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ABSTRACT

In the present study, various transition metal cationic forms of mordenites were
prepared. The results of chemical and thermogravimetric analysis could be used to
derive the chemical formulac of these mordeniles. The indication sained from
thermogravimetric studics both in vacuo and in air is that the high vacuum procedure
causes 3 partial collapsc in the mordenite structure and this effect is connected with
the degree of reversibility of water loss and water re-uptake by the variGus mordenite
samples.

The scanning clectron micrographs showed that the exchangeable cations do
nol affect the microcrystals of these mordenites but their effect is mainly rcstricicd 1o
the intracrystalline regions and the amorphous character of the microcrystallites.

INTRODUCTION

Mordcnite is one of the zeolite family which has a high silica to alumina mole
ratio and shows a great thermal stability: after dehydration as well as acid resistance’.
Crystal structure studics®- >, as obtained from X-ray and electroa diffraction exami-
nations, showed that the mordenite is orthorhombic with prevailing space sroup
Corcmn. The unil cell of sodium mordenite has the dimensions a = 18.13: 5 = 20.19;
¢ = 7.52 A and the chemical formula is N2 AlgSi 4O, - 24H,0. Its molccular sicve
property is atiributed 10 a system of large clliptical channels parallel 1o [001] having
a free diameier of 6.95 A, and being interconnected by smaller channels paralle] to
[010] of 2.8 A frec diamcter. Some of the cations in mordenite arc thought 1o be
located in these channels.

Despiic the sufficient intensity of research work devoled Lo zeolites, surprisingly
very hittke is directed to the mordenite type zeolite regarding the essential structure
and physico-chemical characteristics that determine the basic events in their appli-
cability as adsorbents as wcll as cffective and sclective catalysts in many reactions.
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In recent years, scanning clectron microscopy (SEM) has been oxtensively uscd.
The simple sample preparation lechniques together with the large depth of locux
makes it 2 very uscful tool for the study of the morphological characienistics of various
solids.

The object of the present invesligation is o study the dechydration and rchydra-
tion of synthetic sodium mordenite and their (ransition metal cationic forms. Corre-
latingz the differences in thermal behavioar to the differences in chemical compaosition
and the conditiens under which the dehydration-rchydration processes take place is
of pnme importance. Afso il is aimed o throw some light on the morphological and
microstructural characteristics of the synthetic sodium mordenile together with its
transifion metal eationic forms.

EXPERIMENTAL

The starting material used in this investigation was the synthetic sodinom mor-
denite Nax(A0:):(5i0: )0 - THLO. Five transition metal cationic forms (Cr*~,
Mn*", Co**. Ni?*_ and Cu* ") were prepared from the original <odium mordenite
by cation exchange processes. The exchangeable cation content was determined by
analyzinz for the cations in their aqueowus solutions before and after the exchange
process®. The resulis of chemical analysis as well as the proposed chemical formulac
for all of the dchydrated samples are eiven in Table 1.

Thermogravimetric analysis (TGA )} was carricd oul using silica spring balances
of McBain-Bakr 1ype®; the balances having sensitivitics ranging between 300400
mm 2~ ' and carrying very lizht buckets containing the samples. The silica spring

TABLE }

THE WEMHT PUSCIXT Of THE EXCHANGE Y CA TN AND TIHE FEOMPSL DY CIRABRCAL TORMULAL ToRt THE
YARIOUS ANHYDROUS MSSINNITE Sasrils

Sampic ¥oiphs poreest Fropoxcd chvemivagl formals
of the exchamecd {dichyuloytad)
coiions
Orizinal syntheix sodium mondenitc == Nas (AIODAS10)n
NS~ )
Chromaum sodJiem moadenile 3 Cre >Ny AANOIASIO .
(Cir Ma-M)
Mangancse sodiom mondonitc 32 Al 3N = ANOHAS IO he
(MnaNa-M)
Cobah sedren mondaniic 27 Cons1 NI A A ASO e
{CoNa-\D)
Nkl zodivm mocdonite ar Niwm N2 A ANONL810 10
ENING-M)
Coppor sodiun rxondaniic 07 Cun N2 A ASIO 1w

(CulNa-2T)
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balances were enclosed in pyrex olass tubes attached to a vacuum linc. Heating was
carricd out by mecans of a small electrical whbular furnace. the temperature of which
was regulated so as to increase linearly with time at a rate of 3.0-3.5°C min™'. The
rcadings were taken with the aid of a cathetometcer. reading 1o 0.01 mm.

A Lcitz - AMR 1000 (West Germany) scanning clectron microscope was used
in this investizgation. In the present study. the hydrated mordenite samples were
dricd in a nitrogen atmosphere (frez from CO,) at 60 'C for 24 h in order 1o remove
the moisture. Freshly fractured specimens waee placed in a vacuum cvaporator with
cathode rays and coated with a thin layer of gold of about 300400 A thickness.
The specimens were then stored in a desiccator prior to SEM examination.

