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ABSTRACT

The adsorption of nitrogen, argon and water vapour was
studied on various well-characterised chromium oxides and silicas
outgassed at selected temperatures between 250 and 1000°C.
Standard data derived on non-porous oxides provided a basis for
the analysis of the isotherms by the ab-method, which has been
found especially useful for the identification of the various
physisorption processes, e.g. micropore filling and capillary
condensation. The Frenkel-Halsey-Hill (FHH) method has also been
used to analyse the multilayer region of the lisotherms.

Chromia gels precipitated at about pH 6 were found to be
microporous. These gels,when outgassed at 2500, exhibited
molecular sieve properties; the sorption capacity for water was
high, whereas the pore volume available to nitrogen and argon
was small. It is suggested that cavities were formed in the gel
in the vicinity of the Cr3% ions through the removal of water
ligands under conditions where the hydroxide structure was slow
to develop. The molecular sieve character was considerably
reduced in the case of gels precipitated at high pH (about 10.5),
presumably because of the more efficient replacement of water
ligands by hydroxyl ions.

Chromia gels outgassed at high temperature retained a strong

affinity for water vapour, and gave argon and water vapour
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1sotherms which exhilibited some slight stepwise character.
On the other hand, silicas outgassed at 1000°C were found to
be strongl., hydrophobic.

Mercury vapour adsorption was found to take place very
readily on some outgassed chromium oxides. This presents a
problem in both volumetric and gravimetric adsorption
measurements unless special precautions are taken to exclude
mercury vapour from the system. Pressure-sensitive
transducers have been used to overcome this problem in the

case of the water vapour adsorption studies.



CHAPTER 1 "

INTRODUCT ION

Chromium oxides and hydrous chromium oxides are widely employed for
diverse applications and have consequently been the subject of considerable
investigation for over a century. Much of the interest in recent decades
has been stimulated by the use of oxides in ceramics and semiconductors,
but perhaps the most important role of the chromium oxide system is in
the field of catalysis. With the exception of alumina, silica and
group VIII metals, chromium oxide has probably received more attention
than any other catalyst. Nevertheless, although a number of surface
chemical studies have been made of chromium oxide gels, two particular
problems merit further attention: .(1) the difficulty of _controlling the
complex textural and surface chemical changes, which involve both surface
hydration and oxidation state, and (2) the identification of catalytically
active sites for particular reactions. For convenience, reference is
usually made to Ychromia'! to denote a hydrated chromium oxide of
unspecified degree of hydration, but it must also be borne in mind that
chromium may be préasent in different oxidation states.

The present work was undertaken in an attempt to gain an increased
understanding of the bulk and surface chemistry of the Cr—0—H,0
system. In particular, attention has been given to the origin of porosity
in chromia gels in relation to conditions of preparation, dehydration and
calcination. For this purpose gas adsorption has provided the main
experimental method of investigation, but the techniques of differential

thermal analysis (DTA), differential scanning calorimetry (DSC), heat of
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immersion, electron microscopy and x-ray diffraction have also been used
t0 assist in the characterisation of the gels and the products of thermal
decomposition. In addition, the adsorption properties of certain standard
silicas have been studied: hydroxylated and dehydroxylated silicas may

be expected to provide useful reference surfaces in the analysis of the
adsorption data.

Nitrogen adsorption measurementis are generally employed for the
determination of surface area and pore size distribution. It is now
recognised, however, that nitrogen undergoes a specific physisorption
interaction with some surfaces. The degree of specificity of water vapour
adsorption is very great, but on the other hand, the adsorption of argon
involves only nonspecific interactions. A comparative study of the
adsorption of these three adsorptive molecules is therefore likely to
provide useful information concerning the chemistry of the chromia surface.
A direct study of the second major problem associated with chromia

(i.e. characterisation of the catalytically active sites) was, unfortunately,

beyond the scope of the present work.

161 The influence of texture on the catalytic properties of chromia

The ability of chromia to act as a catalyst was recognised as early
as 1852, whenWohler1 reported that chromia catalysed the oxidation of
sulphur dioxide to the trioxide. The classicai work of Sabatierz’3 some
sixty years later established the usefulness of certain metal oxides as
dehydrogenation catalysts, amongst which chromia was listed as a catalyst
of "mediocre activity". However, the later work of Lazier and.V'aughenh
revealed that chromia is, in fact, a hydrogenation catalyst possessing a

high activity. Barly workers frequently failed to recognise the importance

of pre-treatment conditions or, for example, the poisoning action of water
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vapour in many catalytic reactions. olmilarly, there are many
references to gas adsorption studies on chromia catalysts with '"clean surfaces',

although it appears that insufficient precautions have been taken to avoid

the possible contamination of the surface by grease or oil vapour; indeed,

8

under certain outgassing conditions employec, the undetected chemisorption

of mercury vapour would almost certainly have occurred.

The vefsatility of chromia as a catalyst is demonstrated by its use

in a wide variety of reactions, many of industrial importance; e.g.

hydrogenation;9 dehydrogenation,1o dehydration,11 dehydrocyclisation,12

hydrodealkylation,13 dealkylation,1h d.ehy'drocracking,15 aramatisation,16

17 19

oxidation, dehalogenation18 and fluorination.

Other industrial uses

include the removal of sulphur-containing gases from automobile exhaust

systems,go as pigments in colour printing21 and for the detection and

removal of oxygen from olefin streams without polymerisation of the olefin.22
There is now a strong tendency towards the industrial use of supported
chromia catalysts, e.g. chromia dispersed on alumina or silica. Chromia -
alumina is a particularly important catalyst in the manufacture of butadiene
from butane for the synthetic rubber industry. Chromia supported on silica -
alumina, is an active catalyst for the polymerisation of ethylene to give
crystalline, orientated polymers.23 Chromia-~based catalysts will probably
continue to play'a major role in the heavy chemicals industry and in the
reduction of atmospheric pollution.

The major function of the support of a dispersed chromia catalyst is
generally to prevent loss in surface area that occurs when chromia is heated
at temperatures above about hOOOC.zu Supported chromia catalysts exhibit
certain properties which can be predicted from a consideration of the parent

oxides. However, although supported chromia catalysts may, at least to a

first approximation, be regarded as dual-function catalysts,25 they also



possess properties which are attributed to a synergistic interaction of

the two phases-26

Chromia is unusual in the respect that it displays both n and p-type

2

semiconductivity. The nature of the conductivity is dependent upon a

number of factors, e.g. mode of preparation, pretreatment, temperature and
reaction atmospherse. Ghapman28 has found that chromia behaves as a p-type

semiconductor in oxygen and a n-type semiconductor in hydrogen. Weller

6,29

and Voltz have confirmed the findings of earlier workers30’31 that

chromium (III) oxide contains excess oxygen after oxidation and adsorbed
hydrogen after reduction. Extensive studies by Deren and Hlaber32’33 suggest
that the conduction mechanism is essentially the same in both the amorphous
and crystalline oxide, at least for the annealing (in air) temperature range
of 200 - 700°C.

