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ABSTRACT

The adsorption of water vapour on ionic crystals has been
investigated, mainly at temperatures between 00C and -45°C, using
a thermistor pressure gauge technique, Adsorption isotherms were
obtained at different temperatures, enabling the isosteric heats
and entropies of adsorption to be determined. Xrypton was used
for measurements of surface area.

With vacuum deposited films of XKCl, the isosteric log plots
at low coverage showed a break at about -250C, indicating a higher
heat of adsorption at the higher temperature, and the proposed
mechanism for this was based on a phase change involving the
"solubility of the adsorbent. The heats of adsorption at -the higher
temperature showed no significant variation with coverage, while
those at the lower temperature increased sharply from 3 kcal per
mole to a constant level corresponding to the heat of liquefaction
of water. The value of 3% kcal per mole was shown theoretically
to correspond to 'adsorption above the lattice cell centre where
the electrostatic field is zero.

The silver halides and PbF, gave an inflexion in the early
stages of the isosteric heat curve. This could be explained,
semi~gquantitatively, on the basis of lateral interactions between
square arrays of adsorbed molecules, However, with CaF, and Pbl,,
the crystal structure of the adsorbent seemed to be the dominant .

feature in determining the adsorptive properties, Two-dimensional



condensation occurred on CaF, and a mechanism of adsorption by
hydrogen-bonding was brdposed. The heats of adsorption at various
stages of the photochemical decomposition of AgBr were tentatively
explained, following considerations of the entropy and approximately
calculated heat of adsorption, in terms of adsorption in surface
cation vacancies.

The effect of lateral interactions between water molecules
adsorbed on some of the insoluble adsorbents was also reflected

by activation energy plots of the rates of adsorption.
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1. Introduction

1,1, General Introduction

The object of this study has been to initiate work on the adsorption
of polar vapours by crystalline heteropolar solids. This is of interest
in as much as it can provide information on the mechanism of the primary
step in the process of heterogeneous nucleation of a condensed phase
from the vapour. In serving as a foreign nucleus it seems reasonable
that any particle must first act as an adsorbent in an adsorption process
consisting of the formation of a monolayer, then multilayers, and
; finally involving bulk condensation. From this standpoint, it would be
expected that the formatiop of several layers at low relative pressures
would characterise whether an adsorbent could function as an efficient
nucleating agent. Water as the adsorbate is of considerable practical
importance in view of artificial stimulation of rainfall (1). Since
silver ibdide, which has an ice-~like crystalline structure, is a good
nucleating agent for water vapour, it has been suggested (2) that, in -
general, structural similarity between the nucleating agent and the
condensed phase of the adsorbate is a prerequisite for the growth of
the seed crystal., The validity of this generalisation is open to
guestion and it is therefore desirable to investigate the adsorption
of water vapour on a range of solids, both known nucleating agents and
others. The general approach to the problem has ren to study thé effecton
adsorption isotherms and adsorption thermodynamics, of varying the ‘

crystal lattice parameters amd crystal type. The heteropolar adsorbents

studied are divided into three groups, namely,
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A a) KCl; vacuum deposited films.

b) Silver Halides, AgCl, AgBr and Agl; precipitated powders.

¢) Lead Halides, Pblz, PbF,; precipitated powders.
In addition, a homopolar adsorbent, CaF,,was investigated. Since the
heterogenéous nucleation of water usually takes place at temperatures
below the freezing poimt, the present study waslargely confined to
low temperatures: and, in view of the relative insensitivity of
thermodynamic measurements in the multilayer region, the experiments
weremainly concerned with the monolayer region.

1.2, Review of Previous Work

Durau (3) was one of the first to study quantitatively adsorption
on ionic crystals. He obtained isotherms at 18°C for a variety of
adsorbates on NaCl. Generally the adsorption was small and the high
pfessures employed prevented the attainment of great accuracy. In the
case of water vapour, solubility of the surface compiicated the
adsorption process'and it was not possible to obtain reliable results.

Frazer (4) used an optical method due to Rayleigh, involving the
measurement of the ellipticity of light reflected from the surface of
polished and freshly cleaved samples of rock salt. Exposure to a
water vapour pressure less than that of a saturated solution of
NaCl pfoduced no .permanent change in the surfabe. This was not so,
however, for polished surfaces, which showed the effect at a much lower
pressure, It was concluded that the thickness of the adsorbed film

at room temperature was limited to about 6 x 10.8 cm. i.e., at the

most, two layers.
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Uhara and Nakamura (5) measured the adsorption of water vafour
on XBr at room temperature by a simple gravimetric method and obtained
an isotherm corresponding to Type III of the Brunauer classification
(6),in which the curve is convex to the pressure axis. They also
measured the electrical conductance in the surface layer and showed
that this was negligible up to a relative pressure of about 0.75,
at which the conductance increased markedly. These effects were
interpreted in terms of the mobility of ions in the adsorbed layer.

It was suggested that, at small adsorptions, the couplete hydration of
ions was impossible and the ions could‘not be separated from the
surface. However, for a large number of adsorbed layers the surface
ions pogsessed considerable freedom and mobility, Since ions are
known to be negatively adsorbed at the surface of an aqueous solution
the same may also be true for adsorbed water films, from which it
follows that éurface conduc tance would not be obsérved until the
layer reached a certain thickness.

The adsorption of water vapour by silver iodide has been reported
by Coulter and Candella (7), who obtained isothérms at 160C, 34°C and
500C, The results were complicated by the anomalous shape of the
isotherms which was attributed to the hydration of a surface impurity.
After allowing for this, by subtraction of the amount of water taken
up by the phase transition, Type III isotherms were obtained. There
was little indication of affinity of the adsorbent for the adsorbate,
a result whiohwés difficult to understand in view of the known

nucleating efficiency of Agl. It was suggested that the anomaly may
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be in part due to the higher temperature and that the surface may have
been dif ferent from the uncondensed smoke of silver iodide used for
nucleation., The AgI used for this particular experiment was prepared
by precipitation, followed by solution in anhydrous ammonia and
removal of the ammonia in vacuo. Surface areas calculated from the
adsorption data by the B.E.T., Harkins-Jura and Huttig methods
 (section 1.3.) were all less than 0.1 m° g_1. Heats of adsorption
calculated froﬁ the B.E,T. eguation were 0.4 to 1 kcal per mole
greater than the heat of liquefaction whilst the isosteric heats were
about 1 kcal per mole less. |

Pype IIT isotherms have also been obtained by Birstein (8) who
sﬁudied the adsorption of water vapour on commercial, laboratory
prepared ahd aerosol samples of silver iodide and lead iodide at
temperatures of ;2000 and +250C, To obtain sufficiently high surface
areas for the McBain-Bakr (9) gravimetric method to be employed, the
commercial and laboratory prepared samples were milied to a mean
particle size diameter of 1 to 2 microns. The isosteric heats of
.adsorption at low coverage were about 18 kcal ﬁer mole for Agl and
22 kecal per mole. for Pbl,, decreasihg exponentially towards the heat
of liquefaction as more layers were adsorbed. 1In contrast with the
results of Coulter and Candella, it was shown that as many as 200
layers could be adsorbed without formation of the liquid phase. Even
at a coverage of 50 layérs the heat of adsorption was greater than

the heat of liquefaction. Since under ordinary conditions the Van

der Waals forces acting from the surface fall off with the cube of
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the distance, it would be éxpected that the influence of the surfaqg
would not extend beyond the first few layers, and the general
conclugion was that the silver iodide surface produced oriented water
molecules which themselves transmitted forces through comparatively
large distances by a polarisation mechanism.

At this point it is relevant to describe the work of Halsey (10)
who developed a new technique for examining the multilayer region, with
the idea of overcoming the difficulty of examination of adsorption at
pressures approaching the cordensation pressure. This consisted of
first depositing one or more‘layers of a more condensible gas ('pre-
freezing!) before determining an isotherm of a less condensible gas.

An example of this wasthe adsorption of argon on pre-frozen xenon on
carbon, anatase and silver iodide., It was shown that distinguishable
stepwise isotherms, a necessary characteristic of a uniform surface (11),
were obbained up to six layers of pre-adsorbed xenon on carbon, showing
that surface forces were still operative at this distance: thereafter
the isotherms were indistinguishable, In the case of anatase and silver
iodide, however, the steps were less evident and the isotherms
coincident after two pre-frozen layers. It thus seemed that the
structure of the underlying solid was important, and that with these
varticular ionic adsérbents only a few layers of xenon could be stabilised,
thicker layers being unstable both with reapect to the bulk solid and
thinmer 1ajers. In & later publication (12) Karasz, Champion and.

Halsey applied the‘same procedure to pre-frozen layers of ice on anatase

and silver iodide., The argon isotherms were indistinguishable after
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three ice layers on anatase and one layer on silver iodide. From the
latter fact they concluded that the growth of layers of ice on AgIl
did not take place under equilibrium conditions and that the two
surfaéés were energetically incompatible.

A rather more extensive investigation of the adsorption of water
vapour on Agl has recently been made by Russian workers (13). They
obtained Type II isotherms at four temperatures between -20 and +200C,
Results also given for AgCl were similar, but in the case of the
iodide the isosteric heat of adsorption below 00C was greater than
that above 0°C,, indicating a phase change in fhe adsorbed layer
(section 1.7.). Below 0°C the heat of adsorption decreased slightly
with increasing coverage towards the heat of liquefaction, but above
0°C the trend was reversed. Jenkins (14) obtained water isotherms
on NaCl at 00C and 10°C using a HMcBain-Bakr type of quartz fibre
helical gpring balance., The results at -230C, however, were ambiguous,
and it was concluded that three factors were responsible:

a) slow adsorption on the glass walls,

b) slow adsorption on the salt,

c) slow attainment of the water vapour-ice equilibrium.

The isosteric heat of adsorption increased from sbout 4 kcal per mole
at low coverage to about 10 kecal per mole at higher coverages, thus
approaching the heat of liquefaction of water. From the B.E.T. plot
of the water vapour isotherms,the effective surface area of the water
molecule was shown to be 28.5 A%, consistent with a model of single

water molecules adsorbed above the centres of lattice squares.
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Infra red studies,at both room and liquid air temperatures, of
water adsorbed on alkali halides were made by Price, Sherman and
Wilkinson (15). Pressed discs formed from finely powdered chlorides,
bromides and iodides of Na, K, Rb and Cs acted as matrices of large
surface area on which thin films of adsorbed water could be studied.
Electron micrographs showed that the discs were mosaics of +tiny
crystals about one micron in diamter packed together. Plots of
frequency of the strongest band (corresponding to a modified asymmetrical
stretching vibration of the water molecule) in the 3000 to 3500 cm‘”
region versus unitary displacement of‘the negative halogen ion gave
gtraight lines for each common metal ion. The greatest shift in
frequency relative to the free molecule was produced by the lattice
with fhe halogen of greatest electronegativity and the metal ion of
lowest electropositive character. This indicated that the water was
attached by hydrogen bonding to the negative ions. It was claimed that
this was supported by considerations of the relative size of the ions:
the positive ions, particularly those of sodium and potassium, being
smaller, tend to be buried in the structure by the negative ions and
are relatively inaccessible from the outside., Certain bands visible
in the spectrum of a thin layer of water adsorbed on caesium iodide
showed exfreme sharpening on going to liquid air temperature. These
bands were only obtained with éaesium and thallium halides, and were
presumed to be associated with the positive ion of the body-centred cubic

lattice,to which bonding would be through the oxygen of the water. With
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larger amounts of adsorbed water, bands appeared in the 2000 to
2200 om” region. These corresponded to bands which in water and
ice have been interpreted as a molecular deformation plus a libration
of the molecule against the forces of association with the other
molecules. Their frequencies in a caesium chloride disc were 2110
and 1977 cm-1 compared with 2243 and 2041 cm-.1 in ice, and probably
corresporded to 'frozen-in' states of the hydrated ioms.

Papée and Laidler (16) have used a Tian~Calvert (17) type of
microcalorimeter to measure the heats of adsorption of water vapour
at 250C on microcrystals of NaCl, the rate of heat production being
followed as a function of time, A special apparatus of two inter-
connecting cells, one containing the salt and the other containing
the water, allowed measurements to be made of both the heat evolved in
the salt cell and of the heat absorbed in the water cell. The amount
of water taken up by the salt could be calculated, knowing the heat
of vaporisation of water. Iicrocrystals of salt were produced by the
technique of Young andAhbrrison (18) in which vapour was swept from
the surface of molten NaCl in a turbulent stream of nitfogen and
carried into an electréstatic precipitator, where the small particles
were collected. With crystals of surface area between 1 and 15 square
metres per gram, it was found that three distinct processes occurred
in the following order: a) simple adsorption of water on the surface,
b) decrease in the surface area, and c) penetration of water into

the lattice. . During the second stage no adsorption could be detected,
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On c:ystals' of 1arg§r surface area there was considerable overlapping
of the three phenomena, but the general mechanisms appeared to bé the
same, The heat of adsorption during stage a) was about 36 kecal per mole
which is top_largevto correspond fo simple physical adsOrption§ it
was presumed that some change in the surface %as occurring at the same
time although the amount pf water adsorbed at this stage was only about
one twelfth of that required to form a monolayef.

‘Detailed studies of the surface enthalpies of NaCl have been
mde by Benson (19) who measured the heat evolved on the solution in
water of NaCl crystals of high surface area. The plot of heat of
solution versus suiface afea gave a straight line of slope equal‘to the
surface enthalpy. Papée's results (16) similarly gave straight line
plots cbrresponding to surface enthalpies of about the same magnitude
as those obtained by Benson. This was regarded as further evidence
that the stages aj and b) above were not sharply separated from one
another, although it would appear that all the surface had been broken
down by the end of stage b).

Papée (20) nas further investigated the adsorptive properties of
'"plue' NaCl obtained by 'straining' the surface of microcrystals in
a high frequeancy discharge. FolloWing'exposure to water vapour at 25°C
and unit relative pressure,the su-face area was measured as a function
of time and compared with the sintering rate of the normal unstrained

surface., Induction periods were found in both cases, indicating

surface adsorption, but the 'blue’ sample sintered much more slowly



20.

than normal NaCl; The heat of adsorption (21) on the 'blue' NaCl

was severai times greater than previously found for normal NaCl,

and the process appeared to consist of two overlapping stages

instead of three. BStage A, correspornding to the adsorption of water
vapour and breaking down of the surface, released about twice as

much heat with the blue salt'as with the normal chloride, and the
amount of water adsorbed was almost twice as large. Stage B represented
the penetration of water into the lattice and reaction with colloidal
sodium and F centres in the first strata. The process took much longer
to reach completion than with stage A,and the heat released and amount
absorbed were about ten times more than for uncoloured NaCl, This
confirmed the expected reactivity of the blue particles to water vapour,
Meésurements of the potential of the crystals suggested that the
hydration of the blue salt resultéd in the possible build up of
electrical charges on the surface,which would favour clustering of
water molecules around a nucleus.

Microcalorimetry has also been used in the case of lead iodide (22)
with particular reference to the effect of surface sintering by wafer
vapour. Heats of sintering were calculated by comparing the results
with earlier work (23) reiating to the kinetic process of surféce
sintering, The decrease of the Pbl, surface with time upon hydration
followed a first order pattern according to the equation:

log (S - So) = =-.245t + A
S

specific surface at time ©

L]

S

o specific surface.of the product after long

exposure to water vapour

A constant,

It
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The same sintering characteristics were found for preheated and
unheated samples, but the heated product adsorbed more water than
the original salt.. However, the heats of adsorption were about
14.5 kcal per mole for fhe unheated salt and 3.0 kcal per mole for
PbI, heated to between 50 and 150°C. For lead monoiodide, PbI,
obtained by thermal decomposition of the di~iodide, the pattern of
heat evolution with time of exposure was different, and the overall
process required more water to reach completion than with the di-
iodide. The heat of adsorption was about 18 kcal‘per mole, although
the actual heats evolved in the salt cell and absorbed in the water
cell were much greater, probably partly due to the reaction of the
water with the surface. In no case did the number of adsorbed water
" layers exceed 2.4, a result which was in complete disagreement with
the earlier work of Birstein (8). Papée has pointed out that the
thermal stability of the microcalorimeter to within 10_5 0C over long
periods would necessarily detect any experimental abnormalities to
which the discrepancy might be due, and suggests that small temper-
ature differences between the source of water vapour and the salt in
Birstein's system could be responsible.

Various results for the adsorption of water vapour on other
ionic solids have been published. Many of these are not extensive,
but some will be reviewed insofar as they illusitrate the energetics

of the process, possible mechanisms or interesting techniques,
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Law (24) employed an unusual experimental technique with germanium
oxide, After allowing the solid to attain equilibrium with water vapour
at a particular temperature, the adsorbed water was desorbed at 3500¢,
as water plus hydrogen, into a calibrated volume where its pressure was
measured.  Isosteric heats of adsorption were observed to fall with
incréasing coverage from about 14.5 kcal per mole at low monolayer
- coverage to near the heat of liquefaction after two layers had been
adsorbed. The thermodynamics of the system was discussed in terms of
theories of multilayer adsorption.

>Theimer (25) cxamined adsorption on BaS0O; in the region of 0°0C
and obtained Type IT isotherms. The isosteric heat, calculated from
three temperatures, showed a secondary: maximum of 13,0 kcal per mole at
a point ,derived from B.E.T., and Huttig isotherms, corresponding to
completion of the monolayer.

The isosteric heat of adsorption of water at room temperature on
molybdenum disulphide (26) decreased uniformly from about 10 kcal per
mole to 4 kecal per mole as the first layer filled, and thereafter
increased to about 6 kcal per mole at which it remained constant,
Zettlemoyer (26) commented that this behaviour was almost identical
for water adsorbed on graphon, thereby suggesting cluster adsorption.
His interpretation was based on the fact that the B.E.T. monolayer
coverage obtained from water isotherms was about 1/1500 of the B.E.T.
monoléyer coverage from nitrogen adsorption. The secord layer began
to form when only a small fraction of the total surface was filled.

It was presumed that the hydrophobic graphon surface contained some
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hydrophiiic sites of high but non-uniform energy. After adsofption
on these sites, a second layer formed in preference to adsorption on
the surrounding hydrophobic area. Thus, it was not surprising that the
heat of adsorption was found to be less than the heat of liquefaction,
since,on this picture, the adsorbed molecules were isolated on the
surface ard the possibility of normal hydrogen bording, which
contributes largely to the high heat of ligquefaction of water, was
precluded.

Amphlett (27) investigated the effect of heating commercial
samples of calcium fluoride on the water vapour adsorption characteristics
at 25°C., When samples were repeatedly cycled through adsorption-
desorption sequences involving heating to 100°C and above, the amount
of water adsorbed was reduced ami the monolayer volume decreased.

