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Lamellar Inorganic Ion Exchangers. Hydrogen-Lithium Ion Exchange in 
y -Ti t a n i u m Phosphate 
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The ion-exchange process of H +  and L i+ in y-titanium phosphate (y-Tip) was studied. Exchange 
isotherms and titration and hydrolysis curves were obtained at 25.0,40.0, and 55.0 ( kO.1) "C by 
using LiCl + LiOH solutions. The ion-exchange process and the thermal behaviour of the 
exchanged solids were monitored by X-ray diffraction. The exchanged phases TiH,.5Li,,5( PO,),.2H2O 
(interlayer distance 11 .O A), TiHLi(PO4),.2H,O (1 1.3 A), and TiHLi(PO,), (9.6 A) were detected. 
At > 200 "C the TiH,.5Lio.5( PO4),=2H,O phase transformed into mixtures of the Ti( HPO,), (9.1 A) 
and TiHLi(PO,), phases. Extents of conversion higher than 50% with high decomposition of y-TiP 
were obtained. The equilibrium constant, free energy, enthalpy, and entropy of the exchange 
reactions are reported. 

Phosphates of quadrivalent metals with lamellar structure can 
be used as ionic exchangers.' Their structure resembles that of 
clay minerals 2-4 but the systems here are much simpler. 

The a phases, M(HPO,),*H,O, have been widely studied, 
mainly those of zirconium and titanium (a-ZrP and E-T~P), '-~ 
but their interlayer spacings are rather small (7.6 A) "*" and 
this fact restricts the diffusion of highly hydrated cations.' 2 - ' 5  

The y phases of these materials (y-ZrP and y-Tip) have a 
greater basal spacing (12.2 and 11.6 A respectively) and their 
composition is M(HP0+),.2H2O. I 6 * l 7  This large interlayer 
distance suggests an easier ionic diffusion of large cations. 
However, their ion-exchange properties have been scarcely 
studied. 

The behaviour of an ion exchanger in binary systems (H+,M +; 
M = alkaline metal) gives useful information which can be used 
to explain more complicated systems. These binary systems 
have been widely studied in y-ZrP" but in y-TiP only the 
retention of Na+ I 7 . l 9  and K +  2 0 - 2 1  has been reported, despite 
the fact that this material shows good exchange properties with 
NH4+, Cu2 ', or Cat+  ions.22-25 

This paper reports the results obtained in a study of H+/Li+ 
ion exchange in y-Tip. For the sake of brevity, the various ionic 
forms are simply indicated by their counter ions (under a bar) 
and water contents, while their interlayer distances are reported 
in parentheses. 

Experimental 
Reagents.--All chemicals used were of reagent grade. 

y-Titanium bis(hydrogenph0sphate) was obtained by using 16.5 
mol dm-3 H3PO4 and a reflux time of 10 d as previously 
described. 26 

Analytical Procedures.-The concentrations of phosphorus 
and titanium in the solids were determined gra~imetrically.~~ 
The pH measurements were made with an Orion model SA-720 
pH meter. The phosphate groups released were measured 
spectrophotometrically 28 using a Perkin-Elmer model 200 
instrument. The Li+ in solution was determined by atomic 
absorption spectroscopy, using a Perkin-Elmer model 372 
spectrometer. Thermal gravimetric analysis (t.g.a.) and 
differential thermal analysis (d.t.a.) were performed by a Chi0 
model TRDA-3H instrument. The diffractometer used was a 
Philips model PV 1050/23 (h  = 1.7902 A, 28 scan rate 0.125- 
2" min-', chart speed 2 cm min-'). 

Ion-exchange Studies.-The exchanger was equilibrated with 
LiCl + LiOH solutions at 25.0, 40.0, and 55.0 (kO.1) "C using 
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Figure 1. Exchange isotherms (0) and pH curves ( V )  of y-TiP at 25.0 
(a), 40.0 (b), and 55.0 "C (c) 

the procedure described by Clearfield et The solutions were 
prepared with constant amounts of 0.04 mol dm-3 LiCl and 
increasing amounts of LiOH in such a manner that the ionic 
strength at equilibrium is constant if the exchange process 
behaves ideally. The equilibration time was 48 h. The solid was 
present in the solution in the ratio of ca. 1 g: 250 cm3. 

