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Abstract. The heterogeneous catalytic conversion of n-pentanol to dialkylether was carried out using untreated 
cation-exchanged montmorillonites and using samples which had been preheated at 300~ in an atmosphere of 
air, hydrogen or nitrogen. The catalyst has beenJcharacterized by applying thermogravimetric analysis, X-ray 
diffraction and cation exchange capacity tests. Gas-chromatographic analysis of the products showed that the 
catalytic reactivity of the exchanged montmorillonite is related to the cation radius. 

The catalytic conversion ofn-pentanot by organometallic complexes of either A13 § 3 § - montmorillonites with 
benzidine has been doubled compared with the catalytic conversion in the absence of benzidine. This may be 
attributed to the catalytic effect of benzidinium mono- or N-radical cations that enhance the conversion of 
n-pentanol to alkene. 
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I. Introduction 

In purified montmorillonite and related substances, ethanol can displace the primary hydration 
shell of Ca 2 +, Cu 2 + and A13 + [ 1 ]. Furthermore, even Na + and NH2- can become primarily 
solvated with ethanol as evidenced by the finding that on successive heating and degassing 
Na +- and NH4 + -montmorillonite typically retained ~< 1 alcohol molecule per cation. Since, 
even at a relative ethanolic pressure of unity, the basal plane separation does not exceed 
1.36 nm it was concluded that intercalated ethanol exists as a monolayer [1]. 

In similar systems, it has been reported that intercalated aliphatic primary alcohols reacted 
primarily via an interlamellar nucleophilic displacement of water to give di (alkyl-l-yl) ether 
in a high yield rather than undergoing intramolecular proton-catalysed dehydration to alkene. 
On the other hand, the major products of secondary alcohols are alkenes with minor amounts 
of di-secondary ethers, while benzyl alcohol in A13 + -exchanged montmorillonite gave only 
polyphenylene methylene. This was confirmed by N M R  spectra which indicated the absence 
of oxygen-function bridges. Coupling occurs via interlamellar protonation and nucleophilic 
displacement of water at reactive o- and p-positions of neighbouring rings, and ultimately 
leads to polymerization [2-4].  

In the present paper, the catalytic conversion of n-pentanol to di-alkyl ether was studied 
by montmorillonite exchanged with different cations. The effect of  the cation radius and its 
position in the cavity of the catalyst has also been investigated. The effect of adding benzidine 
to A13 § and Fe 3 § exchanged montmorillonite on this reaction was also examined. 
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2. Experimental 

2.1. PURIFICATION OF MONTMORILLONITE AND CATION EXCHANGE MEASUREMENTS 

The crude Wyoming montmorillonite from Colorado, U.S.A. was immersed in a cylinder 
containing de-ionized water. The suspension was allowed to sediment to get rid of all dense 
components which settled at the bottom of the cylinder. The top fraction of the suspended 
montmorillonite was collected by decantation into another clean cylinder containing de-ion- 
ized water. 

The procedure was repeated several times until a very clear suspension of montmorillonite 
was obtained. The montmorillonite clay was then separated by ultra centrifugation and air 
dried [61. 

The cation exchange capacity (CEC) was evaluated by adding 0.1 M ammonia solution to 
0.5 g montmorillonite. After allowing to stand for 48 h, the concentration of the free 
ammonium ions was determined using a pH-meter with an ammonium selective electrode. 
The ammonia uptake was then calculated by difference which was found to be ca.  

75 meq/100 g. 

2.2. PREPARATION OF CATION EXCHANGED-MONTMORILLONITES 

The cation exchanged montmorillonites were prepared by shaking purified montmorillonite 
for 24 h in concentrated aqueous solutions of the metal nitrate or bicarbonate. The cation 
solutions contained three times the expected cation exchange capacity of the catalyst. The 
product was separated by centrifugation, cleaned by five-fold washing in de-ionised water and 
finally dried over calcium chloride in vacuo.  

2.3. HEAT TREATMENT 

A weighed amount (2-3 g) of the cation exchanged montmorillonite (cation catalyst) was 
heated to 300~ at a rate of 4~ C/rain in static air or in a dried stream of the selected gas (H 2 
or N2). The catalyst was maintained at the high temperature limit for three hours. After 
cooling, each sample was analysed by thermogravimetry to estimate the amount of residual 
water. X-ray diffraction was applied to detect the interlamellar spacing d(001). 

2.4. REACTION CONDITIONS AND PRODUCT ANALYSIS 

n-Pentanol (5 cm 3) and catalyst (0.5 g) were heated at 175 ~ C in a 20 cm 3 sealed stainless steel 
vessel. The reaction was stopped after a standard period of 3 h by plunging the vessel into 
cold water for 10 min. 

