stage II corresponded to the slower rate of adsorption, and
could be explained by the presence of other types of surface
adsorption sites. Note that the presence of initial rapid stage I
and later on slower process (stage II) was previously observed
in adsorption kinetics of MB on multi-walled NTs (Szlachta
and Wójtowicz, 2013).

At longer time of adsorption (stage III) different behaviors
of the system were observed as a function of the Xl value.
During stage III the value of a decreased continuously with
time for pure NTs (Xl = 0). This behavior can reflect the partial
desorption of MB from the surface of NTs at the late stage of
adsorption owing to the development of aggregation of NT
particles in aqueous medium. At small values of Xl (Xl = 0.1)
the adsorbed amount (a) rapidly reached a plateau. At larger
values of Xl a continuous increase in awas observed for longer
time and the plateau regime was reached at t = ~24 hr. The
time required for attaining the adsorption equilibrium was
dependent upon the value of Xl, and it turned to be ~3 hr for
Xl = 0.1 and ~24 hr for Xl = 0.3 and 0.5. The long period of time
necessary to reach the adsorption equilibrium for Xl = 0.3 and
0.5 can reflect the long-lasting processes of equilibration of
MB molecules that were initially not uniformly distributed
between different adsorbent particles. The presence of the
similar long-lasting processes of equilibration of the cationic
surfactant cetyltrimethylammonium bromide (CTAB) mole-
cules on the surface of laponite was previously reported
(Savenko et al., 2013).

Fig. 3 shows the adsorbed amount of MB (a) versus
equilibrium relative concentration of dye (Xd, equalling to
md/mn) at different values of Xl. Analysis has shown that all
isotherms can be successfully fitted by a Langmuir-type
equation:

a
am

¼ KXd

1þ KXd
ð2Þ

where, the value of am corresponds to amonolayer adsorption
of MB and K is the equilibrium constant related to the free
energy of adsorption.

It is interesting that at small values of Xd, the linear
relationships of a = KamXd for different values of Xl were
observed with the same value of Kam = 0.0968 ± 0.0004 (with a
coefficient of determination r2 = 0.999) (see inset in Fig. 3).

Fig. 4 demonstrates the values of monolayer adsorption
(am) and specific surface area (S, m2/g) versus the value of Xd.
The specific surface area of the hybrid laponite-NT particles
was calculated as (Itodo et al., 2010):

S ¼ amsNA=M≈2061am ð3Þ

where, s (1.3 nm2) is the face surface of one molecule of
МВ, NA (6.022 × 1023 mol−1) is the Avogadro number and M
(373.9 g/mol) is the molecular mass of the MB + 3H2O unit.



Fig. 4 – Dependence of monolayer adsorption (am) and
specific surface area (S) of the hybrid laponite-NT particles on
the value of the laponite/NTs ratio (Xl) estimated using
stretched (Ss) and linear (Sp) contact models. Dashed line
corresponds to the experimental data fitting by parabolic
equation (Eq. (4)). NT: nanotube.

Fig. 5 – Size distribution function (F(R)) of hybrid systems
in water at different values of the laponite/NT ratio (Xl).
R: particle sizes; NT: nanotube.
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Dependencies of monolayer adsorption on Xl can be well
fitted (with a coefficient of determination r2 = 0.9996) by the
following parabolic equation:

am ¼ 0:072� 0:002ð Þ þ 0:137� 0:021ð ÞXl

þ 0:289� 0:040ð ÞXl
2: ð4Þ

At Xl = 0 (i.e., for pure NTs) the specific surface area of NTs
in water was Sno ≈ 149 m2/g and it was noticeably smaller
than the maximally possible value (theoretically estimated),
Snm ≈ 260 m2/g (Manilo et al., 2014). This can be explained by
high aggregation of hydrophobic NT particles in water that
results in screening of some portion of the surface of NT
particles. Moreover, some places on the NTs surface may not
be suitable for effective adsorption of MB dye. Adsorption of
MB on the surface of NTs is governed by different driving
forces, i.e., van der Waals attractive interaction, π–π stacking
interactions between aromatic rings of NTs and MB, and
electrostatic interactions between the cationic dye and the
negatively charged surface of NTs (Fugetsu et al., 2004).