Results and Discussion 
Figure 1 shows exchange isotherms and pH curves plotted 
against the amount of LiOH added. It can be observed that the 
equilibrium pH remains constant for additions of 0.5-2.5 
mequiv. LiOH per g y-TiP at the three working temperatures. 
When the LiOH concentration is greater than 3.0 mequiv. per g 
y-TiP in the initial solutions, the equilibrium pH increases 
and reaches values between 6.8 and 7.8 when the initial 

http://dx.doi.org/10.1039/DT9890000829


830 J .  CHEM. SOC. DALTON TRANS. 1989 

80 

60 

6 40 
.- 

1 2 3 4 5 6 7 8 9  
mequiv. LiOH per g Y-TiP 

Figure 2. Hydrolysis curves (V) and exchange isotherms corrected for 
hydrolysis (0) at 25.0 (u), 40.0 (h) ,  and 55.0 "C ( c )  

concentration of LiOH concurs with the exchange capacity of 
y-TiP (7.25 mequiv. per g). 

The exchange isotherms are qualitatively similar at the three 
temperatures and the retention of Li' initially increases with 
the amount of LiOH added. The highest retention corresponds 
to additions of 5.5-7.0 mequiv. LiOH per g y-TiP and this 
value decreases with temperature: 5.5 (25.0), 3.8 (40.0), and 3.5 
mequiv. per g (55.0 "C). Greater concentrations of LiOH lead to 
a decrease in the retention. 

The shape of the isotherms indicates that the ion-exchange 
process coexists with partial decomposition of the exchanger 
due to the presence of hydroxyl groups in solution. The 
hydrolysis can be expressed by equations (1) or (2) depending 

Ti(HP04),*2H20 + 4 0 H -  + (n  - 4) H 2 0  - 
Ti02*nH20 + 2HP042 - (1) 

Ti(HPO4),*2H20 + 2 0 H -  + ( n  - 2) H,O- 
TiO,-nH,O + 2H2P04- (2) 

on the pH of the equilibrium solution.30 Quantitative analysis 
of phosphorus in the equilibrium solutions (see Experimental 
section) allows the percentage hydrolysis of y-TiP to be 
obtained (Figure 2). The hydrolysis increases with temperature 
and with the concentration of LiOH in the initial solutions. 

Figure 2 shows the corrected exchange isotherms, in which 
the substitution is expressed as a percentage of the total 
exchange capacity of the mass of y-TiP not hydrolyzed. The 
saturation of y-TiP at 55.0 "C is reached with the addition of 9.0 
mequiv. LiOH per g, while 10.0 mequiv. LiOH per g are needed 
at 40.0 "C and the maximum conversion reached at 25.0 "C is 
about 857;. 

The solid, after its separation from the equilibrium solution, is 
dried in air at room temperature. The X-ray diffraction 
behaviour is shown in Figure 3(a). In the range of 
0.00 < 7 < 0.25 (where x is the molar fraction of exchange 
defined as the fraction of hydrogens substituted in y-Tip) the 
presence of two reflections is observed in the region of the 
interlayer distance [Figure 4(a)], one of them (corresponding to 
the 002 plane of y-Tip) appears at 1 1.6 8, and the other at 1 1 .O A. 
The intensity of the latter reflection increases with increasing 
conversion. The -reflection characteristic of y-TiP is not 
observed when X = 0.25. X-Ray patterns of intermediate 
samples may be reproduced by combination of the patterns 
corresponding to the limiting samples, showing the coexistence 
of two crystalline phases in this composition range. 