The products were analysed by gas chromatography, the selectivity to ether formation was 
calculated from the relation [4]. 

concn, of ether to all component 
~o selec.-- x 100 

tot. conversion of n-pentanol 
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3. R e s u l t s  a n d  D i s c u s s i o n  

3.1. INTERLAMELLAR SPACING AND WEIGHT LOSS ON HEATING 

Ether formation is believed to be an intermolecular coupling following dehydration, whereas 
alkene generation is catalysed by protons derived from hydration shells as follows 

2 R O H  - H ~ ~  R--O--R 

CH3CH2CH2CH2CH2OH 

CH 3 CH2CH2CH--C'- H2 

H 

ether formation 
t-i + 

CH3 CH2CHzCH2CH2-O + - H  
I 

H 

, CH3CHaCH2C H + _ C H 3  - H +  

- i-i~o 

CH3CH2CHaCH=CH 2 alkene generation. 

Accordingly, it is of interest to have estimates of the interlamellar spacing and of the residual 
water content. Fully-hydrated montmorillonite has a d(001) of 15.1 + 0.1 ~ and loses ~ 15 7o 
of its weight on heating to 300~ for 3 h as detected by thermogravimetric analysis. The 
interlamellar spacing shrinks progressively with increasing temperature above 250~ to a 
limiting value of 9.8 + 0.1 A. 

Under thermogravimetric analysis up to 300 ~ C, such samples suffered a smaller weight loss 
corresponding to the reduced amount of water retained in the materials after heat-treatment. 
Thus, the protonation probability of the remaining water molecules increases with increasing 
temperature. This is consistent with the general increase of the conversion of n-pentanol at 
high temperature. 

3.2. CONVERSION OF n-PENTANOL AND THE REACTION SCHEME 

Tables I - I I I  show that the 7o conversion of n-pentanol by alkali metal cation exchanged 
montmorillonite at a pretreatment temperature of 300 ~ in a nitrogen atmosphere decreases 
in the order Li + > Cs + > K + . This order is explained by assuming that small or large ions 
(Li § or Cs +) suffer less shielding in the hexagonal cavity of the catalyst from the ligand 
atmosphere of water molecules surrounding it. On the other hand, the radius of K + has a 
value of about 2.6 A which is similar to the dimension of the hexagonal cavity of montmoril- 
lonite [7 ]. Consequently K + is shielded to a higher extent from the ligand atmosphere. This 
results in less protonation of residual water molecules which enhances the catalytic conversion 
reaction. 

On dehydrating exchangeable montmorillonite, the residual water present in the montmoril- 
lonite has been shown to be more acidic than ordinary water. The acidic strength of hydrated 
ions is described by the following equation: 

[M(HzO)x] n+ + H20 ~ [MOH(H20)x_I ]  ("-1)+ + H3 O+ 

The production of protons from water molecules coordinated to the central metal ions 
depends upon the nature of the metal ions. With small central metal ions of high positive 
charge the ability to produce protons is higher compared with the central metal ions of large 
size and low charge [8]. 
Many factors other than the cation itself, such as the Lewis and Br~Snsted acid centers, 
polarization of the residual water molecules, cation trapping in the hexagonal cavities and the 
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Table  I, The catalyt ic  react ivi ty  of n-pentanol  using different meta l  ca t ion /Montmor i l lon i te  ca ta lys t  

Cata lys t  Pre- Time Temp. d(001)  W. loss Catalyt ic  reactivif ies 

t reat-  (h) ( ~  (/k) ( ~ )  

men t  Conv. (~o) Select. (~o) 

L i+-Mont .  N o n e  - 25 13.6 _+ 0.4 t2.5 24.5 36.7 

K + - M o n t .  N o n e  - 25 12.1 +_ 0.1 7.0 18.2 37.8 

Cs+-Mon t .  N o n e  - 25 12.6 _+ 0,1 6.0 24.6 37.0 

L i+-Mont .  N 2 3 300 9.8 + 0.1 - 32.2 49,3 

K + - M o n t .  N2 3 300 10,1 + 0.1 - 25.6 37,3 

Cs *-Mont .  N 2 3 300 11.8 + 0.1 - 29.4 39.8 

Mg2+-Mont .  None  - 25 15.2 + 0.1 14.5 30.1 39.1 

Ca2+-Mont .  None  - 25 15.2 + 0.1 13.0 25.4 37.0 
Bae+-Mont .  None  - 25 12.6 + 0.1 10.5 19.7 34.2 

