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ABSTRACT

Preparation and Characterization of Porous Aluminosilicates from CaA Zeolite.

Ngoe Truc-Chi Vo

Three methods have been developed in order to enlarge the pore size of the
micropore - type zeolite into a mesopore type: a) 0.2N HCI acid treatment at 80 °C
from which the time of exposure to the acid medium has a great influence on the pore
size distribution of the resulting materials. b) a hydrothermal treatment followed by a
mild acid treatment that can unblock the pore openings. c¢) finally, a treatment with
0.5M (NH,),SiF,. The two first methods provided mesopores of 3.5 - 4.5 nm while the
last one produced larger mesopores of ca. 14 nm.

Several physico - chemical techniques were used to characterize the reaction
products:  BET measurements, XRD, AA Spectrophotometry, hydrophobicity

measurement, bulk density, *Si- and ZA]-NMR.
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CHAPTER I: INTRODUCTION

In order to overcome the problem of instability at high temperature in  presence
of air of the high-performance activated carbon and porous silicas (xero-, alcogels),
other classes of molecular sieves have been synthesized. The term molecular sieve was
coined by J.W. McBain to describe porous materials which can act as sieves on a
molecular scale (1). The most widely known moiecular sieves are aluminosilicate
zeolites and microporous silica polymorphs (2).

For a long time, the largest known rings in natural zeolites and synthetic
molecular sieves had been found to contain 12 tetrahedrally coordinated atoms (T-atoms)
with channel diameters of 7.4 A (3). Much work has been devoted to the search for
larger rings,

Research in the field of microporous crystalline inorganic solids has followed two
paths: 1) Creation cf new, larger pore sized materials, 2) Enlarging the pore size of
the already existing zeolites by dealumination.

Knowing that micropores have a pore size of less than 20 A, mesopores of 20 -
500 A and macropores are larger than 500 A (4), the objective of this thesis is to prepare
mesoporous aluminosilicates. This was attempted by enlarging the pore size of the
commercial reference Ca-A zeolite via 1) hydrothermal treatments with H,0 vapor, 2)
chemical treatments such as HCI acid solution or (NH,),SiF, salt solution, and 3) two-
step procedure combining a hydrothermal treatment with a chemical treatment or a
chemical treatment with another chemical treatment.

The products are characterized by BET measurements for their specific surface



area, pore size distribution; atomic absorption spectrophotometry for elemental analysis;
vapor sorption measurements for hydrophobicity degree; X-ray powder diffraction for
degree of crystallinity; bulk density measurements for packing efficiency; and MAS-*Si-

and 7Al-NMR for the chemical environment around Si and also tetrahedral vs. octahedral

coordination of Al.



CHAPTER II: REVIEW OF SCIENTIFIC AND PATENT LITERATURES

A) Zeolite

The zeolites used as adsorbents, catalysts, ion exchangers, etc. mainly originate
from two sources: mineral zeolites (e.g. mordenite, chabazite, erionite, clinoptilolite),
and synthetic zeolites (e.g. A, X, Y, ZSM-5, etc.) (5). Structurally, zeolites consist of
a three-dimensional network of SiQ, and AlG, tetrahedra with each oxygen atom being
shared between two tetrahedra to give a ratio O/ (Al+Si) = 2. Electrical neutrality is
achieved by the inclusion of alkali or alkaline earth ions like Na*, Ca**. In addition,
interstitial voids contain water molecules which may be removed reversibly or replaced
by other species (6). The channels possess apertures between 3 and 10 A, which are in
the dimension range of most molecules. As for the classification of zeolites, the actual
tendency is to consider the type of link of primary tetrahedra on the basis of well defined
geometric systems known as Secondary Building Units (SBU); some of these are shown
on Figure 1a, (7).

The zeolite studied is Ca-A (5A) obtained from Linde. Let us start with Na-A
(4A) zeolite, the basic compound from which all other types of A zeolite are derived,
including Ca-A zeolite.

1)  Na-A

This zeolite is represented by the formula Na,,[{Al0,),5(Si05),].
27 H,0. The SBU structure is cubic, with an edge a, = 12.32 A, D4R type,
and contains 4 AlO, and 4 SiO, tetrahedra in a rigid compact group. These

units link together to form a ring of € oxygen atoms in the center of each face of
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Figure 1la: Models of SBU and Examples of Zeolite

Structures (7).



the unit cell and an irregular ring of 6 oxygen atoms at each corner on the 3-fold
axis. In the center of the unit cell is a large cavity, 11.4 A in diameter, often
called -cage, which is connected to 6 similar cavities by the 8- membered rings
which form restricted openings 4.2 A in diameter. Furthermore, the a-cage is
connected to 8 small cavities called 6-cages, 6.6 A in diameter, by the 6-
membered rings “vhich produce openings of 2.0 A in diameter (6, Fig. 1b & 1c¢).

The eight Na™ cations, called site I, are located in the -cages. Four of
them are found near the 8-membered rings. Three Na* ions, termed site II, are
located in the a-cage which by partial blocking of the aperture, influence the
adsorption of gases and vapors and regulate the pore size. The remaining Na~™
cation is located on site III, whose position is more or less displaced with respect
to the sites II.

In general, removal of adsorbed water increases the intensities of the
stronger Bragg peaks observed in XRD. In terms of thermal stability and
decompositiori products, the basic type A structure remained intact after
heating in air at 350 °C and 1 atm for 475 hours and in vacuo at 350 °C for
350 hours. Zeolite type A, however, recrystallizes at 800 °C in air in less than
2 hours to a 6-cristobalite-like structure. As for the adsorption properties, the
critical dimension is defined as the diameter of the circumscribed circle of the
cross section of minimum area. Increasing the degree of dehydration can
increase the adsorptive capacity of the type A zeolite and increasing the
temperature of dehydration up to 350 °C produces maximum adsorptive

capacity (6). An adsorption volume for water of 833 A’ per unit cell is



where n = site I
A = site II
. = site III
Figure 1b: The Archimedean Truncated Octahedron {left) and

the Simple Cubic Array of Truncated Octahedra

in the Zeolite Type A (right).



a-cage
, [
ZEOLITHE A
{Structure SBU: D4R)
Figure 1c: A D-4-R Secondary Binding Unit of the Zeolite

Type 2 (7).



calculated, consisting of a 775 A® cavity adsorbed by 8-membered oxygen rings
and a 157 A? cavity adsorbed by 6-membered oxygen rings. Finally, from the
Langmuir plots, the type A zeolite surface area appears to be

750 - 800 m*/ g.

The first observed ion exchange reaction of zeolite type A was the
apparent exchange reaction of Na* for H*. These zeolites are unstable in
acid solution but hydrogen exchange was achieved by first replacing the
sodium by ammonium and subsequently heating the ammonium-exchange type A
zeolite at 350 ~ 400 °C to liberate free ammonia. After ammonium exchange to
the extent of 35 % or more of the original sodium containing material,
decomposition of the ammonium zeolite destroyed the crystal structure. The
selectivity of type A zeolite for Ca** in 0.2N solution at 25 °C is found to be
72% (6).

2) CaA

The calcium zeolite A possesses the same structure as of sodium zeolite
A. Its formula is written as Cag[(A10,),,(S10,)1,].30 H,O. After
exchanging Na* with Ca** ions, there are 4 Ca** and 4 Na* in each unit.
Therefore, there is still about 33.3 % of Na®*, even in the parent Ca-A zeolite
bought from Linde company. Hence, the eight site I positions are occupied
while sites II and III are vacant, leaving the apertures completely open with a free
diameter of about 5.0 - 5.6 A. This zeolite is thermally stable at

700 °C but at 800 °C, it converts to a material amorphous to X-rays.



B) Zeolite Modification

Instead of creating new larger and larger pore sized materials, such as the
unidimensional channel system aluminophosphates [e.g. AIPO,-8 with a 14-ring channel
system of pore dimensions 7.9 X 8.7 A (3), VPI-5 with 18-ring channels with free
diameters of 12 - 13 A (1)}, or the three-dimensional channel system gallophosphates
[e.g. cloverite with a pore opening comprising 20 T-atoms in the shape of a four-leafed
clover having a body diagonal of 26 - 30 A (8)], there are three methods of
dealumination to prepare alumina-deficient, thus high-silica zeolite, and therefore to
enlarge the pore size of the already existing zeolites: hydrothermal, chemical or a
combination of these two treatments.

The thermal dealumination method involves calcination of the ammonium, or
hydrogen, form of the zeolite at relatively high temperatures (usually over
500 °C) in the presence of steam. It consists essentially in a high-temperature hydrolysis
of Si-O-Al bonds and hence, leads to the formation of neutral and cationic aluminum
species. This treatment, not only causes framework dealumination, but also results in
a structural rearrangement in the zeolite framework. Thus, the sites left vacant by
dealumination are occupied to a large extent by silica, which leads to a very stable and
highly silicious framework (USY zeolites (9a)) while the remaining, non-occupied, defect
sites are occupied by hydroxyl molecules.

When chemical treatments are used, dealumination can be achieved in two ways:

1) By reacting the zeolite with a suitable reagent in solution, aqueous or

non-aqueous, such as acids [clinoptilolite, erionite, mordenite and USY



10

zeolites with HCI (9b)], salts [X, Y and erionite zeolites with chromium
chloride solutions under reflux, leading to the formation of Si-O-Cr

bonds in the framework (9¢c); or with solutions of ammonium fluorosilicate
(9d)], or chelating agents [Y zeolites with EDTA which involves the hydrolysis
of Si-O-Al bonds followed by formation of a soluble chelate between cationic,
non-framework aluminum and EDTA (9e); acetylacetone (91)].

2) By high-temperature reactions with wvolatile compounds like silicon
tetrachloride vapors for mordenite zeolites (9g), Y zeolites (Sh). Finally, a
combination of thermal and chemical dealumination has been performed for
mordenite (91) and Y zeolites (9j). High temperatures and steam will enhance the
expulsion of aluminum from the framework while chemical treatment solubilizes
primarily the non-framework aluminum generated during the thermal treatment,

although some framework aluminum can also be removed.

According to this previous review, the Ca-A type zeolite has rarely been used for
fear of getting structural collapse. However, if we treat this zeolite-type under mild
conditions, very interesting products can be obtained, as we can see later on throughout

this thesis.
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CHAPTER II: EXPERIMENTAL

A. Source of materials

Chemicals Supplier

Ca-A Zeolite Linde-Union Carbide

Na-A Zeolite Linde-Union Carbide

Na-X Zeolite Linde-Union Carbide

HCI [37 %] Aldrich Chemical Company
(NH,),SiF¢ [99.999 %] Aldrich Chemi~z! Company
CaCl,.2H,0 Fisher Scientific
CH,COONH;, Fisher Scientific

H,S50, J.T. Baker Inc.

Lithium Tetraborate [99.9+ %]  Aldrich Chemical Company
Potassium Carbonate Aldrich Chemical Compuny

Sesquihydrate [99 %]

Bentonite Fisher Company
n-Hexane {99+ %] Aldrich Chemical Company
CCl, J.T. Baker Inc.

Hydrogen Peroxide [30 %] A.C.P. Company
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Treatments
In this project, room temperature (RT) was assigned for a

temperature of (24.0 £ 0.5) °C.

