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Abstract.

"

A volumetric gas adsorption apparatus was built and calibrated
with two surface area standards. The nitrogen adsorption and desorption
isotherms were detarmined for five iron oxides and the specific surface
area was calculated. Four of the oxides were found to be mesoporous,
QO -plots were constructed using the non-porous sample ((-haematite)
as the reference. An attempt was made to measure tha effectiveness of
an organic pretreatment on two of the porous samples by comparing
their surface areas and pors size distributions before and after
treatment.

A commercial flow microcalorimeter was used to investigate
the adsorption and desorption of 1-butancl and 1,2-epoxybutane
on one of the porous samples ('Af) and haematite. For haematite
the adsorption of both 1-butanol and 1,2-epoxybutans were rever-
sible., The surface area of both samples estimated from micrao-
calorimetry were smaller than their measured specific surface
areas, probably because of water precoverage. The heat of
1-butanol adsorption on sample f'A? uas'a function of cancent-
ration, the number of previous adsorption-desorption cycles,qnd
the volume of solvent passed over the surface prior toc the adsor--
ption. The adsorption of 1,2-epoxybutane on sample *A! was
substantially irreversible., Dilution effects became important
for both samples for concentrations above ca. +0 wt.%.

A speculative water vapour adsorpticn experiment was

performed using the microcalorimeter. Comparisons wera made aof

RH.c,



the water adsorption-desorption properties of all the samples,
The observed effects could not be simply explained. The heats
and rates of water adsorption and desorption increased with

increasing sample temperaturs.
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Ch .E ter I.

Introduction.

I-1. Gesneral Introduction.

Th; use of adhesive bonding of metals is becqming
incréasingly important industrially., Houeve}, the durability of
adhesive joints is preventing the full potential of the new tech-b
nology being realiﬁed. uheﬁ adhesive joints are exposed to weather-
ing tests in uhich water is present, the mechanical properties of
the joints often deteriorate rapid1y1.

This work stems from observation32 of the 1055 of
shear strength of steel lap joints bonded with spoxy resins and
subjected to uweathering in an aqueous environment. Experiments
have shown that different proportiaons of hardene¥ present in the
resiﬁ have a marked effect on joint strength. Excess hardener,

" usually a polyfunctional amine, is detrimental to joint strength,
and is thought to migrate towards the substrate adhesive interface
during curing. The amine groups create a hydrophilic layer at the
interface which is a favourable situation for the ingress of water
resulting in a loss of strength. The locus of failure of steel lap
joints exposed to moist and dry weathering tests is different.

In moist environments, failures always occurs at the interfaca1f2’3.
rather than in the adhesive layer. It is clear that water is
extremely damaging in the interfacial region. Water may reach
the interface by diffusion through the resin or direct transport
along the interface.

This work was carried out in support of a
researéh program designed to elucidate the factors involved
in joint failure induced by fhe presence of water. It is

anticipated that an understanding of the mechanism of water



induced joint failure could result in the development of'tech-
niques that raeduce the damaging effects of water. The experim-
ental approach is thermodynamic rather than surface analytical.

To simulate the surface of real and therefors
corroded steel plate various iron oxides and oxyhydroxides have
been used in a powdered fﬁrm.

The objective of this work has been to charact-
erise the surface of these "oxides" and attempt preliminary
studies of the adsorption of some model compaonents of epoxy
resins, The interaction of water vapour with the model steel
surface has also been studied. A commercial flow microcalor-
imeter was used for both the liquid and water vapour adsorption
studies. Eley ana Rudham4 have discussed the v;lidity of a
microcalorimetric approach to the problem.

A vacuum volumetric gas adsorption apparatus °
capable of measuring nitrogen adsorption/desorption isotherms
was built. Specific surface areas and pore siz;‘ﬁiatributions
extracted from the nitrogen ‘isetherms were also used to charact-
erise the iron oxides;

Ianic polymers have a great potential for
technological application.s If they could be incorporated
into the oxide film on a steel plate the rs=::itant surface
could provide a good bonding substrate fur subsequent applic-
ation of adhesive. The reducimninpolarii;‘of the interfacial
region mightialso reduce the ingress of water. It is poss-
ible that uniform adsorption of a carbOxyiic acid anhydride

on a steel plate might have a similar effect. This film

could form with the simultansous removal of physically

17.



18,

adsorbed water from the oxide surface. Preliminary work in this
laboratory based on this hypothesis has been tested using the

vacuum apparatus,

<

1-2. General Theories and Principles of Adsorption.
1-2-1 Introduction.

An interface is usually defined as the boundary
region between two adjacent bulk phases. UWhen one of these
phases is a gas ar a vapour the term surface is used.

0ften solid and liquid surfaces are treated diff—l
erently because of the differeﬁt experimental taqhniqués used to
characterise them. The general relationships and pruﬁerties which
in principle may be applied to any interface, solid-liquid, solid-
gas, liquid-liquid or liquid-vapour, uill now be summarised. ‘

Adsorption is the partitioning of a chemical
species between a bulk phase and an interface. Adsorption is
distinct from absaorption, although the twoc processes can occur
simultaneously. There are two limiting types of adsorption, chem-
ical and physical, depending on the forces involved. Van der
Waals forces are associated with physical adsorption, or physi-
sorption. The formation of a chemical bond between a surface
and an.adsorbed particle gives rise td chemical adsorption or
chemisorption.

Physical adsorption is characterised by lou
exothermic heats of adsorption ( < kaJmol-1of adsorbate)

of the same order of magnitude as the heat of liquefaction,

is non-specific, reversible and has no activation ensargy.



The formation of a physically adsorbed layer is similar to the
condensation of a vapour to a liquid, with the adsorbed layer
tending to behave like a two-dimensional liquid. Physical adsor=-
ption only occurs to an appreciable extent at temperatures

and pressures near those required for liquefaction., In con-
trast, the heat of chemisorption is high (80-400kJ|n01-1of adsor-
bate) and of the same order of magnitude as covalent bonds. The
adsorption is specific, often requires an activation energy, and
is irreversible, requiring high temperatures to initiate desorp-
tion. Chemisorption is complete once a monolayer is formed,
whereas physical adsorption is characterised by the fgrmation

of multilayers, A chemical species may chemisorb on a surface to
form a monolayer and then further adsorb by means of the physical
praocess to form a multilayer bound to the monolayer. The adsorp-
tion of water on metal oxides is a classic example of this phenom-

enone.

1-2=2 Types of Surface.

Considering only adsorbent-adsorbate interactions
it is possible to define two types of surfaces aon a submicros-
copic but not molecular level., Homogeneous surfaces are energ-
etically uniform with a heat of adsorption independent of sur-
face coverage. Heterogeneous surfaces are energetically non-
uniform with heats of adsarption dependent on surface caoverage.
Liquid surfaces are homogenecus because of their inherant fluid-
ity, while solid surfaces tend to be heterogeneous because of

the lack of surface motion.

0On a molecular level, the surface structure

19,



has a potential associated with it that varies periodically
with the structure as shown in Figure I.1. V(b) is the energy
of the bulk phase, AV, is the depth of the potential well and
AaVY is the energy of adsorption. An adsorbed molecule will
possess some thermal energy E and as a consequence will vibrate
about the minimum of the potential well. If AV is much larger
than £ then the adsorbed species will spend most of their time
on the surface near to the minima of the potential well, and
are said to be localised. When AV and E are comparable or
AV is less than E, the molecules may move over the surface,
becaming non-localised.

In reality there are often no sharpidistinct-

ions betueen types of adsorption, types of surface and degree

of surface mobility, although for reasons of theoretical simpli-

city the 1limiting cases outlined above are often retained.

1-2-3 surface Conventiaons.

There are two major conventions for the thermo-
dynamic treatment of a surface, one due to Gibbssand the other
to ién der Waals and Bakker, as discussed by Guggenheim7.

Gibbs defined the interface as a plane pp'

.with no volume or thickness (Figure I-2a) separating two bulk
phasesaand 8 . The bulk phases are pure up to the planes
AA’ and 85 in aand g respectively. Adsorption is measured by
the extra amount of component x> in between AA' and BB' by

virtue of the presence of the interface.

The other approach, which is equivalent but

conceptually simpler, considers the interface as a separate

phase P, as in Figure I-2b with a finite thickness betueen

20.




the two adjacent bulk phases a and 3 . All changes in proper-
ties betueen the bulk phases occur in the surface phase p bet-
ween AA' and BB’. This approach is physically more realistic
than the Gibbs method, although the choicg between a particular

model is simply a matter of canvenience.

I-2-4 Surface Thermodynamic Quantities.

The thermodynamic functions commonly used for
bulk phases, U the internal energy, A the Helmholtz free energy,
G the Gibbs free energy and S the entropy, may all be adapted
for use in the examination of surfaces.

For a closed system, with no interface, at:
equilibrium an infinitesimal change is reversible and the
first law of thermodynamiﬁs states that:

du = dq + dw (1-1)
where dq is the heat change corresponding to an amount of
work du., It is known that for an isothermal changes (in an
ideal gas) the internal energy remains constant, so thatti‘
dw = -pdV, where p and Y are the pressure and volume of
the system respectively. Also, from the second law of thermo-
dynamics dq = TdS where T and S are the temperatufe and
entropy respectively, 1f the system contains an interface,
in addition to the p AV work, work may be done altering the area
of the interface, so:

du = -pdV + 7Yda
where 7Y is the surface tension and a the area of the interface.
It follows that for a closed system; _

dy = TdS - pdV + vda : (1-2)
and if the composition is variable:

dy = TdS - pdV + Yda +Z,u,dﬂ" (1.3)
¢

21.
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whera By is the chemical potential of component i and A, the number
of moles of i.

Similar equations may be written for dA and dG.
fither convention for the surface is applicable., Representing any
of the functions U, A or G by F, then for a system containing tuwe
bulk phases a and g separated by an interface:

F(system) = F + F (1-4)
(a) (B) + F(interface)
The choice of surface convention becomes impartant when considering
the surface alone. If the Gibbs convention is chosen, the volume of

the surface is zero.

[-2-5 The Gibbs Adsorption Equation.

The Gibbs adsorption equation relates the surféce
concentration to the surface tension and the bulk fugacity or activ=-
ity of an adsorbate. 1In liquid-liquid and liquid=-vapour systems,
where the surface tension is directly measurable, the Gibbs equation
may be used to determine a surface concentration. Conversely, for
systems uhere the surface tension cannot be measured directly,
the Gibbs equation can be used to calculate the lowering of the
surface tension?Y, when adsorption occurs. The spreading pressure,
a two dimensional pressure exerted by the adsorbed molecules in the
plane of the surface, defined by [I= 7' (no adsorption) - v(adsorp-
tion) may therefore be calculated. The Gibbs equation may be
derived, using either of the surface conventionsa, it is

-dr = ?Ti‘{“a (1-5)

n, . . .
where 7; = 'i/a 1is the surface concentration of component i.

The Gibbs equation finds application in the

study of gas-solid systems, and in the interconversion of
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surface equations of state and adsorption isotherms.

An adsorption isotherm relates a bulk pressure or ,
concentration of an adsorbate to the surface concentration, at
constant temperaturs:

P = Kf(7) (1-8)

where P is the pressure, K is a proportionality constant
and f(7 ) is some function of the surface concentration.

A surface equation of state connects the spreading pressure
to the surface concentration:

M =7+ -7 =RTF(T) | (1-7)

where R and T have their usual meaning and ft?’) is apother
function of the surface concentration. Thus the Gibbs

equation can be used to relate the lateral adsorbate interactions
dascriﬁed by the 2quation of state ta the normél interactions bet-
ween the adsorbent and adsorbate described by the isotherm, since

both equations contain a surface concentration expression,

I1-2-6 The Tuo Dimensional Perfect Gas.

The fundamental principle of surface chemistry
is that bulk measurements of prassure or concentration before
and after reaction with a surface can yield information concern-
ing the surface. Neglecting the surface heterogeneity and the
lateral interactions of adsorbed species, it is possible to
derive an ideal equation of state based on a perfect tuo-
dimensional gas (an ideal non-localised monolayer). Follow-
ing the method of Fouwler and Guggenheimg, the partition function

z(}) for an adsorbed particle may be written:

Z(1) = Z(TRANSLATIONAL) Z(VIBRATIONAL) Z(ROTATIONAL) (I-8)

and related to the partition function of a monolayer of N




indistinguishable non-interacting particles by the expression:

N
Z (MONOLAYER) = EJ_ z(1) : (1-9)

The Helmholtz fres energy A(M) and the spreading pressure [[(M) of

the monolayer are related to the monolayer partition function Z(M)

by:
A(M) =—KT ., ln Z(Mm) (1-10)
(M) = -(M) (1-11)
e Jryn

Application of Stirlingi approximation followed by different-
iation with respasct to a, the interfacial area, yields the sur-
face equation of state:

[Ma = NKT (1-12)

wvhere K is the Boltzmann constant.

The chemical potential of ths monolayer may be
obtained by differentiation of the monolaysr Helmholtz frse

SA
enargy with respect to N [ (gm) ] » For equilibrium
TVva

the chemical potsntial of ths adsorbate on the surface and in
the bulk must be the same. B8y comparison of ths chemical patent-
ial for a perfact gas (Fowler and Guggenheing) with that of the

adsorbed species the adsorption isotherm is obtained:

P = KN (1-13)

where P is the bulk pressure, N ths number of adsorbed particles
and K a constant containing a number of molecular paramsters

and a potential term for the adsorbent-adsorbate interaction.
Equation I-13 states that for ideal phasss thes amount adsorbed
is directly related to the bulk pressure, A

By suitable adjustment of the particls

24,
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partition function,deviations from ideality may be accounted for

25.

by including terms for the size of the particles and their lateral

interactions. The adsorption isotherm becomes dependent on cover-

age and describes two dimensional monolayer condensation‘o. This

phenomenon is observed experimentally for adsorption on solids

and liquids.

[-2=7 The Langmuir Adsorption Isotherm.

The first quantitetive theory of the adsorption
of gases on solids was given’ by Langmuir11using a kinetic
approach considering thas rate ofAcondensation and avaporation
of particles on a surface. The derivation assumes an ideal

localised monolaysr and results in the well known equation:
bp = 6/(1-6) (1-14)

where O is the fraction of the surface covered at the
prassure p and b is the ratiovof the rate constants for
adsorption and desorption. The statistical derivationgyialds
thecgnstant in terms of ths molecular pafameters. The modsl,
although more useful for ths description of chemisorption, is
important bescause sxtensians of it form the basis'for the
derivation of isotherms dsscribiﬁg the multilaysr character
of the physical adsorption of gases on solids., The most
important of these is that developed by Brunasur, Emmett

and Teller12, and is to bs discussed later.

1-2-8, Forces fetwsen Particles.

It is well-established that the rmsyltant force

between any pair of isolated particles is simply the differencs
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between the attractive and repulsive forces. These.forcaa F, may be
represented as gradients of potential Y, since f = - grad'u. .

For forces with no radial symmetry:
F o=-du(r) , (1-15)
A 3 T . :

where r is a distance. The potential bstween two isolated part-

icles may bs written as:

U= _A_ =~ _B (1-16)

A and B are constants, d is the distance of separation and m and n
are the powers by which the attractive and potential terms vary.
The repulsive term (A/Bn) is not well understood and may have n
values bestwesn 9 and 12. The attractive term 1; bstter understood
and may have any one of a variety of m values or a combination.
The intsraction of fuo ions corresponds ta m = 1. JIon-permanent
dipoles and permanent dipole-permanent dipole interactions corres-
pond tom = 2 and m = 3 rsspectively. m = 4 corresponds to an ion-
induced dipole interaction. Dipole-induced dipole and f{ondon!
dispersion interactions both éorrespund to m = 6, Permanent
dipole-quadrupole interactions and quadrupole-quadrupole
interactions correspond to m = 8 and m = 10 respectiveiy. The
situation is further complicated becauss the interaction of macro-
scopic bodies is the result of the combination of all possible
interactions. It is not simply the sum of pair wise interactions
since multibody interactions are also present. The phenomenon of
retardation may reduce the range of the London forces in a multi-'
body system1,3n increasing to 7,

The forces of physical adsorption cgn be con-
sidered as having two major components, a non-specific contrib-

ution aluays present irrespective of the systam and a specific
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component dependent on the particular praperties of the system, ie.
charge and shapes. By definition, the forces hava a short range and

are weak,

The non-specific interactions include the [ondon

force14’15

and a short range repulsion; The London forces are the
primary causse aof attraction between neutral particles and arise
from the rapid, random movement of thg elsctron ;loud of one
particle polarising the electron cloud of a neighbouring particle.

The transient attraction is between the instantansous dipole and

the induced dipole and nat betwesn the instantaneous dipolas

since these do not have time to align and will repel as often as they
attracts In addition there are induced dipole-quadrupole and quadrupcle=

quadrupols interactions, so that strictly the attraction poten-

tial function should contain m = 6, 8 and 10 terms. The repul-
sive forces have a short range and are strong, resulting from
the compression of two slectron clouds in the absences of chem-
ical reaction. The total potential betwesn two isolated atoms

is to a good approximation characterised by a (12 : 6) potential:

d = A - . 1-17
u(d) SLE 8 (1-17)

a'? d°

the potential curve for which is plotted in figure I-3. The
specific interactions are important when the adsorbent or the
adsorbate or both are ionic or palar, Kiselev16 and Barrer17
have discussed thess interactions. They ars important when

the adsorbent is a metal oxides, has exposed surface ions and

reactive surface hydroxyl groups and the adsorbate is ionic

or polar. In general, for the adsorption of polar species

on a polar surface, the total energy of interaction ¢ is the

sum of the non-specific interactions ¢(NS) and the various




specffic interactions ¢(S) as appropriate:
¢ =¢‘(M.S.) + ¢ (S) (1-18)

whers ¢ (N.S.) is the sum of a dispersion term and a repulsion
term and $(S) contains a small polarisation terw ¢ (p) and poss- -
ibly a field-dipols term ®(Fu ), and a field-gradienf-quadrupole
term & (FQ):

d(s) = ¢(P) + o(Fu) + & (FQ) : (1-19)

The fisld-dipols term is important for the adsorption of spscies
with a permanent dipols moment (e.ge. HZO)’ while the field-
gradient quadrupcle term is significant for moiecules with

a permanent quadrupole (®.g. Nz).

The above discussion has assumed adsorption on
plane surfaces. \When adsorption on non-planar, porous surfaces
is considered, the potential at a distancs d from the surface
will vary with position over the surface. In particular, the
overlap of the potential associated with opposing walls %“ a
pore will enhance the net potential, thus increasing the ;?65-
ability of adsorption (the other factors being equal) compared
to a plane surface. UWhen the walls become sufficiently close
" ( £2nm) the phenomenon of 'micropore filling! occurs and the
heat of physisorption becomss significantly larger than that

for adsorption on a similar but non-porous surface18.

1-2-9 Enthalpies of Adsorption.

Physical adsorption is spontaneous wvhich
rqquirss that AG, the Gibbs free snergy change of the systeam,
is negative. It is reasonable to assume that the entropy of

an adsorbent does not changes significantly on adsorption.

The entropy of the adsorbate must decrease during adsorption
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becauss of the restriction in movemsnt on the surface compared
with the free phase. Hence, the total entropy changeAS, accom-

panying adsorption must be negative; so, from the equation:
AG = AH - TAS (1-20)

the enthalpy of adsorpfion[&ﬂ, must also be negative. Equate
ion I-20 is written in terms of integral quantities, soAH
is the integral enthalpy (or heat) of adsorption. If the

addition of n moles of adsorbate to a surfacs releases an

amount of heat Q the integral heat is19;
AH = q(i) = a/n (1-21)
A differential heat is defined by:
AH = q(d) = (9Q - (1-22)
an
T,V

The isoteric hsat (enthalpy) of adsorption q(st) or

- 7/
-AH is rslated to the differsntial heat by:
-y
g(st) = q(d) + RT = = AH (1-23)

and may be calculated from isotherms measured at different

temperatures.
I-2-10 The Description of Real Solid Surfaces.

A perfect bulk crystal is a practically
unattainable state and a perfectly ideal surface is equally
removed from reality; a perfect crystal could not grow.
Thers are a number of readily identifiable deviations from
perfect crystals and hence perfect crystal surfaces’s.

Lattice defects may be of the Schottky or

Frenkel type. The former may be considered as an ideal
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lattice disturbed by simple vacancies in the lattice positions and

the latter is the result of the movement of ions (usually'cations
since these are smaller) to interstitial positions leaving
behind latticse vacancies. At the surface, Both these effects
are relatively easy, aﬁd the distinction betwesn them becomes
blurred because there is effectively a row of empty lattice sites
above the surface into which a displaced ion may move.
Non-stoichigmetry is a common phsnomenon, espec=-
ially among the metallic oxides. Ffour non-stoichiometric types‘
of defect may be identified20 and the presenca of any of them near
to or at the surface would drastically alter the surface ensrgy.
The addition of a foreign ion to a lattice
always creates a degree of disordsr irrespective of the charge
of the ion, because of différences in size and pohﬁsability.
If.ths foreign ion valency is different from that of the ions
in the host lattice it is possible that the impurity ion may
maintain its ouwn valency state at the axpense of the crystal,
resulting in lattice vacancies.
Dislocations may be considered as the result of
a sliding of a plane of lattice positions leaving a non-uniform
three dimensional system of lattice plaﬁes. The mast common
forms of dislocations are the edge and screw dislocations.
They arise during the processes of nuciaation crystal growth
and flocculation (if the crystal was precipitated from solution).
The real microscopic world is nat flat; a degree
of surface roughness exists and in the limit results in the phen-
omenon of porosity. A point or an edge will always have a surface
energy that is different from that of the plane surface. 1In

addition, many freshly-made materials undergo a weathering




process when exposed to a particular environment. Typically, oxide
gels precipitated from an aqueous solution change their adsorption

properties with time.

I-2-11 The Surfaces of Metal Qgxides.

It is well established that metals exposed to dry
air rapidly develop an oxidised surface film with a thickness in
the range 1-10nm. If moisture is present, the oxide film reacts
to form a hydroxyl monolayer which then further adsorbs molecular
water. The adsorption of oxygen and the initial hydroxylation
both procead by a dissociative chemisorption mechanism that often
involves the overcoming of an activation energy before ;rua
chemisorption occurs13. The adsorption of a molecule X, may
ba considered first as a physical adsorption, followad by
increasing molecular strain in thes adsorbate resulting in bhond
cleavage and then true chemisorption of the dissociated-specias.
The potential enefgy curves representing this situation are
sketched in figure I-4., A E is the activation ensrgy and AD
the dissociation energy of Xpe The curve S + X, traces the poten-
tial as the moleculs x2 approachéa the surface § and the curve
S + X + X denotes the potential of S and the dissociated species
X + Xe The large potential well U(c) represents the formation
of two S - X bonds, the smaller potential well corresponds to
the initial physical adsorption. Hence as X, approaches the
surface it is initially attracted by the long rangs surface
forces and can dissociate at D and chemisarb by following the

S + X + X curve. UhenpAcfg is é significant fraction of AD

the reaction will tend to be slow at low temperatures, as

in the hydroxylation of many metal oxides, even though it is
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thermodynamically favoured.

The extent of molecular water ads;rption on the
hydroxyl'layér dependa on the relative humidity of the atmosphers
and is physical in naturs. An ice-like structure bound by Hydro-
gen bonds is found to exist on the hydroxyl layer. As the depth
of the adsorbed water film increases so the rigidity decreases
and the outer layers become more mobile. Additionally, a state
of dynamic equilibrium exists between th; outer physically adsor=-
bed layers and the bulk environment. It is well known that
the proton of a surface hydroxyl may exchange with gaseous
deuteriun21. Surface mobility is not confined to adsorbed
species, although it may become significant at temperatures
near a solid*s melting point; when a scratched silver surfacs

is heated the scratches fill up as the melting point is

approachad.22
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CHAPTER II,

Physical Adsorption of Gases.

I1-1 Introduction - The Classification of Isotherms.

To interpret the vast array of accumulated data for
the adsorpfion of gases and vapours on solids many different models
have been advanced19’ 23. 0ften these models have similar mathem-
atical forms and can therefors be made to fit a variety of exper-
imental datgza. To test a particular model it is desirable to -
obtain data at a number of different temperatures. Many models
ars complex, containing numerous'vatiable parameters, making their
practical application difficult. Consegquently some bf the simpler
models, based on rather inadequate assumptions, have found exten-
sive use. The BET model, used for the estimation of specific sur=-
face areas is an example. Physical adsorption procesds by the form.
ation of multilayers on a surface, eventually resulting in the
establishment of a condsnsed adsorbats phase. The initial part
of any isotherm, corresponding to low relative pressures, is
thus 1l argely dependent on adsorbate—ad;orbant interactions,
while the latter part depends more on adsorbate-adsorbate 1nte£—
actions. Dollimore, Spooner and Turner25 have discussed exper=- -
imental isotherms in terms ef low and high pressures bshaviour
although the traditional description of Brusauer, Deming,

Deming and feller (BDDT)ZB, with the addition of hysteresis
loops where appropriate, is commonly used. The characteristic

~ curves are shéun in Figure II-1 as types I to V with the
addition of type yI, a step-uise isotherm describing the adsor-

ption of noble gases on homogensous surfaces.

The type I isotherm is traditionally described



in terms of Langmuir-like monolayer adsorption although Gregg and

sin927haVe adﬁanced the view that type I isotherms are indicative of

micropore fillinge The type II isotherm corresponds to multilayer
adsorption on non-pdrous powders, the inflexion being taken as
the completion of the monolayer (the Point 8)., Ths BET model is
most successful in describing type II isotherms. The relatively
rare type III isotherﬁs appear to be characterised by a low heat
of adsorption uwhich is less than the heat of liquefaction. As
adsorption proceeds’adsorbate-adsorbate interactions become

of increasing importance, and the Point B (associated with an
adsorbent-adsorbate interaction) is difficult to define. The
type IV and V isotherms reflect capillary condensation in

porous powders and show the characteristic hysté}esis loop

(the adsorpfion aﬁd the desorption pathways are different).

Type IV isotherms are the more common, the knee corresponds.

to the completion of the monolayer and the hystesresis loop is

'associated with pores in the radius ranga 20-{;00; .

I11-2 The BET Equation.

Brunauer, Emmett and Tellcr12 advanced the first
model of multilayer physical adsorptibn as an exfansion of Lang-
muir's monolayer mﬁdel. The original derivation was based on
kinetic arguments of tha rates of adsorption and desorption.

The assumptions involved may be summarised:
‘1. The surface consists of a plane of equivalent
adsorption sites;
2. At certain pressures particles may adsorb on a site
and may also adsorb on top of an dccupiad site to

form a number of layers in a tatack?;
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3« There are no lateral adsorbate-adsorbate interactions;

4, The heat of adsorption for all layers except the first
is the same and equal to the heat of liquefaction of
the liquid adsorbate;

S. A particle coversd by anothar cannot evaporate;

6. At equilibrium the number of parficles evaporating
from a layer is equal to the pumber condensing on
the layer below;

7. At saturation the number of layers becomes infinite.

The treatment yields the BET equation:

P 1 = 1 4 (c-1) P ' (11-1)
) v ) .
(Po- P) vmc VmC~ Pa

wvhere P is the equilibrium pressure of adsorbate, Po the satur-
ation vapour pressure at the temperature of adsorption, V is
the volume of gas adsorbed at pressurs p, Va is the volume
of gas required to form a monolayer and C is a constant, ‘It
is possible to derive the BET squation by statistical methods
which do not assume any particular kinetic mechanism and yield
the constant in terms of molecular parameters. The monolayer
volume nead not necessarily correspond to an actual real mono-
layer; it simply denotes the number of particles required for
a statistical monolayer. In the original derivation, the constant
C expresses the relative résidence times of particles in a given
layer. To a first approximation C is related to the difference
between the heat of liquefaction L, and the heat of adsorption
of the first layer,

E -L = RT 1InC (11-2)

where R is the gas constant, énd T the temperature. Generally



a high € (C > 1) value suggests a large heat of adsorption and adsor-
ption in the first layer is preferrad. The first layer i; therefore
substantially complete before higher laysrs are formed and a type II
isotherm with the characteristic tknee! results. MMany isatherms fit
the BET equation in the region in which the knee occurs, in the
relative pressure rangs 0.05 to 0.30. Although the knee is assoc-
iated with the completiﬁn of the mdnolayer (vﬁ% a 1) the statist-
ical nature of the phenomenon snsures that tﬁe monolayer will
almost certainly not be complete. However, the smaller the
difference between the point U/Vm = 1 and the completion of the
monclayer in reality, the highér C is, and the more distinct the
knee becomes. This is the basis of the Point B method for sur-

face area detemmination. By inspection of the iéotherm an
approximate mondlayer capacify may be obtained by identific-

ation of the Point B (the high pressurs end of the knee at the -
point at which the curve bgcones linear), and equating this

to V= 1. ,
Va ‘ v =
The BET equation in the form above, equation
11-1, predicts a straight line when P/(Py=P)eV is plotted‘
against‘P/po wvith a gradient of c-1/umc and intercept
V"a':' Thus, for an isotherm which fits the BET equation in
the requisite pressure range, vﬂ and C may be obtained. If
the cross sectional area o , of the adsorbate on the surféce

is known, the specific surface area 5, of the adsorbent can be

calculated since
Sy = Vo N/VDU (11-3)
where N is Avogadra's number, V, is the-ideal gas volume and U

the weight of the adsorbent.

The surface areas of some porous materials may
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be sstimated with caution. Strictly the model is only yglid for

plane surfaces although most hysteresis loops associated with ,
capillary condensation close at relativs pressures above 0.3.

However, if microporosity is present and hystgresia is found to

aoccur in the BET region the validity of the approach must be

seversaly doubted.27.

For the evaluation of a surface area, the BET
model strictly réquires the use of the cross sectional area of
an adsorption site rather than the area occupied by an adsorbed
particle. The former quantity is unknown, and 'absclute' sur-
%aca areas are thersfore unobtainabls., This defect in no way
diminishes the usafulness of the BET model for the assessment
and comparison of fBET surface areast.

small C values (c = 1) indicate a low heat of
adsorption and are associated with type III isothorms. Some

negative C values have been obtained 28.

11-3 Criticisms of the BET Modsle.

