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THERMODYNAMICS OF Ba**-H* AND Sr**-H+ EXCHANGES ON
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The equilibrium exchange of Ba*+ and St2* have been studied with the H+
ions on antimony(V) silicate cation exchanger at 25° and 50°C. On the basis
of the exchange isotherms, various thermodynamic parameters have been
calculated and some predictions made for the exchange processes taking place
in the material. The activity coefficients have also been evaluated which give
the excess free energies (AG,), enthalpies (AH7,) and entropies (ASZ) of

mixing.
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INTRODUCTION

INORGANIC materials possessing ion-exchange properties are well known for their
metal-ion selectivity (Walton, 1980). However, only a few of them have been
studied thoroughly to evaluate their ion-exchange behaviour on the basis of a
fundamental approach such as thermodynamics (Larsen & Vissers, 1960; Baetsie,
1963; Nancollas, & Tilak, 1969; Alberti & Costantino, 1974; Rawat & Thind, 1980;
and Rawat & Muktawat, 1981). Antimony(V) silicate was prepared in these
laboratories, as a crystalline material with an excellent reproducibility in its cation
exchange behaviour (Varshney et al., 1982). Present article, therefore, summarizes
our efforts to have a thermodynamic study for the exchange of Ba%** and Sr?+ ions
with H* ions on this material.

EXPERIMENTAL
Reagents

Aatimony(V) chloride used in this study was a product of Kochlight Labora-
tories Ltd. (Colnbrook Bucks England, Hanover) product. Other reagents and
chemicals were either of BDH or AnalaR grade,
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Apparatus

A water bath incubator shaker having a temperature variation of 4+ 0.5°C was
used for all the equilibrium studies.

Synthesis of Antimony (V) Silicate

A decimolar solution of antimony(V) chloride in 4M HCl was mixed with a
decimolar solution of sodium silicate in demineralized water (D.M.W.) in a volume
ratio2 : 1 and the pH of the resultant gel was fixed ~ 1 by adding sodium
hydroxide, with constant stirring. After keeping the gel for 24 hours at room
temperature (~ 30°C), it was filtered, washed with DMW and dried in an air
oven at 45°C. The product thus obtained was cracked in DMW to form the small
granules and was treated with IM HNO; for 24 hrs, with occasional shaking
and replacing the acid, to convert it into the Ht form. The excess acid was
washed out and the material was finally dried at 45°C. Its Ba+ and Sr?* exchange
capacities were found to be 1.61 and 1.59 meq/dry gram respectively as determined
by the usual column process.

Equilibrium experiments

0.2 g fractions of the exchanger in H* form were shaken in various stoppered
conical flasks at the desired temperatures (25° and 50°C), for one hour, with 20ml
fractions of the metal solutions having a constant ionic strength (0.03M) adjusted
by adding the appropriate amounts of HNQ,; The supernatant solution was
analysed for the metal and hydrogen ions.

RESULTS AND DiIscussioN

As it is clear from Fig. 1, the exchange equilibrium on antimony(V) silicate
(SbSi) appears to have attained within an hour and hence all the equilibrium
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FiG. 1. A plot of the amount of Ba?* and Sr*+ adsorbed on antimony(V) silicate vs time.
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studies were performed after shaking for I hour. The interactions may be described
as follows :

Cu + Cu = Cu + Ch, (D)

where the barred and unbarred quantities represent the equivalent concentrations
in the exchanger and solution phases respectively. M stands for the metal jons
(Ba** and Sr*). The equivalent ionic fractions of the counter ions in the SbSi
and solution phases Xu, Xu, Xm and Xu were calculated by the expressions :

oy CM CM 5 C’H CH
s X = , = =, —
XM = = XM C XH Xy = c’

where C and C are the total electrolyte concentrations in the solid and solution
phases respectively.

To examine the affinity for the interacting ions, the separation factors and
selectivity coefficients were calculated (Robinson & Stokes, 1959) by the following
equations, assuming the ratio of the activity coefficients in solution to be unity
(Singhal et al., 1976). Under these conditions Kc ceases to express interactions in

solution.

XM X
Now, az = ﬁﬁ .2
and
X Xu)
Ke = ax Xn) )

(Xn)*" Xm

The various values obtained at 25° and 50°C are summarized in Tables I and II and
the exchange isotherms are shown in Fig. 2. For the Ba?*-H* exchange at both
the temperatures the isotherms are sigmoid indicating a selectivity reversal. Barium
is preferred by the exchanger upto a certain value of the ionic fraction (0.60 at 25°
and 0.64 at 50°C). Thereafter, it shows a preference for H* ions. However, in
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Fic. 2. Exchange isotherms of the Ba**—H* and Sr** —H* exchanges on antimony(V) silicate.
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the Sr*+-H* exchaage Sr?* ions are adsorbed preferably by the solid phase at all
concentrations, the preference being higher at a higher temperature (Tables I
and II).

