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Abstract Determination of *°U/**®U at natural ratios
using accelerator mass spectrometry (AMS) requires
overall purity of each step in the sample preparation pro-
cedures which are complex and include various chemicals.
Therefore, the simplification of the procedures is desirable
and can be done by implementing other effective separa-
tion materials. Among the prospective sorption materials,
hydrated titanium dioxides showed promising properties
for uranium extraction from various water samples. This
paper shows the preparation of several titanium based
sorption materials using an organic precursor and their
characterization with several techniques in order to analyse
crystal structure (XRPD, SEM, HRTEM, SAED) and
residues of organic compounds (TG analysis and IR
spectroscopy) and to quantify their sorption properties
towards uranium. The practical sorption capacity of one of
the prepared materials was as high as 260 mg of uranium
per gram. AMS measurements showed that it is possible to
prepare sufficiently pure titanium dioxides for the deter-
mination of *°U/**®U ratio.
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Introduction

Among environmental sample analyses the determination of
ultra-low 2*°U concentrations has been recently included
[1-3]. In such ultra-trace analyses, the purity of sorption
materials is very important and the traditional preparation
procedures have to be optimized to minimize possible con-
tamination. In the case of the determination of *°U/***U at
natural isotopic ratios (236U/238U~ 10710—10714), the sam-
ple treatment procedure has to be modified in order to elimi-
nate possible contamination from anthropogenic ***U that
may result even in more than a million times higher 2°U/**%U
ratios [4]. The main disadvantages of the procedures used for
the sample treatment are the complexity and the number of
separation steps and chemicals which are not usually moni-
tored for the uranium contamination [5-7].

One of the possibilities to minimize the number of
separation steps and to simplify the procedure is the
application of effective separation materials. Many inor-
ganic and organic materials have been proposed for the
extraction of uranium [8]. However, only several of them
are suitable for the uranium sorption from the solutions of
low uranium concentration, but relatively high salt content,
such as fresh water, sea water etc. At the same time they
have to meet other limiting parameters such as fast
kinetics, chemical stability, and low costs [9]. Among the
inorganic sorption materials, titanium dioxide has been
studied for years with promising results [10].

Titanium dioxides can be prepared via the hydrolysis of
titanium compounds, either inorganic salts or organic deriv-
atives [11, 12], but their properties strongly depend on the
preparation conditions. One of the aspects which should be
considered in the preparation of TiO,-based absorbers is the
fact that the sorption properties of titanium dioxides strongly
depend on their crystal structure and their capacities increase
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in order: rutile<anatase<amorphous [13]. Amorphous oxides
have lower long-term stability because they transform into
crystalline structure after increasing the temperature or after
ageing [14]. The mechanism of radionuclide sorption on
titanium dioxide have been published in many studies in
addition with the influences of surface area, ionic strength,
various anions etc. [15, 16].

In classical procedures, titanium dioxides are prepared
from commercial inorganic salts, such as sulphates or chlo-
rides, or even from industrial intermediates of the titanium
white production. Typically, the resulting titanium dioxides
are contaminated with uranium already from the origin [17].
Assuming that most organic compounds do not contain ura-
nium, titanium dioxide free of uranium contamination could
be prepared by the hydrolysis of organic titanium derivatives
using “uranium free” water and/or water that has been iso-
lated from the natural water circulation for at least last
100 years (since the beginning of the “nuclear era”), thus not
contaminated with anthropogenic uranium.

The aim of this study was to optimize the preparation
procedure of titanium dioxide from an organic precursor
with respect to the sorption properties towards uranium and
in parallel to confirm the purity of the proposed product,
resp. the uranium absence in the resulting material, using
accelerator mass spectrometry (AMS).

Experimental
Reagents and Chemicals

For the basic chemical studies, most of the materials were
prepared from TBOT (tetra-n-butylorthotitanate, C;¢H3z¢04Ti,
Merck). Acetone and ethanol were technical grade, isopropa-
nol, ammonia solution and uranyl nitrate were p. a. commercial
preparation.

