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A natural CXN zeolite (stilbite, type code-STI) discovered in China was modified with �

4NH  exchange by 
using ammonium salt and calcinations (procedure I), or with �

4NH  exchange followed by treatment with acid 
(procedure II). The coordination state of Si and Al atoms in the framework, the property of ion exchange, and the 
adsorption of the H-STI zeolite samples prepared by different modification procedure were investigated with XRD, 
EDX, 29Si and 27Al MAS NMR, Ag  ion exchange and N2 adsorption. The results of the investigations indicate that 
different procedure of the modification made variety on the distribution of the framework Si atoms and Al atoms, 
the content of non-framework aluminum, and the blocking channels and the shielding effect to the positions of the 
exchangeable cations. The H-STI zeolite prepared by the procedure II possesses high ion exchange capacity, open 
and perfect pore system, and high thermal stability. 
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Introduction 

CXN natural zeolite (Stilbite, framework type STI) 
is a rich mineral in China. The raw zeolite was identi-
fied by the laboratory of Exxon company in New Jersey, 
U.S.A, and its excellent quality was confirmed with 
high crystallinity and absence of other impurity of 
minerals. The cell composition is Na0.2Mg0.1Ca8.4[Al17.2- 
Si54.8O144] 65H2O belonging to calcium-rich type STI 
zeolite.1 STI type natural zeolite is found in India, 
Europe and America as well. The exploring of the ap-
plication for the mineral is a meaningful topic. Up to 
now the successful industrial application of STI zeolite 
in large scale has not been reported. 

The earlier studies in our group2 have found the poor 
thermal stability of the raw zeolite, the framework of 
which collapses in the dehydration process at elevated 
temperature to 350 . Therefore, the raw zeolite is 
greatly limited to be used as adsorbent and catalyst. Be-
ing ion-exchanged with NH4Cl solution for removing 
Ca2 , Mg2  and Na  and followed calcination in ni-
trogen, the SiO2/Al2O3 ratio in framework of the formed 
NH4-STI increases from 6.4 of the raw zeolite to 12
16. The thermal stability of the modified zeolite in-
creases to 700 , leading to its potential value to be 
used as adsorbent or as catalyst. The investigations of 
the adsorption behavior on H-STI and Na-STI also 
found the unusual selectivity to the organic molecules 

with different length of the carbon chain, and good 
catalytic selectivity in the isomerization of n-butene to 
iso-butene.2,3 The modified zeolite is a good substrate, 
for assembling some other functional materials. For 
example, an assembly guest/host LiCl/H-STI material is 
a solid electrolyte and possesses excellent humid-
ity-sensitivity characters.4-6 

The framework SiO2/Al2O3 ratio of the raw STI zeo-
lite is about 6.4, which is lower than that of 10 for mor-
denite zeolite (MOR type), and higher than that of 5.0 
for zeolite Y (FAU type). In common, the ion-exchange 
capacity of STI zeolite should be the amount between 
those of mordenite and zeolite Y. As well known, zeolite 
Y is extremely unstable in acidic media, and mordenite 
possesses high resistance to acid. 

It is generally believed that the collapse of STI zeo-
lite structure during dehydration is due to the presence 
of exchangeable cations. When removing the water 
molecule ligands, the cations must coordinate directly to 
the oxygen in the framework. Because of their high 
charge density, the cations can distort the framework to 
achieve the best environment for possible coordination. 
The distortion in STI zeolite is so serious that some of 
the bonds connected to tetrahedral atoms (silicon or 
aluminum) are broken, rendering the zeolite almost 
useless as an industrial catalyst and dehydrating agent.7 
For this reason, the essential factor for determining the 
stability of STI zeolite structure during heating process 
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is the variety of the cations and the interaction between 
the framework and the cations. Usually, zeolites in the 
alkali or alkaline earth form are thermally more stable 
than those in the hydrogen form. However, in the case 
of STI, the hydrogen form is more stable. The thermal 
stability of the zeolite increases with increasing the de-
gree of ammonium exchange. The collapse of the 
framework can be prevented by reduction of the 
cation/framework interaction.8-10 But, a serious de- 
alumination must occur during calcination of NH4-STI, 
leading to a great lower of the ion-exchange capacity 
and the adsorption property. The investigation upon the 
influence of de-alumination on the ion-exchange and the 
adsorption has not been reported yet. In this paper, we 
present an obvious variation of the ion-exchange and the 
adsorption properties caused by the framework 
de-alumination during different modification procedure. 
Our results will be important to exploit the nature re-
source in the application as an material with high 
ion-exchange capacity and with resistance to acid, and 
as an adsorbent. 