TABLE 1

Values of the equivalent ionic fractions, separation factors and selectivity coefficients at 25° and 50°C
for the Ba*-H* exchange on antimony(V) silicate

SI. _ o Ba
No. X pa Xpa Xy Xn %y K¢ log K¢
At 25°C
1. 0.25 0.02 0.74 0.98 15.15 20.08 1.30
2. 0.38 0.05 0.63 0.94 10.72 15.96 1.20
3. 0.50 0.15 0.52 0.91 5.63 9.76 0.99
4. 0.54 0.23 0.48 0.82 413 7.10 0.85
S. 0.58 0.37 0.44 0.74 2.64 4.42 0.65
6. 0.60 0.51 0.42 0.66 1.84 2.90 0.46
7. 0.60 0.58 0.40 0.60 1.57 2,24 0.35
8. 0.60 0.67 0.38 0.55 1.31 1.90 0.28
9. 0.62 0.75 0.36 0.5 1.15 1.60 0.20
10. 0.65 0.83 0.33 0.15 0.35 0.15 —0.81
11. 0.70 0.85 0.30 0.13 0.35 0.15 -0.83
12, 0.76 0.86 0.24 0.13 0.46 0.24 -0.62
A1 50°C
1. 0.24 0.01 0.75 0.9% 31.52 41.51 1.62
2. 0.41 0.04 0.64 0.99 17.64 65.04 1.81
3. 0.46 0.07 0.54 0.93 1.12 19.25 1.28
4, 0.53 0.15 0.50 0.86 3.90 10.15 1.01
5. 0.61 0.30 0.47 0.77 327 5.33 0.73
6. 0.62 0.41 0.44 0.71 2.46 3.98 0.60
7. 0.64 0.50 0.42 0.64 1.91 2.89 0.46
8. 0.64 0.60 0.40 0.60 1.59 2.39 0.38
9. 0.65 0.70 0.37 0.57 1.44 2.22 0.35
10. 0.69 0.81 0.29 0.15 0.44 0.22 -0.65
11. 0.76 0.85 0.27 0.15 0.49 0.27 —0.57
12. 0.78 0.86 0.22 0.14 0.56 0.34 -0.47

The thermodynamic equilibrium constants were obtained (Gains & Thomas,
1953) from the relationship :

1.
0 K = (Za — Zs) + { In KcdZu, (4

whete Z4 and Zp are the valencies of the competing ions. The integrals, evaluated
from the areas under the curves (Fig. 3) using the trapezoidal rule (Singhal &
Singh, 1977) are given in Table III. K values thus obtained are higher at higher
temperature. Also, the values are higher for the Sr*+-H* exchange as compared
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Values of the equivalent ionic fractions, separation factors and selectivity coefficients at 25° and 50°C
Sor the Srt-H* exchange on antimony(V) silicate

S1

No. Xs, Xs, Xy Xg %y K¢ log K¢
At 25°C
1. 0.27 0.01 0.73 0.99 36.62 49,65 1.69
2. 0.40 0.02 0.60 0.98 32.67 53.36 1.73
3. 0.48 0.04 0.52 0.96 22.15 40.90 1.61
4. 0.54 0.26 0.46 0.74 3.34 5.37 0.73
5. 0.59 0.14 0.41 0.86 8.84 18.54 1.27
6. 0.61 0.20 0.39 0.80 6.26 12.83 1.11
7. 0.67 0.39 0.33 0.61 3.18 5.87 0.77
8. 0.74 0.55 0,26 0.45 2.33 4,03 061
9. 0.78 0.68 0,22 0,32 1.67 2,42 0.39
10. 0.81 0.73 0.19 0.27 1.58 2.24 0.35
11, 0.92 0.79 0.08 0.20 291 7.28 0.86
12, 0.95 0.83 0.05 0.17 3.89 13.23 1.12
At 50°C
1. 0.28 0.01 0.72 1.00 38.89 54.01 1.73
2. 0.41 0.02 0,59 0.98 34.05 75.96 1.88
3, 0.51 0.03 0.49 0.97 33.65 66.62 1.82
4, 0.61 0.12 0.39 0.88 11.47 25.88 141
5. 0.68 0.20 0.32 0.80 8.50 21.25 1.33
6. 0.76 0.25 0.24 0.75 9.50 29.69 1.47
7. 0.86 0.37 0.14 0.63 10.46 47.07 1.67
8. 0.91 0.55 0.10 045 7.44 33.50 1.53
9. 0.92 0.70 0.08 0.30 4.93 18.48 1.27
10. 0.93 0.73 0.05 0,27 6.88 37.15 1.57
11, 0.97 0.78 0.03 0.20 8.29 55.27 1.74
12. 0.99 0.83 0.02 0.18 10,73 96.61 1.99
TasLE HI
Thermodynamic values for the Ba**-H+ and Sr*+-H+ exchanges on antimony(V') silicate at
25° and 50°C
Values in Values in
Ba*t-H* system Sri+-H+* system
Thermodynamic
parameters 25°C 50°C 25°C 50°C
K 5.35 6.64 13.68 26.95
AG° (KJ mol™) —4.117 ~5.09 -6.49 -8.89
AH® (KJ mol™?) 6.87 21.73
AS° (KJ mol degree™!) 0,04 0.04 0.09 0.09
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«0.6 |-

