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a r t i c l e i n f o

Article history:

Received 8 July 2008

Received in revised form

15 September 2008

Accepted 16 September 2008
Available online 25 September 2008

Keywords:

Sphene

Titanite

Titanium phosphate

Brushite

Cs+

Sr2+
96/$ - see front matter & 2008 Elsevier Inc. A

016/j.jssc.2008.09.007

esponding author. Fax: +46 920 49 1199.

ail addresses: Daniela.Rusanova@ltu.se, drous

nova).
a b s t r a c t

Decomposition of mineral sphene, CaTiOSiO4, by H3PO4 is investigated in detail. During the dissolution

process, simultaneous calcium leaching and formation of titanium phosphate (TiP) take place. The main

product of decomposition is a solid titanium phosphate–silica composite. The XRD, solid-sate NMR, IR,

TGA, SEM and BET data were used to identify and characterize the composite as a mixture of crystalline

Ti(HPO4)2 �H2O and silica. When 80% phosphoric acid is used the decomposition degree is higher than

98% and calcium is completely transferred into the liquid phase. Formation of Ti(HPO4)2 �H2O proceeds

via formation of meta-stable titanium phosphate phases, Ti(H2PO4)(PO4) �2H2O and Ti(H2PO4)(PO4).

The sorption affinities of TiP composites were examined in relation to caesium and strontium ions.

A decrease of H3PO4 concentration leads to formation of composites with greater sorption properties.

The maximum sorption capacity of TiP is observed when 60% H3PO4 is used in sphene decomposition.

The work demonstrates a valuable option within the Ti(HPO4)2 �H2O–SiO2 composite synthesis

scheme, to use phosphoric acid flows for isolation of CaHPO4 �2H2O fertilizer.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Sphene (CaTiOSiO4) also known as titanite is a complex
orthosilicate mineral occurring in different geological settings
[1]. This mineral is of great interest for both geologists and
material scientists due to its specific structural and chemical
features. Titanite is one of the most important sources of titanium
dioxide [2] and it is shown to be an effective geological medium
for immobilization of radioactive wastes [3,4]. Recently, the
syntheses of sphene-bioactive ceramics reveal a new direction
of its applications [5].

Our days, most of the technologies for processing sphene are
based on the hydrometallurgical approach. The key step is
CaTiOSiO4 decomposition, usually achieved via dissolution with
different inorganic acids, where the leading factor is isolation of
titanium in a form suitable for further use. When sulphuric acid is
used (70–90% H2SO4) an intermediate solid product containing
titanium (IV), CaSO4 and amorphous silica is isolated:

CaTiOSiO4 þ 2H2SO4 ! CaSO4kþ TiOSO4 þ SiO2kþ 2H2O
ll rights reserved.

sanova@hotmail.com
Titanium (IV) is separated from the cake in a subsequent water
treatment. The aqueous solution obtained under these conditions
is then concentrated and titanyl sulphate monohydrate
(TiOSO4 �H2O) is isolated via controlled crystallization process.
This titanium salt is well known source of titanium [3]. When
30–45% sulphuric acid is used in sphene decomposition, the Ks of
TiOSO4 �H2O is not reached and it is left in the liquid phase.
Following this scheme the solution is separated from the solid by-
products and forwarded for syntheses of titanium phosphates
[6–8]:

TiOSO4 þH3PO4 ! TiOðHPO4ÞkþH2SO4

It has been shown that nitric acid decomposes sphene in a
different manner. In the presence of fluoride ions and 25% HNO3

sphene is effectively decomposed and calcium ions are isolated as
a Ca(NO3)2 solution. The solid product obtained is a mixture of
amorphous silica and crystalline TiO2 in the anatase form.

CaTiOSiO4 þ 2HNO3 ! CaðNO3Þ2 þ TiO2kþ SiO2kþH2O

The latter is treated further with 94% sulphuric acid till the
soluble titanium salt (TiOSO4 �H2O) is formed. The titanium-
containing aqueous phase allows a concentrated Ti(IV) solution to
be obtained which is then used for direct syntheses of titanium
oxide pigments as well as for other titanium products [9].

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
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Sphene–acid decomposition schemes often contain complex
multistage treatments and require special equipments available
(for instance for use of fluorine-containing compounds). Utiliza-
tion and/or handling of the concomitant acidic flows are also a
challenging task.

There are very limited studies on sphene decomposition with
H3PO4. To the best of our knowledge, the first attempts to
decompose sphene with phosphoric acid are documented in our
previous work [10,11]. According to these studies the phosphoric
acid decomposition of sphene appears to be somewhat simpler
than the aforementioned sulphuric and nitric acids treatments.
It also has a great potential when syntheses of different titanium
phosphate sorbents is considered.

