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Abstract

' 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 analysis,
thermogravimetric analysis, sorption of argon and s~rption and
permestion <;‘:f water.

Bthyl and n-butyl vinyl ethers and ¢ -methyl styrene formcd
large quantities of polymeric substances over the catalysts Y.

H mordenite and kaolinite although the monomars,v which nomally
polymerize by a cationic mechanism, did fom sigrificant cmounts
of polymer within the cavities of bther zecdlites,

In every case, the organic substances tested formed
residues within the zeolites which were difficult tc remove,

Investigation showed that, in those zsolite-monomer systems
which weore most thoroughly studied, adnesion between the phases
did not survive exposure to water, It is significant that
organic grouvps remained within the zgolitic cavilies even after

treatment with water and evacuvation.
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CHAPTER +
ITCRODUCTION
1,1 Stategent of objectivesg

One object of this work was to study same of the properties
of various molecular sieve zeolites and other crystalline
a;lmnino-silicates with particular reference to tineir ability
to5 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 strongl& in a composite material.

Good adhesion between a continuous phase polymer and its
dispersed filler could in turn enhance such propertiec of the
camposite as rigidity, hardness, tensile strength, thermal conduct-~
ivity and the ability . to resist sudden stress. Whether or
not these properties remain unchanged cver prolonged periods
would depend upon the strength and permenence of the adhesion
between the phases of the composite. The ability of adhesion
between polymer and a hydrophilic filier to withstand adverse
conditions such as contact with a high concentration of water
would be one useful measure cf the stabilifyof the camposite.

Zeolites seem to be particularly suitable for the work since
they contain uniform networks of pores and &q'ritisa(1’2) in
which polymer cb;ins could be ancnored, Thcy also possess
considerable catalytic a.ctivity(3 -6) and may be modified where
necessary for particular types of reaction by exchange or bsr

remcval of their cafions.

7.



The preparation of compression moulded composites.of
zeolites with inert thermoplastic reéins for use as cation
permselectiv~ membranes has led to the conclusion that the
electrical properties of such camposite membranes are largely
determined and rendered less satisfactory by the presence of
salt solution imbibed from the external solution into pores
between crystels and the inert resin( 7). This difficulty may
be removed if the'adhesion between the two phaseé 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. Sorption isotherms of certain moncmers on zeolites
gives some information sbout the nature of the sorbed monomer,
while subsequent sorption of an inert gas would enable an estim-
ation of tne prescnce of gaps between sorbent and the sorbed and
possibly polymerized phase to Le made. Complementary permeation
measurements have been made to detemine the differences in
diffusion behaviour cavsed by the inclusion of a filler in

homopolymer membranes,

1.2 The nature of zeolites with varticular reference

cotalytic activity.
1.2.1 The structure of the zeolites used in this work.
Molecular 3zieve zeolites nre crystalline alumino-silicates
which contain narrow, uniform charnel systems which, under
atmospheric conditions, wovld 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



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

camposed of 5i0) and A10) tetrahedra arranged in three-dimensional

patterns to give large internal surfaces accessible by external
surface entry pores(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 anC eight hexagonal faces is itself cauposed of twelve
aluriniun and twelve silicon ions at vertibes of the solid in
positions adjacent td three silicon-ion-occupied vertices.,
Thijty-six oxygen ions midway along each edge complete the
cage, Sodalite-hydrate consists of these 4h-hedra stacked in
8-fold co~-ordination by shari;z,giboth square and nexagonal faces,
Eech unit enrloses a cavity of 6.68'* internal diameter which is
accessible to small polar molecules such as water and ammonia
by diffusion 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 cavily, the 26-hedral
=~ ~cage, with a diameter of about 148, EBech -cage gives

access, through six eight-ring apertures of about ZJ’? diamcter,

¥ See Appendix B

9.



10,

te six identical 26-hedra so thst the framework contains three
mutually perpendicular sets of intersecting channels, The
sodalite cavities, or /5 -cages, are accessible from the o« -cages
through distorted, 28 3iameter six-rings of oxygen. The unit
cell of sodium A has the composition Na12(A102)12(3102)12.27H20,
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 5X and
this allows n-paraffins but not branched paraffins Lo be adsorbed.

The mineral faujasite has a framework which can be
constructed from sodalite cages linked tetrahedrally through
é.ach of four hexagonal laces by six bridging oxygen ions( 10’“)
per linkage. Wide 26-hedral cavities, called super-cages, are
thereby nroduced in the structyre which are accessible through
four 12-r;ng winéows of 8 to 92 diasmeter fram adjacent identical
cavities. These voids are sufficiently large and accessible to
accomnodate abcut five benzene molecules in each(11), but the
siialler B-cages are available only to anall polar molecules,

Synthetic near-faujasites are available commercially with a
nunber of different cations and with various silica to alumina
mole ratios. The unit cell camposition of the sodium form of
these materials is

Na_(440,)( $10,) 192-x+ Y0

‘where y has a value close to 250 and wnere the mole ratio 510,

A10,
describes the type of zeolite. Generally, a

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
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alumina ratio is normally associated witb better acid stability
but slightly reduces the unit cell parameter and the absolute
sorptive capacity of the zeolite,

The synthetic type L zeolite has no naturally occurring
relative, It has the approximate unit cell formula of

Kgllaz(410,) o $105) 7. 245,0
and a hexagonal structure based on - ~ow:. " zluminosilicate

simar To the one

framework . found in the chabazite zeolites cancrinite,
erionite and off‘retite( 12). This contains a polyhedral cage
formed by five six-membered and six four-membered rings, and
each cavity 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 crosslinked to each of three
otners by oxygen briages which form part of wél ve-membered
rings. These rings, wnich lie in planec normal to the c-axis
and have frce dismeters of between 7 aad 812, circunscribe
channels parallel to the ¢ axis which have a maximum free dismeter
of 132.. ‘

The silica rich, naturally occurring zeolite mordenite has
a sodiumn excnanged form of unit cell fonnrula

Nag(4400) gl 8105)), 0. 24550
The aluminosilicate network consists of cha,racteristic chains
rormed 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 circunscribed by rings of



12 tetrahedra., The rings have major and minor free diameters
of 6,95 and 5.848, These large chanﬁels are lined by smaller
side pockets each of wnich, halfway towards the neighbouring
large channels, branches through two distorted 8-membered
rings of 2.88 minimun 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 6.68 free
diameter it has been found that the natural mineral does not
readily sorb molecules whose critical dimensions exceed hﬁ£1h);
This is probably due to the presence of foreign material or to

15.16)

the location of cations in the main channels( Mcrdenite
which exhibits sorptivevproperties of a zeolite possessing
12-membe.ed ring channels hax been synthesized and has been
called large-port mordenite to distinguish it froum the conven-
tional small-port variety(17).

1.2.2 Catalytic activity of zeolites

-~ If ratalysis igéssumed to occur within the high surface
area intracrystalline volumes then clearly both the zeolific
entry pores and the channel-cavity system must be sufficiently
open to allow transport of reactant .noclecules fian the bulk
phase to the active sites., Certaih polymerization and isomer-
ization reactions, however, are thought to take placec atv the
external surfuce of the zeolite., Such reactions include the

. . . . 8
polymerization over a calcium A zeolite of propylene(1 ),

(19) (20) (24)

isobutene , vinyl chloride

and styrene « The molecular

12.



13.

dimensions of these moncmers 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 tnis 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 exsmined in which the monomer 1is readily sorbed within the
zeolite so has same lilelihood of polymerizing inside as well as
outside the porous erystals.

Catalysis within the near faujasite zeolites is influenced

(5,6,8) (8)

by cation type , zeolitic

,-cation locavion in the lattice
silica to alumina rat'lo(g), and tle presence of proton donors(8’21).
A variety of energy tcrms contribute to the bbysical bond in

zeolitic structures and these, togetner with the pore geometry,

determmine selectivity in adsorpticn( 22). These interactions
are |

1 dispersion energy -

2 close range repulsion energy ¢R

3  polarization energy ' R

L field-dipole energy ¢Fﬂ

5 field gradient-quadrupole energy Pra

6 dipole-dipole energy Sb/“/“L

7 dipole-quadrupole energy ¢/xq

8 quadrupole~quadrupole cnergy | Paq

!

It is of interest, thersfore, to discuss not only those Pactors
which affeci catalytic activity but also those which determine

adsorption selectivi’cy.g,g,%,%*and ¢r-q are the most
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important contributions and will be dAscribed briefly.

Dispersion forces arise frrm the interaction of instant-
aneo;;s dipoles, quadrupoles etc., in adjacent molecules and their
energy of interaction may be described by( 23),

B = (4 + Apeas )

(5 B 10

(1) (11) Cisd)
where the terms (1) (4ii) ana (1i1) are in the order of decreasing
magnitude and the sumation is over &ll pairs of interacting
centres, one of which is the soriaed molecule and r is the centre
to centre distance of a pair., Trnese terms can be assigned to
the following: _

(1)  4s due to fluctuation giving dipole-dipole coupling

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

(1i1) is due to fluctuation giving quadrupole-quadrupole coupling.
Terms (ii) and (iii) c.an contribute as much as 106 and ‘65
respectively to the dispersion energy( 21‘-).

Repulsion forces arise from the cverlapping of electron
clouds of neighbouring molecules, In terms of Pauli's exculsion
principle, elsctrons becane excited to higher energy levels to
avoid overlapping with other molecular orbitals having the same'
quantum numbers, This ehergy increase accounts for the repul-

sion, It is usually described empirically by
by =B .
12
e

If it is assumed that dispersion and repulsion energies are



approximately additive and temperature independént, then
Bp + Bg ::rz:‘rﬁ. +Z_B_ ’
6 12
where tne sunzation as before is over all possible pairs of
interacting centres of which one is the sorbed molecule. At
the equilibrium distance, r= r,, B= %Arés, and this sum

becanes the Lennard-Jones 6, 12 potential

AD<*‘”R = ~)4 (4— - r06)

(£ 2r 12)
The value of A can also be determined from the theory of dispersion
{25)

force

When an atom or molecule is placed in é uniform external
electro-static field, F, the electrons and molecules experience
a relative displacement, and a dipole is iﬁduced of mégnitude
)Lind = F where &« is the mean polarisability of the molecule.
The energy of the induced dipole in thke electric field is

By = foF/“ 1na®® = A |

The pctential energy of a dipolar molecule in an‘electric
field may be expressed as

| ﬁgﬂ; -/M-E cos @

where /U. is the dipole moment and © is the angle which the dipole
makes with the direction of the field, .

The interacticn between a linear quadrupole and the field .
gradient is given by

ﬁFQ = 52 cos®o - 11@2
aXx

where Q is the gquadrupole moment and 4 is the field gradient,
X
and where © is the angle between the quadrupole axis and the tield.

15.



Energetic neterogeneity in tine water-sodium faujasite
system at low coverage has been attributed to field-dipole
interactixnﬂzs), while the energetic heterogeneity of chabazite
towards carbon dioxide, carbon monoxide, nitrogen, oxygen and
hydrogen has been explained in terms of field gradient-quadrupole
interation s( 27) .

The totel interaction of a polarisable molecule, possessing
a éipole and a quadrupole moment, with a sorbent wnich generates
a local electric field is given by

5 = Fp *%*ﬁp*ﬁpﬁ * Begt Bp
wherelﬁdP is the self potential of the sorbate molecules and
represents the molecule-molecule interaction energies in the sorbed
prhase, Several calculations of these coméonents have been made
for gases in zeolites‘za'BO).

The variety and proportions of sorbates admitted to the
intracrystalliine cavity system are controlled by the free
dimen31ons of the entry windows. Zeolites incorporating b~y 5~-,
6-, 8-, i0- and {12-membered oxygen rings into the lattice
structure ere known(1) but even small molecules cannot diffuse
through 4- and 5- rings and an appreciable activation energy is
involved in the passage of water or ammonia through the 6-rings
of sodalite(31). Ease of penetration increases rapidly there-
after with ring size;

Not all rings containing the same number of atoms are
equivalent in size. Type A zeolite, chabazite, erlonite and
same other members of the chabazite group all have 8-windows,

but the free dimensions of these rings vary with the degree of
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(1)

nonplanarity' '/, Linde A possesses nearly planar 8-rings and
can freely admit n-pexeffins, 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 gzeolitic
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 uq%
of the sodium ions by calcium results in an increase in the
effective pore diameter from about LR to about 5§£2’9). Marked
effécts of cation vpon diffﬁsion ccefficients of various gases in
chabazite, mordenite and levynite have also been reported(32),
and for low molecular vweight hydrocarbons diffusion coefficients
about 50% lower in hydrogen mordenite than in sodium mordenite
have been observed(55), Since cations may partially obstruct
intracrystalline channels it has been suggested that sorption
rates might normally be expected to decrease with incfeasing
cation density(5h).

Silicon-oxygen bonds are slightly shorter than aluminium-
oxygen bonds and 5o a given ring size may decrease slightly
with higher silicon content(55). Another influence of silica
to alunina ratio is that since each lattice A104 wnit has a
unit negative charge and an associated cationic positive charge,
an increase in charge density will resuit from any decrease in
tha ratio 3102 : A1203.

One other factor of critical importance to adsorption

selectivity is the effect of solvation. Zeolite lattices are
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id( 1) and lattice distértions as well as changes

not totally rig
in cation position accompany hydration-dehydration pxjocesses(j6 957).
Time and temperature of activation will therefore be variables
influencing the sorption rates of certain soi-bates(BS). The
controlled additions of polar modifiers that are stronglyadsarbed and
relatively immobile at the temperature of subsequent sorption
can act asg 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
coefficisnts of ethane or permanent gaseé by three to four orders
of magni‘:,ude( 399’*'0).

As was mentioned 'eai-lier, the location of cations in the
zeolitic lattice can influence cataly tic activity( 8). For
example. 48 of the scdium ions in the sodium £ wnit cell all occupy
pnsitions near the centre of the 6-rings at the mouths of the
scdalite cages.( 10). 'A more detailed picture has emerged fram
single crystal &-ray studies on a.dehydrated calcium exchanged
¥ type uatural faujaSite(hyi’l"Z),' and three cation sites were
described., The Sy sites, of which there are 46 per unit cell,
are located in the interior of the hexagcnal prisms,- positioned
between two puckered 6-fings in © .. 12-fold co-ordination to cnrygen,
here ions are effectively shielded from the surface of the super-
cage systems, The S; sites are preferred by calcium ions
cver tne other two sites. The 32 Spr 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. Sryr sites are situated
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next to the L-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 S;y and Spry sites in an X-type zeolite of Si

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

1
bhave shown that in both cases, fields were significantly larger
nearer S;rp and Sy1 at a distance of 2R fram the univalent cation
(44,42)

centre provided both sites were occupied The catalytic
activity induced near the two sites could tnerefore be appreciably
different. ' |
Fields associat‘ed with bivalent cations have been calculated
to be greater than those arising wi‘t;h univalent cations(hhz"z),
and it seems likely that for a given cationic charge the Coulambid.
fields would becane greater as cationic radius dccreasges.
Experimental results consistent with thuse expectations have been
found for the n-hexane isomerization activity of a series of
catalysts(z"‘) , where the order of reactivity was
NaY < BaY < Sr¥ < CaY¥ < MgY
Catalytic activity of zzolites may well involve the cations
themselves acting as carbonicgenic centres(m"'*Z). Calcul-
ations of the electrostatic fields in zeolitic cavities at
distances up to se.veral Angstrans fran bivalsnt cations show
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 became more pronounced and
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shir'ts approaching C H are envisaged.

Zeolitic
framework

///o///
31':
/
U

-

A carbon atam which is polarized to this degree could then.serve
as the esctive centre for carbonium ioii reactions. Reactant is
serving as the cocatalyst, in erfect.

A cation lying on tne surface of a super-cage in a faujasite
zeolite, such as the one near an S;y site, is in relatively low
co-ordiration with lattice oxygen. In such a pesition, the
field associated with the cation wonld not be well shielded and
would be accessinle to guest molecules in thes super-cage. The
effects of these fields vould vary greatly with the Si/ a1 molar
ratio of the z:olite(‘c’), however, and may be visualized struct-
urally for a divalent caiion exchenged zeolite, An increase in
the molar ratio fram 41 to 2 in the sodium form decreases the
cation dengity and therefore increases the distance between

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



bonding or location of the cation with respect to the A102+ tetra-
hedra. In the case of a divalent cation exchanged zeolite,

such an increase on the Si/Al molar ratio would move the catiocn
position from a site essentially equidistant between two A40

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

Si/Al molar ratio = 4 Si/Al molar ratio = 2

A pdlarization would exist, in the case of the asymmetrically

positioned cation ion, between the unscrecned cationic charge

and the unsatisfied; more distant lattice Mok negative charge. -
Cahiculations of the difference in the electrostatic field
magnitude at points 2R toward the centre of a 108 pore fram a
calcium ion occupying an 8y71 site in calciua X and Y have revealed
a value of 0.7 vol¥/2 between the stronger Y zeolite (Si/Al = 2)
and the weaker £ zeolite (S»i/Al = 1), Experimentally, the n-
hexane isomerization activity of MgX was found to be less than

the activity of MgY(l"1).

21.



Water plays an important role in the catalyfic. behaviour
of both grouwp 1(1"3> and group 2(##,45) jon exchanged faujasites.
saximum activity of a calcium 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(u*’L"s). Wa ter would
accumulate during the dehydration of an alcohol( ld.l.-h.é)’ and
because of its high dielectric constant can effectivsly 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 amd
catiou positions are, in some 2zeolites, dependgnt on the degres
of hydration,

_The very high isosteric heat of water adsorption in zeolitss,
approaching 130 kJ mole™! at low coverage( 26) , reflects {he
magnitudes of the electrosfatic fields available for interaction
with sorbates within the zeolites. Infra-red spectroscopic
studies have demonstrated that faujasites containing alkali and
alkalire earth cations retain hydroxyl groups on their surface |
even after evacuation at 45000( 47:4{3). 0-H atretching vibrations
in sodiun X-water systems suggest that isolated water moleculqs
are adsorbed simultsneously by an ion-dipole interaction with
the exchangeahle cation and by hydrogen bonding of one of the

(47)

"water hydrogen atams to a lattice oxygen .

22,
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The polarizing action of the cationdc fields in either sodium
or calcium X zeolites might render a water hydrogen atar or a
lattice hydroxyl group hydrogen atom protonic. Certainly, if
the cationic fields are powerfvl 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 catalytie
application and they ‘can, in general, be fomed either by .
direct ion exchange with mineral acids or by thermal decompos-
ition of ammonium exchanged zeolites; Hydrogen mordenite was
prepared by contact with dilute mineral acids( 17), was acid stable
and had high catalytic cracking activity(l"g’s)O), out hydrogen
forms of less silicon rich zeolites, prepared in tais manner,
tend not to be stable upon dehydration at higher temperatures(s’zs).

This breakdown was believed to be a consequence of close proximity
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of aluninium atcams which facilitated the rearrangement of the
framework.

Decationated mordenite and Y-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(55'55), and it has been proposed that protons
remaining after the release of ammonia are able to react with
lattice oxygen in Si-0-Al bonds to farm a 3~-coordinate aluminium

adjacent to a silanocl growpt

o ENH, o
NH, H H
080, _0 QeO O q 9

Al 51‘—7Al SL'ﬁA 5:
C (:> (:) o o° O (:) O Of O (fs O

Thus, a classical Bronsted acid form is proposed as being in
equilibrium with the silanocl form, and it is probablc that proton
donation can occur upon the approach of a strong base., Ammonia
is the obvious example of tnis.

At higher temperatures, the protonic faujasites decompose in
a process involving the loss of one mole of water per pair of
(6,53-57)

440, teiranhedra to form a defect structure

L
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Transition metal exchanged and rare-earth exchanged fau)asites
also exhibit catalytic activityie). The trivalent rare-earth
cations possess a high chage density(ss), high enough to cause
considerable electrostatic fieldﬁ in the intracrystalline volumes
occupied by guest molecules. The effect of such polarizations on
adsorbates could be the formation of carbonium 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 in#eractions occur between the
(48)

sorbent and guest molecules

These may be represented as?

\ \ \ Zeolitic \ \ \

framework

25.



