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The ion exchange properties of Na-P-alumina were studied. Samples of Na-/3-alumina were treated in a CaCI, melt at 1173 K 

and then examined with X-ray energy dispersive spectroscopy. We were able to exchange the sodium ions completely for bivalent 

calcium ions. The calcium aluminate compound (CaO. lOAl,O,) was characterized by powder X-ray diffraction and 27A1 NMR 

measurements and with these methods it was proved to have the l3-alumina-type structure. Heat treatments at 1173 K and 1373 

K showed that the compound decomposes to CaO*6Al,O, and AlzO, and, therefore, is metastable at these temperatures. 

1. Introduction 

The sodium ions in p-alumina are extremely mo- 
bile. This mobility creates the possibility to exchange 
these sodium ions with ions from a melt. This pos- 
sibility was already recognized by Toropov et al. 
[ 1,2 ] in 1939. Since this first article on the exchange 
reactions of p-alumina, many studies have been con- 

ducted on this subject. 
Toropov et al. describe in their papers several ex- 

change reactions of two types, e.g. exchanging di- 
valent ions for monovalent ions and vice versa: 

BaO-6Al,0,+K,CO~~K,0~6A120~+BaC03, (1) 

NazO~12A1203+CaC12+CaO~6Al,0,+NaCl. (2) 

The compositions as given in these reactions were 
determined by chemical analyses. Note that the mass 
balance of reaction (2) is not right and can only be 
consistent if the oxygen content has changed or when 

Ion exchange reactions of BaO-6A1,03 as done by 
Toropov et al. [ 1 ] have been reinvestigated recently 
by Iyi et al. [ 3 1. They were able to exchange barium 
with potassium in a ratio 1: 2, e.g., for every Ba*+ 
ion two K+ ions were introduced into the structure. 
However, comparison of BaO-6Al,03 and 
CaO-6A1,03 is very misleading because BaO-6Al,03 
is not a single phase [ 41 and has the P-alumina-type 
structure [ 51 in contrast to the magnetoplumbite- 
type structure of CaO-6Al,03. 

Yao and Kummer [ 61 conducted an extensive 
study on the ion exchange properties of p-alumina. 
The work can be summarized by two main conclu- 
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AlzOS is also a product of the reaction. From the X- 
ray studies they conclude that there is a “consider- 
able similarity” of the crystalline structures between 
the products and starting materials. It is not clear, 
however, what they exactly mean with this statement 
because magnetoplumbite and p-alumina are also 
considerably similar. 
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sions. The first conclusion is that exchange of mono- 
valent ions is in most cases very fast and complete. 
For caesium the exchange is incomplete and slow be- 
cause of the large ionic radius. As a second conclu- 
sion, no exchange ofdivalent ions was observed. This 
may be due to unfavourable equilibrium or to a low 
diffusion rate (too low temperature). 

On the other hand, the exchange of divalent ions 
can be complete or nearly complete in magnesia sta- 
bilized b”-alumina [ 7-91. Seevers et al. [ 81 found 
the Ca’+, Sr2+, Ba2+, Cd2+ and Pb2+ p”-aluminas 

to be stable. In their study on the relationship be- 
tween structure and stability of b-alumina type 
phases, Petric et al. [ lo] found decomposition of Ca- 
and Sr-P”-alumina into the magnetoplumbite-type 
structure after heating at 1873 K. They classified the 
structures of the equilibrium phases according to the 
valencies and ionic sizes. Elements with lower val- 
encies and large ionic radii have the tendency to form 
the b- or b”-alumina structure. This is in good agree- 
ment with the studies of Stevels and Verstegen 
[ 11,121. 

The Ca-B-alumina compound is important for al- 
kali corrosion of alumina [ 13 ] and for the phase dia- 
gram studies of systems as Cs20-CaO-Al,O, [ 141 
and K20-CaO-A1203 [ 151 and for this reason we 
studied this compound more carefully. 

2. Experimental procedure 

The starting materials for these experiments were 
KC1 and CaCl* from E. Merck (zur Analyse) and 
sodium-&alumina from Alfa (99%). The X-ray dif- 
fraction pattern of the p-alumina showed a small 
amount of A1z03. Wet chemical analyses gave a so- 
dium to aluminium ratio which corresponds to 
Na20* 10A1203 or Na,.iA1,10L7.05. 