Fi. 3. A plot of log K, vs Xy, on antimony(V) silicate.

to the Ba%+-H+* exchange indicating a higher affinity of the exchanger for Sr2+ jons.

The standard free energies of exchange (AG°) for the interaction (1) were
calculated (Glasstone, 1960) using the relation :

AG® = — RTIn K, (5

where R is the universal gas constant and T is the temperature in degrees Kelvin,
The standard enthalpy changes (AH®) were then calculated from the Van’t Hoff

isochore :
Kra) _  AH° ( 11 )
1n(KT1 ) - -5 -7 (6)
and standard entropy changes (AS°), by the equation :
AG® = AH® — TAS® (T

A negative free energy change (Table III) for both the interactions means that these
ions are adsorbed preferably as compared to the H*-ions on SbSi. Also, the adsorp-
tion increases with temperature. A positive enthalpy change in both the interactions
confirms this view.

The activity coefficients of the metal and H* ions were calculated (El-Sayed
et al., 1970; and Howery & Thomas, 1965) from the following expressions :

K _
Infu= (X~ DInKc— | InKcd¥u ..(8)
0
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- XM —
Infau=XmInKc— § InKcdXu .(9)
0
and the values are tabulated in Table IV.
TasLE 1V
Values of the activity coefficients for the different Ba*+-H+ and Sr+-H+ exchanges on
antimony( V') silicate at 25° and 50°C
SL Values at 25°C Values at 50°C
No. -
Xga fBa Ju Xga fBa fu
Ba+-g+
1. 0.25 0.10 2,10 0.24 0.06 2.44
2. 0.38 0.12 1.99 0.41 0.05 3.22
3. 0.50 0.16 1.59 0.46 0.10 1.99
4, 0.54 0.19 1.34 0.53 0.14 1.39
S. 0.58 0.23 1.02 0.61 0.19 1.03
6. 0.60 0.27 0.80 0.62 0.24 0.87
7. 0.60 0.29 0.61 0.64 0.24 0.70
8. 0.60 0.31 0.63 0.64 0.24 0.70
9. 0.62 0.35 0.55 0.65 0.27 0.59
10. 0.65 0.80 0.12 0.69 0.57 013
11, 0.70 0.82 0.12 0.76 2.54 0.15
12, 0.76 0.7t 0.35 0.78 0.52 0.18
st Values at 25°C Values at 50°C
No.
Xsr Ssr fu Xsr [sr fu
Srit-H+
1. 0,27 0.06 2.81 0.28 0.06 2,99
2. 0.40 0.07 3.72 0.41 0.05 3.88
3. 0.48 0.08 3.31 0.51 0.06 4,11
4, 0.54 0.22 1.17 0.61 0.08 2.09
S. 0.59 0.12 2.26 0.68 0.08 2.99
6. 0.61 0.14 1.76 0.76 0.08 3.6l
7. 0.67 0.16 0.94 0.86 0.07 2.08
8. 0.74 0.19 0.77 0.91 0.10 349
9. 0.78 0.20 0.49 0.92 0.11 2.03
10. 0.81 0.22 0.48 0.93 0.10 3.84
11, 0.92 0,18 1.35 0.97 0.10 4.59
12. 0.95 0.17 2.13 0.99 0.10 5.90
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At both the temperatures, the fa values are less than unity. Further, a varia-
tion in fy values is observed in both the cases indicating a heterogeneity in the
distribution of ions on SbSi surface during the ion-exchange process similar to the
soils reported by Diest and Talibuddeen (1967).