In the experiments devoted to the preparation of pure
titanium dioxide for AMS measurements the same organic
precursor was used, but the other chemicals were replaced.
The source of “uranium free” water was chosen following
several prerequisites, but the main one was its isolation from
the natural water circulation for at least last 100 years. Source
of such water was found in Decin (CZ) thermal water with an
estimated age of 24,800 years [18]. The additional advantages
of this water source were the over-pressurization in the
underground and relatively low level of mineralization
(~500 mg Lfl). In order to minimize the salt content, ther-
mal water was distilled in brand new distillation apparatus.

Titanium dioxide preparation

The conditions of the procedures slightly varied but the
important steps like sample drying remained unchanged.

@ Springer

Table 1 List of chemicals used in the preparation of titanium
dioxide T1-TS (IP—isopropanol, W—distilled water, AC—acetone,
AM—NH,OH, EtOH—ethanol)

Chemical A Chemical B Chemical C
Tl TBOT IP + AM AC
T2 TBOT IP + AM EtOH
T3 TBOT W AC + EtOH + W
T4 IP +W TBOT -
TS5 W TBOT AC + EtOH + W

The preparation procedures of titanium dioxide T1-T5 can
be simplified as follows: chemical A is added into the
beaker with chemical B while placed in the ultrasonic bath.
Then, the material formed is washed with chemical C by
decantation. The procedures are clearly described in
Table 1.

During the washing steps, the suspension was stirred and
then let to settle before removing the liquid over the tita-
nium oxides. The prepared oxides were dried at the
maximum of 30 °C in the vacuum dryer not to lose crystal
water from the structure (p ~ 0.5 kPa) [13, 14].

The material T6 was prepared from its water suspension
produced as an industrial intermediate from the sulphate
process of titanium white production in Precheza, a. s.,
Prerov, CZ. The suspension was mixed, filtered and
washed with distilled water. The oxide was dried in furnace
at 45-50 °C [19].

Each material was sieved through USA standard test
sieve (Newark) with the mesh size of 125 um and all
experiments were performed with the fraction of grain size
<125 pm.

The pure hydrous titanium dioxide T7 was prepared using
a modification of the procedure for T5 preparation due to its
simplicity and usage of only two chemicals in the hydrolysis
step itself. Water distilled from Decin thermal water was
used instead of lab distilled water and was also used together
with acetone for the washing step. T7 material was then used
for uranium sorption from crude thermal Decin water. 2 mL
column was filled from the bottom with a piece of filter
paper Whatman GF/C, a frit and 200.8 mg of T7 material.
1,012 mL of crude Decin water was pumped through the
column. At the beginning, the flow rate was 30 mL h™' and
it slowly decreased to 15 mL h™' as the pores were blocked
with TiO, particles. This loaded material was marked as T8.
Both T7 and T8 materials were dried using the same con-
ditions as mentioned above.

Instruments
Phase identification of the prepared materials was investi-

gated by X-ray powder diffraction (XRPD) using Ni-fil-
tered Cu-K,;, radiation and a modified computer-



J Radioanal Nucl Chem (2014) 300:1151-1158

1153

controlled HZG-3 goniometer. Specific surface area was
determined using selective sorption of nitrogen gas from a
catalytically deoxygenated mixture of 5 Hy: 1 N, at the
temperature of 77 K. The deficiency of nitrogen in the gas
due to sorption on the solid sample was determined by a
thermal conductivity detector. Specific surface area was
then calculated by relating the area of the desorption peak
from the sample to that from TiO, standard (48.88 m* g™ ',
measured by BET). Thermal analyses were performed in a
Labsys Evo thermoanalyser in a temperature range
between 0 and 1,600 °C and by FTIR spectroscopy (Fou-
rier transform infrared spectroscopy) using a Nicolet
Impact 400D spectrometer (the range of 400—4,000 cm™ ).
The samples were measured in transmission mode as KBr
discs. The size and shape of the particles were additionally
measured using scanning electron microscopy (SEM,
JEOL JSM 6510LV), high resolution transmission electron
microscopy (HRTEM, JEOL JEM 3010) and selected
electron diffraction (SAED).