CaTiOSiO4 þ 4H3PO4 ! CaðH2PO4Þ2 þ TiðHPO4Þ2 �H2O

þ SiO2 þ 2H2O

It is known that most of titanium phosphate materials are
obtained from hydrochloric solution of Ti(IV) and H3PO4 that is
added to the boiling reaction suspension over a long period of
time (often a few days) [12–14]. In certain cases, the synthesis
follows the sol–gel method [15]. During the sphene decomposi-
tion, however, titanium phosphate products are instantly formed.

In this work we show in detail the behavior of sphene during
decomposition with phosphoric acid with different concentra-
tions. After thorough characterization of the decompositional
products we show that the main product, titanium phosphate–
silica composite, can be obtained without implying complex
technological steps or special equipments. The present contribu-
tion describes the sorption affinities of titanium phosphate–silica
composite with respect to caesium and strontium ions, and in
addition presents an option for phosphoric acid flows utilization.
2. Experimental section

2.1. Sphene decomposition and titanium phosphate formation.

Chemical analyses

Sphene concentrate (fraction o63mm) with composition
(weight %): TiO2—37.7, CaO—25.4, SiO2—25.4 was used in this
study. 40–80% phosphoric acid was utilized in the decomposition
processes. Sphene–phosphoric acid amounts in the initial mix-
tures are listed in Table 1.

The experiment was carried in a reactor equipped with a stirrer
and a thermometer, under reflux. In the reactor the calculated
amount of phosphoric acid was initially placed and stepwise,
under stirring, the corresponding amount of sphene was added.
The obtained suspension was heated to the boiling point and at
this temperature, and stirring, the mixture was kept for 12 h.
During the syntheses on every 2 h samples were taken, the liquid
phase was filtrated and both solid and liquid products were
analyzed. The chemical composition of the liquid phase was
determined using atomic adsorption spectrometer AAS 300
PerkinElmer.
Table 1
Experimental conditions for sphene–H3PO4 decomposition process

Concentration of

H3PO4 (%)

Solid–liquid (g:ml) (TiO2+CaO):P2O5

(mole, stoichiometric)

80 1:4 1:2.9

70 1:4 1:2.2

60 1:4 1:1.8

50 1:4 1:1.4

40 1:8 1:1.24
The rate of element leaching at these conditions was calculated
using the formula [16]:

R ¼
CV

mt
,

where R is the leaching rate of element of interest for given time
(mole g�1 s�1), C is the concentration of element of interest in the
filtrate (mole l�1), V is the filtrate volume (l), m is the mass of
sphene (g) and t the time of leaching (sec).

After reaction time (of 12 h) the reaction mixtures were cooled
down and solid products isolated (via filtration). The products
were then washed with water until pH reached 2.0–3.5 and dried
on air at 60 1C. The composition of the solid products was
analyzed using the standard HF–HNO3–HCl method and concen-
trations of all elements in the resulting solutions were determined
using plasma atomic emission spectrometer, ICPE-9000.

2.2. Characterization of decomposition products

The thermogravimetric (TG) and differential thermal analyses
(DTA) of samples were carried out in an argon atmosphere using a
high-resolution thermogravimetric analyzer (model Netzch STA
409/QMS) in a range of 25–900 1C with a heating rate of
10 1C min�1.

The powder X-ray diffraction patterns of samples were
recorded using a Siemens D 5000 diffractometer with a mono-
chromatic CuKa radiation (l ¼ 1.5418 Å). A scanning rate of
2.41min�1 was used for a 2y diffraction angle range of 101–601.

To characterize textural properties of titanium phosphate
composites, the BET surface areas and the total pore volumes of
samples were determined by nitrogen adsorption/desorption
method at liquid nitrogen temperature using a surface area
analyzer Micrometrics ASAP 2000. Prior to adsorption/desorption
measurements all samples were degassed at 373 K for 4 h. This
low degassing temperature was chosen to avoid any structural
changes in the materials.

The morphologies of samples were studied using a Philips XL
30 scanning electron microscope (SEM) equipped with an LaB6

emission source. A link ISIS Ge energy dispersive X-ray detector
(EDS) attached to the SEM was used to additionally probe the
composition of titanium phosphates.

The infrared (IR) spectra were recorded on a Fourier transform
IR spectrometer (PerkinElmer FT-IR 2000). A resolution of 4 cm�1

was used with 100 scans averaged to obtain a wavenumber
spectrum ranging from 4000 to 370 cm�1. The spectra were
recorded in IR-grade KBr phase at room temperature.

