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SUMIARY .

The adsorption of organic compounds from solution by
two forms of alumina, the anodic oxide film on aluminium and
acidified chromatographic alumina powder, has been studied.

The anodic oxide film used was produced by anodising
in chromic acid which yields a highly porous film of almosf
entirely pure, amorphous or very finely crystalline
§ —alumina.

The alumina powder used was acidified by washing with
hydrochloric acid.

The adsorption of organic solutes on both substrates
from dry organic solvents is found to occur only when the
solute molecule contains a hydrogen atom free to form an
intermolecular tond. Thus hydroxy- and amino-compounds are

adsorbed, presumably by the formetion of hydrogen-bonds with

the substrate. In the case of the anodic film the adsorption

of amino-compounds is prevented by certain solvents whereas b
adsorption on alumina powder is unaffected by the solvent.
This suggests that in the case of the oxide film the
N...H...0 bond formed in adsorption has lower free energy
than the O...H...O bond.

Adsorption involving hydrogen attached to carbon



was also found, e.g. compounds contaiﬁing acetoxy- and
aldehyde groups were adsorbed by the alumina pewder.

In the case of the oxide film, the results of the exper-
imental work are complicated by suspected decomposition of
these solutes.

The part played by the azo-linkage in adsorption on
both substrates was examined. Azobenzene is not adsorbed
from dry organic solvents on either substrate, but is
adsorbed in presence of water.

This seems to be a résult of water acting as a
hydrogen-bonding cross-linking agent between the solute and
the substrate.

In view of the recommendation found in the literature
concerning the use of compounds capable of forming lakes
with aluminium for colouring anodic oxide films, the |
adsérption btehaviour of two such compounds, viz. alizarin
and Solway Blue B, was studied. The irreversible nature
of their adsorption suggests that very stable chelate
complexes are formed with the gluminium of the oxide film.

The anodic film was found to undergo slight dissolution
in agueous solutions. Owing to the cone-shaped pores of
the film, this leads to an increase in the surface area
availeble for adsorption which is a function of the weight
of film dissolved. Thus it is important to carry out all

adsorption experiments at a constgnt solution;film weight



ratio, otherwise alterations in the available surface area:
film weight ratio, due to dissolution, would lead to
inconsistences in the amount of solute adsorbed per unit
weight of film.

Both the thermodynamic and kinetic aspects of the
adsorption of sulphonated azo dyes by both substrates was
studied.

In the case of the oxide film adsorption of these dyes
is accompanied by a measureable evolution of heat indicating
thet a chemical reaction, probably salt formation, takes
place between the sulphonate groups and the aluminium.
Analysis of isotherm data suggésts that the adsorbed anions
form a monolayer in which they are oriented in such a way
that all their sulphonate groups are attached to the sub-
strate.

There is no measureable heat of adsorption in the case
of the acidified alumina powder. The operative mechanism
here appears to be one of ion exchange involving the dye
anions and chloride ions taken up by the substrate during
the pretreatment with hydrochloric acid. The adsorbved
dye anions form a monolayer and are oriented in the same
manner as those adsorbed on the oxide film.

The affinity of sulphonated azo dyes for botﬁ substrates,

determined from isotherm data, is the sum of the affinities




of the sulphonate groups in the molecule, each contributing
to the total affinity an. amount characteristic of its
position in the molecule. The aromatic residue or any
free hydroxy-groups in the molecule do not appear to con-
tribute to the total affinity. |

The epparent heat of adsorption and the apparent entropy
of adsorption were determined for several sulphonated azo
dyes on the oxide film. Both generally increase with
increasing sulphonation of the dye anion. The apparent
entro—gi.esof adsorpltion for dye¢ sdsorbed on alumins powder
are comparable to those for similar dyes on the oxide film.

The kinetics of the adsorption of sulphonated azo dyes
on both substrates were studied, In the case of adsorption
on thevanodic film the rate of adsorption is controlled,
in the earliest stages, by the building up of a layer of
dye anions on the outer surfaces of the film followed by
diffusion into the pores of the film. Determination of
the activation energy of the diffusion process shows that its
value is lowest for these dyes most easily removed from
solution.

The rete of adsorption of sulphonated ago dyes on alum-
ina powder is controlled, in almost all the cases studied,
by diffusion through a liquid film surrounding the particles

of alumina. In the earliest stages, however, the rate may



be controlled by diffusion inside the particles of the
- substrate. The activation energies of adsorption were
determined but do not provide further information as to the

form of the kinetics.
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, X,
GENERAL INTRODUCTION,

The adsorption of a -sclute from solution is a complex
process depending on the physical and chemicgl natures'éf the
adsorbent, the solute and the solvent in which the solute is

dissolved, and all these various factors must be taken,intd;'
consideration when an attempt is made to elucidate the mechanism
of the process. |

One of the most extensively investigated processes of thié'
type is the dyeing of textile fibres and although tﬁe substrates
studied in the present work are of rather simpler structure, one
of them, the anodic film on aluminium, is markedly porous and
the adsorption of dyes by it does bearﬁédme similarity to the
adsorption of dyes by fibres. For this reason a brief discussion
of the dyeing of fibres will be given.

- Textile fibres are believed to be comprised of both
crystalline and amorphous regions, the latter being penetrated by
sub-ﬁicroscopic capillaries or pores. In the dry fibre the
dimensions of thgse pores are too small to allow the passage of
dye particles but when the fibre swells on immersion in watérvthe
pore-size increases making diffusion of the dye into the fibre
POSSible(l). This concept of the dyeing process demonstrates the
importance of both the diameter of the pores in the substrate and
the particle size of the dye in solution. In the case of

2
cellulose, for instance, Haller et al.( came
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to the conclusion that penetration of the substrate by dyes and
mordants is dependent on their particle size which must be less
" than 50 X, the diemeter of the pores being 20 o luu A when it

is swollen in'watertat ToOM temperature(B)(4); A great deal
of investigation has been carried out on the particle sizes of
dyes in solution but so far the results of this wbrk have not
contfibuted much towards a quantitative description of the dyeing
process apart from establish;ng certain generalisations. Forx
example, levelling acid dyes are less aggregated in solution than
diiect cotton dy?g, aithough the degree of aggregation appears
to be characteristic of each dye and décreases with increase in
temperature and dilution.

Tﬁe attraction of the dye molecule to the surface of the
substrate is also of great importance. Gee and Harrison\
suggested that dyeing was the result of the acquisition of an
electrical charge by fibres in water whereby they attract or
- repel dye ions according to the sién of the charge. 'Nealeﬁs)
has elaborated this theory. There are two types of electrical
forces involved in the dyeing process, ohe type is responsible
for the formation of covalent or hydrogen—bondS'between the dye
ions and the fibre,;and is effective only over distances of less
than 5 K; the otherfﬁéj be considered as an electrical attraction
or repﬁlsion between the dye ion and the fibre and operates at
distances up to ca. 1UU X. All textile fibres possess a

negative charge in neutral solution which attracts positively



Je
charged colour ions such as those of basic dyes. The colour
ions of direct and acid dyes are negatively charged and these
should therefore be less readily attracted. This theory is
to some extent supported by observations of the neutral dyeing
of fibres such as cotton, wool, and silk, but a full discussion
is outside the scope of this survey. The energy regquired to
bring the colour ions up to the fibre surface is supplied by
the thermal agitation of the solution. A certain fraction of
the colour ions which reach the surface is strongly attached to
it, by the operation of the short-range forces, forming hydrogen-
bonds or some such linkage, depending on the constitufions‘of the
dye and the fibre. Very recently, Derbyshire and Peters(7)
have suggested thatpolar forces are of secondary importance in
the dyeing of fibres and that the principal contribution to the
free energy of dyeing is from non-polar van der Waals forces.

The dyeing process may be considered to involve three stages.
(i) Diffusion of dye through the agueous solution to the

surface of the substrate.
(ii) Adsorption of dye on the outer surface of the substrate.
{iii) Diffusion of dye in the pores of the substrate.

(iii) is generally assumed to be the rate-controlling process
Adsorption takes up a neglible amount of time compared with the
diffusion processes and (i) will be much faster than (iii) as
the dye molecules are subject to much less mechanical obstruction

and the restraining forces are weaker in solution than in the



pores of the substrate. |

In the case of a comparatively non-porous substrate, how-
ever, such as chromatographic alumina, where the surface
available for adsorption is easily accessible, the rate of dye-
ing may be more dependent on processes (i) and (ii) than (iii).

Diffusion inside textile fibres has been studied by many
workers. Neale and his associates have shown that it follows
approximately the course predicted by Fick's Law. The rate of

diffusion %% of a dye across a unit area at a given point in

the substrate is proportional to the concentration gradient de -

dx
of the dye at that point, i.e.,

it - dx
where D is the diffusion constant.
Neale ahd Stringfellow(s) applied the equation derived by
licBain'9) and tested later by Hi11(10) to the dyeing of thin
films, where diffusion at the edges may be neglected and the

process regarded as one of diffusion into an infinite plane slab

of thickness b, i.e.,

. ~TDt - 91°Dt - 25T°Dt
% - 2 1 2 1 7 ...
c':o = 1 T"T‘ e b + ge b + 2-5—8 b +

whe:n‘e‘(}_b and C_, are the amounts of dye adsorbed at time t and
atequilibrium respectively and D is the diffusion constant.
They found that adsorption values calculated by applying this

equation agreed quite well with the observed values. A
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A further check was obtained by measuring the rate of dyeing

different thicknesses of viscose sheets, whereby it was found

that the time required to reach a specified degree of

saturation is proportional to the square of the thickness of the
sheet. The experimental evidence confirmed this relatione.

(11)

Gaxrvie and Neale have shown, however, that fhe diffusion
coefficient ealculated according to Fickts Law varies with the
concentration of dye and they suggest that the experimental data
are better represented by the equation,

ds _ / % de
a—_E~"‘DoCo ai

where D' = a new constant, and C = the concentration of the dye.
This is probably because the apparent diffusion coefficient of
a dye, which depends on the partition coefficient, varies with
the distance into the pores from the outer surface of the fibre,
Standing(la) has suggested that the coefficient calculated from
Fick's equation, may be regarded as an approximate average value
of the diffusion coefficient over the concentration range
involved in the experimente.

The rate of dyeing, i.e. the rate of removal of dye from

the dyebath, is found to increase with increase in temperature
(13)

in all cases « The effect of temperature on dyeing rate may

be expressed quantitatively by evaluation of the activation
energy of the process. Considering diffusion inside the -

substrgte, the theory of activated diffusion developed by



6o

(14)

Glasstone, Laidler and Eyring may be applied. This

theory explains the high temperature coefficients of diffusion

through solids by supposing that the solute molecules must
acquire activation energy, E, to overcome the restraint of their
surroundings, before they can diffuse. On this basis, Fick's
Law applies only to activated molecules whose concentration is

proportional to C.e—E/RT, (where C = the total solute concent-

ration), and #ick's equation can be applied to the observed
concentration gradient if the exponential term is included in
the diffusion coefficient, i.e.
Dp = D.e ("E/RD) |

where Dp = the observed diffusion coefficient and temperature i
Ty and D = a constant. |

Hence the plot of the logarithms of the diffusion coefficients
observed at different temperatures against the reciprocal of the
absolute temparature should give a straight line of gradient Eé .

(15) calculated the activation

Garvie, Griffiths and Neale
energy for the diffusion of Heliotrope 2B into "Ceilophane" sheets
by this method and found it to be =14 kcal./mole. |

The same treatment may be applied to the overall rate of

dyeing to give "activation energies of dyeing'. Vickerstaff(lB)

suggests that these values probably refer to diffusion inside the
substrate. The relative importance of diffusion in solution and

the fact that the affinity of the dye for the sibstrate decreases
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as the temperature increases, thus decreasing the concentration
gradient of the adsorbed dye, may produce an additional effect
on rate and render these values less fundamental than those
calculated from diffusion data.

The affinity of a dye for a substrate is of fundamental
importance. In any reacting system, the equilibrium conditions
are governed by the free energy change accompanying the reaction,
The free energy change is a measure of the driving force of the

reaction and determination of its magnitude for the adsorption

process provides a measure of the tendency of the solute molecules

to pass from solution on to the adsorbent surface, i.e. the
"affinity" of +the solute for the adsorbent. Peters and
Vickerstaff(ls) defined the affinity of a dye for a fibre as the
difference between the standard chemical potentizl of the dye in
the two phases, which may be calculated for any system'from the
| following equation:

~A M = RT ln.a - BT ln.a,

Wheré ay and a, are the activities of the dye in the two phases,
Hence the affinity of a dye for any substrate can be determined
provided the activity of the dye both in solution and when
adsorbed, can be expressed satisfactorily.

In the case of dilute solutions of unionised solutes the
activity in solution may be replaced by the concentration as a

first approximation. Most dyes, however, are salts of sulphonic
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or carboxylic acids and may be regarded as strong electrolytes,
i.e., they are completely dissociated into ions in solution, in
which case the activity of the dye may be expressed as the
product of the activities of the ions.

The fact that solutions of electrolytes do not hehave ideally
has been accounted for quantitatively, at least for dilute
solutions, by Debye and Huckel, on the basis of electrical
interaction between ions in solution. It is doubtful, however,'
whether Debye and Huckel!s equation for the activity coefficient,
which is applicable to solutions of'low total ionic strength
containing épherical ions, can be applied to dye solutioms,
where the ions are not only simple spheres, and in many cases
have two or more charges located at specific points in the
molecule. Hence, lacking further information, the activity
coefficients of the ions must be equated to unity.

The activity of a dye adsorbed on a substrate depends on
the mannér in which it is adsorbed. For this reason the affinity
of a dye for a substrate can only be evaluated when the mechanism
of adsorption is known. Three types of adsorption mechanism
may be considered. These are:=-

(1) Solute dissolved in the substrate.

(ii) Diffuse adsorption of the solute with possible multimol-
ecular layer formation.
(iii) Solute adsorbed on specific sites in the substrate to form

a monolayer.
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The adsorﬁtion of dyes by cellulose acetate was
attributed to mechanism'(i) by Kartaschoff(17). In this
case the molar concentrétion-of the solute in the substrate
is usually taken as eypressing the activity. Thiéﬂis not
entirely satisfactory as the volume of the solid phasé
available for the formation of a dye sblution may be
congsiderably less than its total volume.

Yhen adsorption is the result of the existeh@é'of én'!
attraction between the adsorbent and the solute which is é
function of the distance of the solute molecules from the
surface of the adsorbent, adsorption of type (ii) results.
Such an attractive force tends to form a layer of solute on
“the surface, which is opposed by thermal agitation and results
in the distribution of solute molecules in solution shown

belowe.
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If it is assumed that the volume of solution enclosed between
the real surface of the adsorbent and an imaginary sﬁrface (XX
in Fig.), - at which the solute concentration is approximately
equal to that in the bulk of the solution, is a separate surface
layer in equilibrium with the external solution phase, then the
activity of the solute in it is %.,’ where V,= the volume of the
phase, and S = the concentration of the solute there,in moles
per kilogram of adsorbent. |

Type (iii) adsorption may occur when the adsorbént contains
a number of reactive sites which attract solute molecules and
when occupied are no longer available for adsorption. Gilbert
and Rideal(ls) have suggested that the dyeing of wool is a
process of this type and Lemin and Vickerstaff(lg) have based
‘upon it their derivation of an expression for the change in
chemical potential of a @ye during adsorption on wool.,

If it is assumed that the sites are sufficiently far apait
for adsorption of a molecule on any site not to interfere with
adsorption on adjacent sites, the activity of the adsorbed solute
is given by ng’ where © = the fraction of the total number of
sites occupied(zo). As in most cases the number of sites is
émall and they are well spaced out, the assumption is permi§sible.

