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ABSTRACT

This projeet represents a study of the effect of water

on the adhesive bond belween a polymer and a metal,

After a review of previous work it contains a deseription of the
setting up and testing of a vacuum line conteining an
electronic microbalance for the determination of adsorption
isotherms for water, nitrogen and ethanol on finely divdded
palladium, The isotherms are treoated to give information
regarding the metal surface imcluding heate of adsorption,

and the eatropy chasges on adsorption, These are treated

to :_ld_u the state of mebility of the adsorbed layer,

The cloice of an adhesive is then discussed together !
with the design of an apparatus for the manufacture and testing
of bonds whieh have been made asd stored under known conde
"itdions of relative humidity, The adhesive finally chosen
was a pelyester cross-liiked witi styrene and polymerised
at room temperature using beaszeyl peroxide initiator tosether
with N N Disethyl teluidine accelerator. The test pleces
vere of the pull through type,.

The work continues with an examination of the surface
properties of the adhesive by measurement of liguid contact
angles and surfece free emergies for water, ethanol/water
mixtures asd trieresyl phosphate, the last named previding
information as to the solid surface free eaergy with respeet
to dispersion interactions enly,

The last chapter brings tegether the preceeding work
and shows how the observations of the adhesion tests may be
Justified by comaidering the free energy chaunye for displacsasent

by water, ‘“ome suggestions for further work are éocluded,



CHAPTER I
INTRODUCT 10N
It has been known empirically for some time that when a pelymer
is attached to a metal adhesion is frequently weakened by
exposure to a hi:h humidity environment either before or
after bond formation, This phenomenon has been investigated
by several workers (e.g. Falcouer, MacDonald and Walker, 1964j
Kerr, MacDonald and Orman, 1967; Delellis and Mentoya, 197
Seotty 19663 Carter, 11665 and Wake , Janes, and Stone, 1965)
The main objective of the present work is to find the
relationship between the properties of the bond and the
interaction between water and the metal and/or the polymer,
Clearly the system is one of considerable complexity
and for the present study a noeble metal was chosen as the
substrate since this should reduce to a minimum any effects
due to metal oxidation and facilitate the achievement of a
relativdly clean, or at least reproducible, surface,

Much of the initial work was carried out using gold as
the substrate, but due to the fact that even the finest gold
particles have a rather low specific surface area and tend
to contain traces of expleosive compounds, gold was abandoned
in favour of palladium whieh is obtainable as a blach of high
specific surface area.

The adhesive chosen was a polymer of styrene cross-linked !
with a maleie ester., Thie could easily be polymerised using
benzeyl peroxide initiator and N.N Dimethyl toluidine
accelerator.

When a pelymer forms an adhesive bond with a metal

three types of interaction are poesible: mechamical, chemical



and physical, Many authors have maintaiced that mechanieal
bonding ies unimpertant in this type of adhesion although
some recent work by Packham (1970) has shown that keying
is important in the polyethylene/aluminium system. Others
maintain that Van der Weals forees are more than sufficient
to ascount fotr the strength of any adhesive bend provided
that good interfacial contaet is achieved (e.g. Pikermann 19613
Patridek, Deede and Vaughan Jr., 1957; and Sharpe and Schemhorn,
1964), and it can be shown thermodynamically that close
contact alone should yield an adhesive bend streong enough
to break cohesively rtthnr_thll at t.e interface, llowvever,
adhesive bonds are alvays complex., They do not represeant
thermodynamic equilibrium and in any case contain ecracks
and other flaws whieh result ia the stress at whieh the
bond breaks beiang mueh less than the stress inside the
material at the actual site of hond failure. HNereover,
the bhond mamst be held togethe. by forces acting on & melecular
scale and a study of the system at the molecular level
wust either give positive information as te the mode of
bond failuse or show that mechanical factors always predeminate,
Thua, the prosent study attempts to answer the following

questions:

a)Under what conditions dees bond disruption eoccur, and
how does water interact with tlhe bond components separately
under the same conditions? |

b)¥What partieular types of force are important in the
ense being studied and how are they affected by the presence
of wvater?



It was aimed to answer these quostions by the following
types of experiment:

a)Adsorption experiments to characterise the metal and
to give information as to the nature of the mnetal/water
internetion,

b)Contact angle measurements to give information as
to the water/polymer interaction,

¢)Adhesion measurements to show bhow the bond strength
is affected by water or by the polymer formulation used,

The vork consists, therefore, of a deseri tion of
the gas adsorption oxperiments using nitrogen, water, and
ethanol as the adsorbates; some contact angle measurements
of wvater and ethanol/water mixtures en the various adhesives
used and a desepiption of the making and testing of the
adhenive bonds, In addition it containe a review of previous
work in this field and a chapter in which an attempt is made
to bring togother the results from the different types of

experiment,



CHAITER II

HEV1IEW OF PREVIOUS WOIK

Adhesives made from natural produets have been used [rom
the earliest times and even today the use of fish glues, blood
glues and other natural materials is cnnmoﬁﬁ;lnct in certai
applications, There is considerable archeological evidence
that piteﬁa: and other natural resins were used by early man
Lo "fn“ten arrows and speartieads to their shafts. latery; adhesives
were manufactured by the addition of a liquid phase and/or an
inorganiec salt; fish and blood glues, casein and stareh being
typieal of this group.

Up to the beginning of this century it appears that little
progress was made in fundamenta! kiowledge of the subject
nor had there been any great advance in the type of adiesives
in general use although a considerable store of practical
knowledge had been built up,

Since 1900, advances in colloid science have peraitted a
mucli better understanding of the laws governing nﬁhesiun,
the first systematic study of the subjeet being mnd# in
1922 by the adhesives committee of the 'SIR., Since that time
much theoretical and praetical work Las bheen done but there
is no doubt that much more information is needed before we
ean understand the adhesive joint., Useful review articles
and books have been written by Tabor (1951), Eley (1961),

Weiss (1962), louwink and Salomon (1965), and Patrick (1967).

2.1 Mechanisms of Adhesion

2,11 Yechanical Adhesion This type of adhesion dnvolves the

mieroscopic interlocking of the adhering surfaces and is



important in the adhesion of rubber to textiles (Borroff and
Wake 1949), the gludng of paper and cardbeard (Bikermann 1961),
and the adhesion of polyethylene to aluminium (Packham 1970),
Even in these cases intermolecular forces must still operate
at the interface and to say that keying is the explanation

‘of the adhesion is simply to say that the combination of
intermolecular forces and the mu:hnn@:nl properties of the
material embedded in the substrate is stronger than the bulk
adhesive,

2.12 Physico-ehemical Interactions Where mechanical keying

{8 known Lo e absent it ies clear that the force that tcidl

to hold twe adherends teogether must stem from interactions
hetwern molecules of the two materials and any fhnd:nlntni
study of adhesion must invelve a study of these forces.

There are seve&n!_typin whiieli may te preseat in many ecombin-—
_ttinns. an! although many books have been written on the subject
| (e«g. Perry and Heuche 1962, leuche 1962, and (ood 1967),

there is, as yet, very little correlation Letween submicro-
scopic forces which may be ealculated (but net normally 29
mensured direetly), and the strength of a real adliesive jﬁiut.
liowever, the =tudy of intermolecular forces is fundamental

to the study of wetting whiclh is the prerequisite for the
formation of a good adhesive bond, The types of intermolecular
forces have been reviewed ex'nustively by lUirsclfelder {l?ﬁf}.
In the following sumuary chemieal interactions will be taken

as thome invelving epeecifiec ionie, covalent, or co-ordinate

interactions; and physical interactions as all other types.
9,121 Chemical Interactions,These may be claszsified broadly

into ionie and covalent types according to the degree of

electron transfer between the participanta.

e



2,1211 Tonic Interactionsi pure ionie bond is one in which
a positive ion and a negative ion attract onme nnntharijthn
foree being gittn b?l | .

F = qlqurg
and the energy by:

u -’Elqgfr.
The honds are pstentially of great strength (1000 nrnf;b-'2).
llowever, even when conditions are favourable, an oxide surface
ie highly irregular on a molecular scale ind‘%nntaiqu aulgﬁ
one su{tnhlu hydroxyl group per 50 - 100 A%, Thus only a
small propertion of the active sites in the pulrtluutrnly?e
will actually form bonds which may be regarded as convenient
anchoring points rather than the main sites of adhesion,
Furth‘;ﬂﬂri. thnse polymers containing iuui:nﬁli saites are
tinse whieh internct most sirongly with water giving higﬁ by

permeation rates and much swelling.

2,1212 Covalent Interactions

a)General Treatment A covalent bond between two atoms is one

in whieh there is no great excess charge on one atom over the
other and there is &n accumulation of electrone hétwveen the
two atoms, The interaction is represented quite well by a

lqpn-rd-Jonen potential: S
6
1 2
F=06A=, =
(4= )

where A is a econstant and I the ‘equilibrium r distonce.

Whilat this type of lLonding is undonht!dly'lnpnrlunt for
the bonding of Lextiles to water repellent cuatiﬁnﬁ {Baird 1963),
it is smch less important for bonding to metals. This is

because the elecironegativity of carben is muech ureater than
L



that of all metals and metaloids, giving rise to a polar
hond readily susceptible to hydrolytic attack.

b )londs involving epoxy resins, alkyd resins, and polyvinyl

acetala, A possible exception is the case of high molecular
weight bisphenol-A epoxy resins, alkyd resins and polyvinyl
acetals. Tor these, the severe cure eonditions in the presence
of strong acid catalysts leads to the evolution of water, the

following example being taken from Bolger and Michdels (1967).

0H
w*
Cﬂﬂﬂﬂ + HOR "E;—‘> EHEDR + Hﬁﬂ

R is the epoxy, alkyd, ar acetyl group.

OH

Under these conditions condemsation can oceur readily
between the MOU groups of the substrate and, for example,

*Cl, Uil groups as shown below,

0H 0H
Hﬂﬂﬂﬂ‘<>|r + MOH ? MOCH,, @ + 1,0

“hilat this bond may he susceptible to hydrolytic attack, the
highly ecrose linked nature of the adhesive makes the ingress
of water a very slow process so that the honds formed are
ustially resistant to atiaeck for very long periods,

e[ﬂnuEling agents Anotier exception is exemnlified by the

gilane and titanale coupling agents in which a group IV metal
: L
is bonded toa highly electronegative atom such as chlerine.
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The following i8 an idealized surface reaction:

> M-0H ' >M-0-81-8
= M-0T1 + '_57:1-_-51(11:}3 + 30,0 : >M-0=Si=R + 9HX

> M=ol : )H—ﬂ-s!i-n

L

wher; M is n non<hydrolysable group which reacts with functional
1fnu;i in the adhesive phasey and X is hydrolyzable, It ia
;ivuificnnt that these cuuplinﬁ agents improve the adhanivn:
'ntren;th after prolonged immersion inlvnter rather than the
initial strength,

2,122Physical Interactions FPhysical ijnteructions are of the

utmost importance in adhesive bonding sisce in many caves
there ies no poszibility of t;u apecific interactions detailed
in the previous section. This may be because the funetional
groups are unsuitable or hecnuse they do not mateh geometrically
hetween the two surfaces.
2.122]1 Keesom {Digglnndigoll[ forces Where a covalent bond
has some ionie chn;ncter the molecule will lave a dipole I
moment defined by:

el i
where q is the charge and 1 is the distance between charge

centres. The general expression for the potential energy
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is:

Use - iﬂ;&ﬁaumﬂmﬁz - sinﬂl.liﬂE.cn[hﬁﬂ]] .

r

yh-r-r;3;§ are the angles in polar co-ordiiates giving the
orientations of t.e dipoles and r is the distance between then,

:_If the two ﬁipulln are free to rotate they will i&ke ap Lhe
pogfition of lowest enerpgy in whieclhs

U= -Eplpﬂfr?
2.1222 tebve (Wipoie - Induced divele! forces, If an atom
uhiéh hn# no permoienat dipole moment approaclies ene whieh
has, a dipole moment will Lhe indueed in the first molecule
and the two will %thon attract one auother. The induced momént
i; given hy:
p=xF

wviere I' is the field strength and o¢ the pelarizability. The

enaryy of ithe interaction is then given Ly:

U=« pfnt frﬁ.
If both molecules Liave veruaneant momenis the relation is:

o a
Pr=a %l %4
G

r

g Thadlh

or, for similar moleeules:

2 6

2,1225 lLondon Hiiggrtiﬁh VYorces ihlsn fhrﬂ;- were Tirst

proposed by h{iennhitl and lendes (19350), and Londen (19}031
and hnfp.hu-& reviewed ﬁr Pitzer (195 ). fhey arise tr-;
~inetantaneous dipole moments whielk eccur in all atoss due to
fthn ultctrnn'I!;udl not always Leing syometrical. This

would net, in ltgell. pivn'rilq to an atiractioen -  Letween
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atoms since the moments would, on average, cancel out,
l'owever, tlie insiantaneous moments induce moments in adjacent
atows and these interact giving a net attraction, The

nﬁnntum mechianieal treatment gives Lhe resulits:

Joqx, 2C18,
U = - —6— M
hrio 00,

wiere the o<'s are the polarizabilitjes and the C's are constants

whieh have been put equal to the iondization energies. This

proceedure has the advantage of siuplicitf since the ionization

energies can rendily be evaluated, Lut other treatmentes :

ﬁnva nvgze-tndfulternntivn interpretations for C (Pitzer 1939},..
This t}pn of tn{qo is of the greatest importance in

adheaion sinece in unnfinppiiuntlunu there cannot be, any,

other interaction across the int/rface, e.g. non-polar prlymers

to metala or metal oxides.

2,1224 Hydrogen londing This type of interaction was first

reported by Rhodebush and Latymer (1920), and has heen reviewed
by Iimental and Melellan (1960). Here a 'ydrogen st m forms

a bridge betveen two electromegative atoms, one of which
carries a lone pair of electrons and tihe other the formal

hond te tle hydrogen, +‘Typical® hydrogen bond enerpies are

riven Lhelow:

HF = HF 6.3 keal mol™}
-1
Hy0 = uzl} 4.0 keal mol
RNIL, = BNH,, 3.1 - 4,5 keal mo1™!

'Th- hond cah nchieve consideriable strength because of the
small size of the h,ﬂrn;én atom wiich allows the close approach
of the two electronepative menbers. The strength of the

bond thus depends on the electronegativity of oue of the
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components and on the ability of tle other to domate an unshared
pair of |1§utr¢na. In the limit t.e bLond becomes ionie
girtn'; _

A S p-2very

.H -n+- R.

Thus etrong bonds may be fermed beiween adhesives containing
 =C0=, Nﬂj. or «trongly anionic groups such as ﬂ.ﬂ{ﬁﬂﬂ}ﬂ.

In all these cases a liauid alhesive interacts strongly with
Tthe predominantly 00 neﬁ;nining surface lnd; once set, the
u!plr;tlbn fovolves the laphrltinn of twvo charjes or, in the
presence of water, the production of frw. acid and free base -
both thersodynamically highly unfavouradle processes,

2,1295 Metallic lorces A metal may be regirded as an array

of ion cores embedded in an electron gas which obeys Fermi-
Dirac statistics, The don cores repel one another since they
are all positively char ed, There is aleo & dispersion force
of attraction which falls off as the seventh power of the
distance, Whilst this type of force is of importance only
for bonds between metals (i.e. welding) it is relevant in
that it contribtutes a large amount to the surface free eunergy
of wetals and it is important to note that intercctions with

non=netals can he by dispersion forces only,

2,2 Wetting
Since the good interfancial contact required for good

adesion cannot be nhtuinud hutu-ai two solids, adiesives

are normal ly applied ian the form u!-liquiﬂl and the interaction

betweon solids and liguids is thus of the greatest importance,
The first important investigation of the subject uua.th-t

of Laplace (1805), who explained liquid to selid adLesion
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in terms of forece fields between the volume elements of

a continuwous medium,. This was later shown to be unable to
explain sowme simple phenomena, and the fundamental guantity,
the force field, was not experimentally obtainable.

2,21 The Young Fquation and Work of Adhesion, The next important

developenent was due to Young (1806 ), who proposed the famous
aquutiug:
| Ysv = ¥sr = Yiyoos®

where the ['s are tie interfacial tensions and 8 the contact
angle at tue interface, Although there are conceptual and
experimental difficulties it has been shown that the equation
is valid so long as the surface is not too deformable, If
it is assumed that the work of adhesion is given by:

e Ysv* Ywiv - ¥so
it is easily shown (lester 1961), that the equation is

W, = (330 - ES‘."’] + HL‘,'.O{I-;cusB)
where:

¥s® - ¥sy© = RTIﬁFd(lu p)
in whiech P, is the saturation vn:nur pressure and T" the
Gibbe dd2orption exeess per unit area.

