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Selectivity Study of Alkaline Earth and Divalent 
Transition Metal Ions on [A13+ + Na+]-Substituted 
To be r mor it es 

MASAMICHI TSUJI* and SRIDHAR KOMARNENIf 
MATERIALS RESEARCH LABORATORY 
THE PENNSYLVANIA STATE UNIVERSITY 
UNIVERSITY PARK. PENNSYLVANIA 16802 

ABSTRACT 

The ion-exchange selectivities of [A13' + Na+ ]-substituted tobermorites with 
1-20 mol% substitution of aluminum for silicon at low loadings were investigated 
for Mg'+, Sr2+, Ba'+, and Ni2+. The selectivity order depended on the degree 
of substitution, exchanging medium, and loading of metal ions, reflecting different 
types of ion-exchange sites in the A13 +-substituted tobermorites which are an 
interesting group of calcium aluminosilicate cation exchangers. 

INTRODUCTION 

Tobermorite, Ca5Si6016(OH)24H20, is a naturally occurring hydrous 
calcium silicate and can be synthesized under hydrothermal conditions 
using reactive CaO and Si02 compounds. Isomorphous substitution of 
AP + for Si4+ in the dreierketten (chains) of tobermorite creates a negative 
charge which is compensated for by alkali and alkaline earth cations. The 
alkali and alkaline earth cations are loosely bound and are responsible for 
cation exchange (1, 2). The 1.13-nm tobermorite substituted by [AP+ + 
Na+] for Si4+ showed especially high selectivity for Cs' (1). The ex- 
change cavity is located between the CaO layer linked to Si3(0/OH)9 (2). 
At least three different cation-exchange sites may exist in substituted 
tobermorites: site A, alkali cation coming from substitution of A1 for Si; site 
B, loosely bound Ca within the above cavity; and site C, Ca site in the CaO 
layer (2). Unsubstituted calcium silicates such as xonotlite, tobermor- 
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2062 TSUJl AND KOMARNENI 

ite, and wollastonite have been found to exhibit some specific and irrever- 
sible cation-exchange properties with Ca in site C for divalent transition 
metal ions (3-6). The objective of this research was to identify the avail- 
able ion-exchange sites in A13 +-substituted tobermorites through a selec- 
tivity study of several divalent metal ions. 

EXPERIMENTAL PROCEDURE 

Preparation of Tobermorites with Different Levels of A13+ 
Substitution 

The synthesis procedure (7) is as follows: silica gel (SiOz.0.26H20), 
CaO, and NaA102 were mixed in a Teflon vessel in the desired mole ratios. 
Sixty milliliters of deionized water was added with stirring and the mixture 
was heated at 175°C for 4 days in a Parr bomb. The aggregated product 
was broken in the vessel after cooling and washed three times with deion- 
ized water to remove soluble components by a centrifuge. Then it was 
dried at 60°C until a constant weight was obtained; this took about 2 days. 
The supernatant solution and the washings were collected for chemical 
analysis of A13 + , Ca2+, Na+ , and Si4+. The products were identified by 
powder x-ray diffraction (XRD) using a Philips x-ray diffractometer with 
Ni-filtered CuK, radiation. The chemical composition was determined 
from the difference between the initial amounts and the remaining amounts 
in the above solution collected for chemical analysis. The water content 
of the tobermorite was determined from the weight loss after heating at 
900°C. In addition to these substituted tobermorites, a synthetic xonotlite 
was used in some experiments and its preparation was reported elsewhere 
(4). 

Distribution Coefficients (Kd)  

A 0.0250-g portion of the as-prepared tobermorite or xonotlite, or the 
Ca2+ form of tobermorite, was equilibrated with 25 mL of different con- 
centrations of NaCl, CaC12, NH4C1, or Ca(OOCH3)2 solution containing 
lop4 N metal chloride at 25°C. After equilibration for 2 weeks, the solid 
and solution phases were separated, and the supernatant solution was 
analyzed for metal ions by atomic emission spectrometry (AES) using a 
Spectra-Metrics Spectra-Span 111 instrument or atomic absorption spec- 
trophotometry (AAS) using a Perkin-Elmer PE 703 instrument with an 
electrode-less discharge lamp. The amounts of metal ions exchanged by 
the exchanger were determined from the difference in the concentration 
between the sample and the reference. The Kd was calculated by the 
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following equation with an estimated error of + 2%: 

( 1 )  
amount of metal ions exchanged (meq/g) 

Kd = equilibrium concentration of metal ions (meq/mL) 

THEORETICAL BASIS 

Formulation of Kd Based on the Thermodynamic 
Consideration 

The cation-exchange reactions between Na+ and M" + are represented 

(2) 
by 

n z '  + M"+ - M"+ + nNa+ 

The thermodynamic equilibrium constant, K ,  is defined by 

- In these equations the bar on a character denotes the exchanger phase, 
XM and XNa are equivalent ion fractions in the exchanger, and f M  and 
fNa are the activity coefficients for the ion in the exchanger. [M"+] and 
"a+] are molalities of the above two exchanging ions in solution, where 
they have activity coefficients yM and yNa which are unity when [M" + ] 
and "a+] approach zero. The standard states chosen are such that fM 

andfNa are unity when the exchanger is in its pure M"+ and pure Na+ 
form, respectively. 

