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Exchange isotherms for hydrogen ion/alkali metal ions (Hþ/Liþ, Hþ/Naþ, Hþ/Kþ, Hþ/Rbþ, and Hþ/Csþ) have
been studied at 20, 40, and 60 �C at a constant ionic strength of 0.1 on the crystalline phase of niobium(V) phosphate.
The isotherms show an irregular (S-shaped) behavior without a phase transition. A selectivity reversal has been observed
over the entire system of solid compositions. Plots of the selectivity coefficient (loge scale) versus equivalent ionic
fraction of metal ion in the exchanger phase are linear for all of the systems and at all temperatures studied. The
ion-exchange capacities and the maximum uptake at equilibrium is on the order of Liþ < Csþ < Rbþ < Naþ < Kþ.
The higher selectivity of potassium ion compared to other alkali ions has been explained in terms of steric hindrance
and the stiff three-dimensional structure of the exchanger having a fixed pore size. The thermodynamic parameters
for the overall and for zero loading have been worked out using the Gaines–Thomas equation.

There is increasing interest in the study of synthetic in-
organic ion exchangers owing to their resistance to heat and
radiation. The thermodynamics of ion exchange on zirco-
nium(IV) phosphate (abbrev: ZrP) has been studied by Baetslé
and Huys, Larsen and Vissars, Amphlett, Nancollas and Tilak,
Alberti, Clearfield, Boyd, Torracca, Dyer, etc.1–20 to under-
stand the mechanism of the ion-exchange on these materials.

The ion exchange of alkali metal ions in aqueous solutions
has great significance, especially with respect to biological
phenomena.21 Therefore, special emphasis has been given to
the exchange of these metal ions. Qureshi et al.27 studied the
exchange of Liþ, Naþ, and Kþ ions on niobium(V) antimo-
nate. Abe28 represented the thermodynamic behavior of the
alkali metal ions on a crystalline phase of antimonic acid.
Clearfield29,30 has made an ion-exchange study of alkali metal
ions on amorphous and crystalline phases of �-ZrP. Recently,
such studies were conducted by Decaillon et al.22 on phos-
phoantimonic acid and by Tanaka et al. on �-MnO2.

23 Such
studies have also been reported on tantalum(V) hydrogen
phosphate24 and niobium(V) hydroxide oxide25 by other work-
ers. Abe26 published a review on the ion-exchange properties
of Nb, Ta, and Sb oxides. No such study has been reported
on niobium(V) phosphate.

We report in this manuscript our findings on a crystalline
phase31 of niobium(V) phosphate (abbrev: C-NbP) in the Hþ-
form for the exchange of alkali metal ions at 20, 40, and 60 �C.
The selectivity of the hydrogen ion/alkali metal ion exchange
has been studied and appropriate thermodynamic parameters
have been derived. This exchanger has the molecular formula
(NbO)2(HPO4)3�6H2O. It is monofunctional in nature and has
a theoretical ion-exchange capacity of 4.6meq g�1, which is
exhibited due to the following equilibrium:

HPO4
2� þMþ

� MPO4
2� þ Hþ: ð1Þ

We have already reported31 the IR spectra of C-NbP in the
Hþ-form as well as the Mþ-form. A comparison of the spectra

suggests that HPO4
2� groups are the cation-exchange sites

in this material, where the protons are exchanged with alkali
metal ions (Mþ). It is also evident from the said spectra that
the exchanged ions are in a hydrated form. Further, the ex-
changer is also reported to be a strongly hydrogen-bonded
three-dimensional aggregate having a fixed pore size estimated
to be about 2.3 �A.

Experimental

Reagents. Diniobium pentaoxide was of B. D. H. (Poole,
England). All other reagents were of analytical grade and used
as received from the manufacturer.