Many authors have examined closely the assumptions of

2
25’27. Brunauer % has acknouwledged that for freal' systems

the BET modsl
the assumptions of equivalent adsorption sites and lack of‘}ateral inter-
actions are incorrect, but pointed out that for coverages approaching

the completion of the monolayer they are self compensatinge. The most
snergetic sites of an energetically hetesrogeneous surface uili be

covered first, so that the overall adsorption potential decreases

with increasing coverage. Conversely, lateral interaction betueen
adsorbed species will increase with increasing coverage. The result

is that the adsorption enérgy E often remains approximately con-

stant.ub to monolayer coverags as in Figure II-2 and C is hence.

constant.
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A major criticism concerns the assumption that the
heat of adsorption for the second and higher layefs is the same
and equal to the heat of liquefaction. The polarising affect
of a surface decreases uniformly with distance from the surface
sa that the heat of adsocrption for the nthflayer will be greatar
than for the (n 4 1)th layer. 0Only far from the surface will
the polarising power become negligible, and the heat of adsorp-
tion of succeedihg layers be nearly constant and esqual to the
heat of liquefaction. When the assumptions concerning the
heat of adsorption of the first layer E, and the heat of
adsorption of subsequent layers L, break down (C will vary

with coverage, since equation II;Z may be written:

C ~ exp EE - FVRT ] (11-4)

. has

2
pollimore et al 5 review the constancy of C and Lowell
derived an equation relating the fraction of surface covered Oim,

by 1 layérs at the point V=v_ to c?

Oim = c[c5-1]i+1 (11-5)
T-1 -

The assumption of non-interacting stacks of
adsorbed particles and the consequsnt lack of mobility is
clearly incompatible with the assumption of a phase abgve
the first layer exﬁibiting liquid-like intéractions.

The kineficdajviation produces a third con=-
stant, 'q' that is removed by setting it equal to Po' This
sﬁould occur at saturation and so as P——>Po, V—o. This

does not always occur and can nsver occur for a porous material.

Hence the range of relative pressure for which

the BET model is épplicable corresponds to the low pressure
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" region before extensive multilayer formation has occurred, typic-
ally for P/ﬁ)betueau 0.05 and 0.30. Often the range of épplic-
ability is much lessza. To overcomsa the deficiencies of the BET |
model many modifications have bsen suggssted, for example by
Ander30n31, Brunaueysz, Hﬁtt1933, 001934, Halsey35, Ferguson

and Barrer36 and Theimer37. 0ften, as in the casa'of the

further aquations.of Brunauerszthe number of variable paramsters
increases, so reducing the usefulness of ths equations. The

Frenkel-Halsey-Hill (FHH)10’35’38’39’40

approach treats the
adsorbed layer as a slab.of liquid similar to the bulk ligquid
and is complementary to the BET theory. The FHH model works
best for coverages and pressures above those for which the BET
model breaks down ,

Despite the many criticisms of the BET model

and the attempts to improve it, the hasiemodel is the most

extensively used method for determining surface areas.

1I-4 The Choice of Adsorbats.

It is essential for ths estimation of sur-
face areas that an adsorbate gives a well dafined knee in a
type II or'possibly a typa IV isotherﬁ. The effective area
of the adsorbate must be known and should remain constant
for a number of adsorbents. This requirement dictates
the use of small molecules with known surface orientation.
The stacking must also be known, again favouring the use
of small molecules. The gas or vapour should be well
characterised so that deviation from ideality can be
accountsd for in the calculation of the amount adsorbed.

Many adsorbates have been usedd1the most common being the

inert gases, nitrogen and water vapour. Uuhers only the
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surface area is sought rather than additional chemical information
concerning the surface, nitrogen is the standard adsorbaée. Nit-
rogen gives type Il isotherms with many adsorbents; it is approx-
imately ideal, and the deviations from ideality aré well-docum-
enteddz. The uncertainty in tﬁe calculation of the nitrogen
cross-sectional area is small, and the generally accepted value

is 16.2?\2 at =195.8C. A practical consideration is the question
of the rats of attainment of equilibrium. For nitrogen on many
plane surfaces this is virtualiy instantaneous and is almost cert-
ainly completed within about ten minute;. If narrouw pores are
present so that the adsorption within the pores becomss activ-

ated, it may, howsver, take weeks to achieve equilibrium.

II-5 Other Models for Adsorption.

In addition to the BET type descriptions of
multilayer adsorption there are two other broad approaches,
those based on the equation of state of the adsorbed film
and those based on a consideration of adsorbate particles
moving in a'potential field close to the surface.‘s The
moat important of the former class are those isotherms
derived from two-dimsnsional equaetions of state. The ideal
gas law equation of state gives a Henry's law isotherm; correc-
tions may be applied for non-ideality in the form of Van der
waals equations of state or by the application of virial
equations, A number of isothemms exist which are related
to the original potential theory of adsorption advanced

by Polanyiaa. The space above a surface is assumed to con-
sist of a netwark of equipotential planes so that a cross-

section contains a number of equipotential contours above

the surface as in Figure I1I-3. The adsorption potential E
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is a maximum at the surfacs and decreases with distance from the
surface. Successive paotential planes enclose a volume of space
¥V which increase with distance from the surface as E decreases,

%o E = £(1) (11-6)

It is assumed E is indépendent‘of temperature. The curve repres-
snted by equation 1I-6 is the 'charadta;istic curve! for a given
system. As the treatment'is thermodynamic it is open to less
criticism than the BET model.,, For multilayer adsorption, conden-
sation to a thin, negligibly conbressad, liquid film is assumed.
The work done, per mole E, compressing an ideal gas at constant
temperature from the pressure of the bulk P(o) to the vapqur
pressure of the liquid p(L) is:

E = RT1a (P(L)/P, ) (11-7)

Corrections may be applied to account for the work done in creating
a liquid gas interface and for the compressibility of the adsorbed

18,45 a-c_ 4 others have applied the potential theory

phase, Dubinin
to adsorption on porous surfaces, particularly adsorption in micro-
pores, The frenkel-Halsey-Hill slab theory is one of a number of
modificafiané to the original potential theory. The potential is
assumed to vary with the distance from th; surface. For a plane
~ solid and a tslab' of adsorbed liquid, the principal adsorbent-
adsorbate interaction involves dispersive forces so, at a dist-
ance x from the surface;

Enx) = Eo) / (a+ X)3 (11-8)
vhere a is a constant. The derived adsbrption isotherm becomes:
. n n
(V/7u(m))" = A/ 1n(P / P), withA = Eo/(x(m}.nr) (11-9)
where x(m) is the film thickness at the monolayer point, V and

V(m) are film volumes and the power n lies between two and three

for many nitrogen isotherms.

s



There is na one model that complétely describes
all the features of multilayer physical adsorption. Treatments
of a two dimensional phasse are only adequate in the sﬁbmonolayer
regions The potential model is more realistic and arguably has
a soundsr basis than the BET type models.) There are two major
problems to surmount. Tha first of these is that the theory
of liquids is incomplets so that the problems of a thin liquid
film held in a potential field are hardly likely to be solved
befors advances occur in the understanding of the bulk liquid.
The second effaect is that of surface heterogeneity which is
present unless great care has been exercised in the preparation
of the surface. An experimentally cbserved isotherm is the
result of adsorptions on all the different surface sites.

Thus, in addition to the pressure dependsnce a site energy dis-

tribution function is requirsd to describe the isotherm.

II-6 Adsorption on Porous Solids.

Generally, adsorbates above their critiqgl temp-
eratures do not give multilayer typs isotherms and porou; and
non-porous surfaces behave similarly provided the pore sizes are
significantly greater than the size of thse particular adsorbats. -
Below the critical tsmperature multilayer adsorption occurs
and the effects of porosity become apparent. Within a pore
the thickness of the adsorbed layers is limitede In addition,
the overlap of the potential fields of the opposing walls
enhances the adsorption potential and can increase the amount |
adsorbed at a given relative pressure compared to a plane
surface. 0Once filled with adsorbéta, pores shouw a Ialuctancar?

to empty. The phenomena of capillary condensation and adsorption

hysteresis characterise adsorption in porous materials. Pore

ds‘



sizes are classified according to their width as in Table II-1,
using the 1972 International Union of Pure and Applied Chemistry

classification.

The type IV isotherm results when an adsarbent
possess mesgpores and has the same adsorbenf—adsorbate inter-
actions as those responsible for type II isotherms. The type V
isotherm is rare and difficult to interpret. It results from
similar interactions to those determining type III isotherms.
If an adsorbent is entirely microporous a type I isotherm is
obtained experimentally and if mesopores are also present, the
affects of microporosity are revealsd as small low pressurs
hystarasis‘loops additional to the main cendensation lbop.

Only the type IV isotherm and hence the properties of meso=-

porous adsorbents will be discussed hers.

11-7 Adsorption Isotherms, Type 1V.

A type IV isotherm is shown schematically in
Figure II-4. The low pressure region ABC is analogous to mono-
layer formation in type II isotherms; between B and C the monalayer
ié completed. In the absence of microporosity the adsorption is
reversible, so that the.adsorption and desorption curves are ident-
icals Multilayers begin to form above C on the branch CDE. At £ the
pores are filled with adsorbate in a liquid like phase and any further
adsorption occurs on the exterior surfaces anly, resulting in the
branch EFG. cOndsnsatipn inzlgrge pores or between particles may
causs the isotherm to tﬁrn sharply upwards to H at some point F
along EFG, approaching P, asymptotically. Above E the adsorp-
tion is reversible, thus the adsorption and desorption curves are

identical. pesorption occurs primarily from the exterior surfacss
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up to the point'E. Thersafter the branch EIC is followsd. At any
point along the hyatéraais loop the quantity of adsorbate on the
surface is gr;ater for the desorption branch than for the adsorp-
tion branch. Along EIC, material is not initially lost from the
interior of pores, but rather from the shrinkage of the liquid
like menisci covering the various pore entrances., Thus the
desorption along EIC starts slowly. At some point after E

a particular meniscus will become unstable. Any further small
reduction in pressure then causes the meniscus to collapse and

a substantial volume of the liquid within the pore evaporates
rapidly, leaving a thin film of adsorbate on ths pore walls,

If the desorption process is commenced before all the pores are
full, then the loop J will be traced from the adsorption to the
desorption branches of the isotherm.

Within the hysteresis loop, the adsorption process
depends on the patential field within a pore, and hence on the
size and shapse of the pore. .HOUBVBr, the initial desorption
process is controlled by the behaviour of the liquid meniscus
in the potential field of the pore entrance. (Clearly the mechanisms
for‘adsorption and desorption between C and E are differant.

de Boerdshas further classifiad isotherms exhibit-
ing hysteresis, the three most important ones ars shown in Figure
I1I-5. The type A loop has traditionally been associated with cap-
illary condensation in open-ended tubular pores. A cylindrical
meniscus forms during the adsorption process so that the desorption
process, which occurs through evaporation of a hemispherical
meniscus,tékes place at a lower relative pressure. The type 8
loop was cnnsiaared to be associated with slit—shaped.pores.
puring adsorption a meniscus does not form until high relative

pressures are reached. Desorption is controlled by evaporation

48,
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of a cyndrical meniscus. The type E loop associated with many
oxide adsorbents is associated with condensation in 'iné bottle?
type pores. The initial flat part of the desorption loop results
from evaporation of small menisci. This is followed by the empty-
ing of the entire pore at the relative pressure at which the
narrow meniscus collapsed. Since the pore filled at a pressure
corresponding to the widest part of the pore there is a large dis-
parity between two branches of the isotherm. The relation bet-
ween pore and meniscus shapes is not fully understood.

On a macroscopic scale liquid suffaces are des-
cribed by the Laplace and Kelvin equations. Thg fprmer equation
relates the pressure drop across a curved surface to the principal
radii of curvature and the surface tension and finds application in the
gvaluation of surface tension by capillary rise methods. The Kelvin
aquation which relates vapour pressure to surface curvature, ié impdr-

tant in the context of the estimation of mesopore sizes from gas

physical adsorption data,.

11-8 Equilibrium in the Hysteresis Loop.

Thae existence of adsorption hystereﬁis poses prob-
iems in the application of equations such.as the Kelvin equation,
which are based on the general principle of thermodynamic rever-
sibility. If pérg emptying is considered as a catastrophic avent
occurring at some critical pressure in the tink-bottle' hypothesis,
it is doubtful if reversibla thermodynamic equations can be applied.
In general, ths work of expansion and compression in "piston and
cylinder" experiments are functions of the path. AThareforé,
on moving through a hysteresis cycle, the possibility exists that

the net change in work will not be zsro. An irreversible process



must therefore be involved. Applying this argument to adsorption
hysterssis results in the conclusion that Second Law equations
. 43,47
become suspact when applied to hysteresis .
Opinion varies as to whether to use the adsorp-
tion or desorption branches for calculations of pore size distrib-

utions2?»43,48,49,50

If the molar free energy changs for the
condensation and evaporation of a quantity of liquid in a
pore can bes represented by:

AG = RT In (P/R) (11-10)
then the desorption loop corresponds to the more stable situation.
In general, unless 'ink-bottle' type pores have been identified
the literature tends to suggest the use of tha desorption
branch for assessments of pore sizes, Irrespeciive af which

branch of the isotherm is chosen for analysis, the mathemat-

iﬁal treatment is in principle the same.

I1-9 The Kelvin Equation.

Tha Kelvin equation describes the relation-
ship between thé vabour pressure gver a curved surface and

the radius of curvaturs. It is usually written in the form:

1n = =2YVm)cosH (11-11)

£
Py RTR(K)

where P/Pa is the relative pressure at uhicﬁ condenSaﬁion occurs

in a pore of radius R(K); Y is the surface tension; v(m)ris the

molar volume, 8 is the contact angle and R and T have their usual

meanings., For 8 between 0 and 90° the right hand side of this

equation remains negative so that P is less than Pge Hence

liquid should condense in a pore at some pressure less than :

S0.
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the saturated vapour pressure. Unfortunately, contact angles
between liquids and capillary walls are unknoun. Equa%ion

II-11 is commonly approximated:

-2Y v(m) | (11-12)

R(K) =
RT 1n (R/P )

with @ equal to zero. R(K) will therefore be high by a factor
1/c0S8 although the error is small for quite large values: .

of 0 (cos 20 = 0.94). Gregg and Sin927discuss the implic-
ations of this assumption and draw attention to the constancy
of 6 throughout the isotherm. In the form 11-12, a hemis-
pherical meniscus in cylindrical pores is assumed.

The applicability of the Kelvin aquafion to
adsorption phenomena requires that the concepts of a liquid
meniscus with the associated surface tension remain valid.
This immediately precludes the investigatioh of micropores
where the concept of a liquid meniscus ceases to be meaning-
ful., Condensation in macropores occurs at high relative
pressures whare P and Po are nearly the same. Hence the
Kelvin equation finds most use in the mesopore range.

However, questions concerning the applicability of bulk

surface tension, molar volume, pressure and temperatufa

to tha interior of the pores remain unanswered. An article
by Everstt, Haynes and MCElroy51concludes by noting the

lack of experimental verification of the Kélvin equation

It is well known that for small r the surface tension itself
becomes a function of curvature. This effect does not become
apparent until the curvature is compérable to molecular

2
dimansionss ’53.



In reality most porous solids have a distribution
of pore sizes ahd in addition a variety of irregular shapes.
Unless the shape of an isotherm or preferably an indspendent
method (e.g. electron microscopy) suggest some predominant
pore structure, it is common to assume cylindrical pores and
use the Kelvin aquatinn.in the form II-12. Corrections may be

applied if the pore shape is knoun.

I1I-10 Mesopore Analysis.

The volume of all pores is calculated as a
function of.the pore radius and is plotted as in Figure II-6a.
The pore size ‘distribution is simply the derivativelof this
curve, dV/r)/ dr as in Figure II-6b. The calculation is com-
plicated by the fact that for a given pressure change, the
changs in the amouﬁt of material adsorbed on the surface has‘
two components. Considering the desorption process, when
bulk liquid has svaporatead frqm a pore it leaves a film of
~adsaorbed material on the pors ualls; A further reduction
in pressyrs will cause this film thickness t;'decreasa.
Simultaneously, capillary evaporation will occur from smaller
pores that did not lose their capillary condensed material
in the previous desorption step. The apparent area and volume
of pores will increase with multilayer diminution. The
average thickness of the film may be estimated from the
isotherm of the adsorbate on a non-porous reference material
or from some cdmposita isotherm. The true pore radius R(p)
is simply ths sum of the Kelvin radius R(K) and the film

thickness t (Figure II-7):
R(p) = R(K) + t. (11-13)
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5
Wheeler 4conaiderad adsarption in a matrix of cylindrical

pores and obtained the equation:

v(p) - v(a) =f(r(p)-t)2L(r)dr (11-14)
: T

where V(p) is the total pors volume, V(a) is the volume of all
pores with radii less than r(p), t is the thickness of the
adsorbed film and L(r) is the distribution function. The
distribution function may be given a particular mathematical
form or may bes obtained by numerical integration. The
latter procedurs is usually adopted and was used in this worke
A number of methods of pore analysis have been
proposed, most are based on some assumptions of pore shapa.
The method of Pierce 35 as modified by Orr and palla \!alle56
in respect to the calculation of the film thickness, and dis-
cussed by Gregg and Sin927, was used in this study. This
procedure utilises uhealer'sséideas that condensation and
evaboration occur in cylindrical pores when some critical
pressure is cbtained. Barrett, Jo&ner and HalendaS7also
use this idea. Schullsa, Dultonsg, Innessuand Cranston
and Inkleysohava proposed various scﬁemes all assuming cert-
ain pore shapes.

9’61and co-workers have developed a

4

Brunauer

*modelless method" for determining the pore size distrib-
ution in which no specific pore shape is assumed. This

method gives results that are comparable to those based

on the Kelvin equation and which assume certain pore shapeség.

1I-11 The Estimation of the Adsorbed Film Thickness.

The statistical thickness t of an adsorbed film

53.



is required to evaluate the truevpore radius R(p), sese Figurs
I1-7. In the mesopore range the BET equation cannot be'épplied
to determine the multilayer thickness. There are tuo glter-
native approaches used to overcome this broblem. In the first
method, the adsorption isotherm is remeasured on a chemically
similar, non-porous reference material. It is assumed that at
any pressure the muitilayar thickness evaluated for the plane
surface is identical to the film thickness inside a pore. ¢
is given by the squation:

t = (x/xm)c = no (11-15)

wvhere x is the amount adsorbed at any pressure, x(m) is the
monolayer capacity evaluated by ths BET method and 5 is
the taverage! thickness of one layef. n is then simply
the number of layers adaofhed. o is usuélly less than one
molscular diameter as a result of the stacking of the part-
icles on the surface. Ffor nitrogen the value of o is 3.54;
which is less than the molscular diameter. Each nitrogen
molecule rests inrthe hollow formed by three of the mole-
cules in the hexagonal close packed layer bslow.

The alternative approach is based on the fact
that for many non-porous adsorbents, when x /x(m) is plotted
against_P/P(o) all ths data can‘be approximately described

95558,62:1 jcotherm. This curve is closely

by a fcommon' type
. 3 . .
described by the Halsey equation 5, which for nitrogen may be

written: '
Y3

t =0 (__5_) (11-16)
In I;/P

S4.
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The agreement between the Halséy plot and experimental data is

best at high relative pressures,

II-12 The-methodoﬂﬁercess Fer Estimating Pore Size Distributions,

As stated above,'fhe methad of Pierce, with certain
modifications, was used to estimate péra sizes in this work. The
proecedure is illustrated uitﬁ raferencé to Table II-2.

In columns 1 and 2 ars the relative bressuro and the
amount adserbed read directly from the isathérm. For each relative
pressure, the Kelvin radius Ry . is calculated iﬁ column 3 and the
film thicknesé-t, evaluated from the Halsey equation in column 4,
Simple addition yields the trus poré radius Ré 5 iﬁ ;olumn~5. Thév

- mean pore radii ﬁkﬁ and ﬁpl. and diminution in film thickness At

are calculated for sach preSsure decrement in columns 6,7 aﬁd,
8 respectivsely. The total volume desorbed AV in column 9
‘for each succsssive pressﬁre is obtained from column 2. This
volume consists of matgrial desorbed from'tha capillary con-
densed liquid in f}lled pores and fram the film on the walls
of previously Qmptied pores, The amount e;aporatad from the
?ilm' AV,;j is calculéted from the area present before desor-
ption and the estimated decrsase in film fhickness At, and
written in column 10, It has to be assumed that all the pores
are full at thse Bighest relative pressure for which data are
available. Thus the term Av;ff is zero for the first pressure
decrement, because no desorption can aoccur from pore walls.
When a relative pressure of less than unity is used as the
starting point, the error introduced by this assumption is

smali provided the difference baetwsen the initial pressure



and unity is itsslf small. For a relative pressure of 0.99, the
Kelvin radius is about 9503; and the internél area of a cylindrical
pors uill be negligible compar?d'to its volume. The volume of
capillarychndensed‘mnteiial AM;', in column 11 is the difference
between the total volﬁme-desorbed and the component dasﬁrbed from
the pore walls, Houevar,vAVl(iﬁis the volume of the inner cylinder
in Figure II-7 and is relatad‘to the true pore volume Aviylzin
column 12 by the equation: '

Avp . = [Re) Avg. (11-17)
Ri ‘ .

The internal pors arsa revealed by each successive pore desorp-
tion, Asp is obtained .from the equation:

AVp

As, 31.2 (11-18)

R
p

which is derived from the volume to area ratio of r for a
cylinder. ASp is tabulated in column 13 and the.cumulativa
area required for the calculation of Av; ;ﬁis given in column
14, The calculation is terminated either when a relative
pressure of gbout 0.3 is reached or when the amount desorbed from
the film becomes equal to, or grsater than, the total amount
.desﬁrbed. The former case reflects the questionabls validity
of the Kelvin equation when applied to nﬁrrou pores and the
latter Ease is a consequence of the inadequacies of the analysis
coupled with the probable presence of micropores. Column 15

is the conversion of the gasesous pore volume to a liquid

volume. A plot of A\Ileq/ARp f‘,, against ﬁp ,ﬂgives the



paore size distribution (Figure II-6b).

It is assumed that the total surface area of a porous
solid is associated with its mesopores. No account is taken of any
contiibution from either plans surfacss or micropores. If ths
BET arsa of a solid is comparable to the cumulative area as cal-
culated above, then the solid must be essentially nésoporous
with no plane surfaces. The praesence of micropores is suggested
if the BET area is much gfaater than the cumulative area.

The Kelvin procedure and variants of it, find
use because of their simplicity rather than their absolute
accuracy. There are three major criticisms of the approach27;
the validity of the Kelvin squation itself, the“estimhtian of
the adsorbed film and the assumption of cﬂhmfical pores. Ths
concept of an adsorbed film thicknass 1s‘puraly formal; in
reality the thickness will vary randomly. Hence aquation
11-13 becomss questionable, especially whaen the film thickness
is large compared to the effective pore diametsr. In gensral,
the assumption of cylindrical pores will only be fortuitously

correct.

I11-13 The Modelless Method of Pore Analysis,

To circumvent assumptions of pore shaps,

49,61

Brunauer and cn;uorkers have developed a method independ-

ent of pore shape, using the thermodynamic relationship of
Kisaleves}

YdA = = Ay dn. (11-19)

Ap  is the change in chemical paotential (equal ta RT.In Ppa)

when dn moles condense in a capillary causing an area dA of



pore wall to be covered. Y is the surface tension. Integration

over the limits of condensation, gives the total mesaopore area.
R = RT . fm (P/P) dn - (11-20)
Y .

Brunauer defined a hydraulic pore radius R (h)

R(h) = V/A. (11-21)

whera V is the volume of a set of pores with a surface area A.
Starting from the relative pressurs of one,successive small
desorption steps allow the calculation of the volume of pores
emptied by the change in n and their area by equation II-20.
Substitution into 1II-21 yields the hydraulic radius. A
plot of AV/AR(h) versus R(h) gives a core size distribi:t-
ion. Corrections for the decrease in film thickness may be

. applied although these become progressively more complicated

for sach successive step.

I11-14 tt' and '(xs t Plots.

A method useful in the assessment of
porosity is to compare an experimental isotharm with one
obtained on a non-porous reference material. The "t-plot®
method of Lippens and de Boersdis used to analyse nitrogsn
adsorption isotherms. Ths amount adsorbed is plotted
against the thickness, t, of the film on the reference mat-
erial for each pressure. The thickness is proportional to

X/ xm) , whersx is the amount adsorbed at the particular

pressure and gxlm) is the monolayer capacity. Any difference

58
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between multilayer formation on the plane surface and on the sub-
ject material is therefore apparent as a deviation from linearity
in the "t-plot"., The major disadvantage of this method is that it
is depsendent on the evaluation of the monolayer capacity by tha
BET method and is thus sensitive to the choice of the reference
material,

65’66uses a reduced

The " a(s)-method" of Sing
isotherm that is independent of estimates of BET monolayer
capacities. 't' is replaced by o«(s) = x/x(8) where x(s) is
the amount adsorbed at some standard relative pressure on
the non-porous reference material. « (s) is oftsn set equal
to one at a relative pressure of 0.4, since micropore phenom-
ena and monolayer formation occur below this p}essure and
capillary condensation occurs above it. With reference to
Figure II-8 the linear plot indicates that the unknouwn
material has a surface similar to that of the non-porous
refesrence. The upward deviation is intarpréted as adsorption
additional to planar multilayer formation indicative of capill-
ary condensation. The plot with a downward deviation at low
. pressures suggests the presence of micropores. In this case,

the use of the initial slope'as an estimatae of the surface

area becomes qguestionable, contrary to the first two cases.
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FIG. 11.2

Variation of adsorption potential with coverage;
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FIG. 11.3

Potential planes above a surface as used in the
Potential Theory of Adsorption,
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FIG. 11.4
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FIG. 11.5
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FIG. 11.6a.
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FIg. 11.7
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CHAPTER TIII

The Solid-Liquid Interface, ‘

I11I-1 Introduction.

The same fundamental principles of adsarption apply
equally to the gas-solid and liquid-solid interfaces. However, the
liquid-solid interface is complicated because the lateral inter-
actions of the liquid adsorbats cannot ba ignored. Everstt67has
pointed out that the understanding of the behaviour of liquids
under the influence of the potential associated with a solid sur-
face is unlikely to proceed in advance of the understanding of
the liquid state itself. Although progress has been éada for
the case of adsofption of a pure liquid, most important prac-

68’690 The

tical situations involve multicomponent liquids
components may be mkcisle over the entire concantration-range,.
or the solution may be so dilute that the adsorption of the com-
ponent in excess does not significantly alter the bulk composition.
As discussed by Everetg8 and Kipling70, most early work was con-
csrned with adsorp&ion from diluté solution, This led to the
interpretation of the experimental data in an analogous manner
to that employed for gas adsorption.

Irrespective of the composition of a multi=
component non-electrolyfe solution, one or more of the compon-
ents will adsorb onto a solid immersed in the solution. The
problem is thus one of preferential adsorption. For the
~immersion of a solid into a binary system both components
will compete for adsorption sites at the-interfaca. A
change in the bulk fluid composition will cause the compos-
ition of the interface to change. Specific excess or com-

posite isotherms are used to represent the adsorption.

66,
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111-2 Adsorption from Binary Liquid mixtures. ’

It can be shoun71that the composite isotherm for
the adsorption of the components 1, and 2 of a binary solution

over an inscluble adsorbent of mass m, is;

na. Ax, _ .S s (111-1)
0 1 = n1x2 |
m

wvhere LN is the total number of moles of 1 and 2 present

before.adsorption (nO = nOu}*'”OQELﬂ; is the number of moles

aof component i on unit mass of the solid at equilibrium and
Ax1 is the difference in mole fraction of component 1 before
and after adsorption, “oA"l/” can be obtained experimentally
and a plot of this against X1 yields ths composite isotherm,

The measured quantity, the "apparent adsorption®, is not the
number of moles of componént 1 adsorbed but a relative measure
of the change in concentration of component 1 on the surface
as the composition of the bulk changes. Schay72 has classifiad
5 types of composite isotherms for adsorption at the liquid-
solid interface, see Figure I1I-1. Since the apparent adsorp-
tion is only a relative gquantity, it is possible to obtain a
negative value. If noAxl/n is ‘negative, component 1 is
negatively adsorbed (xolx< xl) and the adsorption process
depletes the amount of 1'in the surface phasae.

If the solution is sufficiently dilute, such that

X, and x; are effectively unity and zero respectively, equation
III-1 reduces to:

n, AxI ~ (111-2)

m




s A
Provided that n, Xy is very small, n, A x; /M represents.the
actual adsorption of 1, Adsorption from dilute solutions is

often characterised by Langmuir type isotherms suggesting

the formation of monolayers.
III1-3 Liquid Adsorption Models.

Thers are two approachesagto the physical adsor-
ption of non-alectrolytes on solid surfaces. The earlisr
approach considers adsorption in terms of monoclayer cover-
age with little interfacial structure above this layer.

The second approach resembles the multilayer theory far the

physical adsorption of gases and vapours on solids. The inter-

face is supposed to consist of a series of laysrs each successive

layer bound lesa strongly to the surface than the iayer beneath
it. This assumes an adsorbent-adsorbate interaction that
decreases slowly with distance from the surface, whersas the
monolayer modesl requires a short range interaction. Both
models have found some experimental supportsa.

A basic concept used directly or indirectly in
most descriptions of ;he solid/liquid interface is that of an
adsorbed phase., This is subjected to the potential field of
the adsorbent, has a uniform composition and is in equilibrium
with the bulk liquid.

Equations derived from a monolayer model are
knouns2 to bs thermodynamically inconsistent in that the pre-

dicted variation of interfacial free energy (i.e. surfacs ten-

sion) with adsorption does not agree with the Gibbs adsorption

68.
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isotherm. Nevertheless, in cases where the bulk solutions do not
deviate greatly from ideality a monolayer model often f;ts the
experimental data. Ash, Bown and Everett73for exampla, have
found that the adsorptionbsysfams (benzene + cyclohexane)/
Graphon, (benzene +n-heptane)/ Graphon and (cyclohexans +
n-heptane)/Graphon, can be described by a monolayer model.

for similar systems, howsver, the monolayer model breaks doun,
for example, far the systems74(benzene + ethanol)/Graphon and
(n-heptane + ethanol)/craphon, the adsorbed phass extends to
three or four layers at the maximum of the surface excsss iso=-
therm,

The monolayer model runs into semantic diff-
iculties if the components of a binary mixturahare vastly
different in size. If one of the molecules consists of a
chain of segments eaéh segment being about the size of the
other mdlecular entity then the definition of a monolayer
becomes blurred. 0On thes other hand, , any multilaysr model
must takes account of all possible orientations of large mole-
cules. It appears from the above, even for relatively simple
systems, that small deviations from ideality in the liquid-
phase causes the monolaysr model to fail.

Multilayer models are often derived on the
basis of a lattice modelsein which it is supposed.the system
consists of a number of planes each of N adsorption sitas,
stacked séquantially above each other, starting from the
surfaca. Everettsahas noted that none of the models ars yet
capable of explaining all the observed facts.

There are two other approaches. A number of

' .44
attempts have been made to apply the Polanyi potential
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theory of adsorption of gases by solids to liquid-solid systems 3

aaret76 has also applied the significant structurs theory of
liquids77 to adsorption from solution. 1In tﬁis theory differsnt
molecules are characterised by their local environment. The
analysis is based on cal;ulating the rateé of adsorption and
desorption. This is described in terms of the *gas-likef! and
tsglid-like! molecules in ths liquid and adsorbed phases'raspect-
ively, and ths activation energies invelved for the desorption

of these two kinds of species from the surface.
III-4 Surface Orientation as a Function of Concentration.