1) Hydrothermal treatments

Procedure

Four boats filled with commercial Ca-A powder (Linde S5A) were
centered in the computer-controlled reactor tube (Thermolyne / Omega).
The samples were uept at 200 °C for one hour, under a flow of nitrogen
atmosphere (10 cm /30 sec) in order to remove all the adsorbed species from the
powder. The temperature was then lowered to 120 °C in order to saturate the
zeolite with H,;O for two hours at a given rate of water injection. Then, by
heating very rapidly (30 °C / min) to 750 °C, the water molecules were forced
to go leaving behind them the treated zeolite with a structure more or less
damaged, depending on the rate of water saturation. This treatment results in the

following equations quoted as eq. 1 and eq. 2.

Computerzed Control System
for Tamperature semg

Controlled
Water Furnace Thermo;:ouple
Injection N y
.NZ.___e_—_.' To Fume Hood

‘ AY
Vaporization \Zeoli’re To Water Trap

Hedating
Figure 2: Hydrothermal Treatment Apparatus.
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2) Chemical treatments

a) HC! treatments

Procedure

The acid solution of 0.2N HCI was heated to 80 °C first and
next, the sample of 1 : 10 weight per volume ratio of Ca-A zeolite was
added into it and stirred for the required time, at the same
temperature. At the end, the solution was filtered on a Buchner
funnel, washed with a large amount (three times with a volume of
about the same volume as the reaction mixture volume) of water and
then allowed to dry at 120 °C overnight. For treatments longer than
three hours, the acid solution was changed to a fresh one every three
hours; this included filtering, washing and drying. The reaction of this

treatment is given in eq. 3 below.

NI/
\1/ SII
g O
H
25i—O- A-0~-Si$ + 4H — 35i-0~H H-O-SiZ +AZ,
o H
v |
si ?
7N Si 3)

~
-~
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b) (NH,),SiF, treatments

Procedure

According to reference 11, a 0.5 M solution of ammonium
hexafluorosilicate was added at a rate of ca. 0.30 ml / min. (or else as
mentioned in detailed studies) under stirring, into a teflon beaker
containing 3 g of the sample and a 225 ml solution of 0.8 M ammonium
acetate at pH 7.18. Then the mixture was stirred for three hours at room
temperawre. After reaction, the zeolite was filtered on a Buchner funnel
and washed a minimum of five times with a volume of warm (50 °QC)
distilled water of about the same volume as the reaction mixture each.

Then the zeolite was dried in an oven at 120 °C overnight.

Controlled AFS - Pumping System

Flask containing
Zeolite to be treated

Stiring Hot Pigte

Figure 3: AFS Treatment Apparotus.
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Theory

Modifying the Si / Al ratio of the framework is a good way to
control the acidity of zeolite catalysts and therefore, their activity,
stability and selectivity. Thus, the higher the Si / Al ratio of the
zeolite framework, the lower the acid site density and the lower the
coking rate will be and, consequently, the lower the catalyst
deactivation. Two types of methods are used for dealuminating
zeolites: 1) In the first methods, the dealuminating agent (e.g. H,0,
acids) contains no silicon, and 2) those where silicon from the
dealuminating agent [e.g. SiCl,, (NH,),SiF¢] substitutes for aluminum
in the framework. Since the physicochemical and catalytic properties
of the resulting material depend on the method used, the first type can
lead to the formation of mesopores that can cause an increase in the
rate of diffusion of reactant molecules, and also the formation of
aluminum deposits able to reduce diffusion and to increase the strength of
the zeolite protonic sites (superacid sites). On the other hand, the second
type of methods does not, and by using the method developped by Breck
et al., depends greatly on the reaction time, temperature, (NH,),SiF; /
zeolite ratio, and washing procedure (11).

The effect of (NH,),SiF, is due to the production of hydrofluoric
acid (HY) by hydrolysis of Si - F bonds upon treatment at high

temperature in presence of water.
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(NH,).SiF, -  2NH,F + SiF,

4)
SiF, + 2H,0 > Si0, + 4HF

A generalized reaction scheme can be written for the reaction

of zeolites with fluorosilicates (12), where M stands for cation

@) O O O
/' \ 7\ | /\ /\
A + (NHg)2Si Fg —™ Si

\O/ \NJ \J N\

+ (NHP2AIFs+ MF

&)

In the case of H;O*-mordenite (12), more aluminum was
removed from the zeolite than could be accounted for by Equation
5 alone. Removal of additional aluminum from the framework may be

explained in part by Equation 6. Since MF in Equation 5 is essentially

HF, then

H,0*

O Q
/' \ 7/ \
A- + 3HF —» + H2O+ AlIF3

\ /Ny \

CH HO

CH HO (6)
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"Two - step procedure" treatments
a) Hydrothermal treatment followed by HCI treatment

The Ca-A zeolite was hydrothermally treated in order to form
a range of intermediate products from O to 100% degree of
crystallinity, such as 0, 25, 50, 75 and 100 % D.C.. These intermediate
products \.rvere next treated with 0.2N HCI acid solution at 80 °C for
different times of exposure. The final products were then submitted to

varying characterization tests.

b) Hydrothermal treatment followed by (NH,)),SiF; treatment
The Ca-A zeolite was hydrothermally treated in order to get a
range of intermediate products from 0 to 100% degree of crystallinity.
These intermediate products were next treated with 0.5M (NH,),SiF; salt
solution at room temperature for three hours. The final products were

then submitted to varying characterization tests.

c) HCI followed by (NH,),SiF, treatment

The Ca-A zeolite was treated with 0.2N HCI acid solution at
80 °C for varying times of exposure. The intermediate products were
next treated with 0.5M (NH,),SiFs salt solution at room temperature
for three hours. The final products were then submitted to different

characterization tests.
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4) Cation-exchange capacity (C.E.C.)

Procedure

According to the procedure described in reference 13, the samples of
AT(6), AFS(0.32) and pure Ca-A zeolite were ion-exchanged with 5% NaCl
solution at room temperature for two hours in order to check if “retro-
exchange” property does exist in these cases. Then the final mixture was
filtered, washed with a large amount (three times with a volume of about the
same volume as the reaction mixture) of H,O and finally dred at 120 °C

overnight.
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C. Physico-chemical characterization techniques
The main techniques used in the present work to characterize the samples include
BET measurements (specific surface area, pore size distribution), atomic absorption
spectrophotometry for elemental analysis, relative affinity index (RAI), X-ray powder
diffraction, bulk density, and MAS-Solid State NMR ( chemical environment of the 2Si
and ZAl components).
1) BET
1.1} BET Specific surface area
The most useful method to determine the total surface area of a solid
material which requires non-specific physical adsorption, is called BET method
(Brunauer, Emmett and Teller). The surface area, which is a very important
textural parameter of a solid, can be used to define the morphology and
surface characteristics. The specific surface area (A) is the measure of the
accessible surface area per unit mass of solid, where this surface is the sum of the
internal surface area associated with pores and of the external surface area
developed by the outer boundary of the particles (14).
The determination of A includes the following steps:
i) Setting up the adsorption isotherm by measuring the volume of nitrogen
adsorbed versus the relative pressure of the adsorbate,
it) Evaluating the monolayer capacity (V) from the isotherm, and
iii) Converting V, into A by means of the molecular area (a,).
The theory of BET is based on a kinetic model of the adsorption process

of Langmuir, in which the surface of the solid was regarded as an array of
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adsorption sites. The BET theory is based on the following three assumptions:

(@)

(b)

(©)

There is no interaction between molecules adsorbed in the first layer
of a homogeneous surface with equivalent sites for localized adsorption.
Each molecule in the first layer is a possible site for adsorption of
a molecule in the second layer, and so on in order to get a multilayer
adsorption.

With the exception of the first layer, the heat of adsorption is equal to
the molar heat of condensation and the evaporation - condensation

conditions are identical in all others.

The physical and mathematical treatment of these hypotheses leads to the

following BET equation:

P _{c-np . 1 Q)
r,-p) V,CP, v.C

where P: equilibrium pressure of the adsorbate
P,;  saturated vapour pressure of the adsorbate in the
condensed state
V: volume of gas adsorbed at STP
Vo volume of gas at STP corresponding to the formation of
a monolayer coverage
C: a constant varying with the adsorbent - adsorbate

interactions which is related to the differential heat of
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adsorption E, and to the heat of liquefaction E, by

the following relation:

&)

where R: ideal gas constant

T: absolute temperature

The graph of P/V(P, — P) versus P/P, at low pressure (0.05 < P/P,

< 0.35) should give a straight line and hence, one should be able to derive C &

V.. As mentioned previously, the BET method for calculation of specific surface

area (A) involves two additional steps:

a)

b)

evaluation of the monolayer capacity (V,) from the isotherm. To
obtain a reliable value of V,, from the isotherm, it is necessary that the
monolayer be virtually complete before the build-up of high layers
starts; which is met if the BET parameter C is neither too low nor too
high (50 < C < 150).

conversion of V, into A by means of the molecular area (a_). Since
nitrogen comes the closest to meeting these conditions when adsorbed

on an extensive range of solids, it has become the most generally used
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adsorbate for surface area determination. The specific surface area

of the adsorbent is then given by

V.M
A=a —= 9
— ©
where N: Avogadro constant

a,: area occupied by one molecule of adsorbate. a_(N,) of

16.2 A? is the widely accepted value.

1.2) Pore size distribution measurement

The pore size distribution is defined as the distribution of the specific
area versus the pore size. It is an important textural parameter for the
determination of morphology and pore structure of a porous solid. Depending on
the pore size range of a solid, the appropriate technique is applied:

Mercury porosimetry has been widely used to measure macropores
(75 A < pore radius < 75,000 A). It is a technique based on the
determination of mercury volume which penetrates into the solid as a function of
an externally applied pressure. Unfortunately, since our samples contained
macropores, mesopores and micropores, it was not possible to apply this
technique (15).

Techniques based on nitrogen adsorption / desorption isotherms make use
of the desorption loop of an adsorption isotherm to relate the amount of adsorbate

lost in a theoretical desorption step to the average size of pore emptied in the step.
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A pore loses its condensed liquid adsorbate at a pressure related to the pore radius

by the Kelvin equation (on the assumption of cylindrical pores where the

adsorbate surface tension, contact angle and molar volume being known for the

adsorption temperature. However, even when a pore has been emptied of

condensed liquid, multi-layers of adsorbed molecules remain on the inner surface

of the pores and these muti-layers continue to thin down as desorption proceeds.

Therefore, the measured desorption is made up of removal of condensed liquid

from some pores, plus the adsorbate lost from the surfaces exposed in earlier

steps.

These techniques consist of:

(@  The t-plot analysis method which was recently developed by
Lippens and de Boer (16): in addition to measuring macropores and
mesopores, it gives a detailed analysis of the micropores. This method
consists of plotting the adsorption isotherm (Langmuir type) in terms of
the volume of gas adsorbed versus t (the statistical film thickness of the
adsorbed gas on the walls of the pores) and by extrapolating to the
intercept (t = 0), the micropore volume can be obtained (Fig. 4a).
However, the adsorption has to be performed at very low surface coverage
using special microvolumetric apparatus to deliver microquantities of gas
to be adsorbed on the surface.