Apparatus. The following instruments were used:
i) Rich Seifert Iso Debyeflex 2002 X-ray diffractometer for

powder X-ray diffraction studies.
ii) Systronics Flame Photometer and Pye Unicam Model SP

2900 atomic absorption spectrophotometer for the analysis of
alkali metal ions.

iii) Elico pH-meter for pH-measurements.
Synthesis of Crystalline Niobium(V) Phosphate. The syn-

theses of the exchanger, its conversion to the Mþ-form and the
theoretical exchange capacity have already been reported earlier.31

Equilibrium Studies. The isotherms for the different alkali
metal ions (Liþ, Naþ, Kþ, Rbþ, and Csþ) were determined at 20,
40, and 60 �C with an accuracy of �0:2 �C. Each point of the
isotherm was determined by occasional shaking 0.1 g of C-NbP
(50–100 mesh) in the Hþ-form in a sealed glass tube with 10mL
of MClþ HCl solution for 8 h. Preliminary kinetic measurements
showed that equilibrium was achieved much before this time. The
metal-ion concentration in solution was varied from 0.0 to 10�1

M, while the ionic strength was kept constant (i.e., � ¼ 10�1).
The alkali metals were determined by flame photometry. The Na
and K ions were determined by using their respective filters, while
for Cs and Rb a potassium filter was used.32 Lithium was deter-
mined by atomic-absorption spectrometry. The concentration of
each alkali metal ion at equilibrium was determined in solution
as well as in the solid phases, as suggested by Bonner et al.33
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The concentration of the hydrogen ion in the solution phase
was determined by pH-titration. In the solid phase, on the other
hand, it was calculated from the true ion-exchange capacity (4.88
meq g�1) and the concentration of the exchanged metal ion as-
suming a stoichiometric ion-exchange process, as suggested by
Abe.28,43,44

X-ray diffraction patterns were taken of the different exchanged
phases using CuK� radiation to see the effect of cation exchange
on the exchanger.

All calculations of the thermodynamics parameters were made
with the help of a digital computer. The least-squares method was
used to find the best fit for lnKM

H versus �XXM. A straight line was
the best fit. The plots of Fig. 2 correspond to the fitted data, while
the indicated points refer to the experimentally observed data.

Theoretical Aspects

The ion-exchange process may be represented by the fol-
lowing equation for hydrogen ion/univalent metal ion system:

RHþMþ
� RMþ Hþ; ð2Þ

in which R represents the C-NbP matrix and Mþ the alkali
metal ion. The corrected selectivity coefficient (KM

H ) is defined
by including the molar activity coefficients (� i) of the cations
in the equilibrating solution,

KM
H ¼

�XXM�XH

XM� �XXH

�
�H

�M

; ð3Þ

where �XXM and �XXH refer to the equivalent ionic fraction of the
alkali metal and hydrogen ions in the exchange phase, respec-
tively. XM and XH refer to the corresponding equivalent
fractions in the liquid phase. The ratios �H=�M are calculated
from the mean ionic activity coefficients of the pure salt solu-
tions at an ionic strength of 10�1 by a method of Glueckauf.34

The thermodynamics equilibrium constant (K) is defined by

K ¼ KM
H � fM

fH
; ð4Þ

where fM and fH are the solid-phase activity coefficients of
metal and hydrogen ions, respectively, in the C-NbP. This
can be evaluated by using the modified Gaines and Thomas
equation,35,36

lnK ¼
Z 1

�XXM¼0

lnKM
H �d �XXM; ð5Þ

assuming that the change in the activity coefficients of water in
the solid and solution phases are negligible. For univalent
exchange, the lnKM

H versus �XXM plots are generally linear and

lnKM
H ¼ 4:606C �XXM þ ðlnKM

H Þ �XXM!0; ð6Þ

where C is the Kielland coefficient. The thermodynamics
equilibrium constant may be written as

lnK ¼ lnKM
H þ 2:303Cð1� 2 �XXMÞ: ð7Þ

In Eq. 7, the second term on the right-hand side becomes zero
for the half-exchange point (i.e., �XXM ¼ �XXH ¼ 0:5), and hence

lnK ¼ lnKM
H : ð8Þ

Thus, the numerical value of K will be equal to that of KM
H at

half exchange.