In the case of an ionised solute when both ions are adsorbed,

the activity is represented by the product of the activities of

~ the ions, e.g., for a dye Na,D, the activity when adsorbed is
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given by:

Oy  Oya

"Na,D ~ I8, " T- oy,

where Gy, and 6y refer to the fraction of sites, available for
the asorption of Na+ and D- ions respectively, which are occupied.
Adsorption is én exothermic process, and is therefore always
accompanied by the evolution of heat. The heat change is
however usually small and its evalution by direct calorimetric
measurement is therefore difficult. Derbyshire(2l) has
determined calorimetrically the heat of adsorption of the
sulphonated azo dye, Naphthalene Orange G (C.I.151) ffom agqueous
solution on to wool, and finds it to be - 9.27 kecal./mole, but
when this method is not practicable, the heat of adsorption may
be evaluated approximately by applying the Clausius-Clapeyron
T, %o 5]

—ll ———
Tl - T2 [S]l

equation:

AR = R

where &%_and[ﬁ% are the concentrations of the solute in solution
at temperatures Tl and T, respecti&ely which are in equilibrium
with one and the same amount of adsorbed solute.

This equation can be applied without knowledge of-the
adsorption mechanism and, if the temperature range is narrow, thé
value of the heat of adsorption calculated can be regarded as

constant to a first agpproximation. The values obtained cannot,

however, be considered as applying solely to the reaction between



12,

the solute and the adsorbent, because they are the algebraic
sum of the heat changes resulting from two successive processes,
{i) the removal of sclute from association with solvent, and (ii),
the attachment of the solute to the adsorbent{7).  They can,
however, be used for comparative purposes where the adsorption
systems differ in only one component, e;g., in comparisons of
the adsorption of a solute from the same solvent, on two different
adsorbents. In this instance, some indication is given on the
relative strength of the solute-adsorbent bonds in the two cases.

The entropy change accompanying the adsorption process may
Ye evaluated from a knowledge of the heat change and the change
in chemical potential involved, by the following equation:

Q/x; = H - TAS

The significance of the entropy change in these processes is still
open to discussion. Boltzmannt's well=known treatment shows that
the entropy of a system is proportional to the logarithm of its
orobability. In the case of an adsorption system where the solute
nolecules are rigidly attached to specific sites in the adsorbent,
it might therefore be expected that adsorption will be accompanied
by a large, negative entropy ohange, because the solute-adsorbent
phase should be much more ordered than the solute-solvent phase,
Evaluation of the entropy change may thus' be useful in comparing
two systems containing the same adsorbent but different solutes.

In such a case it may be concluded that the molecules of the



1%.

A

solute whose adsorption involves the greater change in entropy

will be more rigidly attached, or more precisely oriented on

the adsorbent(lB).



PART T.

ADSORPTION ON ANODISED ALUMINTUM




14,
INTRODUGTION . .

Aluminium owes its great importance as a raw material in
some part to its low specific gravity but mainly to its high
affinity for oxygen. It readily reacts with the oxygen in air

to form a hard, compact oxide skin which protects the metal from

further attack, Anodic oxidation, or anodising, is an electrolytic

process for producing thicker and more robust oxide films on
the metal than those arising from exposure to the atmdsphere.
Heavy oxide coatings may be desirable for various reasons, e.ge.,
to increase the naturally high corrosion resistance of the metal,
to provide an insulating coating for an electrical conductor, to
serve as a key for painting, or for decorative purposes.

The anodising process consists basically in passing an
electric current through a suitable acid electrolyte using an
aluminium anode and a lead, carbon, or stainless steel cathode.
The oxygen liberated at the anode conbines with the anode metal
and forms an oxide coating on it. The thickness and properties
of the oxide film formed are determined to a great extent by the

particular anodising process employed. The type of current, the

i
i
|
i
|
i
i

]
i
|
i
1

current density, the nature, concentration, and temperature of thej

electrolyte, and the time of treatment, are all of great import-
ance. The composition of the anode metal also affects the type
of f£ilm produced.

The phenomena associated with anodising were first observed

by Burf(22) in 1857 but until the first quarter of the present

|
|
!
1
l
|

i
i
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century the possible use of the electrolytically reinforced
oxide film as a means of protecting the metal from corrosion
had attracted little attention. In 1923 Bengough and Stuart(za)
patented the first process for the protection of aluminium and
its alloys in this manner, employing a solution of chromic

acid as electrolyte. At the same time they ' 24

patented a
process for coloration of the film by immersion in aqueous
solutions of organic dyestuffs. Since 1923 many processes
concerned with the production of anodic oxide films on aluminium
have been devised and patented, each yielding a film suitable
for a particular purpose, but three processes account for most
of the anodised aluminiﬁm produced commercially at the present
day.

The most widely used process is the sulphuric acid process
first patented by Gower and Stafford O'Brien and Partners Ltd.,(zs)
in 1927, The low operating temperature and low, constant voltage
employed give this process a distinct advantage ovér the original
Bengough and Stuart process described belowe. The electrolyte
commonly employed is a solution containing 18 to 22% by volume
of sulphuric acid. Anodising at 25° with a direct current of 10
to 15 volts for a period of 30 minutes, produces transparent oxide
films of about 0,010 mm. average thickness on pure alﬁminium.

The film is ideal for dyeing, the production of true, clear shades

of good fastness being relatively easy.
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The Bengough and Stuart process, in spite of the necessity
for "batch" processing which the voltage control introduces
is still widely used. The electrolyte used is a 3% solution of
chromic anhydride in distilled or soft water. = Anode voltage is
raised from zero to 40 volts over a period of 15 minutes, kept
constant for 35 minutes, then raised to 50 volts over a period
of 5 minutes. The treatment is continued for a further 5 minutes
at 50 volts, the total immersion time being 60 minutes. The
operating temperature is, for general purposes, 4001 2° but closer
regulation may be required to ensure exactly reproducible oxide
films, e.g., where a film has to be repeated to match the colours
of a dyed finish, The films produced average about 0,005 mm.
in thickness and are opague. Clear, bright shades cannot be
obtained on dyeing and, owing to limited penetration of dyestuffs,\
fastness properties of dyed shades are poor. The film is hence
not much used for decorative purposes but has excellent corrosion
resistance and is widely employed to protect light metal parts
exposed to atmospheric and marine influences., Using a pure
aluminium anode, this process yields films which are almost
entirely § - Alzo3 with only ca.0.1% of impurity as chromium,
thus an adaptation of it was employed in the preparation of the

oxide films required in the course of the present investigation. -
The third main commerc¢ial process is the oxalic acid process

first patented by Zaidan, Hojin, Rikagaku and Kenkyujo(26) in
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1924. = 0Oxide films of 0.020 to 0.030 mm. average thickness
are produced on pure aluminium by a 60 minute treatment in 3 to
8% oxalic acid solution at‘250 to 30° and under a constant voltage
of SO‘to 60 volts.,. Direct current yields light straw coloured
films while alternating current treatment results in brass yellow
to brénze'films on the pure metal. The colour of the film inter-
feres with some dyed Shades but fastness properties are good as
the comparatively thick films can absorb considerable amounts of
dyestuff.

The differing properties of the anodic films produoed by the
three commereial processes outlined above supports the statement
made earlier that the type of film produced is dependent on the
methed employed to produce it. Knowledge of the structure and
composition'of the film is essential from the point of view of
elucidating the mechanisms involved in sorption of compounds by
fhe film thus it is relevant to review briefly the work done to
determine the mode of film formation and its physical and chemical
structures.,

The Formation of the Anodic Oxide Film,

The electrolytes employed in the process of anodising contain
no aluminium ions, other than those resulting from unavoidable
chemical dissolution of the anode, hence the anodic film can only
form at the expense of the basis metal.

(22)

Buff discovered that when a current was passed in an
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electrolytic cell with an aluminium plate as anode and sulphuric
acid as electrolyte, it fell rapidly with time to a very low
value but not to zero. Some time later, several investigators(27)
found that the flow of current could be maintained if the applied
voltage was increased. The required voltage depends on the
nature of the electrolyte used, and increases with time to a
maximum value characteristic 6f the electrolyte. It was found
that the higher was the voltage cheracteristic, the thinner was
the film formed. Gunther-Schulze(27) concluded that the material
forming the anodic film must be of itself non-conducting, but was
porous, its effective conductivity being dependent on the total
cross~sectional area of the pores. When an electrolyte is
employed in which the film is appreciably soluble, as is the case
with the electrolytes used commerically, the cross-sectional area
of the pores increases especially at the outer surface, and the
thickness of the film attains an equilibfium value when the rate
formation is equal to the rate of solution of the outer layers.
Beyond this point the outer 1ayers-are subject to solution more
rapidly than the new film is formed,—and the film tends to become

loose and powdery.

The individual stages of film formation are represented below.
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At stage (4), the total change in the thickness of the metal plus
oxide is zero, As anodising continues, stage (5) is reached
where the film thickness is reduced until the combined thickmess
of the metal and oxide is less than that of the metal originally.
The extent of this action depends largely on the nature of the
electrolyte, solution occurring to a greater extent with sulphuric
than wifh chromic acid, stage (4) represents the point at which
rate of film formation is balanced by rate of solution.

The actual mode of formation of the films has been intensive-
ly studied. Theories that the primary reactions involved is the
formation of aluminium hydroxide have been proposed by several
workers. Ginsberg(zs) suggested that the hydroxide is initially

formed by chemical means and is dehydrated and hardened by spark
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discharge to form the oxide. This mechanism is unlikely as
there is no evidence of sparking occurring during formation.
Lilienfeld, Nieh, and Goldman(zg) later proposed a theory which
also assumed the formation of the hydroxide. They suggested
that dehydration resulted from a mechanical pressure‘arising from
the electric field produced in the hydroxide which functions as a
dielectric between the anode and the electrolyte. The pressure
forces the water from the hydroxide to form a hard, compact layer
of oxide, It has not been observed with any degree of certainty,
however, that hydration occurs at any stage of the process.

Other conjectures frequently made in the literature that the
aluminium salt initially formed at the anode is hydrolysed and
precipitated as Al(OH)3 which then migrates electrophoretically
to the anode and is there dehydrated are not supported by con-
sideration of the conditions obtaining at the anode. Jenny and
Lewis(Bo)fpoint out that the occurence of hydrolysis is improbable
when the reaction of the strongly acid electrolyte is unlikely to
attain the neutral point in the neighbourhood of the énode. In
any case, the hydroxide formed would be poSitively aharged and
would not migrate to the anode. -

As a result of investigating films formed in electrolytes

having little or no solvent action on them, Gunther-Schulze(Bl)
| proposed that the primary reaction was a result of the direct

combination of the anode metal and oxygeﬁ. He suggested that
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the film was made up as follows:
(a2) A continuous skin of molecular thickness covering the metal.
(p) A gas layer in the pores of an oxide film.
(¢) A solid porous film filled with electrolyte.
(a) is the naturally-occurring film which is pierced by incoming
0" "ions when the énodising current is passed. The incoming ions
transfer their charges to the surface and form an oxide layer which
is later pierced by ions arriving later. In this way a porous
oxide is formed. llost of the subsequent ions do not reach the
metal but give up their charge on meeting an obstacle of high
resistance and in so doing free electrons which are alcne capable
of piercing the layer of high resistance. This occurs at the
junction of the electrolyte and gas layer(b) and the solid film(a).
A few ions do, of course, penetrate'to the metal and form more oxide
while those neutralised at the junction of (a) and (b) reinforce

(32)

the gas layer. Later, Setch and Miyata - supported the concept
that the film was a result of the direct reaction between the metal
and oXygen. The initial layer so formed is sufficiently porous to
allow oxygen ions and the anodising current to flow through it,
thus the film gpows continuously from the initisl active layer. In
the case of anod@ising with sulphuric acid as electrolyte, the 07
ion, having a discharge potential of + 1.23 volts is discharged
preferentially to thle 804__ ion with its higher discharge potential

of + 1.9 volts. The oxygen, in the extremely active form in which
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the O ion exists, combines with the similarly highly active
aluminium to form Aly0z directly. Since the reaction takes place
in aqueous solution, water can take part in the decomposition so
that the oxide formed may be hydrated to a greater or lesser extent
depending on the conditions obtaining.

The course of the reaction may be formulated as follows:

2 A1 +30 = A1203

or 2 Al + 3 0+ HyO = M ,0z.H0 o o 0 oo (1)

tne film formed and the aluminium then dissolve in the dibasic acid

H,R in accordance with the equations:

2
3 H2R + A,1203 = A12R3 + 3 H20
or 3 HoR + Al,0;.H,0 = AljRz + 4 Hy0 o . . (41)
and 3 H20 + 2 Al = A12R3 +3H, .. (iii)

Solution occurs predominantly in accordance with (ii), at least in
the equilibrium state where a balance is maintained between form-
ation of the film 8nd its dissolution, whilst solution of the
metal, which takes place in accordance with (iii) is of subordinate
importance under the operating conditions usuzl in the commercial
processes,

Examination of the film formed in sulphuric acid by Akimov,

(33) showed a thin, dense layer of slightly

Tomaschov and Tinkina
hydrated oxide adjacent to the aluminium surface with a thick,
porous layer of hydrated oxide on the outside. They agree with

tae theory that the thin layer is the result of direct combination
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of the aluminium and oxygen, and suggest that the porosity of

the outer layer is due to the solvent action of the sulphuric
acid which produces irregular cone-shaped fissures.,

A theory proposed bj Mott(34) to explain the formation of
oxide films on aluminium and similar metals in air provides a
reason for their limiting thickness, Thé theory may basically
apply to electrolytical formation of films. He suggestéd that
formation is a result of the diffusion of metal ions and electrons
through the oxide layer., If the electrons have sufficient energy
to diffuse to the outer surface of the oxide layer, combination
will occur between metal ions and oxygen at the surface to form
new layers of oxide., Electrons can penetrate an insulating layer
up to a distance of about SOK without receiving any energy of
excitation. This theory, known as the quantum mechanical tunnel

effect, is the basis of Mott!s theory. HeFBS)

later proposed
another theory in which he assumed that oxygen ions are adsorbed

on the Surface,'setting up a strong electric field, in the course

of electrolytic oxidation. The metal ions can migrate under these
strong electric fields although their solubility in the oxide at

the temperatures considered is very sméll to allow their passage.

By both treatments he arrived at the value of work function required
for diffusion of the metal ions and electrons, which are comparable,

and lead to the limiting value of film thickness usually found. He

states, however, that insufficient experimental data is available
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to determine which theory is correcte.

A very comprehensive theory which accounts for most of the
general characteristics of the film has been propoSed by
Anderson(36). He has shown that the compact, barrier layer of
‘oxide separating the metal from the porous oxide layér is the
‘seat of growth processes from which the porous film originates.
The barrier layer is formed by diffusion of Al+++ ions of radius
0.54, under the influence of an intense electric field, ca. 107
volts/cm., to the solution. Electrical conductance within the
film allows O ions, with a comparatively large radius of 1.32,
to pass through the film when sufficient space has been created
by the diffusion of Al+++ ions. For every three Al+++ ions
involved, two combine with O~ ions to form oxide and one diffuses
into the solution where it forms a soluble salt with the acid.,
This theory accounts for the porosity of the film and for its
excellent adherence to the metal, as the oxide film grows outwards
with the barrier layer always in gqod contact with the aluminium.
Such a mechanism is also oonsideréd necessary to account for the

spatial arrangement of the aluminium and oxygen atoms in the film.

Structure and Composition of the Oxide Film.