(b) The classical method consists of adsorption of N, at saturation
under liquid nitrogen and then by applying vacuum, the adsorbed

adsorbate is gradually removed. At P/P, - 1 where P, is the saturation
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pressure, all the pores are completely filled with adsorbed and
condensed nitrogen, When the pressure is lowered by small
increments, a small amount of nitrogen will first evaporate from the
meniscus formed at the ends of the larger pores. Hence, a desorption
isotherm of volume desorbed versus pore radius is established. The
pore size distrib“ﬁﬁ‘c’jﬁ"gf a mesoporous solid may be calculated from the

desorption isotherm of a vapor with the aid of the Kelvin equation:

..f..:—z'i..‘f_l cos& (10)
P, T r,

where P/P,: relative pressure of vapor in equilibrium with a meniscus
having a radius of curvature 1y
surface tension of liquid adsorbate
V: molar volume of liquid adsorbate
R: ideal gas constant
T: absolute temperature
g: contact angle between the capillary condensate and the

adsorbed film on the walls

The concept of capillary condensation and its quantitative expression in the
Kelvin equation is, indeed, the basis of virtually all the various procedures for the

calculation of pere size distribution (17). When capillary condensation occurs
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during the course of isotherm determination, the pore walls are already covered
with an adsorbed film, having a thickness t determined by the value of the relative

pressure. Capillary condensation therefore, does not occur directly in the pore

itself but rather in the inner core (Fig. 4b).

i
My
Figure 4b: Cross-section along pore axis.
< 2]

The conversion of an 1 value to a pore size requires recourse
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to a model of pore shape and a knowledge of the angle of contact @
(it is assumed that § = 0 hence cos § = 1). Several methods which make
use of Kelvin’s equation and attempt to correct the Kelvin radius
have been proposed. However, all these computation methods can give
an accurate assessment and measurement of the macro- and mesopores
but not the micropores.

Pore size distributions can be computed using a simplified model
proposed by Pierce (18), based on the application of Kelvin's equation
to nitrogen desorption isotherms, from which the following is proposed:

(i) all pores have cylindrical geometry.



28

(i)  the Kelvin equation is applicable for computing the pore
radii from the relative pressures at which desorption
occurs.

(ii)  the film thickness remaining on pore walls after the inner
capillary volume is desorbed is the same as on a non-
porous surface at the same relative pressure (area of the
core walls is identical to area of the pore walls, as
desorption progresses). By summing the values of pore
area, § A, for each successive group of pores over the
whole pore system, a value of cumulative surface area
Sem = T 0A, is obtained (18). And this cumulative
surface area represents the total pore area of macro- and
mesopores and excludes the pore area of micropores
since the validity of Pierce’s method only extends down
to a pore radius of 15 A.

c) Since the method of Pierce is very approximate, Barrett, Joyner and
Halenda (BJH) introduced another which seems to give better results (18a).

During the multi-layers desorption calculations, the surface area
was assumed to be planar whereas it is actually curved because of the
curvature of the pore walls. A correction factor is then required to
counterbalance this overestimation.

Barrett et al. used a factor C, and assigned a choice of constant |

values to it such as 0.9, 0.85, or 0.8, etc. (according to the approximate
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range of sizes of pores expected). This procedure gives reasonably
accurate results for pores down to radii of 35 A, with the lower limit

for pores of 7 A. The final equation becomes

AV,=R( AV-C At IS) (11)

where AV, actual volunie of pore
Ry factor = [r/(re+At))?
AV:  amount of adsorbed material lost in a desorpticn step
C: factor = (r,-t)/r,
At:  multi-layer thinning for the same step

LS,: sum of pore areas for the preceding step

d) Cranston & Inkley overcame the error of multi-layers desorption
overestimation by multiplying S, for each pore size range by its
individual value of C instead of summing S, (18b). This method is
much too laborious as calculation proceeds down to small pore sizes.

e) Dollimore & Heal proposed a method which does not require
any approximation for multi-layer desorption as used in the method of
Barrett et al., nor does it involve the tedious calculations of that of
Cranston & Inkley (18c).

As for the most generally used adsorbate, nitrogen, adsorption

at —195.8 °C, the Halsey equation is used to obtain values of t
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5 3

r=d.3(—
In—
PO

) (12)

By processing through several arithmetic calculations, the following

is obtained:
AV, = R, (AV — AtZS, + 2wtAtLL) (13)
where IL;: sum of the lengths of pores

The adsorption values are read off from the isotherm giving V.
Since the intervals of r are not constant, the quantity AV, /Ar has
to be found, where Ar is the pore range over the step. These quantities
are plotted against r,, permitting us to follow well the pore volume

distribution.

Adsorption - Desorption Isotherms

A sorption isotherm is a plot of sorbed volume versus equilibrium

pressure, the temperature being kept constant.

As we know, Brunauer et al. (15) proposed the classification which

relates the shape of the isotherms to both the mean pore size of the adsorbent

and the intensity of adsorbate - adsorbent interactions. Figure 5a represents
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PR —

Figure 5a: The Five Types of Adsorption 1Isotherms

according to Brunauer et al (15).
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Figure 5b: The Five Types of Hysteresis Loops and the

Associated Pore Shapes, as proposed by de Boer
(15) .
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five types of adsorption isotherms: type I is characteristic of microporous
adsorbents, types II and III are observed for macroporous adsorbents and
types 1V and V for mesoporous adsorbents. Contrary to types II and IV, type IIl
and V isotherms are rather unusual and correspond to very weak adsorbate -
adsorbent interactions.

Even though the shape of the isotherm usually gives a rather good idea of
the mean size of the pores present in the solid, when a mixture of different types
of pores are present in the adsorbent, it can be difficult to relate the shape of the
isotherm to one definite group. As a result, an easier method was introduced
(15): based on the shape of the hysteresis loop which is always observed with
isotherms of types IV and V and sometimes with types II and III. De Boer (15)
proposed the classification of the hysteresis loops into five main groups, each of
which relates to the general shape of the pores present in the solid (Fig. 5b).
Type A is associated with cylinder-shaped pores of rather constant cross section.
Type B points 1o the presence of slit-shaped pores. Types C and D which are
rather unusual, derive from types A and B respectively and indicate the presence
of cone-shaped pores (type C) and pores formed by non-parallel plates (type D).
Finally, type E which occurs very frequently, corresponds to "ink-bottle" pores,
spheridal cavities or voids between close-packed spherical-like particles.

Another terminology was defined by the Commission on Colloid and
Surface Chemistry including Catalysis (4). Figure Sc shows four main types of
hysteresis loops. Type H1, formely type A, is often associated with porous

material known to consist of agglomerates or compacts of approximately uniform
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Types of Physisorption Isotherms (left) and
Hysteresis Loops (right), defined by the
Commission on Colloid and Surface Chemistry,

including catalysis.
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spheres in fairly regular array, and hence to have narrow distributions of pore
size. Many porous adsorbents such as inorganic oxide gels and porous glasses
tend to give type H2, formely type E, loops. The type H3 - formely type B -
loop, which does not exhibit any limiting adsorption at high P/P,, is observed
with aggregates of plate-like particles giving rise to slit-shaped pores. At last, the

type H4 loop is often associated with narrow slit-like pores.

1.4) Imstrument used

The ASAP 2000 system, as shown in Figures 6a and 6b, consists of
either one or two analyzers and a multi-function control module. The separate
internal vacuum systems are included in the analyzer: one one - port for sample
analysis and one two - ports for sample preparation. Between the vacuum pump
and the manifold in both the degassing and the analysis system, are located the
in - line cold traps. The sample saturation pressure (P,) tube is located next to
the sample analysis port beneath which is conveniently located the automatically-
operated elevator with liquid nitrogen (LN,) Dewar mount. Connectors are put
near each sample preparation port for mounting of heating mantles and
thermocouplies. Controls and indicators on a swing - open control panel can
provide operation of the vacuum systems, degas valves and heating mantles for
sample preparation. Finally, the control module consists of a computer equipped
with an ASAP 2000 software (19).

The software follows the principles of the BET surface area, Halsey

thickness and BJH pore volume distribution.
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1.5) Procedure

Each sample was heated at 120 °C in air overnight before performing the
BET analysis (especially in the case of zeolites which adsorb a lot of moisture).
First, the clean and empty testing BET tube was degassed down to less than
10 umHg pressure, and then weighed. Next about 0.5 g of sample, which was
allowed to cool in the dessicator, was introduced into the empty tube. Then, the
tube containing the sample was evacuated while heating with heating tape wrapped
around the tube and by using a heating mantle, at 250°C for three hours, to allow
pressure to decrease below 10 umHg. Then the testing tube was once again
weighed in order to obtain the weight of the degassed sample. By introducing all
the required data to the ASAP 2000 program of the BET Micromeritic (T™M)
apparatus, the analysis was automatically performed in about six hours, with this
particular Ca-A zeolite. This instrument gives the results within a range of + 7%

(19).

2) Atomic Absorption Spectroscopy
2.1) Theory

Atomic absorption spectroscopy (AAS) was used for elemental analysis of
Al, Ca, Na. Si expressed as SiO, was obtained by substracting the sum of the
oxides of Al, Ca, Na percentages from 100,

AAS is based on the principle that metal atoms absorb electromagnetic
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radiations at frequencies which are characteristic of each metal, and the
amount of light absorbed is a function of the metal concentration. This is one of
the most used analytical tool in the modern analytical laboratory, mainly by the
use of the hollow - cathode discharge lamp as a light source and the use of
atomizers to provide rapid and efficient atomization of liquid samples. With
current instrumentation, however, the method is not suitable for qualitative or
simultaneous multi-element analysis.

Quantitative analysis by AAS is based on the measurement of the
radiant energy absorbed by free atoms in their gaseous state, Because the
spectra of gaseous atomic species consist of well-defined narrow lines at
wavelengths characteristic of the element involved, it is a high selectivity -
technique. The samples (solution or solid) are vapourized, commonly by
flames, electrical heating or lasers; and on further heating the vapour dissociates
into free atoms. Figure 7a shows a simple presentation of the process.

Since the element of interest does not usually exist as free atoms in any
common solution but is in the ionic state or in a molecular form, it is necessary
to generate a population of free neutral atoms of the element of interest in order
to observe AA signals. The metal atoms are then capable of strongly absorbing
radiation at discrete characteristic wavelengths, which coincide with the narrow
emission lines of the particular metal generally provided by a hollow cathode
lamp. Hence, the theory of AA concerns the formation of free atoms from the
sample, which are in an unexcited ground - state level, and their absorption of

radiation (20).
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Because most of the atoms remain in the ground state, absorption is
greatest for resonance lines resulting from transitions originating from the
ground state and this therefore, greatly restricts the number of absorption lines
that can be used in AA. The degree of absorption depends on the population of
atoms in the ground state and the ability of these absorbing atoms, Such a degree
of absorption is an expression of the line intensity and represents the probability
that an atom will undergo a transition in unit time.

The degree of absorption is a function of the concentration of the
metal in the sample while the absorption follows Beer’s law - the absorbance is
directly proportional to the path length in the flame. Both of these variables are
difficult to determine. However, the path length can be held constant and the
concentration of atomic vapour is directly proportional to the concentration of the

analyte in the solution being aspirated (21). As with Lambert's law, we have

I=] exp(-KB) (14)
where I: intensity transmitted by the sample
I: incident intensity

Ky:  absorption coefficient characterizing the intensity of the absorption

line

B: horizontal path length of the flame or thermal source
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Since the physical property actually measured is the absorbance A, we

have then

I
A=1og(-I£)=K,Bloge=o.4343Kp (15)

The absorbance is directly proportional to the absorption coefficient X,
which is directly proportional to the number of absorbing atoms and therefore to
the concentration of the solution. Thus, plots of absorbance at the specified

wavelength against concentration should yield linear relationships.