The solid-state 31P NMR experiments were recorded at
145.70 MHz on a Varian/Chemagnetics InfinityPlus CMX-360
(B0 ¼ 8.46 T) spectrometer. The spectra were acquired using a
Varian 4 mm MAS probe and samples were packed in standard
ZrO2 rotors. 10 kHz spinning frequency was used. Single-pulse
experiments with proton decoupling were utilized. The 90-pulse
width was 5.0ms and 1 s relaxation delays were used. The total of
256 transients was averaged. All spectra were externally refer-
enced to 85% H3PO4 [17]. Deconvolutions of NMR spectra were
performed using both Spinsight (a software provided with the
spectrometer) and DMfit program [18].

The 29Si NMR spectra were recorded at 71.51 MHz on the same
spectrometer. Single-pulse experiments with a proton-decoupled
acquisition were used. The spinning frequency of 6 kHz was
applied. 29Si 301 pulse width of 1.5ms and 10 s relaxation delays
were employed to avoid saturation of signals. About 9000
numbers of acquisitions were averaged. All spectra were exter-
nally referenced to TMS.

The ion-exchange affinity of materials towards Cs+ and Sr2+

cations was probed in a wide pH region using the batch technique.
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The 0.05 M solutions of CsCl/SrCl2 were used and the pH was
adjusted using 1 M NaOH or 1M HCl solutions. The 0.5 g of sphene
was then added (solid-to-liquid amounts of 1:200) and the
suspensions were left to equilibrium for 24 h. The pH of solutions
after equilibrium with materials was measured with Orion pH
meter 611. Concentrations of metal ions in solutions were
determined using AAS-300 atomic absorption spectrometer.
Fig. 2. The degree of Ca leaching (expressed as CaO, %) during sphene

decomposition with 80% (’), 70% (&), 60% (m), 50% (J) and 40% (�) H3PO4,

respectively. The lines are a guide for the eye.
3. Results and discussion

3.1. Sphene decomposition and titanium phosphate formation.

Chemical composition

The crystal structure of sphene is shown in Fig. 1. The main
structural units are chains of corner-sharing TiO6 octahedra which
are cross-linked by silicate tetrahedra. The SiO4 tetrahedra share
O-atoms with four titanium octahedral groups in three separate
chains. Such an arrangement produces [TiOSiO4]2� skeleton with
large cavities where the calcium atoms are enclosed [19].
Precisely, this type of structure would be expected to promote
in a certain extend calcium leaching when mineral particles are
placed in an appropriate medium. Furthermore, it has been
determined that the pHpzc (i.e., the pH at which the surface of
solid component in a heterogeneous aqueous system exhibits the
neutral net charge) for SiO2, TiO2 and CaO are 2.2, 5.5 and 9.9,
respectively [20]. This means that in an acidic media the surface
calcium sites (4Ca–OH) are expected to be more active than the
corresponding titanium and silicate sites (4Ti–OH, 4Si–OH) and
in a way determining the rate of dissolution of this material.
Thus, during sphene acidic decomposition (in particularly when
calcium and titanium sites have been already involved in
dissolution processes) on the edges of mineral grains an increas-
ing amount of uncompensated negatively charged SiO4 tetrahedra
is expected to built. It is known that under conditions of elevated
temperature and acidity the silicate is transformed into silica–
SiO2 �H2O (as is also shown in this study, see further).

Following this model for sphene decomposition we firstly
attempted to monitor leaching of calcium into the liquid phase in
an H3PO4 medium. Fig. 2 shows the degree of Ca leaching when
different initial concentrations of phosphoric acid are utilized.
Higher concentration of H3PO4 governs higher degree of calcium
leaching. In the beginning of sphene dissolution the amount of
leached calcium rapidly increases with the increase of phosphoric
Fig. 1. The crystal structure of sphene (drawn according to data in Ref. [19]).
acid concentration. Such a curve type is consistent with the fact
that external diffusion is a dominating mechanism of calcium
leaching. As the sphene dissolution proceeds (for instance after
the first 2–3 h), the internal diffusion appears to play major role
and it is seen that the degree of Ca leaching only gradually
increases and is almost constant at the later stages of the
reactions (8–12 h).

The rate of calcium leaching/dissolution is also determined by
the acid concentration (as seen in Fig. 3). Higher concentration of
H3PO4 used lead to faster dissolution. After 8 h the rate of calcium
dissolution is less than 1�10�7 mole g�1 s�1 and practically does
not depend on the initial phosphoric acid concentrations.

