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Abstract

The adsorption éharacteristios at an alumina-solution
interface have been -stuﬂ:l.éd'for solutions consisting of a series of
p-~substituted phenols (methyl-, chloro-, bromo-, tertiary-butyl-,
and nitro-) dissolved in cyclohexane and tetrahydrofuran.

Characterisation of 'l:he alumina surface has been attempted
by X-rey diffraction photography, electron microscopy, low-
temperature nitrogen adsorption and dehydration experiments. The
presence of pores in the alumina saniple has been confirmed and a
_pore sizg distribution analysis carried out.

Consideration of the porosity and surface area values
obtained by the use of gas adsorption and solution adsorption methods,
has enebled the area of the alumina surface available to the
adsorptives to be #ssessed. The molecular area requirements of the
adsorptives on the alumina surface have been determined from the
 adsorption isotherms and indicate that the phenols are perpendicularly
orientated to the adsorbent surface. Fm the nature of the alumina
surface and the orientation of the adsorptives, a probable mechanism
of adsorption has been suggested.

An assessment of the influence of the solvent on the

adsorptive capacity of the alumina surface for the phenols has been



made by resolving the composite adsorption isotherms into the
individuel ':I.sothems using experimentally determined monolayer values
for the adso:rrptivas‘ from vapour and solution phase measurements.

In order to compare the adsorptive affinity of the alumina
surface for the phenols, an index of adsorption K, has been defined
as "the mmber of moles of adsorptive present in the adsorbed phase
at constant equilibrium mole fraction of the mobile phase". The
values of K, for the substituted phenols are seen to reflect the
changes occun'ing in the electrical character of the hydroxyl group
of the adsorptive due to the presence of thep-substituent, and are
in accord with the relationship o'bservei between hydrogen-bonding
association in solution and p-substituent' character.
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A, Adsorption at the S__ql:l.d.-Solution Interface

The importance of the study of adsorption characteristics
at the solid-solution interface arises from the mmercus practical
uses vhich involve this type of interface. The purification of
liguids such as drinking water and wines by solid adsorbents has been
familiar for centuries, while more recently the growth of the
chemical industry has enormduély increased the range of substances to
be purified in this manner. Other applications include the dyeing
of fabrics, chromatography and chemical processes which require the
use of a catalyst. |

It is not surprising therefore, that in practice, adsorption
at the solid-solution interface is more freguently encountered than
adsorption at other l'l_;y'pes of interface. In the academic study of
the adsorption process at the solid-solution interface, an important
distinction from gas phase adsorption is immediately recognised, i.e.
ti:e adsorbed layer is camplete at all equilibrium concentrations of
bulk phase and contains a mixture of solu;l:e and solvent molecules.

The. experimental study, to be described later in this thesis,
is éoncemed with the adsorption of solids from solution. In order
to understand the many factors responsible for isotherm characteristics,
however, it is useful f'ir;st of all to consider the experimental data
oﬁained. from adsorption from solutions consisting of completely

miscible liquids.
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1. Completely Miscible Liquids
The main types of isotherm experimentally realisable
are shown in Fig.1(,1_) (a) often representing adsorption data --
in dilute solutiom. '
Vhereas several attenptscz) (3) have been made to derive
a general equatian, for the isotherm, no simple equation has been
put forward which can be applied universally.
Za) The Camposite Isotherm (1)

The _:l.-sothem obtained experimentally when two or more
components in the system are capable of being adsorbed by the sol:'u.f
adsorbent is termed the composite isotherm. An equation expressing
the relationship between concentration change and the number of

moles of each caomponent adsorbed at equilibrium can be derived in
the following marmer.(l":) _
Consider a system of two components 1 and 2, the total
num'bef of moles being n,. VWhen placed in contaot with m grams of
solid adsorbent, let the mole fraction of component 1 decrease by Axql
This change in conoentration is a result of the transfer of nq°
moles of component 1 and ﬁés moles of compenent 2 from the solution
to the surface of oﬁe gram of adsorbent.
At equilibrium, there remains in solution n11 mbles of
component 1 and 521 of cdnponez;t 2, giving mole fractions x11 and
x,! respectively, initial mole fractions being represented by

(x,1), and (x1),.
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The couposite 1sothern is cbtained by PLOSEing n,Ax, /n against x

(b) The Individual Isotherms
In order to resolve the composite isotherm into its two
individual isotherms, a further expression involving n,‘B and nzs
is necessa.ry-.
If it be assumed that the so0lid surface is completely
covered by the adsorbed layer whatever the composition of the
liquid phase and that this layer is un:l.lmalequ.@n.'l.‘(5 ), then

8, . 8 -
n1 A1 + n2‘A2 = A (2)
where A1, A2 are the partial molar a.rea.s occupied at the surface
by the two components, 1 and 2 respeofive]y, and A is the surface

area of unit weight of solid.
This expression will only hold if the whole of the solid

1

1l



surface is potentially accessible to each component. Thus it is
true when considering ndn-porous solids but is not necessarily valid
when molecules of a.pprecia‘biy different sizes are -a;dsorbed onto a |
solid having narrow pores. . _
Kipling and Tester(®) suggested the alternative form of

this express:'_.on:' ]

‘n 8 8
1 -

n18)'m (n;)m

[}
-

(3

(n1s)m and (nzs)m being the mumbers of moles of the individual
components required to cover the suz;fa.ce area of wnit weight of
solid completely. These latter quantibies can be determined by
vepour phase adsorption of the individual components.

If adsorption at the solid-solution interface is

multimolecular, then
8 8

n1 . + n2 > ' 1 ) (zl-)
(0,%)m (n,")m ' |

Day and Parfitt'?) have used equation (3) in interpreting sdscrption
on ratile from solutions of long chain alochols (e.g. n-octanol)

and hydrocarbons (e.g. n-heptane). They oonoclude that multilayer
adsorption 6f the parallel-orientated hydrocarbon molecules occurs
in the spaces 'between the perpendicularly-orientated adsorbed
aleohol molecules to an extent dependent upon the length of the
alochol molecule. On this basis, the appi'opriate value of (nzs)m

is the number of moles of hydrocarbon which occupy the same volume




.
e

as that of a monolayer of alcohol molecules in a perpendicular -
orientation. Use of this value led to acceptable individual .
isotherms and substitution in equation (3) gave a value of 0-96

for the n-oc‘bandl-.n-heptane system. | This ﬂ.lustmtion emphasises
the need to consider each system on its own merits in order to decide
whether the assumption of monomolecular coverage of the adéorb_ent
surface is justified.

(c) The "Perfect" Adsorbed Monolayer

Everett(a) proposed the use of a simple molecular model
as a basis for ah ideal system which would provide a reference state
from which the behiaviour of veal systems could be studied.
Deviations from this reference state could then be expressed in terms
of activity coefficients enabling a comparison of real and ideal
systems to be made. '.

Adsorption was considered to ocour from a perfect solution
consisting of two components 1 a.nd 2_.of_ different molar energies and
entropies but of approximately similar molecular area onto a perfect

adsorbing surface. This surface coﬁsisted of a number of exactly

" equivalent adsorption sites and adsorption was assumed to be

monomolecular. The molecules when adsorbed occupied one adsorption
site each and were aséumed. to have no interaction with each other.
The liguid phase was described as an asaembly- of plane lattices stacked

together with their planes parallel to the surface of the adsorbent.



Each plane, except the one adjacent to the adsorbent surface, was

of the same composition with respeo*i: to components 1 and 2, the

adsorbed phase being of different composition because of the selective:

adsorption of one or more components of the solution.

The free energy F of the system is defined as:-

P = U-Tonpre. * Srumry, (5)

whére U is the energy of the system and LS —
. are the configurational and thermal entropies respectively.
Consideration of the total number of ways of ma.nging the molecules
on the surface and in the solution enables tﬂe configurational
entropy to be expz'éssed in terms of the numbér of the moles in each
phase. The total éntropy is computed by additién of the molar
thermal entropies of the molecules in both phases; assuming
independence of the composition of both surfade and solution.
Similarly the energy of the system can .'be expressed in terms of the
molar energies of the two kinds of molecules,

The adsorption equilibrium is described as

@+ @ s s @° ®)
where s and 1 superscripts represent the solid and liquid

phase respectively.

On considering a perturbation of the system at equilibrium
such that dn moleé of component 1 are ;'eplaced on the surface by the
same number of molecules of component 2 from the solution, then the

corresponding change in free energy dF can be found from expression (5).



Introducing the condition of equilibrium,

&F) =
&n)m, =0
Everett showed that:
s_1
X, Xy = x
::1!:::2s 1 | (7

where x1s; xzs; 111, le are the mole 't:'ractions of components 1 and
2 on the solid and in solution, respectiye]y, and K1 z:eplaoes an
exponential factor which contains terms relating to the changes of
entropy and. energy ocourring on adsorption.

Rearrangement of equation (7) to
S

: 1
(1;:15 = 5 ﬁI o (®)
1 - R

reveals a olose- anal@gy to the Langmuir isothem(9)(1°)
for gas adsorption written in the form: _

- o/(1-8) = K, p (9)

where 0 is the fraction of surface sites ococupied,
p the partial pressure of the gas and K2 & constant.

Equation.(9) can be shown to follow from equation (8)
by identifying component 2 with the unocoupied sites on the
adsorbent surface i.e. "holes", whose mole fraction in the gas phase
is unity and which have zero energy and thermal entropy of

adsorption.



Since 121 = (1-x11) and x; = (1-x1s.), equation (7) becomes
8 1
X = K.x
1+(K,=1)x,

If the two components have the same molecular area, i:hen at all

equilibrium oondentrations:

8 8 8
n, +tn, = n® : (11)

where n° is the total number of moles which can be

accommodated in the adsorbed phase by unit weight of solid.

Aso x,°= n°

1 (12)
= .
n
Combining (10) and (12) gives
8 _ K1*i;sx11
2y ' (13)
1+(K, =1)x,*
Similarly n2s = nsle
1
K=%p (K,=1) | (14)

Canbining equations (1), (13) and (14) gives

1 1 1
mx, "X, /noAx1 y

zs[x11 * (K171')]_ (155

A plot of the left hand side of this eq_pation against

1l

x, should give a linear greph of slope 8‘—5; and of intercept

1

- , 8o allowing both n° and K to be determined.
n" (E=1) _
Experimental deta for three simple systems when plotted according

to equation (15) give reasonably straight lines as shown in
Fig. 2 (11)(12)

10
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The surface areas of adsorbents calculated from these

graphs using known values for the area requirements of the

molecules adsorbed, show reasonable agreement with values

determined from adsorption studies in the vapour phase.

Theoretical composite and individual isotherms for

differeni; values of K are shown in Fig. 3(8)'

2. Solids in Solution

As a result of the extensive application of the process

of adsorption of solids in solution, importance and interest

attaches to:-

(&)

(b)
(o)

(a)

(e)

(£)
(8)

the shape of the adsorption isotherm and the possibility
of fitting it with an appropriate equation.

the extent to vwhich the solvent is adsorbed.

the significance of the a.dsorption‘ limit. found in

most isotherms.

whether adsorption is confined to a single molecular
layer or extends over several layers.

the ori.eﬁtation of the adsorbed molecules.

the existence of both physical and chemical adsorption.

the effect of temperature

and it is proposed to consider each of these aspects in turn.

12
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(a) e Adsorption Isotherm
Since the range of cqmém'atiori over which adsarption of

Sbli!h fran solution cen be studied,is limited by the solubility
of the solid, it is often found thst the isotherm of cancentration
change is almost idemtical with the individuel isotherm.
From equation (1) | |

n,Ax, 1/m = nq sx21 i, nzs.x.'l
¥ xl¢l amd x,l41, then, even if np8 is large

no Axy 1/m ~ n, s : (16)
If the solid is strongly adsorbed , as is usuglly the case, then
K91 and equatiai(13) becamss
K1nsx1.1
Ny = _—1+K-|x11 . (17)
Catbinirg ( 6) end ( 7) gives

noAx1 1/m = K4n8x41/ (14K x,1)

mxq 1 1 x4l
— = -_— + — - (18) -
noAxgt Kn® n®

which is a modification of the Everett equation for a perfect
system, applied to a strangly adsorbing solid solute in dilute
solntion, emd is of the Langmir-~type.



. 14
1l

_—
A% L
no x1

of intercept 1/K.n° and slope 1/n0° , enabling n® and K

1l

Plotting " against x, should give a straight line

to be evaluated. It must be remembered, haweier, that the
application of equation (1 8) is subject to the same assumptions
and limitations as the original Everett trea.tment of the perfect
adsorption system, '

The isotherm équation (17) is a Langmiir-type equation
and gives a curve of the form shown in Fig. 1(a).

Although the majority of experimental edsorption data in
dilute solution fits the curve shown in Fig,. 1(a), several other
shapes of isotherms have been observed. These have been classified
by G-ﬂ_es(13) aoccording to the scheme shown in Fig.4. The main
classification is based on the initial slope of the isotherm and
the minor classification on the shape a.t higher concentrations.

The S ourve is obtained if (i) the solvent is strongly
adsorbed, (ii) there is strong inter-molecular attraction within the
adsorbed layer, (i11) the adsorbate is mono-funotional.

The L ourve is found when there is no strong competition
from the solvent for the sites on the surface. The H curve occurs
vhen a high affinity exists between the adsorbate and the adsorbent
and the C curve indicates constant partition of the adsorbate |

between the solution and the adsorbent.
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(v) Adsorption of the Sclvent

In systems nhere the extent of the isotherm is limited
by the solubility of the solid, the form of the composite isotherm
is seen to almost coincide with that of the individual isotherm
even if considerable adsorption of the solvent occurs. However;
 if the solid is appreciably soluble, divergencies. between the two
‘:i.sothems became more marked with increasing concentration and
adsorption of the solvent becomes important in explaining isotherm
characteristics. This is shown in Fig. 5 for the 'adsorption of

malonic acid from aqueous solutions onto Graphon.("")

The divergence can be attributed to 'l:wo —e_ffects. One is the high
value of z," making the approximation (16) no longer valid and the
other is the relatively high value of nzB at high ooncentrations.
The importance of the second effect can be seen by comparison of
Figs. 5 and 6. For both systems, the adsorption of solvent is
particularly high in relation to that of the solute. This can be
expiained by reference to the comparative sizes of the solute and

solvent molecules.

(c) The Adsorption Limit

The isotherm in Fig. 6 approaches a limiting value of
adsorption with increasing concentration. Resemblance of the
isotherm to those obtained froin studies in the vapour phase led to

the assumptions that the plateaun representé complete monolayer

16
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I8
coverage of the surface by the solute and that the isotherm should
be fitted by a Langmuir-type equation. However, a Langmir-type
equation also fits those isotherms of the sha.pe shown in Fig.7, which

do not form a plateau before the solubility limit is reached. (“")

For these systems, equation (17) gives such different values for
the adsorption limit that all of them cannot correspond to complete
monel.ayer coverage of the adsorbent surface. '.'I_Ehue , the applicability
of a Langmuir-type equation to a system does not necessarily indicate
moncmolecular adsorption of the solute, nor are the derived constants
(n®) ana (K) necessarily meaningful. | -
Independent methods used for the determination of surface
areas of suitable adsorbents can provide information on the
significance of the plateau found in certain systems. For the
adsorption of stearic acid onto Graphon''™), the platesu is the
same for four different solvents as shown in Fig. 8.
This plateau corresponds to an area of 114 32 for
each monameric molecule of adsorbed stearic acid. This is the
value caloulated, assuming the molecules- are in a complete monolayer
packed with their major axis parallel to the surface. ‘The
arrangement is shown in Pig. 9. |
It seems reasonable to assume therefore, that in this case, the
1im.11: of a.dsorption corresponds to the completion of a monolayer.
Gerbain ieothems show an extensive decline after
attaining the adsorption limit. The decline could be attributed to

the continuing adsorption of the solvent at high concentrations but
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this cannot -apply in systems where a complete monolayér of solute
is formed at a low concentration which is appreciably below the
solubility limit. In such systems, the approximation (16) is no
longer justified as :11s is constant and n2s is gero; thus
equation (1) becomes:- -

noAx11/m = 'n1s(1 - x11) (19)

- : 19
Therefore, after the adsorption limit has been reached,
" the composite isotherm must fall linearly with concentration and

extrapolation of -this linear section to x11 = 0, gives a value of

::1s corresponding to a oomplete monolayer.
A few isotherms are known for which a linear section
occurring after a maximum is not indicative of monolayer coverage of

1=1doesnot

the adsorbent surface because extrapolation to x,
give a value of zero for (noA x, 1/m ). An example of such a
systen'15) is illustrated in Fig.10 and the implication is that
adsorption of the solvent is also important and the adsorbed phase
probably consists of a hydrate of malonic acid instead of the

anhydrous acid.

(d) Multilayer Formation

Some reasons for supposing that in many ocases adsorption
is confined to a single molecular layer ha.ve been discussed above.
However, some systems are known in which the composite isotherm
possesses a plateau followed by a subsequent rise (Fig.11) close

to the solubility limit.
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crystallising out onto the adsorbent surfa.ce(“")

In the adsorption of bengoic acid from water by Graphon, (16)
the isotherm has the form shown-in Fig.12.

The slight knee probably corresponds to a completed _
monolayer of benzoic acid while the subsequent rise suggests
mltilayer formation.

In general, the occurrence of multilayer adsorptio;x can
be deduced from a consideration of the equation for the composite
isotherm. The highest value which (noAx11/m) can have assuming
monoleyer adsorption, corresponds to complete coverage of the
su_ffaoe_ by component 1 and no adsorption of component 2. Equation

(1) then reduces to

A% (a1
_ o =1 n1 o° - x1 (20)

Thus if & value of 61°A xil/m) exceeds that of (n1s)m{1-x11),

1)

miltilayer adsorption will .occur.(”)'

Application of equation (20) requires a knowledge of the
value for (n'1's)m. This cannot usually be cbtained from adsorption
in the vapour phase and has to be calculated either from data for
the crystal or from an assumed packing of the molecules drawn to
scale on the basis of accepted bond lengths and bond angles. The
latter involves a knowledge of the orientation of the adsorbed

molecule and this may have to be assumed as there is no reliable

method for its determination.
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(e) Orientation of the Adsorbed Molecule

In order to resolve the composite isotherm into its
individual components using equation (3), a value for complete
monolayer coverage of the adsorbent surface by the solute :i...e.-

(n1s)m s required. As discussed above, (n1s)m has to bé caloulated
mathematically using an assumed orientation of the adsorbed’
molecules. To predict the probable orientation of the adsorbed
molecule, it is necessa.r& to consider both the nature of the
adsorbate and the adsorbent surface.