Molalities [M" + ] and [Na' ] are replaced by the equivalent ion fractions: 

(4) 
n[M"+] "a+ 1 

xM = n[M"+] + "a+] ' XNa = n[M"+] + "a'] 

and 
- - 

XM + XNa = 1, XM + XNa = 1 (6) 

By using the total normality (TN) and the total capacity (TC), which are 
kept constant in the ion-exchange process, 

n[M"+] + "a+] = TN and n[M"'] + [&+I = TC (7) 
I 

Then Eq. (3) becomes 
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where 

TSUJI AND KOMARNENI 

Application of the Gibbs-Duhem equation to the ion-exchange system 
gives for K :  

In K = ( I  - n )  + In KEa dXM + A (10) 

where KKa, the selectivity coefficient, is defined as 

The third term on the right, A ,  of Eq. (10) is negligible when compared 
with the experimental accuracy in measuring the equilibrium (8,9). A plot 
of log K k  vs xM (Kielland plot) often produces a straight line with a 
slope of 2C for a single-site ion exchanger and then can be expressed by 

(12) 

where C refers to the Kielland coefficient. 
The expression of the Kd value at infinitesimal loading can be derived 

from the Kielland plot as follows. Equations (6) and (1 1) are combined to 
give 

log KKa = 2CXM + lOg(KKa)X,,F,-o 

K Y  values at any loading are given by 

Therefore, as derived previously from the above equations (lo), 

TC YM 
YNa 

lOg(KY)x,,x,+o = log + 10g(KEa)x,,xeo + log 7 - n log(TN) 

(15) 

The ratio of the activity coefficient will not change very drastically even 
though TN decreases tenfold when neutral salt media are used (8). Hence, 
all of the terms except for the last one on the right-hand side of Eq. (15) 
may be regarded as a constant. Thus, Eq. (15) states that the slope of plot 
of log(KY)XM.zM-O vs log(TN) is - IZ. This was well demonstrated for Kd 
measurements on A13 + -substituted tobermorite (1 0). 
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RESULTS AND DISCUSSION 

Chemical Composition of Tobermorites 

A13 + -substituted tobermorite compositions were formulated in the form 
of a tobermorite composition, CaS Na,Al, Si, 0 6(OH)2 .n H2 0 (Table 1). 
All the products contain H 2 0  in excess of the proposed formula of tober- 
morite, Ca5Si6016(OH)2.4H20. The excess water may be related to the 
crystallization water. In the tobermorite structure, A13 + ions substitute 
for the tetrahedral Si4+ ions, which results in a negative charge in the 
layers. The charges are thought to be neutralized by Na+ and/or Ca2' 
ions in the interlayer cavity formed by the rSi--O--Si= bridge, the CaO 
layer, and the Si3(0/OH)9 chain. Thus, the calculated capacity was esti- 
mated based on the AI3+-contents (Table 1). A13+ ions were confirmed 
to substitute for Si4+ ions in the tobermorite structure by 27Al and 29Si 
MASNMR studies (7). 

Selectivity for Alkaline Earth Metal Ions in CaCb Solution 

A high selectivity for Ba2+ was found in all substituted tobermorites 
studied: Ba2+ > Sr2+, Mg2+ (Fig. 1). The selectivity for Ba2+ increased 
with increasing Al-substitution in tobermorite. This may be because of 
the steric limitation of the rigid ion-exchange cavity between 2: 1 layers 
of A13 +-substituted tobermorite which limits the exchange to less hydrated 
cations. The deficient charge from the substitution is originated in the 
cavity and is neutralized by Na+ cations which are exchangeable. In 
tobermorites with low A13 + substitutions, the slope of the log-log plot of 
Kd vs [CaClJ is smaller than expected from Eq. (15). It does not appear 
that Ca2+ e- Ba2+ is the only ion-exchange process. This is because the 
loading of Ba2' is large in comparison with the charge or ion-exchange 

TABLE I 
Chemical Compositions of Different Anomalous A13 +-Substituted Tobermorites 

Sample Composition 

Calculated cation 
A1 content exchange capacityb 

(meqk) 

Defined by [AI/(AI + Si)] mole ratio. 
Based on the A1 content or Ai3+ substitution. 
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2066 TSUJI AND KOMARNENI 

t i 

b 
'O0.Ol 0.10 1.0 

[CaCl,] (N)  

FIG. 1 K d  values for alkaline earth metal ions as a function of CaClz concentration in 
tobermorites with different substitutions: (a) 1% Al, (b) 5% Al, (c) 10% Al, (d) 15% Al, and 

(e) 20% Al. 

ity (Table 1). The slope of the plot is about - 1 on tobermorites, with 
A13 + substitution greater than 15%. This indicates the "ideal" ion-ex- 
change (one divalent ion for another) process on tobermorites. 