Thermal analysis of the 25% substitution sample, stabilized in 
air [Figure 5(a)], shows the existence of two different zones of 
mass loss. The former, at temperatures < 200 OC, corresponds to 
2 rnol H 2 0  per mol Ti. This zone of temperature is associated 
with the loss of crystallization water in this kind of 
c ~ m p o u n d . ~ ~ . ~ ~  Moreover, the d.t.a. curve shows two minima 
at 95 and 170 "C which indicate that the dehydration takes 
place in two steps as in y-TiP.26 The material again loses mass 
at higher temperatures (300-550 "C) as a consequence of 
condensation of the hydrogenphosphate groups into pyro- 
phosphate ones. The minima in the d.t.a. curve at 310 and 
460°C suggest that this dehydration also takes place in two 
steps. A similar behaviour of y-TiP was explained by La 
Ginestra and Massucci3' as the formation of an intermediate 
phosphate/pyrophosphate phase with an interlayer distance of 
8.3 A. A sharp maxima appears in the d.t.a. curve at higher 
temperatures (637 "C) whilst the material weight hardly varies 
at > 600 "C. An exothermic peak was also detected for y-TiP at 
880 "C corresponding to the transformation of x-TiP20, into a 
high-temperature phase. The presence of Li + in the interlayer 
spacing of y-TiP gives rise to a strong decrease in the 
temperature corresponding to the phase change. 

In Table 1 are compiled the X-ray diffraction data for the 
crystalline phase H,,,Li,.,*2H20 (1 1.0 A). 

A detailed study of the X-ray patterns of solids with 
0.25 < d 0.50, stabilized in air at room temperature [Figure 
3(a)], shows several variations in the rest of the pattern despite 
the fact that the interlayer distance hardly changes (1 1 . G  11.3 
A) with increasing conversion. When = 0.50 there are no 
reflections characteristic of the H,,5Lio,,-2H,0 (1 1.0 A) phase. 
These results suggest the existence of a defined crystalline phase 
of half-exchange. 

Thermal analysis of a sample at 50% substitution stabilized in 
air [Figure 5(b)] indicates that the dehydration behaviour of 
this sample is similar to that of the 25% exchanged phase. There 
is a loss of mass corresponding to 2 mol of H 2 0  per mol of Ti at 
< 250 "C which, in this case, takes place in three steps, with 
minima in the d.t.a. curve at 75, 125, and 170°C. At 400- 
600 "C, a second loss of mass occurs with a minimum in the 
d.t.a. curve at 460°C. There is a sharp maximum in the d.t.a. 
curve at higher temperatures (622°C) which does not 
correspond to a weight loss as was the case for the 25% 
substitution phase (d.t.a. sharp maximum at 637 "C). The 
increase in the concentration of Li' in the interlayer spacing of 
y-TiP facilitates the phase change. 

The difficulty in obtaining conversions higher than 50% 
may be explained by assuming that y-TiP has two hydrogen 
ions in each zeolitic cavity and, thus, the counter ions should be 
in very close proximity in the totally exchanged phases and the 
electrostatic repulsive forces between them should be very high. 
Moreover, the formation of 25"/;, substitution phases ''y2' 

suggests the existence of two different zeolitic cavities in y-Tip. 
If we take into account the transformation during the thermal 
treatment of the 259; substitution phases into mixtures of 
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Figure 3. X-Ray patterns of some exchanged solids, stabilized in air at room temperature (a) ,  80 "C (h), or 220 "C (c) 

unchanged phases and half-exchanged phases, we can assume 
that the two different types of zeolitic cavities are placed in 
alternative interlayer spacings. 

In the m - 2 H 2 0  (1 1.6 A) and -,=2H,O (1 1.0 A) 
phases the condensation of the hydrogenphosphate into 
pyrophosphate groups takes place in two steps. Nevertheless, 
the condensation of the =.2H,O (1 1.3 A) phase occurs only 

in one step whose minimum in the d.t.a. curve concurs with 
the temperature characteristic of the second step in the 
condensation of the m * 2 H 2 0  (1 1.6 A) and m 5 * 2 H , 0  
(1 1.0 A) phases. This suggests that the ionic substitution until 
50% exchange in y-TiP affects the hydrogen ions of the 
hydrogenphosphate groups whose condensation into pyrophos- 
phate takes place more easily. 
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Table 1. X-Ray diffraction data for exchanged phases 
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Figure 4. X-Ray diffraction lines corresponding to the interlayer 
distance of some exchanged solids, stabilized in air at room temper- 
ature ( a )  or 80 "C ( h )  
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Figure 5. D.t.a. and t.g.3. curves of the H,,,Li,,5.2H,0 ((0 and m- 
2H,O ( h )  phases. The dashed line represents the d.t.a. curve of y-TiP 
(ref. 26) 

In Table 1 are collected the X-ray diffraction data of 
crystalline phases m - 2 H 2 0  (1  1.3 A) and HLi (9.6 A). 