2.2) Instrumentation
There are two parts with essentially different functions: the means
whereby the population of ground state atoms is produced from the sample
and the optical system. The basic components of AA spectrometers include:
(a) A radiation source to emit the spectral line of the element of
interest.
(b) An atomization system (flame or furnace) to provide sufficient
energy for analyte dissociation and vaporization as free atoms.
{c) A monochromator for spectral dispersion and isolation of the
spectral line to be measured.

(d) A detector and data - logging device to measure, amplify and
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dispiay the results (22).

The most critical component of an AA spectrophotometer is the source.
The hollow cathode lamps which have been used almost exclusively as the
radiation source for most elements, emits strong sharp lines of appropriate
wavelength characteristic of the desired element. This radiation then passes
through a flame into which the sample solution is sprayed as a fine mist.
Under the experimental conditions, the predominent ground state atoms,
thermally generated by the flame, absorb the resonance radiation from the
source lamp and reducing hence the intensity of the incident beam (23).

The monochromator and the slits isolate the desired resonance line
from other radiations emitted by the source and allow it to fall on the
photomultiplier detector which then converts the light signal into an electrical
one. Since the range of wavelengths detected is determined primarily by the
hollow - cathode source, the monochromator and slits serve primarily to
minimize the detected background radiation from the flame and also to remove
extraneous lines emitted by the hollow cathode filler gas. The emitted radiation
corresponding in wavelength to the monochromator setting is inevitably present
in the flame, due to excitation and emission by the analyte atoms. The thermally
excited emission by the analyte atoms is therefore discriminated by modulating
the source of radiation and using an A.C. amplifier: the unmodulated emission
is not detected. The signals generated by the photoelectric detector are amplified
by an amplifier tuned to the frequency of modulation while the radiation emitied

by the flame is not modulated, and gives therefore no resulting output signal (24).
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Since reducing the sample to the free atomic state is necessary to
achieve absorption by atoms, the most common atomization device for atomic
spectroscopy consists of a nebulizer and a burner (25). The nebulizer converts
a sample solution into a fine spray or aerosol which is then fed into the flame.
A diagram of a typical commercial laminar slow burner is shown in Figure 7b.
The analyte solution is first aspirated from the sample container through a
capillary tube by suction (venturi action) caused by rapid flow of support gas
(oxidant) past the capillary tip (Fig. 7c). The resulting aerosol is next mixed
with fuel and flows past a series of baffles which remove all but the finest
droplets. Finally, the aerosol, oxidant and fuel are burnt in a slotted burner.

The flame evaporates the solvent, decomposes and dissociates the
molecules into ground state atoms. Its use as the atom cell in analytical AA is
at present, by far the most widely used method to obtain a population of free

analyte atoms.

2.3) Instrument used

A Perkin - Elmer model 503 AA spectrophotometer utilizing a double -
beam optical system and a Perkin - Elmer model 56 digital recorder were
used. The dispersion optical system included also a high quality diffraction
grating monochromator.

A laminar flow (premix) burner was used, equipped with two single -
slot burner heads: a 10-cm long and a 5-cm long for air - acetylene and

nitrous oxide - acetylene, respectively. The burner heads were held in place by
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stainless steel cables and a safety pin interlock.
2.4) Procedure

The sample was accurately weighed (about 0.1 g) in a platinum crucible,
ignited in a 750 °C - fumace for one hour, then reweighed to obtain the dry
weight. A 0.9 g of fusion mixture of potassium carbonate and lithium tetraborate
in ratio 2 : 1 was added to the zeolite material, mixed and ashed in the furnace
for another half an hour. The resulting mixture was then transferred to a 150-
ml beaker and digested with a strong mineral acid mixture of 4 mls of
concentrated HC] and 10 mls of 10 % H,SO, solution. The beaker was covered
with a watch glass to avoid sample loss. The mixture was gently heated on a hot
plate until a clear solution was obtained. Then 4 mls of 30 % hydrogen peroxide
was added and the dissolution mixture was further digested for a few minutes until
effervescence has stopped.

The cooled solution was then transferred to a 100-ml volumetric flask
and diluted to the mark with distilled water. Appropriate dilute solutions
were prepared from this stock solution. The standard solutions were prepared
from 1000.0 £ 0.2 ppm metal solutions supplied by Fischer Scientific Company
Limited and stored in polyethylene bottles, while the sample concentrations were

determined by using the following equation:

Ra Cstd
% Element=—2(
Rszd Wa

)(Va)(“—F”)(loO%)(d.f) (16)
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where % Element is in oxide form

R,:

reading obtained from sample solution

R,;: reading obtained from standard solution

C,s: concentration of standard solution (ppm)

W,:  weight of dried sample (g)

V,:  volume of original sample solution used (ml)

M:  molecular weight of element in oxide form (g/mole)
F: formula weight of element (g/mole)

d.f.: dilution factor determined by equation

Wy a7

where V4.  volume of diluted sample solution (ml)

V. volume of aliquote taken from dilution (ml)

The silicon to aluminum ratio was defined as:

Si_ . WSIO) MWALO,)
Al 7T WALOY) MW(SIO)) a8

where Wi weight percents

MW: molecular weights
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Measurements on each sample were performed in duplicate, or repeated

for another time (again, in duplicate) if necessary. The % error on all measured

values must be within 5%.

3) Adsorption of Water and n-Hexane Vapors
3.1) Theory

Adsorption capacities of zeolites were determined by a vapor sorption
apparatus (26). These measurements are important since useful information
such as pore - channel dimensions, total pore volume and adsorption affinities
with respect to various adsorbates may be obtained.

Traditionally, water adsorbate has been used to determine the adsorption
capacity of porous solids. However, since the synthesized silica-rich ZSM
zeolites show a strong hydrophobic character and a high affinity for some
hydrocarbons such as n-hexane and cyclohexane (27), they thus provide water
adsorption capacities substantially lower than those of classical zeolites.
Therefore, water is not a good absorptive medium for these hydrophobic
materials. Several people including R. Le Van Mao, have shown that the volume
of n-hexane adsorbed by silica-rich zeolites is much higher than the volume of
water adsorbed (26, 27). The volume ratio of adsorbed n-hexane to adsorbed
water is called the relative affinity index (R.A.1.), and gives the degree of

hydrophobicity of an inorganic material.
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3.2) Apparatus

The vapor adsorption apparatus (Figure 8) consists mainly of two parts:
a chamber for evacuation at high temperatures and a vapor adsorption system.
Special tubes are also designed so that the zeolite samples can be covered by a
porous disc in order to avoid sucking the zeolite in the vacuum systcm when
evacuating. The vacuum in the Pyrex chamber is obtained with the help of a
rotary pump and controlled by a Piroli vacuumstat. Finally, the adsorption
system includes an adsorption chamber and & vaporization flask, which can both
be maintained at the desired temperature (25, 23 or 0 °C) by a variety of

thermostatic baths.

3.3) Procedure

In agreement with the procedure described in (26 and 27), the sampling
tubes were evacuated (< 4 X 107% Torr), accurately weighed, and then filled
with 1 g of sample specimen each. Next they were degassed down to less
tharn 4 X 107 Torr at 285 °C for 4 hours. After cooling to ambient
temperature, the specimen tubes were weighed again, placed rapidly into the
adsorption chamber and evacuated to about 107? Torr. The same low pressure
was obtained in the evaporation flask with this time, the empty adsorbate holder.
Then, still isolated from each other, both the sampling tubes and adsorbate holder
were placed in their respective thermostatic baths. Once the required pressure
was reached, 10 mls of adsorbate was poured into the adsorbate holder. Then,

the evacuated samples were brought into contact with water or n-hexane vapor
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until equilibrium was established, under operating conditions mentioned in Table
I. Finally, the sampling tubes were weighed and hence, the equilibrium
adsorption capacity was calculated. From these sorption data, it enabled us to
calculate the affinities of the zeolite toward n-hexane vapor against water vapor

and also, its relative affinity index value:

Wt.adsorbedvapor (100

Pt.(%)= 19
r.(%) Wt.activatedzeolite (19)
V(gy=22%) 20)
density :
RAL= W(%)ofn-hexane (21)
W(%)ofwater

Measurements on each sample were performed in duplicate, or repeated
for a third time, if necessary, in order to assure that the % error on all measured

values are within 5%.

4) X-Ray Powder Diffraction
4.1) Theory

X-ray diffraction (XRD) is a powerful technique for phase
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identification, quantitative phase analysis, structure determination and the
study of the crystallinity of solids. In this work, the XRD technique was used to
investigate the effect of the hydrothermal treatment as well as the mineral acid
treatments [HCI or (NH,),SiF,] on the crystallinity of the zeolites.

X-ray diffraction can be applied to any solid crystalline materials such as
mineral, inorganic or organic compounds because all crystalline materials are
made of atoms, ions or molecules arranged in a regular repetitive three-
dimensional array.

A crystal type can be defined in terms of the lengths of the sides of its
smallest repeating structure which is called a "unit cell”. The regular repetition
of the unit cell gives rise to planes throughout the crystal, and therefore, each
crystal structure Is characterized by a unique set of families of parallel planes at
different orientations. The distance between two adjacent planes of a given family
is called d-spacings (Fig. 9a). It results that each crystalline material is
characterized by unique set of d-spacings. Since the wavelengths of X-rays are
of the same order of magnitude as the interplanar spacings and can be
constructively scattered from them to give a diffraction pattern, a unique X-ray
pattern for each crystalline material can be obtained which allows, the
identification of crystalline materials.

The most common source of X-rays for analytical work is the X-ray
tube that is basically a highly evacuated tube in which is mounted a tungsten
filament cathode and a metal target anode. X-rays are produced by

bombarding the anode with high energy electrons which are obtained by



52

(111) PLANE

Figure 9a: Representation of a sSimple cubic cCrystal
Structure Showing Atoms, Two Adjacent (110)
Planes and the Interplanar Spacings & (110)

Between Then.
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thermal emission from the tungsten filament or wire, and are accelerated
towards the target metal (28).

Because each electron in the crystal scatters part of the radiation
coherently when an X-ray beam encounters an atom, electrons act, therefore, as
secondary sources of X-rays. All of these separate radiation waves can coinbine
either constructively or destructively to give a resultant emitted wave. Knowing
that the amplitude of the emitted wave depends on the number of electrons
emitting radiation and on their respective phase differences which are in turn
dependent on the path lengths of the incident and diffracted X-rays. In fact, only
when the diffracted beams from the many atomic planes are in phase, that is when
the path differences from crystal planes of the X-ray beam are equal to the
integral number of wavelengths, a strong diffracted beam (constructive
interference) will thus occur. The cumulative effect of this scattering from the
regularly spaced centers of the crystal is a diffraction of the beam.

An X-ray beam incident on a crystal will be diffracted by the regularly
repeating array of scattering centers which are the electron clouds surroundin g the
atomic nuclei, in the crystal. As demonstrated by the reflection analogies shown
in Figures 9b, 9c and 9d, the angle through which the X-ray diffracts depends
upon the spacing between the planes of the atoms in the crystal. Hence, the

Bragg equation was derived as follows:

nA = 2d sing (22)
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where n: an integer, expressing the order of diffraction
Al X-ray wavelength
d: interplanar spacing
8: angle of diffraction

In order for diffraction to occur from a particular family of atomic
planes, they must be properly oriented with respect to the incident X-ray beam
and, the diffraction intensity is related to the electron density for that specific
arrangement. Diffraction only occurs for a particular angle § that satisfies
Bragg's law.

