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Crystalline phases of titanium(IV) phosphate have been precipitated by oxidation
of titanium(III) in phosphoric acid solutions. Three phases with layered structures
have been prepared. Besides a-Ti(HPO,), - H,0 and y-Ti(HPO,), - 2H,0, known
before, a new phase with chemical composition Ti,(HPO,),(H,PO,), - 0-4H,0 has

also been found.

The ion exchange properties of a-Ti(HPO,),- H,O especially are very sensitive to
the degree of crystallinity. Well crystallized o-Ti(HPO,), - H;O can be prepared
by oxidation of Ti(III) in 15 M H,PO, at 140°C.

Titanium(IV) phosphate is generally obtained as
an amorphous product precipitated from solu-
tions of phosphate and a titanium(IV) com-
pound. Crystalline materials have been obtained
by two different procedures. In 1967, Alberti et
al.! showed that if the amorphous material is re-
fluxed in phosphoric acid, a crystalline product is
formed. However, to get a well crystallized prod-
uct, refluxing times of over 350 h in 12 M H,PO,
were needed.? According to the other method,’
the crystalline product is obtained directly by
slow decomposition of titanium-fluoro complexes
in the presence of phosphoric acid.

Two different crystalline phases of layered ti-
tanium phosphate have been characterized, a-
Ti(HPO,), - H,0O (o-TiP) and y-Ti(HPO,), - 2H,0
(y-TiP)."* The precipitation conditions determine
which of the phases is formed. High pressure,*
low temperature, low activity of titanium(IV),
and high concentration of phosphoric acid® favor
the formation of the y phase. The crystal struc-
ture has not been completely determined for any
of the titanium phosphate phases. However, the
o-titanium phosphate phase is isomorphic with a-
Zr(HPO,), - H,0, which is monoclinic with space

Acta Chemica Scandinavica A40 (1986) 507-514

group P2,/n.® The unit cell dimensions for o-TiP
area = 8.631, b = 5.002,c = 16.176 A, and p =
110.20°

Titanium phosphate is an inorganic ion exchan-
ger with high resistance to temperature and radi-
ation.® The stability and ion exchange capability
decrease with increased disorder in the structure.
Therefore, it is of great interest to develop a sim-
ple method to precipitate well crystallized tita-
nium phosphate. Both procedures described
above have disadvantages. In the refluxing
method, amorphous titanium phosphate has first
to be prepared, then refluxed for a very long
time. Precipitation from fluoro-complexed solu-
tions is simple and fast, but the method is com-
plicated by the high activity of hydrofluoric acid
in the solution and the evaporation of hydro-
fluoric acid. This paper reports a new way to pre-
cipitate crystalline phases of titanium phosphate
from Ti(III) solutions, and ion exchange prop-
erties of some of the prepared phases. In particu-
lar, the precipitation conditions and the prop-
erties of a-Ti(HPO,),-H,0 and a new titaniu-
m(IV) phosphate compound are discussed.
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Table 1. Precipitation conditions and titanium
phosphates formed.

H,PO/M  Oxidation Oxidation  Product
conditions time/h
5 Reflux (102°C) 35 a-TiP
10 Reflux (105°C) 35 o-TiP
15 Reflux (1556°C) 20 o-TiP +
y-TiP
15 In an oven 50 a-TiP
17 Reflux (185°C) 15 y-TiP
17 In an oven 50 d-TiP
Experimental

Preparation of Ti(Ill) solutions. One g titanium
powder was dissolved in each of 5, 10, 15 and
17 M H,PO, (Ti/PO, = 0.04) at 100-120°C. Blue
solutions of Ti(II) were obtained.

Precipitation of crystalline titanium phosphate.
The phosphoric acid solutions of Ti(IlI) were
heated in an oven at 140 °C or were refluxed. Ti(-
III) was thus slowly oxidized to Ti(IV) by oxygen
from the air and titanium(IV) phosphate pre-
cipitated. To compensate for evaporation during
heating in the oven, water was added at intervals.
When the solutions had completely lost their
color, the precipitates were filtered off and
washed with either distilled water or ethanol.
The precipitations were performed in Pyrex glass
equipment.

