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The adsorption of dye molecules from aqueous solution onto the surface of titanate nanotubes (which have been synthesized
via an alkaline hydrothermal treatment) has been studied. The ionic charge on the dye molecules was found to affect their
ability to adsorb onto the titanate nanotube surface. In the case of (cationic) methylene blue, the adsorption was preferable
on the negatively charged surface of titanate nanotubes rather than on positively charged P25 TiO; nanoparticles. In the
case of (anionic) Eriochrome Black T dye, the opposite trend was found. Herein, the dynamics of dye adsorption and the

effect of pH on the adsorption capacity are considered.
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Introduction

Protonated titanate nanotubes (H-TiNT), produced by hydro-
thermal treatment of powdered TiO, or titanium metal with
a concentrated aqueous NaOH solution, have become the target
of many studies in recent years due to their unique com-
bination of physico-chemicall!? and structurall® properties.
Nanotubular titanates, which were originally discovered by
Kasuga et al.[*] can be potentially used in applicationsl®] such
as catalysis,[%7] photocatalysis(®°] and electrocatalysis, hydro-
gen storage,!'%!1] lithium batteries,l'>!3] and solar cells.['4!>]
The open, mesoporous morphology, high aspect ratio com-
bined with good ion-exchange properties!!®!7] and moderate
electroconductivity render nanostructured titanates useful in
nanoscale design. Examples include decoration of nanotubes
with nanoparticles,['®] functionalization of nanotubes,['”] and
manufacture of composites. 2]

A detailed knowledge of the physico-chemical properties of
the surface of nanotubular titanates is essential because the high
surface area of nanotubes is used, in most applications, as a
support for active materials. An understanding of the underlying
principles controlling the adsorption of active species on the
surface of nanostructured titanates should provide an important
tool for the targeted functionalization of nanotubes.

In an aqueous suspension, nanotubular titanates tend to
develop a negative zeta potential due to the dissociation of titanic
acid according to the following reaction:[?!]

H,Ti307 < HT + HTi307. (1)

This phenomenon greatly affects the ability of charged
molecules to adsorb on the surface of nanotubes. The affin-
ity of species in the cationic form is much better than that of
anionic species, indicating the major role of electrostatic interac-
tions between adsorbent and adsorptives during adsorption from
aqueous solution. This principle has allowed improved methods
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for the deposition of precious metals on the surface of titanate
nanotubes using metal precursors in cationic form.??) Uniformly
distributed metal nanoparticles, densely loaded on the surface of
nanotubes, could be achieved. The use of a negatively charged
precursor in aqueous solution (e.g. [AuCly]~ or [PtClg]>),12324]
tends to result in a less uniform distribution of metal nanopar-
ticles and difficulties in obtaining high values of metal loading
while maintaining a high dispersity of metal.

Adsorption of dye molecules from aqueous solution onto the
titanate nanotubes should follow the same principle of electro-
static interactions. Unfortunately, there is only limited amount of
published, systematic works!?*! showing the effect of the surface
charge on dye molecules on their ability to adsorb on the surface
of titanate nanotubes. Such studies would help to improve the
performance of dye sensitized cells, by tailored selection of a dye
with a higher affinity towards the surface of titanate nanotubes,
as compared to previous studies in which negatively charged
dyes were characterized by a limited adsorption on the surface
of nanotubes.[26-2°]

In this work, the adsorption of cationic and anionic dyes from
aqueous solution onto the surface of negatively charged titanate
nanotubes and positively charged TiO, nanoparticles (Degussa
TiO, P25) at 25°C was studied. The effect of solution pH and
nanotube length on the kinetics of dye adsorption into titanate
nanotubes was also examined.

Experimental
Reagents

Titanium dioxide (anatase, TiO;), sodium hydroxide (NaOH),
methylene blue (MB), Eriochrome Black T (EBT) (Fig. 1), and
hydrochloric acid (HCI) pure grade, were obtained from Aldrich
and were used without further purification. Nanoparticulate P25
TiO; was obtained from Degussa. Standard pH buffer solutions
were obtained from Fisher Chemicals.