CaO*6Al,O, was made by “standard procedure”: 
mixing A1203 (Rubis des synthetique des Alpes) and 
CaCO, (E. Merck) in a 6 : 1 composition and heat- 
ing this at several temperatures to a maximum of 
1923 K. The XRD diffraction pattern was identical 
with that given in the JCPDS file of CaO*6A120, 

1161. 
The sodium P-alumina crystals were treated in a 

CaC12 melt for periods of 15 min at 1173 K. The ra- 
tio salt to p-alumina was 10 : 1 to make sure an excess 

of calcium was present in the system to avoid only 
partial exchange. The chloride was washed away af- 
terwards with distilled water. In the same way, 
CaO*6Al,O, was treated in K2S04 melts for four pe- 
riods of one hour at 1173 K, in order to exchange 
calcium ions for potassium ions. To produce K-b-al- 
umina as a reference material, the Na-P-alumina 
crystals were also treated in a KC1 melt following the 
same procedure as described above for the Ca-ex- 

change reaction. 
With X-ray energy dispersive spectroscopy (EDS) 

conducted on a Jeol JSM-840 A scanning electron 
microscope it was checked whether still sodium or 
chloride was present. If so, the exchange or washing 
step were not completed and hence were repeated 
once more. 

To determine the stability of the phases formed, 
the products were heated in air at 1173 K and 1373 
K for 100 to 600 h. 

Phase formation and transformations were ex- 
amined by chemical analyses, X-ray diffraction and 

27A1 solid state nuclear magnetic resonance (27A1 
MAS NMR ) . 

For the chemical analyses the samples were dis- 
solved in a melt of LiB02. After cooling down, the 
melt was dissolved in HN03 and the chemical com- 
position examined by atomic absorption spectros- 
copy (AAS). 

The routine powder X-ray diffraction measure- 
ments were conducted on a Rigaku D/max-IIC con- 
figuration. This is a wide angle goniometer equipped 
with a graphite-curved crystal monochromator. For 
the precise measurements of diffraction patterns a 
Guinier camera was used of the Johansson type (En- 
raf-Nonius BV). The intensities were measured with 
a densitometer. 

The *‘Al MAS (magic angle spinning) NMR spec- 
tra were measured on a Bruker CXP 300 spectro- 
meter equipped with a 7 T magnet, on a Bruker AM 
500 spectrometer with a 11.7 T magnet and on a 
Bruker AM 600 spectrometer with a 14 T magnet. 
The spectra were recorded with spinning rates rang- 
ing between 5 kHz and 15 kHz. Pulse angles of about 
n/6 were obtained, using relatively strong rf fields 

(Gz,2= 2 ps). The pulse-interval time was 1 s). In all 
cases between 60 and 500 free induction decays 
(FID’s) were sufficient to obtain a fair signal to noise 
ratio. Chemical shifts (6) were measured relative to 
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an external standard of aqueous AK& solution (6~ 0 formula and the exchange properties suggest a p-al- 

ppm). umina type compound. 

3. Results and discussion 

The ion exchange experiments on the CaO*6Al,O, 
compound did not lead to exchange of ions. After 
four hours, still no potassium was found at all and 
the XRD pattern was also not changed. 

Complete exchange of the sodium ions from p-al- 
umina within 30 min was observed. Chemical anal- 
yses of the reaction product are in agreement with a 
2: 1 exchange of sodium and calcium according to 

Na,.,Al,,0,7.05+0.55 CaCl, 

+C~.ssA1,,0,7.,,5 + 1.1 NaCl. (3) 

This formula is identical with CaO. 1 0A1203. The 

Table 1 

X-ray powder diffraction data of Ca-p-alumina, Ca,.,,AI, ,0,7.05. 