During the sphene decomposition the calcium leaching process
takes place together with a titanium phosphate formation process.
These two concomitant processes were considered when the final
decomposition products were analyzed. The chemical composi-
tions of final products are listed in Table 2. Titanium found in the
solid phase can be in a form of titanium phosphate and/or in a
form of CaTiOSiO4 (i.e., non-dissolved sphene). Thus, the amount
of titanium phosphate was calculated based on the amounts of
TiO2 and P2O5 found in the solid phase products. Based on the
XRD powder pattern analyses (see further), formation of titanium
hydrogen phosphate hydrate, Ti(HPO4)2 �H2O, where the mole
Fig. 3. The rate of Ca leaching during sphene decomposition with 80% (’), 70%

(&), 60% (m), 50% (J) and 40% (�) H3PO4, respectively. The lines are a guide for

the eye.
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Table 2
Chemical composition of products from sphene decomposition

Concentration

of H3PO4 (%)

Content of solids (mole) Decomposition

(degree)

TiO2 P2O5 CaO SiO2

80 0.265 0.27 0.02 0.28 98.1

70 0.28 0.26 0.04 0.30 92.9

60 0.31 0.24 0.06 0.32 91.2

50 0.34 0.23 0.09 0.33 67.6

40 0.35 0.22 0.09 0.34 62.8

Fig. 4. The TG data for titanium phosphate composites obtained at 12 h

decomposition of sphene with 80% (a) and 40% (b) phosphoric acid.

Fig. 5. The IR spectra of sphene–60% H3PO4 decomposition products isolated after

2 h (a), 4 h (b), 6 h (c), 8 h (d) and 12 h (e), respectively.
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ratio of TiO2:P2O5 is 1:1, was confirmed. Hence, the amount of
titanium (by mole) not connected to P2O5 is considered as
titanium in CaTiOSiO4. The data in Table 2 show that when 80%
H3PO4 was used, the degree of sphene decomposition (calculated
using the amount of TiO2 not in the titanium phosphate form) is
more than 98% whilst for 40% acid only about 63% decomposes.
As mention above, the decrease of acid concentration leads to the
decrease of calcium leaching rate. At the same time this is
supposed to slow down the expected diffusion drift of titanium
ions towards the particle surfaces and hence the simultaneous
crystallization of titanium phosphates to be relatively unhurried.
In all experiments, the amount of phosphoric acid used was
higher than the stoichiometric amount required for binding both
calcium and titanium in corresponding phosphates. Despite this
fact the degree of sphene decomposition appears to be higher
when higher concentration of acid is used. The excess of
phosphoric acid is likely to have a major effect on the rate of
formation of titanium phosphate [21].

Within the examined conditions of sphene decomposition it
was found that a process of Si leaching (8�10�3 mole l�1)
took place only when 80% phosphoric acid was used. In all other
cases conditions for Si leaching were not fulfilled and the
SiO4 tetrahedra were considered to only alter to SiO2 �nH2O
and/or SiO2 (see discussion on results in Figs. 6 and 11). Formation
of an amorphous silica phase occurs as the structure of
sphene wrecks during the phosphoric acid’s attack. Under these
experimental conditions, the silica sites are least active sites
(in comparison to calcium and titanium sites) during the sphene
dissolution.
3.2. Characterization of decomposition products—titanium

phosphate composites

Fig. 4 shows the thermal behavior of two sphene decomposi-
tion products obtained after 12 h reaction time using solutions
with 80% and 40% H3PO4. Both TGA curves show similar gradual
weight loss patterns. The first weight loss, 6% for both (equivalent
to 0.87 mole of water per formula unit), corresponds to a loss of
surface and/or crystal water at temperature up to 250 1C. The
second weight loss, 5.8% for both (0.83 mole of H2O), in the range
of 250–580 1C, is attributed to condensation of hydrogen phos-
phate functional groups. The total weight loss is 11.8% and 13.6%
for these products, obtained with 80% and 40% H3PO4, respec-
tively. It should be noted here that the use of a less concentrated
acid to decompose the sphene somewhat leads to formation of
products with a slightly different internal structure. In particular,
for the product obtained with 40% H3PO4, additional weight loss
(of 1.8%) at temperature higher than 600 1C is observed. This can
be assigned to a later condensation process that involves silanol
groups in the material. These data are in a good agreement with
DTA data reported for the thermal behavior of alpha-titanium
phosphate, a-TiP (Ti(HPO4)2 �H2O) [22,23].
Fig. 5 shows the IR spectra (over the 1400–400 cm�1 region) for
decomposition products isolated after different reaction times of
sphene treated with 60% H3PO4. All spectra have very similar
features that appear to be characteristic for the IR spectrum of
a-TiP [24,25]. With an increase of decomposition time the bands
attributed to the phosphate groups ((PO3)asym and (PO3)sym in the
region of 1000–1240 cm�1, (PO3) deformation modes at the 615,
470 and 440 cm�1 and the symmetric mode characterizing P–O–P
bridges at around 970 cm�1), become more resolved. This is a
strong indication of internal changes in the titanium composites
structures. The intensity of band at 548 cm�1 increases with
the decrease of sphene content in the composites which shows
its relevance to the P–O vibration [26] and not to Ti–O in the
octahedral oxygen environment [27]. Differences in the
spectrum of the product obtained after 2 h of decomposition
are observed in Fig. 5a. The P–OH vibrations at 1249 cm�1 (from
HPO4