Chromia annealed in gair below 20000 18 a poor conductor:32 the
conductivity increases on raising the annealing temperature, reaching a
maximum at about hOOOC and thereafter declining with higher annealing
temperatures. Several wurkerth’BS have noted that the degree of oxidation
of the gel increases with the temperature of annealing in air. Deren and
H’a‘ber32 have postulated that this will result in an increase of the
concentration of Cr®* acceptor centres and consequently in the increase of
conductivity. Crystallisation of Cr_ Oz at about hOOOG probably results in
a crystal lattice that is highly disordered and therefore exhibits high
conductivity: on increasing the annealing temperature above hOOOG the lattice
becomes progressively more ordered, the concentration of Cr®* ions decreases
and so does the conductivity. Several Wcrker536’37 have suggested that
above hOOOC, chromium (III) oxide changes from a predaﬁinantly'p_type

semiconductor to predominantly n-type. It is interesting to note that
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although it has been proposed that conductivity in polycrystalline oxides
1s a function of the surface conductivity of the grains,38 Deren and Ha'ber32
found similar conductivities for chromias of widely different surface areas.

However, there are insufficient data in the reported work to indicate

whether the external surface areas of the gels were also dissimilar.

39-41

Many studies have indicated that chromium ions may exist in

chronia systems in oxidation states from +2 to +6. In addition, Sheil.ef"L2
has reported electron paramagnetic resonance (epr) evidence of the univalent
state in a reduced chromia-alumina catalyst. The relative amounts of the
various states present on the chromia surface may strongly influence its
catalytic properties. The surface layer of an 'oxidised! chromia catalyst
will contain predominantly the higher oxidation states, i.e. Cr®¥, Crf% and
cr**, and apparently promotes reactions such as hydrogen peroxide
decomposition and ethylene polymerisation etc. A 'reduced! chromia,
containing Cr3* (and possibly Cr2%) in the surface layers, apparently favours
reactions such as hydrogen -~ deuterium exchange and olefin hydrogenation etc.
In many cases, chromia may simultaneously catalyse more than one
reaction, e.g. both the dehydration and dehydrogenation of alcohols. In such

cases, the selectivity of the catalyst is a particularly salient feature.
43

Garner ™~ has suggested that cation vacancies favour dehydration whilst anion

vacancles favour dehydrogenation. There are different opinions as to the

origin of p-type semiconductivity in Cra0;, but Voltz and'W'ellefé’29’hh’be

have postulated that at least in the surface layers, the conductivity is due
to cation deficiency. It was shown by Dowden et alhé that in the case of
propan-2-0l, dehydration was favoured by p-type semiconductors and

dehydrogenation by n-type. Kuriacose and coawarkersh7-52 have observed

a similar relationship in a series of studies of propan-2-0l on chramia

and chromia - alumina catalysts; a puzzling feature of a few of their papers is,
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however, the fact that they have élso stated the reverse to be the case,SO’52
In any assessment of the catalytic activity of chromia it is
inherently difficult to distinguish clearly between surface chemical and
textural contributions. The analysis is further confused by the extreme
sensitivity of the adsorptivé and catalytic properties of chromia to the
conditions of preparation, storage and heat-treatment of the gel. Nevertheless,
the texture of the chromia surface may also play an important part in
determining the dehydration/dehydrogenation selectivity of the catalyst.
Kuriacose et al51 have shown that the activity of chromia, in respect of
alcohol dehydration, is closely related to the pore structure of the catalyst.
The dehydration activity is completely destroyed when the catalyst is sintered:

pore size distribution analysis revealed that the micropore structure of

the catalyst was considerably reduced after sintering. Conversely,

ochwab et 3153 have found that dehydrogenation is facilitated by non-porous

catalysts: a reduction (by sintering) or increase (by powdering) of the
5.

external surface area of the catalyst, decreases”  or enh.ances,51 respectively,

51,55

the dehydrogenation activity. Several workers have observed that there

1s a correlation between the loss of dehydration activity and the progressive
removal of water from the surface of a chromia catalyst. Dow:lenS > suggested
that the active centres for dehydration are protons originating from water

located at cation vacancies in the oxide lattice. Sintering of the catalyst

results in the predominantly irreversible loss of surface hydroxyl groups:

in the absence of pores, a rehydroxylated chromia surface imparts only a
fraction of the original dehydration activity'.51 However, TOpchieva56 has
shown that in the case of yttrium oxide, the original dehydration/
dehydrogenation selectivity is restored if the dehydration process can be

carried out reversibly; a reduced surface hydroxyl concentration enhances

dehydrogenation at the expense of dehydration.
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53

Burwe119’57 and Zecchina”™ have gpplied the concept of "surface
coordinative unsaturation to the active sites formed on the surface of
chromia by dehydration. Loss of water by condensation involving surfaée
hydroxyl groups will, in general, generate coordinatively unsaturated

sites (cus) of Cr®¥,02~ and possibly OH species. In the case of

a-Cr,0,, water loss can generate sites of different geometries and degrees

of coordinative unsaturation, and either one or two exposed Cr®*: one

cannot be so specific for the case of amorphous chromia, but it is suggested2Ll

that similar considerations will apply.

59

Burwell and his co-workers”” have suggested that the microporous

structure found in many amorphous chromias may impart special catalytic
activity. For example, the ratio of isomerisation to hydrogenation of
hex-1-ene was very low in the presence of a microporous chromia gel; when
however, the gel was suitably treated to give a mesoporous texture, the

60

ratio was high. Cross and Leach ~ have observed a similar relationship for

the isomerisation of but-1-ene to cis and trans but-2-ene respectively.
Gurevich et al61 observed that the diffusion (and subsequent desorption) of
polyethylene macromolecules formed on the surface of a chromia catalyst,
was hindered in the presence of a predominantly microporous structure and

subsequent catalytic activity was lost: a macroporous structure represented

an insufficient surface area, but a pore diameter range of 50 - 150ﬁ Was
found to be the optimum. Thus, the surface area available, and its nature,

frequently play an important role in the type of catalytic activity

displayed by chromia.

1.2 Preparation of Chromig
Generally speaking, supported chromia catalysts are made using either

co-precipitation or impregnation techniques, whilst unsupported catalysts

are obtained by the requisite activation of amorphous chromia gels.



Lazier and Vaughen studied the catalytic properties (in respect of

ethylene hydrogenation) of some twenty chromia gels, prepared from a number

of chromium salts and basic precipitating agents. They, and later

Kbhlschutter,62 concluded that the precipitation of chromia gel fraom

chromium nitrate and ammonium hydroxide was the most reliable and convenient

method for preparing an active chromia catalyst. Various other early

preparations of chromia gel have been summarised by Turkevich et al.63

These include the addition of ammonium hydroxide to chromium (III) acetate

and the reduction of aqueous solutions of chromic acid by sucrose, oxalic

ol

acidhor ethanol. The production of chromium oxyhydroxide by the

carbohydrate reduction of sodium dichromate is now an important process for

65

the manufacture of a-Cr_ O pigment. Perhaps one of the most widely used

and currently popular methods of preparing chromia gels is that developed by
11,66

Burwell and his co-workers: this relies upon the uniform generation of

ammonia in a refluxed aqueous solution of urea and chromium nitrate. The
Burwell preparation invariagbly results in a highly microporous gel of small

particle size, but a gel of more open texture may be obtained by autoclaving

the product in water or pentane.67

More recently, techniques have been developed for the production of
68

chromium oxides with 'tailor-made! characteristics: Peri™ has prepared a

"self -sustaining" a-Cr_0, aerogel film of unusually high surface area;

Teichner69 has similarly patented a process aimed at producing high surface

area oxides (including chromium oxide), where hydrated metal salts are

reacted with anhydrous bases in organic media, under conditions which ensure

10

that the minimum amount of water is present; similarly, Lohmann' =~ has

prepared metal hydroxides by reacting metal sulphates with sodium hydroxide
in such a manner that the water is effectively removed fram the reaction

sphere as the decahydrate of sodium.sulphate; Such methods recognise the



important role played by water during the formation, and propagation, of
the chromia gel polymer and on its subsequent textural properties.
Matijevi671’72 has extensively investigated the properties of chromium

hydroxide hydrosols. Similar sols have been emplcy;yed?B"?ll in 'sol-gel
processes! 1o produce gels of controlled particle size and high surface

area. These systems are likely to be the subject of much future work.

