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The chemical extraction of Al atoms from X and Y zeolites during ion-exchange procedures 
using I N metal chloride solutions was experimentally and theoretically studied to reveal the effect 
of cation on the dealumination. The cation effect on the dealumination process was found to be 
related to the pH of the solution. Regardless of the cation, similar extents of dealumination were 
observed for the HCI solutions with the pH values equivalent to those of the metal chloride 
solutions. This suggests that the dealumination is initiated by an acid attack. CNDOI2 calculations 
were made on a six-ring model for a representative faujasite cluster to obtain atomic charge 
densities, Wiberg bond orders, and total energies. Total energy changes along reaction steps 
indicate a high possibility of the acid attack reaction mechanism. 0 1989 Academic Press. Inc. 

INTRODUCTION 

Dealumination of X and Y zeolites modi- 
fies strongly its catalytic activity. For in- 
stance, the acid strength of the zeolite in- 
creases as the aluminum content decreases 
(1). Dealuminated zeolites are prepared by 
the reaction of Na-zeolites with HCl (2), 
ethylenediaminetetraacetic acid (EDTA) 
(3), diethylenetriaminepentaacetic acid 
(DTPA), diaminocyclohexane N,N,N’,N’- 
tetraacetic acid(DCTA) (4,5) and Sic4 (6). 
A reaction mechanism of the Al atom re- 
moval from zeolites was presented by Kerr 
(3). According to him, zeolite is changed, at 
least partially, to a hydrogen form before 
the removal of aluminum. The reaction in- 
volves hydrolysis of tetrahedral aluminum 
adjacent to a Bronsted acid site, followed 
by neutralization of the resultant basic alu- 
minum hydroxide by protons to produce 
cationic aluminum species and water. How- 
ever, the dealuminations which occur dur- 
ing conventional ion-exchanging proce- 
dures have not been fully studied. 

Many workers (7-9) have tried theoreti- 
cal studies to evaluate the cation-zeolite 
lattice interaction energy at each cation 

binding site. There are wide differences 
among their assumptions of cation ionicity. 
Recently, CND0/2 calculations have been 
made on small clusters of faujasite six-ring 
for the sites Sn and S,, and of four-ring for 
the Sill site representing X and Y zeolites 
(10). In these cluster models, Al atoms are 
randomly arranged within the Loewen- 
stein’s rule. The distribution of Si and Al 
atoms in the faujasite framework has been 
confirmed by MAS NMR techniques (II). 

Beran (12) studied qualitatively the effect 
of cation on the acidity of the skeletal and 
terminal hydroxyl groups by a CND0/2 
method. He used a hexagonal cluster model 
(13) with a T606(OH)iZ structure unit and 
theoretically evaluated the physicochemi- 
cal characteristics of faujasite such as 
charge densities, bond orders, and elec- 
tronic structures. 

In the present study, the dealumination 
during a cation exchange was investigated. 
It was found that the extent of dealumina- 
tion was determined by the proton concen- 
tration in the cation-exchanging solution. 
Theoretical calculations were made to ra- 
tionalize these findings on the assumption 
of an acid attack mechanism. 
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EXPERIMENTAL AND CALCULATION 

The starting materials used in the prepa- 
ration of cation-exchanged zeolites were 
Linde SK40 and 13X molecular sieves, 
whose compositions were Nax6[(A10& 
Pi021136 - 264H20 and Nas6[(A10& 
(SiO&m * 276H20, respectively. The dealu- 
mination of the faujasite-type zeolite was 
carried out at 100°C for 3 hr by a cation- 
exchange treatment with a 1 N cation chlo- 
ride solution (2 g zeolite/30 ml solution). 
After the solution was drained, the sample 
was washed to assure its being free of chlo- 
ride ion and dried under vacuum at room 
temperature. The powder obtained was 
stored over P205 in a desiccator. 

The chemical analysis of the dealumi- 
nated samples was made on a Rigaku 
Model 3063P X-ray fluorescence spectrom- 
eter. The crystallinity of the zeolite was ex- 
amined with a Jeol-88 X-ray diffractometer. 

