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I.

Introduction and objectives
The history of titanate nanostructures (such as nanotubes and nanowires) goes back to

1998, when Kasuga and his co-workers synthetized titanate nanotubes using a hydrothermal
method (reacting TiO2 powder with 10 M NaOH solution in a static autoclave). In the past
twenty years thousands of scientific papers have been published in this field, indicating its
significance and the interest of the scientific community.
The structure of titanate nanotubes (TiONT) is reminiscent of a rolled-up carpet. The
tubes are open-ended and hollow. Their length is between 100 and 200 nm while their average
inner and outer diameters are approx. 5 nm and 8 nm, respectively. A typical nanotube features
a spiral cross section composed of 3-5 wall layers. There are numerous scientific publications
describing their theory of formation. Early theories commonly accepted that the first step in
nanotube formation is the exfoliation of a 2D sheet from the surface of the TiO 2 crystal. The
tubular structure forms subsequently, by an up-rolling mechanism of the recrystallized 2D
sheet. These theories were disproved by the experiments of Kukovecz and his co-workers at
our department, and they suggested a novel formation mechanism. According to their theory
the growth of nanotube crystals commences from nanoloop seeds.
Titanate nanowires (TiONWs) can also be prepared by the reaction of TiO2 and 10 M
NaOH solution at 150 °C (or higher) in an autoclave. In contrast to the synthesis method of
nanotubes, the autoclave is rotated around its shorter axis at about 28 rpm in this case. The
structure of the nanowires differs from that of tubular titanates. They consist of parallel planar
titanate sheets, their diameter is between 50-80 nm, while their length can reach 3-5 m.
Our department has extensive experience in the field of titanate nanostructures. During
my doctoral work I was involved in titanate nanostructure research, where my goal was to
extend further the scientific knowledge of this field. I explored new methods and extended the
previously established techniques to modify one-dimensional titanate nanostructures.
A potential route to modify the titanate nanostructures is the utilization of their ion exchange
ability. If the ions are modified/replaced in the nanowire, then its structural and surface
properties will be modified as well. Since titanate nanostructures have a very similar framework
to zeolites, ion exchange – which is a proven approach in the case of zeolites – can be a
promising method to modify the surface acidity of titanate structures.
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In my experiments my aim was to create bifunctional catalysts by decorating the titanate
surface by metallic nanoparticles. To achieve this goal, two different methods were applied. In
the first case Rh decorated nanostructures were prepared by using a wet impregnation
technique, while in the second case Co-loaded titanate nanowires were synthesized by the vapor
phase deposition of cobalt-carbonyl.
By exploiting the ion exchange ability of titanate nanostructures, titanate nanotubes were
also utilized in a water softening process. The ion exchange capacity of the tubes was examined
against Ca2+ and Mg2+ ions. The kinetic parameters of the process and the regeneration
possibilities of the exhausted titanate bed were investigated.
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II.

EXPERIMENTAL
Modification of surface acidic properties
To modify the surface acidic properties of titanate nanostructures their ion exchange

abilities were exploited. Protonated nanowires were produced by the ion-exchange reaction of
Na-form TiONW and 200 mL 0.1 M HCl solution. After 24 hours of vigorous stirring the solid
phase was separated and was washed with distilled water by centrifugation several times. After
the washing procedure the nanowires were dried at 60 °C in air.
The ion-exchange method was used to prepare protonated, La, Fe, Co and Cu containing
titanate nanotubes from Na-form TiONT. For the metal ion containing samples, Na-form
TiONT was added to 200 mL 0.1 M solution of the metal salts, while the protonated sample
was prepared by using 200 mL 0.1 M HCl solution. After 24 hours of vigorous stirring the solid
phase was separated and washed with distilled water by centrifugation several times. After the
washing procedure the nanotubes were dried at 60 °C in air.
The as-prepared structures were examined by transmission electron microscopy (TEM),
Energy disperse X-ray spectroscopy (EDS), Raman spectroscopy, in situ pyridine adsorption
FT-IR spectroscopy, X-ray powder diffractometry (XRD) and nitrogen adsorption surface
analysis.
Preparation of Rh/TiONT and Rh/TiONW nanocomposites
1.0 and 2.5 wt% Rh containing TiONT and TiONW were prepared by wet impregnation
using RhCl3 solution and protonated titanate nanostructures. The impregnated samples were
dried at 90 °C in air and between 200-300 °C under H2 atmosphere. Impregnated titanate
samples were heat treated for one hour at different temperatures between 200-600 °C, by
applying 100 °C heating steps. Samples were collected in every thermal step for further
characterization.
The as-prepared samples were investigated by TEM, XRD and Raman spectroscopy
techniques.
Vapor phase deposition of Co on TiONW
Co-decorated TiONW with 2 and 4 wt% Co content were prepared by the reaction of
protonated TiONW and vapor phase Co-carbonyl (Co2(CO)8). The reactions were carried out
in a self-designed and built fluidized bed reactor. The reactor consisted of two separated,
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vertically placed chambers with individual temperature controls. The Co precursor was put into
the lower chamber in which the temperature was set to 40 °C, while the TiONW bed was put
into the upper one where the temperature was set to 45 °C to avoid the vapor phase condensation
of sublimate (Co2(CO)8). CO was used as carrier gas to avoid carbonyl decomposition.
After the carbonylation phase the as-prepared structures were treated at 330 °C in N2
atmosphere to promote the thermal decomposition of adsorbed Co-carbonyl. The treated
samples were transported to an X-ray photoelectron spectroscopic sample chamber for further
treatment in H2 an O2 atmosphere at 330 °C.
The samples were characterized by TEM, EDS, XRD, diffuse reflectance FT-IR
spectroscopy (DRIFTS), diffuse reflectance UV-Vis spectroscopy, temperature programmed
reaction spectroscopy and mass spectroscopy techniques.
Water softening
The determination of ion-exchange capacity
The water softening ability of titanate nanotubes was investigated in a continuous flow
fixed bed apparatus. The ion exchange bed contained 12 g of Na-form TiONTs. Artificial hard
water with a total hardness of ~60 GH° (0.01 M) and Ca2+:Mg2+ ion ratio of 1:1 was pumped
through the reactor with a feeding rate of 1.6 L h-1. For monitoring the ion exchange process,
samples were collected in every 20 minutes. The hard ion concentration of the samples was
determined by chelatometric titration. DOWEX 50W was used as reference material.
The kinetics of ion-adsorption
3-3 g of Na-form TiONTs were suspended in 600 mL of ~60 GH° hard water as well as
in 600-600 mL of Ca2+ and Mg2+ containing solution under vigorous stirring. The mixtures were
sampled at regular intervals during the course of the 164 h long experiments. The TiONTs were
separated from the solutions by centrifugation and the liquid phases were analyzed for Ca2+ and
Mg2+ by chelatometric titration.
The TiONT samples were examined by EDS and XRD techniques.
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III.

