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The sorption of fourteen polymerizable organic substances 

by a variety of zeolites and other solid catalysts has been 

studied with a view to establishing which types of substance 

undergo polymerization within the zeolitic structure- 

The techniques used in the study included chemical analyuiss  

thermogravimetric analysis, sorption of argon and s'rption and 

permeation of water. 

Ethyl and n-butyl vinyl ethers and -0C-methyl styrene formod 

large quantities of polymeric substances over the catalysts BY;  

H mordenite and kaolinite although the monomers, which normally 

polymerize by a cationic mechanism, did form significant amounts 

of polymer within the cavities of tither zeolites. 

It. every case, the organic substances tested formed 

residues within the zeolites which were difficult to remove. 

Investigation showed that, in those zeolite-monomer systems 

which ware most thoroughly studied, adhesion between the phases 

did not survive exposure to water. It is sigrAficont that 

or6E.nic grops remained within the zeolitic cavities even after 

treatment with water and evacuation. 
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CHA.PTER ,  

INTRODUCTION 

1,1 Statement of oblective4 

One object of this work was to study some of the properties 

of various molecular sieve zeolites and other crystalline 

alumino-silicates with particular reference to their ability 

to catalyse certain polymerization reactions. If polymer-

ization could be effected within the zeolitic micropores and 

polymer chains could continue into external bulk polymer, then 

a means would have been found of bonding filler and polymer-

very strongly in a composite material. 

Good adhesion between a continuous phase polymer:- and its 

dispersed filler could in turn enhance such propertied of the 

composite as rigidity, hardness, tensile strength, thermal conduct-

ivity and the ability to resist sudden stress. Whether or 

not these properties remain unchanged over prolonged periods 

would depend upon the strength and permanence of the adhesion 

between the phases of the composite. The ability of athesion 

between polymer and a hydrophilic filler to withstand adverse 

conditions such as bontact with a high concentration of water 

would be one useful measure cf the- sfaliilityof the composite. 

Zeolites seem to be particularly suitable for the work since 

they contain uniform networks of pares and cavitis(122)  in 

which polymer chains could be anchored. Thv also possess 

considerable catalytic activity(-3-6)  and may be modified where 

necessary for particular types of reaction by exchange or by 

removal of their cations. 
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The preparation of compression moulded composites of 

zeolites with inert thermoplastic resins for use as cation 

permselectivA membranes has led to the conclusion that the 

electrical properties of such composite membranes are largely 

determined and rendered less satisfactory by the presence of 

salt solution imbibed from the external solution into pores 

between crystals and the inert resin(7). This difficulty may 

be removed if the adhesion between the two phases was unaltered in 

the presence of salt solutions. 

The permanence and stability of polymer-filler bonding has 

been investigated in this work by sorption and permeation 

studies. Gurption isotherms of certain monomers on zeolites 

gives some information about the nature of the sorbed monomer, 

while subsequent sorption of an inert gas would enable an estim-

ation of tne presence of gaps between sorbent and the sorbed and 

possibly polymerizod phase to be made. Complementary permeation 

measurements have been made to determine tne differences in 

diffusion behaviour caused by the inclusion of a filler in 

homopoiymer membranes. 

1.2 The nature of zeolites with particular reference to their 

catalytic activity. 

1.2.1 The structL;re of the zeolites  used in this work.  

Molecular sieve zeolites :Ire crystalline alumino-silicates 

which contain harrow, uniform channel systems which, under 

atmospheric conditions, would be completely full of water. 

Certain of the zeolites have structures which are sufficiently 

rigid to remain stable after the removal of this zeolitic water 

8. 



and can then selectively adsorb a variety of sorbates or guest 

molecules. 

Some forty naturally occurring zeolite minerals, together 

with several purely synthetic varieties are known. All are 

composed of SiO4 and A104 tetrahedra arranged in three-dimensional 

patterns to give large internal surfaces accessible by external 

surface entry poreJ 1). 

The simplest group of zeolites, the sodalite hydrates, have 

cubic symmetry and are based on the regular truncated octa-

hedral sodalite unit. This 14-hedron with its six square 

faces and eight hexagonal faces is itself composed of twelve 

aluminium and twelve silicon ions at vertices of the solid in 

positions adjacent to three silicon-ion-occupied vertices. 

Thdity-six oxygen ions midway along each edge complete the 

cage. Sodalite-hydrate consists of these 11--hedra stacked in 

8-fold co-ordination by sharing both square and hexagonal faces. 

,P4K Each unit encloses a cavity of 6.o,m. internal diameter which is 

accessible to small polar molecules such as water and ammonia 

by diffu.5ion through the six-ring apertures(8). 

Another zeolite in which sodalite cages occur is Linde 

Sieve type A. The sodalite units are linked together through 

their square faces by four bridging oxygen ions(9). This 

arrangement provides a large internal cavity, the 26-hedral 

4-cage, with a diameter of about 112. Each o4C-cage gives 

access, through six eight-ring apertures of about 42 diameter 

9. 
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tc. six identical 26-hedra so that the framework contains three 

mutually perpendicular sets of intersecting channels. The 

sodalite cavities, or p -cages, are accessible from the o& -cages 

through distorted, 22 diameter six-rings of oxygen. The unit 

cell of sodium A has the composition na12(Ai02)12(Si02)12•27B2°, 

charge neutrality being maintained by the sodium ions. 

Exchange of sodium ions by calcium ions in the type A 

zeolite increases the effective pore diameter to near 5R and 

this allows n-paraffins but not branched paraffins 	be adsorbed. 

The mineral faujasite has a framework which can be 

constructed from sodalite cages linked tetrahedrally through 

each of four hexagonal races by six bridging oxygen ions( 10,11)

per linkage. Wide 26-hedral cavities, called super cages, are 

thereby produced in the structure which are accessible through 

four 12-ring windows of 8 to 92  diameter from adjacent identical 

cavities. These voids are sufficiently large and accessible to 

accommodate about five benzene molecules in each(11)  but the 

smaller 5-cages are available only to wall polar molecules. 

Synthetic near-faujasites are available commercially with a 

number of different cations and with various silica to alumina 

mole ratios. The unit cell composition of the sodium form of 

these materials is 

. Nax(A102)x(S102)192_x.yli20 

where y has a value close to 250 and where the mole ratio Si02  

describes the type of zeolite,. Generally:  a 
	A102 

type X zeolite has a mole ratio of less than 1.5 while a type 

Y has a higher mole ratio, up to about 3. A higher silica to 



alumina ratio is normally associated with better acid stability 

but slightly reduces the unit cell parameter and the absolute 

sorptive capacity of the zeolite. 

Tne synthetic type L zeolite has no naturally occurring 

relative. It has the approximate unit cell formula of 

K6Na3( M.02)9( Si02 ) 27. 211120 

and a hexagonal structure based 	aluninosilicate 
siokikar- to it.. 'DA2 

framework 	found in the chabazite zeolites cancrinite, 

erionite and offretite(12). This contains a polyhedral cage 

formed by five six-membered and six four-membered rings, and 

each caNity is linked through the planes of its upper and lower 

six-membered rings to similar cavities thus forming columns in 

which hexagonal prisms and polyhedra alternate. These columns 

run parallel to the c-axis and are cross linked to each of three 

others by oxygen bridges which form part of tvELve-membered 

rings. These rings, watch lie in planec normal to the c-axis 

and hAme free diameters of between 7 and 821  circumscribe 

channels parallel to the c axis which have a maximum free diameter 

of 13A., 

The silica rich, naturally occurring zeolite mordenite has 

a sodium exchanged form of unit cell formula 

Na8( A 1402)8( Si02)40. 2020 

The aluminosilicate network consists of characteristic chains 

:Cameo by configurations of linked tetrahedra. Each chain is' 

linked laterally to other chains so as to produce a system of 

large channels parallel to the c-axis and interconnected by 

smaller channels. These channels are circumscribed by rings of 

11. 



12 tetrahedra. The rings nave .major and minor free diameters 

of 6.95 and 5.812. These large channels are lined by smaller 

side pockets each of which, halfway towards the neighbouring 

large channels, branches through two distorted 8-membered 

rings of 2.8g minimum free diameter into two smaller side pock-

ets opening into the next main channel. The inclusion of 

cations within these side pockets means that each main channel 

is effectively isolated from its neighbours. 

Although the main channels of mordenite are of 6.6R free 

diameter^ it has been found that the natural mineral does not 

readily sorb molecules whose critical dimensions exceed 	14)  

This is probably due to the presence of foreign material or to 

the location of cations in the main channels(15•16). Mordenite 

which exhibits sorptive properties of a zeolite possessing 

12-membered ring channels ha:: been zynthesized and has been 

called large-port mordenite to distinguish it from the conven-

tional small-port variety(17). 

1.2.2 Catalytic activity of zeolite* 

If r.atalysis isikssumed to occur w-Lthin the high surface 

area intracrystalline volumes then clearly both the zeolitic 

entry pores and the channel-cavity system must be sufficiently 

open to allow transport of reactant giolecules tem the bulk 

phase to the active sites. Certain polymerization and isomer-

ization reactions, however, are thought to take place at the 

external surface of the zeolite. Such reactions include the 

polymerization over a calcium. A zeolite of propylene 18), 

iliobutene(19) vinyl chloride(20) and styrene(21). 	The molecular 
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dimensions of these monomers are too great to allow them entry 

into the small pores of a type A zeolite. 

The type of polymerization reaction which it was desired to 

explore in this work is one in which polymer chains extend 

from within the internal volume of a zeolite to the external 

polymer matrix. Systems of monomers and zeolites have therefore 

been examined in which the monomer is readily sorbed within the 

zeolite so has some lillelihood of polymerizing inside as well as 

outside the porous crystals. 

Catalysis within the near faujasite zeolites is influenced 

by cation type(5P6P8),,cation location in the lattice(8) zeolitic 

silica to alumina ratio(8) and tie presence of proton donors(8'
21) 

A variety of energy terms contribute to the physical bond in 

zeolitic structures and these, together with the pore geometry, 

determine selectivity in adsorptio(22). These interactions 

are 

dispersion energy 	45r, 

2 	close range repulsion energy 

3 	polarization energy 	
1,  

4. 	field-dipole energy 
	

OF/4 

5 	field gradient-quadrupole energy 
	

OFQ 

6 	dipole-dipole energy 	95/u/A 

7 	dipole-quadrupole energy 	515/AQ 

8 	quadrupole-quadrupole energy 	(kezq 

It is of interest, therefore, to discuss not only those factors 

which affect catalytic activity but also those which determine 

adsorption selectivity.0,04,and q!)Fc4  are the most 



important contributions and will be described briefly. 

Dispersion forces arise frnm the interaction of instant- 

aneous dipoles, quadrupoles etc. in adjacent molecules and their 

energy of interaction may be described by(23) 

r8  r1°) 

(i) Cu)  
where the terms (i) (ii) and (iii) are in the order of decreasing 

magnitude and the summation is over all pairs of interacting 

centres, one of which is the sorbed molecule and r is the centre 

to centre distance of a pair. TiV'Se terms can be assigned to 

the following: 

( 	is due to fluctuation giving dipole-dipole coupling 

(ii) is due to rluctuation giving dipole-quadrupole coupling 

(iii) is due to fluctuation giving quadrupole-quadrupole coupling. 

Terms (ii) and (iii) can contribute as much as -ICS and 14 

respectively to the dispersion energy(2f). 

Repulsion forces arise from the overlapping of electrOn 

clouds of neighbouring molecules. In terms of Pauli's exculsion 

principle, electrons became excited to h1gher energy levels to 

avoid overlapping with other molecular orbitals having the same 

quantum numbers. This energy increase accounts for the repul- 

sion. It  is usually described empirically by 

hR 4. 

If it is assumed that dispersion and repulsion energies are 

14. 



approximately additive and temperature independent, then 

15. 

B  r12 

waere tae summation as before is over all possible pairs of 

interacting centres of which one is the sorbed molecule. At 

the equilibrium distance, r = rot  B = 	6 t  and this sum 

becomes the Lennard-Jones 6, 12 potential 

r4= 	(A_ - ro6) 

(r6  2r 12) 

The value of A can also be determined from the theory of dispersion 

forces(25). 

When an atom or molecule is placed in a uniform external 

electro-static field, F, the electrons and molecules experience 

a relative displacement, and a dipole is induced of magnitude 

=o(F where o< is the mean polarisability of the molecule. 
11-ind 
The energy of the nduced dipole in the electric field is 

/3p = foiinaaF = 2cl(P2* 

The potential energy of a dipolar ruolecule in an electric 

field may be expressed as 

-ft F cos 

whereit. is the dipole moment and 9 is the angle which the dipole 

makes with the direction of the field, F. 

The interaction between a linear quadrupole and the field 

gradient is given by 

4444  = -ig(3 cos29 - 1)(317  
dX 

where Q is the quadrupole moment and d.17  is the field gradient, 
dX 

and where 9 is the angle between the quadrupole axis and the field. 



Energetic neterogeneity in the water-sodium faujasite 

system at low coverage has been attributed to field-dipole 

interaction(26)  while the energetic heterogeneity of chabazite 

towards carbon dioxide, carbon monoxide, nitrogen, oxygen and 

hydrogen has been explained in terms of field gradient-quadrupole 

interationJ 27)  

The total interaction of a polarisable molecule, possessing 

a dipole and a quadrupole moment, with a sorbent which generates 

a local electric field is given by 

= AD + AR + + APIA + AN+ 15a) 

where 	is the self potential of the sorbate molecules and 
represents the molecule-molecule interaction energies in the sorbed 

phase. Several calculations of these components have been made 

for gases in zeolites(28-30). 

The variety and proportions of sorbates admitted to the 

intracrystaliine cavity system are controlled by the free 

dimensions or the entry windows. Zeolites incorporating 4 5-, 

6-, 8-, i0- and 12-membered oxygen rings into the lattice 
( 

structure are known‘ 
4)
" but even small molecules cannot diffuse 

through !4-- and 5- rings and an appreciable activation energy is 

involved in thd passage of water or ammonia through the 6-rings 

(31) of sodalite• 	. Ease of penetration increases rapidly there- 

after with ring size. 

Nut all rings containing the same number of atoms are 

equivalent in size. Type A zeolite, chabazite, erionite and 

same other members of the chabazite group all have 8-windows, 

but the free dimensions of these rings vary with the degree of 

16. 



nonplanarity(1). Linde A possesses nearly planar 8-rings and 

can freely admit n-r*raffins, but in general structures with 

8-rings can exert a wide range of molecular sieving behaviour 

based only on ring distortion. 

Number, valency, size and location of cations in the zeolitic 

lattice have important effects on the accessibility of intra-

crystalline cavities through the entry pores. This is dramat-

ically demonstrated in zeolite A where replacement of about 41:04 

of the sodium ions by calcium results in an increase in the 

effective pore diameter from about 4R to about 5k(2,9). Marked 

effects of cation upon diffusion coefficients of various gases in 

chabazite, mordenite and levynite have also been reported(32), 

and for low molecular weight hydrocarbons diffusion coefficients 

about 50% lower in hydrogen mordenite than in sodium mordenite 

have been observed(33). Since cations may partially obstruct 

intracryntalline channels it has been suggested that sorption 

rates might normally be expected to decrease with increasing 

cation density( 34)  . 

Silicon-oxygen bonds are slightly shorter than aluminium-

oxygen bonds and so a given ring size may decrease slightly 

with higher silicon content(35). Another influence of silica 

to alumina ratio is that since each lattice A104.  unit has a 

unit negative charge and an associated cationic positive charge, 

an increase in charge density will result fran any decrease in 

the ratio SiO2 Al 0 : 	2 j• 
One other factor of critical importance to adsorption 

selectivity is the effect of solvation. Zeolite lattices are 

17. 



18. 

not totally rigid(1) and lattice distortions as well as changes 

in cation position accompany hydration-dehydration processesC36137)  

Time and temperature of activation will therefore be variables 

influencing the sorption rates of certain sorbates08). The 

controlled additions of polar modifiers that are stronglyadsorbed and 

relatively immobile at the temperature of subsequent sorption 

can act as additional barriers in pore systems". The addition 

of small amounts of water, ammonia or methylamine to zeolites 

such as chabazite or mordenite results in the variation of diffusion 

coefficients of ethane or permanent gases by three to four orders 

of magnitude(39,4°). 

As was mentioned earlier, the locatidn of cations in the 

zeolitic lattice can influence catalytic activity 8). For 

example:  48 of the scdium ions in the sodium X unit cell all occupy 

positions near the centre of the 6-rings at the mouths of the 

scdalite cagos.(1o) A more detailed picture has emerged from 

single crystal X-ray studies on a.dehydrated calcium exchanged 

Y type natural faujasite(41/42) and three cation sites were 

described. The SI sites, of which there are 16 per unit cell, 

are located in the interior of the hexagonal prisms0 -positioned 

between tv.o puckered 6-rings in I., 12-fold co-ordination to oxygen, 

here ions are effectively shielded from the surface of the super-

cage systems. The SI  sites are preferred by calcium ions 

over tne other two sites. The 32 SII  sites of each unit cell are 

found next to the 6-rings in the hexagonal windows between the 

supercages and sodalite cages. Here each cation has three nearest 

oxygens because of ring puckering. 	EIII sites are situated 



next to the 4-rings in the square faces between super cages and 

sodalite cages, and are probably populated only in the univalent 

cation form of the zeolite. 

Calculations of the electrostatic field strengths of surface 

cations near SII  and Sal  sites in an X-type zeolite of Si 

molar ratio = 1 and in a Y-type zeolite of Si 	molar ratio = 2 

have shown that in both cases, fields were significantly larger 

nearer SIII  and SIT  at a distance of 	from the univalent cation 

centre provided both sites were occupiedC41'42). The catalytic 

activity induced near the two sites could therefore be appreciably 

different. 

Fields associated with bivalent cations have bean calculated 

to be greater than those arising with univalent cations(41 42) 

and it seems likely that for a given cationic charge the CoulculatC., 

fields would become greater as cationic radius decreases. 

Experimental results consistent with these expectations have been 

found for the n -hexane isamerization activity of a series of 

catalysts("), where the order of reactivity was 

NaY < BaY < Srl < CaY < MgY 

Catalytic activity of zeolites may well involve the cations 

themselves acting as carbonicgenic centres(  '1,i2). 	Calcul-

ations of the electrostatic fields in zeolitic cavities at 

distances up to several Angstroms from bivalent cations shy: 

that, where these fields are accessible tc reactant molecules, 

the fields are strong enough to induce substantial shifts of 

bonding electrons of the reantant. As the field increases, 

polarization of the adsorbate would become more pronounced and 

19. 



o 
shifts approaching C H are envisaged. 

20. 

Zeolitio 
framework 

A carbon at an which is polarized to thin degree could then serve 

as the active centre for carboniun 	reactions. Reactant is 

serving as the cocatalyst, in erfect. 

A cation lying on the surface of a super-cage in a faujasite 

zeolite, such as the one near an SI' site, is in relatively low 

co-ordination with lattice oxygen. In such a position, the 

field associated with the cation worild not be well shielded and 

would be accessible to guest molecules in the super-cage. The 

effects of these fields vould vary greatly with the Si/Al  molar 

ratio of the zoolite 	however, and may be visualized struct- 

urally for a divalent cai.ion exchpmged zeolite. An increase in 

the molar ratio from 1 to 2 in the sodium fora decreases the 

nation density and therefore increases the distance between 

cation sites. It does not, however, significantly alter the 



bonding or location of the caticn with respect to the A10
4 

tetra-

hedra. In the case of a divalent cation exchanged zeolite, 

such an increase on the /Al molar ratio would move the cation 

position from a site essentially equidistant between two AO
4 

tetrahedra to an asymmetric position close to one of the tetrahedra. 

• 
®® 

o 	0 

crii\7  • Lo 
0 CO 	o'b 

Sr\ 
00 o o 

6i/A1 molar ratio = 1 
	

Si 	molar ratio = 2 

A polarization would exist, in the case of the asymmetrically 

positioned cation ion, between the unscrecned cationic charge 

and the unsatisfied, more distant lattice Ai0
4 

negative charge. 

Calculations of the difference in the electrostatic field 

magnitude at points 22 toward the centre of a 102 pore from a 

calcium ion occupying an au site in calcium X and Y have revealed 

a value of 0.7 volt 42 between the stronger Y  zeolite (Sidal  = 2) 

and the weaker X zeolite (Si/Al  = 1). Experimentally, the n-

hexane isomerization activity of MgX was found to be less than 

the activity of Me(41). 
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Water plays an important role in the catalykU, behaviour 

of both group 1(43)  and group 2(44,45)  ion exchanged faujasites. 

l'aximum activity of a calcitm. X catalyst in the dehydration of 

tert-butanol was observed when the number of water molecules was 

equal to the number of zeolitic calcium ions(44,45) 	Water would 

accumulate during the dehydration of an alcoholC44 -46), and 

because of its high dielectric constant can effectively screen 

the cation fields and thus modify the magnitudes of the fields 

accessible to reactants. A fully hydrated zeolite would be 

catalytically inactive.' 

It was mentioned earlier that reactant diffusivities ani 

catioil positions are, in some zeolites, dependent on the degree 

of hydration. 

The very high isosteric heat of water adsorption in zeolites, 

approaching 130 kJ mole-1  at law coverage( 26),  reflects the 

magnitudes of the electrostatic fields available for interaction 

with sorbates within the zeolites. Infra-red spectroscopic 

studies have demonstrated that faujasites containing alkali and 

alkaline earth cations retain hydroxyl groups on their surface 

even after evacuation at 45000(47,48). 0-H stretching vibrations 

in sodium X-water systems suggest that isolated water molecules 

are adsorbed simultaneously by an ion-dipole interaction with 

the exchangeable cation and by hydrogen bonding of one of the 

water hydrogen atoms to a lattice oxygen(47) 
• 
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The polarizing action of the cationic fields in either sodium 

or calcium X zeolites might render a water hydrogen atom or a 

lattice hydroxyl group hydrogen atom protonic. Certainly, if 

the cationic fields are powerful enough to polarize hydrocarbon 

C-H bonds then the creation of protons from either of the 

sources mentioned above is a reasonable possibility. 

Several protonic forms of zeolites have broad catalytic 

application and they can, in general, be fonned either by , 

direct ion exchange with mineral acids or by thermal decompos-

ition of ammonium exchanged zaolites. Hydrogen mordenite was 

prepared by contact with dilute mineral acids(17), was acid stable 

and had high catalytic cracking activity(49'5°)„ but hydrogen 

forms of less silicon rich zeolites, prepared in this manner, 

tend not to be stable upon dehydration at higher temperatures(628"
)  

This breakdown was believed to be a consequence of close proximity 

23. 



of aluminium atoms which facilitated the rearrangement of the 

framework. 

Decationated mordenite and /-type faujasites can be formed 

after replacing sodium ions with ammonium and with subsequent 

thermal decomposition of the ammonium ions(51,52). Infra-red 

studies nave contributed significantly to an understanding of 

these zeolites(53-55), and it has been proposed that protons 

remaining after the release of ammonia are able to react with 

lattice oxygen in Si-O-Al bonds to form a 3-coordinate aluminium 

adjacent to a silanol group: 

± NH, 	e  
NHS, 

O 0 9  0, 0 0, e,O,  
A1 	/5 ; 	\A 1 	p; o'

/L\ 
 bdo 0 00 0 ob 0 o 

Thus, a classical Bronsted acid form is proposed as being in 

equilibrium with the silanol form, and it is probable that proton 

donation can occur upon the approach of a strong base. Ammonia 

is the obvious example of this. 

At higher temperatures, the protonic faujasites decompose in 

a procesc involving the loss of one mole of water per pair of 

A40 terahedra to form a defect structure(6'
53-57) 

'" 
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o HO 	 0 	0 \, 	• e  ,0 ♦  , 
2 Al 	5-->I-10+N. 	+ Al 	i 

‘10 0/ 0 	00 000000 

Transition metal exchanged and rare-earth exchanged faujasites 

also exhibit catalytic activity(8). The trivalent rare-earth 

cations possess a high ohne density(58), high enough to cause 

considerable electrostatic fields in the intracrystalline volumes 

occupied by guest molecules. The effect of such polarizations on 

adsorbates could be the formation of oarbonium ion reaction 

centres in the manner described for the divalent alkaline earth 

zeolites, but in the case of the rare-earth zeolites this activity 

would be more pronounced. 

Infra-red studies of ethylene adsorbed by silver X zeolite 

have shown that specific orbital interactions occur between the 

sorbent and guest molectiles 48) 

These may be represented as: 

Zeolitic 
framework 

\ \ 
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1.2.3 Polymerization and related reactions catalysed by zeolites.  

At temperatures of around 30000, nickel exchanged sodium X 

catalyses the polymerization of ethylene and propylene to 

predominantly dimeric products in continuous flow systems(21). 

After initially high activity, conversion was found to decrease 

markedly after longer times, deactivation probably resulting from 

the intrcrystalline formation of a viscous oily polymer. This 

could be removed by solvent extraction or by heating under 

vacuum at 370°1c and catalytic activity restored. After one 

experiment, aliphatic polymers with major carbon numbers at 

C21, C22  were found. 

Generally, olefinic polymerization over zeolites has been 

found to follow the order of activity: 

14S20  = CH2  ) MeCH = 0112 > 	CH2  = CH2(18) 

and reactions over hydrogen I, dehydroxylated Y and rare-earth 

X zeolites occurred at lower temperatures than over other 

zeolites 54). The structure of the branched polymers obtained 

from polypropylene polymerization over calcium X have been found to 

be similar to the type reported for conventional acid catalysts 

such Fts ortho-phosphoi-do acid supported on Kiesselguhr(18). A 

carbonium ion mechanism would certainly be consistent with the 

order of substrate reactivity as well as the preferred zeolite 

catalysts since an olefinic carbon atom would be more able to 

support a positive charge if it has a highev electron density 

such as would be caused by adjacent alkyl group. Clearly 

the protonic nature of hydrogen zeolites and the high charge 

density of the cations in rare-earth zeolites would provide 
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powerful acid catalysts. 

A carboniva ion isome rization-polymerization of 1-hexane 

over a deuterated rare-earth zeolite has been suggested(59), 

and a mechanism consistent with the experimental data is: 
AO 

011,.2===CH-C4H, D 0-zeolite 	CH2=F  CH — CH9  ( I) 

6 e 
D. 0-zeolite 

, 0 
CH2D-Ctlei-CH2  CA etc 

e 	 et.  
0-zeolite 	0-zeolite 

Electrophiles I and II would be closely associated as ion 

pairs with anionic sites in the zeolite lattice, and the elimin-

ation of protons from them would provide 2- and 3-hexane isomers 

respectively. The zeolite catalyst was dissolved after one 

1-hexane isomerization run, and the oily organic extract was found 

to cuntain a C60 polymer. 