Pople’s CND0/2 method and a hexago- 
nal cluster model (13) were used in calcula- 
tions to simulate charge densities and Wi- 
berg bond orders of Al-O and Si-0 in the 
six-ring sites and the total energies of the 
zeolite clusters under consideration. The 
geometry of the cluster was taken from X- 
ray data (14, 25) and was adjusted for the 

different lengths of Si-0 and Al-O bonds 
(0.161 and 0.175 nm (I6), respectively). The 
open T-O bonds of the cluster were termi- 
nated by hydrogen atom in the direction of 
the next T in the framework. All the quan- 
tum-chemical calculations were accom- 
plished taking into account only the orbitals 
lower in energy than 3d orbitals, i.e., the sp 
basis. 

Convergence limits on the electronic en- 
ergies were set equal to 1 x 10s6 a.u. The 
calculation provided results qualitatively 
identical with those of the calculations on 
the basis of the spd orbitals (17, 18). The 
CND0/2 program and COORD program 
employed here were QCPE No. 261 and 
No. 226, respectively. 

RESULTS AND DISCUSSION 

Good crystallinities of the zeolites 
treated with 1 N alkali-metal chloride solu- 
tions were confirmed by X-ray diffraction. 
The peak heights in the X-ray diffraction 
patterns indicated partial destruction of the 
crystal structure of Fez+, Fe3+, and H+-zeo- 
lites. The decrease in the crystallinity of the 
zeolite was more significant with the X-type 
than with the Y-type systems. This result is 
consistent with the well-established fact 
(19) that Y-type zeolites are generally more 

TABLE 1 

Si/AI Ratios and the Extents of Dealumination (%) of the X and Y Zeolites 
Treated with 1 N Cation Chloride Solutions 

Ion PKh” 

PH 

13x SK40 

Si/Al -AAl( PH SiiAl -AAl(%)b 

Na+ 14.48 8.84 1.03 0.00 8.52 2.55 0.00 
K+ - 8.41 1.04 0.96 8.16 2.55 0.00 
Caz+ 12.70 6.62 1.09 5.50 6.52 2.55 0.00 
Fe*+ 10. IO 5.21 1.10 6.36 5.02 2.60 1.92 
coz+ 9.60 5.13 1.11 7.21 4.81 2.67 4.50 
cd+ 7.53 3.37 1.45 29.0 3.17 2.79 8.60 
Fe3+ 2.19 1.33 76.4 98.7 1.01 51.6 95.1 
H+ - 0.21 71.4 98.6 0.14 83.5 96.9 

(1 Values of pK,, (negative log of the first hydrolysis constant of cation obtained 
from Yatsimirksii (20)). 

b Dealumination percentage: Al amount extracted/Al amount in Na+-zeolite. 



ACID ATTACK THEORY OF DEALUMINATION 321 

Alhi 

0.8. 

O.L. 

0.0 

0 2 4 6 8 10 pH 

FIG. 1. Plots of the Al/Si ratio of ion-exchanged zeo- 
lite (13X) against pH. 0, Treated by HCI solution; 0, 
treated by 1 N cation chloride solution. 

stable than X-type zeolites in thermal and 
chemical treatments. 

In order to remove aluminum atoms from 
zeolites by chemical treatments, we treated 
the zeolites with 1 N chloride solutions con- 
taining various cations. The final acidity 
(pH) of the solution is correlated to the hy- 
drolysis power or p& of the cation as 
shown in Table 1. 

The extents of dealumination of the X- 
and Y-type zeolites are summarized in Ta- 
ble 1. The effect of monovalent cations, ex- 
cept H+, on the zeolite dealumination is al- 
most negligible as shown in Table 1. 
However, the solution of divalent cation 
causes a considerable dealumination with- 
out disturbing the crystal structure. In the 
cases of Fe3+ and H+ ions, more than 90% 
faujasite aluminum was removed and the 
crystal structure was significantly de- 
stroyed. By comparison of the chemical 
stability of the X- and Y-type zeolites in 
terms of dealumination, the X type is obvi- 
ously less stable than the Y type. 

As shown in Figs. 1 and 2, the treatments 
of the X- and Y-type zeolites with varying 
concentrations of HCl provide the same ex- 
tents of dealumination as the treatments 
with the cation solutions. Accordingly, it 
seems quite reasonable to conclude that the 
cation effect on the dealumination is the ef- 
fect of acidity of the solution. 