To further examine the deviation of these heterogeneous systems from ideality,
the excess thermodynamic functions (Tables V and VI) were calculated (Gast &
Klobe, 1971; and Vanselow, 1932) from the expressions :

TABLE V

Values of the excess free energies, enthalpies and entropies of mixing for the Ba*-H*+ exchange
on antimony(V) silicate at 25° and 50°C

SL

- ) @ X
No. XBa AGm AHm AS;..
(KJ mol™) (XJ mol-?) (KJ mol—* degree™)
At 25°C
1. 0.25 -0.05 1.07 0.00
2. 0.38 ~0.86 1.33 0.01
3, 0.50 -1.66 3.32 0.02
4, 0.54 —1.88 474 0.02
5. 0.58 -2.07 3.17 0.02
6. 0.60 —2.16 1.0t 0.01
7. 0.60 —2.46 1.69 0.01
8. 0.60 —2.17 3.52 0.02
9. 0.62 -2.17 4.05 0.02
10. 0.65 -2,07 6.26 . 0.03
11. 0.70 -1.95 6.61 0.03
12. 0.76 -1.27 12,24 0.05
At 50°C
1. 0.24 -0.04 1.02 0.00
2. 0.41 -1.25 2.30 0.01
3. 0.46 -1.81 6.87 0.03
4, 0.53 -3.25 5.38 0.03
5. 0.61 ~2.67 3.96 0.02
6. 0.62 -2.53 1.21 0.01
7. 0.64 -2.84 2.08 0.02
8. 0.64 -2.81 4.37 0.02
9. 0.65 -2.83 5.02 0.02
10. 0.69 —2.66 7.91 0.03
11. 0.76 —2.61 8.81 0.04
12, 0.78 -2.43 14.12 0.05
2 - -
AG, = RT(X,/Inf,, + Xalnfu) ...(10)

ary, = — R7e[ e (5 2) + 2 (N5E) ] (11)
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TABLE VI

Values of the excess free energies, enthalpies and entropies of mixing for the Sr*+-H*+ exchange
on antimony(V) silicate at 25° and 50°C

Sl - @ » z
No. XSr AGm AHm AS,,.
(KJ mol™?) (XJ mol-?) (XJ mol™! degree™)
At 25°C
1. 0.27 ~0.05 -0.12 —-0.00
2. 0.40 —0.69 ~2.89 -0.01
3 0.48 -1.45 0,42 0.01
4. 0.54 -1.87 56.68 0.20
5. 0.59 -2.25 4.11 0.02
6. 0.61 -2.46 0.86 0.01
7. 0.67 ~3,10 9.14 0.04
8. 0.74 -3.22 1,54 0.02
9. 0.78 -347 5.03 0.03
10. 0.81 —-3.43 5.88 0.03
11, 0.92 -3.78 13,56 0.06
12, 0.95 -4,02 14.20 0.06
At 50°C
1. 0.28 -0.05 -1.37 -0.00
2. 0.41 -1.13 3.52 0.01
3. 0.51 -1.94 0.99 0.01
4. 0.61 -3.35 77.84 0.25
5. 0.68 ~-3.69 7.05 0.03
6. 6.76 —4.26 7.38 0.04
7. 0.86 -5.93 21.60 0.09
8. 0.91 -5.20 1378 0.06
9. 0.92 -5.32 15.79 0.07
10. 0.93 -5.49 20.11 0.08
11, 097 —5.85 19.11 0.08
12, 0.99 -6.14 19.62 0.08
and
* L 2
AGS = AH, — TAS,, -(12)

where AGS, AH® and AS?, arc the excess free energies, enthalpies and entropies of

mixing. As it is clear from Tables V and VI the AG: values are negative at both

the temperatures studied for the Ba**-H* and Sr2+-H+ exchanges. It indicates that
the heterogeneous mixture of jons during the exchange is more stable as compared
to the pure forms. Further, the stability increases with a rise in the concentration
of v in case of the Sr3*.H+ exchange. It also appears to be true for the
Ba*.H+* exchange but to a limited extent (upto Xzs = 0.60). The values of enthal-
pies and entropies of mixing suggest that the Sr*+-H* ions are more strongly bound
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on the SbSi surface than the Ba?+-H* ions. The observations are in agreement with
those of Howery and Thomas (1965) on clays.
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