The roan temperature isomerization and polymerization of 

2„3-dimethyl-1-butene and 1-hexene over partially deuterated 

hydrogen Y  zeolites have confirmed that these are carbonium ion 
type reactions( 6o). Infra-red spectra have indicated that 

pyridine adsorbed on a decationated zeolite preheated to 300°C 

was present essentially as pyridiniun ions(2o), while if the 

zeolite was preheated at 560°C, then pyridine bound to Lewis 

acid sites was present. 

The polymerization product formed after the sorption of tert-

butyl chloride on alkaline-earth type A zeolites and on mordenite 

probably results from the formation of butene(61), which sub-

sequently polymerizes. Equilibrium probably exists both in the 

gas phase as well as in the sorbed phase, between the alkyl halide 
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and olefin)  

C(CE.3)3C1 	1 (CH3)2C = CH2  HC1 

A zeolite would rapidly remove hydrogen chloride molecules and 

shift the equilibrium across to the right. Once olefin had 

been formed it could extract protons from the zeolite lattice, 

probably from the sorbed hydrogen chloride, and a monomeric 

carbonium ion would be formed. A lsrge variety of polymers 

could result from such a cationic reaction, and indeed several 

dieters, trimers and tramers were detected. 

Various pats, exist for preparing specific butene polymers 

by room temperature reactions of isobutene over zeolite 

catalysts(62 -64). These polymers would be formed by a carbonium 

ion mechanism. The ability of dehydrated zeolites to act as 

proton donors to adsorbed molecules thus yielding carbonium ions 

has been conclusively demonstrated by their reactions with 

triphenyl carbinol and other Hammett indicators to give the 

corresponding coloured carbonium ions(65,66)  

Zeolites are used to catalyse reactions which, on current 

evidence, do not take place by carbonium ion mechanisms. ,For 

example, the acidic catalysis of toluene to benzene and methane 

promotes undesired transalkylation conversions whereas alkali 

metal zeolites act to produce good yields of these hydrocarbons(67)  

It is supposed that this reaction over the zeolitcs is primarily 

a radical-type, and requires a catalyst of high surface area but 

low acidity. 	Support is lent to this theory by the results of 

electron spin resonance investigations of various sorbed 

zeolites. 	2-Pentens-:. and 1-octene, for example, yield radicals 
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over rare-earth Y zeolites(64)  and NA yields 11F2  radicals over 

calcium A and sodium X zeolites(69). Aromatic radical cations 

are formed when various compounds are sorbed by dehydrated Y(57), 

and by calcium and rare-earth faujasites(68) 	Zeolites have 

been found to be useful as a convenient storage and isolation 

medium of free radical species such as NF2(69)  and NO2
(70  

The loading of zeolites with alkali metals has provided 

catalysts that have double bond isomerization activity but very 

little accompanying skeletal isomerization(8). Sodium X loaded 

with 10.4% by weight of sodium has showed a 94% coversion of 

1-pentene to 2-pentene at roam temperature and also a 380 

conversion of 1,3-cyclohexadiene at 100°0  to a mixture of 1, 

4-cyclohexadiene and benzene. However, only a rather narrow 

range of ;odium loadings was found to be effective. 

1.3 The nature of Dolymerization reactions.  

Although the name polymer could be applied to low molecular 

weight products containing more than two identical repeat units, 

perhaps a more general definition should refer to substances of 

sufficiently high molecular weight to ensure that their properties 

nave become reproducible. Deviations from this principle 

should allow the name to be used to describe products formed by 

nevel reactions or for unconventional purposes where these 

products may be of any molecular weight and may contain any 

number of repeat units. 

The study of polymerization reactions in the internal surfaces 

of zeolites gives limited opportunity for the determination either 

of molecular weight or for the characterization of physical and 
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chemical properties. The words polymer and polymerization are 

therefore used here with a less rigorous definition in mind. 

Of the many different polymerization reactions which have been 

investigated, it is possible to group at least some by type. 

Examples of polymerization reactions by polycondensation, 

hydrogen transfer, addition of unsaturated monomers, ring 

opening, crosslinking of resins and several other types of 

mechanism have recently been extensively reviewed(71). This 

study has, in general, involved only polymerization by the 

addition of unsaturated monomers. 

The simplest examples of unsaturated monomer addition react- 

ions are those involving ethylenic monomers, 

R, 	R3  

C = C 

R
2 	R , 

where R is hydrogen or sane other group. There are, however, 

very few tetra substituted monomers which give high polymers, 

bat tetrafluoroethylene and chlorotrifluoroethylene are important 

exceptions to this rule. In general;  the largest group of 

polymerizable ethylenic compounds are the monosubstituted ones 

in which Ri  = R2  = R3 = hydrogen. Several monaners in which 

Ri  = R2  = H polymerize readily and a. few in which 	= R3  = H 

are also reactive. 

Vinyl compounds, 

Hi  C = C 

undergo polymerization by a number of postulated mechanisms 



depending on such factors as the nature of group R, the conditions 

of the reaction (such as whether it is in the vapour phase or in 

solution and so on), and very importantly the means by which 

polymerization is induced. More will be said later about these 

considerations, but at this stage a little should be mentioned 

about the basic steps of general vinyl polymerization reactions. 

Three basic steps are common to any ethylenic polymerization, 

initiation (1), propagation (2), and termination (3). 

lft CH2===CHR —4 X —CH2,tiiR 	(1) 

HR -i 	 * 

} 

x —cH2  UHR- CH2  -...r.-._ CHR --4.X .—-_CH2  CHR —CH2  -- CriR (2) 

-->X 4H2C1 _ -- C112  AR 
x _pH2 
	CH

2 
--uHR --4 Inactive polymer (3) 

The nature of the active centre A( is determined by the method of 

initiation and may be a free-radical(72,73), a cation(74275)  an 

anion(76)  or it ma be a centre for co-ordination with the 

catalyst(77-79)  

Initiators are compounds which join particular monomer 

molecules and the growth of the polymer is then independent of 

the initiating species, while a catalyst often starts the growth 
of many chains and takes part in the addition of each monomer. 

Practically, however, the terms have been used interchangeably, 

although generally free-radical and anionic processes are said 

to use initiators while cationic and co-ordination reactions 

involve tne use of catalysts. More will be said on this subject 

in the next section. 
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1.3.1 Survey of literature concerning the polymerization of 

unsaturated monomers.  

The considerable number of polymerizable unsaturated monomers 

is bound to restrict any investigation of such canpounds. For 

this reason, only those substances which seemed to offer scope 

in this study of polymerization reactions in zeolites are men-

tioned here. 

Reactions will be dealt with in order of the type of mechanism 

presumed to be involved. 

1.3.2 ivree-radical polymerization 

A free-radical is an organic fragment which possesses an 

odd or unshared electron. An ethyl radical could be represented 

as 

H H 

H 
	

• ; 
	

C • 
•• 	 • 0 

H H 

and whereas the usual tetrahedral configuration of bond angles 

is maintained in the first carbon atom, the second carbon, 

containing the unpaired electron, has all its substituents in 

a coplanar configuration. These fragments are highly reactive 

with most organic molecules, and in the absence of substrates 

the radicals destroy themselves by disproportionation and to a 

much lesser extent by combination(72): 

2 C2d5. 	C2H6 + 

and 2 C21i5. ----> C H10 
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Other radicals, such as the triphenyl methyl radical, are 

sufficiently resonance stabilized to exist in equilibrium with 

their combination product, in this case hexaphenylethane(80) 

Nitro group stabilized radicals exist almost entirely in the 

radical form. Such stable radicals as these are poor initiators 

of vinyl polymerization, whereas unstabilized radicals such as 

the ethyl radical, are very effective initiators. The stable 

radicals do have an important use, however, as they are effective 

scavengers of radicals and nave been used for counting radicals 

by observation of the disappearance of characteristic colours 

caused by their unpaired electrons(81) 

Self-initiation of certain monomers is thought possible(72), 

but generally the addition of free-radical producing compounds 

is more practical. A commonly used catalyst of this kind is 

azodiisobutyronitrile which yields reactive dimethylcyan-ocarbinyl 

radicals, 

CH 	CH 
1 3 	/ 3  

	

ca - C-N=_—_N-C-CH 	----> 2 C11.3", C. + N2 3 	N.3 
CN 	ON 	OH 

Fragments such as this are able to assist a variety of monomers 

to form a new radical with a net gain in resonance stabilization, 

CH 	R 	C 	R 
3  GB39:  t CH2 = cif — 01I3 2p-CH2-0H. 

• CN 	CSI 

The polymerization continues until the supply of monomer ceases 

when chain termination occurs by either disproportionation or 

coupling. 

.Most commercial polymers have to be of controlled molecular 
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weight and require the inclusion of various agents such as 

stabilizers, plasticizers, slip and antiblock additives. 

Accordingly, extensive use is made of the ability of polymer 

radicals to undergo chain transfer processes. 

Polymer radicals may transfer intermolecularly or intra-

molecularly with existing chains at active sites to yield long-

chain or short-chain branching respectively. 

Thermal polymerization of vinyl monomers occurs by radical 

mechanism and such reactions are inhibted by the presence ;of 

known radical scavengers. Benzoquinone, for example, effect-

ively prolongs the induction period in the thermal polymerization 

of styrene but once this induction period is over, the 

♦ polymerization as measured by rise in relative viscosity, is the 

same in cases where the scavenger was absent as in cases where 

it wa..i present in various concentrations(82)  

Methyl methacrylate may also be thermally polymerized id a 

reproducible manner if scrupulous care is taken in the removal 

of any inhibitor(83), but it polymerizes at an observed rate of 

only about t4 of tnat of styrene under similar conditions. The 
rate of thermal polymerization of styrene itself is quite low, 

about 04 per hour at 6000, and it is thought that the reaction 

proceeds according to the following scheme(72,84): 

2 CH2  = CiVh Ph — C - ca2m2  - C - Ph 
• 

At roan temperature, thermal polymerization of styrene may 

require monnls or years. The temperature for thermal polymer-

ization has to be chosen with care since, although lower 
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temperature reactions require much time, they produce a product 

of far higher molecular weight. One method employs a 

temperature of 1250d(85)  for tne reaction under which conditions 

a 9C yield of polymer is obtained after approximately 24. 

hours, the molecular weight of which is about 150,000. 

Acrylonitrile polymerization is too exothermic to make bulk 

polymerization satisfactory, and consequently a means of dispersing 

the reaction heat has to be employed. 	Solution, suspension and 

emulsion techniques have been successfully employed(71). 

Of the 1, 1-disubstituted ethylenes, perhaps the most impor-

tant is methyl methacrylate and since it will polymerize readily 

to a very clear, colourless _polymer it has been used extensively 

in the work under discussion. It may be safely bulk polymPrized 

in situ at 2+0°C and in the presence of about 0.14 or less of 

benzoyl peroxide will yield the clear product in about 24. hours. 

1.3.3 Lationic Polymerization.  

Theability of many zeolites to catalyse carbonium ion 

reactions suggests that these catalysts may be equally suited to 

promoting polymerization reactions via a cationic mechanism. 

Polar or heterolytic splitting of the double bond of a vinyl 

derivative by the action of electron accepting catalyst species 

is the necessary process of cationic polymerization. The olefin 

molecule acts as an electron donor, or base, and after inter-

action with the catalyst it becomes the carrier of the positive 

charge. 

R1 1  
+ X --->ec - CH2X 

R2 	R2 
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The formation of the carbonium ion is followed by a series 

of additions of the monomer leading to the formation of a macro-

ion, which can be stabilized by a ccmplicated process of splitting 

off a positive charge. This results in the formation of a new 

active centre which can produce another initiating carbonium 

ion( 86). The regeneration of active species, together with the 

impossibility of the mutual reccubination of two growing chains 

of identical charge, makes this type of reaction very different 

from the radical polymerization discussed earlier. 

Among other differences between cationic and radical polymer-

izations, the former generally proceed rapidly even at low 

temperatures(87)  have a lower activation energy, and are not 

slowed down by the usual radical inhibitors. They are often 

sensitive, however, even to trace quantities of polar substances 

of basic character which markedly affect the reaction rate and 

the molecular weight of the polymer produced(74)  

11onaner molecules act as electron donors throughout the 

course of cationic reactions and so a higher polymerization 

activiti is displayed by those vinyl derivatives which have a 

greater electron density at the double bond. Such monomers 

are those having electropositive, or electron repelling, 

substituents. 	Conversely, ethylene monomers with electro-

negative substituents have a reduced electron density at the 

double bond and a lessened cationic reactivity. 
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CB
:3 	

,, CH H 
= CH2  > 	C 	

• 
CH2  > C=CH2  

CH 3 
iso-butene 	propene 	ethylene 

(2-methyl propene) 

CH, 
.?\ 	

H H 

C ==CH2  > 	C = CH2  > 
H 
\ C =CH2  

Ph 	Ph 

o -methyl styrene 	Styrone 

and 
H 	Cl _.___.. Cl-...... 	-...., 

C =_- CH 	, C =.—_ CH 	C= CH
2 ..---- 	2 > 	,../ 	2 > / 

H 	H 	01 

There are, at the moment, about a hundred vinyl monomers 

which have been found to polymerize by cationic catalysis( 88). 

Typical of these are isobutene(89);  styrene(9°), ot-methylstyrene(91)*  

vinyl ethers(92)  and N -vinyl carbazole(93). Other compounds 

containing double-bonds which polymerize by similar means are 

acenaphthylene(94), ben7ofuran(95)  and phenyl vinylene 

carbonats(96). Certain other types of compound which also 

undergo cationic polymerization reactions will be considered 

later. 

Ethylene itself has very low cationic reactivity. For this 

reason it is used as an inert solvent for the powerfully 

exothermic cationic po2ymerization of isobutene at -103497). 

At higher temperatures ethylene can undergo polymerization but 

it is no longer a case of tae simple addition of monomer to car - 

onium ion but a more complex procesa08). In fact ethylene 
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1 

R2 

CH 2 

polymerizes over zeolites of the following types : hydrogen 1(5°, 

dehydroxylated 1(99), rare earth X(59)  2  and nickel X(21). AU 

these reactions were, however, at temperatures near to or in 

excess of 100°C. 

In the relatively simple case monomer protonization involves 

Bronsted acids, 

e R1 • ®c c 3 
R2 

The aprotonic Lewis acids so characteristic of this type of 

polymerization are unable, however, to transfer protons and their 

activity depends upon the presence of an ionizable third 

component called the cocatalyst. A typical catalyst-cocatalyst 

system is boron trifluoride together with a trace quantity of 

water, 

BF3  + H2O -aH 

which may then take part in the polymerization reaction, 

G r 	o R 	 e # 
H ipli3ai] 	+ 	 0 1. .....- al 	ii cici  , 	o 	CH3  

P2 	 R2 " 

These carboniun ions are far less stable than the corresponding 

radical41°°)  and can recombine readily with their counterion, 

ismicrize easily and undergo rearrangements to form more stable 

structures. A result of this last ability is that a polymer 

can possess a structure independent of the monomeric unit from 

which it was formed 101) 

38. 



Tne difficult formation and easy disappearance of carboniun 

ions results in the failure of stationary states to establish 

themselves in a number of reactions. For this reason it has 

not been possible to set up a generally valid reaction scheme 

comprising a sequence of elementary reactions. 

Steric effects, as well as monomer polarity and basicity, 

influence the mechanism of cationic polymerization reactions. 

Two trends describe the reactivity of alkyl-substituted olefins. 

Firstly reactivity decreases with increasing monomer molecular 

weight and secondly olefins which are unsymmetrically substituted 

about the double bond are more effective than unsubstituted 

or symmetrically substituted olefins. For example, the 

following substituted ethylenes are placed in order of decreasing 

cationic polymerization reactivity 

CH 
C2H5, „_CH,3„.  CH3  CH CH 3, 	3 

C=CH,2). 	C=CH2,;> 	C=OH 	C=C ....;>0111.2=CH2  ,••• 
CH3  CH3 	al3 	CH3  CH3  

Steric hindrance is probably responsible for the measured heat 

of reaction, 50.4. KJ/mole, being well below the calculated value, 

89.9 KS/mole, for isobutene(102). 	It is interesting to note 

that the steric hindrance of the benzene ring in styrene or 

o( -methylstyrene is of the same order as that caused by a 

methyl group which is far less bulky. This is accounted for by 

the fact that the aromatic ring, itself planar, lies in the same 

plane as the substituents of the ethylenic carbon atom. Inter-

ference is reduced because of this two-dimensional configuration 
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of atoms. The presence of two aromatic rings on the same carbon 

atom is, however, sufficient to render polymerization beyond the 

aimer impossible. 

The basicity of styrene derivatives is determined by the 

aromatic substituent, not by a higher electron density at the 

olefinic double bond(103). Lewis acids are able to form weak 

cpmplexes with the benzene nucleus and even benzene itself 

forms similar complexes. 	In the absence thf any cocatalyst 

species polymerization is not, however, induced. 

Vinyl ethers, or alkoxy-substituted olefins, can fora 

complexes with aprotonic acids through a dative bond(1°10, 

0-R 	MO-R 

CI 	C• X 	> CH2=1,1=V 
H 	 ii 

The basicity of these compounds is due to the considerable 

electron pressure on the double bond exerted by the alkoxy group, 

R-0—Glid=CH2  <  

9 
This terminal -CH2  group is rendered increasingly nucleophilic 

as the mesomeric effect of the alkyl group R is raised. Isopropyl 

vinyl ether would therefore make the terminal group powerfully 

nucleophilic with the result that reaction with an electrophile 

yields the structure 

is o Pr — 0 -= CH— CH2X 

which is not capable of initiating a polymer reactionc l°5). On 

the other hand, a phenyl group or even a methyl group in the R 

40. 
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position would have the effect of allowing the complex 

Ph-0— Cii CHI  
4. 
xe 

to be formed which would permit polymerization to occur. 

In the presence of some sort of cocatalyst, vinyl ethers 

are extremely reactive and at low temperatures yield polymers of 

high molecular weight, which are, with few exceptions such as in 

very quick reactions, linear(106). 

Two compounds which undergo cationically induced polymer-

izations by head-to-tail linking somewhat similar to vinyl 

polymerizations are acenaphthylene(107)  and benzofuran(108, 109). 

The latter is closely related to the vinyl ethers. 
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Acenaphthylene 

Benzofuran 

Compounds containing carbon-carbon double bonds are not the 

only unsaturated monomers able to polymerize by carbonium ion 



mechanisms. An important group of monomers are those 

containing a polymerizable carbonyl group. 

Trioxane will polymerize over a variety of Friedel-Craft 

type catalysts to a high molecular weight polyacetal(110). 

0 
n 

Ov,0 
	3n 

Formaldehyde yields a similar product after cation polymeriz- 

ation( 110), as indeed can several other aliphatic aldehydes(111,112)„ 

R 	

H H 
/C 

 = 0 —> 0 =C 
R 

An of tnese reactions occur at low temperatures. 

aromatic ,”.aldehydes, such as terephthaldehyde, can also be 

converted to high molecular weight polyesters(113)  

0 

C 	CH 

CHO 

Related monomers which can undergo cationic polymerization 

reactions include ethylene oxide(114) substituted ethylene 

oxides" ' 	1115)  and ketenes(116, 117) 

77--) 0 - CH2CH2f 114)  

0 

CR3  CH 3 

>\A 
0113  0 CH3  

cb ip (115) 
I 

—0-C —C 
/ 

C-13 

142• 

n 

Certain 

CHO 

n 
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C=C=0 

.1=•• 

c113 
CH 	0 	 C 1 	3 	it 

c— 0 --c —C 

(116)  

n 

(117)  

CH 
3 

CH 3, 
n 	C = 

,e 

CH 
3 

0113, 	J2-13  
c' 

C = 0 , 

CH 
3 

One particularly interesting group of compounds which undergo 

polymerization to high molecular weight hydrocarbons are the 

aliphatic diazo compounds. 

Many years ago it was found that the storage of ethereal 

solutions of diazomethane for a long period gave a white precip- 

itate of polymethylene(118)  presumably according to the 

simplifid equation, 

n 

	

	
2 

H 

It is, however, better to represent these diazoalkanes by the 

two canonical forms, 

A R1  e 	 1\„ , c —NEN 
R R2 2
,e 

Clearly, the diazoalkanes are able to react as nuoleophilic 

reagents and are thought to be catalysed by a co-ordination 

mechanism over several boron compounds to yield polyalkanes with 

a quantitative splitting of nitrogen from the monomer(119)e 

and 

2. 

and 

H In 



n 

The initiation of the polymerization of diazomethane in the 

presence of boron trifluoride at low temperature possibly follows 

	

the scheme, 	
• 	6 

BF3  + CH2N2 	F3B CH2— NE-:N 	F
3

13 cH2  + N2 
e 

F3b —CH2  —4 F2B 

This product has been isolated nearly quantitatively( 12°), 

and may react further, 

F2B—CH2F + Ch.2N2 	F2B —0H2  NEN4F 2 1 B —CH2  + N2.... 
1 

CH2F 	CH211  

This proposed mechanism assumes that alkyl ions —( CH2)nF will 

migrate at each rearrangement stage in the reaction 121)  

cH2 	F2B ci-12( 
( CH2)nF 

The process can continue until either all the diazoalkane has 

been used up or until chain termination occurs by hydride-ion 

transfer, for example, 

	

e fo 	 e 
F2B —GER —> Rai 	H 	RCH2 1 	1 	

\C 	H 
R 	n 	

,. 
C 

 .....„....-- 1  C 

H R R CH R 
rCH EL)  112E 1  /--F _ ( CH)F 	F,-, Be 

1 
R 	 n-2 ' R 

In the absence of this stage, the final polymer molecule will be 

a compound of similar structure to the initiating molecule, 

R 	 4R 
I 

F2B — CBF + nCHRN2 —4 F2B CH-F + nN2 
• 
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and would behave as an active catalyst towards fresh diazoalkanes. 

This nas 

polymers 

provides 

example 

F13--1  4. mCH2N2  --4 F2 	1 
B CH--N 2P+ MN2. 

k 

1 
CH
3 n 

been experimentally verified(121). The activity of these 

is not reduced by either washing or precipitation and 

a convenient method of preparing block co-polymers, for 

Capperk122) and copper salt(123) catalysed polymerizations of 

diazoalkanes are also known. 

The polymerization ofok-phenylethyl isonitrile over an 

acidic powdered glass catalyst to give a high polymer may also 

be of particular interest in a study of polymerization reactions 

in zeolit^s 1210. 

n Ph CH-11=C 

CH 

  

•••••• 

    

  

---C--- 

N 
H 

CH3  

  

CH 
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Ph 	CH3  
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1.3.4 Anionic polymerization 

Only quite recently in the history of polymerization studies 

was the process of an anionic mechanism realised(125). Among 

the first reactions to use this type of catalyst was the alkali 

metal polymerization of 1,3-dienes(126,127), which involves an 

electron transfer from metal to the monomer 

Id. + CH2  = CH — CH Tr= CII2-÷ CH2  —CH = CH— CH2Li 

These radical anions could then combine or, alternatively, a 

second electron transfer could take place at the other 

end of the macroion and in either case a dianionic species is 

formed which is capable of initiating a polymerization reaction 



4.6. 

CD e 	e e 
Li CH2  —CH =CH — C',H2Li t 2CH2=-_ CH— CH=-. CH2  

6. e 	 e 
Li CH2— CH =CH —CH2— CH2  — CH=CH—CII2  CH2  CH= CH - CH2Li 

Other monomers which form polymers in the presence of alkali 

metals are methyl methacrylate, styrene,Armethyl styrene, acrylo-

nitrile and methacrylonitrile(71) Alternative catalysts to 

alkali metals may include many ordinary salts of very weak 

bases, such as Grignard reagents, triphenyl methyl sodiumc128), 

or even sodium cyanidd (129)  

The mechanism of anicaic polymerization is not yet understood 

and nothing will be said on this subject here. 

1.4 L-SuznarysfSts.pjeLry.i 

In this chapter an attempt has been made to cover some of the 

polymerization reactions which could possibly occur in certain of 

the considerable variety of molecular sieve zeolites now known. 

Hydrogen exchanged zeolites, as well as alkali cPtica zeolites, 

and to a great extent rare-earth exchanged zeolites, could well 

promote polymerization by cationic mechanibm. 

The radical and anionic mechanisms do not have such obvious 

parallels in the known reactions of zeolites. However certain 

possibilities do exist such as radical. type reactions in the 
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CHAPTER 2 

An outline to some of the theoretical considerations encountered 

in this work.  

This work has involved the use of a number of different 

techniques. Consequently only a general introduction to the 

interpretation of measurements is made here. More details will, 

where necessary, be included in tne discussion cf'reaults. 

2.1 Zeolite sorbents 

Wnen a mole of sorbate is transferred isothermally and 

reversibly from a gas phase of standara pressure, pc), into an 

infinite amount of sorbate-sorbent mixture the change in chemical 

potential, A 
	

is 

RT ln Po 

where p is the sorbate-sorbent equilibrium pressure. Values 

are a measure of the affinity of adsorption and can be 

directly calculated from adsorption isotherms. Such estimates 

of the affinity of adsorption are of practical importance as they 

enable the selectivity of a sorbent towards different sorbates 

to be determined. 

If isotherms are detefmined for the sorbate-sorbent systems 

at a number of temperatures, it is possible to evaluate another 

very important thermodynamic characteristic, namely the isosteric 

heat, 
gat 

(130) from the Clausius-jlapeyron equation. For a 

vapour which obeys the perfect gas laws, this equation has the 

form: 
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(Sin p) 
kerT. /a 

Hg 	Has  = -has =  qst 
RT2 	RT2  RT2  

where p is tne equilibrium pressure at temperature TR, Eg is 

the integral enthalpy of sorbate in the gas phase and hasis the 

differential enthalpy of tne sorbate in the adsorbed phase. The 

subscript "a'' denotes the amount sorbed, a, is kept constant. 

Isosteric heats may therefore be obtained fran plots of in p 

against ,1 at constant uptakes, a. 

models which give a physical description of the sorbed phase 

can be tested by comparing measured thermodynamic quantities 

with values predicted fran the models. In this context, two 

types of model are most often examined namely localised and 

non-localised sorption. 

The ideal localised model describes sorption in terms of 

sorbete molecules adsorbed on immobile and indistinguishable 

sites(131). These molecules vibrate about mean positions on 

their .sites and do not interact with each other. langmuir's 

isotherm equation which was deduced from this model is 

e = by  
1 by 

(-) 
where 177 is the degree of coverage of the surface, p is the 

pressure cf the gas in equilibrium with the sorbed phase and b 

is a function described by: 

b = Ko  exp (q/kT) 	(132) 

where Ko  is a term dependent on the thermal entropy of adorp-

tion and q is the heat involved when one molecule is adsorbed 

from the gas phase. 

