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PHYSICO-CHEMICAL STUDIES ON CATION-EXCHANGED MORDENITES.
Il. SURFACE PROPERTIES
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ABSTRACT

The adsorption of nitragen, water vapour, methanol and cyclohexane vapours
on the synthetic sodium mordenile and its transition metal exchanged forms were
studied in order to clicidate the microstructural charactenistics of these samples.
The resulis obtained indicate thal the major part of the tofal porc systcm, mainly the
intracrystalline pore system. is inaccessible to vanious adsorbates to vanable exicnts
depending on their molecular size. Cydohexane adsorbate was found to measure
only the external (intcr-crystalline) porc system.

INTRODUCTION

The knowledge of the sorptive properties of the synthetic sodium mordenile
and its transition metal exchanged forms are of prime importance in elucidating their
microstructural charactenstics which are related to their activity ard to their selectivity
in catalytic reactions.

The intra- and niercrystalline sorption of a great number of representative
molecules using different techniques were reported in the literature' ™% These
studies sugeest* a framework of natural mordcenite probably consisting of 8-membered
rings with diamcicr 4.2 A. but the proposcd crysial siructure of mordcenite as given by
Mcicr” indicates rings of ~7 A in diameter, and that the stacking favlts are not the
cause of their molecular sieve character?.

In this investigation. the adsorption isothcrms of nitrogen, water, mcthanol,
and cyclohcxanc vapours on the different mordenite samples were studicd in order to
investizate the influcnce of the gecometry and character of the canal pore system of
these sumples on the adsorption of these molecules of vanous sizes and polanities.

* Present address: Basic Scicnoc Depariment, Faculty of Pefroleum and Mining Engincering, Suez
Camal University, Suez, Egypt-



178
EXPERIMENTAL

The apparatus used for determining ithe adsorplion isotherms of nitrozen at
liquid nivogen Icmperaturc was a conventional volumeiric one'®. The mordenite
samples were pre-outgassed at a pressure as low as 107* mm Hg in the temperature
range 100-3307C. The samples were kept for a period of 3 h at the desired temperature
prior te any adsorption run.

The adsorption of walter vapour at 35°C was measured using a conventional
gravimetnic apparatus containing 3 number of silica spring adsorption balances of
McBain—Bakr type'".

The adsorption isotherms of methanol and cyclohexanc vapours at 33°C were
determined by means of a conventional volumetric apparatys similar in type (o that
described by Razouk and Salem'*. Each adsorbent was thoroughly outgassed in situ
at 480 °C for a period of 3 h a1 a pressure as low as 10~ 7 mm Hg before carrying out
the expeniment.

The matenials used in this investigation are the synthetic sodium mordenite and
its transition metal (Cr**. Mn*~, Co**, Ni**, and Cu**) exchanged forms. Delailed
informatiom regarding the method of preparation and the proposced chemical formulac
of all investizated samples are described in an carlicr publication® .

RESULTS AXD DICUSSION

Adsorption of nitrogen

The susface properties of these mordenite samples were determined ysing
nitrogen gas as an adsorbate. The adsorption isotherms of nitrogen at liquid nitrogen
temperature {— [95.8°C) on the various mordenite sariples pre-outgassed at different
temperatures were determined {cf. Fig ).

Al the adsorplion isotherms obtained were found 10 belong 1o type I of
Brunauer’s clissification*?; they are initially very steep and exhibit plaleaus covering
almost the whole ranze of the equilibrium relative vapour pressure of the adsorbate.

From these adsorption isothcrms the monolayer cquivalent values could be
calkculated by applyinz the Dobinin-Radushkeyvich cquation'*~ ** which is based on
the Polani potential theory of adsorption. Figure 2 is 2 representative casc for the
Dubinin-Radushkevich plots.

The monolayer equivalent values obtained by the DR mcthod were found 1o
agree within 3= 47 with the results obtained by applying the Génot analylical
method'?. The latter provides a direct standard method of detecting the monolayer
pomt on the isotherm.

The monolayer equivalents as well as the pore volumes for the various mordenite
samples obained from nitrogen adsorption at — 195.8°C, pre-outgassed at different
{emperatures, are given in Table I From this Table some interesting characteristics
were drawn and could be summarized as follows.

(1) The monolayer equivalent values showed a sharp increase with the pre-out-
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Fig. 1. Adsorpiion isothcrms of nit
wres.

rogen on the original (IN3-M) pre-oungassed at various tempera-
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Fig. 2 Dubinin-Radushkexvich plots of nitrogen adsorption on the ornginal {Na-M) pre-ouigassed
21 various femperaiures.