A long chain molecule adsorbed on a surface has

a number of possible different orientations available to it.
Intuitively, it is reasonable that changes in the composition. of
the surrounding environment could influence the preferred orient-
ation. The concept of a concentration dependent orientation is
especially important when attampis are hadé to obtain adsorbent
surface areas from concentratian isotharmsse.

4 Ash, Everett and Findenegg7ahave used computer
simulation methods to study (monomér + trimer/tetramer)
-substrate adsorption systems. For the case of a flexible
homogeneous tetramer, wholly in the first adsorbed layer, it .
was assumed that four adsorption sites ware occupied. The
occupancy of four adsorption sites per molscule at high con-
centrations does not represent the situation of highest
entropy for the layer. To increase the entropy, segments
of any horizontally adsorbed tetramers desorb. The increase

in potential energy accompanying the desorption of a segment

70.‘
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is counter-balanced by the increase in entropy. Thus orfientations
with fewer segments attached to the surface tend to be favoured
as the concentration increases. This effect was found to be

more pranounced if ths tetramer cbntained a terminal segment
active in the adsorption process. Consequences of this effect
are that the layer thickness and the area occupied on the sur-

face per adsorbate molecule are not constant.

I1II-5 The Estimation of Surface Areas from Solution Adsorption.

Kipling70and Schay79have discussed sarly methods
of estimating surface areas from solution. Liquid-salid iso-
therms may in principle bé used to determine surface areas in an
analogous fashion to that applied to gas-solid isotherms. The
fact that a particular solution isotherm fits a model originally
designed to describe gas adsorption cannot be taken as evidenée
that the same adsorption mechanism is operating in both cases.
In particular, Everettsehas pointed out that Langmuir type
isotherms, frequently encountered in studies of adsorption
from dilute solution, do not necessarily mean that limiting
monolayer coverage has been achieved. The plateau could simply
Be the maximum of the surface excess isotherm.

It is essential that one component of a binary
mixture is preferentially adsorbed, to give a uniform monclayer,
before estimation of surface areas can be made. For this reason
binary solutions of dissimilar molecules are often used. Addit.

ionally, the molscules are chosen so that the surface orientation

of the preferentially adsorbed species is known, thersby minimising



the uncertainty in the occupied arsa. The orientation'of a part-
icular adsorbate may depend on the solvént and the nature of the
adsorbent in addition to the'cdncankration. As the adsorbates used
are often larger than those commonly utilised in g#s adsofptinh
neasuréments the accessibility of the surface must be considered.
It is also essential to ensure thermodynamic equilibrium has besn
obtained before making an experimental measurement. The rate of
attainment of equilibrium may be slow for large molecﬁles such

as polymers. These problems ars further compounded when the
adsorbent is porous,

The estimation of surface areas by solution tech-
niques 'is hencé more susceptible to experimental contamination
and error and theoretical criticism than gas adsorption methods.
However, the appgratus required is oftsn less sophisticated and
easier to use since a high-vacuum system is not required. Con-
centration changes may bs followed by optical mathod367’68’69’70.

Dye adsorption has therefors been extensively applied to the

estimation of surface areas. Harkins and Juraau developed a methed

based on immersion calorimetry which has been recently modified by
'i partyka, Rouquerol and Rouquer0181. UBdlerazhas reviewed the role
A. of calorimetry in assessing surface phenomena, but concentrated
mainly on gaseous adsorption. A microcalorimetric method for est-
imating surface arsas has been developed by Groazaksz’BA’Bs’aﬁ.

Comparisons between surface areas obtained by gas
and solution methods should take account of the different sur-

face treatments, and thersfore the different surfaces presented

to the adsorbate molecules.
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I111-6 Surface Areas From Microcalorimaetry. i’

Groszekas-aﬁhas established in a series of papers that
flow microcalorimetry may be used to evalgate the specific surface
areas of polar metal oxides. OQther workers have confirmed the tech-
nique as reliable and capable of giving results comparable to thoss
obtained from nitrogen adsorption maasurementse7'95.

It vas found that normal alcohols in normal heptane
solutions adsorb preferentially, and at some critical concentrations
cover the surface with a film of vertically orientated molecules.

In particular, normal butanol in dilute (0.2 wt.¥) normal heptane
solution, when passed over a number of surfaces previously saturated
with heptane adsorbs to form a close-packed physically adsorbed mong-
layer. The integral heat of preferential adsorption for monolayer
formation AAE, was found to be approximataly constant for a number
of different oxide surfaces. If the specific surface area S, of
some reference surface is known by an independent technique, then

the constant E in the equation:

Sy = EAH » ' (111-3)
may be evaluated by measuring the intagral heat evolved on the
formation of a butanol monolayer. Subsequently the arsas of sur-
faces siﬁilar to the standard may be obtained by measuring the
integral heat of butanol monolayer formation on them and inserting
this guantity and the constant E back into equation 11I-3. The low
concentrations used make corrections for heats of dilution insignif-
icant, and these may be neglected.

The flow-microcalorimetric technique for estimating

surface areas is quick and easy to use and obviates the necessity

of measuring a complete isotherm. 0One practical disadvantage is



that the passage of large volumes of solvent over the ;dsorbent

vhile thermal equilibrium is being established, prior to the

adsorption of butanol, may poison the surface. Certain surface

groups may desorb into the solvent stream or contaminants in

the solvent may adsorb into the surface. Unless great care

has been exercised in the preparation of the heptane trace

quantities of water will almost certainly be present. C(ollins,

McEwan and Heal96 and Heal and Mchan97 have shown that extreme

care must be exsrcised in surface pretreatment as relatively small

variations in the amount of preadsorbed water have a dramatic

effect on the heat of adsorption. The technique does nat give

absolute areas, since it is nacessafily dependent on the surface

arsa of the standarde The assumpfion of a common constant E for

a group of similar materials assumes that they are chemically

squivalent per unit area of surface, and that differences bet-

ween them arise only from differences in the specific surface area.
Groszek's original uorkes-esuas primarily concerned with sam-

ples of low surface area (:S20ng-1) which showed nao sign of porosity,

fxtension of ths methad to includes porous splids has not been discﬁsasd

in the literature. 1Ingeneral, many of the difficulties involved w2uld

bs expected to ba analogous to those encountered when appl&ing gas.

adsorption methods to porous solids. The stacking and orientatien

of molecules adsorbed within pores nesd not necessarily be the sams

as thoﬁs on a plane surface. Also the heats of adsorption and desar-

ption may bas enhanced in porous materials and the rate of attainment

of equilibrium decreased, compared to the non-porous materials. Micro-

pore phenomena ars likely to be especially important. The surface

areas of porous matsrials detarmined by the microcalorimetric methaod

74,

should therefore ba treated with caution, and the standard surface ideally,

should be porous and have a similar pore size distribution to the

unknowne.



FIG. 111.1.

Schay's Composite Isotherms.
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CHAPTER 1V,

Soma Aspects of Iron Oxide Surfacse Chemistry.

IvV-1 Introduction,

» ' The surface of pure iron is oxidised by exposure
to dry air. 1If the resulting oxide film is in turn exposed to
moisture, adsorption of water to give a hydraoxylated surface
occurs., Both processes are of the dissociative chemisorption
typa described previously. However, the corrosion of iron, and
hence many common steels subjected to either atmospheric uweath-
ering or immersion in an aqueous medium is more éomplicated.
Typically a ranée of oxides and oxyhydroxides, often poorly
crystallised or amorphous,are formed. The exact compasition of"
the corroded surface depends on the starting material and the.

98,99

weathering conditions +« X-ray diffraction studies havs shoun

that haematite, -F3203 and its hydrated form, goethite, o

-Fe0.0H, are often major constituents of rust formed by expoéure

of iron to oxygen, water and atmaspheric pollutants100’101’102.

4 Haematite @nd goethite have been used as modsl constituents of
. 3,1

iron rust in several studles10 ’ 04.

There exist a number of wsell-known iron.oxides,

oxyhydroxides and hydroxides. They all tend to be non-stiochiom-

etric105’106. Three iron oxides are known, with ideal compositions
Fe0, Fe203 and FeSUd' FeO is always iron-deficient and has a rock-

salt type structure. At low temperatures fFel decomposes to iron

and F3304. There are two well-known phases of Fezoz, haematite
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or(x-F5203 with a corrundum structure, and ‘YfFezﬂs with a spinel
lika structure deficient in FeIII. A‘g-phase of Fevﬂ is the sub-

, 23
ject of continuing uork107. The Y-oxide is readily inter-convertible

with F6304 which is a mixed FBII-FeIII

oxide and has the inverse
spinel structure. The oxygen anions form a cubic close-packed
array within which the FeII ions occupy octahedral interstices and

III

the Fe occupy both tetrahedral and octahedral interstices. Iron

hydraxides, "FE(DH)Z" or "Fe(OH)3" are precipitated from aqueocus
FeIII solutions and exist as gels or sols. These reogranise on
heating with the loss of water to produce various oxyhydroxides

of which at least 4 phases are knoun105’106'108,

Goethite
( o -Fe0.0H) and lepidocrocite ( 7Y -Fe0.0H) occur Aaturally.
A "d " phase is known, and also a "B'! phase has been repbfted. ,::-:-'
which requires ths presence of an anion to stabilise it. Baneyeva °

a
and Bendeliani1 3 hava reported a new oxyhydroxide phase, €-Fe0.0H,

stable at high pressures.

V=2, The Iron Oxide/llater Interface.

The chemistry of the "iron oxide-water® system is com-
plex and the subjéct of continuing study. Early wark by Foster110
and Rao111establishad the presence of complicated pors structures in
ferric oxide gels. The composition and ageing conditions of the gels
were shoun fo be important in determining the surface properties. Rao
and Nayer112 measured water adsorption isotherms on ferric oxide gels.
They found that application of an electric discharge to the system only
had an effect when the system was in a state corrésponding to some
point on the desorption isotherm causing the desoprtion iso-

therm to move to the adsorption curve. The authors considered



their results te indicate the presence of "metastable" water adserbed
" in the peres in the gel.

Recently Saraswat et 11113 have investigated ferric
oxide gels produced by precipitatien from ferric chloride selutisns,
They found that the gels consisted of protoferrihydrite which has a
hexagonally close packed st?ucturo similar to that of hasmatite
with a unit cell of approximately F-SHOB.AHZO. Toue and

Bradloy114 and Chukhrev st a1115’116

alse found certain gels con-
sisted of protaferrihydrite. Van de Gioss-n117 censidered thes gels
as either Fe0.OHNH,0 or F.ZDSnHZD‘ Ageing ef protaferrihyd-

rite solutiens produces various intormadiati, partial phases of
haematite and finally haematite itself after heating above

400°c 113’114’116’117. Mackenzie and Borggren118 have feund (¢-,

B -, and Y-FeQ.0H and (X-F|203 as primary censtituents ef the gesls,
Accerding te Dousma, Van den Haven and de Bruyn119, the presanc‘
of CL” favours the fermation of ‘S-FQO.DH. Saraswat et a1113

found no evidence of any form of oxyhydrexido in their gels,

nor in the cempsunds preduced by ageing er heat tresatments,

Kaufman and Hazal1203heuod that the products depend cfitically

on the concentrations of the initial selutions and on the
subanuonf ageing conditions. The thermal dshydratien ef

ferric oxide gels provides a staﬁdard technique for the syn-

thesis of @~,3~,Y~ and §- oxyhydrexides, d-sp.ito the

difference ef epinien cencerning the naturs ef the gel. The

further dehydration ef these yield infermatien cencerning

the surface structure ef both the oxyhydroxides and the final

product which is always haematits provided the tempsrature is .

78 .
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high enough. Butler and Ison"QB discuss the thermal transferm-
ation: N
A
Fe0.0H ——>O{—F3203
and nate that the dry heating in air always gives haematite °
irrespective of the starting phase. \hen heated in watsr, the
decompasitien ef all phases ts haematite proceeds via geasthite

as an intermediate and is complete at a much lower temperature

12
than the dry decompesition. Wefers 1,122

feund that ’Y-FeO;GH.(aq) (
was unstable with respect to (X -Fe0.0H(aq) at temperatures abave |
ZS‘E, and noted discrepancies in the literature fer the temperature

at which the transformation is complete. Tanaka123follauad the decom-
position of ferric oxide gels by differential therﬁal analysis. An ende-
thermic change prior to the exothermic decompositien of the gel te haem-
atite was attributed ta the loss of adsorbed water. Ishikawa and Inouye
124 observed differences betueen the 3~ and the X - and ‘y-xyhydroxides
during the thermal decemposition to haematite. For all phases, as the
temperature of asutgassing was increased, and hence the propertion of
haematite pressnt increased, so the manqlayer capacity for u‘ter adsor-
ptien and the heat of.immersion in water decreased until ihe conver-
sion te haematits was complete. The heat of immersion then increased
with further outgassing. (3-Fe0.0H showed much higher values than the
other phases, and this was attributed te the presence of small pores
able to lose water, thersby increasing the surface area available. for
reaction. Using electron micrescopy, gas adsorption and X-ray diffrac-
tion tschniques, Gnllaghor125 confirmed earlier wark and found small
pores with a mean diameter of 268.4 A in his sample of 3-Fe0.0H. The

" subcrystal structure consisted of tubes externally sqdare uitﬁ a

circular channel running the lsngth of the subcrystal. These channels

are different from the smaller tunnels inherent in the hollandite
structure of (3 - Fed.0H which contain Cr' ions after precipitatien

from ferric chloride solutions. In the unwashed state the formula



vhich is approximately FeU1_* (OH)1+%. icx, uﬁich, on extreme
washing with water, becomes FeO;OH.f(Hzﬂj.' Drying yields Fe0.0H.
Naono and Fujiuara126 have observed micropores formation ;n the
thermal decomposition of acicular micro-crystals of goethite to
haematit;e._fhis t;ansformatipn corresponds to the topotactic reaction.

o -Fe0.0H (100) [001]_>ocr5203 (0001} [10?0] -
An increase in the BET nitrogen suréace area was found for out-
gassing tempsratures ﬁp to 300 %. More vigorous outgassing causad
the area to decrease. The loss of Qater from o« -Fel.0H up to 100°c
was associated with loss of adsorbed material, Between 200-300 C
a rapid weight loss was found as the decomposition to GC-»FBZO3
occurred. Thesse results were sxplained in terms of the initial {if;
forﬁation.of micropores and their subsequent destruction, as -
macropores formed at higher temperaturss,

sylholdér and Richardson1231n an infra-red study

of haematite found that water chemisorbs on a sampls dehydroxylated
by outgassing ;t high temperatures. They postulated that chemi-
sorption involvess the dissociation of water to form UH‘, which

f
11 ion, and H which reacts with a

adsorbs onto a surface Fe
surface 02' to form another hydroxyl group. On this layer of
Vhydroxyls, water, retaining the H-0-H configuration, can
physically adsorb. The physically adsorbed water was easily
removed by evacuatibn at 25°C. The labelling expsriment of
gerube, Onoda and de Bruyn1293upported the observations of
Blyholder. Haematite was labelled by storage under tritiated
vater for over a month and then subjected to Blyholder's
outgassing regime. The tritiated surface was then allowed

to exchangs with tritium fres wvater. The measured exchangs

agreed with the amount expected if all the physically adsorbed water

127
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was removed by evacuation at ZS(E, and the surface was populated

by chemisorbed OT groups. The water adeorption studies of Asher, )
Goodman and Greg§130 on various dehydro;ylated haematite samples .
showed that hydroxylation is a reversible process. Qutgassing at

800 T was found to completely dehydroxylate the surface. Zettle-

103 usod‘heat of immersion studies of haematite

moysr and McCafferty
in water to confirm the reversibility of the hydration process.
. They gave further support to the view that room tempsrature out-
gassing is sufficient to remove all physically adsorbed water,

131,132

Morimoto, Nagao and Tokuda used water adsorption studies to

further support these ideas, and advanced a tentative adsorption
maechanism supporting that of Blyholder and Richardson!ze{
McCafferty and Zettlemoyer, in a series of papers,

133’134and adsorption thermodynamics135 to

used dielactric mathods
‘show that the first physically bound water layer on haematite is
iﬁmobile, each water molecule being doubly hydrogen bonded Fa the
underlying hydroxyls. Succeeding laysrs are mobile, the moleculss
bound togethgr by singls hydrogen bands. Ths hydrogen bonded matrix
above the first layer was shown to have an ice-~like structure for
the next few layers, gradually bscoming more liquid like as ihe
distance from the surfacs increased. These ideas clarifisd the
sarlier suggsstiﬁns of Healey, Chessick and Fraioli’ss, and were
further consolidated by McCafferty and ZettlemOYOr137Uh8ﬂ these
authors presented their unified view of the water-haematite inter—.
face, The situation is illustrated in Figure Iv-1.

The number of hydroxyl groupé per unit area has
besn evaluated for haematite and lies betueen 5-10 0H/10032 132’137’13?

1 . .
Boehm 3ghas shown that the hydroxyls on metal oxides may be amphoteric



in character. Zettlemoyer and m:c:fferty14° discussed the properties
of water adsorbed on oxide surfaces and classified the hydroxyls
on haematite as "softm because they are easily removed and re-
gained compared to the "hardn hydroxyls on silica. They also
discuss one of the major concerns of pouder‘surface éhamistry, that
of lack-of reproducibility., They stressed the difficulty of ensur-
ing that a particular powder éample is representative of the bulk
ppuder. The dependence of a particular observation on the hetéro-
geneity, degree of surface crystallinity, porosity, particle size,
purity and past history of a sample, was noted.

The early infra-red studies of adsorbed water on iron

128,131,141 were extended by Rochester anqiTophaﬁ in detailed

investigations of the surface hydroxyls on haematite1azénd goethite14§

oxides

Fleven absorption bands in the infra-red spectra of haematite discs
werse assigned to the OH-stretching vibrations of surface hydrogyl
groups. The relative intensities of thess maxima'depended an

the composition of thea gel from which the sample was prepared.
Physically adsorbed water was desorbed from the surface of
haematite by evacuation at ambient temperatures, a result
consistent with general opinion. Howsver, it was found that

high temperature treatment of haematite in vacuum caused
progressive dehydroxylation and decomposition to magnetite,

thereby casting doubt on the interpretation of some earlier
uork128’144.‘ Heat treatment in oxygen had two effects. Surface
dehydroxylation occurred and was found to be reversible by
chemisorption at room temperature. Extensive heating caused
irreversible sintering, and thus a decrease in the number of
hydroxyls per unit weight. Variations in the relative pfo-

portions of different types of hydroxyls were observed at

82.



high temperatures. Some of the different typeé of hydroxyls,
as identified by their positions on the various crystallégraphic
faces were discussed in relation to the measured spectra.
Mortmoto, Yokota and Nagao“‘5 adsorbed water on
dehydroxylated haematite and magnetite. They then removed the
phsycially bound water and readsorbed more water onto the hydro=-
xylated surfaces. pDifferences between the tuo isothemms
were attributed to differences in the initiai state of hydroxyf’
lation, Howsever, the initial rate of chemisorption was very
slow and this hindered the interpretation, as the isotherms
tended tao divergs at high relative pressures. A slow rate of
rehydroxylation has also been observed for the immersion of de-
hydroxylated alumina in water 146. At ambient temperatures the

svolution of heat continued for several hours. The total heat

affect was resolved into a largs immediate heat éhanga and a much
145

83.

smaller change with a half life of 51 min, It was also shoun that |

the isotherms for the hydroxylated surfaces.of different iron
oxides were similar from which it was concluded that the surface
characteristics of a compound are largely determined by the
hydroxyl covering. The importance of hydroxyl coverage in
determining the surféce propertiaes of metal oxides has been
recorded for many sysfems147’148’149.

partyka, Rouquerol and Rauquarola1 measured
the heat of immersion of a number of metal oxide powders,in
water and found that betwsen one and two physically adsarbed
watsr layers were sufficient to "screen® the oxide surface

from the adsorbatae. These results disagreed from the sarlier

work of Harkins and Jura®® uho found that up to five layers

¥ i
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of water were required to "screen" the surface. Houever;'these
authors used severe outgassing conditions ligalyvto create
a resactive polar surface. Partyka and ca-workers also sugg-
ested that the analysis of Harkins and.Jura was defective
concerning the assumption‘tﬁat the numbers of molscules in
each layer is the same.

Jurinak150 compared the water adsorption pro-
perties of haematite and goethite, and found that the goethite-
water system was more complicated. The surface acidity af
goethits was shown to be greater than that of haematite, and
attributed to the proton in the o««fFe0.0H structura. Rossi151
found the heat of immersion of goethits to be about 15% higher
than that of haematite. The results of Gast, Landa and neyer152 ’
in their comparison of the adsorption of water on geothite and
amorphous hydrated ferric oxide further illustrate the differ-
ences betwsen the surfaces of haematite and goethite, Like.
haematite, the amorphous material lost its physically adsorbed
wvater by outgassing at ZSOC. Gosthite under the same conditions
‘ratained-about a monolayer which exchanged with DZD' Integral vﬁg
entropies of wvater adsorption were calculated and compared with
the data of MmcCafferty and Zettlemoyer135. These showed that
the first physically adsorbed laysr on the amorphous material
and the secand on goethite were immobile, suggesting strong
hydrogen bonding in the latter surface.

Gaat1523nd co-workers observed a tenfold reduc-

tion in surface area as thairambrﬁhous material crystallised

to gosthite. The dependence of su;face area on outgassing

temperature is'uell knounlza. Hagane153and Kusano, Nelander



and U;dso154

have investigated this effect in relation to, iron oxides.
Kusano.and co-worksrs showed that for haematite there ua; no simplse
relation between the decrease in both surface area and heat of
immersion of water as the outgassing temperature was increased
abové 300°C. The variation of surface propértiss with températura
is complicated‘by the fact that heat treatment can alter a surface
irreversibly. - The state of the surface must be known throughout
the temperaturabrange of an experiment before the results can
be properly interpreted, as pointed out by Rochester et a1142.
The existence of Lewis Acid sites on the surface
of goethite has been shoun155 and of at legst two types of sur-

1559156. Russell, Parfitt, Fraser and Férmer156,

face hydroxyl
considered the [100] face of goethite crystals to be predom=-
inant and assigned infra-red absorption bands entirely in

terms of this face, considered to contain three physically
different hydroxyl groups. However, Rochester and Topham143,
in an infra-red study of the systems 020 /o€ ~Fe0.04H and

H,0 /e -Fe0.0D, pointed out that the[100] face is incompletely
represented by only three physically different hydroxyl sites.
A total of five surfacs sites, eithser occupied by OH or 0£
or unoccupied and considered as anion vacancies, were used to
interpret the data. Two different model surfaces were found

to fit the data equally well. It was also suggested that the
exposed face with the highest surface area need not necessarily
be the primary factor in determining the infra-red spectra. The
[610] face with three surface sites, each occupied by hydroxyl
groups, was also found to explain the spectra. A full analysis
of all possible faces and distributions of surface sites on the

faces was not attempted. Paterson and Suaffield157 found

8'5' .



evidence from D,S,C, thermograms of hydroxylated geethite of

three types of hydroxyl. .

Iy-3 Adserptian gn Iron Oxide Surfaces.

Mast studies of the adserption of erganic mslecules on
iren odixe surfaces invelve prefersntial adserption. The specias of
intersst is introduced te the surface in solution so that at least
two different moleculess compets for adserption sites. The axcep-
tions invelve studiss af the adserption eof vapours.

The adsorption ef alcehols and mene carbexylic acids in
dilute heptans salutions on iren exides has been extsnsively studied
by microcalerimetry. Graszeckss-as, in a series ef papers, adsorbad
n-alcehols on metal axides, and showed that the adserption was oftan
physical in nature, and thereferé easily reversible.A A methed ef
estimating surface areas by butanol adserption was discussed, and
found te give results compafable to those of gas adsorptiaen tgch-
niques. A 0.2%, by weight, butanel . solution was found ts ferm a
close packed monolayer an thes surface. Long chain n-alcohols and
carbexylic acids formed films, net necessarily close packed,
cempssed of vertically orientatad malecules on ssveral iren oxides.
The orientation was feund to be depsndent on concentration, selvent
and the nature of the substrate. The stability of the films as est-
imated by integral heats of preferential adserption was greatsr for

7-F0203 than fer cx-FiZO3 and F'BUA' Ground iren bshaved differ-
ently to the oxids surfaces, indicating the impertance of surface
pretresatment. It was tentatively suggested that under certain
conditions carbexylic acids might displace adserbed water.
87,8 :

Templer 8further stressad the importance ef surface pretreatment

as.
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and the possibilities of poisoning the surface in flow microcalor-
imetric experiments on polar oxides. ¢
89,90,91

Allan and patel » also using microcal-

orimetry, suggested that the oreintation of long chain fatty acid
molecules is different from.that of long chain alcohols on haem-
atites A carboxylic acid group uaa‘thought to rest on a hydro-
xylated surface with the first six methylsne group forming a loop
above the surface. A ssventh methylene group then rested on the
surface Qith Subsequent groups lying above the surface extending
into the liquid. The hydroxyl group of an alcohol also lies on
the surface. However, the carbon chain forms ; spiral above the
surface, each revolutioﬁ containing six methylens units. Carbo=- {
xylic acids have also been shown to be in part irreversibly

adaorbed91’97

. Huspands st a1158hava shown that the adsorpticn )
of stearic acid on ferric oxide heated to 140 °C for several hours
prior to tha experiment, is more complicated .than the adsorption
of butanocl. The acid was in part irreversibly adsorbed. It uwas
found that stearic acid displacad preadsorbed water which the
solvent, normal heptane, did not, This effeﬁt was not observed
for butanol, the adsorption of which was exactly reversible.

Heal and mCEuang7and Jaycock1sgalso found evidence for the slow
desorption of preadsorbed water in the presence of carboxylic
acids. Heal and mchan97, howsver, also observed this effect,
characterised by a slow sndotherm immediately after the initial
exotherm, for the adsorption of butanol on haematite. A similar
effect has been observed in this laboratory160. Husbands and co-

158 :
workers ~ and Jaycuckngind no evidence of slow water desorption,

initiated by the adsorption of butanol. The generally agreed



lack of reversibility in the adsorption of carboxylic Qcids may
be due to chemisorption or may only pe an apparent effect if the
desorption is so slow that it is never completély observed.
Rahman94 and Rahman and Gosh93 have discussed
the adsorption of stearic acid on pouder oxides, and again found
~some irreversibility. Tﬁay tentatively éuggested that the area
occupied per molecule ié different on porous and non-porous
solids. Using microcalorimetry, it was found'that the molscules
lie neither parallel to a ferric oxide surface nor perpendicular

to it.

Collins, McEwan and Healgsfound that the adsorp-

tion of butanol on their rust samples was very sensitive to the
preadsorbed water coverage. Heal and Nchan97sfudied the effect
of water in the solvent, and preadsorbsd on various iron oxides
in their micrécalorimetry work. Heats of adsorption wsere again
found to be sensitive to the amount of preadsorbed water present.
Haematite and goethite behaved similarly to butanol adsorption
and its variations with water precoverage. Generally, an
increasing surface water content is associated with a decreasing
heat of adsarptidh of butanol. The converse was EISO'trUB;

It is well knoun that the corrosion of iron is
retarded by rust inhibitors containing carboxylic acid groups
in conjunction with alcohol, carbonyl or olefin double bonds151.
It has also been established that dicarboxylic acids are better
rust inhibitors than monocarboxylic acids162'163, This suggests
that multiple functional group species are mors strongly
adsorbed than mono functional species. Hingston, Pasner and
Quirk164 have discussed fha adsorption of mono and bidentates

species. They found that those species such as phosphate capable
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of forming two bonds with the surface in a bridged complex were
more likely to be irraversibly adsorbed than mono dentate such
as F or OH . Kavangh, Posner and Quirk165 have shown ‘that
increasing substitution of chlorine in the phenyl ring of
phenoxyacetic acids incre;sés the amount aasorbed on goethite,

The adsorption is, however, raversible166.

Raghavan and Fuerstanau1 67

found that agqusous
octlyhydroxamic acid ( R-CO-NH.OH) adsorbs to form a hydro=-
xamate complex on ferric oxide,

Pope, Matijevic and Patal168adsorbed aqueaus
carboxylic acid derivatives of pyridine on haematite. Minor
structural changes in both the adsorbent and adsorbats wers
observed to have major effects in determining the amount
adsorbed.

Lucas, Vandervell and Uaugh169 have adsorbed
maleic anhydride on a mixed oxids (VZDS - m903) catalyst,
The adsorption mechanism was shown to be complex. An active
ation energy was involved, and the adsorbed species was very
strongly bound to the surfacs.

parfitt and co-uorkers170’171’172

s in a series
of papers, found that dicarboxylic acids tend to be irrever-
sibly adsorbed on iron oxides. - The adsorption of aqueous carb-
oxylic acids involved the formation of adsorbed carboxylate
groups, 0Oxalic acid and benzoic acid adsorbed as the oxalate
and benzoate ions on gegthite. Benzoate was weakly bound
wvhersas oxalate, which can theoretically bind in a bidentate
structure, was strongly adsorbed. The mechanism of adsorp-

tion was shown to involve singly coordinated surface hydroxyl

groups172. Surface hydroxyls shared betwesn two or three

8g.



cations wers thought to be relatively inert. However, in

situ techniques were not used. The adsorbent Qas separated
from the adsorbate liquid and then examined by infra-red
spectroscopy. Rochestar and Topham investigated the adsor-
ption of organic vapours on héematite173 aﬁd goethita”4 by

in situ infra-red techniques. The two surfaces were found to
be similar, although subtle differencss were observed. Pyridine
adsorbed weakly on both surfaces. Acetic acid adsorbed‘chemic-
ally and physically on both surfaces. Carhondioxide, however,
chemisorbed on goethite, whereas it was only weakly adsorbed

on haematite. The reactivities of the various surface hydroxyl
groups were distinguished and found to bes dependent on the method
of preparation of the sample,

Buckland, Rochester and Topham104 studied the adsor-
ption of carboxylic acids on haematite and goethite in situ at
the solid/liquid interface by a novel infra-red techniqus.

Carbon tetrachloride solutions were used. Chemical and phy-
sical adsorption was observed to occur on both surfaces.

Chemisorption predominated and that led to adsorbed carbo-

xylate species in a chelating bidentate configuration:

-

C
5-0{_/' \0 5=

Fe?'

The ratio of carboxylic acid to carboxylate groups was greater

for geothite than for haematites. Jurinak has shown the sur-

face of goethite to be more acidic than that of haematite.150

- 900
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CHAPTER V.

Exparimental.
v-1. Gas Adsorption Apparatus.
v-1-1 Introduction.