2,22 The Critical Surface Tension More recently, studies

of wetting have taken on a nev dimension with the work of
Zisman, and of Good, Girafaleo and Fowkes, Zisman (1964)

has defined the eritical surface tension of a solid as that
point at which a plot of cos® va X cuts the line cosd = 1,
This quantity, Eaot has bheen identified with the surface free
energy of the solid, a guantity very difficult te measure
directly., Zisman shows how Yo ™Y be related to the chemical
eonstitution of the surface layer, and sugpests that where

t'e experimental points representing cos® vs Y lie in a
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band, the lowest interecept eorresponds to ¥e* Thwe higher
values eorrcspond to cases where forces other than dispersion

forces are operative,

2,23 The Relation Detween Interfacial Jerces and Critical

Surface Tension Girafaleo and Good (1957), and Fowkes (1965)
e
have developed a theoretical approach giving the interaction

of forces across the interface in terme of the contact angle,

Their enuation is:

cos® = —¥o + 2/R.YLP -

i

kuke XPE are the eontributions due to dispersion forces
only and the T's, often neglected, are the spreading pressures.
0f course, where the liquid molecules interact with one
another by dispersion forces only, j = Y2+« VWhere this
condition is not fulfilled the work of adhesion, W,, is
given by:

v = § c1*¥e2
where the W's are the works of cobesion of the two phases
separately, and i is a constant which has Leen evaluated
theoretically by Geod (1964). It is the variability of i
for different liquid/solid combinations which has caused much
dispute as to whether Zisman's concept of eritical surface
tension is appliecable to cases where the value of ¥ depends
on the series of liquids used to determénme it, Dann (1970a
and 1970h) collects a large anauﬁt of data from the literature
and adds some of his own to slow tLat we not oanly do, but
shnuld, obtain different values of ;P dependin, on the liquid
series, He also demonstrates that the plot of cos8 vs g

is not necessarily a straight lisne and that long extrapolations
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are to be avoided.

2,24 The calculation of Interfacial Free Energy It is also

possitle to calculate the surface free enerpy at the interface

hetween two slabs of materdal (subscripts a and s) and ifew

fs the maximum force an interface can support, the result:

gL X i l.ﬁkzlﬂﬁi;f{Vi + ¥§]£

"is obtained. The ?;a are the molar or unit volumes and
Hn the thernndynnnic work of adhesion. Tor & single material
for whieh the cohesive enerpgy density is kuﬂvn,Ha can he
eliminated and by making a series of approximations the

‘result

: 2
ﬂ""ax = 1 . 025 3

vhere 87 is the coliesive energy density; is obtained, The
agreement with -experiment is good for materials such as
metal whiskers which are likely to be fairly free from flaws,

2,25 The Camleculation of the Maximam Stress an Interface

can-ﬁuppnrt The theory of Girafaleco and Good (1957) can be

used to derive a similar expression for the maximum force

an interface can support and the result:

o = l.ﬂﬁ'ii.r;,l'as‘ss

mnax

is obtained where the i'l are the interaction parameters
as abhove, It is also shown that tlie failure will be interfacial

il the following condition 1s€fﬂ1fillpd.
1.5
SIS > &

If the contaet is not perfect the failure may be interfacial

for mechanical reasons even though this condition is not
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fulfilled and for this reasom adhesives should be closen
which will give the ~est possible wetting, Unfortunately
these will, by definition, have low cohesive enerpgy densities,
This dilemma ie overcome by making joints at high temperatures
or in the presence of a solvent which will lower the surface

free energy of the adhesive.

2': The Interaeti n between Metals and Polymers
2,31 Additivity of Forces across an Interface It has been

shown (Feynmann 1939) that for molecules for wiich several
types ol lntarlntioﬂffcrn& are important, the forces are
additive, and it is useful to consider the Lypes of interaction
which will be important for the metal/poly er systems used

in the present study.

A piece of paliadium will consist of palladinm atems
covered by a thin layer of oxide. This will normally be
covered by a layer of strongly 'ound water molecules and
thiese will attract a greater or lesser number of more loosely
bound water molecules depending on the relative humidity.

If an adhesive 'ond is to be made to such a material, the
hydrated oxide layer must eithier e removed or Lhe bond must
be made on top of it. It has been suggested that since
virtually all metal oxides have a similar hydrated structure,
adhesives should behave in the same manner towards all suech
surfaces, Thus Wade and lackermann (1964) found that the
heats of immersion of silicon dioxide, titunium dioxide,
and aluminivm oxide depended much more on the particle sisze
than on the nature of the matal atom., lowever, sinee, in general,
different waterials behave differently in this respeet, we

must consider the differenees Letween these surfncea, the most
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important being geometriec faetors, rute of hydration, and

the activity of surface hydroxyl groups.:

2,32 Marnitude of Interactions between Polymers and Metals

For pure dispersion forces between a polar polymer and a

.natnl.u:idc. the interaction energies arc abeut 100 i}nl:.ﬁi‘it
about the same value as the total intersction between the

same wmeial and a non polar polymer, For water on metal oxides,
hovever, the interaction is much greater being abeut "

500 drnn.un’l. Thus a bend hetween a metal oxide end a

non ﬁhlu;-pnlrm.f ecannot normally retain adhesion ﬂfﬂl;
srolonged immersion in woter, a typical free emergy change

being =300 lrl-ﬂu-n-

2.4 The Destructio: of ‘onds by Water

Egtl Experimental Studies The destruetion of bonds by

water was firet studied in detail by Faleoner, MaeDonald
and Walker (1964) who investignt.d the reduction at high
relative humidity in the adhesion of twe ty es of adhesive
(reat flesistont Phenolic, and an Aromatie Amine Lpoxide)
bonded to stuinless steel and tested both in tenBion and
in shear.

They found that the bonds failed cohesively during the
early stages of the tests but later the failure changed to
ad esive, The authors postulated solvation of tle adhesive
;aluna to the interfoce leading to mevement of the chain
segments and the ﬁrnﬁucttnn of waak boundarylayers.

Kerr, MacPonald and Ormaun (1967) dimprove! on the
experimental tecinigue and worked with aluminium. Their
results show that expesure to ethanol or oxygz-am at 90’C

causes no deterioration in the bond strength., They measured
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the fall in the tensile strensth of the polymer on uptake

of water and of ethanol. They found that, with water,
equilibrium was reached in nhuuf ten daye, (with about

87 loss in strength) whereas ethanol took much lo.ger to reach
equilibrium, giving about 30% loss after about 50.days during
which time the polymer svelled appreciably,

2,411 Conelusions Careful examination «f the results

enggeats that the adhesive weakening is a funetion of the
hquﬂdﬁﬂy]nr-r rather than of the bulk polymer, The authers
also conelude that the interaction is chemical rather than
physical and suggest that numerous hydrogen bonds cdose to

- the interface will be greatly weakened by the ingress of water
whieh will tend to congregate at hydrophilic centres,

2,412 lecovery on Drying More recent work by the same authors

(1970a and 1970b) has slown tha! the Londs recover part,
but not all, of their strength on drying, Further studies
with grossly undercured polymers (to reduce the crosslink
donsity) shows that the authors' earlier theory was in
error since the undereured po ymer was less affeected than
the normally cured specimen. (The undercured polymer would
be expected to have a larger number of unoccupied li<bond
sites and therefore to be more affected.)

2.42 A New Theory The aushors then wuggest that their

worlk supports the theory of Kwei (1966) that the rupture

of covalent bonds is invelved, This was confirmed Ly further
experiments in witich bonds were exposed to environments rich
in forraldehyde, arwonia, »nd metianel, none of which was
detrimental to the homd strength. "This, together with the
fanet that the bYonds =show a slight initial increase in strength
before reverting to their orizinal value, suggests that

some plastiecising retion is inveolved. It is possible that
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water also acts as a plasticiser, but the ingress of watler
is so rapid that it masks the effeet., The following

bydrolysis reaction is postulated:

Q T-n cil, o
Cil, . 00 — @ Nliy+ @——MHE-J:IIGII
{:Eru-caﬁ-éunn

Other exnmples of this type of reaction have already been given,
(2.1212).

2,43 lonic_Interactions ioniec renctions Lave also been pos-

tulated hy Bolger and Michaels (1967) who classify reactions
intoe the following types:
A1l Dipobe interaections with organie acids
/| A2 Ionie Interactions with organic acids
B 1 Dipole interactions with organie base
B2 IJIonie intq;nctiana with organic base
They then distinguish between the types by deriviag the
relationsy
Ax 08 =)
o i O st
were IEPS is the isoelectrie point and the A's are the
logarithms of the respective equilibrium konstants for the
surface reactions.
Then if A, or ﬂ.ﬂ}n the ionic reaction should
predominate and if L, o b"“l £0 tue dijole i teract on

should predominate.

The strongest bonds should oceur at large positive
values of A, or A+ The authors tabulate a large

nunber of values of ﬁL‘I and z;l for different adherend/



20

adhesive combinations, and give typiesl surface reaetions,
They then use their theory to show that water sesistance
should increase where fonic attiractions for the organic-
subatrate interface are large relaiive to the attraction
for the water-selid interface in neutral systems = i.e.
with no additional ions such as 0H™ or H® to shift the
equilibria, It is then slown that for strong ionie inter=-
actiona either
PEy(y) < P £ 1EPS
for type A interactions, or
1IEPs < pit L Py ()
for type D interactions,

The theory is then confirmed by experimental measurements
of the underwater adhesion of a large number of air dried,
solvent hased, primer coatings, containing alkylated phenolic
resine with polyvinyl bntyrel or nitrile rubbers,

0f course, the foregoing sliould not be taken to indicate
that the polymer should contain large numbers of ionizable
or hydroxyl groups since these polymers exhibit hi h water
solubjlity, swelling ete,, and in any euse a very s-all
number of aetive groups is normally suitably placed for
adhesion,

2,44 (lass llhrllrilil compozites This type of treatment
has been takenm up by Baseom (1970), and applied to glave tibre/
resin composites,

Bascom also gives a treatment of the way in which cracks
might propogate in the presence of water vapour, saying that
the presence of water must alter the eohesive streangth of

the material at the eraek tip.

It is also pessible that water condensing in the crack
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tip can exert some capillary action tending to open the
erack, but this mechanism will be important only at high
relative humidities, Some experimental evidence is pres-
ented to support each of these possitiilities but the author
coneludna}hy saying that most workers tend to study partice
ular systems with a view to finding the conditions under
which the bond is stable rather than formulating a more

general treatment of its failure,

2.5 Mechanical Factors Affecting Adhesion
When an adhesive is tested to destruetion the lailure may
oceur in several ways and which of them is important depends
on tke mode of foermation of the bond, rate of application
and direction of the applied stress, the presence or absence
of cracks, and the bulk properties »f the adhesive.

2+51 Pro erties pf Polymers When a stress is applied to a

polymer Lelow its giass transition temperature the polymer
cannot elongate to any great extent and normally breaks

at a 'ew percent extension. Above the zlass transition
temperature the polymer may extend several hundred percent
before breaking,

The ultimate breaking strength of the polymer, ﬁhnx'
is strongly dependant on the ze'metry of the sample since as
the eross section deereases the wrobability of finding flaws
decreases (Anderegg 1939), farthermore, even in uniaxial
tension, shear stresses will develop in the sanple and it
has been found thet a notched specimen has a much larger

ultimate tensile strength due to the faet that interior

material is inhibited by the material outside, (Orﬂwan; Nye,

and Cairns, 1945),
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2,52 Crack Propapation and lLimiting Crack Size If the

waterial conlains cracks, tle stress at the edge of the

erack will be greater than average. According to the
tieory of Griffith (1924), the crack will propagate if the
energy required to increase t e free surface of the material
is les= than the energy released by the release of strain

at the erack boundary., This leads to the equation:

o = K(Ey/e)t
where 6 is the surface free energy, E the elastie modulus,
and ¢ the erack size,

Barenblatt (1962) proposed that a system of crack closure
forces should be imagined as acting on the erack surface
near the border in sueh a manner as to remove the infinite
atress there. Three mutually perpendicular directions were
conaidered for the aetion of the erack closure forces and it
is posaible te canleulate tie limiting erack size for cata-
steophic failure of the sample., It is elear from t.e results
that, other things being equal, a tiny erack or unwetted region
of the adhesive is of 'reat importance in a sample to be
loaded in tension, but not for one to be loaded in shear,

2,83 Dependence of Bond Strength on Adhesive Thickness In

most applications, the adiesive is weaker than the substrate

to whieh it is attacihed, and for a butt joint the strength
increases with decreasing thickness of the adhesive layer.
Tt has been shown (Meiscner and Merrill 1948) that in

anu; cases the strength of.tie joint may exceed thnt of the
adliesive, This is because the presence of.n rigid substrate
reducen the 1niucn of the shear stresses in the adhesive

to values mueh lower than those present when a bulk sample

is tested,
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Bikermann (1941) suggested that the effeet is due to
the faet that the probability of thére ieinz a flaw in the
adhesive increases with increasing thickness, although
thiis cannot be the case if the failure is adhesive as

stated in Garden (1963),

2,6 The Geometry of Adbesive Joints

In view of all the factors mentioned in the previous section,
it is elear that the geometry of an adhesive joint will

have a large effect on the measured streagth so that it is
important to consider the stresses set up in tue various
types of joint, The subject has been treated by Mylonas and
de lruyne (1951) and reviewed by Sneddon (1961),

2.61 The Different Types of Jeint

The Basic types of joint are illustrated below,

o g d A s I8 N i g

lap Jeint Butt Jeint

Napkin Ring

Pull Threugh

Within each typre there are several variations (e.z. searf
Joints, double lap joints, ete.) and for each of these the
distribotion of stresses will be different,

When an adhesive joint is tested te duatruutiunjnhave
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average stresses may arise in two ways: frum the geometrical
form of the joint, and from irregularities in the joint or

the adherends, Whilst the first can be allowed for or

even eliminated by a -uitnhtu-uh.ﬂoghd{fjgiﬁt-ihﬂ‘gffrfxthdaee‘nd
cannot easily be ielimindted or even measured aund it is

thus necessary for a study of adhesion on a2 molecular scale

to choose a joint in whieh the stress is not only as pure

as possible (in magnitude and in direction) but also in

which stress cencentrations due to joint imperfections

have the minimum effect,

2,62 Stress Analysis of the Pull Through Joint For the

present study the pull through type of joint was chosen as
deseribed in section 7.2 The stress analysies has been
earried out by Wood (1956).

llis theory depends on the consideration of the equilibrium
of subatrate embedded in: rubber, Subsequent integration
of the force over the length embedded enables the total
pull threugh force to be calculated as a function of the embed-

ded length, [His results are summarised in the grapha shiown

below.
U = Beoshnx U = Displacement
W
n = 2¢/Er
‘T K
B = . :
F = Enutanh n x F = force/unit area
F .
o —_— x ,t -
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2,7 The Adsorption of Cases

As deseribed in section 2,44, the adsorption of guses at
the interfoec may well influence the propogation of a
crack during bond flil;ll and for th.s reason and also
because of the utn-r-l-inloruitiun vhich may be obtained
- eoncerning the interface between adhesive and alherend

it is instructive to econsider gas adsor tion on either or
both sarfaces,

When a gas ﬁr vapour exists in contact with a solid
surface, lorces between the molecules of the two phases
will cause an excess of cas molecules to Le preseat close
to the interface, This proceas is konown as adsorption,
Since it is goveraed by the egquation:

AG = All - TAS
and since AS is negative (bbeause the molecules lose at
least one degree of freedom on adsorption) it follows that
the process is normally exothermic, If it is not, the
phenomendn is knownas negative adsorption,

Adsorption may be classified as plhyaisorption or
ehenisorption depending on tLe cature of the intersction,
It is usual to charaeterise chemisorption as involving epecific
electronie interactions and a large heat change, and
physisorption as that whieh involves only weak Van der Waals
op dirole forees and a hent ebange comparalle with the Leat
of liquefaction of the gas,

2,61 _The Langmuir Theory The first successful theory of

gas adsorption was that due to Langmuir {1915) whe dealt
vith monolayer coverage only,and assumed localized idemntieal
sites and the absence of lateral interaction, His equation

iss



26

8 - k,p
k2 - klp

Although it is sometimes used for elucidating reaction
pechanisme it is mot nowaidays of great importance.

92,42 The DET Theory A significant extension to the Langmuir

theory was mot made until Brunauer, Pmmett, and Teller (1937,
1938, and 1040) proposed their famous equation which was
based on the following assumptions:
2.921 The Assumptions of the HET Theory

1)The adsorption sites are fixed.

2)The adsorbed molecules do not interact,

3)The layers are adsorbed successively,

_4) Hest af adsorption is constant for ocach layer.
T 1 t
5)The heat ofl adsorption into the second and subsequent

layers is constant and equal to the heat of Liquefaction,
6)As the pressure approaches the saturation value the

adsorption approaches infinity,.