NOVEL SCIENTIFIC RESULTS

T1. A method was developed for the modification of surface acidic properties of 1D
titanate nanostructures
T1.1

By exploiting the ion exchange ability of titanate nanostructures we were able to

modify the surface acidic properties of titanate nanostructures, which was examined by
in situ pyridine adsorption FTIR spectroscopy. Metal cation intercalation was monitored
by Raman spectroscopy and EDS measurements.
T1.2

We found that pristine nanotubes and nanowires possess only weak Lewis acidic

sites on their surface, while the protonation of the nanostructures introduced Brönsted
acidity. Lanthanum and transition metal ion exchanged samples featured stronger Lewis
and Brönsted acidic sites compared to their pristine counterparts.
T2. We demonstrated that nanosized Rh clusters can be prepared by simple wet
impregnation on the surface of titanate nanotubes and nanowires, furthermore it was
observed that the presence of Rh in the titanate structure facilitates different phase
transition pathways in nanotubes and nanowires during annealing.
T2.1

Heat treatment was applied to Rh decorated and protonated titanate nanotubes

and nanowires. We concluded that in the case of nanotubes the Rh content enhanced the
titanate-anatase recrystallization process, whereas in the case of nanowires the Rh
content promoted the formation of -TiO2 phase during the heat treatment process.
T2.2

Heat treatment of previously impregnated samples in reductive atmosphere lead

to the formation of nanosized Rh particles on the surface of the titanate nanostructures.
The average Rh particle diameter was 1.9 ± 1.4 and 2.8 ± 0.7 nm in the case of nanowires
and nanotubes, respectively.
T3. Co-loaded titanate nanowires were prepared by the vapor deposition of cobaltcarbonyl
T3.1

Cobalt-carbonyl was successfully deposited on the surface of titanate nanowires

at low temperature. The success of the deposition was confirmed by DRIFTS
measurements.
T3.2.

MS measurement, during the thermal decomposition of deposited cobalt-

carbonyl, indicated the formation of CO2 gas. The evolution of CO2 was interpreted as
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the sign of oxygen vacancy formation in the titanate support caused by the reaction of
framework oxygen and the CO ligand of the cobalt-carbonyl.
T3.3.

Depending on the metal loading, after the decomposition of Co2(CO)8, Co was

stabilized on the nanowires in Co2+ form by ion exchange at 2 w% Co content. This
sample showed a significant decrease in the band gap energy. At higher metal loading
(4 w%) the band gap did not change significantly, however, the formation of Co
nanoclusters attached to the generated O vacancies was observed.
T4. The ion exchange ability of titanate nanostructures was utilized for water softening
process.
T4.1.

The ion exchange capacity of titanate nanotubes in water softening process was

determined to be 1.2 mmol g-1.
T4.2.

We demonstrated that there are two types of ion exchange positions in the

titanate nanotube framework. These sites are distinguishable on the basis of their ion
exchange kinetics. Cations can be rapidly adsorbed on the inner and outer surface and
on the tips of the tubes, whereas ion exchange is significantly slower at sites located
between the layers.
T4.3.

It was also shown that the adsorption of Ca2+ ions is preferred over Mg2+ ions in

titanate nanostructures. Furthermore, while the ion exchange of Mg2+ is reversible, there
is a limitation to the recoverability of Ca2+ ion exchange capacity.
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