After several such cycles there was no further change, suggesting that
the heat treatment lad de-activated some of the more active parts of
the adsorbent surface. |

Mays and Brady (28) used the nuclear magnetic resonance absorption
method for water adsorption on titanium dioxide. At low coverage the
adsorbed 1ayef was shown to be mobile at temperatures as low as 77°K,
but the energy of adsorption was still sufficiently strong to prevent
the formation of clusters. Near the monolayer coverage, the adsorbed
molecules became immobilised and the resonance had a breadth appropriate

to that of ice.



24,

The adsorption of water vapour on diamond ard zinc blendeis of
some interest in view of the similarity of these structures to
silver iodide and ice. Bowden and Throssel (29) measured the
thicknesses of adsorbed water filmé by means of the Rayleigh opticél
method.‘ It was shown that only a few layers were adsorbed, and
there was no evidence of heavy adsorption even when the vapour was
90 per cent saturated.

It has been proposed that with certain solids, notably ionic
oxides, the adsorbed water may be linked to the adsorbent by means
of hydrogen bonds. Thus for water adsorbed on bauxite at -800C

there is evidence (30) for the structure:

The differential heat of adsorption of water on Al,05 at 186¢ to 350C
(31) is about equal to the heat of 1iquéfaction, which would be
expected for two hydrogen bonds, each of energy 6 kcal per mole, per
adsorbed molecule., Hickmott and Selwood (32) have investigated the
effect further by means of proton felaxation time measurements on
water, alcohols and n-hexane adsorbed on Y-Al, Oz at room temperature.
The substrate was much more effective in lowering the relaxation

time of protons in the associated liquids than in n-hexane. This
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was explained qualitatively on the grounds of proton exchange between
labile hydrogens in the associated liquids and lattice vacancies and
protons incorporated in the alumins during preparation,

Ethyl alcohol is a polar molecule and, like water, although to a
: lesser degree, is capable of forming hydrogen bonds., Pearce and
Rice (33) determined isotherms of water and alcohol on four ionic
adsorbents at 99.49C, At 140 mm pressure, zirconium dioxide was the
best adsorbent for alcohol but the poorest for water, both on a volume
or weight basis. On the volume basis, the order of the adsorbents for
water was ThO,, Al, Oy, WOz and ZrQ,, whereas for alcohol it was exactly
the reverse. Brunauer (6) considered that this was a clear example of
Yapecificity' in physical adsorption and was related to the stronger
ion-dipole interaction energy between the surface and adsorbed water.
In support of this he pointed out that the dipole moment (section 1.9.)
of water per unit surface is almost two and a half times as large as
that of alcohol,

During the last decade several workers (34) have studied the
dielectric properties of water adsorbed on high surface area solids,
particularly powdered silica gel. The technigue usually involved the
determination of the dielectric constant £, and the relaxation time,
U, which is related to the frequency fmax at which'the dielectric loss
is 'a maximum. For water adsorbed on silica gel coated with a thin
layer of NaCl, deposited by drying the gel after soaking in a solution
of the salt, Kurosaki (35) showed that the value of f ox Was the same

as for water adsorbed on the uncoated gel. The interpretation was
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that the stage 3 (see bélow) adsorbed water was in a more solid
state than ordinary liquid water,6 and possessed characteristics
approaching those of ice., This was based on the fact that if

any evolution of the salt had occurred, the specific conductivity,
and hence the dielectric polarisation, would be altered. For the
uncoated gel the curve of dielectric constant versus amount
adsorbed showed three definite breaks corresponding to three
stages of the process, Stage 1 corresponded to the region of low
adsorption, stage 2 to multilayer adsorption, and stage 3 to
capillary comdensation.

1.%, The Adsorption Isotherm

The folldwing section deals with the various theories or
models for adsorption. Thé adsorption isotherm is the most convenient
form in which to ébtain and plot experimental data, amd is usually
the starting-point for theoretical treatments. ‘One important
restriction then for any valid theory of adsorption is that it
predicts correctly the experimental isotherm. This hoﬁever, in
itself, is an insufficient test: fUrthér considerations of how the
energy and entropy of adsorption vary with the amount adsorbed must
be taken into account.

1.3.1. Langmuir adsorption

The Langmuir equation is perhaps the most important single
equation in the field of adsorption. Although there are other
isotherm equations that fit experimental data over a wider range, in

most cases the starting point in their derivations is the Langmuir
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equation, i.e.,

v vmbp ® 8 2 5 P S 8" P 90D O S SO e e P R s E N (1)
1 + bp
where vm = the volume adsorbed when the surface 1s covered with

a complete unimolecular layer, and b, the adsorption coefficienf,
is given by the original Xinetic derivation of (1) by Langmuir (36)
as,

‘g
b o= o exp{‘kT>

N (2)

1

k, (2nmkT )2

o, = condensation coefficient on the bare surface,
y
kO = (._ 3 ?
eXp\ kT}

J = rate of evaporation of molecules from the surface,
g = heat of adsorption.

In addition to the kinetic derivation of egn.(1), similar forms
have been derived thermodynamically by Volmer (37) and statistically
fy'Fowler (38).

The principal postulates of the Langmuir isotherm can be
summarised as:

a) The energy of adsorption is constant (which implies
uniform sites and no interactions between adsorbate molecules).

b) The adsorption is on locelised sites (wnich implies no
translational motion of adsorbate molecules in the plane of the
surface).

¢) The maximum adsorption possible corresponds to a complete

monomolecular layer,
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Langmiir-type isotherms are characterised by having a linear
low pressure region and -an approach to saturation at high pressures.
Many representative examples are given by Brunauer (6) and Schwab
(39). The data are generally plotted according to the linear form
and the constants b and vm'evaluated from the best fitting straight
lines,

The Langmuir equation can be applied to the case of unimolecular
adsorption on a hetercgeneous surface, by assuming & certain type of
distribution (40) of the heats of adéorption, Thé result is the
well known empirical Freundlich equation:

v = kéﬁ' esevsseseesssesesesrancas (5)
where n is generally greater than 1. The Freundlich equation can
also be obtained (41) by assuming that the adsorption is multimoleculgr,
and that each adsorbed layer obeys a separate Langmuir equation with
‘different constants.

1.3.2, The potential theory

A rather different approach to adsorption was made by Polanyi
(42),who considered the potential field at the surface of the adsorbent,
into which adéoxbate moleouies 'fall'. The adsarbed layer is most
compressed at the surface of the so0lid and decreases in density
outwards.

The potential of the adsorbent at a point i is given by:

RP .
E‘i = (;)dp = RT 1n— tcces eeverseeec (4-)

where p, is the saturation pressure of the gas. The potential of the



29,

molecule is thus équated to the work done in the isofhermal compresgsion
of the gas from p to p,. This is equivalent to assuming that the
forces operative intre adsorption process are of the same nature and
magnitude as between molecules in the gas phase, which may not be true
if jon-dipole forces are important.

Correspond ing to Ei ig a volume di which represents the volume
enclosed by the adsorbent and the equipotential surface, Ej?ahd given
by the ratio of mass adsorbed to liquid density at the isotherm
temperature, The plot of %; versus Ei is known as the characteristic
ourve and should be independent of temperature. The testing of the
potential theory consists of the calculation of the characteristic
curve from an experimental isotherm, and the calculation of other
iéotherms from the characteristic curve. Examples of the successful
application of this to polar molecules such as CO, and CS, adsorbed
on charcoal are given by Brunauer (6). However, Barrer and Brook
(43) found in sorption by chabazite that the more polar the sorbate,
the poorer the agreement with the Polanyi theory.

Bering and Serpinsky (44) have more recently attempted to use the
potential theory +to calculate the heats of adsorption from single
isotherms, but their assumptions included a neglect of any net
entropy change on adsorption. This is equivalent to assuming that
the adsorbate is liquid, which probably restricts the method to near
the capillary condensation region (45).

In general, the potential theory is very successful in accounting

for the temperature dependence of physical adsorption, both uni- and
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multimolecular, on heterogeneous surfaces. But it does not attempt
to formulate an isotherm equation, therefore the scope of information
obtainable is rather limited. Movreover, the available evidence
suggests that the application to molecules as strongly polar as

water would be even more limited.

1.3.3. The B.E.T. theory

Brunauer, Emmett and Teller (46) showed how to extend Langmuir's

approach to multilayer adsorption; and their equation:

1 c-1 p
= — + —_— esvescser e 5
V(Po - p) va v.C B ®)

has had considerable success as a general method of obtaining surface
areas from adsorption data.

The basic assumption was that the Langﬁuir equation applied to
each layer, with the added postulate that for the first layer the
heat of adsorption,E1,had a special value, whereas for all succeedihg
layers it was gqual’to the heat of liquefaction,EL,of the liqdid
adsorbate. A further assumption was that evaporation and condensation
could occur only from or on exposed surfaces. As in the Langmuir
model, the B.E.T. equation can also be derived from statistical
mechanics.

Surface areas are obtafned from the values of Vi which is given

by the slope (—1—) ahd intercept - (; 6 !
: m

of the linear plot of
kva

' p/PO against p/po. Since v, = vbA/Nﬁ‘o, the specific
vf1 - p7p0;

surface area, A, can be calculated by choosing some reasonable value



31.

for the actual area, €, per molecule.

The constant C is given by:

_ &by ‘B - Er\

c = exp{ 2~ "L S ()
by 2 \ R /

ﬁhere a by 1
o

The theory has several limitations. At low pressures it reduces to
the Langmuir equation, consequently all the criticism that has been
levelled against the Langmuir theory can be directed equally well
against the B.E.T..theory in the low pressure region of the isotherm.
The most active parts of the surfaces of most adsorbents are markedly
hetefogeneous with strongly varying heats of adsorption, therefore the
Langmuir equation is not obeyed. For most adsorbents the B.E/T. theory
applies only in the range p/po = 0,05 to 0,30. Béhm7pfg)z(l(5 tle potential
theory is probably the only theory which can deal successfully with
physical adsorption. |

Perhaps the outstanding fault of the B.E.T. model is the neglect
of horizontal interactions. Hill (47) has taken this into account
approximtely, correcting the B.E.T. theory in the desired direction
of reducing the amdunt of adsorption (above a monolayer) for a given
relative pressure, and Halsey (48), from a somewhat more qualitative
treatment of horizontal interactions, has concluded that adsorption
in steps would occur on an ideally uniform surface. The effect of

horizontal interactions is discussed more fully in section 1.6.
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It may be mentioned that Hittig (49) has derived a modified form
of the B.E.T. equation by assuming that the rate at which the number
of uncovered first layer molechles decreases is proportional, not to
the number of uncovered second layer molecules as in the original
B,E.T, derivation, but to the total number of molecules in the
gsecond layer. However, Hill (50) considers that although the equation
may be sound empirically, the theoretical bésis is open to doubt.

1.3.4. Use of krypton for surface area measurement

Since the work of Brunauer, Emmett and Teller (46) surface areas
of soiids have been determined most frequently from measurements of
adsorptidn of gases at temperatures nsar their boiling points,
préferably of nitfogen at -1960C, However, if the solid has a small
surface area, e.g. less than 1 n?/g,the uge of a tempergture below the
boiling point is advantageous; in this way the quantity of gas in
the dead space is reduced, permitting thé volume adsorbed to be obfained
more accurately. Krypton at -1960C is commonly used and Rosenberg (51)
has employed the thermistor method to measure accurately,to less than
1 per cent, isotherms on powders of area as low as 50 cm®. Beebe (52)
previously used krypton with success to measure specific surfaces of
about 400 cmB. Making use of an anatase sample, the surface area of
which héd been measured by the absolute method of Harkins and Jura (53),
he estimated the area occupied by the krypton atom in the monolayer to
be 19.5 A%, which is considerably higher than would be predicted on
the assumption that the atoms in the monolayer formed a close packed

liquid monolayer. This value is generally accepted nowadays.
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Beebe also found that the equilibrium saturation pressure, pg,
for solid krypton at -196°C ranged from 1.3 to 2,62 mm,indicating
a temperature variation for commercial liquid nitrogen of -194°C to
-196°¢, His extrapolated value for the liquid ranged from 2,63 to
3,72 mm, Emmett (52) suggested the use of the liquid value for Do
' 5eoause the isotherms for krypton at -196°C behaved as though they
were governed by the &apour fressure of the supercooled liquid rather
than of the solid.

1.3.5. Isotherms based on the equation of state of the adsorbate

If the adsorbate is regarded as a two-dimensional film analogous
to those found with monolayers on liquid substrates, then straight-

forward application of the Gibbs equation gives:

1Y
spreading pressure T = %EK { VAIND +uveervonensnns (7)
A .
to

Graphically, this inteération correspords to determining the area under
a plot of v versus 1lnp. A difficulty, however, is involved with the
uncertainty of estimating the area between zero pressure and the lowest
measureable'point. If the isotherm data are évailable to sufficiently
low pressures, the ratio p/v may become constant, i.e, a linear or
Henry's law is valid. Then egn.(7) may be written in the form:

B v
- (( /1)

d'ﬂ:\—.: -_— len(p/V) + RTvl Cesesas s rs s e (8)

(p/v) as v—o

If the entire region ig linear, then p/v is constant and the above

integral vanishes., Since the area,C , per mole is given by XQé ’
v v
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equation (8) reduces to the two-dimensional ideal gas law, T¢ = RT,
For adsorption data above the Henry's law region equation (7) may

still be integrated between limits, giving:

o [
T =TC1 + m lenp. u.‘l‘.lllllol.l.l-..lll' (9)

Y

Various discussions of the use of the Gibbs eq;aation to obtain ® - &
values from adsorption data have been given by Innes and Rowley (54),
Bangham (55) and Gregg (56). The latter has surveyed the various
types of force area diagrams obfainable from adsorption isotherms in
terms of phase changes (section 1.7) of the adsorbate,

A logical étep to take next is to" consider equations of state
whiéh contain a co-grea term and an attractive force term, such as

the two-dimensional Van der Waals equation, i.e.

(TI: -+ aﬂj‘;\?) (A—N-bl) = RT ooeooooocccl‘ctt““‘ (10)

where fhe éonstants g and by are related to the three-dimensional
constants for thé same molecules in the gas phasé. This predicts
two-dimensional condensation phenomens just as.does the three-
dimensional analogue. The simplest isotherm correspondins to this
type of equation is given (57) as:

1-6 & |
1n O - 1 _Q “+ CO = -lr-'kp EEEEEEE R (11)

where ¢ is a function of 8, b and RT.
The various other types of two-dimensional Van der Waals equations

generally lead to rather more complex isotherm equations. For example,
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the virial type equation:
n =RT + on - B’Iz R R I R N A A N R ] (12)
corresponds to the isotherm:

11
2

'é2—+;—;y(¢’+1)i(d-1)2 + 2w

2(.&,1 -
. <)
"1n [(d - 1) + [(d - 1)2 + 2‘-0’12}} =1nl(p o0 & (13)
\
where ¢ = % , and <o, the attractive interaction parameter = 2BRT .
o2

An adsorption isotherm based on a two-dimensional equation of
state which has aroused considerable interest was that suggested by
Harkins and Jura (58). They proposed the equation

T = b - ac Ceoersevestarasssssenannaine (14)
and applied the Gibbs transformation to obtain,
In p/po = B - A;/We Ceeeiesenasirenacce o neanans (15)

ah? v ?
2RT
fit this equation, from the straight line plot of which the specific

where A?_ A great many Type II isotherms were shown to
_surface area can be calculated., The constent, a, is assumed to be
related to the compressibility of the adsorbate and is independent ofv
the nature of the solid., There is thus a close correspondence between:
the Harkins-Jura and B.E.T. equations, especially in the case of
isotherms for which the B.E.T. constent, C_, is 50 or higher (59).
However, there is one point on which the two theories seem
irreconcilable. The B.E.T. thepry requires that, above a certain
relative pressure, about C"% (57),the film is on the average, a

multilayer, and that its thickness approaches infinity at saturation.
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The Harkins-Jura treatment con;iders the adsorbate film to be mono-
molecular, or at least of constant thickness,and, moreover, fails to
A indicate that the saturation pressure should be of special
gignificance.

1.4. Thermodynamics of Adsorption

1.4.1. Heat of adsorption

Two approaches have been used to derive the thermodynamic
functions for the adsorption process. The first of these, standard
solution tbermodynamicé, treats the adsorbate and adsorbent in
association és a two component system, and leads to partial mola:
quantities. The second methéd, adsorption thermodynamics, considers
the adsorbate as a one componentvphase in a potential field of the
solid and leads directly to molar quantities. There are no
differences in the results of the two methods but the former is easgier
to apply. Hill (60) has reviewed the essential points: these are
as follows. | |

Consider a two component condensed pﬁase of adsorbent A ahd
adsorbed gas '1' in equilibrium with gas. The condénsed phase has
volume V, energy E, entropy S etc., and contains ny and n, moles of
the tﬁo types. E is completely determined by 5, V, n, and n,. Then

by the standard methods of solution thermodynamics it can be shown

that:
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dE = TdS - pdV + pydn + p,dn,
G = -S4T + Vdp + pdny + p,dn,
dy, = -8dT + W dp + (3!-11\ arn
I/ P
where, n, . (35\
’ = nA5 B = ()n.'lnAspsT
s - _
and (%—Elg) o m e o gy (16)
T RT RT?

This defines the isosteric heat of adsorption, usually denoted AH,
vhich is a differential quantity.

AH is obtained from the slope of the plot of lnp versus % at
constant 7" . For calorimetric measurements with no external ﬁork
(pdV) term the differential heat is given by,

o, = AH - BT e (D)
However, RT does not usually amount to more than 5 to 10 per cent
of the total heat of adsorption, and in some cases is not much more
than the experimental error (6).

The measurement of the isosteric heat of adsorption plays an
essential part in the interpretation of adsorption data. The
magnitude of AH will usually indicate whether the attachment to
the surface is of a physical nature or‘whether chemisorption has
occurred. Also, investigations of the variation of AH with coverage
can lead to a knowledge of the héterogeneity of adsorbents and the

interactions between adsorbed molecules.
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1.4.2, Entropy of adsorption

A knowledge of the entropy of adsorption is important from the
point of view of the mobility and physical state of the adsorbate.
The molar differential entropy, which is readily obtainable from

eqn.(16),is given by:

8 = (‘%&)HA»PeTi(g_i) my T trereerereseeseen (18)

However, as is emphasised by Hill (60), it is the integral entropy,
S = n s which is the quantity of direct statistical mechanical
significance, being related, inter alia, to the number of possible
quantum states of the system by the relation s = k 1n W, where W is
the total number of indistinguishable configurations. The differential
entropy is not relevant to discussions of order-disorder, randomness
etc,

The various ways of obtaining integral entropies are summarised
below,

(a) By finding the differential entropies down to very low coverages,

AS\

ont AT ton =0 and integrating. However, this

extrapolating (
is a very inaccurate method.