14243 Polymerization and related reactions catalysed by zeolites,

At temperatures of around 300°C, nickel excnanged sodium X
catalyses the polyasrization of ethylene and propylene to
predominantly dimeric products in continuous flow systems( 21).
After initially high activity, conversion was found to decrease
markedly aft.er longer times, deactivation probably resulting from
the intrerystalline formation of a viscous oily polymer. This
could be removed by solvent extraction or by heating under
vacuwm at 370°C and catalytic activity restored. After one
experiment, aliphatic polymers with major carbon numbers at
Co4s Cpp were found.

Generally, olefinic polymerization over zeolites has been
found to follow the order of activity:

MepC = O, > MeCH = C, >  Cif, = ci(18),
and reactions over hydrogen Y, dehydraxylated Y and rare-earth
£ zeolites occurred at lower temperatures than over other
zeoli'Les( 5""). The st:;:wgcture 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 »s ortho-phosphordic aéid supported on Kiesselguhr£18). A
carboniur ion mechanism would certainly be consistent with the
order of substrate reactivity as well as the prefarred zeolite
catalysts since ‘an olefinic carbon atun would be more able to
support a positive charge if it has a higher electron density
such as would be caused by adjacent alkyl groﬁp. Clearly
the protonic nature of hydrOgén zeolites and tane high chargs

density of the cations in rare-earth zeolites would provide

26,
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powerful acid catalysts.

A carbonium ion isomerization-polymerization of {-hexene
over a deuterated rare-earth Z zeolite has been suggested( 59),
and a mechanism consistent with the ‘experimntal data 1is:

L2
CH, ==CH-C, Hy + D O-zeolite <—> CHy==CH—C,Hy (I)

© e
D O~-zeolite

- CHZD-%-CHZCBHJ( II) CHZD.;EHZ?H.CHZCZHS etc
%—zeolite o C?—zeolite

Electrophiles 1 and II would be closely associated as ion
pairs with anionic sites in the zeolits lattice, and the elimin~
ation of protons from them wouid provide 2- and 3-hexene isomers
respectively. The .v;eolite catalyst was dissolved after one
1-hexene 1somerization run, and the oily organic extract was found
to contain a C60 polyzer, |

The roam temperature isomérization and polymerizati-on of
2,3-dimethyl-1-butene and {i-hexene over partially deuterated
hydrogen Y zedlites have confirmed that these are carbonium ion.
type reactions( 60). Infre~-red spectra have indicated that
pyrid'inc; adsorbed on d decationated zeolite preheated to 300°C
was present essentially as pyridiniun ions( 20), while if the
zeolits was preheated at 560°C, then pyridine bound to lewis
acid sites was present,

The polymerization pfoduct formed after the sorption of tert-
butyl chloride on alkaline-earth type A zeclites and on mordenite
probably results fran the fomation of butene(61), which sub-
sequently polﬁerizes. 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, : -

¢(CHz)301 < (CHz)oC = OHé + 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 fram the zeolite lattice,
probably from the sorbed hydrogen chloride, and a monomeric
carbonium ion would be formed, A large variety of polymers
could result from such a cationic reaction, and indeed several
dimers, trimers and tdramers were detected.

Various patests. exist for preparing specific butene polymers
by room temperature reactions of iscbutene over zeclite
catalysts( 62'64). These polymers would be formed by a carbonium
ion mechanism, The ability of dehydrated zeolites tc act as
proton denors to adsorqu molecules thus yielding carbonium icns
has been conclusively demonstreted by their reactions with
triphenyl carbinol and other Hamaett indicators to give the
corresponding ccloured carbonium ion's(‘65’66).

Zeolites are used to catalyse reactions which, on cxurrent
evidence, do not take place by carbonium ion mechanisms.  For
exsmple, the acidic catalysis of toluen‘e to benzene and methane
promotes undesired transalkylation conversions whereas alkali
metal zeolites act {0 produce good yieids of these hydrocarbons( 67).
It is supposed that thisrréaction over the zaolitess is primerily
a radical-type, and requireé a catalysf of high surface area but
low acidity. Support is lept to this theory by the results of
electron spin resonance inve'stigations of various sorbed |

zeolites, 2-Pentene and 1-octene, for example, yield radicels
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over rare-earth Y zeolite and NZFL yields NFy radicals over
calcium & and sodium £ zeolites(69). Aromatic radical cations
are formed when warious compounds are sorbed by dehydrated 1(57),
and by calcium and rare-earth faujasites(ée). Zeolites have

been found to be useful as a convenient storage and isolation

mediun of free radical species such as NF2(69) and N02(70).

The loading of zeolites with alkali metals has provided
catalysts that have double bond isomerization activity but very
little accampanying skeletal isomerization(S). Sodiun X loaded
with 10.4% by weight of sodium has showed a 94% coversion of
1-penténe to 2-pentene at roan temperature and also a 38%
conversion of 1,3-cyclohexadiene at 100%C to a mixture of 1,
L-cyclohexadiene and benzene., However, énly a rather narrow
range of codium loadings was found to be effective.

1.3 The nature of polvmerization reactions,

Although the name polymer could be applied to low molecular
weight products contaiﬁing-more than two identical repeat units,
perhaps a more general definition should refer to substances of
sufficiently high molecular weight to ensure that their propertiés
have become reproducible, Deviations fram this principle
should allow the name to be used to describe products formed by
nevel reactions or for unconventional purposes where thége
products may be of any molecular weight and may contain any
mmber of repeat units.

The study of polymerization reactions in the internal surfaces
of zeolites gives limited opportunity for the determinaticn either

of molecular weight or for the characterization of physical ard



30.

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 unsaturatéd 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 reaci-
ions are those involving ethylenic monomers, |

R R

C=2¢C
L~ ~-
R, , R,

where R is hydrogen or scme other group., There are, however,
very few tatra substituted monomers which give high polymers,

but tetrafluoroethylene and chlorotrifluoroethylene are important
exceptions to this rule, In génerals the largest group pf
polymerizable ethylenié¢ compounds are the monosubstituted ones
in which R, = R, = 33 = hydrogen. Several monaners in which

R, = Ry = H polymerize readily and‘a.few in which Ry = Ry = H
are also reactive,

Vinyl canpounds,

undergo polymerization by a number of postulated mechanisms
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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) s 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), propagafion (2), and termination (3).

-¥+ bH2=Cb1R —_— X...CHZ.,._-;(E—IR (1)

x..CHZ__ﬁm-q- CH, = CiR —9X_CH2-—GHR—CH2-—i(§iR (2)

—92{ —EHZCH@n— CH, _.gﬁk

.X —E»HZCHIjn—- CH, .—%HR —> Inactive polymer (3)

The nature of the active centre ¥ is detemined by the method of
initiation and may be a f'ree-radical( 72’75), a cation( 71*'!75), an
anion( 76) or it xﬁa;' be a centre for co-ordination with the
catalystl 77-79)

Initistors are compounds which join particular monomer
molecules and the growth of the polymer is then independeant of
the initiating species, while a catalyst often starts the growth
of many chains and tekes part in the addition of each monomer.
Practically, hcwever, the terms have besn used interchangeably,
although generally free-radical and anionic processes are said
to use initiators while cationic and co~ordination reactions
involve tae nse of catalysts. lMore will be said on this subject

in the next section.
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1¢3.1 Survey of literature concerni ne polymerizatio
ungaturated monomers,

The considerable number of polymerizable unsaturated monaners
is bound to restrict any investigation of such campounds. For
this reason, only those substances which seemed to offer scope
in this study of polymerization reactions in zZeolites are men-
tioned here, |

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

presuned to be involved,

A free-radical is an organic fragment which possesées an

odd or unshared electron. An ethyl radical could be represented

as
H H
H: C: C .
" q

and wheyeas the usual tetranedral 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 highiy reactive
with most organic molecules, and in the absence of substrates
the radicals destroy themselves by disproportionation and to a

(72),

much lesser extent by combination
2 Cplgr —> CoHg + Colfy

and 2 UéHB‘ —_— QAH1O
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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 tiese 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 c‘nafacteristic 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, c
T 73
GH; - ?—N-:—.N-C-Cf:lj —_— 2 Cﬂ}; C. +» Ng
CN Qv (&)

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

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

CH R C R
TAE . N . I\13 |
; H, = -_—C ~C=CHA ~CHe
L,HBC\. * Cd2 = C 0113 /C (,H2 H
. Clv (]

The polymerization continues until the supply of mononer ceases
when chain termination occurs by either disproportionation or
coupling.

- Most commercial polymers have to be of controlled molecular



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 {i{he thermal polymerization

of styrene but once this induction pericd 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 was present in various concentra.tions( 82)‘.

Methyl methacrylate may also be thermelly polymerized ia a
repi‘oducible manner if scrupulous cere is taken in the removal
of any inhibitor( 83), but. it polymerizes at an observed rate of
only about 9% of tnct of styrene under similar conditions. The
rate of themal polymerizaiion of siyrene itself is quite low,
about 0,1% per hour at 60°C, and it is thought that the reaction
vroceeds according to the’ following scheme( 72:81+): 7

h 1
2 CH, =Ci’h ->Ph — G- CH,CH, — C = Ph

[ ] L]
At room temperature, thermal polymerization of styrene may
require months or years, The tempersture for thermal polymer-

izeation has to be chosen with care since, although lower

ke



temperature reactions require much time, they produce a product

of far higher molecular vieignt. One method employs a

temperature of 125‘%£85) for tne reaction wnder which conditions

a 90% yield of polymer is obtained after approximately 2

hours, the molecular weight of which is about 150,000,
Acrylonitrile polymerization is too exothermic to make bulk

polymerization satisfactary, ard consequently a means of dispersing

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

emulsion techniques have been successfully employed(71). {
Of the 4, 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 besen used sxtensively

in the work under discussion., It may beisafely bulk polymerized

in situ at 40° and in the presence of about 0.4 or less of

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

1.3.3 Lationic polymerizatio

Tha:ability of many zeolites to catalyse carbonium ion
reactions suggests that these catalysté may be equally suited to
promotigg polymerization reactions via a cationic mechanism,

Polar or heterolytic splitting of the double bond of a vinyl
derivative by the action of electron accepting cetalyst species -
is the necessary process of cationic polymeriéation. The olefin
molecule acts as an electron donor, or base, and after inter-

acticn with the catalyst it becanes the carrier of the positive

charge,
R ® R
C=CHy + X —>&C - CHX
R,” R

2 2

35.



The formation of the carbénium ion is followed by a series

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

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

off a positive charge. This results in the fomation of a new
active centre which can produce anothner initiating carbonium
icn( 86). The regeneration of active species, together with the
impossibility of the mutual recaabination of two grcwing chains
of identical charge, makes this type of reaction very different
from the radical polymerization discussed earliser,

Among other differencecs 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 dovn by the usual radical inhibitors. Thsy are often
sensitive, however, even to trace quantities of polar substances
of basic cheracter which markedly affect the reacticn rate and
the molecular weight of the polymer prcduced( 71").

Monaner molecules act as electron donors throughout the
course of cationic reactions _a.nq 30 a higher polymerization
activity; is displayed by those vinyl derivatives which have a
greater electron density at tne double bond, Such monomers
are those having electropositive, or electron repelling,
sucstituents,  Conversely, etiylene monomers with electro-
negativg substituents nave a.' reduced electrou density at the

double bond and a lessened cationic reactivity.

36,
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CH3 CH3 ‘ H\

~ ~

So=0i, > o C=Cly > C==Ci,
GH3 H H
iso-butene propene ethylene

(2—met'ny1 propene)

EEN RN N
_C=CH, > o=CH >H/C=.~.CH2

Pn Ph
A -methyl styrene Styrane

and
H 1 C1

. c .

~. ~ ~ \

_ 2> P . > /c CH,
H

H C1

There are, at the moment, about a hundred vinyl monamers
which have been found to polymerize by cationic catalysis( 88). ,
Typical of these are isobgtene( 89)3 s’:yrene( 90), e ;methylstyrene( 91),

( (93)

vinyl ethers 92) and N-vinyl carbazoule Other campounds
cont2ining douwble-bonds which polymcrize by similar means are
acenaphthylene( 92") R benzof‘uran( 95) and phenyl vinylene

(96)

carbonatse Certain other types of compound which also
undergo cationic polymerization reactions will be considered
later,

Btnylene itself hos very low cationic reactivity., For thnis
reason it is u<ed as an inert solvent for the powerfully
exothermic cationic polyuerization of isobutene at -10300(9?).
At higher tewperatures ethylene can undergo polymerization but

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

onium ion but a more complex processl‘ 98). In fact ethylene



polymerizes over zeolites of éhc folldwing types ¢ hydrogen Y(5h),
dehydroxylated 1(99), rare earth.X§59), and nickel X§21). Al
these reactions were, however, at temperatures near to ar in
excess of 100%C,

In the relatively simple case monamer protonization involves

Bronsted acids,

?1 SN
4G =CH —> x"’c.c&3
| |
R, R,

The aproténic Lewis acids so characteristic of this type of
polymerization are unable, however, to transfer protons and their
aétivity‘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,

: & e
BF, + H.0—H ESF ou] =
5 2 3

which may then take part in the polymerization reaction,
g [oey o’ ?;o = ci oo o§ e:%‘_. ot
2 2

These carboniun ions are far less stable than the éorrespOnding
rndical&SﬁOO) and can recambine readily with their counterion,
isouerize 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.
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Tae difficult formation and casy disappearance of carbonium
ions results in the failure of stationary states to establish
themselves in a number of reactions. TFor this reason it has
not been possible to set up a generally valid reaction scheme
camprising 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 incrcasing monomer molecular
weight and secondly olefins which are unsymmetrically substituted
about the double bond are more effective than unsubstituted

or symmetrically substituied olefins. For example, the
following substituted ethyienes are placed in order of decreasing

caticnic polymerization reactivity

s K& . U5 %0
JC=CH, > Te=CH > TTe=CH > e CHyeCH,
ol ci; ol Gy G

Steric hindrance is probably recsponsible for the measured heat
of reaction, 50.4 K@/mole, being well below the calculated value,
89.9 K/ mole, for isobutene(1°2). It is interesting to note
that the steric hindrance of the benzene ring in styrene or

oA -methylstyrene is of the same order as tnat 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 atdm. Inter-

ference is reduced because of this two-dimensional configuration
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of atams, The presence of two aramatic 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
eromatic substituent, not by a higher electron density at the
olefinic double bond( 103). Lewis acids are able to form weak
crmplexes with the benzene nucleus and even benzene itself
forms similar camplexes. In the absence df any cocatalyst
species polymerization is not, however, induced,

Vinyl ethers, or alkoxy-substituted olefins, can fom

camplexes with aprotonic acids through a dative bondl 104),

9.& &(-()\-R :
CHy == ?'+ X ——-—EE> CHé=#=?
H ) H

The basicity of these compourds is due to the considerable

electron pressure on the double bond exerted by the alkoxy group,
R_§_CH=CH2 — R-g:CH.gHZ

©

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

nuclecphilic with the result that reaction witnh an electrophile

yields the siructure

L4
iSO Pr—O =CH——-CH2X

(105) oy

which is not cepable of initiating a polymer reaction

tone other hand, a phenyl group or even a methyl group in the R
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position would have the effect of allowing the camplex

®
Ph — 9 — CH = CHZ
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 melecular wéight, which are, with few exceptions such as in
very quick reactioms, linear(106).
Two campounds which undergo cationically induced polymer-
izations by head-to-tail linking somewhat similar to vinyl
polymerizations ars acenaphthylene( 107) and benzof‘uran( 108’109).

The latter is closely related to the vinyl ethers,

—>

n
‘ e M
Acenaphthylene
n —> L
O O a
Benzofuran

Compounds containing carbon-carbon double bonds are not the

only unsaturated monomers able to polymerize by carbonium ion



mechanisns. An important grbuP 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 polyaceta1(11°).

0
(e,
O\/O

Formaldehyde yields a similar product after cation polymeriz-

atiOn( 110) , as indeed can several otaer aliphatic aldehydes( 1, 112),
R .
N . N
n C=0— 0-—C
/ s
H H n

All of tnese reactions occur at low temperatures, Certain

aromatic dialdehydes, such as terephthaldehyde, can also be

converted to high molecular weight polyesters( 113),

CHO o -
— I \
n —c—{ ) eno—
n
CHO

Related monomers which can undergo cationic polymerization

L1148

reactions include ethylene oxid , substituted ethylene

oxides 115) and ketenest 116,117), o
. W%E o - CHZCHZ](MA
0] n

CH3 cH 3 C{{} C;Hjc] (115)

n >§7( — —0-G _cl:,_.

(.}H3 0 CH3 Ci (IH3 n
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ana
B c 16
_ o B T (116)
& 35 D 4°
2 \ ] i 4
n /c-_-c=o-+—c|: C—0—C
CH cH
L 3 - in
and . e (117)
n /C::C:O L--— e ()
CHS n

One particularly interesting group of compounds which undergo
polymerization to high molecular weight hydrocarbons are the
alii)hatic diazo campounds,

Many years ago it was found that the starage of ethereal
solutions of diazomethane for a long period gave a white precip-
itate of polymet‘nylene(ﬂg), presunably according to the
simplified equation,

H H
AN \
n Cu=eNe=N ~—> plid4-C
s 17/
H Hln
It is, however, better fo represent these diazoalkenes by the
two canonical forms,
R R
ST fmy Do
Clearly, the diazocalkanes are able to react as nucleophilic
reagents and are thought to be catalysed by a co-crdination
mechanism over several boron coumpounds to yield polyalkanes with

a quantitative splitting of nitrogen fram the moncmer(“9)'
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I

n RHN, —— nN2+ CHe|
n
The initiation of the polymerization of diazomethane in the

presence of boron trifluoride at low temperature possibly follows

the scheme,

) & e ©
BFy ¢ CHN, —> FB CL,—N=N —> FB—CH, + N,
e ©
.5 —CH, —> F,B—CiF,

Tnis product has been isolated nearly qw.ntitatively( 120),

and may react furfher,
© & © o

FZB—CHZF + Chzﬁz _ FQB\—CHZ'_NEN-)FZ:IB—C&’,_ + N2.; .o
CHZF CHZI"

This proposed mechanisn assumes that alkyl ions —( Cﬁg)nF will

migrate at each rearrangement stage in the reaction(‘ 121),
e
F)B—CHy ——> FpB—Ci(C5)4F.
(CHn/ oF

The process can continue until either =21l the diazcalkane has
been used up or until chain terminaticn occurs by hydridc-ion
transfer, for exsmple,

e o D
FZB—CI{R .——_9 RGIi.-..-ooo

H
| I
CH ) F2B6 .,H " FZB C CH
(; 1 —1 F
n , P- n-2

R . n-2 i

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

2 campound of similar structure Vo the initiating molecule,

R R
| _ |
FZB—L,HEW- n(,HRI\r‘2 — F2B " LH.
N+l
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and would behave as an active catalyst towards fresh diazoalkanes.
This nas been experimentally verified(121). The activity of these
pojymers is not reduced by either washing or precipitation and
pro{rides a convenient metﬁod of preparing block co-polymers, for

example

FZB__'?JI:I + mCHN, —> F,B _[cl;ﬁ]_(w?)mﬁ‘ + o, .
C cH
n 3 n

Copper( 122) ang copper sa1t( 123) catalysed polymerizations of
diazoalkanes are also known.

The polymerization of &-phenylethyl isonitrile over an
aciaic powdered glass catalyst to give a high polymer may also
be of particular interes;t in a study of polymerization reactions

in zeolitcsé"zz").

nPh——CIJK-—NEC —9‘--—--3-— ""___>-_(l3H__
CH; N N

\ N\
CH Cc
VRN 7\
Ph CH3 N Ph ('JH3 n
1.3.4 Anionic polymerization |
Only quite recently in the nistory of polymerization studies

was the process of an anionic mechanism rcalised( 125). Among
the first reactions to use thig type of catalyst was the alkali -
metal polymerization of 1,5—dienes( 126, 127), which involves an

electron transfer from metal to the monomer

e &

Ii + CH2 == CH e CH = 052—9 &Hz—-GH= CH— CHZLi

These radical anions could then combine or, altematively, 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
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® O e & : :
® © 0 &

Li CHZ'— CH = CH —CHZ— CH2— CH-:.—CH—CII?-—CHZ-—- CH==CH - CH2L1

Other monomers which form polymers in the presence of alkali
metals are methyl methacrylate, styrenegmethyl styrene, acrylo-
(74)

nitrile and methacrylonitrile Alternative catalysts to
alkali metals may include many ordinary salts of very weak
bases, such as Grignard reagents, triphenyl methyl sodium£128),
or even sodium cyanide (129).