The determination of adsorption-desorption iso-

therms by nitrogen gas adsorptions is a well-established technique.

many types of apparatus have bsen described56’175’176:

a conventional volumetric apparatus, originally described by Emmett ",

but incorporating minor medifications, was used.

Figure V-1 shows the adsorption apparatus.
The adsorption bulb A, gas buretts 8, manometer C,'and mercury
reservaoirs D, were blown in pyrex glass. They were connected by
short lengths of 2mm bore capillary tubing to minimise the,
internal volume whils retaining reasonable pumping speeds. ‘The
adsorption bulb was connected to the system by a ball and socket
joint € employing a viton '0' ring (J. Young Scientific Glassuare
Ltde, U.K.). The configuration of the taps F,G,H,LJ and Ksnabledi
the adsorption bulb to be pumped indepenaently of thabburatte and
manometer, thus reducing ths risk of entrained pouder being depos-
ited in these components. The taps F,&5,H,I and J were of the
grease-fres 'Rotaflo! type (Corning Ltd., U.K.) and H,I and ]
were connected via wide bore (ca. 10mm) tubing to ths rest of
the vacuum system. The gas storags system had an cutlet between
taps H and I. Tap K, a 3mm bore greased tap, was introduced to
enable fine powders to be gradually pumped down without entrain-
ment, using a static vacuum by successively reducing the pressure
between K and F with F closed, then closing K and slouwly opening

Fe

For this work

177
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Rough vacuum and pressure for both the maqometer and
burette were provided by a Boreas oil-less pump (Brook Compton )
parkinson Motors, U.K.)e Control was through a needle valve L,
taps M and N (mathéson. Co. Inc., U.S.A.), and Hoffmann clips O énd
U', on a length of semi-pressure tubing which could ba connected to
either the positive or negative outlets of the pump, which was
nrovided with a pressure release valve. (reased 8mm bore taps
P and Q separated the burette and manometar respectively from each
of their mercury reservoirs.

The entire adsorption apparatus was secured to a wall
and the componsents enclosed within the dotted line in Figure
V-1 were enclosed in a large thermostattéd box.

pravision was made for the adsorption bulb to be
either heated, or thermostatted in a liquid nitrogen bath. The
temperature of the bath was measured by an oxygen uapaur'pressure
thermometer R and the liquid nitrogen level was maintained by
an automatic topping-up device, S being the sensor and T the
pump outlet.

Prior to its introduction into the system the mercury
was washed in dilute nitric acid and then in distilled water.

It was then double-distilled under a reduced nitrogen atmos-
phere before loading.

'The complete vacuum system is shown in Figure Vy-2.
Two mercury diffusion pumps (Jencons Scientific Ltd.) P,
p° backed by a single rotary pump (Edwards High Vacuum Ltd.)

evacuated the system. Pressure was measured by a Pirani

(Edwards High Vacuum Ltd.) gauge between pump P and the gas

storage system, and by a Penning (Edwards High Vacuum Ltd.)



ionisation gauge situated close to pump P’. Pump p’ uas
situated as close as possible to the adsorption syst;; to
decrease both ultimate pressure and its rate of attainment.
Liquid nitrogen traps were positioned on the high vacuum side
of each pump. Taps wsre situated such that each component of
the system could be eQacuated by aither diffusion pump.
Pressures of the order of 10-6mmHg were regularly recorded.

The volume of the burette was determined by mercury fill=-
ing and weighing befors the apparatus was assembled. Tha free
space volume, the volume bstwasen the raference pasition in
the manometer, the top bulb of the burette and ths closed taps
G and H (Figure v-1), was calibrated with helium, ‘as will be des-
cribed later. Before each experiment, ths aead space, ths vol-
ume above the sampla in the adsorption bulb up to the closed
taps F and G, was also determined by a he;ium calibration,”

To measure adscrption on a suitably treated sampls, gas was
admitted to the burette via tap H with tap G closed. As the
volume of the system was knoun, a_measurement of the pressuras
and temperature allowed the nuﬁber of moles admitted to be
calculated by use of the ideal gas equation. Tap G was opened,
and the bQIb immersed in liquid nitrogen causing adsorptian
to occur. The pressure and temperatures were remeasured.

The number of moles adsorbed could then be calculated,

being directly proportional to the pressurs differencs. By
raising the mercury in the burette further adsorption points
" were .obtained. Additional aliquots of adsorbata could be

introduced to the system by closing tap G, remeasuring
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the temperature and pressure, and then admitting further gas via

tap H and proceeding as abave. ,

v-1-2 The Gas Burette

The gas burette was kindly provided by Prof.
T. Edmonds of British petroleum Ltd. It consisted aof six.bulbs
with a total volume of about 123cﬁ{joined by short lengths of
2mm Bdre capillary tubing on which were etched the referenca
marks. The bulbs were contained in an outer glass jacket. The
mercury height was cantrol;ed by use of the tap'P at the bottom
of the burette in conjunction with the rough vacuum-pressure
line.

The volumes af the bulbs were determined prior
to assembly of the apparatus. First, the internal surfaces
vere washed with agua regia, followed by copious quantitiqs af
distilled water and allowed to dry in a stream of nitrogen.
yater, thermostatted at about 27ch, was passsd through the jacket.
The mercury was raised ta the top reference mark and allowed to
equilibrate for one hour befare drainage between successive
reference levels into weighing bottleé. The mean temperature
was recorded for the emptying of each bulb. Ffrom the weight
and density of mercury at the mweasured temperature the volume
was calculateds The volumes are given in fable V-1. The
figures in the last column are the cumulative volumes used
in the cqlculations. Corresponding calibration volumes

supplied by B.p, Ltd at 22.2°C are also given far comparison,

V=-1=3 The Manometer.

The manometer arms were made of precision bore



glass tubing (Jencons Scientific Ltd.) with an internal diameter
of 15.00 +0.01mm, chosen for its straightness, uniformity of
bore and freedom from optical imperfections. The diameter rep-
resents a compromise betwsen the capillary depression which
decreases with increasing diameter and the meniscus covolume
which increases with increasing diameter.
The short arm was 18cm long. Two platinium electrodes
U and V in Figure V-1, connected to an external circuit (Figure
y=-3) enabied the mercury to be raised to a constant height. Both
electrodes were inserted through side arms, each filled with mer-
cury. This arrangement was adopted ;s the only means of ensuring
a leak free metal-glass joint. The upper electrode was inserted
at the junction of the capillary and manometer tubing to minimise
the volume above the intended mercury meniscus position. Elect-
rical contact was indicated by a pilot light and an audible
signal. UWhen measuring the free space volume (see later) the
short arm could be set to better than * 0.002cm.
The manometer was 1m in length, and the whole was set

vertical in the thermostated box. The mercury was controlled by
a similar system to that of the burétte. A 2mm constriction in

the tube above Q (ses Figure V—1) provided additional control

when levelling the mercury.

y-1-4 Pressure Measurement.

To measure the elevation of the crown of a mercury men-
iscus, light that behaves as parallel light with respect to vert-
ical displacement and variation in zenith angle, and as diffuse
light with resbect to laﬁeral displacemeht and variation in

azithmuthal angle, must be directed from behind the manometer

178
into the cathetometer's telescope .

To achieve this, each amm of the manometer was illum-
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-inated by a lighting unit consisting of a 2W bulb, in the focal
plane of a plano convex cylindrical lens. The width of the be;ms
were reduced by slits. The unit for the short arm was fixed behind
the top of the short arm pointing directly into the telescope.

The lighting unit for the long arm was attached to a plate which
could be moved up and down on &n aluminium bar placed behind the
long arm, via a length of cord (Figure V-4).

Frontal illumination was used to measure the elevation
of the bottom of the meniscus in sach arm. A small battery driven
lamp attached to the cathetometer was used for this purpose.

A cathetometer (Precision Tool Instrument Co. Ltd),
with & brass bar calibrated at 20 C was used to measure the mercury
heights. A vernier enabled the heights to be recorded to 0.001cm.
Under optimum conditions, the makers stated that the error in a
single height measurement should not exceed 0.004cme The cathe-
tometer was mounted on a pillar made up of b¥eeze blocks, itself

.supported on several alternate layers of cork and lead sheet. The
telescope was equidistant from the manometer tubes, 60cm away.

The perspex front of the thermostatted box did not>cause
any aigﬂificant optical distortion. The heights of certain fixed

points were measured with and without the perspex in place, and
no difference was noticed.

It was found that the heights of a column of mercury

could be recorded to better than 0.002cm during the free space
calibration.
v-1-5 The Thermostat.

That part of the apparatus within the dotted line in

Figure V-1 was thermostatted in an air bath at 27°C. The

interior laboratory wall, to which the entire apparatus was
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secured, formed the back of a box the sides of which were hard-
board secured to a wooden frame. The front consisted of two large
detachable pieces of 1/8" thick perspex. Two small doors
were cut into one of these through which the apparatus could
be manipulated. The lid, also removable, was made out of hard-
board. Wherever passible, large sheets of polystyrens were glued to
the hardboard to provide thermal insulation. The box measured approx- -
imately 70 x 70 x 225cm.

Tempefatura control was provided by a mercury contact
thermometer (Electric Thermometsr Co. Ltd., U.K.) A, see Figure
V-5., and a Sunvic control unit B, operating two heaters. These

consisted of blackened 604 and 2004y light bulbs C and D respect-

ively. The air was circulatad by a 6% diametef ﬁains driven,
five bladed fan E, taken from an old refrigeration unit. The
fan was placed high in the box behind the manometer. The light
bulbs were also positioned above and behind the adsorptioh appar-
atus. The thermometers F,G and H were in the same vertical plane
as the main adsorption components.

Temperature gradient; of less than 0.3 T and 0.4 E

existed across the width (at half height) and the heighf of

the box respectively. The temperatures were measured by mer-
cury in glass thermometers calibrated against a National pPhysical
Laboratory standardised thermometer. Thermometer F was grad-
uated in 0.02‘t divisions, and thermometers G and H were grad-
uated every 0.1‘%. The temperature of the box could be held at
27‘t over a wide fange of room temperatures. The short term
cyclical temperéture variations caused by ths switching of the

cantrol system were dependent on room temperature and on whether




the adsorption bulh was being thermostatted in liquid nitrogen.
Temperature fluctuations were aluways much less than 0.4°C, and .
usually less than D.2°c even for thermometer F. Thermometer H

often only altered by 0.05°C during a temperature cycle. The.

range of the tharmcmetgr was noted during a temperature cycle.

The mean (corrected) tempsratures T(F), T(G) and T(Hj of a

cycle were used in the following manner to average out minor

temperature gradisnts:

1) Temperature of buretts (T(GB)) = % l}(F) + T(G)]

V-1,

2) Temperature of manometer (T(M)) = T(H) v-2.
3) Temperature of free space (T(FS)j,

TFs) = [T + T] v

Providing the ambient temperature was greater than 20°c,
leaving the front doors open for periods up to fivae minﬁtas-did
not cause significant temperature variations in the box.

The adsorption bulb (C in Figure Y-6) was immersed
in a narrow necked Dewar filled with liquid nitrogen so that
the sample was at least Scm below the surfaceza. Maintenancs
of temperature stability in the air bath required that the liquid
level be kept about 3cm below the top of‘ths Dewar, sse Figure
Vy-6. To reduce svaporation, the top of the Dewar was covered
with Kao wool (Morganite Ceramic Fibres Ltd.) A. The temp-
arature was determined by an oxygen vapour pressure thermometer
B situated next to the bulb Cu« A thermistor D, detacted when
the liquid level dropped and caused a heater E, a short length
of resistance wire, to switch on in a partially sealed reservoir
of liquid nitrogen outside the air bath. Liquid nitrogen was

then forced under slight pressure along a short well-lagged
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glass tube F, intathe coolant bath. The reservoir consisted of

a litre Dewar sealed inside an aluminium cylinder He. Th; lid was
permanently fixed to the side of the air bath. Two steel rods, I
and J, bolted to the 1lid and threaded at the lower end, enabled a
metal bar, K, to be screwed tightly to the baseof the container;
Thus the Dewar, G, could-be remcved to be refilled. Two screus,

L and M, in the lid acted as cantrol valves uwhich could be adjusted

sasily.

The control circuit diagram for this device is shouwn in

Figure V-7.

y-1-6 The Adsorpticn Bulbs, Gas Storage System, Qutgassing

Unit and Vapour Pressurs Thermometer.

The adsorption bulbs were blown from me‘capillary tubing
and joined to the adsorption system by a 2mm ball and sockst joint,
used to give some mechanical flexibility. The bulbs were indiv-
idually blown to suit the requirements of a particular sample.
Figure V-8 shows a typical bulb. The volume was minimised,
and the stem was about 10cm long, Sample sufficient’ta give a
total area of aboht SUm2 was used + To stop powder entraimment
during evacuation .and outgassing, it was found necessary to
fill the bﬁlbs to no more than half full for the iron oxide
experiments.

The gas starage system shown in Figure V-9 cdnsisted of
a 3dm3 bulb for nitrogen and a 2dm3 bulb for helium, and a simple
manometer. The system was pumped down for at least 24 hours £§

an ultimate vacuum of less than 10-4mmHg prior to filling the

storage bulbs. The appropriate gas was passed douwn a length of

PYC tubing through a greased three-way tap and then into an oil

14aa.
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bubbler. When the PYC tube was thought to be effectively flushed,
after about an hour, the flow rate was reduced and éas slouwly
admitted to the svacuated system.

The outgassing unit consisted of two hemicylindrical
200y heaters (type 50201, Lindberg heating unit, A.R. Horueli Ltd.)
supported on a csramic block as in figure Y-10. Power was supplied
by a Variac transformer and the unit was lagged with Kao wool. A
mercury-in-glass thermometer was attached claose to tha adsorption
bulb uhich was centrally positioned inside the heating unit. The
open top was also lagged with Kao wool.

The vapour pressure thermometer { S in Figure'

V-1 ) was a simple mercury manometer consisting of. a 'U'-tube
mounted in front of a metre metal rule. Both arms had an internal
diameter of Smm. 0One arm was connected to the pumping system

and the other was filled with oxygen. The sealed end of the
oxygen arm was situated close to the bottom of the adsorption bulb.
Oxygen was supplied through a Rotoflo tap. The arm was filled and
then evacuated with oxygen several times before the final loading.

The rule was read to the nearest 0.25mm using a hand lens,

v-2. Gas Adsorption Procedure.

U-2-1 Free Space Calibration.

After ensuring thaf the apparatus was vacuum-tight
the free space volume had to be determined using helium.

The system was pumped down for 24 hgurs to an ult-
imate vacuum of at least 5 x 1D-SmmHg., and 12 hrs, prior to the
run the thermostatting system was switched on. During pumping

mercury was accurately set at a reference mark in the burette and
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approximately set in the short arm of thq manometer. .Tap G (Figure
V-1) was shut and then helium was admitted to the free space volume *
through tap H which was then closed. A pressure of about 10cﬁ
of gas was added. After the manometer was finely adjusted five

minutes were allowed to elapse after closing the doors to the air

bath before the various readings were made:

1) The room temperature was measured to the nearest
0.5 using a mercury-in-glass thermomster attached to the
cathetameter,

2) The illuminating system was switched on and the
cathetometsr was set to the top of thes meniscus in.the short
arm. After lavelling, the cross-wires of the telescope were set
to the crown of the meniscus and the reading noted. The Cross-
wires were then readjusted and the hsight noted again. Readings
were continued until a height consistent to * 0.002cm was cbtained.

3) The telescope was relevelled at the bottom of the
meniscus in the short arm and readings taken until & consistent
height was obtained.

4) The telescope was set to the top of the meniscus
in the long arm and the illuminating unit adjusted so that the
light just passed over the crown. The height was then recorded
as in (2).

5) Reading (3) was repeated for the long arm.

6) Readings (2) to (5) were repeated in the reverse
order. This process was continued until consistent heights uere
obtained.

7) Immediately after the final height measurement was
recorded the temperatures of the three thermometers in the air

bath were noted for a temperature cycle. Finally the room



. temperature was noted again.

The mercury was then set to the next referegce level
in the gas burette, the manometer readjusted and readings (1)
to (7) répeated. The means of the recorded heights were

used in the calculations.

v=2-2 Treatment of Results,

The difference in height (h) between the mercury
crouns in the long and short arms of the manomater is related

to the uncorrected pressure (P) by the equation:
P=h.p.g V-4,

where p is the density of mercury at the temperature of the
manometer and g is the local accleration due to gravity 179.;ut
To reduce the pressure to standard conditions four corrections

were made, a scale correction and three mercury corrections,

Thse height h was recorded at some mean temperatures
7(R)/°C. Howaver, the scale of the brass bar of the cathet-
omater was calibrated at 20°C.; this temperature difference
was corrected as follou$:

o= [1 v arm) - 20)] v-5.
where ﬁ is the corrected height and (X the mean foeffic=-
ient of linear expansion of brass from 20°C to T(R) C (=

6o -1, 180
18.4 x 10°8°C7 Y .

The correctad pressure P(c) (cm of mercury) is

.then given by:

pc) = (H +3 -65)[_——'—] B u-6.

L aHgTHg
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where §; and % are the capillary depressions in the long
and short arms of the manometer respectivsly; T(Hg),tha temp-

erature of tha mercury,aHg , the mean coefficient of the

cubical expansion of mercury from 0°C to T(Hg)/ °C (181.8 x 1078

OC-1)180;gl andg. , the local and standard acceleration due to

gravity respectively ( gs = 980.665cms-2). Corrections for the
compressibility and vapour pressure of mercury wers neglected 179.
The capillary depression was read from the tables of
Blaisdell1a1. Th;sa tables give the pafametsr Hy » the reduced
capillary depression, in terms of the raduced manometsr radius X,

and the reduced meniscus height Y. Thus,

H, = hy s X = x 3 Y= y ) V=7

whare h, 1is the true capillary depression, x and y
are the radius of the manometer and meniscus height respect-
ively, and a is the capillary constant. This constant is given

by the formula:
i

a = ZY ]2 V-a‘
’ (pHg - pair)gl

in which y is the surface tension of Hg * P and

Pair the densities of mercury and air and 9 the local accel-

eration due to gravityFrom the densities at 27°C, the surface
| . 180
tension of a mercury-vacuum interfacs at 25°C and the lacal gravity,

ta' yas found to be 0.262cm.

The local gravity which varies with latitude and

180 2
elevation, was found from tables to be 981.15 cm

v-2-3 A Consideratign of Possible Corrections.

The meniscus covolume-in the short arm of the



manometer varies with the meniscus height. Therefore, for
accurate work, a correction for the excess meniscus covolums
relative to a standard height should be applied. Kistemaker182
gives the meniscus volume as a function of manometer radius

and meniscus height. It was found, by application of these
tables to typical experimsntal data, that the covolume correct-
ion was insignificant. It was therefore not applied.

Helium at 300K and nitrogen at 300K and 77K were bath
assumed to be idealaz. The volume (V) of nitrogen held at liquid
nitrogen temperatures was never mors than 5cm3, and aften balf
this value, Using the equation of Emmett and Brunauer183

to correct for the nonideality of nitrogen, the corrected

’
volume V is given by:

v o= U( 14+ G@P ) ' V-9,
760 ’

where a is 6.6 x 10-5, and the pressure P is in mmHg.With

¥ equal to S crn3 and P equal to 760mmMg, a value of 5.0003cm3
is obtained for V/.

It was considered that the primary factors limiting
the precision were the ability to maintain a constant height of
Aliquid hydrogen in the coclant bath and the constancy of the temp-
erature of all parts of the air bath. It was estimated that corr-

ections for non-idsality would only become important if temperaturs

105.

gradients were reduced by an order of magnitude. A similar argument

is relevant to the meniscus covolume correction,

184
Thermal transpiration may occur if two parts of a system

containing a gas are held at different temperatures. For temper-

atures T, and Ty» the associated pressures %i and P, are



106.

related by:

| 3
P T

1}
iy

V"100
P2 T2

For the effects of thermal transpiration to be abserved,

the mean fres path A\ of the gas molecules must be large com-

pared to their container's diameter. Using the well-known result

from the kinsetic theory of gas:
N o= 73T x 10720

PII ro2

V=11,

vhere r is a collision diameter between molscules, and

for helium and nitrogen is about 3A 184, the mean free path is

several orders of magnitude smaller than the dimensions of the

apparatus for pressures in the range 1-76 mmHg.

v-2-4 Calculation of the Free Space.

The volumes of the gas burette V(GB)and the volume

of the free space Y(FS)were fitted to an equation of the form:

Vi i
P(C)Z( {_:) — nR v-12."
i

Written explicitly:

Pc VGBY | PcWFS) = nR ) v-13.
TGB) TFS) :

where TGB)and TFS) are the temperaturss of the gas burette and
free space respectively; R is the gas constant and n the number
of moles in the gas phase. For each reference level in the gas

buretta, equations of the form V-13 were solved, and a mean value

of VEFS) found.



V-2-5 Dead Space Calibration and Adsarption,

For each sample ther? was a‘further volume that had
to be measured before the nitrogen adsorption coula be commenced.
This volume, the dead space volume (V(T)) was the valume above
the sample in the édsorption bulb and the volume of tubing up
to the taps F and G (Figure V-1). During an adsorption run the
dead space consisted of the sum of a volume (V(38)) at the temper-
ature of the air bath, and a volume (V(N)) at the temperature
of £he liquid nitrogen bath.

A sample was attached to the adsorption system and
evacuated initially by use of a static vacuum using taps F and K,
with the rest of the system isolafed. The sample was then pumped
directly, and the rest of the system evacuated. uWhen a vacuum aof
about 10-4mmHg was attained, the outgassing furnace was placed
in position and switched on. The air bath thermostatting was
also switched on. After the requisite length of time, the out-
gassing furnace was switched off and withdraun. The tap G was
closed and helium admitted via tap H ta the burette; H was shut
and the pressura and temperatures measured as before. These
measurements allowed the number of moles of helium admitted to
be calculated, since the free space volume was knoun. Taps F
and K were then closed, and tap G opened a fixed amount. The
finalposition of the PTFE stem of G was carefully adjusted bet-

waen two marks on the glass wall of the tap. The manometer was
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was reset and the pressurs and temperatures measuraed, thus giving
an estimate of the total dead space volume. The liéuid nitrogen
bath was raised to a position surrounding the adsorption bulb

and the nitrogen pump switched on. Kao wool was placed over the
top of the liquid nitrogen bath, The liquid level was period-
ically checked visuaily while the nitrogen topping up system

was adjusted, to establish that the level was constant and that

the metering system on the control unit was functioning correct-
ly. At lsast twsnty minutes were allowed to elapse once the liquid
lavel was set before the pressure and temperatures were measured
again, The oxyéen vapour pressure thsrmometer was rsad to the’
nearast Q,ZSmm, and from this vapour pressurs of oxygen, the
temperature of liquid nitrogen was obtained from a graph of
variation of saturated vapour pressure with temperatura’ss.

These last measurements enabled the volume at the temperature
of the liquid nitrogen to be calculated. By subtraction from
the total space volums that volume ;t the temperature of the air
bath was found.

Tha liquid nitrogen bath was removed, the helium was
pumped off, and tha system was pumped down to a pressure of
ca. 10_5 mmHge.

To measure adsorption, tap G was shut, nitrogen gasv
admitted to the gas burette, and the number of moles'dstarmined
as before. Taps F and K were then shut, and tap G opened by the
fixed amount, The adsorption bulb was thermostatted in ligquid

nitrogen and the various pressure and tsmperature measurements

made as above. Further adsorption points were simply obtained

by raising the mercury in the buretta to the next references level

108.



109.

and repeating the measuring sequence. Addition of mors hitrogen
was achieved by shuttiné tap G, measuring pressurs and temperature,
and then dosing over the nitrogen through tap H. The number of
moles of nitrogen was then measured. Subtraction of the number of
moles present after the tap G was shut and before tha addition,
yielded the actual number of moles added. Tap G was reopéned

and the adsorption experiment continued.

To desorb, the reverse of the adsorption procedure was
folloued. Starting from a high relative pressure and the gas
burette full of mercury, the mercury was successively lowered to
each reference lsvel causing desorption to occur. To remove
nitrogen from the adsorption system tap G was shut,.the nuﬁber
of moles determined and gas removed through tap H.e It was usually
apprapriate to raise the mercury to the top reference level during
this operation. Uhen the desired amount of nitrogen was removed,
the burette and manometer were accurafely set and the number of
males bresent determined, from which the amount pumped out was cal-
culateds Tap G was opened and the desorption continued.

At the end of the expsriment, the coolant bath was
slowly removed and the adsorptiocn bulb was allouwed to warm under
a reduced pressure of nitrogen, O0Once the ambient témperature was
reached, the bulb was filled with nitrogen ta atmospheric pressure
and removed from the adsorption systems It was immediately stoppered
and the weight fecorded.

The detailed proqedgre described above,often toaok ten
or more minutes to complete. It was found that for relative

pressures above about 0.3 this time was longer than that for
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which the mercury height in the short arm could be held exactly
constant. This was because of the inability to maintain an exactly .
constant level of liquid coolant around the adsorption bulb and
the porosity of most of the adsaorbents. Porous adsorbents
are generally slow to equilibrate,Aso when the short arm of the
manameter was initially>set, the mercury moved slouwly up ar douwn
as equilibrium was established. The ﬁercury level was readjusted,
thereby disturbing the position of equilibrium, and again drifted
up and down after it was set. The process was repeated with ever
decreasing movements abave ana below thas rsference electrode.
Superimposed on this behaviour were the effects of the minar
fluctuations in the coolant level. QOnce it was established that
the movements of the mercury in the short arm arose from the var- %
iations in the coolant level only, i.e. were cyclic, the pressure
was measured using an abbreviated procedure. The height of the
crown and meniscus height of the mercury in the long arm of the
manometer were measured when the audible alarm indicated that the
mercury in the short arm was set at the correct height. Thus
the height of the mercury crown and the meniscus height in the
short arm were assumed. When tap G was shut the normal procedure
was followed. The average of gll the mercury heights in the short
arm measured by the full procedura.for relative pressures below
0.3 was used as the assumed height when the abbreviated proc-
edure was folloﬁed.

| The short arm of the manometer had to be set accurately
to . ensure the volume of the free space uaé canstant. This is

an inherent problem of mercury manometry when used in conjunction
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with a constant volume apparatus.

V=-2-6 Calculation of Dead Space and Amount Adsorbed.

Wyith tap G shut, the number of moles of helium (n)

used to determine the dead space volume V(T) was measured.

The tap G was opened and the relevant measurements made (Chapter

V-2-5). Then V(') was obtained from:

p(c)v(eB) + P(cIV(FS) + P(c)v(T)= mR y-14,
T(GB) T(Fs) - T(FS)

The temperature of the dead space was assumed to be the same as

that of the free space, even when the nitrogen coélant was pres-
ent. The volume (V(N)) of the dead épacg at the temperature of
the liquid nitrogen was found from the eqUation:

P(c)v(ca)  p(c)u(Fs) p(c) fu(m-u(m} . _p(clu(N)
T(G8) T(FS) T(Fs) T(N)

The amounts adsorbed were calculated using the same
principles as above. The initial number of moles of nitrogen
n(N) was measured with tap G closed, as before. uhen the tap

G was opened, the number of moles preéent in the gas phase

after adsorption had occurred (nl) was measured and calculated from;

p(c)v(G3) | PL;)V(FSL‘+ p(ciu(s) . p(c)v(N) = n’R. v-16""
T(G8) T(FS) T(FS) T(N) B

The number of moles adsorbed n(a) was given by the difference,

(n(Nn) - n/), and was expressed as a volume at standard temper-

ature and pressure:

v(a) ['76cm, 273.15@ = n(a) R 273.15 17,

76.0

where n(a) refers to p(C) and T(N).
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v-3. Microcalorimetry.

Y-3-1 Introduction and Principles.

The use of calorimetry as an ivestigative tool is yell-
82
established It is, however, only recently that the availability
of sensitive commercial microcalorimeters has permitted the ready
83,84

exploration of interfacial phenomena « In this work, the calor-

imetry was carried out using an LKB Serption Microcalorimeter 2107-030

in conjunction pith an‘LKB 2107-210 air thermostat and an LK3
2107-310 control unit. The output from the calorimeter was amplified
using a Keithley Instruments 1508 microvolt-ammeter unit and dis-
played on a Philips pPMB000 chart recorder.

The main components of the Microcalorimeter ars a
heat sink containing two reaction sites each with its own set of
heat detectors and heat exchangers and a calibration heater: the
whole contained in an insulated box placed inside the air thermo-
stat. Oﬁe reaction site was for a batch mode, the other for a
flow mode of operation. 0nly the latter was used in this work,
~and hence only this will be described.

The flouw sorption cell consists (Figure ;-11) of
a stainless steel cylinder with a volume of about 0.5 cms, Teflon
filters at either end and two Teflon stoppers. fach stopper con-
sisted of 18c gold inserts, Yiton '0' ring seals and a Teflon bady.
A teflon plug could be fitted into the cell to reduce the volume.
The cell A (Figure V-12)fits into a metal block B containing 24c

gold, 1.0mm bore heat exchanges C, The metal block is sandwiched

between a pair of thermopiles £ and an aluminium heat sink D
(assumed infinite). Calibration heaters F, of known resistance,

are fitted to the mounting block.



The microcalorimeter operates on the heat leakage prin-

ciple194, and measures a rate of heat flou. If heat is generated
in tha cell (an exothermic reaction), the heat flows from the cell
ta the heat sink. The opposite heat flow occurs if the heat is

absorbed by the cell (an endathermic reaction). In each case the

heat flow creates a temperature difference across the thermopiles

and an electromotive force (e.m.f.) propoartional to the temperature

difference is generated. The @.m.f. is compared with that from
the unusad batch reaction site and any e.m.f. common to bath sites
is balanced out. The output is then amplified and fed ta the
recorder system. Any experimentally determined heat change

is proportional to the arsa beneath the s.m.f-time cur;e (see
below) and may be calibrated, using an integral heater, through
which a knoun current may be passed for a known time. The e.m.f-
time calibration profile is matched as closely as possible to

the reactian profile by the current and the time for which it
flows.

The flow cell may be used for saturation or injection

type experiments. In the former, a fluid solvent (liquid or gas)

is continuously pumped through the cell until a stable base line is

obtained on the chart recorder. fhe solvent flow is then inter=-
changed with the flow of the solution of interest by means of a
multi-way tap. uhen tha solvent-solution intsrfaca percolates
through the cell, reaction proceeds; hesat is generated until the
adsorbent becomses saturated and the evolution of heat ceases. An
adsorﬁtion peak is recorded. Alternatively, the solution of
interest may be introduced by direct injection into the solvent

stream. A "heat" pulse is again recorded. In general, continuous
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flow saturation methods have the advantage of being more sensitive,
but the disadvantage of requiring large fluid volumes and longer
analysis times, compared with the injection technique. 1In this
work, the saturation method was employed.