(1) carbon Surfaces

In the adsorption of stearic acid onto non-porous carbon

adsorbents from orga.ﬁio solvents,(“") s éxperimental results
indicate that the acid isl adsorbed with the hydrocarbon chain
parallel to the surface to form a close-packed monolayer:. The
| orientation can be explained on the basis of the acid being largely
dimerised in the solvent phase. On adsorption; the double hydrogen
bonding of the carboxyl groups of the dimer is not broken if the
molecules assume & parallel orientation to the surface whereas for
a perpendicular orientation, the bonds have to be broken with
resulting adsorption of the monamer. Thus a perpendicular
orientation is only possible if the polarity of the adsorbent is
sufficiently h:l.gh to form a bond with the .ads.orbate' which can
compensate for the rupture of the hydrogen bonds in the dimeric

molecule, When the carbon surface possesses oxygen complexes, a
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close-packed monolayer is not formed even at the higheét concentrations,
inp]ying adsorption of the solvent. 1If the solute is so strongly
attached to the surface that it adopts & perpendicular orientation,
then assuming that moncmerio molecules are adsorbed by hydrogen

bonding at specific sites (i.e. oxygen complexes) dn the surface,

the closeness of packing in the adsorbed phase will be determined

by the spacing of these sites.

When phenol is adsﬁrbea from organic solvents, it covers
only a small proportion of the charcoal surﬁce.hs) The extent of
adsorption may be regarded as a measure of the surface occupied by
polar (oxygen) groups, Alkyl substituents in the ortho position
reduce the extent of adsorption indicating that phenol is attached
to the surface via its hydroxyl group and thus is .orien-tated
perpendicularly to the surface. Phenol is readily adsorbed from
water.'by G-raphon,(13) a carbon which possesses no specifioc adsorption
sites. It is likely in this system that interaction ocours between
the T -electron system of the benzene ring and the carbon surface
with the molecules being adsorbed from solutions of low concentrations
with the bengene ring parallel to the surface. At higher
concentrations, the form of the ddsozpt;m isotherm indicates-that
the molecules reorientate with their major axis perpendiocular to the
surface and with the hydrozyl group pointing towards the polar

aguaous phase.
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. Molecules such as the paraffins which contain no functional
groups can be ‘expected to assume para.llel orienta.tion to the ca.rbon
surface. This has been shown experimentally in the adsorption on
carbon.blaqks' from carbon tetrachloride solut:j.on.(w)

(i1) Silica Surfaces

In the adsorption of monocarboxylic a.cids onto silica from
non-polar solventsszo) the isotherms expressed in terms of weight
adsorbed per unit weight of 80lid were found to be identical for a
range of acids,' :me]ymg a parallel éﬁenta,tion for the adsorbed
molecules. ‘

The or:.entation assumed by alcohols alcohols on a silica sxn‘faoe(21)
appears to be related to the length of the lvdrocarbon chain.
This is seen from the adsorption of various alcohols on three
semples of silioca having different degrees of hydration. The

limiting adsorption values per unit area of surface are as follows:-

Sample of Silica : .'A B Cc
Water content % 7.9 4,2 2.8
Limiting adsorption
( p moles/m* ) |
CH {06 13.5 9.5 8.5
C5H-oH : 5.0 4.8 b
06H130H 3.6 3.{.- 3.2
(_’83,1703 ) | 2.6 2.6 2.6

From these values, it would appear that octanol is adsorbed parallel

to the surface while the shorter chain alcohols probably tend to a
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perpendicular orientation. IThe limiting adsorption values for the
lower alochols are seen to vary with the water content of the silica.
As water content provides a guide to the surface concentrations of
hydroxyl groups, it would appear that the lower members of the
alcohols are adsorbed perpeﬁdictﬂ.arly.on specific sites. In
conclusion, the adsorption of the shorter chain alcchols probably
depends on the interaction of their hydrozyl groups with those of
the silica surface, whereas the loy.:ger chain alcohols are adsorbed
primarily because the hydrocarbon chain is held by the surface.

(11i) Alumina Surfaces

Adsorption of monocarboxylic acids from organic solvents

onto alumina occurs with the major axis of the adsorbed molecule
-perpendicula.r to the sma(fZ,Z} ) The adsorbed molecules do not
form a close-packed monolayer, implying adsorption .onto specific
sites such as oxygen atoms or ions. Thus the most effective use of
the surface of the polar adsorbent is achieved by the hydrogen
bending of a large number of monomeric molecules in contrast to the
van der Waeals adsorption of a small number of dimeric molecules

in the case of non-polar solids.(z")

| The efféot that specific site adsorption has on the packing

arrengement of stearic acid on alumina is shown in Fig, 13.(22)

The spacings of the lattice of the 'a' plane of. ¥ -alumina
monohydrate are such tlj_&t specific site adsorption of stearic acid

results in only about 3 of the specific surface being covered.
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VYhen the nature of the orystal la;tticé is known, the 'coverage' can
be calculated approximately and is found to a.grée well with '-
experimental ﬂu@s. Thus De Boer considered that specific site
adsorption of lauric acid from pentane solution could be used for
the determination of the surface area of alumina. This method is
discussed later in 'Characterisation of the Alumina Surfaoe' .

Phenols when adsorbed from cyclohexam(25 ) are found to
adopt a -perpend:i'.oul# orientation and cover the a.lum:.na surface ﬁth
an almost complete monolayer. If water is used as the solvent , it
oompetesn with the phenol for the aasorétioﬁ sites on the alumina
surface and the isotherm is found to be convex to the concentration
axis near the orig':i.n.(zs) Fig. 11;-. ‘

In the adsorption of aromatic ggoea.rbons(w) from xylene

onto alumina, the isotherm (Fig.15) is convex to the concentration
axis at low coneentr_atians and may not reach a limiting velue. In
the case of phena.nthreng-l) the limiting value corresponds to a
covez;age of a very small fraction of the surface. Giles ;.rgues

that the molecules are probab];y adsorbed with the plane of the rings
perpendicular to the surface, small clusters being formed on active
sites. These la‘l;ter may be aluminium atoms exposed on the outer

surface as a result of mechanical damage.
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(£) Physical and Chemical Adsorption

Chemisorption is known to occur in & number of systems
during adsorption at room temperatu.ga) (29) (30) The most obvious

case arises when the isotherm shows an :i.ndependenoe of concentration

except at the verj lowest va.lues(31) (rig.16).

The level of adsorption is also found to be independent of
the 'solvent used and of the chain length of the solute in a
homologous series. In systems. where physical ;.a.sorption ocours on
top of a chemisorbed first layer, the isotherm originates at a point
well above the origin but rises with inoreasing eonoen'l:ration.(jz)
The observed isotherm is thus the sum of two isotherms, one dependent
and one independent of the concenfration of the solution. (Fig.17.)

Desorption of the solute can occasionally provide further
evidenoe as to whether chemisorption has oocurred since a derivative
formed by reaction behveen the adsorbate g.nd adsorbent is sometimes
recovered. Thus a soap is frequently desorbed after a fatty acid

has been chemisorbed by a metallic oxide.(za)

In general,
chemisorption is a much slower process than physical adsorption and
the time taken for a system to attain equilibrium may indicate the

predominant adsorption ingd;anism.

(g) The Effect of Temperature

As adsorption is an exothermic process, increase in .
temperature should result in diminished adsorption at low equilibrium
concentrations. At high ooncentra.t:.ons, the isotherm may almost

(28)
reach the same 1limiting adsorption value. (Fig.18)
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The observed change in the shape of the isotherm oorrespondé to a
‘weakening of the attraotive forces between the solute and the solid
surface and the rise in solubility. of the solute in the édlvent. In
certain cases, use of a relative concentration term (i.e. (3/(3o where
C is the equilibrium concentration and C o the concentration of a
saturated solution) as a me_asuré of the activity or escaping tendency
of the solute, enable isotherms obtained at two different temperatures
to be superimposed. Thus the activity of the solute may wellh be a
dominant factor when .considering the effelt::t of temperature on the

adsorption process 43 3)

(3) Pactors Influencing Competitive Adsorption

As both components in a binary mixture are capable of being
adsorbed, preferential a.dsorption(y") will be of common occurrence.
Several factors are responsible for competitive adsorption at the
solid-solution interface and the most important of these conoern
the interactions between each component in the liquid phase and the
interactions of each with the solid surface. The nature of the
adsorbent also requires consideration in the respeot of porosity and
surface heterogeneity as both are known to influence omnpetitive
adsorption. . .

(a) Iﬁteraction between Adsorbates and Adsorbent

The existence of competition in physical adsorption between
the components of a solution depends most frequently on the difference
in the strengths of interaction between adsorbent and the adsorbates.

It seems likely that quite small differences in adsorptive forces mey
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be responsible for preferential adsorption which can readily be
detected experimentally. In diséussing the importance of the surface
of the adsorbent in so far as selective ad.sorpt:j.on is conqerﬁed, it
mist be realised that heterogeneity of the surface may have'al dominent
effect. Thus it is convenient to discuss the nature of the -
interaction between adsorbates and adsorbent by reference to two.
distinot types of adsorbent surfaee i.e. non-pola.r carbon surfaces

and polar metal oxide surfa.oes.

In general, carbon surfaces adsorb benszene in preference

to alcoholS_?B_) Fig.19, a result which is to be expecteé. in view of
the non-polar nature of the surfaces. Hmﬁr, at very low
concentrations the alcohol is seen to be 'prefe::entially adsorbed due
to the presence of a small pi'oporbion of polar Site$3 6) on the surface.
The nature of the interaction of the alcohol with the surface is
_ pro'bab]y_hydrogen—'bond.ing' as this mechanism is certainlj important in
explaining the strdng preferential adsorption of phenol from
cyclohexane by cha.reoa.ﬁg) In tﬁs latter adsorption system,
substitution of tertiary butyl groups in the two ortho positions of
the phenol considerably reduces the extent of adsorption. As these
gr.-oﬁps have a mainly steric effect and also indirectly weaken the
hydrogen bond, it is inferred that the hydroxyl group is 'the' ‘centre of
adsorption and that hydrogen 'bon_dingv is probably the nature of the
interaction between the phenol and the surface.

The effect of complete removal of oxygen oomple:ne_s from a

carbon surface is shown by comparing adsorption from alcohol-benzene
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mixtures by a carbon black, Spheron 6 and by Graphon (Spheron 6 which |
. has been heated to 2,700°C to remove oxygen cdmplexesf?ﬂ
Graphon shows complete preferential ads'orption of benzene, whereas
.Spheron 6 shows preferential adsorption of alcchols over a considerable
renge of concentratiof?S) Tt has been similarly shown that the degree
of preferential adsorption of octadecanol fram benzene increases with
the oxygen content of carbon black. When the oa.rbon black has h;een
heated to remove all traces of ‘surface ouygetg?”the competition for
the adsorption sites is then virtually between a paraffin chain end
_an aromatic molecule and. -e;gez;imen'l:ls .using m:i.xtufes of qyclohexane
and benzene have shanﬁ the aromatic material to be preferen'l;:i.ally
adsorbed by the carbon bla.c&,} 8) o |

Similerly, methyl acetate is only preferentially adsorbed
to benzene at very low concentration$’®) Fig.20. This is indicative
of the strong interaction between the ester group and the polar sites
on the charcoal surface. When these sites are saturated, ;ﬁsorption
is governed by the T -electron interaction between the aramatic solid
and the arocmatic bengene molecules which is.stmn.ger than tha.t between
the s0lid and the aliphatic ester. 1In the preferent:_lal adsorption of
ethylene dichloride from benzene solution by cha.rco&? ) -the isotherm
reverses midway through the concentration range reflecting the
ﬁeterogeneity of the charoccal surface. The interaction, in this case,
is probably due to inductive forces produced as a result of the more

polar sites having a polarising influence on the chlorine atoms.
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Substances with substituents in the aromatic ring (e.g.
mesitylene, o~ and p-xylene, t-butylbenzene and iscpropylbengzene) are
adsorbed much less strongly then benzene at low conoefxtrationgp)

The substituent groups have the effect of increasing the distanoe
between the plane of the aromatic ring and the solid surface (if the
plane is parallel to the surface) or between the plane of adjacent
rings (if the plane is perpendicular to the surface). In either case,
a reduction in adsorption would occur.

In the absence of specific polar groups, the T -electrons
of aromatic systems ensure that aromatic compounds are adsorbed
preferentially to corresponding aliphatic compounds 'by. polar solids
or any others capable of specific interactions with T -electron 's-ystems.
This is illustrated by the preferential adsorption of benzene from |

mixtures with cyclchexane by Spheron 6(35)&1& is shom in Fig. 21.

Metal oxide surfaces are found to adsorb alcohols in
preference to benzene (Fig.‘?j)(l'z) (43) over the whole of the
conoentration range, thus reflecting the polar nature of these
surfaces. The interaction between the lower alcohols and the surface
is most probably hydrogen bonding. Similarly methyl acetate is
preferent:.a.lly adsorbed to benzene by silica and almn£.35 ) surfaces
(FJ.g.ZO) ‘and this can be attributed to specific interaction of the
polar centre of the ester molecule with the polar groups which cover
the solid surface. Oxide gels adsorb ethylene dichloride from .
mixtures pr'eferentia.ll}w)with benzene and this can be attributed to

polarisation of the chlorine atoms, in which respect it is probably
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significant that alumina, with a greater ionic cha.ractef than silieca,
shows a stronger preference for etby'lene.dichloride.' Evidence that
hydrogen bonding is important in the study of adsorption on metal
oxide surfaceé is shown by the relative affinities of silica gel for
a series of nitro- and nitroso- derivatives of diphenylamine and
N—ethylamihe dissolved in simple Qoivents. The affinity of these
compounds for the surface is found to depend on the strength of the
hydrogen bond which can be formed between adsorbent and adsorbatd*"
The preferential adsorption of. one component over the whole
of the concentration range in the above examples infers that the
surfaces of metal oxides are essentially homogeneous in contrast to
the marked heterogeneity of carbon surfaces. This is because
heterogeneity in oxide surfaces g'enera.lly arises from the presence of
both oxide and hydroxide groups and as these are both highly polar,
their different discriminations between pairs of adsorbates is not
always easy to dete_ct. It is thought to be important in the
adsorption of fatty acids by silica g&i’S) as the occurrence of

hydrogen=bonding is podtulated as:

_0-+-H—0
- 51”7 Jc- CH,
N Q=H0

which is analogous to the formation of a dimeric molecule of fatty
acid. The double hydrogen bond could not be formed dn & surface
consisting of oxide groups only. ‘Al similar effect is important in
determining the spacing between stearic acid moleocules adsorbed

from solution in organic solvents on various kinds of altminagzz)
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In conclusion, if the interaotion between adsorbate and
adsorbent is responsible for the preferential adsorption of one
component from a binary mixture, then the shape of the 'com'pos.ite
isotherm is' seen to be influenced by the nature of the adsorbent
surface. Thus U-shaped isotherms are to be expected when considering
.a; homogeneous surface which oan adsorb one compqnent of a binary
mixture more strongly than the other. This is generally obsérved with
oxide adsorbents. S-shaped isotherms would be expected if two
typés of chemical groups were present on the adsorbent suﬁfaoe, each
having different affinities for the two components of the liguid.
This type of isotherm is very frequently found in adsorption by
charcoals and other carbongg) (41)

The two types of isotherm are shown in Fig. 1b, c.

(b) Porosity of the Adsorbent

~ The existence of pores in an adsorbent can result in

prgferent:i.al adsorption of the smaller component irrespective of

~ the campetition arising from other factors. Pores range in Size

from less than 208 (micro) up to 2008 (intermediate) and beyon&l."s)

The general effect of porosity is shown by those types of ‘adsorbent

for which a series of related solids can be produced with varying
degrees of porosity, e.g. chargoals by varying the degree of aotivati&z)
silica gels by varying the conditions of forming or calecining the
#e;.(m) In these cases, the ipgz'e'ase in porosity is normally

acemnpaﬁied. by an inorease in specific surface area and thus by an



.38

increase in the ma.gnitude of the ‘seleétive a.dsorption e.g. adsorption
of fatﬁr acids from water on a series of steam-activated carbon blacksl"g)
and on steam activated charcoalsso)

Non-porous solids are known to undergo adsorption by an area-
f£illing process while it is thought that adsorbtion by porous solids
may involve a.pore-filling process ::i.n which the volume of pores .
available to the adsorbate is the controlling factof? ')

For example, Kiselev and Sht.:her'ba.ko"vs5 2) showed that the limiting
values for adsorption (expressed in millimoles péer gram) of the‘; lower
fatty acids from agueocus solution by a porous charcoal decreased ‘with
increasing chain length. However, the limiting molar volume adsorbed
‘was Mst the same for all the acids studiéd. This was assessed
against the observation that for non-porous solids, the limiting molar
adsorption of such compounds is independent of chain length!?)
It was concluded' that ‘a pore-filling process dominated the adsorption
on the porous charcoal, the volume adsorbed (0.280c pér gram)
representing the pore volume of the adsorbent. The conclusion,
however, is not necessarily valid, because on less polar solids solutes
may 'bé .a.a.sorbed. with chains parallel to tfze surfa.ée. When a complete
monolayer is formed, the area covered is the same for all members of
the series (but the number of moles adsorbed per gram varies) and the
limiting volume of adsorbate remains appro:ci.n_lately constant.

| . For some isol:'g.v.is (e.g.‘ a silica gel with wide pores), the

. volume of a. monolayer would be mich smaller than the total pore volume,

For others (e.g. many activiited charcoals with narrow pores), the
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difference might be small as most Lof the surface area is located in
‘pores too narrow to adsorb more than one molecular layer. Adsorption
on the cha.rcoa.l used by Kiselsg ) (54 )wa.s probably confined to a
monolayer because the amount of methanol adsorbed from the vapour
phase just before the onset of capillary condensation was also
0.28¢cc. ber gram expressed as a liquid volume. Kiselev found that
the limiting adsorption of other solutes varied as follows:
Congo Red (0.04cq/g), succinic aci;l. (0.12), dimethyl ethyl carbinol (0.17),
salicyiic acid (0.19), methylene blue (0.20), benzoic acid (0.22),
cyclchexanol (0.23) and phenol (0.26). In some cases, the low value
could be attributed to incomplete penetration by a large molecule
into all of the pore system. This is unlikely to be the case with
| all the solutes studied and other poasibilities are that the adsorbed
molecules are of such a shape as to leave extensive gaps in the
monolayer even at closest packing and the existence of solvent
molecules in the adsorbed layer even at limiting adsorption. The
low value for Congo Red probably results from the inability of the
semi-co0lloidal material to enter the pores of the charcoal.