Additional information on the contribution of different
forces into mechanism of MB adsorption onto laponite-NTs
complex particles can be extracted from electrokinetic and
electrical conductivity measurements of the system. Accord-
ing to our electrokinetic data, at pH ~10.0 the laponite clay
disks and NTs have negative charge and their zeta potential
values (ζ) turned to be −47 and −43 mV, respectively. The
observed hetero-coagulation and formation of laponite-NTs
hybrid particles evidently reflect the presence of attractive
interactions between similarly charged species. A number of
theoretical and experimental works have demonstrated that
unusual attractive interactions can exist for similarly and
highly charged colloidal particles (Lebovka, 2014). The ob-
served hetero-coagulation between similarly charged NTs and
laponite clay disks can be related to highly heterogeneous
distribution of the negatively charged functional groups on
the surface of NTs. Also, the highly charged laponite disk can
be effectively immobilized on the neutral fraction of the NT
surface due to strong attraction between it and the equivalent
image charge, produced in the conductive surface of NT (Leite
et al., 2012).

An increase ofXl from 0 to 1 caused amonotonic decrease of
the negative ζ of laponite-NT hybrid particles (value of ζ
changed from −40 to −32 mV), and the value of zeta potential
reached saturation at the level of −31 mV at Xl ≥ 0.4. The
observed behavior of the zeta potential reflects the immobili-
zation of laponite platelets on the surface of NTs and formation
of hybrid laponite-NT particles. Summarizing the electrokinetic
data, one can say that adsorption/heteroadagulation of laponite
disks onto NT stabilizes the nanotubes suspension as a result of
hydrophilization of their surface, and gives some (by about 20%)
decrease of the negative electrokinetic potential of nanotubes;
at the same time their zeta potential values remain high
enough to facilitate the adsorption of cationic dye due to
Coulomb interactions.

The size distribution functions F(R) for the studied systems
revealed the presence of species with different sizes depending
on the value of Xl (Fig. 5). At small value of Xl, three distinctive
species were observed, i.e., large aggregates of non-stabilized
NTs (R ≈ 2–3 μm), intermediate aggregates of partially stabilized
NTs (R ≈ 0.3–1 μm) and smaller species (100–200 nm) that can
be attributed to the stabilized NT-laponite hybrid particles. At
higher concentration of laponite (Xl = 0.3–0.5), single species
with the size of 200–300 nm were observed. However, at larger
ratio (Xl = 0.7), twodifferent species that can be attributed to the
stabilized NT-laponite hybrid particles (200–700 nm) and free
laponite clay disks not coupled with NTs (40–100 nm) were
observed. The adsorption data in the present work were
obtained for the range of Xl ≤ 0.5, where the fraction of the
free laponite disks was insignificant.



Fig. 6 – Electrical conductivity (σ) of MB and 0.1 wt.% laponite
suspension versus the concentration of MB (Cd) in the
absence (sample A) and presence (sample B, Xl = 0.5) of NTs.
Cd
c : inflection point. Methylene Blue: MB.
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The surface area of the hybrid laponite-NT particles can
depend on the model of association between laponite and NT
particles. The total mass of hybrid particles was equal to
mn + ml. The surface of hybrid particles was approximately
equal to the surface of pure NTs for the stretched contact
between laponite and NT (the flexible platelet wraps the tube),
i.e., it was equal to the sum of the surface of NTs and laponite
particles for the linear contact between particles (the rigid
platelet contacts with tube) (Fig. 4).

As a rough approximation we can assume that at
Xl ≤ Xl

m = 0.5Xl, the NT specific surface area linearly grows
with Xl as:

Sn ¼ Son þ Smn −S
o
n

� �
Xl=X

m
l ð5Þ

where, Sno (~149 m2/g) and Snm (~260 m2/g) (Manilo et al., 2014)
are the surface areas at Xl = 0 and Xl = Xl

m, respectively.
The specific surface area of the hybrid laponite + NT

particles for the stretched (Ss) and the linear contact models
(Sp) can be estimated as

Ss ¼ Sn= 1þ Xlð Þ ð6Þ

Sp ¼ Sn þ Sml Xl
� �

= 1þ Xlð Þ ð7Þ

respectively. Here, Slm of 791 m2/g is the theoretically estimat-
ed surface area for laponite.