2�) are overlapped with the vibrations at 1231 cm�1 which
are characteristics of P–OH in H2PO4

� groups [28]. The adsorption
at 651 cm�1, which is special for O–P–O vibrations in PO4 groups
and the absence of the band at 970 cm�1 (a characteristic of
P–O–P in HPO4 groups) suggest that in this decomposition
product along with the a-TiP phase, there is a g-TiP
phase, Ti(H2PO4) � (PO4) �2H2O, or a mixture of g-TiP and b-TiP,
Ti(H2PO4) � (PO4), phases. The last two phases are known to be
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Fig. 7. The XRD powder patterns of sphene (a) and titanium phosphate composites

(b–f) isolated after 12 h. The phosphoric acid concentration used was 80% (b), 70%

(c), 60% (d), 50% (e) and 40% (f), respectively. In powder patterns (c), (d), (e) and (f),

the reflections due to presence of sphene phase are denoted with an asterisk.

Fig. 8. The XRD powder patterns of sphene decomposition products. The

phosphoric acid concentration used was 80% (a, b), 60% (c, d) and 40% (e).

Products were isolated after 2 h (a, c and e) and 4 h (b, d), respectively. The

reflections due to presence of sphene phase are denoted with an asterisk.

Fig. 6. The IR spectra of sphene (a) and titanium phosphate composites (b–d)

isolated after 12 h. The phosphoric acid concentration used was 80% (b), 60% (c)

and 40% (d), respectively.
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meta-stable at high temperature conditions and easily transform
into the a-phase [29].

Fig. 6 shows the IR spectra from products obtained after 12 h
sphene decomposition with different concentration of phosphoric
acid. It can be seen that despite the differences in H3PO4

concentration all decomposition products appeared to be of the
a-TiP-type. The main features that differ in these spectra are
related to stretching and bending vibrations of the OH groups in
the 3560–1600 cm�1 region. This is most likely caused by an
increase of silica hydration as far as concentration of acid
decreases. Furthermore, for samples where the non-decomposed
sphene is almost 40% the characteristic adsorption bands for the
mineral are not observed (see Fig. 6d). In particular, the Si–O
vibrations of SiO4 tetrahedra at about 900 cm�1 are absent which
is a clear indication for changes in Si–O environment in the
structure of undissolved sphene particles.

The XRD powder data for products of sphene–phosphoric acid
(80–40%) decompositions are displayed in Fig. 7. All data are
consistent with formation of a titanium phosphate crystalline
phase, Ti(HPO4)2 �H2O [30] with a first intensive 2y peak
corresponding to d ¼ 8.6 Å. A decrease of phosphoric acid
concentration (used in the sphene decomposition) leads to a
gradual decrease of intensities of titanium phosphate reflections.
The reflections due to the non-decomposed sphene are more
noticeable among the titanium phosphate ones in the cases of
40–60% acid used. For the sake of simplicity selected sphene
reflections are denoted with an asterisk throughout the powder
patterns in the figure. It should be noted that the most intensive
sphene reflection (about 34.5 2y) is not denoted in the figure due
to the possible overlap with titanium phosphate reflections in this
2y region. The kinetics of decomposition (shown in Fig. 8) shows
that when 80% H3PO4 was in use already after the first 2 h the
main phase formed is the aforementioned a-TiP (similarly as in
Fig. 7 selected sphene reflection are denoted with an asterisk). For
the same reaction time and 60% H3PO4 employed, the obtained
solid product is a mixture of a-, g-TiP (and possibly b-TiP) [31]
phases of poor crystallinity as well as non-decomposed sphene.
Interestingly, when 40% phosphoric acid was used, after 2 h the
main crystalline phase appears to be somewhat altered not-
decomposed sphene particles (compare Figs. 7a and 8e). Common
features for the powder diffractograms of products obtained after
2 h, using 40 and 60% H3PO4, that makes them very complex for
assessment, lead to suggestion for a possible existence of
Ti(HPO4)2 �2H2O along with the sphene and Ti(HPO4)2 �H2O.
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Fig. 9. The SEM images of sphene (a), titanium phosphate composites isolated after 2 h, 40% H3PO4 (b) and titanium phosphate composites after 12 h, 80% H3PO4 at

different magnification (c, d).

Fig. 10. The 31P NMR spectra of titanium phosphate composites obtained after (a)

12 h, 80% H3PO4 and (b) 2 h, 40% H3PO4.

M.V. Maslova et al. / Journal of Solid State Chemistry 181 (2008) 3357–33653362
However, the reflections characteristic for the titanium
phosphate di-hydrate are of very low intensity. (Detailed
diffractograms along with results from the XRD powder patterns
database can be found in the Supporting information appended to
this article.)