TABLE 1

THE MONDLAYER EQUIVALENTS AND THE TOTAL FORE VOLLAMES FOR THE VARIOUS MORDEXITE SAMPLES
PRE-OUTGASSID AT VARIOUS TEMPERATURLS { *C) (FROM XITROGEN ADSORPTION)

Sample Ve (moleculesiy 2 JOP%) Ve (mlig)
100 200 300 00 450 S50 100 200 300 400 4%0 550

Na-M 022 1223 2508 2626 2626 2626 007§ 0.130 0.J61 0.176 0.170 0.289

GiNa-M 038 1347 2513 3015 3015 Q022 0058 01353 0179 0250
MaNa-M 041 1946 2508 25351 2929 0013 0150 0.186 0.173 0170
ColNa-M 102 1657 2235 2179 3015 0013 OII2 OIS 0161 021
Nipa-M D89 2508 2636 2749 288]) 0032 0161 0162 0.169 0156
CuNa-M 044 2626 3015 3005 3015 0027 0170 0.197 0203 0.198

gassing temperature up to 300°C. and this was followed by a graduat increase until
the range 400-480°C (cf. Fig. 3). This could be attributed to the successive removat of
physically then chemically bound water molecules from the mordenite structure.

(&) The soccessive removal of intracrystalline zeolitic water from the pores
gocs parafle! with increasing the adsorption capacity. Accordingly the temperature
range 400-480°C can be rcgarded as the optimum temperature range for activating
the mordenite catalysis. Al this tcmperature range, almost all the intracrystalline
zeolitic waler was removed.
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(1ii) When the monolayer equivalent values were correcied for complcte
dechydration of the various samples heated at different temperatures, the relationship
shown in Fiz. 4 was obtained; from this Fiz. it is clcar that by drying at 100°C the
cation-exchanged forms of mordeniic show a certain degree of inaccessibility of the
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nitrogen molecules towards the total porc system, reflecting thus extremely small
monolayer equivalent values At intermediate outgassing icmperatures, the accessibility
of nitrogen molecuyles towards the pore system increases as a result of further de-
hydration and opening of the pore system. However, outgassing at a high (cmperature
leads to a partial collapse in the structure of the submicroporcs present kcading (o a
decrease in the monolayer equivakents measered by nitrogsen molecules. The extent
of collapse in the sinuctuore is appreaable for the (Na-A) sample and becomes
smaller in the cation-exchanged forms. The cation-cxchanged forms tend 10 have the
same characteristic values when outgassed at a2 temperature as high as 480°C. The
two opposing mechanisms, namely the dehydration, and the partial collapse of the
narrowey porces at high temperatures, lead 1o the appearance of the maxima shown in
Fig. 4.

Adsorption of water vapour

The adsorption isotherms of water vapour on the original synthetic sodium
merdenite (Na-M). and its transition metal exchanged forms, (CrNa-M, CoNa-M.
NiNa-M, and CuNa-M), are given in Fig_ 5. All these isotherms are of the rectangular
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Fig. 5. Adsorption isotheorns of water vapour on the sarious mordenite samples al 33°C.
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Fig. 6. Dubinin-Radushkcvich plots of w3ler sapour adsorption on the yarious mordcnitc samples-

TABLE 2

THE MONOLAVER EQUIVALENTS AND THE TOTAL PORE VIRLUMES FOR THE SYNTHETIC SODIUM MORDENTTE
AND ITS TRANSITION METAL CATIONIC FORMS FROM WATER VAROUR ADSORPTION AT 35°C

Sampic Va ¥,
:;.';'g 7 B ﬂ;"; . lm[t’;;lﬁ“rf rrfx ml_fk 7 moleculesiy
= I} { = 10}

Na-M 141.3 o114 3726 164.5 0.133 3470
CrNa-M 15820 0147 4590 206.6 0.167 5531
CoMNa-M 169.8 0.137 4563 189.2 0.153 5053
NiNa-M 173.8 0.131 1670 199.2 0.157 5218
ColNa-M 173.8 0.141 456.70 2115 0171 5683

shape and belong to type [ of Brunaucr’s classification’ ®. The Dubinin-Radushkevich
mcthod **~ '% was applicd to cstimate the monolayer equivalents, which for typical 1
isotherm are closc to the saturation values of the isotherms. The Dubinin-Radushke-
vich plois of water vapour adsorption on the various investigaicd samples are given
in Fig 6, whilst the monolayer equivalent values as well as the total pore volumes arc
civen in Table 2.

From the resulis summarized in Table 2, it is evident that the monolayer
cquivalcnts cstimated from water adsorption, 1*® (molecules/g), arc higher than
those determined using nitrogen: F¥: (molecules/g). These differences are mainly
attributed to the following factors.

(i} The smaller size of waler molecules in comparison with nitrogen allows a
single pore 10 accommodate a larger number of the former moleculcs.
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(i1} The polarized mordenile surface facilitates the adsorption of strongly
polar molecules such as water rather than of weekly polar molecules such as nitrogen
{only quadripoke character is involved).