2,922 Derivation of the BET Equation The dérivation of the

equation depends on the sum to infinity of equations such

-E, /RT
1 ed T i R

where 5, is the coverage in the i'th layer and E., is the heat

i
of adsorption., The final res=ult is:

P 1 ce=-1p
e — = & P o
x(p,=p) *n® *n® Po

where x  is the amount of gas adsorption at monolayer

coverage and ¢ is gdven by:
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ab, o(E) - E )/BT

C =
2™

vhere El is the hieat of adsorption inte the first layer and
l‘ is the latent heat of evaporation,
2,923 Limitations of the BET theory The assumptions of the
BET theory are invalid on several counts:
1) lLateral interactions musi be considerable (except
possibly for noble gases at low pressures,
2)" The heats of adsorption are by no means constant,
either between layers or within each layer.
3)The layers are not adsorbed successiviély, and even if
they were the molecules in the second layer would not
adsorb directly ahove those in the first layer as
implied b the BET theory.
k): No gas is eritically pure and a very clittle ! strongly

adsorbed im urity will soon saturate the surface,

2.924 Calculation of the statistical monolayer capacity and
specific surface area Despite these objections the BET equation
is of econsiderable value since from a plot of

p/x(p,-p) vs p/p,
It is puuaihl-;to enleulatcfih- statiastical monolayer capacity.
Then if the area occupied by one molecule of the adsorbate
is khown, the specifie surface area of the substrate can
be found,
ﬂ,!ﬂj The Molecuiar Area The surface area occupied by dif-
ferent molecules is still the subject of much dispute, only
the value for nitrogen (obtained from the liguid density
and confirmed by a wealth of adsorption experimental data)

being generally accepted at lﬁ.2ll. Values for other, more
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readily condensible, vapours are of much more doubtful
validity sinee they are based on particular erystal packings
which are certainly not found en the the surface,

Values for some simple molecules were first ealculated by

Drunauer ’nfhtt and Teller (1937 ) using the equation:

= 3«.&:54:111@“'(~ M )’
JEH.E

vhere 0 is the density of whiche er phase is appropriate
at the temperature of the experiment, N is Avogadre's
number, and M is the molecular weight of the adsorbate.
Some authors (e.g. Nay and Morrisen 1949) have prodused
sets of corrected areas bawed on the ndtrogen value for
some stondard sclid, or based on the absolute method of
flarkine and Jure (1944), (However, all these methods depend
on the doubtful assumption that the area occupied by one
adsorbate molecule is independant of the solid used, As
illustr-ted by Dziske and Krasnepdskaya (1952).this
assunption may be greossly in error,
2 Other Isothe uations Other isotherms have been derived
to take inte account the varistion of the heat of adsorption
with coverage. The isotherm due to Zeldovitsch (1934)
genarally known as the Freundlieh isotherm, assuming an
exponential deereaze in AN with coverage gives:

e k'1.‘1’11
whilst Temkins and Pyghev (1940) esssumed a linear decrease
and derived the relation:

@ = a,la(bp).
Numerous etlher trentments have been given and.are:reviewed by

Young and Crowell (1962), but whilst some of them have
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achieved limited popularity, many involve so many constants,
with or without physiecal significance, that it is impesczible

to test the theories as opposed to simply fitting data.

2,74 Classification of Isotherms A considerable amount of

information may be obtained from the shape of the isotherms
themselves, Brunauer, Immett, and Teller (1945) classif-

ied the isotherms into five types which are shown below,

1 11 ITI

x‘/’/

7

Type I is found where no adsorption is found above monolayer
coverage and types Il and II1 represent multilayer adsorptien,
the second corresponding to two dimensional condensation,
Types IV and V are analogous to II and III except that here

the presence of capillaries restricts adsorption to a certain
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number of layers. W¥Where the molecules interaet with the
gurface wueh less strongly than with one arother we expecl

two dimensional condensation to be evident from the adsorption
isotherms, (types Il and IV), A detailed treatment has been
given by de Boer (1968),

2 Caleulation of Thermodynamic Juantities h therm
If a series of isotherms im cueasured at different temperatures
it is possible to calculate various thermodynamic quantities,
of which the most important are the heat of adsorption and

the entropy.

2,751 lleat of Adsorption There are two Lypes of adsorption
vhich may take place: isothermal and adiabatie, [lor

an isothermal process the adsorbate is placed in a conatant
temperature bath and the term 'heat of adsorption' refors

to the heat transferred to the bath during the adsorption
process, For adiabatic adsorption the adsorbate is jlaced
inaa calorimeter and the hent of adsorption is the temper.ture rise
of the calorimeter and contents multiplied by its heut
capacity. There are two types of isothermal processj in

one the pressure is allowed to decrease as the gas is taken

up giving rise to & guantity known as the differential heat

of adsorption, In the other, the syatem is visualised a=
conteining a piston so that the pressure is kept constont

and the adsorption is also isobarie, It caa be siown that
this corresponds to the dsosteric heat of adsorption (i.e. at
constant eoverage) determined from the isotherms by means

of the Clapeyron-Clausius Egquation, (de Hoer 1968 page 70).
2,752 The Entropy of Adsorption Inmtrepies of ullnrptiui

may also be obtained from the isotherms at different temper-

atures using the equationst
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A G = <RTIn(p /p) end 46 = AH-ToS

Thus if the coverage at different temperatures and pressures
is knowvn it is possible to calculate the entropy of adsorption
at any given coverage, These experimental entropies of
adsorption can them be compared with theoretical ones
evaluated using the Sakur-Tetrode equation., In order
for the campa§ison to be valid the experimental wvalues
must be converted to some standard state. A discussion
of the choice of standard state has been given by de Beer
(1968),

Calculations of this type have beem carried out
by Kemball and Rideal (1946), and Everett (1950 & 1957)

Has analyvsed several séds of data.
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CHAPTEL I1lL _ :
ADSURPTIOR STUDIES & APPARATUS ANU PHELIMINAUY EXPERLMENTS

78 | 'Eg!rnéul an the determination hf'i&lurﬁti;u isotherms
y a vutunl lini c#ntlinins a C,Is Mk, Il microbalance was set
1np nnd is lhnvn in tig., 1. The balance was an electronie
.inﬂtrvment aimilar to that dosignad hy Gregg {1955] and had

l‘ cnpupit; uf la nnd a --nsitlvity -{ lﬂ'ﬁg. - %
Elll Th} Acuum i:ltli. Thc tnnuum lyltﬁh conﬂ;-tad of.a tvI
stage mercury. diftuainn puup backed by a tiu stage rotary
_pqu to give a minimum pressure of txlﬂ-ﬁiu. The pumps

were conneclted to a vacuum line leading to the balance and
containgd a loop in which the adsorbate gases could he
purified and stored before being admitted to the bLalance,

3412 The Measurement of Pressure Pressure was neasured by

=l

an Edwarde Tonization Gauge al the lowest pressures (< 107 'mm),

-1

by twe Pirnni fauges in the next pressure range {lﬂ-jl - 107 "),

and by o manoneter containing diffuaien pump oil fTor: pressures

up to qhnut:ﬁﬂmm. The ail had a vapour pfessurs of about lﬂhﬂum

at room temperature and 10mm of oil correaponded to 0,6h14mm

L

of mercury. rovision was also made for the insertion of a
il !

mercury manometer close to the liquid aitrogen onld trap but

due to the dnﬁn&r of contamination of the sample by mercury

thiis was used in very few scries of experiments,

3.2 uutg:nsing th- lggnrntu- Fri S
The np:nratui whn‘set B inxt:lllr ad: Abvoun Ln Platt-l The-

lultial outxnuntng tnik=q nunsidnrnhla time as t?e system could .
n.t be baked due to tﬁé presence ol greased taps and joints,

Thus, when the ayatem had Leen. pumped for about five days and
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the pressure was about 10-hmm. if the balance was isolated,

3

the pressure rose to about 10 “mm in about one minute and teo
about N0,1lmm in about one hour, To accelerate the outgassing
a hot air blast was directed onto all possible parts of the
apparatus, This caused a considerable evolution of gas
and, in particular, large quantities of gas were pumped out
of the grease on the taps. An aitempt was also made to heat
the balanee itself by means of an infra red lamp, but this
appears to have bad little effect,

In all, the outgassing was continued for about four
weeks, the ultimate pressure attained being 1:10'5I-. The

system was then able to hold a vacuum of lﬂ-&nl for abount

30mins and 10-3- for several hours,.

3.3 The Adsorption of Nitrogen on Carbon

In order to test the apparatus, the first sample used

was a somple af carhon black ebtained from tihe Cabet Carbon
Company and with a published surface area of ﬁ!lﬂg-l. This
value was obtained by iedine adsorption from solution, and
graphe are provided in tlie manufacturer's literature which
show the relationship between these measurements and the

HET method used hLere.

331 Blank luns The adsorbate gas was LOC White Spot nitrogen
whieh was used without further purification., Blank runs were
carried out at ??ﬂl with a 200mg weight on each scale pan,

These runs, over the range 1077

= 300mm were identical to
within the expebimental error, and contained apiarent weight
changes of up to +150 and -30pg. These changes are thought

to be due largely to thermomolecular flow arising from the

difference in temperature betwveen the sample at 77°K and
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the balance at jﬁuul. The readings were added to or subtracted
from tlie readings takem with the sample in place,

3,32 The Sample The carbon sample used was of about 200mg

and was balanced bj an egual weight in the right hand scale
pan, It was found that whilst the balance could be read to
better than l’;m. the useful precision was only 3_#}1; due

to vibrations reaching the balance from the enviromment,
llowever, this figure was somwhat variable and in one case

(when a pneumatic drill was started on an adjacent building
site) the oscillations were so severe (20 - 30pg) thot a

run had to be abandoned, Some improvewment was obtained by
using a damped recorder, and the final readings are reproducible

to .tﬂT'l

3433 Outgassing the Carbon Sample The sample was outgassed

by pumping overnight ( after whiech the pressure was about lﬂ"knl}

and then heating for lhour at 550°ﬂ to give an ultimate
5

pressure of 8x10" "ym, Although no detailed measurements

were taken it appears that prolonged heating drastieally
reduces the surfage area, sinece after heating overnight the
BET nitrogen adsorption indicated a surface area of only
20n’g"",

: A fresh aample was then taken and the following standard
procedure ddopted: pump down to 5:1ﬂ_&- (normally over=
nicht) heat to 550°C for one hoar, and finally eool and pump
until the pressure ceases to fanll, In this way the winimum
pressure attained with the sample at liquid nitrogen temperature
was I:lﬁ“-u.

3.34 The Adsorption Measurements Nitrogen was let into

the system to fill the lower part at just below atmospheric

pressure, The pressure was reduced to a suitable value
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before allowing the gas to expand into the balance.

The adsorption of nitrogen consisted of an initial rapid
uptake of gas, followed by a slow build up to equilibrium
aver a period of about 15mins. It was possible to follow the
adsoeption by watching the deerease in pressure, the method
used by Brunauver, Emmett, and Teller (1938) in their
original wvork on adsorption, The measurements were made

3

over the range 107~ - 300mm using the same sample for successive
isotherms, The adsorption appears to be completely reversible
since virtually all the gas was removed by pumping for F0mins.
The rewaining gas (about 10pg) was removed hy heating to
ﬁﬁﬂ'ﬂ for atout 15mins, This probably comisted of trauces of
water which had desorbed from the walls of the apparatus
during the run.

Two runs were made and whilst they were not identieal
they differed by no more tham 10% over the BET range
(0,05 ¢ w’llﬁ <0s35)s The isotherms are shown in Graph I,
The HET plots were also drawn (Graph II) and gave surface areas of
81,2 #0,5 and 79.9 20,5 nng_". The reduction in the
surface area, whieh is just outside the experimental uncert-
ainty, is probably due to the heat treatment bLetween the runs,
While this result is somewhat higher than the best result
obtained by iodine adsorption, inspeetion of the published
graphs comparing the two methods indiecated that this diserepancy

is well within the random variations shown,

344 The Adsorption of Nitrogen on Gold
The first metallic sample used was a 31%5mg sample of gold

powder of 99,99% purity, obtained from BDH and used as

received, The sample was outgassed by heating and pumping
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for a total period of two hours. No loss in weight uceurrvd.
antil the sample reached 450°C and although this temperature
was maintained for two hours all the weight loss (about 10pg)
took place during the first 15 minutes and was assumed to
be nheQi-urhad water., |

It has been rtpﬁrtuﬁ uy Sarakhov {1957) that nitrogen
does not adserb on gold. 7o test this, nitrogen was adnitted
to the outgassed gold sample, cooled in liquid nitrogen,
at a pressure of 760mm, and left overnight. Neo inercase in
weight was recorded after 24 hours and, following Sarakhow,

the adsorption of benzene was attempted,

3.3 The Adsorption of Uenzene on GLold

As benzene disvolves readily in hydroecarbon tap grease all
the stopeocks were lubricated with sugar grease (Meloche and
Trederiek 1932 and Appendix I).

3.51 The lemperature of the Adsorption The temperature for

the adsorption wos rather eritieal as the pressure range usgeid
had to be entirely within the range of the Pirani gauge

and this had to be within the range of benzene relative
vapour pressure 0,05 = 0,35, In addition, the pressure of
the first peint had %0 be high compared to the aiminum out-

3nu]. This meant that the sample temp-

gassing pressure (107
erature had to be maintaincd at aronnd -65°C, and a bath
made by pouring liguid nitrogen onto chloroform to form
a slush was found to be suitable. Two bllank runs and
gseveral adsorption runs were made,

3.52 feenlts On addition of the first sample of vapour
(at !llﬂ-jﬂll an immediate uptake of gas amounting to

atwout IUP; was observed. Subsequent additions of gas resulted
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in no further weight inereaees, This result was unsatisfactory
because the uncertainty in the reading of the balance was at
least 3"‘" but a value for the apecific surface nrea was
caleunlated on the assumption that the initial uptake represented

the filling of a monolayer and was found to be about ﬂ.ﬁlng-l.

3.6 The Unsatisfactory Nature of the Ajiparatus

At this stage a new reference cell wns put inte the balance
and was found to inerease the sensitivity at least tunlﬁiﬂ.
llowever, the improved sensitivity merely served to indicate
the inadequacy of the experimental measurements and, in
partieunlar, it wns suspected that the equipment was very sen-
aitive to temperature., This affects the adsorption in two
ways, by altering the temperature of the adsorption itself,
and by altering the saturation wvapour pressure of the gas in
the bulk of the systenm,

Where the adsorption of nitrogen is carried out at the
temperanture «f liguid nitrogen these effecte should not be
observed since the saturation vapour pressure of nitrogen at

liguid nitrogen temperatmeewill always be atmospheric pressure
on the day »f the experiment, and an adsorbent immersed in

liquid nitrogen will be maintained at fairly constant temperature.
llowever, for adsorbhates whose saturation wvapour pressures
are less than atmospherie pressure, the relative vapour pressure
of the pgas in the system will vary appreciably for very

small changee in ambient temperature although the sample
may be at constant temperature, -

To confirm this, a thermistor was connected to a

recorder to act as a sensitive recording thermometer and

left overnight so that a detailed comparison eould be made
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between tenperature variations and variations in the weight
which was also recorded, It was found that the variations
in weight closely followed the temperature fluectuations, and
it beesme clear that the balanee ' 'shouldbe maintained at
'cnn:tnnt.fi-pnruturt ir llaﬁinpfnl ru:ulil were to Le obtained,
: 3.61 Modifications to the Apparatus Te overcome the effeet
of temperature fluctuations, the whele apparatus was surrounded
by a wooden enclosure with a removable pewspex front containing
a small door for access to taps etc,, and fitted with an air
thermostat, The opportunity wns also taken to reduce the
amount of dead space in the apparatus considerably. Three
methods of Leating were tried for the enclosure, the aim
being to maintain the temperature at 25 + 0.1%c. First,
a 560 Vatt i.r. heaterwas found te maintain a constant temp-
erature very well but was not sufficiently powerful to keep
the temperatlure more than ?“ﬂ above room temperature,
It was found however, that a leagth of heating tape rated
at 100 Watts and arranged to cover as much of the bottom
of the enclosure a» possible was ideal and held a constant
temperature to better than +0, 1%c. In very eold weather
this was supplemented by a 100 Watt electiric fire element
contained in a glase tube near the front of the enclosure.

In addition to the air thermostat the sample tube was
surrounded Ly a copper coil which was in turn imcersed in
a dewar flask containing water. Water ecirculated through
the eopper coil and maintained the temperature to better
than  #0.02°C,

Tor outgassing the sample could be heatéd by means
of a furnace which surrounded the sample tube and which

co:ld give temperatures up to 600°C.
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3.62 Difficulties Experienced due to Volatile Materials

With the balance maintained at constant temperature it became
elear that consisteat results were still not h;in; obtained
as 1llustrated by the following experimental r'lﬂltl..

3.621 nggri-lntnl After the system had been out of use

for several days the pumps were started and the pressure

fell to 10 mm an about 15 minutes, and to about lﬂ_"-_ in
ahout one hour, When the balance was ilclﬂttd from the

pumps the pressure rose to 10" % 18 lhili{é minutes,
Throughout these experiments there was ne sample on the
balanee pan but the weight was econtinuously recorded. It

was found that the weight appeared to ;er in anrandom
fashion during the first hour's pumping but then settled down
to a steady value, However, at irregular intervals sudden
weicht changes of up to 3ﬂpg were noted, These were eliminated
by surrounding the hangdown tule with aluminium feil
conneeted to earth so as to prevent charge building up

on the walls of the apparatus, After 24 Lours the pressure
was less than lﬂ-*— and on isolating the balance from the

3

pumps the pressure rose to 10" “mm in Sminutes. lowever,

with the pumps isolated but with a liquid aitregen cold

trop in the system the pressure rose more slowly and the
weight rose much mere slowly, (about lﬂp:.hf-ll FPurthermore,
wien the pumps were switehed on the deerease in weight was
mueh more rapid than previously observed and followed the
degrease in pressure with liitl- or no time lag.