A schematic illustration of an initial 
dealumination process of zeolites by the 
acid treatment is shown in Scheme 1. The 

SCHEME 1 

oxygen atom bonded to the aluminum atom 
is considered to be an adsorption center for 
protons because of its large negative charge 
density. This situation may not be essen- 
tially different in both the X- and the Y-type 
zeolites. The present dealumination mecha- 
nism is essentially identical with that pro- 
posed very recently by Lee and Rees (21). 

In order to obtain more specific qualita- 
tive information for the above dealumina- 
tion mechanism, we made CND0/2 calcula- 
tions on a model of the sixfold cluster, T606 
(OH),2 in Fig. 3, which simulates the Sr, and 
Sri sites of faujasite zeolite. The atoms T,, 
02, T3, Ts, 06, T7, Tg, OiO, and Oir are all in 
the same plane, whereas the atoms 04, Os, 
and Oi2 are slightly lifted over the plane 
with the dihedral angle of 30”. This arrange- 
ment produces a minimum energy state. 

For an X-type zeolite whose Si/Al ratio is 
1, T3, T7, and Tir positions are occupied by 
Al atoms. On the other hand, a Y-type zeo- 
lite (WA1 = 2.55) consists of a mixture of 
AlzSi406(OH)r2 ( T3 and T9 ; Al) and AlSi506 
(0I-h (T3; Al). 

Table 2 lists the charge densities of each 
skeletal atom of the cluster. The oxygens 
are considered to be the reaction sites for 
dealumination because of the negative 

Al/% 

Ca2+ K+ N*+ 
-- --- ---- ---- 

%*+ 

0 2 L 6 8 10 Pfl 

FIG. 2. Plots of the Al/Si ratio of ion-exchanged zeo- 
lite (SK40) against pH. 0, Treated by HCl solution; 0, 
treated by 1 N cation chloride solution. 
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FIG. 3. Schematic depiction of cluster model of cat- 
ionic sites (&, Srr). For Si/AI = 1, TX, T,, and T,, are Al 
atoms; Si/Al = 2, T3 and Ts are Al atoms; %/Al = 5, Tj 
is an Al atom. 

charges on them. Beran (12) suggested that 
hydroxyl groups are formed on the position 
of the oxygen atoms bonded to Al. These 
hydroxyl groups have been experimentally 
demonstrated to exist in real zeolite crys- 
tals (22). When the cation is placed on the 
sites, Sr or Su, it is attracted to the most 
negatively charged aluminum oxygen, 02 in 
Fig. 3. The distance between the cation and 
02 is determined by both the cation size and 

TABLE 2 

CNDO/Z Charge Densities (q) for the Cluster Model 
T606(OH)r2 with Various Si/AI Ratios 

c.d. Si/Al 

1 2 5 m 

91 1.4490 1.5314 1.5580 1.6584 
q2 -0.7147 -0.7226 -0.7327 -0.7519 
q3 1.3137 1.3237 1.3594 1.6584 
44 -0.7224 -0.7035 -0.6836 -0.7227 
4s 1.4498 1.5294 1.5462 1.6584 
46 -0.7147 -0.6765 -0.7076 -0.7519 
q7 1.3137 1.5268 1.6283 1.6584 
% -0.7224 -0.7034 -0.7354 -0.7227 
99 1.4490 1.3371 1.6396 1.6584 
410 -0.7147 -0.6844 -0.7237 -0.7519 
411 1.3137 1.5343 1.6322 1.6584 
a2 -0.7224 -0.7013 -0.7448 -0.7227 

TABLE 3 

CND0/2 Wiberg Bond Orders (P) for the Clusters 
T,06(0H)r2, Na+-T606(0Hh2, and H+-T606(0H)r2 

with Si/Al = 1 

b.o. Cluster 

T&AOH)U Na+-T&WHh H+-T&dOHh 

PI.2 0.9682 0.9068 0.5530 
~2.3 0.6457 0.6001 0.3616 
p34 0.6472 0.5951 0.7742 
P&5 0.9877 0.9246 0.9030 
PSb 0.9682 0.9200 0.9896 
pf.7 0.6457 0.6034 0.5989 
P7.8 0.6472 0.5977 0.6376 
E-9 0.9877 0.9284 0.9905 
PCW 0.9682 0.9182 0.9170 
p10.11 0.6457 0.6076 0.7089 
P II 12 0.6472 0.5876 0.4949 
PI-12 0.9877 0.9265 1.0862 

the interaction strength between the cation 
and other oxygen atoms. The equilibrium 
bond lengths of Na+-02 and H+-02 were 
calculated to be 0.231 and 0.103 nm, re- 
spectively. 