The standard free-energy change (�G�) for the ion-exchange
equilibrium at different temperatures has been calculated by

�G� ¼ �RT lnK; ð9Þ

where R is the gas constant and T is the absolute temperature.
The �H� values for the different ions were calculated fol-

lowing Larsen3 by the plot of lnK versus 1=T � 103 (Fig. 3).
The change in entropy values was calculated by the expression

�G� ¼ �H� � T�S�: ð10Þ

The enthalpy changes in inorganic ion-exchangers are gen-
erally very small,41 and will remain constant over the temper-
ature range studied.

Results and Discussion

The maximum uptake of ions by inorganic ion exchangers
are generally less than their ion-exchange capacities, and vary
extensively with the nature of the exchanging species, temper-
ature, and concentration of the ions in solution. On the other
hand, the uptake of ions in organic ion exchangers is fairly
constant due to their elastic structures.28

The X-ray diffraction analysis of C-NbP in different cationic
forms (e.g., RLi, RNa, RK, RRb, and RCs) exhibits its zeolytic-
type behavior where no phase transition occurs, but a slight var-
iation of the lattice constant is observed (see Tables 1 and 2),
thereby indicating a slight steric hindrance in the system.

The batch studies of ion exchange of Liþ, Naþ, Kþ, Rbþ,
and Csþ by C-NbP show the uptake of these ions as 0.70, 1.06,
1.37, 0.86, and 0.84meq g�1, respectively. Thermodynamics
studies of these ions also show the same order of uptake,

Table 1. X-ray Powder Patterns of C-NbP in Hþ-Form and
Niobium Hydroxide Synthesized

S. No. C-NbP Nb-OH

d/ �A I=I0 hkl d/ �A I=I0

1 7.23 84.6 110 7.83
2 5.9 7.9 111 3.91 30
3 5.11 7.4 200 3.28 100
4 4.55 41 210
5 4.15 18.4 211
6 3.59 12 220
7 3.23 100 310
8 2.82 5.6 320
9 2.72 5.6 321

10 2.35 7.4 331
11 2.28 43.5 420
12 2.04 25.3 500, 430
13 1.73 6.5 531
14 1.61 17.9 620
15 1.52 10.3 630, 542
16 1.44 12.8 710, 550
17 1.42 28.7 551, 711
18 1.4 5.6 641, 720
19 1.33 6.5 553, 731
20 1.3 6.5 651, 732
21 1.27 9.3 652, 740, 810
22 1.13 13.6 663, 744, 841, 900
23 1.07 13 931
24 1.02 13 860, 1000
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i.e., Liþ < Rbþ < Csþ < Naþ < Kþ.
Thus, C-NbP appears to have two orders of selectivity:

I. Liþ < Naþ < Kþ (parallel to ionic radii),
II. Kþ > Rbþ > Csþ (parallel to hydrated ionic radii).
In this way, Kþ is acting as a bridge ion for the two selectivity
trends, probably due to its medium ionic size and also the
medium hydration number.

Ion-exchange isotherms of C-NbP for hydrogen ion/alkali
metal ions exchange are given at only 20 �C (Fig. 1). They
show an irregular or an S-shaped behavior without a phase tran-
sition, and hence a selectivity reversal occurs over the entire

range of composition. Kielland plots (Fig. 2) are obtained by
plotting lnKM

H versus �XXM. They are linear at all temperatures
and for all of the systems studied. The selectivity coefficients
at �XXM ¼ 0 and �XXM ¼ 1 are calculated by extrapolation of the
fitted data. The thermodynamic equilibrium constant (‘‘K’’)
was evaluated by the linear integration of Eq. 7 (Fig. 3).