(b) From isotherm data at two different temperatures one can calculate
p

the spreading pressure, T = RT Jﬂ7ﬂ dlnp (T const.) ...... (19)
o)

using a much more accurate extrapolation to low coverage, and then
employ the analogue of equation (16) at constant w,

(¢) In the ideal case (Langmﬁir) of localised édsorption without
interactions on a uniform surface, i.e. Q%?g) = 0, the differential

molar entropy is approximately equal to the integral molar entropy.
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This can be seen by differentiating S = ns, i.e.

38 - (9._8_ _ Oﬁ)
<én)T,p,nA dn)T,nA = s+nlgygn TsPsnA
- Q8
Or S * S .J'_ n(d“ﬁ)TgnA 'Clc.l‘lll'?OOD'QI.'.‘C'.O'C (20)
: : . L -
and in the ideal Langmiir case, (E)T, = 0, so that s = s,

n
A .
Here s refers to non-configurational entropy (section 1.4.3.).

Using the vapour in equilibrium with the adsorbate as the -

standard state, AG = 0 and AS = Ss - SG = :$E. The entropy SG of
the equilibrium gas phase is given by
S
S, = S92 + AT + R In(p/Dp) ceveeernriacnnnanns (21)
G G T 7
1o : .

where S% is the entropy at py and T,. Thus absolute integral
entropies of the adsorbate in the adsorbed state may be obtained from
isosteric heats of adsorption and heat capacity data.

1.4.3. Non-configurational entropy

The entropy of the adsorbate is made up of two parts; the
configurational term SC which is a function of the number of ways the
adsorbed molecules mey be distributed over the surface, and the non-
configurational *term Snc which is related to the partition functions
for the various degrees of freedom of the adsorbate.

In the more commonly experienced cases of adsorption with
lateral interactions on a heterogeneous surface the evaluation of
S, is extremely difficult, and in any case, as Hill (61) has pointed
out, the division of entropy into configurational and non-configurational

parts is quite arbitra:y. However, for Langmuir adsorption,

= o
SC = -Rln1 —Q R R R R N I A S A S Y (22)



40,

is an exact equation (62) and Snc = énc can readily be determined.

A gas molecule containing n atoms has 3n degrees of freedom
i.g. 3n moaes of motion contributing to the entropy. For n = 3
there are 3 translational, 3 rotational and 3 intermal vibrational
terms. In the case éonsidered it is unlikely that the internal
vibrational term will be altered very much by the process of
adsorption, so only the redistribution of the translational and
rotational terms will be considered.

Kemball-(63) has derived the expression

S = RInMla + 65.8 teevevesvesioseannsnns cees (23)

-for the translational entropy of a perfect two-dimensional gas of
molecular weight M and with area, a, available per molecule. This
provides a means of asséssing the mobility of the adsorbed layér.

Now for localised adsorption where the adsorbate has little

or no translational freedomn,

S = 38 + S + mS, + (3 - n)sL Cevererieseans (24)
where
SV = entropy associated with vibrations relative to the surface.
SI = internal vibrational entropy.
SR = entropy associated with unrestricted rotation about an
axis normal to the surface,
SL = librational or restricted rotational entropy terms about

axes parallel to the surface,

SV is given (63) by,

S R|hﬁ (exp. %- D7 1@ - exp(—k%r,l-):j (25)



and Sp (64) vy,

S = %RglnB+lnT+1] -a‘coc--ooococouoc.o-uo.ccc'
S
(813%.1 )
h

where B = and Ia is the moment of inertia of the
molecule,

8. is given (45) vy,

S=R{Ini+210 - Ind -1m2 +2] i,

for two restricted rotational degrees of freedom,

®ie (1.1 )P

8 IbIc)

kR

restricting potential,

where A

¢

m

I.b and Ic are moments of inertia,

0 = symmetry number.

1.5. The Theoretical Basis of the Heat of Adsorption

4.

(26)

(27)

At the equilibrium separation of the adsorbed atom or molecule

from the adsorbent surface, the attractive and repulsive forces

balance and the potential energy of the system is a minimum., The

difference in energy of the adsorbate and adsorbent when completely

separated, and when at equilibrium separstion,is released as heat.

The intermolecular energy terms involved are generally due to,
(a) Permanent electric moments )
) electrostatic energy
(b) Polarisation effects )

(¢) Van der Waals dispersion forces

(d) Short range repulsive forces.

The energy of adsorption can be calculated by summation of the

relevant intersction terms between the adsorbed molecule and all the

atoms or ions of the adsorbent.
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From this theoretical point of view the interaction of an
inert gas atom and an alkali halide crystal is one of the best
defined gas-solid adsorption systems. Lennard Jones and Dent
(65) carried out calculations for the adsorption of neon on
sodium fluoride and argon on KCl, making the assumption that the
dispersion and repulsion energies acting between an ion of the crystal
and the xare gas atom were the same as those determined from an
analysis of virial coefficient data of the rare gas. It was found
that,at the equilibrium distance directly above an ion, the electro-
static field was about 10 per cent of the van der Wasls field,and
that the position of minimum energy was actually above the centre
of a lattice square where the electrostatic field is zero.

Lenel (66) calculated £he van der Waals potential using the
London equation, but evaluated the repulsion energy in a rather
arbitrary way.

The most elaborate calculations so far have been made by Orr
(67) for the systems argon on KC1 and CsI, using the Kirkwood-Miller

equation (68) for the dispersion energy, i.e,

UV—DW-= alaz -.6m02 Pe s s s s e er s 000t re s s et (28)
G+ % R°
Xy X

where o = @polarisability
X = magnetic susceptibility
¢ = velocity of light
= distance of separation

= mass of the electron
and with complete summations of inverse 6th powers of distance over

the whole crystal.
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An exponential expression was used for the repulsion energy,
the summation being for the nearest 14 to 16 ions. Integration
over the remaining ions to infinity gave a negligible contribution,

Now in the case of water adsorbed on ionic crystals the
calculation becomes considerably more complicated because, apart
from the complex nature of the water molecule itself, the electro-
static terms due to ion-multipole and mutual polarisation energy
have to be included in the Orr type summations. However, the
problem can be much simplified in the case of the simple cubic
crystals, such as KCl and AgBr, if it is assumed that the preferred
adsorption site is ahove the cell centre where the electrostatic
field is zero. The calculation of dispersion energy is\similar to
that for an inert gas, but the difficulty with using an exponential
expression for the repulsion energy is in the evaluation of the
disposable parameters. The best method is perhaps to consider the
interacting species a3 havingthe same repulsion constants as the
inert gases with which they are isoelectronic (69). Then the two
constants for similar pairs may be related to the constant for an

unlike pair by means of the equations (70) ,

1 1 1
AjI.lz = % (}1;11 + 1\1;12) ’ G S 0 8 0 R E R O SR YE P00 ' (29)
and UR = é&i ctsescesorvetosoassenane (30)
] 5

It would be expected that the interaction energy between a gus
molecule and e plane surface of a crystal would depend on the distances

and geometrical configurations characteristic of different crystal
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faces. This has been treated theoretically by Lenel (66) and by
Orr (67). Lenel calculated ﬁhat the heat of adsorption of argon
on caesium chloride was 3500 cal per mole for the 100 face of Cs
ions, but only 2500 cal per mole for the 110 face. 1In this cryétal
the 100 face contains only one type of ion; the 110 face both types.
Orr calculated that the heat of adsorption of argon on caesium
iodide was 3170 cal per mole for the 100 face made up of Cs ions,
and 2680 cal per mole for the same face composed of iodide ions.
Generally it is not possible to investigate this experimentally
with ionic crystals because ideal plane surfaces large enough to
test adsorption theories are not available. Rhodin (71), however,
found slightly different heats of physical adsorption on fhe three
main crystal planes of copper; and the heat .of adsorption on
polycrystalline copper far exceeded that on the uniform planes.
De Boer and Custers (72) amd Barrer (73) have discussed that
surface irregularities may profoundly alter the heat of adsorption.
The calculation of the surface field of ionic golids at
distances appropriate to antadsorbed molecule is highly dependent
on this distance, but no experimental method of measuring such has
yet been developed, If an assumed distance is used, a field wvalue
of 4.3 x 10 v/en (74) ig found for argon on KCl; and, by meésuring
heats of wetting, Chessick (75) and co-workers have found the
surface fields for CaF, and rutile to be 7.5 x 107 and 8.1 x 107 v/en
respectively., This gives some indication of the influence of the
valency of the cation but the picture is rather complicated by the
different anions and the diversity of crystal structure of these

adsorbents,
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1.6, Lateral Interactions between Adsorbed Molecules

Interastions between adsorbed molecules normally lead to an
increased heat of adsorption for attraction, and a decrease for
repulsion., Probably the simplest approximate approach to the
problem is to gssume that the adsorbate has sufficient mobility
to obey a two-dimensional Van der Waals type equation of state
(section 1.3.5.), A similar approach has been made by Lennard Jones
and Devonshire (76) using a model based on the 'cell' theory of
liquids. Both these theories, which arrive at the qonclusion that

the two-dimensional critical temperature, T C,is equal to half the

2

three-dimensional critical temperature,T o’ have been successful in

3
explaining the behaviour of mobile adsorbates on uniform surfaces,
but for localised adsorption the problem becomes considerably more
complex,

Fowler and Guggenheim (77) have developed a quasi-chemical
approximation bagsed on the supposition that the E% pairs of
nearest neighbour sites, where B is the number of surface sites and
that each site has z nearest neighbour sites, are of three types:
both sites occupied by adsorbed molecules; one occupied; and
neither occupied. For a quasi-chemical equilibrium between the
three different types of pairs, the equilibrium constant can be
written as 4 exp(w/kT), where 4 is the statistical factor and w
is the energy of interaction between adsorbed molecules on nearest
neighbour sites, (@ > O means repulsion). From this it is possible

to find the equilibrium number of pairs of both occupied nearest

neighbour sites as a function of temperature. This theory also
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predicts the existence of a critical temperature, below which a

first order phase change will be observed, For a plane square

YT 2¢

The quasi-chemical approximation has been generalised by

. . . (78]
swrface lattice of gites,T, is equal to T, 380k *

Hill (78), Yang (79) and Li (80) to include higher neighbour
interactions over larger groups of sites +than pairs, TFor a square
array of sites involving different types of occupation by adsorbed

molecules, the critical temperature is given by:

w 1 1 l ’
-, C 1.444 [ 1 - 1.342(F L) + 2.252(@ /R - ...]  (31)

where w! is the second neighbour interaction energy for the diagonal

of a sguare. By extending the treatment to include third and still
higher neighbour interactions, it should be possible to arrive at an
exact solution, but in practice this is apparently too complex and
has not yet been accomplished. The present solutions are still

only approximate, and for this reason the present treatment of water
adsorbed on_ioniC»surfaces, where higher neighbour terms are
expected to be particularly impo:tant, is restricted to a simple
semi-quantitative approach.

1.7; Phase Changes of the Adsorbate

From a wide variety of adsorption data it seems that there is
no great difference between the adsorbate and a compressed liquid or
gas., Polanyi and Welke (81) first showed the phenomena of condensation
of the adsorbate from a two-dimensional gas to a two-dimensional

liquid in relation to their experiments on the adsorption of sulphur
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dioxide on charcoal. They attributed a rising heat of adsorption
to the heat given out in the comdensation process. The condensation
began when the adsorbate covered less than one per cent of the
surface and the pressure was about 0.2 mm. The theory was later
developed by Semenoff (82) and shown to explain the formation of
liquid clusters or islands on the surface, suggested by Goldmann
and Polanyi (83). There is also some evidence that at low enough
temperatures the adsorbate behaves like a two-dimensional solidﬂ
Thus Jones and Gortner (84) measured by means of a dilatometer the
freezing point of water adsorbed on silica gel. It was shown that
the capillary adsorbed water froze at a continuously decreasing
temperature, and at -482C the adsorbate still contained 33 per cent
of unfrozen water, Patrick and Kemper (85) came to a similar
conclusion on the basis of measurements of the specific heat of
water adsorbed on silica gel.

Following earlier wotrk by Bangham (86), Gregg (56) showed that
there was a resemblance between adsorbed films on solids and 'trough
films' of insoluble substances on water. There was evidence for
gaseous, liquid-expanded, intermediate, end liquid-condensed films
at the gas-solid interface. These transformations were frequently
much less sharp and correspondingly more difficult to detect than
with the trough films., Harkins and Jura (87) later confirmed this
resemblance using n-heptane adsorbed on reduced silver powder, Fe,O,
and graphite. Gregg and Maggs (88) used the two-dimensional

compressibility of the film as a means of detecting phase transitions.
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The compressibility, B, is given by

S dinx
B = - RTX dlnp oo s0rves s rsscsse0s et e (32)
where S = surface area er g.
x = moles adsdrbed per g.
arnd, writing gt = BRT _ _1ldlmx provides a means of detecting

S x dlnp
the phase transition, by plotting g* against 7S or,more simply,

against 1lnp.

The phenomenon of two-dimensional condensation is sometimes
shown by marked discontinuities in the isotherms. Ross and Winkler
(89) have discussed this for the system ethane adsorbed at 90°K on
sublimed NaCl and KC1 and commercial calcium fluoride. These authors
stress that an important requirement for the condensation is that
the adsorbent should have a large proportion of a single, unique
and uniform surface ('homotattic' surface), in addition to the
necessary condition that the temperature is below the two-dimensional
critical temperature. Similar discontinuities in the isotherms have
been observed by Edelhoch and Taylor (90) for argon and oxygen
adsorbed on CaF,. More recently, Fisher and McMillan (91) obtained
reproducible two~dimensional condensations of krypton and methane,
but not nitrogen, on sodium bromide. Surfaces sufficiently uniform
to éxhibit reproducible transitions were prepared by sintering the
surface of the dehydrated hydrate on prolonged heat treatment. This
reduced the surface area and sharpened the transition. A theory

of localised adsorption was developed to explain this, and the
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derived values of the erergy of adsorptioﬁ, lateral interaction
erergy and frequenéy of lateral vibration in the filled monolayer
showed reasonable agreement with those calculated from independent
. atomic and ionic parameters.

Hodgson and McIntosh (92) have detected a phase change of water
adsorbed on Vycor glass ét -220C by e technique involving dimensional
changes., It was suggested that the transition was probably due to
water contained in the pores, Phase changes of water adsorbed on
glass, porcelain, selenium films and germanium have also been
detected (93) by variations in the surface electrical conduction of
the.solid. No explanation of the type of change fournd was given
for these systems.

The phase change of Watervadsofbéd on silver iodide, but not
silver chloride, shown by an increase in the isosteric heat of
adsorption at the iower temperature has been referred to in
section 1.2. Since no isotherms were determined between 0°C and
-200C it is not possible to tell whether the change was sharp or
exactly at which temperature it occurred. It was noted, however,
that the change becamebless marked as the coverage increased.

1.8. The Rate of Physical Adsorption

1.8.1.  General
According to Langmuir (36)5the adsorption process consists of
three states: the motion of the molecules to the surface, the

gojourn of the molecules on the surface, and the evaporation of the
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molecules away from the surface to the gas phase. It is now known
that the second stage also involves mobility: this movement may
be along the surface,if it is a free surface; or into cracks or
fissurgs or into the capilléries of porous solids.

Generally, the molecule in physical adscrption is not held
by strong forces; and migration may take place readily even at
low temperatures. However, since the heat of adsorption over
different points of the crystal lattice is different (section 1.5),
the migrating adsorbate moleecale has to move over the surface
from one potential minimum to another and has to traverse places
of higher potential. The process therefore requires an activation
energy. This is usually smaller than the heat of adsorption, unless
the adsorbing centres are guite far apart in which case it can be
almost as large as the heat of adsorption., When the thermal energy,
RT,is approximately equal to the energy of activation the adsorbaté
molecule moves freely over the surface,

Piselius (94) investigated the surface migration of adsorbed
.water and ammonis over ieolites. The adsorption of these strong
permanent dipole molecules by such crystals gives a high heat of
adsorption of 14-1% kcal per mole, so that a considerable activation
ene rgy would be expected for the slow(surface diffusion. Tiselius
obtained activation energies ranging from 40 per cent to 90 per
cent of the heat of adsorption,depending largely on the crystal face,

In contrast, noﬁ-polar molecules adsorbed by Van der Waals

forces have activation energies of about 400 cal per mole (95).
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1.8.2. Rate equations

The theory of adsorption rates was first investigated by
McBain (96),who regarde& the rate determining step in the adsorption
of hydrogen on charcoal as a process of solid solution, and,
applying Fick's diffusion law, obtained:

TR

v = A[é‘ —exp(—klt):g (33)
where v is the volume dissolved at time t, and A and kK are
constants,

In contrast, Langmuir (36) proposed that the experimentally
measured rate of adsorption Sn a free surface was the difference

between the rate at which molecules condense on the surface and the

rate at which they leave the surface. From this it can be shown

that
V = Ve[ 1 -eXp(-—kt)}...a..o................. (54)
ve .~
or 10ge Ve—-v = kt erscreasssesrsareccrrcrs (35)

whe re AA is the volume adsorbed at equilibrium,and k is a constant
depending onythe pressure, If the rafe of adsorption is measured
at constant vwlume and variable pressure, Ve will not be constant
but will represecnt the equilibrium adsorption correspording to the
instantaneous pressure at time t. |

Although the Langmuir equation was shown to be obéyed by a

variety of gases on different surfaces, it was pointed out by

Damk&hler (97) that these were not free surfaces in the Langmuir
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sense, and assumed that the slow step in adsorption was the
diffusion of molecules info the pores of the adsorbent. He
derived the equation:
(==& )
8 S exp(-8(2m + 1)2) (at constant pressure)
D=1 - ml 2I + 1) verevoreenennes  (36)
m=0

where :) is the fraction of the equilibrium amount adsorbed at time
t, and 6 = (%Eszt, D being the diffuéion coefficient and L the
length of the capillary.

There is a strong formal resemblance between this equaiion‘and
those of McBain and Langmuir, and it is not surprising'thai various
adsorption systems could be fitted by the Lanzmuir egquation.
However, the crucial test of an adsorption rate equation is that,
in eddition to fitting the experimental data, it should also‘be
consistent with the observed activation energies.