10.1071/CH09326 0004-9425/10/020270
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Preparation of Protonated Titanate Nanotubes
and Nanofibres

The preparation of titanate nanotubes was based on the alkaline
hydrothermal method proposed by Kasuga et al.[4 and further
developed in our laboratories towards lower temperature using
KOH-NaOH mixture,[3%3!] ultimately allowing to use reflux
instead of autoclave apparatuses. Titanium dioxide (3 g, anatase)
was mixed with of 49 cm® of 10moldm™— NaOH and 1cm?
of 10moldm™— KOH aqueous solutions then placed in PFA
(a perfluoroalkoxy polymer) round-bottom flask equipped with
thermometer and refluxed at 100°C for 48 h. The white, powdery
titanate nanotubes produced were thoroughly washed with water
until the washing solution achieved pH 7. In order to convert
nanostructured titanates into their protonated form, the powder
was washed with excess of 0.1 mol dm~3 HCI for over 30 min
until a stable pH of 2 was reached, followed by water washing
to pH 5. The sample was dried in air at 120°C.

Measurement of Dye Adsorption

For measurements of the adsorption isotherm, 0.1 g of a pow-
dered sample was placed in a glass vial and (10 — x; x refers to
the volume (in cm?) of added solution of dye) cm?® water were
added followed by addition of x cm> of 0.01 mol dm~—> solution
of dye. The mixture was stirred and kept for 24 hat 25°C to ensure
equilibration. The liquid was then separated from the solid using
filtration or decanting and the concentration of dye in the lig-
uid was determined using a UV-visible spectrometer (Neosys —
2000, Scinco); absorption bands at 665 nm and at 550 nm were
used for detection of MB and EBT respectively. The amount of
dye adsorbed on the surface of the powder, a, in mol per mol
units was calculated using the formula (Eqn 2):

M(TiO5)(Cy — C)V
a = 5
m

2

where Cy and C are the initial and equilibrium concentrations of
dye in solution, Vis the volume of solution, m is the mass of solid
sample powder, and M(TiO,) is molar mass of TiO,, which is
80 gmol !,

The kinetic curves for dye molecule adsorption on the surface
of titanate nanotubes were obtained using the following method.
In a 100 cm? beaker, 0.8 cm® of 0.01 moldm ™3 dye was mixed
with 19.2 cm? of distilled water. Under vigorous stirring, 0.1 g
of titanate nanotubes was added. The decay of dye concentration
in aqueous solution was monitored by taking a 0.2 cm? aliquots
at selected times. Before taking the aliquot, stirring was stopped
for 30s to settle the titanate powder. The aliquot was diluted in
5c¢m?’ of standard buffer (pH =4) and the concentration of the
dye was determined using a UV-visible spectrometer.

Sample Characterization

Transmission electron microscopy (TEM) images were obtained
using a JEOL 3010-TEM transmission electron microscope. The
powder sample was ‘dry’ deposited onto a copper grid covered
with a perforated carbon film. Scanning electron microscopy
(SEM) images were obtained with a JEOL 6500 FEG-SEM scan-
ning electron microscope. The sample was dispersed in water,
deposited on flat silicon wafers then dried at 25°C. XRD pat-
terns were recorded using a Bruker AXS D8 Discoverer X-ray
diffractometer, with Ni-filtered Cu-K, radiation (A =0.154 nm)
and a graphite monochromator, in the 20 range from 5° to 40°.
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Fig. 1. Dyes used in this study. (a) Eriochrome Black T, (b) methylene blue.
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Fig. 2. Isotherm for methylene blue (MB) adsorption onto the surface of
(M) titanate nanotubes and (@) P25 TiO; at 25°C. pH values in the range
from 4 to 5.