13522 Conslusions The foregoing experimenis show that
whilst a vacuum of ln'k-m ~ay be attained fairly rapidly,

the pressure resulting is a dyuamic equilibrius resulting from

the desnrption of gas from the balance and the glassware.
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Secondly, unless the pumping is continueua, at least part of the
gas leaving the walls of the apparatus is readsorbed by the
balance giving rise to an unsteady base line, Thirdly, the
very slow rise in pressure in the presence of a cold trap
indicates that most ef the gas leaving the walle is readily
condensible, Finally it is clear that after short pumping

times the gas is being readsorbed onte the balance since there
is a eonsiderable delay between any sudden pressure variations
and the attainmwent of weight equilibrium, liowever, after
pumping for 48 hours or longer the attainment of equilibrium

was a very rapid process when the pressure was suddenly altered
and this was taken to indicate that the variations were now

due mainly to thermomolecular flow, It was also noted that
vhen the balance had lbeen opened to the atmosphere for as little
as 5 minutes the whole sequence was repeated and at least

tvo days were required to obtein a stable balance reading

and a satisfactory wacuum,

3.7 Flectron Micrographs of the told Powder
3«71 Experimental and lesults As the results of all the experim-

ents to determine the specifie surface of the gold powder were

indeterninate it was decided to take some electron miecrographs
of the gold powder and those at 900x magnification are shiown
in plate ITI.

The folleowing facts may bLe noted., Although most of the
particles appear to be spheriecal, about 3% are in the form of
hexagonal plates of about 2ym radius and about 0.2um thick.

Two ecalculations of the specifie surface were made, (a) corres-

ponding to spheres and (b) corresponding to platelets,
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The results are tabulated below:

Spherical Platelets

Radius Epn Epm

“pecifie Surface Area ﬂ.ﬂﬁﬁuaj-l ﬂ.ﬁnﬂg-l

Expected Weight Change {Hﬁ} Lﬂpg iﬂr;

Plate I1I
Gold Powder 900X Magnification

The gquantity "expected weight change for Hﬂ' is the monolayer
uptake of nitrogen on a sample of 0.,25g, 'he value for dise
shaped particles is in order of magnitude agreement with that
obtained from benzene adsorption, Hewever, as the uncertainty
in the area occupied by one benzene molecule is about + 25%
and the experimental uncertainty is of the same order of

nagnitude little confidence can bhe placed in the results,

3.8 The Adsorption of Krypton on Gold

As the results indicated a very low specific surface area for
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the gold powder it was dedided to attenpt the adsorption
of krypton which has been reported by Genot and Duval (1967)
to adsorb om goald,.
3+61 The Advantages of Using Xrypton The use of krypton
has several advantages. It has a saturation vapour pressure
of about 1,72 mmilg at the temperature of liquid nitrogen
sa that the use of a meroury manemeter is unnecessary,
(1t was desired to svoid the use of a mercury manometer
as far as possible to reduce sample contamination to a
minimom,) Secondly, the krypton molecule is spherieal
and the area occupled by it, although not as well known
as that of nitrogen, is considerably more certain than that
of other inert gases or of more complex molecules., The
generally accepted value for krypton adsorbed on motals
is ll.ﬂla. Furthermore, krypton is a fairly lLeavy molecule
s0o that with a surface area less than that of hitrogen
the weight dénereases expected are about twice those for the
lighter gas.

82 The Interpretation of the Isotherms lowever, the inter-
pretation of the isotherms is more difficult than for nitrogen.
Firatly, there is some uncertainty .as te the appropriete value
for the saturation vapour pressure, Pyt which has to be insesdted
into the BET equation, The temperature 77K is well below the
triple point of krypton and it might seem logical to take
P, 78 the vapour pressure of seolid krypton, Now the BET
equation ims:

 RENOOWEES ISR L U

:{r.-p] eox, xc P,

where =, is the mass of one monolayer per gram, P, is the
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saturation vapour pressure, and ¢ is a constant which is
normally greater than 100 for permanent gases, When ¢ is

large this equation reduces to:

PP, P,

l-(l. -p) X,

It can thus be seen that the value for the specific surface
area obtained does not depend greatly on the value chosen
for the saturatieon vapour pressure, However, it is noted
that in many cases the BET plet is noticeablyless non-linear
“when ©9 P is referred to the supercooled liquid rather
than to the solid, Furthermore, it is doubtful whether the
BET procedure is applicable to neble gases below their
triple points since it is often found that the thickness

of the adsorbed layer approaches a finite value as the
pressure approaches the saturation vapour pressure. It
should, howvever, be possible to determine the specifiec
;nr!len area using the 'point B' methed.

3,83 Experimental and Results When the adsorption experiments
vere tried, it was found that any weight increases were much
less tham the corrections due to thermomolecular flow whiech
were, unfortunately, at a maximum in the pressure region

of most interest. The results did, howvever, confirm those
from the eleetron mierographs; namely, that the surface area
of the gold powder was too small to measure reliably using

the apparatus and experimental tecinique as described.

3.9 The Stability of the Halance

Puring these experiments the stability of the balance

deteriorated considerably, and as the manufacturers seemed
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unable te offer any useful advice, some intensive efforts
were made to reduce the effects of environmeantal vibrations
on the balance.
To this end, a new mounting of (" aluminium plate

was made to a design similar to that of the Cahm balance
operated with success on the same bench, A piece of
flexible metal tubing about 3" long vas inserted between the
balance and the main vacuum line te cut down any vibtations
which may have been transmitted from the pumps to the balance,
It was found, however, after some two months had been spent
in investigating the causes of the vibrations that rather
than the accuraey of the measurements improving, the readings
could not now be ebtained to better than + lmg,

Accordingly, the manufacturers were contacted again
and they finally admitted that this behaviour was uncharacter-
istie and replaced the balance head. It appears that en the
original head the ceil insulation had broken down, causing
leakage between one turn and the next, thus proeducing a
very unsteady base-line, It was found that the new lead
was capable of giving readings to better than :I]ls.

With the balance now working, it was decided to try
the adsorption of nitrogen and water on palladium since
this metal can be obtained as a finer powder and should

thus be easier to work with,



CHAPTER IV
ADSORPT 10N EXPERIMENTS - NITROGEN ON PALLADIUM

4,1 Preliminary Experiments

,11 Blank Runs Two blank adsorption runs for nitrogen were

made and these were in agreement to about + 5" over the
whole range.

4,12 The Sample The palladium black =ample was obtained

trom Johnson Matthey and was used as received. It was
outgasscd hy heating to 100°%c overnight at a pressure of
1xlﬂ"jun by which time the weight loss was less than lp;.hr-l.

.17 Resultas After each run at 7?“[ the sample was warmed to

room temperature and outgassed at 100°C until mo further
veight loss was noted., Three full runs were made, aand in
addition, nitrogen was admitted to the apparatus and pumnped
avny twice between the first and second runs, It was found
that the amount of gas taken up inereased tiuroughout the
series and that after eaeh run the amount of gas desorbed
was greater than the amount taken wup.

4,1% Conclusions Three possible reasons for these phenomena

were considered:

1)The surface of the powder is actually inereasing due
to the suncecessive breaking down of spongy particles and with
the release of air which may have been trapped in pockets
in the metal,

2)The apparent surface may have increased due to tue
suceessive vacation of active sites.

5)The changes could have heen due to zero shifts on
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the balance.

“inece the discrepancies decrense with }d;ronuln; run
nunher it appear: that alternatives 1 or If;re ﬁﬁut likely
to be correced, This coneclusion wams huur%t out hy some
later experiments in whieh no gas other th;g dry nitrogen
was admétted to the apparatus for about six weeks, Apart
from periods of 6 - 7 hours when nitrogen adsorption runs
were being carried out and during weekends, the system was
pumped continumously. The nitrogen gas was always dried
over phosphorus pentoxide for at least six hours bhefore
being admitted to the balance. It was found that even
after such intensive drying the ultimate pressure attainable
was still deecreasing ap reciably and that volatile material
wae #till being desorbed from the walls of the glassware.
In addition, when a fresh sample was taken, the results
obtained were in only approximate agreement with tLese
obtained initially and it was decided to earry out some
tests to find out where the errors were arising.

4,2 Efforte to Obtain Reproducible Hesults
Nefore this new series of experiments with nitrogen the
aluminium eounterbalanee scale pan was replaced with a
platinum pan and platinum weights. Outgassing was at 100°%¢
and 10" un pressure until the weight loss was less than
opgohir~", ALl #he blank runs eontained a peak of height
aout 759; at relative vapour pressure -~ 5:10‘. and
levelled out to a walue constant to :lpg at higher pressures.
The "constant” to which all runs levelled out varied from
~Spg teo +18pg but was reproducible to #2pg if the liquid

nitrosen refrigerast was not removed between.rums, Fa bvo ee
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In one case the constant drepped by abeut lﬂr: over a

period of about one hour,

4,21 Variations in T rature

These variations in weight occurred over a relatively long
period and consideration was given te the possibility eof their
being due to variations in the temperature of the hangdown
tube, This was ﬂ!rig erated in liquid nitrogen during

the nitrogen adsorption runs and it was thought possible

that the n!ri@ erant was taking up exyzen or water frem the
atnosphere, thus causing a rise in temperature, To test
this, a thermocouple wvas placed in a dewvar of liquid nitregen
and left for several hours, If the mouth of the flask

wvas plugged with tissue paper any temperature rise was

less than 1°K per day. If, however, the mouth of the dewar
wvas laeft open to the atmosphere the temperature rose by about
1’k per hour, [Irom this point onwvards care was taken

to ensure not only that the vacoum flésk around

the hangdewn tube was kept covered at all times, but alse
that the rntrl&.rnltau:t topped up enly with fresh nitrogen
from the stock bottle,

It also seemed to be important to keep the nitrogen
level well above the level of the scale pan, net enly te
maintain the temperature of the pan as clese to ??'l o
possible, but also th keep any vater condensing on the pan
to a minimum, It is interesting to note that even at
ln"-.Bl about 1017 melecules strike every square centimetre
of surface every second, and that the mean free path is
about 8 metres so that gaseous water molecules in the system
have a fairly high chance of striking the palladium surface
in any reasonably short time interval, Howvever,
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since the total number of molecules present in the system

is only of the order of 101#

and since any molecule striking
the cold surface of the balanee or of the hangdown tube

will almost certainly stay there indefinitely, any molecule
desorbed from the walls of the warm part of the system

and straying inte the cold part will be removed from the
system almosi immediately. It should be noted that no
provision has heen made in the system for measurement

of the sample temperature and this is certain to Le higher
than the temperature of the boiling liquid nitrogen due to
conduction from the warm balanece head, However, all the
deductions made from the nitrogen isotherms have come from
the weipht readings and from their shape and should therefore 1ot
be significantly affected by inaccuracies in the measurement
of temperature,

4,22 The Measurement of Pressure Another source of uncert-
ainty arises from the fact that the pressure is measured in
the warm part of the system and the pressure near the sample
will be ifferent from that measured. To find the magnitude
of this effeet consider #ie interface between a region at
temperature T1 and pressure Pl and a region at teuperature
Tﬂ where Tl is pgreater than 12' At equilibrium the number
of molecules paesing the interface in each direction must

be the same, hence:

NP,

NP et
W (o) ?
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Thus when the sample is at 77°K the pressure near it is
about 0,51 times that measured by the manometer at 300"‘

This theery is applicable at low pressures at whieh the
mean free path is much greater than the length of the tule
in which the temperature is varying. At higher pressures
the measured pressure is Llie same as the actual pressure,
BDetween tliese extremes (i.e. at about O.lmm in the preseat
case) there is no simple relation between the measured
pressure and the actual pressure, It is in this region too
that the effects of thermomnleculur flow are greatest.
Fortunately, for the mitrogen isotherms, this part of the
pressure range is not of great guantitative importance.

Pruvl-in; for the insertion of a wercury manometer
wvas made in these experiments so that the measursueats
could be extemded up to atmospheriec pressure. It wvas
phaced close to the cold trap and could be isolated by
means of a tlp,uhi; required, to reduce any contamination
of the balance pan or the sample Ly mercury, W¥ork by
Ne G, Adoms (unpublished) has siown that for platinum,
large quantities of rercury are taken up ian rélatively short
time intervals.
Tin *
4,3 The Adsorption Experiments

Some adsorption rans of nitrogen were then carried out as
blank runs rep-oducibie to +2pg hLad beén obtained.
The sample was outgassed at 100°C to constant weight,
Five independent runs were made and each run was duplicated
by simplg pumping off the nitrogen at 77°H and repeating the
experiment, The nitrogen was all removed 'y pumping at

?7- K for 20 minutes, In every case the duplicites
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obtained in this way were identieal to better than # 5pg
over the whole range.
h.h Results

The results were treated in two ways., VFirstly, it was
assumed that when the initial zero of weight had been set
at the beginning of the series this should remain for all
runs, This gave rise to differences of up to 20% in the
measured surface area, the order of the runs being (in
deereasing order of surface area) I, III, IV, II, V.
If, however, the zero was set separately for eaeh runm, the
surface area decreased each tiwme the sample was heated, the
total decrease being about 107 in this case, At the
same time, the gradient of the fdat portion of the graph
decrensed in the same order, imdicating that the surface
area deereased on henting due to sintering, but that monolayer
coverage is achieved at progressively lower pressures and
that there is less tendency for multilayer adsorptiom to
occur, The results, reproduced in graph III for runs I, III,
and V, suggest that the increase in surface area found
earlier  (section 4,13 ) wes due to incomplete outgassing.

In one experiment, the sample was outgossed by healing
to lﬁﬂ'ﬂ and whilst this accelerated tie  rocess considerably,
it was found that after heating to thi; temperature for

about 6 hours the surface area of the sample had decreased
br about m.
4,41 The Outgassing Process and The Low Pressure Isotherm, On

reducing the pressure above t e powder samples a loss in
weipght was noted almost instantly due to the less of

atmospheric gases, This represented the losas of about
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1 = 2 monolayers of gas of molecular wei bt 20 - 30 and
surfoce area 10 - 15 nog 3. On p:;aleugnd heating at 100°¢C
and m"’-_mu more monolayer was removed, leating te
' 150°C after equilibration resoved little more gas. On cooling
the.lllpll to room tempernture nﬁ uptake of gas was noted
provided the sample had been outgassed for several days
prior to the experiment, On cooling to 77.11' a unuﬂn&hl.
weight inereace was noted and some consideration was given
as to whether the initial zero of weight stould be taken
as the lowest weight nuh.-d ‘or the weight after cooling to
ﬂ.m experimental temperature, It was found that for anitrogen
the beginning of the isotherm was a atraight line and that
the intercept ont he weight axis oeccurred at the lowest
point reached at high temperature and this point was taken
as the starting peint for all the isotherms,

‘he isotherms consisted of a steeply rising portion fol-
lowed by a much flatter part. The earliest part of the graph

""-} wos a straight line., Deviations

(ap to p = Axl0
from linearity Hn;lr when the vliml!nt uptake exceeds about

0.3 monolayers, The DET plots for two pressure ranges are
ll_:mwh in graphas VIl  and Vill, All graphs shown are taken
im typical single isotherms, Other fsotherms taken

over the same range did not alweys reproduce the same
numerieal values precisely due to ehanges taking place

in the surface due to heating. lowever, repeated isotherms
reproduced the same qualitative fentures at tie same pressures

“to well within the experimental uncertainty. Neo hysteresis

was observed in any of these .-:p-rl-nu_.

5.5 Blu‘in-ym

1 The Pime of lingering and lieat of Adserption Now counsider
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the adsorption €f a gas on a metal, When a goaseous molecule
of nitrogen strikes the surface of a metal it may either
bounce off elastically or it may remain on the surface for a
finite time before flying off in a direction unrelated to
its original direction of motion. Now if n is the number
of rmolecules striking the surface per seconid and t is the
average time of lingering, then the number of molecules
oceupying one afquare “ntiuitr- of the surface at any time :

ist = nt. "’

f ia given by
t = tn'lq}m

vhere tu is the time of oscillation of the molecule im the
adsorbed state, and { is the heat liberated when the molecule
is brought from the gaseous state to the adsorbed state,

Now at a pressure of 10 ’mm kinetic theory shows that

18 _olecnles on Psec ™t ’

n = 2,2x10 and ¢ = 1,17x10"
molecules m"ﬂ{ from the experimental data), Hence the
averige time of lingering on the surface (t) equals
l)..i:ﬁ:llll"il secs, Substitution in the above expresion for
Q gives an initial heat of adsorption of J.2kcals ml"l.
This valune is obviously somevhat approximate since it is
based on the assumption that the surface is smooth, that
tq = lﬂ'ljleu. and that no entropy is lest on adsorption,
Whilst these assumptions are not always strictly justified,
theg do not have a great effect on the value of § which is
probably accurate to # 200 cals mnl-l.

.Tlu latent heat of evaporation of nitrogen at '.?7'1!
is 1.*_"0.1..“1-1. it may be noted that the linear

part of the graph extends to very high values of the coverage
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Graph V
Adsorption isotherm of nitrogen on Pelladium at T7°K.