Figure 3(a) shows X-ray patterns of solids with > 0.50 
stabilized in air at room temperature. The substitution occurs 
without change in the patterns. The existence of defined 
crystalline phases with intermediate composition is not detected 
during the transformation of the half-exchanged phase into the 
total exchanged phase. 
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Figure 6. Variation of the intensity of the reflection corresponding to 
the interlayer distance of H,,,Li, ,-2H,O ( I  1.0 A )  relative to that of 
the HH (9.1 A )  phase 

X-Ray patterns of the exchanged solids heated at 80 "C are 
collected in Figure 3(6). For 0.00 < x < 0.25 there is 
coexistence of the characteristic reflections of the HH (9.1 A) 
and H,.,Lio.,.2H,0 (1 1.0 A) phases, in good agreement with 
the thermal behaviour of the crystalline phases present in the 
solids. 

The difference between the interlayer distances of the 
crystalline phases present in the samples stabilized at 80 "C is 
relatively great and this fact enables quantitative data to be 
obtained by X-ray diffraction by measuring the relative 
intensity of the reflections associated with the 002 planes of 
these phases [Figure 4(h)]. 

Lamellar compounds are notorious for exhibiting preferred 
orientations, which affects intensity measurements in X-ray 
d i f f r a ~ t i o n . ~ ~  Errors in such measurements are minimized by 
grinding the y-TiP to a particle size smaller than 30 pm, by 
dividing each sample into five portions, and obtaining the 
average value of the corresponding five determinations. The 
variation of the relative intensity (determined by cutting out the 
peak areas and weighing them) of the phases present under the 
reported conditions is plotted in Figure 6. 
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In lamellar materials, the concentration ( Cj)  of a crystalline 
phasej in a mixture is a linear function of its relative intensity 
( I j )  [equation ( 3 ) ] , 3 4 3 3 5  wheref, is a constant for each crystalline 
phase. The molar fraction of exchange will be given by equation 
(4). From this, equation ( 5 )  is deduced. 

cj = J I j  (3) 

(4) 

By application of expression ( 5 )  to the data collected in 
Figure 6, ~ H , ~ ~ ~ , ~ / J ~ - ~ , ~  = 0.25 is obtained. These data 
allow the direct transformation of intensity into concentrations 
and give a rapid method for the determination of the saturation 
degree of y-Tip. 

When x > 0.25, X-ray diffraction patterns of samples 
stabilized at 80 "C [Figure 4(b)] give little information about 
their composition because of the coexistence of two reflections 
in the zone of the interlayer distance over the entire 
composition range indicates the presence of more than one 
degree of hydration in phases with the same ionic content. 

Heating at 220 "C for 72 h of the exchanged solids produces 
anhydrous materials. X-Ray patterns of the solids calcined at 
220 "C [Figure 3(c)] show an evolution by degrees from 7 = 
0.00 to 0.50. Although the existence of a definite crystalline 
phase at 25";, substitution might be expected, no disconAnuity is 
observed. The patterns of the samples with 0.00 < X < 0.50 
can be reproduced from those corresponding to the HH (9.1 A) 
and (9.6 A) phases. A detailed study of the interlayer 
distance zone (Figure 7) reveals (despite the angular proximity 
of the bands characteristic of the basal spacing of both 
crystalline phases) the decrease in intensity of the P-TIP 
reflection (9.1 A), at the same time as the conversion increases 
toward the reflection corresponding to the HLi (9.6 A) phase, 
both coexisting at x = 0.25. The behaviour of the 25% con- 
version phase when heated at 220 "C can be explained only by 
the existence of thermal splitting, already detected in other 
phases of partial substitution in y-TiP.'9*20,25*33 The process is 
summarized in equation (6) .  