Results and Discussion

The isotherms of MB adsorption on the surface of titanate
nanotubes and P25 TiO, nanoparticles from aqueous solution at
25°C are vshown in Fig. 2. The adsorption isotherms followed
Langmuir-type adsorption, according to the following (Eqn 3):

asKLC

a=—,
1+ K;.C

(€)

where a; corresponds to the amount of dye forming mono-
layer on the surface of adsorbent, and K is the constant of
adsorption. When the concentration of MB in solution exceeds
0.05 mmol dm—3 the surface of titanate nanotubes has become
saturated with adsorbed MB molecules. The amount of
adsorbed MB on the surface of nanotubes can be estimated
as ~0.008 mol(MB) mol(TiO,)~!. In contrast, the a, value for
MB on the surface of P25 nanoparticles was found to be almost
two orders of magnitude smaller (~6 x 10~ mol(MB)mol
(TiO,)™1). Values of the adsorption constant (K ) and saturation
concentration (a,) for nanotubes and nanoparticles, estimated
by fitting data from Fig. 2 to Eqn (3), are shown in Table 1.
Such a large difference in a, values is difficult to explain by the
difference in values of specific surface area alone.

Fig. 3 shows the isotherm for EBT adsorption from aqueous
solution on the surface of nanotubes and nanoparticles. From
Eqn (3), the amounts of dye in monolayer (ay) on the surface of
nanotubes can be estimated (Table 1). Despite the fact that the
specific surface area of nanoparticles is almost five times smaller
than that for nanotubes, the amount of EBT on the surface of
nanoparticles is higher than on the surface of nanotubes during
adsorption from aqueous solution.

In aqueous solution, both of the dyes experience electrolytic
dissociation. For MB, this results in the cationic form, whereas
the EBT exists in the anionic form (Fig. 1) over a wide range
of pH. At the same time, titanate nanotubes and TiO, nanoparti-
cles (P25) suspended in aqueous media develop a zeta potential,
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Table 1. Adsorption properties of titanate nanotubes for two organic dyes
Dye Adsorbent K [dm? mmol 1] ag® [mol(dye) mol(TiO3)~] BET area [m?> g~ '] ndyeB deec [nm?] Charges on dye/support
MB H-TiNT 285 0.008 250 1200 2.63 + -
EBT  H-TINT 31 0.002 250 300 10.5 - -
MB TiO2(B)NT 66 0.0056 180P 1100 2.65 + -
MB P25 13 6x 1073 50 15 136 + +
EBT P25 132 0.014 50 3500 0.58 - +
AQbtained using Eqn (3).
BObtained using Eqn (4) for nanotubes and Eqn (6) for nanoparticles.
CObtained using Eqn (5) for nanotubes and Eqn (7) for nanoparticles.
DEstimated from Ref. [43].
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Fig. 3. Isotherms for Eriochrome Black T (EBT) adsorption onto the sur-
face of (A) titanate nanotubes and (M) P25 TiO; at 25°C. pH values in the
range from 4 to 5.

which is negative for nanotubes!>'1 and positive for nanoparti-
cles (isoelectric point is 6.51321) at pH values in the range from
4 to 5. When the sign of the charge between dye and adsorbent
is different it results in more favourable adsorption, compared
to when both adsorbent and adsorptive have the same sign of
charge. This indicates that electrostatic interactions dominate
during adsorption of charged dyes from aqueous media.

The surface of multilayered wall titanate nanotubes, its area,
accessibility and properties, depends on the method of study.
For example, nitrogen and water adsorption studies’*-** have
revealed that only the external and internal geometrical surfaces
of titanate nanotubes are accessible to these molecules position-
ing the nanotubes to the mesoporous class of materials. Indeed,
the typical internal diameter (hollow) of titanate nanotubes is
in the range of 3-8 nm, whereas the average diameter pores,
which have been formed between nanotubes by their external
surface is slightly larger and depends very much on the way that
the nanotubes self-assemble.**] The total specific surface area
of titanate nanotubes, as determined by nitrogen adsorption, is
~250m? g~! with a total specific pore volume of ~0.7 cm> g~ 1.