Wt adsorbed

HE

D
D

Pressure

mlg

| ,

05 40 -5 - e e

65



Graph VI -
Adsorption isotherm of nitrogen on Pslledium at TT K.
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Graph VII

BET Flot for Nitrogen Adsorption on Palladium
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Graph VIII
BET Plot for Nitrogen Adsorption on’Palladium
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indieating thot the interaction of tﬁ. nitrogen molecules
with one another is weak compared with the interaction
between the nitrogen molecules and the surface, The area
occupied by one nitrogen molecule at monolayer coverage is

16,242

(Brunaver, Eumett, and Teller, 1938) aand at the

first point of deviation of linearity in the graph is about
504°,

4,52 The Position of the Nitrogen Molecule If the area
occupied by nﬁt nitrogen molecule with its long axis perpend-
icular to the surface is caleulated from the Von der Waals
radius the *alnﬁ obtained is 1.5’:7?} f.e. 7.ﬂﬁl?. The area
~actually occupied is lﬁ.!ﬁg. a value 2,3 times that calculated,
This diserepaney is protably due to ithe fact that the
nitrogen is present on the surface as a two dimensional gas.
For molecules lying horizentally on the surface and rotating
at high speed the caleulated area is 13.91: and lience tie amwea
for a two dimensional gas of molecules lying in this position
might be taken as 13.9:2.312, i.e. EEAI- It thus appears
that wien the surface is rather more than half covered with
nnlnnulpn (1ying mainly in the horizontal position), the

interactions become strong enough to cause appreciable

deviationa {fu- ideality,

4,53 The Tsotherm ot Different Pressure llanges -~ The BET Plot

The isotherms have leen plotted over three pressure ranges

(Graphs IV, V, and VI ) and it can be seen that the general
shape of the curves is the same for each and that the HET plots
(Graphs VII &VIII) Iﬁr the twe higher ranges are linear,

The surface o/ tained from the high pressure part of the
isotherm (0 - 20mm) is 23.6-:1'1. and from the middle

pressure range is B.ﬁﬁlzg-l. The general similarity in
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shape arises from the faet that the gradient decreases very
rapidly over the pressure range 0 « 1 mm. Thus the 0 - 20mm
isotherm appears to have a Imee at about lmm pressure, liowever,
the gradient has already decreased a great deal at 0,0lmn
phessure so that tle gradient between 0,01 and 0,lmm pressure

is wuch less than below 0.0lmm and the isotherm over the

range 0 - lmm again appears to contain a knee, Thll is
reflected in a non=linear BET plot over the range 0 « 20mm

but the non-linearity occurs only in the lowest 90% of the

plot and is thus not apparent on visual inspection and

does not affeet the calculated area. The BET theory was derived
for the pressure range of relative vapouf pressure

0,05 = 0,35 (35 « 270mm for nitroren) and is thus

entirely outside the range used in any of the present
messurementa,

It is uwsually stated that the eriterion for the applie-
ability of the BET equation is that the BET plot should be
linear, the values given above being tho e over which the
plot is most often found to be linear., When the present
work was first evaluated it was assumed that &s the BET
plot over tie range RVP = 0,005 « 0,035 was apparently
linenr, the area obtained was a true surface area. However,
as stated above, the BET plot at even lower pressures is
also apparently linear, though of a different gradient
from that at higher pressures, The reasen for this seems
to be thnt the reasurements have been taken over a pressure
range of five orders of magnitude and it is not possible
to plit enoirh of this range on one graph to deteet the non-
linearity. The same observation is apparent from the
isotherms themselves., The IET theory assumes that the isotherus

eonsist of a steeply rising portion followed by a mueh flatber
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linear portion rising sharply again at higher pressures,

The statistical monolgyer is then taken as being just formed
at 'point B', ti¢ beginning of the linecar part of the graph.
The BET plot is simply a method of locating analytically
the point B, (Halsey 1950), VWhen, as in the present case,
the isotherms do not have a weidlldefined linear portion

the BET equation piecks out a point just above the knee as
representing the completion of a monolayer. It is evident
from the isotherms that this is possilile for each of the
pressure ranges and that the area will be different for
each case,

4,54 The Isotherms at ligh Pressures To resolve these diff-

dculties a mercury manometer was insested into the vacuum

line close to the eold trap to extend the measurements up
to the SVP, The iseotherm at high pressures is plotted in
gmaph|X . The BET areas were caloulated for fomr pressures

and the results are tabulated below.

RVP s (ng™))
1.3 - 93x10~° 13.8
113 - 55x10~" 18,7
8.0 = 27,6x10™ 23.4
3.2 - 40x10™° 24,0

h,541 The Computer Program For these measurements a computer

program was developed to take the experimental results,
ealeulate the values for the BET plot, and, after selecting
those in the appropriate pressure range, calculate the specifie
surface area, the statistiecal monolayer capacity and the

NET ¢ constant using a least squares procedure,

4,55 esults Since all the BET plots (except those at the
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lgvest pressures) were linear, and since the highest
pressure range corresponds to the 'DET range®' it appears
that whilst the BET equation is strietly enly applacable
to the highest range, the error in using the second

range is not very rreat but the error in using the first
two is considerable, Ixperiments in this sccond range did

not invelve the use of a mercury manomweter.
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CHAPTER V

TIE ADSORPTION OF WATER ON PALLADIUM

2=1 The Apparatus

For the experiments invelving the adsorption of water the
apparatus was as in Chapter IV with the addition of a water
eirculating system for coatral of the adsorbate temperature,
This consisted of copprer coils which surrounded the hangdown
tubes of the balance and threugh which water was cireulated from
a cyclotherm, The coils were themselves immersed in dewars
containing water to eliminake any effects due to draughts

and the sample was mainteained at a temperature constant to

+0,02%,

3.2 Experimental

The experiments were 'done ' following twe different out-
gassing procedures-, These will be designated Series A
and Series D.

Js21 The Adsorption Experiments - Series A Pumping at

room tempersture and 1ﬂ’5nnﬂi rempved a few monolayers of gas

'Eumﬂ.ialneulta'l}.

(of molecular weight 25 and eccupying 13x10
Raising the temperature te 100°C remowed another mono layer
but on subsequent heating te 150°C virtually no more gas was
desarbed, The standard surface was, therefore, prepared by
heating at 100°C and m'-"—n; for 48hrs, Cooling to the temperature
of the experiment produced very little weight increase,

On .admitting water vapour the weight of the sample
increased to a maximum within 2 - 60 minutes, after which
there was a decrease in weight and pressure due to redistrib-

ution of adsorbed water Letween the sample and the glass walls
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of the apparatus., TFinal equilibrium was reached in 6 - B
hours, Nevertheless, any reading taken after the point of
maximum uptake was sufficiently close to tquilibrin- at
the pressure observed for practical purpeses, indicating
the absence of hysteresis, I[owever, at the lowest pressures
( < lmmilg) and higher temperatures ( > 19°) the gas was
irreversibly adsorbed and here it was necessary to obtain
final equilibrium values which, at these pressures,
alvays appeared to be attained in less than 30 minutes,
The standard practice of measuring the weight and pressure
at maxim:m uptake was adopted,

when these experiments were repeated, changes in the
specific surface area of the palladium on heating caused
the amount of gas takenm up to change. Similar changes have
been reported in detaid for platinum black by MeKea (1963),
and have heen studied in the present system by nitrogen
adsorption, To overcome this the isotherms (Graph X) are
plotted in terms of coverage after taking a newv BET area
from each run, The HET plots are shown in Graph XI and
when plotted in this way the reprodueibility was mueh improved,
3422 The Moleeular Area A coverage of ﬂ.ﬂxlﬂlﬁlullﬂulin.I_E
represents one monolayer based on the assumption that one
adsorbed water molecule occupies ln.ll?. This is the wvalue
given by de Beer (1968 p30) but other workews (Harkins 1952
and Hackermann and lall 1958) give values ranging up to
1!,8&#1 The simple e uation:

o, = l.ﬂﬂl(m’f l}i

gives To- ln.!l? 8o that lﬂ.ﬂlp is a lower limit,
liowever, this value does not affeect the interpretation of the

results at thie stage since they are plotted in terus of
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coverage, Simple comparison of the results obtained here
with those using nitrogen as the adsorbate suggests that

a molecular area of 19,0 1: for water would be more approp-
riate, llowever, this probably represents a composite
hydrophobic/hydrophilic surface (see Qentlnn 5e41).

3,23 Adsorption Experiments - Series B lHecause some of the
gns was irreversibly adsorbed a study was then made of a
surface free of reversibly beund material but covered by

more strongly bound molecules. A sample of palladium was
outgassed as deseribed previously and then exposed to a
water vapour pressure of about 5 mmig for one hour, The
residual gas was pumped away and a number of adsorption rums car-
ried ioutwithout preheating. After the sixth exposure to

gas the adsor)tion was reversible i.e. it was possible to
move up or down an isotherm by adding or pumping away water
vapour and without observing hysteresis., When a surface bhad
been established in this way, a further series of experiments
at different temperatures was earried out, The isetherms,
each representing three or four separate experiments, are

plotted in Graph XII and the DET plots in Graph XIII,

5,3 Results and Discussion

5,31 Isotherms and PET Plots The isotherms ;ri of the femm
deseribed by Brunauer, Fmmett, and Teller (1943) as type Il

and whereas for the experiments of series B the amount of
gas adserbed decreases with increasémg temperature over the
whole range as expected, for series A the amount of gas
inereases with inereasing temperature below monolayer cover-

age: at this point the isotherms cross and then behave
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normally. The BET plots are linear over the BET range
[pfp. = 0,05 = 0,35) for beth series of experiments. The
values of the ‘¢ eonstant', the weight, X of gas adsorbed
at monolayer coverage, and the specific surface area, S,
are tabulated below,

Irreversible = Series A
Temperature 0135 19.0 23.5 . 3.9
¢ constant 13.1 50,7 96.0 597.0

X g ,80377 00321 00345 ,00442
g aig") 12,9 10,9 11,8 15,1

Nleversible - Series B

Temperature °C 19.0 25,0 27,1 32,8

¢ constant 16,6 18,5 18,9 17.9
Y 00375 ,00383 ,003§7 .00376
8wt 12.8 13,1 12,9 12,8

5,92 Discussion The specific surface areas obtained from

the experiments of series A were much less reproducible

than those obtained from series B, This may represent a
change in the adsorption process from physisorption to chemi-
sorption, Te investigate this t.e effeect of temperature
changes was considered for each type of isotherm separately.
Virstly, for physisorption, the amount of gas adsorbed is
propertional to the number of collisions of water molecules
with the surfface and inversely proportional to the rate

of desorition which itself depends on an exponential functien
of temperature arising from the activation energy for the
process., Thus inereasing the tempemature will increase the
rate of desorption much more tham the rate of adseorption

and the equilibrium amount of adsorbed gas will decrease as
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the temperature increases at a given /ressure; Jrluquivalnntly.
any given coverage will be attained at pruireusivtlr higher
pressures as the temperature is raised, For chemisorption
however, both the adsor tion and deserption processes are
luctivntcl)vith the activation energy for ﬁ-lurpti-u greater
ithnn that for &dsorption, This means that at any given pressure
the adsorption yill be greater the higher the temperature
{nnd any given coverage will he attained at lower pressures
5;: the ttlpnr.}urn i-_inurnna-d. B;t vater is rather unusual
i in having a heat of liguefaction which is not mueh lower
than the activation energy of many room temperature chamical
reactions and it is thus guite conceivable that both chemieal
and physieal adsorption rocesses might take place gimnul taneomusly
over a narrov temperature range around room temperature,
If chemi~ and physisorption were taking place gimultaneously
it might be expected that at lower temperatures the physical
process might predominate at low pressures, with the adsorbed
molecules pransferring to the chemisorbed state rather
sdowly and with a rather ill defined knee as monolayer
coverapge is reached, due to the fall in the Leat of adsorption
in the second layer, At higher temperatures the adsorption
should increase much more rapidly with pressure, giving
rise to a much sharper knee at monolayer coverage due to the
predominance ﬁf chemisorption, Since there is no possibility
of ehenisorption inte the second layer of molecules there will
then be a rather flat portion of the curve with !ur{h-r
ad=orption taking place onlv at muech higher prﬁllﬂltl.ﬂhl!'
phyaiecal adsorption & taking place.
. Comparison of the experimental dsotherms shown in

Graph X indicates thd this is just the type of behaviour
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to be found in the present case, indicating that after
outgassing at elevated temperature the adsorption of water
vapour on palladium is a process involving a considerable

activation energy.

::‘ The BET Treatment
:ihl The Surface Area The surface areas obtained from the

adsorption of water vapour were consistantly just over half
those obtained from the adsorption off mitrogen, {2&-21'1],
indicating that each water molecule occupies lﬂ.ﬂia. almost
twice the lﬂ.ﬂln generally accepted fot the water molecular
area,

This implies either a compesite hydrophebic/hydrephiliec
surface so that not all the surface sites are occupied, or
that the water occupies definite sites so that the molecular
area depends on the substrate rather than on the properties
of water. In either case, the fact that the surface areas
obtained from the series B experimemis are almost identieal
to those obtained from series A (i.e. on conditioned and
'hbare' surfaces) indicates that any site spacing due to the
metal must persist through several layers giving a very

open structure teo the adsorbed layer as a vhole,

5442 The lieat of Adsorption The BET equation states that:

P 1 (e-1)p
= + 3

x(p -p) x e S

and in the original derivation (Brunauer, Emmett, and Teller

1937,1938) the constant ¢ was given by the relation:
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¢ = n:p‘{ll - )\ )/nt) A= latent heat
It might then be thought possible to obtain a value for the

heat of adsorption, 'l' in the first layer from the value
of e, lowever, whilst it is thermodynamically sound to
define ¢ in this way (Gregg and Jacobs 1948), ¢ could

equally be defined by:

¢ = Kexp((E, - ) )/RT)
vhere X is a constant of integration which first appears
in the rate equations from whieh the BET equation is derived.
In the usual notation, it is equal te '1‘2/'2“1 and it
was originally put equal te unity on the implicit assumption
that the entropy changes on adsorption inte the first and
subsegquent layers were alwvays the same, In the present case
it is pessible to derive a value for K from the isotherms taken
at different temperatures, If the Clapeyron-~Clausius equation
is applied to the isotherms it is possible to comstruct a
graph of the isosterie heat of adsorption agdinst coverage,
(len section 5.5}. Then, by caleulating the average heat
of adsorption over the range of coverage of the BET equation
a value for K may be obtained. This methed still makes the
assumption that the difference between the entropies of
adsorption into the first and second layers is the same at
all temperatures examined but later work (section 5,6) has
shown this to be so and it should give more reasonable
values than are obtained by putting K = 1, Using the
value of 6,73 for K obtained in this way, the heats of
adsorption is the BET region for the four different temperatures

for the adsorption following a pre-ieat are tabulated
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below.

Temperature °C 19.0 25,0 27.1 32.8
Al {-ll}kulh.-l"l 10,1 10,9 11.3 12,4
- It may be noted that whilst the value of ¢ changes very
markedly with temperature, the values for the heat of adsor-
ption do net change very much and that the trend of the
results would not be altered if K were put equal to unity,
A discussion of the significance of K has been given

by Hill (1948) who, by deriving an expression for the
partition funetion of the adserbed melecule, arives at an
expression for K in terms of the separate interactions
between the atoms of the adsorbade and the surface and
simple moleeular econstants, Hill alse derived an expression

for the energy barrier to rotation of a diatomiec molecule
about an axis parallel to the surface in terms of the same
parameters, In a numerical example it was shown that a
value for K of 6,71 is consistant with non-rotating molecules,
This is the situation we might expect for water in whieh the
molecular dipole is likely to yresent a strong orienting
influence with respect #o the surface., IHowever, it
should be pointed out that Hill's treatment is for a symmetrie
diatomic molecule and that the results for water might

well Be different.

2'! The Heat of Adsorption from the Clapeyron-

Claunsius lgquation
The values for the isesteric heats of adsorption for beth
seriessof experiments at different coverages were calculated

using the Clapeyron~-Clausius equation and are plotted in



Graphs XIV and XV.

The Clapeyron Elausius equqtion stgtes that:

n(py/p,) = (=oW/ar’)(1, - 1,)
and the values for the heat of adsorption were obtained
by plotting leog p vs T at constant coverage., The graphs
obtained were straight lines and the scatter of the points
indicates an uncertainty of less than 0.8keal, mol™},
It may be noted that at high coverage both plots approach
a value slightly less than the latent heat of evaporation,
Comparison of these two graphs shows that the heat of
adsorption into the first and subsequent layers of series

B corres onds to that in the fourth and subsequent layers

of series A.

!=E Entropy Caleulations

Entropy calculations were _done to find whether the molec-

ules vere adsorbed onto fixed uitng,u-in; tie method of
Kemball and Lideal (1946), extended by de Boer and Kruyer
(1952), and summarised by Wake (1960), The methoed invelwes
calculating the entropy change on adsorption from the

experimental isotherms using the equations:

a6 = -I!i]'.('n":l} and AG, = Al =-T.AS
vhere the subseripts refer to different temperatures and the
other symbols have their usual significance. The values
are then converted to a standard state corresponding either
to mobile or localised adsorption using

-As =AS = R.ln(0/Q -8))

i -
for localised adscrption and:
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-8y = =4S = R 1n(A%/a)

(in which A° and A are the areas occupied by one molecule
in the standard state and the state being considered respect-
ively) for mobile adsorption,

The standard entropied obtained were compared with
theoretical values calculated by a method similar to that
of Wake but with extra terms te include rotational and vibrational
entropies of Lhe adsorbed molecule,
5,61 Theoretical Entropy Values For entropically ideal site
adsorption:

-b’si " gstr L4 lsrnt * a%1ee

and for entropically ideal mobile adsorptions
e e ;srct 3 [nst.r * Sret * E’gr:lh!
The following standard states were assumed:
1)For the gas a pressure of 1 atmosphere (p'].
2)For the mebile adsorbed layer a pressure of ﬂ.ﬂﬂdrnc.u-"l‘ [!").
j}rnr the ihmobile surface layer a standard molecular area
of 4,087 x m—ﬂﬂ.ﬂ (a%).