When electrolytes having little or no solvent action on the
film are used for its production, it remains extremely thin, ca.
%/L, and fine pored. Appreciably solvent electrolytes, such as

salphuric, chromic and oxalic acids yield thick films as they ensure
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the maintenance of adequate pore cross-section which allows the
passage of the relatively large leakage current required for

ng-th .

(33)

Akimov, Tomaschov, and Tinkina found evidénce of irregular
cone~shagped fissures in films formed in sulphuric acid. Edwards
and Keller(37) obtained electron micrographs which suggested a
porous structure in which the pores widened as they approached the
outer surface of the film, Rummel(aa) pPhotographed the cross-
section of an oxidised zluminium sheet perpendicular to the
surface., The photographs obtained show that the pores run
comparatively uniformly at right angles to the metal surface.
Assuming the cross-section 'of the poreslto be circular, he
calculated their diameter to be about 0.1l i . Evidence obtained
by a study of the permeability of films produced by complete
anodising of aluminium in chromic and sulphuric acids, led Burwell
and Méy(39) to suggest that the film is not entirely penetrated
by pores, but that an impervious barrier layer exists., X-ray
examination of films, without stripping them from the metal, after
they had been dyed with Alizarin S was carried out by Bradshaw and
clarke!4©).,  The dye was found to have penetrated about half way
through the film over most of its surface but in places penetration
had occurred through the entire thickness of the film,

Many workers who have studied the film by X-ray and electron

diffraction methods state that the oxide has an amorphous structure,
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while others maintain that it is crystalline. X=ray diffraction
patterns for films formed in oxalic acid were obtained by Schmid

(41)

and Wassermann which showed two broad diffuse rings ascribed

by them to the anhydrous oxide X— A1203. Burgers, Claassen

and Zernike(42)

obtained sharp [- oxide patterns for films
produced in boric acid, but this is not conclusive since the
electrolyte was used at boiling point. Broad diffuse 5- oxide
bands for the films as formed and sharp patterns for films
subsequently boiled in water were obtained by Harrington and
NelSoﬂAB)for films produced in sulphuric, oxalic and phosphoric
acids. From the width of the diffuse bands they calculated that
the grain size of the meterial as formed, if crystalline, was
123, less than twice the edge of the unit cell of K- A1203 (7.903).
As they point out, there is little real difference between an
amorphous material and a crystalline material of this grain size.
They readily identified the patterns of the bdiled film as those

of the monohydrate, bohmite. Other workers'’*) state that the
film as formed is amorphous and on heating is converted to cubic

Y- 41,05, Pullen'4?) states that the film appears to be amorphous,
as far as X-ray and electron diffraction methods can determine, but
suggests that this observation is probably due to the crystals
being too small to give a pattern,

Evidence that the crystalline form of the film is independent

of the electrolyte used was put forward by Taylor, Tucker and
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Edwards(46)‘ They obtained K— oxide patterns for films formed

at applied voltages of over 100 volts in various electrolytes.

Chemical analysés have been made by numerous investigators
and lead to the conclusion that the film consists of aluminium
oxide with quantities of adsorbed water and some occluded
electrolyte.

For films formed in chromic acid, various authors(45)(47)
have published figures which are consistent and show that the

film is practically anhydrous with only a trace, ca.0.1% of
chromium.

The figures published for films formed in oxalic amnd sulphuric
acids are somewhat divergent. Baunann (48) states thet films
formed in oxalic acid approximate to 2 Alp03.H20 while Pullen(45)
gives A1203.H20. Films formed iﬁ sulphuric acid contain about
13% of the electrolyte as basic sulphates. |
Factors affecting the Formation and Structure of the Oxide Film,

-The effect of the nature of the electrolyte on the formation
and structure of the oxide film has already been mentioned. In
any one process using a particular electrolyte there are, however,
several other variables which have an effect on the type of film
formed.

(1) The operating temperature of the processe.

As the solvent action of the electrolyte is increased by

increase of temperature, film thickness varies with the operating
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temperature of the anodising process. The pores of the film
tYaper towards the interior and high temperature increases the
taper of the pores by resulting in increasing dissolution of the
outer layers of the film; This explains the fact that adsorption
of dyes by the film increases with the temperature at which they
(49) |

are formed

(2) The current density.

Parr, Darrin and Tubbs'??) found that' the amount of aluminium
oxidised is directly proportional to the current‘density. Current
density increases as temperatum increases hence high temperatures
should result in thicker oxide coatings. In practice, as solution
of the film in the electrolyte is greater at higher temperatures,
the effect of high current densities is probably cancelled out.

(3) Time of treatment.

Although the thickness of the film formed is a function of
the time of treatment, the limiting factor in film thickness is
the solvent action of the electrolyte. As anodising continues
the anode decreases in thickness until ultimately it becomes so
thin that it melts due to the great resistance, The passage of
current is interrupted at this point so that very small pieces of
the metal are always formed in the interior of the film.,

(4) The composition of the basis metal.

The current density on a surface being anodised as well as

being affected by the nature and temperature of the electrolyte,
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is varied by the alloying elements in the anode metal.  Possible
variations in ourreﬁt density from one part of the surface to
another are important since these cause variations in the thickness
and appearance of the anodic film. ‘Ellsner(51) found that under
similar anodising conditions, much thicker films are produced on
pure aluminium and aluminium-magnesium=-silicon alloys than on
aluminium-silicon or duralumin type alloys. The difference between
- the effects due to alloying elements in solid solution and those
which are present as unadsorbed components is indicated by several
workers(52), who found that free silinon and MnAlg are not dissolved
or oxidised to any extent but remain dispersed in the anodic film,
which they darken., All other constituents dissolve in the |
commercial electrolytes, but some only do so rapidly as long as
they maintain contact with aluminium, If contact is broken they
remain?ﬁndissolved as an impurity in the fiim. Irregular film
thickness may result where an alloying element is entirely in solid
solution as current flow, and hence anodising, may occur prefer-
entially in the neighbourhood of the grain boundaries.

The colour of thevanodic film is also modified by the presence
of alloying elements., Pilms produced on silicon or manganese
containing alloys in sulphuric acid are grey, as are films produced
on silicon éontaining alloys by the oxalic acid processe.

Dyeing of the Oxide Film.

(24)

Since Bengough and Stuart took out the first patent for
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colouring anodised aluminium by the application of water soluble
dyes a considerable amount of work on the subject has been
reported, mainly in the patent literature. Most of this work
has, however, been of an empirical and practical nature and the
mechanism of the dyeing process has not been investigated
quantitatively.

The dyeing of the anodic film has been compared with the
adsorption of dyes on alumina powder by'Haller(53) who found that
both the film and the powder were dyed uniformly to the same
shade by acid dyes, while basic dyes did not dye the film at all.
Wnen alumina powder was shaken with solutions of basic dyes and
then allowed to settle, it was found that the heavier particles
settled down undyed while the finer particles were dyed. He
suggests that the relative sizes of the oxide grains and the dye
particles may thus be of importance.

The types of dyes which are suitable for colouring the film
have been described by Henley(54) who has also discussed the
factors on which the choice of dye should be based, Gill(55) has

made an extensive survey of the methods of dyeing the film and of
the dyes with regard to their level-dyeing properties and their
fastness to light, heat and water. He states that the best dyed
results appear to be obtained with dyes which are capable of
forming co-ordinated complexes or lakes with the alumina of the

film, Very recently, Speiser(56) has suggested that lake-forming
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dyes colour the film by forming a chemical complex with the oxide,
whereas the fixation of acid and direct dyes is due to physical
forces. He also states that basic dyes do not colour the film
unless it is pre-treated with certain collagen substances, and
suggests that these substances form a chemical complex with the
dye. No quantitative work has, however, been reported or
conclusive evidence produced to prove the operation of these

mechanismse.
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EXPERIMENTAL .,

Preparation of the Oxide Film,

(a) Anodising equipment.

The anodising cell was a 2 litre beaker immersed in a
thermostat so that rigid temperature control could be maintained
throughout the anodising process. The cathode was a lead plate
(6 x 33 X § in.) and the anode a strip of aluminium foil of the
same area. A perspex frame held the electrodes at a fixed dis=~
tance apart. Any slight variations in temperature over the anode
surface were eliminated by the provision of an electrically driven
stirrer, operating at slow speed, which kept the electroiyte
constantly agitated. Uniform thickness of the oxide film owver the
anode surface was thus ensured. The cell (Fig.l) was connected in
the ancdising circuit (Pig.2) with a voltmeter across the elect-
rodes, an ammeter in series with the main circuit and a variable
resistance to adjust the output from the rectifier.

The electrolyte used was a 3% solution of "Analar" chromium
trioxide in distilled water. The electrblyte was chosen because
of the high purity of the films formed in it.

The basis metal was aluminium foil in a high state of purity
- (99.,99%) since the presence of impurities in the anode has been
shown to have a considerable effect on the constitution of the

film {(see p.28). The foil was obtained through the courtesy of

The British Aluminium Co. Ltde.
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(b) Anodising procedure.

The foil was cut to a size corresponding to.that of the lead
anode and lightly marked into strips (3% x % in.). It was
thoroughly degreased by wiping over with a cotton wool pad soaked
in carbon tetrachloride, wrinkles being smoothed out at the same
time so as to present a flat surface for anocdising. After further
washing with water the foil was inserted as anode in the cell,
Anodising was carried out for 2 hours at 450 using rectified
alternating current and an applied voltage of 45 volts., This
ensured a current density of ca. 6 amps/sq.ft. On completion of
anodising the anode was removed from the cell and waShed with
water to remove any adhering electrolyte. The anodised foil
was dried by pressing between two filter papers to remove loose
water followed by oven drying.at 130° for'one hour. Prior to use
in sorption experiments the foil was kept in a dessicator, but
never for more than twenty four hours after anodising as the
absérptive capacity of the film deteriorates if a longer period
ié allowed to elapse.

The procedure described above was strictly adhered to, as
slight variations in anodising conditions may affect the properties
of the film formed considerably and it was essential for exactly
similar films to be used throughout the experimental worke. Care
was taken not to handle freshly anodised films as grease is readily

absorbed and effectively seals the pores of those parts of the film
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wnich come in contact with the skin.,

Estimation of the Oxide Film,

The method suggested by Edwards(57) was used to determine
the weight of oxide on the strips (3% x x in.) cut from the anode.
Each strip was immersed in 50 ml. of a boiling solution containing
phosphoric acid (85%: 35 ml.) and chromium trioxide (EOg.) per
litre of distilled water. By weighing the'strip before immersion
and after immersion and drying the amount of oxide present was
given by the difference in the two weights. ‘In practice, a 5
minute treatment was found sufficient. The average weight of

oxide on strip of 0.875 sg.ins. area was estimated as ca.0.1l5g.

Dyes and other Reagents Used.

The adsorption characteristics of the following compounds on
the anodic film was studied.

Azo-compound .

Azobenzene

A pure sample of this compound was prepared by recrystallis-
ation of a commercisl sample and checking the purity by melting-
point determination.

Hdyroxy-compounds.
(i) 2:4=Dinitrophenol

(ii) 2:4-Dihydroxyazobenzene
A pure sample of (i) was obtained by recrystallising a labor-

atory sample and checking its purity by melting-point determinatian
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Compound (ii) was prepared by diazotising aniline and
coupling with resorcinol. It was purified by recrystallisation
and its purity checked by melting=point determination.

Amino-compounds.

(1) Phenylazo - 1 = naphthylamine
(1i) Phenylazo = 2 - naphthylamine
(iii) Magenta P (C.I.677)

(i) and (ii) were prepared in the normal manner from aniline
and 1- and 2= naphthylamine respectively, and purified by
recrystallisation.

(iii) was prepared by recrystallisation of a commercial
sample.

Acetoxy=-compounds.

(1) Glycerol triacetate
(ii) 2:4-Diacetoxyazobenzene

Pure glycerol triacetate was prepared by redistillation of a
commerc¢ial sample, Compound (ii) was prepared by acetylation of
the dihydroxy-compound in the normal manner,

Methoxy-compounds.

(1) 2-Methoxynaphthalene
(ii) Dimethylterephthalate
(iii) 2:4-Dinitroanisole
Pure laboratory samples used,

Lake-forming compounds,

(i) Alizarin
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(1i) Solway Blue B (C.I. 1054).
Compound (i) was prepared from a commérical sample of
sublimation and its purity checked by melting-point determination.
(ii) was prepared by recrystallisation of a commercial

sample.

Sulphonated azo-compounds,

Sodium salts of -the compounds listed below were used in every

case and are referred to subsequently by the names given in

parenthesis.
Colour Index
To.
(i) Sulphanilic acid~—» l=-naphthol (Orange IZ 150
(ii) o-Methyl derivative of (i) (Methylated
Orange TI)
(iidi) Sulphanilic acil —s 2-naphthol (Orange II) 151
(div) 1-Naphthylamine-4=-sulphonic acid —» 2-naphthol 176
(Naphthalene Red J) |
(v) Aniline —» 2-naphthol-3:6-disulphonic acid 38
(Aniline ——» R=-acid)
(vi) l-Naphthyiamine —» 2=-naphthol-%:6-disulphonic 88

acid (1l=Naphthylamine —» R-acid)
(vii) p-n-Butylaniline —» 2-naphthol-3:6~-disulphonic

acid (Butylaniline —sR-acid)



(viii)
(ix)
(x)
(xi)
(xii)
(xiii)
(xiv)
(xv)
(xvi)

(xvii)

(xviii)
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Colour Index
To.

p-n-Dodecylaniline —e 2-naphthol-%:6=
disulphonic acid (Dodecylaniline —s»R-zcid)

Sulphanilic acid—» 2-naphthol-6-sulphonic

acid

l-Naphthylamine-4-sulphonic acid —» 2-naphthol
-6=sulphonic acid ( Naphthalene Red EA) 182
Aniline —» l=acetylamino-8-naphthol-3%: 6=
disulphonic acid (Azogeranine) , 31
p-n-Butylaniline —s l-acetylamino=-8-naphthol-
3:6-disulphonic acid (Bubtylazogeranine) -
p-n-Dodecylaniline —»l-acetylamino-8-naphthol=-
3:6-disulphohic acid (Dodecylazogeranine)

Aniline —pl=-amino=-8-naphthol=3:6-disulphonic

acid (Aniline —» H-acid)
p-n-Butylaniline —» l-amino-8~-naphthol ~3:6-
disulphonic acid (Butylaniline-—s H -acid)
Sulphanilic acid—s 2-naphthol-3:6=-disulphonic

acid (Sulphanilic acid —s R-acid)

1- Naphthylamine-4-sulphonic acid—» 2~ | 185
naphthol-6:8-~disulphonic acid (: Naphthalene
Scarlet 4R)
Dianisidine-——»(l-amino-B-naphthol-Z:4- 518

disulphonic acid)y (Sky Blue FF)
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Pure samples of compounds (i), (iii), (iv),(vi),(x), (x1), (xiii),
(xvii) and (xviii) were prepared from commerzial samples by one
of two methods. Compounds (iv),(x),(xvii) and (xviii) were
purified by passage down a column of anionic and cationic resins
in series, the resultant free acids being subsequently neutralised
- with sodium hydrogen carbonate. The remainder were pu;ified
by salting out from aqueous solution with sodium chloride followed
by recrystallisation from ethanol-water mixture. Compound (ii)
was prepared by methylation of a 100% pure sample of (i).

A1l other sulphonated azo-compounds were prepared in the
laboratory by diazotising the appropriate amine and coupling with
- the appropriate naphthol. Purification was effected by salting
out and recrystallising.