3.1. X-ray diffraction 

The crystals have a hexagonal symmetry with the 
lattice parameters ac5.5902 8, and c=22.455 A. 
With a Guinier camera both line positions and in- 
tensities of the diffraction pattern were measured 
very accurately (table 1). With these data a struc- 
ture refinement was undertaken in the space group 
P6,/mmc (no. 194). As starting model, the atomic 
parameters from CaO-6A1,03 as given by Kato and 
Saalfeld [ 17 ] were used. From this model the alu- 
minium in the layers between the spine1 blocks were 
skipped while only half of the oxygen positions in 
this layer were occupied. In the refinement we de- 
cided to leave the spine1 blocks practically un- 
changed and to concentrate on the layer between 
these blocks. However, the possibilities to determine 

Symmetry 

space group 

&bS (A) III, 

Hexagonal 

P6,/mmc (194) 

hkl 

a= 5.5902 8, V=607.6 A’ 
c=22.455 8, z=2 

L (A) dab. (A) III, hkl &,, (A) 

11.26 

5.61 

4.84 

4.13 
4.44 

4.06 

3.664 

2.960 

2.807 

2.795 

2.71 I 
2.674 

2.502 
2.428 

2.421 

2.407 

2.366 

2.303 
2.246 

2.239 
2.223 
2.131 

2.033 

1.9322 

1.8330 

100 
50 

2 
30 
10 
5 
2 
5 

25 
2 

60 
50 

6 
6 

45 
16 
2 

10 
25 
12 
35 
50 
20 
10 

00 2 11.23 1.8240 

00 4 5.61 1.8058 

01 0 4.84 1.7778 

01 1 4.73 1.7509 

01 2 4.45 1.6459 

01 3 4.07 1.6265 

01 4 3.666 1.6138 

01 6 2.961 1.6040 

00 8 2.807 1.5975 

11 0 2.795 1.5895 

11 2 2.712 1.5605 

01 7 2.674 1.5549 
11 4 2.502 1.5510 

01 8 2.428 1.5329 

02 0 2.421 1.4819 
02 1 2.407 1.4755 

02 2 2.366 1.4187 

02 3 2.303 1.4059 
00 10 2.246 1.3971 

11 6 2.240 1.3871 
02 4 2.223 1.3564 
02 5 2.131 1.3371 

02 6 2.033 1.3218 

02 7 1.9322 1.309 I 
02 8 1.8331 1.2384 

6 

2 

30 

18 

3 

8 
6 

10 

25 

75 

8 
8 

20 
2 

8 

12 1 1.8238 

12 2 1.8060 

12 3 1.7175 

1 1 10 1.7506 

02 10 1.6462 

01 13 1.6269 

03 0 1.6138 

00 14 1.6039 

03 2 1.5973 

12 7 1.5894 

02 11 1.5605 

1 1 12 1.5550 

03 4 1.5509 

12 8 1.5329 

03 6 1.4819 

12 9 1.4755 

1 2 10 1.4185 

02 13 1.4060 

22 0 1.3976 

22 2 1.3868 
22 4 1.3562 
02 14 1.3370 

13 3 1.3216 

22 6 1.3092 

13 7 1.2386 
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Table 2 

The positional parameters of Ca-fS-alumina, Ca, ssAl, 1017.05. 

Overall thermal parameter is fixed at 0.500. 

Atom Multiplicity Number x z 

Wyckoff per 
letter unit cell 

1 Ca(t) 6h 1.1 0.250 0.750 

2 At(l) 2a 2 0.000 0.000 

3 Al(2) 4f 4 0.333 0.028 

4 Al(3) 4f 4 0.333 0.180 

5 Al(4) 12k 11.16 0.169 0.891 

6 Al(5)” 12k 0.84 0.838 0.175 

7 O(1) 4e 4 0.000 0.148 

8 O(2) 4f 4 0.333 0.950 

9 O(3) 2c 1.6 0.333 0.250 

10 O(4) 12k 12 0.155 0.052 

11 O(5) 12k 12 0.504 0. I50 

12 O(6)” 6h 0.5 0.799 0.250 

a Interstitial atoms for excess charge compensation, a so called 

Reidinger defect. 

a structure with only powder diffraction data are 
limited. A few solutions to the problem, with only 
small differences, are possible. The best atomic po- 
sition parameters in our view are given in table 2. 

Going from Na-P-alumina (Nal,iAl,,0,7.05) to Ca- 
p-alumina (Cao.ssA111017.05), the number of cations 
in the conduction layer is halved. We have therefore 
0.55 calcium ions for each Beever-Ross site 
(x=0.333, ~~0.667 and ~~0.75). Despite of this, 
the calcium ion is displaced from this position and 
smeared out over three positions round the Beever- 
Ross site, similar to what was found for ternary Ca- 
p”-alumina [ 181 and Na-P-alumina [ 191. The fact 
that the calcium ion is not exactly positioned at the 
Beever-Ross site can be explained by the mobility of 
the ion in the conduction plane. 