AMS measurements

For the AMS measurements the dried T7 and T8 materials
were pressed into an aluminium sample holder without any
further chemical treatment. The setup of AMS (VERA
facility, Vienna, Austria) is described in Steier et al. [20].

Uranium sorption

Sorption capacities for uranium were deduced from their
sorption isotherms determined with fixed uranium con-
centration (10 or 20 mmol L) and variable values of V/m
(101,400 mL g~ '). The batch experiments were per-
formed using the materials with the grain size less than
125 pm. The samples were contacted for 2 h using a lab-
oratory shaker PTR-30 (Grant-bio, United Kingdom). The
suspensions were filtered using glass microfiber filters
Whatman GF/C and the uranium concentration in the fil-
trate was measured using a Liquid Scintillation spectrom-
eter Triathler (Hidex Oy, Finland).

Results and discussion
X-ray diffraction analyses

The phase compositions of all prepared materials are
shown in Figs. 1 and 2. These diffraction patterns were
compared with the diffraction lines of anatase, rutile,
brookite and H,TiO,, obtained from ICDD-PDF-2 database.
T1, T2 and T4 materials showed very broad peaks (Fig. 1)
and very low level of crystallinity, and no diffraction peaks

of anatase, rutile or brookite were identified. The peak
around 20° (20) may correspond to the most intensive line
of hydrated titanium oxide H,TiOy; however, no other lines
were definitely identified. Overall, this means that the T1,
T2 and T4 materials are amorphous [13].

On the other hand, the diffraction patterns of T3, T5 and
T6 materials (Fig. 2) showed peaks with narrower widths
and the presence of anatase and brookite was easily iden-
tified. However, the widths of the peaks indicate relatively
low degree of crystallinity, showing only a short-range
order. This higher level of crystallinity may already imply
lower sorption capacities of T3, T5 and T6 materials.

Specific surface

Another material property which influences the capacity of
the sorption material is its specific surface area. Table 2
shows the values of specific surface areas of the synthe-
sized materials with the highest value of 307 m? g~ for T1
material. The results showed the importance of the indi-
vidual steps in the preparation procedure. The addition of
water to TBOT instead of the addition of TBOT to water
(Table 1) caused the decrease by 40 % in the size of sur-
face area (T3: 265 m* g~ '; T5: 159 m* g~ '). Using the
same precursor, Crisan et al. [11] prepared titanium dioxide
material with the specific surface area of 188 m* g~'
(drying at 80 °C) which fits in the range of values obtained
in this study.

No correlation between the size of specific area and the
phase composition of the prepared materials was found.
Even though T4 material is taken as an amorphous titanium
dioxide, the measurements showed very small size of
specific surface area (15 m? g~ '), even smaller than for T3
and T5 material which showed a certain level of
crystallinity.

Differential thermal, gravimetric and IR analyses

The presence of the organic compound residue in the
prepared materials after the hydrolysis was monitored
using the thermogravimetry and IR analyses. The thermal
behaviour of the synthesized materials was studied under
static air and inert atmosphere; however, it was found that
the change of atmosphere did not cause any significant
difference in the shapes of thermogravimetric (TG) and
differential thermal curves (DTG). All DTG curves of the
titanium dioxide materials showed a broad peak at
~ 100 °C which can correspond to the removal of absorbed
water and butanol (Fig. 3). In addition, the DTG curves of
T1 and T2 materials contained a sharp peak at ~250 °C
which may be attributed to the degradation of the organic
matter (Fig. 3). In the case of calcination at static air