The powder method is the most frequently used for phase identification
whereas the single crystal diffraction method is best suited for crystal structure
determination. A diffraction pattern of all possible planes will be obtained if a
monochromatic beam of X-rays strikes a fine homogeneous powder, which
consists of an enormous number of small crystallites randomly oriented in every
possible direction. And therefore, a significant number will be expected to be
oriented in such ways as to fulfill the Bragg condition for diffraction from every
possible interplanar spacing.

A powder diffraction pattern may be obtained either by surrounding the
sample with a strip of photographic film in an appropriate camera (Debye-
Scherrer method) or by using a more popular device, the powder diffractometer.
The diffractometer includes a movable detector (most commonly a scintillation

counter) whose signal is fed to an amplification and pulse height analysis system,
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which outputs to a chart recorder in older systems and to a computer in more
modern equipment. The sample is located at the center of a mechanical
goniometer and during data accumulation the sample turns at constant speed while
the detector moves at twice that speed. It results that when the sample is rotated
by an angle 6, the detector is rotated by an angle 28 in order to intercept the X-
ray diffracted beam.

The objective of an X-ray powder diffractometer is to measure the
intensity of diffracted X-rays as a funtion of the angle § between the incident
beam and the surface of the sample. The 6 angle is called Bragg angle,
Typically, instruments give the intensity of X-rays versus 20. The 28 values
which are the angles between the incident beam and the diffracted beam can be

converted to d-spacings using Bragg relation (29).

4.2) Apparatus

A Philips PW 1050 / 25 automated X-ray powder diffractometer was
used with a Philips X-ray generator (PW 1130 / 00) line focussing goniometer
(Figure 9d) and a scintillation counter (PW 1965 / 30). All measurements
were carried out by using a Philips long fine focus copper X-tay tube. Copper
K. monochromatic radiation with A = 1.5418 A was obtained by using a nickel
filter, on the polychromatic radiation produced by energizing the X-ray tube at
40 kV and 20 mA. Data acquisition, carried out in the step scanning mode, was
computer controlled using the SIEI12 software from SIETRONICS. Data

processing, i.e. removal of background and peak search were carried out using
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the same software package.

4.3) Procedure

The samples were preheated at 120 °C for a minimum of three hours
and then allowed to cool in a dessicator. 'The well-ground samples were
pressed into a plexiglass holder which was mounted in the diffractometer.
Each sample was scanned in the region of the peaks of interest of zeolite SA
and the counts recorded automatically. A slow scanning speed of one degree per
minute was used over the range of 15 ° < 26 < 35 °.

Peak intensities were taken as the number of counts recorded by the
digital integration system during a complete scan of the peak at constant
angular velocity. Background correction was applied by substracting the
baseline, using the SIETRONICS software. By reference to the external

standard, untreated Ca-A zeolite, the degree of crystallinity in the sample was

determined:
IO
D.C.(%)=—(100) (23)
where I L peaks intensity for the sample
I: L peaks intensity for the external standard

According to the ASTM (30), the four strongest peaks of zeolite SA
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were chosen and used for the analysis, and this, in the range of 26 mentioned
earlier.
Measurements on each sample were performed in duplicate and the %

error on all measured values must be within 5%.

5) Bulk Density
5.1} Theory

Archimedean’s method is based on Archimedes principle which states
that a solid immersed in a liquid displaces a volume of liquid equals to its own
volume. This can be used to measure the bulk density of any powdered
samples, including zeolites. The materals tested can be polycrystalline or
amorphous without any restrictions. The liquid used as a wetter must be non-
reactive and should not dissolve the sample. It should be stable in air and
easy to handle. It should also have reasonably low viscosity, low surface
tension and low volatility, since it is hard to keep constant the level of liquid in
the apparatus if it evaporates fast, and this would also lower the temperature.
Carbon tetrachlroride, CCI,, was chosen as the wetting agent, since it matches
best the above criteria.

The main problem when measuring the density of a powder is removing
all trapped air remaining between the particles. Wetting of the sample is
carried out after the sample has been pumped at a low pressure of 30 microns of

mercury and while the sample is still under vacuum. Insufficient wetting is the
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largest source of error and results in an abnormally lower density, because the air

volume trapped between the particles result in an overestimation of the sample

value as compared to the polycrystalline volume (31), and hence, an

underestimation of the density.

5.2)

Apparatus

The density apparatus can be described as follows:

a) Figure 10a: The glass crucible E contains the sample and is hanging
from a metal rod B during weighing. The crucible and the rod are located
approximately at the center of a cylindrical glass vessel and should not
touch it. The glass vessel has a lower diameter part at the bottom (F)
where the crucible is located during pumping. On the top of the glass
vessel, a male ground glass joint G allows an air tight fit when
assembled with the female counterpart H, which is equipped with a
6mm tube (D) for connection to the vacuum line (Figure 10c). The
vessel has also two side arms A and C controlled by the rotoflos V1
and V2. On the top of the upper side arm (A) is located an ampoule
for CCl,, which is slowly allowed to enter the evacuated glass vessel
(controlled by V1) and the inner extension of the upper arm makes
CCl, drops fall gently on the lower part of the vessel, near the crucible,
The level of CCl, must be constant and always the same during
measurements in order to have a fixed displacement of CCl, by the rod B.‘

This is achieved by opening wide rotoflo V2 to allow any excess of CC],
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Attached to
the Balance

Figure 10a: Vessels used for Bulk Density Measurement.
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to be evacuated through the lower side arm (C) and recuperated. A slight
excess of CCl; must be allowed through A in order to compensate for
evaporation.

b) Figure 10b: This figure shows the set up for weighings. The rod B
holding the crucible E (see Figure 10a) enters the balance (I)
through an opening in the floor of the balance, and is suspended to the
hook where the tray of the balance, which has been removed, was
hanging. In order to ensure an accurately defined and reproducible
positioning of the glass vessel relative to the balance, an adjustable
system of arms and clamps (J) are used to hold the glass vessel in
position.

c} Figure 10c: This shows the set up during the pumping stage. The
sample crucible is located in F at the bottom of the glass vesse! (see
Figure 10a) and is held in place with a metal rod, which prevents the
crucible from floating over CCl, during the wetting stage, and tipping
over, which would spill the sample in the CCl,. The glass vessel is
tightly connected to the vacuum line as describe earlier. Valves V1 and
V2 (Figure 10a) are closed during pumping. Valves V3 and V4 are
alternatively opened and closed in order to evacuate the vessel in
stages; i.e. with V3 open and V4 closed, the vacuum line is evacuated
using the machanical pump only, then V3 is closed and B4 is opened
very slowly to equilibriate the pressure in the vessel with that in the

line, while monitoring the pressure change on the vacuum gauge. Then
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V4 is closed and V3 is opened, and the process is repeated until the
pressure is down to ca. 60 um Hg. This procedure is necessary to
avoid sucking the powdered sample out of the crucible. Then both V3 and
V4 are opened together, very slowly and secondary pumping is applied for

one hour, with the help of an oil diffusion pump.

5.3) Procedure

Since the crucible (E) and a portion of rod B are also immersed in
CCl,, in addition to the sample, thev will also displace some volume of CCl,; the
volume of CC, displaced, which is ieasured, is the sum of that displaced by the
sample, by the crucible and by the rod. The measurement of the displacement
of CCl, by the empty crucible and rod (m,) makes possible the calculation of the
volume of CCl, displaced by the sample only.

After recording m, and m,, approximately 1 g of sample is introduced
into the crucible. Then m; is measured. The glassware containing the
crucible with the sample is connected to the vacuum line and evacuated
according to the procedure described above, then CCl, is allowed slowly into the
vessel, which is still under vacuum until the sample is completely immersed.
Then the vessel is disconnected from the vacuum line and is connected to the
balance for the measuremeni of m,. The density of the sample is obtained from

the following formula:
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_(my-m)) pCCli,

(24)
(my+my-m,-m,)
where p(CCl): density of the wetting agent (CCl,)
m;: mass of the empty crucible
my: mass of the empty crucible immersed in CCl,
m,: mass of crucible and sample
m,: mass of crucible and sample, after air removal, immersed
in CCl,
o: density = m/v
m,~m,~m
since v: volume of sample = Gy, =) (25)
p CCl,
and m: mass of sample = (my-m,) (26)

Not only the liquid level but also the liquid temperature must be the
same for the measurements of m, and my, in order to assure accurate
subtraction of the volume of the empty crucible and the part of the rod that is
immersed in CCl,. The experimental error on density measurements, using CCI,

as wetting agent, was found to be not larger than 2% (31). The main source of
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error is usually imperfect degassing, although the technique described above was
designed to minimize this effect. Slow stepwise degassing as described above
usually avoids suction of powder out of the crucible. However, the high porosity
of zeolites give these materials extraordinary adsorptive capacities, and this gave
rise to continuous degassing which always resulted in some of the sample being
blown away from the crucible.

In order to eliminate this problem, the powders were transformed into the
extrudate form using bentonite as the binder agent. Several ratios of binder to
zeolite were used, such as 10, 20 and 30 %. The extrudate form could be easily
evacuated with no loss of sample. The values of the density for given samples
were plotted versus the ratio of bentonite and extrapolation to O % of bentonite
yielded the density of the pure samples. Each sample was performed in triplicate

and its percentage of errors is given in chapter IV.

6) Magic Angle Spinning #Si- and ¥AI-NMR
6.1) Theory

Several new techniques have been developed that overcome the band
broadening obtained when applying conventional NMR to crystalline or
amorphous solids, and that make possible the acquisition of high - resolution
spectra much like the ones for liguids. Modern NMR techniques which
especially involve magic - angle spinning are potentially powerful for studying the

local structure of silicates and other inorganic solids that have non-zero nuclear
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spin nuclides (32) [*’Si and ¥ Al for silicas, aluminas, zeolites and various other
aluminosilicates; "B and ¥Si for borosilicates; ete. (33)]. The degree of
structural insight achievable with MAS-NMR is exceptionally high since it probes
the immediate environment of a particular nucleus more or less irrespective of
whether the sample is amorphous or crystalline. The elucidation of the
coordination of silicon in zeolites proves the high importance of 2Si MAS-NMR.
To date, A1 MAS-NMR is used to supplement the information provided by *Si
MAS-NMR on alumino-silicates (34).

Most of the line broadening of NMR spectra of solids is attributable to two
interactions: chemical shift anisotropy and static dipolar interactions, which in
liquids average to zero because of the rapid and random motion of molecules.
The line broadening represented by chemical shift (shielding) anisotropy is an
inhomogeneous broadening, a superposition of spectra of randomly oriented
individual nuclei with respect to relative to the direction of the applied magnetic
field. Each of these nuclei has an inherently sharp line for a particular orientation
of nuclear environment with respect to the static field. For highly immobile
species such as those in an amorphous or powdered crystalline solid, the net result
of the chemical shift anisotropy is that the entire range of chemical shift spanned
by all possible orientations is present in the spectrum. The technique of MAS is
to remove the chemical shift anisotropy by high-sneed mechanical spinning of the
rigid sample about an axis making an angle of 54.7 °, called “magic angle”, to
the direction of the static magnetic field (33, 35). In effect, the solid acts like a

liquid when spun at that magic angle. In practice, anisotropic and static effects
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in a solid average out to simulate the situation present in a liquid when rotated
rapidly at that magic angle. In principle, and sometimes in practice, MAS can
also be used to eliminate the other important cause of line - broadening, i.e.

magic dipole - dipole interactions between pairs of nuclear magnetic moments.