In addition, the values of the monolayer equivalent obtained from water vapour
adsorption on the various cation-cxchanged forms arc higher than that of thc un-
exchanged mordenite. This reflects the specific interaction between the water molecules
and the exchanged cations. Such interaction includes the contribution of polarized

On the other hand, the total pore volumes measured Sy water Y2 (mi/g), are
lower than those measured by nitrogen, ¥ a:{mi/z)* . This is presumably due 1o the

-

adsorption being mainly restricted to 2 monomolecular layer on the clliptical channel
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Fig. §. Dubinin-Radushkevich plots of mcthanol adserplion on the various mordenitc sampecs-
TABLE 3

FHE MONONLAYIR EQUTVALEXTS AXD THE TOTAL PORE VOLUMES FOR THE SV NTHETIC SODIUM MORDENITE
ANI ITS TRANSITENN METAL CATIONIC FORMS FROM METHANGL ADSODRPTION aT 33°C

Somple Fa Fp
}d’g ml'y r;wltmks[z e’y mig ) makn;!;-s;s’x
= ) > I0™)

Na-M 83.18 0.150 2235 1IL.36 0.204 2092
CrNa-M 87.10 0.137 3340 18892 031 50.716
AinNa-M 102.30 0.135 2749 19223 0.337 51.65
CoNa-M 93.33 0.168 ot ] 15013 0271 40.33
NiNa-M 96.61 0114 2596 123.55 0mMm 33.20
CulNa-M 93.33 0.168 25098 12410 0o 33.35

walls, accordingly bizger adsorbate molecules as nitrogen will occupy a Iarger fraction
of the channel pore volume than the smaller water molecules.

Adsorption of methanol

The adsorption isotherms of mcthanol vapour on the vanious samples mnsh»
gated are shown in Fig. 7. All the isotherms arc of type 1 of Brunaucer *s classification'®
The Dubinin-Radushkevich plots of mcthanol adsorption are shown in Fig. 8. Thc
monolayer equivalent values and total pore volumes are given in Table 3.
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The regults summarized in Table 3 indicate that for various investisated samples,
the monolayer equivalent values measured using methanol as an adsorbate, V5%
(moleculesfg), are lower than thosc measured by both water and nitrogen. On the
other hand, it is interesting to report that the valucs of the total pore volumes measured
by methanol ¥ S (mlfg) for the vasious mordenile samples are found (o be higher
than those measured by both walcr and nitrogen. Again this resuit confirms the
conci{usion that a singke pore can accommodale a farzer number of smaller adsorbate
molcecules.

In the ight of the resulis described above, the Dubinin-Radushkevich mono-

layer cquivalents, ¥, (molecules/s). measurcd by the various adsorbate molkecules
decrease in the order ¥ > FI: > PO uhilst the total pore volumes, ¥,
(mlg) increise in the order ¥ :,'=° < l-’:f= < pMson
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TABLE 2

THE SONOLAYER IOUIVALENTS AND THE TOTAL PORE VOLLUMES $OR THE SYNTHETIC SODEUM MORDENITE
AND 115 THANSIIAON Ao TAL EXCHANGED EORAMS FROM CVEOLOHENAXE ADSORPTION AT 35°C

Sampir Va e
- miy nulecnlesle e ml'e malecules's
' [ £ [P}

Na-A§ 676 0033 183 3346 on1s 657
CriNa=-M 141 0036 1.99 14.72 0.071 396
MnNg-M 6.61 0.032 1.78 3591 0125 696
‘oNG-Al &61 0032 1.78 912 0034 245
NiNa-\1 1.59 0037 20! 14.72 0.071 396
CuNa-M 302 0015 051 5.7} o0 333

= T mrE £ e s T =, g = — mrrr—

Adsorption of cyclohexane

The resulis of the adsorption mcasurcments of cyclohexane vapour on the
various samples investigaled are given in Fig. 9, whilst the Dubinin-Radushkevich
plotg are given in Fig. 10. The Dubinin-Radushkevich monolayer cquivalent valucs,
as well as the total pore volumes, both arc expressed in ccf/z, and moleculesfs arc
aiven in Table 4.

The resulis given in Table 4 indicate that the monolayer equivalent values as
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well as the total pore volumes measurcd by cyclohexane arc appreciably lower than
those messured by the other three adsorbales. namely, water, nitrogen and methanol.
Also il was noticed that the monolayer equivalent measured by cyclohexane is the
same for all investigated samples (1.8-2.0 2 107 molecules/s) except the CuNa-M
sampic which pessesses a cyclohexane nonolzyer equivalent of 0.8 < 102® molecules?

Evidently. cyclohcxanc can measure only the monolayer equivalents and the

pore volumes of the external pore system (inlerervstalline pores) and iz therefore
excleded from the major part of the total pore system.
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