@ Springer
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Fig. 1 X-ray diffraction 4000
patterns (Cu-K,) of T1, T2 and )
T4 materials in comparison with ® HxTiOy (#81-1949)
hydrous titanium dioxide T4
H,TiOy (ICDD-PDF-2 > 3000 4
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Fig. 2 X-ray diffraction 4000
patterns (Cu-K,) of T3, T5 and B anatase (#21-1272)
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Table 2 Specific surface area (SSA) of synthesized materials

Sorption SSA (m? g7 Sorption SSA (m* g7 h
material material

T1 307 T4 15

T2 89 T5 159

T3 264 T6 55

atmosphere, this is followed by slow oxidation of carbo-
naceous residuals demonstrated as a continuous decrease
which is not observed in the calcination under inert
atmosphere. The absence of the oxidation caused the colour
change of the materials from white to black (carbon). This
could indicate that T1 and T2 materials are a product of
incomplete hydrolyses and that they contain tetra-n-buty-
lorthotitanate and/or its hydrolytic products. Consequently,
the biggest mass losses were measured for T1 and T2
materials (inert atmosphere: 27 and 29 %, respectively).
IR analysis showed the typical bands of hydrated titanium
dioxide in all spectra of the synthesized materials; a wide band

@ Springer

between 500 and 900 cm ™' due to Ti-O stretching vibration
and another wide band between 3,000 and 3,500 cm ! due to
Ti—O-H vibration and water in the samples (Fig. 4). The IR
spectra of T3, TS5, T6 materials confirmed the conclusions
from thermogravimetric analyses that these materials contain
low or even no amount of organic compounds. In this case, the
procedure conditions provided a complete hydrolysis of tetra—
n-butylorthotitanate; no bands of C-O-Ti vibration at
~1,030 cm™! were observed in the spectra. On the other
hand, the bands attributed to stretching vibrations of aliphatic
moieties (2,800-3,000 cm_l) were easily identified in the
spectra of T1 and T2 materials. This could be associated with
an incomplete hydrolysis of tetra-n-butylorthotitanate and
with the presence of the compound itself and/or its hydrolytic
products as mentioned in the previous paragraph or with the
washing step in the preparation procedure. The spectra of T4
material also indicated the presence of organic compound;
however, these bands can be attributed also to the butanol
which may remain in the sample because the washing step in
the preparation procedure of this material was left out.
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Fig. 3 Thermal behaviour of studied materials under static air atmosphere (up) and inert atmosphere (bottom)

Sorption isotherms

Another important characteristic of new sorption material
is a sorption capacity and a possible correlation with spe-
cific surface area. In preliminary experiments, the values of

weight sorption capacities g of the synthesized materials
ranged between 0.1 and 0.7 mmol g~' (uranium concen-
tration: 10 mmol L_l, V/m: 50400 mL g_l) and the limit
value of sorption capacity was not reached for any of the
studied materials.

@ Springer



J Radioanal Nucl Chem (2014) 300:1151-1158

1156
Fig. 4 FTIR spectra of studied T
materials TI-T6
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From the above tested materials, three were chosen for
more detailed study: T1 due to its high value of preliminarily
measured  sorption capacity 0.51 mmol g~' (V/m =
400 mL g~ ") and promising properties, T3 as a representa-
tive of the materials with higher level of crystallinity (T3, T5
and T6; Fig. 2) and T6 as a reference sample of a hydrolysis
product made from inorganic titanium compounds. The
detailed sorption isotherm was measured using
20 mmol L™ uranium solution (V/m: 10-1,400 mL gfl)
and their sorption behaviour can be seen in Fig. 5. As it was
expected, the highest ¢ value of 1.1 mmol g~' was mea-
sured for the T1 material. It can be seen that the limit value
of sorption capacity was still not reached which means that
the practical sorption capacity is higher than 260 mg of U
per gram of the sorption material. The T6 material showed
lower sorption properties towards uranium, approximately
60 % of the T1 sorption capacity, and the T2 material
showed even lower one; the results correspond to the con-
clusions from the diffraction patterns. The shapes of the
measured sorption isotherms are not typical indicating that
the sorption of uranium on titanium dioxides is complex and
based on several sorption mechanisms. The T6 material was
used for the TiO-PAN material preparation which was found
to be suitable for repeated uranium extraction from aqueous
solutions with a practical sorption capacity (10 % break-
through) of 4.6 mg of uranium per mL of swollen material
[21].
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Fig. 5 Sorption isotherms of the T1, T3 and T6 material with
eyeguides (initial uranium concentration c(U) = 20 mmol L™/,
V/m = 50-400 mL g, contact time: 2 h)