Then for p'

2. oan 1n{u5/’r5/’} - 2,30

E tr
and

Srot R(3/21a T + 1/2ln ABC ~ 1la o - 2,709)
vhere A, B, and C are the three moménts of imertia and
o the symmetry factor,

The total entropy of molecules in the gas phase is thusg



o o 1 -1
astitll = -St' + ;sr!t = 48,8 cal.K 'mel

Th-dzjizzigtltn- for the adsorbed state were made on the foll-
I'in%ﬂlllllptilnll

1)That when a molecule is localised on the surface it leses
all its translational and rotational freedom,

2)That whea an adsorbed molecule is mobile it lowes one degree
of translational freedom and twe degrees of rotational freedom,
%)That when the molecule is adsorbed its internal vibrations
do not change but that an extra vibration perpendicular to

the surfaece is introduced.

4)That the two dimensional gas is ideal.

It is obviously possible to make other assumptions concerning
the state of rotation of the ads rbed molecule, but those
given above correspond to a reasonable physical situation
and give the best fit with experiment, The one remaining
degree of rotational freedom assumed was that corresponding to

the smallest moment of inertda,

For immobile adsorption:
Slec = -R1no8/(1-0)

and when the coverage, 8, ie known the entropy change can

be calculated immediately.

It was assumed that ndsorpiiin in the second layer deoes not

begin until the first layer is almost completely formed.

For mobile adserption:

1‘5:' + 4R 1In !. P |

]
lst-r
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o
Stet = RMilmT ¢+ 4 a1 - lme - 0.,552)

and if the frequenecy of the vibration perpendicular to the

surface is V then:

ns:ih - Hh"f('hﬂzkr « 1) « R la(l = .-H#{u[}

Fripiat, André, Jelli and Poncelet (1965) give a value for v

12

of 6x10~ based on a morse function for water ad@sorbed onm

ferric oxide and this gives a value for .g:i‘ of 2.1 cnl.!’l.lnl'}
This decreases the numerieal value of 45 since the vibration
represents an additional degree of freedom over the yaseous

atate,

5.62 Results and Conclusions The experimental and theoretical

entropies for mohile and site adsorption are shown in table 1.
Comparing the first column of the table with the third and the
second with the fourth it is clear that much better agreement

is found in the second case, corresponding to mobile adsorption,

J¢7 t—curve Analysis

The isotherms were also examined by the t method of
Lippens, Linsen and de Boer (1964) using the t-curves for
water vapour published by lHagymassey Jr., Brunauer, and Mikhail
(1969), The curves, shown in graph,XVI, are fir the 13.5°
and 31,9% isotherms of series A and the 19,5° isotheru from
series B, The ordinates represent the coverage at a number
of different pressures and the abséissae are ithe values of
coverage found by Hagymas=ey et al. at the same same pressures
on their standard selids., Both azes are plotted in terms of
monolayers coverage.

The fellowing observations may be made:

1)In the region of low surface coverage the series B isotherm
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TABLE I

Experimental and Calculated Entropies of

Adsorption

sl =
Si Sm Ei e

] calculatéd calculated | experimental experimental
0.4 46,7 17.7 23.0 19.1
0.5 46.7 17.7 20.5 16,2
0.6 46.7 17.7 22.6 ey
0.7 46,7 17.7 2543 1545
0.8 46,7 17.7 ’ 22,7 14,2
0.9 46,7 17.7 28.5 16.1
1.1 46,7 17.7 . 23.4 14,1
1,2 46,7 17.7 24,3 15.1
1.3 46,7 17.7 24,06 15.7
1.4 46,7 17.7 26.5 .18.0
L5 46.7 ; 17.7 28.4 20.1
1.6 46,7 172 | 28,2 20.4
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lies fairly close to the theoretical ome (the straigit line
through the origin and having a gradient of 1), At higher
pressures the plot lies above the theoretical one and this
suggests either that the surface area available is increasing
or that the water is condensing in capillaries, The high
value of coverage at whiech this occurs and the absence of
hysteresis suggests that the firet of these possibilities
is more likely, i.,e. a composite hydrophobiec/hydrophilie
surface,
2)The ecurve for the 13.5° isotherm for the irreversible
series follows exactly the same line indicating that the
the ndsorption is identieal in kind to that on a eonditioned
surface, Furthermore the gradient of these pleots is unity
indicating that the adsorption is identical to that found
by Vagymassey et al. for their standard anatnse. That: used
by these workers was undoubtedly hydroxylated so that the o
results sugpest that the palladium surface is also hydromylated
at least on that part of i%s area on whieh adsorption is
taking place.
3)As stated previously, part ~f the palladium appears to be
hydroxylated and part hydrophebde, This is bourne eut by the
t-eurve for the 31.9' isotherm, Iere, although the surface for
adsorption is identical to (2) above, the initial adsor tion
is muech greater., This bears out the conclusion reached in

5.32 that the adsorptio: on the outgassed surface is activated.

3.8 General Conclusions

After outgassing at elevate  temperature a considerable
amount of water is removed from the palladium surface.
When water is adsorbed on this surface the initial process

has a considerable activation energy, and is thus chemieal,
Itho invelving @ ss=aller hest glange thon is
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although invelving a smaller heat than is normally associated
with chemisorption,
When the experiment is carried out after outgassing at

5

room temperature and 10 “mmilg no activation emergy of adsorption
is observed and process is physisorption, Comparison of the
heats of adsorption for the two cases suggests that physisorption
comuences with adsorption into the fourth layer,

Results of the entropy calculations indicate that the
model proposed gives entropy values in agreement with these
obtained from experiment, although this does not mean that the
entropy is necessarily distributed in the way described,
llowever, it is difficuls to see how the molecule could have
more freedom tham that asspgned in the model and hence the
one degree of rotational freedom assigned fapresents a lowver
limit, i.e. the water may have more freedom than that assumed
in the wedel.

Everett (1957) claims that it is difficult to distinguish
between mobile and localized adsorption on the basis of
entropy calculations and illustrates h s assertion with
results for the adsorption of argon on rutile which can be
made to fit either state by a suitable choice of y. Im
the present case, however, such an objection is difficult to
support since the difference between the two cases is so
great that the results could be made to fit localized adsorp-

tion only by the assignment of an unrealistdcally low
value for v, Ve may thus say that the molecule is adsorbed
in an essentially mobile state and that it retains some, bLut

n.t all, of its rotational freecdom,



inze theTo obtain more information about the palladium
surface and, in particular, to find out how easily water
vapour is displaced from the metal the adserption ef ethanel
wvas investigated in a similar way teo that described for water
in the last chapter,

6,1 Gxperimental
6411 Purification of the Ethanol The alcohol used was "absolute"

aleohel redistilled three times under reduced pressure onte a
¢old surface from freshly calcined calcium oxide., The alecohol
wvas stored over calcium oxide in the vacumm line until required,
6,12 The Adsorption Experiments The samp e was outgassed
initially in the same way as for the water adserption experiments
of series A, That is, the pressure was reduced as far as possible
and the furnace tem;erature wvas set at IEE'E until the pressure
had been at 10~ mully for 48 houss. The isotherms obtained at
four different temperatures are shown ia graph XVII, The
points showed no measurable hysteresis and equilibriuvm was
attained in a relatively short time, (less than 30 minutes).
The reproducibility was good and each isotherm shown is the
amalgamation of three or four runs.

Next the surface was conditioned with water by pumping
off all the aleohol at 100°C (a rapid process) and then
exposing to water vapour at just below its saturation vapour
pressure and at the temperature of the experiment for 24 hours,
The water was then pumped off as far as possibde at the same
tremperature and an aleokol adsorption experiment earried out,

The lowest part of the ésotherm was identical teo that
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ebtained on an outgassed surface up to a certain pressure:
then the weight fell off shapply relative to that on the
firet curve., On measurdng the desorption loop the weight was
found to decrease far below its initial value. Above the point
of divergence the weight increased sharply when the alcohol
vapour was admitted end then decreased to its equilibrium
value over a relatively long period (4 — 6 hours). The
decrcase was guite different from that found in the water vapoud
runs (seetion 5.,11) in that it was  accompanied by an increase
in pressure and that the final weight was often enly slightly
above that of the previous peint.

The sketeh below indicates the type of curve obtained,
llere, the solid line and triangles represent the results
of these experiments and the dashed line represents the

curve obtained under identical conditions on an outgassed.surface,

wt.

pressure

~ Next, all the alcohol was pumped avay (without either
heating or admétting water vapour) and a second adsorption
experiment carried ous., The isotherm accurately reproduced
that ebtained after a thorough outgassing up to the maximum
pressure used in the previous experiment at which point a

break occurred as before., The process could be repeated at



9%

sueceseively higher pressures up to the saturation vapour
pressure,

Unfortunately, the long time taken to reach equilibrimm
and the peor long tern stability of the balance preveated a
detailed study at different tenperatures and after different
conditioning procedures. I!owever, two typical isotherms
were studied in detai] and are shown in graph XVIII, In
these graphs, as in the sketech abeove, the peints represent
those obtained in these experimemts and the dashed line the

curve obtained under identicanl conditions on an outgassed

surface,
6,2 Results
ﬁlnl The HET Ml The BET equation waa applied to each

of the isotherns {ﬂl an outgnssad mnﬁ} using the computer
programs given in Appendix II, This gave values for the
monelayer coveroge, the speeifie surface of the palladium,

and the OET %e' econstant, provided that the melecular area

of the aleohol is lmown, The simple formula:

o, = l.ﬂl{"f{ ")i

corresponding to twelve coordination gives a molecular
aren of 23,0 A%, Use of this value with the DET equation
gives ppecific surfoce areas almost identical te these
cllhtnll_ with water and consider.bly lower than these
found using nitrogen as the adsorbate,

The results obtained feom the DET equation are
tabulated overleaf, The quantity L is the monolayer
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eoverage in groms ser gram, and 5 is the specific surface area
obtained using L I!-ﬂl!. The BET plets are shown in graph

XIX,

Temperature (°C) 0° 16° 26° 33°
¢ constant 109,0 90,2 754 53.5
X, (g™ 0,00408 0,00433 0,00384 0,00576
s (o) R T 11.6 11.4

As explained dbove it is possible to adsorb some aleohol
onte the palladium surface, even when the latter has bLeen
conditioned with water, up to a certain pressure without
displacing any water, This suggests that at low alechol
congentrations the vapour adsorbs on the hydrophobic part
of the surface, Further evidence for thid comes from the
faet that the isotherm for these lov pressures is identical
to that obtained on an outgassed surface. It also appears
that at higher pressures the ethanol ecan displace water
from the metal, Since the isotherms on an outgassed
wetal surfoce are completely reversible the speeifiec interact-
ions noted for water are absent,
6422 The lieat and Entropy of Adsorption The heat of adsorptien
and entropy of adsorption were calculated using the computer
prograns developed for the water vapour experiments and
given in Appendix IIJ. These took readings of the coverage
ad the corresponding pressure for each of the four different
temperatures and caleulated the heat of adsorption and entropy
of adsopption from straight line plets, based on the Clapeyron-
Clausiue equation for the lieat of adsorption and on the
relation:

LG = AH -« TAS

for the entropy.
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The values of the heat of adsorption and the entropy of
adsorption at different coverages are tabulated overleaf,
The eantropy values given are for the same standard states
as were used for the water isotherms and were calculated
using the following equations.
For mobile adsorption:

-AS) = -as-R 1n(A%/A)

where A” is the standard molecular area and is given

by

A° = 4,087 x1

and for immobile adsorption:

-58, = «AS = R In(8/(1-8)).

6,: Discussion
ﬁ,:l The Heat of Adsorption The variation of the heot of adsor-

ption with coverage is plotted im graph XX, The curve is
unusual in that the heat of adsorption is less than the

heat of liguefaction (indicated by a dotted line) at coverages
below one monolayer and rises to a value just above the heat
of liquefaction at higher coverages.

6,32 The Entropy of Adsorption The experimentally determéned
isotherms were converted to standard states as described and
may be compared with theepsetical entropies of adsorption

for the same standard states calculated using the following
equations, .

For the gaseous statet

I':’ = R In {H"/ST,!'] - 2,30

and ‘s;' ¢= R(3/2ln T - 1/21n ABC - 1ln ¢ - 2,709)

1 Rl E s r“.‘
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TABLE IL

[EAT OF ADSORPTION AND ENIIOPY VARIATION WITH COVE ALK

Delta &5 velta 5 lleat ot
Coverage Mobile (AS,) | Immobile {:‘.“.EI.:J Adsorptiop
0.5 9.50 15,93 .53
0.6 10,69 1b,.69 H.,67
0.7 1u.85 1b.27 8.55
0.8 10.63 15.25 8.352
0.9 11.79 15.03 B.48
1.0 B.BY
1.1 19.82 27.42 9.38
1.2 14,01 2b,38 9.40
1.3 18,72 : 25,82 9,46
1.4 19,62 26,42 9.78
1«5 19,9/ 26,41 9.94
1.0 20,106 20,10 10.05
1.7 19,.9% 25.30 10.03
1.8 20,00 24,02 10.09
1.9 19.75 22.99 10,07
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and for the adsorbed astate:

s? °
atr = 213‘:“_ + 1/3R Ia(7/273.,15) + 1

.?;.t' mh:r ¢+ a1l -« lne - 0,552)

viD

S Mo /(0™ 1) < & 1a (1 - ¢~ HV/2T)
These expressions refer to an adsorbed gas which has twe
degrees of translational freedom, and one degree of retational
freedom,

The values for the entropy changes on adsorption were
then caleulated by subtractiéng the appropriate values for the
entropy of the adsorbed state obtained from the above equations
from the total gaseous entropy,

It was assumed that in the gaseous state tha alecohol
molecules have complete rotational freedom in three dimensiens
and that in the adsorbed state one of the conditions desecribed
below obtaine,

1)The molecules have complete freedom of translation in
two dimensions and of rotation in three dimensions,

2)That the molecule can rotate about an axis through

the oxygen atom as shown below,

\+_FI

5)That the molecule can rotate about an axis as shown,
“3
x“z
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4)The molecule has no translational freedom of rotational

freedom,

These states of the adsorbed melecule will be designated

states 1, 2, seese »

It was also necessary to ébnsider the rotational state of the
Methyl group, both in the gaseous and in the adsorbed state,
Three possibilities were considered as follows,

A)The meth¥l group is free to rotate in both the gaseous
and the adsorbed states,

B)The methyl group is free to rotate im the gaseous
state only,

C)The methyl group is not free to rotate at any time,

These are designated A, B, C, in the table,below,
These conditions gave rise to twelve pessible values for

entropy change on adeorption from the gaseous state aand these

are tabulated below,

Methyl Group Hotational State

Molecular A o® § e
Rotat ional ) § 8.57 3.30 9.37
b 2 29,09 25,11 31,18
(Adsorbved) 3 29,97 26,06 32.13

4 51.59 35.52 41.59

All these results assume complete freedom of translational
movement, Assumption of localised adsorption gives rise

to values 26,76 qal.ﬁ'l.-tl-l.higﬁnm;thnnathnia;quuted
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eorresponding to the less of two extra degrees of freedom,

It ean be seen that the experimental values of AS are a
little larger than those given in the first row of the

table on the previous peges This means that the molecules
slmost certainly have mwost of their translational freedom

and that their rotational freedom is restrdeted only slightly,
1.0 not enough to suggest specific interactioans with one
atom in the ethanel melecule,
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CIHAPTER VII
ADHES ION_STUDIES

7sl Preliminary ex eriments It vas desired te choose an

adhesive which was not greatly affected by water in order te
separate the effects due to the action of water on the polymer
from the effects due to the action of water om the bond itself,
Styrene was initially ehosen to fulfil these requirements,

The butt joint was chosen as this bond geometry has heen used
with goed reproduneibility by many workers., The specimens
consisted of 2" lengths of brass rod of 5/8" diameter each of
which had one end faced by a disc of palladium of thickness
0,002", The palladium was held in place by solder paste,

The specimens also had a }ﬂ hole perpendicular to the main

axis by whiech they could be held in the Instron tensile tester,
A jig was constructed for making up the specimens for testing,
This consisted of six brass tubes of diametersequal te the
diteide diameter of the test pdéces., The specimens were placed
in these tubes, twe drops of the adhesive placed on the face of
each one and a second ppecimen placed face downward on top

of it, Pressure was applied by means of a spring also placed
in the tube and the whole assembly held together by a screved
rod, The styrene was polymerised using 0,2% benzoyl peroxide
initiater by heating te about 1nu°n for one hour, It vas
found, however, even after many experiments in which the

cure ¢onditions and mode of sample preparation vere varied
that the reproducibility of the resilts was very poor indeed
(standard deviation ~—~200%), Inspection showed that the

adhesive was brittle and although the samples stuck together
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on heating, as scon as the sampdes cooled to room temperature

the adhesive cracked in an unpredictable manner, The bond
strength was a function, therefore, not of the adhesion between
the palladium and the adhesive, but of the number and size

of the eracks at the interface, Accordingly, an attempt

vas made to find a way of polymerising styrene at room
temperature by adding an accelerator and NyN-Dimethyl toluidine
was chosen for this purpose., Jllowever, even this was not entirely
successful and efforts were made to find a new adhesive

and/er bond geometry to eliminate these drawbacks,

7s2 The Final Choice of Materials

7:21The Test Method Varisus types of test geometry were
considered in an effort to find one which was easily made,
reproducible, and used the minimum quantity of palladium,
To eliminate the effects of any small eracks it was desired
that the #tiresses in the bond should be as clese to pure
shear as possible (see section 2,5)., This last condition
limited the specimens to the nmapkin ring or pull through
variety amd the latter was finally chosen as the test pieces
could be made from brass plated with palladium at relatively
low cost,
7.22 The Adhesive It was necessary to choose an adhesive
which fulfilled certain conditions as follows:
1)The adhesive must be one which bonds easily to palladium,
2)It must not be prone to swelling when subjected te
high coneentrations of water vapour, sinece this
will introduce stresses whieh were not present
in the dry joint,

3)The adhesive must either be plastic or curable at
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room temperature to aveid the iantreduction of thermal

stresses on cooling.