The nature of the -in'l:ern'al surface of the.solid has been
stud:n.ed. in comparison with the external surface. In the adsorption
of fatty acids from wa.ter by a series of steam aotlva.ted carbon blacks(z's)
although the surface area was increased more than three-fold, the shape
of the adsorption isotherms was very little altered if these were
plotted in terms of adsorption per unit area. In thig instance,

there would appear to be no significent difference between the two
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surfaces. However, it has been suggested that the influence of two
- adjacent surfaces in narrow pores might result in sti'onger adsorption
of the adsorbate than at a free surface. This appears to be the
case in the adsorption of met}viene.- blue by a charcoal having narrow
pore&?ﬂ as the isotherm rises more. steeply from the origin'than for

& non-porous carbon black or for graphite. This effect is important
in chrangtograﬁlw , especially in the elution process. -
(¢) Interactions in the Liquid State

The more important consequences ofAinteract.ions in the liquid
state are best illustrated by 'oons.id'ez;in_g suitable 'syst.

On the homogeneous surface of Graphon, benzene is
prefererx_tia.lj.y adsorbed from both methyl and n-butyl alcohol. This
seems to be due in part .to the nature of the interaction at the solid
 surface , 88 discussed earlier. 'Haweve:_' the marked difference in the
degree of preferential adsorption between the two systems indicates
that another factor is importan'pe) . The -_m\etha._nol molecule is so
small that the polar hydroxyl group forms a lgrge fraotion of the whole.
This group cannot interact t:oﬁgly with '!;he‘nqn polar ca.rbon surface,
but is capable of forming hydrogen bonds with the lvdroql- groups of
other molecules in the liquid phase. Thus the methanol molecules
have a tendency to remain in the liquid phase and the interaé’cions
| between them tend to exclude the berizene moleculés which, being more
strongly held by the surface, readily become adsorbed on the carbon
suz;faoe. This is supported by reference to the partial preéure

_curves of the two components (Fig. 22) which show the liguid system

A
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to be close to phase separation at room temperature.  The mﬂ.tila&er_ _
fqma.tion observed at the solid surface, therefore appea.ré_ to be
incipient phase separation.

| In butyl alcohol, the hydroxyl group forms a smaller part of
the molecule and ‘l_:he. longer hydrocarbon chain makes for readier
miscibility with benzene. Benzene is therefore more soluble in the
liquid phase and undergoes reduced prefer_ent:i._al adsorption. Further,
the increasing number of methylene groups in the butyl alcchol molecule
results in it being more strongly adsorbed than methanol at the solid
surface, therefore_'_ competing more effectively with benzene.

If hydrogen bonding occours between two components which are
completely miscible in the liquid phase, it may have little effect on
‘the competitive nature of adsorption. Thus, for a system with moderate
hydrogen bonding in the liquid state (e.g. pyridine and ethyl alcohol),
resolution of the composite isothe:hn into its individual components
assuming monolayer formation gave isotherms which showed only a slight
departure from those expeoted in the absence of hydrogen bonding.
However, for the system pyridiﬁe-mter vhere the first component is
strongly adsorbed and the s_eooAd only weakly adsorbed, the composite
- isotherm is convex to the concentration axis over part of the range
(Fig.23) suggesting that the adsorbed phase possesses a deficiency of
pyridine relative to what wouid be expected with a normal U-shaped
isotherm. _ ,

This has been explaiﬁed on the basis of preferential adsorption of

pyridine to form an initial layer.followed by further adsorption of
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- water molecules due to their a.b:.l:l.ty to hydrogen—'bond to the pyrid:ine
molecules in the adsor‘bed. 1aye{'11) _

The effect of a moderate degree of interaction in the liquid
‘phase has been studied by J Ot;és and M:I.{EG) in respect of adsorption by
silica gel from mixtures of nitromethane/carbon tetmdaloride and |
' ethano]/vqater. ‘The apparent coﬁpog;l.te and individual isotherms for
these systems are shmm in Figs. 24 - 27, The vapour phase is
regarded as the ideal phase of albinaxy mixture and the camposition
of both condensed phasés ('.;i.-.e. the liquid phase and the adsorbate)
are plotted a,gaiﬁst the composition_of t_hé vapour. This is shown for
the systems concerned in Figs. 28 and 29. The curves which would be
realised if these systems were ideal are calculated by the use of
Reoult's Law.

For the system nitromethane/carbon tetrachloride, Fig. 28
shows that dev:i.at:.on fram Raoult's Law in the liquid phase is so great
Y

that an -azeot'ropic mixture is fonnéd at point A (i.e. 1v = x,
The (x -x2 ¥) curve is seen to cross the Racult's Law curve at point B
and thus on either side of 'l;h:.s point the liquid phase contains an
excess of one oomponent' or the other, With reference to the

: prclvéort:i;oﬁs present in the ideal solution. The greater concentration
of 0Cl, at values of %' <B | and of GHBNGZ at valuéa of x'>B
in ‘the solution as compared to those, values in the' ideal solution is
analogous to the ty-pe of apparent adsorpt:.on curve showm in F:Lg. 25

and could be referred to as an S-sha.ped adsorption curve.
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'.I."he mole fractions of the adsorbed phase in equilibrium with its
vapour corresponds to a strong preferential adsorptio;: of nitramethane
over the whole concentration range, ‘either from the vapour or from
the liguid (ideal or actual). 4t velues of x,">B, the 1liquid phase
now shows strong preferential adsorption of the mitromethane due to
the positive deviation of this system from Raoult's Iaw and although

Ads.

the corresponding values of X,

two compositions are not greatly disparate in the region of x,lv = 0.5

are always greater then x 1, these

to x1v = 1.0. Thus the preferential adsorption of nitromethane from
the mixed vapour phase is always sufﬁ.cient- to prevent that intersection
of the (x11-x1v) and (%'is.'_ x,lv) curves which produces an S-sheped
. adsorption curve and in consequence a U-shaped curve is observed.

For the system ethanol/water, fositive deviatiors from
Raoult's Law in the liquid phase are also seen to be considerable. At
low values of x1v, the x11 values show 5. considerable excess of
etha.riol, while at higher values, there is a.n excess of water in the
equilibrium 1iquid phase above ‘that calculated for an ideal solution,
i.e. a strongly S-shaped adsorption curve..  In the adsorbed phase,
.however, while there is always a preferehtial adsorption of water as
compared to the equilibrium vapour phase, it is not sufficiently great
to avoid the intersection of this curve by the (::1v - ’x11) ourve (point C).
It appears therefore, that either a greater preferentisl adsorption
of water on the gel surface, or a smaller positive deviation from
Racult's Law in the liquid system, would have produced an apparent

adsorption curve without a negative branch (i.e. a U-shaped curve).
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Generally, S-shaped adsorption curves wgm.].d be expected
vwhen a strong positive deviation from ideality in the liquid jha.se
occurs in systems where the adsorbing surface is sufficiently similar
in its attraction for both oompon_ents. .

The individual isotherms for both systems can now be plotted
in terms of mole fractions in the equilibrium vapour phase. Figs. 30, 31.
These curves should give a truer picture of the adsorption process
since the vapour phase concentrations are representative of the true
thermodynamic activ;.ties. Thus comparison of Figs. Zé end 30 for
the system nitromethane/carbon tetrachloride shows tﬁat the points of
inflexion present in the former figure have disappeared and combination
of the two individual isotherms of Fig. 30 will give a U-shaped
isotherm. The individual isotherms for adsorption from water/ethanol
mixtures still show points of inflexion and this is possibly due to
exceptional interaction between adsorbate and surface, e.g. dlemisorpﬁaxgs 8)

In conclusion then, when the effect due to deviation from
ideality in the liquid phase has beén allowed for by this method of
plotting the individual isotherms, the competition for the surface
and the interactions there can be seen in- a much clearer perspective,

In the adsorption of solids from solution, the solu'bility of
the solute is found to have a profound influence on competitive
adsorption. Thus a complete monolayer may not be formed even at the
highest available concentration if the solute is present in a good
solvent which is also strongly edscrbed by the surface. In the

absence of other effects, a g:'i.ven' solute is more strongly adsorbed

wheﬁ relatively insoluble in a particular solvent. This is the
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'FIG 30

INDIVIDUAL ADSORPTION
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Probable explanation of the results for adsorption by charcoal from
agueous solution of a large number of orga.ni’é acid.sg5 9) Increasing
the solubility of the acid by introduction of further polar groups
was found to decrease adsorption. .The reduction was u.nlikely'to

be a result of the increased molecular size due to the addition of
side groups, as it was observed at low as well as high concentrations.
A similar reduction in a.dsorpfion of phenols from aqueous solution

on charcoel occurs on increasing the number of (hydrophilic) hydroxyl
groups in the moleculegeo)-}_- It is found that, on charcoal the

more hydrophilic substances are more strongly adsorbed from

hydrophobie than from hydrophilic solvents.(61)
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B. Present Investigation

The present investigatibn constitﬁﬁes a study of the
édsorption characteristics at én alumina-sqlﬁtion.inﬁerfacé,'the.
solution phase consisting of a séries of p-subsitututed pﬁenols
dissolved in c¢yclohexane and then tetrahydrofuran. Adsorption
was carried out by the static method and the resulfs expfeésea in
the form of adsorption isotherms. - .

Gharacterisafion of the alumina surface has béeﬁ
attempted using X-ray diffraction photography, electron microscopy,
low-temperature nitrogen adsorption and dehydration experiments.
Aﬂ assesshent of the porosity of the alumina sample has been made
and a pore si;e distribufion analysis carried out. Surface area
velues have been obtained by both gas adsofption and solution
adsorption methods. Vapour phase adsorption of the solvents
cyclohexane and tetrahydrofuran has been carried out in order to
assess the molecular area requirements of these moiecules on the

alumina -surface.

The resuits of the investigation have been used to:~
(1) elucidate the mechanism of adsorption of the

p=substituted phenols at the alumina-solution

interface and predict the orientation of the

adsorbed molecules.



(2)

(3)

assess the influence of the solvent on

adsorptive capagity.

correlate adsorptive affini_ty and structure

of the adsorptive.
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A. Oha_.racterisation of the Adsorbent Surface

For an understending of the mechaniem of the adsorption
process at thé solid—liquid :i.ntelrfaoe , & knowledge of the character
of the adsorbent surface is essential. This involves a determination
of the surface area by a reliable method and, in the oase of porous
solids, the value obtained must be éssessed in relation to the
extent of porosity of the aé.sor‘bent swrface. For polar solids, a
knowledge of the nature and distribution of specifj.c adsorption sites

on the surface is also of considerable importance.

1. Surface Area Determination by low temperature Nitrogen adsorption.

(a) Introduction

The most reliable and widely used method at present
available for the determination of the surface area of solid
adsorbents is the low temperature adsorption of nitrogen.

Brunaeur, Emett and Te11662) (63)aerived the following

equation (21) for miltimolecular adsorption on a non-porous surface.

I- - 1 o+ C = 1 .
vzpo"P) vm.c v -C * P/Po - (21)

u}
where v = volume of gas adsorbed on the surface at
equilibrium pressure p-
V. = the volume adsorbed corresponding to monolayer

coverage of the surface by the gas per gram

of adsorbent



54

Po = the saturation vapour pressure
and ¢ = a constant related to the heat of adsorption -i.n the
first layer. _ |
It is assumed tha:t the f.oroes resp'_ons:i'.lble for adsorption are the
seme as those involved in the process of liquefaction. The theory
retains the concept of fixed, energetically umiform, adsorption
sites as proposed by Langmuir, but allows for the formation of an
adsorbed layer more than one molecule thick. The lateral
interactions between molecules in the adsorbed phase are neglected
and the molecules in all layers after the first ane assumed to be
subject to equal forces. l
The shape of the isothgm obtained by plc;tting (v/ Vm)

against _(p/po) varies according to the magnitude of 'c', as
showmn in Fig. 32.
Isotherms of these shapes are widely rga.lised ‘on the plof.ting of
experimental data. '

. Equation (21) ocan be used to caloulate the monolayer
capacity v, bty plotting »/v(p —P)  against | ?/?,
when values foz_-. the intergept and slope of the linear plot are given
by 1/vm_;o and (c-1 )/vm.c respectively. _
In prac'i;;i.ce, reliable V - ‘values are only obtained when the
isotherm has a well defined 'knee' or plateau, implying & high

value for the constant (c). In such a case, the isotherm is found

to have a linear section and Brunauer and Emme]::l:(a") concluded
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that the beginning of this section (designated point B) corresponds
to coverage of the adsorbent surface by a complete monoleyer of
adsorbed gas.

Having obtained the value of Vo from the experimental
data, the area oc,&upied by each molecule of the gas on the surface .
must be known before the surface area of the adsorbent can be
determined. The aﬁmge cross-sectional area of the adsorbed
molecules is é.ssumed to be the same as' that obtained from the normal

packing of the molecules in the liquified gat®™) giving
2
s o= efu )%z 0 ¢
- N (22)

where Am = <¢he cross-sectional area of the molecule in
the adsorbed phase in X 2

M = the moleoular weight of adsorbate

N = Avogradro's number

R = the densitj of the liquid gas in gms. per ml
f = a packing factor for the gas molecules on the

A'surfa.ce .

For nitrogen, the packing of the molecules on the surface is assumed

to be hexagonal with each molecule having twelve nearest neighbours,

giving a value of 1.091 for the packing factor (f)

oL . YT A
& : P
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The specific surface area of the adsorbent is then
obtained from:-

S = 'm N4 x 10720 42

vhere YV, = volume in <ok, at N.T.P. corresponding to
formation of. e monolayer
o
and &, = area per molecule in A

(v) The Adsorption Experiment

The gas adsorption experiménts were carried out in the
apparatus shown on page 62 which is depicte;i schematically in
Pig. 33. Nitrogen, from a gas cylinder, was purified by passing
through alkaline pyrogallol (to remove oxygen) and then through a
column of molecular sieves designed to remove water vapour. The
apparatus was evacuated by means of a Towers mercury diffusion pump
working in cmjm&ion with a Speedivac oil vacuum pump.

A Macleod pressure gauge was incorporated in the system to check
the 'hardness' of the vacuum obtained. '

The apparatus was calibratéd by first determining thé gas
storage volume by filling the appropriate section with water. The
dosing and adsorption volumes were then determined by ﬁdmitting a
known volume of nitrogen at atmospheric pressure from the storage flask
to the other parts of the evacuated apparatus in turn. By application
of the gas laws, the two volumes are calculated from the observed

changes in pressure. The correction to be applied to the dosing



yolu_:ge_ s Yo take into account the varying height of the msreury
meniscus (e) was found by determining the internal diameter of the
barometer 'C'. The 'dead space' in the adsorption bulb 'D' due to
the adsorbent was obtained from measurement of the density of the

solid.

The e@_erimént,&l progedure used was as follows:-
. One gram of um.mim had been dried for 48 hours at
120°C, was placed in the adsorption bulb 'D' and outgassed for
several hours at room temperature. The stor_a.gé flask 'A' was filled
with nitrogen at atmospheric pressure and a known volume of the
adsorption bulb .immersed in liquid nitrogen. With taps (d), (f),
. (h) and (i) closed, a small volume of nitrogen, as indicated by the

mancmeter 'C', was introduced into the dosing volume through tap (b).
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After recording the height of the mercury meniscus (e), the temperature

and barometric pressure, tap_(f) was opened and the system allowed
to reach equilibrium. The equilibrium pressure, temperature and
barometric pressure were then recbrded and tap (f) closed. The'
procedure was repeated by admitting further volumes of nitrogen from
the storage flask. By application of the gas laws, the volume of
gas adsorbed at increasing equilibrium pressures was calulated.

For an assessment of the pore sige distribution of the

alumina (Section 3), the desorption isotherm is required and this can

be conveniently determined after the adsorption experiment. With

tap (f) closed, the equilibrium pressure of nitrogen in the doser



FIG 33

\TIC DIAGRAM OF THE ';;A_é' ADSORPTION APPARATUS
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~storage flask containing nitrogen at atmospheric pressure

a reference barometer

the measuring barometer _

adsorption bulb containing the adsorbent

thermos flask containing liquid nitrogen :
adsorption bulb for use in the odsor‘pﬁon of orgdnic liquids as vopours

TMmOo O o>

Volqme between a and b = .storage volume of gas
Volume represented by b,d,e,f,h,i = dosing volume
Volume between f and g .~ adsorption volume
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iolume resulting from the -prévious adsorption, was reduced by
momentarily opening tap (i). 'i‘he height of the mercuty meniscus (e)
temperature and barametric pressure were recorded and tap (f) oﬁef;ed.
After allowing the system to reach equil:'.brium,. the pressure, .
tempera.tﬁre and barometric pressure were again recorded. The
procedure was repeated by successively reducing the pressure in the
doser volume and the volume of éu adsorbed at decreasing relative

pressures caloulated.
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(e) Caloulation of Results

The volumes of the va.rious parts of the ‘ga.s adsorption
apparatus are given in Table (1) and the experimental results
recorded in Table (2). An example of the method of calculation

'

of the volume of nitrogen adsorbed 'v' at an equilibrium

pressure 'p', is given on P65

" Table (1)

Characteristics of the Gas Adsorption Apparatus

0.206 ml.