Adsorption times ranging from a feﬁ seconds to many hours and

even weeks have been reported. For very long runs, Bangham and

Sever (98) used the eqQuati on:

v

= n
lOge VG_V - kt 60 ¢ 08 00408 Qe OGN AN see e (37)

for the adsorption of polar molecules on glass. It may be noted
that for n = 1, eqn. (37) becomes formally identical with Langmuir's
equation, and that in the early stages of the process the normal

laws of diffusion require that n = 0,5,
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Isakawi and Kanamori (99) showed that the adsorption of light
and heavy water vapour on MgO at1PCto 300C also obeyed eqn.(37),
with n = 0.65 and k = 0.075 at 30°C. Half the equilibrium
adsorption was reached in 10 to 30 mins. and it was concluded that
the rate was mostly dependent on diffusion through the capillary
pores. No activation energies were repbrted, However, recent
studies (13) of the adsorption of water vapour on lead iodide showed
that equilibrium was not reached even after several weeks.

Keii (100) has discussed the theoretical basis of empirical
rate equations in terms of adsorption on a heterogeneous surface, for
which it is possiblé to deduce the form of the isotherm from the
rate equation, Thus, if E is the energy of adsorption and E® the
energy of activation, and if the distribution function £ (E') of
a surface has an exponential form, A® exp(BET), the form of £(E)
of the surface should also be an exponential one, i.e. A exp(-aBE).

The former distribution leads to Bangham's rate equation, CEtBRT,

while the latter leads o a Freundlich isotherm,Cp*Pr,

1.9. The Structure of Water

The infra-red_spectrum of water vapour indicates that the
water molecule has three different moments of inertia: it follows
that the molecule is triangular. Both OH bonds are identical, and
Herzberg (101) has calculated that the equilibrium OH internuclear
separation is 0.958 R, while the equilibrium oxygen bond angle, O,

is 1040 27!,



.

The essential features of the electron distribution may be
illustrated by reference to the work of Burnelle and Coulson (102).
The bonding orbitals are sp® hybrids, implying that the electron
distribution has approximately the symmetry of a tetrahedron.
However, the bond orbitals and OH directions do not coincide, and
each bond has dipole moments both along and at right angles to
its direction. An important conclusion is the large contribution,
pL, to the total molecular dipole moment, p, that arises from the
lone pair electrons. For 6 = 1050, the calculated values of p and

18

are 1.52 x 10718 e.s.u. and 1.69 x 107~ e,s.u. respectively,

;'
the lone pair contribution being greater than itself. Therefore
the greater part of the dipole moment of water resides in the lone
pairs. The experimentally determined value of p is 1.83 x 10718
e.s. .. (69).

The water molecule also has quadruple moments,; the values of
which are not known, but their existence makes it difficult to set
up a satisfactory point charge model of the molecule (103).
However, bearing this in mind, it is possible to arrive at models
of the form shown in Fig.1. When considering water-adsorbent
interactions these models must, a) explain the observed dipole
moment, b) give an account of orientation effects, and c) to be
wseful, permit interaction emergy calculations to be reasonably
simple. These conditions are best met by resolving the models shown

to the form of & linear dipole in which the dipole vector is directed

along the bisector of the H-O-H angle and the charge separation is



Fig.l. Point-charge Models of the Water
Molecule.
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taken to be the projection of the OH bond length on this bisector.
The‘linear form used in this work comprises charges of 1.557.x 10_10
e.s.u. separated by a distance of 1.2 2.

From the point of view of adsorption, water has the strongest
dipole, although the absolute values of the dipole mements of many
other molecules are greater. ’However, water has the largest value
per unit surface, assuming that the area occupied by the molecule
on the surface corresponds to liquid-like packinc, Thua, the adsorption
of water on ionic adsorbentsoocupies a rather unique place in physical
adsorption.

The structure of the condensed phase of Wétér has attracted
considerable attention for many years., Ice is certainly known to
exist in several different forms (104), depending on the temperature
and pressure, all of which are based on the diamord-like model in
which each molecule.is co-ordimted tetrahedrally to four others,
the arrangement extending throughout the whole crystal. ZX-ray data
show that the 0----0 distance is 2.76 £. In liguid water, the
structure is not so certain: Bernal and Fowler (105) proposed that
the regular tetrahedral arrangement extended over comparatively small
groups of molecules, and for a given group persisted only for a |
short time., However, infra-red studies (106) show evidence of the
existence of an octahedral structure, with an 0---0 distance of
3.1 R. This represents the average molecular arrangement at room
temperature. Probably the tetrahedral structure contributes to some
extent to the overall arrangement, especially near the melting point

and in the supercooled state.
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2. Experimental

2.1, Apparatus

2.1.1, General description

The vacuum adsorption apparatus is shown in Fig.2a. The
pumping section consisted of a single staze mercury diffusion pump
backed by a Speedivac rotary oil pump. This was capable of obtaining
a vacuum of 10_6 mm mercury. Mercury cut offs were incorporated in
the apparatus where possible, but in the water vapour section stop-
cocks and joints lubricated with silicone high-vacuum grease were
used to exclude mercury vapour. The apparatus was largely made up
of separate krypton and water vapour storage sections which could
both be connected via the dosing system to the adsorption cell and

thermistor assembly. The various parts are described in detail below.

2.1.2. The thermistor gauge

The principle of the thermistor pressure gauge is the same as
that of the Pirani gauge,but with the important difference that the
semi-conducting material of the thermistor bead shows an exponential
variation of resistance with temperature, and therefore higher
sensitivity. Thermistors also have the advantage of being very small,
and hence of low heat capacity, and are extremely robust: they can
be readily fitted into a very small adsorption cell. The thermistors
used in this work were specially matched pairs supplied by Standard
Telephones and Cables Litd., and had the following characteristics
at 20°0C and 10-6 mm mercury:

Resgi stance at zero power; 50,000 ohms
Voltage at 0.5 mA; 2 volts
Voltage at 30 mA; 1 volt
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The thermistors were supplied with two platinum leads; these were
spot welded § inch from the bead junctures to timmed copper leads
which could be pinch-sealed through a2 B.14 cone to the cell,

The control circuit shown in Fig.2c was a Wheatstone bridge
network, powered by two 4.5 volt heavy duty batteries, with the
exposed or sensing thermistor balanced against the matched compensating
thermistor sealed inside an evacuated case. Admission of gas to the
cell enhanced heat dissipation, hence lowered the temperature and '
raised the registance of the thermistor; and a bridge imbalance
resulted, By decreasing the variable resigtance, Rv,‘the balance
could be restored. The voltage across the bridge was set at 8 volts
by means of the 500 ohm rheostat and the voltmeter (V), a type 8
avometer capable of being read to 0.02 volts., 8 volts was chosen to
give a éurrent through the themistor;in vacuos of 2.0 mA when the
decade box ratio arms R , R, and Rv were 3000, 3470 and 1240 ohms.
Two 1000 ohm decade boxes reading to 0.1 ohm were used for Rv’ and
an additional 1000 ohm decade box was added to the compensating
thermistor arm of the bridge to ensure that the thermistor could not
be damaged by currents heavier than 2.0 mA, The resistance of the
Scalamp galvonometer (G) was 900 ohm.

The calibration curves for krypton and water vapour are shown
in Fig.3%. In the low-pressure region the gauge was about four times
more sensitive to water vapour than krypton, as would be expected
from the difference in thermal conductivity. Thus,below 0,02 mm
mercury the sensitivity was 4.5 ohm/micron for water vapour and 1.1

ohm/micron for krypton. Since the galvonometer gave a deflection of



F;s. 3 Calibration of Thermistor Gavge

41004

h-
J9b¢, n

£0004

004 ~
te
£
k]
Nt
.
oL
Soo-
700
oo _ Pessure , mm. H!-
¥ | ¥ i ) 1 L]
o ot .2 -3 Y .S -6 .7 9 .l'




61.,

about 4 mm/b.1 ohm in the ﬁighest sensitivity range, the thermistor
was capable of measuring changes in.water‘vapour pressure of about

5 x 10—5 mm, and detecting changes less than this., Both curves showed
decreasing sensitivity with increasing pressure;and, in the region

of 0,5 mm, the sensitivities to watér vapour and krypton were 0,375
and 0.29 ohm/micron regpectively,

2.1.3, The adsorption cell

The two types of adsorption cell used are shown in Fig.2b., In
type 1 both thermistors were sealed by means of B.14 joints into side
arms connected to the 55 mm diameter cell at the centre of which was
located the molybdenum wire evaporating basket., The basket, made by
winding on a conical formerswas spot welded to nickel clips attached
to two 1 mm tungsten rods which were led through a pinch seal to a
variac and ‘transformer. At the entrance to the spherical part of the
cell a glass baffle plate was scaled to the tungsten rods to prevent
film depocition inside the central arm.

Cell type 2, with which most of the adsorption experiments were
carried out, was exactly the same as type 1, but with the two side
arms rcplaced by & thimmer (10 mm) single side arm leading to the
thermistor chamker and the dosing‘system, The thermistor chamber
encloging the sensing thermistor, with the compenrating thermistor
secured to the side, was situated 18 inches above the cold bath level
to elimirate the heat transfer effects experienced with cell type 1.
During experiments with photo-sensitive adsorbents, the whole of the

cell amd thermostat assembly, described in section 2.1.4,, was painted
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black and covered with black cloth;and, in addition, the cell buld
was coated with aluminium foil, since heating and cooling of this
rart invariably caused some of the paint to flake off,

2.1.4. The thermostat system

Because the thermistor gauge proved to be very sensitive to
fluctuations in room temperature, to the extent of about 1 ohm change-
in Rv per OC at 10_3 mm, it was necessary to thermostat the whole of
the cell side arm including the thermistor chamber and the tube leading
to the dosing system. This was done by means of tightly coiled rubber
tubing (1 cm) wourd round scveral layers of aluminium foil and through
which water controlled at 35 p 0.20¢C was pumped from a reservoir via

a Stuart Turner circulating pump. The purpose of the aluminium foil
was to promote efficient heat transfer from the rubber tube to the
glass, and to increase the diameter of the side arm so that the‘rubber
coil could be wound tightly without folding. The temperature of the
water in the reserwir was controlled by means of an immersed heating
bulb and a Sunvic controller and relay.

2.1.5. The gas storage and dosing system

In Fig.2a, the bulbs marked K and W represent the krypton and
water storage‘reservoirs from which measuréd pressures of the adsorbates
could be introduced into the dosing vélume (1.7% ml) enclosed by taps
2 amd 3. The pressure of *the spectrally pure krypton, supplied by
British Oxygen Co. Ltd., was measured either with the mercury manometer
or the McLeod gauge (N&} calibrated to read pressures up to 5 mm
mercury. The reservoir R was used to control the krypton supply and

as a secomdary storage chamber, The water storage reservoir (w)
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containediglass wool soaked in distilled waten so giving a large
surface area from which known (107) saturation vapour pressures
could‘be established in the dosing volume by immersing the wéter
reservoir in a constant low-temperature bath. Tap 4 led to a
magnesium perchlorate drying tube through which dry air or nitrogen
could be let into the apparatus, and Tap 1 and the cut offs, 1, 2 and
3 enabled the various sections to be pumped down separately. The
two cold traps were cooled in liguid nitrogen and a separate McLeod
gauge (M,) was added to the main vacuum line.

2.2, Experimental procedure

2.2.1, Preparation of adsorbents

2.2,1.1. Vacuum deposition of films : KCl and AgCl

Films of KCl were deposited on the walls of the cell,under a
vacuum of 10—5 to 10_6 mm,by passing a current of 3 amps through the
evaporating basket containing a compressed pellet of KCL (A.R. 0.3
to 6.5 g) previously prepared in an ordinary pellet press. No cooling
of the cell was required but in some cases it was necessary to rotate
the evaporating basket, by turning the ground glass Joint carrying
the tungsten rods, in order to produce uniform films. The whole of
the KC1 pellet usually evaporated in about 30 minutes, However,
attempts to apply the same method with silver chloride were unsuccessful;
and even with slow and moderate heating of the pellet the film was
discoloured. This was one reason why most of the other adsorbents,

discussed below, were used in powdered form,
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2.2.1.2. Silver halides

Finely divided AgCl (10 g), AgBr (26 g) and Agl (8 g) were
precipitated in the cold by the slow addition of a slight excess
of A.R. AgNQ; solution to A.R. potassium halide solution. After
filtration the precipitates were washed several times with distilied
water before being transferred directly to the adsorption cell, where
they were dried by pumping urder vacuum for 48 hours prior to the
norml outgassing procedure (section 2.2.2.)., The whole operation
was corducted in photo-insensitive red light,

2.2.1.3, Lead halides and calcium fluoride

Lead iodide (15 g) was precipitated in the cold by the addition
of a slight excess of A.R. lead‘aoetate solution to A.R. potassium
iodide solution, filtered off, washed several times with distilled
water and then dried in an oven at 100°C before being crushed to a
powder and transferfed to the cell, In the case of lead fluoride
' (6 g) a very finely divided precipitate was precipitated in the same
way as the iodide, but using A.R. sodium fluoride, and, after filtration
and washing, was transferred to the cell as a thick suspension in
water. On evaporatiqn of.the water at 1000C,under vacuo,a thin film
of lead fluoride was deposited on the walls of the cell, The calcium
fluoride (1 g) used was supplied in laboratory fine chemical form by
Hopkins and Williams Ltd. Before being transferred to the cell, the

sample was ignited in a crucible at 600°C for 15 mins.



2.2.2, Outgassing procedure

A prime consideration in outgassing was the avoidance of
temperatures which might cause excessive sintering of the adsorbent
surface, The stamdard procedure was to heat slowly under vacuo to
v110°C over a period of several hours and then maintain the salt at
this temperature for about 18 hours to give an oubtgassing rate; at
room temperature, of 1074 m per hour,

2.2.3., Photolysis

The photochemical decomposition of the silver bromide was carried
out using a 150 watt tungsten lamp situated 12 inches from the side
of the cell for first, two hours, and then for a further four hours.
During the irradiation periods;the sample was stirred constantlvaith
a spatula while a stream of dried nitrogen was passed through the

cell to prevent contamination from the atmosphere.'

2.2.4. Preparation of low temperature baths

Various organic solvents of laboratory reagent quality were used
for producing low temperatures, in the range -10,59C to -459C, by
adding liguid nitrogen to the solvent until a viscous mixture was
obtained. The solvents were, diethylene glycol (~10,50C); carbon
tetrachloride (=23 to -250C); bromobenzene (-310C); ethylene chloride
(~360C) and chlorobenzene (~450C). These temperatures were repeatedly

checked using mercury in gass and alcohol in glags thermometers.
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e
2.2.5, Calibration .;
2.2.5.1. Volume "

The dosing volume enclosed by taps 2 and 3 was accurately
calibrated by the method of weighing a bead of mercury, This volume
was then used for expanding known pressures of krypton into other
sections of the apparatus,where measurement of the resulting pressure
with the thermigtor and McLeod gauges allowed the varioug volumes
to be calculated. The volume of the cell up to the cold bath immersion
level was measured by filling with water.
2.2.5.2, Pressure

The krypton calibration of the thermistor gauge was carried out,
when the cell was immersed in liquid nitrogen, by sharing kno@
pressures of krypton contained in the dosing volume with the cell.

For water vapour, the thermistor was calibrated for points corresponding
to the saturation pressures of wmter vapour at the various low
temperatures referred to in sectioﬁ 2.2.4., This was done by immersing
the cell in each cold bath, including ice, before repeatedly sharing
dogses of water vapour with the cell until the thermistor gauge

showed no i‘urthér change in pressure,

Thermal transpiration corrections for water vapour were not made
in view of the large diameter (20 mm) of the central tube,and the
comparatively small temperature gradient (650K), With krypton, the
much higher temperature gradient (230°K) would mean a large correction,
but even this is small,as is illustrated by the results of Table I

calculated from the data of Bennett and Tompkins (108).
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Table I. Thermal transpiration corrections for krypton

pressure at 780K, mm Hg

i}

o pressure at 3080K, mm Hg

diameter of tube = 20 mm

il

o R /p,
01 .94

.02 .978
.03 .989
.04 .993
055 .996
075 .998

The krypton B,E. T, surface area measurements are concerned with
relative pressures above 0,02 mm, i.e, p = 0.05 mm, where the Ii/&b
ratio is close to uﬁity.

2.2.6, Adsorption measurements

The krypton adsorption isotherms were determined by admitting
doses of about 20 mm pressure into the cell immersed in liquid nitrogen.
The dose pressures were measured with the mercury menometer, using a
cathetometer that could be read to 0;02 mm,

The water adsorption measurements were carried out using dose
pressures of 4,58 mm obtained by maintaining the water reservoir at
0°C with taps 6 and % open and 7, 5, 4 and 2 closed., By admitting
the doses at various stages into the empty cell it was shown that the
minimim period for the water vapour in the dosing wvolume at room

temperature to reach equilibrium with the ice in the reservoir was
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about 45 mins., Prior to each run, the water reservoir was cooled in
liquid nitrogen and plmped down for several minutes before closing
tap 6 and warming the reservoir to room temperature. This process
was repeated several times before allowing an equilibration period
of one hour for the pressure in the dosing volume to reach 4.58 mum,
The isotherms, and from these the isosteric heats of adsorption,
were then determined either by the direct method or the temperature
variation method. In the former, successive doses of water vapour
were admitted to the cell mintained at constant temperature, the
equilibrium pressures being recorded by the thermistor gauge at

each stage., The same procedure was used for the second method but
the temperature was varied for each dose by interchanging the wvarious
cold baths. The accuracy of the heat of adsorption determined by
this methodis best indiceted by the variation of the slopes of the
straight lines which can be drawm throﬁgh a get of experimental

log p va % points at constant amount adsorbed, At low coverage this
was about * 0.25 kcal/znole9 but at higher coverages fhe deviation

was somewhat less,
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3, Results and Discussion

3.1, Adsorption on Potassium. Chloride Films

The experiments weredivided into three series, each showing
various agpects of the adsorptive properties of KCl. Four films
of weight 0.3 g were studied; one each for series I and II, and
two for series III. Cell type 1 was used for series I and the
modified design (type 2) for II and III.

3.1.1. Series I: Comparison between krypton and water adsorption

The krypton isotherms and B.E.T, plots, before ami after
s,dsorpti\on of water, at -23°C are shown in Fig.4, together with
the water isotherm and B.E.T. plot. Initially, the surface area
of the film was 2,6 r® and this was reduced to 2,1 r® following
the treatment with water vapour of relative pressure 0,09, The
thickness of the KC1 film was estimted to be about 0,035 mm i.e.
about the maximum thickness before flaking from the cell wall oceurs
and at which the film, composed of loosely packed crystals with
appreciable spaces between, apparently shows a strong, preferied
110 orientation (109),

The monolayer volume, Vo derived from the water B.E.T. plot,
was 0,23 ml, vhich, on the basis of the cross sectional area of
10,5 42 (110) for the water molecule, gave a surface area of
0.65 r?, i,e. about one quarter of that obtained using krypton.
This rreanf that the 'effective "cross sectional area'! of water was

42.4 A%, a value considerably higher than the area of the lattice

square of KC1 = 9.86 A%,
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The value of p, for krypton = 2,5 mm was that measured by
repeatedly dosing krypton into the éell at ~196°C until no further
change in eguilibrium pressure occurred, and was fourd to be the
same for all surface area determiné:biéns described later for the
other adsorbents.