The calculated CND0/2 Wiberg bond or- 
ders (P) of the clusters T606(OH)r2, Na+-T6 
06(OH),2, and H+-T606(OH),2 for the X- 
type zeolite whose Si/Al ratio is 1 are sum- 
marized in Table 3. 

When a Na+ ion is added on the adsorp- 
tion site, SIP or Srr, most of the bond orders 
of T-O are slightly reduced compared to 
those for the cluster without the cation. 

TABLE 4 

CNDOR Wiberg Bond Orders (P) for the Clusters, 
T606(OH)r2, Na+-T606(0H),r, and H+-T606(0H)r2 

with Si/Al = 2 

b.o. Cluster 

‘MMOH)I~ Nat-T60dOHh H+-‘bO@Hh 

PI-2 1.0119 0.9163 OS725 
PZ-3 0.6112 0.5479 0.3434 
PP4 0.6094 0.5654 0.7321 
p4-5 1.0202 0.9459 0.9515 
f3-6 0.8254 0.7830 0.8350 
PC4 0.8241 0.7813 0.7703 
~7.8 1.0222 0.9488 1.0175 
pg.9 0.6047 0.5623 0.6195 
P%O 0.6166 0.5473 0.5284 
PI&l1 1.0262 0.9234 1.0417 
h.12 0.8187 0.8122 0.6825 
PI.12 0.8142 0.8055 0.7919 
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TABLE 5 

CND0/2 Wiberg Bond Orders (P) for the Clusters, 
T606(OH)12r Na+-T,06(OH),,, and H+-T606(0H)u 

with %/Al = 5 

b.o. Cluster 

PI-2 1.0828 0.9667 0.5813 
h-3 0.5878 0.5228 0.3288 
PM 0.5878 0.5477 0.6970 
PC5 1.0528 0.9862 0.9862 
44 0.7300 0.6780 0.7407 
Pb7 0.9107 0.8441 0.8712 
~7.8 0.8077 0.7759 0.7948 
p8.9 0.8600 0.8259 0.8813 
PWJ 0.8555 0.7926 0.7705 
Plhll 0.8109 0.7592 0.8578 
Pll.lZ 0.9134 0.8635 0.7665 
PI-12 0.7331 0.7035 0.9157 

Nevertheless, upon replacement of H+ for 
Na+, the bond weakening becomes more 
significant. The bond order of the OZ-Al 
bond, in particular, becomes about one-half 
of the original P2+ The reduced bond order 
facilitates Al-O bond cleavages. Similar 
weakenings of the Al-O bond are also 
found for the Y-type zeolite as shown in 
Tables 4 and 5. Such bond weakenings sug- 
gest the dealumination reaction mechanism 
illustrated in Scheme 2. 

The terminal OH (in the state IV) was 
rotated around the 3-O axis to obtain a 
minimum bond order P2-3 and the most sta- 
ble energy state without disturbing the hex- 
agonal structure. The most probable dihe- 

TABLE 6 

Total Energy (EJ as a Function of Dihedral Angles 
(4) of the Bonds T,-O2 and 02-H Toward the 

Main Plane 

Bond S/Al 

I 2 5 

+(“j El 4(“) Ez @(“I Es 

TI-02 -17 -350.4096 - 17 -352.2498 -17 -353.9921 
-18 -350.4123 -18 -352.2605 -18 -353.9994 
- 19 -350.4195 -19 -352.2534 -19 -353.9936 
-20 -350.4135 -20 -352.2434 -20 -353.9908 

02-H 7 -350.4221 10 -352.2613 II -353.9992 
8 -350.4237 II -352.2621 12 -353.9994 
9 -350.4214 12 -352.2605 13 -353.9936 

TABLE 7 

CNDOR Charge Densities (q) for the Cluster Models 
with Various %/Al Ratios after Breaking of an 