The mechanism of anicuic polymerization is not yet understood

and nothing will be said on this subject here.

1.4 Sumnary of Chapter 4,

In this chapter an attempt has been made to cover some of the
polymerizatioﬁ reactions which could possibly occur in certain of
the considerable variety of molecular sieve zeolites now known.

Hydrogen exchanged zeolites, as well as alkali cetica zeolites,
and to a great extent rare-earth exchanged zeclites, could well
promote polymerization by cationic mechanism,

The radical and anionic mechanisms do not have such obvious
parallels ir the known reactions of zeolites. ilowever certain
possibilities do exist such as radica’ type reactions in the

L67)

sodium near faujasiie
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CHAPTER 2
An outline to gome of the theoretical considerations encountered
in this work,

This work has involved the use of a number of different
techniques. Consequently oniy a general introduction to the
interpretation of measurements is made here. IMore details will,

where necessary, be inciluded in tne discussion of results.

2.4 Zeolite sorbents

Wnen a mole of sorbate is trénsf‘erred isothermally and
reversibly from a gas phase of stendara pressure, p,, into an
infinite amount of sorbate-sorbent mixture the change in chemical
potential, A/u , 1sv

...A}l = RT 1n P,

p
wnere p is the sorbate-sorbent equilibrium pressure. Values
Of—A/L are a measure of the affipit.y of adsorpt ion and can be
directly calculafed fron adsorption isotherms. Such estimates
of the effinity of adsorption are of practical importance as they
enable the selectivity of & sorbent towards different sorbates
to be determined,

If isotherms are determined fo.r the sorbate-sorbent systems
at a number of temperaturcs, it is possible to evaluate another
very important thermodynamic charscteristic, namely the isosteric
heat, qst( 130), from the Clausius-Clapeyron equation. For a

vapour whicn obeys the perfect gas laws, this equation has tne

form:



(g-iu> = iy - ﬁas = 'A-H-as = g5t
§T /e Rr? | Rr2 g2

where p is tne equilibrium pressure at temperature ﬂ;K, ﬁg: is
-the integral enthalpy of sorbate in the gas phase and ﬁasis the
differential enthalpy of the sorbate in the adsorbed phase. The
subscript "a" denotes the amount sorbed, a, is kept constant.

Isosteric heats may therefore be cbtained fram plots of 1n p
against 4 at constant uptakes, a.

Node?s which give a physical description of the sorbed phase
can be tested by comparing measureé thzrmodynamic quantities
with values predicted fram the models. In this context, two
types of model are most often examisied nemely localised and
non-localised sorption,

The idsal localised model describes sorption in terms of
sorbzte nolecules adsorbed on immobile and indistinguishable
sii:es( 4'51). These molecules vibrate ahout mean positions on

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

isotherm equation which was dedrced from this model is

e=£2_..._
1* bp .

where 9 is the degree of coverage of the surface, p is the
pressure cf the gas in equilibﬁum with the sbrbed phase and b
is a function described by:

b=Kyexp (-/¥T) (432)
where &4 is a term dependent on the thermal entropy of adsorp-
ticn 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 tnermal energy to overcone the potential energy



barriers between sites so that they will possess transitional
freedan, An isotherm equation for this model is the Volmer

equat ion( 133) :

p= KWF 9 exp _9__ .
1-0 1-0

If tne erfdct of interactions between sorbed molecules is

considered, the equation becomes( 134):

p=Ky_0 exp [‘o -eao]
1-9

1-0
where & 1is a function of temperature such that

A = 2a Iy
bkT

a and b being the relevant constanis of the van der Wnals'
equation,

Both the localised and mobile models, including variations
such as the EET equation( 135,136), aré often quantitatively

inadequate, Discrepancies arise which may be due to either
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surface 'neterogeneity( 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 su;'face covering
if the internzl voids are so small that adsorption forces are
felt witnin the whole void voluse. In such microporous systems'
adsorption is likely to be a process of volume filling and ths
volime of the pores would be a more appropriate characteristic
of the sorbent than its surface are:a( 157). The term "monolayer
equivalent area” has been introduced as en alternative to tne
conventional specific surface for describing sorption within

zeolites( 138), and other microporous gorbents.

General adsorption theories which do not specify a model



for the sorbed phase may offer a sati;s'.factoxy alternative to the
localised and mobile models for cases wherc 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 whiéh has an adsorption potential, E distinect
rom all others in the series( 159). 6 is given by the

expression

€ =R Inpyp
and the adsorbate is considered to be & liquid-like phase of

volune W such that

Wr:z

¢

x being the weight of gas adsorbed in grammes at the equi-
libriua presswe and @ the density of the liquid at the
equilibrium *emperature T, A characteristic curve for a given
sorbate-corbent system can be produced at a particular temper-

ature by plotting 6 against W and fran this it is possible to
| predict adsorption isotherms at different tanﬁeratura( 139).

An spplication of this theory to the case of microporous
sorbents has been attempted by assuming a Gaussian distribation -
of the adsorption potential in the internal voids of the
sorbent( 137), From this theory an adsorption isotherm equation
was derived,

% = Woe <(- exp [K(RT J.n(pg/p))z]

( p?

where W, is the total volume of all the micropores, X is a

constant characterising the pore size distribution and /6 is the



51,

afrinity coefficient for the vapour, defined as the ratio of
the temperature independent parachor of a given substance p and
a standard one P, '
B = pe

Plots of log x against (Log pQ/P)2 can be used to estimate W,

Adsorption phencmena may also be described empirically in
terms of an equation of state for the adsorbed phase. The
free enargy change for reversible and isothenngl transfer of a
mole of gas from an infinite amount of gas to an infinite amount
of the sorbed phase is éiven by the Van't Hoff equation:

= =R . RT '
ny} = -RT 1 .iﬂ) + ln(}3§>
ag/equilibrium ag arbitrary

state state
where zCSG is the free-energy change, and ag and ag are the
activities of adsorved 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

ag = a, = 1, 4 and
AG =A&F= - RT ln(as) = - RT 1n K
ag equilibrium '
state

In the gas phase one may usually assume ag = p so that the gaseous
standard state is unity when p = 1, while in the sorbed phase

ag = CgYg where Cg denotes the concentration and¥; the activity

coefficient of the sorbate. In consequence,

a =K=20C
8y’ equilibrium P
state
Cy can be expressed as the number of moles per litre of sorbent-

sorbate solution,
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The change in chemical poten‘:ial,A/.Lz of the zeolite lattiss

as sorbate is imbibed is represented by the equation,

P P
Apoo | vap-mm |z .
(o} n (o} p

The first term am the right nand side is negligible under
normal pressure conditions., V is the volume of the chosen lattice
forming unit, M is the molecular weight of the lattice wnit, x is
the weight of sorbate in grammes per gramme of sorbent and m is

the molecular weight of the sorbate. Af‘z is also described by

1]
4}’“2: JrVdp

o

or M2V,
where ~J'is the tension that would have to be applied to the
sorbste-free sorbent to reduce its chemical potential to that
of the host lattice after sorption haG taken place. n may
alternatively be described 2s the hydrostatic pressure which would
have 4o be applied to the sorbate-sorbent solution to raise the
chemical potential of the sorbent to that of the sorbate-free
sorbent. 7\ is therefore equivalent to osmotic pressuﬁ.

A/JJ_ can now be equated with the terms in both V and x:

-Dpy = TV = R JP X dp.

m
o P
Now since
Cs = My
Vm

(“xdp = ¥n ] - Cadp
Jop M

and tnerefore
J\V = RTV JP C

o
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or
P

I =4 J' G ap

CRT C

B s o P
TIET can itself be represented formally by a virial-type equation
c

8

TT =44+ ACq+AC2 +%C2 + ...
'Egﬁﬁ s f3 s g

and so0

p 2
L _g_gdp=1+o(GS+P032+ yogi + Sc ke L.
8J,o b
or

dp =(;L * 24 + 3pCy + LYCO+ ......3<atcs

P Cg
Integration tnen yields

K =Cg exp [2«Cq + 38C2 + & xc5+....:.]
Lq s s g
P ZF‘ 3

and sines

Xs=3}{p [2 O.gcs"'oocooJ

When Cg is small, ¥ —>1 and K—>C_, the Henry's law constant.
b

Since any isotherm may be expressed by an equation similar to
the above expression for K, this equilibrium constant may be

obtained as 1n K from the extrapolated value of 1lu E.ﬁ as Cg>0
3 —

in & plot of 1n Gy against Cg, because C4— 0, ¥g—> 1.
P
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2.2 Polymer sorbents : Iptroductiop -
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 po_lymerq containing high
proportions of hydrophilic groups( 141). The relatively small
size and ability of water molecules *o associate through hydrogen
bond formation distinguish this sorbate frcm‘ most organic
suwstances, consequently not only may strong l.ocalised interactions
develop between water molecules and suitable polar groups of a
polymer but also in relatively non-polar uaterials the association
of the sorbed water is encouraged.

Opacify which develops in several polymer films at high
relative pressure, and dielectric measurements cn the water-
polystyrene system, i;ldicate scme degree of association of water
in the polymer( “*2"12*'5). For several systems, substantial
clustering occurs at high relative pressures( “"6). Although
mean cluster sizes‘ of water and methanol in relatively nydrophobic
polymers have been calculated and are generally in the rahge from
1, indicating no association, to 2 or 3 at relative humidities
between 0.8 and 0,90 6-148)  trere ig 1ittle information on the
distribution of cluster sizes, -

The ultimate size of cluster is controlled by the zmount of
free space in the polymer( )‘M*), tﬁe fomation of clusters in glassy
polymers would therefore occur preferentiaily in voids since less
disturbance of the polymer matrix as a whale would be required.

The formetion of water molecule clusters would be expected
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to have a sgignificant effect Gpon 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(1h9). Experimental evidence for
clustering has in fact come mainly fram ohserved diffusion
coefficients and their dependence upbn diffusant concentra-

bionl Wb, 17,150-153), |

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 penetrent within the
polymer. If a concentrationu gradient exists across the membrane,
this diffusion leads to a net flux of penetrant tarough the
membrane, The final process is penetrant desorption at the
outgoing face.

@ransport studies such as this are of interest because they
yield information on the mechenism 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 tnose materials
where fillers have been included in the polymer matrix, The
penetrant molecule can, in this casz, be used as a probe to
investigate the naturc of the adhesion between the two phases of
a cauposite material, Several revicws are available of the

work carried out on the subjeet of using penetrants to invest-



igate tne microstructure of polymer materials( 12!9:‘151""'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 cm23'1; ¢° is the concentration C of penetrant
gorbed per unit volume of polymer at unit gas phase pressure and
has the units cx.n5(S.T.P.)cm"5(cmHg)'1; and P is the amount of
penetrant passing through a polymer of wnit area and wmit thick-
ness in unit time end with a unit pressure differential applied
across it and has the units cm(S.T.P.) em cm'23'1(cmﬂg)'1.

Ir P, D, and the solubility are concentration independent then
P = Doy If these quantities depend on C, the relation still
applies as C —0.,

D gcnerally increases with increasing C for organic vapours
in polymers( "'58), 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
polymeré annd polymer-penetrant interactions ars significant. On
the other nand permanent gas penetrants heve low solubilities
and give constant D and P at moderate pressures for particular
temparatures( 159) .

In the case of water permeation through polymers, the
deperdence of D and of golubility on comcentration is more
ccmpli.cated( 4'60). For some of the more hydrophobic polymers
D decreases with increasing C, presunably as a consequence of

+he clustering phenomena mentioned above,

564
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2.2.1 Freliminary examination or diffusion equationg

For an isotropic medium the rate of transfer of material,
iee. the flux J', across an area Ac of a section normal to the
direction of flow x is related to the concentration gradient
3C by Pick's first equation

DX
J=J" =-D 3C

Ac DX

vwhere J is tne flux per unit area and D is the diffusion coeff-
icient wuich may be a constant, a‘function of concentration, a
function of co-ordinates or of the fime 6r any canbination thereof,

The fundamental differential equation farupifhectional
diffusion in a slab or sheet membrane can be derived from Fick's
first equation by considering the rate of accumuiatiOn of material
in a volume element having faces of unit area normal tﬁ the
direction of diffusioén: at x and x * §x., Diffusing material

enters and leaves the element at rates given by

J. :-D?__c_
in 3%
and J _ =D30+ 9 [-D3c]d=.
out ax ax ax )

The rate of accunulation inside the element is then given by

Tin = Tout =a}_ [D Ag]é‘% = é'x_%%

x ox

- %5+ 2 Pie]
dt x| 9x] -

At the steady state ,

. ~—

¢ =0
%

and nence

2 [DQ_Q]:O |
dx X
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where no aséumptions have been made about tne funct;onal depend-
ence of D. For the situation encountered in this work, whore
C is x dependent and is maintained at U, in the ingoing face and
at G,1 in tue outgoing face, where x = O and x = 1 respectively,

the solutior. -of

3 D'}_g]:—. 0
ox ox

will for constant D be

Cx = Ax + B
Co =B
CizAi'l-B
C{ = A&1 *+ Cq ‘ér-A$=¥91_4‘99
l.
and so
1

This indictes that a linear conrentration gradient exists across
the membrane and fram this relation and the equation

J = - D3C
X

on¢ cobtainsg for constant D -

J = D[l - &4
5

Steady-state solubility msasurements can be used to determine the

values of C at various ambient pressures of penetrant, in the work
urder discussion thes pressure p1 at x = 7] was maintained close to
zero and, sincsdttnis pressure penetrant concentration is also
zero, hoth Cl and p1 can be neglected. The flux per unit area

per unit thickness of membrane J1 is thus described by

J1=DC,



Tane factor P which relates the flux to tne pressure differ-
ential across & membrane is called the permeability coefficient
and is defined by

P=zJ1

(po- pl)
which reduces to

P-J1
pO

under the above menticned conditions.

If in addition to tne Cl= 0 condition the membrane also
contains no penetrant at zero time, tnz boundary conditions of
the system will become

C=C, x-= 0O t>0

C 0 0<X<1 t=0

C=0 x=1 t20
and the solution of

2¢ =9 [p3c
2t dx| 9=x

for constant D can be used to evaluate the amount, Qt, which has
passed ihrough unit area of the membrane in time t, This amount

at larger times approaches asymptobically the line

W=D -2
T - ep’

A graph of Qt against ¢t will thus give this line for large enough
times, and if this lire is extrapolated to cut the time axis the
intercept L (the time—lag) is given by L = _1_2_. Tt;e value of D
may thus Be determinea. *

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

is related to Dy by the equation( 161)

59,
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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
stete, be the same for all x,
r'° D, dC = x JC°D ac
c = c

Cy 1 o
This equation may be rewritten in terms of fluxes at differing

ingoing concentrationsas

(Jco - JC;()=':{ Jco

and serves to eliminate x from the expiession in L, to give(162)
Jco
= CLdg = .
L=1 A( Co. Jg ) adg

o]

(Jco)3

e

The term| © Jcodch may be evaluated from the plot of C, against
JO

Jco over thie range O to C,, and this plot also provides the inf-

ormation needed to graph the product,CJC ch against qu and so
pd

to obtain *he second part of the integral. If the above
expression of L is adequate then measurements of L and J as

t'nctions of C, can be interpreted in these terms,

2.2,2 Yactors affecting diffusion, vermeability and solubility.

geeffi

Several factors affect D, P aud o’ in homopolymer membranes

60.
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and these will brisfly be discussed here. The effect of
incorporated fillers will' be included in the next section,
Great care has to be taken in both samp]fe preparation and
experimental technique, and it 'is important that conditions
should where possible be standafdized in order to derive
reproducible experimental results,

Perueability, diffusion and solubility coefficients are

exponentially related to temperature:

P=P exp-( £ JRT)
D =D, exP'f(ED./RT)
o = o, exp-By/RT)

where Ep ahdAH are the energy of activation for diffusion and -

~

the enthalpy of solution, respectively, and where
Ep=Ep + AH -
ED and DO are, in general, constant over limitea teaperature ranges
for many polymer—pemétrant systems. The relative values of Ep
and Ay clearly determine the magnitude arnd sign of EP and there-
fore whether P increases or decreases with rising temperature.
Generally, however, F does increase with temperature but For some
silicene rubbers Ep values are especially low andG decreases in P
with increasing teaperature have been observed( 155). |
The size and shape of penstrant molecules are important factors
in determining the diff'usion 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 flOH( 164). Above certain penetrant sizes diffusion is sclely
controlled by Apolymer segmental motion and furtﬁer increases in
penetrant sizis have little effect on either D or Ex(165),

Because diffusion involves the displacerment 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.  Althougn ‘such polymers
offer most resistance to diffusion they are also readily
plasticised by penetrants and exhibit marked concentration
dependence of penetrant diffusion, an effect illustraizd by
benzene diffusion in a nuwber of polymsrs( 166).

Below a certain temperature; characteristic of a given polyllxef,
segmental motion is very slow and tne polymer may be considered
'to be a hard glass. Above this glass-traasition tempe rature the
material is usually soft and rubbery, Fenetrant permeation
in glassy polymers is dependent on segmental relaxation
processes, especially for organic vapour penctrants. Water
transport in the more hydrophobic polyﬁers is not, howvever,
so dependent on Tg( 159), although beth Ep and Ep are lower below
Tg for water transport through polythylmethacrylate) than above
Tg( 151),  The themmal history of a glassy polymer can also affect
values of the three ccefficients D, P anud ¢ and any comparisons
of these velues below Ty should be treated with caution( 149,167)

Generally, sorption and diffusion take place to a very
limited extent in the crystalline regions of a polymer, For

wases o is reduced in proportion to reductions in the amorphous
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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

cellopnane, allow a more rapid flow of penetrants througn them

when some water is also present( 160).

2.2.3 The effect of fillegg.in polymer membranes.

If sorption and diffusion through the filler can be
considered negligible then filled polymers behave similarly to
polymers containing regions of erystallinity. If, however, ‘the
surfaces of the filler are not completely wetted by surrounding
polymer appreciablz sorpticn of penetirant by the filler is
possible. Weak acChesion 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 thé overall
golubility o of a gas will be proportional to the volume fraction
of polywer in the camposite, ¢P

o =Cfp ¢p. i, )
The other extieme of overall solubility would be the summation of

the solubilities of the constituents which in the absence of gas



6le

gaps would be given by

T = opgptords - ()
where Pp + ¢p = 1.
If, however, jas gaps are present then the eQuation may become

g =O"p¢p*;‘:ff¢f "‘O’g¢g{-_}. ) (3)
It must be remembered that these equations represent only extreme
situations and imnecasured valﬁes of solubility coefficients may not
correspond to them, Ileasurement of the solubility on n-butane
at 30° in Santocel €S filled silicone rubber has shown, for
example, that for filler concentrations in the range Q<ﬁf<0.2
equation (1) closely described the sorpticm(163) whereas for the
solubility of propane at L0 in zinc o#iae filled natural
rubker egnation (1) descrives those measurements in the ranée
ﬁfs; 0.1 but for high;r volume fractions of filler solubiiities
move across towards the limit expressed by equation (2)(169).
Complications arise in-the interpretation of solubilities if gas
gaps are present, but density‘measurementg can at least be used to
deternine whether or not these are p.esent,

ligny difficulties have arisen in the development of a mathem-
atical treatment of flow in a medlium comprising a disperse phase
in a continuum, One result of a study of the diffusion of certain
permanent gases in filled natural rubbers was tne realisation that
not only volume fractions of filler but alsc particle geometry

+156,170)

have to be taken into accoun Flow paths around



obstructions have to be considered as well as the areas of filler
particles normal to tne direction of penftrant flow, although an
estimate of this last factor for the cases of equal volume
fractions of randomly dispersed discs, cylinders and spheres can

(168)

readily be made
If & randan array of discs in a continuum is assumed to
be equivalent to ¥ of the total number being in eaéh 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 dises

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

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

R=rg[ht+ T\'rD]
9 |TTrpt

where r

g 1s the radius of the sphers. Therefore for R> 1, cne

must have

Ts> I rpt
ht<ﬂTpD

wnicn reduces, for thin discs where Tlrp > 4t, to r8:> 31,
For narrow cylinders of length t and radius Tp and where -

Ltpiry ther the condition for R < 1 corresponds to Tye 97-\'1‘n

L.
Thus, conditions are envisaged where discs hinder flow more then
spheres and cylinders less.

Natural rubber containing lamellar fillers has bsen found to
have a lower permeability than rubber containing particleslof
other snapes. The blocking power was however also dependent on
the penetrant and fbr a series of experiments the ratio of the

permeability coefficient of filled and unfilled rubber is in the

65.
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sequence( 156’170).