Pure samples of the naphthols required were available except
in the case of l-acetylamino-8-naphthol=3:6-disulphonic acid, used
in the preparation of compounds (xii) and (xiii). This was
prepared from l-amino-8-naphthol-3:6-disulphonic acid by the
method described by Fierz-David and Blangey(58). The amino=-
compound was acetylated in sodium carbonate solution by using
acetic anhydride. Complete acetylation of the amino=-group boours

and the hydroxy-group is partially acetylated. Wthen
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acetylation was complete sodium carbonate was added to the sol-

ution which was then heated to 90° to 95° for one hour. This
treatment hydrolyses the acetyl group on the oxygen but does not
attack the acetyl-amino group. The resulting alkaline solution
was used directly in the coupling reaction.

The purity of all the sulphonated azo-compounds was determin-
ed by reduction with titanous chloride as described by Kneoht‘59).
All samples used in the experimental work were of over 95% purity

as estimated by this method,

Adsorption Procedure.

5 ml. of a solution of the compound under investigation was
placed in a soda glass test tube together with a weighed strip
(3% x £ in.) of anodised foil, The tube was then completely seal-
ed in a bunsen flame and immersed in a thermostat fbénk at the
required experimental temperature. Constant agitation of the
contents of the tube was effected by attaching it to an electric-
ally driven horizontal shaft, revolving at 35 r.p.m., under the
water in the thermostat tank,.

For measurements of the rate of adsorption several tubes
containing 5 ml. portions of a solution of one concentration,
usually 0.02% by weight of solute, were placed in a thermostat.
These were removed and their contents analysed at various time
intervals measured from the time of immerstion., The state of the

solution/oxide film system could thus be specified after the
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adsorption process had continued for different periods of time.
Analyses of contents of tubes removed after a period of immersion,
which varied with solute and experimental temperature, from ca.

2 hours to ca. 24 hours, showed constant distribution of the
solute between film and solution. This indicates that the system
has reached the equilibrium state.

Adsorption isotherms were plotted from results obtained by
immersing a number of tubes in the termbstat each containing one
of a range of concentrations of solute, usually 0.02% to 0.2% by
weight. The tTubes were allowed to remain in the thermostat until
sufficient time had elapsed for equilibrium to be attained.

The amount of solute adsorbed by the oxide was determined by
noting the difference between the initial and final ooncentrétion
of the test solutions.

-8light variations in the size of the anodised pieces, and
hence in the amount of oxide, used in each tube were éllowed for
by stripping and weighing each piece on removal from the tube when
the experiment was completed. This weight was substracted from
that measured before immersion of the strip in the test solution,

the difference representing the Weight of oxide.

Analytical Technigues.

(1) Estimation of concentration of solutions of compounds studied.

The concentrations of solutions of the compounds under
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investigation were determined by photoelectric absorptiometry
with a tungsten or mercury vapour lamp as light source.

Solutions containing dyes and other coloured compounds were
measuied using a Hilger "Spekker" adsorptiometer with a tungsten
lamp.

The concentrations of solutions of colourless solutes were
measured using a Unicam $.P. 500 photoelectric spectrophotometer
with an ultra-violet light source. Ultra-violet adsorption
spectra for the solutes in the solvents employed in the adsorption
exﬁeriments were first obtained and all subsequent reédings taken
using light of the wavelength most strongly adsorbed by each
solute. In cases where it was suspected that the solute had
decomposed as a result of treatment with the anodised foil,
comparison of ultra-violet spectra obtained before and after the
adsorption experiment usually indicated whether or not decompos-
ition had occurred.

It was found that the pH of neutral solutions which had been
in contact with the anodised foil increased. Precautions had
therefare to be taken when measuring the concentrations of solut-
ions of solutes whose colour is altered by change in pH. Solutions
of alizarin in aqueous ethanol were found to change from pale
orange o blue-red in colour after contact with the anodised foil,
Sgrensen(6o) has noted the alteration of the colour of alizarin

with pH and suggests its use as an indicator. Aqueous solutions
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of Ofange I changed colour from orange to red on treatment with
the anodic film, Iﬁ the case of these +two compounds, in order
to determine the amount of solute adsorbed by the film, the
calibration solutions and those from which adsorption had taken
place were made distinctly acid by the addition of 4 ml. of a
50% glacial acetic acid - 50% water mixture to 1 ml. of the
solution before analyses were carried out. |

(2) Estimation of the amount of aluminium in agueous solution.

The concentrations of agueous solutions containing aluminium
were determined using "aluminon" reageht. This reagent forms a
bright red lake with aluminium. It was prepared by dissolving
0.2g. of ammonium aurin tricarboxylate in 100 ml. of distilled
water. Small concentrations of aluminium (up to 0.05mg. in 50
mle) éive pink to red coloured solutions which are suifable for
colorimetric estimation,

The method of estimation used is described by Vpgel(Gl).
8 ml. of 2% hydrochloric acid, 10 ml. of 25% acetic acid and 5 ml.
of the reagent were added to 2 ml. test solution, in that order.
The volume was finally made up to 50 ml. by addifion of a 10%
solution of ammonium carbbnate in 30% agueous ammonia (0.880 S.G.)
solution. The ooiour produced was compared oh the Hilger "Spekker"
adsorptiometer with that of standard solutiéns prepared by

dilution of an aqueous solution containing 1.759g. "Analar"

potassium aluminium sulphate per litre, of which 1 ml. contained
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O.1 mg. of aluminium.

Measurement of Diffusion of Sulphonated Azo-compounds in Solution.

The porous plate method of Northop and Anson(62) was employed
to measure the diffusion ocoefficients of compounds in agueous
solution at several temperatures. The apparatus is represented
diagrammatically in Fig.3. The two soiutions between which
diffusion takes place are separated by the porous plate of sinter-
ed glass about 4cm. in diameter and 2mm. thick. A detailed
description of the use of the apparatus is given by Holmes and
Standing(63) |

The inner compartment was filled with a 0.02% solution of
the compound under investigation and arranged so that the porous
plate was just below the'surface of the distilled water in the
outer compartment. The apparatus was then placed in a thermostat
for 8 hours in order that thermal equilibrium might be attained
and also to ensure that there was a steady concentration gradient
through the porous plate. The external solution was then replac-‘
~ed by distilled water previously adjuste@ to the correct temper-
ature. Diffusion was allowed to take place for a period of time,
about 15 hours, measured from the time of addition of the distill-
ed water to the external compartmeﬁ%, at the end Qf which a
sample of the external solution was withdravm and analysed
cdlorimetrically.

The diffusion coefficient, D, was calculated from the

equation overleaf.
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CO

= (N+ 1) ¢y

where Cpy = the concentratlon in the internal compartment at the

start of the measured diffusion period and Gl that in the outer
solution at the end of the experiment; A = the volume of the

external solution / volume of internal solution ( = 19.2 for

the apparatus used; t = time of diffusion, and&@ = a constant
depending on the characteristics of the cell(®4),  The valme
of/6 was determined by measuring the diffusion of N/2 potassium
chloride, for which D = 17.7 x 10-6 cm.2/ sec. at 250, and was

found to be 71.8 cm."'1 faor the apparatus used.
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RESULTS ANWD DISCUSSION,

SECTION I,

The Adsorption of Lake-forming Compounds.

It has already been mentioned (p.30) that dyestuffs capable
of "laking" or forming co-ordinated complexes with alumina have
been found to produce the most satisfactory dyed anodic films.

A quantitative study was made of the adsorption behaviour of two
lake-forming compounds, 1l:2-dihydroxyanthraquinone (alizarin)

and sodium, l:5-diamino=-4:8-dihydroxyanthraquinone~3:7-disulphon-
ate (Solway Blue B, C.I. 1054).

Adsorption isotherms plotted from the results of experiments
with solutions of alizarin in an ethanol-water (60:40) mixture
ranging in concentration from 0.4g./1l. to 2.0g./1., at 59° and
510, are shown in Fig.4. The coindidence of these isotherms,
within the experimental error, demonstrates that the equilibrium

adsorption values are independent of temperature. The adsorption
process would therefore appear to involve the irreversible
formation of a chelate complex between the alizarin and the anodic
film, That the complex formed is very stable, is shown by the
fact that when dyed films were subjected to prolonged treatment
with water at the temperature of the adsorption experiments, no
colour was removed, whereas some desorption has been found to

occur under these conditions when the film is dyed with non-
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chelating dyes.

The nature of the>alumina—alizarin complex formed is un-
certain, A considerable amount of work is reported upon the
determination of the mechanisn of formétion and structure of the
aluminium=-alizarin lake but doubt exists as to vhether it is
formed as a result of chemical combination or an adsorption
process. Liebermann(65) sugrested aluminium formed a compound

with alizarin having the following structure:

o O—AL{—OH

o

O

lMany subsequent authors have accepted this formula. Although
Liebermann does not seem to have obtained a substance correspond-
ing to it. Norgan and Smith(66) and Drew and co-workers(67)

came to the conclusion that the metal is co-ardinately attached ‘o
the carbonyl and the adjacent hydroxy=-group, while the»hydroxy-
group in the 2-position is sufficiently acidic for a Ffurther
‘aluminium atom to become attached to it under suitable conditions,
although this atom can be easily removed or replaced; thus they
considered the aluminium-alizarin complex to have. the following

strutture: ~2H,0° 34,0 24,0

& ¥ R

—h—on

Ho
:::]ij;]i::]——o-—ﬂ&—ﬂm @@—N&—O-—[:i:[:::lii:]
34,0
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The evidence cited above indicates that the lake is a definite
chemical compound but Williamson(68) disagrees with this view and
states that the lake is.an aluminium oxide-sodiﬁm alizarate
adsorption complex. Weiser and Porter(®9) studied the mechanism
of formation of alizarin lakes with the hydrous oxides of iron,
chromium and aluminium and concluded that the formation of lakes
from sodium alizarate baths is due to adsorption of the dye anion
by the oxide.

In view of the excellent fastness of anodic films dyed with
alizarin, however, it would seem that the lake is more likely to
be a chemical compound.

An attempt was made to throw some light on the structure of
the lake by carrying out an absorptiometric titration of alizarin
(1.0g./1.) in ethanol, with agueous aluminium sulphate (1.0g./l.)
The titration curve is shown in Fig.5. It was found that 1.5 ml.
of the aluminium sulphate solution were necessary to complex the
glizarin in 5 ml. of the alizarin solution. The ratio of
aluminium atoms to alizarin molecules calculated from these fig-
ures is ca. 4.5:1.

If such a complex is formed between alizarin and the gnodic
film, it is difficult to visuwalise the orientation of the alizarin
molecules with respect to the film. Determination of the orient-
ation of adsorbed molecules on the film will be discussed in some

detail in the section dealing with the adsorption of sulphonated
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azo dyes, but here it may be stated that the results of equilib-
rium measurements for alizarin are consistent with the value for
the surface area of the film (ca.l2 x 10° cm.“/g.), calculated .
from measurements with sulphonated azo dyes, if it is assumed that
alizarin molecules form a close-packed monolayer in which they
are attached fo the film through the two hydfoxy-groups in the
l= and 2- positions with the plane of the anthracene nucleus
normal to the film surface,

Isotherms plotted from the results of adsorption experiments

carried out ab 510, 53-50, end 58° with aqueous solutions of
Solway Blue B, rangeing in concentration from 0.4g./l. to 2.0g./1l.
are shown in Fig.6. The isotherms reach maxima and subsequently
fall, which may possibly be due to some dissulution of the |
aluminium=-solute complex. Variation in temperature does not
appear to affect the position of the isotherms greatly, they may
in fact be considered to be independent of temperature within the
experimental error, and the reaction is probably complex-formation
as in the case of alizarin. In support of this, an estimation of
the orientation of adsorbed molecules from the maximum adsorption
value indicates that this dye also forms a close-packed monolayer
on the surface, in which the molecules are oriented in a similar
manner to those of alizarin, i.e. with the plane of the anthracene
nucleus normal to the film surface. If adsorption were the
result of reaction between the sulphonate groups and the film,

the molecule would be expected to be flat on the surface (cf.

Pe. 67 )



49.

SECTION IT,

Adsorption of Non-Chelating Solutes.

In order to find the part played by various functional groups
in the adsorption of non-chelating compounds by the anodic oxide
film, the adsorption of several compounds having similar basic
- skeletons but containing different functional groupé'was. invest-
. igaﬁed. With a view to later work on the adsorption behaviour
of sulphonated azo dyes the following basic skeletons containing

the azo-linkage, and the functional groups listed, were selected

for study.

Basic liolecules | Functional Groups

(1)-',N;“:-N (1) Hydroxy-group

(ii) ” _ -~ (ii) "Amino=-group
(iii)Ac;toxy;group

(iv) Methoxy-group

()
T
oo)e

(v) - Sulphonate=-group

The adsorption behaviour of azobenzene itself was invest=-
igated in order to ascertain whether the contribution of the

basic structure to the adsorption of substituted azobenzenes was

of any significance.
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(1) The Adsorption of Azobenzene,

Adsorption -experiments were carried out with solutions of
azobenzene in dry benzene, absolute ethanol, and an ethanol-water
(80:20) mixture. The results (Table 1) show that adsorption
occurs only from agueous ethanol, which suggests that water must
take part in the attachment of the azobenzene molecule to the
anodic film. It has been noted previously(7o) that azobenzene
is also adsorbed from solution in dry benzene (0.2g./1.) in
presence of quinol (O.Bg./l.)‘

 An explanation of these results is suggested by the detection
of several samples of hydrogen-bond cross-linkage of organic donor
compounds in solution(7l), or in_mdnolayers on wafer(7?), by
bifunctional solutes such as water or quinol. It is well known
that both the hydrogen atoms in the water molecule can simultane-
ously form bonds with different acceptors(73), this is best
illustrated by the structure of water itself, and Rose(T4) has
shown that it is possible for one or both nitrogeﬁ atoms of an
azo=-group to take paxrt in the formation of hydrogen bonds. Evid-
ence that the azo-group has a slight but definite attraction for
water has been found by Neustadter(75) when investigating the

formation of monolayers on water. He found that of the two

compounds having the following structures,

.

Ok e v ey

1) (ii)
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(1) forms a monomolecular layer on water which (ii) does not.
Thus it seems reasonable to conclude that the adsorption of azo-
benzene by the, anodic film in presence of water or quinol takes
place\as shown below. . e ‘, | : ,: ) JA R ,
e O
MDH - HO |

OahAL. OH -+ 0,AL,

~ There is, however, another possible explanation for adsorption
'in presence of water. Some aluminium hydroxide may be formed
by the water with the alumina of the film to which the azo-
benzene is directly attached by hydrogen-bonding through the
hydrogen of the hydroxy-group. This seems unlikely on consider-
ation of the structures of the monohydrates of alumina. Bernal

(76)

and Megaw have shown by Z-ray powder photography that the two

lnown monohydrates of alumina, bohmite (A -monohydrate) and |
diaspore Qg-ﬂwnohydrate), have the same structure, while Ewing(7ﬂ
has shown the existence of an intramolecular hydrogen-bond in
diaspore. Thus even if the hydroxide were formed, the hydrogen
atoms in the molecule are unlikely to be free to form bonds with
the nitrogen atoms of the azo-group in azobenzene. The results

of an investigation of the effect of intramolecular chelated

hydrogen atoms on adsorption are discussed in the next section.
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(2) The Adsorption of Hydroxy-compounds.

The evidence of adsorption of azobenzene by hydrogen-bond
cross=linkage with the anodic film suggests that the introduction
of hydroxy-groups into the molecule may promote adsorption in
solvents from which the parent compound is not adsorbed.