The most important result of the XRD pattern re- 
finement is that no aluminium is found in the con- 
duction layer on the x=0.0, y=O.O and z=O.25 po- 

sition. This is a proof that the structure is of the p- 
alumina type instead of the magnetoplumbite type. 

3.2. 27Al-A4AS-NMR 

For extra proof of the Ca-p-alumina structure in 
contrast to the magnetoplumbite type structure, solid 
state 27A1-NMR spectra were measured. The major 
difference between the two possible structures is the 

pentahedrally coordinated aluminium. Magic angle 
spinning (MAS) NMR techniques at high field have 
proved to be suitable tools for the determination of 
coordination states of aluminium in oxygen lattices 
(ref. [ 201 and refs. therein). Although several times 
NMR signals for penta coordinated aluminium were 
reported [ 2 11, thus far NMR studies of only one well 
defined compound led to the observation of a five 
coordinated aluminium at 35 ppm [22,23]. In 
CaO-6Al,O, 8% of the aluminium atoms are in pen- 
tahedral sites. In spite of this, Miiller et al. [ 241 could 

not observe a signal in the range of 30 to 40 ppm and 
thought it was obvious that this is caused by a strong 
quadrupolar broadening. 

In fig. 1 the MAS2’Al-NMR spectra of 
CaO*6Al,O, as found by us are given. The spectra 
of CaO*6Al,O, clearly show how several contribu- 
tions to the spectra are influenced differently by the 
experimental conditions. 

At 7 T, two signals, 7 and 16 ppm, are detected 

Fig. 1. MAS “Al-NMR spectra of CaO-6AlaOs recorded at 7 T 

with (a) 5 kHz MAS, (b) 10 kHz MAS, (c) 15 kHz MAS and 

11.7 T with (d) 5 kHz MAS, (e) 10 kHz MAS and (f) at 14 T 
with 11 kHz MAS. Spinning side bands are indicated by ( * ). 



J.A.M. van Hoek et al. /Formation of CaO- 10AIzOJ with p-alumina-type structure 97 

which can be attributed to aluminium with an oc- 
tahedral oxygen coordination. At high spinning rates 
(about 15 kHz), a splitting of the 7 ppm signal is 
revealed. This indicates that either a dipolar cou- 
pling of about 10 kHz broadens this signal or that the 
chemical shift anisotropy amounts about 10 kHz at 
7 T. At higher fields, however, a singlet shifted to 9 
ppm remains and therefore it can be concluded that 
the splitting observed at 7 T and 15 kHz MAS is due 
to a quadrupolar coupling and not due to two slightly 
different octahedra. The 16 ppm signal is not shifted 
at higher field in comparison to the spectra mea- 
sured at 7 T. This was also found by Mtiller et al. [ 241 
who therefore assigned the 9 ppm signal to the 12 
more distorted AIOs octahedra (Al( 1) in table 3 ). 
The 16 ppm signal was assigned to the remaining two 
crystallographically different octahedra because ac- 
cording to Kato and Saalfeld [ 171 in these octahedra 
the Al-O distances are identical or nearly identical 
(seeAl(3) andA1(4),table3).Asonecanseefrom 
the distances calculated by us in table 3, one of these 
octahedra (Al ( 3 ) ) is not as symmetric as one would 
expect from the distances given by Kato and Saalfeld 
[ 17 1. For the assignment of the NMR signals, how- 
ever, it appears that the mistake made by Kato and 
Saalfeld seems to have no serious consequences. The 
16 ppm signal is broadened by a dipolar coupling 
considerably larger than 15 kHz. In addition to the 

Table 3 

Distances between atoms in Ca0*6A1,09 according to Kato et al. 

[ 131 and calculated by us from the atomic positions given by 

Kato et al. 