H, >0, >N, > CO,

As the volume fraction '0f filler in elastomers was raised
above 0,5 then a sharp increaée in permeability coefficients was
encountered( 171), a result thought to be adue to extensive gaps
present between the two phases of the mixture. If the volume
fractions of polymer, riller and gas gaps are ﬁp’ y4 £ and ﬁg
respectively and if the distribution of gas in each obeys Henry's

law then, as before,
o = dp ¢p +o’f ¢f+¢vg ¢g
or alternatively, if

_ e - -
B =Cp s X =0 K =Cg
Ce Ce N ¢

e
Where C'p, C'p and C'; are the penetrant concentrations in mole-
cules per cmd of the three phages, and Ce is the number of

molecules per e of the external gas phacs, then

K:Kpﬁp x be'f+ KJSg

Here K is the overall solubility constant and if Kg = 1 then this

simplifies to

K;—pré«s-Kf,dfc»ﬁg

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

AT, + e + AC =’,“,D}320'+D 24 D ~2,
oop =~ 5.3 PoSC ¥ Frafce v Yo%,
et d% ot A 3% 35

vhere R Dp is the diffusion cosfficient in the polymer phase
qualified by a stracture factor to sllow among other factors

for increased tortuosity of diffusici paths caused by the
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presence of other phases. Dy 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 e of

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

by
- t
P ﬁpc P
Cp = feC'p
- '
Cg = BC'g

thusf_gz%xi
P

% %
and &:ﬁ Z(EI
o By
The total concentration of penetrant molecules per cm3 ¢ composite,
C, is related to tne concentrations of the constituent phases,

C=0p+ Cp+ Gy

and so tue one-dimensional form of Fick's second equation is

D0 = 30, + 30 + 20, =D BK +Df,6fo+Dzz$;\C
Dt Ot 9t ot | g+z§ +BKe B2

=D 2C
Ai?

so that D can be related to the volunez fractions, and diffusion

coefficients in the separate phases by

D D ALK, + Debeke *__Eg?_j%
L B+ Py Aoy

If, as is often the case at lower filler concentrations, Ag = 0,

then D reduces to,

D =RD A K, + DpbeKp
ﬂ%#i,+ DeKp
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and if negligible diffusion through the filler occurs then
D= R,DE&E‘i
. Bokp + Bekp

=R Dy Jo 7
Zp"%f_c_'.f

T
L. C~p.]

Ko [ & 7]
pzp*jgiff.‘

— o’pJ

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 ths
filler will be greatly influenced by the degree cf wetting of

the filler by the polymer and in such cases the solubility
coefficient ¢ of the composite may difr'er from the equation

mentiovned earlier, namely

o = Ulpp * dféf:

where gas-gaps are not éresent. The cquation may be rewritten,
assuning Henry's law, as _

o = ofyr 'y (1-w) By
wherev'f refers to the solubility ccafficient of the filler
when 1% is in bulk and w is a factor representing the degree of
wetting of the filler.

If water scrption by filled polymers does not folleow Henry's
law, then the expression for the diffusion coefficlent will be
more camplicated.

The gimplification that negligiille flow occurs tihrough 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 £ill any pores with filler particles and consequently ths
degree of divergenee fram the limiting form of the above model
(Dy = 0) for membranes composed of polymers containing tne highly
porous zeolites could give some infomation on the natwe of

these otherwise porous fillers when incorporated in membranes.
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CHAPTER 3
Magegiagg, apparatus snd experimentel technigues,

In sections 3.1 to 3,3, the preparation of certain zeolites,
organic monamers and po}ymers will be discussed together with
dotails of the construction of filled and homogeneous polymer

membranes, Section 3.4 and 3.5 ars concerned with the apparatus.

3¢1.41 Zeoliteg uged in this work

Commercial samples of the synthetic zeolites NaA, NaX, NaY,
(XL and H kordenite have been used, the first four having been
obtained fram Union Carbide and the morderite fram the Norton
Company. ' The structures of these materials were briefly described
in Chai%sr 1.

Two ion exchanged zeolites h;ve also been prepared, cupric
X as a pctential diazoalkane polymerization catalyst and hydrogen

Y as a proton-rich catalyst.

Preparation of CuI;K fran NaX,

Nax( 10g) was shaken overnight in a solutioﬁ (100em?) 1 molar
in CuCly and 5 molar in NHA_OHa The zeolite wos then filtered and
the treatment repeated. The resulting cupremmonium exchanged
zeolite was then washed with aistilled water until the washings contained
no chloride ions ( silver nitrate test). Drying was limited to
the extent of storing the zeolite in a dessivator at roan temp-
erature, although activation by degassing at temperatures up to

2509 %o remove ammonia preceeded catalysis reactions.
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Preparation of ilY fram NaY( 2 2)

Several methods of preparing hydrogen zeolites by heating
ammoniun exchanged zeolites have been described, the preparation
used in this work being theone which is thowght to yield a product
of exceptional thermal stability,.

Na¥( 10g) was treated with a solution containing ammonium
sulphate (30g) in water (150 ad) at 100°C for 15 minutes with
continuous stirring. The solid was separated from the solution
by filtration and treated with a second solutian containing
ammonium sulphate (103) in water (150 c¢rP) under similar conditions.
The zeolite was washed free or sulphate ions and heated in air to
540°C for 3 hours, A further sclution of ammonium sulphate (30g)
in water (600 cmj) was prepared, and the zeolite stirred witﬁ
this for a further Hour at 400°C, After filtration this last
step was repeated but this time for a period of 1iwo hours, After
being washed free of sulphate icns the zeolite was heated without
delay to a temperature of 8459 for three hours in air,

The zeolite was contained ‘in a porcelain boat for the heating
stages of the prepgration, and a silica—tui)e muffle furnace was
used, Temperature was recorded using a calibrated chramsl-

elumel tchermoccuple buried within the zeolite,

Other, non-zeadlitic sorbents.
The clay mineral %aolinite obtzcined fram English China Clays
Ltd, and chramatographic 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 monaners 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 initlated, 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 moncmers,

ligtnods of removing radicﬁ-scavengers include distillation,
washing and chromatographic separation, The first method has
the advantage that it eiables a purer specimen of monomer to be
obtained, but the last method, which 1s quick and convenient, has
been found to be quite satisfacfory. Samples of styrene, acrylo-
ultrile, methyl metvhacrylate and n-butyl methacrylate which may
polymerize by a free-radiccl mechanism have therefore been activated
by passing them through a silica-gel column,

Honcmers which generalily undergo ionically induced polymerization
reactions need no reaction inhibitor and wnless some contaminant
is present may be used directly. Those caupounds which can polymer-
ize by an anionic mecimnism and which were investigated here include
nmetnyl methacrylate, styrcne, acrylonitrile (21l of which do
contain inhibitors sincaz they elsc undergo radiecal reactions) and '

ok =methyl styrene.
The growp of monomers which are most likely to undergo polymer-

izations catalysed by zeolites by a carboniun ion mechanism are
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also mainly avallable camnercially and those chosen for study in
this work included isobutene, & -methyl styrene, vinyl ethers,
acenaphthylene, benzofuran and acetaldehyde, Diazocalkanes, winich
undergo cationically induced polymerizations, are much too unstable
to be stored for any period and had to bte prepared when required,
For convenience, however, certain relatively stable precursors can
be made which allow the corresponding diaszoalkane 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 camercially under the
trade name 'Dianzald'.

2 2-ethoxy ethoxy)-ethanol (35 cmd) and diethyl ether (40cm®)
were added to a solution of potassium hydroaxide (6g) in water
(10 em3). The whole was contained in a long-necked distilling
flask fiited 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°C, The dropwise addition of a solution of
'Diazald' (24.5g) in diethyl ether (140 c»J) 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 cmd) 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°¢, When the dropping funiiel was empty, a further quantity of
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dimthyl etuer (10 c?) was added slowly and distillation was

continued until the distilling ether had become colourless,

NO
. Vs
CHj.@_bOZ_N\ + KOH-;CH;.@—SO K+ H)0 + CHN,
u:8

The ethereal solution was dried over retallic sodium, above
which it was stored at 09C, and its concentration was estimated by
back titration of a ﬁortion against a standard methanolic potassium
hydraxide solution after the addition of a measured oxcess of
stander’ ethanolic benzoic acid solution.

Higher hamologues of diazo methane may be prepared from eithor

(171)

a L-rethyl-l-alkyl nitrosamino-2-pentanons or a nitrosocallzyl

urea§175) precursor. Hoth methods were employed gquite satisfact-

W 176)

orily in earlier wor indeed using the former precursof an
ethereal solution of diazo n-octadecane was prepared. This long-
chain diazoalkane is particularly unsteble and readily decunposes
on standing to, among other products, an ether insoluble solid
polymer. Because of the greater ease of handling solids, for
meking diazo ethane a nitrosocethyl urea was prepared in this work
rather than liquid 4~methyl-l~ethyl nitrosamino-2-pentanone., The
procedure for this is given,

Btnylamine (45 g) was diluted with water to 500 e and concen-
trated hydrochloric acid was added until the solution was acid to
methyl red paper., Granular potassium cyanate (400 g) was added

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

for 410 minutes,
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02H5§3383-+ KGNO~%»02H5NHCONH2 + KCL,

The hot 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 cw?) 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.

CoHgNHCONH, + HNO, —> Gl N(NO)CONH, + H,0

The precipitate was immediately filtered and washed with water
until a sample of the crystals could be dissolved campletaly in
nmethanol with no turbidity. This step is particularly important
because both rate of reaction and yield of polymer in the catalytie:c
decompogition of diazo alkanes has been found to be reduwced if the
nitroso precursor was not prcperly washed(177).

If the nitrosoethyl urea was not to be used immediately, the
crystals had to be dried by pressing between filter papers and stored
in a vacuun dessicator, Under these storage conditions and
provided the temperature does not rise much above 20°U, the campound
is quite stable,

Diano ethane was preparéd by cooling a mixture of diethyl
ether (150 cd) end 504 aqueous potassiun hydroxide solution {150
c’) in a conical flask to below 0°C, and adding to this mixture
nitrogocethyl urea {100 g) in small portions with occasional swirling,

kecping the flask and its contents below 0°C, The ether layer



76.

became yellowr with the fomation of diazoethane and could be decanted
into a separate flask, A further quantity Qf ether (150 cxd) was
added in portions to the mixture, decanting off the ethereal layer
to the other flask.

The ethereal dimzo ethane was dried over sodium at 0°C for
several hours and filtered before use.

CoHsM NO)CQH, + KOH —> Gy, + KCNO + 2H,0

Diazo alkanes are coloured campounds, the two whose preparati&ns
have just been described being yellow gases at roan temperature,
They have reputations as explosives and are extreuely poisonous(178),
althouygh their toxic and explosive effects are minimised when they
are kept in soluviica, Continued exposure to the gases leads to
an allergic oversensitivity with symptoms similar to asthma., All
werk with}these compcunds should thercfore be carried out in an
efficient fume-cupboard and the worker should wear a suitable gas-

nmesk.

3,2 Pol:merization reachions,

Since most known polymerization reactions may be put breadly
into tne 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 pessible free-radical inducing properties of the X and ¥
type zeolites may enable these catalysts to be used for the
polymerization of methyl methacrylate, sty?ene and acrylonitrile.
Consequently attempts have been rade to prepﬁre the polymeric
materials fraa taese mononers by coutact with synthetic near-

faujasites. DBoth monomer sorption by zeolites and the bulk
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preparation of comvosites containing éolymer 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 cqnstituent phases.

Hydrogen exchanged forms of both type ¥ and mordenite zeolites
have been used to sﬁudy 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 Mongner sorption by zeoliteg.

Gravimetric and volumetric methods were employed in the study
of moncmer vapour sorption by zeolites. The apparatus used is
described later in thislchapter, and de.tails 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

he sample by pumping with the air-inlet tap to the vacuun pump
open, and by gradually closing the tap over a period of about ten
minutes. As soon as the zeolite was under a nressure of less
than 41 mm ﬁg*,e the cold-tap was surrounded by liquid nitrogen and
the mercury-diffusion pump turned on. The zeclite was kept under
the pump for about fwelve hours, after which time a furnace was
placed around tne zeolite, and the temperature slowly raised to
400°%C at which teuperature pumnping was continued for a furtner 2k
hours. |

Sorption could take place as socn as the zeolite had cocled

to the teimercture required for the experiment.,

* See Appendix B,



78.

Table 4 shows details of some of tne moncmer sorption

experiments wnich have been attempted.



Iable 4

Sorption of monomers by zeolites (agd some other §o;beg§§),

Monaner

ethyl methacrylate
(1240

n-Butyl methacrylate
(n-BiA)

Acrylonitrile (A&N)
Styrene ( S)

o—Methyl styrene ( o-1S)

Ethyl vinyl ether
(EVE)

n-Butyl vinyl ether
( n-BVi)

Acetaldehyde (44)
iso-Butylene (1-B)
Benzofuran (BF)

Ethylene (E)

Sorbents

Sodiwn Y, Hydrogen Y, coppe;'nx,

potassium L, sodium 4, silica gel,

Scdium ¥, potassium L,

Sodiun ¥, hydrogen Y
. IT
Sodium Y, hydrogen Y, copper™ X.

Sodiun ¥, hydrogen Y, hydrogen

mordenite,

Sodium Y, hydrogen Y, kaolinite,

sodiwm 4, silica gel.

Sodium ¥, hydrogen ¥, hydrogen

mordenite.

Sodiun ¥, hydrozen Y, silica gel
Hyarogen ¥, hydrogen mordenite
Hydrogen mordenite

Hydrogen mordenite



80,

3.2,2 Other reactions jnvolving mopomers and zeolite catalysts.

Those monomers whose vapour pressures are insufficiently high
near roam temperature for the conveniént measureient of sorption
isotherms, or whose vapoﬁrs are unstable, were diluted in inert
solvents and the solutions added to zeolite catalysts. The
zeolite could then be iemoved and a cauparison of sorption prop- -
erties before and after addition of éhé solution could be made in
order to determine whether any reaction has occur}ed within the

pores of the catalysts. Systems which were examined inthis way

are shown in table 2.



Addition of monowers to zeolites,

Honoger

diazo methane

(a )

diazo ethane

(a E)

Acenaphthylene'

(ANP) -

Solvent

Diethyl ether

Petroleun ether

Diethyl ether

-

Catalyst

Hydrogen mordenite

'CopperI;X

Hydrogen mordenite

81.
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3.3 FPreparation of membraneg

It had been the intention of‘ this work to deternuine the
diffusion properties of geveral composite sygtems, the monomer
sorption experiments giving some guidance to tne choice of which
polymer-zeolite gystems was of most interest. Difficulties not
only in the preparation of membranes but also in other parts of
the experimental work have reduced the prograrme considerably and
only composites with polymethyl methacrylat% matrices have been
dealt with in any detail., Several pclyﬁers have been inade,
however, together with certain other polymer matrix camposites and

some of the procedures imvolved in these preparations are

described here,.

3.2.1 Homopalymer membranes

Hembranes of polyfuethyl methacrylatg (Piais), poly (n-butyl
methacrylate) (Pn-His), .palystyrene (FS), poly (acrylonitrile)(l’m)
and polyf-thyl vinyl ether)(PEVE) have been made. The first three
were prepared by sn’.rr'xilar procedures, while the other two involved
the use of special techniques.

Mgmb:anes of PLiA, PnBui gnd PS.

Membrones of these materials were cast between square glass .
slides, separated by a cardboard spacer of suitablie thickness
( between 0.010 cm and 0.090 cm) and neld in place with 'Bulldog'
clips, The procedure was as follows,

A sufficient quantity of monomer for the size and number of
membrenes to be made was warmed in a test tube to 40 over an

electric heater. Benzoyl peroxide (¢ by weight) was added and
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the solution geni;iy shaken mechanically until, upon cooling, it
was still just sufficiently fluid. to be poured. In order to reach
tnis state of viscosity, it was ﬂecessary to wvam 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 end dried
glass slide, the spacer was placed in position and a second clean
slide placed so that one edge made contact wif.;h an edge of the
spacer. Then, as the top slide was gentiy 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 24 hours at 40°C in a horiz-
ontal plane to ensure that nc material was lost and no air was
allowed in., The moulds were then placed in an oven for a further
day at 60°C followed by a period of at least a week at a higher
temperature, These higher temperatures were:

95°C for polyénethyl methacrylate) membranes; -

150“% for polystyrene membranes;

and 60°C for poly (n-butyhnethacrylate) membrancsy
This stage allowed polymerization to each 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 moncmer are used the

reaction can reasonably proceed in bulk. The yield after wamning

about 3 cm’ of monatrer to 4G with about 0.4 of benzoyl peroxide



cunsisted of a white powder whicih was soluble in dimethyl formamide.
A concentrated solution of the polymer in this solvent was poured
into a flat-bottaned tray with a loose-fitiing cover and held at
60°% in an oven. After sbout a day the solvent had evaporated
leaving an opaque membrane of polyacrylonitrile. If this was left
for a furtner few days in the oven, it could be readily removed

irom its former,

Membranes of PEVE

Unpolymgrized ethyl vinyl ether was removed from the product
of the reaction between this monomer and pellets of Linde L4 A sieve
by washing with diethyl ether. The polymer-zeolite mixture was
then put in an oven at L0 for a day to remove 'unevapora_ted ether,
PEVE was extracted from the .mixture in benzene and a membrane made

from this solution in the manner described/ for 1ne PAN membrane,

3.3.2 Filled membranes

The preparation of the filled Fillh und PS5 membranss was
complicated by the desirability of keeping water away I{rom both
the constituents of the camposite and the resulting wmembrane. 4In
order to keep the materials anhydrous most of tihe preparations
involved operating under vacuum or under ménomer vespour only.

The first step in canposite membrane preparation was outgassing
of ’cﬁe filler and this took place in the apparatus snown in figure
1. The stopcocks, marked in the figure as sy to sg, were all of
8 mm bore and the cone and socket joints, marked as ,jJI to 33, wera

B49,  Yubing was of between 8 mm and 10 mm internal bore.
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Apparatus used in the preparation of filled membranes.

to0 high-vacuua line.

[




“he filler was containéd in tne tube, F, and was outgassed at
elevated temperature withn S5 closed. After outgassing the filler,
sh was closed and tne monomer to be polymerized as part of tne
composite was poured into tne tube, M, Tais liquid monomer was
then frozen by surrounding tne tube with e Dewar flask containing
liquid nitrogen and pumped tarough sg. YWhen both filler and
monomer had been outgassed sy and s, were closed, the apparatus
detached from the vacuun-line at ji and monaner 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. ldore monouer was tnen distilled over into F
by cooling tnis tube in a liquid nitrogen bath. The final volumes
of distillate and filler in F determined the camposition of the
filled membrane in preparation. wheﬁ the required amount ofznénomer
ked passed into F, 53 and s, were closed tnd the tube detached at
Jo.  Tnis tube was then transferred to a mecnanical shaker to
disperse {ne filler unifomnly in monomer. The process wes
facilitated if two or three 3 mn diameter glass balls had been added
to the filler,

Before polymwrization of the monomer could take place a
reaction initiator had alco to be addsd, 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 aksence of air or moisture were attempted, the
following simple procedure proved to be the least troublesacue,

Wiith 33~étill 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 J, was then united
with the socket of J ; and, taking care that there was no sudden

lowering of preésure around the benzoyl peraxide, s, was slowvly

1
opened. Vhen the pressure above the initiator had been reduced
to about 4 Nm"z, s, was closed and 35 opered, In this way, and
with practice, just the right amount of initiator (about 1% by
weigh‘t) could be admitted. Stopcocks‘ Sy and 83 were again closed,
the tube detached from the vacuum line and the mixture again
shaken. This time, however, shaking tock place over a heating-
mantle maintained at near to 4O%C, Ths mantle was hemispharical
in shape and tne tube, protruding through a piece of asbestos paper
was shaken within the volumne enclosed by the ‘ma.ntle and its
asbestos paper cover. Shaking was continued until the mixture
became viscous, following the proccdure described for the preparatiom
of houmopolymer membranes,

The tube and viscous mixture was transferred to a dry-bag
where the composite membranes were cast, lMoulds were left in the
dry-bag at romm temperature for three or four days before being
transferred to an oven at 100% 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 vere made, and nine samples of‘ vary ing volume

fraction of tiller sodium ¥ in FilllA were among them. A list of

the constituents of filled membranes is shown in table 3.
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FibiA
PILA

FMuA

ThIA

£3,

Filled polymer membranes

hase Filler

NaY
HY
NaY
(Na,K)L
’ Silic a—gei

NaX

Approximate volume fraction

of filler,

Between 0.05 and 0.7
| 0.255
0.25
0.25
0.25

0.25

88,
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3.k Apparatus

Liuch 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 simllar design. The original apparatus set up
in the o0ld building of tne Chnemistry Departwent consisted of two
separate vacuum lines, one for permeation experiments and the other
for sorption studies. This arrangemerit was followed for the

rebuilt apparatus in the new building.