Volume of mancmeter tubing per cm. length =
Storage volume ' 21,1983 ml.

Volume of doser with mercuby meniscus (e)

at height 87.90 cm. = 467.0 ml.
Volume of adsorption bulb D

(1) ‘'dead space' occupied by alumine = 0.3 ml.

(ii) at temperature of liquid nitrogen = 5.2ml.

(iii) at room temperature . = 9.5ml.



' Table (2)

Adsorption and Desorption of ﬁit'rogen on Alumina

Doser

Preséuré(f)'?iﬁﬁsure(ii)

<.
Adsorption
13.19

19.47
26.71

36.48.

k7.63
.58'01
67.53
73.77

Desorption

57.79
44.09
33.63
741
0.57
1.3
0.78

1 .l.-9
11.49

21.27 .

39-4-1
46.87
55.17

66.82 -

60.78

49.19
42.53

35.35
16.43
7.08
3.6

Equilibrium  Meroury

(1)

42.35
49.52
59.20
70.25
80.55
89.95

96.10

80.22
66.60
56.22
40.12
25.47
24,85
24.30

Meniscus(e) Temperature
- (44) og
(1) (34)
24.50 2.5 23.7
34.87 23.7 2.1
4412 2L.1 2,.0
53.12 24.0 23.6
62.10 23.6 2.2
69.47 24.2 24.3
77.65 24.3 25.7
89.20 25.7 25.9
83.17  25.9 25.8
71.65  25.8 25,4
65.07 25.1 25.0
58.00 25.0 24.9
39.82 24.9 24.0
30.55 2.0 241
26.97 it 2.1

7

Po

«0196
1571
.2799
«3997 -
.5186
6167
« 7259
.8792

<7997
6472
5596
4651
«2162
0932
<0455

64

Volume of
ges at N.T.P.
adsorbed (ml)

21.59
32.1.8
39.89
48.90
62.90
83.85
108.12
119.31

115.02
108.33
92.53
53.51
36.09
28.68
2:.96
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Calculation of the Volume 'v' Adsorbed at en Equilibrium
Pressure 'p' for the Nitrogen Adsorption and Desomtion
Experiment (Table 2 ) _

Example
_ Doser Pressure 19.47 em Equilibrium Pressure 11.94 cm,
Position of mercury . Position of mercury |
Meniscus (e) 42,35 cm ,Meniscus (e) _. 34.87 em.
Temperature 23.7°% -~ Temperature : 2,.1%
Using nR = PV/T
Moles of nitrogen in doser volume = 16.3&-’3/11
Moles of nitrogen ih adsorption bulb
from previous adsorption = 0.148/R
Total no. of moles of nitrogen prior
to adsorption = 10.491/R

Total no. of moles of nitrogen after adsorption

= A9 (156.1) , 11.94(9.5)  + 11.94(5.2)

297.1 R - 297.1 R Tl.2 R

= 7.45

. .’.Moles of nitrogen adsorbed . 5'.03§R
Volume of nitrogen (at N.T.P.) adsorbed = 10.89 ml.
Volume of nitrogen previously adsorbed 21.59 ml.

.’ Volume of nitrogen (at N.T.P.) adsorbed
at an equilibrium pressure of 11.94 cm. = 32,48 ml.
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The combined adsorption and. desorption isotherm obtained by plotting
the volume of gas (at N.T.P.) adsorbed against-the r:elat:l.ve pres-sure
is shown in'Fig. 3. ,
Adsorp'_l:ion data up to a relative pressure o:-f-o.la- are
reproduced in Table (3) and plbtted. in the form of P/V(P° - p)
against Zb in Fig. 35.

Ta‘ble_ 3

Adsorption _of Nitro_ggn on Alumina

Relative Pressure Volume of gas

Péb (at N.T.P.) a.dsor'beld. 7—('52._9)
v ml.

0.0196 21.59 0.926
L0455 2% 1.867
.0932 28.66 3582
1571 | 32.48 5.738
.2162 36.09 | 7.642
.2799 . 39.89 9.740
3997 48.90 13.61

The slope of the plot shown in Fig. 35 is found to be 0.033 and

the intercept has a value of 5.0 x '10")".
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From equation (21)

c-1 = 0.033 1 _ =5.0x10"
Vm.c Vm-c
Eliminating 'c' gives Ym = 30.0ml.

From equation (22), ‘the area requirement per molecule of

nitrogen, ’ Am is 16.25 R 2 (65)(66)(67)

From equation (23), the surﬁqe area of the alumina per

gram, S = 131.4 o g-1

2. Assessment of Porosity

(a) Introduction
| It is found that if the gas adsorption process is
restricted to one adsorbate (nitrogen) and carried out at a single
temperature (boiling point of nitrogen), then it is a fortunate
occurrence that for a wide variety of aluminas, the multimolecular
adsorption isotherms prove to be identdcal (proﬁ.ded no cepillary

- oondensation_occurs and no narrow pores are put out of action during

(68)

adsorption.
If the density of the ads_or'be'd layer is assumed to be the

same as that of normal liquid nitrogen and the packing of the

molecules in both cases is similar _(hexa.gona.l) , tﬁe area requirement

2 .
of a molecule in the monoleyer is 16.2 R: This gives a calculated



value for the thickness. of the monolayer of .3.54 X
Hence, for multimolecibr adsorption, the thickness of the
adsorbed layer 't' is given by |

t =(fi) 354 = 'va' . 3.54
) 2y (24)

where v, = the volume adsorbed corresponding to
: the thickness t
v = the volume corresponding to the adsorbed |

monolayer and the subscripts 'l' and
(g) refer to volumes of liquid and
gas (@il:. at N.T.P.), respectively.
De Boer, Linsen and Osingég)have suggested that the
adsorption data of Lippens, Linsen and D= Boe{'68) obtained by
using several well selected samples of non-porous aluminas anq_
aluminium hydroxides are suitable for @e construction of an
"experimen‘l_:al master qurve" » up to a relative equilibrium pressure
of 0.75 (Fig. 36).
From this curve, values of 't' calculated using equation (24) can
be tabulated as a -function of'rélative-equili‘brium pressure
P/Po (Table 4). |

Equation (24) can be trarisformed to

t = 1547 (a)ge (25)
vhere v, represents,,the.vollme of gas (cml:. at N.T.P.)

adsorbed and S is the surface srea in mog |

Thus a plot of V; against t for non-porous solids should be linear,

' should pass through the origin and have a slope related to the
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Table &

Experimental Thiokness t of the Multimolecular layer,
Adsorbed on Aluminium Hydroxides é.n_d Oxides-

5o t o t
0.08 . 3.5 0.56 " 6499
0.10. . 3.68 0.58 7.7
0.12 3.83 0.60 . 7436
0,14 3.97 0.62 7.56
0.16 4.10 0,64 7.77
0.18 .23 0.66 8.02
0.20 4,36 0.68 8.26
0.22 b9 ...0.70 8.57
0.2k 4.62 0.72 8.91
0.26 = - 4.75 0.7 - 9.27
0.28 = 4.88 - 0.76 9.65
0.30 - 5.01 0.78 10.07
0.32 5.1% 0.80 10.57
0.3k 5,27 0.82 11.47
0.36 5.44 0.84 ©11.89
. 0.38 5.56 0.86 12.75
0.40 5.71 0.88 13.82
0.42 5.86 0.90 4.9
Oulili . 6.02 0.92 16.0 *
0.6 6.18 0.9 17.5'%.
048 6.34 0.96 19.8 ¥
0.50 6.50 1 0.98 22,9 *
0.52 6.66 '

0.54 6.82

# Extrapolated values
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surface area of the solid. No deviation from fhis linear plot
should be observed unless the progress of m:ltimole'c.ula‘.r adsorption
is hindered by capillary condensation or closing of pores. If at
some value of 't', a positive deviation is observed then more
nitrogen is being taken up than corresponds to multimoleculer
adsorption and the onset -cf capillary condensation is uggested..
VWhen the pores a.re. full, the plot simuld become linear and almost
parallel to the 't' axis, the slope indicating the outer surface
area (Fig. 37).

In the case of ocurve 'c', capillary condensation occurs in narrow
'slit-shaped pores; the slope at high 't' values indicating the
surface area of the wider pores and the outer surface.

It has been shown by Kelvin, using thermodynamic
argumeﬁts, that if a liquid is pres_eht in a capillary tube of
radius ' 1} ', the equilibrium vapour pressure 'p' over the
meniscus will be less than the orgmary sai;urated vapour pressure |
' Po ', according to the equation:-

log (p/po) = = 2¥¥ cos J

rk. R.T

(26)
For nitrogen:
¥ = the surface tension of liquid nitrogen (8.2 dynes/ cm2)

¥ = the molar volume of the a’dsorbgd and capillary
condensed nitrogen (34.68 om’/miile)

3
]

the temperature of boiling liquid nitrogen (78°K)
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If the contact angle © between the surface of the adsorbed liquid
nitrogen and the wall of the ocapillary may be taken to be szero,.the

above equation reduces to

Ty = =-4..05 -
og(p/p,) (27)

From the plot of VvV, against t (Fig.37), the thickness corresponding

a
to the onset of capillary condensation can be interpolated.

Introducing the coi'reSpond:_i.ng value of the relative pressure,
¥/ Po?

The pore diameter (d) can then be evaluated from the relationship

into equation (27), permits calculation of the Kelvin radius, r,.

between d end T, , assuming a pore shape. According to De Boer,
Steggerda and 2wieteﬁng$7o) slit-shaped pores commonly ocour in

many forms of activated alumina, and for this pore shape

d = r + 2% (28)

k

(b) Experimental Results

Values of v_ and F/Po obtained from the adsorption

isotherm of Fig. 34 are recorded in Table (5). The plot of

against t for the alumina under investigation, obtained by the use
of De Boer's tabulated velues of t and B/Po (Table 4) is shown in
Fig. 38. The slope of the plot is similar to curve B of Fig. 37.
If slit-shaped pores predominate in the alumina under investigation,
then from Fig. 38 J;.'I: can be seen that capillary condensation
commences at & = 52 corresponding to a relative pressure of 0.3,

in pores of width 4 = 182. Capillary condensation is complete at



Volume of Nitrogen adsorbed '

Table ‘ !

g vy ' on Alumina
at various Relative Pressures 'P?Po'

!yfo

0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.2
0.26
0.28
0.30
0.32
0434
0.36
0.38
0.40
0.42

Ol

0.46

F/po
0.48
0.50
0.52 |
0.54
0.56
0.58
0.60
0.62
0.64'
0.66
0.68
0.70
0.72
0.7%
0.76 .-

. 0.78
0.80

- 0.82
0.84
0.86

57.5
60.2
63.3
66.5
70.1
.3
79.2
84.7
91.2
97.0
101.3
104.7
107.2
109.0
110.6
111.9
113.2
114.5
115.8
117.2
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t = 9,54 ('1’/1,o = 0.75) in pores of width d = 51A.

From the initial slope of the 't' curve (Fig. 38), the

surface area is caloulated to be 125.7 ng-1; and this compares

reasonably with the value of 131.1 ng-1 for the surface area of
the allmina sample using thg B.E.T. method. " The second s’lc;pe

of the 't' curve corresponds to a surface area of 35.6 ng'-'1
and .represents the outer surface area and wider pores of the

alumina.
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5. Pore Size'Distributio_ﬁ
(a) Introdnctic:ﬁ_ '

In the adsorption of a gas by a porous solid,. it is found
that the experimer;ta.l desorption isotherm differs from the adsorption
isotherm over a range of rela.tivé pressures such that the combined
isotherm exhibits an hysterisis loop (Fig. 34). The occurrence of
the hysterisis loop has been attributed to the manner in which the
pores of the adsorbent -fi.ll and empty. During adsorption the gas
is considered to condense as a cylindriecal layer lining the walls
evaporation is assumed to occur-from a hemispherical meniscussﬂ)
The several types of hysterisis loops observed have been explained
by assuming various shapes for the pores of the adsorbent.(72)

_ In assessing the pore size distribution of the adsorbent,
it is convenient to anaJ.ysé the desorption branch of the
hysterisis loop of the isothermgsa) _
In this analysis, i'.t is assumed that at a relative pressure x = 1

all pores (including a portion of intergranular space) are filled
with liquid nitrogen. The dfsorp‘liion branch is divided into steps
corresponding to equal relative pressure increments of 2A x (Fig.39)
At the beginning of the i th step, the relative pressure is
(x;#Ax ), the volume adsorbed (expressed in ml. liquid nitrogen)

X \, the surface area of the pores (or parts of pores) not
(xi+A x)

78

.of the pores thus forming an annular meniscus, while during desorption,
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filled with liquid nitrogen S(xi +Ax) and the thickness of the
ers of nitrogen adsorbed on this surface -
lay € t(xi+-Ax)
If the relative pressure is lowered to xi- Ax , those pores,
having a Kelvin radius between (r ~ sand ( \ :
ving een ( kzxi+ﬂx) (rkzxi-Ax) are
emptied. IfA x is sufficiently small we may assign to this group
of pores a mean Kelvin radius -(rk)x. corresponding with the
. i
relative pressure Xy . The thickness of the adsorbed layer at
this relative pressure x;, is given by:-
= (r + 2t
dxi ' k)xi Xy (29)
Representing the surface area of this group of pores byA Sxi
the volume Avxi is given 'By:- .
-1
Avxi = Asxidxi (30)
At the end of the i th step, the relative pressure is (x;- Ax ),
the adsorbed volume of nitrogen. x(x-—Ax) , the surface area of
: . i
the pores not completely filled with liquid nitrogen S(x 4= A x)
and the thickness of the adsorbet.i layer t(xi_ Ax)
Thus during the i th step, the desorbed volume Axi
is given by:-
X. = X ' -
As = Xz Ax) = Kxg- Ax) (31)
This desorbed volume is formed by:- - :

(a) The volume originating from the capillary evaporation from the
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i th group of pores at ‘the relative pressure x; and the decrease

of the thickness of the adsorbed layer of this group of pores by



lowering the relative pressure from.x; to (xj-Ax) ---=='V;
where V, = %(dg, - 2txi-Ax)'ASXi (32)
(b) The decrease of the thickness of the adsorbed layer in the

pores which were already emptied at the relative pressure

x; + A x, during the lowering of the pressure to x; - Ax.

vhere v2 (tXi'l'AX - txi_ Ax).S(Xi-i- Ax) (33)
Now S(xi+Ax) , obtained by summing up all

contributionsASx of the groups of pores having a width

greater than d(xi‘+AX) = d(xi-1 - Ax) is:=

S(x3+ax) = 2 ASxj4 (3%)
Hence, during the i th step,

Desorbed volume A\ X3 =V, * Vs

=%‘Asxi(dx;i'2t5ci-Ax) + (txifo - txi-Ax)EAsii_1 (35)

Combination of (30) and (35) gives AVy, = 2 ASXi-dxi
_ dxis JAS 9 - (txi4Ax bxy- A?‘)'EASxi-1 ;

x; = 2bx;- Ax

Then AVy; = (Rg; - AX;) - (R;':i-EASxi_1) (36)

where a..
Ry i .

i = 3
dxi - 2txi- Ax

and RJ'!i = in(txi+ Ax ~ txi—A‘x’.)
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Suming up all contributions AVx 1 and A Sxi , réspectively,
we obtain the cumulative quantities chm. and .Scum. representing
the total volume and total surface area of the pores having a

| width greater than dy

(b) Experimental Results

Results of the analysis of the desoz_'gtion branch of
the isotherm (Fig. 34) are recorded in Table (6), and the
plot of cumlative surface area as a function of pore diameter

is given in Fig. 40.



Table ‘6 )

P_ore Sige Distribution Analysis

o/p, v, t r, & AX AV Asx_i = Asxi
(m) &) @ @ @) (x10%) @) (@?)

0.90 122.0 14.9% _

0.89° 14.38 80.0L 108.80 2.k 4.566  .8393 0.8

0.88 119.6 13.82 | |

0.87 13.29 66.9% 93.52 1.8 3.708  .7930  1.63

0.86 117.8 12.75 _

- 0.85 12,32 57.37 82.01 1.3 2.637 .6431  2.28

0.8 116.5 11.89

0.83 11.53 50.06 73.12 - 1.0 1.993  .5451  2.82
0.82° 115.5 11.17 '

0.81 10.87 L44.26 66,00 0.7 1.346 A4079 3.235
0.80 114.8 - 10.57 |

0.79 10.32 39,55 60.19 1.3 2.782 923 k.15
0.78 113.5 10.07

0.77 9.86 35.68 55.40 0.2 0.448 1618 4.3
0.76 113.3 9.65

0.75 9.46 3243 51.35 0.7 1.4k0  .5607  4.88

0.7% 112.6 9.27

0.73 9.09 29.63 47.81 0.8 1.695  .7091  5.58
0.72 111.8 8.9 |

0.71. 8.7% 27.2% Lh.72 0.7 1450  J6485  6.23

0.70 111.1 8.57



| /D,

0.69
0.68
0.67
0.66
0.65
0.64
0.63
0.62
0.64
0.60
0.59
0.58
0.57
. 0.56
0.55
0.54
0.53
0.52
0.51
0.50
0.49
0.48
047

(m1)

110.1

108.9

107.7

105.8

103.5

99.7

92.1

69-8

65.7

61.7

t
)

8.41
8.26
8.14
8,02
7.90
7.77
7.66
7.56
7.46
7.36
7.27
7.47
7.08
6.99
6.90

6.82

6.7h
6.66
6.58
6.50
6.42
6.34
6.26

(3)

25.12

-23.29

21,65
20.18
18.86
17.68
16;59
15.60
14.69
13.85
15.07

12.35

a.
()

41.9%

39.57

37.45

35.50

33.78

32,22

30.75

29.40

28.17 -

27,01
25.91

24.87
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Ax Ain -Asxi EASxi
(x103) (m2)

(m1)

1.0

1.2

1.2

1.9

2.3

3.8

7.6

15.0

7.3

4‘-1

4.0

2 0'7

2,235

2,930

2.801

LT49

5.852
10.04
20.85
42.18
19.47

9.810

9.435

5304

1.0658
1.4813
.1.4955
2,6755
- 3.4648
6.2315
13.542
28.691
15.819
7.2640
7.2801

L.2958

(m2)

7.30

8.78

10.28

12.95

16.42

22,65

36.19

61.-- 88

78.70

85.96

93.2

97.5h



p/Po

0.46
0.45
0.4%
0.43
0.42

041 -

0.40
0.39
0.38
0.37
0.36
0.35
0434
0.33
0.32
0.31
0.30
0.29
0.28
0.27
0.:26

0.25

0.2%
0.23
0.22

a
(m1)

59.0

56.2

53.6

51.2

39.4

38.3

37.2

36.3

,(X)

6.10
6.02
5.9
5.86
5.79
5.7
5.63

' 5.56

5.48
LA
5.34
5.27
5.20
5.14
5.07
5.01
4.9
1,88
4.81

L.75 -

4.68
.62
.56
L.49

ey

Ty
(o]

11.68

11.05

10.46

9.90

9.38

8.88

8.1

- 7.96

7.53

7.12

634

a

()

23,88

22.95

22.04

24,16

20.34
19.56
18.81
18.10
17,41
16.7%

16.09

15.46
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Az, Avy, Asxi = As,
(m2)

(m1)

2.8

2.6

2.4

1.8

1.7

1.