1.3 Structure of Chromia Gels

75 76

Weiser and Milligan “supported the early view of van Bemmelen

that a hydrous oxide gel consists essentially of agglomerates of minute
crystals of oxide, hydrate or hydroxide, rather than of polymerised
species of condensation products. However, many other workers, notably
Willst8tter et al77 and Morley et 31,78 held the latter view, and that
the freshly precipitated hydrous oxide is subject to an ageing process

to yield polyhydroxides of increasing complexity. This 1s basically
95717

the opinion that is now widely accepted.

It is generallyregardsd.by'many'invéstigators that chromia gel
has a "brush heap'" structure, made up of a complex network of fibre-like

particles.BO The exact structure of the chromia fibres is unknown,

although Selww:)t::)cl?9 has presented one picture of the gel as a chain polymer
extending along the hexagonal axis, but the properties of the gel are
consistent with those of large polymﬁrs:81’82 for example, extremely low

solubility and the resolubilisation of freshly precipitated gel by the
addition of a small amount of chromium nitrate. In general, freshly
precipitated chromia gels are amorphous, but Ratnasamy'and.Léonard83

have recently claimed the identification of crystalline Cr(OH), in a

gel prepared according to the high pH method of the present am.'cvhc:‘r...8)'L
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Bqu'r.q'ell%‘ZLL has proposed that chromia gel fibres are condensation

polymers of CT(H?O)g(OH)gi
N S
| I

H_0 - HO H,0
H | | H
O OB, O
#/#ff ‘\h\‘Cr ‘T\H\‘Cr‘/fffﬂ H\\&"Cr’###
\ Ol/l O,// \ O/ \
I
' H.0 R ¢ H.0
L _in

formed by the neutralisation of the hexaquo-ion, [Cr(HEO)3]3+,'upon the
addition of a base, e.g. ammonia. The hexaquo ion forms at least the

35-87

dimer and trimer, but the polymﬁrisétion reaction is thought to

involve species such as [Gr(HéO)E(OH)]3+ etc., which undergo condensation

much more rapidly than [Cr(HaO)3]3+. When air-dried at 2500, nearly all

chromlia gels, and particularly those prepared using the Burwell m.ethod,”’66

retain appreciable quantities of physisorbed water of composition

19 88

approximating to the formula, Cr,O,.7H,0. However, Selwood °~ and Berg

have reported gels, dried under similar conditions, that analyse very closely

to Craoa.SHEO, l1.8. the empirical formula of_the hypothetical polymer shown

above .

1.4 Thermal Decomposition of Chromia Gels

Many authors ot —37,88-95 have noted that the thermal decomposition of

33

chromia gels is a complex process. Deren and Haber~~” have proposed that at

least three different simultaneous processes'are involved: (a) dehydration,
leading tc the formation of chromium (III) oxide hydrates (and oxy-hydroxide)
which subsequently decompose at higher temperatures; (b) redox processes
involving chromium ions in different oxidation states, and (c) formation of
crystalline a-Cr_Oz as the stable end product. Generally, for temperaturES

<:250°C, the thermal effects observed by DTA are a result of gel-hydration



changes, and are independent of the surrounding atmosphere; for
temperatures‘%-ESOOC, the thermal effects are associated with redox
processes and, as such, are dependent upon the nature of the surrounding
atmosphere, l1.e. inert, oxidising or reducing.

The dehydration process, (a),'will effectively vary the coordination
state of 0°~. For example, in the hypothetical polymer the coordination
number (n) of Cr3* with respect to 02~ is 6, whilst that of 0°~ with respect
to Cr3* is 1.5. During progressive heating, the polymer loses water which

may result in the bridging of chains and, at the extreme, to an average

I

coordination of n = 2 for 0°~; further loss of water by condensation from

bridging OH groups will lead to a coordination of 3, i.e. that found in

chromium oxy-hydroxide, CrOOH.%a Finally, total elimination of water

96d

results in an 0°~ coordination of I, i.e. that found in a-Cr203. In an

21y

amorphous gel the average coordination of 0<~ appears ~ to be always < L.

During the redox process, (b), CrOCH (orthorhombicg7), CrO, (rutile

96b), CrO; (chain structure of linked CrO, tetrahedra96c) and

96d

structure

) may, at least in the surface layers, co-exist.
83

a~Cr 0, (corundum structure

Recent work by Ratnasamy and Léonard, -~ using x-ray scattering techniques,

has identified the presence of CrOOH, CrO; and a-Cr O,: Fenerty',gS using
magnetic susceptibility measurements, has confirmed the presence of

ferromagnetic CrO, in amorphous chromia gels. The subsequent 'glow! of the

98

gel, a phenomenon first described by Berzelius” in 1818, results in the

97

formation of macro-crystalline a~Cr,O,.
DTA, in addition to thermogravimetric analysis (TG), has been widely
employed to investigate the decomposition of chromia gels. Bhattacharyya

ot a13729359L

have attributed the endotherms at 160° and 25000 to the expulsion
of Yloosely bound! and 'rigidly bound! water respectively. Narasimha Rao

and Kesavulu100 correlated DIA observations with parallel oxygen
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adsorption/evolution studies (indicated below in parentheses) and reached

a similar conclusion; the evolution of water from the gel pores is responsible
for the first endotherm (no oxygen adsorbed or evolved), whilst the second
dehydration endotherm (oxygen adsorbed by exposed surface chromium iong) is
associated with the oxide structure, i.e. condensation of hydroxyl groups.

32

Deren and Haber” assigned the two endotherms to the loss of water to form

Cr 05 .3H,0 (trihydrate) and Cr_Os.H,0 (monohydrate) respectively, a view
that is widely accepted. However, Sing and his co-workerSBh’ 35 have found
for certain gels, that the DTA may also exhibit an exotherm at about 23000
as a result of the formation of crystalline orthorhombic CrOOH. Fenertys?5
has confirmed the presence of micro-crystalline orthorhombic CrOOH in
certain calcined gels. Apparently, the crystaliine monohydrate is only
formed if the gel contains sufficient water trapped in the pores of large

granules. The mechanism for the formation of the oxy-hydroxide structure

is probably very similar to the hydrothermal process involved in the

formation of boehnmite (y-A100H), which has been characterised by Tertian

and Papé""e1 O and by de Boer et a.l.102 The crystalline orthorhombic CrOOH

is probably the principal sourcse 6f GrOa in an amorphous gel: the

interconversion of orthorhombic CrOOH and tetragonal CrO; is known to

103-105 Subsequent decomposition of

106

proceed via a topotactic reaction.