Experimental  

Preparation of samples 

The parent sample of CXN, a pure mineral zeolite of 
stilbite with crystallite size of 5 10 µm collected in the 
Beijing region of China, was treated with the following 
procedure: 

Procedure I: The parent STI zeolite was 
ion-exchanged four times in 1.0 mol•dm 3 NH4Cl solu-
tion at 95 100  for 2 h with a solid/solution ratio of 
1 10 under stirring. After being washed with distilled 
water, filtered and dried at 80  for several hours, the 
NH4-STI sample was calcined at 500  for 2 h in air, 
and then ion-exchanged with 1.0 mol•dm 3 acetic acid 
solution with the same solid/solution ratio to get a sam-
ple of H-STI-I by followed washing, filtering and dry-
ing at 80 . 

Procedure II: The parent STI was ion-exchanged 
four times in 1.0 mol•dm 3 NH4NO3 solution at 95
100  for 2 h with a solid/solution ratio of 1 10 un-
der stirring. Then the sample was treated twice with 0.5 
mol•dm 3 acetic acid solution at 95 100  for 2 h. 
After being washed with distilled water, filtered and 
dried at 80  for several hours, a sample of H-STI-II 
was obtained. 

Both H-STI-I and H-STI-II samples are H-form zeo-
lite absent of detectable Ca2+, Mg2+ and Na+ cations. 

Determination of ion-exchange proportion 

The investigated samples were exchanged respec-
tively for once, twice and three times in 0.5 mol•dm 3 

AgNO3 solution at 90  for 2 h per time. After wash-
ing with distilled water, filtering and drying at 80 , 
the content of Si, Al, Ag and O in the Ag  exchanged 
sample was determined. The ion-exchange proportion 
was calculated and expressed with the atomic ratio of 
Ag/Al for the samples. 

Characterization  

X-ray diffraction (XRD) identification of the sam-
ples was carried out with a Rigaku D-MAX/IIA X-ray 
diffractometer in a scanning range of 5° 35° (2θ) at a 
rate of 4 (°)/min with Cu Kα radiation� Relative crys-
tallinity (DI), which is defined by the ratio of the net 
diffraction intensity/sum diffraction intensity, can be 
calculated and printed automatically by the software in 
the X-ray diffractometer from the integral area data of 
the diffraction pattern for the investigated sample.  

29Si and 27Al magic-angle spinning (MAS) nuclear 
magnetic resonance (NMR) spectra were recorded at 
room temperature on a Bruker MSL-300 spectrometer. 
The 29Si resonance frequency used was 59.592 MHz, 
the width of the spectrum was � 335, and the rotor was 
spun at 4.0 kHz. Q8M8 (trimethylsilyl ester of cubic oc-
tameric silicate) was used as second reference of the 
29Si chemical shift. The 27Al resonance frequency was 
78.205 MHz, the width of the spectrum was δ  200, and 
the rotor was spun at 3.0 kHz. AlCl3•6H2O was used as 
a reference for the 27Al chemical shift. 

The chemical composition of the samples was de-
termined with an energy dispersion X-ray analysis 
(EDX) accompanied in Philip SEM-515 scanning elec-
tron microscopy.  

The surface area and the pore volume of the samples 
were measured from the adsorption and desorption iso-
therms of N2 at 196  using a Micromeritric ASAP 
2000 instrument. The sample tested was dehydrated at 
550  for 4 h before determination. 

Results and discussion 

XRD patterns 

The XRD patterns show (Figure 1) that the diffrac-
tion peaks for both H-STI-I and H-STI-II are almost the 
same and closed to the pattern of the raw STI zeolite,1,3 
which are consistent with the reference.11 It indicates 
that the framework of both samples prepared with dif-
ferent modification procedure remain intact. The value 
of DI is 0.832 and 0.864 for H-STI-I and H-STI-II, re-
spectively, implying higher crystallinity of the latter. 
Our earlier investigation has proved the good thermal 
stability of the STI sample prepared with the procedure 

 

Figure 1  XRD patterns of modified CXN zeolite samples (a) 
H-STI-I and (b) H-STI-II. 
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I.1,3 Here we present the investigation on the thermal 
stability of H-STI-II. Figure 2 exhibits the XRD patterns 
of H-STI-II after calcination at various temperatures for 
4 h. From the patterns, the calculated data of DI are 300 

/0.805 400 /0.788 and 500 /0.760, respectively, 
indicating that the framework of H-STI-II still remains 
intact at 500 . 