The mobile model assumes that all adsorbed molecules have 

sufficient taermal energy to overcaao the potential energy 



barriers between sites so that they will possess transitional 

freedom. An isotherm equation for this model is the Volmer 

equation(133): 

P = 	exp 
1-8 	1-8 

If tne effect of interactions between sorbed molecules is 

considered, the equation becomes(130: 

p Kvw  g 
1-8 

[ exp a -c4.8 
1-8 

 

 

  

where 01. is a function of temperature such that 

oC = 2a 
bkT 

a and b being the relevant constants of the van der Waals' 

equation. 

Both the localised and mobile models, including variations 

such as the BET equation(135,136)  , and often quantitatively 

inadequate. Discrepancies arise which may be due to either 

surface heterogeneity(130)  or, in the case of microporous sorbents 

such as zeolites, the nature of the sorption phenomena. 

Adsorption upon interior surfaces is unlikely to be even 

qualitatively described in terms of a stepwise surface covering 

if the internal voids are so small that adsorption forces are 

felt witnin the whole void volume. In sunh microporous systems 

adsorption is likely to be a process of volume filling and the 

volume of the pores would be a more appropriate characteristic 

of the sorbent than its surface area 137 . The term "monolayer 

equivalent area" has been introduced as an alternative to tne 

conventional specific surface for describing sorption within 

zeolites(138), and other microporous sorbents. 

General adsorption theories which do not specify a model 

4.9. 



frbr the sorbed phase may offer a satisfactory alternative to the 

localised and mobile models for cases where the sorbent is 

microporous. One theory assumes that all space in the vicinity 

of a solid surface is characterised by a series of equipotential 

surfaces each of which has an adsorption potential, E distinct 

from all others in the series(139). 	E 	is given by the 

expression 

E = RT in pg/p  

and the Adsorbate is considered to be a liquid-like phase of 

volume V such that 

111 v.. 

e 
x being the weight of gas adsorbed in grammes at the equi-

librium -pressure and e the density of the liquid at the 
equilibrium temperature T. A characteristic curve for a given 

sorbate-sorbent system can be produced at a particular temper- 

ature by plotting 	E against Vi and from this it is possible to 

predict adsorption isotherms at different tomperature(1-39). 

An wpplication of this theory to the case of microporoUs 

sorbents has been attempted by assuming a Gaussian distribition 

of the adsorption potential in the internal voids of the 

sorbent(137). From this theory an adsorption isotherm equation 

x 	woe 	exp [K.(RT ln(pq/11 

p2 

where Wo is the total volume of all the micropores, K is a 

constant characterising the pore size distribution and /3 is the 

3D. 

was derived, 



affinity coefficient for the vapour, defined as the ratio of 

the temperature independent parachor of a given substance p and 

a standard one Po' 

= 	P 0. 

Plots of log x against (log pq(p)2  can be used to estimate Wo. 

Adsorption phenomena may also be described empirically in 

terms of an equation of state for the adsorbed phase. The 

free energy chamge for reversible and isothermal transfer of a 

mole of gas from an infinite amount of gas to an infinite amount 

of tree sorbed phase is given by the Van't Hoff equation: 

,AG _RT 1 

ag/equilibrium 
state 

RT 

a / arbitrary 
state 

where ZSG is the free-energy change, and as  and ag  are the 

activities of adsorbed gas and gas in the external phase respect-

ively. If the sorbate is in its standard'state both in the gas 

phase and when sorbed, then 

as  = ag  . 1, 	and 

AG =AG?. - RT inias) 	= RT in K 

ka / equilibrium 
state 

In the gas phase one may usually assume ag  = p so that the gaseous 

standard state is unity Then p = 1, while in the sorbed phase 

as  = CsYs  where Cs  denotes the concentration and; the activity 

coefficient of the sorbato. 	In consequence, 

(L)‘ag equilibrium 
state 

K = C
S 

y3 

 

p 

Cs  can be expressed as the number of moles per litre of sorbent-

sorbate solution. 

51. 



The change in chemical potentia1,6012  of the zeolite lattice 

as sorbate is imbibed is represented by the equation, 

J[13 I)  / 

Aik2 = 	Vdp - RTU 	cIP- 
m 

The first term an the right nand side is negligible under 

normal pressure conditions. V is the volume of the chosen lattice 

forming unit, Li is the molecular weight of the lattice unit, x is 

the weight of sorbate in grammes per gramme of sorbent and in is 

the molecular weight of the sorbate. Aik is also described by 
/ 

Vdp 
0 

or 4,112=f7IIV, 

where --Ftis the tension that would have to be applied to the 

sorbate -free sorbent to reduce its chemical potential to that 

of the host lattice after sorption hac-4 taken place. T1 may 

alternatively be described es the hydrostatic pressure which would 

have to be applied to the sorbate-sorbent solution to raise the 

chemical potential of tine sorbent to that of the sorbate -free 

sorbent. 	jl is therefore equivalent to osmotic pressure. 

0).1,1_ can now be equated with the termze in both V and x: 

-4 2  = fP dp. 
m 	p 

-ow since 

03  - - 14= 
VM 

(P z dp = 	I • Csdp  

and therefore 

71V = RTV 1P  Cs  dp 

o 
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or 

1)  

TT =1 	 Cs  dp 
CsRT Cs  

0 P 

TT 	can itself be represented formally by a virial -type equation 

TT = 	okes +pes2 + '6Cs3  
COT 

and so 

P 
j_ 	.2g dp = 1 + of Cs  + a 2+ Cs + S-Cs4  + 

0s 0 P  
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csRT 

• • 

or 

P =0_ + 20( + Iges  
Ws 

Integration then yields 

K = 	cap pokes  + 
2 

and since 

+ 4 Y Cs3+ 

 

	yes  

 

  

+ 	y c33 + 
3 

  

  

  

  

K = C!'  

Y = 3xp [2 04. Cs  + , 	 

When Cs  is small, Ys-41 and K-42.5, the Henry's law constant. 

Since any isotherm may be expressed by an equation similar to 

the above expression for K, this equilibrium constant may be 

obtained as In K from the extrapolated value of 	as es  -->0 

in Et plot of in .2§  against es, because Cs- > 0 ) 	1. 
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2.2 Polymer sorbents : Introduction 

For polymers of varying relative polar group content the 

uptake of benzene has been found to increase with the relative 

hydrophobic or hydrocarbon group content 140),  while the largest 

uptakes of water are exhibited by polymers containing high 

proportions of hydrophilic groups(141). The relatively small 

size and ability of water molecules to associate through hydrogen 

bond formation distinguish this sorbate from most organic 

substances, consequently not only may strong localised interactions 

develop between water molecules and suitable polar groups of a 

polymer but also in relatively non-polar wieterials the association 

of the sorbed water is encouraged. 

Opacity which develops in several polymer films at high 

relative pressure, and dielectric measurements cn the water-

polystyrene system, indicate some degree of association of water 

in the polymer 142-145).  For several systems, substantial 

clustering occurs at high relative DresureJ 146). Although 

mean cluster sizes of water and methanol in relatively hydrophobic 

polymers have been calculated and are generally in the range from 

1, indicating no association, to 2 or 3 at relative humidities 

between 0.8 and 0.9(146-148),  there is little information on the 

distribution of cluster sizes. 

The ultimate size of cluster is controlled by the amount of 

free space in the polymer(144), the formation of clusters in glassy 

polymers would therefore occur preferentially in voids since less 

disturbance of the polymer matrix as a whtle would be required. 

The formeticn of water molecule clusters would be expected 



to have a significant effect upon the'mobility of water molecules 

within a polymer because additional energy would be required to 

break free prior to diffusion.. Transport of complete molecular 

clusters would be unlikely (149). Experimental evidence for 

clustering has in fact come mainly from observed diffusion 

coefficients and their dependence upon diffusant concentra-

tion( 144,11+7,150-153). 

One method of determining diffusion coefficients involves 

the study of gas or vapour permeation through a membrane of 

polymer. Permeation may be regarded as a three stage process, 

penetrant is first sorbed by the ingoing face of the membrane 

and this is followed by the diffusion of penetrant within the 

polymer. If a concentration- gradient exists across the membrane, 

this diffusion leads to a net flux of penetrant through the 

membrane. The final process is penetrant desorption at the 

outgoing face. 

transport studies such as this are of interest because they 

yield information on the mechanism of the diffusion process and 

its dependence on variables such as temperature, pressure and the 

concentration of penetrant within tie polymer. Permeation can 

also be used, as in the present investigation, to study the 

physical composition of the polymer, especially in those materials 

where fillers have been included in the polymer matrix. The 

penetrant molecule can, in this case, be used as a probe to 

investigate the nature of the adhesion between the two phases of 

a composite material. Several revf.ows are available of the 

work carried out on the subject of using penetrants to invest- 
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igate tne microstructure of polymer materialsN9,154-157). 

The terms diffusion coefficient, solubility coefficient and 

permeability coefficient can be defined respectively as follows: 

D is the amount of penetrant passing across a plane of unit area 

in unit time under a unit concentration gradient and normally 

has the units cm2s-1;00" is the concentration C of penetrant 

sorbed per unit volume of polymer at unit gas phase pressure and 

has the units cJ(S.T.P.)cm3(cm%)-1; and P is the amount of 

penetrant passing through a polymer of'unit area and unit thick-

ness in unit time and with a unit pressure differential applied 

across it and has the units cm3(S.T-P.) cm  cm723-1(cmHg)-1. 

If I), D, and the solubility are concentration independent then 

P = Dee. If these quantities depend on 0, the relation still, 

applies as C--40. 

D generally increases with increazing C for organic vapours 

in polymers( 158), a behaviour which is interpreted in terms of 

the plasticisation or loosening of the polymer matrix by sorbed 

penetrant. Orgaic vapours are generally fairly soluble in 

polymers and polymer-penetrant interactions are significant. On 

the other nand permanent gas penetrants have low solubilities 

and give constant D and P at moderate pressures for particular 

temperatures(159)  

In the case of water permeation through polymers, the 

dependence of D and of solubility on concentration is more 

complicated( 160)•  For some of the more hydrophobic polymers 

D decreases with increasing C„ presumably as a consequence of 

the clustering phenanena mentioned above. 
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2.2.1 Preliminary examination of diffusion equationq 

For an isotropic medium the rate of transfer of material, 

i.e. the flux J', across an area Ac of a section normal to the 

direction of flow x is related to the concentration gradient 

-8C by Fick's first equation 
x 

J = J' = -D 	C 
Ac 	a x 

where J is tne flux per unit area ana D is the diffusion coeff-

icient wuich may be a constant, a function of concentration, a 

function of co-ordinates or of the time or any combination thereof. 

The fundamental differential equation for midtrectional 

diffusion in a slab or sheet membrane can be derived from Fick's 

first equation by considering the rate of accumulation of material 

in a volume element having faces of unit area nornal to the 

directiou of diffusion.: at x and x 	Ex. Diffusing material 

enters and leaves the element at rates given by 

D Zec 

and J out = D a 0 + 3 fp ltrx. 
ax ax 

The rate of accumulation inside the element is then given by 

Jin "Tout = 
cox ~xJJ 	at 

P c; = 
L a xj 

At the steady state , 

= 0 

and hence 

57. 

or 



where no assumptions have been made about the functional depend-

ence of D. For the situation encountered in this work, where 

C is x dependent and is maintained at 0o in the ingoing face and 

at C in the outgoing face, where x = 0 and x = 1 respectively, 

the solution .of 

[D 	= o 

	

x 	x 

will for constant D be 

Cx = Axe B 

Co = B  

C1=A1i B 

	

C1 	Al # Co  or 	CI - Co 
1 

and so 

= 
I 

This indictes that a linear core-entration gradient exists across 

the membrane sind from this relation and the equation 

J = D C 
ax 

and obtains for constant D 

= 

 Dr

o Fit 

I 

Steady-state solubility measurements can be used to determine the 

values of C at various ambient pressurez of penetrant, in the work 

under discussion the pressure pl  at x = I was maintained close to 

zero and, sinc:;ehis pressure penetrant concentration is also 

zero, both Ci  and pl  can be neglected. The flux per unit area 

per unit thickness of membrane JI is thus described by 

JI = D Co 

58. 



Tne factor P which relates the flux to the pressure differ-

ential across a membrane is called the permeability coefficient 

and is defined by 

P 
klpo- 131)  

which reduces to 

P 

Po 

under the above mentioned conditions. 

If in addition to tne CI= 0 condition the membrane also 

contains no penetrant at zero time, the boundary conditions of 

the system will become 

C= Co x= 0 t> 0 

C_ 0 	0<x<1 t = 0 

C=0 	x= 1 t?.,0 

and the solution of 

r/g= 	DEC ,t 	Lxi 

for constant D can be used to evaluate the amount, Qt, which has 

passed through unit area of the membrane in time t. This amount 

at larger times approaches 'asymptotically the line 

Qt = DC 	2 o 	-1._) 
1 k 61 

A graph of Qt against t will thus give this line for large enough 

times, and if this lire L extrapolated to cut the time axis the 

intercept L the time-lag) is given by L = 	The value of D 
6D. 

may thus Be determined. 

When D is a function of concentration only then the time-lag 

is related to Da by the equation(161) 
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L  = 11  x Cx dx 

io  Do dC 

where the subscript C denotes that D is concentration dependent 

and Cx 
is the steady state concentration distribution of penetrant 

in the sheet. Since the flux of penetrant will, at the steady 

state, be the same for all x, 

C 
Igo De  de = x 	Da  de 

x 	o  

This equation may be rewritten in terms of fluxes at differing 

ing oing concentrations as 

- jCX)='Z jco 

and serves to eliminate x from the expl'ession in L, to 

JC0  
L = 1 	C4Jcs)  - J0x) &lox. 

o 

give( 162) 

 

(Jc0)3  

  

The term 
C
° Jc dJe may be evaluated from the plot of Co  against 

J o 	o X 

Jc over the range 0 to Co, and this plot also provides the inf-
o 

ormation needed to graph the productej, Jc
x 
 against Jcx  and so 

to obtain the second part of the integral. If the above 

expression of L is adequate then measurements of L and J as 

Functions of Co  can be interpreted in these terms. 

2.2.2 Factor,  affecti diffusion Dermeabilit and o ubi 

coefficients.  

Several factors affect D, P 	crin homopolymer membranes 
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and these will briefly be discussed here. The effect of 

incorporated fillers will be included in the next section. 

Great care has to be taken in both sample preparation and 

experimental technique, and it .is important that conditions 

should where possible be standardized in order to derive 

reproducible experimental results. 

Permeability, diffusion and solubility coefficients are 

exponentially related to temperature: 

P = P
0 
exp-(EVRT) 

D = Do  exp-(ED/RT) 

d = do  exPg(A fiRT) 

where ED,  andLSH are the energy of activation for diffusion and 

the enthalpy of solution, respectively, and where 

Ep  ZED + DH 

En and Do  are, in general, constant over limited temperature ranges 

for many polymer-penetrant systems. The relative values of Eip, 

andLif clearly determine the magnitude and sign of E
P  and there-

fore whether P increases or decreases with rising temperature. 

Generally, however, P does increase with temperature but for some 

silicone rubbers ED  values are especially low and decreases in P 

with increasing temperature have been observed(163). 

The size and shape of penetrant molecules are important factors 

in determining the diffusion within a polymer, and, since more 

polymer segments are disturbed by them, the larger penetrant 

molecules generally exhibit smaller D and larger ED(159). . For a 

similar reason, branched hydrocarbon penetrants often have lower 

D values compared with their straight-chain isomers which may 

well diffuse preferentially with their long axes in the direction 
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of flow(164). 	Above certain penetrant sizes diffusion is solely 

controlled by polymer segmental motion and further increases in 

penetrant sizos have little effect on either D or ED(165). 

Because diffusion involves the displacement of polymer chain 

segments, D values are generally decreased as the segmental 

mobility is reduced. The addition to a main chain of rigid or 

bulky side groups, or the increase in interchain cohesive forces 

caused by either changes in chain symmetry or inclusion of polar 

side groups reduces segmental mobility. Although such polymers 

offer most resistance to diffusion they are also readily 

plasticised by penetrants and exhibit marked concentration 

dependence of penetrant diffusion, an effect illustrated by 

benzene diffusion in a number of pol ymGrs(166). 

Below a certain temperatures  characteristic of a given polymer, 

segaental motion is very slow and tne polymer may be considered 

to be a hard glass. Above this glass-transition temperature the 

material is usually soft and rubbery. Penetrant permeation 

in glassy polymers 1s dependent on segmental relaxation 

processes, especially for organic vapour penetrants. Water 

transport in the more hydrophobic polymers is not, however, 

so dependent oil Tg(159), although both EP and ED  are lower below 

Tg  for water transport through pol thylmethacrylate)than above 

T (151). The thermal history of a glassy polymer can also affect 

values of the three coefficients D, P andcr and any canparisons 

of these values belor Tg  should be treated with cautionc149, 167) 

Generally, sorption and diffusion take place to a very 

limited extent in the crystalline regions of a polymer. For 

bases cr' is reduced in proportion to reductions in the amorphous 



fraction of polymer, but D is further reduced because of the 

increased tortuosity of diffusion paths(168) 

The presence of permanent gases in a polymer has little 

effect on the transport of other penetrants, but vapours generally 

interact appreciably with other penetrants. For example, some 

polymers with large sorptive capacities for water, such as 

cellophane, allow a more rapid flow of penetrants through them 

when some water is also presen.J 160). 

2.2.3 The effect of fillers in polymer membraneq. 

If sorption and diffusion through the filler can be 

considered negligible then filled polymers behave similarly to 

polymers containing regions of crystallinity. If, howeverl the 

surfaces of the filler are not completely wetted by surrounding 

polymer appreciable sorption of penetrant by the filler is 

possible. Weak adhesion between the two phases of a filled 

polymer may result in the formation of voids and there is evidence 

for this from density measurements( 168). The formation of such 

gaps is facilitated if penetrant-filler surface interactions are 

significant and in this event an interfacial diffusive flow of 

penetrant is encouraged. 

If sorption on or in a filler is negligible then the overall 

solubility c- of a gas will in proportional to the volume fraction 

of polymer in the composite, 

Cr-  =0/1) Op. 
	

(1)  

The other extreme of overall solubility would be the summation of 

the solubilities of the constituents which in the absence of gas 
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gaps would be given by 

cr  = d pOp +crf Of 

where Of  + 93p = 1. 

If, however, gas gaps are present then the equation may become 

cr .cripc6p+o'fc6f  +cr 	—, g g • 

It must be remembered that the6e equations represent only extreme 

situations and measured values of solubility coefficients may not 

correspond to them. Measurement of the solubility on n-butane 

at 30°0 in Santocel CS filled silicone rubber has shown, for 

example, that for filler concentrations in the range 04(16f<0.2 

equation (1) closely described the sorption(163)  whereas for the 

solubility of propane at 40°0  in zinc oxide filled natural 

rubber eq”ation (1) describes those measurements in the range 

O.; but for higher volume fractions of filler solubilities 

move across towards the limit expressed by equation (2)(A1n")
.o  
. 

Complications arise in the interpretation of solubilities if gas 

gaps are present, but density measurements can at least be used to 

determine whether or not these are present. 

laany difficulties have arisen in the development of a mathem-

atical treatment of flow in a medium comprising a disperse phase 

in a continuum. 	One result of a study of the diffusion of certain 

permanent gases in filled natural rubbers was the realisation that 

not only volume fractions of filler but also particle geometry 

56,170) have to be taken into account(1 	. Flow paths around 
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obstructions have to be considered as well as the areas of filler 

particles normal to the direction of penetrant flaw, although an 

estimate of this last factor-  for the cases of equal volume 

fractions of randomly dispersed discs, cylinders and spheres can 

readily be made(168). 

If a rand an array of discs in a continuum is assumed to 

be equivalent to 3  of the total number being in each of the 

planes xy, xz, and yz then those in the xy and xz planes would 

present edges only to the direction of flow. If the discs 

are of thickness t and radius rD  then the ratio R of projected 

areas of discs to spheres normal to the direction of flow is 

R = L.§  [4t +  
9 TTrpt 

where rs is the radius of the sphere. Therefore for R> 1, cne 

must have 

rs> 9rfrpt 

t +ThrD  

wnicn reduces;  for thin discs where TirD >> /ft, to rs> 9t. 

For narrow cylinders of length t and radius rD  and where 

If t"11rD  trier the condition for R < corresponds to rs<  97rn 

    

Thus, conditions are envisaged where discs hinder flow more than 

spheres and cylinders less. 

Natural rubber containing lamellar fillors has been found to 

have a lower permeability than rubber containing particles of 

other shapes. The blocking power was however also dependent on 

the penetrant and for a series of experiments the ratio of the 

permeability coefficient of filled and unfilled rubber is in the 
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sequence( 1560170). 

H2 > 02 > N2 > CO2 

As the volume fraction of filler in elastomers was raised 

above 0.5 then a sharp increase in permeability coefficients was 

encountered( 171), a result thought to be aue to extensive gaps 

present between the two phases of the mixture. If the volume 

fractions of polymer, filler and gas gaps are /3 /3 and /3 
PI f 

respectively and if the distribution of gas in each obeys Henry's 

law then, as before, 

cf = crp 
0p 

+a-f, 0f + cr's g 

or alternatively, if 

p = 	, 	Es, Kg = 2.4 
Ce 	Ce 	Ce 

Where C'P2 C' f and CIg are the penetrant concentrations in mole-

cules per 00 of the three phases:, and Ce is the number of 

molecules per cm3 of the external gas Dhaza, then 

K atei 
P P 

Here K is the overall solubility constant and if K = 1 then this g 
simplifies to 

K = yip + Kfr6f + tig 

The equation of flow in the x-direct ion is( 172) 

+ aef + SCE = 	+ Dp)20 + D 
f g—Lai 

1c t 	3t 	c~x -63c2 -6x2 

where It D is the diffusion coefficient in tae polymer phase 

qualified by a structure factor to allow among other factors 

for increased tortuosity of diffusion paths caused by the 



presence of other phases. Df  and Dg  are the diffusion coeffic-

ients in the filler and gas-gaps phases respectively. The C 

values represent numbers of molecules in each phase per cm3  of 

the composite, and are related to the, C' values described above 

by 

• =ci 
P P P 

Cf = ijfci f  

Cg .gCI g 

thus C = gX ..1 
Cp 	Kp  

and Cf  

Cp 
	5 

The total concentration of penetrant molecules per cm3  of composite, 

C, is related to the concentrations of the constituent phases, 

C = Cp  + Cf  + Cg  

and so tree one-dimensional fora of Pick's second equation is 

.)0= ,0 

'D t 	at 

zx2  
so that D can be related to the volume. fractions, and diffusion 

coefficients in the separate phases by 

D 	
f
DAK0  + DfbfKf  + DA.]  

A‘l. 11513I P '61.4f 

If, as is often the case at lower filler concentrations, /3g  = 0, 

then D reduces to, 

D =i/D4Kc  + DfOfKf  
plr'p 16f1Cf 
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= 

[F/Dlodpicp  4. Dvdtac.f + ryce-c 

x2  D t + 4 K + /3-K 
 g 	P P 	f 

2G 



and if negligible diffusion through the filler occurs then 

D = hLD 

APICP IOfiCf 

.k.Dp  

  

113p  

+ Af CI  f  
Ct 

  

  

    

=le Dpr ,6 
fcef I 
cfp 

When the penetrant is water vapour, a situation where the affinity 

of the penetrant for the filler is much greater than for the 

polymer itself may be encountered. The sorptive capacity of the 

filler will be greatly influenced by the degree cf wetting of 

the filler by the polymer and in such cases the solubility 

coefficient oe of the composite may differ from the equation 

mentioned earlier, namely 

0-  = ay 6p  + O'fOf, 
where gas-gaps are not present. The cquation may be rewritten, 

assuming Henry's law, as 

crlie5p 	(r1  f 1-w)  Af 

whereef  refers to the solubility coefficient of the filler 

when it is in bulk and w is a factor representing the degree of 

wetting of the filler. 

If water sorption by filled polymers does not follow Henry's 

law, then the expression for the diffusion coefficient will be 

more complicated. 

The simplification that negligiLle flow occurs through the 

filler would not be justified in those cases where the individual 

filler particles are porous and tne above treatment of diffusion 

and permeation in such systems would be more difficult to apply. 
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The situation would, however, become simpler if polymer was able 

to fill any pores with filler particles and consequently the 

degree of divergence from the limiting form of the above model 

(Df  = 0) for membranes composed of polymers containing the highly 

porous zeolites could give some information on the nature of 

these otherwise porous fillers when incorporated in membranes. 
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CHAPTER 3  

Materials, apparatus and experimental techniques.  

In sections 3.1 to 3,3, the preparation of certain zeolites, 

organic monomers and polymers will be discussed together with 

details of the construction of filled and homogeneous polymer 

membranes. Section 3.1 and 3.5 are concerned with the apparatus. 

3.1.1 Zeolites used in this wolt 

Commercial samples of the synthetic zeolites NaA, NaX, NaY, 

(0* and iiMordenite have been used, the first four having been 

obtained fran Union Carbide and the morderite fran the Norton 

Company. The structures of these materials were briefly described 

in Chaj5tc.r 1. 

Two ion exchanged zeolites have also been prepared, cupric 

X as a potential diazoalkane polymerization catalyst and hydrogen 

as a proton-rich catalyst. 

Preparation of CuIIX from NaX.  

NaX( log) was shaken overnight in a solution (100=3) f molar 

in Cu012 and 5 molar in NB724.0H 	The zeolite was then filtered and 

the treatment repeated. The resulting cupraxnmonium exchanged 

zeolite was then washed with distilled water until the washings contained 

no chloride ions (silver nitrate test). Drying was limited to 

the extent of storing the zeolite in a desTIL,ator at roan temp- 

erature, although activation by degassing at temperatures up to 

250°0 to remove ammonia preceeded catalysis reactions. 
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Preparation of HY from NaY(52)  

Several methods of preparing hydrogen zeolites by heating 

ammonium exchanged zeolites have been described, the preparation 

used in this work being theone which is thought to yield a product 

of exceptional thermal stability. 

NaY(10g) was treated with a solution containing ammonium 

sulphate (30g) in water (150 cmr3) at 100°C for 15 minutes with 

continuous stirring. The solid was separated fran the solution 

by filtration and treated with a second solutithn containing 

ammonium sulphate (10g) in water (150 crf) under similar conditions. 