Cr0, to o-Cr0; may also proceed via a topotactic reaction.
The exact mechanism of the glow phenomenon is still largely a matter for

conjecture. The temperature at which the strongly exothermic transformation

of amorphous Cr_O, into macro-crystalline a-Cr,O, occurs 1is dependent on the

mode of gel preparation ,10? thermal history of the gelBh’ 75 and on 'bhe'

35

nature of the surrounding atmosphere:”~ the glow phenomenon occurs at about

hOOOC in an oxidising atmosphere, at about 500°C in hydrogen and up to 600°C

in an inert atmosphere, e.g. nitrogen or vacuum; the crystallisation
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03,92,108

temperature under vacuum is a function of pressur.. The actual

temperature of the sample may rise to at least 800°C during the glow

95

phenomenon,” ~ which is slightly more in line with the temperature of

> 1000°C required for large scale crystallisation of y-alumina to the
109

corundum structure.
Chromium (VI) assists the crystallisation process by lowering the

energy barrier to nucleation, but in itself, is not a prereqpﬁéite for the

95

Alternative sites for nucleationﬂo may be provided by

83,95

glow phenomenon.

the micro-crystalline a-Cr,O, which is present in amorphous gels.
In such cases, the situation is analogous to that of Fe(OH),, where Weiser111
has shown that the form of Fe_ O, is a-Fe_,0; before and after the glow.

Sorrentino et 31”2 have correlated the incidence of the glow phenomenon

with the particle size of the hydrous oxide: they postulate that the glow
is a visible manifestation of the coalescence of primary particles into

larger masses, with the consequent release of surface energy. Supporting
evidence for this view is, in part, derived from their confirmation of the

earlier findings of Milligan et al!'3*''4 that

only single oxide systems
exhibit the glow phenomenon. When mixed with another hydrous oxide the
clow is quelled, a fact attributed to the adsorption of one oxide on the
surface of the other; the effect is independent of whether or not the
second hydrous oxide itself exhibits the glow phenomenon, e.g. Fe(OH):3
and A1(OH), respectively.

PErhaps the one certain feature related to the glow phenomenon 1s
that the abrupt crystallisation of a-Cr_0, invariably causes a large
reduction in surface area and catalytic activity.h However, it does not,

as some authors have stated,mo render the oxide completely inactive as

a catalyst.
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CHAPTER 2?2

THEORETICAL ASPECTS OF PHYSICAL ADSORPTION

The theory of gas adsorption by solids has been extensively developed
and discussed in recent y'er=\J:'s1..-5 This chapter is, therefore, concerned
only with certain theoretical aspects of physisorption which are relevant
to the present work. Emphasis is placed on the utilisation and

interpretation of gas adsorption data, in both the monolayer and multilayer

regions of the adsorption isotherm.

2.1 Introduction

Physisorption occurs whenever a gas, or vapour, (the adsorptive) is
brought into contact with an outgassed solid (the adsorbent). The
phenomenon, often termed van der Waals adsorption, is dependent on
molecular interaction forces similar in type to those responsible for the
condensation of a vapour to a liqpid'(ar solid). Since physisorption is
related to this process, it occurs to an appreciable extent only at
pressures and temperatures close to0 those required for liquefaction. 1In
physisorption, as distinct from chemisorption, there is no electron exchange
between the adsorbed species (the adsorbate) and the adsorbent.

In principle, the amount, x, of gas adsorbed per unit mass of the
adsorbent may be expressed as a function of the equilibrium pressure, P,

the temperature, T, and the nature of the adsorptive and adsorbent:

x=¢ (P, T, gas, solid) (2.1)
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The adsorption data are generally recorded in the form of an adsorption
isotherm, i.e. the adsorption measured at various equilibrium pressures,
all other variables being held constant. 1If, as is usually the case 1n
practice, the gas is below its critical temperature then the amount

adsorbed is conveniently expressed as a function of the relative pressure,

P/Po, where Po is the saturated vapour pressure of the adsorptive:

x = £ (P/PO)T, gas, solid (2.2)

The majority of publiéhed isotherms may be assigned to one of the
five types originally proposed by Brunauer, Deming, Deming and Teller,6
but now more frequently referred to as the Brunauer C‘la-a.ﬁcsi:li'ic:.-a’t:,ion..‘l This
classification is illustrated in Fig. 2.1 In practice, many isotherms

show an upward deviation (represented by dotted lines in Fig. 2.1) as the

saturated vapour pressure is approached. Hysteresis loops (the desorption

branch of an isotherm) are frequently encountered with the various types

of isotherms, notably in the case of a Type IV isotherm. de Boer7 developed

a useful classification of- hysterasis loops; this will be referred to in

succeeding chapters concerned with the discussion of the adsorption isotherms.
As with most classifications, there are borderline cases which possess

the characteristics of one or more types, ani are therefore difficult to

assign to a particular group. In addition, there are many isotherms,

notably stepwise isotherms, which are difficult to fit into the Brunauer

classification at all.

The underlying reasons and the significance and interpretation of the

various isotherm types have been discussed in detall by Bru.na,ue:;"l and Gregg

and S:i.ng....]'L Briefly, the type 1 isotherm is usually associated with micropore

f111ing. Types II and III with monolayer-multilayer adsorption and

Types IV and V with capillary condensation. Only those types particularly
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relevant to the present work, namely Type I and Type II, will be discussed
in any further detail (Section 2.3). Some discussion on step-wise isotherms

is included in Chapter 6.

Most adsorbents of high surface area are porous, possessing both

internal and external surface a.re:;.n....8 The pore systems are of many different

kinds, the pores varying greatly both in size and shape for any given adsorbent.
To discuss the interpretation of adsorption isotherms, it is helpful to
classify poresiaccording to their effective width. The classification is
necessarily arbitrary and is still the subject of much discussion. However,

for the purpose of the present work, the recent IUPAC classification9

(similar to an earlier claesification‘by'Dubinin1O) has been adopted: namely,
the narrowest pores of width not exceeding about 20 } (2.0 nm) are called
"MICROPORES"; pores of width exceeding about 500 A (50 nm) are called
"MACROPORES". The pores of intermediate width, which have previously been
termed intermediate or transitional porea,11 are referred to as "MESOPORES".

Adsorption in the relative pressure region of P/Po ~ 0.05 to ~ 0.5

12

may depend on three different mechanisms: (a) monolayer-multilayer

coverage, (b) micropore filling, and (c) capillary condensation. Dubinin1o

proposed that the whole of the accessible micropore volume may be pictured

as adsorption space, since in pores of these dimensions the adsorption
potentials of opposite walls overlap. The micropore volume is thus filled
at 1ow relative pressure and no well-defined monolayer is formed. Mechanisms
(a) and (b) may therefore be considered as primary processes of adsorption.
On the other hand, capillary condensation in mesopores (involving the
formation of a liquid-like meniscus) is preceded by the formation of an

adsorbed layer on the pore walls, and is, therefore, a secondary process.



In practice, it is difficult to resolve the different processes
occurring in micropores and mesopores. Frequently, the above processes,
(a), (b) and (c), may all contribute to the measured adsorption. Sing‘13
has pointed out that in any real system, thers are two main problems:

first, the adsorption properties of the solid are determined by its texture

and by the adsorbent-adsorbate and adsorbate-adsorbate interactions,

which occur in a unique way in each adsorption system; secondly, as already
mentioned, the pores in a real solid are generally distributed over a wide
range of size and shape. The interpretation of isotherms, in terms of
monolayer-multilayer adsorption and micropore filling, is therefore

frequently very difficult.

2.2 Physical Interaction Energies

The detailed studies of Kiselev1h’15 and Barrer : have revealed that, in

addition to non-specific interactions, physisorption is frequently associated

with specific adsorbent-adsorbate interactions. The adsorption potential,

¢, (i.e. interaction energy) for a polar adsorbate molecule on a

heteropolar or ionic surface may be expressed16 as the sum of the mumber of

energy contributions:

g=gp+Ppt e vht P (2.3)

The dispersion*energy,‘ﬂn, and the short range repulsion energy, ﬁR; may be

regarded as originating from non-specific interactions; the polarisation, ﬂf,

the field-dipols, QEM

represent the specific interaction energy contributions. The contribution of

s and the field gradient-quadrupole, gﬁq’ terms

ﬂPbiS'usually small, but that of QF or‘ﬁﬁq may be very important in the case

of adsorbate molecules possessing permanent dipole or quadrupole moments.