Atoms 

Al( I )-0( 1) 

Al( 1)-O(2) 

Al( 1)-O(3) 

Al( 1)-O(4) 

A1(2)-O( 1) 

Al(2)-O(3) 

Al(3)-O(2) 

A1(3)-O(7) 
A1(4)-O(1) 

A1(5)-O(6) 
A1(5)-O(7) 
Ca-O(6) 

Ca-O(7) 

Kato et al. Recalculated Coordination 

distance distance of 

(A) (A) aluminium 

1.995 1.995 octahedral 

1.818 1.818 octahedral 

I .970 1.970 octahedral 

I .860 1.860 octahedral 

1.801 1.801 tetrahedral 

1.828 1.828 tetrahedral 
1.865 1.865 octahedral 

1.896 1.967 octahedra1 
1.883 1.883 octahedral 
2.187 2.187 pentahedral 
1.839 1.740 pentahedral 
2.694 2.694 

2.848 2.785 

octahedra signals, the spectra at 7 T exhibit at MAS 
spinning frequencies larger than 10 kHz another two 
maxima at 54 and 64 ppm. Both signals are within 
the region of the AlO, tetrahedra. The spectra mea- 
sured at higher fields show clearly that the two max- 
ima are due to a very strongly quadrupolar-coupled 
signal and thus are both due to the one tetrahedral 
site. Moreover, the 27A1 nuclei responsible for this 
resonance again show a dipolar coupling of < 10 kHz. 

A closer look at the dipolar coupling in combi- 
nation with the crystallographic structure reveals a 
decreasing dipolar coupling with increasing distance 
to the calcium atom. The aluminium atom with the 
largest distance to the calcium atom (the tetrahedral 
coordinated atom) gives a signal that has the small- 
est dipolar coupling (signal at 64 ppm). On the other 
hand, the aluminium atom with the smallest dis- 
tance gives rise to a signal with the largest dipolar 
coupling (part of the 16 ppm signal). We therefore 
conclude that the dipolar coupling is caused by a 
coupling of the aluminium nuclei with the calcium 
nucleus. 

Results obtained at 14 T (AM 600) at 11 kHz MAS 
frequency are comparable with those at 11.7 T ex- 
cept for the relative areas of the 9 ppm and 16 ppm 
signals. 

Unfortunately, like Miiller et al. [ 241, we were not 
able to detect a signal which could be attributed to 
the five coordinated aluminium atoms. In addition 
to the explanation of Mtiller et al., we think that this 
might be due to what Utsunomiya et al. [ 251 called 
the split atom model. In this model the aluminium 
atom jumps between two equivalent sites slightly 
displaced from the mirror plane of within the tri- 
gonal bipyramid. If the movement of the aluminium 
atom is slow on the NMR time scale, the result of 
this is a series of distorted pentahedral sites with 
rather large quadrupolar couplings. As a conse- 
quence of this, one can expect a dispersion of effec- 
tive chemical shifts [ 191 causing a number of over- 
lapping, small and broadened lines. The result is a 
small (only 8% of the aluminium atoms occupy this 
site) and very broad signal which will be in practice 
undetectable with simple pulsed 27A1 MAS NMR. 

Although we originally intended to distinguish be- 
tween the P-alumina and the magnetoplumbite-type 
structure by means of the pentacoordinated alumin- 
ium, one can still benefit a lot from the MAS-NMR 



98 J.A.M. van Hoek et al. /Formation ofCaO- lOAltO with palumina-type structure 

spectra of CaO* 1 OA1203, Na-P-alumina and K-b-al- 
umina given in figs. 2, 3 and 4. If one compares the 
spectra of CaO- 10A1203, Na-P-alumina and K-P-al- 
umina with CaO-6A1,03 the most striking difference 
is the much sharper lines of the CaO*6Al,O, spectra. 
A closer look also reveals that the three different oc- 
tahedral sites in the /3-aluminas are much more sim- 
ilar to one another than to the octahedral sites in 
CaO-6A120,. Most clearly this can be seen in the Ca- 
p-alumina spectrum at 14 T, where only one signal 
from the three octahedral sites remains. 