An idealissd thermogram showing the completsly rever-
sible physical adsorption of an adsorbate on a solid surface
is shown in Figurs y-13. Initially, solvent flows through
the cell until at 'X' the flows of solvent and solution ars
interchanged. A short time later, an exothermic signal I,
results from the physical adsorption process. The calib-
ration heaters are switched on once the adsorption is com-
plete, for a known time, and with a known current. An
axqthermic calibration peak II results. ©On interchanging
the solvent and solution once more, an endothermic desorptian
signal III is obtained. The signals I and III ara»of equal
magnitude and opposite sign.

Experimentally, peak areas were determined using
a planimeter read to +1% for large areas. However, the
position of the base line introduced an additional uncert-
ainty in the area, possibly *4%. Hence the overall pre-
cision was about 57 in the estimation of peak areas.

In a heat flow calorimetsr, tﬁe thermal e.m.f
E is proportional to the heat flow across thermopiles

@ = €E . y-18.

physically, the integral is the area A under the e.m.f-time

Q

trace,
Q@ = €A 4 v-20.



where € is a proportionality constant determined by the calib-

ration procedure:

Q(cal) = 12R-t =eA(cal) y-21.

where I 18 the calibration current in amps. R the resistanca of
the calibration heater iﬁ ohms, t is the calibration time in
seconds, and A(cal.) the area under the calibration curve (in
arbitrary units). It was assumed that the thermal character-
istics of the apparatus were such that a single calibration .
experiment could be used to determine both exothermic and endo-
thermic heat changes.
| In the flow mode, a fluid may be pumped upuwards or -
downwards through the adsorbent in the cell. Thé upwards mode was
chosen since this reduces the risk of clogging the filters and
achieves a mofa"stable suspension"194.than the douwnward flow
mode. The motion of a fluid over a presumably less tightly—pahked
powdered sample should give rise to a smaller frictional heating
effect, and hence improve the quality of the trace base lins.
The;e have been rsports of fchanneling' using the upward flow mode,
To prevent a syphoning effect and improve the flow characteristics
in ths cell, the waste was pumped to a reservoir situated at a
constant height (40cm) above the pumps,
The microcalorimeter was used for both liquid and gas
adsorption experiments. In each case, all the connections in the

calorimeter, and all external plumbing, consisted of 1mm internal

diameter Teflon tubing. The LKB thermostat was placed in a
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thermostated room ( £1.5°C) and a Churchill chiller was used to cool
the air bath's external fans. Under these conditions the minimum
detsctable heat pulse was about 20043, and the minimum detect-

able continuous heat effect was about 1.

To ensure the fluids used were in thermal equilibrium
with the adsorbent, various lengths of Teflon tube wers used as
heat exchanges in the LKB air bath, depending on the temperature
difference between the room and the adsofbent. Several factors had
to be considered concerning the length of equilibration tubing  and
the flow ratss necessary to achieve thermal equilibrium. If the
pumped fluids had a long residence time in the tubing, then the
boundary between solvent and adsorbate solution would not remain
sharp. As diffusion occurred the adsorbate and solvent would mix.
Ths initial adsorptian would occur at some concentration less than
that expected of a perfect plug reactor. This type of reactor is‘
one which is operated such that no axial mixing of reactant fplug*
with thé fluid in front (or behind) occurs. Since there is no mixing,
there is no dilution to consider. The real reactor obviously lies
between this sxtreme and the other, which corrasponds to a per-
fectly mixed reactor. To minimise sample dispersion, it was found
advantageous to use as short a length of tubing as possible, and
as high a flow rate consistant with base line noise (see bélau),
while still achieving thermal esquilibrium.

For a given flow rats the analysis time could not be
reduced significantly by shortening the tubing — the saturation

technique is inherently slow. Q0nae major reason is the necessity
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to use low concentration solutions to minimise heats of ailution
in the adsorption cell. .

Base line instability consisted of a regular cyclical
pulsing an which was superimposed random noise or a short-
term background nocise. That a frictional heat effect was
present was easily shown by stopping the fluid flow and
observing a fall in the heat generatad (bass line shifted
endothermically). Switching the flow on again caused heat
to be generated and the base line shifted in an exothermic
direction. Provided the flow rate was constant, the frict-
ional heating was assumed to be constant. However, all the
pumps used .caused a siight pulsing in the liquid stream
and hence reduced the quality of the base line, by virtue of
the cyclical pulsing and the increased background noise gen-
erated by this, It was found that the frictional heating
effect and pulse effects could be reduced slightly by
filling the adsorption cell between one half and one third
full. Houever, the primary factor deciding the extent of
filling of the adsorption cell was the expected heat change
per unit mass adsorbent/adsorbate reaction.

For a given volume of adsorbent and coﬁcent-
ration of adsorbate solution, the flow rate and length of
equilibratian tubing were thus a compromise between a number
of conflicting factors:; the rate of delivery of reactant, the
rate of attainment of thermal equilibrium, the effect of diffusion
and the effect of heats of dilutian, To maintain a constant

frictional effect, it was necessary to match the flow rates
of solvent and solution as clbsely as possible. Typically

between 0.5m and 1.0m of equilibration tubing was used in
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. . o 3 . -
conjunction with a liquid flow rate of 0.2Zcm min 1, and a gas

flow rate of about 4cm3min-1.

y=-3-2 The tiquid Adsorption Experiment.

The experimental arrangement is shown schemat-
ically in Figure Y-14., The two pumps, one for solvent and one
for adsorbate solution, were connected by a four-way LKB
PTFE valve to the LKB assembly. The thermostat was sst at
25.00°C. The flow of solvent was commenced, and when a steady
base line was obtained the sample pump was switched on with
the solution going to waste. Once this was operating satis-
factorily the valve was switched, causing the solution to
interchange with the solvent. The subsequen£ adsaorption peak
was recorded, calibrated, and the flow interchanged again, caus-
ing desorption to occur.

Initially a peristaltic pump (LKB 10200 perpex Ppump)
with a15mm internal diameter 'yiton' tube in the pump and a
1000 ; 1 reduction gearbox was used to pump the solvent.
This gave a flow rate aof D.UScm3min-1., which was far too
slow and impossible to match with the other pumps availabls
(model A99, Razel Scientific Instruments Ltd.). These Razei
pumps gave a wide range of flow rates and were used in conjun-
ction with 50cm3 gas-tight Hamilton syringes. Unfortunately,
these pumps all gave an undulating pulse effsct, even aftér
repeated overhauls. This was found to be largely attributable
to the pumps rather than the syringes. Eventually only one

pump was retained, and a Harvard ppparatus gcompact Infusion
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pump was obtained that had a number of flow rates compatible
with those of the Razel in the flow range U.33cm3min71'to
0.02cm3min?1. The bulk of the liquid adsorption work
was carried out u;ing the Razel and Harvard pumps which only
showed a slight pulsing at the highest sensitivity settings,
which were not often used.

The solvent used was n-heptane, dried over activated
AE molecular sieves. All the solutions were made up as wsight

percentages in n-heptane,

V—3f3 The Yater Vapour Adsorption Experiment.

The sxperiemental arrangement is shown scheﬁatically in
Figurﬁ v-15. The nitrogeﬁ was delivered from a B.0.C, 'White
Spot! cylinder into the bottom of a SDOcm3 flask fifted with
freshly activated molecular sieves. The peristaltic pump,
mentioned above, was used to draw nitrogen from this reservoir.
Excess gas was vented to atmosphers via an oil bubbler. A
needle valve controlled the rate of delivery of nitrogen to
the reservoir,

A two-way LKB PTFE valve led from the pump into the
calorimeter. Qne route.uas straight through about 1m of
equilibration tubing in the air bath into the reaction cell.
The other was via a water bubbler in the air bath before
joining the first straight-through route. About 0.75m
of tubing was used as a heat exchanger in the air bath
before the uater'bubbler.uhich was filled with distilled

water and connected to the mein routs by a piece of silicone

tube (Figure v—16). To prevent unwanted diffusion of water
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along this tube a simple on-off device was provided. This con-
sisted of two aluminium plates either side of the silicone, which
could be screued together through a small hole, packed with
cotton wool, in the thermostat 1lid.

The flow was measured, using a modified Sﬂcm3 grade 'A?
buretts and timing the risa of socap bubbles up a knoun volume,
Flow rates could be determined to i0.1cm3minf1 in about 5cm3m-1.
When the nitrogen was switched from the 'dry' to the rtuet!
route a reduction of about 107 was noted in the flow rate.

The flow rate uas dependant on the total hold up volume of

the system, and hence the volume of water in the bubbler and

the volume of sample present. To reduce the dead volume in the
adsorption cell a teflon plug was inserted, thﬁs halving the
total volume and virtually eliminating any dead space. The flou
rate decreased with time (over several days), presumably as

the sample became more packed. A transient reduction in flow
was always noted on switching from tdry! to twet'! as the water
bubbler became slightly pressurised.

Pulsing and frictional effects, although present, uwere
negligible compared to the heats of reaction. Frictional heat=- -
ing effects were less for the gas experiments than for the
liquid expsriments. The upward flow mode was used for the
preliminary eiperiments, but it was found that the channel

inside the teflan plug became blocked. 1t was therefore

decided to use the dounward mode to overcome this problem,
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The adsorbent farric oxide 'A' was prepared by
the method of Lambert and Clark187. An But.% agqueous
sodium hydroxide solution was slowly added to a well-stirred

30ut.® agueous solution of ferric chloride. Tha reagents were

Ahalar grade and obtained from 3,D.H. Chemicals Ltd. The prs-

cipitate was allowed to stand overnight and then filtered and

washed with distilled water, prying was carriaed out in an oven

at 100°C for 48 hours and thenm at 170°C for 24 hours. The
material thus produced was found to be hydrated (see Chapter
VI) and contained about 4wt.% of chloride ions 1§6.

Bignall186, in collaborative work, prepared and
characterissd the other ferric oxide adsorbents used in this
work. These were another batch of ferric oxide prepared by
tha method of Lambert and Clark (ferric oxide '8');

(X -goethite prepared by the method of Atkinson et a1188,

andxg-goethita prepared by the method of Ueissz. et 31189.

Crystallographically, ferric oxide A uas found to
be predominantly[?-goethite and ferric oxide 8 predominantly
& -goethite, Sbme amorphous material was present in bath
samples. All ths ferric oxide samples ware found to be
hydrateds A low surfacs ;reatx-haematite sampls was obtained
from Jahnson Matthey Chemicals Ltd (batch 5$81377) and used
without purification.

Three surface area standards obtained from the

National physical Lahoratory were used:

121,



1) Certified Reference material Mm11-01, Sterling

FT-GI(2700), a graphitised carbon black.

2) certified Reference Mmaterial m11-03, silica TK80O,

a non-parous silica.

3) cCertified Referenca Material M11-05, (¢t-alumina

a low surface area non-porous alumina,

In the vacuum adsorptidn experiments, . helium gas was
supplied by B.0.C. Ltd., and was used without purification, to
measure the "dead" and "free" space volumes. QOxygen free
nitrogen (B.O.C. Ltd.) was used as ths adsorbate‘, again without
purification.

The soglvent for the liquid microcaib;imetric exper-
iments was n-heptans (8,D.,H. Chemicals Ltd.). It conformed to Inter-
~national Purification specifiéation for normal-heptane, and had
a nominal GLC assay of 99.5%. To remove any possible residual
polar organic impurities and water, the heptane was successively
passed through three columns containing:

1)  Aluminium oxide (Basic grade B,D.H. Chemicals Ltd).

2) silica gel (6-120 mesh, B.D.H. Chemicals Ltd).

3) 4R molecular sieves (B.D.H. Chemicals Ltd.)

activated for 4 hours at 340°C.

The last column was a pressure compensated closed system to avoid
ingress of atmospheric moisture. The purified heptane was stored
over activated molecular sieves,

1-butanol, Aristar grade, was obtained from B,.D.H. Ltd.
It had a nominal GLC assay of 99.9% and was stored over activated

o
474 molecular sieves before use,
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1,2 -epoxybutane, nominally 99% was obtained from
Ralph N. Emanuel Ltd., and stored over activated molecular
sieves before use. Volumetric analysis found 98.2%
epoxybutane before treatment with molecular sieves; The
major impurities were thought to be hydrolysis products
and water,

1,2-propandiol with @ minimum G,L.C. assay of
997 was obtained from Koch Light Ltd., and used without

purification.
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The Adsorption Apparatus.

[]_‘ng. Ly
To pumps
To pumps + T
gas
HK
F T 4] - H
£
] |
|
' i
;S T
I
| i
I R'JA | B
!




125

FIG. . v.2.
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FIG. V.4,

LIGHT . Al. BAR

The Lighting Unit for the Long Arm of the Manometar,
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FIG VeS.
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The Air Bath Thermostating System.
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FIG y.8.
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Fig. V.1U.

THERMOMETER
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The Furnace Used for Qutgassing.
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FIG, V.11,

The Microcalorimetric Sorption gell.

Fige V12,

The LKB Mmicrocalorimeter.
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CHAPTER VI.

The Vacuum Adsorption Experiments.

VI=-1 Results,

Vi=1-1 The Free Space Calibrafion.

The free space volume was calibrated at 27 T using
helium which was assumed to be inert and ideal. The results of
four separate experiménts, each starting uith different initial
pressures, were used to calculate a mean free space volume
of 4,207 £+0.017 cms. The error is the standard deviation i

g with N = 12.

N-1
VI-1-2 Standardisation of the Vacuum Apparatus.

To establish that the adsorption apparatus was
capable of giving reliable results, nitrogen adsorption experim-
‘ents vere performed on two well characterised surface area
standards, Silica TKB800 and Sterling FT-GZ?ODZB.

The silica sample, a fine, non-porous powder with a
certified specific surface area of 165.8 * 2.1 ng-1 was used
first. . Great care was required to evacuate the sample in order
to prevent entrainment. Prior to the helium calibration of
the dead space volume, the sample was outgassed for S hours
at room temperature followed by 12 hours at 120°C and then
5 hours at 143°C. The final pressure was less than
5 x 107> mmHg. With about 0.3g of silica initially

present, the dead space volume was found to be 9,02 cm3,7

3
of which 7.52 cm was at liquid nitrogen temperature, 77K.

After tha calibration, the sampls was evacuated for a further
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i

4 hours to an ultimate pressures of 3 x 10-5 mm Hg before the

start of the adsorption experiment. The results are given in . .
Table VI-1. Eleven measurements were made in the N.P,L. spec=

ified relative pressure rangs (0.04 - 0.20) over which the B.g.T.
plot is linear. The best fit least squafes plot is shown

in Figurse YI-1, from which the specific surfacs area was cal-

culated to be 164.1 * 1.4ng-1. A weight loss of about 1.5%

was found compared to an NPL measured weight loss of 2.1%

obtained after cutgassing at 140°c for 16 huursza.

The adsorbent Sterling FT-G2700 is a non-
porous graphitisea carbon black consisting largely of small
pellets appraximately 1mm in diameter, together with a smail
quantity‘of finer material. No inhomogeneiiy'ﬁf the sample
with respect to surface area (11.1 * O.Bng-1) was found
by the SCI/IUPAC/NPL working party on surface area

2
standards 8.

A sample of about 1.8 g was svacuated for
9 hours at room temperature and then for 7 hours at 303°c
prior to the helium calibration. This yielded a total dead
space volume of 3,42 cm3 of which 1.49 cm3 was at 77K. Bet-
ween the calibration and adsorption expsriments the sample
was evacuated for 12 hours toban ultimate pressure of 2 x 155
mmHge Six adsorption measurements were made, of which fuur‘
fell within the NPL specified relative pressure range (0.04 -
0.15) over which the BET plot is linear. The results are
given in Table VI-2. The bsast fit least squares line of

these four points, Figurs yI-2, gave a negative intsrcept

and hence a negative 'c! value, which is not uncommon for



this samplezg. The calculated surface area was 10.92::0.4ng-1.
There was no weight loss.

For both of the test samples, the quoted error
is twice the Standard deviation ON—-1 . 0f the monolayer volume
Um calculated from the standard deviation of the intercept
and gradient of the least squares BET plot. The small errors

introduced by the weight measurements have been neglected.

VI-1=3 The Adsorbent Ferric Oxide A.

About 0.8g of ferric oxide was gut=-
gassed first at 27‘tvand then at 130°C forfjd% hours before
the helium dsad space calibration. This yielded a total volume
of 3.97cm3 of which 2.18:63 wvas at 7&K. Between the calibration
and adsorption expefiments; ths samplé was avacuated for 16
hours to an ultimate pressure of 2 x 10-5mmHg. The adsor=-
ption results are given in Table VI-3, in the fitst t;o calumns,
and the isotherm is drawn as curve I in Figure VI-3. No
attempt was made to record the desorptiaﬁ isotherm, because
the adsorption measurements had taken too long. Abave a
relative pressure of about 0.4, sometimes aver 30 ain.
elapsed before equilibrium was established and the

pressure could be recorded. The pressure decreased slowly

with time. E .
A further sample of approximately 0.8g

was subjected to the same outgassing regime as above. The
dead space volume was found to be 3.90'cm3 with 2,54 cm3
at 77K. Both the adsorption and desorption isotherms were

measured and the results given in the last four columns of

138.
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Table VI-3. The curves II and III in Figure VI-3 are the
adsorption and dasorption. isotherms respectivély. The
hysteresis loop closes at a relative pressure of about 0.35,
and indicates the presence of mesopores in the sample. The
desorﬁtion isotherms were accurately plotted én a large sheet
of paper, and the gaseous fvolumes adsorbed! read off at
convenient relative pressures. Using this data, a poie size
distribution was calculated by the method of Piarcass, as
discussed earlier (chapter II-12). The distribution curve
is drawn in Figure VI-4. |

fFrom the first run, 11 readings between the
relative pressures Q.U? and 0.30 were used to calculate a
BET surface area of 240.6 * 1.4m29-1. Only three adsorp-
tion measurements were made within this relative pressure
range on the second sample. A valuas of 244.0:::29-1 was .

calculated for the surface area from these thres msasure-

ments.

puring the outgassing procedure, a sudden
increass in pressure was observed when the tempsraturse
reached abou£ 1OD°C. The pressure changed by over an order
of magnitude of about 2 x 10-3mmHg. It was ass;med that this
- affect uas associated.uith the loss of water previously
adsorbed inside the pores. As a result it was decided ¥o
investigate the effect of outgassing on the surface area.
A sample was accurately weighed and then outgassed for 12
hours at 126 C to an ultimate pressure of 5 x 155mmHg.
Nitrogen u;s then admitted to the vacuum system

at room temperature, and the weight redetermined. A



weight loss of 12.7% uﬁa found. The same sample was then
outgassed again under identical conditions and the helium
calibration and nitrogen adsorption expsriments conducted

as normal. The ueiéht ldss as a result of the secand outgassing
was only 0.5%

The total dead space volume was 4.49 cm3 of

. 3
which 3.03 cm™ was at 77K. Eighteen measurements wers taken up

to a relative pressure of about 0.55. The rassults are shoun
in Table VI-4, and the adsorption isotherm is drawn as curve
I in Figure VI-5. The best BET plaot was obtained from ten
measurements within the relative pressure rangé 0.06 - 0.31,
and yielded a surface arsa of 249.2 ¢ 1.4ng-1.
A fresh sample was outgassed for 20 hours at
122°C. The dead space volume was found to be 4.31 cm3 of
which 2,94 cm3 was at 77K. Twenty twoe nitrogen adsorption
measurements were made oVar ﬁhe first half of the adsorp-
tion isotherm. The results are shown in Table VI-dkand
the adsorption isotherm is drawn as curve II in Figure VI-5.
The best BET plot was obtained from eleven measurements
within the relative pressure range 0.05-0.,27. The surface
area was calculated as 245.9 * 1.8 ng-1.
To eliminate possible inhomogsneity effects,
three subsequent experiments were performed on the same sample
wvhich was left 6pen to the atmosphere for about 36»hours

between each run. Each outgassing regime was more vigorous

than the'preceding ons. The dead space volumes were

calibrated at the start of these experiments, and the
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values obtained used for all the calculations. (are was taksn
to ensure no powder was lost by entrainment. About 1g of ferric .
oxide was usad,

The entire vacuum apparatus was evacuated as
usual except for the adsorpiion bulb and the dead space volums.
These volumes, and hence the sample, wers evacuated for three
hours at 27°C to an ultimate préssure of S x 10-5 mmHge. The
dead space volume was determined as 4.28 cm3 of which 3.15 cm3
was at 77k. After the calibration, the sample was evacuated
for a further 3 hours at 27°C. Thirteen adsorption measure-
ments were made in the relative pressure range 0.07-0.29.
These are recorded in Table VI-5, and plotted in Fiéura
VI-S as curve III. Using all the readings, the least square
analysis of the BET plot gave a surfaca area of 222.1% 2.0
ng-1. After this run the sample was left open to the atmos;
phere for about 36 hours before being outgassed for 12 hours
at 27°C to an ultimate pressure of 5 x 10.5 mmi{g. Saven
adsorption measurements were madse, although only faur fell
in the BET relative pressure range. The results ars given
in Tabls yI-5, and plotted as curve IV in Figure VYI-5,
The surface area was calculated as 224.7 * 1,0 m29-1. The
final outgassing, after the sample had again been left open
ta the atmosphere, lasted for 20 hours at 50 °C. Eight
adsorption measurements were made and using six of them,
a surface area of 230.3 * 1.4 ng-1 was calculated. The

results are given in Table VI-5, and plotted as a curve V

in Fjgure VI-S.

yI-1-4 The maleic Anhydride Treated Ferric Oxide A.
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Collaborative work conducted by Bignall186uas
partly concerned with attempts to modify iron oxide surfacss
by the irreversible adsorption of various small organic
molecules. Some of the ferric oxide A was treated by refluxing
with maleic anhydride in tetrahydrofuran and then washed and
drieds The effect of this pretreatment was tested by subject-
ing two ﬁatches of the treéted oxide to different outgassing
regimes,

About 0.6 g was outgassed at 50°C for 20 hours
before thse helium calibration, and for a further 11 hours at
27°c afterwards. The dead space was 3,91 cm3 of which
2.51 cm3uas T7Ke Tﬁe adsorption and desorpﬁion re;ults are
given in Table VI-6 and the isotherms drawn in Figure VI-6.
The surface areaAuas calculated as 1768,1 * 1.5 ng-1 from six
measurements in the BET region. Tﬁe.treated ferric oxide u;s
analysed for carbon and hydrogen content before and after the
adsorption experiment (Butterworth Laboratories Ltd., U.K.),
and the results are given in Table VI-7a. A weight loss, of
2,59, was measured.

A further sample was outgassed for 18 hours at
130°c befors the helium calibration and for a further 1 hour
afterwards at 27°C. The dead space volume was 3.89 cm3 of
which 2,53 cm3 was at 77K. The adsorption and desorption
results are given in Table VI-8 and the isotherms drawn in
Figurs VI-7. The surfacse area,.calculatad from five measure-
ments in the BET region, was 202.9 % 2.0 ng-1. A weight loss
of 3.5% was recorded. The carbon and hydrogen analyses are
given in Table VI-7b. The pore size distribution curves

calculated for each of the differently outgassed samples are
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plotted in Figure VI-8., Curve I represents the sample outgassed
at 50°C and curve 11 the sample outgassed at 130 C.

Infra-red spectra were recarded of the treated
samples before and after outgassing. KBr discs were made of
the untreated oxide, the tfaated oxide and the treated and
outgassed oxide in approximately equal proportions. The
untreated disc was placed in the refersnce beam of the spectro=-
meter, and thé infra-red spectra of the treated discs ware
recorded; Figure VI-9. Figure VI-10 compares the spectra
of the treated and untreated samples in the region 3500-

2500 cm-1.

VI-1-5. Absorbent Ferric Oxide B.

About 0.5 g of ferric oxide B was outgassed for'
16 hours at 127°C before the helium calibration and for a
further 24 hours at 27°C afterwards. The total dead spacs
volume was 3.95 cm3 of which 2.59 cm3 was at 77K, The nitrogen
adsorption results ars shown in Table VI-9 and the isotherm is
draun as curve I in Figure VI-11. A BET plot, using six
measurements in the relative pressure range 0.06 - 0.24 .
gave a surface area of 158.5 +1.6 ng-1. A weight loss of
5.7% was recorded. No attempt was made to measure the desorp-
tion isotherm because the adsarption measuréments took too
long. In order to record the desorption isatherm it was decided
to make only a few adsorption measurements before recording
the desorption, using a fresh sample.

A further sample of about 0.5 g was outgassed

for 19 hours at 127°Cc before the helium calibration and then



evacuated to S x 10-5 mm Hg for 1 hour before the experiment.
The dead space volume was 3.94 cm3 of which 2;56 cm3 was at
77K Four adsorption measurements were taken before the desor-
ption was started. The results are given in Table yI-9, aﬁd
plotted as curves II and III for the adso}ption and desorption
respectively in Figure VyI-11., The hysteresis loop suggests
that the sample is porous. The pore size distribution

cufve, obtained from the desorption isotherm is plotted

in Figure VI-12.

VI-1-6 The Maleic Anhydride Treated Ferric Oxide B.

A quantity of ferric oxide B was treaéed with
maleic anhydride by Bignall as described for ferric oxide A.
About 0.4 g was outgassed at room temperature
for 10 hours and then at 50 C for 9% hours before the calib-‘
ration experiment., The dead space volume was 3,397 cm3 of
which 2,54 cm3 was at 77Kk. The sample was evacuated for
a further 10% hours at 27°C befare the adsorption experiment.
The results of both the adsorption and desorption measurements
ara given in Table YI-10 and the isotherms aré plotted in
Figure ¥I-13. A BET plot using 7 measurements in the relative
pressure range 0.05 - 0.24 gave'a surface area of 135,72
2.2 ng-1. The pore size distribution curve, calculated
from the desorption isotherm, is given in Figure vI-14.
The results of carbon and hydrogen analyses (Butterworth Ltd.,

U.K.) before and after outgassing the sample are given in

Table YI-11. A weight loss of 0.5% was recorded.
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Vi-1=7 The Adsorbent (-Goethits,

About 0.4 g was outgassed for 14. hours at 125°C before
the helium calibration and for two hours afterwards at 27°C. The
dead space vqlume was 3.73 cm3 of which 2.62 cm3 was at 77Kk. The
adsorption and desorption results are given in Téble U;-12 and
plotted in Figure VI-15. The asymptotic behaviour of the adsorp-
tion isotherm is indicative of inter-particle cﬁndensation. The
desorption curve does not rejoin the adsorption curve at low
relétive pressures, It was assumed that the desorption was domin-
ated by evaporation of adsorbate condensed bstueen particles rather
than by evaporation of adso;bed material. Consequently, the pore
size distribution was calculated using data extracted from the
adsorption isotherm. Distribution obtained by starting the calcul-
ation at relative pressures of 0.85,0.81, 0.80 and 0.79 are shaown
in Figure VI-16. Using six measurements in the relative pressurs
range 0,07 to 0.28, a least squares BET plot gave a surface area of

112.3 t1.6m29-1.

VI-1;8 The Adsdrbent ﬁ-coethiie.

About 0.4 g was outgassed for 12Vhours at 125°C before
the helium calibration, and for a furfher 1% hours afteruards at
27°C. The dead space valume was 3.94 cm3 of uwhich 2,56 cm3 was
at 77K. The adsorption and desorption results are given in Table
VI-13 and plotted in Figure yI-17. The BET plot, using five
measur;ments in the relative pressure range 0.09 - 0.31, gave a
surface area of 105.1 * 1,2 ng—1. The pore size distribution

curve, calculated from the desorption isotherm, is shown in

Figure YI-18.
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vi-I-9 The Adsorbent C¢-Haematite.

Rbout 2,5 g of (t-haematite was outgassed for 12
haurs at 125°C before the helium calibration and for 4 hours after-
wards at 27°C. Tha total dead space volume was 5.76 cm3 of which
4,29 cm3 was at 77K. Theadsorption and desorption results ars
given in Table VI-14 and the isotherms plotted in Figure VI-19.
There is no hysteresis loop. A BET plot, using six measurements
in the relative pressure range 0.05 - 0.26 gave a surface area of

2.74 + 0.4 m2g-1. A weight loss of 0.12% was found.

vI-2. Discussion.

vi-2-1 Apparatus Standardisation.
The specific surface areas calculated for silica,

2 -1 . 2 '
164.1*1.4 m g , and graphite, 10,9 * 0.4 m g , agree with
the relevant NPL certified specific surface areas. The calcul-
ated values are both slightly lower than the guoted areas,
although within the limits given for the reference materials,
The value for silica is within 1% of the actual area and the

value for graphite within 2% of the actual arsa. The apparatus

therefore was considered to be capable of giving reliable results.

VI-2-2 . - Plots.

The low specific surface area of the x-haematite
sample, 2.74 * 0.4 ng-1 and the lack of porosity as evidenced
by the identical adsorption and desorption isotherms (fig. VI-19)
are in agreement with the manufacturers claims, and an analysis
performed at NPL on a similar batch of ferric oxiae. It was

decided to use the o-haematite as the non-porous refersnce
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in the construction ofc§~plots for the other materials studied
(Chapter I1I-14). These are given in Figures yI-20, VI-21 and -
vi-22. Figure Vi-ZD compares the outgassed ferric oxide A
result,vith those obtained for the maleic anhydride treated
samples., In Figure YI-21 the treatad an& untreated farric
oxide B plots ars given together with the untreatasd ferric
oxide A plot. 1In Figure VI-22 the plots of the untreated ferric
oxides A and B and «- and B-goethite are given. |

All the plots show an upward deviation from
linearity at about o = 1 indicative of capillary condensation
in mesopores. The ag-plots for the maleic anhydride treated
ferric oxidess are similar to the untresated plgta,exéapt that
the amount adsorbed at any given relative praessure is reduced.
Thers is no evidence that the pore structures have been signif-

icantly altered in eny way by the trestments,

VI=-2=3 ferric Oxide A and p-Goethite.