In general, the specific interactions are the result of the concentration

of charge density on the periphery of the adsorbate molecules.

Oxide surfaces are generally energetically heterogeneous; they are
hydrated (or hydroxylated) unless they have been outgassed at a high
temperature, i‘.e. at about 1000°C. The degree of surface hydroxylation
may have pronounced effect on the adsorbent-adsorbate interactions,
notably the specific contributions. Kiselev and his co-workersw’ 15,17,14
have studied the effect of the surface dehydroxylation of silica on the

physisorption of a number of polar and non-polar vapours. The:ir investigations

revealed that the differential heats of adsorption for adsorptives with
n-bonds (e.g. benzene, nitrogen) or lone pairs of electrons (e.g. pyridine,
diethyl ether) were considerably reduced by a decrease in the number of
hydroxyl groups per unit surface area of silica. Conversely, the
differential heats of adsorption for comparable non-polar adsorptives (e.g.
n-hexane, argon) were not significantly affected. Thus, the ¢D’ ﬁP and ¢R
contributions are insensitive to the degree of surface hydroxylation, but
the ﬁFuand ﬂf‘Q terms are dependent on the concentration of the surface
hydroxyl groups.

In view of the differences in the differential heats of adsorption
for certain adsorptives on hydroxylated and dehydroxylated oxide surfaces ,1 7
it is not surprising that the shape of the isotherms may also be significantly
affected. For example, the similarity of their molecular size and
polarisability would suggest that argon and nitrogen should be alike in

their physisorption behaviour. In fact, dehydroxylation of a silica surface
has very little effect on argon adsorption ,20 but for nitrogen adsorption
the specific nitrogen quadrupole interaction, ﬂﬁ‘q’ 1s considerably reduced.
The statistical monolayer for nitrogen adsorption on a hydroxylated silica

surface is usually a well-defined point on the isotherm; dehydroxylation of
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20,21

the surface has been shown to result in a nitrogen isotherm that is

very similar in shape to that for argon, where point B (section 2.3) is

frequently poorly defined (for hydroxylated and dehydroxylated silica

surfaces) .

2.3 The BET Method for the Determination of Surface Area

22523 established the classical model of localised

The Langmuir theory

monolayer adsorption on a uniform surface, and may be represented by the

equation:

v bP

C e (2.4)
V 1 + bP

m

where V is the amount of gas adsorbed (mass, volume or mole) at an
equilibrium pressure P: Vm is the monolayer capacity (i.e. the amount of
gas adsorbed in a completed monolayer), and the constant b is a function of

24,

the heat and the entropy of adsorption. The model was designed for

application to adsorption on an open surfacq freely exposed to the gas phase,
the plateau of the Langmuir isotherm?h (Type I in Fig. 2.1) representing a
completed monolayer. It is now generally agreed, however, that if a Type I
isotherm is obtained, then the adsorbent must be predominantly microporous
in nature; furthermore, the plateau does not necessarily represent a
completed monolayer and therefore the specific surface of the adsarbent.25
Brunauer; Emmett and Teller dﬁveloped.Igngmuir's suggestion23 that
the dynamic condensation-evaporation mechanism might apply to second, and
subsequent, adsorbate layers. Since its inception in 1938, the BET theory26

has occupied a central position in the use of gas adsorption studies for

surface area determination.



The BET equation is usually applied in the form:

P | 1 (C-1) P
— - ; - (2.5)
v(Po - P) VG v Po

where V, V. and P are the quantities defined for equation (2.L) and Po is the
saturated vapour pressure of the adsorptive. According to the simplified
theory, C is a constant related to the net heat of adsorption, but in fact

it is a free energy term which is dependent on both the enthalpy and entropy

2

of adsorption. It is clear from equation (2.5) that there should be a

linear relationship between P/V (Po - P) and P/Po. In practice, however, the
linearity of the BET plot rarely extends beyond the relative pressure range

of 0.05 - 0.3, even with non-porous adsorbents. Indeed, the range of

linearity is often much more restrict.ed,28 and with uniform surfaces, notably

29

graphitised carbon,”” may not extend beyond P/Po = 0.1.

From the linear region of the BET plot, the slope, S, and intercept, I,

may be derived. The BET parameters, Vm and C, may then be readily calculated

by application of the equations:

v = (2.6)
m S + I
S
C = -+ ] (2.7)
I

The main criticisms levelled at the BET model may be summarised as follows:

(1) It assumes that all adsorption sites are exactly equivalent. In fact,

the variation of the heat of adsorption with ‘coverage for many adsorbents

30

implies that the surface 1s energetically heterogeneous;” 1in many cases,

the range of linearity of the BET plot is better for heterogeneous surfaces

than for uniform surfaces.3 1
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(2) Lateral interactions of adsorbate molecules are neglected; only those
interactions normal to the adsorbent surface are considered. As the degree
of coverage increases the inter-adsorbate distance decreases, and therefore
the lateral interactions must become significant. Further, the neglect of

the lateral adsorbate interactiong is in conflict with the most basic

assumption of the BET theory - that the evaporation-condensation properties of
the second and subsequent adsorbate layers are the same as those of the

surface of the bulk liq]uid.32

(3) Adsorbate molecules in second and subsequent layers are treated as

completely equivalent. It would be expected that the adsoarption potential

would dimihi‘sh._as a function of the distance from the adsorbent surface..3 3

(,) The model assumes that the number of adsorbate layers is infinite at the
saturated vapour pressure of the adsorptive. In fact, there are many cases

where the number of adsorbate layers is finite in the presence of the

34

saturated vapour.

Nevertheless, in spite of the limitations of the BET theory, it has
provided a remarkably successful method for the analysis of adsorption
jsotherms. Many refined theories have been present.éd over recent years,
but very few retain the essence of the BET theory - its practical utility.
35

Brunauer and his co-workers”~ have recently modified the BET equation

in an attempt to improve the agreement with experimental isotherm data over
a wider range of relative pressure. A third parameter, k, was introduced to

allow for the finite number of adsorbate layers on a non-porous adsorbent

as P —’Po:_

< 1 + .S?__:_:l..). . E.I.). (2.8)

V(Po - kP) V C V C Po
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As an empirical relationship, equation (2.8) was found to give a
considerably better fit for nitrogen adsorption on several non-porous

35

oxides. The deviation of k from unity is an approximate measure

of the inadequacy of the basic BET assumption - that the second and
sutsequent adsorbate layers possess the properties of the bulk liquid.
36

On empirical grounds, Emmett and Brunauer” suggested that the
completion of the monolayer is indicated by point B on the isotherm, i.e.
the point corresponding to the beginning of "";he almost linear region
exhibited by many Type II isotherms (Figs. 2.1 and 2.2). Hal.e.e,'y'37
supported this view by suggesting that this point is located where the
affinity of the surface for the adsorptive is changing most rapidly,
and it is reasonable to identify this change in adsorptive power with
the ccnnpletion of the first layer. However, it is now clear that
reagonable agreement between point B and the BET monolayer capacity, Vm,
is only found if point B lies within the linear region of the BET plorl:..m3 .
The characteristic 'knee' of a Type II isotherm is dependent on the
mumerical value of C; as the value of C increases (i.e. as the value of
the net heat of adsorption increases) so the shape of the knee becomes
progressively sharper (Fig. 2.2). Many workerSB’h’32’3?’39
that the BET method for the evaluation of monolayer capacity, should only

be used if the isotherm exhibits a clear point B, i.e. 1n general, the

value of C exceeds about 50.