The zeolite was washed free of sulphate ions and heated in air to 

540°C for 3 hours. A further solution of ammonium sulphate (30g) 

in water (600 cmh was prepared, and the zeolite stirred with 

this for a further hour at 100°C. After filtration this last 

step was repeated but this time for a period of two hours. After 

being washed free of sulphate ions the zeolite was heated without 

delay to a temperature of 815°C for three hours in air. 

The zeolite was contained in a porcelain boat for the heating 

stages of the preparation, and a silica-tube muffle furnace was 

used. Temperature was recorded using a calibrated chranel-

alumel ',;hermoccuple buried within the zeolite. 

Other, non-zeolitic sorbents. 

The clay mineral kaolinite obtained fran English China Clays 

Ltd. and chromatographic grade silica-gel from British Drug 

Houses, were also used in this work to a limited extent. 
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3.1.2 Organic monomers used in this work.  

Most of the monomers used are commercially available and no 

mention need be made of them in this section. It is important 

to note, however, that those monomers which are able to polymerize 

by a free-radical mechanism, especially any whose polymerization 

may be thermally initiated, require a radical-scavenger or inhibitor 

if they are to be stored. Consequently many monomers used in 

this work contained such compounds whose removal was necessary 

before use could be made of the monomers. 

aetnods of removing radical-scavengers include distillation, 

washing and chromatographic separation. The first method has 

the advantage that it enables a purer specimen of monomer to be 

obtained, but the last method, which is quick and convenient, has 

been found to be quite satisfactory. Samples of styrene, acrylo- 

uitrile, methyl methacrylate and n-butyl methacrylate which may 

polymerize by a free-radical mechanism have therefore been activated 

by passing them through a silica-gel column. 

Monomers which generally undergo ionically induced polymerization 

reactions need no reaction inhibitor and unless some contaminant 

is present may be used directly. Those carupounds which can polymer- 

ize by an anionic mechansm and which were investigated here include 

methyl methacrylate, styrene, acrylonitrile (all of which do 

contain inhibitors since they also undergo radical reactions) and 

c< -methyl styrene. 

The groi,p of monomers which are most likely to undergo polymer- 

izations catalysed by zeolites by a carbonium ion mechanism are 



also mainly available connercially and those chosen for study in 

this work included isobutene, a, -methyl styrene, vinyl ethers, 

acenaphthylene, benzofuran and acetaldehyde. Diazoalkanes, which 

undergo cationically induced polymerizations, are much too unstable 

to be stored for any period and had to be prepared when required, 

For convenience, however, certain relatively stable precursors can 

be made which allow the corresponding diazoalkane to be prepared 

fairly quickly. 

The first member of the diazo alkanes, diazo methane, can be 

prepared in small quantities in almost half an hour according to 

the following procedure(173). The precursor is N;methyl-N-nitroso-

p-toluenesulphonamide which is available commercially under the 

trade name 'Diazale. 

2-(2-ethoxy ethoxy)-ethanol (35 c0) and diethyl ether (10cm3) 

were added to a solution of potassium hydroxide (6g) in water 

(10 cra3 ) 
	

The whole was contained in a long-necked distilling 

flask fitted with a dropping funnel and an efficient condenser. 

The flask with contents was placed on a hot-plate and maintained 

at a temperature of 70°0. The dropwise addition of a solution of 

'Diazald' (21.5g) in diethyl ether (140 cm3) was commenced as soon 

as the ether in the flask began to distil. The addition was 

continued over a period of 20 minutes and an ethereal solution of 

diazo methane collected in more diethyl ether (20 c0) in a 

receiving flask. The outlet tube of the condenser dipped below 

the surface of the receiving liquid which was cooled to a tcmperature 

of 0°0; When the dropping funnel was empty, a further quantity of 
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dithyl ether (40 cm3) was added slowly and distillation was 

continued until the distilling ether had become colourless. 

NO 
OH 	S02-N 	+ KOH-4CH3  

CH3  

The ethereal solution was dried over metallic sodium, above 

which it was stored at 0°C, and its concentration was estimated by 

back titration of a portion against a standard methanolic potassium 

hydroxide solution after the addition of a measured excess of 

standard ethanolic benzoic acid solution. 

Higher homologues of diazo methane may be prepared from either 

a 4 -m.athyl -4 -alkyl nitrosamino-2-pentanon(̂  • 174) or a nitrosoalkyl 

urea(175)  precursor. Both methods were employed quite satisfact-

orily in earlier work(176), indeed using the former precursor an 

ethereal solution of diazo n-octadecane was prepared. This long-

chain diazoalkane is particularly unstable and readily decumposee 

on standing to, among other products, an ether insoluble solid 

polymer. Lecause of the greater ease of handling solids, for 

making diazo ethane a nitrosoethyl urea was prepared in this work 

rather than liquid 4-methyl-4-ethyl nitrosamino-2-pentanone. The 

procedure fcr this is given. 

thylanaine (45 g) was diluted with water to 500 cry 3  and concen-

trated hydrochloric acid was added until the solution was acid to 

methyl red paper. Granular potassium cyanate (100 g) was added 

and the mixture was boiled, gently for 5 minutes and then vigorously 

for 10 minutes. 
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9 
H5NH3 	KCINO---> 02115NEICON112  KC1. 

The not solution was filtered into a solution of sodium 

nitrite (70g) in water (100 cm3), and cooled to about 0°C. A 

mixture of concentrated sulphuric acid (60 cm3) and ice(400 g) was 

prepared in a 3 litre beaker which was placed in a bucket containing 

an ice-salt bath. The ethyl urea solution was added slowly with 

constant stirring to the acid solution over a period of half-an-

hour and gave a frothy precipitate of nitrosoethyl urea. 

C2H5NHCMH2  + HNO2  ----> C2H5N(NO)CONH2  + H2O 

The precipitate was immediately filtered and washed with water 

until a sample of the crystals could be dissolved completely in 

methanol with no turbidity. This step is particularly important 

because both rate cf reaction and yield of polymer in the catalytic 

decomposition of diazo alkanes has been found to be reduced if the 

nitroso precursor was not properly washed(177). 

If the nitrosoethyl urea wa.: not to be used immediately, the 

crystals had to be dried by pressint, between filter papers and stored 

in a vacuum dessicator. Under these storage conditions and 

provided the temperature does not rise much above 20°C, the compound 

is quite stable. 

Diazo ethane was prepared by cooling a mixture of diethyl 

ether (150 cm3) and 50% aqueous potassium hydroxide solution (150 

cm3) in a conical flash to below 0°0, and adding to this mixture 

nitrosoethyl urea (100 g) in small portions with occasional swirling, 

keeping the flask and its contents below 0°C. The ether layer 
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became yellow with the formation of diazoethane and could be decanted 

into a separate flask. A further quantity of ether (150 cm) was 

added in portions to the mixture, decanting off the ethereal layer 

to the other flask. 

The ethereal diazo ethane was dried over sodium at 000 for 

several hours and filtered before use. 

C2H7i(NO)C002  + KOH --->C2H02  + Kai0 + 2H20 

Diazo alkanes are coloured compounds, the two whose preparations 

have just been described being yellow gases at roan temperature. 

They have reputations as explosives and are extremely poisonous(178)2  

although their toxic and explosive effects are minimised when they 

are kept in solvtica. Continued exposure to the gases leads to 

an allergic oversensitivity with symptoms similar to asthma. All 

work with these compounds should therefore be carried out in an 

efficient fume-cupboard and the worker should wear a suitable gas-

msk. 

3.2 Pitlerizatinn ranntions_  

Since most known polymerization reactions may be put broadly 

into the four categories of free-radical, carbonium-ion, carbanion 

and the co-ordination catalysed reactions, the polymerization 

reactions attempted in this work have been carried out with the 

relevant properties of available zeolites in mind. 

The possible free-radical inducing properties of the X and I 

type zeolites may enable these catalysts to be used for the 

polymerization of methyl methacrylate, styrene and acrylonitrile. 

Consequently attempts have been made to prepare the polymeric 

materials from these monomers by contact with synthetic near-

faujasites. both monomer sorption by zeolites and the bulk 
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preparation of comnosites containing polymer and zeolite have 

been carried out. An attempt has been made to correlate the 

sorption and permeation properties of the composites with the 

corresponding properties of its constituent phases. 

Hydrogen exchanged forms-of both type I and mordenite zeolites 

have been used to study their behaviour in contact with these 

monomers which may undergo cationically induced polymerization 

reactions. Generally only monomer sorption by these hydrogen 

zeolites was studied. 

3.2.1 Honorer sorption by zeolites.  

Gravimetric and volumetric methods were employed in the study 

of monomer vapour sorption by zeolites. The apparatus used is 

described later in this chapter, and details are given here only 

of the activation of sorbents. 

Prior to sorption, all zeolites were thoroughly outgassed to 

remove water. This involved slowly reducing the pressure above 

the sample by pumping with the air-inlet tap to the vacuum pump 

open, and by gradually closing the tap over a period of about ten 

minutes. As soon as the zeolite was under a pressure of less 

than 1 ram figs  the cold-tap was surrounded by liquid nitrogen and 

the mercury-diffusion pump turned on. The zeolite was kept under 

the pump for about twelve hours, after which time a furnace was 

placed around the zeolite, and the temperature slowly raised to 

400°C at which temperature pumping was continued for a further 24. 

hours. 

Sorption could take place as soon as the zeolite had cooled 

to the temperature required for the experiment. 

See Appendix B. 



Table 1 shows details of some of the monomer sorption 

experiments wnich have been attempted. 
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Table  

Sorption of monomers by zeolites (and some other sorbents).  

Monomer 	 Sorbenta 

Methyl methacrylate 	 Sodium Y, Hydrogen Y, 0OpperlIX 

(MMA) 	 potassium L, sodium a, silica gel. 
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n-Butyl methacrylate 

( n-BMA) 

Acrylonitrile (AN) 

Styrene (s) 

c(—Methyl styrene ( 0(-1,1s) 

Ethyl vinyl ether 

(E7E) 

&diun Y, potassium L. 

Sodium Y, hydrogen Y 

Sodium Y, hydrogen Y, copperfiX. 

Sodium Y, hydrogen; hydrogen 

mordenite. 

Sodium Y, hydrogen Y, kaolinite, 

sodium As  silica gel. 

n-Butyl vinyl ether 	 Sodium Y, hydrogen Y, hydrogen 

( n..BVE) 	 mordenite. 

Acetaldehyde (Ax) 
	

Sodium Y, hydrogen Y, silica gel 

iso-Butylene (i-B) 
	

Hydrogen I, hydrogen mordenite 

Benzofuran (LIT) 
	

Hydrogen mordenite 

Ethylene (B) 
	

Hydrogen mordenite 
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3.2.2 Other reactions involving monomers and zeolite catalystq. 

Those monomers whose vapour pressures are insufficiently high 

near roan temperature for the convenient measurement of sorption 

isotherms, or whose vapours are unstable, were diluted in inert 

solvents and the solutions added to zeolite catalysts. The 

zeolite could then be removed and a comparison of sorption prop-

erties before and after addition of the solution could be made in 

order to determine whether any reaction has occurred within the 

pores of the catalysts. Systems which were examined inthis way 

are shown in table 2. 



Table 2 

Addition of mom: wars to zeolites.  
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Monomer 

diazo methane 

(d M) 

diazo ethane 

( d E) 

Acenaphthylene  

Solvent 	 Catalylt 

Diethyl ether 

Petroleum ether 

Diethyl ether 

• 	Hydrogen mordenite 

Copper -A. 

Hydrogen mordenite 



3.3 Preparation of membranes 

It had been the intention of this work to determine the 

diffusion properties of several composite systems, the monomer 

sorption experiments giving some guidance to the choice of which 

polymer-zeolite systems was of most interest. Difficulties not 

only in the preparation of membranes but also in other parts of 

the experimental work have reduced the programme considerably and 

only composites with pol thyl methacrylati matrices have been 

dealt with in any detail. Several polymers have been made, 

however, together with certain other polymer matrix composites and 

some of the procedures involved in these preparations are 

described here. 

3.3.1 ijoiampal4m24:membranes 

Membranes of pol4ilethyl methacrylati (PuiMA), poly (n-butyl 

methacrylat6Pn-BUL),.polystyrene (PS), poly(acrylonitrile)(PAN) 

and polthyl vinyl ethei)(PEV) have been made. The first three 

were prepared by similar procedures, while the other two involved 

the use of special techniques. 

Membranes of PMMA, PnBL‘IA and PS.  

Memoranes of these materials were cast between square glass 

slides, separated by a cardboard spacer of suitable thickness 

(between 0.010 cm and 0.090 cm) and held in place with 'Bulldog' 

clips. The procedure was as follows. 

A sufficient quantity of monomer for the size and number of 

membranes to be made was warmed in a test tube to 40°C over an 

electric heater. Benzoyl peroxide (1% by weight) was added and 
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the solution gently shaken mechanically until, upon cooling, it 

was still just sufficiently fluid to be poured. In order to reach 
• 

this state of viscosity, it was necessary to warm and cool the 

solution repeatedly, although once it had reached this state the 

reaction rapidly went out of control. 

Viscous monomer was poured onto a carefully washed and dried 

glass slide, the spacer was placed in position and a second clean 

slide placed so that one edge made contact with an edge of the 

spacer. Then, as the top slide was gently lowered, monomer was 

squeezed towards the opposite side of the mould. In this way the 

formation of air bubbles in the polymer was prevented. 

Four 'Bulldog' clips along tne edges of the slides held the 

mould together, and it was stored for 2L. hours at 40°0  in a horiz-

ontal plane to ensure that no material was lost and no air was 

allowed in. The moulds were then placed in an oven for a further 

day at 6000 followed by a period of at least a week at a higher 

temperature. These higher temperatures were: 

95°0  for pol ethyl methacrylateYmembranes; 

150uU for polystyrene membranes; 

and 6000  for poly(n-butylmethacrylate):membrancs 

This stage allowed polymerization to :Leach completion. After this 

treatment and upon removal of the clips, the slides)  spacer and 

membrane could be easily separated. 

Membranes of PAN 

The usual methods of polymerizing acrylonitrile were not 

employed since if only small quantities of monomer are used the 

reaction can reasonably proceed in bulk. The yield after warming 

about 3 cm3  of monomer to 400 with about 0.10 of benzoyl peroxide 
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consisted of a white powder which was soluble in dimethyl formamide. 

A concentrated solution of the polymer in this solvent was poured 

into a flat-bottomed tray with a loose-fitting cover and held at 

60°L; in an oven. After about a day the solvent had evaporated 

leaving an opaque membrane of polyacrylonitrile. If this was left 

for a further few days in the oven, it could be readily removed 

from its former. 

Membranes of PLATE 

Unpo4m9rized ethyl vinyl ether was removed from the product 

of the reaction between this monomer and pellets of Linde 4. A sieve 

by washing with diethyl ether. The polymer-zeolite mixture was 

then put in an oven at 40°0  for a day to remove unevaporated ether. 

PV was extracted from the mixture in benzene and a membrane made 

from this solution in the manner described for the PAN membrane. 

3.3.2 Filled membranes  

The preparation of the filled FidMA and PZ  membranes was 

complicated by the desirability of keeping-water away from both 

the constituents of the composite and the resulting membrane. In 

order to keep the materials anhydrous most of the preparations 

involved operating under vacuum or under monomer vapour only. 

The first step i.n composite membrane preparation was outgassing 

of the filler and this took place in the apparatus shown in figure 

1. 	The stop:ocks, marked in the figure as si to s5, were all of 

8 mm bore and the cone and socket joints, marked as ji  to j.3, were 

b19. Tubing was of between 8 mm and 10 mm internal bore. 



to high-vacuun line. 

FIGURE 1 	 85. 

Apparatus used in the preparation of filled membranes. 



'.2he filler was contained in tne tdbel  F, and was outgassed at 

elevated temperature with 85  closed. After outgassing the filler, 

s4  was closed and tne monomer to be polymerized as part of tne 

composite was poured into the tube, la. This liquid monomer was 

then frozen by surrounding the tube with a Dewar flask containing 

liquid nitrogen and pumped through 85. When both filler and 

monomer had been outgassed si  and 82  were closed, the apparatus 

detached from the vacuum-line at ji  and monomer vapour allowed to 

pass over to the filler. 	In the case of zeolite fillers some 

time was allowed in order that sorption could reach a steady-state, 

usually 24 hours. More manager was then distilled over into F 

by cooling this tube in a Liquid nitrogen bath. The final volumes 

of distillate and filler in F determined the composition of the 

filled membrane in preparation. When the required amount of monomer 

had passed into F, s3  and 84 were closed taid the tube detached at 

J2* This tube was then transferred to a mecnanical shaker to 

disperse tne filler uniformly in monomer. The process was 

facilitated if two or three 3 mm diameter glass.balls had been added 
to the filler. 

Before polymerization of the monomer could take place a 

reaction initiator had also to be added. Benzoyl peroxide was 

used to initiate tne free-radical polymerization of methyl methacryl-

ate and styrene and although several methods of admitting this 

substance in the absence of air or moisture were attempted, the 

following simple procedure proved to be the least troublesaae. 

With 2.3  still closed, and naving removed surplus grease from 

the position marked B on the diagram, a few milligrams of benzoyl 
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peroxide powder were placed at B. The cone of j2  was then united 

with the socket of J
1 
and, taking care that there was no sudden 

lowering of plessure around the benzoyl peroxide, si  was slowly 

opened. When the pressure above the initiator had been reduced 

to about 1 NM-2P  s was closed and s3 
opened. 	In this way, and 

with practice, just the right amount of initiator (about t4 by 

weight) could be admitted. 	Stopcocks si  and s3  were again closed, 

the tube detached from the vacuum line and the mixture again 

shaken. This time, however, shaking took place over a heating-

mantle maintained at near to 40°C. The mantle was hemispherical 

in shape and the tube, protruding through a piece of asbestos paper 

was shaken within the volume enclosed by the mantle and its 

asbestos paper cover. Shaking was continued until the mixture 

became viscous, following the procedure described for the preparation 

of homopolymer membranes. 

The tube and viscous mixture waa transferred to a dry-bag 

where the composite membranes were east. Moulds were left in the 

dry-bag at room temperature for three or four days before being 

transferred to an oven at 100°G for at least another week. 

Separation of the plates, measurement of membrane thickness and 

fitting the membrane to its cell for permeation studies were then 

carried out in the dry-bag. 

Several membranes were made, and nine samples of varying volume 

fraction of filler sodium Y in PiLIA. were among them. A list of 

the constituents of filled manbranes is shown in table 3. 



Table 3 

Fjlled polymer mgMbraine3 

Polymer .ohazt2 	Filler 	Approximate volume fraction 

of filler. 

PMNA 	 NaY 	Between 0.05 and 0.7; 

ELIA 	 HI 	 0.25; 

PMMA 	 NaY 	 0.25 

PIMA 	 (Na2K)L 	 0.25 

MAMA 	 Silica-gel 	 0.25 

YS, 	 NaY 	 0.25 
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3.4 Apparatus  

Luch of the apparatus used in this work has been built twice, 

but apart fram the differences in details wnich are described, both 

versions were of similar design. The original apparatus set up 

in the old building of tne 0nemistry Department consisted of two 

separate vacuum lines, one for permeation experiments and the other 

for sorption studies. This arrangement was followed for the 

rebuilt apparatus in the new building. 

3.4.1 FumDing system 

In both sorption and permeation systems, a similar set-up foe 

pumping was used and this will be described first. Figure 2 

illustrates the pumping system in which a three-stage mercury 

diffusion pump (D) was Lacked by a rotary oil-pump with a 5-litre 

buffer volume (v) andoil-trap(0) between the pumps. The  oil-

trap prevented oil entering the apparatus in the event of the 

oil-pump breaking down, an added precaution Here was the inclusion 

of a one-way valve at tne pump inlet tube. The buffer volume 

backed .,he diffusion pump on the occasions when the oil-pump was 

temporarily out of use. A liquid nitrogen trap (0) prevented any 

condensible vapours passing into the pumps. A kiuLeod guage ( 

was used to measure the pressure in the apparatus which could be 

reduced to less than 10-3Nm-2. All tubing and stopcocks, which 

were, unless otherwise stated, greased with Apiezon 1r, were of 

large bore to ensure a good pumping rate. 

3.4.2 Acirp-hi nn npparni-licx 

A volumetric system was employed for low-teffiperature and 



,---, .to   the 
----7 ' atmosphe 

via a ttb 
filled wit 
silicagel. 

Figure 2 
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The Pumping System 

to rotary oil-pumps. 



permanent gas sorption studies while vapour sorption data were 

obtained using a gravimetric system. 

3.4.3 Volumetric sorption system 

A volumetric sorption apparatus was connected to the high 

vacuum line and consisted of a gas burette (B), mercury manometer 

(M), a sorption cell (6) and gas line (L). 	Some of the letters 

marked on figure 3 indicate the extent to which each part of the 

system was calibrated. The volume between marks t1, t2,  t3, 
 M1 

 

and B5  comprised the Idoser volume, and its capacity, VD, was 

determined as follows. The volumes of the four bulbs in the gas 

burette were calculated before other apparatus was built on to the 

butette by filling with mercury, whose density is well established, 

and weighing the latter as it was displaced, bulb by bulb. Since 

tne manometer limbs were constructed from 10 mm Veridia precision 

bore tubing, the volume of the left-hand limb dawn to an etched 

mark could be established. A dose of argon was admitted to the 

outgassod 'doser volume and toe gas pressure.noted as the mercury 

level in the burette stood at each mark from B1  to B
5' 

If the 

mercury level is at Bro  the corresponding pressure of the gas 

Pricmlig and the level of -;:he meniscus in the argon filled side of 

the manometer (average value of the top and bottom of the meniscus) 

is xn  cm above M1,theca the equation of state may be written 

+
n 
_8(0.5)2x )) = constant X 

n 	R 

where Vn is tne gas volume enclosed within the burette,  

TR is the ambient absolute temperature 

and 	V_-L, V
n 	a and (0.5)2x

n 
are in n3. 
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Volumetric sorption apparatus. 
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VD  may be evaluated to within an error of 0.3% by elimination of 

the variables in such equations, as the" mercury level in the burette 

is changed from B1  to B5. 

All pressures were calcgated from observation of the meniscus 

positions through a 1 m cathetameter, supplied by Precision Industries 

Ltd., allowances having been made for capillary depression. This 

depression was determined from the height of the meniscus using 

tables(179). Pressure, measured experimentally in cmAg, was ex- 

pressed in the B.I. units nio72. 

The sorption cell (S) was calibrated by weighing the amount 

of mercury it could contain. It was loaded with sorbent before 

being joined, at IS,2, to tne tube, tap and.  cone assembly (A). 

The volume of the tube section'between N2  and t1, referred to as 

V412 was also calibrated using mercury. The adjusted volume V .c,  

of the cell (6) after being loaded with sorbent was then calculated 

from tne outgassed weight of the sorbent and its density. The 

choice. of the outgassing conditions depended on the nature of the 

sorbent. 

3.4.4 Measurement of isothermu 

The cell, containing outgassed sorbent, was surrounded with 

a Dewar flask containing either liquid oxygen or liquid nitrogen 

and allowed to reach thermal equilibrium. Measurements of 

liquid nitrogen temperature, TN, were carried out with an oxygen 

vapour pressure thdrmametere  Gas was admitted to the 'closer volume 

with stopcocks t1, t2  and t3  closed and with the mercury level in 

the burette at B1, and its pressure measured at ambient temper- 

ature, TR. 	The volume of gas in tue closer volume and burette 



was then calculated in cm3  at S.T.P. according to the perfect gas 

law. This volume, Nro, is given by the equation 

pio 1/12 _110.5)2xio i. v.4  ...p...!!,  

[ TR° 	
T• 

The superscript o refers to measurements of the gas dose before 

opening of the stopcock t1, and P, T.  refer to standard pressure 

and standard temperature respectively. 

1 
When t1  was opened, the new steady-state gas pressure Pi  was 

measured and the volume of gas remaining in the gas-phase, 'VD, 

is given by 
43- , 

1
4- + if 

[ 

P
1  
i 	_Ti(0.5)2xiT.r v

d 
 + v = P V 

TR 	T:  1 r,49.  
D 	1   

The difference between the volume of the dose, V.0 and the 

volume at a pressure r1 
1 
 above the sample Rt T - represents the 

volume of gas at S.T.P. taken up by the sorbent at that pressure 

and temperature. 

Isot'herms of the volume of gas adsorbed per unit volume of 

outgassed corbent could be plotted from the results obtained as 

the mercury level in tne burette was moved up to B2, B3  and so on. 

When the Pressure of gas enclosed above B
5 

had been measured, t1, 
was closed and a new dose admitted through t3, the mercury level 

having been lowered to Bi. In subsequent calculations account 

had to be taken of the volume of gas enclosed in the sorption cell 

and adsorbed by the scrbent. 

Desorption isotnerms were determined in a similar manner from 

the gas volume wnich maiained 'adsorbed as the pressure was lowered. 
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3.I.5 Gravimetric sorption apparatus 

Three independent sets of gravimetric sorption systems were 

used, each set consisting of three 5 cm bore pyrex glass balance 

cases connected in parallel to a sorbate reservoir by heated pyrex 

glass tubing. 	One  such set is illustrated in figure 4.. 	The 

134.5 cone and socket assembly at the top of each balance case was 

greased with Edwards high vacuum silicone grease. Apiezon 

hydrocarbon greases were less satisfactory because it was very 

difficult to separate the assembly after prolonged periods using 

these greases. Silicone grease has a larger operating temperature 

range and is not so readily squeezed out of the joint, but it nas 

the disadvantage that glass-breakages in the vicinity of a silicone 

greased joint are more difficult to.repair (this grease creeps 

along the glass surface and hinders suhsequent glass-blowing). 

The two 6reaseless stopcocks, gl  and g2  (supplied by Young and 00.) 

were of 4 mm internal bore and were fitted with P.T.F.E. t ot -rings. 

They were satisfactory provided that their 'o' -rings were kept very 

clean, the greaseless sliding joint jz  was also satisfactory if the 

t ol -rings were kept in good condition. Replacement of the rings 

was in any case a fairly simple operation. 

6orbent, contained in glass buckets suspended on silica 

springs (Thermal Syndictae Ltd., 19  maximum load, 25 cm g-1; 

sensitivity), was outgassed by lowering the mercury in the manometer 

through the tube into a mercury reservoir below the base of the 

thermostat tank and opening stopcock t4. to highvacuum. When, 

to renew sorbents, the balance-case taps had been removed, air at 

atmospheric pressure was present over both arms of the manometer 

as well as over the mercury reservoir. Highand-low-vacum lines 
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had then to be linked and pumping through .t4  and t5  carried out 

simultaneously. 