To fulfil these conditions the adhesive chosen was Cellobond
A2784 obtained from BP Ltd,, and this was attacked to the
plated brass pins as deseribed in section 7.3.

Cellobond A2784 adhesive is deseribed by the manufacturers
s a medium to high viscosity chemical resistand resin with
a high heat distortieon temperature, suitable for contaect
moulding applications and for hot moulding applications.,

The resin comprises about 60 parts by weight of an
unsaturated polyester (isophthalie acid and maleic anhydride
reacted with propyleme glycol) and 40 parts by weight of
styrene monomer,

The initial formulation was as fellows, 5z of the msin
was mixed well with 5g of styreme monomer and 0.,2g of benzmoyl
peroxide (as 65%paste )added and stirred well in, One drop
of Ny N-Dimethyl toluidine was then added and the mixture
stirred vigorously, The resulting liquid was then used as soon
as possible,

7:23 The Substrate The palladium coated pins were made by

plating 1/16' x 1' brass pins with palladium of thickness
0, DﬂBE‘. This work was undertaken by Johnson Matthey Ltd,
The pins were degreaded in a Soxhlet type apparatus
using diebhloromethane, This also #emoved the adhesive prior
to re-use of the pins. Some simple adserption experiments
showed that any dichloromethane adsorbed on the pins during
wvashing wvas removed in less than 1 minute by exposure to the

air.

7.3 Experimentdl
7,51 Making the Bonds The apparatus for meking the bonds
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is shown overleaf. The main part of the apraratus was made of
2.5” diameter polytetrafluorocethylene rod and was in twe
sections, The lower gedtion consisted of a eylinder of PTFE
drilled with six holes of nominally 0,0635" diameter, This
represented a loose, but net too loose, fit for a piece of
1/16" diameter brass rod coated vith 0,0002" of palladium
(giving an overall ddameter of ﬂ.ﬂﬁﬂﬂ'l- The holes were
drilled to a depth of § so that when the 1 long pins
were inserted they protruded }F. The upper piece of PIFE,
of the same overall diameter as the lower one, contained
six holes of i' diameter with their centres so arranged
as to coincide with those in the lower piece., The two
parts of the apparatus were bolted together by means of
four 0 BA brass serews, one of which was pdaced centrally and
the other three peripherally.

In order to control the eanvironmental conditions as far
as possible during the making of the bonds mest of the experim-
ental work was done in a constant humidity. chamber.: maintained
at constant humidity by means of saturated salt solutions,

The metal substrate was placed in the chamber at least
24 hours before the bonds were to be made to allow the surface
to equilibrate with water vapour. The adbesive was then mixed
in a small beaker and placed inside the bex., The box was
opened for only about 10 seconds, during which time the
relative humidity rose, at worst, by about 3%, Since the
adhesive had a gel time of o nly about 20 minutes, no attempt
wvas made to allow the the substrate or adhesive to eguilibrate
again and the liquid was poured into the mould immediately. using
a dropping pipette. After about 20 minutes a rapid exothermie

reaction oceurred and in some early experiments this led to
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the loss of some momomeric styrene with subsequent crackéng
of the selid adhesive on cooling. Te obviate this, rubber
bungs were used to seal the top of the mould after the adhesive
had been poured in,
The joints were left to cure for about 48 hours before the
mould was dismantled and the bonds removed for storage.
Unfortunately, it was not posaible to vary the amounts
of styrene monomer used in the formmlation of the adhesive
(section 7,22) very greatly bécausé the adhesive tended to
eure incompletely or tended to lose monomer, and shrink,
giving rise to strained or evem cracked bonds, However,
formulations were made with the propertion of resin to styrene:
436, 515, and 6:4, These adhesives will be referred to
as 4:6 adhesive, etec.
7:32 Stering the Bonds After removing from the mould the specimens
were stored in jars until they were tested, These jars were
maintained at the relative humidity at which the bonds were made
by saturated salt solutions, The séorage time was 2 - 5 weeks
to allow the adhesive to cure completely as well as to allow
the bonds to equilibrate with the water vapour,
733 Testing the Bends The bonds were tested using an Instron
1024 tensile tester at a erosshead speed of $0mn min™t,
The adhesive plug was placed in a cylinder drilled to take
a rod which was passed through the upper mountiag of the
Instron, The lower end of the eylinder was closed and contained
a 1/16" hele threugh which the palladium coated rod could pass,
The rod was gripped by a small collar which was itself retained
by a saddle connected to the lower mounting of the Instron,
Since the bottom of the upper mounting was made of thick

brass any deformation of the specimen in the direction of
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stress was very small, thus simplifying the stress analysia.
A diagram of the mounting is given overleaf,

The maximum applied stress before failure was recorded
as the bend streagth,

In general, two sets of replicates were tested for each
experimental reading and in no case was there any significant
difference between the two sets of results, The standard
deviation within each group of six was about 10% and
overall abeut 12%,

The form of the stress vs distance curve is of considerable

interest and a typical example is illustrated below.

gstress A B

distance

It con be seen that the stress increased to a maximam at
A, at vhich point the bond failed catastrophically in shear.
llowever, as the palladium pin was withdrawn from the adhesive
frictional forces caused a second maximum to be observed at
By

This effect is known as the "pinch effect”™ and is explained
as follows: As the bond is subjected to inereasing stress,
the palladiom tends to stredbh slightly within the adhesive
vhich is prevented from extending in the direction of stress
by the mounting, Eventually the bond fails at the point of

entry of the palladium . 'to the adhesive. As soen as a
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erack is formed at this point it will propogate rapidly
for a certain distance, [Hovever, as soon as Lhe strain in shear
is removed a further effect is observed, The diagram below

represents a sample which has partly failed,

r Adhesive

s R (g Q
\
Q
.., B
L
N
N

-A

Plated pin

Suppose the crack has moved as far as B and has ceased to
move, Then as the force F is increased the sample hetween

A and B will be subjected to a compressional faorce, The
adhesive will then tend to expand in a direetion perpendicular
to the applied load. This will cause a pineching effect on

the palladium which will tend te inhibit farther meovement,
This effeet will inerease as the crack moves towards C

giving rise to a second maximum in the stress ve distance
eurve, Vhen the crack reaches C the effect wikl decrease as

the palladium is pulled out of the adhesive,

Zs4 Results and Conclusions

The results of the adhesion tests are shown in the table
overleaf, The measured bond strength is the guantity
actually measured on the Instron tester, It represents the maxij-
mum stiress applied to a sample of the geometry deseribed
and with an overlap area of 0,0492 aq in, This has been
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converted to kg.em in the last celumm,

Table of Experimental Hesults

Adhesive lelative Measured Bond Strength
Humidity Bond Strength kg,u-ﬂ
percent li./ﬂ.ﬁigitn’
LT1 20 10,5 16,6
ho 1.5 2.5
66 J.1 L9
100 1.5 2.5
515 20 17.0 2649
4o 8,5 15.5
66 11.8 18.7
100 7.8 12,3
62k 20 9.5 15.1
60 10,1 16,0
66 7.2 11.4
100 73 11.5

The results are plotted in graph XX1i.
Irregular variations in the bond strength within a particular
series are thought to be due to temparature variations
during curing.
It appears that the two more podar adhesives are
not significantly affected by changes in the relative
humidity from 40% to 100%, but that the 4:6 and the 5:5
adhesives are much stronger when made at 20% relative humidity,

A more detailed disecussion is given in Chapter IX,
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CHAPTER VIIIX

CONTACT ANGLE MEASUREMENTS

To obtain information about the surface properties
and interaction energies of the adhesive a number of contact

angle and surface free energy measurements were made,

8,1 Ex ntal and Results
8,11 Contact Angle Measurements A number of mixtures of
ethanel and water were made up and the contact angles of each
of them of each of the three foruulations of the adhesive and
and on a medium grade paraffin wax measured, The measurements
were made by the sessile drop technigque using a micrescope
fitted with a goniometer eyepiece, The solid samples were
made under identical conditions to those of the adhesion tests
and the drops were placed on them using an Agla micrometer
pipette, [loth sides of each drop were measured and the angles
vere measured for different samples of each formulation not
only to find the reproducibility of the contact angles but
also as a check on the consistaney of the pelymerisation
process, It was found that the results of ten measurements
on four samples varied by about 5'. Conilact angles were
also measured for tricresylphos hate and for water,
8,12 Surface Tension Measurements The surface tensions of
the liquids were measured using a du Nouy balance made by Gallen-
kamp, Ltd, The measurements were reproducible to # 0,1 I;rn.ll"l
and were, in practice, normally replicated only once,
8413 Resulte The experimental results obtained are shown in
tabde I, A few other measurements, particularly on paraffin wax,

wvere required for the caleculation of the results and these
ave ey token from Lhe ma oer



Liguid

EtOH/ 0%

E0 16%
21%
26%
31%
345
1%
513
54
Tricresyl

phosphate

of

& (wax)

128°

TABLE

I

Contact angle and Surface Free Energy Measurements

Cosb (wax)

-0,385
~0.035
00343
0.105
0.191
0.212
0.342
0.500

- 0530

8 (4+6)
92'2

60.5

5641

545
50.1
4leD
32.9
19.1
16.2

29.0

CosB(4+6) ©(5+5) GCosB(5+5) €(6+4) CosB(6+4)

-.0384
04491
0.556
0.580
0.646
0.703
0.838
0.944
0.962

.‘I: D 366‘

86.0
5642
52.1
4649
42.6
394
2840
2244
18.3

24e5

0698
«556%
«628
«583
+736
772
+873
«925
«950

+911

g0.1
5245
471
£1.9
359
32+5
27.6
2243
20.0

19.1

172
«605
681
o« T4
810
845
886
926
«940

«945

¥
72.0

4546
4l.1
38.1
36.0
3L.8
32.6
30.0

29.4

911
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have been taken frem the paper by Damn (1970a), Where Dann's
measurements overlap; those of the  resent study the agreement
is excellent, being always better tham the experimental

uncertainty.

Se8 Caloulations

8.21 Measurements on Paraffin Wax The econtact angles on

paraffin wax for each of the ligquids were then used to characterise

them using the Good-Girifaleco-Fowkes=Young equation:

j*’hsﬂb’:

L

the spreading pressures being neglected in this case,
The eritical surface tension of paraffin wax (identified
with Jg in this case) was taken as 25,5 drn!.nu"l
(Dann 1970a) as the present measurements were not wide
enough in seope to enable this quantity to be determined.
Then, since cos® and Y, Wvere known, it was possible to
derive a value for X: for each ligquid in the series,

It vas also possible te find the polar contribution teo

fl. by subtracting 3:‘: from 'YL for each liquid, The

results are shown in Table II,

8,22 The Surface Properties of the Adhesive Zisman's Y ot
determined by plotting cos® vs 1, for a series of liquids

and noting the value of gL when co8® = 1, has often been
identified with the surface free energy of the solid and such
plots for the series of alcohol/water mixtures are given in

graph XXII, The graphs give values for the eritiecal surface



Ligquid
FEtOH

0%
16%
2%
26%
3%
34%
AR
51%
5%

TABLE IT

Properties of Alcohol/water Mixtures from

Measurements on BPareffin Wx

¥

72.0
45.6
4.1
38.1
36.0
348
32.6
30.0
29:4

D
YL

22.1
18.5
17.8
e
18.1
18.2
1849
1949
19.8

P
2 'R

499
27.1
23.3
20.4
17.9
16.6
13.7
1l.1
2.6

Q.42
861
844
8443
8451
8454
8.70
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Zisman Plots for EtOH/E 0 on three Adhesives
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tension as shown below;

Adhesive 436 5:5 634
l" 29,0 28,8 29,4

It is also possible to caleulate the surface free energy of
the various adhesive formulations with respect to dispersion

forces only using the equation:

:r;. + !eﬁ
YL

in conjunction with the contaect angles of trieresyl phosphate

on sach adhesive., This liquid is known to interact by dispersion

forees only and hemece ¥, = 6’: = 44,8 dyne.cn™’,
The following results are oltained:
Adhesive L) cos® :
416 29,0° 0.8746 43,1
5:5 24,5 0.,9100 4h,6
G:h 19.1 0.9449 46,2

It can be seen that the wvalues for the critical surface tension
determined by the Zisman method are much less than the
surface free enerpies for dispersion forces only determined
uging the egquation above,

Dann (1970a) gives a method by whieh the critiecal surface
tension of a solid determined using one series of liquids
may be used to find the eritical surface tension nsing some
other series. Dann's method was applied, using graphs redrawm
from his results and gave the following values for gi with
respect to dis ersion forces only:

Adhesive 416 5:5 634

8, (Dann's Method) 47.6 47,0 4s,8

K¢ (Contact Angle) 43.1 44.6 46,2
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The quantity ‘.ge (eontact angll}‘ia the value of the surface
free energy caleulated using the Good-Girifaleo=Fowkes-Young
equation in conjunetion with the contact angle of tricreayl
phosphate, The discrepancy is thought to be due to the forces
acting within the alcohol mixtures (and givéng rise to the
surface tension) being, in general, different frem those
acting across the interface when a drop of the liguid is placed
on the solid,
8,23 Polar Interactions Fowkes {1972) arrives at values
for the intercection of '?5&#“! liquide with certain polymerie
solids with respect to polar interactions enly by subtiracting
the dispersion interaction (ealeulated using the relation
 « 2 \J h’: 5': ) from the total work of adhesion v,
which ias given by:
W = (cos® + 1) Y1

a
The relavant quantities are shown in table III where

P

e Y 2JK= J:
and plots of I;L vs (: are given in graph XXIII,
Fowkes (who gives similar plots derived from Dann's work)
points out that the work of adhesion is given by:

W= w:+u’:+u:+w:+w:“.
Here D refers to dispersion forces,

Il refers to hydrogen bonding,

P refers to dipole-dipole interactions,

I rofers to dipole-induced dipele interactions,

and AB refers to acid-base interactions,

H: and H: may be considered small compared with the others
and se:

R
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The plots shown in graph XXIII suggest a linear relation
betwveen Y: and I;L with the proviso that water lies
below the line of the ethanol/water series.

Now the adhesive contains numerous ester groupings of

the form:

- CH, - E -0 -uézii;;b—- 0 = H - Ch, =

and these will form stromg hydrogem bonds with water or ethanel
via the C=0 groups, They will also have slight basiec character
due to the styrene segments and these will tend to interact

more strongly with ethanol than with water, Ilence it is

to be expected that the least polar polymer (i.e. that

containing most styrene) will give the bilgest deviation

for water and this is indeed the case.
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CHAPTER IX

R e e

GENERAL CONCLUS IONS

There are potentially several types of interaection
across the interface and this echapter attempts to relate
the measuremenis of the previous chapters to the overall
bond strength, It should be emphasised at this stage that
although fairly detailed measurements have been made of the
surface properties of the adhesive and tie substrate, it
is still ippessible to predies ti.e stremghh of the bond,
and stil’ less the effect of a third component, water,

on the stremgth of the bond,

941 The Components of the Jeint

It is first useful to review in some detail the components

of the joint separately, during formation, storaye and rupture
of the bend,

2.11 The Metal The substrate counsists of a metal/metsl oxide
surf.ce comprising partly hydrephilie and partly hydrophebiec
sites. The surface area per gram as measured by nitregen

adsorption was 2%.0-’..' and as measured by water adsorption

was 12.8 +2,0 -E.l‘"l. Unfortusately, the true area occupied
by one water molecule is not known with certainty, 'ut if
ln.llﬂ is taken as correct the proportion eof the surface

wiieh is hydrophilie is:

12,8
——x 1008 = 353%
“.ﬂ

Erb (1965) has showm that rigorously purified palladium
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is hydrophobie, and it is assumed here that Erb's pure
palladiom corresponds to the hydrophobie part of the
surfoce used here, The hydrephilie part of the surface

is assumed teo he some form of palladium oxide whiech is,
under any prnetieal conditions, hydroxylated, It may

be represented ideally as shown below (Belger and Michaels,

1967).