3.401 Eumping system

In both sorption and permeation systems, & similar set-wp fa-
punping was used and this will be described first., Figure 2
illustrates the pumping system in which a t‘nree--stage mercury
diffusion pump (D) was Backed by a rotary oil-pump with a 5-litee
buffer volume (V) and_oil-trap( C) between the pimps. The cil-
trap prevented oil entering the apparatus in the event of ths
oil-pixnp breaking down, an added precaution nere was the inclusioz
of a one-way valve at tne pump inlet tube, The buffer volume
backed ithe diffusion pump on the occasions when the oil-punp was
temporarily out of use., A liquid nitrogen trap (c) prevented any
condensible vapours passing into the pumps., A iicLeod guage (G)
was used to measure the pressu.i'e in the apparatus wnié:h could be
reduwed to less than 109¥m™2, A1l tubing and stopcocks, which
were, unless otherwise stated, greéased with Apiezon XN, were of

large bore to ensure a good pumping rate,

3.4.2 Sorption apparatus

A volumetric system was employed for low-temperature and
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Figure 2
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permanent gas sorption studies wnile vapour sorption data were

obtained usirgz a gravimetric system,

3e4.3 Volumetric sorption system

A volumetric sorption apparatus was comnected to the high
vacuun line and consisted of a gas burette (B), mercury manometer
(M), a sorption cell (S) and gas line (Lj. Scne of the letters
marked on figure .5 indicate the extent to which each part of the
system was calihrated, The vclume between marks Ty by tz, M1
and 135 comprised the wdoser 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, wnose density is well establisned,
and weighing the latter as it was displaced, bulb by bulb, Since
ine mananeter limbs were constructed fram 10 mm Veridia precision
bore tubing, the volume of the left-hand limb dovm to an etched
mark could be established, A dose of argon was admitted to the
outgasscd ‘doser voluue and tne gas pressure noted as the mercury
levell in the burette stood at each mark from 131 to B5' If the
mercury level is at Bn’ the corresponding pressure of the gas
Pncmﬁg and the level of he meniscus in the argon filied side of
the manoweter (average vaiue of the top and botton of the meniscus)
is x, cm above M‘P theu the equation of state may be written

- )2 = T
Pn(VD + v'n T(0.5) xn) = constant X I

where Vn is tne gas volume enclosed within the buretts,
IR is the ambient absolute temperature

and VD’ Vn and (0.5)2::n are in cnd,
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VD may be evaluated to wit'ninr an errdr of O'.s% by elimination of
the variables in sucn equations, as the' - ﬁercury level in the burette
is changed fram 31 to 35.

A1l pressures were calculated fram obsefvation of the meniscus
positions through a 1 m cathetameter, supplied by rrecision 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 cmig, was ex-
pressed in the S.I. units Nm™2,

The sorption cell (S) was calibrated by weighing the amount
of mercury it could contain, It was loaded with sorbent before
being Jjoined, at MZ,-to tne tube, tap and cone assembly ().

The volume of the tube section between M, and t,, referred to as
Vﬁ’ was also calihrated usipg mercury. Tﬁe adjﬁsted volime Yc,

of the cell (5) after being loaded with sorbent was then calcﬁlated
from the outgassed weight of the sorbent and its density. The

choice of the outgassing conditions depended on tne nature of the

xorbent.r

3.kl Heasurenent of isotherms

The cell, containing outgassed sorbent, was surrounded with
a Dewar flask containing either liquid oxygen or liquid nitrogen
and allowed to reach thermal equilil.:riun. lieagurements of
liguid nitrogen temperature, TN’ were carried out with an axygen
vapour pressure thermometer, Gas was admitted to the -doser volume
with stopcocks ty, to and t; closed and with the mercury level in
the burette at 31, and its p;'essure measured at ambient temper-

ature ., TR. The volune of gas in tune doser voluae and Lurette



was then calculated in cw at S.4.P. according to the perfect gas

law, This volume, V_, is given by the equation

o’
P1°[’D—1T(o.5)2x1° N 11] = POV

m O Te
‘R

-

The superscript o refers to measurements of the gas dose before
opening of the stopcock t,, and P®, I® refer t

19 ’ er to standard pressure
andé standard temperature respvectively,

' : 1
When t, was opened, tne new steady-state gas pressure P1 was

1

measured and tne volune of gas remaining in the gas-phase, VD,

is given by

‘ . & D
P1 [v ~Ti{0.5)2x1 + T4V VvV J=PV
4| D To.5 1 1.4 Al L | —
111 <
Tp Tyd T

The difference between the volume of the dose, V  and the
volume at a pressure T1 above the samnle At TN i represents the
volime of ges at S.T.P. taken up by thc sorbent at taat pressure
and teuperature.

Isotiierns of the volume of gas adsorbed per unit volume of
outgassed sorbent-could be plotted fran the results obtained as
the mercury level in tne burette was moved w to 32, 33 and so on.
When the pressure of gas enclosed above 35 had been measured, t1,
was clozed and a new dose adnitted phrough t,, thc mercury level
having been lowered to 51. In subsequent calculations account
nad to be taken of tane volume of gas enclosed in the gorption cell
and adsorbed by the sorbentﬁ

Dasorpgtion isotnerms were determined in a similar manner from

9l

the gas volune wnich remisined adsorbed as the pressure was lowered.
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3.4.5 Gravimetric sorption apparatug

Three independent sets of gravimetric éorption 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
By5 cone and socket assembly at the top of each balance case was
greased with Zdwards 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 vieinity of a silicone
greased joint are more difficuit td.repair (this grease creeps |
along the glass surface and hinders subsequent glass-blcwing).
The two yreaseless stdpcocks, 84 and 8o (supplied by Young and GO‘)
were of L mm internal bore and were fitted with P.T.F.E. 'o'-rings,
They were satisfactory provided that their 'o'-rings were‘kept very
clsan, the greaseless sliding joint 33 W;s also satisfactory if the
'o'-rings were kept in good condition. Replacement of tne rings
was in any case a fairly simple operation.

Sorbent, contained in glass buckets suspended on silica
springs ( Thermal Syndictae 1t4., 1gmaximum load, 25 cﬁ gt
sensitivity), was outgassed by lowering the mercury in the manomefcr
through the tube into a mercury reservoir beiow the hase of the
thermostat tank and opening stopcock t), to high-vacuum. ¥'hen,
to renew sorbents, the balance-case taps had been removed, air at
ameSpheric pressure was present over Both arms of tne manometer

as well as over the mercury reservoilr, High-and-low-vacuun lines
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had then §o be linked and pumping through.th and t5 carried out
simultaneously,

After outgassing by heating the samples under vacuun ( this
was achieved by surrounding the balance cases by tubular glass
furnaces wound with resistance wire) some time was required
before thne springs cooled to the temperature required for the
exreriment. 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°C below the one required,
using a high power output immersion heater supplied through a
variable transformer, and éontrolling the temperature accurately
with & 'Sunvic' unit and 'Red-rod' heater, The water wes agitated
by electrically driven stirrers and tgmperatures measured with
thermausters calibrated at the National Physical Laboratory.

An improvement iﬂ the performance of the 'Sunvie' units was
effected if the relay #iring was altered so that a 30 volt a.c.
trensformer supplied the expanding-metal contact-breaker instead
of the normal mains supply. This moéification prevented arcing -
across tne points and allovwed the temperature to be controlled to
within & 2.2°C,

A3l springs were calibrated at the various tcmper;tures at thch
isotherms were to be measured. Fressures were measured by
observing the differences in meniscus height of the mercury
manoneter 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 js. It was tnen cutgassed by freezing in
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liquid nitrogen and punping tnhrough g, and % When necessary

5
sorbate could be thermostated by immersing the reservoir in a
beaker of water controlled at tae reéuired temperature, If this
temperature was above roam 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

rone,

3.4.6 ieasurement of isotherms

A weighed glass bucket was loaded with sorbent and reweighed.
It was then attacned to a silica soring and carefully lowered into
the balance case on a hock fixed to the balahce case top., After
outgassirg and tnermostating. to the temperature required for the
expevriment the sorbent was reweighgd by calculation from the spring
lengtn {measured through a cathetometer). Doses of sorbate could
tnen be admitted through g, end an isotnerm determined. .Immersion
of tne ivservoir R in 1iquid nitrogen enabled vapour to be
withdravm from the system and in tnis way a desorption isotherm

could be determined.

3ebe7. Esrmestion avparatus

Two independent permeation systeams were employed, e=ch being~
designed so that the membrane container section could be isclated
and detached from tne rest of tne apparatus. Both systems could
be used for water-vapour as well as for permanent gas transport
neasuremnsnt s. -

4 diagram of one permeation system is shown in figure 5, All

stopcccks and greased joints were, uniess otherwise stated,
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lubricated with 'Apiezon H' grease. A stainless steel diffusion
cell, marked as D in figure 5, is shown in Getail in figure 6.

It is similar to those used previously in this departuent (e.g.
references 169 and 172). The cell, of circular cross—-section,
consisted of three major parts, the outer casing with an internal
screw tnread and the upper and lower flanged sections between
wnich the membrane was neld. Circular depressions in both flanged
faces located two neoprene 'o'-rings to ensure a good fit, The
membrane was beld firmly when the outer casing was screwed down,
pressing tﬁe upper, screw-threcaded flange against the lower flange.
A gas-tight seal was effected by vouring hercury through the holes
in the upper flange, and tnc>entire cell was placed in a narrow
cylindrical metal vessel which was immersed in a thermostat-
ically controlled water bata.

The thickness of tine membrane was determined fran the mean
of several readings recordsd on a micrometer screw gauge,,itsl
area was ubtained by mecsuring tne inside diameter of marks made
on the rombrane by the neoprene 'o'-rings after its removal from
the cell (tnis diameter was always close to 26 mm) .

The diffusion cell assembly was detachalle fran the rest of
the apparatus at %he 'o'-ringed serev=joint Jh and the cone and
socket joint 35. After {itting & membrane into tne cell inside
a dry bsg, the stopcocks tg and t, were closed and the assembly
could then be reattached to tne appraratus. ¥ith t6 and t7 rem-
aining clos=d the glass tubing between the closed stopcocks t14

and t1: and the high vacuun line was outgassed through t8’ t9, t10
-
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and t,,, with t12 and t13 kept closed, This part of thne apparatus
was then fillied with dry air at atmospheric pressure (air allowed
into the high-vacuum line through a silica-gel tube) and the two
stopcocks t, and t7 reopened. The membrance could then be outgassed

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

H

membrane were evacuated simultaneously by 1eé§ing 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 & when the membrane was isolated
from the high-vacuum line. (In most cases membranes were

outgassed for wbout-a month at 809 before permeation expe riments

could be carried out.)

3.4.8 HMHeasurenments of gas snd wapour flow throush mgmbrgngﬁ..

So that gas and vapour permeation experiments could be carried
out in series on the same membrone, the apparatus was designed
to include a permanent gas supply L, ingoing pressure measuring
manometer ¥ znd outgoing pressure Mcleod gavge G,  Vater 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 suspended fraom s calibrated silica spring
was in the outgoing side. This spring-balance was used to
measure the massof water passing through the membrane.  Change
over from gas to vapour permeation studies involved, after out-

gessing the membrane, only alteration of stopcock settings.
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Water vavour permeation

Fresnly distilled water in the reservoir R was frozen and
evacuated to remove absorbed air, the stopcock t14 closed and the
reservoir brought to temperature in its thermostated bath. The
water vapour pressure was then determined from tables( 180). Ir
the temﬁérature of the reservoir was above roéﬁ temperature it was
necsssary to warm all the fubing carrying vapour to the membrane
and this was effected by coveriné all tubing froam above tne ﬁater
lebel of tne bath up to and including stopcocks t8 and t15 and to
the upper ylass to mpetal Joint of the diffusion cell with heating
wire, The temperature of this wire was controlled using a variable
transformer, | i

The initial length of the spring-balance was measured using
a catnetometer,

¥hen both water reservoir and membrane had been brougnt to
temperature, stopcocks t15, tgs t9 and t,, were closed with tg,
t7, ti0 and t12 apen. Then as t14 was opened Q 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. Heasure-

ments vere continued until the steady-state flow rate had become

. estahblished,

Gag permeation

The stopwatch was started wnen t15was opened, t14 remaining

closed +throughout. The ingoing pressure was measured on the



104, .

mancmeter M 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*
tne flow rate was large, the volume available for the outgoing
gas could be increased by opening t22 to the calibrated buffer 33.
Since pressure measurements were madé as functions of tiume
it was necessary to know the outgoing volume of the apparatus.
The volune of gas at S.T.P. passing through the membrane with time
could then be determined, This volume was established bj replacing
the éembrane in its cell witih & piece of sheet steel and admitting
a smell amount of gas into the volume bounded by#tg, the steel ‘
sheet, t44, ty, and tyo. Its pressure was then measured on the
gauge bcth Lefore and after expanding into the outgagsed buffer
B}. 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 this work

Chemical analyses of some zeolites were carried out using
classical methods by 4nalyticel Services Itd,, in the Yepartuent
of ietallurgy. Organic analysis of certain membranes was
carried out, using tne microanalytical methods for Carbbn
determined as carbon dioxide and for hydrogen determined as water,

by the microanalytic laboratory in tais dzpartment.
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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 TR44 thermogravimetric balance was used to determine
weight loss as samples were neated from room temperature to
temperatures up to 1000°C, The slow cam was employed which
allowed a temperature rise of atout 10°C 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 60070 where a plateau was usually
observed.

(11) to burn away polymer material from composites in ordef
to deterimine the wsights of zeolite and polymer per
uwnit mass of camposite.

The results of using the Stanton T.G. balance to determine the
welight fraction of zeolite in campcsite moterials could be checked
by determining carbon contents of samples of the same camposites.
The two methods gave good agreement and since T.G.4e is far
quicker and easier to carry oﬁt than cheinieal analysis it was used

for most of the determaninations.
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CHAPTER L
Resyults and Di §cg§§' ion

4 variety of organic reactants and catalysts have been
investigated and the results of these investigations will be

discussed in the following order of moncners:

Name of monamer

Section under investination Page
l{..‘i Methyl methacrylate 107
he2 n-Butyl methzcrylate 164
L3 Acryionit rile ‘ 167
L. Styrene - - 469
z;. 5 A-bethyl styrene 172
L.6 Eihyl vinyl ether 176
be7 n-Outyl vinyl ether : : 182
L.8 iso~-Butene 185
4.9 Ethylenrs 188
L 16 Lcetaldehyde 191
bo14 Lenzoruran 194
Le42 Acenaphthylene ) © 194
e 43 diazc Melhane “ 198
Lok diazo Ethane - 200

Polymerizatior reactions of these monomers, the effectiveness

of various catalysts to prcmste 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 finsl

chapter.
4.4 Ipvestigation 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 zeclites (Na, K) L and NaY, In
each case, c;‘nem;i.cal modification was effected by prior treatment
of the solids with ethereal solutions of diphenyl diazomethane.
This organic compound renders the otherwise hydrOphilic nydroxy-
apatite far less attractive to water '.'apour( 182). Redwetion 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 camposite, This adhesion
was laproved somewhat by chemical modification of the apatite.
Irreproducibility of the water sorption results for pure and
modified bentonlte filled polymers was attritbuted to the layer-

r( 181). At high relative pressures

type structure of tnis fille
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 NaX zeoli?e filler was coﬁsiderably
reduced from the maximun capaecity of the free powder. This
reduction in water uptaeke after inclusion in a polymer matrix
was not as marked when the zeolite was (Na,K)L, probebly because
this zeolits presents smaller and less acuessible cavitiesfor
the formation of intracrystalline polymer ¢ 181),

In a study of the iransport of water vapour through polm@ethyl
methacrylate) membranes, the graphical relationship between
steady-state flux and relative pressure was linear for the homo-
polymer but underw;nt an upward inflexion, at a relative pressure
above 0.7, Zor flow through filled membranest 1817

Attempts have been made during the present investigation to
prepare filled membranes containing a wide range of concentrations
of filler. It wes during the course of some of these preparations
that an unexpecteé effect of the presence of Nal zeolite on the
polymerization of methyl methacrylate was observed, This zeolite
was appar<ntly responsible for a faster rate of reaction, one
consequence of which was a difficulty in estimating the correct
Time for transferring the polymerizing solution from its reaction
vegsel to tne casting wmould, A test experiment wag conducted in
wnich two tubes of monomer were corked and left for two days. . The
tube to which same outgassed Nal zeolite had also been added
contained a solid polymer but the tube containing only monome r
showed no sign of any inerease in the vigcosity of its contents,

A repetition of this experiment at 333 K showed that monomer
polymerized within two or three hours in the presence of Na¥

zeolite at tails higher temperature,
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Zeolites (Na,K)L and Nak were also investigated to see if
they had any catalytic activity on methyl methacfylate. The
former zeolite behaved similariy to Na¥ while the Iétter had no
ohservable 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
sodiun hydroxide solution, an attempt to dry the monomer over
metallic sédiumn.was made., In accordance with the results of
earlier work£71), the monomer turned pale blue and over a periecd
of about ten hours became a hard polymer. The ease witn which
this polymerization reaction occurred suggests that if metallic
sodiun could be incorporeted within zeolitic cavities, a particularly
useful wey of preparing filled membranes may be defeloped. The .
ability of such ionic reactions to occur at low temperatures wouid
allow much greater control over the polymerization reaction. It
couid 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 sodiun vapour was
condensed in the outgassed zeolite was abandonned because of the
hazards involved in such a procedure. The second method involved
the prepasration of a sodium azide solution in which NaY zeolite
was shaken. After air drying at the pump, the zeolite was heéted
gently under vacuum to remove nitrogen froam the sodium azide, This
dutgassing 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 méthyl methacrylate vapour but the

isotherm was very similar to the ones iilustrating the adsorption
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of the monomer vapour on free NaY zeoiite and shown in figure 9,

Whatever precautions are taken during'outgassing, it is most
unlikely that the structure of Nal zeclite could be maintained and
all water molecules removed, A sodiun 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 hydraxide were added to a
testwtube 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 become pale green and cloudy, aand a viscous substance
was forming on the walls of the tube. After three hcurs the
lower half of the tube's contents had become a greasy pclymer.
Continued shaking at room temperature completed the reaction, and
after two days the tuﬁe contained a hard, white solid. The colowr
of the reactants suggests that the reaction is ionic, and in fact
the free-radicai inhibitor had not been removed from the monamer,
A blank test in which monomer, but not sodium hydroxide pellets,
was snaken for a similar period did not produce any polymér even
when the inhibitor had been removed. This result implies that
the hydroxidc was actively involved in the pclymerizatsion reaction
and was not merely responsible for eliminating the free-radical
inhibitor, allowing tne monomer to polymerize themmally, fIn tae
absence of a free;radical initiator, thermal polywerization of
methyl methacrylate at room temperature is extremely slow.

Hethyl mefhacrylate will polymerize quite rapidly over sodium

Y zeclite, sodium and sodium hydroxide.
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dethyl methacrylate sogption‘;zperimégts.