Ferric oxide A was found to be porous in agree-
ment with the earlier work of Foster11u. The adsorption iso-
- therms varied uniformly with cutgassing temperature (Figure
VI-5). The amount adsorbed at any given relative pressurs
decrsased with temperature and duration of outgassing. The
surface areas therefore decreased with decreasing thoroughness
of outgassing. The results are listed in Table yI-15. The
differences between the areas obtained after outgassing .
abové 100°C most probably arise from sample inhomogsneity.
Thess four areas have a mean area of 24S ng-1. It is well

established that outgassing at 257 removes all physically

adsorbed water from iron oxides (see Chapter IV-2). Thus
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the changes in surface area must ari;e from changes in the surface
hydroxyl concentration. It seems unlikely that the material lost
by outgassing above 27‘E was bulk water held in pores or strongly
bound physically adsorbed water. The surface area would be éxpected
to increase very rapidly with increasing Sutgassing temperature if
this was the case, | |

Before outgassing, elemental analysis showed about
1.5% by weight ﬁf hydrogen was present in the samples., Using a
hydroxyl concentration of 5.88 QH per 10032, the weight of hydragen
in a monolayer af hydroxyl groups was estimated for 1 g of oxide.
Subtraction of this quantity from the total hydrogen content
yielded the amount of hydrogen in physically adsorbed water.
The sample was calculated to consist of 15;5% by weight of
hydroxyl groups and physicélly adsorbed water. 11.7% was
water, carrespanding to about 2 monolayers., A uweight loss
of 12.7% for outgassing above 100°C thersfore indicates the
removal of about 6.5% of the total hydroxyl coverage. This
small hydroxyl loss is in accqrd with expectations, since
the complete desarption of the hydroxyl'layer requires pro-
longed outgassing at temperatures in excess of 100°C for
porous iron oxides.

Crystallographically, ferric oxide A is pre-
dominantly p-goethite. However, the adsorption isotherm and
pore size distribution are different from the reference sample
of p-goethite. The distribution curves (Figs. vI-4, VI-18)
are sketched in Figure YI-23 for comparison. Ferzic oxide A

has a narrow distribution of pore radii with a maximum at



about F = 258. The distribution for B-goethite is broad, with

a slight maximum in the range fp = 70-80A. The surfacs area of
p-goethite is less than half of the value for ferric oxide A.
The differences in surface propertiss of tuwo crystallograph-
ically similar samples must arise from differences in their
preparation and the presence of impurities in -the ferric oxide
A. This material contains minor quantities of other phases
together with some amorphous material and about 4% by wsight
of chloride ions, It is unclear whether this chloride is
inherent in the structure, unreacted ferric chloride or
precipitatad sodium chloride. Gallagher125 has found that
the structure of ;}goethite initially precipitated f£om
the hydrolysis of Fe(111)C13 has a molecular formula approx-
imating to Feﬂ1_k.(UH)1 . },$Cl. which corresponds to about
9% by weight of chloride. The structure was very sensitive to
the thoroughness of washing in distilled water and hence to
the degree of hydration. A mean pore radius of about 12; was
found for B—Fe0.0H. This is much lower than ths mean pore
radii found in this worke. A valuQ of 1.6%‘by waight of
hydrogen was found by slemental analysis for p-goethite
used in this work. Assuming the formula ch.OH. nH20 this
corresponds to n = 0.2, It is probable that the removal
of the chloride from the ferric oxide and further drying of
both the oxide A and B-gbethito might result in better

agréement of their surface propsrties.

Vi-2-4 ferric Oxide B8 and a=Gosthitae.

Crystallographically the porous farric oxids 8

149.
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is predominantly o ~goethite. The surface properties of ferric oxide
B and o-goethite are, however, quite different. Fferric oxide B has
a surface arsa of 158 m29-1 compared to 112 ng-1 for a-goethite.
The pore size distribution curves (Figs, VI-12, VI-16) are sketched
in Figure VYI-24 for comparison. fhe curves for <x-goethite are
similar to that of ferric oxide A, although there is some doubt
as to their validity owing to inter-particle condensation. The
cumulative internal pore areas obtained in the calculation (using
the adsorption isotherm) of the «-goethite distributions are all
much higher than the BET surface area. The pore area calculated,
using relative pressures in the range 0.79 - 0.30, is the ne#rest
at about 125 ng-1. This suggests that inter-particle condensation
started at about P/% = 0.79. Ffor all the ather samples studied,
the distribution was calculated using the desorption isotherm,
and stopping the calculation &t about the point where the hysteresis
* loop closed,gave a cumulative pore area approximately equal to ths
BET surface area. Hence, for all the other samples, other thén

«~goethite, it is reasonable to conclude that the BET surface
area consists almost entirely of the interior surface area of
pores with little or no contribution from plane surfaces.

Elemental analysis found 2.94% and 1.26% hydro-

gen‘by weight for o« -goethite and ferric oxide B respectively.
Using the same procedures as in VI-2=3, n in FaD.DHnH20 was
calculated as about 1.1 for o« -goethite. Ferric oxide B wes
found to consist of 12,4% by weight of hydroxyl groups and
physically adsorbed water, giving about 2.5 monolayers of mole-

cular water,
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VI-2-5 The Maleic Anhydride Treated Ferric Oxide A,

The elemental analyses in Tables VI-7a,7b indicate
that the bulk composition of ferric oxide A was altered by the
maleic anhydride treatment and that outgassing the sample does
not remove all the organic material. Assuming uniform adsorp-
tion and an occupied area per adsorbed maleic aﬁhydride molecule

of 2.6 x 10™17p~2,186

a coverage of 0.63 of a monolayer was
calculated from the carbon content before outgassing, If it

is also assumed that the adsorption occurs over the hydroxyl
monolayer (which is not displaced), then the amount of physically
adsorbed water present is related to the difference between the
total hydrogen content (before outgassing) and the hydrogen
associated with the organic and hydroxyl layers. This argu~

ment shows that the organic treatment removes about half of

the previously adsorbed water.

Comparison of the infra-red spectra of the
treated and untreated samples in the region 3500-2500 cm-1
(Figure VI-10) shows that the broad spectrum is decreased in
intensity by the organic treatment., This broad band is attrib-
uted to surface hydroxyl groups and adsorbed water. The
bresdth of the band arises from intermolecular bonding (i.e.
H-bonds). The loss of intensity suggests that some of the
physically adsorbed water and possibly loosely bound hydroxyl
groups have been displaced by the maleic anhydride treatment.

fhe effect of outgassing is to increase the per-
centage carbon content and decrease the hydrogen content.

Since the samples outgassed at both 50°C and 130°C both

lost weight during the outgassing, this suggests that the

organic material was preferentially retained relative to



the water content. From the actual weight loss for the sample out-
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gassed at 130°C, and the carbon contents before and after outgassing,

the hydrogen weight loss associated with desorption of maleic anhyd-

ride was calculated (< 0.1 mg). This quantity was subtracted from
the total weight loss of hydrogen to yield the ueiéht loss due to
desorption of water and hydroxyl groups. Assuming no desorption
of surface hydroxyls, then the observed weight loss requifes only
one quarter of the physically adsorbed water to desorb., Abﬁut 90
times as many water molecules desorbed as did maleic anhydride
molecules. A similar calculation for the sample outgassed at 50 C
showed no changes in the numbers of organic molecules desorbing.
The reduction in temperature, however, caused the number of water
molecules desorbing to drop by half, These calculations are based
on the assumption that the maleic anhydride was uniformly distrib-
uted throughout the sample. Given this, it appears that increas-
ing the severity of outgassing only effects the water coverage,
simply causing more water to desorb.

| The specific surface areas of the untreated and
treated oxides outgassed at 50°C and 130°C are collected in Table
VI-15. The surfece mreas df the treated samples are less than
those of the untreated samples irrespective of temperature. The
treated saﬁple outgassed at 130 C has an area of about 91% of
the untreated sample outgassed at 27ft for the minimum lengthrof
time ( §F 222 ng-1). Hence the sqrface area of ferric oxide
A has been altered by the maleic anhydride treatment.

From the above, the difference iﬁ the surface areas

of the treated‘samples (25 m29-1) arises prihcipally from differ-

encés in the physically adsorbed water content. The actual



figure is 5.4 x 1020 molecules per gram of sample. The area
occupied by a water molecule lies in the range 10.6 - 14,8 32,
from which the ébserved surface area diffserence is of the same
arder of_magnitgde as the calcu}ated differencs. Uéing A(H,0)
= 12,7 iz, the calculated figure is about 2.5 times the observed

difference of 25 mz.
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The pore size distribution curves aof the untreated ferric

oxide and the maleic anhydride treatesd samples outgassed at 50°C

and 130°C are redrauwn in Figure \YI-25 for comparison. The minor

differences between ths treated curves are probably not significant.

The maxima for the treated samples are both at lower mean pore
radii than the untreated samples maximum., The "Yuntreated"
distribution has thes smallest rangse, centreﬁ around 25 - 3032.
If the maleic anhydride was édsorbed uniformly over the sur-
face, it would be expscted that the "trsated" distributions
would becoma sharper than the untreated distribution and that
the effect would be more pronounced at small mean pare radii.
This is not observed. The only effect of the organic treatment
appears to>be a reduction in the number of pores in the range
| f; =25 - 303; this suggests preferential adsarption in or
close to those pores. It is possible that, given the small
coverage of organic material, the differences in the distribut—
ion curves are artificial and independent of Ehe organic treat-
ment,

The in%ra-red spectra of treated samples before
and after outgassing,(Figure vI-10) show a triplet character-

‘ -1
istic of anhydrides in the range 1600 - 1300 cm = which is

unchanged by the outgassing.



The treatment of ferric oxide A with maleic anhy-
dride clearly alters the nitrogen adsorption praperties of the
bulk powder and the infra-red spectra. It is, however, imposs-
ible to determine if the maleic anhydride is evenly dispersed
throughout the sample (i.e. uniformly adsorbed). It is poss-
ible that the organic mgterial is present as solid crystals
or adsorbed "nan-uniformly™ in small clusters on the sur-
face. Some preliminary electron micrascopy was inconclusive

on this point.

yI-2-6 The Maleic Anhydride Treated Ferric Oxide B.

The elemental analyses in Table>v1-11‘indicata
that the bulk composition of ferric oxide B was ;ltered by the
maleic anhydride treatment and that some organic material
remained after outgassing. Using the same procedure as bef;
ors, (VI-Z-s) an.organic coverage of 0.65 of a monolayer
was calculated from the carban Eontent before outgassing,
compared to 0.63.for ferric oxide A. About half of the
physically adsorbed water was lost as a result of the treétf
ment. In?ra-red spectra of ferric oxide 8 bafore‘and after
the organic treatment shouwed the same effect in the region of
3500 -~ 2500 cm‘1 as ferric oxide A (Figure VI-10), again sugg-
asting a reduction in the water content of the sample.

OQutgassing has no effect on the proportion of
carbon present; howsver, since a small (0.5%) weight loss
was found, it follows that a small amount of organic mater-
ial was lost. The weight loss is less than that found for
ferric oxide A 6utgassed under the same conditions (2.5% at

snﬂc). About ten times as many water molecules '(“20)
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desorbed as did maleic anhydride molecules per unit a?ea of
surfacs, compared with the equivalent ratio of about 40 for
ferric oxide A. Both oxides lose more water than maleic
anhydride. Ferric oxide g 10335 about 2.5 timés as much
organic matefial and 10Atimes as much water as feric oxide
B, and hence has the larger overall uaiéht loss.

The pore size distribution curves of the treatsd
and untreatad (outgassed 127°C) samples ars redrawn in Figure
VI-26 « There are no significant differences between them.

" Bath curves are broad, with no predominant pore size., Ths

treated ferric oxide 8 has a surface area of 135.7 nzg_1

1 for the untreated sample, Compared

compared to 158.5 ng-
to ferric oxide A, ths rasduction in surfacs area is not so
great as a result of treatment. Infra-red spectra indicate -
that organic materi{al is present before and after outgassing.
The malesic anhydride treatment has thus altered
certain of the properties of ferric oxide 8. It is, however,
uncertain if these effects ars real surface effects or not.

Preliminary elsctron microscopy experiments failed to provide

conclusive svidence.
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FIG. yI.3.
Va/w Nitrogen adsorption and desorption isotherms
cmig? on ferric oxide A at 77k. ‘ _
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FIG y1.4.

- The pore size distribution

plot for ferric oxide A.
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FIG V1.5,

Nitrogen adsorption isatherms
on ferric oxide A at 77K as

a function of decreasing
thoroughness of out-

gassing (curves 1 to S).
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FIG. VIoso

The nitrogen adsorption and desorption isotherms,
measurad at 77K, on the maleic anhydride treated

ferric oxide A, outgassed at 50°C.
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FI1G.y1.7.

The nitrogen adsorption and desorp-
tion isotherms measured at 77K,
on the maleic anhydride treated

ferric oxide A, outgassed at130 .
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FIG. y1.8,

The pore size distribution plots of the maleic
anhydride treated ferric oxide A, outgassed at
50°C (I) and outgassed at 130°C (II).
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FIG. VTG

A comparison of the infra-red spectra of the maleic
anhydride treated ferric oxide A before I and II

after outgassing using an untreated sample as the

rafarsnce.
(Y% )TRANSMITTANCE

1600 1400 1200
WAVENUMBER (cm!]

FIGVI.10.

A comparison of the infra-red spectra of the maleic anhydride
treated ferric oxide A (I) and the untreated sample(II) in
(%] TRANSMIT TANCE the region of hydroxyl adsorption.
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FIG. VI.11,

The nitrogen adsorption and desbrption
isotherms on ferric oxide 8 at 77K.
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FIG. VI.12.

The pnrev size distribution plot for ferric oxide B.
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FIG.VI.13.

v /W

03~_7 The adsorption and desorption isotherms

cm measured at 77K, on the maleic anhydride .,
T treated ferric oxide B outgassed at 50°C_.
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FIG VI.14,

The pore size distribution plot of ths maleic

anhydride treated ferric oxide B outgassed at 50°c.
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FIG. VI.15.
Nitrogen adsorption and desorption isotherms

(-goethite at 77.
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FIG VI.16,
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Pore size distribution plots for (-goethite derived

from the adsorption isotherm, starting with relative-

pressures of 0.85, 0.81, 0.8 and 0.79.
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Pore size distribution plot for B-geothite.
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FIG VI.19.

Adsorption and desorption isotherms

Adsorption (.) and desorption (V) isotherms on (r~haematite at 77K.
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FIG. VI-20.

Ol-plots of ferric oxide A. ’
Runs 1 and 2 (curves 1) and the
treated samples autgassed at 130°C
(curve 2) and 50°C (curve 3)
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FIG. VI.21.

Q¢ plots of ferric oxide 8, "treated" (1),

"untreated" (2) and ferric oxide A, "untreated" (3).
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FIG. vt.23.
The pors size distribution plots
of ferric oxide A (1) and 3-goethite
(2)
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FIg. V1.24,

The pore size distribution plats of (-goethite (1),
and ferric oxide 8 (2).
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FIG' VI . 25.

The pore size distribution plots of ferric oxide A‘:
"untreated" (1), "treated" and outgassedvat s0°c (3)
and 130°C (2).
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FIGy1.26.

The pore size distribution plots of ferric oxide

B: "untreated" (1), "treatedn (2).
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CHAPTER VII.

The Liquid Adsorption Experiments.

VIii-1. Results.
ViIi-1-1 The Adsorption of Butanol on /-Haematite.

Throughout this work,all heats of reaction are quoted
as positive quantities, Exotheimic and e;ﬁothermic processes are
therefore written as positive, even though ;gxothermic processes
liberate heat ana strictly have a negative enthalpy change. As
stated earlier (Chapter v-3-2), all liquid concentrations are
expressed as weight percentages.

The adsorption of 0.2% butanol in n-heptane was measured
as a function of flow rate on (/~-haematite previously equilibrated
"with atmospheric moisture to give about two physically adsorbed
layers of water., The results are given in Table VII-1. OQwing to
fhe small surface area (2.7m29-1) and the pulsing effect of the
pumps (Cﬁapter V-3-1) the results are not as precise as was origin-
ally hoped for. Typicél thermograms are shown in Figure VII-1,
It was decided to use a flow rate of 0.21 ccmin |
for all subsequent work, since the heats of adsorption end desorption
were reasonably consistent at this flqu rate and pumps were availaﬁle
that a) did not generate a large pulse- effect, and b) enabled the

flow rates for adsorption and desorption to be matched exactly.

In order to estimate the surface area of the haem-
atite, 0.2% butanol was adsorbed onto an alumina surface area

standard and the constant E in equation llI-3 was evaluated.

The alumina had an NPL certified specific surface area of 2,091%

1

D.UOszg- and was equilibrated such that about 2

physically adsorbed layers of water were present.
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Two consecutive heats of adsorption were measured as 0.291 39-1

“and 0,285 39-1 wvith a'mean of 0.288 39_1. The calibration Eonéiant
E was calculated to be 0.138 :Jm'.2 and, using the heat of adsorption
on haematite obtained with a flow rate of 0.21 cc min—1 (0.12 39-1)

a surface area of 0,87 ng-1 was calculated.
Vi1-1-2 The Adsorption of 1,2~-Epoxybutane on (¥-Haematite.

The energies of adsorption and desorption for various’
strength epoxybutane solutions on (X-haematite previously equil-
ibrated to have about two physically adsorbed layers af water are
given in Table VII-2. The precision is poor because of the small
heat effects and the low signal to noise ratio. Typical thermo-
grams are given in Figure VII-2, The signals are small and broad
at low concentrations, and became larger and sharper at higher con-
centrations. The dats is plotted in Figure VI1I-3., the curves I
and 1I represent smoothed adsorption and desorption curves, and
the dotted line is the mean of the experimental adsorption and desor-
ption figures.

A 0.2% butanol solution was adsorﬁed after the epoxy-
butane experiments were completed. The heat of adsorption being
0.11‘39-1, which is the heat of adsorption on a surface not sub-
jected to epoxybutane adsorption. The heats of adsorption and
desorption of 0.27% 1;2-propandiol, 0.12 39-1 and 0.11-1, resp-
ectively, were measured to see if the additional alcohol group
had any effect.

A dilution experiment was performed toinvestigate the

possibility that the divérgance of the adsorption and desorption
curves in Figures YI1I-3 and VII-10 could be explained by dilution

effects. The experiment consiéted of filling the reaction cell
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with an inert material to give a known free volume inside the cell

and then alternately flowing solvent and solution through the cell.
Non-porous 100-mesh glass beads; thought to have a surface area
approximating to their geometrical area were chosen as the inert

filling. The results, using butanol solutions, are given in Table

VII-3 and plotted in Figure VII-4. Typical thermograms are shown in
Figure VII-5. The éxperiment was not repeated using epoxybutane solutions

because of doubts as to the "inertness" of the glass beads.

VII-1-3 The Adsorption of Butanol on Ferric Oxide A.

Preliminary adsorptions of 0.2% butanol on ferric oxids
A (ca. 0.27g) with between 1 and 2 physically adsorbed water layers
initially present showed that the heats effacts were large (ca. 2039'1)
and inconsistent, and that the rates of desorption was much lsss than
the rats of adsorption. A typical thermogram is shown in Fiéura VII-6.
It was thought that the slow desorption could account for the incaon-
sistent heats of adsorption. This was tested by measuring the heats
after washing the surface with a known volume of heptane. A 2%
solution was used bscause the platsau region in the adsarption
signal made the areas difficult to measure and uaé possibly
the consequence of not supplying the butanol fast enough. The
heats of desorption were not measured becausse of the difficulty
in determining the area under the slowly decaying desorption
signals. The results of these experiments are given in Table
VII-4 and plotted in Figure yII-7. Clearly the heat of adsorptiaon
is a function of the volume of heptane passed over the surface

before the adsorption - the "flushing" volums. Typical -



thermograms are shown in Fiqure VYII-8.

The slow rates of desorption and the high heats of
adsorption found with the 0.2%‘salution on the fresh surface
suggested that some butanol was irresversibly adsorbed. This
idea was tested by measufing the heats of adsorption and des=
orption on a fresh sample of ferric oxids A. Betwsen 1 and 2
physically adsorbed layers of water were initially present. A
flushing volume of about BDcm3 was useds The results are
given in Table VII-5 and plotfed in Figure VII-9 as a function
of the number of adsorption/desorption cycles. The decrease in
the heat of adsorption over the first few cycles suggests that some
butanol is irreversibly adsorbed. There is a greater degree of
uncertainty in the desorption heats than in the adsorﬁtion heats
caused by the difficulty in assigning the caorrect arsa to the
slowly decaying desorption signals,

The ferric oxide was further characterised by deter-
mining the relationship between.the heats of adsorption and desor-
ption and the concentration of butanol. The sample used above for
the "cycling" expsriments was used so that the initial surface was
saturated in terms of irfevarsibly adsorbed material, To reduce
the time involved for each adsorption/desorptioﬁ cycle,. the
flushing volume was reduced to 60cm3. Starting with a 2% solution,
successi;aly more dilutes soclutions were adsorbed. The results are
given in Table VYII-6 and plotted in Figure VII-10. They indicate
that the heat of adsorption reaches a maximum in the concentration
range 0.2 - 0,4 and that increasing the concentration further
causas a decrease in ths heat of adsorption. The thermograms
sketched in Figure YII-11 illustrats the variation of signal

shape and size with concentration,

184,
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VII-1-4 The Adsorption of 1,2-Epoxybutane on Ferric Oxide A.

The ferric oxide sample used in the experiment to
investigate the relationship between heats of adsorption and butanol
concentration,was flushed with 240cm3 of heptane before 2.0%
1,2-d60xybutane was adsorbed. The adsorption was exothermic and
the signal had a significant base-line drift (Figure VII-12, curve I).
After 70 min only 90% of the maximum deflection had decayed. The area
was measured from the point giving heat of adsorption of 27.1 39-1.
The heat of desorption was about 3 39-1, the signal (Figure VII-12,
curve II) being very small. 40 cm3 of heptana was passed through
the cell and epoxybutane readsorbed (Figure VII-12, curve III).

The heat of adsorption was about 4 Jg_1. A.further 500 cm3 of heptane
wers passed through the cell and the spoxybutane readsorbed. The
heat of adsorption was again about 4 39-1,'and the signal (Figure
VII-12, curve f¥) was not significantly altered. 75 cm3 of heptane
were then passed through the cell and 2.0% butanol adsorb;a, the

heat change being 6.7 Jg-1. These results indicate that a substan-

tial amount of the epoxybutane is irreversibly adsorbed and that

prolonged flushing does not promote desorption.

vii-2. Discussion,
Vii-2-1 Butanol Adsorption on (¢-Haematite,

Previous work in this 1aboratory160on the haematite/
butanol system, using the downward flow mode that had revealed a
small spurious endothermickpeak immediately after the exsthermic
adsorption_ No such signals wers positively identified in this

work (using the upuwards flow mode), although the pulsing af the



pumps may have obscured this effect. Various authors have observed
a similar effect for the adsorption of carbaxylic acids, but not
for butanol adsorption (Chapter IV-3). Heal and mchang7, howevser,
have found a spurious desorption signal dependent on the amount of
water in the system. They advanced the view that fast flow rates
could obscure the effect by building up pressure gradients within
the reaction cells that could act as small heat sinks. This could
possibly explain the results of the earlier work. The flow rates
used in this work could not have compacted the sample but siﬁply
ensured that a well mixed suspension was present in the cell.
It is unlikely that pressure gradients wvere present.

If butanol adsorption causes preadsorbed water tc
be displaced, giving rise to the desorption signal, fhis effect
could only opserats until all the water was displaced. It is
doubtful that the dried heptane could have delivered enough uate;
in the mquired time to continuall} replace the butanol displaE357
water,
The heat of adsorption was taken to be 0.12 % g.01 39'1

and the heat of desorption to be 0.16 £ 0.01 39-1. These quantities

should be equal in magnitude and opposite in sign. The discrep-

186,
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ancy probably arises from errors in measuring the arsa of the desorption

signal., The desorption signal was always much broader than the adsorp-

tion signal (Figure VII-1) and had a prongunced "tail®, thereby making

it difficult to decide when the signal and base-line merged. decreas-

ing the flow rate caused both the adsorption and the desorption signals

to broaden with a consequent decrease in reproducibility. piscrep-

ancies exist in the literaturs regarding the valus of the heat of



adsorption of 0.2% butanol in ferric oxidesas’sa. The value found

hera is less than the litaraturs values by a factor of a£ least two,
The heat of adsorption is very sensitive to the surfacs pretreatmenf,
especially to the amount of water present, Generally the heat of
adsorption decreases with increasing water coueragegs. The low heat
of adsorption found here is most readily explained in terms of the
water coverage. It is known that less than two physically adsorbed
layers of water are enough to completaly "screen® an oxide surface
from an adsorbats. About two layers of physically adsorbed water

were initially present on thes haematite surface. Even assuming

butanol doss displace water, it is unlikely that no physically adsorbed

water was present because of the residual moisture on the solvent.
Hence the butanol was at least partially “screened" from the full
adsorption potential of the surface. A further measurement of the
heat of adsorption of butanol on haematite in this laboratory -yielded

a valus of 0.16 Jg-1. 186

. 2 -
The specific surface area of the haematite is 2,74 m g

1
compared to the surface area found by the microcalorimetric technique
of 0.87 ng-1. The discrepancy is almost certainly dus to the screen-
ing effect of the water present. However, since both the alumina

and the haematite initially had approximately the same uatef cover-
ages, soms self-cancelling of the effect should have occuéred. If

the effective area of the alumina was decresased, the constant E will
bé increased and the surface area of the haematits will decrease. In

general, it has been suggested that the areas found by the micro-

calorimetric techniques96 are the affsctive areas of the surface
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and ara a measure of the reduction in specific surface area due to
preadsorbed water. In this work, however, the calculation was based
on an assumed knowledge of the alumina surface area, and so is likely to’
be in error. The discrepancy between the liquid and gas phase results
could also be viewed in terms of a decrease in surfaéa reactivity

rather than a simple area effect.

V1iI-2-2 1,2-Epoxybutane Adsorption on (¢~-Haematite,

The 1,2-epoxybutane/ (X-haematite system was considered to
be a model for the adsorption of constituents of epoxy adhesives on
steel surfaces. The haematite sample was used to ensure the absence
of effcts due to porosity. The heatsof adsorption at.a concentration
of 0.2% are less than those found for butanol. The butanol adsorption
carriad out aftsr the spoxybutane experiment indicated that none of
the epoxybutanas was irrsversibly adsorbed. The propandiol result shbus
that the additional alcohol group has no sffect on the heats of sorption.

It was expected that the heats of adsorption and desorption
of epoxybutana'uouldinifially increass with increasing concentration
and then reach a plateau., This is not observed (Figure VII=3}. " Two
possible explanations for ths observed trends wers considerei. At the
higher concentrations, an endothermic dilution effect may beccme-signif-
icant. This would depress the exothermic signal and enhance tha ando-
thermic signal, Alternatively, it was thought that the adsérption
and desorption reactions might be different. If, at some stage during
the cycle ; adsorption, subssquent residence on the surfaga,
and then desorption, the higly strained epaxy ring was hydro-

lysed, then the second hypothesis is feasible. Howsver, there is

no reason why thes proposed hydrolysis should opatata only at high




concentrations, Preliminary experiments using gas-liquid chromato-
graphy failed to provides any evidence that hasmatite catalyssd ring
opening. 'Tha propandiol result also suggests that if a diol was
produced on the surface the effect might not manifest itself in

the heat of desorption. A rough calculation concerning the likely
heat effect for the clsavage of the espoxy ring gives a figurs well
above the observed energy difference betwasen the two curves in
Figure VII-3. The most feasible explanation is therefore the
dilution effect, since it only becomes operative at higher
concentrations where the curves diverge. Assuming this to be truse,
taking the mean of the adsorption-desorption energies should cancel
the dilutian effect. The dotted line in Figure YII-3 shows the mean
result and does lavel off tending tawards a plafsau.

Figure VII-10 shows the effect of butanol concentration on .

189.

the heats of adsorption and desorption on ferric oxide A. The adsccop=- -

tion curve reaches a maximum and then the heat effect dscreases
with increasing concentration, while the desoprtion heat shows a
gradual increass with increasing concentration. That a completely™
different system shows a broadly similar trend to that observed for
epoxybutane, indicates the underlying cause in both cases is physical
rather than chemical. The dilution experiment was unable ta furnish
quantitative corrections bascause the glass beads wsre not inert, so
that the measured hsat affects included a component arising from
a sarption process, Evidence for this is provided by the doubleat
type structure of the signals in Figure VII-S. However, the genseral
trends suggest that dilution effects are important. All the "desorp-
tionn heats are endothermic uhile'tha "adsorption" heats undergo a

changa in sign becoming sendothermic
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at high concentrations. Qualitative application of these trends
to both of the reaction systems considered will have the effect
of decreasing the magnitude of the heats of desorption and

increasing the magnitude of the heats of adsorption.

Vii-2-3 Butanocl Adsorption an Ferric QOxide A.

The heats of adsorption of butanol on ferric oxide A
are several orders of magnitude larger than those an Q-haematite
when expressed in 39-1. However, par unit of surface area (Jm-z)
the figures become comparable (of the same order of magnitude).
The exact figures depend on the relative effective areas and an
the particular heat of adsorption chosen for ferric oxide A.
The surfaces ars therefore energetically similar. This is
reasonable since the mean pare radius is ZGK and the Cpéplot
(Figure VI-20) indicates an absence of micropores, so no .
great increase in the "adsorption® potential would be expected.

The slow desorption (Figure VYII-6) is presumably a
consequence of the porosity of the sample. It is not clear
why the adsorption process is not similarly affected. A
similar, but less marked, effect was observed for the desorp-
tion of butancl from haematite. This suggests that the effect
is kinetic and that it is exaggsrated by the porous nature of
the surface of ferric oxide A. Although the pore shapes and sizes
cannot be the primary faétor,(otheruisa the adsorptinn process
would be similarly sffected) they presumably further hinder the
movement of molecules in‘an already kinetically difficult mech-

anism,
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The plateau in the adsarption Qignal of 0.2% butanol
(Figure VII-6) is simply the consequence of not suppiying the
butanol sufficiently fast to the reaction cell. Estimations |
of the time required to supply a monoiayar to the surface depend
critically on the effective area availablae for reaction and the
area occupied by tha bﬁtannl molecule on Fha éurface; Several
calculations were mads, using different assumed figurss for
thesa quantities, all of which showed ihat the butanol ua;
not being delivered fast enough to the reaction cell. Increas-
ing the concentration by a factor of 10 eliminated the plateau
region as in Figure yII-8.

Figure YII-7 shows that the heat of adsorption is
a function of the volume of heptaha passed ovér the surfacs
prior to the adsorption. Thus the desorption is not only
slow relative to the adsorption in the shqrt term, (compariéan
of adsorption and desorption sigﬁals) but aiso over a much
longer period of time. Intuitively diffusign of molecules in
and out of a naetwork of pores will not be instantaneous, espec-
ially when the molecules are large relative to at'least parté of
the_pores; Howaver, why this effect should only apply to the
dssorpfion process is uncertain. It is conceivabls that the
adsorption was initially fast and then proceeded so siouly fhat
it was undstected, although this dées‘not solve the proﬁlem |
of the different rates of adsorption and desorption,

The slow desorption is complicated by the fact that

for a given flushing volume some butanol is "irreversibly®

adsorbed (Figuré VII-9). | For a given flushing yolume, the

—
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"irreversibly" adsorbed material almost certainly has a component

that is permanently adsorbed irrespective of the flushing volume

and a component that is dependent on this volume and which can bes
desorbed by increasing the flushing volume. More than one adsorption/
desorption cycle is‘required beéo;é the he;ts aof aﬁsdrptianr /
become canstant. The first adsorption cycle could result in

the permanent component being left on the surface and the

second cycle could deposit material less strongly bound. It is
possible that some butanal is chemisorbed. In general,thé heat

of adsorption of the psrmanently adsorbed butanol will nai be

equal to the heat of adsorption of the reversibly adsorbed

butanol, but will be larger. Estimating the propartion of the
surface occupied by permanently adsorbed butanol by comparison

of heats of adsorption is therefore subject to errors. A comp-
arison will yield the maximum possible coverage. Tha difference
betwaen the initial heat of adsorption and the equilibrium heat

of adsorption in Table VII-5 suggests that a maXim;m of 25%

of the surface is covered by irreversibly adsorbed material.