6.2) Instrumentation

The NMR spectra of zeolite materials were obtained on a Varian VXR 300
FT-NMR spectrometer operating at 59.592 MHz (78.159 MHz for ¥’Al) using
superconducting solenoid magnets and amplifiers for final radio frequency pulse
generation. A VXR 4000 model computer system was used for data acquisition
and processing. °Si MAS-NMR spectra were obtained using probes with a
spinning rate of 26 Hz (10 Hz for 7Al). All ¥Si and ZAl line positions (chemical
shifts) were referred to tetramethylsilane (TMS) and [AI(H,0)]** as zero
chemical shift respectively. The MAS-NMR spectra were recorded at the

University of Montreal.
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CHAPTER 1V: RESULTS & DISCUSSION

i). Hydrothermal treatments (HT)

After a large number of experiments aimed at finding the best and reproducible
conditions for hydrothermal treatment, we succeeded to produce accurately five samples
of 100.0, 76.3, 50.2, 21.0 and 0.0 % degree of crystallinity (D.C.) using commercial
Linde Ca-A zeolite under the conditions listed in Table II. Figure 11 shows the results
of the exploratory hydrothermal treatments. It shows clearly that the degree of
crystallinity decreases when the maximum temperature of treatment increases. The
results of Figure 11 were used to choose the appropriate temperature of treatment in
order to obtain the desired values of degree of crystallinity, i.e. ca. 75, 50, 25 and 0 %.
The material looses all its crystallinity at 850 °C. Contrary to temperature, which has
a large effect on the result of the treatment, the rate of H,O injection seems to have a
much milder influence on the D.C. (Figure 12). It is noteworthy that the samples
labelled R (Right) always have a lower D.C. than the ones labelled L (Left), because the
R sariples are placed closer than the L samples to the H,O injection source. They must
have absorbed more H,O vapor and therefore, are more suitable for the structural
collapse following the abrupt evaporation of the H,0 molecules previously trapped in the
silica-alumina structure of the zeolite.

The textural and nitrogen sorptive properties of the hydrothermally treated
materials (labelled HT) as a function of the degree of crystallinity are given in Table I1I.
The low values of nitrogen adsorption obtained after treatment indicates that serious pore

closure occured under our conditions, in contrast to the results reported by Breck for the



70

0°02 £°¢1 008 qov ‘s¥ ‘vy __ 0°0
0°0¢ € €T 008 16y vy 0°'T2
0°02 £°€T 0StL d1iv ‘ov ‘8¢ z°06%
0°02 9°'0¢ 0SL i £5% S S & £°9L
- - - - 0°00T

Il
utw / Tuw ay / 1u J o *D'd %
uot3oelur aanjeaaduay],

MOl Ty ol unWTXeH # unyg a1dues

*(Z1 pue 11 sesanbrg) oseyd Aiojexordxy oyl wolJ s3Tnssy

bursn dn-38g X03J suoTjTpuod burjeasdo :II @14ded

‘'sa1dwes IH




71

‘(aseyg ALsopeiojdxy ay) Julanp pBIqO IAIND)
pameledua ), upm
soajdweg [ H jo Aurjjeisfa) Jo 23a3a(Q ay3 Jo uoneLIBA 1 3031

D, Juaunea) jo aameradua [ wmurxey

0oo! oﬁ.um - cmvw omF omE oow
| |
L - v

5 1 09

R - 08
N TR VUTr S U T SR W G U DA W NP | 001

% ‘Kiuife3sdi) jo asada(q



72

(aseyq Alojusojdxiy 3y Surinp paurejqo 3IAun))

"o3ey uondAlu] JageA YIIM
sajdwmes LH jJo Lnurpeis£an jo 23a3a( ayjy Jo uoneliep gy 9Insdiy

Jy/ju ‘uondafur amem Jo ey

4 14 €1 01 € 0
L} v | v T T O
- AHN L
| ?\\\‘\\ﬂ‘ 402
- = 0¥
O m—r -
o IS .
& .
R e -4 09
|
- A3 - "' @ 408
wy-0aw
3191-2AaA% O |
n " L 2 ] 3 M 4 n 1 4 M L L i I I n " 1 n 4 4 i OOH

% ‘Kyugleisfio jo saada(q



73

LT > fEZ*0 862°0 TES 0°00T
S*'T 590°0 490°0 09T €°9¢L
£E°C 500°0 £00°0 gc 08
Vv 1T00°0 vo0°0 £ 0"1¢
£t L ZT0°0 6T0°0 L 0°0
uu 1i!miM1MﬁmJ 6 / quo b/ ,u *0°d &

A939uUeTp aaodoaoTi 1230%
axod ) eale
abeiaay pPeqIos ‘N JO SwnToA aoeyang a1dues

sotdwes LH JO S3Tns3y

Ldad

111 =21del



74

hydrothermal treatment of Ca-A type zeolites (36). Furthermore, the more severe the
conditions of the hydrothermal treatment, the more extensive the structural collapse, the
lower the BET surface area and the more serious the pore closure phenomena which
occurs during hydrothermal treatment (Tables II & III). Hence, the volumes of nitrogen,
water and n-hexane adsorbed decreases sharply with the extent of the structural collapse
(Table Il & Figure 14). The chemical composition however, remained practically

unchanged upon the hydrothermal treatment (Table IV).
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ii). HCI Treatment (AT)

The second method used is the treatment of the parent Ca-A zeolite with HC! acid
solution. The reaction conditions were fixed as follows: 0.2N HCI solution
concentration and 80 °C reaction temperature. Hydrothermal treatment on pure Ca-A
zeolite leaves amorphous species formed by removing Al from the zeolite structure, then
further treatment with HC, on a sample of 25 % D.C. for example, that resulted from
the hydrothermal treatment, removes these amorphous species. Therefore, we have
applied such a mild treatment with acid concentration of 0.2N on pure Ca-A zeolite.
This is understandable because we do not want too severe a pore enlargement, that could
lead to a serious structural collapse. As one can expect, the degree of crystallinity
(Figure 15), the BET surface area as well as the volume of adsorbed nitrogen (Table V),
or the weight contents in N2;0 and in CaO (Table VI) decrease with increasing time of
exposure to the acid solution whereas the average pore diameter (Table V) and the Si /
Al ratio increase. The water and n-hexane adsorption capacities and the relative affinity
index (RAI) first increase and go through a maximum for an acid leaching time of one
to two hours (Figure 16). In the first hour of treatment, the n-hexane sorption capacity
exhibits a very sharp increase (multiplied by three relative to the untreated commercial
Ca-A zeolite) which results in a significant enhancement of the RAI value since the
increase of adsorbed water is very small. The existence of such a sharp maximum in the
adsorption capacity for n-hexane, and to a minor extent for water, seems to stem not only
from a surface poorer in alumina (Figure 16) but also probably mainly from a better

accessibility to the sorption sites for n-hexane and water molecules, as already observed

by Gnep et al. (37).
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B2

Micropore enlargement upon acid leaching was evidenced by the following
experimental results. Let us consider the plots of the differential pore volume dV/dlogD
(cmy / g) versus the pore diameter D (nm) obtained with the parent zeolite and the
various AT materials obtained upon acid treatment (Figure 17). The ratio of the volume
of nitrogen adsorbed by the micropores to the total volume adsorbed in untreated Ca-A
zeolite is 0.234 / 0.258 (Table V), therefore 91 % of the pores are zeolite-type
micropores (pore diameter < 0.43 nm) and the remaining 9 % are mesopores. The
difference is due to the mesopores (ca. 3.5 - 4.5 nm diameter) the existence of which is
shown on Figure 17. These mesopores may be the only portion of the zeolite pores
which constitute the pore openings of the parent Ca-A particles. The mild acid treatment
apparently did not create new larger size pores but gradually enlarged the already
existing “"zeolite - type" micropores until al} these micropores had grown to the size of
the "external" mesopores. As a matter of fact, the maximum for the size distribution of
all AT materials is located at 3.5 - 4.5 nm. In addition, the corresponding share of pore
volume increases with increasing time of exposure to the acid solution (Figure 17) while
the share of pore volume corresponding to the zeolite - type micropores decreases
accordingly (Table V).

The change of chemical composition of the samples as a function of the acid
treatment can be related to the change in porosity. The weight percent of silicon dioxide
increases significantly whereas that of sodium oxide decreases steadily in the first half
hour of exposure to the acid solution (Table VI). The decrease in Ca and Al contents
were fairly limited in the same time period. The loss of sodium in the first half hour of

acid treatment results in an increase of the weight percent. of SiQ, because the total
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weight of the sample decreased and the acid treatment does not remove Si. For the same
reason, if there were no loss of Al, the weight percent of ALO, should also increase.
However, it is observed (Table VI) that the weight percent of Al changes little with acid
treatment, therefore, some loss of Al probably occured together with the loss of Na.
This is also shown by a significant but not total, loss of the zeolite degree of crystallinity
(Figure 15). It has been established (36) that in the Ca-A zeolite unit cell, the eight
cation sites S; within the 8-cages are occupied by four Na* and four Ca** ions. The
main role of these cations is to compensate for the negative charges created near the
tetrahedral Al atoms where tetravalent Si is replaced by trivalent Al. Thus, the almost
complete disappearance of the sodium after the first half-hour of acid leaching seems to
indicate that the first Al atoms removed are those which are located in the vinicity of the
Na §; sites. Most of the other Al sites, the charge of which is compensated by Ca**
lons, are still intact at this stage and contributed to the preservation of a significant
amount of micropores. In fact, the volume of nitrogen adsorbed by such micropores still
represents 65 % of the total volume of nitrogen adsorbed (Table V).

Consequently, the mild acid treatment might follow the following scenario: first,
the acid attack occurs at the outermost portion of the zeolite pores (36) and then,
gradually makes its move through the zeolite particle body, selectively leaching at Na
locations. Finally, a material poorer in alumina, with a higher Si/Al ratio, is obtained.
Such a gradual dealumination which results in a significant loss of crystallinity and
enlargement of the zeolite micropores is accompanied by a selective removal of the
cations, i.e. Na at the beginning, and Ca at the end (Figure 15, Tables V & VI).

It is noteworthy pointing out that a longer exposure to the acid solution (9 and 12
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hours) yielded materials with a monomodal pore distribution. There was practically no
adsorption of nitrogen corresponding to the micropore region (negligible micropore
adsorption values, Table V), and a fairly narrow mesopore size distribution 3.5 - 4.5 nm
is observed (Figure 17). Nevertheless, these materials still have a relatively high surface
area and interesting sorption properties (Table V). The aluminosilicate skeleton of such
materials obtained was practically free of Na* and Ca** cations which were replaced by
H,0".