Sorption of freshly distilled methyl methacrylate by zeolites
and otner sorbents has been studied prima;ily 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-
ibriua with the vapour phase. Accordingly, kinetic experiments
were condiicted in which the course of the sorption process was
follcved by observing the change in length of the silica spring
of a gravimetric balance fram the time of admission of a dose of
vapour, Figureé 7 ané 8 show that a steady-state is reached
within several hours even at quite high relative pressures, This
observation was generél for all of tﬁe 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 weasurable adsorption on the zeolite sodimm A, The entry
pores of this zeolite are too narrow to permit entry of a .
brancned-chain molecule, or even a straight;chain hydrocarbon,:
and it is apparent that no significant amount of monouer is present
oﬁ the external surface at the relative pressures investiéated. Ir
adsorption was irreversible and if this was because polymerization
was occurring at the zeolitefmonomer interfoce, 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 fhe glaséware. This coating

was clearly visible on the. walls of tubing and balance cases when
relative pressures were gfeater tnan about 0.8 and there are
several reasons wigt 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., 4 blark experiment in ;mich vapour was admitted
to a balance case and spring supporting é bucket containing glass
balls demonstrated that the concentration of monomer (or polymer)
depended not only cn the pressure °f the vapour phase but also on
the time of exposure. Clearly the ccatrols necessary for the
determination of metbyl metuacrylate isothems at high relative
pressures would be complicated“and the time and effort involved
would not be justifiable for this investigation. T'he coating is
in any cagze difficult to remcve from glassware and itg vapour
interfered with subsequent isotherms. It also caused difficulty
in determining the posicions of spring ends.

An adsorption isctherm of methyl methacrylate in sodium ¥ is
shown in figure 9, recorded values are on adsorption-only branches
of four runs on separate samples, Desorption, from a sorbent
which hzd been at egquilivbrium with a mono;nef vapour phase at
re]:ative presgsure of between 0.65 and 0.8, followed the adsorption
branch-down to a rclative preAssure of about 0.1. Below this
pressure considerable tine was neccssary for desorption to reach
a steady state and values on the desoirption branch in tnis low

relative pressurs region are uncertain, Evacuation of the sorbent



Figure 9, ¢ : 145,

Adsorption-branch isotherms of meth&l methacrylate in zeolites.,
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fron a relative presswe of 0.1 for periods between one and three
days reduced the amount of sorbed phase by only about F.

The amount of methyl isethacrylate retained by sodiun Y after
pumping at <‘|0"3 Nm 2 for 2l hours at the temperature of the
isotherm (303 K) was, in tne four experiments referred to in
figure 9, 254 mg g~1, 232 mg g™1, 257 mg g~1 and 235 mg g~!
respectively. The near reproducibility of tnese results suggests
thet methyl methacrylate is strongly adsérbed by sodiun ¥ and that
a particular amount of the sorbate is held sufficiently strongly
within the zeolite to remain undisturbed by thege outgassing
coﬁditiOns.

é@sorption—branch isotherms of methyl methacrylate on sodium,
potassiun L zeolite are also shown in figure 9,

%A number of experiment s were devised in an attempt to
distinguish between strongly adsorbed monomer and polymerized
sorbats molecules. If an adsorption-desorption run followed a
similar run on the same sorbent with outgassing between the rums,
the second run should follew thke first if the residue is merely
strongl,}; adsorbed monomer. This was not the case and figure 10
shows that, for both sodium ¥ and copper(TI)X zedlites, the second
branch values are higher than the first.. The choice of a cupric.
ion-exchanged zeolite was made because of the high carboniogenic
activity of such zeolites.

Une exmlanation of the results of figure 10 is that any monomer
retained fraa tae first run and converted to polymer would cceupy
a smaliler volume than the same iwass of monomer, The volume made
available could be occupied by more monomer in the second run.

This argusent assunes tnat polymerization must occur wuch later than



Figure 10, 117.

Adosprtion-branch isothermms of methyl mthdcrylate in zeolites

T=313K

NaX

NaY (repeated on, same
sample,
CL{ II) Xe

> D> O

o/ 1g g Cd ID)X (repeated on

same sanple,




118,

wiihin the 2L hour period alldwed for sorption to reach a steady-state
for otnerwise subsequent vapour ado§es would gradually fill all the
availzble internal volume, including the volume made available

by contraction of the sorbed phase. This hypothesis dces seem to
be rather unlikely and is not supporfed by the earlier obsgervation
that, after the first few hours, no measurable increase tock place
in the amount of vapour sorbed by a zeolite over a period of
several days. The polymerizatica 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 stru:tﬁre of the
zeolite itself takes place, Appﬂ.ren‘t:ly, sane conférmational
cnange must have ocrurred to the adsorbed material under the
conditions employed fgr outgassing. This change makes more
volume available fur further sorbate molecules,

Another feature éf figﬁre 10 is an increase in the ccncen-
tration of adsorbed phase in the copper sxchanged zeclite which
occurs during the outgassing procedure which separates the runs,

In this experiment, however, balance cases containing the two
sorbents NaY¥ and C{II)X were side by side ‘and shared a common
moncmer reservoir and manometer. It is therefore possible that

a reduction in the voiume of the sorbed phase within Cu II)X,
occurring as described -above, would make'space available to mononer
from the other zeolite, Certainly, the shape of the second

C{ II)X isotherm is consisten: with the view that much of the
volume otherwise available to monomer during the second adsorption

run hed been filled. A transport of volatile matter from one
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sorbent to another in an interconnected gravinmetric sorpt‘ion
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 a.rgumant is supported
by many of the observed measurements. The consideration of
volune of sorbate per unit volume of sorbent lends further support
to the idea. In the intermediate pressure region, 0.39 om’
sorbate ( if the liquid monomeric form is assumed) per 1 o’ of
NaY sorbent would became 0.32 cmdem3 when the sarbate becomes |
a polymer., The second run in figure 10 shows that 0.42cmd om™>
of polymer are” present at intermediate re_lative pressures, and if
sane of tnis additional sorbate is still in monameric, liquid fomm
then the volume of sorbate would be lciver and nearer to the
0.39cmPcm™ 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
methacrylate and solid poly( methyl methacrylafte) are assumed to be

0.944 gc’m"3 and 1.17 gem™3 respectively.)
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If, as is suspected, polymeric methyl methacrylate is present
within the zeolitic cavities the question arises, are tnese chains
of high, intermediate or low molecular weight. The type of
material which would be of most use in thexadhesion of a zeolite
to external polymer would be an intefnal, high molecular weight
methyl methacrylate polymer chain extending through the windows

" and into tne external matrix. If the intermal phase polymer
were of low molecular weight, however, one would expect.it to have
heen outgassed during the evacuation procedure which followed the
measurement of isotherms., Any attempt to raise the temperature
of outgassing may give rise to cdmplications, for although it could
allow tne desorption of strongiy adsorbed4monomer or low molecular
weight polymer it could alsc be responsible for indwing further
polymerization thermally.

Before any further experiments were conducted én the
adsorption of methyl méthacrylate in zeolites, it was decided
that an investigation of the range of temperature over which the
monomer residues in zeolites were stuvle should be made, A series
of thermogravimetric analyses were made under atmospheric conditions
and some of thsse results are snown in figure 11. Diagrams (a),
(b) and (c) of figure 14 shqw TG curves for NaY zeolite and a |
sample of poly(methyl methacrylate) réspectivelyiwhile diagram
(a) shows the curve for a>c&nposite of thess materials. In all
runs the temperature was increased at a rate of 0.%6 Ks™', Under

atmospheric pressure, a sample of NaY zeolite lost nearly all of
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ite water at 720 K, a temperature it reached after sbout three-
quarters of an hour, | .

Pdlﬁ@ethyl methacrylat@ decanposes.rapidly after a temperature
of 1,70 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
L3 K wes about the highest which a membrane could withstand before
losing shape. Accordingly, TGA of NaY¥ zeolite ot this temperéture
was conducted and the result is shown in figure 11( b). Aboﬁt 9(%
of water is lost after about three hours at this temperatwe under
atmospheric pressure. A similar test for loss in weight when the
polymer was maintained at this temperature for somne time shawed that
the matcrial was able to withstand this treatment with no weasurahle
weight loss.

The rather low temperature'at wirich the composite material
begins to lose weignt could be interpreted in two ways. Water
from the filler zeolite could be evaporating, or perhaps monpmer
or low molecular weight polymers could be evaporating. The
slight shoulder at about 25 to 30% weight loss is probably due to
canpletion of an evaporation process while tie second shoulder is
the cowpletion of polymer decomposition,

A further investigation was mede of the behaviour of the residue
present in Nal zeolite after wathyl methocrvlate sorption under
reduced pressure. After two consecutive adsorption-desorption

isotherms had been determined, as represented by figure 412, the
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NaY sorbent was outgassed for 48 hour; under a pressure of
<:10'3Nm'2 at the temperature of the experim;nt(313 K), The
amount of organic residuvue per gramme of anhydroué zeolite was
24} mg or 17 mg above the amount contained after outgassing for 48 hours
under a similar pressure following the—first adsorption-des~
orption rum.

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 tne ﬁhole 72 hour outgaééing
period the pressure was less than 10Mm™2,  As was mentioned .
earlier, the amount of residue left after the first outgassing
treatment was 237 mg g'1 while-the highsr temperature removed.
further residee to leave 170.4 mg g=*. It is noteworthy that a
repetition of tnis experiment (the fowrth adsorption~branch recorded
in figure 9) yielded the rzspective residue concentrations 235 mg g~1
and 470.7 mg g‘1 at tane two outgassing temperatures,

A further isotnorm in this methyl methacrylate/ sodium Y

" zeolite system t a temperature of 323 K yielded the following

results in the descrption branch:

Temperature ol Relative pressure Amount of vapour
zeolite of vapour phase ‘ d by
T/K o/ mgg™"
323 - 0.L35 : 262,0
323 <101 237.3
1b3 < 10~7 1730

573 < 10~7 5443
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These values were measured 24 hours after the temperatures
had been reacied in the case of the low ﬁressure results, In
other cases 2i hours was allowed between successive measurements
of amount sorbed and relative pressuré.'

From this evidence, there can be" little doubt that polymeric -
material is present within tne zeolite and that it cannot be
removed by evacuation sven at elevated temperatures. Fram 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. -

Waetner or not the undesorbed phase was of intracrystelline.
polymer and if it c~ould renain 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 (i) outgassing the NaY zeolite at 620 K for 2. hours
(ii) contact with methyl methacrylate vapour and (iii) further
contact with both vapour phase and liquid phase water, Figure
13 shows the results cf this series of isotherms. Curve 1 shows
the adsorption of argon on pure sodium ¥ while the circular
gymbols of curve 2 show the isotherm after the same sorbent had
been in contact with methyl methacrylate vapour at T = 323 K and
_g = 0.35 for 24 hours followed by outgassing at 443 K ><1O'5Nm'2

° for 24 hours. Such a considerable reduction in the volume

available to argon, after contact of the sorbent with moncmer, may
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be accounted for if the polym;r produbed is contained within

the zeclitic cavities. No slow process' of argon adsorption

was observed, in fact each value of tne isothemm marked on curve 2
tock about 10 minutes to reach a sgteady state although an hour
was allowed for the detemination of each value,

The square symbols of curve 2 represent the adsorption of
argon on the sorbent after it hed been in contact with watér
vapour at T = 323 K and p = 0.34 for 24 hours follcwed by out-
gassing a2t 443 K and <:‘IOE')3’Nm“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 polyl methyl methacrylate) is stable in the
presence'of water vapour at this temperature and pressure.

- Curve 3 showé 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 32} 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 repfﬁducible and reversible,

A point of particular interest with regarﬁ to this experiment
is that after the removal of the sorbent from ité éell, it was
thermogravinetrically analysed and found to contain 4174 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~*
and 173.h mg g~1 ).

The conciusion drawn froam tids expe;'iinent was that the
presence of liquid water was sufficient to break dovmn polymer-
zeolite adhesion but that this and subsequenf outgassing.dcld not
remove any organic material from the composite.

4 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 eoffects
of water vapour and liquid water on polymer within this zeolite
are not apparent from this adsorption isotherm of argon, but
reduction in the internal velume available to arson molecules due
to the presence of polymer in the L zeolite is less than in the
Y zeclite.

At tnis stage the sodium Y experiment was repeated on a fresh
sanple in order to confimm the valuss obtained earlier. The
hatched symbols of figure 13 are tnc results of this second run.

Tnese argon iso’chenﬁs suggest that the formation of volyuer
in sodium Y reduces the volume available to argon very cons;iderabl&
and tnat a mild nydrothermal treatucnt renders this polymer more
mobile,  An increase in volume available to argon is thereby
effected. Folymer formation in sodium potassium b zeolite is
either unaffected by this milc¢ hydrothermal treafment, or the
adnesion between polymer and the hcst structure has no affect on
the capaclty of tne compogite four argon molecules,

Complementary experiments invol/ing measurements of water

sorption isothemms on poly( methyl methacrylate), the zeolites and
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zeolite - poly( methyl methacxylate) canposite materials were
attempted in order to study other effects of water on these sub-
stances. Pigures 15 and 416 show water sorption isotherms on the
various fillers which have been included in poly( methyl methacrylate)
based camposites. . 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 isothem for poly( methyl
methacrylate), the vaiues shown are of two runs at different
temperatures on the same example. The values are representative,
and the four samples which were exemined for water sorption all had
rather similarly shapéd isotherms, In agreement with other deter-
minations( 183) , there &s no measl;rable difference between water
sorption isotnerms at different temperature\s. The heat cf water
adsorption in poly(methyl methacrylate) is presumably very close to
the heat of condensation of water.

Tr obtain a more general view of the sorption of water in
canposite materials which incluvde poly( methyl methacrylate), a
wide raﬁge of compositions was employea. In the case of NaY
filled composites, the weight fraction of zeolite is in the range

0.05 < ¥, < 0,86

Weight fraction of zeolite, w,, is defined as the mass of

z9
zeolite per unit mass of camposite. Values of ivz can be determined
directly from TGA runs, a2lthough some resuits 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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Adsorption-branch isotherms of water in various sorbents.
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Adsorption-branch isotherms of water in Cf II)X zeclite,

T= 315K
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Adsorption-branch isotherms of water in pbly( nethyl methacrylate)
( membrane IV)
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these materials were in the foﬁn of membranes while others were

zeolites containing residual polymeric material after monamer

sorption experiments.

powders.

Table L

These latter materials ure referred to as

Composite materdials containing polxﬁmeghxl methac;xlajg).

Name of filler

NaY
NaX
NaX
NaX
NaY
NaX
NaY

KaX

(Na,

zeolite
zeolite
zeolite
éeolite
zeolite
zeciite
zeolite
zcolite

K)L zeolite

(Na,K)L,zeolite

(Na,K)L zeolite

NahA

zeolite

NoA zsolite

6ul ID)X zeolite

Silica gel

wilica gel

Weignt fraction Volume fraction

of zeol ite*:-wz

¥
of filler )QL

0.327
0.048
0.269
0.710
0.178
0.346
0.852
0.855
0,117
0.973
0,98k
0.237
0.983
0.936
0.283

0.99%

( % See ippendix 4)

0,306
0.040
0.240
0.825
0.134
0.326

Description

of material

ifembrane 1

Membrane 2

lembrane 6
Membrane 7
Hembrane 8
Membrane 9
Powder A
Powder B
iembrane 10
Powder C
Powder D
lembrane 414
Powder B
Powder F
Yembrane 12

Powder G

1
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VWater sorption isotherms for the composite materials containing
NaY, (Na,K)L, Nah, cd II)X and silica gel are shown in figures 48
to 22 respectively. In each case, an isotherm for the free powdsr
is shown for comparison, Accarding to expectations, the uptake of
water in a sequence of composites of different composition is
roduced as the weight fraction of zeolite is lowered,

A more interesting camparison of water uptake by the canposifes 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, 4 simple model, in which gas gaps are ignored, allows the
aﬁount of water taken up by a composite material, a_, to be
expressed in terms of the weight fractions of zeolite end of
polymer (béth external and intracrystalline), Wy and Wy respect-
ively, ard the amounts of water taken-up by the zeolite and polywer-
phases, a, and a, reséectively.

=wa +* a
a'o:: Z Z Wp P

This model allows a camparison to be made directly betwcen a
derived velue of a, and the amownt of water taken up by the zeolite
as a free powder, a

azza - W.

— c

4o agWy
The value of ap is assumed to be independent of filler concentration
and w? is related to W, by the expression:?

w, * wp =1
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idsorption-branch isctherms of water in NaY zeolite filled composites.
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Adsorption-branch isotherms of water in (NaK)L zeolite filled composites
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Figure 24

Adsorption-branch isotherus of water in Cu II)X zeolite filled camposites.
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Adsorption-branch isotherns of water in silica gel filled composites,

T =303 K
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Consequently,

az = a; - (1-w,) a,
a agV,

o
and ag, a, and a, are measured directly fram isothermal experi-

ments on the composite, hanopolymer and free zeolite respectively.
The value of w, is calculated from a TGA run or chemical analysis.

The value of tnis model is that it allows aplot Of_fz to be

2q
drawn against relative pressure, and this graph yields most

important infomation., If the internal cavities of the zeolite
are unoccupied by polymer then water molecules would enter these
cevities, increasing the value of_iz towvards unity, The presence

a

Q
of external gas gaps would also increase the value of and if

2z,
)

these two conditions of intgrnal and external cavities gvailable

for vater adsorption were fulfilled the value of &, would be
' a

. \ . (o]
higher than unity.

Refercnce to figurcs 23 to 27 shows that in same cases the
value of.iz is well below unity which suggests that in these cases
(notably §§Y and (Na,K)L £illed composites) much of the internal
zeolitic volumes are cccupied by polymer and gas gaps are not
present.

The largest decrease in the ratio occurs when the filler is
NaY zeolite., This is probably because this zeolite includes large

cavities affording nlinty of space for polymer molecules. As
the internal cavities of tne zeolites becose smaller, a lower
proportion of the total internal voluze would be available to large
molecules such as methyl methacrylate, and the reduction Of.iz

&g
would be less great. Pigures 23 tc 25 illustrate tnis trend.
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Adsorption-branch isotherms of water in NaY zeolite filled composites.
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Adsorpt ion-branch isotherms of water in (Na,K)L zeolite filled composites.
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Adsorption-branch isotherms of water in NaA zeolite filled composites.

T =303 K
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Adsorption-branch isotherms of water in C!{ II)X zeolite filled camposites.

T=343K
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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 waich may Ad'nere to thne
polar carbonyl groups of poly( methyl met’nacrylate). At low
values of the relative pressure, water molecules would not compete
for the silica surface with the polymer and the value of;z would
be lov. As the relative pressure is raised, however, water
molecules would break down this adhesion and a, values would

a
approach wnity. Figure 27 illustrates this °© effect.

VWater vapour transport throush polwi methyl methacmlate) membranes.
'The flow cﬁ' water through hanopolymer membranes has been |
investigated in much detail previously( 150’183), but sane work
has been done in this investigation to see what sort of spread of
permneability results can be expelct'ed using different samples of
the same polymer,
Figure 28 shows a determination of one valus of the permeability
coefficient of water through the hanopolymer. The steady-state

permeability coefficient from this single run is

P = 0.86 x 107 gu3(STP)en

crs cnlg

For this particular membrane, membrane IV, there was no measurable
‘variation in the perueability cf)efficient with temperatire, at
least over the range of temperatures investigated, Fig.ure 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 closeress of thne enthalpy of
solution to the enthalpy of sorption implies that L, the energy

of activation for water diffusion in membrane 1V, will be close
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Permeability coefficients for water vapour through membrane IV
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in magnitude to the enthalpy of sorption of water. By 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 IY with the concenf ration of water
within the wembrane, ¢. The slope of this curve at any particular
concentration is tne steady-state diffusion coefficient at that
concentration, D, A plot of D against ¢ is shown in figure 31 and
D is clearly dependent upon c..

The decrease in tne steady-state diffusion coefficient .as
water concentration increase; may be accounted for by the fommation
of water molecule clusters within the polymer's microcavities.

The concentratica inaependence of B, throughout the range of o
implies that clustering occurs predominantly in existing micro-
cavities and ﬁeither water molecules Lor temperature changes cause
any appreciable disturbance of the polymer matrix. This is not
uexpected since the pblymer is well bolow its glass transition
temperature.