Experiments were carried out with solutions of 2:4-dihydroxy-
azobenzene in adsolute ethanol, and the results (Table 2) show |
that the solute is adsorbed. It is likely that only the hydroxy-
group in the 4-position is involved as that in the 2-position is

intramolecularly chelated in a 6-membered ring as shown below,

HO

e

In order to determine whether or not intramolecularly
chelated hydrogen atoms have any effect on adsorption by the
anodic film, the behaviour of two nitrated phenols, viz. o =
nitrophenol and 2:4-dinitrophenol and of phenylazo=2-naphthol
was studied. lehta and Arshid(7®) have shown that phenol itself
is strongly adsorbed fromagueous solution, so that non-adsorption
of the compounds chosen would almost certainly be a result of
chelation. o=~Nitrophenol and phenylazo-2-naphthol were not, as
expected, adsorbed from agueous solution, but the 2:4¥dinitro-

compound was found to be strongly adsorbed. Adsorption isotherms
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gre shown in Fig 27 This result appears to show that
the hydrogen of the hydroxy-group is more labile in this

compound.

(3) The Adsorption of Amino-compounds,

The effect of the introduction of amino-groups into the
basic azo-compound molecule was studied in the case of three
compounds, 4-aminoazobenzene, phenylazo-l—naphthylamlne, and
phenylazo=2=naphthylamine. The results of qualitative exper-
iments carried out with 4=aminoazobenzene showed that the solute
was adsorbed from solution in dioxan but’ﬁot from benzene. The
two phenyiazonaphthylamines were found to be adsorbed from carbon
tetrachloride (adsorption isotherms are shown in Figs. 8 and.g}),
but the 2-isomer was not adsorbed from solution in benzene,

The importance of the solvent in the case of amino-compounds
may be explained on the basis of work done by Arshid, Giles and
Jain(79), which indicates that a number of intermolecular hydrogen-
bond complexes formed between organic molecules in solution are
more stable when the solvent is carbon tetrachloride or dioxan
than when it is benzene or water. The applicability oflthis result
to the adsorption of amino-compounds on the anocdic film was tested

by measuring the rates of adsorption of Magenta P (C.I.677),
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| CH,
whose formula is

NH,

T —QQ\C%NHM

from solution in dry dioxan, and dioxan-water mixtures (75:25 and
50:50)« The rate curves obtained are shown in Fig.7.. These
curves show that the equMibrium amount adsorbed decreases from
approximately 80 millimoles/kg. film, when the solvent is dry
dioxan, to about 10 millimoles/kg. film, when the solvent contains
50% water. This appears to provide evidence that the behaviour
of dioxan and water as solvents is as predicted from the work
of Arshid et al.

An alternative explanation of this result may be put forward
on the basis of the fact that the anodic film has been found to

(80). Thus

possess a positive surface change in presence of water
in the case of an ionised solute, the anion is attracted to the
film by virtue of its opposite charge while the cation remains in
solution. Basic dyes, having positively charged colour ions,
therefore do not dye the film(70) « The decrease in the adsorption
of Magenta P in presence of water may therefore be due to partial
ionisation of the solute. As the zeta-potential of aluminium

oxide~-carbon tetrachloride and aluminium oxide=-benzene interfaces

has been found to be zero by Jensen and Gartner(sl), this
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explanation will not be valid in the case of the non-adsorption
of amino-compounds from benzene.

The effect of intramolecular chelation can be determined
from the isotherms of the two phenylazonaphthylamines. The 1=
isomer has two hydrogen atoms available for bond formation where
as the 2=-isomer has only one. The affinities of these two com=
pounds for the film were calculated from the equilibrium data
assuming that they were adsorbed on specific sites in the anodic
film. As discussed in the general introduction (page 10) the
-equation for this type of adsorption of an unionicsed compound
is, _
“Ai = R2 1n £ - RT 1n (C)

U 1-6

where, © = the fraction of the total number of available sites

occupied, and (C) = the concentration of the solute in solution.
 Yhen 6 = 0.5, the affinity of the l-isomer is found to be
~0438 kecal./mole and that of the 2-isomer =0.2 kcal./mole, both
relating to adsorption at 500. The higher affinity of the l=isomer
suggests that both hydrogen atoms of the amino-group are involved
in adsorption as compared with one in the case of the 2=-isomer.
Verification of this result was attempted by calculating the heat
- changes involved in the adsorption of both isomers. By applying

the Clausius-Clapeyson equation to the equilibrium data at 490

and 580 for the 2~-isomer, and at 36° and 50° for the l-isomer

the apparent heat of adsorption for the former was found to be
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cae. =10 kcal./mole and that for the latter ca. ~22 kcal./mole.
These values may indicate the existence of one and two hydrogen
bonds respectively between the solute and the film., They are
much greater in magnitude than would be expected to accompany
bydrogen bond formation, e.g. the heat of adsorption for phenol
from aqueous solution on the anodic film, which may be considered
to involve the formation of one hydrogen bond, has been calculated
by subramanian{7®) to be ca. -4 keal./mole.

Evidence that the apparent heat of adsorption on a given
adsorbent appears to increase numerically with an increasing
dissimilarity of structure between solute and solvent has been
obtained for adsorption on nylon and Wdol by Chipalkatti, Giles
and Vallance(®2)  who attribute it to entropy effects. This obser-
vation may explain the difference between the heats of adsorption
of phenol from water and that of phenylazo-2-naphthylamine from
carbon tetrachloride, |

Comparison of the affinity of‘phenylazo-z-naphthylamine,
0,12 kcal./mole at 490, with that of 2:4=-dinitrophenol, 5.6
kcal./mole at 59°, suggests that a bond formed by the film with
the hydrogen of a hydroxy-group is stronger than one formed with
the hydrogen of an amino-group. The ease with which the adsorp-
tion of amino=-compounds, but not that of hydroxy-compounds can
be prevented by certain solvents leads to the same conclusion,

In agreement with this, Flett'SJ) has found that the free energy
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of formation of many intermolecular N...H...O bonds is lower
than that of corresponding 0...H...0 bonds, in carbon tetrachloride

solution.

(4) The Adsorption of Acetdxy-and Methoxy-compounds.

The evidence for the adsorption of both hydroxy-and amino-
compounds shows that the presence of a substituent group capable
of forming a hydrogen-bond promotes adsorption by the anodic
film., It was therefore attempted to discover if adsorption could
take place by the formation of bonds involving hydrogen attached
to carbon,

Bonds are less readily formed by hydroéen attached to carbon
than by hydrogen attached to nitrogen or oxygen, and a neighbour-
ing gréup of powerful electron attracting nature iswually req=
uired to facilitate the reaction. Many workers have cited
examples. Earp and Glasstone(84) detected bonding between oxygen
in ether and hydrogen attached to aliphatic carbon activated by
chlorine atoms or a negative group, e.g. a phenolic or nitro-
Phenyl group.

The compounds chosen for study in the present investigation
contained actoxy-and methoxy-groups. Solutions of 2:4-diacetoxy-
azobenzene in an ethanol-water (75:25) mixture were studied.

Absorptiometric readings taken before and after treatment with the

anodic film, at 60° and 33° for 36 hours and 48 hours respeotively,‘
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showed higher optical densities when read with light of wavelength
BBOOX. Decomposition was suspected and U.V. spectra obtained for
solutions of various concentrations before and after the exper-
iment. These are shown in Fig.1l0 and seem to indicate that there
is some of the dihydroxy-compound present in the final solutions.
The fact that there is evidence of decomposition does, in itself,
suggest that some form of close association of the solute and the
adsorbent occurs., Alteration in the U.V. spectra of agueous
solutions of glycerol triacéetate after treatment with the anodic
film was also found (Fig.ll)}.

Three tests with methoxy-compounds were carried out. Solutions
of dimethylterephthalate in isooctane, 2:4~dinitroanisole in |
»carbon tetfachloride, and 2-methoxynaphthalene in absolute ethanol
were examined and in no case was adsorpticn found to occur. The
behaviour of 2:4-dinitroanisole was similsr to that of the acetoxy-
compounds, i.e., the optical density of solutions read at the
adsorption maximuﬁ for standard solutions was greater'after contact
with the anodic film. The U.V. adsorption spectra corresponding
to standard and final solutions is shown in Fig.l2., a slight

shift in the maximum may indicate decomposition.

(5) The Adsorption of Sulphonated compoundse

Virtually all sulphonated azo dyes colour the film strongly,
even those which contain no other groups capable .of combining with

the film, e.g., certain sulphonated tripheylmethane and o=hydroxy-
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azo=compounds. The attraction in these instances must clearly
be attributed to the sulphonic acid groups, and the honradsoxption
of the simpler sulphonic acids, e.g. benzenesulphonic acid,
naphthalene=l=sulphonic acid and naphthalene 1:5~disulphonic

acid, and their sodium salts reported by Subramanium' 70

must be
a result of their high solubility in water, which reduces the
affinity for the oxide film,

Sulphonated compounds based on the phenylazonaphthalene and
naphthlylazonaphthalene structures were studied, considerable
adsorption and a measureable temperature coefficient being ob-
served in every case (see e.g. Fig.l4). The variation of the
eqﬁilibrium data with temperature is evidence that adsorption is
accompanied by a heat change which must represent a chemical
reaction, probably the formation of a salt between the sulphonic
acid group and sluminium,

The reaction between sulphonated compounds and the anodic

film is probably similar in nature to the reaction of acids with
.(85)

alumina which has been investigated by Graham and Thoma
They found that there is first a rgpid conversion of surface
hydroxy-groups to aquo-groups, followed by a slower complex
formation between the acid anions and the metal, whereby the oxide
structure is disrupted by breakage of hydroxy-and oXo-linkages.

It is probable that sulphonated compounds react in this way also
and may gradually penetrate the solid structure of the film.

Visable mechanical breakdown of the anodic film, which
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loosens and cen be easily rubbed off the basis metal, is some=

times found after it has been in contact with the suiphohated dyes,
for a considerable time..‘This oécurs especlally at the higher }
concentrations used, e.g. 2.0g./l., and with multibasic compounds,
being most marked in solutions of the tetrasulphonated compound.
Sky Blue FF (C.I.518), and supports the concept that reaction
with sulphonates disrupts the oxide.

The reaction sequence in the adsorption of a sulphonated dye

(NaD) may thus be shown as: '
0 5

| ,
|
i o) ' ]
AL-O- H D |
o #o 4+ M2 . 4 2NaoH
| H D
A—O - ? \
| o Al-0—
0 Ve )
o O .

The eiistence of covalent bonds in the attachment of the
dyes to the film appears to be confirmed by the impossibility
of removing them by-solvents, e.g. pyridire . It thus appears
that only the organic anion is adsorbed by the film, the cations

remaining in solution.,
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SECTION ITI.

The Effect of Molecular Structure on the Adsorption of

Sulphonated Azo Dyes.,

A detailed investigation of both the thermo@ynamio and
kinetic aspects of the adsorption of sulphonated azo dyes from
agqueous solution by the anodic film was carried out in an attempt
to correlate their adsorption behaviour with their molecular
structure. The effect of the following structural characterist-
ics on adsorption was studied.

(i) The number of sulphonate groups in the dye molecule.
(ii) The disposition of the sulphonate groups.
(iii) The presence of other functional groups.

(iv) The presence of alkyl chains,

A1l experiments were carried out using Sml. of test solution
and an anodised strip (3% x # in.) as stated in the experimental
section and which was found to be equivalent to a solution:oxide
film weight ratio of 300:1, as it was discovered in the course
of the work that the volume of solution used affected the
position of the adsorption isotherms. This phenomenon is dis-

cussed in a later section (p.74 ).
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(1) Adsorption Equilibria.

The nature of the isotherms,

The isotherms for all the sulphonated azo dyes studied were
found to conform to one or other of the Brunauer et al.types
I, IT and V(86) which are shown in Fig.13. The experimental
isotherms are shown in Figs. 14 to 21,

The isotherms for the three monosulphonates studied (Figs.
14,15 and 16) are all of type V. 1In the case of the polysul-
phonates they are of type I (Figs. 18 to 21) with the exception
of those for the two disulphonates, aniline-—sR-acid and dode-
cylaniline —sR-acid for which the isotherms (Fig.l7) are of type
IT. There is evidence, however, that the shape of the isotherm
is not a simple function.of the molecular structure of the solute.
1-Naphthylamine —R-acid, whose structure is very similar to those
of the two disulphonates yielding type II isotherms, is adsorbed
in accordance with the type I isotherm (Fig.19). Further, the

results of work on the effect of the volume of solution on the

- position of the isotherm discussed later (p.74), show that at

higher solutiontoxide film weight ratios than that employed in the
work discussed here, the isotherms for monosulphonates are of

type II (Figs.2% and 24) whereas at the standard ratio (300:1)
they conform to type V.

The exact relationship of the isotherm data to the dimensions

"of a completed monolayer in adsorption from solution is somewhat
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uncertain(87) but adopting the Langmuir conception that the
dye anions are adsorbed on fixed adsorption sites and are subject
to neglible forces of attraction and repulsion in directions
parallel to the film surface, it may be assumed that the plateaux
in isotherms of types I and V represent approximately a completed
mdnolayer,(cf.as).

The type II isotherm is more difficult to interpret satis-
factorily. As adsorption in the case of sulphonates is the result
~ of a chemical reaction between the aluminium in the film and the
sulphonate group, multimolecular layer formation would not appear
to be possible. Hence, the upper part of the type II isotherm,
which does not attain a limit, must represent a progressive break-
down of film structure resulting from the adsorption reaction.
It may be suggested that as a result of the nature of this reaction
(see pe. 60) all sulphonates should be adsorbed in accordance with
this isotherm, but insufficient experimental evidence is available
to come to0 any conclusion on this point. Perhaps this form would
be bbtained if the solutions could be made sufficiently concent-
rated.

The part of the type II isotherm corresponding to a monolayer
was assumed to be that which is parallél to the X-axis for the
two disulphonates whose adsorption was of this type. .This assum-
ption appears to be justified on the basis of the monolayer capac=-

ities calculated from the Brunauer, Emmett and Teller(89) equation
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applied to the type II isotherms for Orange I adsorbed at
various solution:film weight ratios (p«.77). This shows that
the monolayer is represented by the commencement of the linear
portion of the "knee" in these isotherms (Fig.23%)., The data
calculated for these disulphonates on this basis give values for
the specific surface area of the film which are consistent with
those obtained from the equilibrium data of other dyes having

more easily interpretéd'isotherms (see Table 3),

The orientation of adsorbed anionse.

In order to determine the orientation of the dye anions
adsorbed in a monolayer on the surface of the anodic film know-
'1edge of three quantities is required.

- (1) The monolayer cépacity, i.e. the number of adsorbed anions
comprising the moﬁolayer.

(ii) The dimensions of the anions.

(iii) The surface area of the film available for the adsorption
of the anions.

The monolayer capacity was determined from the experimental
isotherms defining the part of the isotherm corresponding to a
‘monolayer as discussed above. It will be noted that in all cases
that the position of the isotherm varies with temperature.-

Thus the monolayer capacities are comparable only if they are

referred to the same experimental temperature. All results in



65.

Table 3 refer to equilibrium data obtained at 50°.