The B.E.T, congtant, C, for water was 7.0, corresponding
roughly to a heat of adsorption, E, , in the first layer of 12.0
keal per mole, To estimte this from C, the heat of liquefaction,
EL = 10.95 keal per mole, was obtained by extrapolating Brunauer's
data (6) down to -230C,

3,1.2. Series IT: Effect of sintering by the adsorbed water

Onz of the disadvantages of cell type 1 was the proximity of
the thermistors to the cold bath. This caused drifting after a
certain %ime, but the difficult was eliminated by using cell type
2. Explcratory experiments with £ilm No,1 had showed that the
£ilm wos quite stable for several cycles of heating to 1000C and
cooling to -230C, but on cooling in liquid nitrogen the film cracked
and raocidly flaked off the glass, For this reason, no krypton
adeorptions were carried out during this series. Instead, a series
of water icotherms were detefmined at -230C, The isotherms and
1.BE.T. plots at various stages during sintering are shown in Fig.5.
Between each run the iilm was outgaseed at 110°C for 16 hours. After
two of these troatments with water vapour the film showed no further
decrease in surface arce, as iliustrated by the close agreement
'betﬁeen the isctherms of runs W. and W5. The results are

ammarised in Tablie 2 below.
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Table 2
Run Vm Surface area B
No. 1(ml at N.T.P.)l (2 ) ¢ !(kcal per mdle)
W2 0.97 2,6 22 | 12.45
W3 0.293 0.8 31 | 12,65 .
W4l 0,195 0,54 51 12,95
w5 0.20 0.54 67 | 13,05

It is appareﬁt thaf C, and hence E , inéreaSes glightly as the
gurface area decreases. Since C represents an average heat of
adsorﬁtion for the whole range of the linesr B.E,T, plot, it is
difficult to interpret this small chahge except on the general
grounds that a smaller surface area introduces a higher probability
of lateral interactions between the adsorbed molecules.

3e1.30 Series IIT: The effect of temperature

3.1.3.1. Film No.3: Preliminary gsintering

Owing to leakage troubles, this film was exposed several times
to air at room temperature before determining the isotherms, shown
together with the B.E,T, plots in Fig, 6. The first three isotherms
at ~239C (W6, W], W8) coincidel fairly closely, but after a further
run (W9), this time at -450C, the surface area decreased with the
next two runs at -23°9C showing decreased adsorption. The results

are shown in Table 3,
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Table 3
v . E | B

Temp. m Surface ares | Run

o¢ Y(ml at N.TR.) (xR ) ! C | keal per mole | Ne.

~23 0.095 27 21 12,47 {10.95 W6
w7
W8

-45 0.21 .60 16 12,53|11.15§ W9

=23 0.064 .18 _ 23 ~12,52 wid
w11

A feature of these results was the substantially higher value

of v at ~45°¢, -(Normally v, would be expected to vary only
slightly with temperature; in fact, as a first approximation

it may be assumed that Vi changes with temperature as dz/?’, where
d is the density of the adsorbate._) This is probably related to
the large difference between areas measured by krypton and water
in series I,which implies that, at -239C,a large proportion of the
surface wesstill unoccupie_d at the water B.E.T, 'monolayer point!.
. At the lower température more water wasadsorbed,and presumably
gome of this would be adsorbed on sites which were not occupied
at -230C. This would also explain why further sintering occurred
st the lower temperature. |

3:1.3.2. Film No.4: Tsosteric heats of adsorption

In view of the above results the fourth film was preconditioned
by exposing it to water vapour at the lowest temperature, i.e. -45°C,

to be investigated for the purpose of determining isosteric heats
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of adsorption, AH, Seven isotherms (Fig,7) were then determined
in succgssion at this temperature, the last four of these by the
temperature variation method. The film seemed to reach a constant
sur face area after run W13, but continuing the adsorption to s
higher relative pressure than in any of the previous series
resulted in the appearance of a 'step' (run W14)., This might
have been due to 'a, smoothingj-out effect giving a more uniform
gurface. At this stage the film showed signs of cracking_. Two
later runs (W15, Wi7) showed another decrease in area, and the
last Tun (W18) was accompanied by a still further decrease. By
this time the film had flaked off +the glass completely, The
brea.kipg up of the filﬁ together with the changes in temperature
.during the last four runs probably caused the further sintering,
but it is difficult to explain the anomalous position of the
isotherm points of W16, which, although seeming to coincide with
run Wi4, was actually carried out between W15 and W17,

The variouvs isotherms and isosteric ‘1pg plots for runs Wi5
to W18 are shown in Figs.8,9,10, and the resulting isosteric heats
of adsorption are summarised in Table 4. At low adsorptions there
wasa marked increase in AH in going from the low to the high
temperature range, ard the effect became less marked as the
adsorbed volume, \f, increased., Because of the unusual nature of
this result, W18 was carried out at two extra temperatures, -10,50C
and ~360C; and in addition the temperature was varied both up and

down to check the reversibility of the change in AH, The results
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showed that the‘ igsotherm points were reproducible for both

directions of temperature change.

Table 4

Run
No.

v7
(ml at N.T.P.)

AH (kcal per mole)

-230C to -459C

PC to -230C

w16

0.04

0.07
0.10

0.12
0.20
0.24

W18

0.01

0.028
0.035
0.045

w15
and
w7

0.125
0.156
0.18
0.22
0.265

11.1

3.2 12.1
7.0 11.8
8.4 13.25
9.1 11.6
9.7 12.7
10.9 12.7
-250C to -450C -259C to 00C
5.04 12,35
3.81 12.56
4.28 12,7
5.1 12,6
-230C to -450C -230C -~ 00¢C
10.0 13.5
11.0 12.0
11.13 12.1
1.5 1.5

11.1

3.1.3.3. Adsorption on the glass

A gseparate run was

W18, but in the absence of KCl,

The results showing the amount of

81.

carried out using the same procedure as for
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water adsorbed on the glass are given in Table 5, and the isosteric
log plots are shown by dotted lines in Fig.11,together with the

effect of correcting forvthis on one of the previous log plots for
XCl. This confirmed that the sharp break in the log plots was due

to adsorption on the KCL and not on the glass,

Table 5

Dose pressure = 4,58 mm Hg (Run W19)

Pressure Vs
Temp, (mm Hg) (ml at N,T.P.)
4]

C Dose 1 Dose 2 Dose 1] Doge 2
-10.8 | .018 .039 L0061 | .0116
23 0145 | 0315 | .0067 | .0129
=31 ,0125 .028 L0071 | .0135
-36 | .0115 .0245 .00725 | .014
~45 .010 .0205 .0075 . | .015

The effect of adsorption on the glass on AH for KCl was
negligible at temperatures below -230C, but above this it became
appreciable. Thus in runs W15 and W17, at a pressure of 10"2 mm, the
adsorption on the glass at -45°C was only 33 per cent of that on the
salt, while at ~230C it was nearly 8 per cent and at -10,50C over
10 per cent.' The heat of adsorption on the glass was 3.3 kcal per
mole which is significantly lower than the heats of adsorption on
KCl in the temperature region above -23°C, so, except in cases

where the heat of adsorption on the salt is low, the competitive
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effect of the glass is probably much smaller than the above
results indicate. However, much of the later work with other
adsorbents was carried out at -230C and below in order to reduce
the effect as much as possible.

3e143.4., The variation of AH with coverage

The variation of the 10W~tempera’cure‘heat of adsorption of
water for the four runs is summarised in Fig.12. The heat of
adsorption was about 3 kecal per mgle on the bare surface,and
ircreased markedly with increasing coverage up to about € = 1,
above which 1t remained fairly constant at the heat of liquefactioqlz.
The coverage : ghown in Fig,12 was based on the monolayer volumes {_\
derived from the various water vapour B.E.T. plots at -23°C,
According to the resulis of serieg T thie would be about one
quarter of the coverage for the surface area measured by adsorption
of krypton., The marked increase in AH below € = 1 indicated strong
lateral interactions between the adsorbed water molecules. This
is discussed further in section 3.7.
~3.1.4. Discussgion

Normally, heats of physical adsorpbtion ére ingensitive to
tempe rature, although va.ri;ous exampleé are given (6) where _the
differential heat 6f adéorption gither decreases or increases with
increasing temperature., In the theoretical equations (section 1."'5)
for the hea.t of adsorption of a molecule on a uniform surface the
temperature doesnot appear explicitly, but several of the terms

depend on the temperature to some extent, The most important

is perhaps the equilibrium distence, r°, term which appears in
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the denominator. ©Since r increases with increasing temperature,
it would be expected that the heat of adsorption would decrease
with increasing temperature. On the other hand, for polar molecules
such as water the electrostatic contribution to the heat of |
adsorption is proporfional to the dipole or quadrupole moment, and
since there is evidence that the diprle length increases with
increasing temperature, this would give the opposite effect.
However, factors such as these are unlikely to explein the very
la.rge differencesvof gbout 9 kcal per mole observed with KC1,
Purthermore, the change was sharp, and seemed to be limited to low
coverage. This suggested that the same amount of adsorbate ﬁas not
in a strictly comparable condition or state of aggregation in the
two different temperature ranges., Altermatively, at the higher
temperature, parté of the surface previously blocked may have become
avaeilable for adsorption. However, it is difficuit to reconcile this
with the reversibility of the system, which, together with the
sharpness of the charge, suggests that a phase change of the
adsorbate occurred. This change waé shown to be abnormal by the
decrease of entropy of adsorption with increasing temperature. The
differential emtropy changes (Table 6) were obtained from the
" equation,
AG - TAS

RT . 1n (p/po) 4

Strictly, only integral entropies should be referred to for

AH

It

where AG

i

discussions in terms of physical models etc., but in this case there
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were not enough low pressure results to be able to calculate these
with any accuracy. However, it is reasonable to assume that,
qualitatively, where such large changes with temperature as those
of Table 6 are concerned, the direction of the change would be the

same for the integral entropy.

Table 6

W18 Differential AS (cal/mole/0C)

|
(m1 atvl\T.T.P.)J! 0¢ ~10.500{-239C (-310C | =360C |-450C
0.034 34.5 36,25 | 38.5 3.3 4.2 6.2
0.049 36.45 | 38,0 | 40.5 | 12,3 | 13.4 | 15.5
0.069 : 40,0 42,5 | 20.7 | 21.7 | 23.8
0,086 41.8 44.0 | 23,0 | 24,0 | 26.1
0.098 | 25.6 | 26.7 | 28.7

The phase change, discussed below, was presumed to arise from the
solubility of the surface ions of the adsorbent; and, in fact, the
effect was absent with insoluble adsorbents (section 3.2,1.).

Of the two sets of heats of adsorption, those at the lower
temperatures (Fig.12) repfesent normal behaviour since they
compare favoursbly with the theoretical values (section 3,6.1)

The situation above -230C, on‘the other hand, probably involves
partial hydration of surface ions 'freed' at the higher temperature
from‘isolated defect edges or corners. At these points the
adsorbed layer forms three-dimensional clusters in a state of

lower entropy than the normal low temperature case, and the heat
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of adsorption is about the same as the heat of ligquefaction. Since
the defect sites at which this process occurs are expected to be
less numerous than normal sites, the phase change becomes lesgs
marked as the coverage increases. The picture thus resented is

in some ways analogous to that of water adsorbed on KBr (section 1,2)
but in the latter case the threshold for the sulden change, i.e, the
marked increase in adsorption and surface electrical conductance, was
dependent on the coverage, not the temperature.

3.2, Adsorption on Silver Halides

3,2,1., Silver chloride

The isotherms (Pig.13) at four temperatures in the ra‘,nge ¢ to
-450C were determined with the primary aim of investigating possible
phase changes of the type fourd with KCl, The resulting isosteric
log plots, also shown in Fig,13, however, showed no sign of a bresk
over the range investigated. This suggested that the phase change
observed with KCl was a characteristic of the solubility of the
adsorbent. The heats of adsorption on AgCl are shown in Table 7,

Table 7

vy, (ml at N.T.P.) .01 .’0175l .028 I .037 { .045‘{ .055

I I R R T e e e e B Y

3.2,2, Silver iodide

'~ The adsorption of water vapour on AgI was confined to the
temperature range -230C to -459C., Two separate runs, W24 and W25,

were carried out, one covering the region of low adsorption ami the
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other continuing above this, The isotherms (Fig.14) showed close
agreemént between the two sets, The resulting heats of adsorption
are given in Table 8.

Table 8

v .
w24 | (ml at ﬁ.T.P.) .008{ ,013| .018( .023! .026| .030]| .034

AH
(kcal per mole)|7.4 8.4 | 9.1 8,5 7.9 7.7 | 8.1

v.
W25| (ml at ﬁ.T.P.) 0451 ,0525 .06 .07

AH
(kcal per mole){9.6 [10.3 [11.0 [11.3

Two surface area determimations using krypton were also carried out on
this adsorbent; one (K4) immediately following the other (KB) after
desorbing the krypton by raising the cell to room temperature and
outgassing for 15 mins, The isotherms and B.BE,T, plots almost
coincided (Pig.15) showing the ease with which kryptcsn is removed

‘at room temperature. The surface area was 0,4 m?, whereas from the
water adsorption (the -230C water.B.E.T.\plot is also shown in Fig.15)
the area was 0.27 n®, i.,e. not as much difference as with KC1.

3.2.3, Silver bromide

The adsorption of water vapour and of krypton was studied
before and after two periods of photochemical decomposition., The
krypton isotherms and B,E.T, plots are shown in Fig,16, and the

water vapour isotherms in Figs. 17 and 18. The stages of decomposition
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corresporded to first, 2 hours irradiation during which the sample
became light-greyish green in colouf (sfage 1) and a further 4 hours
when the colour darkened considerably (stage 2). For krypton
adsorption, one run, X5, was carried out before exposure to light,
then two runs, K6 and X7, after stage 1, and a final run, X8,

after stage 2. The regults are given in Table 9.

Table 9
(ml atv§.T.P.)’ Su?xf; ()ze res C (kczji per mole)
K5 | .335 | 1‘.75 | o6 2,95
A 1.9 a7 | 2.8
w| 3| 115 e | 20

The surface area of the unexposed sample was 1.75 n?§ anﬁ, after
stage 1, this increased slightly to 1.9 m® ard then retumed to

the original value after stage 2. At first sight these small changes
might gseem negligible, in gpite éf the exact agreement between the
results of K6 and K7 and the high accuracy (section 1,3.4.) claimed
for this method of surface area determimation, but they are reflected
by the results for water adsorption discussed below, In addition,
these results correspomd with X-ray evidence (111) that the lattice
constant of silver bromide changes slightly on first exposing to
radiation and then returns to near the original value after more

prolonged exposure.
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The water vapour isotherms were determined by the temperature
variation method, during which the temperatures of the cold baths
changed as a result of contamination from other baths, caused by
tle difficulty in remcving the last traces of solvent from the
crinkled aluminium foil surface round the cell, This was in part
responsible for the differences in the various isotherms shown.

The other reasonwas the change in the heats of adsorption summarised
in Table 10, Altogether five runs were carried out, three of these
folloring stage 2; and before the final run, W33, the sample was

outgassed at 130°C instead of 100°C,

Table 10
unexposed stage 1 stage 2
W29 W30 w31 W32 W33
N v | aH® v MR | v | AH v AH

028 6,9 |[.028] 11.75 29 110.6 | .039 | 9.5 | .035| 9.5
.05 | 6.0 |.05 | 13.0 .04 10,1 | .06 [10.0 | .055] 9.3
.065| 6.35 |.068] 13,0 056 9.5 | .075 [10.0 | .075 | 10.1
.085( 7.6 |.09 | 11.5 .08 9.5 | .09 |10.3 | .09 [10.2

.10 9.7 .115 9.7 .105 { 10,0 ; .115 110,0
2 9.1 15 9.3
|145 902

v : mlat N.T.P.

AH : kcal per mole



98,

3.244. Discussion

3.244.1 The variation of AH with coverage

The variations of the heat of adsorption of water with coverage
at the various stages of photochemical decomposition of AgBr are
shown in Fig.19, together with the results for unexposed Agl; and
in Fig,20 similar curves are plotted for all three unexposed silver
halides. The coverage, 8, in Fig.20 refers to the surface area
obtained from the water B.E.T. plot ut ~23°C, This was chosen
arbitrarily for purposes of comparison, since no krypton adsorptions
were carried out on silver chloride,

The isosteric heat of adsorption on unexposed AgBr first
decreased slightly from about 7 to 6 kcal per mole, at low coverage,
before rising fairly sharply, in the same way as KCl (Fig.12), to
a maximun at 10 kcal per mole, and then decreasing finally to 9 kecal
por mole, This decrease, although slight and based on only a few
experimental points, was not apparent with XCl and is considered real
beéause the same variation occurred for all three silver halides.
With silver iodide, the maximm, point C, was more marked than the
others and occurred at lower coverage, MbreoVer, the curve continued
to rise presumably to a secondary maximum corresponding'to the heat
of liquefaction of’water. On this basis, the curves for unexposed
AgBr and AgCl were, no douib, incomplete in the sense that they would
glso have continued to rise in the same way. Thus, the general form
 of curve for the silver halides could be represented by that shown

for silver iodide, The initial decrease in AH with unexposed silver
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bromide was probably the result of surface heterogeneity (section
3.3.3. ).

In Fig,20, the positions of the maxima were are about 8 = 0,8
for AgBr and AgCl, and 0,2 for Agl. However, in terms of the real

coverage, 6. meagured by adsorption of krypbton, these maxima occurred

K
at a much lower coverage, ani Agl was not as unique as Fig.20
suggests, The reason for this is discussed in section 3.3.3. In
Fig.19 the maxima for Agl and AgBr were at QK = 0,13 and 0,18
respectively.