1.5

9

(x103)

5.595

4.887 ,
' 4.397

4340

4.599

2,764

2.650

2,263

1.167

.073

1-524

(m

4.6859

.26k

5.9900

4.1021

4.5221

2.8262

2.8177

2.5006

1.3406

.0872

1.8943

2)

102.2
106.5
110;5
114.6
119.1
121.9
124.7

127.2

128.6 .

128.7

136.6
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(4) Speoific Site Adsorption on the Alumina Surface
(&) Introduction

(i) Nature of the Alumina -

Activited alumina is produced by the controlled heating
of the hydrete which exists in four aiferent modifications,
i.e. hydrargillite, bayerite, diaspore and boehmite. Of these,
hydrargillite ,. more commonly known as gibtsitg has received the
most attention in the literature.

- Stumpf et.algn) have reported the existence of seven
nearly anhydrous forms of alumine intermediate between the hydrate
and the final decompositiqﬁ product, et alumine obtained at 1000°C.
Various investigators have designated these intermediate products as

@ ,%,t ¥ ,x ,u.',? » 9 ,K,0 ; the treatment for production
being different by each worker. ' '

Bro‘Zz")heated gilfiitbe to various temperatures up to 1000°C.

The sample was kept at each temperature for scme hours and a X-ray
powder diffraction pattern using copper filtered K« radiation
obtained at each stage. From these .it was assumed that the first
stage involved decomposition of the trihydrate to either the
monohydrate 7i.e. boehmite) or to a nearly anhydrous form
(designated as x). On raising the temperature, the decomposition

of these two products was seen to follow indepénd.ent routes but at

1000°C both gave o - alumina. In conclusion, Brom postulated two

mechanisms for the decomposition of the ti'ib;ydra,te:-
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(i) to x-alumina |
(ii) to boehmite, subsequently to ¥-alumina
(virtually anhydrous form)
and proposed the following general schems.

% : % 9
oo kg, 100

L ; oo
\ 60 0, o, O, 1000
B te 500°C 800°C 900°%¢ 7

- ¥ o $ 5 ©

Day and H:i-.lf.75 )proposed that the various intermediate
forms were a result of dehydration and rehydration processes

ocourring according to the following scheme

Gibtbsite
l Dehydration at - . Dehydration
‘J about 150°C ebout 450°C
Rehydrate ' -_—>
—_— Boehmite -
X about 1w°c i —— x S
l Calcination | Rehydrate l
K — o~ glumina —— 8

Thus in a closed system, where the water vapour remained in
contact with the alumina, complete conversion to boehmite occurs
and fhe subsequent decomposition of the boehmite at high temperatures
would proceed via the series¥=> $-90-3y-alimina - With an open
system, only some of the water vapour remains in close contact with
the alumina and partial rehydration oocurs producing a mixture of

anhydrous aluminas characteristic of both series.
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The manufacturers state that the sample of alumina used in
this investigation has been produced by heating to 800°C and describe
it as ¥ -alumina. A X-ray powder diffraction photograph of the
elumine sample using eappez;‘ filtered Kx radiation was .obtained and
compared with those given in the literature (Table (7)).

Table Sz ! X~ray Powder D;i.ffraotion Data.

Souree Sample - Brom Day and Hill Stumpf et.al.

Form of the Alumina ) Y . ~ ¥+ = .
Wavelength 4 b 75W 450w h50W 450w 4.80vw
2.77w 2.82w
s = strong- : '
ms = moderately strong Z.MI-W 2.41m . . 2039m 2.4021"
m = moderate ) 2.,28m . 2.27m 2,29vw
mv = moderately weak 2,159 2.20vw 2.4%3mw  2.14mw ' 2.13m
w = weak .
ww = very weak 2,00w 1.96ms 1.96ms 2,00vmn
1.95m 1.97w
1.87wvw 1.22w
1.55mw 1.71vw 1.52w 1.54vw
1.l|-m-' 1 .Zl-os 1 .Mw

1.3%9ms 1.39s 1.398 1.40ms

The X-ray photograph cbtained was not well defined due to the
presence of very fine particles. The presence of the highly
characteristic line at 2.133 seemed to indicate one of the

camponents of the s_ampie was X-alumina.
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However, examination of ‘the alumina by the British
Petroleum Company Ltd., using X-ray photogrephy indicated that the

. sample was ¥ ~ alumina admixed with « -monchydrate (Bo_ehmite.) to the

extent of about 10%.

(ii) Constitution of the Alumina Surface.

The crystel of aluminium oxide is built up of layers of
tightly-packed oxygen atoms with the smaller aluminium atoms situated
interstitially. As the oxygen atoms outnmumber the alumjznium atoms,
vacant sites, to the extent of one third of those possible, occur.
Previously this cation deficiency has been invoked to explain
strained oxide linkages and the resulting presence of active sites
on the alumina surface. Thus transition aluminas were thought to
possess defect spinel. structures with -various arrangements of the
aluminium ions, and w:.th different crystal planes, edges or cormers
exposed. However, X-ray diffraction evidence suggests that
dehydration of boeﬁmite yields ¥ -alumina in which a considerable .
part of the surface is formed by the 100 plane of a spinel lattics’0)
Arguments for the preferential expo.sure of the 111 plane based on
the greater density of packing of oxide ions in this raSZ7 )are
thought to be unconvinecing as actual exposure may still reflect the
relative stabilities of hydrated faces rather than those of |
dehydrated f;.ces. _

| It is reasonable to suppose that the extent of chemisorption

of water should be closely related to the spacing of the oxide ioms
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on the exposed faces of a cubic, close-packed oxide lettice. Each
oxide ion in a 111 plane occupies 6.7&32 vhereas in a 100_p1§.n§,
the area per oxide ion is 7.982 (Fig. 41)
| Pegs)heated 'alumina to 800°C and then slowly resorbed
water onto the surface at 100°C. The water was irreversibly
adsorbed and the monolayer value obtained frem the 100°C adsorption
-isotherm corresponded to 6.25 molecules of Water adsorbed per
10032 of the alumina surface. This value suggests one molecule of
water is adsorbed per two oxide sites, the 100 plane being
preferentially exposed. Thus, after adsorption, the surface is
probably covered with a monolayer of hydroxyl  ions; one molecule
of water __foming_two surface hydroxyl ‘idons as shown in Fig. 42.
A totel of 12.5 molecules per 10087 of surface was found to be
adsorbed when the surface was exposed to a water vapour atmosphere
at room temperature, implying physical adsorption of water molecules
onto the surface layer of hydroxyl :ions ;bo the extent of cie -
molecule per two ion sites. .On evacuation at 100°C, the alumina w;.s
found to still retain 8.3 molecules of Water per 10082 of surface,
corresponding to one water molecule fhysioally edsorbed per six
-ion sites.

Infra-rsz.s) (79) studies provide evidence th;at the active
sites on the alumina surface are hydroxyl groups rather than
strained oxide linkages and also enable a distinction to be made

between hydroxyl groups and physically edsorbed water molecules.
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Liquid water gives rise to an inf’ré'.-red adsorption band in thé region

1

1650-1600 cm ', this band being due to & deformation vibration of

“the hydrogen atoms in the plane of the molecule. Undried alumina

1

exhibits bands near 1650 and 3300 am ', the latter being a consequence

of O-H bond stretching and showing evidence of considerable hydrogen

bonding. After evacuation at 650-700°C, the band at 1650 am '

disappears and bands are found at 3700, 3733, 3744, 3780 and 3800. @,
Exposure of the alumina to deuterium oxide vapour and re-evacuation
at 700°C removes these bands and produces new ones at frequencies
which are each related to the original frequencies by the factor
0.738 indicating that all these bands are due to hydroxyl stretching
vibrations. The extent of hydroxyl groups on the surface can be
assessed by deuterium exchange. After drying at 400°C, the hydroxyl
groups are found to cover 4O% of the surface, at 800°C approximately
2% and above 900°C less than 1%. "

By assuming a model for the fully hydroxylated alumina
surface, Per:{so)was able to speculate on the nature vof the hydroxyl
groups present on the surface after evacuation at '650-700°C.

'Peri showed that removal of hydroxyl groups fram the hydroxylated
surface as water, i.e.

OH" + OH = 0 +HO
such that :;either two (or more) oxide ions were left on immediately
adjacent sites nor two (or more) . immediately adjacent sites were

left vacant, resulted in 67% of the hydroxyl layer being removed.
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-If the condition of local order in the résiduag. oxide layer was then
relaxed, further removal of ﬁater was possible until only 9.6% of

the original hydroxyl layer remained when any further loss of water
necessitated surface migration of the hydroxyl group. Experimentally,
Peri found that a sample of slumine when evacuated at 650-700°C

left approximately 10f of the surface covered by hydroxyl groups and
.in this state the alumina surface was assumed to resemble that of the
model. The remaining hydroxyl groups on the surface were found to be
in five possible enviromments having O, 1, 2, 3 and 4 nearest oxide
meighbours. The five types of hydroxyl ion sites differ in loocal
charge density because of the neérest neighbour oonﬁ.gu.ra.tion and

the frequencies of the corresponding infra-red bands can be expected
to decrease with decreasing electron density. Further dehydration

of the alumina assuming surface migration of the remaining hydroxyl
groups showed that the various types of isolated groups were

removed at different rates so enabling Peri to assign an adsorption jr-}

band to each particular type.

(ii1) Surface Area D'eteminayiogjy Adsorption from Solution

vDe-_Boer et e.ip)recognised' specific site adsorption in
their determination of the surface areas of aluminium oxides and
hydroxides fram adsorption data of long-chain polar organic

molecules in solution in non-polar solvents. The polar group of
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the organic molecule is firmly bound to the adsorfb’eht- surface and the
hydrocarbon chain orientated perpendicularly to the surface. ILauric
acid was considered to be the best-suited adsorbate, since the lower
fatty acids were known to undergo chemical reaction with some of the
sluminas and the higher acids had limited solubilities in non-polar
solvents. | As both solute and solvent are capable of being adsorbed
by the adsorbent, & solvent was required whose affinity for the
adsorbent surface is very small compared to that of the solute.

The satu.;f:a.ted aliphatic hydrocarbons were found to be the only
suitable solvents and of these, n-pentane was. found to be the best.

The adsorption isotherm of lauric a:cid from n-pentane
on alumina (Fig.43) showed a pronounced saturation character,

A monolayer of lauric acid is formed on the surface at low
equilibrium concentrations owing to strong dipole forces., After the
formation of this monolayer, the surface is deprived of its polarity
and further adsorption is impogsible.

For a series of alumina samples (prepared from the hydrates
by heating in air), the specific lduric acid adsorption 'f' (expressed
as mmolea acid per 100m2 of .surfacé area) was seen t6 be dependent on
the temperature of pre-treatment and nature of the sample. The
lowest é.nd most diverging values of 'f' were found for aluminas
obtained from crystalline hydrates heated just above the decomposition
teﬁperature gt which the in‘l;eme.l surface is formed. De Boer

concluded that steric effects were responsible for these' low values
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as the mean pore width was found to be very low (108), as compared
to the length of the hydrocarbon chain of lauric acid (188). at
increasing temperatures of pretreatment f increased and converged to
a constant value (independent of the nature of the hydrate) of
0.617 mmoles per 100 m2 after preheating above 800°C.
| For adsorption on the original hydrates, dried at 120°C,
-the mean value for the specific lauric acid adsorption was 0.43 mmoles
per 100m>. This low figure could not be attributed to steric
effects occurring in narrow pores as a determination of the
geametrical surface areas of three samples of microcrystalline
boehmite from electron micrographs showed good agreement with those
obtained from the B.E.T. method, thus indicating the hydroxides to
be of a non-porous nature. '

In order to determine the éurface area of the adsorbent
from the lauric acid adsorption isotherm, the packing a:rra.ngemént of
the acid on the surface must be known, | De Boer considered that
preferentia;l exposure of the 1ll plane of the oxygen sub-lattice of
the alumina crystal occurred oﬁ heafing the hydrates to high
temperatures. One oxygen atom in this plane will occupy a surface
area of 6.7’432 and using a minimm surface area value of 20.582
(obtained from the study of monodayer films of fatty acids on water)
for the lauric acid -mdlecules , two possible» stacking arrangements were
found as shown in Fig. 44. In both cases, the lauric acid molecule
is seen to cover "a surface area oon'espbnding"to four oqgen atoms

i.e. 26.9632. The experimental velue of the specific lauric acid
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adsorption (0,617 muoles per 100 m>) was found to be equivalent to
a molecular surface area requirement of lauric acid of 26.9.?.2 , in
good agreement with calcuiation.

Thus, if sterioc hindrance in narrow pores is known to be
absent, the adsorption igothgm of lauric acid from p—pentane' can
be used for the determination of the specific surface area of
aluminium oxide and hydroxide samples. The surface area (m25-1)
is the lauric acid limiting ;dsorption value (mmoles g"1) multiplied
by a factor of 162 for an alumina sample and by a factor of 232
for an aluminium hydroxide sample. Comparison of the surface area
obtained with the B.E.T. surface area will indicate whether narrow

pores are present or not in the sample under investigation.

(iv) Adsorption of the Solvents Cyclohexane and Tetrahydrofuran

In the adsorption of solids from solution, it is necessary
to consider the extent of adsorption of the solvent. This involves
a knowledge of the arrangement of the solvent molecules on the
adsorbent surface and in certain cases specific site adsorption is
to be expected. By determining the area requirement of the
solvent molecules on the alumina surface by vapour phase .
adsorption, the occurrence of speéiﬁc site adsorption can be
deduced by comparison with the orosaéectional area of the molecule

(caloulated from known bond lengths and bond angles assuming a
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. probable orientation). Specific site adsorption is to be expected
in the case of tetrahydrofuran, the molecule bonding to the alumina
surface via its oxygen atom. The cyclohexane molecules, however,
Wwould be expected to form a close-packed adsorbed layer independent
of specific sites on the alumina su:;face.

(b) Experimental Adsorption of Lauric Acid from

n=Pentane Solu_tion onto Alumina.

(1) Materials
" nPentane was treated with éoncentrajbed sulphuric
acid, washed with water, dried and then fractionally

distilled under anhydrous conditions (Boiling point 36.0°C).

0.1001 M Iauric acid solution was prepared by

dissolving 10.0257 gms. lauriec acid in 500 ml. n-pentane
solution. |
Alumina of the same gra.d.e as used in Paxrt B was dried

at 120°C for 48 hours.

Approximately 0.05 M ethanolic potassium hydroxide
solution was used as titrant in detemining equilibrium
concentration after adsorption.

(ii) Method of Adsorption

50 ml. of lauric acid solution were pipetted into four
100 ml. volumetric flasks which had previously been cleaned with
chromic acid. Two grams of alumina were transferred directly from

the drying oven to each solution and the flasks‘innnediately sealed
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" with a quick drying solution of ceilulose acetate in acetone. The
solutions were then left to re'ach equilibrium for a period of -

2-4- hours with occasional shaking. | After allowing the alumina to
settle, 10 ml. of the supernatant clear liquid were pipetted into
50 ml. of ethanol and titrated against the alooholic potassium
hydroxide solution using thymol blue as indicator. The titration -
blank was determined by omitting the lauric acid solution.

(iii) Calculation of Results

Molarity of KOH solution 0.04360

Mean titre of iauric acid solutions
after adsorption

17.85_ ml. alcoholi¢ KOH

Concentration of equilibrium solution’ = 0.07661 M

Number of moles of acid adsorbed. = 0.587 x 1 o~
per gram of alumina

Surface Area of alumn.na per gram
= 0.587 x 10~ x 6.023 x 102 x 26.96 x 10 ~0n°
= 95.3 u°

(6) Vapour Phase Adsorption of Cyclohexane and Tetrahydrofuran

(1). ‘The Adsorption Experiment

The apparatus was the same as {:l_aat used for the nitrogen
adsorptioﬁ experiment and is shown schematically in Fig. 33.

The experimental procedure was as follows:- -

One gram of -alumina previously dried for 48 hours at
120°G, was placed in the adsorption bulb D and outgassed for several

hours. Two ml. of the organic solvent were placed in the adsorption bulb F



and outgassed for approximately one minute.

Ol

With taps b, 4, h and i

closed, tap f was momentarily opened and a small volume of vapour

admitted into the doser volume. After recording the pressure, tap h

was opened and the system allowed to reach equilibrium when the

pressure was again recorded. The procedure was repeated by

admitting further small volumes of vapour and the volume adsorbed at

increasing equilibrium pressures calculated.