SEM images of initial sphene and sphene decomposition
products are shown in Fig. 9. It is seen how in an early stage
flake-like structures of titanium phosphate are formed along with
small spherical silica agglomerates. The final titanium phosphate
composites contain ball-like structures of titanium phosphate
(with diameter of ca 2mm), randomly distributed in a silica
matrix.

The 31P MAS NMR spectrum of titanium phosphate composite
obtained after 12 h process and 80% H3PO4 is shown in Fig. 10a.
A single, relatively narrow phosphorus resonance peak at �18.4
ppm is observed. The same 31P-isotropic chemical shift was
recorded in the 31P MAS NMR spectra of all titanium phosphate
composites obtained after 4–12 h decomposition of sphene in
the whole concentration range of phosphoric acid (40–80%). It has
been reported that the diso (31P) for the P-sites in the crystalline
a-TiP is �18.5 ppm [32,33]. Therefore, it can be unambiguously
concluded that the titanium phosphate composites obtained
at the aforementioned conditions only contain P-sites in a
Ti(HPO4)2 �H2O environment. In Fig. 10b, the 31P MAS NMR
spectrum of titanium phosphate composite obtained after a 2 h
process with 40% phosphoric acid used is displayed. A similar
spectrum was also obtained for the composite formed in a 2 h
process with 60% H3PO4. The composites obtained in 2 h processes
with higher than 60% phosphoric acid show 31P MAS NMR spectra
that are similar to the spectrum in Fig. 10a.
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Fig. 11. The 29Si NMR spectra of (a) sphene and sphene–phosphoric acid

decomposition products obtained at (b) 40% H3PO4, 12 h; (c) 80% H3PO4, 2 h; (d)

80% H3PO4, 12 h. The arrow indicates the shoulder at �102 ppm.

M.V. Maslova et al. / Journal of Solid State Chemistry 181 (2008) 3357–3365 3363
A detailed look at the spectrum in Fig. 10b reveals an overlap of
five 31P-resonances centered at �10.8, �14.4, �18.4, �28.2 and
�32.6 ppm, respectively. The phosphorus isotropic chemical shift
at �18.4 ppm as described above appears to be a characteristic for
phosphorus in the a-TiP, while the diso (31P) at �10.8 and
�32.6 ppm are associated with the phosphorus sites in H2PO4

�

and PO4 local environments in the g-TiP, Ti(H2PO4) � (PO4) �2H2O
[32,33]. The P-sites at �14.4 and at �28.2 ppm have not yet been
assigned to particular P-sites in crystalline titanium phosphates. It
has been reported, however, that on some occasions the g-TiP
phase co-exists with the less stable phase, Ti(H2PO4) � (PO4) [29].
Therefore it could be suggested that these phosphorus sites
belong to the anhydrous b-type where two crystallographically
different phosphorus sites have been determined [34]. A possibi-
lity, which should not be excluded in the interpretation of the
spectrum, is that these P-sites (at �14.4 and �28.2 ppm) may not
be related to phosphate coordination in b-TiP-phase but are
simply a result of different Ti–O–P bond distances and bond
angles somewhat formed between the different species at these
experimental conditions. Deconvolution of the spectrum shows
that the amount of a-TiP formed already at these conditions is
higher than 50%.

In short, the 31P MAS NMR data clearly show that formation
of a-TiP composites proceeds via formation of g-TiP (and possibly
b-TiP) and the latter appeared to be meta-stable under these
conditions. The mixture of these products is maintained only
during the first 2–3 h of sphene decomposition process with
40–60% phosphoric acid. In all other decomposition conditions
only the a-TiP composite is formed.

The 29Si NMR spectra of sphene and the titanium phosphate
composites are shown in Fig. 11. The Si-sites with isotropic
chemical shift at about �80 ppm corresponds to the silicate sites
in sphene [35]. In Fig. 11b it can be seen that together with the
sites from non-decomposed sphene another type of Si-species is
built when decomposition is performed with 40% acid, for 12 h.
The isotropic silicon peak at about �112 ppm is rather broad and
is characterized with a shoulder at about �102 ppm. A similar 29Si
NMR spectrum but with a less resolved shoulder is observed when
decomposition was done with 80% acid for 2 h (Fig. 11c). It has
been reported that silica fume exhibits a broad 29Si NMR
resonance at �111.5 ppm, which belong to the classic Q4 Si type
(4Si, 0Ti) that is a characteristic of fully polymerized silica species
[36,37]. Therefore, here it can be concluded that during the
decomposition of sphene the silicate sites undergo a transforma-
tion that leads to formation of SiO2 entities. The species at
�102 ppm are of the corresponding Q3 type and are related to the
presence of silanol groups [37]. Due to less amount of water
present in the system they are less pronounced when 80% acid is
used in the decomposition. As it can bee seen in Fig. 11d when 80%
H3PO4 is used, for 12 h period of time, almost entire amount of
silicate in sphene is transformed into a separate silica phase.