The dimensions of the anions studied were determined, in the
absence of other means, by measuring the sides of the smallest
rectangular box in which the anion could be enclosed, using
Catalin (Stewart-type) scale models.,

The surface area of the film available for adsorption of
the anions was determined from the isotherms at 50o of Orange II
(Fig.14). This compound was chosen as the reference compound
because of its simple structure. The hydrogen of the hydroxy-
group is intramolecularly chelated and thus will not take part in
the attachment of the dye anion to the filmn, It is therefore
reasonable to assume that the anion has only one point of attach-
ment, l.e. at the sulphonate group,‘and the area occupied by it
on the film may be taken as that measured when the anion is
standing normal to the surface, with the sulphonate group at the
lower end. The value of this area is 503, measured from the
model. The surface area of the film was then estimated by multi-
plying the number of anions comprising the monolayer by the area
of the anion, which gave a value of 12 em.%/g. x 10°°, This
methbd of estimation does, of course, assume that there is a

close packed monolayer at SOo(cf.88

), but whether or not this is
the case it may be assumed that under equilibrium conditions at
any given temperature the same fraction of the total surface area

of the film available for adsorption will be occupied by each dye.
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The area occupied by the other anions was determined by
dividing the specific surface area of the film obtained above by
the number of anions in the monolayer. The vaiues obtained were
then compared with the cross-sectional area of the anion, measured

from models, in the three positions shown below.

(i) ‘ | (ii) (iii)

The three positions (i), (ii) and (iii) will henceforth be referred
to as "end-on", "edge-on" and "flat" respeotively., In Table 3

the values for the area of coverage of each anion calculated from
its isotherms are compared with the area measured from the models
in the three positions shown above. It will be seen from Table

3 that the area of coverage of the anions calculated from the
isotherm data are ieasonably consistent with those measured from
models if the anions are oriented in the monolayer in accordance

with the following general principles.

(1) The dye anions are attached to the film only through the
sulphonate groups. . The monosulphonate Orange I has a hydroxy-

group free to form a bond with the film, If, however, both the
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sulphonate and hydroxy=-group were involved in the attachment of
the anion to the film it would be expected that the anion would be
oriented flat on the film surface. The value for this compound
in Table 3 shows that this is not the case. Similarly the values
for disulphonates having the two sulphonate grdups situated at the
same end of the molecule, viz. anilhm%—+R-adid, dodecylaniline —»
R-acid and l-naphthylemine —R-acid, indicate that the anions of

these dyes are attached to the film only through the sulphonate

Eroups.

(ii) All the sulphonate groups in the anions are involved in
their attachment to the film surface. Thus in the case of the
dyes sulphanilic acid R-acid, Naphthalene Scarlet 4R, and Sky
Blue FF, where the sulphonate groups are disposed more or less
symmetrically around the molecule, the anions are oriented flat.
The disulphonates Naphthalene Red EA and sulphanilic acid —s -
2=-naphthol-6~sulphonic acid which have sulphonate groups at each

end of the molecule also appear to be oriented flat.

(iii) Except in the case of the dyes mentioned under (ii) the
anions are oriented at approximately right angles to the surface,
probably because of the strong non-polar attraction between the
hydrophobic residues of adjacent molecules. Thé dyes dodecylazo-
geranine and dodecylaniline —R-acid which have long alkyl chains
(C12H25) in the molecule appear to show this behaviour better than

the corresponding dyes having no alkyl chains. This is probably
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due to an increase in the non-polar attraction in the case of

the former.

Thermodynamic Data.

(i) The change in chemical potential.

The change in standard chemical potential which is involwved
- in the adsorption of each anion, and which is a quantitative
measure of the affinity of the dye for the anodic film, was
calculated using an adaptation of the equation discussed in the
general introduction (p.7) for the adsorption of a dye, NazD,
which is ionised in both the solution and adsorbent phases the
ions being adsorbed on separate independent sites in the adsorbent,
viz.,

O

-0 = RT.1n °D Na - RI.1n[rd; [},

(1 - eD) (1 - eNa)

where BD and eNa are the fractions of the total number of sites
available for the anion and cation respectively which are occupied
at equilibrium, and [Nﬁg[ﬂg is the expression for the activity
of the dye in the solution at equilibrium.

If it is assumed that there are no specific sites in the
film available for the adsorption of sodium ions, in accordance

with the mechanism proposed to account for the adsorption of

sulphonated compounds (p.60), the equation for the affinity of
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the dye reduces to,

- A = - REn [Ng)? [D]S

the standard state in the film being that wheh half the sites
available for the adsorption of anions are occupied, i.e., when
eD = Qa5

The values of the affinities for the various dyes calculated
using this equation given in Table 4.

An explanation of these values can be suggested on the
hypothesis that each sulphonate group contributes a proportion
of the affinity and that this proportion is dependent on the
position of the group in the dye molecule and that the separate
effects of each group are additive. We may conveniently designate
the affinity due to a sulphonate group in a given position in the
molecule as the "partial affinity". . Considering the results in

Table 4 which refer to dyes based on the phenylazo- and naphthyl-

azonaphfhalene nucleii shown below,

3’ 2’ 2 3 ' | 3 9 2 3
/
, 576 g 5 5 g 3 5
7 6 P |

The affinity values for the two monosulphonated dyes Orange II and
/

Orange I in which the sulphonate group is in the 4~position of the

phenylazonaphthalene nucleus, are -8.8 kecal./mole. and =9.7 kecal./
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mole. respectively. The higher value corresponds to the dye
having the free hydroxy-group.

For the monosulphonate Naphthalene Red J the value of the
affinity is -8.8 kcal./mole. This is the same as that for
Orange II the addition of another condensed benzene ring to the
molecule apparently having no effect on the affinity; Thus in
the absence of other fuhctional groups capable of taking part in
the adsorption process the partial affinity of a sulphonate group
in the 4 position of the two basic skeletons under discussion may
be taken as approximately -9.0 kcal./mole.

The disulphonate Naphthalene Red EA having sulphonate groups
in the 4- and 6- positions of the naphthylazonaphthalene structure
is found to have an affinity value of =13.4 kcal./mole. Now if -
we assume that this represents the sum of the partial affinities
of the two sulphonate groups, the value for the sulphonate group
" in the 6- position is -4.5 kcal./mole. Hence any dye sulphonated
in the 4~ and 6~ positions only should have an affinity for the
film of value =13.5 kcal./mole. In fact the value found for the
affinity of the dye sulphanilic acid-—a-2-naphfhol-6-sulphonate
is =13.1 kcal./mole., in good agreement with prediction.

Applying these principles to the dye aniline —s R-acid the
partial affinity of the sulphonate group in the 3-position should
be =13%.2 k¢al./mole. Thus the affinity of the dye sulphanilic
acid —R-acid for the film would be predicted as approximately

-26.5 keal./mole., which again is in good agreement with the
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experimental value of =26.2 keal./mole,
These results therefore appear to confirm the validity of +the
hypothesis of "partial affinities". The values thus calculated

for the sulphonate groups in the various positions are given in

Table 5.
As only two dyes having thé basic structure,
3 Q/ 8 /
yy N=N 2
/
5" 6 6 3
s 4

i.e. dyes Azogeranine and Dodecylazogeranine,were examined the
partial affinifﬂx;for the two sulphonate groups in them could not
be deduced.

The effect of the presence of the long alkyl chain, (012H25),
on the affinity of sulphonated azo dyes for the film is not very
clear. Comparing the results for dyes aniline —w=R~gcid and
dodecylaniline —sR-acid given in Table 4 it will be seen that the
alkylated dye has approximafely the same affinity as the unalkylat-
ed dye whereas comparison of the dyes Azogeranine and Dodecylazo-
geranine shows that the alkylated dye exhibits a considerably higher
affinity. It might be expected that the presence of an alkyl
chain would enable a dye to form a condensed monolayer more readily
on account of increased surface.activity and the affinity would
therefore be higher than for the corresponding unalkylated dye,

but the experimental evidence for this is not very consistent.
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It has however, been observed that the dye dodecylaniliné-———>
R=-acid behaves anomalously in photochemical degradation experi-

(90), while this dye alone has a positive apparent entropy

ments
change on adsorption on the film(Table 4). Thus it appears that
this dye'does not conform to the general behaviour of dyes of its
class which may be a result of its tendency to exist in solution
as micelles, owing to the ease with which its conpact planar

molecules can associate,

(i1) The spparent heat of adsorption.

. SO . S e T TIYadT 29 T e T T

The apparent heats of adsorption of several sulphonated azo
dyes obtained by applying the Clausius ~ Clapeyron equation to
the equilibrium data measured at two temperatures are shown in
Table 4. It has been noted (p.ll) that these values represent
the algebraic sum of the heat changes accompanying two successive
processes, (i) the removal of the solute from solution, and (ii)
the attachment of the solute to the adsorbent. Even so, it is
permissable to use the values obtained for comparative FUrposes
where the adsorption systems contain the same adsorbent and
solvent but different colutes, as in the present case.

It is clear from the results in Table 4 - that correlation
between the molecular structure of the dyes and their heats of
adsorption is not possible. The mono- and disulphonates studied
ere adsorbed with an evoluticn of ca.8.0 kecalymole, while for the

tri- and tetrasulphonates the value is ca.l2.0 kcal./mole. The
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dye dodecylaniline—s»R~acid has a very large apparent heat of
edsorption (-32.0 kecal./mole); the wide difference between this
and the values for the other dyes may perhaps be attributable to
the merked Tendency of this dye to form micelles, but no work has

teen carried out to check this point.

(i1i) The apparent entropy of adsorption,

The values of the apparent entropy of adsorption for several

sulphonated azo compounds calculated from the equation,

A/(O = AR® - 71A3°

are shown in Table 4. The significance of this parameter has
already been discussed (p.12). Except for the dye dodecylaniline
—+»R-acid the values are all negative which indicates that an
ordered arrangement of the anions adsorbed on the film surface
takes place, as would be expeeted. It appears that the numerical
value of the entropy change generally increases with increasing
sulphonation of the dye molecule but other than this no conclusion
can be drawn regarding the effect of molecular structure on the
entropy changee.

The adsorption of dodecylaniline —R-acid is accompanied by
a large positive entropy change which suggests that in this case

the system becomes less ordered when adsorption occurs,. A
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possible explanation of this is that the dye can form stable
micelles in solution in which the arrangement of the molecuies

is highly ordered,

The Effect of the Volume of Solution on Adsorption Egilibria.

Comparison of isotherms obtained by Mehta(78) for the
adsorption of Orange I by the anodic film (Fig.22) with that
obtained by the author for the same compound (Fig.l%) at a
comparable temperature shows that very much greater adsorption
of this compound was obtained by Vehta. The adsorption procedure
followed by lMehta differed from that employed in the present work
in two respects,

(i) The agitation of the tubes containing the experimental system
was effected by horizontal, reciprocating shaking of the tubes
and not by tumbling as in the present work.

(ii) The solution: film weight ratio employed by Nehta was

- 1250¢1 compared with 300:1 in the present work.,

The mode of agitation only affects the rate at which equilib-
rium is attained and not the actual equilibrium distribution of
the system, provided sufficient time is allowed for attainment of
equilibrium. Thus it is clear that the mode of agitation has no
effect on the equilibrium data.

In order to determine if the discrepancy between the two sets

of results was due to the different solution: film weight ratios
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employed, experiments were carried out with Orange I using
solution: film weignt ratios of 2500:1, 1250:1, end 133:1 at 59°
the isotherms obtainedAare shovm in Fig.23. It is clear from
these results that the amount of adsorbed solute in equilibrium
with a given concentration in solution varies considerably with
the solution: Tilm weight ratio used. Further data were obtained
for the dyes Crange II, l-nsphthylamine —s»R-acid and sulphanilic
aCcid——» R=acid at various ratios. The isotherms for these
compounds are shown in Figs. 24, 25, and 26 respectively and
closely follow the pattern of those for Orange I. The effect is
not confined to the adsorption of sulphonated compounds because
it is shown in the case of aqueous solutions of 2:4-dinitrophencl
(Fig.27).

In all cases it will be seen that the amount of the solute
adsorbed increases with increase in the solution: film weight
ratio employed. This suggests that the specific surface areaof
the film is greater at higher ratios, The surface area for each
ratio was therefore calculated from the isotherms of the sulphon~
ated compounds, as described in the section on the orientation of
adsorbed anions on the film (p.64), assuming that the anions are
oriented in the same manner at all solution: film weight ratios

(cf. comments above for experiments at the 300:1 ratio).
It has been mentioned alrecady that the exact portion of the

type II isotherm corresponding to a monolayer is difficult to
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determine. In the case of isotherms of this type obtained for
the adsbrption of the dyes aniline —sR-acid and dodecylaniline
—R=-acid (Fig;l7) there are clearly-defined horizontal portions
which were taken to represent the existence of a monolayer, but
the isotherms for Orange I shown in Fig.23 are difficult to
interpret and the monolayer capacity camnnot be read from them
with any degree of confidence. To determine the monolayer capac-
ities in this case use was made of the well-known equation derived
by Brunauer, Emmett and Teller(89),usually known as the BET
equation. This eguation is based on a generalisation of the
Langmuir mechanism of adsorption, but whereas the Langmuir equation
applies only to type I isotherms, the BET equation claims to cover
all five types of adsorption.

The BET theory retains the Langmuir conception of fixed
adsorption sites, but allows for the formation of an adsorbed
layer more ‘than one molecule thick. The equation for the adsorpt-

ion of gases is:

p - __]_-__ + (C-l)oE__
x(p, - ¢! XC XnC Po

where p = the pressure of the gas in equilibrium with X adsorbed
molecules, D, = the saturated vapour pressure, Xp = the monolayer

capacity and ¢ = a constant.

A plot of D against p should therefore give a
X(po - D) Po
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straight line of slope (g_:;g) and intercept 1 . Hence
XnC Xpe
by measuring the slope of the line and the intercept, the monolayer
capaclity, X, can be evaluated,

In the case of the adsorption of Orange I from a&gueous sol-
ution, the pressure, p, was replaced by the concentration of the
dye in Solution,‘and Po by the solubility of the dye in water at
599, i.e.

_ D) 1 (c-1),
= i
x([y, - [0) Xy xme Df

Where[ﬁ]= the concentration of the dye in solution in equilibrium
with x adsorbed molecules, and[Dlg= the solubility of the dye in
water.

The plots of D)  against (O]  are shown in Fig,28,
x([ - [@) [0

for the isotherm data obtained at three solution: film weight

ratios for Orange I. These plots are linear over a limited range

of (D] values and the monolayer capacities calculated from their
[k

slopes and intercepts are 700, 410, and 120 m.mole/kg, for the
three ratios 2500:1, 125031 and 133:1 respectively. Examination
of the isotherms in Fig. 23 shows that these values correspond
approximately to the commencement of the linear poxrtion of the

"¥nee" in each isotherm.
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The values for the surface areas of the film at each of the
solution: film weight ratios employed were calculated from the
results of all four sulphonated azo dyes studied, The.results
are shown in Table 6. The consistency of the values calculated
from the data of each dye at a given ratio are added evidence that
the orientation of adsorbed anions is as suggested by the evidence
discussed previously (p.66). The surface area increases with
inqreasing solution: film weight‘ratio and Fig.29 is a plot of the
average surface area of the film, from the results in Table 6,
against the number of ml, of solution/kg. film used. It appears
from this curve that the value of the surface area of the film may
reach a maximum at very high solution: film weight ratios.

An explanation of this phenomenon is suggested by the fact
that the anodic film was found to be slightly soluble in water.