The walls of the titanate nanotubes have a multilayered struc-
ture. The layers of the crystallized titanate consist of edge- and
corner-sharing TiOg octahedra building up zigzag structures.!3°]
The distance between the layers varies in range from 0.72 nm in
the protonated form, to 0.91 nm in the alkaline metal substituted
form.['7) In contrast to nitrogen and water, smaller molecules
such as hydrogen,!'!] or alkaline metal cations,!!”] can access the
cavities situated inside the wall of nanotubes between the layers.
The rate of hydrogen or alkaline metal intercalation between the
layers is in range of several tens of minutes to several hours.

Fig. 4. XRD pattern of (1) titanate nanotubes with deposited methy-
lene blue (MB) and (2) initial protonated titanate nanotubes. (3) H,TizO7
reflexions according to Ref. [36].

The transport of intercalating species occurs along the length of
the nanotubes.

It is important to understand the nature of the adsorption site
during sorption from aqueous solution into titanate nanotubes;
whether or not the adsorbate can intercalate between the layers
into the wall or adsorb only on the geometrical surface. Recently,
it was shown that cationic, flat dye molecules can intercalate
between the flat layers of solid lepidocrocite titanates, resulting
in an increase of interlayer distance from 0.79 nm to 1.70 nm
for HyTi307.7] During intercalation, preferred orientation of
adsorbed dye molecules occurs resulting in polarization of the
adsorption.[38]

In the case of titanate nanotubes, curvature of the layers
can result in inhibition of dye intercalation between the layers.
Fig. 4 shows XRD patterns of titanate nanotubes before and after
adsorption of MB on their surface. The weak reflex at ~10° has
(200) Miller index, which is related to diffraction from planes
corresponding to the layers in the wall of the nanotubes (Fig. 5b).
If intercalation of dye molecules between these layers occurred
it would result in shift of (200) reflex into the range of smaller
angles. The comparisons of XRD patterns of titanate nanotubes
with and without dye, suggest the absence of structural changes
in crystal structures of titanates. This means that, due to the defi-
ciency of significant changes of interlayer distance in titanate
nanotubes during adsorption of MB, only geometrical area of
nanotubes can be considered to be available for the adsorption
of dye molecules.
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Fig. 5. Electron microscopy images of titanate nanotubes; (a) SEM,
showing nanotubes bundles and (b) TEM, showing individual nanotubes.

Estimation of MB Surface Density

Because the geometry of titanate nanotubes is well
characterized,?! it is possible to use a, values to estimate the
average number of dye molecules occupying the surface of one
titanate nanotube (n4y.) via Eqn (4):

aplNg 5
e a2 2y, 4
Mdye = A5 531 Ti0,) ex — din) )

where p is the density of titanate nanotubes, / is the aver-
age length of nanotube, d,, and dj, are external and internal
diameter of nanotubes respectively, and M(TiO;) is the molar
mass of TiO (80gmol~!). The density of single titanate
nanotubes can be estimated from the parameters of unit cell
of HyTi307 (a=1.602nm, »=0.375nm, ¢=0.919nm, and
B=101.5°B¢]y and taking into account that four molecules
of titanate occupy one unit cell. The estimated density is
3.16 gem™3, which is slightly smaller than the value of solid

sodium trititanate(>” (3.43 gcm™3). Using the following typ-
ical parameters for titanate nanotubes (d;, =3 nm, d,, =7 nm,
[ =100 nm) (Fig. 5b), the approximate number of MB molecules
occupying the surface of one titanate nanotubes (7n4y.), When
saturation has been achieved, can be estimated as 1200.
Assuming that MB molecules are uniformly distributed as
a monolayer on the surface of the nanotubes, and taking into
account that the surface area of a typical nanotubes is equal
to wl(dex + diy), it is possible to estimate the average surface
occupied by one dye molecule Sy using the following formula
(Eqn 5):
S, — 2M(Tio2)(dex + din)
dye = 5]
asNAP(dezx —d;)

(&)

During adsorption of MB from aqueous solution on the sur-
face of titanate nanotubes in saturation each molecule covers
2.63 nm? of nanotube area. This Saye value is relatively small
and corresponds to very dense packing of MB molecules on the
surface of the titanate nanotubes. For comparison, the theoretical
maximal value of Sg., based on molecular dimensions for MB
molecules lying flat on a solid surface in a close packed mono-
layer, would be 1.6 nm?, whereas an experimental Sy, value of
1.97 nm? has been obtained for MB adsorbed on the surface of
carbon.[40]