have suggested

The specific surface area, SBET (expressed in m2g-!), of an adsorbent

may be calculated from the monolayer capacity, Vm (expressed in cm3g-1),

by application of the equation:

Vm.N «.rA!mx‘_IO"'afJ

Sppr  © (2.9)
' 22414
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where N is Avogadro!s constant (6.023 x 1022 molecules mole~!) and Am

(expressed in A ?)is the assumed average area occupied by the adsorbate
molecule in the completed monolayer.
The main difficulty associated with the calculation of SBET from Vm,

is the lack of independent evidence on the correct value of Am. Most
36

workers have followed the example of Emmett and Brunauer,” in assuming that

the close-packing of the adsorbate molecules in the monolayer is very
similar to that in the bulk liquid state. For the case of nitrogen as the
adsorptive, such as assumption leads to a molecular cross-sectional area
(i.e. Am) of 16.2 12 at 77 K: McClellan and Harneberger,ho in a recent
comprehensive survey of the lLiterature on assumed cross-sectional areas of
adsorbed molecules, concluded that this is the most reliable recommended
value. On apriori grounds, however, one might expect some degree of
localisation of the adsorbate molecules in the monolgyer and a variation in
the area occupied per molecule from one surface to another. Indeed, recent

investigations indicated that the nitrogen monolayer may be

glightly more open than in the liquid state and consequently, the value of

Am may be as high as about 20 A3,

For many other adsorbates, there is a greater degree of uncertainty
attached to the assumed value of the cross-sectional area of the adsorbate
molecule...LLO Extensive studies have indicated that the value of Am to be

adopted is dependent on the value of the BET C constant,hh and therefore,

the net heat of adsorption. Since the net heat of adsorption is a function
of the degree of adsorbent-adsorbate interaction, a particular adsorptive

may yield different values of C (and therefore, Am) on different adsorbents.

This is particularly the case for water adsorption, where the degree of

adsorbent - adsorbate 1nteraction will be dependent on the extent of the

hydrophobicity of the adsorbent sur:l';'a.ce;,"6 water adsorption on a hydrophilic

L5
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surface is highly specif:lc.mlL3 The assumed value of A for water is,
therefore, particularly sensitive to changes on the adsorbent surface;
for the purposes of the present work, the valuem of 10.6 A2 (representing

close-packing of the adsorbate molecules) has been adopted.
In the case of argon adsorption, there is a two-fold problem:

first, a similar question of the cross-sectional area for an adsorbate
molecule where BET C values are frequently below 50; secondly, whether
one assumes the adsorbate is in a solid or liquid-like state at

temperatures below the bulk triple point of argon. These problems are

discussed in Sections L.1 and 6.5.

2.4, Empirical Methods of Isotherm Analysis

In recent years, the t-method of Lippelns and de Boerh8 has attracted
L9-53

considerable attention as a simple and direct means of interpreting

nitrogen isotherm data. The amount, V, of niirogen adsorbed on the test
adsorbent is plotted against t, the statistical ’c.hi.c:lc.:ne.*sl.s5 b of 'bhe adsorbed
layer of nitrogen at corresponding relative pressures (t is obtained from
the standard isotherm on a non-porous reference adsorbent, and is given by
t = (V/Vm) o, where o is the statistical thickness of the monolayer).

A deviation in shape from the standard isotherm may be interpreted in terms
of the porosity of the test adsorbent, and is detected as a departure of
the t-plot from linearity; furthermore, the slope of a linear t-plot is

directly proportioﬂal to the surface area of the test adsorbent. Much of
kb1,5h_56

the early wor was directed at obtaining a common or "universal®

multilayer thickness (t-curve) for nitrogen on different adsorbents, but

with the growing awareness of specific interactions with nitrogen adsorption

(cf. Section 2.2), it is now recogised12’27’39’57’58

39

that this is not

possible. Instead, it may be possible”™ to establish a set of t-tables for
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the adsorption of nitrogen (and other adsorptives)on different adsorbents.

Brunauer and his co-—workersw’hs” 50,53 have suggested that the correct

t-curve should be based on a reference adsorbent that gives a similar
value of the BET C constant as the adsorbent under analysis; furthermore,

there should be a close agreement between the surface area obtained from

the slope of the t-plot and the BET area.

Other limitations of the t-plot are: (1) it is necessarily dependent
on the evaluation of the BET monolayer capacity, since t is itself calculated

from V/Vm (i.e. for nitrogen, t = 3.5l. V/Vm), and (2) it cannot be readily
applied where adsorption isotherms have low C-values.  To avoid these
difficulties, the t-method was modified by Sing12’S 7 and the empirical

a.s -method introduced.

The G -Mgthod

o is tie:t‘inedllz"'13 as V/VS, where Vs is the amount of vapour adsorbed

at a selected relative pressure, (P/Po)s. The values of a.s are calculated
from the reduced standard isotherm for an appropriate non-porous reference
adsorbent. For the isotherm under analysis, the a.ﬂ-plot. is constructed as
the amount adsorbed, V, against the @, value obtained at the corresponding
relative pressure, (R/Po)s.

In principle, the value of &, may be placed equal to unity at any
convenient point on the standard isotherm. In practice, however, it is
usually convenient to place a, = 1 at (P/P"v:))3 = Q.43 with nitrogen
adsorption at 77 K, both monolayer coverage and micropore filling occur
at P/Po < O.li, whereas any hysterasis loop (associated with capillary
condensation) is generally located at P/Po > O.4« Furthermore, greater
precision is .-:-xchieveclS 7 by placing a.B = |1 in the middle range of the isotherm,

especially in the case of a Type IIIL (or near Type III)isotherm.
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Deviation of the a.S—plot from linearity provides a convenient
diagnostic test for both micropore filling and capillary condensation.
Examples of hypothetical a_-plots, curves (d), (e) and (f), are shown
in Fig. 2.3, together with the corresponding isotherms, curves (a), (b)
and (c), respectively, from which they could possibly be derived. The
linear plot in (d) is the result of unrestricted monolayer - multilayer
adsorption on a non-porous or macroporous adsorbent. The upward deviation
of curve (e) from linearity indicates that capillary condensation is
taking placewithinmesopores of an adsorbent;a similar downard deviation
from linearity may indicate the occurrence of inter-particle condensation.
The restricted adsorption in the case of curve (f) is typical of a
microporous adsorbent, with pronounced micropore filling followed by
multilayer adsorption (the upper linear branch) on a small external surface.