H 31 H H H H i H n H I H
N N Y
YT BESNE § T S TR S S (™
e G
R Yy A ST S T SEL N R 5
| | | [ | / ] | ! | | |
Y N TRl ey Sy e R M R SN SAr
XA N Nt NS, i Y NG
M M M M M M

Approximately three layers of water vapour are Lound firmly
to the surface and above this, further, weaker adsorption
will take place.

9.12 The Adhesive An idealised segment of the adhesive is
represented overleaf. It can be seen frvom the diagram

that the pelyester part of the adhesive contains, initially,
a small proportion of unsaturation, This unsaturation enables
styrene to polymerise into the polyester chainm giving rise to
cross linking. It is also easy to see that the:re are two
types of site ia the adhesive by whieh the polymer might
attach itself to the substrate, These are the =C=0

groupings whieh ecan hydrogen bond to the hydroxylated part
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0 0=C =
0= %E:B ﬁ:] E%E%E-cug_
C=Cll=

|
ﬂz? i cuﬂ-cu;cnz_?u
Egj HT L'-EHﬁ—UH—CI %u 0=C
H-Cli,=CHl 0=C 0
i : '
- H
| | |2
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o
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i | 3
0= HC=Cl-CH, =CH=CH,.~CH
' 2 27
HC=CH=CH_=Cli~CH.~CIl
[ 2 2

A Section of the Adhesive (idealised), showing the Polyester

Chains (Vertical) and the Polystyrene Croas-links,
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of the metal surface and the styrene units which can undergo
acid - base interactions with the protons of the hydroxyl
groups of the metal surface,

9,13 Adsorbed Gases It is possible to estimate the thickness

of the layer of adsorbed water from the graphs from whdch
the t-curves were constructed, (paragraph 5.7). As shown

in paragraph 2:;; the curves obtained after conditioning
with water (and which correspond to the conditions of the
present ndhiesion experiments) represent adsorption onte
three layors of water molecules which are fairly strongly
bound, Thus, at the relative humidities used in the present
experiments, the follewing are the approximate coverages

with respect to water vapour,

Relative Humidity 207 Loz 664 ~ 1008
Coverage (monolayers) 4,05 4,72 5.90 » 7

For each of these, the first three layers are fairly firmly
bound,

However, the temperature rises to about 50 - 60°C during
the curing of the adhesive and this means that conditions
inside the bond may be rather different from those described.
When the temperature rises, the bonds hetween the metal and
the most loosely bound water will break, the number of broken
bonds being very dependant on the temperature. It is not
possible to say, on the basis of the present experiments,
exactly wvhat temperatures were reached in each case, = .
flowever, it is clear that althoug! mest of the bonds in the
outermost layer of wvater will be broken, the water will not

have time to migrate away from the interface and into the



129

adhesive because the polywers used here exhibit low waterr
solubility and diffusion, fMence, when the adhesive cools to
room temperature after curing ample water will be yresent at
the interface to saturate the metal surface at the original
relative humidity, After curing, the bonds were stored at

the same relative humidity until they were tested and so

it is fairly certain that equilibrium, with respect to ingress

of water, was achieved in these experiments.

9.2 Displacement by Water
Suppose the adhesive has just set and is cooling te

room temperature, Sinece the adhesive wets the substrate
(contact angle equals mero) displacement of the polymer
will only take place if the follewing free emergy change

is negative,

AG = Work of adhesion between polymer and adhesive
= Work of adhesion between polymer and water

= Work of asdhesion between palladium and water,

that imi

a6 = Vo(pasaa) = (Ma(aasmo) * Va(rasuyo)

Unfortunately, the work of adhesion of the polymer
to palladium is not kmown but the guantity AG with respect
to dispersion forces only (i.e. on the hydrophobic part
of the surface) may be calculated as follows,
9.21 Dispersion Interactions
The work of adhesion between two surfices is given by

H. = (eosd + I)Tl.
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or for dispersion interactions only:

w o= e

so within one liquid (e.g. water)
D
': g i ]
Adso, if true thermodynamiec equilibrium obtains at the

interface between the adhesive and the metalti
D 1]
S TR

and hencei

etk d S ¥ Tay 2V pa XL o “'h':lrgnl

- (cos8 + l}rnnu

vhere the superseript D's refer to dispersion interactions
only, subseripts Ad to the adhesiven, subseripts Pd to the
palladium and cos® is the contaet angle of water on the
adhesive,

For palladium, ]’2‘ may be caleulated using the relation

= Yuo +2‘“!£‘ ¥y
cosh = v
M0
in conjunetion with the contact angles of water on very
pure palladium determined by Erb (1965), MHis surface was
hydrephobic and it is here assumed that it corresponded to
the hydrophobie part of the 'alladium surface used in the present

experiments,
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Substitution of Erb's value of 74% for the contact
angle of water on palladium gives a value of 96,1 irg.ul'l
D
for
LE*

Hence, for the 4:6 adhesive:

a6 = 2x72 ¢ 2V96.1x39,4 - 2/96,1x21,8 - 72(=0,0384 + 1)
= 106,9 Ir:.nn".
Similarly, for the 5:5 formulation:

aAG = 102,1 u;.ﬂ'n.
and for the 634 adhesive

AG = 98,5 erg.om 2,
Although this free energy change is positive, it should be
noted that it does not mean that there is ne tendency for
water to destroy the bond since it is very unlikely that
equilibrium exists on the surface, However, the equation will
be affected significantly by non equilibrium conditions only
in the second term and as the total value of this term is

only ~125 erg.,em it is difficult to envisage its being

so reduced by cracks of flaws as to render A G negative.

9,22 Polar Interactions Now consider the hydrophilie part of
the palladium surface. The free energy change for the displace-
ement may be written exactly as before except that it must
include terms corresponding to forces other than dispersion.
forces. (Unfortunately, the total interaction of the wetal
with the polymer is not known and resort must be made to
qualitative arguements,

2,221 The Polyester Initially, the polyester will attach itself
to the substrate by hydrogen bonding to the most firmly water
molecules of surface lydroxyl groups. It will therefore be

to fixed sites. Furthermore, even when the adbesive cools to



132

room temperature and the welative vapour pressure of the
water in the adhesive increases again, it is unlikely

that the water will displace the poelyester since the

atoms or groups adjacent te the <C=0l groups are fairly
strong electron donors,.

9,222 Polystyrene The pelystyreme will bond to the metal
substrate by acid-base interaction since polystyrene has

weak proton accepter tendencies. HHowever, because polystyrene
is such a weak base the interactiom will be weak and although
it probably contributes to the adhesion under dry conditions
it is likely that the water will displace the pelystyrene

as the relative humidity increases,

9,23 General Conclusions As described in the previous twe
paragraphs, it is likely that the polyester is adsorbed to
locdlised sites whereas the polysiyrene is more mobile,

The non-polar (polystyrene) part of the adhesive will thus
require a relatively low interdacial pressure of water

for displacement, It is therefore to be expected that
although part of the adhesive will be displaced from the
substrate very easily, some residual adhesion should remain
due to strong interactions with the ester groupings.

The experimental observations that thepelar adhesivea are less
easily affected by water is thus explained together with the
residual adhesien which remains even in bonds made at "V 100%

relative humidity,
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CHAPTER X
SUGGEST IONS FOR FURTHER WORK

The treatment given in the last chapter has invelwved
a discussion of the free emergy change which would accompany
possible displacement of the adbesive by water., The limited
svccess of the results in accounting for the observed trends
and the qualitative mature of some of the argugments used
indicate that further work is required before satisfactory
explanatior may be found,

Firetly, the observed bhond strengths are, as usual,
muel less than the free emergies of interaction would indicate,
Thus Fowkes (1963) gives 105x10° |r[;?ui'n for the theeretical
adhesion of pelyethylene to irom by dispersion forces only
and the considerations of this study cannot account fer
diserepancies of this order, Williams and de Vriess (1971)
give a continuum wechanies account of the rupture of an
adbhesive bond but point out that mest ef the paraueters needed
for their equation are unknown. In p.rticular, it is necessary
to know the effect of varying the chemieal composition of the
adhesive on the mechanical properties and even the effect
of such fundamental quantities as eross link densities, chain
stiffness and molecular weight is unkenown, Until these yuantities
are determined, it is difficult to draw any definite conclusions
in a particular case since whilst a theory may' fit the experimental
results the apparent agreement may well be coincidental.
Thus, in the present case, although the free energy change
for displacement may be an important facter it may be
overshadowed by more important mechanical considerations.

Although this study has invelved a detailed investigatien

of the metal surface, the adiesives are not nmearly so well
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characterised, and a further study should invelve the measure-
ment of more free energies of interanetion with a greater
variety of liquids. It would then be interesting to ceompare
the results for the present adhesive with those for other
polymers of vE;gin!'ptlnrtty. and rnrtlnnl-rlﬁ those with
similar total surface free energies, (e.g. polymethyk meth-
secrylate)., A more detailed study of the adhesion could
then be made giving values at every 5% relative humidity
and facilitating graphical treatment of the results. It
might then be possible to Ilpl!ltilthl artifacts from the
real eflects and formulate a new gheory of more general
applééability.

Erb (1963) has weasured the econtact angles of water
on a number of rigorously purified metal surfaces and in
nany cases has found that the elean surfaee is hydrophobie.
It would now be informative to ecarry out adsorption studies
on some of these to see wiether the adsorption pattern for
vater is similar to that on pal!adium, Adhesion studies
could then be made on these metals andy since the adsorption
of water is onto sites suitable for adsorption of adhesive,
differences in -dlnrptlnn{bchlrlunr should be reflected by
differences in adhesion behaviour.

Finally, it would be possible to put all the adhesion
measurementis onto a guantitative basie by measurdéng the
total lntiygffigg of polymer and substrate., Since the polymers
are of ;;:F'lp-ur pressure this might best be accemplished
be measurements of the heats of immersion, If these measureuents

were made calorimetrically after conditioning the metal with
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varying amounts of water vapour, it should be possiiLle te
estimate the ease or otherwise of displacement of water by

the adhesmive.
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To make up the sugar grease, 25g of glyecerin, 7g white d-:trii,
and 35.5g of pure d-mannitol were thoreoughly mixed together

to give a white paste. The mixture waes then heated very gently
until it just began to boil., The mix was then kept just below
its boiling point and stirred continously until all the selid
material had dissolved, The heat was then removed and the mix
allowved to cool to room temperature with stirring. The liquid
became highly viscous as it cooled and took on the appearance

of mother of pearl, The grease was stored in a dessicator
until it was uséd.

The grease pre ared as above appears to Lave excellent
lubricatigg properties ai pressures down to lﬂ'iumﬂl. Helow
this pressure a certain amount of water vapour is released inte
the vacuum line eausing am appreeiable rise in pressure.

It vas found to be unaffected by “henzemeyrbuwt was quickly
dissolved by water., When the system was in econtinous use
it was necessary to renew the grease about once every twe

weoks,
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APPENDIX II

l‘:mt-r Program for Applying the BET
‘quation to Experimental Isotherms

COMPILER FORTRAN

LIST (LP)
PROGRAM (PTHO 52113)
INPUT 1 = CRO
OUTPUT 2 = LPO
DIMENS 10N x(mu}.‘r{mu].n{:uu}.z(mu],rmx{mn),n{mn).n{mn]
REAL INTER
READ (1,1) NOS
DO 100 NNOS = 1,N0S
READ (1,1) N
1 FORMAT(I0)
READ (1,2) (x(I),¥(1),I=1,¥),P
2 FORMAT (2F0,0)
DO 11 I = 1,N
G6(1) =¥(1)
112(1) =x(1)
KEAD (1,9)AN,AM, M
§ FORMAT (3E0,0)
P08 I = 1,N
¥(1) = x(1)/((P=x(1))*x(1))
8 x(1) = x(1)/p
Ke0
D0 77 I = 1,N
IF(X(1).LB.0,05.0R.X(1).6T.0,35)60 TO 77
K=K+l
A(K) = x(1)
B(k) = ¥(1)
77 CONT INUE
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SIMX = 0
SUMY =0
SIMXX = 0
SUMXY = 0
WRITE (2,3)
3 FORMAT (1H1,1HX,15X,1HY)
p0 & (J = 1,K)
SUMX = SUMX + A(J)
SUIMY = SIMY + 8B(J)
STMXX » SUMXX + A(J)*A(J)
SIMXY = SUMXY + A(J)*B(J)
WRITE (2,5)(A(J),8(J))
5 FORMAT (1X,B12,4,3X,E12,4/)
& CONTINUE
WRITE (2,6 )SUMX,SUMY,SUMXX, SUMYY
6 FORMAT(7HO SUMX = B14,6/6H SUMY = E14,6/7H SUMXX=E17.9/7H
SIMXY = E17.9)
81 = SUMXY*K~SIMX*SUMY
82 = SUMKX#K - SUMX##Q
S% = SUMXX#SUMY - SUMX#SUMXY
GRAD = S1/82
INTER = S3/S2
WRITE (2,7) GRAD, INTER
7 FORMAT(22 HO GRADIENT OF LINE M =E13,5/24H INTERCEPT AT
Y AXIS C = E20,12)
XM = 1/(GitAD + INTER)
S = XMRAN®AM/BM
eC= (GRAD + INTER})/INTER
WRITE(2,10) XM,S,C
10 FORMAT (6HOXM = E13.5/3H S=E13,5/4H 6= FP13,5)
DO 13 I = 1,N
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13 THETA(I)= G(I)/xv
WRITE(2,12)
12 PORMAT (1HO0, 1HB, 20X, 5HTHETA)
WRITE (2,14) (2(1),TERTA(I), I=1,N)
14 FORMAT (1m0,B12,4,18X,E12,4)
100 CONTINUE
STOP
END
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APPENDIX 11X
Computer Program for Calculating Emtropies

and Heats of Adsopption

COMPILER FORTRAN

LIST (LP)

PROGRAM (PDHO 52113)

INPUT 1 = CRO

OUTPUT 2 = LPO

TRACE 2

DIMENSION A(100),7(10),Xx(100),Ds1(100),0sM(100),Ds(100),
TAETA(30),mEAT(29),TA(200),B(100)

REAL INTER

READ (1,1)N

READ (1,21)(7(1),I = 1,N)

PORMAT (SF 10,0)

READ (1,1)N0s

1 FORMAY(I0)

READ(1,20) (THETA(J),J = 1,N08)
roRMAT (1F0,0)

DO 100 J = 1,508
READ(1,2)(A(1),I = 1,N)
FORMAT (8P6,0)

SUMX = 0

SUMY = 0

SUMXX = §

SUMXY = 0

DO 60 I=1,N

SIMX = SIMX + 1/7(I)
SUMY = SUMY+ALOG(A(I))
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SUMXX =SUMXx+(1/7(1))*(1/1(1))
SUMKY =SUiXY+(1/7(1)*ALOG(A(1))
60 CONTINUE
§1 = SUMXY#N - SUMI#SUMY
S2 = SUMKX # N - SUMX#SUMX
HEAT(J) = (81/52)%*1,987
DO 70 I=1,N
TA(1)=1/7(1)
B(1)=A106(A(1))
70 CONT INUE
WRITE(2,61)(TA(1),B(1),1=1,N)
61 FORMAT(1H0,B12,4,4X,E12,.4)
DO § I=1,N
3 A(I)=-1,987#T(1)*ALOG(760/A(T))
STMX =0
SUMY =0
STMXY =0
SUMXX =0
WRITE (2,4)
4 FORMAT(1HO,1HT,15X,2iDG)
D05 T = 1,N
SUMX = SUMX +7(1)
STMY = SUMY+A(I)
SUMXX = SUMXX + T(I1)*1(1)
SMIXY = SUMXY + T(1)*A(I)
WRITE (2,6)(T(1),A(1))
6 rorMAR(110,E12,4,3X,E12,4)
5 CONTINUE
WRITE(2,7) SUMX,SUMY,SUMXX,SUMXY
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§ FORMAT(7HO SUMY=P14,6/6H SUNY=E1L,6/78 SUMXX=E17,9
/70 SIMXY=£17,9)
81 = SUMXY#N-SUMX*3TMY
S2 = STMXX*NSUMX*SUMX
ps(J) =(s1/s2)
100 CONTINUE
WRITE (2,8)
8 anr(lm'. SHTHMETA, 20X, 7HDELTA S)
WRITE(2,9) (THETA(J), DS(J), J = 1,%08)
9 FORMAT(1H0,E12,4,18X,E12,4)
DO 30 J = 1,NOS
50 m:(J)-ns(J)-L.!ﬂwnm(rmnt.r]/{mmn[a}))
READ(1,32)TEM,BA
32 FORMAT(2E0,0)
D0 31 J=1,NOS
31 DsM(J)=DS (J)-1,987%AL0G (4, 08*TEM*THETA(J ) /BA)
VRI'E(2,33)
33 (FORMAT(1H0,5HTHETA,7X, 7HDELTA 8, 7X,6IM0B 1 LE, 7X,
SHIMMOBILE, 7X,20HDi) )
un:m(:.3&}(rmnt.r).na[.r}.m(a).mﬂ.r}.mr{.r),;-mm}
34 PORMAT( 100,812, 4,2X,812,4,8%,E12,4,3X,B12,.4,3X,E12,4)
STOP
END
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