Selectivity for Alkaline Earth Metal Ions in NaCl Solution 

In NaCl solutions, the selectivity is much different from that of CaC12 
solutions. A high selectivity for Mg2+ was observed in tobermorite with 
low substitutions: Mg2+ > Ba2+ > Sr2+ in a low concentration of NaCl 
(Fig. 2a, b). The selectivity for Mg2+ decreased with an increase in A13+ 
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1.1 
0.01 0.1 

[ NoCl1 (N) 

1 1 

I u 0. I 
0.01 

[NoCI]  (N) 

V 
Y 
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0.01 0.1 

FIG. 2 Kd values for alkaline earth metal ions as a function of NaCl concentration in 
tobermorites with different substitutions: (a) 1% Al, (b) 5% Al, (c) 10% Al, (d) 15% Al, and 

(e )  20% Al. 
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2068 TSUJI AND KOMARNENI 

substitution, as can be seen from the following selectivity sequences: 
Mg2+ > Ba2+ > S?+ for 5% A1 (Fig. 2b), Ba2’ > Mg2+ > Sr2+ for 10% 
A1 (Fig. 2c), Ba2+ > Sr2+ > Mg2+ (Fig. 2d), and Ba2+ %= Sr2+ = Mg2+ 
(Fig. 2e). Higher K d  values for the three cations were observed in NaCl 
solution than in CaC12 solution on all tobermorites. The log-log plot of 
Kd vs [NaCl] did not show a slope of -2 for these cations, which is 
expected from the “ideal” 2Na+ - M2+ ion-exchange process, except 
for the 20% A13 +-substituted sample. The 5% AP +-substituted sample 
also showed a slope of -2 for Sr2+ exchange. These results suggest that 
some of the ion-exchange sites available for these cations in NaCl solution 
may be the loosely bound Ca2+ between the layers. The alkaline earth 
metal cations are stoichiometrically exchanged with Naf in the tobermor- 
ite with 20% A13 + -substitution. 

Selectivity for Co2+ and Ni2+ 

Co2+ was found to be more selective than Ni2+ on 15 mol% Al-substi- 
tuted tobermorite (Fig. 3). The ion-exchange ideality was confirmed for 

FIG. 3 Log-log plot of K d  for Ni2+ and Co2+ vs [NHdCI] on 15% substituted tobermorite. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ION-EXCHANGE SELECTIVITIES OF TOBERMORITES 2069 

Co2+ but not for Ni2+ because of the latter's low selectivity in NHZ 
solutions. NHZ has the same ionic radius as K + ,  and the former may 
have been selectively adsorbed by tobermorite. The low Ni2+ selectivity 
may also have been caused by the formation of Ni(NHs), species. As a 
result, & values for Ni2+ were lowered in a relatively concentrated 
NH4Cl solution. 

Very high Kd values for Co2+ and Ni2+ were observed on xonotlite and 
tobermorites in Ca(OOCH3)2 solution in comparison with NHdC1 solution 
(Figs. 4 and 5). However, these materials showed nearly the same selectiv- 
ity toward Co2+ (Fig. 4) and Ni2+ (Fig. 5), respectively. Since only C 
sites are available in xonotlite, these ions can only be exchanged with 
Ca2+ in these sites. On the other hand, all three sites can exchange from 
the 15% Al-substituted tobermorites. 

1 1  ' 1  I I I I 1  1 1 1 1  

Slope = -1.30 lo5 = - 

01 

E 
0 

Y 

0XONOTLlTE 
A TOBERMORITE I% Al 

: 15% AI  

, * , I  I I I I I I l l  

0.1 I 
[ Co (oocH,),] (N) 

FIG. 4 Kd values for Co2+ on xonotlite and toberrnorites with 1 and 15% A13+ substitutions 
in Ca(OOCH)3 solution. 
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Slope = -0.94 - A 

- 
+ 
N 

ATOBERMORITE 

z 
0 

CI, 
1 

E 
Y 

U 

170 A1 

OTOBERMORITE 15% A1 

0. I I 
[ Ca (OOCH,),] (N) 

Kd values for Ni2+ on xonotlite and tobermorites with 1 and 15% Al3+ substitutions 
in Ca(OOCH3)2 solution (lines are drawn to indicate approximate slopes). 

FIG. 5 

CONCLUSION 

Exchange sites available for cations in Al-substituted tobermorites are 
different depending on the coexisting cations and anions, ionic strength, 
and the extent of A13+ substitution. The complex ion-exchange behavior 
of these phases can only be deciphered by further extensive studies involv- 
ing the measurement of the ion-exchange isotherms with different media 
and at various total normalities. 
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