A series of experiments was carried out under conditions identical
to those obtaining in the adsorption experiments discussed above,

by using distilled water in place of dye solution in order to
determine the relationship between the amount of film dissolved

and the solution: film weight ratio, The aluminium content of the
water after conbtact with the anodised foil was determined by means
of "aluminon" reagent as described on p. 42 and the amount of film
corresponding to this calculated. The results of these experiments

are shown in Table 7 and show that , as would be expected, the

higher the solution: film weight ratio, the greater is the amount
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of film dissolved,

The relationship of the percentage of the film dissolved
to the specific surface area of the film at each solution; film
weight ratio is shown in Fig.30. The curve shows that the surface
area increases almost linearly with the percentage of the film
dissolved. This FTact sugsests that the effect of increasing
adsorption with increasing solution:film weight ratics is a result
of an increase in the surface area of the film due to some of the
original surface being dissolved,

Consideration of the porous structure of the film leads to
the possible explanation that the effect of solution of the film
exposed to the dye solutions is to widen the pores in the film and
allow greater penetration of the film by the dye anions. This
explanation would only be valid if the original pores in the film
ére of such a size to restrict complete penetration by the dye
when only very small amounts of film are dissolved i.e. at low
solution:film weight ratios. Rummel(9l) has calculated the dia-
meter of the pores to be about lOOX, assuming them to be of circu-
lar cross-section, which is of the same order as the dimensions of
the dye anions under consideration thus increase in the pore dia=-
meter resulting from solution of the film may account for the

greater adsorption observed at higher solution:film weight ratios.
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(2) Kinetics of Adsorption.

Rate of adsorption isotherms.

The rates of adsorption at three temperatures were determin-
ed for each one of a series of sulphonated azo dyes, as described
in the experimental section (p.39). The series of rate isotherms
for the adsorption of Orange II, shown in Fig.3l, are typical
of those obtained for all the dyes studied.

It can be seen from Fig.31 that the rate of adsorption
increases with rise in temperature. This is invariably found to
be the case for adsorption processes(l3) and is the result of the
combined effect of heat on the velocity of the reaction between
the dye and the film, and on the degree of aggregation of the dye
in solution. It has been noted previously(92) that the size of
adsorbate molecules has a considerable effect on their adsorption
by an adsorbent having long and very narrow pores, The pores in
the anodic film are in this category and hence the size of the
dye molecules might be expected to influence the rate of adsorpt-
ion if diffusion in the pores of the film is a controlling |

factor.

The form of the kinetics.

By analogy with the adsorption of dyes by fibres, the adsorp-
ion of sulphonated azo dyes by the anodic film will take place in

three steges viz.
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(1) Diffusion of dye anions through the solution to the anddic
film surface.
(ii) Adsorption on the outer surfaces of the anodic film,

(iii)Diffusion inside the pores of the snodic film.

Undexr the experimental conditions obtaining, which include
vigorous agitation of the system, it seems unlikely that (i) will
be the rate-controlling stage (ii) will occupy negligible time
compared with the diffusion processes.

Evidence that diffusion in the pores of the film is of great
importance is provided by the fact whereas the geometrical exter~
nal surface area of the film is 7.5 om.z/g. x 10"2, that deter-
mined from the equilibrium adsorption data for Orange II is
12,0 cm.z/g. x 1072, which indicates that a very large proportion
of the anions adsorbed at equilibrium are inside the pores of the
film. The results of the study of the effect of solution:film
weight ratio on adsorption indicate that the pore-size of the
film is comparable to the size of the dye anions under investig-
ation (p.79) and this together with the fact that the dye anions
will be subject to considerable forxrces of restraint in their
passage along the pores suggests that (iii) will be by far the
slowest of the three stages.

In order to discover whether or not the rate of adsorption of
dyes by the film is in fact controlled by diffusion in the pores
of the substrate, the applicability of Fick's Law to the rate

measurement experiments was tested., The equation used was
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derived by Hill ) to describe the diffusion of a solute into

a semi-infinite solid,

D 2
A = 2C (__E)
v

where A = the total amount of solute diffusing across unit area
of boundary in time t from a solution of concentration G, and D =
the diffusion coefficient,

The plot of A agairst E% should therefore give a straight
line whose gradient is proportional to D%, assuming that D is
independent of concentrstion and C is constant.

The results of rate measurements for the dyes studied all
give straight lines when plotted on this basis, (Pigs. 32 to 45)
which shows that the adsorption of these dyes by the f£ilm follows
a normal process of diffusion, at least in the early stages of
adsorption. This indicates that the concentration C must remain
constant throughout the adsorption, although the concentration of
the dye in solution is actually decreasing with time. Speakman
and Smith(93) observed similar behaviour in the case of the adsorp-
tion of acid dyes by animal fibres and suggested that a layer of
dye particles was rapidly adsorbed on the outer surfaces initially,
from which diffusion into the substrate took place. This layer
was maintained at constant concentration by circulation of the dye
solution. ork on vapour phase adsorpltion on the porous particles
of a zeolite mineral(94) and on carbon(95) has also suggested the

formation of an initial surface layer prior to diffusion.
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When the series of curves for each dye are extrapolated back,
(broken lines in Figs 32 to 45 show exfrapolations), they appear
to originate from a point having a position x- co-ordinate in all
cases,

This apparent origin liecs within the range covered by the
experimental points in the case of the dye Dodecylazogeranine
(Fig.40) and it is interesting to note that at time periods shorter
in duration than that required for the apparent origin to be
reached the effect of temperature on the rate of adsorptién is
reversed, Thus in the earliest stage of the adsorption process
the rate appears to decrease with rise in temperature. This may
show that the rate in the earliest stages is dependent on the
affinity of the dye for the film and may be the case for all the
dyes studied. In view of the lack of experimental evidence,
however, no conclusion can be drawn on this point.

The fact that the Fick's Law lines do not originate from the
real origin suggests that in the earliest stage of adsorption,
the process is not one of diffusion and that it may then be a
formation of the surface layer only. On the basis of this hypoth-
esis, the y- co-ordimate of the apparent origin indicates the
amount of dye adsorbed on the outer surface of the film prioxr to
diffusion, and the x- co=ordinate represents the time taken for
this process. The co-ordinates of the origin for each dye are

shown in Table 8, These results may be summarised as follows:
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(i) In the case of the three dyes based on the naphthylazonaphth-
alene structure the amount adsorbed before diffusion commences,
decreases with increase in the number of sulphonate groups as does
the period which elapses prior to diffusion.
(ii) Por a given dye, the addition of a C4H9 or 012H25 alkyl
chain to the molccule results in an increase in the amount adsorbed
prior to diffusion, cf. the results for dyes aniline —s»R-acid,
butylaniline —R-acid, dodecylaniline —s»R-acid, Azogeranine,
Butylazogeranine and Dodecylazogeranine, also anilime —sH=-acid
and butylaniling —=sHwgcid,. The time elapsing prior to diffusion
increases with increase in.chain length except in the case of the
dyes based on aniline —sR-acid,
(1ii) In the case of the three monosulphonates based on the phenyl-
azonaphthalene structure, the amount adsorbed is larger when the
hydroxy-group in the molecule is methylated and still larger when
it is chelated with an adjacent azo-group, than when the dye has a
free hydroxy- group. The time taken for the initial adsorption

increcases in the same sensge as the amount adsorbed.

(1) and (ii) indicate that the larger is the unsulphonatéd
residue in the dye molecule, the greater is the amount adsorbed by
the initial adsorption process. This suggests that the surface
sctivity of the dye governs the initisl adsorption. Consideration
of (i), (ii) end (iii) leads to the conclusion that the solubility

of the dye may be of importance in determining both the period of
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time occupied by the initial adsorption process and the amount
of dye adsorbed. |

The fact that for three dyes, aniline——sR=-acid, aniline—e
H-acid and butylaniline —e H-acid (Figs. 35, 44 and 45), the
apparent origin has a negative y-co-ordinate cannot be satisfact-
orily explained along the lines indicated above. The Fickts
diffusion lines = xX-axis intercepts can only be interpreted as
showing that for a short initial period of time no dye anions are
adsorbed. Since the anodic film 1is positiVely charged it is
highly unlikely that this time period corresponds to the adsorption
of sodium ions although this is, in fact, whét the intercepts
appear to indicate.

Since, however, the above summary is confined to trends in
series of results rather than to absolute values, it seems
' permissable to reach the conclusion that qualitatively the position
of the apparent origin is determined to some extent by the surface

activity and/or the solubility of the dye.

Activation energies of diffusion.

If the process of diffusion in the pores of the anodic film
is one of activated diffusion, it is to be expected that the
diffusion cocefficient should vary with temperature according to

the equation,overleaf.
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(52)

where DO = a constant, and E + the activation energye.

To determine E, the logarithms of the slopes of the curves
showing the amount adsorbved against the square root of time,
were plotted against the reciprocal of the absolute temperature.
The results for the dyes studied plotted on this basis are shown
in Fige 46 to 50 the gradients of these lines give the values of
the activation energy required for the diffusion of the dyes into
the anodic film and are shownin Table 9.

It might reaspnably be expected that the activation energy
of diffusion of a dye in the pores of the film would be higher
than that in agqueous solution, as has been found in the case of
large dye molecules penetrating into fibres, where the activation
energy is about 10-30 kcal./mole(93). In the present case
(Table 9) the activation energy of diffusion is ca.-10 kcal,/mole
for most dyes. The value for the dye Naphthalene Red J, however,
is only =-4.0 kcal./mole, which is comparable to that for the
diffusion of dyes in water (Table 10). It has been observed by
several workers that diffusion in solids does not invariably
reguire large acfivation energies. Diffusion in fibres does
however, seem to require a high activation energy. Kressman and

(128)

Kitchner have suggested that the reason for this lies in
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the distortion of the flexible macromolecular structure by the
diffusing molecules., With rigid porous solids on the other hand,
where this does not apply, the activation‘énergy for the diffusionq
of molecules smaller than the pores may be almost the same as
for diffusion in an agueous medium, Evidence that the dye mole-
cules are sufficiently small to penetrate the anodic film to a
considerable extent is provided by the fact that while its external
surface area is of the order of”L5x1102 omz/g., the surface area
measured by the adsorption of sulphonated azo dyes is about

5

12 x 10 om?/g.

The results given in Table 9 may’be summarised as follows.
(1) Considering the values for the three monosulphonates, Orange
I, Methylated Orange I and Orange II, the activation energy falls
wnen the hydroxy-group in Orange I is chelated orxr methylated,'
presumably there is then no hydrogen bond between this group and

water to be broken before the dye is adsorbed.

(ii) The activation energy falls when the hydrocarbon residue of

the dye is increased by the addition of:

(2) A benzene nucleus, cf. the dyes Orange I and Naphthalene
Red J.

(b) A CipHo5 alkyl chain, of. the following ﬁairs of dyes,
aniline — R-gacid and dodecylaniline--»R-acid, Azogeranine
and Dodecylazogeranine.

This reflects an easier removal of the dyes with the larger hydro=-

carbon nucleii from their agueous environment.
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(iii) The addition of a C4H alkyl chain results, however, in

9
an increase in activation energy.

It is possible that this is a result of the formation of
particularly stable agsregates of this dye in solution. In order
0 examine tnis hypothesis the diffusion of a series of three
dyes in aqueous solution viz. Azogeranine and its 04 and 012
homologues wasstudied. The diffusion coefficients were deter-
mined by dififusion through a porous plate (as described in the |
experimental scction p.43) at three temperatures for each dye,
and the activation energy of diffucsion in solution measured from
the gradient of the plot of the logarithm of the diffusion co-
efficient against the reciprocal of the absolute temperature. The
plots for each dye are shown in Fig.5l,. and the values of the
gradients in Tablel0.

The results show that the activation enérgy of diffusion in

solution decreases very slightly on addition of a C4H alkyl chain

9
and decreases further when a 012H25'ohain is added, Thus the
addition of a C4H9 chain does not seem to lead to abnormal behav-
iour in solution.

It is interesting to note that there is no appareht corre~
lation between the number or the positions of sulphonate groups

in the dye molecule and the activation energy values in any way

corresponding to that found for affinivy values,
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CONCLUSLION S,

The concluslions already given in the text are, for convenience
summarised below

The results of adsorption experiments with two solutes
capable of forming lakes with aluminium viz. alizarin and Solway
Blue B, snow that in both cases adsorption is independent of
temperature and that desorption is not effected by treatment with
water under conditions similar to those obtaining during adsorpt-
ion. Thus it agppears that the adsorption of these compounds inm-
vol&es the irreversible formation of very stable chelate complexes
with the aluminium of the anodic oxide film, |

Orientation measurements suggest that alizarin is attached to
the film through the two hydroxy-groups in the 1- and 2-positions.
Solway Blue B appears to be oriented in a similar manner, which
indicates that the sulphonate groups in the molecule are not play-
ing an important part in the adsorption of this compound.

The adsorption of solutes from dry orgenic solvents occurs
only when there is a hydrogen atom in the molecule free to form
intermolecular bonds, Thus hydroxy- and amino-compounds (from
certain solvents) are adsorbed, presumably by the formation of
hydrogen bonds with the oxide film, The dependence of the adsorp-
tion of smino-compounds on the solvent suggests that the V...H...O

bond formed in adsorption has lower free energy than the 0...H...O

bond,
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The adsorption of azobenzene, which is not adsorbed from dry
solvents, is promoted by the presence of water. This appears to
arise from the fact that the two hydrogen atoms in the water mole-
cule can simultaneously form bonds, Hence a bond is formed be-
tween one hydrogen atom and a nitrogen atom of the azo-linkage in
azobenzene and between the other hydrogen atom and an oxygen atom
of the oxide film. Thus water forms a bridge linking azobenzene
to the film.,.

Intramolecular chelation of hydroxy-groups prevents them
taking part in attaching compounds to the film, even in presence
of watery, cf+ pPhenol and o-nitrophenol., In the case of the amino-
compound, phenylazo-2-naphthylamine, where one of the hydrogen
atoms of the amino-group is intramolecularly chelated, adsorption
takés place from carbon tetrachloride as there is etill one hydro-
gen atom free %o form an intermolecular bond.. The affinity of
this compound for the film is, however, much lowexr than that of
the l-isomer, which apparently forms two hydrogen bonds with the
film,

The results of experiments with methoxy- and acetoxy-compounds
designed to determine whether these compounds are adsorbed by the
formation of a hydrogen bond with hydrogen attached to carbon,
were complicated by suspected decomposition of the solutes. The
fact that decomposition may occur does in itseif suggest that some
form of close association of these solutes and the film occurs.

The surface area of the film was found to increase when in
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contact with increasing volume of agueous solutions. This is
evidently the result of small amounts of the film being dissolved
in water and the surface was found to be almost linearly related
to the amount of film dissolved. It is suggested that solution
widens the pores of the film and allows greater penetration of
solute molecules thus increasing the area available for their
adsorption.

The adsorption of sulphonated compounds is accompanied by a
measureable evolution of heat, which indicates that a chemical
reaction, probably salt formation, takes place between the sulphon—
ate groups and the film, This mechanism only involves the
adsorption of the anion, which is initially attracted to the film
surface by virtue of the positive charge possessed by the film in
contact with water. Orientation measurements show that the adsorb-
ed anions are oiiented in such é manner that all their sulphonate
groups are attached to the film,

The affinity of sulphonéted azo dyes for the film appears to
be the sum of the affinities of the sulphonate groups in the mole-~
cule, each contributing to the total affinity an amount character-
istic of its position in the molecule. Yo contribution is made
by the aromatic residue of the dye anion or by free hydroxy-groups,
which form hydrogen bonds with the film in non-sulphonated com=-
pounds.

The apparent heat of adsorption does not appear to be closely
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related to molecular structure but is generally higher for tri-
and tetrasulphonates than for mono- and disulphonates.

The negative entropy change found to accompany adsorption
shows the dye-film phase is more ordered than the dye-solvent
phase, as would be expected from the orientation measurements.
There is, however, no correlation between the numerical value of
the entropy change and molecular structure other than a tendency
t0 increase with increasing sulphonafion of the molecules

A study of the kinetics of the adsorption of sulphonated azo
dyes by the film shows that the azctual adsorption process takes
place in two stages,(i) the building up of a layer of dye on the
outer surfaceg of the film followedtw'(ii) diffusion into the pores
of the film. The extent of the initial process seems to be governed
by the surface activity and/or solubility of any dye.