Somg: values for the other hanopolymer membranes are shown in

table 50
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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 IV,

T=303K
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Table 5
Permeabili d diffusion of water in polyime methacrylate
Membrane - P x 107 B D x 10!
P ca0
Poly(methyl Thickness /222&§2§lgm /1 mo1~" /cm25'1

I 0.019 1.83 3,7 0.57
I 0.022 1.0k 1.3 0.33
III 0,016 1.62 3.8 0.48
v 0,012 0.87 o0 0.20

A considerable variation in the values of these penneaﬁiiity
and diffusion constantg for different samples of the same polymer
is apparent. This variation is unfortunate because it will‘restrict
any interpretation of such constants for camposite membranes,
especially if the results are close to the values for the homo-
polymer membranes, One way of ovgrcaning 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 camposite membranes by this method were not

investigated in this work.
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In spite of these limitations, the flow of water tarough some
composite membranes has been studied and figure 32 shows the .
rate of flow of water through membrane 6 ( see table h). One
difference between tnis curve and that in figure 28 is tnat the
tine-lag for the filled membrane is about ten times greater. ZEven
tnis large time-lag is probably an underestimate, for it is unlikely
that all tne water could be removed from the zeolite in the
canposite before a run was comenced. Various values of the
steady~state permneability coeffic%ent for water through membrane 6
were determined and are shown in figure 33. Values were mcasured
at two temperatures and again there is no obvious temperature
dependence of the permeability coefficient. Above a reletive
pressure of about 0.5, the permeability coefficient increases with
increasing relative pressure.

Figire 3. shows the curve of J1 versus ¢ for water in ﬁembrane
6 while figure 35 shows the dependence of D upon the water
concentratian. For homopolymer membrane IV, D decrecsed steadily
as tﬁe vater concentration increased, but for membrane 6 D
increases with ¢ over most of the concentration range. This
dependence of D upon ¢ for the composite membrane is interpreted as
follows. Through the range of concentration o < ¢ < b0 ) STP) o™
winich corresponds to the relative pressure range o<,§< 0.08 at
303K, water molecules would be very strongly bound tcothe zeolite,
(The maximum concentration in this range correspends with 26 mg
of water per gramne of camposite and at a relative pressure of

0.08 the amount of water held by the filler could be as high as

25.9 mg 5~1.) As the pressure increases a greater proportion of
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Figure 32

Flow of water through filled membrane 6.
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Flow of water through filled membrane 6.
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Figure 34
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Steady-state flux of water vapour through membrane 6.

T = 303 K
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Steady~-state diffusion coefficient of water through membrane 6.
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the water molecules in tue membrane would be present in the
polymer phase, Sucn molecules would be expected to be more mobile
than those in the zeolite and if so would giire 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 unavbidable at high pressures of ¢, the
magnitude of D at high concentration is similar to the lowest
value of D measured for the homopolymer ( see figure 34).

A quantitative examination of I and P for composite polymers
is restricted by the ‘lack of knowledge of these constants far the - |
polymer pnase of the material, Although membrane 6 has a volume
fraction of filler of 0.24k and therefore, in the absence of any
gas gaps witn polymer, & volume fraction of external polymer of
0.756, nothing cen be 3aid about the wagnitude of D or P through
this cxternal polymer p‘nas‘e. One observaticn vnich can be made
ig tnat tne inclusion of a large volume fraction of filler reduces
tne pen‘neability cuefficient to a value lower than any of the
values found for homopolymer membranes at low and intermediate
relative pressures, but tnhat the coefficient increases considerably
at high relative pressures.

Permeability results for other composite membrsnes are show

in table 6,
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Pormeability results in polyLme‘thyl me‘thacm'la‘te) filled membraneg

Membrane Filler ,ESf Thickness P x 107 T D x 107
cm G=0) /K (ca0)
' / o3 STP) an / cn2g=1
on’s_cmip
1 WY 0.506 0,021 0.94 332 0.003
2 NaY 0,040 0.039 0.9 305 0,010
6 NaY¥ 0.24 0.032 0.73 303 0.003
8 NaY 0.1431 0,066 (2) 303 =,
9 NaY 0.326 0.083 0.65 342 0.002
10 (NaK) L 0.062 (b) 303 -
1 NaA ~. 0:069 (b) 303 -
12 Silica gel 0.089 0.2i{c) 317  0.001
(a) lembrane gave high, irreproducible values of P and vas
subsequently found to contain hair-line cracks
(b) Irrepr;edﬂcible values of ¥ but ne evidence of cracks
in tnese membranes,
(e) As the concentration in the membrane ircreased, P values

became nigh and irreproducible.

in the membrane was found,

o evidence of cracks
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An increase in P at high concentration of water vapour,
especially when it is associated in some cases with the coamuence~
ment of irreproducibility of resglts, 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 teéhnique.
The method involved fixing tne membranes across the flattened
end of glass tubing with "Araldite”. The results cbtained for a
membrane containing NaY zeolite in a poly(methyl methacrylate)
matrix at a temperature of 323 K and where W = 0.285 and 1 = 0.613

cm are shovm in table 7.
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Table 7

Permeability coefficients measured on membrane §12

Date of determination  Relative Pressure P x 107
/ cm3( STP) e
cng cinflg
9tl November 1969 0.34 Lo
412th November 1969 0.35 k.62
15th November 1969 0.47 | 3.82
19th November 1969 0. 54 16,84
22pA November 1969 | 0.39 20,41
26th November 1969 0,54 | 22,35
29th Novewber 1969 0.5k 19.80

These results demonstrate the unsuitability of this
mcthod for weter vapour flow experiments, and in any case the
msnufacturers do not recommend "Araldite" as a suitable agent
for bonding poly(methyl methacrylate). 4s the "Araldite" -
polymci~ adhesion is reduced, easy diffusion paths around the

membrane would be formed,
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Argon and neliun flow through composgite membr .

If adhesion between & 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 bresk-down
of adnesion 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 4dn which a zero
pregsure differential was maintained across the membranes always
produced a pressure of gas which was measurable on the ilcLeod
gauge and which increased proportionally with the duration of a
rm. Moreover, this pressure must have been greater than tha
presgure of gas resulting fran flow acroés the membrane for when a
differential did exist the apparent flux was of the same magnituds
as the flow in the blenk run and in no case could any attempt at
determining a flux be made, The possibility of Jeakage into the
systems was éiscounted because of the care taken with the glassware
and all other parts of the system were immersed in mercury beths.
Also, a high-frequency electric discharge through the gas in tiae
system was pale blue in colour, probably tne efiect of water vapour,
and not mauve which would be associated with the presence of
nitrogen fran the atmosphere.

No progress was made with this aspect of the work wnich, in

view of the shortage of time, was abandcned,
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L.2 Inpvestigation of n-butyl metggchlate polymerization reactions.
Isotherms of n-butyl methacrylate in Nal and (NaK)L are shown

in figure 36. These curves show that n-butyl methacrylate
sorption is of a similar canaracter to the sorption of the methyl
homologue. The monomer is Just as tenaciously held by the
sorbents upon outgassing, even at elevated temperatures. Teble 8
shows the amounts of material retained by the zeolites after
evacuation.

Table 8 -
Desorption of n-butyl methacrylate €£roam twg _zeolites,

Conditions of outgassing a( NaY) a(NaK) L
/ng g=1 /mg g~1

2), hours, 303K, < 10~3Nm-2 237 79

Further 24 hrs, 142K < 403Nn-2 145 0

The masses of outgassed residus retained by NaY correspond
closely to residual methyl methaecryiatc vaiwes. Furthe rmore, the
increased molecular size of this monouer does not prevent its entry
into the cavities of either zeolite,

Water isotnerms on tne composite materials obtained after
outgassing the two zeolites following monomor sorption are shown
in figure 37. The uptaks of water on powder H (NaY after n-butyl
methacrylate aﬂsorption-dcsorption) is very similar to the uptake
on povders A& aud B (Na¥ after methyl methacrylate adsorption-

desorption.
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Figure 36

Adsorption isotherms of n-butyl methacrylate in zeolites.

&/mg g~ T =303 K
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Adsorption-branch isotherms of water in zecolite filled composites,

T =303 K

o/ng g
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v Powder J(NaK)L
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Tne water sorption isotherm for powder I { (HaK)L after
n-butyl methacrylate adsorpticn and desorption) is similar to
the isotherm- for the free powder, the residugl mass of monomer,
according totable 8, is zero,

The similarity of n-butyl metgacgylate sorption results to
the results obtained for the methyl hamologue allows no further
‘progreés to be made concerning an understanding of the nature of
polymerization reactioné over zeolites. In view of this, the
plan to prepare filled poly(n-butyl mcthacrylate) membranes for
flow studies was abandonned and no further work on this monomer

was undertaken.

k.5 Luvestigation of acrylonitrile polymerization reactions.

A test-tube containing two pellets of sodium hydroxide and
half-{ililed with acfyloﬁitrile was shoken at roan temperature,
After 1% hours the colourless liquid had become bright yellow and.
opaque, | Within 24 hours it nhad become a hard, dark yellow solid.

The smoothness of this reaction and the presence in the
monomer'of a free-radicel inhibitor imply that an ionic process
took place., It is at least a simple, non-violent method for
preparing polyacryionitrile.

Figure 38 shows the sorption behaviour of the monamer over
. NaX¥ and in comnon with the two monomers .investigated earlier, a
residue presumably of polymer is retained by the zeolite after
evacuvation. In view of the toxic nature of acrylonitrile and
the similarlity of its sorption behaviour to the methacrylatés,

no .further investigations were made,
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Adsorption isotnerwm of acrylonitrile in NaY zeolite,

T = 343 K,_\ ‘ :

a/mg g~
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L.y Investication of styrene polymerization reactions
Although styrene polymerizes readily in contact with metallic

sodium, shaking the monomer witn sodium hydroxide pellets dGid not
induce bulk polymerization. This is in contrast with the effect
of this sukbstance on methyl methacrylate and acrylonitrile, 4
trace of water insoluble solid was found in the mixture after
shaking for two days at room temperature, however,

Styrene sorption on two zeolites in shown in figure 39_where
open symbols represent points measured on the first run, hatched
gymbols 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 siyrene sorption on
the second run in Nal, an effect which was observed for methyl
methacrylate sorption in this zeolite. The residue of styrene
was not removed even after evacuaticn for a 48 hour period at 373K,
suégesting 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
ags powder J.  There is & marked reduction in the volume available
to water and tne isotherm is similar to the one shown in figure 18,
for the adsorption of water in powders & and B (NaY after methyl

methacrylate sorp'bion) .
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Pimure 39

Adsorption isotherm of styrene in zeclites.

A NaY zeolite adsorption D C{ II)X zeolite adsorption
& NaY zeolite desorption % U II)X zeolite desorption

W NaY zeolite, repeated’ Q C{ II)X zeolite, repeated
adsorption adsorption

a/mg g"1
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Adsorption-branch isotherm of water in NaY zeclite filled composite (Powder J)

T=333K
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4.5 Invegtication of o« -methyl styrene polymerization reactions

The addition of an %-methyl group to the styrene molecule
should impart an increase in electron density at the dﬁuble bond,
Consequentiy, L -methyl styrene should diéplay-a higher activity
over cationic catalysts than styrene,

4 kinetic experiment, in wnich o -methyl styrene at relative
pressure 0,16 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 cowsrse of the
experiment, the occurrence of an external\reaction is most likely.

After the admission of further doses of the sorbate, and when
fhe concentrations in HY and H mordenite were 1208.mg g=1 and
292 mg g1 respectively, the sorbents were evacuated fof 48 hours.
At the end of this period 959 mg g~1 and 276 mg g~ ! were still
retained, but an increase in temperaturc to 4L3 K and a further

period of 24 hours under vacuun reduced these concentretions to

1 1

13 mg ¢~ ' and 9 mg g~ respectively.

Water sorption isotnemms on the powders obtained aftér this
sorption-desorption treatmeni, powders K ana L for‘ﬂx and H
mordenite respectively, are shown in figure 42, These isotheras
are not greatly different from the isothermc for the free zcolites
but tnis is not swprising in view of the very small residue of
polymer present in eacn powder,

K -methyl styrene was cdistilled into tubes containing

outgassed samples of HY and H mordeaite but there was no evidence
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Adsorption-branch isotherms of o -methyl styrene in zeolites
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Adsorption-branch isotnerms of water in zeoliteés and zeolite filled

camposites,

T =303 K

o/ ng g~

200 A HY zeolite ' v H mordenite
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Adsorption-branch isotherm of o -methyl styrene in NaY zeolite.

T = 303 K
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of any bulk polymerization reaction. Figure 43 does show that
the considerable amount of monamer 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(o(-methyl styrene) does occur over‘the hydrogen exchanged

zeolites,

4.6 Invegtization of ethyl vinyl ether polymerization reactions

Antroduction

An interésting reaction of eth&l vinyl ether was found by an
undergraduate in the organic chemistry department when he attempted
to dry the liquid over molecular sieve LA pellets(181+). A rapid
polymerization occurred and within a rew minutes the ether had
becois a clear, viscous gum. The experiment was repeatable with
fresh samples of react;ant and molecular sieve. |

Prima.rily, the active catalyst within the pellets needed to ke
isolated and it was quickly found thzt NaA zeolite, which is
similar to the dessicant present in LA 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 wes added to a portion of kaolinite and a
viclent reaction occurred instantly. iuch of.the ether was ejected
fron the test-tube and the residusl material was blackened and

hot, The organic residwe was a dark-brown, viscous gum,
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Although NaY (and of course N;A) had no obvious effect on
tue ether, both HY and H mordenite bshaved similarly to kaolinite
and induced violent reaction, In the case of each of these three
aluminosilicates, no special d;ying‘was necessary, polymerization
occurred just as readily under atmospheric conditions over catalysts
brought straight fram thé bottle és it did over carefully outgassed
materials under anhydrous condit;ons.

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 alfter evacwtion and
removzl of the diluent, a clear sample of thne viscous polymer was
obtained. Th? gun vas analysed and had the compnsition (048HO)n,

the enpirical formula of poly(vinyl ethyl ether).

Ethyl viuyl other sorption experiments.

adsorption of ethyl vinyl etner in NaY zeolite was investigated
kinetically and an isotherm is shown in figire 44, Adsorption-
desorption is tending towards a steady-state after about 24 hours,
although a sléw process was apparent, A‘n adsorption iso%herm of
ethyl vinyl ether in Na¥ is shown in figure 45 where 24 hours was
allowed for a new dose to reach a steady-state before neasurements
were taken. The figure includes isotherms on other sorbents and
while the sorpiion 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 eﬁternal surface of the sorbents,
B¢ kinetic investigation of the sorption character of these other
alumino;silicétes, HY and kaolinite, was made but the points marked

on figure 45 are not equilibiium walues and the sorption on these
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Adsorption-brancn isotherms of ethyl vinyl ether in various sorbents.

T =308K
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\ A Silica gel [> Kaolinite

a/ng g

-

O

w
s




180.

materials had not reached a steady;-state after 24 hours.

The final measured values on tne HY and kaolinite curves of
figure 45 are at a relative pressure of 0.215 (tne isotherms were
measured simultaneously in an interconnected gravimetric sorption
apparatus)- The dose of monomer vapour which was admitted after
these values caused a discolour.ation of both sorbents and a dark
brown layer of liquid or gum was clearly visible in the sorption
buckets. ¥hen the quantity of ethyl vinyl ether on X and
kaolinite had reached 2245 mg g~ and 1512 mg g"1 respectively,
the sorbents were evacuated. After 50 hdurs at a pressure

maintained below 1070 N2

and at a temperature of 208 K these
amounts had fallen to 1981 mg g~1 and 1282 mg g~? resvectively.
After this period of outgassing the temperatures was raised to

393 K and evacuation continued for a further 96 hours, even these

L 1

conditions reduced the amounts of ether to 1004 mg g~ and 795 mg g~
respectively. Clearly polymerization cf ethylvvvinyl ether has
occurred at low pressure and roam temperature and morecver polymer
was not formed only within the zeolitic cavities.

Water sorption isotherms on the sorbent residues after ethyl
vinyl ether sorption, powders H, N and O for the residues of Na¥,
HY and silica gel respectively, are shown in figure 46. The uptake
of water in iX is considerably reduced after treatment with ethyl

vinyl ether and even the uptake by Nal which did not attract such

great amounts of tne ether is reduwed to less than 305,

3
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Adsorption-branch isotherms of water ¢n various sorbents after treatment

with ethyl vinyl ether.

T =303 K
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A Powder N ( HY)

v Powder 0 (Silica gel)
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4.7 Investigation of p-butyl vinyl etner polymerization reactions

In view of the ability of hydrogen excnanged zeolite Y to
catalyse tne polymerization of ethyl vinyl ether, another similar
catalyst was investigated in conjunction with this higher vinyl
ether. In fact the additional mesomeric 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 47 shows the adsorption of n-butsrl vinyl ether on three
zeoliteé at T = 304 K and _I}g = 0.98. Sorbents became discoloured
as the amount of ether.in tge zeolites increased, but this
discolouration was more pronounced in the hydrogen exchanged
zeolites.

Evacration of tAe sorbents for 72 hours at T = SOAK;after the
quantities of ether he;d reached 321 mg g'1, 2990 mg g"‘ and 860 mg g"1
in HaX, HV and H mordeinite respectively reduced these values to
281 mg 3-1, 2852 mg g1 and 814 mg g~ 1, Further evacuation at
413 K for 2l nours reduced the .Qmounta sorbed to 480 mg g'1, 1940mg g
and 666 mg g~ respectively. Following this treatment, w'ater
sorption iscthermg were measured and these resnlts are shown in
figure 48 (powders P , Qand R jencte the residues after ether
sorption-on tne sorbents Na¥, HY and H mordenite respectively), It
is once more epparent that not only‘ d'(lnes bulk polymerization of
vinyl ethers occur at tne external surface of H excnanged zeolites
but the internal cavities arec largely occupied as well, For both
etiuyl vinyl ether and n-buty vinyl ether sorption,- little space is

available wituin the zeolites for water molecules, even after
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Adsorption of n-butyl vinyl ether in zeolites.
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Adsorption-branch isotherms of water in zeolites after treatment 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 Investigation of iso-butene polymerization reectiong

iso-Butene polymerizes quite readily in the liquid phase at
[{62-61)

low temperatures over certain cationic catalyst and an
attempt was made to see if H mordenite could induce gaseous iso-
butene to polymerize. 4 dose of the monomer was admitted to the
zeolite at 273K and an initial pressure of 7.15 cmilz, Figure A9
shows that a steady-state is reached after about 8 hours, Vhen
the sorbent temperature was raise;d to lg;.} K and tne system left for
25 hours, the concentration of olefin retained by the zeolite
had fallen fram 173 cm( SEP)cvm"3 to 142 cd(STP)em™> cnd the
pressure over the sorbent has risen from 0.46 cmllg to 1.29 cmflg,
Such behaviour is consistent with the processes =f physical sorpticn,
After iso-butene sorption had been measured, the H mordenite -
sorbent was outgassed for 24 hours at 4.3 K, Argon sorption
isotherms were then measured on the sorbent and these ere compared
in figure 50 with an isotherm measured b;:fore the iso-butene
experiment. Apparently tnere has been a small retention of hydro-
carbon by the zeolite, which w.ogl‘d‘ presumably imply that polymer
has formed within the zeolitic cavities but only irn small quantity.
The low pressure at which the monomer was maintained abowe the
zeolite was probably responsible for the 'small smount of polymer

formed and the outgassing conditions were probably rather severe

for the low molecular weight polymer formed fram the reaction.
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Adsorption of iso-butene in hydrogen mordenite

T=273% p =955 % 10782, v 16,68 ca( SIF)
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Adsorption isotherms of argon on hydrogen mordenite before and after
treatment with iso-butene
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4.9 Investisation of etaylene polymerization reagtions

The polymerization of ethylene over HY and dehydroxylated
Y at temperatures in tne range 373 to 423K has been mentioned
earlier(5h). It is of interest to examine the sorption of this
olefin in a uydrogen exchanged zeolite at room temperature. A
dose of ethylene was admitted to H mordenite at 298K and an
initial pressure of 22,4 gmﬂg and this pfessure fell over a period
of more tuan 24 hours, Figure 51 shows the incrcase in adsorbed
ethylene in the zeolite with time. Clearly a slow process is
invélved.

Argon sorptions on tane zeolite residue after ethylene adsorption
is shown in figure 52, ° Curve 2 represents the isothcrm obtained
after outgassing the zeolite for 2k hours at 298K following ethylene
adsorptioh and it ﬁéy be compared with the isotherm for argon |
sorption on pure H mordenite. Clearly there is a considerable
amount of etiyylene which remains within the zeolite after evacuation
at room temperature for 24 hours. This implies that a chemical
change of the sorbate has taken place, probably to polyethylene.