Analysis of the chemical composition. The PO,/Ti
ratio was determined by the method used by Al-
berti et al.' with some small changes. Since some
of the phases did not dissolve in refluxing concen-
trated H,SO,, they were heated for 1 h at 90°C in
25 ml of 1 M KOH before 25 ml concentrated
H,SO, was added. They then dissolved directly
without refluxing.

X-ray diffraction pattern. The X-ray powder pat-
terns were taken for both wet and dry samples
with Ni-filtered CuKa radiation.
Thermogravimetric analysis. The water and hy-
drogen content were determined by thermogravi-
metric measurements (TGA) at a heating rate of
4°C/min to 200°C and thereafter at 10 °C/min to
800°C.

Ion exchange titration curves. Samples of 0.100 g
titanium phosphate were added to 50 ml 0.10 M
MCI (M = Li*, Na*, K*), then different amounts
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of 0.10 M MOH were added in drops, under stir-
ring, and so slowly that the pH never exceeded 8
to avoid hydrolysis. The mixtures were thor-
oughly shaken at times and the pH of the solu-
tions was measured at regular intervals.

Results

Precipitates from oxidation of Ti(Ill) solutions.
The precipitates formed from the different Ti-
(III) solutions are presented in Table 1. The pre-
cipitated phases obtained from refluxing phos-
phoric acid were those expected: y-TiP from very
concentrated solutions of phosphoric acid
(>15 M) and a-TiP from less concentrated solu-
tions (<15 M). In 15 M H,PO,, both a-TiP and
y-TiP were formed. However, when prepared in
an oven, only o-TiP was formed from 15M
H,PO,, and a new phase, d-TiP, was formed from
17 M H,PO,.

The glass equipment was very slightly etched
by the solutions of 17 M phosphoric acid. How-
ever, no elements other than phosphorous and ti-
tanium could be detected in the precipitated pha-
ses by energy dispersive X-ray analysis (EDAX),
so0 it probably had no effect on the result.

The X-ray powder patterns, the chemical com-
position and the density of the different phases
are shown in Tables 2 and 3. The values for a-TiP
are from the oven precipitated phase. The X-ray
diffraction curves of o-TiP precipitated by re-
fluxing showed that it had a lower degree of crys-
tallinity.
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Fig. 1. TGA curves for (a) a-Ti(HPO,),- H,0, (b} y-

Ti(HPO,), - 2H,0 and (c) é-Ti,(HPO,),(H,PO,), -
~3H,0. ---- weight loss after reaching 800 °C.
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Table 2. X-ray diffraction patterns of the crystaliine titanium phosphates.

a-TiP y-TiP 5-TiP
dA) v, d(A) u, d(A) u, d(A) w,
7.54 63 11.40 100 6.81 93 2.46 7
425° 18 5.562 9 5.51 32 2.44 3
4.04 10 4.29 13 438 59 2.40 15
345 100 3.85 3 431 30 2.28 2
3.42 54 3.56 1 4.26 18 2.26 20
3.14 4 3.45 39 4,04 14 2.22 8
3.02 1 3.29 3 3.75 99 2.19 5
2.88 1 3.17 5 3.71 100 2.17 5
2.61 6 3.06 4 3.56 36 2.13 2
2.58 3 3.03 9 3.42 24 2.10 3
2.53 11 2.79 6 3.33 48 2.08 7
2.49 24 2.59 2 3.29 43 2.04 2
2.46 3 2.55 5 3.18 12 2,02 3
2.39 3 2.45 1 3.14 9 1.94 3
2.37 4 2.34 1 3.09 32 1.91 4
2.28 1 2312 6 2,98 7 1.88 5
2.24 7 217 2 2.89 2 1.86 7
2.23 3 2.15 2 2.84 24 1.84 16
2.16 2 2.09 1 2.83 5
2.09 1 2.08 2 2.76 16
2.02 5 2.04 1 2.65 14
1.96 4 1.99 1 2.63 5
1.94 3 1.95 2 2.58 6
1.88 2 1.93 4 2,55 5
1.87 6 1.84 5 2.53 31

1.73 3 248 8
2Doublets.