After outgassing by heating the samples under vacuum (this 

was achieved by surrounding the balance cases by tubular glass 

furnaces wound with resistance wire) some time was required 

before the springs cooled to the temperature required for the 

experiment. The temperature of the springs and of the sorbents 

in their buckets was controlled by filling the tanks with water, 

heating this to a temperature of about 2°0 below the one required, 

using a high power output immersion heater supplied through a 

variable transformer, and controlling the temperature accurately 

with a 'Sunvic' unit and 'Red-rod' heater. The water was agitated 

by electrically driven stirrers and temperatures measured with 

thermomters calibrated at the National Physical Laboratory. 

An improvement in the performance of the 'Sunvic' units was 

effected if the relay wiring was altered so that a 30 volt a. c. 

transformer supplied the expanding-metal contact-breaker instead 

of the normal mains supply. This modification prevented arcing.  

across the points and allowed the temperature to be controlled to 

within + 0.2°C, 

Ail springs were calibrated at the various temperaturea at which 

isotherms were to be measured. Pressures were measured by 

observing the differences in meniscus height of the mercury 

mananeter through a cathetometer. Account was taken of capillary 

depression in the manner described previously. 

Sorbate, which was in every case freshly distilled, could be 

introduced' into the reservior R by removal of the glass bulb at 

the sliding joint j3. 	It was then outgassed by freezing in 



liquid nitrogen and pumping tnrough gl  and t5. When necessary 

sorbate could be thermostated by immersing the reservoir in a 

beaker of water controlled at tne required temperature. If this 

temperature was above roan temperature, particular care had to 

be taken to prevent condensation on cooler parts of the tubing by 

covering all tubing and stopcocks with heating wire and asbestos 

rove. 

3.4.6 Measurement of isotherms 

A weighed glass bucket was loaded with sorbent and reweighed. 

It was then attached to a silica spring and carefully lowered into 

the balance case on a hook fixed to the balahce case top. After 

outgassing and thermostating to the temperature required for the 

experiment the sorbent was reweighed by calculation from the spring 

lengt'a (measured through a cathetometor). Doses of sorbate could 

tnen he admitted through g2  and an isotherm determined. .Immersion 

of the reservoir R in liquid nitrogen enabled vapour to be 

withdrawn frau the system and in this ,way a desorption isotherm 

could be dutenmined. 

3.4.7. Permeation apparatus 

Two independent permeation systems were employed, each being. 

designed so that the membrane container section could be isolated 

aad detached from the rest of the apparatus. Both systems could 

be used for water-vapour as well as for permanent gas transport 

measurements. 

A diagram of one permeation system is shown in figure 5. 	All 

stopeccks and greased joints were, unless otherwise stated, 
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lubricated with 'Apiezon N' grease. A stainless steel diffusion 

cell, marked as D in figure 5, is shown in detail in figure 6. 

It is similar to those used previously in this department (e.g. 

references 169 and 172). 	The cell, of circular cross-section 

consisted of three major parts, the outer casing with an internal 

screw thread and the upper and lower flanged sections between 

which the membrane was held. Circular depressions in both flanged 

faces located two neoprene 'o'-rings to ensure a good fit. The 

membrane was held firmly when the outer casing was screwed down, 

pressing the upper, screw-throaded flange against the lower flange. 

A gas-tight seal was effected by pouring mercury through the holes 

in the upper flange, an7i tn.': entire cell was placed in a narrow 

cylindrical metal vessel which was immersed in a thermostat-

ically controlled water bath.' 

The thickness of the membrane was determined from the .maan 

of several readings recorded on a micrometer screw gaugei_its 

area was obtained by measuring tne inside diameter of marks made 

on the mambrane by thu neoprene 'o'-rings after its removal from 

the cell (this diameter was always close to 26 mm). 

The diffusion c,411 assembly was detc,chalJle from the rest of 

the apparatus at the 'o'-ringed screw-joint j and the cone and 

socket joint j5. After fitting a membrane into tne cell inside 

a dry bag, the stopcocka t6 and t-1  were closed and toe assembly 

could then be reattached to the apparatus. With t6  and t7  rem-

pining closed the glass tubing between the closed stopcocks ti4  

and t and the high vacuum line was outgassed through t8, t9/ " 4- 
1, 	10 
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and t11, with t12 and t13 kept closed. 
	This part of the apparatus 

was then filled with dry air at atmospheric pressure (air allowed 

into the high-vacuum line through a silica-gel tube) and the two 

stopcocks t6  and t7  reopened. The membrance could then be outgassed 

through t11, it was essential to ensure that both sides of the 

membrane were evacuated simultaneously by leaving both t8  and t9  

open. Outgassing generally took a considerable length of time 

and was continued until_ no significant increase in pressure could 

be measured on the McLeod gauge (3- when the membrane was isolated 

from the high-vacuum line. (In most cases membranes were 

outgassed for about a month at 8000  before permeation experiments 

could be carried out.) 

3.)4..6 Measurements of ,as arid -►apaur flow through membranea. 

So that gas and vapour permeation experiments could be carried 

out in series on the same membrme, the apparatus was designed 

to include a permanent gas supply L, jrgoing pressure measuring 

manometer M  and outgoing pressure lacIecd gauge G. Water vapour 

from a water reservoir R. contained in a thermostatically controlled 

water bath, was included in the ingoing side and a zeolite sorbent 

Z contained in a bucket easpended from a calibrated silica spring 

was in the outgoing side. This spring-balance was used to 

measure the massof water passing through the membrane. Uhange 

over from gas 17o vapour permeation studies involved, after out-

sassing the membrane, only alteration of stopcock settings. 



Water vapour permeation 

Freshly distilled water in the reservoir R was frozen and 

evacuated to remove absorbed air, the stopcock t
14 

closed and the 

reservoir brought to temperature in its thermostated bath. The 

water vapour pressure was then determined from tables( 18°). If 

the temperature of the reservoir was above roan temperature it was 

necessary to warm all the tubing carrying vapour to the membrane 

and this was effected by covering all tubing from above the water 

lebel of the bath up to and including stopcocks t8  and t15  and to 

the upper glass to metal joint of the diffusion cell with heating 

wire. The temperature of this wire was controlled using a variable 

transformer. 

The initial length of the spring-balance was measured using 

a cathetometer. 

When both water reservoir and membrane had been brought to 

temperPture, stopcocks t15, t8, t9  and t11  were closed with t6, 

t7, t10  end t12  open. 	Then as till.  was opened a stopwatch was 

started.. The rate at which the water vapour passed through the 

membrane was determined by measuring the mass of water taken up 

by the zeolite and plotting these values against time. Measure-

ments were continued until the steady-state flow rate had become 

established. 

Gas permeation 

The stopwatch was started wnen ti5was opened, t1  remaining 

closed throughout. The ingoing pressure was measured on the 

103. 
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manometer Id  and, if the flow rate was high, the volume of gas on 

the ingoing side could be enlarged by opening t21  to the buffer 

B1  or by openeing t17  to the burette B2. 	The outgoing pressure 

was measured on the McLeod  gauge G. with t12 closed. Again if 

the flow rate was large, the volume available for the outgoing 

gas could be increased by opening t22  to the calibrated buffer ES. 

Since pressure measurements were made as functions of time 

it was necessary to know the outgoing volume of the apparatus. 

The volume of gas at S.T.P. passing through the membrane with time 

could then be determined. This volume was established by replacing 

the membrane in its cell with a piece of sheet steel and admitting 

a small amount of gas into the volume bounded by t9, the steel 

sheet, tli, -LA.  and t22. 	Its pressure was then measured on the 

gauge both before and after expanding into the outgassed buffer 

B3. The outgoing volume could then be calculated using the perfect 

gas law, the procedure was repeated to provide a reproducible value 

for the outgoing volume. 

3.5 Other apparatus and techniques used in thi work 

Chemical analyses of some zeolites were carried out using 

classical methods by Analytical Services Ltd., in the Department 

of Metallurgy. Organic analysis of certain membranes was 

carried out, using the microanalytical methods for carbon 

determined as carbon dioxide and for hydrogen determined as water, 

by the microanalytic laboratory in tnis department. 
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X-ray powder diffraction photographs of ion-exchanged zeolites 

were made by Dr. I.  S. Kerr in order to check that the zeolitic 

structures had not been altered. 

A Stanton TR11 therkogravimetric balance was used to determine 

weight loss as samples were heated from room temperature to 

temperatures up to 10000. The slow cam was employed which 

allowed a temperature rise of about 1000 per minute and tne charts 

obtained were used chiefly for two purposes: 

(i) to estimate the loss of water of zeolites at atmospheric 

pressure up to about ,6000 where a plateau was usually 

observed. 

(ii) to burn away polymer material from composites in order 

to determine the weights of zeolite and polymer per 

unit mass of composite. 

The results of using the Stanton T.G. balance to determine the 

weight fraction of zeolite in composite materials could be checked 

by determining carbon contents of samples of the same composites. 

The two methods gave good agreement and since T.G.A. is far 

quicker and easi,,r to carry out than chemical analysis it was used 

for most of the determinations. 



CHAPTER /4. 

Results and Di$CUSSiQn 

A variety of organic reactants and catalysts have been 

investigated and the results of these investigations will be 

discussed in the following order of monomers: 

Section 
Name of monaner 
under investiftation Page 

4.1 Methyl. methacrylate 107 

4.2 n-butyl methacrylate 164 

4.3 Acryionitrile 167 

4.4 Styrene 169 

4.5 ok-Methyl styrene 172 

4.6 Ethyl vinyl ether 176 

4.7 n-butyl vinyl ether 182 

4.8 iso-Butenc 185 

4.9 Ethylene 188 

4.10 Acetaldehyde 191 

4.11 Lenzoruran 191 

4.12 Acenaphthylene 194 

4.13 diazcIdeLhane 198 

4.14 diazo Ethane 200 

Polymerization reactions of these monomers, the effectiveness 

of various catalysts to promote reactions, and sorption and permeation 
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results will be discussed under the appropriate section. General 

observations and conclusions will be dealt with in the final 

chapter. 

4.1 /nvestiation of methyl methacrylate polymerization reactions. 

Introduction 

Preliminary work involved the preparation of poly( methyl 

methacrylate) membranes containing zeolite fillers. This followed 

a previous investigation(181)  in which the fillers included pure and 

chemically modified synthetic hydroxyapatite, pure and chemically 

modified Wyoming bentonite and the zeolttes (Na, 	L and NaY. In  

each case, chemical modification was effected by prior treatment 

of the solids with ethereal solutions of diphenyl diazanethane. 

This organic compound renders the otherwise hydrophilic hydroxy- 

apatite far less attractive to water vapour(182) 
	

Reduction in 

water uptake of synthetic hydroxyapatite when included in a polymer 

matrix was interpreted as tne result of a certain amount of 

adhesion between these two phases in tne composite. This adhesion 

was improved somewhat by chemical modification of the apatite. 

Irreproducibility of the water sorption results for pure and 

modified bentonit;e filled polymers was attributed to the layer- 

type structure of tnis filler 181) 	At high 'relative pressures 

of adsorbate, swelling of the bentonite would cause the displacement 

of surrounding polymer,. On removing the adsorbed water, bentonite 

shrinks and physical contact between the phases would be reduced 

resulting in an increase in subsequent water uptake. 
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The uptake of water by NaY zeolite filler was considerably 

reduced from the maximum capacity of the free powder. This 

reduction in water uptake after inclusion in a polymer matrix 

was not as marked when the zeolite was (Na0K)L, probably because 

this zeolite presents smaller and less accessible cavitiesfor 

the formation of intracrystalline polyMer (181). 

In a study of the ixansport of water vapoyr through polAmethyl 

methacrylate) membranes, the graphical relationship between 

steady-state flux and relative pressure was linear for the homo-

polymer but underwent an upward inflexion, at a relative pressure 

above 0.7, for flow through filled membranes(181). 

Attempts have been made during the present investigation to 

prepare filled membranes containing a wide range of concentrations 

of filler. It was during the course of some of these preparations 

that an unexpected effect of the presence of NaY zeolite on the 

polymerization of methyl methacrylate was observed. This zeolite 

was apparently responsible for a faster rate of reaction, one 

consequence of which was a difficulty in estimating the correct 

kime for transferring the polymerizing solution from its reaction 

vessel to the casting mould. A test experiment was conducted in 

which two tubes of monom,..r were corked and left for two days. The 

tube to which sane outgas9ed NaY zeolite had also been added 

contained a solid polymer but the tube containing only monomer 

showed no sign of any increase in the viscosity of its contents. 

_I repetition of this experiment at 333 K showed that monomer 

polymerized within two or three hours in the presence of NaY 

zeolite at this higher temperature. 
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Zeolites (Na,K)L and NaA were also investigated to see if 

they had any catalytic activity on methyl methacrylate. The 

former zeolite behaved similarly to NaY while the latter had no 

observable effect on the monomer. 

At an early stage in the investigation, when methyl methacrylate 

was being purified by the removal of its inhibitor by washing with 

sodium hydroxide solution, an attempt to dry the monomer over 

metallic seidium.was made. In accordance with the results of 

earlier work(71), the monomer turned pale blue and over a period 

of about ten hours became a hard polymer. The ease with which 

this polymerization reaction occurred suggests that if metallic 

sodium could be incorporated within zeolitic cavities, a particularly 

useful way of preparing filled membranes may be developed. The 

ability of such ionic reactions to occur at low temperatures would 

allow much greater control over the polymerization reaction. It 

could also reduce the number of vapour bubbles within the polymer. 

Two methods of producing sodium rich forms of NaY zeolite were 

investigated. The first method in which sodium vapour was 

condensed in the outgassed zeolite was abandonned because of the 

hazards involved in such a procedure. The second method involved 

the preparation of a sodium azide solution ins which NaY zeolite 

was shaken. After air drying at the pump, the zeolite was heated 

gently under vacuum to remove nitrogen from the sodium azide. This 

thutgassing took place within a balance case so that the loss in 

weight as nitrogen was evolved could be followed. The residual 

zeolite was used to adsorb methyl methacrylate vapour but the 

isotherm was very similar to the ones illustrating the adsorption 
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of the monomer vapour on free NaY zeolite and shown in figure 9. 

Whatever precautions are taken during outgassing, it is most 

unlikely that the structure of NaY  zeolite could be maintained and 

all water molecules removed. A sodium rich zeolite may therefore 

contain a small amount of sodium hydroxide. In view of this, the 

effect of sodium hydroxide on methyl methacrylate has also been 

investigated. Two pellets of sodium hydroxide were added to a 

test,,tube half-full of the monomer. The tube was corked and 

shaken:  but before this could be done, a blue colour could be clearly 

seen on the edges of the pellets. Within one-and-a-half hours the 

liquid had became pale green and cloudy, and a viscous substance 

was forming on the walls of the tube. After three hours the 

lower half of the tube's contents had become a greasy polymer. 

Continue shaking at room temperature completed the reaction, and 

after two days the tube contained a hard, white solid. The colour 

of the reactants suggests that the reaction is ionic, and in fact 

the free-radical inhibitor had not been removed from the monomer. 

A blank test in which monomer, but not sodium hydroxide pellets, 

was shaken for a similar period did not produce any polymer even 

when the inhibitor had been removed. This result implies that 

the hydroxidc; was actively involved in the polirmerizatjen reaction 

and was not merely responsible for eliminating the free-radical 

inhibitor, allowing the monomer to polymerize thermany. In the 

absence of a tree-radical initiator, thermal polyluerization of 

methyl methacrylate at roam temperature is Extremely slow. 

iiethyl methacrylate will polymerize quite rapidly over sodium 

Y zeolite, sodium and sodium hydroxide. 



Methyl methacrvlate sorption experiments. 

Sorption of freshly distilled methyl methacrylate by zeolites 

and other sorbents has been studied primarily in order to find out 

if adsorption is reversible, or, if it is not, to investigate the 

nature of the undesorbed material. 

In order to determine steady-state adsorption isotherms it 

is necessary to find out the length of time required for an 

adsorbed dose of methyl methacrylate to reach a state of equil-

ibrium with the vapour phase. Accordingly, kinetic experiments 

were condboted in which the course of the sorption process was 

followed by observing the change in length of the silica spring 

of a gravimetric balance from the time of admission of a dose of 

vapour. Figures 7 and 8 show that a steady-state is reached 

within several hours even at quite high relative pressures. This 

observation was general for all of the sorbents investigated. 

Exposure of sorbents to methyl methacrylate for extended periods 

revealed no measurable changes in mass of adsorbed sorbate. 

One other point of interest about these figures is the absence 

of any measurable adsorption on the zeolite sodiun A. The entry 

pores of this zeolite are too narrow to permit entry of a . 

branched-chain molecule, or even a straight-chain hydrocarbon,. 

and it is apparent that no significant amount of monomer is present 

on the external surface at the relative pressures investigated. 	If 

adsorption was irreversible and if this was because polymerization 

was occurring at the zeolite-monomer interface, then a measurable 

quantity of monomer would probably have been adsorbed on the 

external surface. 

Adsorption measurements were generally not made at high 

values of relative pressure because at such pressures a coating 
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of polymer rapidly formed on the glassware. This coating 

was clearly visible on the walls of tubing and balance cases when 

relative pressures were greater than about 0.8 and there are 

several reasons w4. such coatings should be avoided. The presence 

of polymer on the silica spring would probably alter its sensitivity 

and the extra weight on the spring and bucket could not be 

accounted for. A blank experiment in which vapour was admitted 

to a balance case and spring supporting a bucket containing glass 

balls demonstrated that the concentration of monomer (or polymer) 

depended not only on the pressure of the vapour phase but also on 

the time of exposure. 	Clearly the controls necessary for the 

determination of methyl methacrylate isotherms at high relative 

pressures would be complicated and the time and effort involved 

would not be justifiable for this investigation. The coating is 

in any care difficult to remove from glassware and its vapour 

interfered with subsequent isother9s. It also caused difficulty 

in determining the positions of spring ends. 

An adsorption iaoLherm of methyl methacrylate in sodium Y is 

shown in figure 9, recorded values are on adsorption-only branches 

of four runs on separate samples. Desorption, from a sorbent 

which had been at equilibrium with a monomer vapour phase at 

relative pressure of between 0.65 and 0.8, followed the adsorption 

branch.down to a relative precsure of about 0.1. 	Below this 

pressure considerable time was necessary for desorption to reach 

a steady state and values on the desorption branch in this low 

relative pressure region are uncertain. Evacuation of the sorbent 
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from a relative pressure of 0.1 for periods between one and three 

days reduced the amount of sorbed phase by only about 14. 

The amount of methyl methacrylate retained by sodium I after 

pumping at <10-3  NM72  for 24 hours at the temperature of the 

isotherm (303 K) was, in the four experiments referred to in 

figure 9, 234 mg g-1, 232 mg g-1, 237 mg g-1  and 235 mg g-1  

respectively. The near reproducibility of these results suggests 

th&-t methyl methacrylate is strongly ad-sorbed by aodium I and that 

a particular amount of the sorbate is held sufficiently strongly 

within the zeolite to remain undisturbed by these outgassing 

conditions. 

Adsorption-branch isotherms of methyl methacrylate on sodium, 

potassium L zeolite are also shown in figure 9. 

A number of experiments were devised in an attempt to 

distinguish between strongly adsorbed monomer and polymerized 

sorbate molecules. If an adsorption-desorption run followed a 

similar run on the same sorbent with outgassing between the runs, 

the second run should follow the first if the residue is merely 

strongly adsorbed monaaer. This was not the case and figure 10 

shows that, for both sodium / and copper( TI)X zeolites, the second 

branch values are higher than the first. 	The choice of a cuprid-

ion-exchanged zeolite was made because of the high carboniogenic 

activity of such zeolites. 

One explanation of the results of figura 10 is that any monomer 

re+ained from the first run and converted to polymer would occupy 

a smaller volume than the same :lass of monomer. The volume made 

available could be occupied by more monomer in the second run. 

This ari2;uaent assumes taat polymerikLation must occur much later than 
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within the 2L. hour period allowed for sorption to reach a steady-state 

for otherwise subsequent vapour Ldoses would gradually fill all the 

available internal volume, including the volume made available 

by contraction of the sorbed phase. This hypothesis does seem to 

be rather unlikely and is not supported by the earlier observation 

that, after the first few hours, no measurable increase took place 

in the amount of vapour sorbed by a zeolite over a period of 

several days. The polymerization of monomer on the glass bucket 

would also, had it been responsible for this apparent increase in 

sorption capacity, have been detected in this earlier experiment. 

It is also very unlikely that any change in the structure of the 

zeolite itself takes place. Apparently, some conftirmational 

change must have ocnurred to the adsorbed material under the 

conditions employed for outgassing. This change makes more 

volume available fur further sorbate molecules. 

Another feature of figure 10 is an increase in the cencen- 

tration of adsorbed phase in the capper exchanged zeolite which 

occurs during the outgassing procedure which separates the runs. 

In this experiment, however, balance cases containing the two 

sorbents NaY and CILIfg were side by side and shared a common 

monomer reservoir and manometer. It is therefore possible that 

a reduction in the volume of the sorbed phase within Cu(n)Xs  

occurring as descrlbed above, would make space available to monomer 

from the other zeolite. 	Certainly, the shape of the second 

Cu(I:)x isotherm is consistent with the view that much of the 

volume otherwise available to monanor during the second adsorption 

run had been filled. A transport of volatile matter from one 
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sorbent to another in an interconnected gravimetric sorption 

apparatus has been Observed previously(182). 

In spite of the objections raised earlier to the hypothesis 

that monomer slowly becomes the more dense polymer thus making 

further space available for sorbate, this argument is supported 

by many of the observed measurements. The consideration of 

volume of sorbate per unit volume of sorbent lends further support 

to the idea. 1n the intermediate pressure region, 0.39 cm3  

sorbate (if the liquid monomeric form is assumed) per 1 cm3  of 

NaY sorbent would become 0.32 an3cm73 when the sorbate becomes 

a polymer. The second run in figure 10 shows that 0.42cm3cm3  

of polymer are present at intermediate relative pressures, and if 

sane of this additional sorbate is still in monomeric, liquid form 

then the volume of sorbate would be lower and nearer to the 

0.39cAm3  of liquid present during the first run. Such a 

description is necessarily based on many assumptions, but it is 

at least plausible. (The densities of liquid, monomeric methyl 

methabrylate and solid poly(methyl methacrylate) are assumed to be 

0.944 gdm-3  and 1.17 gcm73 respectively.) 
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If, as is suspected, polymeric methyl methacrylate is present 

within the zeolitic cavities the question_arises, are these chains 

of high, intermediate or low molecular weight. The type of 

material which, would be of most use in the adhesion of a zeolite 

to external polymer would be an internal, high molecular weight 

methyl methacrylate polymer chain extending through the windows 

and into the external matrix. If the interwil phase polymer 

were of low molecular weight, however, one would expect it to have 

been outgassed during the evacuation procedure which followed the 

measurement of isotherms. Any attempt to raise the temperature 

of outgassing may give rise to complications, for although it could 

allow tne desorption of strongly adsorbed monomer or low molecular 

weight polymer it could also be responsible for inducing further 

polymerization thermally.- 

Before any further experiments were conducted on the 

adsorption of methyl methacrylate in zeolites, it was decided 

that an investigation, of the range of temperature over which the 

monomer,residues in zeolites were stable should be made. A series 

of thermogravimetric analyses were made under atmospheric conditions 

and some of these results are shown in figure '11. Diagrams (a), 

(b) and (c) of figure 11 show T( curves for NaY zeolite and a 

sample of polmethyl methacrylate) respectively :valile diagicia 

(d) shows the curve for a composite of these materials. 	In all 

runs the temperature was increased at a rate of 0.16 Ks—I. 	Under 

atmospheric pressure, a sample of Nal zeolite lost nearly all of 
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ita water at 720 K, a temperature it reached after about three-

quarters of an hour. 

Polkethyl methacrylate) decomposes rapidly after a temperature 

of 470 K has been reached. clearly a lower temperature nas to be 

employed when outgassing this polymer. Of even greater signifi-

cance to a study of composite materials was the observation that 

poly(methyl methacrylate) discoloured and became viscous when 

heated to about this temperature under vacuum. A temperature of 

443 K was about the highest which a membrane could withstand before 

losing shape. Accordingly, TGA of NaY zeolite at this temperature 

was conducted and the result is shown in figure 11( b). About 90$ 

of water is lost after about three hours at this temperature under 

atmospheric pressure. A similar test for loss in weight when the 

polymer was maintained at this temperature for some time showed that 

the material was able to withstand this treatment with no measurable 

weight loss. 

The rather low temperature at which the composite material 

begins to lose weight could be interpreted in two ways. Water 

from the filler zeolite could be evaporating, or perhaps monomer 

or low molecular weight polymers could be evaporating. The 

slight shoulder at about 25 to 310$ weight loss is probably duo to 

completion of an evaporation process while the second shoulder is 

the completion of polymer decomposition. 

A further investigation was made of the behaviour of the residue 

present in NaY zeolite after w-ithyl methacrylate sorption under 

reduced pressure. After two consecutive adsorption-desorption 

isotherms had been determined, as represented by figure 12, the 
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Adsorption isotherms pf methyl methacrylate on NaY zeolite 
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NaY sorbent was outgassed for 48 hours under a pressure of 

<10-3rrm-2  at the temperature of the experiment (313 K). The 

amount of organic residue per gramme of anhydrous zeolite was 

2,1h mg or 17 mg above the amount contained after outgassing for 48 hours 

under a similar pressure following the first adsorption-des- 

orption run. 

After the third adsorption-branch of figure 9 had been 

measured, the sodium Y  zeolite sorbent was outgassed for 48 hours 

at the temperature of the isotherm (303 K) followed by a further 

period of 24 hours at 443 K. Over the whole 72 hour outgassing 

period the pressure was less than 103Nm72. As was mentioned 

earlier, the amount of residue left after the first outgassing 

treatment was 237 mg g-1 while the higher temperature removed 

further residue to leave 170.4 mg g-1. It is noteworthy that a 

repetition of this experiment (the fourth adsorption-branch recorded 

in figure 9) yielded the respective residue concentrations 235 mg g-1 

and 170.7 mg g-1  at the two outgassing temperatures. 

A further isotherm in this methyl methacrylate/sodium I 

zeolite system Pt a temperature of 323 K yielded the following 

results in the descrption branch: 

Temperature of 	Reiativs pressure 	Amount of vapour 

zoolito 	of vapour phase 	sorbed by zeolitq 

T/K 

323 0.435 

A/mgg-1 

262.0 

323 < 10-7  237.3 

)443 < 10-7  173.4 

573 < 10-7  54.3 

124.. 



These values were measured 2l hours after the temperatures 

had been reached in the case of the low pressure results. in 

other cases 24 hours was allowed between successive measurements 

of amount sorbed and relative pressure. 