Figure 18 shows the adsoption / desorption isotherms of the parent Ca-A zeolite
and some AT samples. There is no hysteresis loop for the untreated Ca-A zeolite which
is understandable because the hysteresis loop is always observed with the mesopore
isotherms (15) whereas there is very few (9 %) mesopores present in the untreated Ca-A
zeoliie. The shape of the hysteresis loops of all the AT samples shown in Figure 18,
which corresponds to that of H4 (4) or B (15), strongly suggests the presence of slit-
shaped mesopores. For long exposure to the acid medium (AT (12)), the mesopores
have a more open slit configuration than for shorter exposures. These more open slits

are formed by non-parallel plates.
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iif). (NH,),SiF; Treatment (AFS)

Another chemical treatment of the zeolite consists of reacting commercial Ca-A
zeolite with a salt solution such as (NH,),SiF, (11). The textural and sorptive properties
of ammonium hexafluorosilicate treated zeolites are shown in Table VII and Figure 19.
The two samples treated at room temperature (AFS1 and AFS3) showed a pore size
distribution of monomodal type, maximum of which was located at ca. 14 nm; whereas
the sample treated at 80 °C (AFS1.HT) surprisingly exhibited a bimodal and much more
expanded mesopore size distribution curve with a flat maximum also located at 14 nm
(Figure 19). In fact, Table VII reports that the volume of nitrogen adsorbed by the
micropores still represented 16 % of the total volume (0,283 cm® / g) while other AFS
treated samples did not show any adsorption in the micropore region (< 1 %).

AFS treatment is currently used to extract some Al from zeolite structures and
substitute it by Si, which therel?y, provides zeolites having higher Si / Al ratios (38).
According to earlier authors, this treatment essentially preserved the original zeolite pore
system. In our AFS treatment, there was simultaneously a significant decrease of the Al
and Na contents, relative to untreated Ca-A zeolite, whereas the Ca content remained
practically unchanged (Table VII). A significant loss of crystallinity was observed (Table
VII) which seems to indicate that AFS reacted with some of the Al, contained in the

zeolite lattice, and with Na* according to the following equation, (12):

Na*[(AlO,)], + (NH,),SiF, -~ [Si0), + (NH,),AIF, + NaF 27)

where [ ], indicates the tetrahedral site.
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Iable Vil:Physico-Chemical Prouperties of the AFS Samples
with Addition Rate of 0.30ml/min

U Sample
n
1 5A AFS1 AFS3 AFS3 AFS1.
t (rep) HT
A Time hrs - 1 3 3 1
Temperature °C - 24 24 24 80
B D.C. : 3 100 15 17 19 26
Surface area e 531 128 112 97 191
- |
Volume of | Tt | cm® | 0.258 | 0.323 | 0.314 | 0.394 | 0.283
N / g
sorbed MP 0.234 [ 0.005 | 0.001 | 0.003 | ¢.046
Average pore nm <1l.7 10.1 11.2 14.3 4.0
diameter
Volume H.O | vol 28.1 29.8 36.2 30.4 25.5
adsorbed 3
n- 9.0 16.5 14.6 14.6 7.0
Ce
H‘IL’.
R.A.I. - 0.32 0.55 0.40 0.48 0.35
Chenical Al wt 38.8 30.2 31.4 30.7 28.5
composi- %
tion Na 7.2 1.1 1.3 1.1 0.3
{ox1de Ca 15.6 | 12.3 | 14.7 | 13.3 | 13.2
form)
Si 38.4 56.4 52.6 54.9 58.0
| S§i / Al ratio - 0.8¢ 1.54 1.44 1.54 1.73
N.B.: A: Method preparation
B: Characterization
Tt: Total

MP: Micropore




Figure 19:
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It should be pointed out that Ca** is not affected by this reaction. At 80 °C, this

reaction was probably accompanied by some HF evolution due to hydrolysis in water

(11); as mentioned in chapter HI:

(NH,),SiF, -  2NHF + SiF,

4
SiF, + 2H,0 -»  SiO, + 4HF

The excess HF can be expected to corrode the walls of the pore and make them collapse,
thereby enlarging the pore. Because of the high corrosivity of HF, the reaction was
faster (it appears finished in one hour) and more efficient, resulting in the formation of
larger pores. In addition, it is restricted to the immediate vicinity of the external of the
zeolite particles because the AFS concentration decreases rapidly as one moves inside the
bulk of the particles. This phenomenon resulted in solid particles which had a large
amount of mesopores and some remaining zeolite - type micropores (Table V1I).

The rate of addition of AFS during the preparation had a noticeable effect on the
final ceramic powders. As can be seen on Figure 20 and Table VIII, the degree of
crystallinity and the Na,O and AL,O, content decrease with the increasin g rate of addition
of AFS. The volume of nitrogen adsorbed by the mesopores (Table IX) as well as the
volume of n-hexane adsorbed (Table X), and the Si content (Table VIII) increased with
the rate of addition AFS.

Figure 21 shows the adsorption / desorption isotherms obtained with two AFS
samples reacted at ambient temperature for three hours, one of which was activated at

500 °C. The mesopores formed by the action of AFS on the Ca-A zeolite lattice
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probably had the shape of open slits.

A bulk density study was also performed on these AFS samples. The bulk density
of unreacted Ca-A zeolite could not be measured under its normal pure powder form
because it could not be pumped without sample loss, due to its high adsorption
properties. This problem was overcome by adding various amounts of bentonite binder
and mixing them well together in order to extrudate the powder zeolite, which is not
sucked out of the crucible upon evacuation. The results presented in Table XI and on
Figure 22a show that the density of the extrudate varies little with the weight percent of
bentonite. The small variation is linear up to 30 % weight percent bentonite and allows
meaningful extrapolation to 0 % bentonite, i.e. pure zeolite sample. A linear regression
of the three points give p = 1.92 g/cm® as the bulk density for pure Ca-A zeolite. This
compares well to the theoretical value calculated from the crystal structure (s = 1.96
g/em?®). The difference of 2% can be attributed to experimental errors such as imperfect
wetting of the sample because of gases trapped inside or between the zeolite particles,
which gives a larger volume and therefore, a smaller bulk density result.

It results from the test with unreacted zeolite extrudates that:

* The density increases only very slightly with the amount of

bentonite;
For 10 % weight percent bentonite, the measured denstty is equal
to the theoretical density, this is due to the fact that the slight
increase due to the presence of 10 % bentonite cancels out the slight
decrease due to imperfect wetting;

* Formation of extrudates eliminates completely the risk of loosing
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sample when evacuating the samples during measurements;
Measurements are highly reproducible since the maximum relative
difference between three measurements per sample is usually not higher

than 2 %, which is the accepted precision for the method (31), (Table XI).

The above validates the technical approach. Therefore, all the measurements

presented on Table XTI were carried out on extrudates and the value obtained for

10 % weight percent bentonite (average density values of three measurements) was taken

as equal to the bulk density of the pure sample.

It can be seen from Table XI that, all the samples have a density in the range of

1.92 10 1.98 g/em®. This gives an average density of 1.95 + 0.03 g/em’®, with 3 %

difference between the two extreme values. This difference can be considered close

enough to the experimental error (usually ca. 2 %), such that we can say that there is no

measurable difference in the bulk density of the samples versus the reaction conditions.

Reaction of the zeolite with AFS can be expected to results in the following

changes of bulk density:

*

Removal of Na* ions and their replacement with H,0™", with no
change of porosity: decrease of density;

Increase of porosity due to the formation of mesopores: decrease of
density if CCl, does not penetrate the pores. Otherwise, the formation of
large pores should have little effect on the bulk density.

Rearrangement of the aluminosilicate framework upon Al/Si substitution
and collapse of walls between micropores to give mesopores:  this

would most likely result in a decrease of the total pore volume and
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therefore the density would increase.

* Production of non-crystalline material: the density of the mixture
remaining transformed zeolite / amorphous material will be equal to
the weighed average of the densities of the solid components.

Since no significant change of density occur, it is most likely that the decrease of
density due to loss of Na* is compensated for by the density of the amorphous product(s)
formed. X-ray diffraction shows no shift of the Bragg peaks of zeolite, which rules out
a partial collapse of the framework.

For the study of the Si environment by NMR, the spectra of samples of pure Ca-
A zeolite, AFS (0.32 RT) and AFS (0.57 RT) were recorded. Let us consider fir:t the
#S8i-NMR results. As shown in Figure 23, one sharp peak signal is observed at -90 ppm
for unreacted Ca-A zeolite (39). Since the Si/Al ratio of pure Ca-A zeolite is one, the

signal must be uniform in any direction (isotropic) which results, in a very clear and

sharp peak.
/ \( /0\ e
Al si Slog
\ 7 N N\ Al
0 O

On the contrary, for the Na-Y zeolite, with a Si/Al ratio of 2.61, different chemical
environments give several peaks, each corresponding to a particular environment around
St (Figure 24, (39)). A stronger magnetic field increases the separation between the

peaks and therefore should yield a better resolution, this is at lzast in part cancelled by
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Figure 23: ?%si-MAS-NMR Spectrum of Zeolite Na-A at 79.80

MHZz (39).
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the fact that a stronger field also increases the line width. When treated with AFS, the
Si environment is no longer the same as the one of unreacted Ca-A zeolite, i.e. some
Si are not anymore surrounded by four Al, but (4-x)Al where 1 < x < 4. Altering of
the Si/Al ratio results in many overlapping peaks, and the sum of these gives one broader
signal. By deconvolution, we can observe the presence of different peaks (Figures25).

PAI-NMR was also used in order to study the environment of aluminum.
According to the large typical signal at 50 ppm of the ZAI-NMR spectra, we can
conclude that the Al which constitutes the framework is in tetrahedral form, as compared
to the smaller peak of octahedral form at -25 ppm (40, 41, 42). We can also observe
the presence of an impurity line at 80 ppm, which would cause the decrease of the Si/Al
ratio of pure Ca-A =zeolite from 1 to 0.84 (Table VIII). Even though the
octahedral/tetrahedral peak area ratio of the samples treated with AFS is larger than that
of unreacted Ca-A zeolite (3.19% versus 2.61 % respectively), the major peak signal is
still the one for tetrahedrally coordinated Al, and therefore, the tetrahedral coordination
remains predominent after the treatment; however there is slight increase of octahedrally
coordinated Al

This shows that our work was successful since we managed to enlarge the pore
size of the zeolite and this, without damaging the zeolite framework, since most of the
remaining Al is still in tetrahedral coordination. Any further treatment just removed the

octahedral Al species formed upon AFS treatment.
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Figure 25b.1: 27A1-MAS—-NMR Spectra of Untreated Cca-a Samples.
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Figure 25b.2: 27a1-MAS-NMR Spectra of AFS(0.32)RT Samples,
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Figure 25b.3:

27p1~MAS-NMR Spectra of AFS(0.57)RT Samples.
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iv). "Two - Step Procedure” Treatments

‘When the hydrothermally treated solids were submitted to an additional mild acid
leaching, the sorptive properties of the solids were restored. This means that the acid
treatment had succeeded in removing the silicon and aluminum species previously
displaced from the zeolite framework by the combined action of steam and high
temperature (43). Indeed, all HTA materials obtained by subsequent acid leaching of the
HT solids with an aqueous solution of 0.2N HCI, exhibited much higher sorption
capacities for nitrogen, water and n-hexane, than the HT materials (Figure 26, Tables
XI10).

The plots of the pore size distribution of three HTA materials are shown in Figure
27. The mesopores of these samples have practically the same size as the corresponding
ones found in the acid treated material (Figures 17 & 27), which suggest that the pore
enlargement by hydrothermal treatment might follow the same pathway as the acid
treatment. The practically constant values of the §i/ Al ratio, however, indicate that the
hydrothermal treatment involved an undiscriminating extraction of Si and Al species from
the framework rather than a selective dealumination as in the case of the mild acid
treatment. Figure 28 shows the adsorption / desorption isotherms obtained with some
HTA samples. The shape of the hysteresis loops suggests once again, the presence of
slit-shaped mesopores.