The dependences of Ss and Sp on Xl are presented in Fig. 4.
The linear contact model gave overestimated values and was
more appropriated for description of the experimental data
than the stretched contact model.

It is interesting to estimate the contribution of laponite
surface charges to adsorption of MB on hybrid laponite-NT
particles. Accounting for the cation exchange capacity (CEC) of
faces of laponite (0.75 meq/g), the degree of coverage of faces
by MB+ ions (fMB+) can be estimated as:

fMBþ ¼ 1000= 0:75MMBð Þ ¼ 3:57Cd=Cl ¼ 3:57Xd=Xl: ð8Þ

Thismeans that the total covering of faces ( fMB+ = 1) requires
Xd ≈ 0.084 for Xl = 0.3 and Xd ≈ 0.14 for Xl = 0.5. The estimated
values were noticeably smaller as compared to those required
for formation ofmonolayer ofMB. The experimental adsorption
data evidenced that Xd ≈ 1.5 for Xl = 0.3 and Xd ≈ 3.4 for Xl = 0.5
(Fig. 3). It can be assumed that mechanism of charge governed
adsorption of MB on the laponite-NT hybrid particles is not
essential for the studied systems.

To check this assumption the electrical conductivity (σ) of
MB and of 0.1 wt.% laponite suspension versus the concentra-
tion of MB (Cd) in the absence (sample A) and presence (sample
B,Xl = 0.5) ofNTswasdone (Fig. 6). At small concentrationofMB
(below inflection point (Cd

c), i.e., Cd ≤ Cd
c ≈ 0.03 wt.%), the electri-

cal conductivity of samples A and B exceeded the electrical
conductivity of MB and was weakly dependent upon the value
of Cd. However, above Cd

c the strong dependence of σ on Cd for
both samples A and B were observed. At Cl = 0.1 wt.%, Eq. (8)
gives Cd ≈ 0.028 wt.% that is close to the inflection points of
curves σ(Cd) at Cd ≈ Cd

c = 0.03 wt.%. Thus, such behavior can be
explained by strong adsorption of mobile MB+ ions on the
negatively charged faces of laponite particles.
At high concentrations of MB, i.e., Cd > 0.5 wt.%, electrical
conductivity of the sample B (0.1 wt.% of laponite and 0.2 wt.%
of NTs) was noticeably smaller than that for MB solution or the
sample A (0.1 wt.% of laponite). This evidently reflects the
stronger binding of the cations of MB on the surface of hybrid
laponite-NT particles.
3. Conclusions

Three different stages in the kinetics of adsorption of MB on
the surface of NTs or hybrid laponite-NT particles were
discovered, i.e., the fast initial stage I (t = 0–10 min), slower
intermediate stage II (up to t = 120 min) and the long-duration
final stage III (up to t = 24 hr). The presence of these stages
may be explained by different types of interactions between
MB and adsorbent particles, as well as by the charges in
structure of aggregates of NT particles and the long-lasting
processes of equilibration of CB molecules that were initially
nonuniformly distributed between different adsorbent parti-
cles. The laponite platelets cover the surface of NTs and
facilitates their dispersing in water (Loginov et al., 2012).
Moreover, the hybrid laponite-NT particles have the higher
values of monolayer adsorption capacity than that for the
original NTs (Loginov et al., 2014). The analysis of specific
surface area (S) versus the laponite/NT ratio (Xl) evidenced in
favor of the model with linear contacts between rigid laponite
platelets and NTs. The model of stretched contact, when the
flexible laponite particle wraps around the surface of NT,
failed to give appropriate estimation of S. The electrical
conductivity data evidenced that electrostatic interactions
controlled the adsorption at small concentrations of MB, and
the stronger binding of the MB cations of on the surface of
hybrid laponite-NT particles was observed.
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