The Peak at d = 3.42 A was missing, the inten-

sities of the other peaks were lower and the peaks
were broader. The PO,/Ti ratio was very nearly 2
for both o- and y-TiP and 2.25 for the new phase,
O-TiP.
TGA curves. Fig. 1 shows the TGA curves for a-,
y- and 6-TiP prepared from 15 and 17 M H,PO, .
For the v phase, the result was mainly the same as
reported earlier.””" The condensation of HPO,
groups was achieved in two steps for both the a
and the y phase. This has not been observed for
‘the a phase before,"'*** and was only so for
oven-prepared o-TiP.

Since the PO,/Ti ratio for the d phase was 2.25,
the weight loss due to condensation of phosphate
groups is about 9 %, if the water content is not
too high. The observed total weight loss was 10—
14 %. The low value was obtained from a sample
precipitated from a solution with very low activ-

ity of water. The X-ray diffraction patterns were
exactly the same for all the § phases, indicating
that the water content varies without changes in
the structure. The weight loss at 250-300°C was
followed by a decomposition of the structure, so
the water could not be removed without destroy-
ing the structure. TiP,O, and probably an amor-
phous phase were formed.

Stability of the O-titanium phosphate phase. 8-TiP
was not stable when stored in water for a long
time. The solid became amorphous and the den-
sity decreased. The & phases with low water con-
tent were more stable than the phases with higher
water content.

Ion exchange of a-Ti(HPO,),-H,O. Titration
with LiOH, NaOH and KOH of a-TiP precip-
itated from 5 and 10 M H,PO, gave the same re-
sult as reported before.>'> Somewhat different re-
sults were achieved for a-TiP formed from 15 M
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Table 3. Chemical composition and density of the crystalline titanium phosphates.

Compound o-TiP y-TiP S-TiP

Ti (mmoles/g) 3.83 3.64 3.70

PO,/Ti (mole ratio) 2.01 2.05 2.25

Weight loss at 800°C (%) 14.1 19.3 10-14

Estimated formula Ti(HPO,), - H,0 Ti(HPO,),- 2H,0 TiH,,(PO,), - 0—4H,0

interlayer distance (A) 7.54 11.40 6.81

Density (g/cm?) 2.58 2.41 2.51

n (moles Ti/cm? x 10'°) 7.5 10.0 6.3

H,PO, and especially for a-TiP prepared by oxi- Percent of conversion

dation in the oven. Therefore, the results from ti- 0 25 50 75 100

tration of a-TiP are from an oven-prepared sam- ' ' ' ' T

ple, if not otherwise specified. The obtained ion- 8 T

exchanged phases are presented in Table 4.

Titration with LiOH (i). The titration curve of - Tr n

TiP with LiOH is shown in Fig. 2. The lithium

ions are exchanged in one step, but the pH pla- 6 -
. . I

teau is not developed until after 10 % exchange @

and ends after 90 % exchange. The correspond- 5 - =

ing X-ray diffraction patterns changed only be- v

tween 10 and 90 % conversion. That is, at 0-10 % 4 - /'" .

exchange, the solid solution Ti(H,,, Li,),(PO,),

H,O exists, where 0 < x < 0.1.Thereafter, a 3+ .

nearly fully converted lithium phase is formed up

to 90 % conversion. At 90 % exchange, another (" L ; L ; L é ! ;

solid solution, To(H,,Li,_,),(PO,),-H,O appears,
where 0 < x < 0.1.

The X-ray diffraction pattern of the lithium-ex-
changed phase (Table 5) showed a new peak at d
= 7.8 A, but the peak at d = 7.5 A was still
there; so the new peak is not caused by changes
in the interlayer distance. Except for the new
peak, the X-ray pattern is exactly the same as re-
ported before' and as those achieved for a-TiP
precipitated from 5 and 10 M H,PO,. Since the
lithium phase is very similar to the original one,
the solid solution of lithium can indeed be ex-
pected.

Titration with NaOH (ii). The titration curves of
o-TiP with NaOH showed great differences
among the different precipitated o phases. For a-
TiP of low crystallinity, a titration curve at 25°C
(Fig. 3a) with the same odd appearance as de-
scribed by Alberti et al. was obtained.” These
authors showed that at 25°C, the ion exchange
process is a mixture of two independent pro-
cesses, one that dominates at temperatures below
20°C and one that dominates at temperatures
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mmole LiOH/g of a-Ti(HPO4)y HyO
Fig. 2. Titration curve of oven-precipitated a-

Ti(HPO,),- H,O with 0.10 M LiOH at 25°C. pH
measured after 24 h.

above 40°C. At low temperature, o-TiHNa
(PO,),-4H,0 and o-Ti(NaPO,),-3H,0 are
formed; at the higher temperatures, o-TiHNa
(PO,),- H,O and o-Ti(NaPO,), - H,O are formed.