After sbtage 1, the heats of adsorption on silver bromide showed
a marked change characterised by elevation of the maximum to 13.0
kcal per mole and a decrease in the coverage at which the maximum
occurred. Following th,‘ei mximum, the heat of adsorption decreased
to about 9.0 kecal per mole, and at this point the curve coincided
with that of the unexposed sample, On further irradiation, the
| maximum was apparently eliminated and the heat of adsorption remsined
coms tant at 10,0 kcal rer mole. Ther’e was no difference in the
results between the sample out gassed at 130°C anl those at 1000C,
The various changes seemed to be related to the surface area changes
shown in Table 9, althouéh the heats of adsorption of water after
stage 2 were more different from those after stage 1 than might be
expected from these results,

3.,2.4.2., The effect of photochemical decomposgition

In order to understand the various changes discussed in the

previous gection it is necessary to examine the mechanism of
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photochemical decomposition of silver bromide (112). The absorption
of light by the crystal is apparently accompanied by the liberation

of bromine and the formation of metallic silver at crystal imperfections.
The primary stage is the emission from Br of a photoelectron, which
combines with an interstitial Ag+ ion and an Ag+ ion at a kink site
arol:gnd the emergence of dislocations through the surface of the crystal,
Stable latent imsge specks are produced by further combination with
interstitial gilver ions and conduction electrons to give first

stable pairs and then groups of three silver atoms., These groups can
adsorb a silver ion and become positively charged, neutrality being
meintained by the production of a cation vacancy. In this state the
silver atoms repel positive holes and can trap conduction electrons,

a procese which is immediately followed by the adsorption of a further
gilver ion: thus the silver nucl‘ei grow. Positive holes are normally
trapped at kink sites and then free bromine is descrbed from the
ci-ysta.l.

| Presumably the state of affairs after stage 2 nas that large silver
aggregates containing cation vacancies at and near the surface were
accompanied by anion vacancies crea‘bed by losg of bromine, Now it
wmsshown in section 3.6,2, that preferential adsofption'of water ifl
the anion vacancieé would give a much greater heat of adsorption than
observed experimentally unless the vacancy were surrounied by silver
atoms instead of ions. However, the a'b.ove mechanism means that the
gilver centres repel positive holes, so it is more feasible that the

adsorption took place at the cation vacancies, whichwere in effect
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embedded in the silver aggregates. On this basis the 6‘bserved
experimental heats of adsorption comparedfavourably with theoretical
values (sec'bion 3.6,2.). The preserce of lateral interactions nas
evident from the interaction maximum.

At the second and final stage of the decomposition the surface
probably consistedmainly of silver atom aggrégates surrounding numerous
cation lattice vacancies, There is, in this case, & much greater
probability that the waterwould be adsorbed in other vacancies instead
of around those already occupied as in stage 1: hence the disappearance
of the interaction maximum., Since the surface layers would contain a
greater nﬁm‘ber of gilver atoms the influence of the electrostatic
potential on the heat of adsorption is reduced, so that the stage 2 -
heats of adscrption vere lower than those of stage 1.

3.3, Adsorption on Lead Halides : Pbl, and PUbF,

3,%.1., Adsorption of water vapour and krypton

The isotherms for the adsorption of water vé.pour on lead iodide
and lead fluoride are shown in Figs.21 and 22, together with the
corresponding krypton isotherms and B,E.T, plots, The krypton
results showed effects not obsez;ved during the previous work on KCl
and the silver halides, Thus with Pbl, there was a marked deviation
from B.E,T, theory at relative i:ressures below 0,05, and for the
fluoride there was & definite step in the isotherm beginning at P/p, =
0,12, The latter had the fom of a Type 4 isotherm in the Brunauer
classification (6), although the step was only slight, implying £hat

gome filling of the pores of the adsorbent occurred at a pressure
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subsgtantially lower than the saturation pressure. The low pressure
deviation for Pbl, agreed closely with the established lower limit
for B.E.T, linearity with some adsorption systems, but in this case
the whole B.E.T, plot could, feasibly, be divided into three parts;
a) below p/po = 0,005, where the slope is negative, i.e. the heat
of adsorption is less than the heat of liquefaction; ©b) between
P/p0 = 0,0075 and 0.04, where C = 9; and c) above p/p0 = 0.05 where
C = 55, Taus the heat of adsorption of krypton increased with
increagsing coverage, in fact opposite to the effect discussed below,
ghown by the adsorption of water at low coverage. The surface areas
of the two samples were 10.5 1 for PbIl, and 3.4 m® for PbF,.

The water isotherms for Pbl, and FbF, ﬁere shaped in much the
same way as those of the silver halides, being slightly undulating
The resulting isosteric heats of adsorption are shown

Type II forms,

in Table 11,

Table 11
PbI, PbE,

v AH v A
(1l at W.T.P.) | (kcal per moie)| (ml at N.T,P.) {(kcal per mole)
077 14.7 015 9.2
.085 13,9 .03 10,1
.10 13.4 . 055 10,0
135 13.5 .08 9.9
.15 13,0 .12 10,65
175 13,6 16 12,2
.19 14.25 .195 12,6
.225 14.05
.25 13.8
,285 13.2
.325 13.4
.38 14.0
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3.3.2, The variation of AH with coverage

The isosteric heat curves for the adsorption of water on the
lead halides are shown in Fig.23, Both curves are plotted against
surface crovera,ge'GK, relating to surface areas mensured by adsorption
of krypton, and, in addition, the lead iodide curve is represented as
a function of @, showm by dotted lines, & refers to the coverage
relating to the monolayer volume (vm)i obtained from the first linear
portion of the water B.E.T., plot. The significance of this can be
seen from the -450C water B.E,T, plot for PbL,, illustrated together
with similar plots for PbE, and the silver halides in Fig.24, Each
of these shows a definite break into two straight line portions
corresponding to adsorption on differemt parts of the surface. The
various results are summarised in Table 12, in which (vm)2 is the
monolayer volume corresponding to the seconmd part of the B,E,T. plot.

The heat of adsorption of water on PbI, decreased initially from
about 15.0 to 13,0 kcal per mole, before riging to 14.2 kcal per mole
then falling and rising again to 14.0 kcal per mole. This occurred
at very low real coverage, OK, but the posgition of the secordary
maximum, C, coincided with ©; = 1,0. Although there were insufficient
experimental points to indicate heats of adsorption beyond point E
it is expected that the curve would reach a third maximum,

In contrast, the lead fluoride curve was of the same form as the
gilver halide group. The & positions derived from both the -230C

and -45°C water B,E.T. plots are marked in Fig,23 by broken lines,
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Table 12
(vm)l (vm)z Cy Co

1 ml-at N.T.F. |

~230( '_4500 -230C |-450C |-230¢ |-450¢ |-230¢ |-4500
AeCl 1,05 .07 | .155 | T | 106 | &4 16 | 1
AgI  |.03 .095 81 13
AgBr |.12 A0 | .24 f 195 51 | 23 10 8
(w29)
AgBr 115 . 245 80 9
(W30)
PvI, .20 .65 155 13
PbE, {.075 | .09 A7 .205 | 120 45 18 8

and are seen t0 coincide with the position o the minimum, as
ob served previously with AgCl and AgBr.
%.%.3., Discussion

It was noted in section 3,2.4.1., that the apparently anomalous
position of the silver iodide curve in Fig,20 was not reflected
by its position with respect to the real coverage, QK. The reason
for this can be seen from the division of the water B.E,T. plots
into two linear portions., While the Agl coverage shown in Fig,20
was obtained from the water B.E.T, line (Fig.15) drawn through all
points except the first, the ‘AgCI and AgBr curves corresponded to

6, values., However, if the water monolayer volume for AgIl was

1100

derived instead from a line drawn through the first few, low pressure

points only, then the curve in Fig,20 was shifted to the right, and



111,

the position of € = 1 coincided .exactly with the minimum, On this
basis it was concluded that the isosteric heat curves for the three
silver halides ard for lead ﬂu;éridé had a common shape with a
minimum occurring at the arbitrarily defined @ =1, A theoretical
interpretation of this form of curve is given in section 3,7.

The lead icdide curve stod alone amongst this group of adsorbents in
the sense that its chapz did not conform to this éeneral pattern, and
also the magnitude of the heat of adsorptioh of water was higher than
any of the others. This type of curve probably corresponds to
adsorption with lateral interactions on small fractions of & hetero-~
geneous surface, the secordary maximum in the curve occurring at
monolayer coverage of the first fraction., ’Lead di~iodide crystallises
with a layer lattice (113) structure in which ions of both types
ocLupy the exposed faces, although there willte a smaller porportion
of high adsorption potential faces containing either tt or I” ions,
Presumably these were responsible for the heterogeneity. Orr (67)
has shown that the occurrence of & maximum in the heat of adsorption
on a uniform surface coincides with completion of the monolayer, but
in thig case it seems that the secondary maximum is due to the inter-
section of curves relafing to two separate faces, Thus the decreasing
portions (AB and CD) indicate the surface heterogeneity, while the
increasing portions (BC and DE)verc probably cavsed by multilayer
adsorption centred around vhe sites of high adsorption potential,

This was indicated by the integral embropy of adsorption (section

3é5010>'
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3,4. Adsorption on Calcium Fluoride

3.4.1. Adsorption of water vapour and krypton

The water isotherms for two runs, W40 and W41, are shown in Fig.25.
Run W40 was carried out at cne temperature, -360C, and W41, after
desorption at 100°C, was carried out by the temperature. variation
method embracing the range ~230C to -450C. The dotted line extra-
polations in Fig.25 represent the probable shapes of the W41 isotlrms
at low coverage. The significant feature of these results was the
almost vertical discontinuity of the -369C isotherm, and the step~
wige shape of this and the others., The markéd discontinuity indicated
a two-dimensional conlemation or phase charnge, the conditions for '
which have been summarised in section 1.7. It may be noted that
these isotherms were very similsar {:o those »btained by Ross and
Winkler (89) for ethane adsorbed on CaF, at 909K, CaF, is a cubic
crystel that normally occurs with the 100 crystal faces, although it
fractures along the octanedral of 111 planes (114). It would, there-
fore, be expected that two ‘homo‘c.at-‘.".c" surfaces are present, so that
g marked two.dimensional conden;sation is not surprising. PFurthermore,
the 100 plane of Ca¥, contains ions of all one type (F~) and uniformity
of surface to a greater degree than for the heteroionic surfaces of
KCl, AgI etc., is"thus possible, This was borne out by the krypton
isotherms and B.E.T. plots (Fig.26). The latter showed a clean break
into two straight l1ine portions corresronding to surface areas of
0.18 and 0.35 m® respectively, Also shown in Fig.26 is- the -360C

water B.E,T, plot which, like the krypton B.E.T. plot and the various
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water B,E,T, plots for ﬁhe other dinsoluble adsorbents, gave the
same type of break, the surface areas in this case being 0.17 and
0.365 m®, There was thus very close agreement between the surface
areas of the ;MU faces of CaF, determined by krypton and water
adsorption, In this respect CaF, was unique amongst the various
adsorbents, including KCl, since all the others gave much smaller
areas when measured by the adsorption of water, This indicated that
an entirely different mechanism was operating, amdi although the
siﬁilarity between the water B,E.T. plot for CaF, and those in Fig,24
might suggest otherwise, this was probably due more to the effect
of lateral interactions than the nature‘of the surface.

The compressibility function B! (section 1,7) was calculated
from the slopes at various points on the curve of 1lnx versus lnp,
The results, together with the isosteric heats of adsorption are

given in Table‘13 and shown as a function of v in Fig.27,

Table 13
v -pt AH
(ml at N,T.P.) -1nx ~lnp |(oletg)|(kcal per mole)
.0095 3.635 9.905 | 21.7
014 3.26 9,20 13.9
L0195 2,916 8.519 9.2
- L,029 .| 2.519 7.685 5.75
.03%9 2.223 7.015 3.2
.048 2.018 6.216 2.1
.052 1.94 6.00 3,05
.0575 1.835 5.81 5.6 »
067 1.677 5.656 3.9 12.8 .
077 : 1.549 5.405 1.7 13.3
. 085 1.429 4,992 1.65 12.2
. 095 1.3%28 4.793 1.65 12.2
.105 1.237 | 4.548 | 1.2 12,7
115 1.150 4.3%06 1.1 11.95
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The secordary peak in the compressibility curve coincided almost
exactly with the position of § = 1. This meant that the two-
dimensional corﬁensaﬁon, shown by the sudden increase in the
compressibility of the adsorbate, occurred Whe‘n the monolayer for
one of the homotattic faces was completed. According to the B.E.T,.
surface area measurements this surface was the smaller of the two,
having an area about half that of the water.

The wavy shape of the isosteric heat curve reflected the step-
wise nature of the isotherms in these regions, but there were not
éough results to show any correspondence between the peaks'of the
airve and the positions of & or &, (vm = 0,14 ml) = 1.

3.4.2. Discussion

The adsorption of a water molecule on the 100 face of CaFy
consisting only of fluoride ions presents the pogsibility of attach-
ment by means of hydrogen-bond formation. This is illustrated by
Fig.28 which shows a) a scale plan of the 100 fluoride face, and
b) the position of a water molecule adsorbed by forming two hydrogen
bonds across the diagonal of the cell square, This position is
‘the most probable since there is very little diétortion of the
B - 0~ H bond angle, The oxygen-fluoride_ digtance was taken as
_tl’s mean of the hydrogen bond distances in HF and H,O0, On this
makl the water molecule is adsorbed above the centre of the cell
square, armd its effective cross sectional area is about 9,0 A%, i,e.,
lonly slightly lower than the value of 10,5 A® generally accepted

for use in surface area measurements. This probably accounts for
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thé good agreement betﬁeen tﬁs surface areas of CaF, measured by
krypton and water adsorption. Such a mode 6f attachment necessarily
incurs alignment of the water multipoles in the same direction, so
that any electrostatic dipole-dipole contribution to the lateral
interaction potential (section 3,7.2,) would be a repulsion. The
repulsion would be a maximum at the completion of the monolayer, as
the molecules become more crowded together, but it is expected that
before this stage is reached the adsorbed film would rearrange to a
more cormlensed structure, eliminating the high repulsion energy.

3.5, Entropy of Adsorption

3.5.1. Integral entropy from spreading pressure

Equation (19) may be rewritten in the form,

X
T = I{k.T j lenx L R A I I B B I I I I I AN A B B I (38)
Jg .

where x = p/bc, v = volume adsorbed per g at N,T.P., and *the
constant, XK, =T /v,

Curves of x versus %‘Were plotted at two different temperatures,
T, and T,, and the areas ( = i v dln x) under the curves then

» Jo : ‘

obtained by graphical integration. A lincar extrapolation, v = ax,
wike re a = comstant, was used for the low pressure region., This
corresponded to computation I of the methods of Emmett, Hill and
Joyner (115). The entroﬁy change, S, - S;4, subscripts s and It
referring to the adsorbed and liquid states, was calculated for

various values of T by means of the equation,
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(A 1n x)

1

T

1

T,

1 1 A 1
where T = 3 (Tl + Tz) s

Alnx =1lnx - 1Inx ,

+1ni tsees et eV IS (39)

111:9_ + 1ln X%,
2

and in x

The results for Agl and PbI, are shown in Table 14. The
entropy of the liquid was obtained by graphical integration of heat

capacity data (116) for liquid water, i.e.
T, = 273°K

T

il

SL’- at temp. T

10.0 cal per mole per OC at 2350K
and 10.35 cal per mole per O9C at 2380K

i

The absolute entropy, Ss’ of the adsorbed phase is shown as

a function of coverage, 6., in Fig.29. It will be recalled that

X
these are total (= Sc + Snc) values, and in the particular cases
considered, i.e. AgIl and PbL,, it was uncertain to what extent the
configurational term contrituted to the total., The entropy values,
therefore, could not be related to the various degrees of freedom
of the adsorbate:; it was only possible to examine the physical
state and degree of mobility. For this it was assumed that the
area, a, available per molecule, w?s equal to 1% , where 1 = lattice
e
X
cohstant., Then by equation (23) the translational entropy of the

2~dimensional gas is given by: 16,5 - 4.56 log ,® .... for AgT
15!1 "4-56 logiog sev e fOI‘ PbIz
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Table 14
oy 7 _2| -3 3 S, - Sp |
(erg cm )| % x 10 *2 x. 10 (cal per mole/OC)
Agl | PvI, | Agl [E%I% Agl PLIL,| AgI |PbL, Agl | PbI,
-450¢ | -230¢| -310C

. 009 0.1 .3 .6 7.6

.018 0,2 . 65 1.2 6.4

.0235 0.3| .95 1,85 9.0

.029 | 0.4 1.3 2.5 9.2

.034 0.5 1.63 3.25 10,9

.042 0.7 12,35 4.8 | 12.4

L0475 0.8 2,9 5.6 10.9
»033 1.057 |1.0 |1.0] 2,2 | 4.1 7.1} 7.45 [ 14.4 9.15

L076 1.5 8.2 12,8 5.5

.066 | ,096 | 2,0 }2.0] 4.5 |14.0] 14.0}19.5 |15.0 2.9
.085 | .135 (2.5 | 2.5| 5.6 |21,19 18.0/|27,1 16.15 .84

10 .18 13,0 [3.0f 6.9 [28.3F 21.8(35.3 |16.2 A4
.21 3.5 35.9 43.8 .21

135 2.0 13.5 37.5 14.6

A7 7.0 21.5 57.5 14.7

.215 9.0 30.4 82.8 15.8

.265 10,0 35.5 95.5 15.8

.40 12,0 46.3 115.9 14.7

455 14,0 57.7 135.0 | 13.6

53 | 17.3 70.4 170.0 14.7

For example, at QK = 0,01, (511)30 would be 25.6 cal per mole per OC
for Agl and 24.2 cal per mole/0C for PbI,. Thus the water adsorbed
" on Agl was in a state equivalent to that of a 2-dimensional gas, amd

remained much the same over the range investigated. In contrast
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the entropy cﬁrve for PbL, gave a fairly sharp peak at © = O.Q4

and then decreased monotonically to the entropy of the 3-dimensional
liquid. This indicated secon& and higher layer adsorption, producing
liquid aggregates at isolated sites on the surface.

3,5.2, Integral entropy for Langmuir adsorption on AgBr

The isosteric heats of adsorption of water for stage 2 photo-
lysed AgBr (Fig.19) were fairly constant over the ronge investigated.
In fact, as a first approximation, the adsorption could be regarded
 as langmuir in character; therefore the method described in section
1.4,2. was applied., Table 15 shows the integral entropy results

obtained,
Table 15

QK S.g AS S SC Snc

G&l per mo18/9T

,032 1 71,7 | 43.85]| 27,81 6.9120.9
.048 | 70,9 | 4%3.85( 27.0] 5.9{21.1
.068 | 69,9 | 43,85| 25.0( 5.2 [ 19.8
097 | 68,7 | 43.85]| 24.83 4.4 | 20.45
415 68,15 43.85| 24,3 | 4.0 ] 20,3
135 | 67.7 | 43.86| 23,89 3,6 |20,25
160 {67.5 | 43.85 ! 23,6 3,2 {20.4

S was calculated from equation (21) using the spectroscopic
value (117) of 45.13 cal per mole per °C for S%. The integral
I C
j ER dT = 2,035 for T, - 2989K and T = 2289K was estimated
T _

5 )
graphically from the data of Guiague and Stout (118).
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In this particular case then, Snc was known and could be
examined in terms of the vibrational and rotational contributions.