M g  z+-Mont .  N 2 3 300 9.8 + 0.1 - 33.9 48.1 

Ca2+-Mont .  N 2 3 300 9.8 _+ 0.1 - 28.3 38.6 

Ba2§  N 2 2 300 11.8 + 0.1 - 26.4 36.8 

Ni2+-Mont .  None  - 25 15.2 + 0.1 14.5 25.7 45.8 

Cu z§ -Mont. None  - 25 12.1 12.0 25.6 50.2 

Ni  2 +-Mont.  N 2 3 300 9.8 - 30.3 55.9 

Cu2+-Mont .  N 2 3 300 9.8 - 35.4 70.3 

Cu2+-Mont ,  H 2 3 150 - 23.8 57.1 

H z 3 250 - - 22.4 58.9 

H2 3 300 - - 20.0 62.0 

Cu2+-Mont .  Air  3 150 - - 38.0 70.3 
Air  3 250 - - 33.1 68.4 

Air  3 300 - - 38.4 71.1 

Table  II. Cata lyt ic  react ivi ty  of n-pentanol  ushag Ag § Pt  2 +- and  Pd  2 § montmor i l lon i te  ca ta lys t  

Ca ta lys t  Pre- T ime  Temp.  Cata ly t ic  react ivi t ies  

t reat-  (h) ( ~  
meri t  Cony. ( ~ )  Select. (~o) 

Ag + -Mont,  None  - 25 32,2 
Pt  2 + -Mont.  N o n e  - 25 16,7 
Pd 2 + -Mont.  None  - 25 49.5 

Ag + -Mont. N 2 3 300 38,1 

Pt 2 + -Mont,  N 2 3 300 16.9 

Pd  z + -Mont.  N 2 3 300 51.2 

51.9 
56.3 

68.5 

63.3 

56.8 

73.0 

Table  III .  Cata ly t ic  react ivi ty  of n -pen tanol  us ing Fe  3 + and A13 +-Montmor i l lon i te  

ca ta lys t  

Cata lys t  Temp. ( ~ C) Cata ly t ic  react ivi t ies  

Conv. (~o) Select. (~o) 

Fe3 +-Mont .  [4] 25 13.4 65.6 
A13 +-Mont ,  [4] 25 25.9 70.65 

Fe 3 +/Mont . -benz,  25 28.7 53.7 
A1 ~ +/Mont . -benz.  25 46.0 64.1 
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geometry of the reactant with respect to the surface of the catalyst should also be taken into 
account. 

The reactivity of Cu 2 + -montmorillonite is greater in the presence of a stream of dried air 
compared to a stream of hydrogen. This may be due to the reduction of Cu 2 + to Cu + by 
hydrogen. This lowers the catalytic conversion and selectivity to give dialkyl ether. 

The catalytic conversion reaction by alkaline earth metal ions coincides with the decrease 
in the ionic radius since there is a more symmetrical distribution of these cations in the 
interlamellar spacings. The Pd 2 + ion has a catalytic reactivity three times higher than Pt 2 + 
and 50~o higher than Ag + (Pd 2+ > Ag + > pt2+). 

A general reaction scheme is proposed based on the observation that water is retained in 
interlamellar spaces upon heat-treatment at temperatures below ~ 160 ~ C, which is sufficient 
to inhibit the interlamellar dehydration reaction of the alcohol, but enhances the relatively slow 
proton catalysed alkene formation reaction. This accounts for the lower overall conversion 
and the lower selectivity of catalysts preheated below 160 ~ to ether formation. For catalysts 
preheated at high temperature ( ~  250 ~ C), the overall n-pentanol conversion is enhanced. This 
is explained on the basis that the protonation of the residual water molecules around the 
central metal ions is increased in addition to restricted diffusion caused by shrinking of the 
interlamellar spacing. 

The A13 + ion evidently catalyses the protonation reaction more efficiently than does Fe 3 + 
ion. The reactivity of these cations increased by about 100~o in the presence of benzidine 
which can form complexes with these cations of the general form [Al-(Benz)n] 3+, [Fe- 
(Benz)~ ]3+ etc. A13 + -complexes exhibit higher covalence compared with Fe 3 + -complexes 
and this eventually affects their relative stabilities and catalytic efficiency. Steric factors 
prohibit the trapping of these complexes in the hexagonal cavity of the catalyst and exhibit 
symmetrical distribution which results in an increased protonation action of residual water 
molecules. On the other hand, benzidine species can exist in the oxidised form giving 
mono-radical cations [H21q--Ph--Ph--IqH2] + of blue colour and the di-radical cation 
[H21q_Ph_Ph_l~lH 2 ]2 + ofyeltow colour between the silicate sheet structure of the catalyst, 
depending on the degree of dryness resulting in increased positive charge [5, 6]. These factors 
increase the acidic strength of the catalyst and consequently increase the selectivity towards 
alkene generation while the conversion to ether formation decreases. 

It has been reported that the reactivity of cations depends strongly on the Br6nsted acid 
strength of montmorillonite [7]. The acid strength was calculated from the degree of 
transformation of triphenylmethanol (Ph 3 COH) into its carbonium ion (Ph3C +) on the clay 
surfaces. The acidity was explained in terms of enhanced dissociation of residual water 
molecules which depends on the polarizing power of the cation occupying the exchange sites. 
This depends on the charge density of the cation and more generally on the electric field 
conditions in the interlamellar spacing [7]. 
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