X-ray diffraction patterns were obtained by means of a philips X-ray diffraction
unit using a silicon crystal as an internal standard for the J-spacings produccd.

RESULTS AND DISCUSSION

Dchydration in air

The results of TG in air on all investigated samples arc graphically represented
in Fig. | in tcrms of the percentage loss at different temperatures based on the dry
weizht.

From these rosults, it was found that as the temperature nses the water loss
incrcases. The rate of dehydration scems 19 be accelerated in the low temperaturc
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Fig. 1. Peroontage loss for the yarious mordenite samples heated in air
Fig- 2. Percentage loss for the various mordonitc samplcs heatod n vacuo.
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range and then proceeds at a smaller rate in the high temperature range. All the
samples were found to lase about 19-30%; of their zeolitic water upon heating at
100°C. With increase in temperature, the orizinal (Na-M) together with (MnNa-M)
and (NiNa-M) samglcs were found to lose 10077 of their zcolitic water upon heaning
at 480°C, whilst the (CriNa-M), (CuNa-»M). and (CoNa-M) sampics losc only 98,
99 and 937, respectively.

Dchydration in vacuo

The nsolts of TG in vacuo are shown in Fig. 2. These results indicate that,
similar to dchydration in air. the water loss increases as the temperature rises. All the
samplkes were found to lose 51-TO7 of thair zoolitic water upon heating at 100°C
except the ariginal {Na-M) sample which loses only 397 of its water. By increasing
the temperatiure 10480 °C, il was noticed that (CriNa-M). (ColNa-M), and (MnNa-Af)
sampies lose 1007 of their zoditic waler. whilst the original (Na~X1), (CuiNa-M).
and (NiNa-M) samples lose 82, 9% and 91 %, respectively. Figurc 2 shows also that
unfike all other samples. the (CriNa-M) sample loscs a very small fraction of its
zeolitic water in the temperature range 200-300°C.

From the resulis of thermogravimetric analysis both in air and in vazuo, some
interesting observations were drawn which could be summanzed as follows.

() The water loss in vacuo is larger than that in air especially in the low tem-
perature range (i.c. vacuum procedurcs accckerate the dehydration, especially at low
temperalure). Therefore, the difference between vacuum and air dehydration is
appreciablke only in the low temperature range and decreases with risc of temperature
until they both become almost the same at 480 °C for most samples.

(it) In some particular cases, however. the water loss in air exceeds that in
vacuo, and this is seen to take place in the high temperature range (400480 °C). The
results shown in Fig | and 2 indicate clearly this cffect for the original (Na-M)
sample together with its Mn** and Ni** exchanged forms. This cffect might be
atiributed to a partial collapsc in the mordenilc structure due to the high vacuom
procedure at high temperatures — a phenomenon which may be tentatively explained
as follows: in the lower temperature ranges. the cations of the mordenite structure
still retain somc of their water of hydration. and thus they arc frec to migrate in the
mordenite channcls, whike at higher temperatures, a higher degree of the dehydration
is attained, and the dehydrated cations nest still in the channel walls, and in so deing
they block some of the pockets which arc located at night angles to the main
channcls. This might hinder the removal of some of the zeohitic water moleculkes
which are located within these pockets.

(i) The molkecular formulac for the various hydrated mordenite samples
investigaled could be derrved from the results of TGA tozether with that oblained
from chemical anahvysis. These formulae were found to be

(a) (NR“M, N:l_-_(AlO:)_-_(SiO:)lo 7-' H:O
(b) (CrNa-M) : Crg_3oNa, 23(A10,;):(S5i04),0 7.05 H,O
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TABLE 2

WATER LIS AS COMPARED WITH WATER RE-UPTARE FCLLOWING THE DENYDRATION IX VACLO ANT) IN AIR

Sample Losx ar Uptake Loxs at 180°C Upiake in
450°C A Yo o1 gir { No. air {No. of
7 Yachn {No. of of moleculesie) nwlcculesip)
{Np-of malccules’g ) - IoFy) (= IGFY)
molccole=g ) - NF})
f= IR}
Na-M 463 0.7% 3.65 539
CriNa-0M 354 142 54 518
NiaNa-M 377 (1574 589 561
CaNa-~-M 5.33 207 496 3589
WiNa-At 677 0 6.1 598
CuiNa=-M 395 2.4z £388 3193

(c) (MnNa-M): Mn, 5:N3, 53(A10:):(5i0:), 7.50 H.O
(d) (CoNa-M) : Cog_ 2y Nay solA10:)2{Si01),0 6.79 H.O
(€) (NiNa-M) : Nig N3, 1:(A10:):(5i0:)0 722 H O
(1) (CuNa-M): Cug osNa; 0olA10:):(Si0.),, 7.53 H.O

Watcr lass rs. water uplake, reversibility censiderations

As a general remark, it was noticed 1al the watcer loss both in vacuo and in the
presence of air was not regained reversibly when the same sample was re-cxposed to
air saturated with water vapour. Expennents have shown that the loss of water
during heat treatment is always greater than the water re-uptake, and the differences
vary whether dehydration was carricd out in vacue or in the presence of air.