From this evidence, there can be little doubt that polymeric 

material is present within the zeolite and that it cannot be 

removed by evacuation even at elevated temperatures. From the 

TGA curve shown in figure 11(d) it may be seen that temperatures 

in excess of 700 K are needed to decompose the polymeric material 

in air. 

Whether or not the undesorbed phase was of intracrystalline. 

polymer and if it could remain in the same position in the 

presence of water was the subject of further investigations. 

Clearly polymer is associated with the zeolite after monomer 

sorption, but the location of tnis polymer has yet to be determined. 

One way in which this subject was investigated was by argon 

adsorption isotherms at 77.6 K, adsorption runs being repeated 

after (ii outgassing the NaY  zeolite at 620 K for 2l. hours 

(ii) contact with methyl methacrylate vapour and (iii) further 

contact with both vanour phase and liquid phase water. Figure 

13 allows the results of this series of isotherms. 	Curve 1 shows 

the adsorption of argon on pure sodium Y while the circular 

symbols of curve 2 show the isotherm after the same sorbent had 

been in contact with methyl methacrylate vapour at T = 323 K and 

,p = 0.35 for 2) hours followed by outgassing at 443 11:,<10-311m-2  
Po 

for 2Z. hours. 	Such a considerable reduction in the volume 

available to argon, after contact of the sorbent with monomer, may 

125. 
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Adsorption of argon in NaX zeolite after various treatments 
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be accounted for if the polymer produced is contained within 

the zeolitic cavities. No slow process' of argon adsorption 

was observed, in fact each value of tae isotherm marked on curve 2 

took about 10 minutes to reach a steady state although an hour 

was allowed for the determination of each value. 

The square symbols of curve 2 represent the adsorption of 

argon on the sorbent after it had been in contact with water 

vapour at T = 323 K and 	= 0.34. for 24 hours followed by out- 
Po 

gassing at 443 K and <10-3Nm-2  for 24- hours. The  difference 

between the two sets of values for curve 2 is slight and could be 

accounted for by experimental errors. In any case, the adhesion 

between NaY zeolite and poly(methyl methacrylate) is stable in the 

presence of water vapour at this temperature and pressure. 

Curve 3 shows the result of a much more severe.testing of the 

bond between an organic material and an hydrophilic substance. 

Liquid water was condensed into the chilled sorbent cell from a 

reservoir, the cell was isolated, surrounded by insulating material 

and maintained at 323 K for 48 hours before being outgassed under 

the conditions described above. some change in the nature of the 

adhesion between the phases must have occurred under these condi-

tions. Curve 3 was reproducible and reversible. 

A point of particular interest with regard to this experiment 

is that after the removal of the sorbent from its cell, it was 

thenuogravimetrically analysed and found to contain 171 mg of 

polymer per gramme of zeolite. This value is very close to those 

found after other methyl methacrylate sorption experiments followed 
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by similar outgassing treatments ( 170.4 mg g-1, 170.7 mg g'1  

and 173.4 mg g-i  )- 

The conclusion drawn fran this experiment was that the 

presence of liquid water was sufficient to break down polymer-

zeolite adhesion but that this and subsequent outgassing did not 

remove any organic material from the composite. 

' parallel sequence. of experiments was conducted on a zeolite 

of very different structure, sodium-potassium L zeolite. The 

results of these experiments are shown in figure 14. The effects 

of water vapour and liquid water on polymer within this zeolite 

are not apparent fran this adsorption isotherm of argon, but 

reduction in the internal volume available to argon molecules due 

to the presence of polymer in the L zeolite is less than in the 

Y zeolite. 

At this stage the sodium Y experiment was repeated on a fresh 

sample in order to confirm the values obtained earlier. The 

hatched symbols of figure 13 are trio results of this second run. 

These argon isotherms suggest that the formation of polymer 

in sodium Y  reduces the :•olune available to argon very considerably 

and that a mild hydrothermal treatment renders this polymer more 

mobile. An increase in volume available to argon is thereby 

effected. Polymer formation in sodium potassium L zeolite is 

either unaffected by this mild hydrothermal treatment, or the 

adhesion between polymer and the host structure has no affect on 

toe capacity of the composite for argon molecules. 

Complementary experiments involiing measurements of water 

sorption isotherms on poly(methyl methacrylate), the zeolites and 
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Adsorption of argon on (Na4)1,  zeolite after various treatments 

T = 77.6 K 
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zeolite - poly(methyl methacrylate) composite materials were 

attempted in order to study other effects of water on these sub- 

stances. 	Figures 15 and i6 show water sorption isotherms on the 

various fillers which have been included in poly(methyl methacrylate) 

based composites. These isotherms have been measured at single 

temperatures only, but changes in the shape of the curves caused by 

temperature changes would be apparent in the very low pressure 

region. Figure 17 shows the sorption isotherm for poly(methyl 

methacrylate), the values shown are of two runs at different 

temperatures on the same example. The valmes are representative, 

and the four samples which were examined for water sorption all had 

rather similarly shaped isotherms. In agreement with other deter-

minations(183)2  there is no measurable difference between water 

sorption isotherms at different temperatures. The heat cf water 

adsorption in poly(methyl methacrylate) is presumably very close to 

the heat of condensation of water. 

To obtain a more general view of the sorption of water in 

composite materials which include poly( methyl methacrylate), a 
wide range of compositions was employed. In the case of NaY 

filled composites, the weight fraction of zeolite is in the range 

0.05 < Votz< 0.86 

Weight fraction of zeolite, wz, is defined as the mass of 

zeolite per unit mass of composite. Values of wz can be determined 

directly from TGA runs, although some results were checked by 

chemical analysis of the composite materials. 

Table 4 shows the composition of some of the composite 

materials whose water sorption isotherms were measured. some of 
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Figure 15 	 131. 

Adsorption-branch isotherms of water in various sorbents. 
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Adsorption-branch isotherms of water in CILII)X zeolite. 

T = 313 K 
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Figure 17 	 133 

Adsorption-branch isothenas of water in pOly( methyl methacrylate) 

(membrane IV) 
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these materials were in the form of membranes while others were 

zeolites containing residual polymeric material after monomer 

sorption experiments. These latter materials 'are referred to as 

powders. 

Table  

Uomposite materials containing Poly(methyl methacrylate). 

131+ 

Volume fraction 

of filler 01°P  

0.306 

0.040 

0.2)1 h  

0.825 

0.131 

0.326 

Weight fraction 

Name of filler of zeolite )wz.  

NaY zeolite 	0.327 

NaY zeolite 	0.048 

NaY zeolite 	0.269 

NaY zeolite 	0.710 

NaY zeolite 	0.178 

NaI zeolite 	0.346 

NaY zeolite 	0.852 

NaY zc.olite 	0.855 

(Na,K)L zeolite 	0.117 

(Na,K)L, zeolite 	0.973 

(Na,101,  zeolite 	0.984 

NaA. zeolite 	0.237 

NaA z'zolite 	0.983 

Uu(II)X zeolite 	0.936 

L3ilica gel 	0.283 

3ilica gel 	0.996 

Description 

of material 

Membrane 1 

Membrane 2 

Membrane 6 

Membrane 7 

Membrane 8 

Membrane 9 

Powder A 

Powder B 

Membrane ,10 

Powder C 

Powder D 

Membrane 11 

Powder E 

Powder F 

Membrane 12 

Porder G 

(* See Appendix A) 
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Water sorption isotherms for the composite materials containing 

NSX, (Na,K)L, NSA, cu(II)X and silica gel are shown in figures 18 

to 22 respectively. In each case, an isotherm for the free powder 

is shown for comparison. 	According to expectations, the uptake of 

water in a sequence of composites of different composition is 

reduced as the weight fraction of zeolite is lowered. 

A more interesting comparison of water uptake by the composites may 

be made if allowances are made for the proportions of polymer matrix 

and zeolite as well as for the uptake of water in the polymer 

phase. A simple model, in which gas gaps are ignored, allows the 

amount of water taken up by a composite material, as,, to be 

expressed in terms of the weight fractions of zeolite and of 

polymer (both external and intracrystalline), wiand wp  respect- 

ively, and the amounts of water taken up by the zeolite and polyirar- 

phases, Ptz  and ap  respectively. 

ac =wa +wa z z 	P P 

This model allows a comparison to be made directly between a 

derived value of az  and the amount of water taken up by the zeolite 

as a free powder, tie  

az  = ac  - wrap  

ao 	a w o z 

The value of a is assumed to be independent of filler concentration 

and w is related to wz by the expression: 

wz w = 
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Adsorption-branch isotherms of water in NaY zeolite filled composites. 

T = 303K 
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Adsorption-branch isotherms of water in (NaK)I,  zeolite filled cauposited 

T = 303 K 
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Adsorption-branch isotherms of water in NaA  zeolite filled ocmposite. 

T = 303 K 
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Figure 21 

Adsorption-branch isotheras of water in'Ct4 1.1)X zeolite filled canposites. 

T = 313 K 
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Adsorption-branch isotherms of water in silica gel filled composites. 

T = 303 K 
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Consequently, 

= af, - (1-w7) ar  
a() 	a w o z 

and ac, ap  and ao  are measured directly from isothermal experi-

ments on tne composite, hanopolymer and free zeolite respectively. 

The value of wz  is calculated from a TGA run or chemical analysis. 

The Value of tnis model is that it allows aplot of a to be 
ao  

drawn against relative pressure, and this graph yields most 

important infonnation. If the internal cavities of the zeolite 

are unoccupied by polymer then water. molecules would en.ter these 

cavities, increasing the value of 	towards unity. 	The presence 
ao  

of external gas gaps would also increase the value of .a4, and if 
a o 

these two conditions of internal and external cavities available 

for water adsorption were fulfilled the value of a, would be 
ao 

higher than unity. 

Reference to figures 23 to 27 shows that in same cases the 

value of a is well below unity which suggests that in these cases 
a 

(notably Na
o  
Y and(Na,K)L filled composites) much of the internal 

zeolitic volumes are occupied by polymer and gas gaps are not 

present. 

The largest decrease in the ratio occurs when the filler is 

Nat zeolite. This is probably because this zeolite includes large 

cavities affording plenty of soace for polymer molecules. As 

the internal cavities of the zeolites become smaller, a lower 

proportion of the total internal volume would be available to large 

molecules such as methyl methacrylate, and the reduction of 
a()  

would be less great. Figures 23 to 25 illustrate this trend. 
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Adsorption-branch isotherms of water in NaY zeolite filled composites. 
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AdsorpL ion-branch isotherms of water in (1`rasK)1,  zeolite filled composites. 

T = 303 K 
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Figure 25 	 1/14. 

Adsorption-branch isotherms of water in 1\raA zeolite filled composites. 

T = 303 K.  
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Adsorption-branch isotherms of water in Cu(II)X zeolite filled ccmposites. 

T = 3 1 3 K 
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Adsorption-branch isotherm of water in silica gel filled composites. 

T = 303 K 
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Silica gel has a hydrophilic surface which may adhere to the 

polar carbonyl groups of poly(methyl inethacrylate). At low 

values of the relative pressure, water molecules would not compete 

for the silica surface with the polymer and the value of 	would 

be law. As the relative pressure is raised, however, water 

molecules would break down this adhesion and az values would 
ao  

approach unity. Figure 27 illustrates this 	effect. 

Water vapour transport throuRt poly( ethyl methacrvlate) membranes. 

The flow of water through hanopolymer membranes has been 

investigated in much detail previously(1  150,183), but sane work 

has been done in this investigation to see what sort of spread of 

permeability results can be expected using different samples of 

the same polymer. 

Figure 28 shows a determination of one value of the permeability 

coefficient of water through the hanopolymer. The steady-state 

permeability coefficient from this single run is 

P = 0.86 x 10-7  am33STP)cm  

cm2s cmHg 

For this particular membrane, membrane IV, 

variation in the permeability coefficient with tempera-Uwe, at 

least over the range of temperatures investigated. Figure 29 

shows P values measured at several values of temperature and rel-

ative pressure. The  very low value of Ep, the energy of 

activation for permeation and the closeness of the enthalpy of 

solution to the enthalpy of sorption implies that ED, the energy 

of activation for water diffusion in membrane IV, will be close 

there was no measurable 
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Volume of water flowing through poly{ methyl methacrylate) membrane IV 
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Figure 29 	 149. 

Permeability coefficients for water vapour through membrane IV 
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in magnitude to the enthalpy of sorption of water. ED  will 

also be independent of water concentration within the membrane. 

Figure 30 shows the variation of the steady-state flux per 

unit area, J, of membrane IV with' the concentration of water 

within the membrane, c. The slope of this curve at any particular 

concentration is tne steady-state diffusion coefficient at that 

concentration, D. IL plot of D against c is shown in figure 31 and 

D is clearly dependent upon c. 

The decrease in the steady-state diffusion coefficient as 

watel• concentration increases may be accounted for by the formation 

of water molecule clusters within tne polymer's microcavities. 

The concentration independence of ED  throughout the range of a 

implies that clustering occurs predominantly in existing micro-

cavities and neither water molecules nor temperature changes cause 

any appreciable disturbance of the polymer matrix. This is not 

unexpected since the polymer is well below its glass transition 

temperature. 

Some values for the other hamopo3ymer membranes are shown in 

table 5. 

150. 
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Steady-state flux of water vapour through membrane IV. 

T = 303 K. _ 
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Steady-state diffusion coefficient of water thrOugh membrane N. 

T = 303 K 
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Table 5 

Permeability and diffusion of water in uoly(methyl methacrylate)  

Membrane 

PolY(methyl Thickness 

F 	x 107  

/cm3( STO (70 

E 
P 

/kJmo1-1  

D 	x 107  
040 

/c2s-1  

cmFs aaHg (293K< T< 320K) ( T=3031() 
metnacry] ate) 1 /eloa (T = 303K) 

I 0.019 1.83 3,7 0.57 

II 0.022 1.04 1.3 0.33 

III 0.016.  1.62 3.8 0.48 

IV 0.012 0.87 0.0 0.20 

A considerable variation in the values of these permeability 

and diffusion constants for different samples of the same polymer 

is apparent. This variation is unfortunate because it will restrict 

any interpretation of such constants for composite membranes, 

especially if the results are close to the values for the homo-

polymer mcmbranes. One way of overccming this difficulty would 

be to cast membranes from a solution of a well characterized 

sample of polymer, but the practical problems involved in the 

preparation of composite membranes by this method were not 

investigated in this work. 

153. 
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In spite of these limitations, the flow of water through some 

composite membranes has been studied and figure 32 shows the 

rate of flow of water through membrane 6 ( see table If ). One 

difference between this curve and that in figure 28 is that the 

time-lag for the filled membrane is about ten times greater. Even 

this large time-lag is probably an underestimate, for it is unlikely 

that all the water could be removed from the zeolite in the 

canposite before a run was commenced. Various values of the 

steady-stage permeability coefficient for water through membrane 6 
were determined and are shown in figure 33. Values were measured 

at two temperatures and again there is no obvious temperature 

dependence of the permeability coefficient. Above a relative 

pressure of about 0.5, the permeability coefficient increases with 

increasing relative pressure. 

Figure 3):. shows the curve of J1 versus c for water in membrane 

6 while figure 35 shows the dependence of D upon the water 

concentration. For homopolymer membrane IV, D decreased steadily 

as the rater concentration increased, but for membrane 6 D 

increases with c over most of the concentration range. This 

dependence of D upon c for the composite membrane is interpreted as 

follows. Through the range of concentration o < c < L 0 cm3(6Z))0m-3  

which corresponds to the relative pressure range o<J2.<  0.08 at 
Po 

303K, water molecules would be very strongly bound tc tine zeolite. 

(The maximum concentration in this range corresponds with 26 mg 

of water per gramme of composite and at a relative pressure of 

0.08 the amount of water held by the filler could be as high as 

25.9 ia6 g-1.) As the pressure increases a greater proportion of 
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Flow of water through filled membrane 6. 
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Flow of water through filled merabrane 6. 
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Figure 31. 	 157. 

Steady-state flux of water vapour through membrane 6. 

T = 303 K 

Ji x 107,7=3( STF)=-13-1  

50 	100 	eicii,3(6-2p) cm-3 
	L 	 1 	 •  



50 	100 	G/..3(sTp)cm-3 

Figure 35 	 158. 

Steady-state diffusion coefficient of water through membrane 6. 

T = 303 K 

D x 109/cm2s-1  
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the water molecules in the membrane would be present in the 

polymer phase. Such molecules would be expected to be more mobile 

than those in the zeolite and if so would give rise to an increase 

in D. Beyond a certain concentration, the clustering of water 

molecules in polymer micro-cavities would become a dominant feature 

in the diffusion process and D may fall once more. 	Although 

errors in measurement are unavoidable at high pressures of c, the 

magnitude of D at high concentration is similar to the lowest 

value of D measured for the homopolymer (see figure 31). 

A quantitative examination of D and P for composite polymers 

is restricted by the lack of knowledge of these constants for the 

polymer pnase of the material. Although membrane 6 has a volume 

fraction of filler of 0.244 and therefore, in the absence of any 

gas gaps with polymer, a volume fraction of external polymer of 

0.756, nothing can be said about the magnitude of D or P through 

this external polymer phase. One observation which can be made 

is that the inclusion of a large volume fraction of filler reduces 

the permeability coefficient to a value lower than any of the 

values found for homopolymer membranes at low and intermediate 

relati:•e pressures, but that the coefficient increases considerably 

at high relative pressures. 

Permeability results for other composite membranes are shown 

in table 6. 



Membrane Filler ,6 	Thickness 
1/cm 

••••••••••• 

P x 107  
(0-40) 
/cm3( 6TP)an 

cm2s =ig 

T 	D x 107  
(c-)0) 

/cm2s-1 
f 

Table 6 

Pqrmeability results in poly( methyl raethacn-late) filled membraneR 

160. 

1 NaY 0.306 0.021 0.91 332 0.003 

2 NaY 0.040 0.039 0.94. 303 0.010 

6 NaY 0.244 0.032 0.73 303 0.003 

8 NaY 0.131 0.066 (a) 303 2, 

9 NaY 0.326 0.083 0.65 312 0.002 

10 (NaK)L 0.062 (b) 303 - 

11 Nag 0;069 (b) 303 - 

12 Silica gel 0.089 0.24(0) 317 0.001 

(a) Membrane gave high, irreproducible values of P and was 

subsequently found to contain hair-line cracks 

(b) Irrepredticible values of P but no evidence of cracks.  

in these membranes. 

As the concentration in the membrane increased, P values 

became Nigh and irreproducible. No evidence of cracks 

in the membrane was found. 
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An increase in P at high concentration of water vapour, 

especially when it is associated in some cases with the commence-

ment of irreproducibility of results, does suggest that adhesion 

between the polymer and its filler is reduced under such conditions, 

and easy diffusion paths around the filler particles are formed 

thereby. 

In the preliminary stages of this investigation water flow 

experiments were conducted using a different experimental technique. 

The method involved fixing tne membranes across the flattened 

end of glass tubing with "Araldite". The results obtained for a 

membrane containing NaY zeolite in a poly(methyl methacrylate) 

matrix at a temperature of 525 K and where m = 0.285 and 1 = 0.013 

cm are shown in table 7. 



Table 7 

Permeability coefficients measured on membrane (i)  

Date of determination Relative Pressure P x 107 
/cm3(620cm 

cm2s cmlig 

9V. November 1969 0.34 4.41 

12th November 1969 0.35 4.62 

15th November 1969 0.47 3.82 

19th November 1969 0.54 16.84 

22nd November 1969 0.39 20.41 

26th November 1969 0.54 22.35 

29th November 1969 0.54 19.80 

These results demonstrate the unsuitability of this 

method for water vapour flow experiments, and in any case the 

manufacturers do not recommend "Araldite" as a suitable agent 

for bonding poly(methyl methacrylate). As the "Araldite" - 

polymcr adhesion is reduced, easy diffusion paths around the 

membrane would be formed. 

162. 
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A ao and he 'Uri 
	

hro dh corn o e memb r 

If adhesion between a filler and the external polymer 

matrix is reduced permanently by water vapour, then this would 

be revealed if argon or helium flow experiments were carried out 

before and after water vapour flow experiments. A break-down 

of adhesion would cause an increase in permeability of the composite 

membrane to the permanent gas. 

One problem in this aspect of the work was that no satis-

factory method was found for outgassing the membranes before flow 

experiments were conducted. Blank experiments in which a zero 

pressure differential was maintained across the membranes always 

produced a pressure of gas which was measurable on the McLeod 

gauge and which increased proportionally with the duration of a 

run. Moreover, this pressure must have been greater than the 

pressure of gas resulting from flow across the membrane for when a 

differential did exist the apparent flux was of the same magnitude 

as the flow in Lhe blank run and in no case could any attempt at 

determining a flux be made. The possibility of leakage into the 

systems was discounted because of the care taken with the glassware 

and all other parts of the system were immersed in mercury baths. 

Also, a high-frequency electric discharge through the gas in the 

system was pale blue in colour, probably the effect of water vapour, 

and not mauve which would be associated with the presence of 

nitrogen from the atmosphere. 

No progress was made with this aspect of the work which, in 

view of the shortage of time, was abandoned;, 



161+. 

4.2 Investization of n-buts]. methacrylate Polvmerization reactionq. 

Isotherms of n-butyl methacrylate in NaY and (NaK)L are shown 

in figure 36. These curves show that n-butyl methacrylate 

sorption is of a similar caaracter to the sorption of the methyl 

homologue. The monomer is just as tenaciously held by the 

sorbents upon outgassing, even at elevated temperatures. Table 8 

shows the amounts of material retained by the zeolites after 

evacuation. 

Table fl 

Desorption of n-butyl methacrvlate :from two zeolites.  

Conditions of outgassing a(NaY) 	a(NaK)L 
/rng g-1  /mg g-1 

  

24 hours, 303K,<;10-3Nm72  

Further 24 hrs, 443K2.<10-3Nm-2  

237 	79 

145 	0 

 

The masses of outgassed residue retained by NaY correspond 

closely tr.‘ residual methyl methacrylatc values. 	Furthermore, the 

increased molecular size of this monomer does not prevent its entry 

into the cavities of either zeolite. 

Water isotnerbz on tne composite materials obtained after 

outgassing the two zeolites following monomcx sorption are shown 

in figure 37. The uptake of water on powder H (NaY after n-butyl 

methacrylate adsorption-dbsorption) is very similar to the uptake 

on powders A and h (Nu after methyl methacrylate adsorption-

desorption. 



	 NaY zeolite adsorption 

A Nal zeolite desorption 

(NaK)L zeolite adsorption 

(NaK)L zeolite desorption 

165. 
Figure 36 

Adsorption isotherms of n-butyl methacrylate in zeolites. 
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Figure 37 	 166 

Adsorption-branch isotherms of water in zeolite filled composites. 

T =303  K 

Powder Ii(Nal) 

V Powder g.T( NaK) L 
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The water sorption isotherm for powder I ( (NaK)L after 

n-butyl methacrylate adsorption and desorption) is similar to 

the isotherm•for the free powder, the residual mass of monomer, 

according to table 8, is zero. 

The similarity of n-butyl methacrylate sorption results to 

the results obtained for the methyl homologue allows no further 

progress to be made concerning an understanding of the nature of 

polymerization reactions over zeolites. In view of this, the 

plan to prepare filled poly( n-butyl methacrylate) membranes for 

flow studies was abandonned and no further work on this monomer 

was undertaken. 

4.3 Investimtion of acrylonitrile polymerization reactions.  

A test-tube containing two pellets of sodium hydroxide and 

half-filled with acrylonitrile was shaken at roan temperature. 

After q hours the colourless liquid had become bright yellow and. 

opaque, Within 24 hours it had become a hard, dark yellow solid. 

The smoothness of this reaction and the presence in the 

monomer of a free-radical inhibitor imply that an ionic process 

took place. It is at least a simple, non-violent method for 

preparing polyacrylonitrile. 

Figure 38 shows the sorption behaviour of the monomer over 

NaX and in cannon with the two monomers investigated earlier, a 

residue presumably of polymer is retained by the zeolite after 

evacuation. In view of the toxic nature of acrylonitrile and 

the similarlity of its sorption behaviour to the methaorylates, 

no .further investigations were made. 
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adsorption isotnem of acrylonitrile in NaY zeolite. 
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Figure 38 	 168. 
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4.4 Investigation of styrene iDolynerization reactionq 

Although styrene polymerizes readily in contact with metallic 

sodium, shaking the monomer with sodium hydroxide pellets did not 

induce bulk polymerization. This is in contrast with the effect 

of this substance on methyl methacrylate and acrylonitrile. A 

trace of water insoluble solid was found in the mixture after 

shaking for two days at room temperature, however. 

Styrene sorption ors two zeolites in shown in figure 39 where 

open symbols represent points measured on the first run, .hatched 

symbols mark desorption values and crossed symbols represent a 

second adsorption run which followed outgassing for 96 hours at 

333K. 	Clearly more volume is available for si;yrene sorption on 

the second run in NaY, an effect which was observed for methyl 

methacrylate sorption in this zeolite., 	The residue of styrene 

was not removed even after evacuation for a 48 hour period at 373K, 

suggesting that polymerization had occurred within the cavities. 

Figure 40 illustrates the adsorption of water in NaY after a 

double styrene sorption experiment. The material is referred to 

as powder J. There is a marked reduction in the volume available 

to water and the isotherm is similar to the one shown in figure 18, 

for the adsorption of water in powders A and B (Nal after methyl 

methacrylate sorption). 
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Firrure 39 

Adsorption isotherm of styrene in zeolites. 

T = 333 K 
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Figure 4.0 	 171. 

Adsorption-branch isotherm of water in Nal zeolite filled composite (Powder J) 

T = 333 K 
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4.5 Investig.ation of oC-methyl styrene polymerization reaction  

The addition of an (.--methyl group to the styrene molecule 

should impart an increase in electron density at the double bond. 

Consequently, 04-methyl styrene should display a higher activity 

over cationic catalysts than styrene. 

A kinetic experiment, in which DC-methyl styrene at relative 

pressure 0.46 was admitted to two zeolites, is recorded in.  

figure 41. Both HY and H mordenite adsorb more of this sorbate 

than could be contained within their internal cavities, and 

since both sorbents became discoloured during the course of the 

experiment, the occurrence of an external, reaction is most likely. 

After the admission of further doses of the sorbate:  and when 

the concentrations in HI  and H mordenite were 1208411g g-1  and 

292 mg g-1  respectively, the sorbents were evacuated for 43 hours. 

At the end of this period 959 mg g-1  and 276 mg g-1  were still 

retained, but an increase in temperature to 443 K and a further 
period of 24 hours under vacuum reduced these concentrations to 

- 13 mg E-1 and 9 mg g 1 respectively. 