3.5.3. Vibrational entropy

The calculation of Sv for adsorbed molecules depends on the
asgignment of a reasonable value 'Eo the frequency, ¥, of vibrations
relative to the surface.. In general, for S.H.M.,

Y = 1EG‘/m)% O (40)
where f = restoring force and m = mags of vibrating marticle; and,
if fo¢ AH, ¥ X AH. This partiqular frequenéy represents the
mean frequency for vibration, in 3 di fferent directions, However,
as Bratt (45) has pointed out, the available evidence suggests that
» is not so simply related to AH. ﬂ.;hus Drain and Morrison (119)
showed from an analysis of adsorption data of Oy, N, and A on rutile
that » was proportional to AH rather than its square root. 1In
view of the absence of evidence to the contrary, the eguation

Y= KAH was used for the following analysis,

The low temperature specific heat of ice is given by

1)3 '
C = k(g noouqncoloooo'oooooon.oooo‘o’o-n- (41)
where 8, the characteristic temperature, = by max and

kT .
»_ = %uman (69). At 2280K, » =4 x 1042 sec™! (69)

therefore M . =3x 10L2 sec"1; and applying this to

vibration about a hydrogen bomd of energy 6,1 kcal per mole (120),
Y = 3x 102 and K= 8 x 10+, Now according to Orr's data (67)
for the adsorption of argon on KCl, » = 1.0 x 1042 sec"1 and

AH = 2,5 kecal per mole, so that K = 4 x 104, TFor water adsorbed
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on KCl1, AgBr etc., the value of K was assumed to be the mean of

these two values, i.e. 4.5 x 10t1, giving »» = 4,5 x 102 sec-1

for the special case of AgBr, where AH = 10,0 kcal per mole,
Then, from equation (25), Sy
vibrational entropy S = 0.04 cal per mole per OC (45) vwas assumed

= 1,8 cal per mole per O9C, The internal

t0o be the same as in the gas plase.

3.5.4. Rotational and libratiomal entropy

The entropy, SR’ of rotation gbout an axis normal to the
surface may, in the gbsence of external interactions, be regarded
as the same as in the gas phase. By equation (26), uging the value
of I given by Moelwyn Hughes (69), Sp = 2.5 cal per mole per °C, and
equation (24) can now be written aé, ,

8, =3(1.8) + 0,04 + 2.5 + 28 = 20.5 ceereeneenreenes (42)
giving.the librational term S = 6.28 cal per mole per °C. B czlwmlste
SL from equation (27) would have required a knowledge of the
restricting potential, but in view of the uncertainfy of this it
was decided to do the converse, i.e., use:the value of 6,28 for
8, in equation (27) in order to evaluate the reétric'ting potential
and then examine t‘his in terms of the possible restrictive forces
involved, For the values of the moments of inertia, Ib and Ic,
given by Moelwym Hughes (69) the restricting potential was 0.95
kcal per mole. This is probably related to the difference in
erergy of adsorption between a water mole cule adsorbed normally

and in the upside down position, and has some bearing on the

lateral inberactions between adsorbed molecules (section 3.7.2. ).
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Such a low value for the restricting potential might be
expected in cases where the electrostatic contribution to the
heat of adsorption is small. Thus, for AgBr the observed heat
of adsorption of 10.0 kcal per mole is made up of the sum of the
electrostatic, UE’ dispersion, UVDW’ and repulsion, UR’ contributions
(section 1.5.) and the restricting potential should not be very
different from 2UE’ since the potential energies of a dipole in
positions, (a) aligned with the field and, (b) turned through 180°,
are equal but negative and positive_respectively. In this case
the contributions of UVDW and UR to the restricting potential can
be assumed to be negligible compared with that of UE' The calcul-
ations of section 3.6.,2. showed that the water.molecule was adsorbed
above a lattice vacancy bordered mainly by silver atoms, so that UE’
and therefore the restricting potential, should both be low.

This will also apply to the adsorption above the centre of thé
lattice square of simple cubic crystals,; where UE is zero, but_in
other cases involving more complex adsorbents, e.g. Pbl,, where
UE is‘probably guite large, the complete rotation in this way
would be excluded.

3.6, Calculation of the Heat of Adsorption

3.,6,1, Adsorption on a cubic lattice

As stated in section 2.3. the two simplest cases are KCl and
AgBr, since both have a simple cubic lattice, and, if the water
molecule is assumed to be adsorbed above the centre of a lattice

square, UE is zero. The calculations of dispersion and repulsion
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energies for various distances z = /3a, where 2a = lattice
constant, were made as follows:

(a) Dispersion energy

Following Orr (67), the Kirkwood equation may be written in

the form, T
i a0, oG o
fmcR —_—
U= R 5,0+ L a_ 5 (P ..ee...  (43)
: | o % %o A 4

where the subscripts 4, +, and - refer to water, cation and anion,
and the inverse sixfh power of distance'summations S+ and S_ =
-;—Z’ The values of S__/:’ were taken from the data of Orr. The _
polarisabilities were obtained from Mayer (121) and Pauling (122),
and the magnetic susceptibilities from Hoare and Brindley (123)
and Pauling (122).

Equation (43) then gives:-

UVDW = 1638 kcal per mole for KCl,

and 4208 kcal per mole for AgBr.

(b) Repulsion energy

Using the repulsion energy constants (69) for water and the
inert gases, A, Kr and Xe, with which the various ions are iso-
electronic, the repulsion constants for Water/KCl and water/AgBr

were calculated from equation (29) as,

KCL : Ay, = Ay = 1.642 x 1072 erg on®
AgBr i Ay, = 3.873 x 10" erg on®
&, =2.307 x 10792 erg on®

The repulsion exponent n was assumed to be 10.5, i.e. the mean of

9 for inert gases and 12 for water. The summation of Uh = Az-10'5

was made over the nearest 20 ions.
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(¢) The energy of adsorption

The various values of Ui, U, and the sum (UVDW + Uﬁ) =
the energy of adsorption U are given in Table 16, and the
potential energy curves of U as a function of distance z are shown
in Pig.30. The depth of the potential well (plus zero point
energy €, = h yo # 50 cals per mole for VY, = 1012 sec-1)

represents the energy of adsorption at the equilibrium distance,

z L]
e

The calculated values of AH(= U + RT) were thus 3.55 kcal per
mole for KCl and 4.3 kcal per mole for AgBr, the higher heat of
adsorption on the latter being the result of the higher polaris-
abilities and magnetic susceptibilities of Ag+ and Br ., On this
basis it would be expected that a simple cubic lattice of Agl
would give a higher heat of adsorption than that of AgBr.

As far as the experimentsl results are concerned the
calculated value for KC1l showed fairly good agreement with the
results observed at the lower temperature range (section 3.1.3.4.).
Although these experimental results may have applied to the 110
plane, it was assumed, on the basis of the results of Lenel and
Orr {section 1.5.), that the experimental results for the 100 plane
would be much the same. This justified the initial assumption
that the water molecule wasadsorbed above the centre of the lattice
square,

The calculated heat of adsorption on AgBr was somewhat lower
than the observed value of about 6.0 kcal per mole. This was

1robably due to adsorption :n cracks or surface irregularities
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(section 1,5,) of high adsorption potential.  The calculated
equilibrium distance from the surface was greater (3.0 &) for
AgBr than KC1 (2.5 R), as would be expected from the smaller R-X

distance (2.885 £) of the bromide.

Table 16
z(8]) p==§ U | U U
cal per mole
KC1 1.75 .56 8.13%2 | 13321 [ 14827 | +1506

a=3,14 & | 2,0 .63 | 6.255 | 10244 | 9438 | - 806
2.3 .73 | 4.315 | 7067 | 4820 | -2247
2.5 79 | 3.378 | 5532 | 2565 | -2967

2.8 .89 2,358 3862 1422 | -2440
3,14 | 1.00 1.564 2562 | 713.6 | -~1848
3.8 1.21 . 905 1482 432 | ~10%0
4.7 1.50 . 365 599 32 | - 567
AgBr 2.12 .73 4.315 | 13158 | 21043 | +2885

a=2,885 8| 2.3 .79 | 3.378 | 14215 | 13400 | - 815
2.6 .89 2,358 9922 7653 | -2269
2.9 1,00 1.564 658% 2884 | -3699
2.1 1.075 | 1.184 4982 1491 | -3491

3.4 1.18 . 906 3814 1071 | -2743
3,7 1.28 . 692 2913% 809 | -2104
4.3 | 1,50 . 365 1539 156 | -1333
5.0 1.73 .234 936 90 | - 896

No calculations were carried out for water adsarbed above
the tetrahedral zinc blende type lattice of AgI, but it was
apparent that this would involve extra laborious and complex

summations of the electrostatic ion-dipole and polarisation
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terms, which would contribute to & higher overall heat of
adsorption than that for the simple cubic crystal. However, it

could be deduced from the isosteric heat curve (Fig.20) that
the heat of adsorption of water on the bare surface of tetrahedral
AgT was between 5 and 7 kecal per mole.

Some approximate calculations, involving the electrostatic
terms, were carried out for the less difficult case of adsorption
above a surface lattice vacancy of AgBr; gsince this was
particularly relevant to the effects concerning photochemical
decompogition and entropy of adsorption. The method is outlined
below,

3,6.2, Adsorption above a lattice wvacancy of AgBr

Fig.31 shows a water molecule (linear dipole maiel) adsorbed
directly above a surface anion vacancy at a distance z = 2,0 2,
The position shown is that of maximum ion-dipole interaction,

Upps enerey as indicated by the results of Table 17. The dipole

I
igs of length = 1.2 2 and charge =1,567 x 10”10 esu.
Table *7
@) |Tp(x esep)
0.8 068
1.0 .078
1.2 .083%
1.4 . 087
240 0094
2.6 . 090

3.1 .083 |




wWater Molecule adsorbed above a surface lattice vacancy

Ef-? 3/
of Ag8r
C) H,© (liﬂeqr dipele, lengeh :.zi)
&
. - §2.o;!
+ - LRt S - +
-+ - + _ +
+ - +
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These results were obtained by summing the ion-dipole interactions,

©1 % s Where e; is the charge on the ion (electronic charge) and

e; is the charge on the water dipole, over the nearest 5 ions of
the plane shown, and are proportional to the complete ion-dipole
interactions with the whole 3-dimensional crystal.

The complete ion-dipole term at 2z = 2,0 was estimted by
integrating the field, F, data of Lennard Jones and Dent (65) and
Orr (67) for the position above an ion of a simple cubic crystal,
and then subtracting the electrostatic term due to the single Br
ion now vacant. Thus the potential, u, , due to the complete lattice
is given by;

ui - eW S Ta =.O48 eW znel essassor e (4‘4‘)

a2

where the limits correspond to the ends of the water dipole; and

the potential, w,, due to Br alones, by;
01

u2 = eieW <°1".:Z - ‘2%6) = .33eiewl Poeses v (45)

From this, UiD =1 = Uy = 32 kcal per mole.

In addition to the U, energy there will be interaction

D

terms due to mutual polarisation dispersion and repulsion. The
equation:

U = "ldNFE - aihg Ce0 s V00 ssRNR IR RIRIO RIS (46)

P 2 Y3
where j is the dipole moment of water and o the polarisability,
is a suitable approximation for the polarisation interaction

between an ion and a water molecule (point dipole)., Probably

the largest contribution would be from %—awﬁe, which, by
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extrapolating the field data of Orr, md using a_ = 1.48 x 10724
(121) was shown to be 5.7 kcal per mole.

The (UVDW + UR) sum would be expected to be somewhat greater
than the value of 3.8 kcal per mole obtained from the potential
energy curve for the normal case, tut not greater than four times
this value. Thus De Boer and Custers (72) showed that for a
molecule adsorbed at distance z = O from the first layer above a
hemispherical cwevice, the heat of adsorption was about four times
as great as for a plane surface., In this case z = 2,0, so (UVDW
+ UR) would probably be nearer to 4 than 15.4 kcal per mole,

These results show that the total equilibrium heat of adsorption
of wmater above a surface lattice vacancy in AgBr would be of the
crder of 40 ~ 45 keal per mole, a value which is substantially
higher than the experimental values., However, if the particles
surrouniing the vacancy were silver atoms, not ioﬁs, the electro~
gtatic terms would be considerably reduced and, presumably, the
largest contribution would then be from (UVDW + Uh). The restricting
potential of 0.95 kcal per mole (section 3.5.4,) for stage 2
photolysed AgBr suggests that the UiD is only 0.475 kcal per mole,
confirming this. 1In actual fact there would be an extra contribution
from the highly polarisable silver atoms, but the general picture

as such is reasonably compatible with the observed heats of

adsorption,
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3,7. Treatment of Lateral Interactions

3,71, Nearest neighbour interaction energy

The interaction between two adsorbed water molecules should,
neglecting the polarisation induced by the surface field, not be
very much different from that of two isolated molecules at the same
distance, a, apart in the gas phase, A combination of the Lennard
Jones '6-12' equation and an angle dependent dipole term may be
used, i.e.

u = Aa-12 - Ba—6 - (C cos Q)a~3 cieesseveensennoians (47)
Using the linear dipole model for water, it can be shown {69) that
the maximum electrostatic term is §¥5 s When the dipoles are
oriented parallel and head to tail. From the values of A and B
given by Moelwyn Hughes (69), the various terms corresponding to
a =288 (0~ -0 distance in ice) are;

U,; +2.1 kcal per mole

R’
UVDW; ~2.42 kcal per mole
UE; -4,5 kcal per mole

——

total 4.8 kcal per mole
This may be compared with the value of 6,1 kcal per mole (120) for
water-water interactions involving hydrogen bonds. Since the
electrostatic term is the largest it was assumed that the inter-
action potential between twc adsorbed water molecules is given bys

K

u = i ;5 PO O SO EP IOV IIIBTEONPITITOIOINTIPYN TSN (48)
where K = 4,5(2,8)* = 99.0.
For example, for water adsorbed on AgI, a = 3.235 R and u= 4,0

kcal per mole.



5.,7.2. Higher neighbour interactions: oriented dipoles

The ideas of the previous section were extended to the higher
neighbour interactions of water molecules adsorbed in a regular
paitern on the surface. The simplést case is that of a square
array, and if the interaction between any two nearest neighbours
is attractive, by virtue of the oriented dipoles, then some of the
higher neighbour interactions wuld be repulsive, depending on
their positions. This is illustrated by the diagram below, and the
various interaction energies corresponding to a = 3,235 2 are shom

in Table 18,

T =a
A:"""“"_":B ------- "L"y”c
: ,’,I: ”’,//
' s . ' P 4
! A [P -7
R S
DeT ..l B
| ! f//
7
Table 18
~
A -3 _ u = %g (kcal per mole)
B~C attraction, type R
A~D (neare. st neighvour)
D—E “4v0
B~E
D..C
BT ettraciion, type K ~0,38
A -E
D ~D repulsion, type 3B, +1.47
C~E
F-0C repulsion, type B, + .18
A~ C - .
AP repulgicn, typs R, + .48
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Using this model the average interaction energy was calculated
gtatistically as a function of the number n of molecules adsorbed

(up to n = 5) by means of the Boltzmann equation,

i - R '
i]q:‘_ = exp (u) ss et sINBIBIIEBINCUNSSEIRBNERSEY (49)

7, KP

where n; and n, are the respective numbers of molecules adsorbed

on sites of adsorption potential E, and E,. The resulls are shown

in Table 19.
Table 19

n | u(keal per mole)
0

4,0

3.45

6,55

6,55

N

L) I = N |

Tha significant feature of these resulits was the decrease in
u accompanying entry of the third molecule into the array. Since
there would e many of these arrays forming at different points on
the surface at any moment, the isosteris heat should largely depend
on the distribution of B over the surface, In the general case
imvolving a hetercgenesous surface there would be an inflexion in
the isosteric curve as a point corresponding to the decrease in wu,
and, the more marked the neterogeneity,; the less marked the inflexion,
‘since the effect is an average cver all the arrays, For a uniform
surface, ant this does not necessarily mean that the surface must

be homo~ionic, there would be a decrease of 0.55 kcal per mole,
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This is somewhat lower than the observed experimental decrease of |
1.5 (AgT) and 1.0 (AgBr) keal per mole, However, if the hydrogen
bond energy of 6.1 kecal per mole is used instead of 4.6 kcal per
mole for the nearest neighbour, B, , interaction energy, fhe
calculated decrease in u, corresponding to n = 3, then becomes

1,0 keal per mole., This suggests that the lateral interactions
between the adsorbed molecules may be based on hydrogen bonding
rather than simple Coulombic force. |

3,7.3. Higher neighbour interactions: general treatment

The above oriented dipole theory necessarily required a
restricting potential 1e$s than the nearest neighbour interaction
energy, otherwise the dipoles would all be pointing the same way
aml &1l the interactions would be repulsions. In this sense, then,
the theory was applicable only to cases such as AgDr and KC1 where -
.the electrostatic contribution to the heat of adsorption is low
or equal to zero., However, the theory could be generalised to
cover all cases simply by disregarding the idea of orientation and
applying a general interaction equation of the same form as
equation (48)

iueug n == R N R R I N (50)

In this case the results of Table 20, below, show that an
interaction inflexion would occur as the fifth molecule is adsorbed

outaide the formed square array.



¥39.

Table 20
n u(kcal per mole)
1 0
2 0,8
3 _1.1
4 1.9
] 1.25
6 2.05

The interaction parameter w in equation (50) was arbitrarily based
on the total interaction energy of one water molecule inside a
large 3-dimensional grray. For ease of calculation the structure

was assumed to be square packed, and by summing over the nearest
72 molecules of intermolecular distance 3,0 2 and equating the
total to the %~dimensional heat of liguefaction, w was shown to be

21,6 and the maximum possible value of u in s monolayer, i.e. the

2~dimensional heat of liquefaction, 5.1 kecal per mole,
3.7.4. Discussion

The above menticned treatments of lateral interactions predicted
the occurrence of a maximum at an early stage in the isosteric heat
curve,as exhibited experimentally by the silver halide ~ lead fluoride
croup, but as such did not cover the whole éf the curve, rarticularly
the secondary rise towards the 3~dimensional heat of ligquefaction.
However, it was apparent that this rising portion could only be

accounted for by one or more of the following.



(a) Multilayer in preference to monolayer formation occurs
soon after.the completion of square arrays,

(b) There is a phase change to a more close packed assembly,

(c) Increased interaction energy as a result of increasing
nunbers of square arrays forming on part of the surface., For
this, the maximum energy of interaction in a monolayer, i.e. the
2-dimensional heat of liquefaction, plus the heat of adsorption
on the bare surface would have to be approximtely equal to the
3~dimensional heat of liquefaction.