The as-method may also be used for the assessment of surface area12

60,61

(internal and external) and micropore volume. The surface area, SS s 1s
readily calculated from the slope, m, of the linear region of the a.s-plo'b
by the use of a proportionality (or normalising) factor; the factor, f, is
obtained from the standard isotherm on the non-porous reference adsorbent

of known BET surface area:

£ _ (SBET)ref (2.10)

(vo.h)rei‘

where (SBEI')ref is the BET surface area of the non-porous reference standard,
and (VO h)ré £ is the amount adsorbed on the reference standard at a relative
pressure of 0.4 (assuming @y is placed equal to unity at P/Po = 0O.4). The

surface area SS, 18 then given by:

SB = f .m . (2.11)
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In the cases where the linear region of the aé-plot passes through the
origin (i.e. curve (d), and the lower linear region of curve (e), in

Fig. 2.3), equation (2.11) nay be rewritten in the form:

v
s (2.12)

w
I
Ho
L

l

where V 1s the amount on the test adsorbent at a particular value of Qe

Clearly, in cases such as curves (e) and (f) in Fig. 2.3, the slope, m,

of the upper linear region is given by:

AV

m = e—— (2.13)
Z&GS

and therefore, the external surface area, Saxt’ is given by:

AV
St = £+ — (2.11)

A &

8
The pore volume,'Vp, Or micropore volume,'vmic, may be assessed by the back-~
extrapolation of the upper linear region of the respective ab-plots (curves

(e) and (f) in Fig. 2.3) to the intercept at a, = 0. If the uptake at the

intercept is'Vyj and assuming liquid close-packing of the adsorbate molecules,

60

then for nitrogen adsorption”” V_ (or ?mic) is given by:

Vb = 0.00156 . Ty (2.15)

Occasionally, a compensating effect (between micropore filling and

6

reversible capillary condensation 2):may'occur with certain isotherms, giving

rise to an almost linear as—plot over a very wide range of relative pressure.
Such a compensating effect can be detected by means of a systematic study
employing adsorptives of different size and polarisability, in order to

check the constancy of Ss and the linearity of the different as-plots on the

same adsorbent.12
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A particular advantage of the as—method 1s that it may be employed
for Type I11 isotherms, or Type II isotherms with a small or indistinct
knee, where the calculation of the BET surface area is unreliable;
e.g. adsorption of carbon tetrachloride on silica.12 In such cases, the
surface ares, Ss’ of the adsorbent (with respect to a particular adsorptive)
may be obtained from the as-plot on a comparative basis, usually with
respect to a standard nitrogen surface area: Equation (2.10) is rewritten
in the form:

N
F = (SBET)ref (2.16)

(vo.h)ref

where (ngT)ref is the BET nitrogen surface area of the non-porous reference
standard, and (VO.h)ref 1s the amount of the adsorptive in question
adsorbed on the reference standard at a relative pressure of 0.4. The surface
area, SS, (with respect to the test adsorptive) is then calculated in the
usual manner, by application of either equation (2.12) or (2.1L4).

In principle, the as-method can be made entirely independent of the
BET procedure; however, no absolute method of surface area determination has
yet been developed that incorporates the necessary degree of accuracy and

reliability.

The Frenkel - Halsey - Hill Method

Frenkel ,63 Halsey3 ° and Hillél“’t55 independently suggested that at high
relative pressures, where an adsorbed film is several molecular layers in
thickness and 1is properties approach those of the bulk liquid, the

adsorption isotherm may be described by an equation of the form:



- (2.17)

where k is a constant related to the energy of adsorption in the first
layer, r 1s an exponent based on the decay of surface forces with distance,

and O is the surface coverage (i.e. 6 = V/Vm). Equation (2.17) may readily

be transformed to give:

1 1 Po
log V. = =~ (log k - log 2.303) + log V. - —|log{log| — (2.18)
r T P

Either equation (2.17) or (2.18) may be used to analyse adsorption data by

plotting, log log (Po/P) either against log © or against log V. From
the slope of the plot the value of r may be readily determined.

The Frenkel - Halsey - Hill (FHH) treatment assumes that in the
multilayer region of an adsorption isotherm, the periodicity due to the
structure of the adsorbent may be regarded as effectively smoothed out and

that the adsorbed film may be treated as a uniform slab of liquid similar

65,66

to the bulk liquid. According to the 'slab modelt?, at an appreciable

distance from the surface the adsorbent -adsorbate interaction energy
decays with the third power of distance and r = 3. The slab theory is

strictly only applicable to adsorbates having spherically symmetrical

molecules, but even for these adsorbates wide variations from the value of

32,16,67,68

r = 3 are found.

Halsey3 z

has suggested that the magnitude of r characterises the type
of interaction between a vapour and the adsorbent surface: specific
adsorbent - adsorbate interactions are indicated by a high value of r.

In addition, Pierce and Ewing69 have shown that if a log-log plot of

log (Po/P) against V does not give a straight line of approximately normal

slope for a particular adsorptive, then it may be concluded that there is
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not unrestricted free surface adsorption. An upward deviation of the

plot from linearity may be interpretedé/’69’7o in terms of capillary

condensation, whilst a generally curved plot (or a linear plot of too low

a slope) may indicate69 the occurrence of micropore filling.

Zettlemoyer and hils co-workersh6:71,72

67,69,70

have extended the earlier

work of Pierce and studied the applicability of the FHH plot to

nitrogen and water adsorption isotherms on a range of non-porous adsorbents.
In the case of nitrogen adsorption, it was noted that oxides and other
high energy (polar) surfaces gave r values in the range 2.5 - 2.75, whereas

low energy polymer surfaces gave I = 2.12. Zettlemoyerhé has endorsed the
11,67

opinion of Pierce that the "ideal nitrogen isotherm'" on a polar

surface is represented by a linear FHH plot for which the value of r = 2.75;
for a non-polar surface, Zettlemoyer has proposed that the ideal value of

r is 2.12. In the case of water adsorption on hydrophilic surfaces

(6.g. hydroxylated Fe, 05, 5i0,, Ti0,), the FHH plots gave r values around

2.5; water adsorption on hydrophobic surfaces (e.g. dehydroxylated 510, otc.)

gave much lower r values in the range 1.3 - 1.9.
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FIG 2.2 Curves of V/Vm Against P/Po Calculated from
the BET Equation (2.5) for Different Values of C

P/ Po
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CHAPTER 3

EXPERIMENTAL

In the present chapter the materials studied and the methods used

in their general characterisation and study, will be described.

A. THE MATERIALS

3.1 Chromium Oxide Gels

The chromium oxide gels were prepared from aqueous chromium(III)
nitrate in three ways: (a) by the slow addition of chromium nitrate to

vigorously stirred ammonia solution (A series); (b) by the method of

Burw*ell1 >2

utilising the slow hydrolysis of urea (B series); and (c)
by the simultaneous addition of solutions of chromium nitrate and
ammonia under conditions of controlled pH and concentration (S series).
The single electrode pH meter employed for the gel preparations
was carefully calibrated over the operational pH range of the respective
gel preparations. The pH values quoted in the present work have been
corrected, where necessary, by reference to the appropfiate calibration
plot. However, no account has been taken of a possible !suspension
effect?, i.e. the difference between the pH of a suspension and that of
its isolated mother liquor.3 For example, in the case of gel 52 the
precipitation pH of 8.6 is very close to the point of zero charge (pzc)

for freshly precipitated chromia gel"“‘5 (about pH 8.5), and the suspension

effect may, therefore, be assumed to be absent..h However, in the case of
gel A1, precipitated at a mean pH value of 10.5, the pH of the suspension

may be approximately 0.2 pH units lower than that of the mother 1liquor ,h




i.oc. the precipitation process 1s actually taking place at a slightly
different pH value than that observed. When compared, however, with
the overall wide range of precipitation pH (notably for the A series
preparations), the effect is of little significance.

With the exception of chromium nitrate, all materials employed
in the preparation of the chromia gels were of Analytical Reagent (AR)
grade. Analytical grade chromic nitrate was not commercially available
and it was therefore necessary to use the BDH Laboratory Reagent (ILR)
grade material; in the case of chromic nitrate, i.e. Gr(NO:3 )3.9H20, the
purity of the IR grade material 1s at least 98% w/w, with less than

0.05% w/w Fe content.