SEM and TEM analyses

The particle size and shape of the T1 and T3 materials is
shown in Fig. 6. These two materials were chosen as the
representative of two groups differing in the diffraction
patterns and in the presence of organic compounds. The
micrographs confirmed the conclusions from the XRPD
analyses that the T1 material is amorphous material, while
the T3 material showed a certain level of crystallinity. It
can also be seen that the particles in the materials differ in
the size and also in the shape.
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HRTEM

Fig. 6 HRTEM, SAED and SEM images of T1 and T3 materials

AMS measurements

The uranium mass and **°U content were analysed only
in the T7 and T8 materials using AMS with direct U™
or U*" jon detection and for some samples TOF ana-
lysis. Samples were measured against the Vienna-KkU
in-house standard [22]. The results for T7 showed that
uranium content in the sample was close to the detection
limits and was estimated as 4.5 + 3.3 ng per sample.
#3%U with a much lower count rate of 0.330 % 0.194 s~
was detected which corresponds to a few hundred counts
in the typical measurement time. The calculated
236U/38U ratio 2.04 x 107°4+3.42 x 107 is high mainly
due to the very low amount of detected **U. In com-
parison, in environmental samples the usual ***U mass is
around a few micrograms. As for the T8 sample, the
uranium content was estimated as 3.1 = 2.2 ng per
sample and the **°U count rate was 0.219 & 0.212 5!
with °U/®U ratio 1.25 x 107°£6.35 x 107°. The
relative uncertainties come from the repeatability of the
measurements. TiO, was used as a target matrix for **°U
measurements for the first time and thus more experi-
ments have to be carried out to confirm its suitability for
this purpose.

SEI 25KV

WD10mm = SS18
TiO24A 185 5

SEl  25kVv  WD10mm SS27 X2,000%.  10pm
Ti02-019_8 0006

Conclusions

Prepared sorption materials (hydrated titanium(4+) oxides)
were sufficiently characterised with several techniques.
The results showed that the most promising sorption
material for uranium separation is T1 material with its
amorphousness and high sorption capacity of more than
260 mg of uranium per gram. Its applicability could be
extended by improving its mechanical properties, e.g. by
incorporating the oxide into a polyacrylonitrile matrix.

It was also proven that using tetra-n-butylorthotitanate
and “uranium free” water, it is possible to prepare TiO,-
based sorption materials sufficiently pure for **°U mea-
surements. However, these absorbers have to be studied in
more details as AMS target material and also as a part of the
method of 2*°U determination in the environmental samples.

Acknowledgments This research has been supported by the Grant
Agency of the Czech Technical University in Prague, Grant No. SGS
11/164/OHK4/3T/14, by the MIT CR under Grant No. FR-T13/245, by
the MEYS CR under Grants No. MSM 6840770040, 7AMB12AT022
and CZ14/2012. Special thanks to MSc. Jan Barta and MSc. Tereza
Pavelkova in XRD analyses, to Dr. Jakubec in SEM/TEM analyses, Dr.
Martin Vlk in IR analyses and to Drs. Kesner and Pasztor (NICOLET
CZ) for special services in IR instrumentation.

@ Springer



1158

J Radioanal Nucl Chem (2014) 300:1151-1158

References

10.