A fu%ther vericd of evacuation at 443K for 24 hours was responsi~ -
ble fcr the removal of most of tae organic residue and curve 3 of
figure 52 illustrates argon sorption on the product of this

treatment.
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Adsorption of ethylene in hydrogen mordenite.

T=298K; p,_=29.91 x 10°0n 2 ¥ o= 55:05 cx’( STP)

G/cmi(STP)cmfj

1 2 3 | 4 5 6 7 tx*\O“**/a
l l l | l l T




] 190,
Figure 52. 7

Adsorption isothems of aryon on hydrogen mordenite before and after
treatment witn ethylene.

T=77.5K

‘ A Before treatment
o/ en?( SIP) om™ ’ v 4Lfter treataent
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4,10 Investizetion of acetaldehyde polyermization reactions,

The cationic polymerization of several aliphatic aldehydes

110'112) and an

at low temperatures has been mentioned eérlierﬁ
effort was made here to see if acetaldehyde would polymerize over
Y at room temperature.

Figure 53 illustrates the aésorption of acetaldehyde by a
sémple of HY,  The isotnerm was not reversible and evacuation of
the sorbent for 24 hours at the temperature of the isotherms redu;ed
the adsorbed concentration to 164 mg g‘1. Zyen evacuation for 2L
hours at 43K reduced this concentration only to 158 mg g1
indicating that acetaldehyde is either abnormally powerfuily bound
to the sorbent or chemically altered, possibly into a polymer.

The product of %his adscrption-desorption treatment, powder S,
was tnen investigated as a water sorbeht and curve 2 of figure 54
illustrates this. Comparison with curve 4, the isotherm for
water sorption of tne same sample of HY before acetaldehyde treat-
ment, shows that the residue fram acetaldehyde adsorption prevents
the entry of a considerable amount of water into the zeolitic

cavities,

4.41 Investipation of benzofuran polymerization reactions,

Benzofuran undergoes polymerization cationically and in a

(108,109)

manner similar to the vinyl etners Sorption of benzo-
furan in Na¥ and H mordenite was thcrefure investigated to see if
these zeolites wiere effective catalysts for benzofuran polymer-

ization at roam temperature.
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Adsorption isothem of acetaldehyde in IX zeolite
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Figure 54

Adsorption-branch isotherm of water in' HI zeolite before and after treatment

with acetaldehyde.
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' v Powder S (HY after
treatment)
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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 Na¥ but the channels
of H mordenite appear to be too narrow to permit the entry of
benzofuran in large amounts.

Evacuvation of the sorbents at 443K for 2l hours redwed the
amount of organic material in NaY¥ and H mordenite to 195.3 mg g~}
and 15.8 mg g~ respectively,

VWater sorption isothemms by the products of these two zeolites
after benzofuran sdrption—e\}acmtinn treatment are shown in
figure 56, Curves 1 and 2 represent water sorptions cn free Nal
and H mordenite while cufves 5 and L show tlie water sorption
isotherms on powders T and U, the products obtained from these
two zsolites respectively., A considerable amount of benzofuran
or a polymer apparently remains within NaY even after ev;cuatiﬁn
at 143K, The water sorption of H mordenite is also reduced

slightly by treatment with benzofuran.

L.12 Investiszetion of acenaphthylene polymerization reactions.
4nother molecule which polymerizes cationically by head-to-tail
linking is acenaphthylene( 107). Tﬁis 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.e A small quantity of H mordenite was shaken for 72 hours
at roon temperature with a sclution of acenaphthy;Lene in diethyl
ether, the product is called powder V.,

Figure 57 shows the sorption of water on H mordenite before
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Adsorption-branch isotherms of benzofuran in zeolites.
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adsorption-branch isothems of water in zeolites before and after

treatment with benzofuran.
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Adsorption-branch isotherms of water in hydrozen mordenite before ahd
after treatment with acenaphthylene.

T = 303 K
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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 therefoare that polymerization has occurred

within the zeolitic cavities to 2 small extent.

4.3 Investieation of diazo methane polymerization reactions,

Several examples of tne polymerization of diazo methane over
heterogeneous catalysis were mentioned earlier£119'123) and the
effect of zeolités on this compound has been investigated here, A
considerable reduétion in the hydrophilic character of hydroxy-
apatite was observed after the treatment of this material with
«thereal solutions of diazomethanes?22).  The cause of this
change in surface character was asscciated with the fometion of
an organic chemisorbed monolayer, Ths monolayer was more camplete
and more effective as a water repellent when the apatite had a
large cuncentration of surface acidic sites, In view of this, H
mordenite was selected as a suitable zeolite with which to invest-
igate the reaction of diazo methane,

4 0,05 K solution of diazo methane was left in contact with H
mordenite for 72 hours at 273K and, after drying and outgassing at
L.3K for 24 Lours, a watef sofption isotherm was measured, This
isotnerm is shown in figure 58, powder W, together with a water

sorption isotherm on the free zeoliiea. A reduction in the water
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Adsorption-branch isotherms of water in hydrogen mordenite

before and af'ter treatment witii diazo methane.
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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 zeclitic cavity volume would
be unavailable for subsequent water sorption. Alternatively, the
reaction with diazo methane may have produced a chemisorbed
monolayer of methoxy groups in a manner similar to the reaction
with hydroxyapa‘!gite(182). In this second case, the volune of
zeolitic cavities available for water molecules may be little .
changed,

4n analysis of powder W revealed that the concentration of

organic uaterial present in the zeclite after water sorption was

84 mg g1,

ko1 Invegti~ation of diazo ethane merization reactiong.
In » previous investigation of diazo alkane reactions over

{185)

erystalline alumino silicate some work was done with diazo
ethane and CU II)X zeolite. The cupric zeolite was celected
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 authior and are presented here,

Curve 1 of figure 59 illustrates the adsorption of water to
free CY II)X while the otner curves show tne effect upon the
sorbent of contact with ethereal solutions of diazc ethane. ’The

difficulty of preparing samples to obtain reproducible results is

clear from this figure, and samne of the difficulties associated
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Adsorption-branch isctnerms of water in U II)i zeolite before and

after treatment with diazo ethane. T = 343 K

O U IT)X zeolite A Povder £, CJ II)X v Powder Y, ol 1I)X

before treatment after treatment af'ter treatment
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with experiments on diazo alkanes shoﬂd 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 wnich have a toxic, explosive vapour.
In addition, the rapid ioss of tne compounds fram 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 solui_;iohs have been analysed before use and diluted to a
concentration of 0,05 i in diethyl ether. Analysis of the
solutions was by netralization of the diazo alkane by thc addition
of excess benzoic acid folloved by an estimation of the excess by
titration against 2 standard methanclic potassium hydraxide
solution( 175).

The ovtgassing procedures vwhich prcceded the measurement of
the isotherms represented by curves 2 und 3 differed, Curve 2
measurements followed evacuation of tne sorbents for 48 hours at
423K while the procecdure adopted before curve 3 was measured was
evacuaton for 48 hours at L73K. Probably 473K is rather too high
a temperature for tne sorbent to withstand for such a period and
tnis may be thne cause of tne swalier reduction of hydrophilic
character of this modified zeolite. A very considerable blocking of

the internal wolume is apparent from curve 2, however,



203,

Room temperature reactions over crystalline aluminosilicate
catélysts of fourteen organie substances have been studied, Thé
reactions over zeolites were of two main types. Type 1 reactions
were those in which mononers were strongly adsorbed into the
internal volume of a catalyst. ZLvidence has been présented for
the polymerization of these monaners within the zeolitic cavities.
Polymeric materials formed fram a type 2 reaction were not
restricted to the internal cavities and continued to appear aover
the catalyst throughout the course of a sorption experiment.

Reactions of tne secord t&pe are most easily observed and they
will be dealt with first, The three monomers which polymerized
in this way are K -methyl styrene, ethyl vinyl ether and n-butyl
vinyl ether. Reactions took place over either hydrogen exchanged
zeolices or the clay-mineral kaolinite,

oA —lethyl styrene may polymerize after the addition of an
electrophilic species such as a protci. The hydrogen exchanged
zeolites Y and H mordenite, outgassed under the conditions
descrivsce previously, would contain residual water molecules.
Tnese wate. molecules would enable the zeolitic surfaces to be
sufriciently (Bronsted) acidic for protons to be donated to the
orgaric molecules. Polymerizatioh way be based on the followihg

scneies
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Bulky side chains on both monamer and polymer molecules would
hinder the diffusion of monaneric molecules to the reaction centre
and the 1caction may tnerefore proceed slowly,

Vinyl esters reacted violently in tue presence of even
hydrated hydrogen exchanged zeolites. All stages of such reactions
as these are tnerefore fast. The folloving scaeme is prc;posed.
The lone pair of electrons on the axygen atom of the ether molecule
attracts a proton from a surface water molecule, Thiy, proton

combines witis the organic molecule to yield on oxonium ion.
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The chains of poly{alkyl vinyl ether) would be linear and would
allow tne diffusion of further ether molecules to the zeolitic
surface,

Apparently, the hecessary conditiops for a type 2 reaction\
to occur are (1) the organic'monomer must be able to carry a positive
chorge (1i) the zeolite should have entry pores of sufficient
diameter to allow the entry of tne monomer and (Viii) ihe zeolite
nust 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 wnéerwent a type
1 polymerization reaction with all the zeolites employed, One
of the most interesting reactions was between methyl methacrylate
and Nal zeolite. This organic monamer does not, according to
previous work, undexgovcationically induced polymerization rea-ction .
Indeed, a reaction scheme has been suggested which accamts for the

inability of this canpowund to yield an active carbonium ion( 71"):

® 8
R+ CH, =uﬂcooc31+13 —> CH,==CH C (OR)ocH3

I e

CH, == CH C (0&15).=o —-R

®
CH,=CH o R)=0— CH,
®
CH, — CH=¢{ OR) OCH;

A more probable explanation of the polymerization of methyl

methacrylate witnin Na¥ and other zeolites is tast tune reaction
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proceeds by a free-radical mechanism. Evidence was presented

earlier for tue existence of radicallspecies within zeolites(‘ 57,6k, :

68'70), The possibility of an anionically initiated polymerization

reaction should not be overlooked either.

lethyl methecrylate, n-butyl methacrylate and acrylonitrile
form one sub-group of monomers which undergo éype 1 rea\ctions, for
these monorers do not normally polymerize by cationically
induced reactions, The otner monomers of this group can polymerize
cationically and might be expected td undergo type 2 reactions over
suitable catalysts. Tnere are, hcvever, several reasons why these
monomers should not react in this way.

The behaviour of styreme was not investigated by ‘sorption
experiments in hydrogen exchanged zeolites and it should be recalled
that cven the vinyl etuers polymerised by a type 41 reaction over
NaYl zeolite., It should also be noted thet the methyl group of
« -methyl styrene renders this molecule more active than styrene
for cationically induced polymerization reactions. Lven « -uethyl
styrene was only moGerately reactive over hydrogen exchanged
zeolites. . |

The presence of iso-butene in the group of monomers unde rgoing
type 1 reactions over hydrogen exchanged zeolites is less easy to
understand, lineral acid catalysed reactions( 62,64) and clay-
mineral and silice—alunina gel calalysed reactions( 63)01‘ iso—butene‘
are known in which dimers and trimcrs are produced. These reactions
were conducted under high pre.ssure and with the olefin in the

ligquid phase, however, although evidence of polymeric material
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formed by a type 41 reaction has been presented it is unlikely
that the low gas pressures employed in the adsorption of 1so~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 apefaldehyde 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 tne v:z.nyl ethers over a hydrogen

exchanged zeolite into whose cavities 1t could gein access.,

|
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Acenaphthtlene molecules are also too large to enter the

internal cavities of hydrogen mordenite.
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fraction of filler in a composite material,

Although the weight fraction of zéoiife per unit mass of
canposite is -t‘ne directly measurable estimaf:iori of éomposite
casposition, it does not adequately represent the composition in
terms of a micro-porous filler S'uch as a zeolite, within an external
polymer phase. The reason for»t'bis assertion is that a portion
of tne polymeric phase may occupy the intracrystalline cavities of
the filler. ' ‘

In tane diagram below, A represents an external polymer phase,

B intracrystalline polymer and C the uncccupied volume within

the zcolite, D,

The weight fraction of zeolite, w,, measured from TGA or

chemical analysis is the ratio ¢ -

h =(: N m(A+B))
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where mp is the mass of D, tne zeclite ete.
A more useful ratio would be the 1véigh‘i: fraction of

filler, wgpi

&

mp * n%_ +-B)
This ratio wy could be calculated directly from w, if m, was
known, If my is assumed to be the mass of methyl methacrylate
adéorbed within unit mass of Na¥ zeolite at intermediate valueé
of the relative pressure, the following ratios my be calculated:

v, ilags of residue afier heating compogite to 7

Initial mass of composite

and Wo W

Z
00 81"00 19 WZ

i

The volune fraction of fillel., Ji."f is the ratio:

X)f = VD
V. + V.
A D

where Vj; is tne volumne enclosed by D, the zeolite etc. Clearly

VD:‘.E
£

where (0] is the density of anhydrous zeolite etc. and conséquently
. )

/-\/\/'u\ P g
o Ls ‘ :
—
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=W
2

1.24-0.53 w,

where m.P 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 tae relative pressure.

‘Appendix B

Sane non-5.%. units which have been mentioned in this work

Quantity Nep-S.I. wnit  Definition in S:L units
Length ' S 4 x 10~19%,

Pressure 1 cullg 13.595 1 > 98,066 5 =2



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 CaCl, and
CaHPO,.2H,0.

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:

NSi OH +CH,0H— > Si—O0—CH, +H,0

/| /
>Si—0H + ClSi(CHs)a—————>>Si—O—Si(CH3)3 +HCI
>Si——OH +CHNp———> >Si—0——CH3 + N,

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 Ca,o(PO,)s(OH),; and the calcium-
deficient apatites have the formulae Cagg,)H(PO,)(OH)(—,(H,0), where O<x<1
(Winand, 1961) and Ca_,H;+,,,(PO)s OH.H,O where O<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 (p/p,). 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 T
HYDROXYAPATITE C N(I: a/P SPEiIFIC
PREPARATIONS ONDITIONS OF PRECIPITATION N OLAI: SURFACE

ATIO m.2 g1
HA4 Precipitated over 3 hr. at pH 11 1-66 79-5
HAS Precipitated over 3 hr. at pH 11 1-66 582
HA6 Precipitated over 3 hr, at pH 11 1-66 71-3
HA9 Precipitated over 1 hr, at pH 5-8 1-52 67-3
HAIll Precipitated over 300 hr. at pH 12 1-67 68-0
HA12 Precipitated over 300 hr. at pH 5-7 1-46 77°3
HAI12/600A HAI12 heated in air at 600° C. for 120 hr. 1-46 221
HA12/160V HAI12 heated in vacuum at 160° C. for 120 hr. 1-46 665
HA12/600V HAI12 heated in vacuum at 600° C. for 120 hr. 1:46 56-9
HA13 Precipitated over 300 hr. at pH 11 1-67 59-3
HA13/600A HAI13 heated in air at 600° C. for 120 hr. 1-67 51-7
OCP 1t 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 (CH,);SiCl and with [(CH,),Si],.NH
(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
(CH,),SiCl 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 (CHy),SiCl,, (CHy)3SiCl, CH,,SiCl;, and [(CHy)sSi],NH, 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 (CH;),SiCl 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 CaCl,

20}~ -

1o/ o 40°C.. -

Amount sorbed: mol. per square metre of outgassed sorbent

o 1 1 1 1
02 04 06 0 02 04 06

f Relative pressure
30— - Fig. 2. Water isotherms for sorption only on: A, HAS5 (O)and
its modifications 1 (A), 3 (V), 4 (>), 16 (<1), and 23 ()
’ /f/f (Table 1I); B, HA6 (O) and its modifications 27 (A) and 31 (V),

Amount sorbed: mol. per square metre or outgassed sorbent

and OCP1 (0O) and its modification 30 (>); C, HA9 (Q) and
its modification 39 (A), and HAIl () and its modification
40 (Vv); D, HA12 (Q) and its modifications 41 (A), 42 (V),
43 ([>), 44 (1), and 45 ($).
Fig. 1. Water isotherms on: A, Hydroxyapatite untreated (O)
and after treatment (A) with liquid (CH,),SiCl at 60° C. (sorption
o L L only); B, Unmodified hydroxyapatite HAS (O, sorption and @,
°© 02 04 90 desorption); C, Alumina (Q), silica ((7), and HA4 ({>) and their
Relative pressure diazomethane modifications (A, v/, I>) (sorption only).
and CaHPO,.2H,0O but no hydroxyapatite. The residual liquid after the treatment of
apatite with (CH,),SiCl was examined in the MS9 mass spectrometer. The trace
obtained showed the presence of (CH,);Si—0O—Si(CHjy); 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:—
Ca4(PO,);OH +4H,0 + 10(CH,),SiCl——— 5((CH3)3S1),0 + 5CaCl, + 3H,PO,.
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Some of the calcium chloride then reacted with the phosphoric acid and further water
to give CaHPO,.2H,0. 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:—

2Cay(PO,),0H +4(CHy),SiCl——>2Cay(PO,);Cl + 2(CH,),Si—O—Si(CH,); + 2HCL.

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 DiazZo 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 I, 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 <p/p, <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 IT 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 IT

S

MODIFYING MATERIAL SpECIFIC

Moprrrcation PARENT APATITE (in ethereal solution) SURFACE

(m2g )
LXVIII HA4 Diazomethane 811
1 HAS5 Diazomethane 68-8
3 HAS Diphenyldiazomethane 63-0
4 HAS Diphenyldiazomethane 68-8
16 HAS Diazo-r-octane 61-5
23 HAS Diazo-n-octadecane 78-4
27 HA6 Diazo-n-dodecane 566
31 HA6 Diphenyldiazomethane 68-8
30 OCP1 Diphenyldiazomethane 1262
39 HA9 Diphenyldiazomethane 91-9
40 HA11 Diphenyldiazomethane 685
41 HA12 Diphenyldiazomethane 80-7
42 HA12/600A Diphenyldiazomethane 289

43 HA12/600A

rehydrated Diphenyldiazomethane 247
44 HA12/160V Diphenyldiazomethane 64-3
45 HA12/600V Diphenyldiazomethane 567

FURTHER INFORMATION ON THE D1AZO REACTION

The aliphatic diazo compounds, which are reactive and relatively unstable, may
be arranged in the following order of increasing stability:

R.CN, <ArCHN, <Ar,CN, <(RCO),CN, <(ArCO),CN,

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 HAI12 had Ca/P ratios of 1-52 and 1-46 respectively,
and so were Ca-deficient (Table I). HA11 and HA13 were stoichiometric (Ca/P= 1-67).
These four preparations were dried under nearly identical conditions and their surfaces
characterized by N, and H,O adsorption. The surfaces of HA12 and HAI13 were
similarly characterized after:—

i. Heating at 600° C. for 120 hr. in air.
ii. Heating at 600° C. for 120 hr. at <10-°cm. Hg.
iii. Heating at 160° C. for 120 hr. at <10~ cm. Hg.

Samples of these pre-treated apatites were then modified with diphenyldiazomethane,
and the N, and H,0 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 HA11. 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 HA12 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.

¢. The apatite HA12 referred to in (b) subsequently heated with diphenyldiazo-
methane showed a proportionately greater change from hydrophilic to hydrophobic
character than did HA12 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. HA12 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 HA12, initially heated to 600° C., referred to in
(¢) (Fig. 2 D).

e. HA12, heated at 160° C. for 120 hr. at <10~ 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. HAI12 heated at 600° C. for 120 hr. at <10~® cm. Hg
and treated with diphenyldiazomethane as above gave almost an identical water
sorption isotherm to that obtained on HAI12 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 HA12 heated at 600° C. for 120 hr. at <10-%cm.
Hg was hardly changed, whereas that of HA12 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:
29—

0 O |-

R,CN,+ no—rlo | ., RZCH-o—Péo + N}

0 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—OQ—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. HupsoN (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. Hupson (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. Hupson (London): We have not done any X-ray diffraction studies on this.

DRr. G. S. INGrRAM (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? Ihave 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.

Pror. A. S. PosneEr (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.

DRr. 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?

Pror. 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. HubsoN (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.? 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 Becbe, 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.

Hormes, J. M., Davies, D. H., MeatH, W. J., and Beegg, 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.?
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. DisDIN (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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