The freshly prepared gels were Washed with aliquots of distilled
water (redistilled under nitfbgen immediately prior to use) until test36
for NH,™ and NO,~ gave negative responses. The gel was then treated
according to the individual methods described below. In the cases where
the gels were washed with acetone and ether, a total volume of
approximateljr 7 dm® of each solvent per mole of chromic nitrate employed
in the gel preparation, was used in the washing process. Each gel was
dried at room temperature in a cylindrical drying chamber (35 cm x 8 cm),
through which dry air was continuously passed at a flow rate of about
300 cm® min~!. The gel was placed in a 'boat' (28 cm x 6 cm) and,
unless otherwise stated, the 'boat! was periodically removed from the
chamber in order to redisperse the wet gel, thereby allowing the gel to
dry fairly uniformly. '

The conditions for each preparation are summarised in Table 3.1.

A Series

The A series gels were prepared under a dynamic atmosphere of nitrogen

in a 5 dm® reaction vessel equipped with a machanical stirrer. The pH of
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the reaction medium was constantly monitored during the slow addition

of tho chromium nitrate solution to thc ammonia solution. The addition
was made below the surface of the ammonia solution (accompanied by
vigorous stirring) in order to minimise localisation of the precipitation
process. The initial pH of the ammonia solution was generally 11.2; upon
commencement of the addition of the chromium nitrate solution, the pH
rapidly fell to a value close to the mean pH value quoted in table 3.1
for the respective preparations. Thus, gels of this series were not

prepared under conditions of constant pH and concentration; preliminary
experimants revealed, however, that an S series-type preparation was

difficult to control when the required pH was greater than about 10,

Gel Al

The gel was prepared by the addition of 0.1M chromium nitrate to
0.25M ammonia. The pH range for approximately 90% of the precipitation
was 10.3 to 10.7, and the mean pH of the preparation therefore assumed

to be 10.5. The gel was harvested by vacuum filtration and successively
washed with aliquots of water, acetone and diethyl ether, using a slurry

technique for each wash. The gel was dried to constant weight over a

period of 16 hours.

Gel A2

The gel was prepared in a very similar manner to that of gel At,
but the ratio of 0.25M ammonia solution to O.1M chromium nitrate solution
was decreased in order to lower the minimum pH value of the preparation.
Approximately 85% of the precipitation occurred in the pH range of 9.0 to
9.2, and the mean pH of the preparation was therefore assumed to be 9.1.
The time taken for the harvesting and washing of the gel was considerably

reduced (four-fold) with the aid of a large-capacity centrifuge. Using a
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i angle head, it was possible to centrifuge 3 dm® of the gel suspension

(or wash) at 1;,500 r.p.m., and thereby reduce the total harvesting and

washing time to about 1.5 hours.

Gel A;}

In order to maintain the pH of the precipitation medium as high as
possible, the concentration of the ammonia solution was increased to 1M
for this preparation. In addition, 1M ammonia solution was simultaneously
added with the chromium nitrate solution, to the ammonia solution already
present in the reaction vessel. Thus, the overall mole ratio of ammonig
to chromium nitrate was increased approximately six-fold (compared to
gel A1) for gel A3. In this manner, approximately 95% of the gal
precipitation was confined to the pH range of 10.) to 10.6, i.e.

a mean pH of 10.5. The gel was harvested by centrifugation, thoroughly
washed with water, and dried to constant weight over a period of 7 days.

Thus,gels A1l and A3 were each prepared at about pH 10.5, but

contrast in the respect that gel A3 was prepared using a much higher

concentration of ammonia and only water was used to wash the gel.

Gel Al

With the exception of gel A3, the mother liquors of all the gel
preparations (A, B and S series) were colourless; for gel A3, the mother
Jiquor was a light-violet in colour. Such a colour is typical of a
hexaquochromium (III) compound, e.g.[Cr(Hz0),J(OH),, (cf. Chapter 6).
The clear mother liquor was placed in a dark cupboard in order to
investigate the reason for the colour in this instance. However, after
a period of three days, a precipitate resulted leaving a colourless

mother liquor. The precipitate was isolated, washed and dried as per gel A3,

and the blue-grey powder designated gel Al.
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Gels B6 - B9 were prepared from a single Burwell-type preparation,

as follows:

A vigorously stirred solution, containing 0.15 mole of chromium (III)
nitrate and 1.0 mole of urea in Y} dm® of water, was refluxed at 100°C
over a period of l hours. Gelation commenced after refluxing for about
1.5 hours. The resulting suspension was cooled to room temperature
over a period of 1 hour and the precipitate isolated by centrifugation.

The wet gel was split into two equal portions (by weight): gel B6 was
isolated from the first portion, whilst gels B7 - B9 were isolated from

the second portion.

Gel B6

The wet gel was successively washed with aliquots of water, acetone

and diethyl ether, and dried to constant weight over a period of 16 hours.

Gels B7Y - B9

The wet gel was thoroughly washed with water and dried to constant
weight over a period of 8 days. However, instead of periodically
redispersing the wet gel in the drying boat, the gel was left undisturbed

during the drying process (apart from periodic removal of the boat to

check the weight of the gel). During the drying of all the previous gels,
a gradient in the rate at which the gels dried (particularly those washed
with organic solvents) was observed to exist along the length of the drying
chamber. Naturally, such a gradient was to be expected and therefore the
gel was periodically redispersed. However, it was surprising to find that
the rate at which the gel dried increased with distance from the dry air

inlet, i.e. the rate apparently increased with increasing humidity through
the drying chamber.
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In order to investigate whether the phenomenon affected the subsequent
surface properties of the gel, the vitreous dark green solid was split into
three portions (ratio by weight of about 1 : 3 : 1) upon removal from the
drying chamber. The portions were designated as follows:

Gel B7 - the portion furthest away from the air inlet.

Gel B8 -~ the major portion, removed from the centre

-

of the drying chamber.

Gel B9 -~ the portion nearest to the air inlet.

S Series

Gel 52

The mixing apparatus employed for the preparation of gel 52 was
!

based on an earlier design of Harris and Sing. The modified apparatus
incorporatedla number of new features which enabled a relatively large
scale preparation to be carried out, with sensitive control on the flow
rates of the reactants and constant monitoring of the pH of the reaction
medium. The_reaction*medium.was vigorously stirred magnetically, and
was maintained under a dynamic atmosphere of nitrogen.

The gel was prepared at pH 8.6 (* 0.05) by the simultaneous addition
of 0.1M chromium (ITII) nitrate and 1M ammonia to the reaction vessel. The
desired fraction (pH 8.6) of the gel was isolated by vacuum filtrationm,

successively washed with aliquots of water, acetone and diethyl ether, and

dried to constant weight over a period of 16 hours.
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TABLE 3.1

Conditions for the Preparation of the Chromia Gels

YIELD
(g)
9.0

MOLARITY | MOIE | MOLARITY | MOLE
USED
' 0.25 0.1l

kgcsi%/GS/z/ 3| ~6

FSB/G1 8.6

Footnotes:

(a) Gel Al was obtained from the preparation of gel A3.

(b) The gel precipitation pH of a Burwell-type preparation is thoug‘ht8

to be about 6. When the precipitation of the gel is complete, the
pH of thé:medium.rises to about 8.5 when the above concentrations
are employed.

(¢c) The figures in the 'ammonia<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>