About equal proportions of irreversibly adsorbed butancl are 7; t,
left on the surface as the result of each of the first two
:adsorption/desorptiqn cycles. Given the reiative sizes aof the
heptane and butanaol molecules compared with the mean pore diameter, -
it is unlikély that the initial adsorption would result in parts

of thse surface remaining unexposed to adsorbate, thereby requiring
more than 1 adsorption/desorption cycle to ensure complete expaos-
ure of the surface.

From Figure yII-7 the heat of adsorption aftsr more

than two cycles, using 80 cm? of heptane to wash the surface



should be 17.5 39-1. The actual value, from Figure YII1-9, is
about 15 39_1. The discrepancy'arisss from the different
preparations of the samples used. The sample used in the first
experiment was powdered, using a different procedure to that
employed for the second sample used iﬁ the "cycling" experiment.
All other miecrocalorimetric experiments and all the gas adsorp-
tion work used ferric oxide A taken from this second batch of
powder. This discrepancy should in no way negate tha usefuiness
of the trend observed in Figure VII-7. The 1.99% butanal adsorp-
tion using a flushing volume of 60 cn® (Table VII-6) and the
mean of the heats of adsorption after 2 cycles using a flushing
volume of 80 cm3 (Table YII-5) lie equidistant belou the curve
of heat of adsorption versus flushing volume in Figure YII-7.
Hence the general trend is maintained. 7
The data of Table VII-6, plotted in Figure UII-10,'

shows that the hsat of adsotptioﬁ has a maximum, and that the
heat of desorption curve gradually increases with increasing
concentration. Below a concentration of 0.2% the desorption
signals becime so bread and shallow that it was impossible

to measure them accurately. The maximum in tHe adsorption

curve occurs in the concentration range 0.2-0.4%. It is

known that butanol moleculss form a close packed vertically

%83-86. There-

orientated monolayer at a concentration of 0.2
after increasing the concentration should have no effect an
the heat of adsorption. This is observed for concentrations
up to about 0.4-0.5%, after which the heat of adsorption

decreases sharply with further concentraticn increases.

This effect and the difference between the adsorption and

193
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desorption curves are, at least partially, explained by ths
dilution effects discussed above (VYII-2-2).

The adsorption signals shown in Figure VII-11 become
progressively less sharp and much broader as the concént-»
ration is decreased. No plateau region was observed. An
attempt was made to cﬁfralate the changes in the signal shapes
to the area of the surface and the area occupied per butanol
molecule., However, this was unsuccessful, because of the
uncertainty in the surface area available for reaction arising
from the presence of unknown quantities of preadsorbed water
and irreversibly adsorbed butancl.

Neglecting surface contamination, the possibility of
an enhanced heat of adsorption on a porous>$urface compared

to that on.a plane surface requires that the estimation of

.
o

the constant E (Equationlll-3 ), should be carried out, using
a porous surface arsa standard. No such standard was available.
However, given the lack of micropores, the error introduced

by failing to use a porous standard is likely to be small.
Various estimates of the surface area are given in Table VYII-7.
The first column was obtained using E = 0,138 Jm-z derived

from ths alumina calibration, The figures in the second

column were calculated using £ = 0.116 Jm'-2 obtained by
Bignall186from the adsorption of 0.2% butanol an silica

TK800. This discrepadcy in E values is disturbing, since

88 has shown that a wide range of polar metal oxides

Groszekea'
should give the sams E values. The most likely explanation
is that different amounts of water were preadsorbed on the

surfaces. Irrespective of the £ value used, all the areas

are less than the BET specific surface area. Ffor the



adsorption of 27 butanol the mean area is 164 ng-1 for the
surface containing only preadsorbed water, and 121 m29-1 for
the surface containing both water and irrevefsibly adsorbed
butanol.This latter figure represents the effsctive area avail-
able for adsorption as a consequence of the presence of both
butanol and water. It is possible that the butanol displaced
some or all of the water, although thess results c#nnot distin-
guish this. Assuming the heats of reversible and irreversible
adsorption are the same, the surface area cbtained from the
initial heat of adsorption shows that about 33% of the BET
surfaca is occupied by water. Since the heat of irreversible
adsorption is likely to be larger than the heat o% reversible
adsorption, 33% is a maximum estimate of the water coverage.
These surfacs area estimates are depressed because of the
dilution effect found for 2.0% solutions compared with 0.2%

solutions. The mean area for a surface containing both watsr

and butanol, taken from the maximum of the curve in Figure VII-10,

corresponding to a concentration of about 0.2%, is 155 ng-1.

An assumed heat of adsorption (20.5 Jg-1) for 0.2% butanol adsorp-

tion with a flushing volume of 80 cm3 gives an effective area of
163 ng-1, compared to 121 ng-1 found for a 2% solution. Using
the reduction in the initial heat of adsorption of a'Z%

solution to its equilibrium value (Figure VII-3), by pro-
portion, the initial heat of adsorption of a 0.27 solution

was calculated at about 27.5 39-1. This gives a mean

2 -1

effective area of about 220 m g- « The specific surface

area of ferric oxide A calculated after outgassing at 27°¢ for

195.
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6 hours is 222 ng-1. If the figure ofca.zzo&%-1 is correct,
this suggests that all the water was displaced by the butanol.
This is not observed for the haematite sample, and it is not
clear why the porous surface should behave differently in this
respect. There is therefore some doubt as ta the validity of
this approach, possibly felated to differences in the heats

of reversible and irreversible adsorption of butanol.

VII-2-4 1,2-Epoxybutane Adsorption on Ferric Oxide A,

The initial heat of adsorption is large, cansid-
ering the surface already contained some irreversibly adsaorbed mater-
ials, It is possible that the epaxybutane displaced the
adsorbed butanol and residual water, although there is no
evidence either for,or against this view., The large disparity
between the first and second heats of adsorption (27 Jg_1 and
4 39-1) and the agreement batwueen the first heat of desorption
and the second heat of adsorption (3.5 Jg'-1 and 4 39-1) suggest
that the epoxybutane was irreversibly adsorhed. Prolonged
flushing of the surface had no effect on the heat of adsorption. Thus
the epoxybutane is permansntly adsorbed.

The haematite /epoxybutane system behaved quite
differently. The adsorption and desdrption were reversible, and
readsorption of butanol onto the epoxybutane trsated surface gave
the expectad hsa t of adsorption. Readsorption of 2,0% butanol
onto the ferric oxideA resulted in a heat of adsarptiﬁn of

6.7_39-1, less than half of the expected value of about 1S Jg'1 .



Hence ,the butanol and epaxybutane occupy some common adsorption
sites,

The second heat of adsorption was about 75%
of the first, so that very spproximately a .maximum of 75%
of the surface originally available to the epoxybutane uas
covered with irreversibly adsorbed material. Using a mean

2, the heat of adsorp-

tion of butanol gives a residual area of about S3 ng-1 .

'g' value ( Table vII-7 ) of 0.127 Jm

The rest of the surface must be occupied by epuiybutane and
some butanol and possibly water.

A feature of the adsorption signals in
Figure VII-12 is the failure of the signals to return to
the preadsarption level. This cannot be the result of
changes in the thermal properties of the contents of
the cell. No such effect was observed for the haematite
epoxybutane system when the recording sensitivity was 100
times greater. Therefore, the effect must be associated
with a slow and continuous evolution of heat. This could
arise from the slow hydrolysis of the epoxide ring on the
surface. It is well known that epoxides readiiy undergo
acid catalysed ring cleavage and caﬁ even be cleaved under
basic conditions.190'1f the epoxide ring was cleaved, then
the possibility exists that the adsorbed molecule could form
a sscond bond with the surface, with the liberation of more
heat, It is well kndun (Chapter IY-3) that molecules that

form multiple bonds with a surface are not easily desorbed.

197.
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Hence both the slow decay of the adsorption signal and the
irreversible nature of tha adsarption can be explained. It :
is, however, not clear why tha effect was not observed for

the haematite/epoxybutane system. The effect may have

been present but, as a result of thé low surface area

of the haematite, to such a small extent that it was

beyond the limits of detection.
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Chapter VIII.

The Water Vapour Adsorption Experiment.

VIII-10 Resultso
VIII-1-1 The Calibration Experiment.

The water vapour adsorption experiments were
carried out using the modified microcalorimeter described earlier
(chapter y-3-3). Dry nitrogen was first passed through the empty
reaction cell, and then the flow was switched through- the water
bubbler. This caused nitrogen, at least initially saturated
with water vapour at the temperaturs of the experiment, to pass
through the reaction cell. An exothermic heat change was
recorded. 0Once thermal equilibrium was re-established, the
flow was switched back to dry nitrogen and an endothermic
signal resulted. This procedure was éarried out at 25.00¢*

0.05C and 37.20 *0.05°C. In the context of this calibration
experiment, adsorption and desorption refer to the effect of

- changing the flow of nitrogen from "dry" to nueth and "uet"

to "dry" respectively. The results are giveh inﬂTable VIII-1.

Typical thermograms a?e sketched in Figure VIII-1. These results
indicate that; as expected, tha effect of changing the moisture
content of the nitrogen uas.complicated and that possibly more than
one process was involved. The.heat effects for adsorption and desor-
ption were, within experimental error, equal in magnitude but opposite
in sign irrespective of the temperature. There was no significant

difference between the results obtained at the different temperatures.

A mean heat effect of 0.60 J was assumed and applied to all subsequent
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measurements. The flow rate was 5 cm3min.-1 for the tdry"
nitrogen and 4.5 l::m"'.min.-1 for the "wet" nitrogen.

To investigate if adsorption on an iron oxide
surface caused an additional, detectable heat effect, the
experiment was repeated with about 0.1 g of the high
purity -haematite in the reaction cell, at 37.20°C. A
dry flow rats of 4.8 ::mzmin.-1 was used; the wet flow rate
was about 10% less, The results are given in Table VIII-2.
Typical sorption signals are sketched in Figure yITI-2.

Thess results indicate that the presence of ths haematite
causes an additional heat effect compared to the blank exper-
iment, This is presumably caused by adsorption.- The msan
heats of adsorption (32.8 39-1) and desorption (30.9 39-1)
are, within experimental error, the same. Inspection of the
signals showed that the rates of dssorption was faster than’
the rates of adsorption.

The experiment was repeated at 19.55°C. The
rates of reaction were reduced compared to those at 37°C,
although the desaorption was still faster than the adsorption.
The adsorption and desorption signals are sketched in fFigure VIII-2.
The adsotption signal did not return to the initial base line.
Hence the "true" area under the‘curve is difficult to define,
and any heats. of reaction become order of magnitude estimates
only. The heats of adsorption were approximately of the same
order of magnitude as those obtained at the higher temperature.

The desorption signal returned closer to its original base linse,

Twa desorption heats were found to be 27.3 and 32.8 Jg", the
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mean of which is about the same as the heat of desorption obtained

at 37°%C. )

VIII-1-2 Water Adsorption on Ferric Oxides A and B,

The reactipn between water vapour and f?rric oxide
A was investigated at 4 different temperatures. The results for
both adsorption and desorption are given in Table VIII-3, in
which the figures in brackets are the number of hours for which
the sample was treated with dry and wet nitrogen before the
adsorptions and desorptions respectively. Typical thermo-‘
grams are sketched in Figure VIII-3. They are not to scale
and only ref}gct the major structural differences between the
observed signals. The structures of the adsorption and desorp-
tion signals wererelated. Yith referencs to the schématic |
curves in Figure VIII-4, desorbing before the knee(i) in the
adsorption signal gave a "structureléss“ desorption signal
without the rounded minimum or the inflexion(2). Desorbing
after the knee in the adsorption signal resulted in the "normal"
desorption signal. At 37 T more than 9 hours of flushing with
| dry nitrogen were required to achieve complete desofption. After
9 hours of flushing, the heat of adsorption was 568 39'1
compared to a mean of 644 Jg-1 obtained using flushing times
of b;tueen 44 and 24 hours. The reaction at 19.5%C was so slow
that the heats of reaction can anly be considered as order of

magnitude estimates. No other work was carried out at this low

temperature as a consequence.

Water vapour was adsarbed on about 0.08gferric oxide

B8 at about 25.50 to.os% and 37.20%0.05 T. The results are given



in Table VIII-4, and typical thermograms sketched in Figura VIII-5.

The structural features found in both the adsorption and desoréfion
. . . o

and signals for ferric oxide A are absent. At 25 C ferric axide B

showed a greater base line shift after a given period of time than

ferric oxide A, The following trends were observed for both samples:

1, Heat of adsorption at 25°C was less than the heat of

adsorption at 37°C.;

2, Heat aof adsorption at T°C was less than or equal to the

o
heat of desorption at T°C (T = 25 or 37C);

3, Rate of reaction at 37°C was greater than the rate

of reactiaon at 25°C;

4, Rate of desorption at T°C was greater than the rate of

adsorption at T°c (T = 25 or 37°).

VIII=-1-3 Yater Adsorption an (¢~ and [B-Goethite.

The results of the water vapour adsorption exper-
iment, using (¢~ and‘?-goethite as the adsorbent in turn are given
in Table VIII-5. The adsorption and desorption signals for both
samples @ere simple curves without any of the structural features
present in the ferric oxide A signals. Typical signals are shoun in
Figure YIII-5. The signals tended ta return to their original base
lines. The qualitative trends ohserved for the ferric oxides A and
B concerning the heats and ratss of reaction, stated above (VIII-1-2)

were again found to be true.
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VIII-2. Discussion.

VIII-2-1 The Calibration Experiments.

It was thought that a better understanding of the iron
oxide/water interaction would be useful in interpreting the prev-
ious adsorption results. The microcalorimeter was used in the
flow mode as described earlier in an attempt to provide qualit-
ative differences between the varicus iron oxides. Vapour phase
adsorption was used in these preliminary experiments to simplify
the apparatus required and ease the interpretation of the results.
Dry nitrogen was passed aver the sample and then the flow inter-
changed with moist nitrogen and the heat effects recorded. The
moisture content of the nitrogen was not measured. As a conseqg-
uence the state of the adsorbent surfaces was nevér known exactly,
The experiment could thus only furnish qualitative differences
between the iron oxides studied. These deficiences could be over-
come if the experiment was ever to be exploited further. The
remaining prablem concerns the finitg time required to generate
a saturated (or other specified concentration) vapour of uwater
in the reaction csll, owing to diffusion and adsorption of the
water in the apparatus. It was assumed that, with ths flow rates
used, the nitrogen carried an amount of water approxiﬁating to
the maximum saturated content. The nitrogen carrier gas uwas
considered to be insrt, even though it is known that nitragen
can adsorb physically and chemically at ambient tempe;atures
on metal oxides. External diffusion of water into the system
was also neglected.

The blank calibration and haematite adsorption and

desorption experiments were performed to sse if the proposed
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experiment was feasible., The haematite sample was chogen because
of its high purity, lack of porosity and low surface ars=a, as

the compound most iikely ta give an unambiguous test of the
sensifivity of the experiment.

The heat effects found when interchanging the flows
of "dry" and fuet? nitrﬁgan in the blank experiment haya no simple
explanation, ind are probably the resultant of several phenomena
occurring simultaneously. Effects likely to be involved include:
changes in the thesrmal properties of the cell, changes in the
frictional heat effect; h=at of dilution effects; adsorption
and daesorption on the walls of the cell; and condensation and
evaporation of the bulk liquids These last3effects are prob-
ably the most significant. No attempt was madé to investigate
the blank heat effect any further. In absolute terms, the
heat effects were of the same order of &agnitude as the largést
heats obtained during the liquid adsorption measurements, For
raversible changes, the heats of reaction in each dirsction
should be equal in magnitude and oppasite in sign. This was
found to be true at both temperatures within the limits of exper-
imental error. The heats of reacfion at 25°C and 37°C were
sufficiently close so thatka mean of heat of 0.6 J ua$ assumed
for the effect. This figure is a negative guantity when
raferred to an exothermic (adsorption) process., Comparison of
the thermograms in Figure YIII-1 show that the figures for both
adsorption and desorption are sharper at the lower temperature.
This suggests that the rate of heat flow is initially faster

at the lower temperature. The reason for this is unclear.

The additional heat effects observed when

the experiment ués repeated with haematite in tha reaction cell
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were assumed to result from the adsorption and desorpéion of water.
The base line of the thermal signals (Figure UIII-2) often did

nof return to their original position after the p;imary heat
change was completed. This "tail" effect uasmosfprondunced

at the louer temperature., Gensrally the adsorptiaon §igﬂ;13‘
weremogst affected and this was subsequently found to be true

for all the oxides studied.

The slow return of the signals presented a problem
in defining the area under the curve as in Figure VIII-6. The
area is clearly dependent on the choice of the base line, and the
hatched area is not included in either estimate. The blank
calibration signals did not show this effect, suggesting that
it ism™real" and not an artefact. Tests of the base stability
at several stages throughout thevcburse of the experiments
failed to produce base line drifts that could account for the
ntail® effect. It was noticed that changes in the flow rate
did cause minor shifts in the base line. This effect was
small and complicated, apparently linked to transient pressure
changes caused by the operatioﬁ of taps as well as throﬁgh
actual long-term variations in flow rate. The different iran
oxides studied had different tail effects associatad with them;
- and B-goethite had smaller tail effects than ferric oxide
A or B. Ferric oxide A sufferad the most from the tail effect
and haematite the least., These variations almost certainly mean
that the tail effect is real and dependsent on ths surface chem-

istry of the iron oxide/water interaction. Guderjahn and go-

workers in immersion studies of AL203 in wvater havas noticed
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a slow evolution of heat for several hours after the main heat change

had finished. This was attributed to the parfial‘féhydration

of surfaca hydrbxyls lost during outgassing. It is also well .
known that metals and metal oxides react slowly with atmesph-
eric moisture. Collins et al96 found that rust required up

to 20 hours to equilibrate to & set humidity. Hencs the
equilibrium between frse molecular water and physically adsorbed
water is attained only slowly. It seems likely that the slow
physical adsorption and desarption of water was the main reasan

for the tail effect, as evacuation and heating to at least above

50°c are normally required to desorb appreciable numbers of surface

hydroxyls.,

The heats of adsorption and desorption at 37°C
(Table VIII-2) were approximately equal, as expected for a
reversible process. At ca ZUoc the heat of adsorption was. of
" the same order of magnitude, although possibly smaller. The
large tail made accurate assessmsnt'of the heat effect imposs-

ible. The heats of desorption at 20°C and 37 °C wers about the

sams. All of these measurements were made neglecting the hatched’

region shoun schematically in Figure YIII-6. This area was

astimated as about 5-10%'of the measured area at 37 C.

VIII-2-2 \Jater Adsorption an Ferric Oxide A.

The main heats of adsorption and desorption for
the water vapour/ferric oxide A system are given in Table YIII-3,
and plotted as a function of temperature in Figure YIII-7. Ths
heats of desarption are greater than thes heats of aasorptian
irrespective of temperature. The apparently anomolous result
at ca 25°C correspands to the 6n1y pair of adsorption/desorp-

tion reactions with similar flushing times (see Table YIII-3).
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The adsorpticn curve is sigmﬁidal; although it must be stressed that
the data at ca. 13°C can only be ;egarded as approximafa. The cuzrve
reflects the balance between the extent of reaction as determined '
by the total number of molecules réacting and the "averags" energy

of each molecular reaction. Thse detailed interpretation of these
rasults hingss on the affect of-the sﬁrface pretreatment, which

is unknown, It is doubtful that chemisorption rsactions are
significant. It is known that the first physically adsorbed

water layer is doubly hydrogen bonded to iron oxide surfaces.

Assuming a hydrogen bond strength of 20 K3m01-1; half of the
difference bstween the heﬁts of adsorption at ca. 25 and 37°c

can be accounted far by assuming that the reaction at 37°¢

involves the first physicglly bound water layer, while that
- at 25°C does not. It is possible that scome of.the'obsarved

trends result predominantly from the differsnces batueen'thg rates

of reaction relative to the“pariad of observation and measursment. If
it is assumed that tﬁe "reactivity" of the surface with respect to
either adsorption or daéorption can be represented by the maximum sig-

nal height, then the plot of height versus temperature will. give an

indication of the change of reactivity with temperature. Tha
initial reactivity can be considered as a measure of the favour-
ability of the reaction comprising both kinetic and thermo-
dynamic terms. The msean signal heights for adsorption and
desarption, measured to at least 1 part in 300, are platted
against temperature in Figure VIII-7. The reactivity is low at .
the lower temperature and increases steadily with increasing
»temPerature. This adsarption curve does not match the heat

of reaction versus temperature curve, suggesting that rate

effects are important. The mean heights for desorption
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signals are cansistently larger than those for adsorption signals,
confirming the differences founa between the heats of adsorption
and desorption.

For reversible changes the heats of reaction in either
directian should be the same. This was found for the heats o%
adsorption and desorption of water vapour on the non-paorous
haematite sample. The ferric oxido A is porous, and it is likely
that the relative pressures of water used uwere at least abovse
0.3 - 0.4, This means that the adserption and desorption reactiaon
occurred in the relative pressure range for which capillary con-
densation in mesopores is important. The adsorption and desorp-
tion rsactions are likely to be different‘and not exactly rever-
sible., Different heats of adsorption and desorption are therefors

191,192,193 havé found anomalously

to be expected. Various authors
high differential heats of adsorption and desorption for different
vapour phass édsorption systems in the region of saturation: - The
effect has generally been found to be greater for desorption
than for adsorption. These results lend support to the vieuw
that thes differences bstueen the heats of adsorption and desar=-
ption found in this work are real and not some artefact.

The reactions were slow and the structure of the
adsorption and desorption signals were relatsd (Figurs VIII-4).
The Signal structure could be related to the porous structure
of the adsorbent. None of the other oxide samples studied
showed this effect, and none of them definitely had a narrow

pore size distribution. There is some doubt as to the validity

of the distribution curve for Ol=geothita,.



VI1I-2-3 Comparison Betwesn the Iron Oxides.

The heat effects for ferric oxide B,(¢ - and

B-goethite were less than thase found for ferric oxide A. For

all the samples, the heats of reaction at ca 37°C are greatef
than thosa at ca 25 C. The goethite samples had approx-
'imately equal heats of aasorption and desorption at ca 37°C.
This suggests that they have similar surfaces with respect to
water adsorption and desorption. The maximum heats of adsor-
ption of all the samples studied are given in Table VIII-6 in
39_1 and in Jm-z. The gosthite samplss have approximafely

the same surface areas and heats of reaction. It is unclear

why ferric oxide A and B should have similar heats of adsarption

221 .

when exbressed in Jmcz. The pore size distribufions and surfaca areas

of the two oxides are different, which suggests that they have

different affinities for water per unit area of surface. The
most striking feature of Table YIII-6 is in the high heat of

adsorption of water on haematite when expressed in terms of

-2
Jn + This suggests that the parous nature of the other samples,

which are all similar, accounts for the difference. Either, the

application of the specific surface areas is incorrect, which

suggests that the interior surfaces of the porous samples did

not react, or the rsactions‘uere so slow that the bulk of the
heat effect was not measured.

There was no relevant data in the literature with
which to compare these results. It‘uas decided to check that

the heats of adsorption uwere consistent with general expect-

ations by calculating some thesoretical heat changes from

a hypothaetical thermachemical cycle (Figure YI1I-8) and

comparing the results, ‘Heats of vaporisation of water
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are well knoun, and so the steps 1 and 4 can be calculated.
Partyka et al81 have shoun that for many metal oxides, a heat .
of immersion of a hydroxylated surface iniuatef at 31 °C releases
about 450 me-Z, and that immersion of a surface with 2 or
more water layers preadsorbed results in ; heat change of
about 112.5 me'Z. Using these values for steps 2 and 5 resp-
ectively, and assuming 5 monolayers of water adsorbed,lhe
results in Table VIII-7 were calculated. Considering the
assumption involved, the agreement between the calculated and
observed values is surprisingly good. The calculation uas
repeated, using the exact data taken from Partyka's paper,
for Zn0 andz\bﬂs for comharison. When exprassgd in jm-z, the
calculated values are eonstant, at about 3.7 Jm-z, wvhersas
tha observed values differ slightly (see Table VIII-6). It
is not clear why the observed heat of adsorption on haematite
is so high. |

The general trends of increasing rate and heat of

reaction with temperature are in accordance with general

expectations. The differences between the porous and non-

porous iron oxides became apparent in the discrepancies between the
heats of adsorption and desorption, and by changes in the rates of
reaction. The heat changes associated with ferric oxide A gave thermal
signals which wers not.the simple curves found for the other samples,
This is possibly connected with the narrow pore size distribution

found for ferric oxids A. Th§ slow rates of reaction make detailaed

interpretation of thsse rassults difficult.




FIG.VIIT.1.

The blank calibration thermograms.
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FIG. VII1.2.

ADSORPTION
‘ 195%
o 3727

DESORPTION

Sbrption thermograms of the water vapour/ ((-haematite system.
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FIG.VII1.3.

Sketches of the sorption thermograms of the water vapour/ferriﬁ

oxide A system.
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FIGY1I1.4.
The structural features of

the sorption signals for the

water vapour/ferric oxide A

system,

FIG.y111.5.

Sketches of the sorption thermograms of the water vapour/
ferric oxide B system I., and the water vapour/ (x-end[3

-goethite sustems ITI, (not to scale).
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FIG.VIII.6.

Area (A)

e IO O IWK KR

Total Area = A + Jarea ?

An illustration of the problem of assigning an area to a

slowly decaying sorption signal,
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FIG. VIIIL.T7.

The mean heats of sorption and mean heights of the

sorption signals for the water vapour/ferric oxide A

system,
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Fig. VIII.S8.

A hypothetical thermochemical cycle for the adsarption of

water vapour on a hydroxylated surface S.
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Chapter IX

Summary and Conclusions

A volumetric nitrogen adsorption apparatus was built and tested
using the commercially available standards Sterling FT-G(2700) and Silica
TK 800; satisfactory results were obtained (see table below). The
apparatus was used to characterise five iron (III) oxides, assumed to be

model constituents of the surface of mild steel:-

Isotherm Hysteresis

2 _.-1
Sample type Type Sw /m* g ¢ (BET)
Silica TK 800 - - 164.1 £ 1.4 83
Sterling FT-G(2700) - - ’ 10.9 * 0.4 ~949
Ferric oxide A Iv A 245 £ 2.5 75
Ferric oxide B Iv B 158.5 + 1.6 114
o~goethite ' IV low pressure 112.3 + 1.6 80
B-goethite v v B 105.1 £ 1.2 - 179
o~haematite II none 2.7 £ 0.4 79

Except for ®-haematite the isotherms for the iron oxides exhibited
a hysteresis loop indicative of capillary condensation in mesopores and
as~plots (Fig. VI-22), constructed using o-haematite as the non-porous
reference, confirmed both this and the absence of micropores. The
porous samples had similar adsorbent-adsorbate interactions as
o~haematite in the relative pressure range of monolayer formation. The
isotherm for c-goethite was dominated by interparticle condensation
above P/B, = 0.8 and exhibited allow pressure hysteresis loop. This may
be causedrby swelling of the structure during adsorption- trapping some
adsorbate thereby hindering desorption. Pore size distributions
indicated that oxide A had a narrow distribution with fp = 25 R in
contrast with the continuous distributions for the other oxides.
However, these calculations are questionable since only the hysteresis
loop for oxide A resembled Type A.

In an.attempt to improve the weathering characteristics of the
adhesive—adherend intexrface, maleic anhydfide has been used to modify the

surfaces of oxides A and B. The maleic anhydride displaced some
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physisorbed water and could not be removed by outgassing. For oxide A,
increasing the outgassing temperature induced desorption of water rather

than anhydride:~

. Treated Untreated
Outgassing Conditions oxide A oxide A
temperature, time, final S /m? g”! ¢ (BET) S /m® g”! ¢ (BET)
pressure / (°C, hr, mm v v
Hg)
50, 20, <107* ' 178 39 230 75

130, 18, <107* 203 . 58 240, 244 81, 82

For oxides A and B the amount adsorbed at any given relative pressure is
less for the treated surface than for the untreated surface. The pore
structures were unaffected, as exemplified by the as~plots (Figs. VI-20,
21) and the pore size distributions. The effect of the organic treatment
is to reduce the surface area of the oxides probably by blocking the most
active adsorption sites.

The adsorption of n-butanol from an n-heptane solution onto
a~-haematite was found to be reversible although the desorption was
lslower than the adsorption. The heat of adsorption was 44 mJ m'? and
the heat of desorption 58 mJ m~? (assuming BET areas). These effects ma&
be interpfeted by supposing the adsorption is a nearly-activationless
process and probablyﬂincludes some displacement of surface water whereas
desorption, which is accompanied by adsorption of solvent, is activated
and produces a surface devoid of water unlike the initial surface. The
feasibility of this is demonstrated by assuming a residual 10 ppm water
in the dried solvent, of which about 3 dm® is required to generate a
monolayer equivalent of water per 100 A2 of surface. Typically 20-25 cm®
would then be required to generate a monolayer on O-haematite matching
the volumes used experimentally. The pore structure of oxide A further
hindered the already kinetically unfavourable desorption: the heat of

adsorption was a function of the number of previous sorption cycles, the
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"flushing volume" and the concentration. These effects cannot be
entirely attributable to water contamination of the heptane. To supply
the large surface area of oxide A with a monolayer of water the volume
of solvent was approximately 10 times more than that actually used.
However, a slow surface reorganisation, after the initial adsorption,
independent of the presence of moisture would explain the observed
effects. Experiments (Fig. VII-9) showed that some butanol was
irreversibly adsorbed and occupied aboﬁt 257% of the available surfage.
This irreversibility makes comparisons with haematite difficult,
although generally the heat of butanol adsorption on oxide A is greater
tﬁaﬁ for a-haematite. The maximum in the heat of adsorption versus
concentration curve for oxide A (Fig. VII-10) occurs in the range 0.2~
.6.4 wt. % butanol which is close to the coqcentration at which a close
packed, hydrogen bonded layer forms on a non-porous surface. This
suggests that, for butanol adsorption, much of the porous surface
behaves similarly to a non-porous surface and that the remainder has
‘an'increased interaction arising from either weak chemisorption or
frém an enhanced adsorption potential in small pores.
| The adsorption of 1,2-epoxybutane on a-haematite was reversible

and for a 0.2 wt. % solution the heat of adsorption (ca. 26 mJ m_z)vwas
about half tﬁat found for butanol. The heat of adsorption versus
concentration curve reached a maximum (55 mJ m~2) in the range 1.0-2.0
wt. %Z. -Assuming this region is associated with the state of maximum
packing.oandsorbate,'it occurs at a higher concentration than for
" butanol adsorption, suggesting surface orientation effects are important.
 In contrast the adsorption of 1,2-epoxybutane on oxide A was largely
~irreversible (Fig. VII-12) and the initial adsorption (Q ads. =

110 mJ m~2?) was slow compared to butanol adsorption. Subsequeht heats
of sorption were much smaller (= 16 mJ m~2), irrespective of the flushing

volume, implying that about 15% of the surface is available for
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reversible sorption. In view of the high initial heat of adsorption it is
possible that, following adsorption a surface hydrolysis occurs resulting
in conversion of the adsorbed species to a diol.