 
Figure 2  XRD patterns of H-STI-II calcined at the temperature 
of (a) 300, (b) 400 and (c) 500 . 

Chemical composition 

The chemical compositions of the investigated sam-
ples measured with EDX are listed in Table 1. The ratio 
of Si/Al for H-STI-I is 3.72, close to 3.75 for H-STI-II. 
After ion-exchange of once, twice and three times with 
AgNO3 solution, the data of Ag/Al ratio and Ag loading 
determined for the samples show that the Ag loading for 
H-STI-I is 67%, 61% and 62% of that for H-STI-II, re-
spectively. As well known, Ag  is at the first position 
in the ion-exchange order of zeolites. Therefore, a 
method with Ag+-exchange can be used to accurately 
characterize the ion-exchange properties of investigated 
zeolites. Theoretically, the Ag/Al ratio should be 1.0 for 
an STI zeolite sample with the degree of 100% 
ion-exchange. Actually, the highest degree of 
ion-exchange with Ag  is 46 % for the sample of 
H-STI-I, even after three times of Ag  ion-exchange. In 
comparison, the degree of ion-exchange of Ag+ is 92% 
for H-STI-II sample treated with three times of 
ion-exchange. The facts imply that the obvious differ-
ence in the degree of ion-exchange may be caused by 
different content of framework aluminium (FAL) in the 

zeolite, the existing of various position of ion-exchange, 
and by blocking the channels with a species of 
non-framework aluminum (NFAL).  
29Si MAS NMR spectra 

Figure 3 presents the 29Si MAS NMR spectra of 
H-STI-I and H-STI-II. It can be seen that the broad 
overlap peak at δ  90 115 is composed of sev-
eral resonance peaks. Computer simulation with Gaus-
sian fits of the NMR spectra shows seven resonance 
peaks, which can be assigned as follows: the peaks at δ  

107 and at δ 111 belonging to Si(0Al) at different 
structural position of the zeolite; both peaks at δ  
101 and at δ  104 belonging to Si(1Al) at different 
structural position and the peak at δ 104 which may 
include SiOH; the peaks at δ 95 and 97 which are 
the resonance of Si(2Al), and the peak at δ 91 which is 
for the resonance of Si(3Al).13-16 The relative contents 
of each coordinative silicon atom in the framework, 
calculated from the integral surface of the resonance 
peak, are listed in Table 2.  

 

Figure 3  29Si MAS NMR spectra of CXN zeolite samples (a) 
H-STI-I and (b) H-STI-II with Gaussian fits by computer.

Table 1  Composition of Ag  exchanged CXN zeolite samples 

H-STI-I  H-STI-II 
Exchange times 

Si/Ala Si/FALb Ag/Ala Ag/FALb Ag loading/%  Si/Al Si/FAL Ag/Al Ag/FAL Ag loading/% 

0 3.72 4.59     3.75 4.12    

1 3.84 4.74 0.34 0.42 12  3.36 3.69 0.53 0.58 18 

2 4.19 5.17 0.45 0.56 14  3.97 4.36 0.82 0.90 23 

3 4.02 4.96 0.49 0.60 16  3.87 4.25 0.92 1.00 26 
a Based on chemical composition determined with EDX; b Based on framework composition calibrated with NFAL data measured by 27Al 
MAS NMR. 

 



STI zeolite  Chin. J. Chem., 2004, Vol. 22, No. 7  671 

Table 2  Contents of Si with various coordination and framework Si/Al ratio in the CXN samples prepared by different procedure 