Some studies on the hydrothermally treated solids with AFS, HTA materials with
AFS or even AT samples with AFS were performed (Tables XII). It seems that the more
we treat our samples, the more pore size enlargement we will get, especially with any

AFS treatment. One should note the remarkable decrease of Na,O content and increase
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Ples Prepared Using the "Two -

Conditions Star~ [ surface Velume of N, Aver.
ting area sorbed Pore
sample Total MP dli:aen;-&—
_hr tD.c. | w/glem®/glen®/ g nm
AT3 100 318 0.171 0.108 1.7
76.3 275 0.155 0.099 1.7
50.2 261 0.193 0.097 1.8
21.0 85 0.109 - 5.2
0.0 13 0.016 - 4.6
AFS3 100 112 0.314 0.001 11.2
76.3 245 0.442 0.055 4.9
50.2 151 0.470 0.007 12.8
(500°) 100 154 0.397 0.012 9.2
AT(2, AFS3) 100 120 0.414 0.006 12.2
76.3 188 0.27¢ 0.032 4.0
AT(0.5, AFS3) 100 184 0.357 0.028 7.7
AT(l, AFS3) 133 0.411 0.005 11.3
AT(2, AFS3) 120 0.414 0.006 12.2
AT(2, AFS3), 400°C 152 0.440 0.016 10.1
AT(2, AFS3), 500°¢C 140 0.484 - 12.0
AT (2, AFS3), 700°C 77 0.332 - 16.1
AT(3, AFS$3) 124 0.331 0.010 10.0
AT(12, AFS3) 108 0.131 0.004 3.6
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Table ¥IId: cChemical Composition of Samples Prepared Using the
"TWwo - Step Procedure"

Conditions Sam- Chemical composition sisal
pPle ) ratic
Cad | Na,0 | ALO; | sio,
hr %D.cC, Wt.% Wt.% Wt. % wt. % -
ATO 0.0 14.4 6.5 36.4 42.7 1.00

21.0 13.4 6.0 34.5 46.1 1.13
50.2 15.4 7.5 37.1 40.0 0.91
76.3 14.0 6.7 38.2 41.1 0.91

100.0 15.6 7.2 38.8 3B.4 0.84
AT3 0.0 14.7 6.3 36.7 42.3 0.98
21.0 12.7 4.7 39.3 43.3 0.93
50.2 13.7 4.2 37.2 44.9 1.03

76.3 13.5 4.0 38.4 44.1 0.97
100.0 12.2 2.8 35.2 49.8 1.20

AT6 100.0 7.6 1.2 39.4 51.8 1.11
ATS 3.0 0.3 42.5 54.2 1.09
AT12 2.2 0.1 36.6 61.1 1.41
AFS3 50.2 8.3 1.2 16.3 74.2 3.86

76,3 12.0 2.3 28.4 57.3 1.71
100.0 14.7 1.3 31.4 52.6 1.42

AT (2, AFS3) 76.3 11.6 2.6 27.6 58.2 1.79

100.0 12.3 0.6 30.4 56.7 1.58
AT(0.5, AFS3) 100.0 9.5 .4 29.9 60.2 1.71
AT(1, AFS3) 13.1 0.7 30.5 55.7 1.55
AT (2, AFS3) 12.3 0.6 30.4 56.7 1.58

AT(2, AFS3), 400°C - - - - -
AT(2, AFS3), 500°C - - - - -

AT (2, AFS53}), 700°C 12.1 0.4 30.6 56.9 1.58

AT(3, AFS3) 11.3 0.6 32.3 55.8 1.47
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of Si0, accordingly with the high volume of sorbed N, by mesopores, in the case of the
zeolite treated first with HCI and then by AFS (Tables XIIb and XIId).

Figure 29 summarizes the pore enlargement by various treatments, whereas
Figures 30 represent the X-ray diffraction patterns of some treated samples as compared

to the untreated Ca-A zeolite.
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V). Activation (Thermal Stability)

Activation in air at 500 °C for 12 hours did not change significantly the shape of
the pore size distribution curves of the AFS3 (Figure 19) and the AT12 samples (Figure
17).

Some positive change from the practical viewpoint is found in particular with the
AFS3 sample upon heating at 500 °C: a limited increases in surface area and volume
of nitrogen adsorbed, and a slight decrease in average pore diameter are observed (Table
XII). This shows that the ceramic powders obtained by AFS treatment can withstand
activation temperatures of at least up to 500 °C without losing their interesting textural
characteristics.

The AT samples were less resistant to heat than the AFS ones (Table XIII). The
loss in surface area and volume of nitrogen sorption when these AT samples were heated
at 500 °C, increased with the extent of acid treatment. This may be connected to the
increasing formation of a silica-rich gel in the case of a prolonged acid treatment. Such

a gel normally undergoes structural collapse when activated at high temperatures.
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vi).  Cation-exchange capacity (C.E.C.)

Table XIV shows the chemical composition obtained by AAS of the samples of
untreated Ca-A zeolite, AFS (0.32 RT) and AT 6 and all these samples treated with 5%
NaCl for two hours at room temperature. If we compare the chemical composition of
the samples treated with NaCl relative to the same before the treatment, we can see
clearly an enrichment in Na,0 with a decrease in the other metal oxides except ALQ,.
As shown in Table XV, with the acid treated samples (AT series), limited restoration of
the Na content is obtained whereas with the AFS treated sample, a nearly full restoration
of the cation-exchange capacity of the Ca-A is observed,

In fact, in the untreated zeolite Ca-A , the total C.E.C. for Ca** and Na* i5 7.9
millieq./g or 2.3 millieq./g (with respect to Na*) and 5.6 millieg./g (with respect to '
Ca**). The C.E.C. of the retro-exchanged AT(6) is 4.1 millieq./g or 1.4 millieq./g
(Na™) and 2.7 millieq./g (%4 Ca*™™). This represents only 52% of the C.E.C. of the
parent zeolite. In the mean time, the C.E.C. of the retro-exchanged AFS(0.32, RT) is
7.8 millieq./g or 2.1 millieq./g (Na*) and 5.7 millieq./g (Ca**), which is 99% of the
C.E.C. of the unreacted Ca-A zeolite.

As mentioned earlier, during the HC] acid treatment, the Na site is the first target
while the Ca site can be attacked only under more severe treatment conditions. That is
why the retro-exchange replaces the Na sites that were lost at first. However, since the
hydronium ion H;O* has more affinity towards Na than Ca in an aqueous medium, all
the H;O" sites which are the ex-Na sites retro exchange first, then the Ca sites will
follow after. This phenomena is more visible on samples treated for longer times such

as six hours instead of two hours: the Ca** content of the sample AFS(0.81, RT, 6



131

¥y # @ousasgsa - (x) :*d N
00°T 0'2¥ 9°G6¢ 6°2¢T G'6 *(T0eN 9 ‘Id ‘18-°0)SdvY
9¢°'1 6°6% L €€ 8°0 961 *(Id ‘18°0)s4dY
9Z°T 925 bsE £°¥ L't (ToeN 2 ‘9)avw
IT°1 8°'1g v 6¢ z°1 94 (9)av
PO°T L°2¥ 8°v¢ g9 0°91 (ToeN 2 ‘ad ‘z£-0)sdv
6€E°T S*'1g £°T¢ 6°0 £°971 (L9 ‘zg-0)sav
8L°0 T°S¢ T8¢ 0°2T 8°¥T (ToeN z)vs
¥8°0 ¥ 8¢ 8°8¢€ 2L 9°GT ¥S

- % IM
R ‘018 0TV o°eN oep
1¥/Ts uot3zTsodwos TeoTWLYD ardueg
Id 3@ Ay g I03 TOeN %6 U3TM pajedy
A83J¥ pue 8xojeg sardues Jo uor3Tsoduwo) 1eoTWayD tAIX orgeq



132

Py # sousasjesax (x) HER< RN Y|
SG'L 869 9T ¥ 6€°€ » (TDOeN 9 ‘¥ ‘18°0)sdY
Z8°g 19°9 92°'0 95°6 *(I¥ ‘18°0)s4vV
0T ¥ v6°9 6€°T L2 {toen ¢ ‘9)1Lv
01" ¢ €L L 6€°0 TL'C (9)xv
T8°L £8°9 0tT"¢ TL"S (toeN ¢ ‘0¥ ‘zZc-0)sdy
0T"9 P19 62°0 T8°S (Ig ‘ze 0)sdv
GT°6 Ly L L8'¢ 82°g (ToeN z)vs
88 L T9°L 2e°2 96°G L]
b/-bat1TTu

o‘eN fol1y o‘en oed

pue ged

Jo Te3jol JUS3U0D UOTIED a1duesg

Ld 3'® IYyg IoJ TIeN %G YITM pejead] I93Jy
pue axojed saTdwes Jo Ajroeded sbueyoXg-uoTied :AX OTGCL




133

NaCl 5%) is equal to only 60% of that of the sample before the ion-exchange treatment
(3.39 out of 5.56 millieq./g) while it is 98% after ion-exchange (5.71 out of 5.81

millieq./g) for the sample of AFS(0.32, RT, 2 NaCl 5%).
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CHAPTER V: CONCLUSION

This work presented here proves thai .. is possible to produce, from Ca-A zeolite
porous solid powders which have a monomodal or a bimodal pore size distribution.
Three procedures were developed to tailor the porosity. First, a very mild acid treatment
with 0.2N HCI at 80 °C formed gradually mesopores. The pore size distribution of the
materials obtained depended greatly on the time of exposure to the acid medium.

Second, an accurately controlled hydrothermal treatment followed by acid leaching
led to mesopores having unblocked openings. It seems that the sites for acid or
hydrothermal attack were located at the pore openings of the parent zeolite particles. By
using the extreme operating conditions of the previously mentioned techniques, materials
exhibiting monomodal pore size distributions of 3.5 - 4.5 nm and still having relatively
high surface areas were also prepared,

Finally, a treatment with 0.5 M (NH,),SiF, at ambient temperature provided
materials which exhibited larger mesopores of about 14 nm diameter and a broad
monomodal pore size distribution,

Because the AFS treatment combines two reactions: 1) extraction of Al together
with Na, and 2) release of HF which attacks Al and Si indiscriminately; it results then
in an enlargement of the cavity. The following ion-exchange can restore almost the same
C.E.C., even though there is, of course a small ioss of Al. Therefore, the product
possesses the same C.E.C. properties with however, a larger pore size as compared to
the parent Ca-A zeolite.

Porous solids having bimodal pore systems such as activated carbons (45) or
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monomodal ones (46) are currently used for many commercial applications: adsorbents,
inorganic membranes for separation and purification of bulky molecules (ultrafiltration),
and catalyst support. The resulting solids studied in the present work may constitute
good starting materials for such purposes.

Because of these very interesting potential applications of our products, this
research should be extended to a more detailed study of the bulk density of the resulting
materials and its relation to changzes in composition and to the X-ray diffraction study of
the crystallinity of partial framework collapse. As mentioned earlier, since the ion-
exchange property gives the product a winning card, further studies with other cations
should be taken. Finally, this precursor material should then be studied for the designed
real ceramics, by combining it with a compatible binder and then also, for the
applications proposed above.

In summary, instead of creating new zeolite types, with a larger I'Jore size, we
have enlarged the micropores of existing zeolites to the mesopore sizes. Depending on
the desired result, different conditions and treatments can lead to the desired porous

ceramic powders.
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