The behavior of C-NbP for the various alkali ions is
unique for each ion. A similar behavior was also reported
by Clearfield et al. for zirconium(IV) phosphate.29,30 They
explained the uniqueness of the behavior based on a new ther-
modynamic model, which is assumed to have two types of cav-
ities: large and small. In their model, the selectivity for the
ingoing ion entirely depends upon the manner in which it

Table 2. X-ray Power Patterns of C-NbP Exchanged with Alkali Metal Ions

S. No. Liþ ( �XXM ¼ 0:143) Naþ ( �XXM ¼ 0:217) Kþ ( �XXM ¼ 0:280)

d/ �A I=I0 d/ �A I=I0 d/ �A I=I0

1 7.224 85.2 7.24 89.5 7.241 88.4
2 5.92 8.5 5.98 8 5.98 7.8
3 5.1 7.4 5.12 7 5.11 7.3
4 4.55 40.1 4.55 38.5 4.55 42.1
5 4.13 18.2 4.14 17.9 4.14 18.3
6 3.6 12.2 3.6 12 3.6 12.5
7 3.22 100 3.22 100 3.22 100
8 2.81 4 2.79 5 2.83 5.2
9 2.7 4 2.72 4.9 2.75 4.9

10 2.35 7 2.35 7 2.36 7.5
11 2.28 43 2.28 43.4 2.28 43.4
12 2.04 25.5 2.03 25 2.03 25.1
13 1.73 5.9 1.74 6.8 1.74 6.5
14 1.6 17.9 1.61 17 1.62 17.5
15 1.52 9 1.55 9.5 1.53 9.8
16 1.44 11.9 1.44 12 1.44 12
17 1.42 28 1.42 28.5 1.42 27.5
18 1.4 6 1.4 6 1.4 6
19 1.32 6 1.33 6.1 1.33 6
20 1.3 6.2 1.3 6 1.3 6.8
21 1.27 9 1.27 8.9 1.27 9.2
22 1.13 13 1.14 13.5 1.14 13.5
23 1.07 13 1.07 12.8 1.07 12.5
24 1.02 12.5 1.02 13 1.02 12.5

Fig. 1. Ion-exchange isotherms for Hþ/alkali metal ion on
C-NbP at 20 �C and ionic strength of 0.1.

Fig. 2. Selectivity coefficients of alkali metal ion–Hþ ex-
change on C-NbP at 20 �C.
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can accommodate itself inside the cavity and, of course, expe-
riences the least steric hindrance.

The behavior of C-NbP may also be explained based on a
theory developed by Barrer et al.37,38 This theory postulates
that the occupancy of an exchange site by an ion A or B affects
the relative affinities of the adjacent sites for these ions.

With the progress of exchange in irregular systems, the
steric hindrance for a large counter ion increases, resulting in
a different, and hence energetically less favorable, occupancy
of the two neighboring sites by two large ions, as compared to
those of one large and one small or the two smaller ones.
Based on statistical thermodynamics, Barrer gave an equation
identical to that of Kielland’s semiempirical relationship and
defined the Kielland’s empirical constant (C) by

C ¼
�nnA þ �nnB

�nnZ
�

EW

kT
; ð11Þ

where the ni’s are the mole fractions of the ith species in the
solid phase and Ew is the energy of interaction between the
neighboring sites occupied by ions B. In this way, C is a func-

tion of interaction energy (Ew). For irregular systems, in which
the occupancy of the two neighboring sites by two ions, B
is unfavorable, the coefficient, (‘‘C’’) is negative and also for
jCj > lnKM

H the isotherms are S-shaped and a selectivity rever-
sal occurs. The same behavior is exhibited by C-NbP. For the
Hþ/Csþ, Hþ/Rbþ, and Hþ/Kþ systems, jCj increases in the
order of Kþ < Rbþ < Csþ and are proportional to their ionic
sizes. The jCj values for the Hþ/Liþ, Hþ/Naþ, and Hþ/
Kþ systems decrease with an increase of the ionic size (see
Fig. 4). The lithium ion has, however, the highest jCj value
in spite of its lowest ionic size. On the other hand, the lowest
jCj value is observed for the potassium ion, though it does not
possess the largest ionic size. This behavior may be attributed
to the combined effect of the ionic sizes and the hydration
energies of these metal ions. We can say that the pore size
of the cavity and the stiffness of the matrix may be the control-
ling parameters causing the hindrance to the entry of the larger
ions, and hence partial ion-exchange. The rubidium and cesi-
um ions are exchanged to a lesser extent due to their larger ion-
ic radii, while the greater hydration energies cause a lesser
exchange of lithium and sodium ions. Since the potassium ion
lies in between the two governing conditions in all respects, it
is highly preferred by C-NbP and exchanged to a greater
extent. This may be the only reason that it has the lowest jCj
value. The overall higher value of jCj also indicates a smaller
cavity in C-NbP than those of other zeolites.