‘The saturation vapour

pressure of the solvent was. determined by opening tep f fully with

tap h closed, and allowing the system to reach equilibrium.

(ii) Calculation of Results

Adsorption of Cyclohexane

The experimentel results are recorded in Table (8)

and the plot of ' v,' against' P/P'o shown in Fig. 45.

Doser Mercury

Pressure Meniscus
cm. (e) om.
1.68  22.15
2.39 22.85
2,78 23,23
5.88 24,31
4.75 25.17
5.30 25.69
5.7 26,12
6.4 26.77

Zeble (8)

Adsorption of Cyolohexane on Alumina

_Vapour Phase

Temp. Equilibrium Mercury

°C.

22,6
22,8
22.8
22.9

22,3

22,0
21.8
20.9

Pressure
cm.

0.44
1.05
1.65
2,25
2.83
3,22
J.39
3.99

Meniscus
(e) oem.

20.91
24.52
22.10
22,70
23.27
23,64
23.82
2440

Temp
°c

. 22.8

22,9
22,9
22,
21.8
21.8
20.6

- 22,5

(3]

0.119
0.188
0.256
0.322
0.366
0.385
0.453

Volume of

vapour

adsorbed
(a.t N.T.P. )

va mli, -
1.90

4.29
6.31
9.26
12,78
16 .64
21.45
26.00
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As the adsorption isotherm possesses no distinct 'knee’
and hence a low 'c' value, the B.E.T. equition cannot be used for.

the determination of the monolayer wvalue

Adsorption. of Tetrahydrofuran

The experimental results are .recgrded in Table (9) and the
plot of V, against B shomn in Fig. 46.

Table ‘9[ Adsorption of Tetrshydrofuran on Alumina

Vapour Phase
Doser Mercury Temp. Equilibrim Mercu:zy Temp P / Volume of
Pressure Meniscus ©C  Pressure Meniscus Fo vapour
cn. (e) cm. cm. (e) om. adsorbed
. ' . (at N.T.P.)
v mly.
1.45 21.75 23.4 0.95 20.35 ?3.5 0.004 2.61
2.20 22,50  23.4  0.60 20,91  23.3 0.048 -  5.50
2.39 22.71 23.2 1.41 _ 21.71 23.7 0.113 7.20
2.79 23.09 23.9 2.10 22,40 23.8 0.168 8.37
3,57 23.76  25.8  2.85 23,15  23.7 0.227 9.58
4.28 2443 23,7 . 3.51 - 23.80 23.7 0.280 10.91
5.06  25.30 234 426 256 23.5 0.340 12.30
6.08 26,20  23.6  5.15 25.42  23.8. 0.411 13.90
Calculated values of P and P/Po are recorded in Table (10)
" ¥(pg=p)

and the linear plot of these quantities shown in Fig. 47.
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TabJ.e g 10!

Vapour Phase Adsorption of Tetrahyd.mfurap on Alumina

Relative Pressure

Volume of vapour

P/ (at N-T.Po)
Po v (vnil.
0.004 2,64
0.048 5.50
0.113 | 7.20
10.168 : 8.37
0.227 ' 9.58
0.280 . 10.91
0.340 | 12.30
0.411 . 13.90

P x10°
w(P_-P)

1.5,

9.4
17.62
24.07
30.73
35.66
41.88
49.80

The slope of the graph (Fig..7) is found to be

V.8 V.8

Eliminating 'c' Vip = 8.9% mls.

Substituting Vp in equation (23)
S = 2,40 Am.

where Am = the cross sectional area of the’
tetrahydrofuran molecule on the

2. .
surface (K)

" 0.1058 and the intercept has a value of 6.1 x 10~
From equation (21)
(9."_1). = 0.1058 . 1 = 6.1 x 10"3

alumina

106
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. If the accessible surface area of the alumina sample is taken as
95.§m23-1, then the area requirement of the tetrahydrofuran

02
molecule on the surface is 29.7A'.
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5. Conclusions
(a) The surface area of the alumina under investigation, as

: 2
assessed by low temperature nitrogen adsorption, is 131.1 m g 1

(b) The shape of the 't' curve (Fig.38) indicates the alumina
to be of a porous nature, the surface area of the pores corresponding

to 125.7 ng"1

(¢) A pore size distribution analysis of the desorption branch
of the nitrogen adsorption isotherm (Fig.34) assuming slit-shaped
pores, indiecates the virtual absence of pores of less than 2dK
in width. The plot of cumulative surface area against pore size
(Fig.40) shows that the majority of pores in the alumina have a

wall separation in the region of 20-352.

(a) An X-ray powder diffraction photograph has shown the
alumina to exist in the ¥ =form admixed with a small percentage of

unconverted boehmite.

(e) The surface area of the alumina as assessed by adsorption
of lauric acid from n-pentane -is 95.3 m25-1 which gives a value of
02
39.7A for the area requirement of the tetrahydrofuran molecule

on the surface.
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B. Adsorption of a Series of Substituted Phenols onto Alumina.

1. Materials and Apparatus

(2) The Adsorbent

Activated aluminium oxide, "Cemag M.F.C.™ graded between
100-200 IB..S.S.. with a Brockman Activity of 1 was used as adsorbent.
All experiménts were carried out using alumina from one bulk supply
in order to eliminate variations in degree of activation. Before
use, the alumina was dried at 120% for 42 hours ; prolonged

heating producing no further loss in weight.

(b) The Solvents

Cyclohexane and tetrahydrofuran were dried with sodium wire,
refluxed over sodimn for several hours ana. then fractionally

distilled under anhydrous conditions. The tetrahydrofuran was

dist"_."illed. under nitrogen to prevent formation of peroxide.

The cyclohexene fraction boiling at 80.8°C and the tetrehydrofuran

fraction boiling at 64.1°C under 760 mm. pressure were collected

and used as soon as possible.

(c) The Adsorptives

Phenol, p-cresol, p-~chlorophenol and p-tertiary butyl
phenol were fractionally distilled twice, recrystallised from dry

40°-60° petroleum ether and stored over phosphorus pentoxide.
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p-Bromo-phenol was reczystall:l.sed twice from dry 21-0 60
petroleum ether and stored over phosphorus pentonde

p-Nitro-phenol was recrystallised twice from distilled
water a.nd stored over phosphorus pentoxide.

Physical constants of the adsorptives are given in Table (11).

Table (11
Mol. Wt. pt(G) B pt.(%)
Phenol 9. 11 41 182-183
p-Cresol 108.14 3 202-203
p=Chlorophenol 128.56 43 218-219
p-Bromophenol : 173.03 6l —
p-Tertiary Butyl Phenol 150.21 99 236-238
p-Nitrophenol 139.11 114 —-

(@) The Apparatus

The Unicam SP 500 Photoelectric Quartz Spectrophotometer

| was used throughout the adsorption studies for all measurements

of phenol copceﬁtration in solution. This instrument provides a
means of investigating the transmission characteristics of compounds
in solution over a w_avelength range of 200-1,000 m . A hydrogen
discharge lamp, supplied with a statlised curre_ﬁt of 300mA provides
radiations of wavelengths 200-320 mt . For the wavelength range
320-1,000 Dp, & tungsten lamp, operated from two large capacity

six volt accumulators, is used. These accumlators also operate



the photo-cells and amplifier circuit. 'fhe monochromator unit
consists of a quartz prism and collimating mirror, with a slit

é.perture calibrated ﬁ'an 0.01 to0 2.00 mm, Two photo-calls are
employed, & red-sensitive cell for use above 625 mp and an ultra-violet
sensitive cell for use below 625 mp. . The photo-cell current is

fed to a two-stage amplifier and passes to an indicating meter

which is adjusted to zero by a potentiometer calibrated in both

optical density and percentage transmission scales.

2. Adsorption Procedure

A1l glassware before use, was soaked in chromic acid,
rinsed with water and acetone, and then blown dry.

A stock solution of the pﬁenol was prepared by dissolving
a weighed quantity in the appropriate solvent, and making up the volume
.in a volumetric flask at 20°C. The stock solution was then allowed
to attain room temperature, the latter being recorded. Caloulated
volumes of the stock solution were measured from a burette into
100 ml. flasks and diluted to 50 ml. with the solvent , to give a
range of dilute solutions of suitable concentration for the
adsorption experiments. - Solutions of each concentration were
prepared in tnpl:.cate.

A 2 grem (wet-weight) qua.nt:.ty of altm:ma., dried at 120 %
for 48 hours, was transferred directly from the drying oven to each
solution and the flasks immediately sealed with a quick drying

solution of cellulose acetate in acetone. The flasks were placed
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in a thermostat bath at a temperature of 35.000 for a period of |
one week, -during vhich they were intermittently shaken.

After this time, the flasks were taken fram the bath, the
solutions decanted from the altmiina.. and the optical densities
dstermined at a suitable but arbitrery wavelength. It was fml;nd -
necessary to use two silica cells of different pafh],enéths and a
calibration curve using each cell was constructed using solutions
of known concentration prepared from the original stock solution.
The calibration curves were found to be straight lines and their
equations evaluated by the methods of least squares.

Equilibrium concentrations were obtained fram the
calibration curves and the amount of phenol adsorbed per gram of
alumina calculated. The composite isotheﬁn for éach phenol was
drawn by plotting ( 1‘1°Ax1 Y ) egainst the equilibrium mole
fraction (x,') and the limiting valie of adsorption celculated

uﬁing the Jowe‘gg")eq_uat‘j,on. (37) .

A noA.x“?L/ m = A- (A—a)e-Bx1:.l | (37) i
vhere A, a and B are constanfs’; A g:.vmg the value
of the asymptote. .
The form of this equation is entirely empmcal and no theoretical
significance is attributed to it. '
A plot of ( x1lm/n°Ax11 ) against x11 was also made
for each phenol to assess the a.éplica.'bility oi" the Everett

equation to the systems studied.



5. Experimental Results
(a) Adsorption of Phenol from Cyclohexane

Table (12) . : Calibration Curves

- 1 mm, cell Equation of the line: y = 20.654%~0.019

Concentration

Optiocal Density 727 .528 «358 .166
1 .cm. cell Equation of the line: y = 149._592—0.001
Conoentration

(moles.litre'1x1o5) 3.5939 2,695, 2.2462 1.7970

Optical Density 540 401 332 «267

The calibration curves are shown in Fig. 48.

I3

4h92

075

.8985
A37


http://20.654x-0.019
http://149.59x-0.001
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Table (13) : Adsorption Data

Before Adsorption

Stock Solution Concentration - Moles of Mole Fraction

(m1) (moles.litre-! x 102) Phenol in of Phenol
| e EO 0
36 46213 - 2.3107 L9904
32 w079 2.0540 44385
27 3.660 1.7330 S R X
23 2.95 14757 3.1928
16.5 2.1181 o+ 1.0591 2.2935
12 1.5405 7703 1.6692
Density of cgyclohexane at 23°%C = 0.7755 g. o
Moles of cyclohexsne in 50 ml. = OJ+6072.
After Adsorption:
Mean Optical Goncent:-'atigglx | 2 Moles of Mole Fraction
Density (moles.litre™" x 10%) I;gezgl..s:;xu- c(::i:"l{})xe;o} 53
tion x 1
378 1.9222 ‘ 9.611 - 2.0817
27k 1.4186 - - 7,093 1.5372
173 .9296 | 4648 1.0078
.102 .5858 2.929 .6353
25 A6k 0.822 784

.067 | L0455 | 0.228 L0495



15

Ax11x1o3 2.9087" 2.9013 2.7396 2.5575 2.1151  1.6197

x11m/n°Ax11 3.0914 2_.2987 1.5909 1.0749 0.3653 0.1324

Limiting Adsorption Value, A = 6.782 x 10+ moles per gram
: of alumina’ -

The adsorption isotherm (Fig. 49) was constructed from the data in
Table (13) and the plot of x1lm/n°_Ax11 against x11'is shown in

Fig. 50.



. LO7T

Absorbance
@

S

I/m xIO")

Moles Msorbt-:d. ( I'LA

PHENOL — CYCLOHEXANE'

a

.r

lcim cell

.x,‘ml n,A-x,x .

EIG 48
CALIBRATION -
GRAPHS

v

|
Concentration (mclcs litre i*) x IO"or IO3

2 3 4 s +. - 1 2 3
Mole fraction x,'2 x10°®

o .

. FIG 49 -
_ ADSORPTION 'ISOTHERM

S
—y T - e '.

10 5 - 20 - 28
Equilibrium Mole Fraction x."-' xI0? '

30



(b) Adsorption of p-Cresol from Cyclohexane

Table (14) : Calibration Curves

1 mm. cell Equation of the line : y = 19.950x + 0.029

(mole:“;;::"‘f?t“:‘oz) 4.2391 3.5326 2.8260 2.1195
. 1] X

Optical Density 873 o733 .598 450

1 em. cell Equation of the line : y = 178.22x + 0.034

Concentration

(moles.litre | x105) LoOU56 4.239%1  3.5326 2.8260
Optical Density .910 79 665  .540

The calibration curves are shomn in Fig. 51.
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Table (45): Adsorption Data

Before Adsorption

Stock Solution Concentration Moles of Mole Fraction

(ml) (moles.litee~1 x 102) Phenol in  of Phenol
| Bavwr O
35 L.9456 | 2.4728 5.3;314
30 | 4.2391 : 2.1196 : 4.5733
25 3.5326 1.7663 3.8139
20 2.8260 Caai%0 0 3.05%
15 2,195 1.0598 2.2919
10 1.5543 a2 1.6818

Density .of ayolohexane at 22°C =. 0.7765 g.cm >

Moles of oyclohexane in 50 ml. = 0.46135

After Adsorption

Mean Optical Concentrati - Moles of Mole Fraction
Density (moles.litre=' x 10%) »Phenol in of Phenol 5
50 ml.solu- (x11) x 10
_ tion x 104
336 © 1.5388 7:69% 1.6649
22l 0.9774 4.887 1.0582
<131 0.5112 _ 2,556 0.5537
335 0.1689 0.845 0.1831

114 0.0432 0.216 - 0.0468



Aﬁ1x1é 2,9036 2.908,F 2.7557
n°£3x1¥/m x 504 6.7337 6.7398  6.3811
x, 1m/n°A x,* 3.605h  2.4703 - 1.6583

0.9573

19

2.4997 '2.1088 1.6350

5.7851  4.8757 3.7790

0.3755 0.1238

Liniting Adsorption Value, A = 6.761 x 10'-’"' moles per gram
of alumina.

The adsorption isotherm (Fig.52) was constructed from the data in

Table (15) and the plot of x11m/n°Ax1l against x11 is shomn

in Fig. 53.
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(c) Adsorption of p-Chlorophenol from Cyclohexane

Table (16) : Calibration Curves

1 mm. cell Equation of the line : y = 18.058x + 0.023

Concentration

(moles.litre~! x 10°) L9472 L.2u0L  3.5337 2.8270

Optical Density 916 - 788 « 661 «536

1 cm. cell Equation of the line : y = 173.72x - 0.002

Concentration

-1 3)

(moles.litre  x 10 L9472 4.2404  3.5337 2.8270

Optical Demsity = .859 .726 . 609 491

The calibration curves are shown in Fig. 5.

14135
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Table (17) :

Adsorption Data

Befc_:re Adsorption

Stock Solution
(m1)

35
30
25
20
16
12

Density of cyclchexane at 23°c = ,7755g. em

Gonoentra.i: om 5,
(moles.litre™" x 10°)

4.9 72
4. 2,0L
3.5337
2. 8270

,2.2616 o
1.5548

Moles of
Phenol in
50 ml.solu-
tion x_1
2.4736
2.1?02
1.7669
1.4135

1.1308
0.7774L

Moles of cyolohexane in 50 ml. = 0.46072

After Adsoz;ption

Mean Optical
Density

429
.303
.188
.106
.389
065

Concentration 5
(moles.litre™1 x 10)

2.2.83
1.5506
9137
4596
.2251
.0386

Moles of
Phenol in
50 ml.solp-
tion x 10
11.242
7.753
4.569
2.298
1.126

0.193

122

Mole Fraction
of Phenol
(%°) x 10°
5.3404
4.5808
3.8204
3.0587
- 24484

1.68
3 L5

Mole Fraction

&, % 10%)
24342
1.6800
0.9907
0.4985
0.2443
0.0419
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A}l:“lx103 2.9062 2.9008. 2.,8297 2.5602 2.2041 1.6426
noAx11/mx1o‘* 6.7306 6.7130  6.5437 5.9157 5.0899  3.7903

x11m/n°Ax11 3.6166 2.502‘6 1.5140 0.8427 0.4800 0.1105

Limiting Adsorption Value, & = 6.733 x 10-1" moles per

gram of alumina. °
The adsorption isotherm (Fig.55) was constructed from the data in
Table (17) and the plot of Xy lm/noAx,ll against x11 is shown

in Fig. 56.
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(a) Adsorption of p-Bromophenol frém Cyclohexane

Pable (18) : Calibration Curves

1 mm. cell Equation of the line : y = 22.237x - 0,022

_Concenfration
(moles.litre™ x 10%)  3.9933 3.3278 2.6622 1.9967

Optical Density - 872 .72 .568 o420

1 cm. cell Equation of the line : y = 201.59 - 0.Q4O

Concentration
(moles.litre~! x 10°) 46588  3.9933 3.3278  2.6622
Optical Density .903 76k .627 496

The calibration curves are shown in Fig. 57.