The water vapour sorption experiments were speculative but indicated
that heats of adsorption on the non-porous haematite (12 Jm™?) were about
5 times larger than those on the other porous oxides (2-3 Jm~2); this
could be a kinetic effect. Desorption was faster than adsorption for all
the oxides in contrast to the solution phase experiments.

These results are relevant to the mechanism of adhesion, provided the
Hydrated oxides are a genuine representation of corroded steel surfaces.
It is known that these frequently consist of thin, often §6rous oxide
films. Further it is well-established that removal of adventitious water
from a surface prior to bonding enhances the joint's‘characteristics.

The qualitative kimnetic observations made during the water vapour sorption
- suggest that a short "drying period" immediately prior to bonding of a

~ surface could desorb more watef than would readsorb in a smilar time
éfinterval between drying and application of adhesive. The irreversible
:éasorption of maleic anhydride also displaced some surface water and
.'prébably blocked the more active adsorption sites, thereby decreasing the
éxtéﬁt of subsequent water'édsorption. In both cases the reduction of
surface water would increase a joint's life. If suitable substituents
(e.g.:- NH, ,—CﬁgtHz) could be incorporated into the maleic anhydride,
then the possibility exists that primers, acting in a similar mode to
- gilane-based primers, could be developed. Alternatively, if a
substituted epoxide couid be irreversibly adsorbed on a surface then,
‘either the use of primers becomes unnecessary or the epoxides could be
;sed as the primer. The microcalerimetric results clearly distinguish
between the irreversible sorption of butanol and epoxybutane on a
poréus.surface and their reversible sorption on a nonporous surface.

Epoxybutane was 80-90% irreversibly adsorbed on the porous surface,
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possibly as a result of a surface hydrolysis to a diol after the initial
adsorption; in which case the adsorption mechanism would resemble that
for dissociative chemisorption. The partly irreversible adsorption of
organic material resembles the adsorption behaviour of corroded steels
found by Hea197, supporting the view that the porous oxides at least

are a_ reasonable representation of corroded steel surfaces. The water
sorption experiments show that the nonporous surface is more reactive
(has a higher heat of water adsorption) than the porous surface, although

this is partly a kinetic effect. It might be that the adsorbed water

within the pores of oxide A catalyse the hydrolysis of the epoxybutane.
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Key to Tables.

W is the final weight of adsorbent.

V@/is the gaseous volume adsorbed in cm3 at a pressure

P, corrected to standard temperature and pressure.

P/P, is the relative pressure of nitrogen where P is
the saturated vapour pressure of nitrogen at the measured

temperature of the liquid nitrogen coolant bath.

-1 .
P [Wa)(F:> - P)] is the BET function.



Table II-1.

Micropores:
Mesopores:

Macropores:

Classification of pores according to

IupPAC.

<2nm.
=Z2nm. < 50nm.

= 50nm,

236.
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Tabls y-1. The Yolumes of the Gas Buretta.
Volume at Volume at Cumulative
26.9%0.2°C 22.2°C (found Bulb Volume
Bulb. (this work) by B8.P. Ltd).
cm3 | cm3 cm3
A. 7.758 . 7.753 7.758
8. 7.307 7.303 15.065
C. 18.104 18.102 33,169
D. 18.620 18.620 51.789
€. 34,422 34,408 864211
F. 36.936 36.923 123,147
123,109

Total Volume: 123.147

Note: For each bulb volume the error in the guoted
value is * 0,002 cm3 and is the standard

daviation(jN;i‘; of 8 determinations.
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Table vI-1. Nitrogen adsorption on Silica TK 8040,
/Py Vfa) P/u(a)(Py - P)
(cmz) (cm‘s) 1EJ_3
0.0328 10.06 3.38
0.0401 10.42 4,00
0.0501 11.15 4.73
0.0586 11.23 5.54
0.0710 11.66 6.56
0.0777 11.87 7.10
0.0869 12.14 7.84
0.0960 12.77 B.32
0.1147 13.24 9,78
0.1422 13.87 - 12.0
0.1580 14.21 13.2
0.1796 14.65 14,9

W = 0.3372g.



Table VI-2. ﬁitrogen adsorption on Sterling FT-G2700.

P/Po v(a) P/u(a)(Po- P)
(cmz) (cmbs).10-3

0.0321 | 4.270 —
0.0435 4770 9.53
0.0652 4.865 14.3
0.0889 4.961 19.7
0.1367 5.210 | 30.3
0.1717 5.457 -—

WU = 1.78319.
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¥ = 0. 54279.

Table VI-3,
RUN I.
Adsorption,
P/Py y(a)/u.
cmsg—1.
0.0274 44,0
0.0316 44.9
0.0368 45.9
0.0481 47.9
0.0600 49.8
0.0709 51.4
0.0863 23.4
0.0982 54.9
-0.1144 56.7
0.1222 57.7
0.1344 59.0
0.1627 62.1
0.2033 66.2
0.2344 69.5
" 0.2755 73.8
0.2952 76.0
0.3210 78.8
0.3641 84.0
0.4332 93,1
0.5179 106.7
0.5704 117.0
0.6204 129.9
0.6472 135.7
0.6730 . 144,5
0.7616 171.0
. 0.9%34 180.0
0.9926 200.8

Nitrogen adsorption and desorption on

ferric oxide A.

RUN II.

Adsorption.
/R v(a)/u.
cm39-1.
0.1531 61.8
0.2284 70.0
0.3064 78.5
0.3512 84,0
0.4319 35.1
0.5054 107.1
0.5849 123.8
0.6308 135.9
0.6775 149.7
0.6997 155.9
0.7174 163.0
0.7318 166.5
0.7996 180.7
0.9889 192.7
0.9935 202.7
0.9937 213.5
W= 0.63775.

Desorption,
P /Py v(a)/u.
cm3g‘1.

0.9966 202.7
0.9943 192.6
0.7843 161.7
0.7763 181.5
0.6592 176.9
0.6194 171.9
0.5995 157.5
0.5797 143.8
0.5347 122.3
0.4770 105.9
0.4812 104.5
0.4571 100.1°
0.4384 1 96,1
0.3912 88.4
0.3414 - B2.6
0.2796 75.2
0.2309 69.9

241,
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Table VI-4. Nitrogen adscrptiocn on ferric oxide A after

outgassing at various temperatures.

RUN I. RUN II.
Sample outgassed at Sample gutgassed at 122°C
126 T for 12 hrs. for 20 hrs.

P/Po v(a)u. P/P, v(au.
Cm39-1- cm3g-1.

0.0458 48.8 0.0002 24,3
0.0551 50.4 0.0515 49.1
0.0686 52.4 0.0606 50.5
0.0795 54.0 0.0656 51.3
0.0954 56.0 0.1184 58.1
0.1035 57.1 0.1369 - 60.3
0.1144 58.4 0.1617 63.1
0.1350 £0.8 0.1796 65.0
0.1671 64.4 0.2011 67.3
0.2151 69.6 0.2232 69.7
0.2545 74.0 0,2324 70.8
0.3077 80.2 0.2706 75.0
0.3357 83.5 . 0.3185 80.5
0.3679 87.9 0.3869 89.1
0.4049 92,9 0.4195 91.0
0.4767 103.7 0.4353 93,3
0.5064 109.7 0.4722 99.0
0.5459 116.7 0.5110 105.6
0.5257 112.4

0.5411 11447

W = 0.4330g. . 0.5725 122.%
0.6358 138.7

W= 1.0319.
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Table YI-S. Nitrogen adsorption on ferric oxide A

after outgassing at various temperatures,

RUN III. RUN IV, _ RUN V.
Sample outgassed Sample outgassed | Sample outgasséd
at 27°C for 6 hrs. at 27°C for 12 hrs. at 50°C for 20 hrs.
P/R, v(a)/u P/P, v(a)/u P/P v(a)/u
cmag_1 ' ,cmsg“1 cm:"g-1
0.0763 47.4 0.0241 38.6 0.0195 39.5
0.0894 48,9 0.0245 38,7 0.,028S 41.7
0.1058 50.7 0.0297 40,9 0.0905 50.9
0.1187 51.7 0.1832 60,3 a.1057 52.6
0.1345 53.7 0.2279 63.8 0.1259 54.8
0.1420 54.4 0.2729 68.4 . 0.1415 56.3
0.1660 56.9 0.3052 7.9 0.1601 58.2
0.1997 60.2 g.1801 60.3
0.2244 62.6
0.2549 65.6
0.2694 67.1
0.2860 68.9
.0.2895 69.3

W = 0.9509g. W = 0.9509g, W =0.9509 g.
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Table YI-6. Nitrogen adsorption and desorption on ferric
oxide A after treatment with maleic anhydride and

outgassing at SU(E.

Adsorption. Desorption.
P/Py v(a)/u. P/P, v(a)/u.
cm3g-1. 7 cmsg-1.
0.0083 21.4 0.9565 135.9
0.0118 22.9 0.8698 133.5
0.1138 38.6 0.6532 130.1
0.1407 41.1 0.5784 125.9
0.1812 44.6 0.5523 111.2
0.2145 47.5 0.5241 97.8
0.2609 51.6 0.4623 ‘ 78.9
0.2843 53.8 0.3376 65.5
0.3152 5647 0.3861 64.0
0.3487 60.0 0.3234 57.5 z
0.4381 63.8 0.2678 52.3 '
0.5000 78.2 0.2265 48.7
0.5711 89.4 0.1762 44,3
0.6009 95.1 0.1420 41.3
0.6317 101.8
0.6433 103.5
0.6701 ' 110.1
0.7026 1177
0.7392 124.5
0.9590 135.8
0.9902 1 145.9

W = 0,5783g.
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Table YI-7a+h a) C and H analyses on ferric oxids A, treated
with maleic anhydride, before and after out-

gassing at SO(E,

Ut.%c. ut.%"’.
Before 5.06 1.30
After 5.12 1.19

Weight loss = 2.5%.

b)C and H analyses on ferric oxide A, treatad
with maleic anhydride, befors and aftar out-

gassing at 130°C.

wt.% C. WteZ He

Before 5.06 1.30
5.10 . 1.31

After 9.17 1.02
5.15 1.02

Weight loss = 3.5%



Nitrogen adsorption and desorption,nn ferric
oxide A after treatment with maleic anhydride

and outgassing at 1300C.

Table VI-8.
Adsorption.

P/Po v(a)/u.
cmsg-1
0.1010 45,2
0.1257 47.6
0.1630 51.3
0.2422 58.5
0.2999 64.0
0.3981 74.7
0.4859 86.3
0.5961 104.9
0.6630 120.7
0.7413 139.9
0.9844 154.8

U = D. 46929-

*

Desorption.
P/Po v(a) M.
cm39-1.

0.8047 147.7
0.6496 145,5
0.5701 129.7
0.5362 113.0
0.4679 90.0
0.3976 74.8
0.3805 72.8
0.3129 65.5
0.2127 55.9
0.1635 51.2

246 o
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Table VI-9. Mitrogen adsorption and desorption on

faerric oxids Be.

RUN I { Adsorption. RUN II : Adsorption. RUN II : Desorption.
P/Po V(a)/u- p/Po v(a)u. 'P/Po v(a)ue.
cm39-1 . t:m:"’g-'1 t:mgg'-1

0.0575 34.1 0.5426 74.0 0.9859 391.0
0.0714 35.4 0.8941 230.0 0.2383 362.7
0.0947 37.1 0.9862 391.0 0.9514 350.4
0.1479 40.6 0.9877 424.4 0.9323 347.4
0.1928 43,5 0.9221 335.3
0.2398 46,7 0.9118 305.1
0.3039 51.1 0.9019 274.6
0.4002 58.6 0.8753 221.7
0.4771 65.6 0.8274 173.8
0.5711 7645 0.8259 171.0
0.6114 82.6 0.8098 159.8
0.6532 90.4 0,7552 126.3
0.6567 90.9 0.7036 106.6
0.6906 98.5 , 0.5960 81.8
0.7220 107.7 0.4909 67.9
0.7277 108.8 0.4742 66.2
0.7532 117.6 0.4377 60.9
0.7787 127.9 0.3837 58,0
0.7816 129.9 0.3060 - 52,1
0.8050 135.6 0.2527 48.1
0.8200 150.9 0.1895 43,9
0.8257 154.3 0.1492 41.3
0.8400 165.0
0. 8527 176.8
0.8543 177.8
n,.8668 187.3
0.8899 215.4
0.8983 227.0
0,9068 239.8
0.9082 245.4
0.92082 275.5
0.9263 287.8
0.9352 301.0
0.9380 308.0
0.948%1 339.7
0.9783 370.1
0.9881 383.0

W = 0.5015g.



Tabls VI"" 0.

Adsorption.

p/P,

0.0435
0.0537
0.0703
0.0850
0.1085
0.1440
0.1816
0.2334
0.3157
0.3953
0.5104
0.5522
0.6092
0.6511
0.7606
0.8478
0.8819
0.9068
0.9175
0.9209
0.9465
0.9813

0.9831
0-9828

W=0-4063¢q

Nitrogen adsorption and desorption on ferric

oxide B after treatment with maleic anhydrids

and outgassing at s0°c.

v(a)/ue

3 -1
cm g .

24,2
25.4
27.3
28.6
30.5
33.0
35.4
38.5
43.8
49.0
58.0
63.6
71.5
7842
106.6
153.5
185.7
220.8
235.4
243.8
313.0
349.7
390.6
407.2

Desarption.
P/P, v(a)/u.
cm39-1.

0.9836 390.6
0.9812 349.8
0.9398 314,0
0.8937 250,.2
0.8557 © 18642
0.8570 181.3
0.8350 167.1
0.7724 125.2
0.7150 100.9
0.53934 72.6 .
0.4811 58.0
0.4558 55.1
0.3965 50.1
0.3508 46.7
0.2689 41.1
0.2152 37.9
0.1228 32.0
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Table VI-11.

Before

After

Weight loss

C and H analyses on ferric oxide B,
treated with maleic anhydride, before

and after outgaésing at 50°C.

Ut.% C. WteX He
3.16 1.10
3.16 1.02

U. 5%.
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Tabl' VI-12.

Adsorption.
P/P, v(a)/u.
cmsg-1.
0.0763 24.5
0.0991 25.7
0.1386 27.6
0.1763 29.5
0.2401 32,7
0.2801 34,7
0.3387 38.0
0.3689 39.8
0.4752 46,9
0.627M 62.5
0.7117 81,6
0.7638 110.3
0.7817 123.2
0.7963 138.0
'0.8010 153.5
0.8102 189.9
0.8463 256.1
0.8412 280.7
0.8664 352.1
0.8747 425.8
0.8756 466.4
0.8745 506.0

u = 0. 36739-

Nitrsogen absorption and desorption on

QO —goethite.

Desorption.

P/Po

0.8546
0.7707
0.7650
0.7545
0.7423
0.7217
0.6916
0.6408
0.5792
0.5765
0.5485
0.5233
0.4692

- 0.4121
0.3287
0.2681

v(a)/u.
cm39-1.
A29,2
305.9
300.8
' 286.6
273.8
242.6
214.4
167.5
"130.2
125.5
116.0
107.9
90.8
78.5
64.3
54.9
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Tabls V

A

P/Po

0.0822
0.1207
0.1700
0.2195
0.3047
d.3605
0.4463
0.5084
0.6567
0.8343
0.8970
0.9232
0.9339
0.9338
0.9458
0.9490
0.9441

I-13. Nitrogen adsorption and desarption
on (3 -goethite.
dsorption, Dssbrption.
v(a)/u. P/P. v(a)/u.
cm3g-1. cng‘1.
25.0 0.9400 243,0
26.3 0.9254 199.8
28.5 0.9053 157.7
30.5 0.8423 52.1
34,1 0.7070 59.4
36.6 0.6622 54.8
40,5 0.5629 47.1
43,7 0.4846. 42,7
53.4 0.3531 3644
81.6 0.2741 33.1
114.6 0.1940 29.7
155.4 0.1477 27.7
191.7
196.6
240.4
258.4
260.9

U = 0.3467g.




Table VYI-14.

Adsorptian.
P/Po v(a)/u
cm:‘g_1
0.0303 0.527
0.0401 0.542
0.0578 0.568
0.0760 0.590
0.1095 0.633
0.1735 0.709
0.1948 0.738
0.2558 0.821
0.3689 0.960
0.4478 1.070
0.5782 1.264
0.6621 1.409
0.9190 2.615
0.9660 7.624

Nitrogen adsorption and desorption on

O=-haematite.

Desorption.
p/P, v(a)/u
3 =1
cm g

0.9211 2.648
0.6625 1.399
0.4995 1.138
0.4458 1.057
0.2816 0.857
0.1960 0.739

W = 2.6506g.
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Table YI-15. Specific Surface Areas ( Sy ) of ferric oxide A.
Untreated sample. Organically treated sample,
Outgassing conditions Qutgassing conditions
o 2 -1 o 2 "1
(°c, hr.) Sw/m g (°c, hr.) . Sy/m°g
130,14.5 240.6 50,20 178.1
130,14.5 244.0 130,18 202.9
126,12 249,2
122,20 245.9
27,6 222.1
27,12 224,.7

. 50,20 230.3



Table VII-1.

gnergies of adsorption and desorption of 0.24 1-butanol in

n-heptane on Ot-Fez 03 at different flow rates.

Flow Rate
3 . =1
cm min
0.238
0.238
0.238
0.238
0.238

Energy of Adsarption

mean (t O'N_I) =

0.210
0.210
0.210
0.210

+
mean(-ON

0.108
0'1 08

0.15

0.047
0,047

0.024

) =

=1

mean=

maan =

39
0.112
0.108
0.114
0.110
0.096

0.108

0.120
0.108
0.118
0.134

0.120

0.086
0.115

0.101

0.101

0.117
0.097

0.107

0.09S

+0.007

+0.0M1

Energy of Desaorption

Jg
0.128

0.148

0.173

0.150

0.154
0.174
0.143

0.159

0.113
0.149

0.131

0.188
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Table YII1-2. Energies of adsorption and desorption of

1,2-epoxybutane in n-heptane onC!-szoi.

Concentration of
epoxybutane in
n=heptane.

wt.%

0.04
0.04
0.16
0.32
0.32
0.40
0.80
0.80
1.00
1.00
1.46
1.46
2,00
2.00
2.92
2.92

Energy of Adsorp-
tion.

-1
Jg

0.055

0.065
0.042
0.057
0.059
04093
0.093

0.097
0.151
0.161
0.149
0.147

0.118
0.118

Energy of Desor-
ption.

-1
Jg

0.078
0.033
0.047

0.054
0.025
0.097
0.085
0.104
0.151
0.197
0.176
0.218
0.28t
0.290

255,
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Table VII-3. Energies of "pilution®,
Concentration of Adsorption Desorption
1-butanol in Energy Effect. Energy Effect.
n=-heptane.
Ut 10%3. 1023,
0.07 1.05" 1.20
0.07 1.05% -
0.43 0" 3.10
0.43 0" 2.59
1.18 1.35 18.3
1.18 1.44 - 17.8
1.18 1.45 - .
1.18 1.62 -- :
1.99 3.90 37.3
1.99 4,12 36.0
1.99 - 36.1
1.99 - 36.1

Note: tadsorptiont! and tDesorptiont in this context
imply a change in the fluid flowing over the
sample from hsptane to solution and solution

to heptane respectively.

+ These figures relate to an exothermic process,

all others an endothermic.

» The adsorption was so small it could not be

distinguished from the background noiss.
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Table Vil-4. Energies of adsorption and desorption of

1-butanol on ferric oxide A. ,

Volume of n-heptane

Concentration af Energy of passed over sample
1-butanol in Adsorption, prior to adsorption,
n-heptane.

Wte% g, en’.
0.205 20.1 —
0.205 21.2 e
0.205 18.0 ==
1.99 17.5 50.0
1.99 19.1 80.0
2.01 15.3 © 49.0
2,01 16.0 | 60.0
2.01 16.4 59.5
2.01 13.9 | 26.5
2.01 17.6. 102.0
2.01 6.3 58.0
2.01 | 9.6 7.5
2,01 16.7 67.0
2.01 17.4 : 84.0
2.01 20.2 185.0
2.01 14.6 47.0

Note These results were obtained in chronological

order Qtarting from the top of the Table.



Table VII-SO
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Energies of adsorption and desorptian of 1,99%
1-butanol in n-heptane on ferric oxide A as a

function of the number of adsorption/desorption

. cycles.

Volume of n-heptane

Cycls, Energy of Energy of

passed over sample prior (n) Adsorption. Desorption.

to adsorption of 1.93%

1-butanocl.

3
cm

81.0
82.5
81.5
81.5
81.5
81.5

.‘Jg"1 39-1
1 20.7 ' -
2 18.1 15.4
3 15.0 : -—
4 15.3 ' 16.6
5 15.3 ' 15.6
6 15.0 ' 14.1
7 15.4 -—

mean of cycles v
for which n > 3: 15.2 = 0,2 15.4
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Table VII-6. Energies of adsorption and desorption of
1-butanol in n-heptane on ferric oxide A
as a function of concentration. ,
Concentration of Yolume of n-heptane f£nergy of Energy of
1-butanol in passed aver sample Adsoprtion. Desarption.
n-heptane, prior to adsaorption, :
Wtede em> ‘ 39-1 ’ 39-1
1.99 59.5 14,0 15.2
1.56 "59,5 15.3 = 15.0
1.56 59,5 15.9 15.3
1.56 60.0 15.3 -—
0.95 59.5 16.9 14,2
0.95 59.5 17.2 ' 14.0
0.71 60.0 17.4 -—
0.7 59.5 17.4 -
0.51 60.5 18.9 12.7
0.51 59.5 19.4 -
0.51 59.5 19.3 13.2
0.46 59.5 ’ 19.2 ——
0.46 60.0 ) 19.5 12,6
0.46 59.5 19.3 12.0
0. 46 59.5 - 19.2 12.3
0.29 535 19.4 -—
0.29 60-0 19.6 ' 3.3
0.29 . 630 19.4 10.5
0.19 59.5 17.6 -
0.19 - 59.5 17.8 -
0.19 59.5 18.6 ===
0.13 60.0 15-5 ===
0.13 59.5 14,7 -—
0.13 59.5 | 14.5 _ -—
a.07* 59.5 — —

The adsorption figures for 2 runs with 0.07% butanol

wers too broad and shallow to measurs.
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Estimation of the surface area of.ferric

Table VII-7.

surface area

Heat of adsorption -
using £ = 0.1383m,

of 1.994 1-butanol
in n-heptane.

Table VYII-S)

(mean heat with n=3 Table VYII-S)

Surface area Surface area

using E_5 using a mean
0.1167m, , constant 2
E = 0.127Jm,
2 -1 2 -1
m g m g
178 164
131 121

No account has been taken of dilution sffects,

The BET specific surface area is 245m

2 -1

g .

E' = i (00138 + 0.116) Jm-zc



Tabls VIII-1 [

Temperature.

°c.

25,00

37.20

Table VIII-2.

Temperature,

oC.

19.55

37.20

Energy changes resulting from changing
the flow of the dry nitrogen through the
flow reaction cell in the microcalorimeter
to moist nitrogen ("adsorption") and back

again ("desorptionn),

Energy of Adsorption. Energy of Desorption.
J. J.
0.592 0.568
0.613 0.628

Mean change: 0.60 J.

Energies of adsorption and desorption of
water vapour in a nitrogen gas stream, using
an (X -Fe, 03 substrate, corrected for the

blank heat effect.

Energy of Adsorption. Energy of Desorption.

-1 -1
Jg . Jg &
18.9 * . 27.3
24,1 32.8
34.5 31.5

31.1 30.2



Table YIII-3.

Tamperature
°c

19.35
mean:

25.50
mean:

31.90
mean:

37.15
mean:

Notes:

Energies of adsorption and desorption of

water vapour in a nitrogen gas stream

using a ferric oxide A substrate, corrected

for tha "blank® heat effect.

Energy of Adsorption

491

476

484

505,

497,

g7

(16)
(15)

538

527

516

628,

666

647

635,
662,
646,
634,

650
678
665
646

652

(14)
(11.7)

(14)

(14.5)
(15.7)
(17)
(24)

Energy

664

600
630

818

814

631
689,
780
711

of Dasorption
-1
Jg

(11.8)
(8.1)

(10.8)

(10.8)

(10)
744 (9)

(24)

1) where 2 figures are given, separated by a comma, they

are the minimum and maximum estimates of the energy of the

major heat signal, neglecting tha contribution arising

from the slow decay of the heat signals;

2) The figure in brackets is the number of hours for

which the sample was treated with dry and wet nitrogen

bgfors the adsorptions and desorptions respectively;

3) The mean values are the means of all the results

quoted for a given temperature irrespective of the sample

pretreatment}

262




~

Table VIII-4.

Temperature

25.50

37.15,

Notes: 1)

2)

3)

263,

Energies of adsorption and desorption of
water vapour in a nitrogen gas stream using
a ferric oxide B substrats, corrected for the

wplank™ heat effect.

Energy of Adsorption Energy of Desorp-
tion.
- -1
g™ 39
166, 217 (12) 150 (16)

212, 308 (22) 632, 647 (16)

301, 411 (10.5) 5§17 (13.5)

323, 445 (14) 537 (34)

301, 403 (17) 540 (18)
mean 364 531

Where 2 figures arse given, separated by a comma,

they are the minimum and maximum estimates of the
energy of the major heat signal, neglecting the
contribution arising from the slow decay of

the signals. The decay was so slow at ca. 25

that the errors are very large;

The figure in brackets is the number of hours for
which the sample was treated with dry and wet
nitrogen before the adsorption and desorption

respectively;

The mean values are the mean of all the results
quoted for a given temperatufe irrespective of

the sample pretreatment;



Table VIII-S.

a) (-geothite:

Temperature.

[

c

25.10

37.10

b) [3-geothite:

Temperature,
. °c

25,10

37.10

Notes:

mean:

mean:

Energies of adsorption and desorption of

water vapour in a nitrogen gas stream using

a) o-geothite, and - b) (3-geothite as sub-

strates and corrected for the "blank" heat

effect.

Energy of Adsorption.

-1
Jg

124, 163

126, 174

126, 169
147

155, 178

163, --

154, 183
167

—

(17)
(19)
(9.5)

(11)
(6)
(8)

Energy of Adsorption,.

mean:

mean:

Jg
128, 175
142, 196
141, 188

162
178, 207
164, 191
160. 182

180

(5)
(8.5)

(17)

(4)
(22)
(22)

Al

Energy of Desorption.

357"

269 (19)
285 (23.5)
250 (15.5)
268

213 (19)
221 (19)
205 (14.5)
213

Energy of Desorption,

301
305
320

309
206
201
194
200

~1
Jg

(23)
(19)
(22)

(9)
(13)
(16)

1) uhere 2 figures are given, separatéd by a comma, they are

the minimum and maximum estimates of the energy of the major

heat signal, neglecting the contribution arising from the

slow decay of the signals.

2) Thé figure in brackets is the number of hours for which

the sample was treated with dry and wet nitrogen before the

adsorption and desorption respectively.

3) The mean values are the means of all the results quoted

264.

for a given temperature, irrespective of the sample pretreated{



Table VIII-6.

Sample.

O -haematite (2.74)
ferric oxide A (245)
ferric oxide B (158)

(¢ -goethite (112)

3 -goethite  (105)

Nots:

265.

The maximum energies of adsorbtion of
water vapour at ca, 37°C on the iron

oxide samples in Jg- and Jm-z.

Energy of Adsorption. Energy of Adsorption.

39-1 Jm-z
33 12
650 2.7
360 : 2.3
170 1.5
180 1.7

The figures in brackets are the specific o
surface areas of the adsorbents in ng-1 <

and the energies are the mean figures taken

from the preceding tables,
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Table VIII-7. Estimated energies of vapour phase adsorption on
oxide surfaces compared with observed energies,

at ca. 30-40 OC.

Sample Calculated Energy of gdsorptioﬁ. D:ieixggrg:;ggf
gt . 2 3"

« -haematite 10 3.65 33
ferric oxide A ' 920 3.76 -~ 650

farric oxide 8 580 3.66 360

¢ ~goethite 420 3.75 170
(3-gasthite 400 3.80 180
zinc oxide 10 3.44 -
aluminoxid 300 3.70 -

Note: 1) The calculated energies are dsrived from

the thermochemical cycle shown in FigureVII-8,

The values calculated for zinc oxide
. 2 o
(Sy__ = 2.9m%g 1) and aluminoxid
(54 = 81ng-1) were obtained
using the thermodynamic data found

by pPartyka et 3181 for these two
matsrials,
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Page 18

APage 44
Page 47
Page 54
Page 92
Page 108
Page 109

Page 185

lines 24-26

line 10

line 19

lines 23-24

line 6

line 17

line 25

line 23

to

to

to

to

to

to

to

ERRATA

read "exothermic heats of adsorption
(<20 kJ mol~?! of adsorbate) usually of
the same order of magnitude as the heat
of liquefaction; is substantially non-
specific, reversible and has a small or
zero activation energy.'" not "exothermic
heats of adsorption (<20 kJ mol~! of
adsorbate) of the same order of magnitude
as the heat of liquefaction, is non-
specific, reversible and has no activation
energy."

read "about ten minutes. If narrow pores or
pores with narrow constrictions are'" not
"about ten minutes. If narrow pores are"

read "is completed. Up to point C the
adsorption is" not "is completed. In the
absence of microporosity the adsorption is"

read "II isotherm, which at high relative °
pressures is described by" not "isotherm.
This curve is closely described by"

read "volumetric apparatus, similar to that
of Emmettl77" not "volumetric apparatus,
originally described by Emmettl/7"

read "the total dead space volume that
volume" not "the total space volume that
volume"

read "The detailed procedure for measuring
‘the pressure described above', not "The
detailed procedure described above,"

read "flow mode had revealed a" not "flow
mode that had revealed a"