In light of the above discussion, we may infer that the ex-
change of alkali metal ions takes place in the unhydrated form.
The following may be the most probable model of exchange.

The ions reach to the surface of C-NbP where they, probably,
shed most of their water of hydration at the surface of the cavity
to enter into it. They again get hydrated after being exchanged
at the exchange sites. With the progress of exchange, the
ions become accumulated inside the cavity and cause a steric
hindrance. Also, the steric hindrance is not compensated by
the exchanger due to its inelastic and hence rigid matrix.

The steric hindrance is more pronounced in the case of the
lithium ion, probably due to its greater hydration energy and
the hydrated ionic radius compared to the rubidium and the
cesium ions where the ionic sizes play the dominating role

Fig. 3. Thermodynamic equilibrium constants as a function
of absolute temperature. (a) For hypothetical (zero load-
ing) i.e., ðlnKÞ �XX!0 vs 103=T , (b) For overall i.e., lnK vs
103=T .

Fig. 4. Plots of �H�, �S�ex, and jCj (the absolute value of Kielland’s coefficient) of alkali metal ions on C-NbP as a function of
their ionic radii are shown in a, b, and c, respectively. �H� and �S�ex on �-ZrP are shown for comparision.
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in the lesser exchange of these ions. The hydration energy and
the size of the potassium ion (hydrated ionic radius = 2.32 �A)
are such that it can easily enter and best fit itself into the cav-
ity, and can form the maximum number of ion pairs with the
fixed ionogenic groups of the matrix compared to other group
members. Our earlier studies on kinetics of ion exchange of
alkali metal ions on C-NbP45 also support the proposed model
of ion exchange. The steric effect is also responsible for the
overall partial exchange of the cations.

The selectivity sequence for the different alkali metal ions
on C-NbP with the progress of exchange may be obtained from
Fig. 2 and is summarized in Table 3.

Out of the above sequences of exchange, only the 4th one,
which is at about half exchange, is parallel to the order of
the maximum uptake, and again supports the partial exchange
of alkali metal ions due to steric hindrance.

The thermodynamic parameters in a tracer concentration
have also been worked out (Table 4) for these metal ions,
and may be interpreted as below.

The thermodynamic equilibrium constant, at zero loadings
(hypothetical) of the alkali metal ions, were obtained by back-
ward extrapolation of the plots of Fig. 2. Thus, obtained
ðlnKM

H Þ �XXM!0 values are then treated as described before to
obtain the other thermodynamic parameters in this range (See
Table 4). The order of selectivity sequence in the tracer range
was found to be

Csþ < Liþ < Kþ < Rbþ < Naþ: ð12Þ

The sodium ions have a very high selectivity coefficient at
‘‘zero loading.’’ It is on the order of 1:36� 105 at 20 �C.
Abe28 reported a value of 2:36� 103 on antimonic acid, while
Baetslé and Huys39 gave a value of 1:5� 102 on zirco-
nium(IV) phosphate.

The increasing order of entropy, enthalpy, and the negative
value of the free-energy change for the alkali metals in tracer
concentration range is given below:

�S �XX!0 Liþ < Csþ < Rbþ < Kþ < Naþ; ð13Þ
�H �XX!0 Liþ < Csþ < Rbþ < Kþ < Naþ; ð14Þ
�G �XX!0 Csþ < Liþ < Kþ < Rbþ < Naþ; ð15Þ
½ð�SÞex� �XX!0 Csþ < Liþ < Rbþ < Kþ < Naþ: ð16Þ

According to Sherry and Walton40 the numerical values of
�S� contribute to the entropy of hydration of the ions in aque-
ous solution and the entropy of exchanged cations
i.e., �S�hyd ¼ �S�H

þ ��S�M
þ and is given by:

Mþ(aq)þ Hþ(gas) � Mþ(gas)þ Hþ(aq)�S�hyd; ð17Þ

and the entropy of exchange �S�ex is given by:

RHþ þMþ(gas) � RMþ þ Hþ(gas): ð18Þ

Upon adding these two equations, we obtain the equation of

Table 3.