Table 4. Interlayer distances in obtained
ion-exchanged phases of a-Ti(HPO,), - H,0.

lon-exchanged phase Interlayer

distance (A)

o-Ti(LiPO,), - H,0 75
o-TiHNa(PO,), - 4H,0 (25°C) 10.4
a-TiHNa(PO,),-H,0  (60°C) 8.4
o-Ti(NaPO,),-3H,0  (25°C) 9.7
o-Ti(NaPO,),-H,0  (60°C) 8.3
o-Ti(KPO,), - 3H,0 10.6
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Fig. 3. Titration curves with NaOH (a) at 25°C with a-
TiP precipitated in refluxing 10 M H,PO,, (b) 25°C
with oven-precipitated a-TiP and (c) at 60°C with
oven-precipitated a-TiP. pH measured at 25°C and
after 24 h.

Fig. 3 shows the titration curves with NaOH at
25 and 60 °C of a-TiP precipitated in an oven. Be-
tween themselves, the curves are very similar, ex-
cept that the ion exchange at the higher tem-
perature happens at a somewhat lower pH. How-
ever, the curve at 25°C is quite different from
that reported before. The X-ray diffraction pat-
tern showed that at 25°C, only a-TiHNa(PO,), -
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mmole LiOH/g of 6-’Ti4(HPO4)7(H2PO4)2 '3H20

Fig. 4. Titration curves of &-TiP with LiOH at 25°C.
pH measured after (a) 24 h, (b) 48 h and (c) 168 h.
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1 1 1 L 1 ] 1 | |
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mmole NaOH/g of &-Tig(HPO4)7(HyPO4)5~3H,0

Fig. 5. Titration curves of §-TiP with NaOH at 25°C.
pH measured after (a) 24 h and (b) 168 h.

4H,0 was formed up to 50 % conversion and at
60°C only a-TiHNa(PO,), - H,0 was formed. At
both temperatures, fully exchanged phases were
formed at 50-100 % conversion, but the lack of
well defined plateaus indicates that there also ex-
ist solid solutions. The fully exchanged forms
were at 25°C o-Ti(NaPO,), - 3H,0, and at 60°C
o-Ti(NaPO,), - H,O with a layer distance of 9.7
and 8.3 A, respectively. The X-ray diffraction
patterns of the half and fully exchanged forms are
shown in Table 5.

Titration with KOH (iii). o-TiP exchanges po-
tassium at pH ~6.5, but is simultaneously hydro-
lyzed and becomes amorphous. However, ion-
exchanged products could be prepared. If the
oven-prepared o-TiP was mixed for a short
period with 1 M K,HPO,, a weak peak at d =
10.6 A was observed in the X-ray diffraction pat-
tern. The product was, however, hydrolyzed in
less than 10 min. A little more stable against hy-
drolysis was the o-TiP precipitated from refluxing
15 M H,PO,. When it was exchanged with po-
tassium in 1 M K,HPO,, a weak peak at 8.9 A
and a strong peak at 10.6 A were observed in the
X-ray diffraction pattern. The products were hy-
drolyzed when washed with water, and were not
analyzed. But the strong peak at 10.6 A is prob-
ably from the fully exchanged phase,
Ti(KPO,), - 3H,0."

Ion exchange of 6-TiP. The rate of ion exchange
of 8-TiP with lithium and sodium was fast for the
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first 1-2 mmole/g exchanged ions, but then
slowed down considerably. The theoretical ion
exchange capacity is 9.7-10.4 mmole/g, but was
not obtained with either lithium or sodium.
Titration with LiOH (i). The titration curve of 6-
TiP with LiOH (Fig. 4) shows that lithium is ex-
changed in two steps. The X-ray diffraction pat-
tern (Table 6) shows that two well defined phases
are formed; all three phases are however very
similar.