Now significant effects dﬁe to (a) alome could largely be
discounted on entropy growrds (section 3.5,1,) although it should
be emphasised that there is a high probability of the fifth molecule
being preferentially adsorbed above the centre of the four membered
array, pariicularly in cases where the heat of adsorption on the
bare surface is low.

As regards (b), the entropj curve showed no marked discontinuity
corresponding o a two-dimensional gas-liquid phase change. This
was probably because the surface was not sufficiently uniform or
homo--ionic. A similar type of phase change, e.g. two~dimensional
liquid ~ more compressed liquid, is perhaps feasible for this
particular surface on which the heat of adsorption is not very
different from the lateral interaction energy, but this would also

be expected to Be shown by the enbropy.



The most likely explanation is probably that of (c¢) since,
as shown in section 3.6.1.,the heat of adsorption of water on
AgT was about 6.0 kcal per mole, which agrees well with the
difference between the calculated two-dimensional heat of
liquefaction of 5.1 kcal per mole (section 3.7.3.) and the three-
dimensional heat of liguefaction of 11,5 kecal per mole i.e. 6.4
keal per mole, In support of this it may be pointed out that the |
maximum did not appear until over half the surface was covered.

With KCl, the AH curve drawn (Fig,12) through the various
experimental points showed nn inflexion corresponding to the ome
shown by the AgI~FPbF, group.  However, this line reprresented the
mean of several results incorporating different stages of sintering
of the film, and it is likely that the inflexion, if any, would be
obscured by this, Thus, considering run Wi6 alone, an inflexion
can, feasibly, be seen at @ =‘ 0.8,

For PbIl,, the increase in AH marking the onset of lateral
interactions was only 1.0 kcal per mole, which is low compa.réd with
the values of 2 o 4 keal per mole indicated by the theoretical
treatment for the monolayer. This was not surprising in view of the
effect of heterogeneity (section 3.6) tending to counteract any
increase in AH; and, in any case, the meoha,ﬁism for this adsorbent
was different in that some multilayer adsorption was apparently

involved,
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3.8, The Rate of Adsorption

The variation with time, t, of the volume, v, of water vapour
adsorbed on CaF, at 200C is shown in Fig.32. This represents a
typical rate plot fer the four adsorbents stuiied, namely CaF,,
PbE,, Agl and Pbl,. The general rate equation for these adsorbents

1
wag found by plotting log Ve against t%. to give straight
v ~v
€

lines, shown for CaF, in Fig.32,

Tl'luS, 10g Ve ‘:kt% —108 PO Peacossvevsrecer e (51)

v, = v
where,
v, = volume adsorbed at equilibrium
P = pressure at time t
P, = DPressure at t =0

k = constant

and, from equation (51)

Vo= v, a - pb/p exp (- kt%)) B (12

The results corresponding to different temperatures and values of
v, are given in Tables 22 to 25, and the resulting values of k

are summarised below in Table 21,

Equation (51) was of the same form as that proposed by Bangham
and Sever, and also by Isakawi (section 1.8.), but in this case the .
pressure term was included because the rates were not determined at
constant pressure. The values of k were about the same magnitude
as that reported by Isakawi for water adsorbed on MgO (k = 075 at
30°C), and the adéorption times to equilibrium were also much the

game.,
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Table 21
. Ve
Adsorbent | Run No.| Temp.0C (ml. J k
‘lat NTP

W46 -36 |.1305 | .051
W45a -23% .056 | ,060

CaF, W45b -23 .090 | ,058
W43 0 0187 | 079

WAL 0 L0356 | .084

W42 200 ,027 1,123

ws7a | -23 | .o82].118

PbE, w37 | -23 L0825 | ,058
W39 0 L0365 { ,056
W38 19,5 |.0262 ! ,070

w25 -23 L0415 | 211

AgT w28 -15 .0343 | ,083
Woé 0 026 .05

w27 22 L0162 | ,082

W35a 23 .220 | .10

W35b -16 189 | .10
PvI, W36 ~17 .096 | ,093
W55b 0 .143 16

W35¢ 22,5 |.0675{.113

For CaF,, k was independent of Vg and increased regularly
with increasing temperature, indicating that k was of ocignificance
in terms of the activation energy for the adsorption process,
However, such was not the case for the other adsorbents: this is
illustrated by Fig.33, in which ~log & is plotted against 1/T.
With the exception of PbL,, the behaviour seemed normal at
temperatures down to 0°C, with activation energies ranging from
about 1,3 kcal per mole for PvF, to 3.3 kcal per mole for Caky,
tut below this temperature the results were abnormal. The deviation

was least marked with CaF,, for which the activation energy in this



f_{'g.33 Activation Enerjy Plots




14s,

range was 1,% kecal por mole, but for the others the apparent
activation energy was negative. This implied that a secondary
process was taking place, rendering the Arrhemius equation |
inapplicable, Pbl, was uhique in that the abnormality was
shown at both the high and low temperature ranges.

There seemed to be a parallel between these kinetic results
and the adsorptivevproperties discussed in the previous sections,
Thus PbI, was also shown to have a different type of heat curve
than any of the others; and AgT and PbF, which had similar
activation energy plots, both showed the same type of isosteric
heat curve., Furthermore CaF, was the only adsorbent for which
the surfdce areas measured using krypton and water were the same,
and was also the only adsorbent to show an almost normal activation
energy plot,

Since the deviation was most marked with the silver iodile ~
lead fluoride group it is likely that the inversion was the result
of lateral interactions as a secondary effect to that of diffusion

of the adsorbate along the surface.-v



Table 22a.

CaF, : Bate of Adsorption

Time, +

Pressure, p

-7

(mins) (mm x 1078) (ml at g.T.P. x 10 ) %o "o
200¢|00¢ |-360( 200C | 00C | -360C | 200C 00¢ |-366C | 200C ooc -360C

W43 wA3 W43 w43
1. 4 16 | 9:5 7.8 | 36,2 79 1.79] 12.8 | 2.842 | 3,498 |3.,207
2128 | 21 | 7.7 | 5.4 | 34.6 | .82 1.84| 12,86 3.06 | 4,107 | 330
4146 | 26 6.2 | 4.8 | 33.0 | .85 1.85| 12.9 | 3.283 | 4.3806| 3407
7169 |38 |53 | 4.4 | 31.5 | .87 | 1.86] 12.95| 3.458 | 4.719 |3.531
11 |114 |} 51 | 4.25| 4.25] 30,0 | .89 1.86] 12.96) 3.727 | 5.042 |3.684
18 1134 63 |3.55| 4.15] 29.5 .90 1.86] 12,971 3.977 3.748
19 73 |3.45 28.8 .90 12,99 |4.02 3,858
28 83 |2.9 28.3 | .92 13.0 | 44104 3.940
39 89 |2.6 28.0 | .92 13:0 | 44605 3,996
63.5 105 2.3 | |27.5 | .93 13,03 |5.017 4.132

. .LVL.



Table 22b.

CaF, : Rate of adsorption

Time,‘t Pressure, p v v
(mins) (am x 107) (ml at N.T.P. x 1072)|1%%o0 S 2
e

W -230C -230C | 0C  -230C  -230C 00¢  -230C -230C | 00C -230C -230(
W44 W45e, W45b W44 W4 5a W45b wa4 W45s WA5b W44  WASa  W45b
T 6 6 31.5 | 22.5 | 53.8 3.26 | 5.36 | 8,60 | 2,532 2,955| 2.618
10 8 28,0 | 20.5 | 50.7 3.33 | 5.40 8.66 | 2.684| 3.067| 2.719
15 11 14 25.3 | 18.6 | 47.7 3238 | 5.44 6.72 | 2.625| 3.189| 2.835
20 19 19 23.7 16,0 | 45.8 3.42 5¢5 8.76 | 2.923| 3.395| 2.922
25 28 34 22,7 | 145 | 42.7 3.44 | 5.53 8.83 | 2,992 3.545| 3.089
21 31 a4 22,0 | 13.6 | 41.0 3.45 | 5.54 8.86 | 3.045{ 3.654| 3.208
31 44 52 21,5 | 13.3 | 40.2 3.46 | 5.55 8.88 | 3,084 3.695| 3.273
3 o3 &4 20.7 | 12.5 | 38.8 3.48° | 5.57 8.91 | 3.154| 3.816{ 3.411
41 66 75 19.8 12.0 37.9 3.5 5.58 8.93 | 3.243] 3.904} 3.523
52 113 84 18,0 10.5 37.5 3.53 | 5.61 8.94 | 3.466{ 4.296] 3,581
66 17.0 3,55 | 3.639 .

8yl
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PYVE,

¢t Rate of Adsorption

Vy - v'e
T%zigsg (i;ezs?Zfé)P (nl at N.T.P. x 107°) 8o 3, - )
19,500 00 —230C ~2300]19.50¢ 00¢ ~230¢ ~230¢ |19-2°C  O°C 2300 -2300119.50C  °C  -239C -230C
W3Ta W3Tb » W3Ta W3Tb ' W3Ta W3Tb W3Ta  W37b
6 9| 6 | 10 | s1.0]47.0|9.38]42.7 | 1.97 | 2.99 | 2.70 | 7.78 {1.901 | 2.074 | 3.435 ]| 2. 621
12 | 17112 | 17 | 38.0]34.1 |7.21{37.8 | 2.21 | 3.24 | 2.74 | 7.88 |2.233 | 2.423 | 3,771 | 2.778
21 o0 |16 | 26 | 30.2|30.5|6.55|33.8 | 2.36 | 3.31 | 2.75 | 7.97 {2.527 | 2.555} 3.908| 2.939
32 27 | 22 37 25.6 127.915.94|31.0 | 2.44 | 3.36| 2.77 | 8.02 [2.775 | 2.661 | 4.062| 3.073
42 6327 | 43 | 23.2(20.3|5.52130.2 | 2.49 | 3.51 | 2.77 | 8.04 {2.949 | 3.118 | 4.202 | 3.118
55 | 73132 | 5% | 21.6(19.4 |5.11|28.8 | 2.52 | 3.53 | 2.78 | 8.07 | 3.097 | 3.203 | 4.36 | 3.204
61 | 83|37 62 | 20.4118.5 |4.90 | 27.6 | 2.54 | 3.54 | 2.79 | 8.09 | 3.234 | 3.286| 4.48 | 3.289
82 | 9540 19.6|18.0 | 4.89 2,56 | 3.55 | 2,79 | 3,308 | 3.349 | 4.481
92 11 19.0 | 17.25 2.57 | 3.57 3.449 | 3.439 ~
136 16.3 3.59 3.579
167 15.4 3. 60 3,751
200 |- 14.8 3.62 3.914
232 14.7 3,62 3.965 |

‘6L



Table 24. Agl :-Rate of Adsorption

Time, t >Pre'ssuré,3p Volume, v ' v
(mins) (o Hg x 1077) (ml at N.I.P. x 10°2) logio (v, ~v)
| 220G G9C 1500 —230C| 220C 090 -1500'-2300| 220G 09C -150C —239C | 2200 06C  ~159C —230C
4 5 8 10 | 63.0| 67.4] 70.0 66.9) .76 1,57 | 2.47 | 3.37 | 1.476] 1.5741 1.719| 1.902
8 8] 14 | 23 | 48.5| 54.9% 55.1|39.6] 1.0 | 1.81]2.77|3.92 1.750 | 1.780| 1.977 | 2,675
1] 11| 251 26 | 38.6] 48.7% 43.3]37.6] 1.2111.93] 3.01 | 3.97} 2.010| 1.905| 2.277 | 2.787
321 250 33| 33 | 27.9| 35.3] 39.2|33.4] 1.41]2.19| 3.09 | 4.05 | 2.439 | 2.261 | 2.415| 3.121
461 33| 43 35 | 24.5] 31.5] 34.0{32.9| 1.47] 2.26] 3.19{4.06 | 2.645] 2.395| 2.640| 3,188
551 46| 51.1 43 | 23.4] 27.8] 32.8|30.5| 1.49|2.34| 3.22 | 4.11 | 2.729| 2.559 | 2.701 | 3.602
671 56| 61 | 46 | 21.4] 26.0f 31.2]30.1| 1.53| 2.37] 3.25 | 4.12 | 2.920 | 2.647 | 2.795| 3.691
4| 71| 78 | 48 | 20.1| 24.0| 28.6|30.0{ 1.55] 2:41] 3.30 | 4.12 | 3.077| 2.768 | 2.989 | 3.725
104 | 86| st 19.0| 22.3| 28.3 1.57 | 2.44 | 3.51 3.263 | 2.880 | 3,015
1041 99 21.1| 26.2 2,471 3.35 2.980 | 3.235
126|120 - 20.0] 25.0 2.49| 3.37 3,08 | 3.429
152 18.7 2.51 3,223
201 17.5 2.54 3,40
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Table 25. FblL, : Rate of Adsorption

gp—

T(irfxe,)'t P‘ress'ure,Bp Volume, v L v,
e . -~ (m=x107) (ol at N.T.P. x 10 2) log . =)
- 22,503 00C ~160C -230C{22.59C 00C ~167C -230C[22.50C Q°C -160C -230C|22.50¢ 00C -160C -230C
7 10| 15 9-117,9125.6| 28.215.8 | 6.:4 | 13.9 18,5 | 21.8 3,063 | 3,171 {3.304 | 3.8605
11 20| 26 13,1 10.1}116.8] 21.9 113.3 | 6.5 | 14.1 18,7 }21.9 | 3.568 ] 3.613°}3.619| 4,068
17 | 291 36 | 21 6.6113.7) 19.2111.3 | 6.6 { 14;2 {18,75]21.9 | 3.940| 3.853 |3.811 | 4.294
23 | 351 54 | 32| 5.2}12.2]15.9} 9.9 | 6.65} 14,2 |18.82 | 22,0 | 4.159 3.993 |4.140| 4.503
36 | 45| 65 | 49 | 3.6]10.5] 14.9| 8.4 | 6,69 14.2 |18.84 } 22.0 | 4.494| 4.198 14.275| 4.829
66 | 51| 76 | 59 | 2.0 9.8/ 1.42 | 7.8 | 6.71| 14.2 ]18.85] 22,04 | 5.034 | 4.307 |4.406| 5.00%
8% | 56| 89 | 65| 1.5{ 9.6| 13.3| 7.7 | 6.72| 14.3 |18.87 | 22.04| 5.305 | 4.349 |4.634 | 5.059
100 | 60 1.2 8.9 6.73) 14.3 5.516 | 4.464
67 8.4 14,32 4,576
73 7.9 14,32 4.699
80 7.6 14.33 4,812

‘1617
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3.9, General Discussion : Conclusions

1. Effect of solubility

Among the several adsorbents studied, KC1 is unique in that at

low coverage the isosteric heats of adsorption in the lower temperature
range are significantly lower than those at a higher temperature,

This can be explained on the grounds that the former represents
'normal! behaviour, and on raising the tempsrature the surface ioné

at re-entrant corners or growth steps become partially hydrated. In
the lower temperature range the preferred adsorption site is assumed
to be above the centre of the lattice square, where the electrostatic
field is zero. This is justified by the close agreement between the
calculated and observed heats of adsorption.

2. Effect of the crystal structure of the adsorbent

The various insoluble adsorbents fall into two groups, i.e.

(a) CaF, and PbI,

(b) Silver halides and PbF,,
In group (a) the crystal structure of the underlying solid is an
important factor in determmining the adsorptive properties of water.
The homo~ionic surface of fluoride ions in CaF, allows h&drogen
Ponding to the surface to occur as a precursor to two~dimensional
condensation; and the heterogeneous layer lattice structure of lead
di-iodide promotes the formation of liquid‘state clusters on a amll
fraction of the surface. For group (b), however; monolayer adsorption
of water is largely indepemlent of the structure of the adsarbenty

the main factor being the lateral interactions (attractions) between
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adsorbed molecules, Thus,jalthough the cnysfal gtructures differ
widely, from simple cubic for AgCl and AgBr, to zinc blende type
for Agl, and a~PbCl, type for PbE,, these four adsorbents show the
same type of isosteric heat curve.

3. Effect of lateral interactions

The isosteric heat curve shown by the silver halide/?be group,
in particular the occurrencé of an inflexion in the early stages can
be explained, semi-quantitatively, on the basis of mnearest and higher
neighbour interacticns between molecules adsorbed in groups of two-
dimensionsl square arrays. With both the groups of insoluble
adsorbents the effect of lateral interactions is also reflected by,

i, its effect on rate‘measurements,

ii, the disagreement between water and krypton B.E,T, surface
areas, t '

In i, the lateral interactions act as a secondary process to that of
dif fusion of the adsorbate along the surface, and render the Arrhenius
equation inapplicable a8 a means of determining the energy of
activation. Where this effect is least-marked, i.e, for CaF, over
the whole range of temperature, and AgI and PbF, above ¢, the
cbserved activation energies of 2 to 3 kcal per mole agree with
values obtained by other workers (section 1.8.). Since the Arrhenius
equation is applicable to Agl and PbF, at temperatures above, but not
below, OC it is tentatively predicted that lateral interactions

would not be important at the higher temperature,
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In the case of ii, fhe wider the difference between the
surface area values, the greater the effect of lateral in‘beré,ctions.
This may be illustrated by the two extreme cases of Pbl,, where
the water B,E.T. surface area is only about one-fifth that of
krypton, and CaF, wheré the two surface areas are equal, The
p'bher adsorbents show varying differences between these two,

4. Heterogeneous nucleation and photo~decay

The nucleating efficiency c¢f silver iodide vdoes not seem 'bo_
be related to its adsorptive properties up to the monolayer stage.
Otherwise, thereis no reason why AgCl, AgBr and PbE, should not
be equally efficient, If Vonneguts hyvothesis (section 1.1.) is
accepted, the unique character of Agl must depend on the interaction
between the adsorbent and more than one layer, perhaps in the form
of a re-arrang;eme nt or phase change from square array to tetrahedral
ice~like form. In contrast, the nucleating efficiency of lead iodide
is apparently related to the ease of formation of liquid state
clusters at an early stage,

It is known (1 24) that the nucleation activity of Agl is
decreased by photochemical decomposition, as a result of the
increase in interfacial surface energy caused by silver atoms
produced on the surface, However, the experiments with silver
bromide show the opposite effect, i.e. that production of surface
gilver is accomﬁanied by e marked increase in heat of adsorption

(decrease in interfacial emergy) during the early stages of the
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monolayer, although there is little change in the region of 6 =1,
Presumably silver iodide behaves similarly, in this respect, to
the bromide, since both show the same monolayer adsorption
characteristics, This further suggests, then, that the mechanism
of nucleation of several layers on AgT is not related to the

mechanism involved in building up the monolayer.
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