1.3311
.278

1.3311

«231
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Teble (19) : Adsorption Data

Before Adsorption

Stock Solution Gonoentra_ﬁ.op 5, Noles of " Mole Fraction
(m1) (moles.litre™' x 10°) Phenol in of Phenol
_ 50 ml. of;solu- (x,°) x 10°
. tion x 105 1
38 | 5.0522  2.5291 5.4521
33 443926 " 2.1963 C kaTho2
26 " 3.4609 1.7505 3.7369
20 : 2.6622 1.3311 2.8769
15 © 1.9967 T Loeek . 2.159%
12 ' . 1.5973" ‘ <7987 1.7282
Density of cyclohexane at 22°%C = .7765 g. @
Moles of cyclchexane in 50 ml. = 0.4-6135
After Adsorption
Mean Optical Qonoentmtion 2 Moles of FPhenol Mole Fraction
Density (moles.litre~1 x 10°) in 50 ml. of solu- of Phenol
" " 4ion x 10H (=) x 10°
+503 | 2.3609 11.805 2,5523
367 1.7493 : 8.747 1.892%
.201 1.0028 5.0 . 1.085
.085 0.4812 _ 2,406 0.5212
338 0.1875 0.938 0.2033

.118 . 0.0784 0.392 0.0850



Ax11 x 10° 2.8998 2.84,78

2 A 1 L

1 Ax,"/n x 10 6.7258  6.5974
1 1 '

%, “n/n Ax,™ 3.7948  2.868k

Liniting Adsorption Velue, A = 6.780 x 10 ¥ moles per gram

The adsorption isotherm (Fig.58) was constructed from the data in

2.6513  2.3557
6.1388
1.768L  0.9564

of alumina.

1.9561

0.4196

Pable (19) and the plot of x, 1m/n°Ax11 against x;ll is shown

in Fig. 59.
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1 o6z|-32

5HL97 45220 3.7970
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(e) Adsorption of p-Tertiary Butylphenol from Cyclohexane

Table (20) : Calibration Curves

1 mm. cell Equation of the line : y = 24.761x + 0.033

Concentration

(moles.litre‘1 x102) 3,6032 3.0027 2.4021 1.8016

Optical Densi#y .927 776 625 478

1 em. cell Equation of the line : y = 236.66x + 0.013

Concentration
(moles.litre~) x 107) 4+2057 3.6052 3.0027  2.4021

Optical Density 955 = .839 « 747 « 600

The calibration curves are shown in Fig. 6€0.

1.2011

#3353

1.2011
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Teble (21) : Adsorption Data

Before Adsarption

Stock Solution
(m.)

35
30
25
20 |
15
10

Density of gyclohexane at 22%

Moles of cyclohexane in 50 ml.

After Adsorption

Mean Optical
Density

625
49N
.350
21%
703
.189

Concentration ”
(moles.litre” x 107)

4.2037
3.6032.
3.0027
2.4021
1.8016 -

1.2011

concentr'a."l‘:ion 5
(moles.litre  x 10°)

2.3909
1.8497
1.2802
0.7189
0.2916
0.074k
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Moles of  Mole Fraction

I;gﬁ% :g u- ‘(,:f:1 )e;n:c’:‘ll'O3
tion x 10
2.1019 4.5353
1.8016 3.8899
1.501% 3.21'0-38
1.2011 2.5967
.9008 4,9487
6006 1.3001
= 7765 g.
= 0.46135
lMoles of Mole Fraction
Phenol in ©f Phenol
50 ml. solu-  (x,1) = 10°
tion x 10
11.955 2,5835
.9.249 2.0008
6.401 1.3855
3.595 0.7786
1.458 0.3159
6.372 0.0806



Ax11 x 10° : 1.9518 1.8891 1.8593 1.8181 1.638

noA-x11/in x 10 4.5228  4.3737 L4.3006 4.2048 3.7728"

x11m/n°Ax11 | 5.7122  4.5746 3.2216 1.’85'17 0.8371
Limiting Adsorptién Value, & = 4.377 x 10-1" m<l>les per |

gram of alumina
The adsorption isotherm (Fig.61) was constructed from the data in
Table (21) and the plot of x, lm/noAx11 against x11 is shown in

Fig. 62.

131

1.2195
2.8167

0.2862



oq
6
87 { 'mm. cell* _
] _cc_ll*

o -6
[V}
[
8
1
o
wm
<

44

FIG 60
CALIBRATION
.24 " GRAPHS
LN T g e T — . r—
A .2 3 ‘
4, 5 | [

Moles Adsorbed (nAxm x10*)

p TERTIARY BUTYLPHENOL—CYCLOHEXANE

Concentration (moles litres')x 10" or Ibi’f

) 3

Mole fraction x‘! xlo0®

FIG 6l

ADSORPTION ISOTHERM

.5 ' 1o

.5 - 20 2.5

" Equillbrium Mole Fraction x* x10°

132"



(£) Adsorption of Phenol from Tetrshydrofuran

Table (22) @ Calibration Curves

1 mm. cell Equation of the line : y = 7.9969x - 0.001

Concentr*tion

(moles.litre” x102) 8.7116 6.9693 5.2270  3.4846
Optical Density .696 «557 il «278

1 cm. cell ©Equation of the line : y = 72.455x - 0.004

Concentration

(mo1es.11tre'1' x1o3) 6.9693 5.2270 4.3558  3.4846
Optical Density 501 376 .309 .28

The calibration curves are shown in Fig. 63.
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Beforé Adsorption
Stock Solution

(m1)

L5
37
28
18
10

After Adsorption

Table (23) : Adsorption Data

Mean Optical

Density

«550

.185
-084

Goncenti‘_atian
(moles.litre~1 x 10%)

7.840
6 .M-66

4.8785-

3.1362
1,742
8712

Density of tetrahydrofuran at 22.5°%-

Moles of tetrahydrofuran in 50 ml.

<';'oncsen‘l:::-a.'!:ion2
(moles.litre~! x 10%)

6.8902
5.5146
3.9890
2.3259
1.0629
0.3699

Moles of

134

Mole Fraction
Phenol in - of Phenol 3
50 ml.solu- (x1°) x 10
tion x 1
3.9202 643441
3.2233 5.2222
24393 3. 95'{0
1.5681 2.5474
872 1.4169
4356 .7089
= 08855 g. m-3
= 0.61401
Moles of Mole Fraoction
Phenol in of Phenol 3
50 ml.solu~- (x1 ) x 10
tion x 1 ‘
34451 55795
2.7573 44705 _
1.9945 3.2378
" 1.1629 1.8904
0.1850 0.3101



Ax11 x 10° _ 66 L7517 .T192 L6570 5520
noAx11/m x 10* . 2.3623 2.3199 2.2168 2.0222 1.697
x11m/n°Ax11 - 23.619 19.270 14.606 .9.348 '5;096

Limiting Adsorption Value, A = 2.4k x 10 ¥ moles per gram.
' of alumina

The adsorption isotherm (Fig.64) was constructed from the data in

Table (23) and the plot of x,‘lxn,/'noA:ﬁ1 against x, and is shomn

in Fig. 65.
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(g) Adsorption of p-Cresol from Tetrahydrofuran

Table (2,) : Calibration Curves

1 mm. cell Equation of the line : y = 9.4830x + 0.006

Concentration

(moles.litre-1 i162)‘ 6.9581 5.2186 L4.3488  3.4790

Optical Density .665 +500 o420 «335

1 ecm. cell Equation of the line : y = 85.357x + 0.007

Concentg?tion 3
(moles.litre  x 10°) 6.9581 5.2186 L3488  3.4790

Optical Density « 604 450 376" « 304

The calibration curves are shown in Fig. 66..
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Table (25) : Adsorption Data

Before Adsorption

Stock Solution
(m1)

45
37
28
18

Density of tetrahydrofuran at 22.5°% = .8855 g.am"

Concentration
(moles.litre

7.8278
6.4362
4.8707
3.1311
1.5656

-8698

(138

Moles of Mole Fraction

Phenol in of Phenol
Eoiorsr BCROE LY
3.9139 6.3340
3.2181 5.2138
2,435, 3.9507
1.5656 2.5433
.7828 : 1.2733

4349 7078

3

Moles of tetrahydrofuren in 50 ml. =061401

After Adsorption

Mean Optical
Dengity

.658
527
.382
«225
.093
339

Concentration
(moles.litres™! x 102)

6.8754

54940
3.9650
2.3093
0.9174
0.3890

Moles of Mole Fraction

Phenol in of Fhenol

50 m}.solu- (x11) x 105

tion x 10 _
34377 5.5675
2.7470 44539
‘1.9825 3.2184
1.1547 1.8771
0.4587 0.7465
0.1945 0.3167




Ax11 x 10° _ 766k .7599 +7323  .6662  .5278
ngAxil/m x 10% 2.3295 . 2.3072 2.2571 2.0504  1.5854
'x11m/n°Ax11 - 23,900 19.304 14.259  9.155  4..708

Limiting Adsorption Value, A = 2.324 x 10 moles per gram
" of alumina.

The adsorption isotherm (Fig.67) was constructed from the data in

Table (25) and the plot of x11m/noAx11 against x 1is shom

1
in Fig. €8.
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(h) Adsorption of p-Chlorcphenol from Tetrahydrofuran

Table (26) : Calibration Curves

1 mm. cell - Equation of the line : y = 9.3892x + 0.005 .

Concentration

(moles.litre~| x 10%) O+6659 6.9527 5.1995  3.4664
Optical Density .  .819 «655 492 +330

1 cm. cell Equation of the line : y = 87.607x + 0.016

Concentration

(moles.litre! x 10%) 69327 51995 4.3330  3.L66

Optical Density  .620  .47%  .398  .320

The calibration curves are shown in Fig. 69.
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Table (27) : Adsorption Data

Before Adsorption

Stock Solution
(m)

45
37
28
18

Density of tetrahydrofuran at 22%

Moles of tetrahydrofuran in 50 ml.

After Adsorption

Mean Optical
Density

.650
520
375
219
.086
309

conoentfation
(moles.litre | & 10°)

71.7993
6.4128
4.8529
3.1197
1.5599
0.8666

Concentration

(moles,.litres”

6.8696
5.4850
3.9407
2,2792
0.8627
0.354L

142

Mole Fraction

Moles of
Phenol in. of Phenol
50 ml.solu- (x 0) % 103
tion x 10 T
. 5.8997 6.3048
3.2064 . 5.1897
- 2.4265 3.932
1.5599 . 2.5315
0.7799 1.2673
0.4333 « 7045
= 886k g. cm™
= 0.61463
Moles of Mole Fraction
Phenol in of FPhenol
50 ml.solu- (x11) % 10°
tion x 10
3.43L8 5.557%
2.7425 4422
1.9704 3.1956
0.4314 0.7014
0.1672 0.2720
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Ax,* x 10° ThTh JTWT5 7368 6808 5659  .L325

n9A % 1/m x 10)+ 2.3114  2.3092 2.2732 2.0975 1.7413  1.3301

x1%@6%!\xﬁl 24.043 19.237 14.058  8.823  4.028  2.045
Limiting Adsorption Value, A = 2.333 x 10—)"' moles per gram
of slumina.
The adsorption isotherm (Fig.?O) was constructed from the data in
Table (27) and the plot of x11m/n°Ax1l against x11 is shown in

Fig. 71.
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(1) Adsorption of p-Tertiary Butylphenol from Tetrahydrofuran

Table (28) : Calibration Curves

1 mm. cell Equation of the line : y = 8.3057x + 0.006

C trati :
(moles Titre-] z 402) 69542 5.2156 L.3W6L 37T 1.7385

Optical Demsity  .583 440 <365 295 150

1 em. cell Equation of the line : y = 75.695x ~ 0.022

Concentr*tion

(moles.litre ' x 10°) 6.9542 5.2156 4346k 3.4771  1.7385
Optical Density 503 «375 « 306 o245 .108

The calibration curves are shown in Fig. 72.
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Table (29) : Adsorption Data

Before Adsorption

Stock Solution Conoentration Moles of ~ Mole Fraction
(m1) (moles.litre” ! x 102) I;ge:lﬂ si;“ﬁ_ ‘(’;’ Io’l)‘e:%o}
tion x 103 1
»o 7.8234 o 309117 6.32
37 6.4326 3.2163 5.2056
28 4.8679 2,4350 3.9445
18 3.129% 1.5647 2.5393
9 1.5647 : 0.7824 - - 1.2743
5 ' ©0.8693 04346 L7066
Density of tetrshydrofuren at 22°%C = .8864 g. cm >
Moles of tetrshydrofursn in 50 ml. = 0.61463
After Adsorption
Mean Optical Goncent;x:?tion » Moles of Mole Fraction
Density (moles.litres  x 10 ) Phenol in of Phenol
50 mls.solu- (311) % 10
B . tion x 10
.580 . 6.9109 34555 5.5906
465 5.5263 2.7632 4.4756
336 3.5732 1.9866 3.2218
A% | 2.2635 1.1318 1.8381
077 0:8548 0.4274 0.6947

.238 - 0.3435 0.4717 - 0.2793
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A X 1 x 1 O3 . 7335 <1300 7227 7012 5766 4273

noAx11/m x 10)'" 2.2685 2.2552 2,2297 2.1604 1.7742 1.3140

-x11m/n°Ax'11 2.6 19.846 1L.uL9  8.508 3.916 2.126

Limiting Adsorption Value, & = 2.280 x 10-"" moles per gram

_of elumina -
The adsorption isotherm (Fig.73) was constructed from the date in
Table (29) and the plot of x11m/noAx1l against x,* is shomn -
in Fig. Th.
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(j) Adsorption of p-Nitrophenol from Tetrahydrofuran

Pable (30) : Calibration Curves

1 mm. cell Equation of the line : y = 9.4701x + 0.001

Concentgi,tion

(moles.litre = 102) 6.9745 5.2309 L4.3591  3.4872 1.7436
Optical Density . 660 500 25 .328 167

1 ecm. cell ‘Equation of the line : y = 86.901x - 0.005

Concentration

(moles.litre'1 x 103) 6,975 5.2309 4.3591  3.4872  1.7436
Optical Density « 601 L7 <375 | «300 <145

The calibration curves are shown in Fig. 75.



Before Adsorption

Stock Solution

(m1) (moles.litre™'x 102)
15 7.8463
37 6.4514
28 4.8821
18 3.1385 -
9 1.5695
5

Density of tetrahydrofuran at 22°C = .8864 g

Concentration

0.8718

Table 5512 ¢ _Adsorption Data

Moles of
Phenol in
50 ml. solu-
tion x 1

3.9232 -
3.2257
24411
1.5693
<7847
4359

150

Mole Fraction
of Phenol

(x1°) x 10

3

6.3426.
5.2208
3.9560
2.5L67
1.2751

.7087

=3

Moles of tetrahydrofuran in 50 ml. = 0.61463 ~ -

After Adsozﬁtion

Mean Optical

Density (moles.litres™! x 10°)
.651 6.8637
.520 5.4804
.372 3.9176
214 2.2492
.081 0.8448
.283 0.351%

Concentration

Moles of
Phenol in
50 mi. solu-

tiqn x 107
3.4319
2.7402
1.9588
1.1246
0.422)
0.1657

Mole Fraction
of Phenol

(xﬂl) x 10°

5.5527
L.4385 .
3.1768
1.8264
0.6866
- 0.2695
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Ax1l x 10° CJ7899 L7825 J7792  .7203 L5885 4392
n,oAx,ll/m £10%  2.4430 24167 2.404  2.2192 1.8110  1.3511
_ 'x1lm/n°Ax11 22.729 18.366 13.214  8.230  3.791  1.995

Limiting Adsorption Value, A = 2.456 x 10-1" moles per gram of
. alumina
The adsorption isotherm (Fig.76) was constructéd from the data in
Table (31) and the plot of- x11m/n°Ax11 against x11 is shown
in Fig. 77. '
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DISCUSSION
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In the dlscuss:.on@,th:.s thesis, attent:l.on is concentrated on:-~

(1) - elucidating the mechanism of adsorption of the
p-substituted phenols at the alumina-solution interface
and predicting the orientation of the adsorbed molecules.

(2) assessing the inﬁlnence of the solvent on adsorptive

| capacity.

(3) ascertaining any correlation which may e:ci.st between

adsorptive affinity and structure of the adsorptive.

!

1. Mechanism of Adsorption and Orientation at the Interface

In order to elupidate the adsorptio_n mechanism at the
interface, it is important to characterise the alumina surface by
determining its surface area and pore size distribution and tn be
reasonably certain of its chemical constitution. In this latter
comnection, results of dehydration experiments have proved useful.

(a) The Alumina Surface

(i) Surface Area Measurements

Characterisation of the a.lumma surface has been attempted
by carrying out low temperature nitrogen adsorption experiments.
Application of the B.E.T. equation to the adsorption isotherm gives
a value of 131 @ngﬂ for the surface area of the alumina sample.
From the relationship between the thickness of the adsorbed nitrogen
layer and the volume of gas adsorbed at increasing relative pressures

(t-ourves P76 )the existence of pores in the alumina is confirmed. '



From the initisl slope of the t-curve, it is estimated that the

pore surface area is approximately 125.7 m25-1 . Th:';s value is

very close to the surface area calculated from _the B.E.T. equafion.
A pore siz‘e distribution analysis of the desorption branch of vthe' |
isotherm shows that the diameter of the majority of the poreé are

in the range 209352. This analysis is based on the assmpfion

~ that the pores are predominantly slit-shape$7°2 evidence for this
assumption being provided by electron microscopy (P 156 ) and

the conclusions of other workers.

As the adsorption experiments in this investigation have
been carried out from the solution phase, the surface area of the
alumina was determined by & solution adsoz.-ption method. Adsorption
of lauric acid from n-pentane solutiox{\??) gives a value §f 95.3 m23-1
for the surface area of the alumina sample. AThis is lower than
the B.E.T. surface area and could be explained if the alumina had a
surface similar to that of an aluminium hydroxide. In this case,
the surface area of the alumina as assessed by lauric acid adsorption
would be 136.5 ng"1 (using the factor of 232 determined by De Boer
PS8) and this value is reasonably close to.the B.E.T. surface area.
Alternatively fhe_ difference between the two surface area values of
"131.1 ng-1 and 95.3 m23-1 oould be explained by the difference in
size of the adsorptive molecules used in their determination. Thus
a narrowing of Qome of the pores at their lower extremities (e.g. as

in wedge-shaped pores) would tend to exclude the lauric acid molecule
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from part of the surface accessible to the smaller nitrogen molecule.
.Th:l.s effect would also explam the surface area value of 104.7 m g -1 (82)
obtained from vapour phase adsorption of benzene and calculated on
‘the assumpt:.on of an area requirement of 4182 (83) for the benzene
molecule adsorbed parallel to the surface.