Titration with NaOH (ii). If 0.100 g of &-Ti,
(HPO,),(H,PO,),-3H,0 is added to 50 ml
0.10 M NaCl, the pH of the solution drops to 2.5
(Fig. S). That means that one of the protons on
each of the dihydrogen phosphate groups is ex-
changed before the titration starts. At the same
time, the X-ray diffraction pattern is changed
(Table 6). When titrated with NaOH, two more
hydrogen ions per formula could be exchanged,
but without any more changes in the X-ray pat-
tern. The addition of more than 3.5 mmole/g of
NaOH resulted in hydrolysis.

Titration with KOH (iii)). When titrated with
KOH, &-TiP was hydrolyzed at a pH of 7. No
changes in the X-ray diffraction pattern were ob-
served.

Discussion

Structure of the new 6-TiP phase. When ion ex-
changed with lithium and sodium, the X-ray dif-
fraction pattern of the new d-TiP phase is only
slightly changed. The most important change is
that the peak at d = 6.81 A is moved to a higher
d value when ion exchanged with lithium and to a
lower d value when exchanged with sodium.
Therefore, it is probable that d-TiP also has a
layered structure, with an interlayer distance of
6.81 A.

The water content was not affected by the ion
exchange, either with lithium or sodium ions.
The increase in the d value with Li* and decrease
with Na* are in contrast with the ionic dimen-
sions of these ions. A possible explanation of this
is that they occupy different sites in the structure.

The chemical analysis showed that the PO,/Ti
ratio was 2.25 for 8-TiP. That is, the chemical for-
mula ought to contain either H,PO, groups or in-
tercalated H,PO,. Intercalated H,PO, has been
found in y-TiP;" but it was easily removed by
washing with water and the X-ray diffraction pat-
tern was very similar to that for anhydrous y-TiP.
The &-TiP phase could not be transformed by
washing with water either to the a phase or the y

Table 5. X-ray diffraction patterns of lithium- and sodium-exchanged phases of a-TiP.

Ti(LiPO,), - H,O TiHNa(PO,), - H,0O

TiHNa(PO,), - 4H,0

Ti(NaPQ,),- H,0 Ti(NaPQ,), - 3H,0

dA ", dh) ", d @A) ", d(A) ", dA w,
7.80 55 8.42 100 10.40 100 8.25 100 9.72 100
7.54 90 4.16 25 3.92 30 4.41 10 434 5
4.38 10 3.66 20 3.31 40 4.19 70 418 8
4.28 10 3.45 35 4.03 10 4.02 20
4.20 20 3.38 55 3.65 55 3.83 15
3.99 5 2.94 40 3.50 90 3.60 10
3.50 55 2.65 5 3.25 10 3.50 10
3.42 100 2.56 20 2.85 10 3.30 35
3.15 5 2.81 20 3.14 10
2.69 10 272 20 2.81 10
2.59 10 2.54 90 2.57 20
255 15 247 35

252 10

248 5

243 5

2.41 10

2.36 5

227 15
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Table 6. X-ray diffraction patterns of lithium and sodium ion-exchanged phases of d-titanium phosphate.

d-TiP + 4 mmol Li*/g

&-TiP + 8 mmol Li*/g

d-TiP + 4 mmol Na‘/g

d A u, d @A) u, d(A) v,
6.87 56 7.04 57 6.64 48
5.55 18 5.51 20 4.37 18
4.35 31 4.34 1 4.30 7
4.26 18 4.28 18 4,02 10
3.73 100 4.19 20 3.70 100
3.52 26 3.72 100 3.58 35
3.45 10 3.53 17 3.30 17
3.41 7 3.44 18 3.18 4
3.30 24 3.27 13 3.03 6
3.10 12 3.14 19 278 27
2.85 28 2.89 20 2.72 15
2.76 10 2.87 1 2.58 2
2.64 9 2.76 1 252 13
253 16 2.26 1 2.46 2
2.42 4 2,52 19 2.40 12
2.37 3 2.48 6

2.42 7

2.36 9

phase and the X-ray diffraction pattern is com-
pletely different. Therefore, it is more likely that
it contains H,PO, groups rather than intercalated
H,PO, . If the PO/Ti ratio of 2.25 is assumed to
be correct, then the formula can be written as
Ti,(HPO,),(H,PO,), - xH,0, where 0 < x < 4. A
zirconium phosphate with a PO,/Zr ratio of 2.2
has been prepared in molten phosphoric acid.!
Its X-ray diffraction pattern was not published,
but it was different from other zirconium phos-
phates. It may have the same structure as 6-TiP.