The IR, XRD, SEM and solid-sate NMR data are all in a good
agreement and show that during the process of sphene decom-
position with phosphoric acid, a crystalline a-titanium phos-
phate-silica composite is simultaneously built.
3.3. Ion-exchange properties of titanium phosphate composites

The ion-exchange affinity of titanium phosphate composites
towards Cs+ and Sr2+ at different pH conditions was probed.
The experimental curves for cations uptake at different pH-values
are shown in Fig. 12. Taking into account the amount of
titanium phosphate within the composites, the chemical formula
of a-TiP and the assumption that all protons are exchangeable,
the theoretical ion-exchange capacity of the products was
calculated to be in the range from 4.87 to 7.60 meq g�1. The
titanium phosphate composites start to exchange Cs+ ions at pH 2
(see Fig. 12a) and yet metal uptake is insignificant even at pH 10.
The Cs+ maximum uptake is 1.62 meq g�1 (or 23%) for the
composite obtained with 60% H3PO4. The titanium phosphate
composite formed with 40% H3PO4 contains up to 40% sphene,
which is likely to be the reason for the lower sorption activity
detected. At the same time the sorption properties of these two
composites are considerably higher than the properties of product
obtained with 80% H3PO4. As seen from the XRD data and the
porous characteristics of the materials (listed in Table 3), stronger
synthesis conditions lead to formation of more crystalline
material that is expected to have a higher rigidity that restrains
insertion of large cations. Lowering concentration of phosphoric
acid for decomposition of sphene somewhat promotes formation
of a more porous structure which can be correlated with higher
sorption activity. Experimental curves showing the Sr2+ uptake at
different pH conditions are shown in Fig. 12b. For the titanium
phosphate composites obtained with 60% H3PO4 the strontium
uptake is 0.2–0.4 meq g�1 in an acidic medium and reaches its
maximum (1.2 meq g�1) at pH 9. The low sorption activity toward
this cation is most likely due to geometrical incompatibilities
between the ion-exchange sites in the TiP composite and the size
of cation. The strontium ion is characterized with larger hydration
shell than the caesium hydrated ion [38] and therefore appears to
be too large to freely diffuse into the solid exchanger. The
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Table 3
BET-surface area, total pore volume and mean pore diameter data for materials

obtained at 12 h decomposition of sphene with 40%, 60% and 80% phosphoric acid

Sample (%) Surface area

(m2 g�1)

Total pore

volume�103

(cm3 g�1)

Mean pore

diameter (nm)

40 17.2970.03 72.38 16.75

60 4.9170.01 28.21 22.98

80 1.6770.02 7.01 16.79

Sphene 1.8270.01 5.72 12.55

Fig. 12. The Cs+ (a) and Sr2+ (b) uptake by titanium phosphate composites

obtained under decomposition of sphene with 40% (�), 60% (m) and 80% (’)

phosphoric acid. The lines are a guide for the eye.
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exchange properties of TiP towards strontium ions show a similar
trend that was observed with respect to the caesium ions, namely,
the highest sorption affinity is found for composites formed with
60% H3PO4 acid, following by those obtained with 40% and finally
the products gathered when 80% acid was used. Such a trend is
somewhat in agreement with the textural characteristics of
composites (listed in Table 3). Products of decomposition with
60% acid have largest mean pore diameter which is expected to
play an important role in ion-exchange processes. Moreover,
analyses of ion-exchange capacities of titanium phosphate
composites show that these materials possess sorption behavior
that is similar to the exchange affinity of titanium silicates [39,40]
and therefore have a great potential as solid ion-exchangers.
Additionally, the solutions/filtrates from the sorption experi-
ments were analyzed for Ti and P contents in order to monitor the
hydrolytic stability of the composites. The process of hydrolysis,
expressed in a substitution of hydroxy-phosphate groups with
hydroxyl groups, was observed only for the materials obtained
with 40–50% H3PO4. When higher concentration of phosphoric
acid was used the phosphorus hydrolysis was negligible. The
titanium hydrolysis, monitored by the concentration of Ti(IV) in
the solutions, was also found to be negligible (0.01–0.03%) and
decreases with an increase of pH-value.

It is known that with an increase of contact time between the
sorbent and aqueous solution, the rate of hydrolysis decreases. To
compare the hydrolytic stability of different titanium phosphate
ion-exchangers at different experimental acid/base media the
mean hydrolysis rate was calculated using the following equation
[41]:

u ¼ Ce½V=m�t

where Ce is the equilibrium concentration of phosphate ions in
solution (calculated as P2O5 (mg l�1), V is the volume of solution
(l), m is the exchanger mass (g) and t the contact time (h) between
the materials and the aqueous solutions.