A typical sct of data are shown in Table 2. The dala were obtained by heating
the various mordenite samples at $80°C for 2 h, both in vacuo and in the prescnce
of air, determining the waler loss, then exposing the samples to air saturated with
waler vapour, lcaving them until eguilibrium, and the reuptake of water was then
determined.

The data clearly show that the dehydration in vacue causes some irreversible
change in the mordenite structure which impedes rehydration by water vapour. The
impedance effect was much reduced when heating was carried out in the presence of
air. Heating in vacuo produced some collapse of the mordenite structure as alrcady
indicated.

Morphology and microstructure

The micrographs obtained from scanning clectron microscope (SEM) for the
various mordenite samples indicate some interesting featurcs which may be presented
as follows.



Fie 3. SEM microsraphs for Na-M.

Original synthetic sodiym moardgenite (Na-M ). The microstructure of the
(Na-M) sample showed the trapezohe Iral erystals (icositetrahedra) with indices 5/
and 23 laces, as indicated from Fig- 3(2); these crystals belong to the cubic system of
the whole symmmetrical class. There al;o appeared orthorhombic prisms with basal
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pinacoids together with stacked orthorhombic bipyramid crystals and microcrystals
with semi-amorphous character [cf. Fig 3(a) and (b)}.

Chrominm sodium mordenire (CriXa-M j. The microstructure of this sample
displayed the trapezohedral crystals with orifiorbombic bipyramid crystals showing

(o) , |
Fig. 4. SEM micrographs for CriNa-M.




Pz 5. SEM myographs for MoNa—M-

an onented morpholozy as iﬁdicaled from Fiz 4(a). The stacked crystals of sheet-like
forms and orthorhombic prisms become more dominant with an intersecting mor-

pholosy of microcrystallites [cf. Fig. 4(a) and (b)].
Marsaonese sodium mordenite ( MniNa-M ). The morphology and microstructure
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of this sample show the exisicnce of trapczohedral crystals together with orthorhombic
bipyramid crystals in Fig 5(a). Radiating and stacking bundles of sheet-like crystals
appear also in the structure. There appeared also cubic and orthorhombic prisms
stacked and agszlomerated tozether leading (o a stacking and intersecting morpholozy
(cI. Fiz. 3).

b) )
Fig. 6. SEM micrographs for ColNa—M.




Cobalt sodim mordenite (CoNa-M). The microstructure of this sample
cxhibited wapczohedral crystals, stacked prisms and microcrystallites. Long and
stacked orthorhombic prisms, rods and shects together with microcrystallites also
appeared in the structure {cI. Fiz 6).

Fie . SEM micrographs for NaNa-AM-
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Nickel sodium mordenite (NiNa-M ). The microstructure of the (NiNa-M)
samplc displayed the trapezohedral crystals and the orthorhombic prisms with basal
pinacoids as well as oriented orthorhombic bipyramids. There also appearced in the

structure, 2 mixture of stacked orthorhombic bipyramids, orthorhombic prisms and
microcrystallites as well as parallel sheets (cf. Fig. 7).

el e T

2t
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Copper sodivmt mardenite (CuNa-AM ). In this sample the stacked sheets and the
intesiwined orthorhombic bipyramids makce thair appearance together with the
trapczohedral crystals. The scmi-amorphous crystallites are also present in the
structure (cf. Fig. 8).

Evidently the SEM micrographs oblained for the hydrated original synthetic
sodium mondenite and its cation-exchanged forms, display almost the same morphol-
o=y with respect 1o the large main exystals but differ in the microcrystals within and
beside the larse crystais. The amorphous character of these mordenile samples varies
with the natore of the cation uscd in the exchanged samples. Therclore, these cations
cannot affect the macrocrystals of mozdenite but their effect is only restricted to the
microcrystallites and the near-amorphous part of the structure

From X-ray analysis of the various mordenite samples, it has been found that
the difftaction patterns of the cation-cxchanged forms contain all the lines appearing
in the diffraction pattern of the original sodivm mordenite sample with only onc basic
difference, namxly, the degree of amorphous character which increases in the presence
of the various transition metal cations present in the structure. The resulis of X-ray
show ako that the presence of different exchangeable cations docs not affect the main
crysial structure of mordenite since all the X-ray pallerns oblained show the same
values of dspacings.
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