The yield for both a- and y-TiP, when pre-
cipitated by the reflux method, was nearly 100 %.
The yield for a-TiP and &-TiP, when oven-pre-
cipitated was much less: about 50 %. Thus, the
solution is very supersaturated and the activity of
Ti(IV) very high when titanium phosphate is pre-
cipitated in an oven. That can explain why y-TiP
is not formed in the oven, since it is precipitated
at low activity of Ti(IV).?

In the refluxing method, amorphous titanium
phosphate is formed in the condenser. Some of it
is washed down in the solution and can there act
as crystallization nuclei. Therefore, the precip-
itation of titanium starts at a low activity of
Ti(IV) and due to rigorous stirring, supersatura-
tion is prevented.

35"

To exclude the possibility that Ti(1II) influen-

ces the formation of 8-TiP, a solution of Ti(III) in
17 M H,PO, was allowed to oxidize completely at
room temperature. When the clear solution was
heated in an oven at 120°C, d-TiP was precipitat-
ed.
Ion exchange properties of a-TiP. The o-1iP pha-
ses precipitated from the different solutions have
quite different ion exchange properties. The rea-
son is probably that they have various degrees of
crystallinity. o-TiP precipitated by oxidation in
an oven can be expected to have the highest de-
gree of crystallinity since it is slowly precipitated
from a highly concentrated solution with a high
activity of Ti(IV).

With oven-precipitated o-TiP, only TiHNa
(PO,),-4H,0 is formed up to 50 % exchange,
and the ion exchange is performed at a low pH
and at a high rate. In contrast, for o-TiP pre-
cipitated from phosphoric acid with low concen-
trations, both  TiHNa(PO,),-4H,0 and
TiHNa(PO,),- H,O are formed. The ion ex-
change starts at a considerably higher pH and the
ion exchange rate is slow. It can be noticed that
the pH of ion exchange drops after some sodium
has been exchanged for a-TiP of low crystallinity.
A possible explanation is that there are stronger
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bonds between the layers in the less crystalline
products. The diffusion of sodium ions in the
structure will then be aggravated and the forma-
tion of highly hydrated products with large inter-
layer distances inhibited.

When an o-TiP sample precipitated in an oven

was titrated with NaOH, hydrolysis started be-
fore it was completely converted to the disodium
form. The hydrolysis was more severe at 25°C
than at 60°C. At 25°C, the interlayer distance of
the fully converted form is 9.7 A and at 60°C,
8.3 A. But the ionic radii of the exchanged cation
also has a great influence on the stability of the
exchanged phase. This is very obvious for po-
tassium, with which no exchanged form can be
prepared without rapid hydrolysis. In the ion-
exchanged products of o-TiP with large interlayer
distance, the attractive forces between the layers
are weak. Hence they are easily separated and
hydrolyzed.
lon exchange properties of 0-TiP. The interlayer
distance in d-TiP is very short (6.81 A) and only
lithium and sodium could be exchanged. How-
ever, despite the short distance, the rate of ion
exchange of the first exchanged ions was very
high and performed at a low pH. No ion-ex-
changed forms of &-TiP with interlayer distance
larger than 7.0 A were formed. Thus, the struc-
ture seems to be stable only when the interlayer
distance is very small.
Stability of crystalline titanium phosphate. In
Table 3, the number, n, of titanium ions con-
tained per cm? of a layer is calculated. The n
value is highest for y-TiP and lowest for d-TiP, as
is the stability of the different structures.

Conclusions

Oxidation of Ti(IIl) in concentrated phosphoric
acid solutions is a very useful method for pre-
cipitating well crystallized phases of titanium(I'V)
phosphate. By decreasing the rate of oxidation,
the degree of crystallinity and the particle size
can be increased. The ion exchange properties
depend on the degree of crystallinity, especially
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for a-TiP. Unfortunately, the stability against hy-
drolysis during ion exchange decreases with in-
creasing degree of crystallinity. It is also de-
creased by large cations such as potassium.
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