. Steier P, Bichler M, Keith Fifield L, Golser R, Kutschera W,

Priller A, Quinto F, Richter S, Srncik M, Terrasi P, Wacker L,
Wallner A, Wallner G, Wilcken KM, Wild EM (2008) Nucl In-
strum Meth B 266:2246-2250

. Quinto F, Steier P, Wallner G, Wallner A, Srncik M, Bichler M,

Kutschera W, Terrasi F, Petraglia A, Sabbarese C (2009) Appl
Radiat Isotopes 67:1775-1780

. Hotchkis MAC, Child D, Fink D, Jacobsen GE, Lee PJ, Mino N,

Smith AM, Tuniz C (2000) Nucl Instrum Meth B 172:659-665

. Vockenhuber C, Ahmad I, Golser R, Kutschera W, Liechtenstein

V, Priller A, Steier P, Winkler S (2003) Int J Mass Spectrom
223-224:713-714

. Buchholz BA, Brown TA, Hamilton TF, Hutcheon ID, Marchetti

AA, Martinelli RE, Ramon EC, Tumey SJ, Williams RW (2007)
Nucl Instrum Meth B 259:733-738

. Lee SH, Povinec PP, Wyse E, Hotchkis MAC (2008) Appl Radiat

Isotopes 66:823-828

. Srncik M, Steier P, Wallner G (2010) Nucl Instrum Meth B

268:1146-1149

. Kim J, Tsouris C, Mayes RT, Oyola Y, Saito T, Janke CJ, Dai S,

Schneider E, Sachde D (2013) Sep Sci Technol 48:367-387

. Rao L (2011) Recent international R&D activities in the extrac-

tion of uranium from seawater. Lawrence Berkeley National
Laboratory, Berkeley
Lehto J, Clearfield A (1987) J Radioanal Nucl Chem 118:1-13

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Crisan M, Braileanu A, Raileanu M, Crisan D, Teodorescu VS,
Birjega R, Marinescu VE, Madarasz J, Pokol G (2007) J Therm
Anal Calorim 88:171-176

Valencia S, Vargas X, Rios L, Restrepo G, Marin JM (2013) J
Photoch Photobio A 251:175-181

Abe M (1982) In: Clearfield A (ed) Inorganic ion exchange
materials. CRC Press, Florida

Weiser HB, Milligan WO (1933) J Phys Chem US 38:513-519
Comamrmond MJ, Payne TE, Harrison JJ, Thiruvoth S, Wong
HK, Aughterson RD, Lumpkin GR, Muller K, Foerstendorf H
(2011) Environ Sci Technol 45:5536-5542

Venkataramani B, Gupta AR (1991) Coll Surf 53:1-19
McNulty GS (2008) Production of titanium dioxide. In: Pro-
ceedings NORM V 2007, IAEA, Vienna, p 169-188

Navratil V (1998) Decin CZT-HG exploration, drilled well DC6.
AQUATEST—Stavebni geologie a.s. Prague (in Czech)
Popelova A (2001) A study of radionuclides extraction from
aqueous systems after degradation of organic complexants. Dis-
sertation thesis, CTU in Prague

Steier P, Dellinger F, Forstner O, Golser R, Knie K, Kutschera W,
Priller A, Quinto F, Srncik M, Terrasi F, Vockenhuber C, Wallner A,
Wallner G, Wild EM (2010) Nucl Instrum Meth B 268:1045-1049
Motl A, Sebesta F, John J, Ndiaye I, Némec M, §pendlﬂ<ové I
(2013) J Radioanal Nucl Chem 298:2057-2063

Steier P, Golser R, Kutschera W, Liechtenstein V, Priller A,
Valenta A, Vockenhuber C (2002) Nucl Instrum Meth B
188:283-287



	Preparation of pure TiO2 sorption material
	Abstract
	Introduction
	Experimental
	Reagents and Chemicals
	Titanium dioxide preparation
	Instruments
	AMS measurements
	Uranium sorption

	Results and discussion
	X-ray diffraction analyses
	Specific surface
	Differential thermal, gravimetric and IR analyses
	Sorption isotherms
	SEM and TEM analyses
	AMS measurements

	Conclusions
	Acknowledgments
	References