Si atoms with various coordination/% 
 

Si(0Al) Si(1Al) Si(2Al) Si(3Al) 
Si/Al ratio in framework 

H-STI-I 23.4 62.0 12.5 2.04 4.29 

H-STI-II 24.1 57.5 15.8 2.59 4.13 

 
In comparison, the content of Si atom at δ 104 

position for H-STI-I is obviously higher than that of 
H-STI-II. It may be due to H-STI-I sample suffered cal-
cinations in the modification procedure, leading to pro-
ducing more Si(1Al) or SiOH defects. On the other hand, 
the area of the peak at δ 101.3 for H-STI-II is visibly 
larger than that for H-STI-I, indicating that the content 
of FAL in the neighbor position of Si(1Al) for H-STI-II 
is much higher than that of the latter. There is a serious 
difference in the distribution of the Si(0Al) resonance 
peaks at δ 106.9 and at δ 111.0 for both samples 
as well. The data listed in Table 2 also show that the 
contents of Si(2Al) and Si(3Al) in H-STI-II are much 
higher than those in H-STI-I. All the facts above prove 
that the modified procedure influences not only on the 
content of FAL, but also on the distribution of Al and Si 
atoms with various coordination in the zeolite, and on 
the ion exchange behavior. Because of the difficulty for 
calculating the content of Si(1Al) and SiOH at δ 104 
independently, the resonance is usually to be used to 
calculate the content of Si(1Al) in the case of low silica 
zeolites.13-16 Therefore, we are able to assign the reso-
nance at δ  104 to Si(1Al) only for calculating the 
Si/Al ratio in the framework of the investigated sample. 
As a result, the calculated Si/Al framework ratio is 4.29 
for H-STI-I and 4.13 for H-STI-II, respectively. These 
data show the same tendency with that from EDX.  
27Al MAS NMR spectra 

The 27Al MAS NMR spectra (Figure 4) show that 
the signal of NFAL (at δ 0) for H-STI-I is relatively 

 
Figure 4  27Al MAS NMR spectra of CXN zeolite samples (a) 
H-STI-I and (b) H-STI-II. 

stronger than that for H-STI-II. Actually, the calculated 
content of NFAL is 19% for H-STI-I, and 9% for 
H-STI-II, respectively. The fact indicates that the 
de-alumination of H-STI-I is so serious when suffering 
calcination that the formed NFAL can not be removed 
by the treatment with acid. 

We can calibrate the data of Si/Al ratio measured 
from EDX by the NFAL data determined from 27Al 
MAS NMR spectra to get a calibrated Si/FAL ratio for 
the investigated samples. Thus, the calibrated ratios of 
Si/FAL are 4.59 for H-STI-I and 4.12 for H-STI-II, re-
spectively. Compared with the data of 4.29 for H-STI-I 
and 4.13 for H-STI-II respectively measured by 29Si 
MAS NMR, the latter is very close with each other. But 
an obvious difference can be seen between the data of 
framework Si/Al ratio measured with 29Si MAS NMR 
and the calibrated framework Si/FAL ratio for H-STI-I. 
This is probably due to more SiOH groups existing in 
H-STI-I, leading to lowering the value calculated from 
the 29Si MAS NMR spectrum.  

Calibrating the data of Ag/Al ratio measured from 
EDX with the FAL content from 27Al MAS NMR spec-
tra the calculated data of Ag/FAL ratio in the investi-
gated samples are listed in Table 1 as well. It can be 
seen that the ratio of Ag/FAL is 0.42, 0.56 and 0.60 for 
the H-STI-I sample ion-exchanged with Ag+ for once, 
twice and three times, respectively. On the other hand, 
the Ag/FAL ratio reaches to 0.58, 0.90 and 1.00, respec-
tively, indicating the complete ion exchange for each 
FAL position has been achieved after three times of Ag+ 
exchange for H-STI-II.  

The facts above evidence that 19% of NFAL in 
H-STI-L not only decreases the content of the essential 
exchangeable cations, but also blocks the zeolite chan-
nels, resulting in the shielding effect on the position of 
the exchangeable cations, and causing un-complete 
ion-exchange. However, the 9% NFAL in H-STI-II does 
not block the zeolite channels and does not shield obvi-
ously the position of the exchangeable cations due to 
that the FAL position in the structure of the sample is 
different from that in H-STI-I. Therefore, high degree 
ion exchange can be achieved for H-STI-II. 

Nitrogen adsorption  

The structure of STI zeolite possesses two channel 
systems: the channels with ten oxygen ring window 
(0.49 nm 0.61 nm) are parallel to [100] direction, and 
the channels with eight oxygen ring window (0.27 nm
0.56 nm) are parallel to [101] direction.12 Obviously, the 
nitrogen molecules with size of 0.41 nm 0.30 nm 
(Pauling value) can be adsorbed into these channels. 
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Figure 5 presents typical I type adsorption isotherms 
of N2 at 77 K for the samples of H-STI-I and H-STI-II, 
respectively, after de-hydration at 550 . The Lang-
muir surface area and the microporous volume calcu-
lated are 288 m2/g and 0.117 cm3/g for H-STI-I, and 545 
m2/g and 0.217 cm3/g for H-STI-II, respectively. Obvi-
ously, NFAL in H-STI-I blocks seriously the zeolite 
channels, resulting in that the data of the surface area 
and the microporous volume are half of those for 
H-STI-II. The result confirms the deduction on the in-
vestigation of ion exchange behavior above. 