S. No. Equivalent ionic fraction Selectivity sequence at 20 �C
( �XXM)

1 0.00–0.02 Csþ < Liþ < Kþ < Rbþ < Naþ

2 0.02–0.17 Liþ < Csþ < Kþ < Rbþ < Naþ

3 0.17–0.42 Liþ < Csþ < Rbþ < Kþ < Naþ

4 0.42–0.57 Liþ < Csþ < Rbþ < Naþ < Kþ

5 0.57–0.64 Liþ < Csþ < Naþ < Rbþ < Kþ

6 0.64–0.93 Liþ < Naþ < Csþ < Rbþ < Kþ

7 0.93–1.00 Liþ < Naþ < Rbþ < Csþ < Kþ

Table 4. Thermodynamic Data in Tracer Concentration

Ion Temp ðlnKÞX!0 �G� �H� �S� �S�hyd.
aÞ �S�ex

/�C (293K) (293K) (293K) /e.u. /e.u.

/kcal equiv /kcal equiv /e.u. C-NbP �-ZrPbÞ Dowex-50cÞ

Liþ 20 3.46
40 3.31 �2:02 �0:79 4.18 �2:4 1.78 — —
60 3.10

Naþ 20 11.82
40 10.60 �6:88 �9:93 �10:4 5.1 �5:30 �7:9 1.9
60 9.45

Kþ 20 4.25
40 3.89 �2:47 �1:89 1.99 13.6 15.59 �7:4 9.4
60 3.29

Rbþ 20 5.53
40 4.77 �3:22 �3:70 �0:91 16.5 15.58 �7:8 9.9
60 4.02

Csþ 20 3.39
40 2.91 �1:97 �1:44 �1:13 17.2 18.33 �8:3 10.5
60 2.83

a) From Ref. 41. b) From Ref. 2. c) From Ref. 42.
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ion exchange, i.e.

RHþ þMþ
� RMþ þ Hþ;

and

�S� ¼ �S�ex ��S�hyd: ð19Þ

�S�ex thus can be calculated from this relationship of entro-
pies. The �S�hyd values are obtained from Rosseinsky’s table
of ionic entropies of hydration.41 The values of �S�ex reflect:
(i) changes in the hydration of the exchanger accompanying
the reaction and (ii) difference in the lattice distortion of the
two forms of the exchanger. These values for this exchanger
and those of �-ZrP2 and Dowex-5042 are listed in Table 4
for the sake of comparison. �-ZrP is a layered compound that
can compensate the steric hindrance, if any, by changing its in-
ter layer distance, and hence negative values of �S�ex are ob-
served30 for the exchange of all metal ions. On the other hand,
C-NbP shows a negative �S�ex for Na

þ in a tracer concentra-
tion, thereby indicating the highest stability, and hence the
highest selectivity, for this ion in the lower concentration
range. The Naþ ions can probably best accommodate them-
selves inside the cavity of the exchanger, thereby resulting
least steric hindrance in the system.

The other parameters, namely, entropy, enthalpy, and free-
energy, also support the higher selectivity of Naþ in the tracer
concentration range.

The overall thermodynamic parameters, on the other hand,
along with the ion-exchange data, indicate the stiff three-di-
mensional structure for C-NbP (Table 5). It has an overall
greater affinity for Kþ because of its suitable size, hydration
energy, and other factors, which enable it to fit practically in
the cavity of the exchanger easily and, of course, with the least
steric hindrance.

The chairman department of chemistry is thanked for pro-
viding the research facility. The authors are very grateful to
the reviewers for their comments in improving the manuscript.
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