AI-O Bond 

c.d. %/Al 

1 2 5 

41 1.5290 1.6488 1.6720 
q2 -0.5095 -0.5163 -0.5239 
q3 1.2829 1.2919 1.2871 
94 -0.7357 -0.7637 -0.7639 
4s 1.5100 1.5835 1.5999 
% -0.7205 -0.6778 -0.6781 
q7 1.3310 1.5457 1.6496 
qs -0.7273 -0.6847 -0.7228 
49 1.4878 1.3501 1.6562 
410 -0.7144 -0.7055 -0.7510 
411 1.3276 1.5552 1.6586 
q12 -0.6980 -0.7301 -0.7240 

dral angles of the Si-0 axis are found to be 
-19” and -18” for the X- and Y-type zeo- 
lites, respectively, as shown in Table 6. The 
02-H bond exhibits spatial arrangements of 
8” of dihedral angle with respect to the clus- 
ter plane for the X-type zeolite and the cor- 
responding angle 1 la-W for the Y-type ze- 
olite. 

The enhanced charge density (q4) on 04 
oxygen atom in Table 7 indicates that the 

TABLE 8 

CND0/2 Wiberg Bond Orders (P) for Cluster 
Models (State V) with Various Si/AI Ratios 

SiiAl 

1 2 3 

0.7017 0.7272 0.7342 
0.4686 0.4365 0.4103 
0.4819 0.5097 0.5339 
1.1108 1.0463 0.9855 
0.5062 0.5795 0.6689 
0.7636 1.0767 0.9072 
0.9162 0.5089 0.7756 
0.9545 0.5829 0.8258 
0.6508 1.0090 0.8021 
0.5306 0.7165 0.8090 
I .0757 0.9529 0.8735 
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SCHEME 2 

most probable site for the second acid at- 
tack is O4 for the completion of the 
dealumination process. Bond weakenings 
due to the second attack are significant as 
shown by the bond orders Pje4 in Table 8. 

The total energies for the clusters in each 
reaction step are computed by CND0/2 and 
listed in Table 9. The proposed reaction 
mechanism from state I to state VI seems 
reasonable, for the total energy decreases 
in each step regardless of the S/Al ratio. 
The AE value for the X-type zeolite de- 
crease more than those for the Y-type zeo- 
lite. The proton donations toward nega- 
tively charged oxygen sites, in state III and 
state V, are highly probable as deduced 
from the stabilization energies, AE,, AE2, 

and AE5. Taking into account the energy 
difference, we suggest that the second pro- 
ton donation in state V takes place more 
readily than the first one. The equilibrium 
constant (K) computed from AE for the X- 
type zeolite is always three to five times 
larger than that for the Y-type zeolite (if the 
reaction temperature is held constant). 
These results support the claim that X-type 
zeolites are chemically more unstable than 
the Y-type zeolites in the dealumination re- 
action. Accordingly, it seems reasonable to 
conclude that for the dealumination during 
ion-exchange procedures the cation effect 
may be just another version of the acidity 
effect. The theoretical calculations suggest 
that acid attacks are performed at the oxy- 

TABLE 9 

Total Energies for the Clusters at Each Reaction State 

Cluster Si/Al, AE 

1 aa 2 AE,” 5 A-G” 

State I -349.0304 - -350.9924 - -352.8944 - 
State II -349.4525 0.4221 -351.2874 0.2950 -353.0041 0.1097 
State III -349.9730 0.5205 -351.8422 0.5548 -353.6041 0.6000 
State IV -350.4237 0.4507 -352.2621 0.4199 -353.9994 0.3953 
State V -351.1795 0.7558 -352.8924 0.6303 -354.5303 0.5309 
State VI -351.4239 0.2404 -353.0860 0.1936 -354.7190 0.1887 

L? AE,, AE2, and AEs stand for the energy difference between the state and the former state. 
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gen sites which are attached to the alumi- 
num atoms of the framework. The experi- 
mental findings that the dealumination of 
the X-type zeolite occurs more readily than 
that of the Y-type zeolite are rationalized 
by the results achieved in the CND0/2 cal- 
culation, assuming the acid attack mecha- 
nism. 
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