Water sorption isotherms on the powders obtained after this 

sorption-desorption treatmera, powders K and L for HI and H 

mordenite respectively, are shown in figure 42. These isotherms 

are not greatly different from the isotherms for the free zoolites 

but this is nct surprising in view of the very small residue of 

polymer present in each poader. 

EX-methyl styrene was distilled into tubes containing 

outgassed samples of HY and H mordeaite but there was no evidence 

172. 



Figure 41 
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Adsorption-branch isotherms of v(-methyl styrene in zeolites 
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Figure 42 	 174. 

Adsorption-branch isotnerms of water in zeolites and zeolite filled 

ccraposites. 

T = 303 K 
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Adsorption-branch isotherm of at-methyl styrene . in Nal zeolite. 
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of any bulk polymerization reaction. Figure L.3 does show that 

the considerable amount of monciner sorbed by the H exchanged 

zeolites is not general for other zeolites and NaY shows no such 

property. 

It is most likely that the formation of a low molecular weight 

poly(a-methyl styrene) does occur over the hydrogen exchanged 

zeolites. 

4.6 Investhation of ethyl vinyl ether polymerization reactions 

jmtroductim 

An interesting reaction of ethyl vinyl ether was found by an 
undergraduate in the organic chemistry department when he attempted 

to dry the liquid over moleOular sieve 4A pellets 184). A rapid 

polymerization occurred and within a few minutes the ether had 

bccomu a clear, viscous gum. The experiment was repeatable with 

fresh samples of reactant and molecular sieve. 

Primarily, the active catalyst within the pellets needed to be 

isolated and it was quickly found that NaA zeolite, which is 

similar to the dessicant present in 4A pellets, had no effect at 

all on the ether. The pellets do, however, contain a clay mineral 

binding agent, probably similar to kaolinite. 	In view of this, 

sane ethyl vinyl ether was added to a portion of kaolinite and a 
violent reaction occurred instantly. Much of the ether was ejected 

from the test-tube and the residual material was blackened and 

hot. The organic residue was a dark-brown, viscous gun. 



177. 

Although NaY (and of course NaA) had no obvious effect on 

the ether, both HY and H mordenite behaved similarly to kaolinite 

and induced violent reaction. 	In the case of each of these three 

aluminosilicates, no special drying was necessary, polymerization 

occurred just as readily under atmospheric conditions over catalysts 

brought straight from the bottle as it did over carefully outgassed 

materials under anhydrous conditions. 

The violence: of these polymerization reactions could be 

moderated by diluting ethyl vinyl ether with n-hexane before the 

addition of catalyst. In this way, and after evacuation and 

removal of the diluent, a clear sample of the viscous polymer was 

obtained. The gum was analysed and had the composition (40481P)n, 

the empirical formula of poly( vinyl ethyl ether). 

Ethyl vi y1 other sorption experiments. 

adsorption of ethyl vinyl ether in NaY zeolite was invest4aated 

kinetically and an isotherm is shown in figure 44. Adsorption-

desorption is tending towards a steady-state after about 24 hours, 

although a slow process was apparent. An adsorption isotherm of 

ethyl vinyl ether in NaY is shown in figure 45 where 24 hours was

allowed for a new dose to reach a steady-state before measurements 

were taken. The figure includes isotherms on other sorbents and 

while the sorption in NaY and silica gel is unexceptional, the 

curves for the other two sorbents indicate that a multilayer of 

sorbate has been formed on the external surface of the sorbents. 

I4o kinetic investigation of the sorption character of these other 

alumino-,silictItes, HY and kaolinite, was made but the points marked 

on figure 45 are not equilibrium values and the sorption on these 
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,idsorption-branch isotherms of ethyl vinyl ether in NaY zeolite. 
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Figure 45 179. 

Adsorption-branch isotherms of ethyl vinyl ether in various sorbents. 
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materials had not reached a steady-state after 24 hours. 

The final measured values on the hi and kaolinite curves of 

figure 45 are at a relative pressure of 0.215 (the isotherms were 

measured simultaneously in an interconnected gravimetric sorption 

apparatus). The dose of monomer vapour which was admitted after 

these values caused a discolouration of both sorbents and a dark 

brown layer of liquid or gum was clearly visible in the sorption 

buckets. When the quantity of ethyl vinyl ether on 1ff and 

kaolinite had reached 2245 mg g-1  and 1512 mg g-1  respectively, 

the sorbents were evacuated. After 50 hours at a Pressure 

maintained below 10-3  Nm-2  and at a temperature of 308 K these 

amounts had fallen to 1981 mg g-1  and 1282 mg g-1  respectively. 

After th4 s period of outgassing the temperatures was raised to 

393 K and evacuation continued for a further 96 hours, even these 

conditions reduced the amounts of ether to 1004 mg g-1  and 793 mg g-1  

respectively. 	Clearly polymerization of ethyl vinyl ether has 

occurred at low pressure and room temperature and moreover polymer 

was not formed only within the zeolitic cavities. 

Water sorption isotherms on the sorPent residues after ethyl 

vinyl ether sorption, powders111  N and 0 for the residues of NaY, 

by and silica gel respectively, are shown in figure 4.6. The uptake 

of water in EY is considerably reduced after treatment with ethyl 

vinyl ether and even the uptake by NaY which did not attract such 

great amounts of the ether is reduced to less than 3(. 

180. 



a/mg gi  

Pcwder 11 (Nay) 

powderi,i(a) 

Powder 0 ( Silica. gel) ' 

Figure 46 	 181. 

Adsorption-branch isothenns of water On various sorbents after treatment 
with ethyl vinyl ether. 
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4.7 Investigatien.of tl-butyl xiny). ether rcl.werization reactions 

In view of the ability of hydrogen excnanged zeolite Y to 

catalyse the polymerization of ethyl vinyl ether, another similar 

catalyst was investigated in conjunction with this higher vinyl 

ether. In fact the additional mesaneric effect of the n-butyl 

group should, according to work reviewed in the first chapter(105), 

cause a lower rate of polymerization for the higher ether. 

Figure l7 shows the adsorption of n-butyl vinyl ether on three 

zeolites at T = 304 K and 	= 0.98. sorbents became discoloured 
Po 

as the amount of ether. in the zeolites increased, but this 

discolouration was more pronounced in the hydrogen exchanged'  

zeolites. 

Eveol.lation of the sorbents for 72 hours at T = 304e after the 

quantities of ether had reached 321 mg g-1, 2990 mg g-1  and 860 mg g-1  

in 14.0-, BY and H morde:Ivite respectively reduced these values to 

281 mg g-1, 2852 mg g-1  and 811 mg g-1. Further evacuation at 

443 K for 24 hours reduced the amount:, sorbed to 130 mg g-1, 1940mg 

and 666 mg g-1  respectively. Following this treatment, water 

sorption isotherms were measured and these results are shown in 

figure 48 (powders P, Q and R denote the residues after ether 

sorption on tree sorbents NaY, HY and H mordenite respectively). It 

is once more apparent that not only Res bulk polymerization of 

vinyl ethers occur at the external surface of H exchanged zeolites 

but the internal cavities arc largely occupied as well. For both 

ethyl vinyl ether and n-buty vinyl ether sorption little space is 

availablt1 within the zeolites for water molecules, even after 



adsorption of n-butyl vinyl ether in zeolites. 
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Adsorption-branch isotherns of water in zeolites after treatraent with 

n-butyl vinyl ether. 
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rigorous outgassing had taken place. It is also apparent that 

poly (vinyl ethers) are not hydrophilic in character. 

4.8 Investiation of iso-butene polymerization ree.ctionq 

iso-Butene polymerizes quite readily in the liquid phase at 

low temperatures over certain cationic catalyst( 62-64-) and an 

attempt was made to see if H mordenite could indlice gaseous iso-

butene to polymerize. A dose of the monomer was admitted to the 

zeolite at 273K and an initial pressure of 7.15 cmHg. Figure 49 

shows that a steady-state is reached after about 8 hours. When 

the sorbent temperature was raised to 443 K and the system left for 

25 hours, the concentration of olefin retained by the zeolite 

had fallen frau 173 cm3( SZP)cni3  to 142 cm3( SZE) cra-3  and the 

pressure over the sorbent has risen from 0.16 cratig to 1.29 cmHg. 

Such behaviour is consistent with the processes cf physical sorption, 

After iso-butene sorption had been measured, the H mordenite • 

sorbent was outgassed for 24 hours at 443 K. Argon sorption 

isotherms were then measured on the sorbent and these are compared 

in figure 50 with an isotherm measured before the iso-butene 

experiment. Apparently there has been a small retention of hydro-

carbon by the zeolite, which would presumably imply that polymer 

has formed within the zeolitic cavities but only in small quantity. 

The low pressure at which the monomer was maintained above the 

zeolite was probably responsible for the 	amount of polymer 

formed and the outgassing conditions were probably rather severe 

for the low molecular weight polymer formed frora the reaction. 
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Figure 49 	 186. 

Adsorption of iso-butene in hydrogen mordenite 
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Figure 50 	 187. 

Adsorption isotherms of argon on hydrogen mordenite before and after 

treatment with iso-butene 

T = 77.5 K 
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4.9 Investigation of ethylene polymerization reactions 

The polymerization of ethylene over BY and dehydroxylated 

Y at temperatures in tne range 373 to 423K has been mentioned 

earlier 54) 	It is of interest to examine the sorption of this 

olefin in a hydrogen exchanged zeolite at room temperature. A 

dose of ethylene was admitted to H  mordenite at 298K and an 

initial pressure of 22.4 cmfig and this pressure fell over a period 

of more than 24 hours. Figure 51 shows the increase in adsorbed 

ethylene in the zeolite with time. 	Clearly a slow process is 

involved. 

Argon sorptions on tne zeolite residue after ethylene adsorption 

is sholm in figure 52. ' Curve 2 represents the isotherm obtained 

after out6assing the zeolite for 2. hours at 298K following ethylene 

adsorption and it may be compared with the isotherm for argon 

sorption on pure If mordenite. Clearly there is a considerable 

amount of etilylene which remains within the zeolite after evacuation 

at roc temperature for 24 hours. This implies that a chemical 

change of the sorbate has taken place, probably to polyethylene. 

A further period of evacuation at 4431( for 24 hours was responsi= 

ble fcr the removal of most of the organic residue and curve 3 of 

figure 92 illustrates argon sorption on the product of this 

treatment. 
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Adsorption of ethylene in hydrogen mordenite. 
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Adsorption isotherms of anon on hydrogen mordenito before and after 

treatment with ethylene. 

T = 77.5 K 

q/crr(sTP)cm73  

- 200 

Before treatment 

V After treat :lent 

1›. After further outgassing 

-100 

px10-3/Nm-2 



191. 

4.10 Investil:ation of acetaldehyde polyermization reactions.  

The cationic polymerization of several aliphatic aldehydes 

at low temperatures has been mentioned earlier(110-112)  and an 

effort was made here to see if acetaldehyde would polymerize over 

HY at room temperature. 

Figure 53 illustrates the adsorption of acetaldehyde by a 

sample of HY. The isotherm was not reversible and evacuation of 

the sorbent for 21+  hours at the temperature of the isotherms reduced 

the adsorbed concentration to 164 mg g-1. Even evacuation for 24 

hours at 443K reduced this concehtration only to 158 mg g-1  

indicating that acetaldehyde is either abnormally powerfully bound 

to the sorbent or chemically altered, possibly into a polymer. 

The product of this adscrption-desorption treatment, powder S, 

was tnen investigated as a water sorbeht and curve 2 of figure 54+ 

illustrates this. 	Comparison with curve 1, the isotherm for 

watersorption of the same sample of HY before acetaldehyde treat-

ment, shows twat the residue from acetaldehyde adsorption prevents 

the entry of a considerable amount of water into the zeolitic 

cavities. 

4.11 Investigation of benzofuran polymerization reactions.  

Benzofuran undergoes polymerization cationically and in a 

manner similar to the vinyl etners(108 1G19) 
	

Sorption of benzo-

furan in NO: and H mordenite was tharefore investigated to see if 

these zeolites were effective catalysts for benzofuran polymer-

ization at room temperature. 
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Adsorption isotherm of acetaldehyde in a zeolite 
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Adsorption-branch isotherm of water in'a zeolite before and after treatment 

with acetaldehyde. 
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Isotherms of benzofuran sorption on NaY and H mordenite are 

shown in figure 55, clearly adsorption takes place to a very 

considerable extent at very low pressure in NaY but the channels 

of H mordenite appear to be too narrow to permit the entry of 

benzofuran in large amounts. 

Evacuation of the sorbents at 443K for 24. hours reduced the 

amount of organic material in NaY and H mordenite to 195.3 mg g-1  

and 15.8 mg g-1  respectively. 

Water sorption isotherms by the products of these two zeolites 

after benzofuran sorption-evacuation treatment are shown in 

figure 56. Curves 1 and 2 represent water sorptions cn free Ne717 

and H mordenite while curves 3 and 4 show the water sorption 

isotherms on powders T and U, the products obtained from these 

two zolites respectively. A considerable amount of benzofuran 

or a polymer apparently remains within NaY even after evacuation 

at 443K. The water sorption Of H mordenite is also reduced 

slightly by treatment with benzofuran. 

4.12 Investigation of acenaphthylene polymerization reactions. 

Another molecule which polymerizes cationically by head-to-tail 

linking is acenaphthylene(107). This compound is a yellow 

crystalline solid which melts at 365K and there was _no means of 

determining a sorption isotherm with the apparatus used in this 

work. A small quantity of H mordonite was shaken for 72 hours 

at roan temperature with a solution of acenaphthylene in diethyl 

ether, the product is called powder V. 

Figure 57 shows the sorption of water on H mordenite before 
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Figure 55 	 195. 

adsorption-branch isotherms of benzofuran in zeolites. 
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Figure 56 	 196. 

adsorption-branch isotherms of water in zeolites before and after 

treatment with benZofuran. 
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Adsorption-branch isotherms of water in hydrogen mordenite before and 

after treatment with acenaphthylene. 
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and after acenaphthylene treatment. The treated sorbent had 

been dried and evacuated for 24 hours at 443 K prior to water 

sorption' measurements. 	In spite of the size of acenaphthylene, 

which must have restricted its entry to H mordenite, there is a 

reduction in volume available to water molecules after this treat-

ment. It is likely therefore that polymerization has occurred 

within the zeolitic cavities to a small extent. 

4.13 Investigation of diazo methane polymerization reactigs.  

Several examples of the polymerization of disvo methane over 

heterogeneous catalysts were mentioned earlier(119-123)  and the 

effect of zeolites on this compound has been investigated here. A 

considerable reduction in the hydrophilic character of hydroxy-

apatite was observed after the treatment of this material with 

ethereal solutions of diazomethane(182). The cause of this 

change in surface character was associated with the formation of 

an organic chemisorbed monolayer. This monolayer was more complete 

and more effective as a water repellent when the apatite had a 

large concentration of surface acidic sites. In view of this, 

mordenite was selected as a suitable zeolite with which to invest-

igate the reaction of diazo methane. 

A 0.051d solution of diazo methane was left in contact with H 

mordenite for 72 hours at 273K and, after drying and outgassing at 

443K for 24 l.ours, a water sorption isotherm was measured. 	This 

isotherm is shown in figure 58, powder WI  together with a'water 

sorption isotherm on the free zeolite. A reduction in the water 
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uptake is apparent after such treatment and this could be 

interpreted in two ways. If polymerization had been induced 

within the zeolite then much of the zeolitic cavity volume would 

be unavailable for subsequent water sorption. Alternatively, the 

reaction with diazo methane may have produced a cnemisorbed 

monolayer of methoxy groups in a manner similar to the reaction 

with hydroxyapat ite(182) 	In this second case, the volume of 

zeolitic cavities available for water molecules may be little 

changed. 

An analysis of powder Yr  revealed that the concentration of 

organic material present in the zeolite after water sorption was 

81 rag g-1. 

4.14 Investi!Yation of diazo ethane polymerization reactions.  

In a previous investigation of diazo alkane reactions over 

crystalline alumino silicates(185) some work was done with diazo 

ethane and C•LII)X zeolite. The cupric zeolite was selected 

because many other copper salts and even copper metal exhibit 

powerful catalytic activity for diazo alkane polymerization. 

Although the materials in this study were prepared by this earlier 

investigator, the water sorption isotherms for the study were 

measured by the author and are presented hers. 

Curve i of figure 59 illustrates the adsorption of water to 

free C14II)X while the other curves show the effect upon the 

sorbent of contact with ethereal solutions of diazo ethane. The 

difficulty of preparing samples to obtain reproducible results is 

clear from this figure, and sane of the difficulties associated 
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Adsorption-branch isotherm.; of water in ju(II). zeolite before and 
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with experiments on diazo alkanes should perhaps be pointed out. 

These compounds are unstable and can only be stored for short 

periods in chilled solutions. Considerable care has to be taken 

when using the solutions which have a toxic, explosive vapour. 

In addition, the rapid loss of tae compounds from solution has to 

be avoided for it is easy to prepare a solution which upon analysis 

may be found to contain no diazo alkane at all. In all cases 

where ethereal solutions of diazo alkanes have been used, work has 

been done in a fume-cupboard (in more recent work the investigator 

has also worn a gas-mask manufactured with a diazo alkane. filter) 

and all solutions have been analysed before use and diluted to a 

concentration of 0.05 M in diethyl ether. Analysis of the 

solutions was by netralization of the diazo alkane by tho addition 

of excess benzoic acid followed by an estimation of the excess by 

i:itration against a standard methanclic potassium hydroxide 

solutiori(175). 

The ontgassing procedures which preceded the measurement of 

the isotherms represented by curves 2 and 3 differed. Curve 2 

measurements followed evacuation of the sorbents for 48 hours at 

423K while the procedure adopted before curve 3 was measured was 

evacuat.on for 48 hours at 473K. Probably 4.73K is rather too high 

a temperature for tne sorbent to withstand for such a period and 

tais nay be the cause of tne smaller reduction of hydrophilic 

character of this modified zeolite. k very considerable blocking of 

the internal volume is apparent from curve 2, havever. 



CHAPTER  

Room temperature reactions over crystalline aluminosilicate 

catalysts of fourteen organic substances have been studied. The 

reactions over zeolites were of two main types. Type 1 reactions 

were those in which monomers were strongly adsorbed into the 

internal volume of a catalyst. Evidence has been presented for 

the polymerization of these monomers within the zeolitic cavities. 

Polymeric materials formed fran a type 2 reaction were not 

restricted to the internal cavities and continued to appear over 

the catalyst throughout the course of a sorption experiment. 

Reactions of the second type are most easily observed and they 

will be dealt with first. 	The three monomers which polymerized 

in this way are o(-methyl styrene, ethyl vinyl ether and n-butyl 

vinyl ether 	Reactions took place over either hydrogen exchanged 

zeolites or the clay-mineral kaolinite. 

0L-Liethyl styrene may polymerize after the addition of an 

electrophilic species such as a proton. The hydrogen exchanged 

zeolites EY and ti  mordenite, outgassed under the conditions 

descri:ec previously, would contain residual water molecules. 

Tiaese watel. molecules would enable the zeolitic surfaces to be 

sufficiently (Bronsted) acidic for protons to be donated to the 

organic molecules. Polymerization may be based on the following 

scneme: 
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After the addition of a proton to the sorbate, polymerization 

could take place. 
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E)C—CH 0 
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/ 	CH, CH, 
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framework SCCH-GCH / 

3 e I 	I 
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It is more probable, however, that the positive charge of the 

carbonic ion walla be located close to the zeolitic surface. 

olymerization could take place after monomeric molecules had 

.diffused thrcugh the growing chains of ,polymeric material. 
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CH, CH3  
I 	I 

---> CHt-C- Ce Q- 
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Ai Ph 
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framework 

  

Bulky side chains on both monomer and polymer molecules would. 

hinder the diffusion of monomeric molecules to the reaction centre 

and the inaction may therefore proceed slowly. 

Vinyl esters reacted violently in the presence of even 

hydrated hydrogen exchanged zeolites. All stages of such reactions 

as these are therefore fast. 	The following scheme is proposed. 

The lone pair of electrons on the oxygen atom of the ether molecule 

attracts a proton from a surface water molecule. Thi., proton 

combines with the organic molecule to yield an roxonium ion. 
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The chains of poly( Alkyl vinyl ether) would be linear and would 

allow the diffusion of further ether molecules to the zeolitic 

surface. 

Apparently, the necessary conditions for a type 2 reaction 

to occur are (i) the organic monomer must be able to carry a positive 

charge (ii) the zeolite should have entry pores of sufficient 

diameter to allow the entry of tne monomer and (iii) the zeolite 

must have a strongly (Bronsted) acidic surface. Type 2 polymer-

ization reactions are therefore cationically induced and proceed 

rapidly, probably at tne internal surface of the zeolite. 

All other monomers investigated in this work underwent a typo 

1 polymerization reaction with all the zeolites employed. One 

of the most interesting reactions was between methyl methacrylate 

and Nal zeolite. This organic monomer doe6 not, according to 

previous work, undergo cationically induced polymerization reactions. 

Indeed, a reaction scheme has been suggested which accounts for the 

inability of this, compound to yield an active carbonium ion(7UJ: 

R + °LI2 — — UHCOOCH
3 
	CH2=  OH C ( OR) ocH3.  

.12 = CH C 	R 

CH2=CH C(OR)==:0 OH3 

CH2  —011=e(OR)OCH3  

A more probable explanation of the polymerization of methyl. 

methacrylate within NaX and other zeolite& is; tnat tne reaction 



proceeds by a free-radical mechanism. Evidence was presented 

earlier for the existence of radical species within zeolitesc57264,  

68-70) 
	

The possibility of an anionically initiated polymerization 

reaction should not be overlooked either. 

Methyl methacrylate, n-butyl methacrylate and acrylonitrile 

form one sub-group of monomers which undergo type 1 reactions, for 

these monomers do not normally polymerize by cationically 

induced reactions-. The other monomers of this group can polymerize 

cationically and might be expected to undergo type 2 reactions over 

suitable catalysts. There are, havever, several reasons why these 

monomers should not react in this way. 

The behaviour of styrene was not investigated by sorption 

experiments in hydrogen exchanged zeolii;es and it should be recalled 

that even the vinyl ethers polymerised by a type 1 reaction over 

NaY zeolite. 	It snould also be noted that the methyl group of 

a( -methyl styrene renders this molecule more active than styrene 

for cationically induced polymerization reactions. Even 0(-methyl 

styrene was only moderately reactive over hydrogen exchanged 

zeolites. 

The presence of iso-butene in the group of monomers undergoing 

type 1 reactions over hydrogen exchanged zeolites is less easy to 

understand. Mineral acid catalysed reactions 62,6k)  and clay-

mineral and silica-alumina gel catalysed reactions(63)of iso-butene 

are known in which dimers and trimcrs are produced. These reactions 

,:!ere conducted under high pressure and with the olefin in the 

liquid phase, however. Althougn evidence of polymeric material 
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formed by a type 1 reaction has been presented it is unlikely 

that the low gas pressures employed in the adsorption of iso-butene 

would enable a high yield of polymer to be produced. 

Ethylene does undergo cationically induced polymerization 

reactions but the monomer is not very reactive. Similarly, the 

cationically induced polymerization of acetaldehyde is rather slow. 

It was unfortunate that no hydrogen exchanged Y zeolite was 

available for treatment with benzofuran. This monomer may have 

reacted in a smilar manner to the vinyl ethers over a hydrogen 

exchanged zeolite into whose cavities it could gain access. 
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Acenaphthtlene molecules are also too large to enter the 

internal cavities of hydrogen laordenite. 
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Appendix A.  

Weight fraction of zeolite,. weight fraction of fillet and volume 

fraction of filler in a comooqite material.  

Although the weight fraction of zeolite per unit mass of 

composite is the directly measurable estimation of composite 

composition, it does not adequately represent the composition in 

terms of a micro-porous filler such as a zeolite, within an external 

polymer phase. The reason for this assertion is that a portion 

of tne polymeric phase may occupy the intracrystalline cavities of 

the filler. 

In tne diagram below, A represents an external polymer phase, 

B intracrystalline polymer and is  the unoccupied volume within 

the zcolite, D. 

The weight fraction of zeolite, wz, measured from TW  or 

chemical analysis is the ratio : 

wz  =imp  

fl/EI 	LI(A+B)) 
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where mD  is the mass of D, the zeolite etc. 

A more useful ratio would be the weight fraction of 

fillers wf: 

wf = mD mB 

mD 	+ 

This ratio wf could be calculated directly from wz if 
	was 

known. If mB  is assumed to be the mass of methyl me thacrylate 

adsorbed within unit mass of Nai zeolite at intermediate values 

of the relative pressure, the following ratios may be calculated: 

wz  = Mass of residue after heating composite to 700K 

Initial mass of composite 

and 	wf  = 	wz 
0.81-0.19 wz  

The volume fraction of filler, 14 is the ratio: 

= 	VD 

VA + VD 

where VD  i3 the volume enclosed by Ds  zne zeolite etc. Clearly_  

VD = 

where kis the density of anhydrous zeolite etc. and consequently 

/if  = 113D 

en 
mD  --- xmB 

Pp en 9p) 

1-1 

i 

1 	   

2V.:a  

--Vi --1" lei — YIN7  —Z 1  --Z :—.6- 
Pp en Pp 
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= W 

1.24,0.53 wz  

where m is the total mass of polymer in the zeolite and x is the 

mass of sorbate contained by unit' mass of zeolite at intermediate 

values of tne relative pressure. 

.Apl2er&ix B 

Some non-S.I. units which have been mentioned in this wor% 

Quantity 	Non-S.I. unit 	Definition in S.I. units 

Length 	i R 	 I x 10-10m 

Pressure 	i cmlig 	13.595 1 :'. 98.066 5 lim72 
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MODIFICATION OF THE SURFACE OF SYNTHETIC HYDROXYAPATITES 

R. ASH, R. M. BARRER, M. D. BUTLER, AND J. D. W. HUDSON 

Communicated by J. D. W. Hudson 

SUMMARY 
Alkylchlorosilanes, hexamethyldisilazane, and aliphatic diazo compounds have 

been examined as potential means of attaching chemisorbed hydrophobic groups to 
the surfaces of apatite crystals. 

The silane derivatives appeared to form adsorbed silyl ethers especially in presence 
of any molecular water, and in no cases were stable chemisorbed films obtained. If 
appreciable moisture was present chlorosilane derivatives, but not hexamethyldisilazane, 
could attack and even destroy hydroxyapatite, converting it into CaC12  and 
CaHPO4.2H2O. 

The diazo compounds were found to react with hydroxyapatite to give stable 
chemisorbed films that reduced the hydrophilic character of the surfaces. Long-chain 
aliphatic groups produced the largest changes. The surface reaction proceeded best 
when molecular water was absent, and when the highest concentration of acid phosphate 
groups was present, as for instance with Ca-deficient apatites. 