2H,,,Li0,5*2H,0 (11.0A)- 
HH (9.1 A) + HLi (9.6 A) (6) 

When x > 0.50, the X-ray patterns of the solids treated at 
220 "C [Figure 3(c)] give little information. The interlayer 
distance of the material remains constant over the entire 
composition range, small variations in the rest of the pattern 
being observed. 

A systematic study of ion-exchange materials requires 
thermodynamic data for the substitution reactions. The two 
first steps of the exchange process referred to 1 mol of exchanger 
can be expressed in the forms (7) and (8) respectively. By making 

Ti(HP0,),*2H20 (c) + fLi+  (as) + (n  - 2 ) H 2 0 e  
TiH,,5Li0.5(P04)2-nH,0 (c) + hH+ (as) (7) 

TiH,.,Li,,5(P0,)2~nH20 + tLi+ (as) + (n' - n ) H 2 0 e  
TiHLi(PO,),.n'H,O (c) + f H +  (as) (8) 

certain assumptions as in previous works, thermodynamic data 
for the direct exchange process can be ~ b t a i n e d . ~ ~ , ~ ~  

(002) HH 

20 J 

12.0 11.0 10.0 
2 wo 

Figure 7. A'-Ray diffraction lines corresponding to the interlayer 
distance of some exchanged solids, stabilized at 220 "C 

As discussed previ~usly,~ expressing the exchange processes 
in the forms (7) and (8) has the advantage of indicating the 
composition of the solid crystalline phases involved and the 
'real' exchange capacity of the exchanger in the substitution step 
considered. Equilibrium quotients can be defined in the forms 
(9) and (10) respectively. The quantities with bars represent the 

species in the solid phase and those without bars the species 
in solution. The concentrations of the species in solid phase are 
expressed in terms of the corresponding molar fraction of the 
phase ( X j ) .  The concentration of the species in solution is 
expressed in terms of molalities (m) corrected by the activity 
coefficients in a binary solution ( f ) . 3 8  

In solution, the usual standard state where the activities of the 
ions are equal to the corresponding molalities in solution at 
infinite dilution is taken. The reference state of the solvent is also 
as usual in that a, = 1 for the pure solvent. For the solid phase 
we choose the reference state in which the solid is in equilibrium 
with an infinitely dilute solution of the counter ion. 

The equilibrium quotients expressed by equations (9) and 
(10) are evaluable over the entire composition range. The 
equilibrium constants are obtained from equation (1  1 ) . 2 3 3 3 9  The 

log Ki = J A log Ki'dFj ( 1  1) 
0 
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integral is calculated by plotting -log Ki' against Fj and 
determining the area under the curve (Figure 8). By plotting the 
equilibrium constants against l/T(Figure 9), A H  is obtained. 
By using the equations A G O  = - RTln K and AG- = A H "  - 
TAS", the values collected in Table 2 are obtained. 

The enthalpy change for an exchange reaction represented by 
equation (7) or (8) can be thought to  result from four sources:40 
(i) the heat consumed in bond breaking, as when H +  is released 
from the exchanger; (ii) the heat released in the formation of 
bonds to the incoming cation; (iii) the heat corresponding to the 
increase or decrease of the interlayer distance; and (iu) the 
enthalpy changes accompanying hydration and dehydration in 
solution. 

Bearing in mind that the hydrogens are mainly covalently 
bonded to the phosphate oxygens, the enthalpy variation (i) 
should not be significantly affected by the size of the cavity. On 
the other hand, the heat released in the bonding between Li+ 
and the exchanger [(ii)] will increase as the similarity between 
the ion and cavity sizes increases. Moreover, it will be a function 
of the degree of hydration of the exchanger. When lithium ions 
are placed into large cavities they may be more hydrated than 
when they are placed into small cavities and the enthalpy 
variations will therefore be different in each case. Term (iii) 
should correspond to low enthalpy variations since the 
m * 2 H 2 O  ( 1  1.6 A), m 5 - 2 H , 0  (11.0 A), and m * 2 H , O  

~~ . .  - 

(1 1.3 A )  phases show very similar interlayer spacings. The last 
term (iv) is equivalent to the enthalpy change for the 
hypothetical reaction represented by equation (1 2) for which 
A H  = -569.3 kJ m ~ l - ' . ~ ~  This enthalpy variation will be the 
same for the two processes represented by equations (7) and (8). 