The explanation must be sought in a combination 
of two phenomena, namely quadrupolar broadening 
and chemical shift dispersion. The influence of 
quadrupole coupling is revealed by the decreasing line 
width and the shift of the signals when going from 
7 T to higher fields. The quadrupole broadenings in 
the Na- and K-P-alumina spectra are smaller than in 
Ca-P-alumina spectra. This can be understood if one 
realizes that the quadrupolar broadening is due to an 

Fig. 2. MAS *‘Al-NMR spectra of CaO. 10AlzO, recorded at 7 T 

with (a) 5 kHz MAS, (b) 10 kHz MAS, (c) 15 kHz MAS and 
11.7 T with (d) 5 kHz MAS and at 14 T with 8.8 kHz MAS. 
Spinning side bands are indicated by ( * ). 

L----y( w,, ,c-_ 
100 50 0 -5D 

PPII 

Fig. 3. MAS 27A1-NMR spectra of Na-palumina recorded at 7 T 
with(a)5kHzMAS,(b)lOkHzMASand(c)at11,7Twith5 

kHz MAS and (d) at 14 T with 8 kHz MAS. Spinning side bands 

are indicated by ( * ). 

electric field gradient. The charge on the calcium ion 
is twice the charge on the sodium and potassium ions 
and therefore the electric field gradient is also larger. 
The quadrupolar broadening, however, is seen for 
both calcium aluminates and there is no reason to 
assume a larger quadrupolar coupling in Ca-P-alu- 
mina. We therefore think the broad lines in the b-al- 
uminas also to be caused by the distribution of the 
cations over a number of different sites as was found 
with XRD for b-aluminas [ 18,191 and as can be 
concluded from our own XRD measurements. Be- 
cause of this distribution, the same crystallographi- 
cal aluminium sites will differ in their magnetic res- 
onance behaviour anyway. This will cause a 
dispersion in both chemical shifts and in quadrupole 
couplings. 

The very close resemblance between the spectra of 
CaO- 1 0A1203, Na+-alumina and /K-P-alumina in 
contrast to the spectra of CaO-6Al,O, strongly in- 
dicates that the aluminium atoms are in very similar 
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d 

Fig. 4. MAS 27AI-NMR spectra of K-P-alumina recorded at 7 T 

with(a)SkHzMAS,(b)lOkHzMASand(c)at11.7Twith5 

kHz MAS and (d) at 14 T with 8 kHz MAS. Spinning side bands 

are indicated by ( * ). 

positions in the first three compounds and thus is 

extra proof that CaO- 1 OA1,03 has the P-alumina-type 
structure. 

3.3. Stability of Ca-p-alumina Acknowledgement 

To determine the stability of Ca-p-alumina, crys- 
tals of these were heated at 1173 and 1373 K. We 
found decomposition into the magnetoplumbite-type 
structure and A1203 according to 

CaO- 1 OAlz O3 + CaO-6Al,O, +4 A1203. (4) 

The results at both temperatures were the same, 
although the result at 1173 K was not as pronounced 
as that at 1373 K. 

4. Conclusions 

With exchange experiments we were able to syn- 

thesize a regular Ca-j3-alumina with the formula 
CaO. 1 0A1203. This is the result of a 2 : 1 exchange of 
sodium and calcium. This 2: 1 exchange was also 
found in the often quoted exchange experiments of 
Toropov et al. [ 1,2]. They started with 
“NazO. 1 2A1203” to obtain Ca0.6A1,03. At the time 
these experiments were done, the knowledge of p-al- 
umina was very poor and the descriptions of the ex- 
periments in the papers are therefore not very clear. 
The chemical analyses, however, leave no doubt and 
differ clearly from our results. From the poorly mea- 
sured X-ray diffraction pattern it cannot be con- 
cluded what were the starting materials and reaction 
product at that time. The other possibility is that the 
transformation of the metastable CaO. 1 OAl,O, phase 
to the stable CaO*6Al,O, phase already occurred 
during the exchange reaction. But in that case the 
XRD-pattern should also contain lines of A1203, 
which is not reported. Whatever it was Toropov et 
al. found in the past, our exchange experiments 
clearly show the exchange properties of the Na-B-al- 
umina with calcium ions. 

The same was found by Petric et al. [ lo] for Ca- 
B”-alumina. Ca-B-alumina is transformed to the 
magnetoplumbite-type structure during a heat treat- 
ment. This fits in the empirical rule that elements 
with lower valencies and large ionic radii have the 
tendency to form P-alumina-type structures instead 
of magnetoplumbite-type structures and vice versa 
[ 10,121. 
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