Similar geometrical considerations for spheroidal P25 TiO;
nanoparticles allows values of ngy, and Sy, to be estimated using
the following formulae (Eqns 6 and 7):

Naye = a —n'ONAdS (6)
e = 8 M(TiO)’
6M(TiO,)
=~ 74 7
dye CZSNA;Od > ( )

where d is the diameter of P25 nanoparticles (~25nm). The
numerical values for ag, ngye, and Sy, estimated from MB and
EBT adsorption on nanotubes and nanoparticles (Figs 2 and 3)
using Eqns (3)—(7) are summarized in Table 1. Analysis of these
values shows that when the sign of zeta potential of the adsorbent
is opposite to the sign of the dye ion charge, the surface area Sye
is very small, compared with the case when both zeta potential
and ion charge have the same sign. During adsorption of EBT
on the surface of P25, the value of Sy, is smaller than geo-
metrical surface area of the dye molecule. This probably means
that, during adsorption, the dye molecules form agglomerates
on the surface, resulting in an overestimation of the number of
molecules in a monolayer (7gye).

It is apparent that electrostatic interactions between dye and
surface dominate the character of the adsorption from aqueous
solution. This allows strategic design of dye molecules to achieve
compact packaging of dye molecules on the surface of nano-
structured solids, potentially resulting in self assembling and
improvement of resonant energy transfer between photoexcited
molecules required for molecular light harvesting systems.[*!]

Titanate nanotubes decorated with dye molecules have poten-
tial application in dye sensitized solar cells. In typical cell manu-
facturing processes, the suspension of nanotubes is deposited on
the surface of electro-conductive glass followed by calcination
at 450°C. Such high-temperature thermal treatments results in
structural and morphological changes of nanotubes,[>*?] which
may affect the affinity of dye molecules for the surface of the
semiconductor. According to recent reports,[*3 annealing of pro-
tonated titanate nanotubes (H-TiNT) at 400°C results in a 34%
decrease of their specific surface area, accompanied by loss of
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Fig.6. The concentration of (M) methylene blue and (A ) Eriochrome Black
T in aqueous solutions (20 cm?) as a function of time following the addition
of 0.1 g titanate nanotubes at 25°C. pH values in the range from 4 to 5.

water molecules and transformation of titanates to monoclinic
TiO,(B),[*?] maintaining nanotubular morphology. Analysis of
MB adsorption isotherm on the surface of annealed samples
have revealed that calcination of protonated nanotubes in air at
400°C for 24 h results in ~30% decrease of the amount of MB
molecules forming the monolayer on the surface of nanotubes
(as) and 75% decrease of adsorption constant K, (Table 1). The
decrease in ay is correlated with decrease in specific surface
area of the nanotubes, whereas significant changes in the adsorp-
tion constant can be attributed to modification of the nature of
adsorption sites due to the loss of OH groups during calcination.

The Kinetics of Dye Adsorption

The studies of the dynamics of dye molecule adsorption on the
surface of titanate nanotubes can provide additional insight to
the mechanism of adsorption. Fig. 6 shows the kinetic curves
of the dye concentration in aqueous solution after addition of
titanate nanotubes. Such an addition results in a gradual decrease
of dye concentration due to the adsorption of dye on the surface
of nanotubes. In case of EBT adsorption, the kinetic curve fol-
lows the single exponent decay law with a characteristic time
(t1) close to 5 min. The offset concentration of dye corresponds
to the equilibrium concentration (C) from Eqn (2).

In contrast, the addition of titanate nanotubes to the solution
of MB results in significant decrease in the initial concentration
of MB. The kinetic curve can, thus, be better fitted using second
order exponential decay with two characteristic times (¢ and ;)
0.8 min and 15 min respectively. The typical time scale for dye
adsorption on the surface of titanate nanotubes is in the range of
tens of minutes, which is in the same order of magnitude as the
characteristic time of alkaline ion intercalation into the wall of
titanate nanotubes.!']