Tt is concluded that the surface area of the alumina
sample accessible to single-ring aromatic compounds is in the

reg:.on of 100 ng -1

(i) Nature of the Surface

% Xeray powder diffraction has shown that the alumina is
meinly of the ¥ ~form. All aluminas obtained between the
decomposition temperature of the hydroxides and 1000°C have
structures based on a nearly close-packed cubic o:?ygen sub-lattice -
and are closely related to that of spimel-type ¥ -alumina. It
can therefore be assumed that the surface of the alumina l:i.s formed
by planes with more or less simple indices of this oxygen sub-lattice.
The evidence in the literatufe for preferential exposure of a
particular crys't'a.l' face is contradicting and unconvincing.

(78) from water. vapour adsorption studies, favours preferential
exposure of the 100 planes of the crystal lattn.ce. De Boer(77)
- considers that at higher temperaturés where appreciable sintering

has occurred, the most stable plane (i.e. the octahedral plane of
the cubic oxygen lattice) will be the most abundant plane in the

surface. Whether or not preferential exposure of a particular
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crystal plane occurs, a completely dehydrated alumina surface consists

- mainly of oxide ions. _
Inf‘ra-regg) and gra.vimetric. studiegs). show that water is
repidly chemisorbed on the surface of alumina to form deronde
groups. Thus the surface of an alumina sa;mple left exposed to the
atmosphere will consist Basically of hydroxyl groups rather than
oxide ions. V., Va.llanossz) has determined tine percentage loss on
ignition of the alumina under investigation at various temperatures

for 48 hours. The results are recorded in Table (32).

Table S 32_!

Percentage Loss on Ignition of the Alumina at Various

Temperatures
Temperature. © Percentage Loss on Ignition
120 3.0
300 e
380 ‘ . 5.2
500 543
800 6.8

It can be seen from Table (32) that increasing the temperatures
produces a gradual dehydration of the alumina. According to Peri,
the hydrated surface of ¥ -altmﬁ.na retains 13.0 molecules of
water per 10022 of suiface after evacuation at 25°C for 100 hours
and even after drying at 120%, the surface may still retain

8.25 molecules per 10032. Although much of the water is held as
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hydroxyl groups on the surface, infra-red studies have shown that
scme of the water strongly adsorbed at 25°C, remains molecular.
Assuming the alumina 'san_:ple underxr irivestigation contains
10% «-monohydrate, then 1.5% of the wa.tez'.'. bconltlent at room temperature
will be waters of crystallisation. As the percentage 1os-s‘ of water
remains approximately constant between 380 and.500°C and dehydration
of &-monchydrate occurs in the region‘ of 500°G, the subsequent loss
on heating to 800°% can be attributed to' loss of mter_s’ of
orystellisation i.e. (6.8=5.3) = 1.5%. 'If the extent of
dehydration on heating to a temperature in excess of 800% is
representative of the total water content of the alumina
(i.e. 6.8%) then the adsorbed water content of the sample can be

deduced at various temperatures and from the surface area value of
134,14 m28.1 for the alumina sample, the number of water molecules

per 10022 of surface can be calculated. The results are recorded
in Table (33)

Table s 33 z

\ 2
Number of Water Moleocules Adsorbed per 1008° of the Alumina
Surface at Various Temperatures

o .
Temperature “C Adsorbed Water % Iﬁgiezﬁ:l. \::.t;:: 10 OKZ
Ambient 5.3 - 13.4
120 2.3 5.8
300 1.1 2.8
380 0.1 ' 0.3
500 - | -

800 - -
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- (78) . 02 _
According to Per, a water molecule ocoupies 16A on the

surface of a.lmﬂ.né so that monolayer covera.ée corresponds to

6.25 molecules of water per 100X2 . It can be seen -from Table (33)
that at 120°C the number of water molecules is close to the value
for m§noléyer covéra.ge and it may be concluded that at this
temperature the surface of the alumina sample is fully hydroxylated.

' (v) Adsorption Mechanism and Molecular Orientation
at the Interface

Having established the nature of the alumina semple, its
surface area accessible to single ring aromatic molecules and the
pore size distribution, it now becomes possible to speculate on
the mechanism of adsorption and the molecular orientation at the
interface. |

The experimental adsorption sa:hzration values of a series
of p-subatituted Iphenols from cyolohexane are tabulated below.
Assuming an available surface area of 100 ng"“| , molecular area

requirements can be calculated and are recorded in Table (34).



Table (34)

Limiting Adsorption and Molecular Area Requirements of the
p-substituted Phenols on the Alumina Surface when
Adsorbed from Cyclohexane Solution.

Adsorptive Limiting Adsorpti Molecular Area

(mmoles. g =1) . Requirement (2)2
Phenol 0.578 | . 2L.5
p-Cresol  0.676 ' 24,6 -
p-Chlorophenol 0.673 ’ | 24,7
p-Bromophenol  0.678 o 245
p-t-Butylphenol 0.&-38-. : o 37.8

Since cycloﬁexane is one of the least interacting solvents (as
illustrated by the vapour phase adsorption experiment p 101 )

it is considered that the solvent molecules are excluded from the
adsorbed phase at limiting adsorption. The molecular area
requirements. quoted therefqre en#ble a p'rediction to be made as to
the orientation of the molecules in the adsorbed phase.

The calculated area requirement of phenol indicates that
the molecule adopts a perpendicular orientation on the alumina
surface. Comparison with Adam' g&) value of 2&-22 for the cross-
sectional area of an aromatic molecule in a thin film on water also
suggésts that the phenol covers the’ adsor}:ent surface with an almost
complete monolayéf. Veriation in size of the p-substituent does

not affect the area requirement until the large t-butyl group is

161



present when the area requirement per molecule shows an a.pprecié.'ble
increase. o
Various worl(:ggg(%) (85) (86.)have concluded that meny non-
ionic solutes are predominantly adsorbed onto the alumina surface
by hydrogen-bonding. As evidence of this investigation points to
perpendicular orientation of the phenols on an alumina surface

saturated with hydroxyl groups, it is reasonable to conclude that

the mechanism of adsorption is predominantly hydrogen-~bonding.
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2. The Influence of the Solvent on Adsorptive cgpaoity

The experimenta.‘l.l& determined adsorption values and
molecular area requirements for the p-sqbst'ituf:ed pher;ols vhen
adsorbed from cyclohexane, tetrahydrofuran, and dioz&rsx-iz.re given
in Table (35)

Table S 21

Limiting Adsorption and Molecular Area Requirements of
h-XGGHAOH on Alumina from Solution in Cyclohexane,
Tetrahydrofuran and Dioxan

Adgorptive I = A €1 -Hy -Br -0(GH;), -NO,
1. Limiting Adsorption (mmoles.g™')
(i) Cyclchexane 678 673 676 678 U438 -
(ii) Tetrahydrofuran .21 .233 .233 - .228 246
(iii) Dioxan ' 168 .16k 157 - .45 o213

. 02
2. Molecular Area Requirement (A )

(1) Cyclohexane 24,5 2.7 2%4.6 24.5 37.8 -

The adsorptive capacity of the alumina surface for the
phenol molecules is seen to vary according to the solvent used.
This can be attributed to the ability of the solvent molecules to

effectively compete with the phenol molecules for the surface.



The importance of solvent adsorption by the alumina surface is

illustrated on resolvlt_lg the composite isotherms for the phenol-

qrclohexane (Fig.78), - tetrahydrofuran (Fig.79);, - diozan (Fig.80)

systems into their individual isotherms using equations (1) and (3)

discussed in the 'Introduction'.

The values oi’v(n,ls)m ‘and (n;')m used for resolving the

composite isotherms are listed below:-

('n1 s)m

(nzs) n

(nzs)m

for phenol (0.678 x 10-3) is the adsorption saturation
value for adsorption from cyclohexane solution, it being
assumed that solvent molecules are excluded from the

monomolecular layer).

for oyclohexane (0.426 x -10-3) is calculated from an
22' (83)

area requirement of 39 for a molecule of

cyclohexane assmni_né an available surface area of

100m>g=".

for tetrahydrofuran (0.400 x 10-3) is calculated from a
molecular area requirement of 41.6 22 , determined by

vepour phase adsorption, assuming an available surface
area of 100::123"4l .

for dioxan (0.400 x 10~ ) is calculated from a moleculer
~ o2 (88)

o
area requirement of 41.6 A | determined by vapour

phase adsorption, assuming an available surface area of

100m23“"l .
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" In the case of p'henol:.'Lc solutions of dioxan, B.J. Hawley(87)

concluded that, at limiting adsorption, the adsorbed phase cons_i'sted
of two dioxan molecules per phenol molecule; the. molecules being |
bonded separately to the adsorbent surface. When 'a.d.sorbed. from
tetrahydroﬁ_zran solution, the area requirement of phenol on the
surface is 68.8 £2 which is very close to the sum of the area |
requirements of a phenol molecule (24.5 32) and a tetrahydrofuran
molecule (41.6 Xz) . Thus, at 1imitiﬁg adsorption, the adsorbed phase
would appear to consist of approximately eciual nunbers of phenol

and tetrahydrofuran molecules.

The proporbi-on of solvent to solute molecules present in
the adsorbed phase indicates that dioxan is more strongly adsorbed
by the alumina surface than tetrahydrofuran. The mechanigm of"
adsorption of the solvent molecules may again bé hydrogen-bonding as
dioxan would be expected to form stronger bonds with the surface than
tetrahydrofuran. (Association constant K; phenol-dioxan ai (25°)
15.21;. (35°) 10.79%87) 1.mole K, phenol-tetrahydrofuren at
(29%) 10.4(89) l.mole-1) . TVhereas parallel orientation of diozan
to the surface is likely bece.ﬁse of its two polar end groups, the
tetrahydrofuran molecule may be expected to have an orientation
similar to phenol with its oxygen atom hydrogen-bonded to the
alumina surface. Constfuction of the model of the tetrahydrofuran
molecﬁle illustrates that the surface area requirement of the
molecule is almost the same whether perpendicular or parallel.

orientation at the adsorbent surface .ocours.
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In oonclusion, the adsorptive capacity of the alumina
surface for tﬁe solute molecules' is Qeen to be de.per.ndent upon
the nature of the solvent used. Solvents capable of competing
with- the solute molecules for the adsorbent surface will redﬁce
the adsorptive capaocity by an amount which ref‘l-eots the degree of

interaction of the solvent with the surface.
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3. Adsorptive Affinity and_Sﬁfuctu:e Qf the Adsorptive

(a) Introduction

One of the most widely used relationships in
attempting to correlate structure and reactivity is the Hammett

equation (385?0)(91)

log 25; = a.q. (38)
Ko
where K, K.o are equilibrium or rate constants of substituted
and unsubstituted benzene derivatives, respectively.
o is a substitueﬁt constant varying with the nature
and position of the substituent.
Q is a reaction constant varying with the type of
reaction, the physical conditions under which it

takes place and the nature of the side=-chain.

As far as hydrogen~bonding interactions in solution are

(92)(93)

concerned, a number of worker have shown the existence of a

Hammett-type relationship: between ¢ and the association constant K.

(87)
Hawley

considered the process:=-
Substituted Phenol + Dioxan @ Complex
and evaluated the association constants for a series of p-substituted

phenols (Table (36)).
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Table § 36~2_

Association Constants KH for a Séries of p-substituted Phenols in
- Dioxan Solution .

Aﬁso_::ptive ' Association Constant KH(87) PKH Substituent
(litre.mole™") at o A ' Constant 9%)
25°¢ - 35% 25°¢ 35° o (normal)
Fhenol 15.21 10.79 -1.182 -1.033  ©
p-Cresol 10.9% 8.81 -1.,039  =0.945 -0.170 -
p-Chlorophenol 2443 18.28 - =1,388 =1.262 +0.227
p-t-Butylphenol 10,42 8.50 -1.018  -0.929 0,197
p-Nitrophenol 66.83 49.00 - -1.825 -1.690 +0.778

At both temperatures, the values of‘KH are seen to reflect the
effect of the p-substituent on the hydrogen-bonding téndency of the
hydroxyl group of the phenol Fig.(81).

If the adsorption process at the alumina surface is
considered analogous to hydrogen—'bonﬁing association in solution,
then it becomes of :i;nterest 1';0 attemp correlation of the Hammett

substituent constant ' ¢' with some defined 'index of adsorption'.

(b) An Index of Adsorption

In theory; thée process of adsorption frqm solution onto
a solid is essentially one of phase change as the accessible surface
is at all times completely covered by solute and solvent molecules.
Describing adsorption equilibrium at the solid=-solution

interface as:-



« HAMMETT & =» N
2 o 2 . 4 . 6 . 8
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1%+ (2 & 1)+ (2°

where the superscripts 1, 8 refer to the liquid and adsorbed

phases respectively.

8 :
EveretS:,) on. the basis of an ideal adsorption model,
derived, from thermodynamic arguments, the eguation for dilute

solution as

1
mx, IR,

nS
znoAx1 T) Ko n®
where (noA Xy 1/'ni) represents 'adsorption' as measured experimentally

1
1, x, are the mole fractions of components 1 and 2

(Pa3)

respectively in the liquid phase at eqﬁilibrium.
n  is the total number of moles which can be
accommodated in the adsorbed phase by unit weight

ff solid adsorbent

X
and K= |2 where x1s, x5 x11,
fractions of components 1 and 2 on the solid and

x'21 are the mole

in sol}ztion, respectively.
Although it is noted that good straight lines are obtained if the
experimental adsorption data;q.:-’;gzlotted as above (P.116, 120, 124,
128, 132, 136, 140, 14k, 148, 152 ), the adsorption
systems cannot be considered to conform to Evemtt's perfect model
a.mi the author considers that it is unjustifiable to attribute the

same significance to the slope and intercept as proposed by Everett.
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In the adsorption systems studied by the author, deviations from
ideality arise, in consequence of:-
(1) strong hydrogen-bonding between éolute and SOiYent
molecules in the solution;
(ii) interaction between'SOIute apd solvent molecules in the
| adsorbed phase. |
(iii) daiffering area requirements of adsorptive molecules so
that the number bf moles in the adsorbed phase will not

remain constant.

Defining an arbitrary "index of adsorption" K, as the
"number of moles of adsorptive present iﬁ the adsorbed phase at constant
equilibrigm mole fraction in the mobile phase", and plotting Kﬁ
against the Hammett substituent parameter o~, for a series of a
constant values of xal, relationships obtained are as shown in
Figs. 82 and 83.

At low equilibrium mole ffactions, the fluctuations which
occur are atributed to experimental uncertainty anq/or to the alumina
surface possessing some degree of heterogeneity. The relationship
is seen to deviate from linearity again at higher equilibrium mole
fractions where the adsorbed phase approaches monolayer formation.
This can be attributed to such closeé packing of the molecules in the
adsorbed layer that lateral interactions between the adsorbed
molecules become significant.

It is not unreasonable, therefore, to select for overall

comparison, a value for the constant equilibrium mole fraction in
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the 1liquid phase which lies intermediate between the two extremes
discussed above. Consideration of Figs. 82 and 83 shows that a
suitable value for the phenol-cyclohexane system is x1l = 0t x 10"3 -

and for the phenol-tetrahydrofuran system x11 = 1.4 x 1070 o The
(87)

results obtained by B.J. Hawley for the phenol-dioxan system can

also be expressed as sbove, (Fig:84), from which a value of x,ll =

-3

1.8 x 10 is an appropriate selection.

The KA values of the adsorptives for the alumina surface
when adsorbed from cyclohexane, tetrahydrofuran, and dioxan are given
in Table (38). As the Hammett substituent constant is a parameter

in a logarithmic relationship, it is thought more suitable to express

the relationship between the substituent constant and PKA'
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Table S 38 )

Correlation of Hammett, Sigma and an 'Index of Adsorption' K,

Adsorptive Phenol p-Cf-.esol— p-Chloro- p=Bromo- p=t-Butyl- p-Nitro-

’@E?ett -0.170 40,227 40,232 -0.197  +0.778
Cyclohexa.rtf N

K x10% 5.58 5.53 - 5.6 5.33 3 - -

PKA 3.253 3.257 3.249 34273 3.408 -
Tetrahydrofuran _

K, x10%* 1.93 1.90 2.00 - 2.07 2.16
Dioxan . | .

K, x10% 1.47 1.38 1.58 - 1.33 1.85
- oK, 3.833  3.860 3.801 - 3.876 3.733

On plotting pKA ageingt the Hammett parameter ¢ ,
a linear relationship is obtained for the three systems considered
Figs. 85, 86, 87, the adsorptives p-t-butylphenol and p-bromophenol
proving exceptions.
When considering the adsorption of thege two compounds from
cyclohexane, the size of the substituent group may be predominantly
responsible for the low values of KA’ since cyclohexane is not 80
strongly adsorbed (see Fig. 78). In the case of solutions of
tetrahydrofuran and dioxan, the solvent is appreciably adsorbed at
the highest equilibrium concentrations of phenol (see Figs. 79, 80)

and hence the size of the p-substituent.is unlikely to be so important
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in determining extent of adsorption. Electrical effect of the
p-substituent cbuld be deterﬁinative in these systems. ’

The values of KA for the substituted phenols are seen to
reflect the changes occurring in the électrical character of the
hydro#yl group of the adsorptive due to the presence of the |
p-substituent, and are in accord with the relationship observed
between hyﬂrogen-bondiﬁg association in solution and p-substituent
character. It is noted that the slopes of the plots shown in
Figs. 85, 86land 87 increase in the order cyclohexane, tetrahydrofuren,
dioxan and it is interesting to speculate to what extent this effect
is a consequence of change in solute-solvent interactions in solution.
The experimental error involved in determining the 'index of
adsorption' KA is of the order of 1% and thus whereas the slope of
Fig. 85 is zero within the limits of this experimental error, the

slopes of Figs. 86 and 87 are meaningful.
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