The mean hydrolysis rate of titanium phosphate products at pH
3–6 was found to be 4.28�10�8 and 9.76�10�7 mg g�1 h�1 for
compounds obtained with 50 n 40% H3PO4, respectively. For
composites formed with a higher concentration of phosphoric
acid the hydrolysis rate was very low and practically undetectable.

3.4. Utilization of calcium-containing phosphoric acid flows

In the processes of sphene decomposition and washing of final
products (during the washing of final decomposition products,
dissolution of calcium-containing phases takes places) an acidic
flow, containing different amounts of phosphoric acid and calcium
ions, is generated. In particular, when 70–80% H3PO4 is used,
calcium is concentrated in the liquid phase (due to the
concomitant leaching process) and when the solubility product
of Ca(H2PO4)2 �H2O is reached the latter precipitates in the
system. A decrease of acid concentration causes less amount of
solid Ca(H2PO4)2 �H2O to be formed and hence the amount of
calcium in the liquid phase is higher. When 40% H3PO4 is used all
calcium is practically in the liquid phase until the end of the
process. Depending on the decomposition conditions it is found
that the phosphoric acid flow contains 100–800 g l�1 P2O5 and
20–60 g l�1 CaO. According to the solubility diagram of the system
CaO–P2O5–H2O [42] at high concentration of P2O5 (57%) a calcium
dihydrogenphosphate, Ca(H2PO4)2 is formed. A decrease of this
concentration governs formation of calcium hydrogenphosphate,
CaHPO4 �2H2O.

In this study we show how the phosphoric acid flows from the
sphene decomposition and washing procedures can be utilized
and another industrially important product isolated.

For this purpose a CaO–P2O5–H2O mixture containing
500–650 g l�1 P2O5 was step-wise neutralized with slaked lime
(10% CaO), when the ratio CaO:P2O5 was 0.79. The precipitation
occurs according to the following equations:

CaðOHÞ2 þ 2H3PO4 ! CaðH2PO4Þ2 þ 2H2O

CaðH2PO4Þ2 þ CaðOHÞ2 ! 2CaHPO4 � 2H2Ok

To avoid co-precipitation of Ca3(PO4)2 the mixture was
constantly stirred. The crystallization started at pH 3.0-3.2 and
was completed at pH 6.3. Duration time was 1.5–2 h and after it
the precipitation was filtered and water-washed. The XRD pattern
of the solid obtained at these conditions is consistent with the
XRD pattern of brushite (see Fig. 13). The obtained calcium salt,
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Fig. 13. The XRD powder pattern of the solid product isolated from calcium-

containing H3PO4 flows.

M.V. Maslova et al. / Journal of Solid State Chemistry 181 (2008) 3357–3365 3365
CaHPO4 �2H2O, is in the form of brushite- a well-known fertilizer
with high content of an active component (the phosphorus). It
should be noted that if the neutralization is carried on with lime
the final product is anhydrous CaHPO4, which does not have the
capacity to support plant growth.
4. Conclusions

The sphene–H3PO4 decomposition process is accompanied
with calcium leaching and titanium phosphate formation pro-
cesses. The decomposition product is a solid titanium phosphate-
silica composite. It was observed that with a decrease of
phosphoric acid concentration the hydration of silica increases
whilst the rigidity of titanium phosphate structures decreases.

An increase of H3PO4 concentration leads to an increase of
decomposition degree and when 80% acid is used, it is higher than
98%. The kinetics of decomposition shows that using 80% acid
results, already after 2 h, in formation of a-TiP, Ti(HPO4)2 �H2O,
whilst using 40% phosphoric acid for the same time results mainly
in altering the initial sphene particles. It is revealed that formation
of Ti(HPO4)2 �H2O proceeds via formation of meta-stable titanium
phosphate phases, Ti(H2PO4)(PO4) and Ti(H2PO4)(PO4) �2H2O,
which are only maintained in first two hours of sphene
decomposition with 60–40% H3PO4.

The sorption properties of titanium phosphate composites
were probed towards caesium and strontium ions at different pH
conditions. It was observed that harder synthesis conditions lead
to formation of materials with higher stiffness that hinders
inclusion of large cations. A decrease of the phosphoric acid
concentration promotes formation of more porous structures
which possess higher sorption affinity. The maximum sorption
capacity was observed for TiP-products obtained during sphene
decomposition with 60% H3PO4.

A possibility to use further the phosphoric acid flows by
isolating CaHPO4 �2H2O fertilizer is demonstrated. This shows an
opportunity the sphene–H3PO4 decomposition process to be
technologically designed in such a way that all steps are inter-
connected and all by-products utilized.
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