The solid powdered titanate nanotubes, as prepared, are usu-
ally agglomerated into the large secondary particles (Fig. 5a).
The diffusion of dye into the pores between nanotubes, as well as
inside nanotubes, could be a time limiting process. The ultrasonic
treatment of suspended titanate nanotubes results in breaking
of agglomerates as well as shortening of nanotubes.[>3] This
can potentially increase the rate of dye adsorption on the sur-
face of nanotubular titanates. Fig. 7 shows the kinetic curves of
MB adsorption on the surface of initial nanotubes and nano-
tubes treated with ultrasound. The breaking of agglomerates
and shortening of nanotubes was found to result in a decrease
of #; without a significant change in #, (0.15min and 12 min
respectively). This demonstrates the complexity of the adsorp-
tion process including several stages: diffusion of dye molecules
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Fig.7. The concentration of methylene blue (MB) in 20 cm? aqueous solu-
tion as a function of time after addition of 0.1 g titanate nanotubes () initial

tubes, (@) sonicated tubes at 25°C. pH is in range from 4 to 5. (A) change
to pH 1.5 by addition of HCl to the sonicated nanotubes saturated with MB.
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Fig. 8. Optical spectra of aqueous colloidal titanate nanotubes
(~1 x 1073 mol dm~3 Ti), (a) after addition of 6 x 10~% moldm~> MB at
different times of adsorption. From (b) to (c) the time of adsorption cor-
responds to 1, 5, 15, 25, 35, 45, 55 min. Temperature is 25°C. Optical
path=1cm.

within nanotubes, agglomeratation, and interaction of dye with
the surface of nanotubes.

During the adsorption of the MB on the surface of proto-
nated titanate nanotubes, there was no significant change in the
pH of the solution, in contrast to the case of intercalation of alka-
line metal cations,[!”] where significant variations of pH were
observed due to ion exchange. This indicates that adsorption of
cationic dye does not follow a simple ion-exchange mechanism
which releases protons into solution.

The decrease in pH by addition of HCl resulted in a decrease in
the amount of dye adsorbed on the surface of nanotubes (Fig. 7).
The acidification of the solution resulted in a change in the zeta
potential of the titanate nanotubes to positive values, causing
the appearance of repulsive electrostatic forces and desorption
of dye. However, the higher temperature treatment of nanotubes
saturated with MB and dried at 120°C, results in irreversible
adsorption of MB. Such a sample showed no desorption of dye
even at low pH.

In Fig. 8 optical spectra of aqueous colloids of titanate nano-
tubes after addition of MB are shown. During adsorption of MB
molecules on the surface of nanotubes, no significant change of
the dye band structure was observed (Figs 7c and 8b).This result
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is in agreement with those recently reported elsewhere.[**] The
position of the peak at 665 nm and the shape of the spectrum
remained the same. Taking into account that the absorption sig-
nal in the colloidal solution is the superposition of absorption
signals from MB molecules in solution and on surface of nano-
tubes, and assuming that there is no chemical reaction resulting
in decomposition of MB, the decrease of the absorption signal
(from Fig. 7b to Fig. 7c) can be interpreted as a decrease of dye
molecule oscillator strength due to adsorption or probable reor-
ganization of dye molecules on the surface of nanotubes. The
apparent decrease of the MB extinction coefficient at 665 nm is
~15%.

Conclusions

1. The importance of electrostatic interaction between titanate
nanotubes suspended in aqueous solution and dye molecules
has been demonstrated during dye adsorption.

2. The favourable situation for dye adsorption would be when
the surface charge of nanotubes and the charge of dye ions in
aqueous solution are opposite.

3. The adsorption of methylene blue cations on the surface of
negatively charged titanate nanotubes results in formation
compact monolayer of the dye where each of the molecules
is occupying the area of 2.63 nm?.

4. These results allow a degree of control of dye adsorption
on the surface of nanostructured titanate by selecting an
appropriate ionic form of the dye.
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