H+(g) + Li'(aq)- H+(aq) + Li+(g) (12) 

Table 2. Thermodynamic data for the H f / L i +  ion exchange in y-TiP 

AG +.. A H *  
& A s - 1  

kJ rnol-' J K-' mol-' 
- 
H H  e Hl.5Lio.5 5.43 7.77 8 - 
H,,,Lio.5 HLi 6.3 1 - 8.78 -51  

3.0 3.1 3.2 3.3 3 .4  
L// I  ' I ' ' I ' ' I I 

I o T-"/K-" 

Figure 9. Influence of temperature on the equilibrium constant for 
H H  e Hl.5Lio,5 (0) and Hl.5Lio,5 
- - 

HLi (V) process 

Accordingly, it is term (ii) which gives rise to the different A H  
values found in the 25 and 50% phase formation processes. 

The enthalpy variation (Table 2) corresponds to an endo- 
thermic process in the 0-25% substitution step and to an 
exothermic process in the 25-50?; step. Therefore, by assuming 
the existence of two different types ofzeolitic cavities in y-Tip, as 
stated before, the hydrogen ions placed in the smallest (expected 
to be more hydratable) zeolitic cavities will be replaced in the 
&25% step while the lithium ions will enter into the largest 
(less hydratable) cavities in the 25--50% step. 

Although the structure of y-TiP is so far unknown, studies 
performed on the exchanger, mainly regarding the thermal 
behaviour of the 25% exchange phases, seem to indicate the 
existence of two different types of zeolitic cavities, such that all 
the zeolitic cavities are similar to each other in interlayer 
spacing and different from those of the adjacent interlayer 
spacings. As in r-ZrP, the cavities must be connected to each 
other by means of small tunnels (2.64 8, in diameter in a-ZrP). 
According to these structural hypotheses the following sub- 
stitution mechanism is proposed: lithium ions must diffuse 
into the solid in their anhydrous form. The heat released in the 
formation of bonds between the anhydrous cation and the 
layers of titanium phosphate will be higher, the more similar are 
the sizes of the cavity and the lithium ion. If both types of zeolitic 
cavities are able to lodge an anhydrous lithium ion without 
increasing the basal spacing, it might be expected that the 
smallest cavities would be occupied first. When all these cavities 
are semioccupied, the lithium ions will begin to lodge in the 
large cavities. The hydration of lithium ions in the zeolitic 
cavities will take place in a second step, to an extent which will 
increase with the size of the cavity. 

On the basis of these considerations, the lithium half- 
exchanged phase should be more hydrated than the 25y0 
substitution phase. The hydration degree of the solids obtained 
' in situ' may be different despite the fact that both have 2 mol of 
hydration water per mol of titanium when they are stabilized in 
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air. The entropy variation in the exchange reactions (Table 2) 
provides some information: A S -  (HH e H l . 5 L i o , 5 )  is small 
so that ion exchange does not cause noticeable variationsin 
the solid hydration. Nevertheless, A S 0  (Hl.5Lio,5 HLi) 
has a noticeable negative value related to the increase in the 
hydration degree of the solid during the substitution process. 

The lack of knowledge concerning the crystalline structure of 
y-TiP makes difficult a more extensive interpretation of these 
results. Nevertheless, from the variationof the standard free 
energy of the transformation of the HH phase into the less 
converted lithium phase (10.86, 14.63, and 18.70 kJ per mol of 
lithium for y-Tip, a-ZrP, and a-TiP r e s p e c t i ~ e l y ~ ~ , ~ ~ )  it can be 
inferred that y-TiP retains Lif in aqueous solution at room 
temperature more easily than do a-zirconium phosphate or 
x-titanium phosphate. 
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