 

Figure 5  Nitrogen adsorption and desorption isotherms on 
modified CXN zeolite samples (a) H-STI-I and (b) H-STI-II. 

On the other hand the adsorption and desorption 
isotherms almost overlap with each-other for H-STI-II, 
and present an obvious hysteresis for H-STI-I. The facts 
prove the open, perfect and uniform channel system in 
H-STI-II, leading to achieving the more complete 
ion-exchange. The hysteresis from the adsorption and 
desorption isotherms for H-STI-II indicates the actual 
un-uniform channels in H-STI-II either, providing an-
other evidence for the blocking effect of NFAL in the 
sample. 

All results above suggest that a novel adsorbent and 
a material with high ion-exchange capacity and with 
resistance to acid can be developed with the natural STI 
type zeolite modified by using a procedure similar to 
that of procedure II.17 

Conclusion 

The calcination in the modification process of CXN 
zeolite makes a serious de-amlumination and produces 
more NFAL, which blocks the channel, shields the posi-

tion of ion-exchange and intensively decreases the ca-
pacity of ion-exchange and adsorption of the zeolite. 
The H-STI zeolite, prepared by the modification process 
with �

4NH  exchange followed with H+ exchange 
without calcination, exhibits high thermal stability, in-
tact framework, less produced NFAL, open and perfect 
and uniform channel system, resulting in an excellent 
properties of ion-exchange and adsorption. 

References 

1 Qiu, J.; Zhang, G.-Q.; Sun, Y.-J.; Jiang, H.-W.; Long, Y.-C. 
Acta Chim. Sinica 1999, 57, 377 (in Chinese).  

2 Li, J.; Qiu, J.; Long, Y.-C. Acta Chim. Sinica 2000, 58, 988 
(in Chinese).  

3 Jun, L.; Jin, Q.; Sun, Y.-J.; Long, Y.-C. Microporous 
Mesoporous Mater. 2000, 37, 365. 

4 Zou, J.; Mo, B.-H.; Li, J.; Long, Y.-C. Acta Chim. Sinica 
2001, 59, 774 (in Chinese). 

5 Zou, J.; Lo, Z.-L.; Jiang, Z.-Y.; Long, Y.-C. Acta Chim. 
Sinica 2001, 59, 862 (in Chinese).  

6 Zou, J.; He, H.-Y.; Dong, J.-P.; Long, Y.-C. Chem. Lett. 
2001, 810. 

7 Mortier, W. J.; Pearce, J. R. Am. Mineral. 1981, 66, 309. 
8 Beyer, H. K.; Mihalyfi, J.; Kiss, A.; Jacobs, P. A. J. Therm. 

Anal. 1981, 20, 351. 
9 Jacobs, P. A.; Uytterhoeven, J. B.; Beyer, H. K.; Kiss, A. J. 

Chem. Soc., Faraday Trans. 1 1979, 75, 883. 
10 Rao, P. M. Adv. Catal. [Proc. 7th Natl. Symp. Catal.], Eds.: 

Prasada, R. T. S. R., Wiley, New York, 1985, p. 155. 
11 Treacy, M. M. J.; Higgins, J. B. Collection of Simulated 

XRD Powder Patterns for Zeolites, Elsevier, Amsterdam, 
2001, p. 258. 

12 Baerlocher, C.; Meier, M. M.; Olson, D. H. Atlas of Zeolite 
Framework Types, Elsevier, Amsterdam, 2001, p. 334. 

13 Janssens, C.; Grobet, P. J.; Schoonheydt, R. A.; Jansen, J. C. 
Zeolites 1991, 11, 184. 

14 Chezeau, J. M.; Delmotte, L.; Guth, J. L.; Gabelica, Z. Zeo-
lites 1991, 11, 598. 

15 Beyer, K.; Belenykaza, I.; Hange, F.; Tielen, M.; Grobet, P. 
J.; Jacobs, P. A. J. Chem. Soc., Faraday Trans. 1 1985, 81, 
2889. 

16 Grobet, P. J.; Jacobs, P. A.; Beyer, H. K. Zeolites 1986, 6, 
47.  

17 Long, Y. C.; Zhang, L. M.; Yang, B.; Xia, X. H.; Zhou, W. 
Z.; Cao, Z. Y.; Li, C. Y. CN 03141604.7, 2003 (to be dis-
closed).

(E0308195 LI, L. T.) 
 