INTRODUCTION 
Various attempts have been made to find adhesives which will permanently adhere 

to both dentine and enamel in a moist environment (Rose, Lal, Williams, and Falcetti, 
1955; Snyder, Wilson, Newman, and Semen, 1967). As a simplification of this problem 
one may investigate surface reactions of organic molecules with hydroxyapatite 
powders. To guide the choice of organic reactants one may consider those molecules 
which modify other surfaces. Thus, methanol (Dzhigit, Kiselev, Mikos-Avgul, and 
Shcherbakova, 1950), trimethylchlorosilane (Lygin and Kiselev, 1961), and diazo-
methane (Shcherbakova and Slovetskaya, 1956) form hydrophobic monolayers of 
chemisorbed groups on hydroxylated silicas : 

+ CH3OH—> Si—O—CH2  +H20 

+ C1Si(CH3)3 	\Si—O—Si(CH3)3 + HC1 

+ CH 2->  / 2 N 	\Si-0-0-13 + N2. 

The trimethylsilyl groups in particular are thermally stable and permanent in presence 
of water, at least over a period of several months. Also reactions between zinc oxide 
and some n-alkane thiols (Eyring and Wadsworth, 1956), between chromia and methanol 
or ethanol (Roev and Terenin, 1959), and between alumina and ethanol (Babushkin 
and Uvarov, 1956) all yield chemisorbed organic groups. 
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The surface of hydroxyapatite contains calcium, orthophosphate, and hydroxyl 
ions, water molecules, and probably some associated protons. A reaction at the surface 
may theoretically involve one or more of these ions or molecules. The principal groups 
of compounds investigated as surface reagents were silane derivatives and aliphatic 
diazo compounds. If alkyl or aryl groups can be grafted chemically to apatite surfaces 
these should confer hydrophobic character on the surface. This behaviour was studied 
by measuring sorption isotherms of water before and after chemisorption of silanes and 
diazo compounds. 

The grafting of long alkyl chains to apatite surfaces might promote adhesion to 
polymers since the chains could become entangled with the polymer. Polymer-apatite 
powder composites might also be prepared, with good adhesion, which could provide 
possible dental restoratives, since the filler would reduce shrinkage during curing, 
lessen thermal expansion, and, with good adhesion, improve bulk strength. 

Synthetic calcium phosphates may be made which give X-ray diffraction patterns 
and infra-red spectra like those of stoichiometric hydroxyapatite although the Ca/P 
ratio may differ from that in the stoichiometric phase. The Ca/P ratios may vary from 
10/6 to less than 9/6, depending upon conditions of formation. The stoichiometric 
hydroxyapatite may be represented by the formula Ca10(PO4)6(OH)2; and the calcium-
deficient apatites have the formulae Ca(lo_x)Hz(PO4)6(OH)(2_x)(H20)x  where 0 < x < 1 
(Winand, 1961) and Ca(2_0H(1+20(PO4)6  OH.H20 where 0 < y < 1 (Berry, 1967). Bone 
and tooth mineral is a Ca-deficient apatite. 

An investigation of the dehydration of alcohols over synthetic hydroxyapatite has 
suggested that acid sites exist on Ca-deficient apatites (Bett, Christner, and Hall, 1967). 
Acid sites on the surface of biological phosphate crystals may be available to react with 
aliphatic diazo compounds. 

EXPERIMENTAL METHODS 
1. Materials. Examples of the apatite powders studied are listed in Table I. The 

hydroxyapatites were prepared by slow addition of aqueous solutions of diammonium 
hydrogen phosphate to stirred solutions of calcium nitrate at defined pH values. The 
apatites of Table I (and many others, not listed) provided a range of compositions and 
surface areas. For comparison purposes, aluminas and Aerosil silicas were also used 
in studies of surface modification, using both silane and diazomethane derivatives. The 
diazomethane derivatives were synthesized as required, using the methods of de Boer 
(1954), Smith and Howard (1955), and of Adamson and Kenner (1935). This account 
will be concerned primarily with the surface-treated apatites. 

2. Examination of Treated Powders. The surface areas of the powders were 
measured using nitrogen adsorption at —195° C. (78° K.) in a volumetric sorption 
apparatus. The adsorption of specially purified distilled water at 50° C. (and in some 
cases also at 30, 40, 60, and 70° C.) was determined using silica spring balances. The 
nitrogen areas and the water uptakes combined served when required to determine 
absolute adsorptions of water in which the uptake in micromoles of water per unit 
surface was plotted against the relative pressure (plpo ). This method of presenting the 
data showed quantitatively if, and by how much, the water uptake was reduced by the 
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surface treatments. This in turn provided a measure of the change from the hydrophilic 
original surfaces to the less hydrophilic treated surfaces. 

Table I 

HYDROXYAPATITE 
PREPARATIONS 

CONDITIONS OF PRECIPITATION 
a/P 

MOLAR 
RATIO* 

S 
SPECIFIC 
SURFACE 
(m.2 g.-I.) 

HA4 Precipitated over 3 hr. at pH 11 1.66 79.5 
HA5 Precipitated over 3 hr. at pH 11 1.66 58.2 
HA6 Precipitated over 3 hr. at pH 11 F66 71.3 
HA9 Precipitated over 1 hr. at pH 5.8 1.52 67.3 
HAI' Precipitated over 300 hr. at pH 12 1.67 68.0 
HAl2 Precipitated over 300 hr. at pH 5.7 1.46 77.3 
HAl2/600A HAl2 heated in air at 600° C. for 120 hr. 1.46 221 
HAl2/160V HAl2 heated in vacuum at 160°  C. for 120 hr. 1.46 66.5 
HAl2/600V HAl2 heated in vacuum at 600°  C. for 120 hr. F46 56.9 
HAI3 Precipitated over 300 hr. at pH 11 1.67 59.3 
HA13/600A HA13 heated in air at 600° C. for 120 hr. 1.67 51-7 
OCP I f Precipitated over 24 hr. at pH 8 1.47 130.8 

* Stoichiometric apatite has value 1-67. 
t OCP, octacalcium phosphate. 

Other examinations of the powders before and after treatment were made as 
required. They included chemical analyses (Ca by EDTA; P as phosphomolybdate); 
microchemical analysis to determine the amounts of surface organic groups after 
treatment; X-ray powder diffraction; infra-red spectra (using Nujol mulls between KBr 
windows) and water contents of the powders by outgassing at 300° C. (loosely bound 
water only). 

SUMMARY OF RESULTS WITH SILANE DERIVATIVES (BUTLER, 1966) 

Aerosil silicas were variously treated with (CH3)3SiC1 and with [(CH3)3Si]2NH 
(hexamethyldisilazane). The adsorption isotherms of water then showed that silica so 
treated became less hydrophilic while repeated adsorption measurements at 40° C. 
showed that the silyl groups were stable. Reduction in hydrophilic character was well 
marked after prior treatment with the disilazane. When alumina was treated with 
(CH3)3SiC1 there was little loss of hydrophilic character, but with hexamethyldisilazane 
subsequent water uptake was reduced. The surface modification was not, however, 
permanent in presence of water vapour at 40° C. 

Many experiments were conducted in which dried hydroxyapatites were treated 
with (CH3)2SiC12, (CH3)3SiC1, C181-137SiC13, and [(CH3)3Si]2Nil1  dissolved in solvents 
or as the pure reagents, in open and sealed vessels and at temperatures ranging from 
20 to 200° C. These treatments changed the subsequently measured adsorption iso-
therms of water, but the changes were not permanent, being progressively reversed 
over a sequence of sorption runs with outgassing between each pair of isotherms. 
Moreover, when one evacuated gravimetric sorption unit containing unmodified 
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apatite was connected to another containing modified apatite, it was concluded that 
material distilled from the modified to the unmodified apatite because water isotherms 
measured on the two apatites, while initially different, became more and more alike. 

Treatment of apatite with liquid (CH3)3SiC1 in sealed tubes at 60° C., far from 
yielding a hydrophobic solid, gave a hygroscopic product which sorbed large amounts 
of water (Fig. 1 A). This product was found by X-ray examination to contain CaCl2  

0.4 	0.6 	0 

Relative pressure 

Fig. 2. Water isotherms for sorption only on: A, HA5 (0) and 
its modifications 1 (A), 3 (v), 4 (D), 16 (<), and 23 (0) 
(Table II); B, HA6 (0) and its modifications 27 (A) and 31 (v), 
and OCP1 (0) and its modification 30 (0); C, HA9 (0) and 
its modification 39 (A), and HAI 1 (0) and its modification 
40 (v); D, HAl2 (0) and its modifications 41 (Lx), 42 CO, 

• 0 	 40° C. _1 43 ( D), 44 (<), and 45 (0). 
Fig. 1. Water isotherms on: A, Hydroxyapatite untreated (0) 

and after treatment (A) with liquid (CH3)3SiC1 at 60°  C. (sorption 
0 	 only); B, Unmodified hydroxyapatite HA5 (0, sorption and •, 0 	02 	0'4 	9.- 0 	 desorption); C, Alumina (0), silica (D), and HA4 (0) and their 

Relative pressure 	 diazomethane modifications (A, v, D) (sorption only). 

and CaHPO4.2H20 but no hydroxyapatite. The residual liquid after the treatment of 
apatite with (CH3)3SiC1 was examined in the MS9 mass spectrometer. The trace 
obtained showed the presence of (CH3)3Si—O—Si(CH3)3  along with the present com-
pound (both identified by their mass numbers) and fragmentation products of these 
compounds. The hydrous apatite was believed to decompose according to the overall 
equation :— 

Ca5(PO4)30H + 4H20 + 10(CH3)3SiC1--> 5((CH3)3Si)20 + 5CaC12  + 3H3PO4. 
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Some of the calcium chloride then reacted with the phosphoric acid and further water 
to give CaHPO4.2H20. It may be concluded that apatite and hence tooth enamel will 
be attacked by chlorosilanes under damp conditions, the attack being effected by hydro-
chloric acid liberated in reaction between moisture and the chlorosilanes. 

This massive decomposition did not occur when molecular water was removed by 
preliminary evacuation of the apatite. Nevertheless, no stable chemisorbed alkyl silane 
films were formed, and the materials modifying the surface were considered to be 
silyl ethers :- 
2Ca5(PO4)30H +4(CH3)3SiC1-4-2Ca5(PO4)3C1+ 2(C1-13)3Si—O—Si(C113)3 + 2HC1. 
The reaction replaces surface OH-  by surface Cl-. The formation of silyl ether 
liberates a little HC1 which may further attack the apatite surface. The adsorbed silyl 
ethers are volatile, which accounts for their transport in vacuo from one apatite sample 
to another as noted earlier, and for the lack of permanence of the surface films. 

Hexamethyldisilazane was also very probably converted on moist apatite surfaces 
to the silyl ether, ammonia being liberated in the process. However, the ammonia does 
not damage the apatite chemically. Because the effect on the surface is not permanent, 
due to the volatility of the ether, it is clear that silane derivatives are not satisfactory 
modifiers, and it is further seen that chlorosilane derivatives damage apatite chemically 
and in excess may even destroy it. Evidently stable chemisorption involving the bond 
Si—O—P does not occur. It is noteworthy in this connexion that in hydrothermal 
reactions involving alkaline magmas with phosphate, aluminium hydroxide and 
colloidal silica, aluminophosphates, and aluminosilicates crystallized out alongside 
each other but never silicophosphates containing the above bond (Barrer and Marshall, 
1965). 

SUMMARY OF RESULTS WITH ALIPHATIC DIAZO COMPOUNDS 
Silica, alumina, and the hydroxyapatites of Table I were all variously treated with 

ethereal solutions of diazomethane, and in the case of the apatites with other diazo 
compounds. The dried solids were in all cases allowed to stand with, or were shaken 
with, ethereal solutions of the diazo compounds. The solids were then filtered, washed 
with ether, and dried before outgassing and measuring water and nitrogen isotherms. 
The variously modified apatites are listed in Table II, together with the diazo compounds 
used and the surface areas, S, derived from the nitrogen isotherms using the BET 
procedure. The BET equation represented these isotherms well over the important 
relative pressure range 0.05 <pip°  <0.25. Water sorption isotherms did not, however, 
follow the BET equation satisfactorily except in the vicinity of the monolayer capacity. 
The water isotherms showed hysteresis at all pressures (Fig. 1 B). 

The first important result was that silica, alumina, and hydroxyapatite were all 
rendered substantially less hydrophilic by treatment with diazomethane, and that the 
modified surfaces were this time stable to outgassing and to repeated sorption measure-
ments of water (Fig. 1 C). This success led to the use of the other diazo compounds 
of Table II. 

It was then established that all the aliphatic diazo compounds of Table II gave 
modified apatite surfaces of reduced hydrophilic character stable to heating and out- 
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gassing to at least 100° C. Examples of the reductions of water sorption are given in 
Fig. 2. Moreover, no side-reactions resulting in chemical damage to the apatite could 
be detected. 

Table II 

MODIFICATION PARENT APATITE 
MODIFYING MATERIAL 
(in ethereal solution) 

SPECIFIC  
S 

SURFACE 
(m.2 g. 1.) 

LXVIII HA4 Diazomethane 81.1 
1 HAS Diazomethane 68.8 
3 HA5 Diphenyldiazomethane 68.0 
4 HA5 Diphenyldiazomethane 68.8 

16 HA5 Diazo-n-octane 61.5 
23 HA5 Diazo-n-octadecane 78.4 
27 HA6 Diazo-n-dodecane 56.6 
31 HA6 Diphenyldiazomethane 68.8 
30 OCP1 Diphenyldiazomethane 126.2 
39 HA9 Diphenyldiazomethane 91.9 
40 HA 1 1 Diphenyldiazomethane 68.5 
41 HAl2 Diphenyldiazomethane 80.7 
42 HAl2/600A Diphenyldiazomethane 28.9 
43 HAl2/600A 

rehydrated Diphenyldiazomethane 24.7 
44 HAl2/160V Diphenyldiazomethane 64.3 
45 HAl2/600V Diphenyldiazomethane 56.7 

FURTHER INFORMATION ON THE DIAZO REACTION 

The aliphatic diazo compounds, which are reactive and relatively unstable, may 
be arranged in the following order of increasing stability: 

R.2CN2  <ArCHN2  <Ar2CN2  <(RCO)2CN2  <(ArCO)2CN2  

where R is an alkyl group (or H) and Ar an aromatic group. Their nature would presum-
ably render them unsuitable for in vivo modification of tooth enamel, but not for 
producing modified synthetic apatite powders for subsequent incorporation in dental 
resins. 

The extent to which alkyl groups modified the apatite surface tended to increase 
with the size of the alkyl chain. Thus the reduction in hydrophilic character was 
greater after treatment with diazo n-octadecane than with diazo-n-octane, and the latter 
in turn produced a greater decrease than diazomethane (see Fig. 2 A). The reduction 
of water sorption by diphenyldiazomethane was intermediate between that by diazo-
methane and diazo-n-octane. The extent of surface modification was also more marked 
when the apatite had been dried overnight at 100° C. than when this preliminary drying 
had not been given. 
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Hydroxyapatites HA9 and HAl2 had COI ratios of 1.52 and 1.46 respectively, 
and so were Ca-deficient (Table I). HAll and HA13 were stoichiometric (Ca/P= 1.67). 
These four preparations were dried under nearly identical conditions and their surfaces 
characterized by N2 and H2O adsorption. The surfaces of HAl2 and HA13 were 
similarly characterized after:— 

i. Heating at 600° C. for 120 hr. in air. 

ii. Heating at 600° C. for 120 hr. at <10-6  cm. Hg. 

iii. Heating at 160° C. for 120 hr. at <10-6  cm. Hg. 

Samples of these pre-treated apatites were then modified with diphenyldiazomethane, 
and the N2  and H2O isotherms determined, with the following results:— 

a. The Ca-deficient sample HA9 sorbed appreciably less water per unit area of 
surface after modification, whereas the difference was quite small for the stoichiometric 
apatite HAIL. This result suggests that, because there are more acidic surface sites on 
the Ca-deficient than on the stoichiometric apatite, reaction with diazo compounds 
involves acidic sites (Fig. 2 C). 

b. The specific surface of Ca-deficient HAl2 heated in air at 600° C. for 120 hr. 
was considerably reduced, presumably by crystal growth. There was, however, little 
change in the surface of stoichiometric apatite given the same treatment. Acid phos-
phate groups therefore promote sintering. 

c. The apatite HAl2 referred to in (b) subsequently heated with diphenyldiazo-
methane showed a proportionately greater change from hydrophilic to hydrophobic 
character than did HAl2 dried overnight in the oven at 100° C. (Fig. 2 D). This may 
indicate that even though heat treatment at 600° C. pyrolyses surface and possibly 
internal hydrogen phosphate groups to pyrophosphate, the surface pyrophosphate 
groups on exposure to the atmosphere are hydrolysed to acid phosphate. 

d. HAl2 after heating in air to 600° C. was subsequently reheated at 160° C. in 
an atmosphere of 2 cm. Hg. partial pressure of water vapour for 24 hours. The water 
adsorption isotherm of this apatite treated with diphenyldiazomethane was nearly 
identical with that obtained for the HAl2, initially heated to 600° C., referred to in 
(c) (Fig. 2 D). 

e. HAl2, heated at 160° C. for 120 hr. at <10-6  cm. Hg, was treated at room 
temperature in an atmosphere of petroleum ether vapour with Na-dried diphenyldiazo-
methane. The subsequent water adsorption was found to be reduced and these conditions 
of outgassing were accordingly believed to remove molecular water without breaking 
down acid phosphate groups. HAl2 heated at 600° C. for 120 hr. at <10-6  cm. Hg 
and treated with diphenyldiazomethane as above gave almost an identical water 
sorption isotherm to that obtained on HAl2 similarly heated but not treated with 
the diazo compound. This supports the view advanced in (c), since no opportunity 
was now provided for subsequent hydrolysis of surface pyrophosphate to acid phosphate. 

Moreover, the specific surface of HAl2 heated at 600° C. for 120 hr. at <10-6  cm. 
Hg was hardly changed, whereas that of HAl2 heated for the same time and tempera-
ture in air was very much altered (see (b)). This indicates that atmospheric moisture 
promotes sintering. 
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CONCLUSION 

All these experiments support the view that the modification reaction involves 
acid phosphate groups at the surface of the apatite: 

[ 	
/0 j- 	 /012- 

R2CN2 + HO-13=-0 --› R2CH-0-11---0 +N4 
\o 	 \o 

The richer, therefore, such surfaces can be made in acid phosphate groups the greater 
should be the concentration of chemisorbed organic groups. The C-0--P surface 
bond, unlike the Si—O—P bond, can readily be formed. It was moreover found to 
be stable, from the reproducibility of water sorption isotherms, in the presence of 
water vapour at temperatures up to 70° C. The hydrophobic nature of the surfaces 
was found to persist for periods of at least 18 months in air at room temperatures and 
the films were not decomposed by outgassing at 100° C. 

In another part of this programme composite membranes of polymethyl-meth-
acrylate resins and modified and unmodified apatites have been prepared (Ash, Barrer, 
and Coughlan, 1971), and the reproducibility of their water permeability investigated, 
in order to see how far the permanence of the resin-apatite bond is improved by 
modifying the apatite surfaces with chemisorbed organic groups, utilizing the diazo 
reaction. 
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MR. J. D. W. HUDSON (London): The purpose of our work has been centred mainly 
around an investigation of some organic molecules which may react with the surface of 
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hydroxyapatite. We have looked at a few other surfaces, particularly silica, which has a fairly 
acidic surface, and studied the types of molecule which react with this material. The silane 
derivatives which react with silica surfaces to form stable chemisorbed groups which are 
hydrophobic do not react with synthetic hydroxyapatite surfaces. We think this is due to the 
fact that there is not sufficient acidity at the surface of hydroxyapatite and also perhaps to the 
decomposition of the apatite by silane derivatives. We have found, however, that the aliphatic 
diazo materials containing a nitrogen unsaturated group react vigorously especially with the 
Ca-deficient apatites; these are apatites that we would expect to contain surface acid groups. 
We found that the stoichiometric samples of hydroxyapatite—samples that would not be 
expected to contain surface acid groups—do not react with these diazo compounds. Another 
study has concerned heating the Ca-deficient apatites at high temperatures in order to pyrolyse 
any acid phosphate groups to pyrophosphate. Provided no subsequent hydrolysis is allowed 
to occur this should eliminate acid groups. The subsequent reactions with diazo compounds 
did not occur. The evidence which is summarized in the paper leads to the conclusion that 
acid groups are essential before these organic reactions can occur at the surfaces studied. 

PROF. R. M. BARRER (London): Mr. Chairman, I would like to make one small addition 
to these comments. It was our purpose in conducting this work to see whether it was possible 
to attach groups by strong chemisorption bonds to the surface of apatite which might then 
serve as additional bonds if apatite crystals were dispersed in organic polymers such as have 
been employed in dental restoratives. The work has now ceased but you can see that there 
has been a considerable measure of success in this direction, and this work has been supple-
mented by measurements or studies of composites with modified and unmodified apatites in 
organic matrices. 

DR. S. L. ROWLES (Birmingham): I was very interested in the observation that with defect 
apatites heated at 600° C. there was a considerable decrease in the apparent surface area; 
also in the suggestion that the presence of an acid phosphate group would promote sintering. 
There is an empirical law (Tamman and Sworykin, 1928) which states that for sintering to 
occur the temperature must be raised at least half-way to the melting point (degrees K). Now 
600° C. is considerably below half the melting point of apatite. I heated a number of defect 
apatites at 600° C. for periods of up to 4 days and I never observed any obvious reduction 
in the broadening of apatite lines. I am wondering if Professor Barrer's group has any con-
firmatory observations of their X-ray diffraction patterns as well as these observations on 
the surface area? Also, have they any quantitative information from their aliphatic diazo 
compounds on the proportion of acid phosphate groups on the surface of these defect apatites ? 

TAMMAN, G., and SWORYKIN, A. (1928), Z. anorg. Chem., 176, 46. 

MR. J. D. W. HUDSON (London): Sintering is largely temperature-dependent and occurs 
at slower rates at lower temperatures. At 600° C., after, I think, 120 hr. in air, we noticed, by 
nitrogen adsorption studies, a reduction in the surface area of a Ca-deficient apatite from 
around 77 to 22 m.2  per g. This sintering did not occur with stoichiometric apatite. 

DR. S. L. ROWLES (Birmingham): But was this also seen in the X-ray diffraction patterns? 
Did the lines sharpen? 

MR. J. D. W. HUDSON (London): We have not done any X-ray diffraction studies on this. 
DR. G. S. INGRAM (Isleworth): I would like to inquire about the Imperial College apatites, 

Mr. Hudson; how pure were they in terms of possible contaminants such as alkali metals, 
because these are very good at promoting sintering? I have heated relatively pure Ca-deficient 
apatites at 600° C. for 120 hr. and one, rated at 8m.2  per g., then gave an area of 9 m.2  per g.; 
another at 18 m.2  per g. went up to 20 m.2  per g. This was concerned with another surface-
controlled reaction and it was not altered to a great extent by the heat treatment. So I would 
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contend that you may have some other factor than acid phosphate groups promoting sintering. 
That the acid phosphate groups had changed during our treatment was quite clear, since we 
determined pyrophosphate in the solids afterwards. But I would like you to bear a thought 
about other possible impurities in those apatites. 

PROF. A. S. POSNER (New York): When you heat Ca-deficient apatites to about 500-600° C. 
pyrophosphate is formed. Whether you form a separate pyrophosphate phase or get a conden-
sation of orthophosphates to pyrophosphate within the apatite structure is not clear at present. 
This reaction may be involved in some way with the change in surface resulting from heating. 

DR. S. L. ROWLES (Birmingham): Yes, indeed. In fact, at the last Symposium I mentioned 
that I had found that a crystalline phosphate phase formed if you heated for a long enough 
period. On the other hand, for the apatite phase itself, the lines do not seem to change at all 
and the surprising thing is that apparently here the surface area has decreased. Could there 
be some other explanation? 

PROF. W. G. PERDOK (Groningen): If there is sintering and if these crystals are not 
orientated then there will not be any increase in crystal size. Therefore, to see sharper lines 
in your X-ray diffraction pattern would mean that sintering would be occurring between 
orientated crystals and this is not the case, I think. So surface is only lost because crystals 
grow together, but not in an orientated way, so that you don't get large crystallites because 
these are not orientated preparations. 

You can have a decrease in surface and have no sharpening on your X-ray diffraction 
pattern. 

MR. J. D. W. HUDSON (London): The surface area of the material we prepared was 
55-80 m.2  per g., and a typical value was reduced to about 20 m.2  per g. after heating. These 
particles had a considerably larger surface area than those of the samples just mentioned; 
I don't know whether this might have any effect on the sintering. Some preliminary i.r. 
studies indicated that pyrophosphate groups were present in the material. 

DR. M. V. STACK (Bristol): We might remind ourselves of the surface area work done on 
anorganic bone by Beebe and co-workers (Holmes, Davies, Meath, and Beebe, 1964). Out-
gassing procedure resulted in an increase in surface area of about 15 per cent with increasing 
temperature up to 300° C., but there was a comparable decrease as the temperature was 
raised to 500° C. They suggested that some of the small pores were opened up to nitrogen 
adsorption as the surface area reached the peak value, after which partial collapse of capillaries 
or grain boundaries was considered to account for a sintering which reduced the surface area 
back to the value evident at normal temperature. 

HOLMES, J. M., DAVIES, D. H., MEATH, W. J., and BEEBE, R. A. (1964), Biochemistry, 3, 2019. 
PROF. A. S. POSNER (New York): In a recent surface area study on whole bone by Holmes 

and Beebe (unpublished results) it was shown that low-temperature nitrogen adsorption on the 
mineral phase was blocked by collagen. As the collagen was removed by 1,2-ethanediamine 
refluxing, followed by an ethanol wash, the specific surface of the bone calculated from 
nitrogen adsorption was found to increase impressively. The value went from about 2 m.2  
per g. for whole bone to about 132 m.2  per g. for partially extracted bone. Small angle X-ray 
scattering, a technique which does not require the removal of collagen, showed the bone 
mineral to have a true specific surface of about 200 m.2  per g. To remove the collagen fully 
one must reflux the extracted bone in water. However, this would certainly alter the mineral 
phase and produce a specimen of questionable value. In summary, it would seem that 
collagen may screen mineral from interaction with body fluids. 

DR. G. H. DIBDIN (Bristol): It's interesting to hear of this difference in surface area; it 
fits very nicely with the difference we find in the surface area of enamel, using krypton and 
water. 
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