The activation energy of the diffusion process is lowest for
dyes which are most easily removed from solution, e.g. dyes having
intramolecularly chelated hydroxy-groups which cannot form hydro-
gen bonds with water require less activation energy to diffuse than
similar dyes with free hydroxy-groups. The'activation energy de-—
creases with increase in the size of the aromafic residue and also
on addition of a 012-25 alkyl chain, presumably for the seme reason.

The fact that the activation energy is increased by the addit-
ion of a C4H9 alkyl chain cannot be satisfactorily explained on

the evidence available,



PART 11,

ADSORPTION ON CHROMATOGRAPHIC ALUNMINA




INTRODUCTION.

The use of alumina in the field of chromatosraphy hes been
well established and developed during the last twenty years.

. .
Adsorption columne are now a standard part of the equipment of

organic chemists and more recently have been applied to inorganic

0]

analysis.

A great deal of experimental work is reported in the liter-
ature upon the effect of variations in 2 number of factors on the
effectiveness of chromatographic adsorption on alumina, but the
actual chemical mechanism of the process has been very little
studied by any systematic and cuantitative procedure.

The present work was accordingly undertaken, to follow up the
conclusions of the adsorption studies on the anodic oxide film by
determining whether similar forces "are operative in adsorption on
alumina powder. It is hoped that the results of static adsorption
experinents naoy be of use in further work on the behaviour of dyes
on alumina columns.

The adsorption properties of elumina very according to its
crystalline structure, its state of hydration, particle size and
purity. Active elumina suitable for use as a chromatographic ad-
sorbent is generally prepared by heating technical pure AI(OH)3

(hydrargillite) for a few hours at ca.400°. The crystalline form

’

of

4]
l—J
o
H
e

ne prepered in this way is the -modification which has a

A

spinel lattice in which a third of the positions available for the

oL
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(96) (97)

adsorptidn of the metal atoms are unoccupied « Taylor
found that the adsorption activity of alumina, measured as the
weight of dye (Waxoline Blue CS) adsorbed by unit weight of alumina,
was directly related to the amount of §-alumina present. The most
stable form of alumina, «=-alumina, which is‘the most compact form,
having a hexagonal close-packed structure in which the aluminium
atoms are regularly arranged(gez does not exhibit adsorptive
properties(99). It has been suggested(99) that in the adsorption
of organic compounds from non-aqueous solution, certain points on
the adsorbent particle (the so-called "active" points) play an
important part. These occur mainly at positions where the crystal
lattice is faulty, which may explain Why the more ordered K -form

of alumina, does not adsorh while & -alumina is an effective
adsorbent.

The Preparation and Standardisation of Alumina for Use as an

Adsorbent.

(100) have described a method of prepar-

Reichstein and Shoppee
ation of active alumina by heating Al(OH)3 for about 3 hours, with
stirring, at 380O to 400°. Such preparafions always contain free
alkali (or sodium carbonate) which may cause secondary reactions

when the aluming is used as an adsorbent, e.g., condensation of

ketones or aldehydes. Washing with dilute acid or water eliminates

this risk and reduces the activity of the alumina.

The activity of alumina can be measured by the method of
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- (101) ¢ . .
Brockmann and Schodder . They obtained alumina of five
different grades of activity, which are differentiated by the
behaviour on a column of a number of coloured azo compounds, viz.,
azobenzene, p-methoxyazobenzene, Sudan Yellow and Sudan Red,

in order of adsorbability. The following table shows the

behaviour of these compounds on alumina columns.

STAN DARD z TL i/
SoLuTtoN CoNTAINING | A+ b a+ b b+c b+c e+ ol
ADSORBED oA ColLuMN A

ToF b b ¢ c
Borrom a b c
FOUND IN FITRATE a b

Q = AZOBENZENE 3, b= p-MeTHOXYAZOBENZENE , C= SUPAN YELLOW

ol = SUDAN RED

Aluming of standard I is completely activated by calein-
ation, whereas the others are more or less deactivated by pro-
longed exposure to moist air. It has been found(102) that the
addifion of 3.3% water to a compietely activated alumina gives it
an activity of standard III. Aluﬁina of only slightly varying
adsorption propertieé is available commercially.

For adsorption in aqueous media the properties of alumina
can be modified by washing with acid or alkali. The former is
frequently used for the adsorption of dicarboxylic amino acids

and acidic peptides(lOB) while both have been used in work on the
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geparation of inorgenic ions.

Adsorption of Organic Compounds from Non-agueous Solvents on

Alumina..

Brockmann'%Y) investigated the effect of various functional

groups on the adsorption sequence of p-substituted azobenzenes

and stilbenes, from benzene and carbon tetrachloride respectively,
on alumina columns, He found the following relationship between
the firmness with which the derivative was adsorbed and the nature

of the functional group.

Azobenzenes., Stilbenes.
R=C6H5N=NC6H47 . R=C6HSCH=CH06H4-

~C00H -CO0H

-0 -CONH2
-NH.COCH3 -CH
-O.COCH3 —NH2

- -

NH2 1\.H.COCH3
-O.COC6H5 -O.COCd5
~N(CH,), ~N(CHz) ,
- Y - ' !
‘BOZ O.COC655
—OOH5 -N02

-H
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The two series are in almost complete agreement with each
other. Differences being found only in the behaviour of the
groups, -HH.COCHs, -0.C0CH; and 0.00CH_. These are adsorbed in
the same order in both cases, but the stilbene derivatives lie
higher iﬁ the sequencé than the corresponding derivatives in the
azobenzene series.,

Brookmgnn (loc. cit.) also studied the effects of the solvent,
and of the acid or alkaline nature of the alumina, on the adsorp-
fion sequence of azo dyes and found that both these factors had
a marked effect on it.

He suggested that the dependence of the adsorption sequence
of the dyestuffs on the solvent is perhaps due to variations in
the solvation of the hydroxy- and amino- groups present, and
further that depending on the nature.of the solvenf, the dyestuffs
‘are partly adsorbed in the azobenzene form and partly in the
tautomeric quinone-imine form.

The adsorption sequence of dyes on acid and alkaline alumina

found by Brockmann (loc. cit.) supported the observation made by
(104)

Hesse and Sauter that basic compounds are adsorbed better on

alkaline alumins than on acid alumina, while acidic compounds show
the opposite behaviour.

From the results of work on compounds whose adsorption is
independent of these factors Brockmann (loc, cit.) concluded that

the adsorption affinity of a compound is practically an additive
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function of the adsorption affinities of the basic skeleton and
of the functional groups but only when there is no possibility
of tautomerism and when solvation by the solvent does not occur.

(105)

Strain has dravm similar conclusions from work on the
adsorption of carotenoids., These conclusions are,however, based
largely on qualitative work.

The forces operative in attaching solutes to alumina have

been less intensively investigated. Hesse and Sauter(196)

infer
thaf aquenzene is adsorbed by the operation of van der VWaals
forces, while basic and acidic dyes appear to form complexes with
the oxide. The importance of hydrogen-bond formation in the
adsorption process has been demonstrated by Hoyer(lo7) who has
shown that A <hydroxy- anch—amino-anthraquinone are less étrongly
adsorbed on silica and alumina than the B-isomers from benzene
solution. He attributes this result to the fact that intramole=-
cular hydrogen=-bonding occurs in the A -isomers whereas in the

A -isomers, the hydrogen atoms of the functional groups are free

to form intermolecular bonds,

Adsorption of Inorganic Ions on Alumina.

A considerable amount of work has been done on the separation
of inorganic cations and anions on alumina columns but theories
suggested o account for their adsorption by various authors are

somewhat divergent.

The fact that sodium ions are generally present in technical



29.

(

alumina led Schwab and Jockers 108) to suggest that the adsorption

of cations depended upon an ion-exchange process between the
sodium ions on the column and the cations in solution. Flood(log)
from his work on alumina impregnated paper reached the same

conclusions. Fricke and Neugebauer(llo)

s however, from work on
sodium-free alumina prepared from aluminium foil, concluded that
the presence of sodium ions is not necessary for adsorption.

(111). Other theories

Other workers have supported thils conclusion
which explained the adsorption process on the basie of the prec-
ipitation of basic salts caused by the alkaline reaction of

(112} ,ng precipitation of basic carbonates due

technical alumina
to alkali carbonates and bicarbonates being present(lls) have
been put forward. From a study of the adsorption of cations and
anions from aqueous solutions of cuprous chloride, Jacobs and
rompkins(114) found that both ions were adsorbed, but the cation
was more strongly adsorbed than the anion. ihey concluded that
alumina functioned as an amphoteric ionic adsorbent which engages
in both hydrogen ion/cation and hydroxyl ion/anion exchange,

The non-equivalence of the adsorption of catioms and anions is
attributed to additionsl sodium ion/cation exchange. They sugg-
ested that this was assboiated with the presence of sodium alum-
inate as impurity in the alumina and was not due to hydrolytic

adsorption nor to an exchange involving aluminium ions or hydrogen

ions. The same authors(ll5) have also suggested the possibility
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of molecular adsorption taking place together with additional ion
exchange between the sodium ions and cations.,

(116)

Sacconi 'oonsiders that the major process whereby cations
are adsorbed on pure alumina is one of hydrolytic adsorption
associated with aluminium ion/hydrogen ion exchange. He suggests
that the adsorpticn of inorganic salts may take place according

to the following equations:

M+ H,0 === M(oE)* + m' (in solution)

This reaction is displaced towards the right-hand side because
of the lowering of hydrogen ion concentration by aluminium ion/
hydrogen ion exchange, i.e. the surface buffering effect of alumina.

The aluminium salt liberated is then adsorbed as a basic salt:

Mt + 6H,0 — 6u(oH )T + em'

: +++
Mlp05 + 60— 241 + 3H,0

+++

om1™ 4 o0 —soni(om) ™t + 2HT and ete.

Since alumina is in excess, the process will continue until
adsorption is complete. In support of the aluminium ion/hydrogen
ion exchange hypothesis, Wagner(ll7) has shown that the dissolution
of alumina in acids ié a surface reaction depending on the concent-
ration of other electrolytes present as well as on the hydrogen

ion concentration, In the case of adsorption on technical alumina
the sodium ion/hydrogen ion exchange process'will be superimposed

on the aluminium ion/hydrogen ion exchange.
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Sacconi (loc. cit.) also found that the adsorption affinity
is propoxrtional to the polarising power exerted by the ions as
well as to the polarisability of the groups co-ordinated aiound the
ions; +this conclusion was also reached by Venturello and Agliardi
(118) |

The adsorption of cations on basic alumina columns and of
anions on columns previously treated with hydrochloric acid has
been explained by Wieland(los) on the basis of ion exchange as
follows. Treatment with hydrochloric acid results in the adsorp-
tion of chloride ions by The alumina which can be exchanged for
organic or inorganic anions. By heating technical alumina, the
alkali carbonate which it contains forms active centres of sodium
aluminate. The sodium ions can then be exchanged with cations

in solution and adsorption occurs.

Adsorption of Dyes on Alumina.

The adsorption of some synthetic dyes on alumina from solut-
ions in water and ethanol was investigated by Ruiz, Chovin and

Moureu(ll9)

who concluded that the presence of hydroxyl or acid
groups increased adsorption whereas amino-groups diminished it

and that adsorption was modified by the orientation of the groups.
They also found that the solvent had a definite effect on adsorp-
tion. In agreement with this Mutch(lzo) found that alumina'freely

adsorbs acid dyes but has little affinity for basic dyes and that
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desorption was not readily effected by washing with water or

organic solvents., The operative mechanisms of adsorption were

not, however, determined.
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EXPERILENTAL.,

Preparation of the Substrate,

The alumina used throughout the work was taken from a single
sample supplied by Savory and lioore for chromatographic use.
It was found to be alkaline in character; 20 ml. of distilled
water shaken up with lg., at room temperature, had a pH of 9.5,
In view of the fact that a significant part of the work concerned
the adsorption of acid dyes, which have been found to be unadsorbed

by alkaline alumina(lzl)

, the powder was acidified before use,in
This was done by wasning 100 g. twice with 200 ml. 2N hydrochloric
acid, followed by rinsing several times With water. It was then
dried in an oven at 150O for several days. Under the same condit-
ions as for the alkaline sample this alumina changed the pH of
distilled water to 4.4.

The dry, acid alumina was standardised,according to the method

of Brockmann and Schodder(101) (pe

9%5), and its activity found %o
correspond to Brockmannts standard II. It was stored in a desic~-
cator and standardised frequently during the course of the work,

being maintained at standard II throughout.

Dyves and other Reapents Used.

The adsorption characteristics of the following compounds

on acidified alumina were studied.
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Unsubstituted szo-compounds,

(i) Azobenzene - (ii) Bis(phenylazo)benzene

Pure samples of (i) and (ii) were obtained by recrystallisaztion

of commercial samples.

Hydroxy=compounds,
(i) Fhenol (iii) 2-Naphthol
(ii) Resorcinol (iv) 2:4-Dihydroxyazobenzene

Pure samples of (i), (ii) and (iii) were prepared from commercial
samples by recrystallisation, (iv) was prepared as described on

page 3D

Amino=-compounds.

(1) p-Nitroaniline (iii) p~-Aminoazobenzene

(ii) m=-Nitroaniline (iv) TFhenylazo-l-naphthylamine

(1), (ii) and (iii) were purified commerclal samples. (iv) was

prepared as described on page 35,

liiscellaneous compounds,

(i) 2:4-Diacetoxyazobenzene (iii) Cellobiose

(ii) Sucrose

(1) was prepared from 2:4-dihydroxyszobenzene by acetylation
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in the normal manner.

(ii) and (iii) were pure commercial samples.

Sulphonated azo=compounds,

Sodium salts of the compounds listed below were used in
" every case and are referred to subsequently by the names given

in parenthesis.

Colour Index

No.

(1) Sulphanilic acid — 2=-napnthol (Orange IT) 151

(ii) 1-Naphthylamine-4=~sulphonic acid—s 2~-naphthol 176
(Naphthalene Red J) |

(iii) 1-Naphthylamine ——s 2-naphthol=3:6=disulphonic 88
acid (l=Naphthylamine ~—s R=-acid)

(iv) l1-Naphthylamine-4=-sulphonic acid —2=naphthol 182
=6=sulphonic acid (Naphthalene Red EA)

(v) Aniline —» l=acetylamino-8-naphthol=3:6~ 31
disulphonic acid (Azogeranine)

(vi) p-n-Butylaniline —s l-acetylamino=-8-naphthol-
3s6=disulphonic acid (Butylazogeranine)

(vii) p=-n-Dodecylaniline—w l-acetylamino-8~naphthol=-
336=disulphonic acid (Dodecylazogeranine)

(viii) Ditolyl-disazo=-%3:6~disulpho~2-naphthylamine 454

phenetole (Congo- Orange R)
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Colour Index
To.

(ix) p-Sulpho-o-tolucne-azo-o-toluene=azo~ 286
2=naphthol=-8=sulphonic acid (Ponceau 6RB)

(x) sulphanilic acid—s 2-naphthol-%:6-disulphonic
zcid (Sulphanilic acid—— R=-acid)

(xi) 1-Hephthylamine-4~sulphonic acid——w2-naphthol 185
~6:8=disulphonic acid (Napnthalene Scarlet 4R)

Samples of compounds (vi), (vii) and (x) were preparcd in the
laboratory by diazotising the appropriate amine and coupling with
the appropriste naphthol. In the case of (vi) and (vii) the
naphthol was prepsred as described on p.38.

Pure samples of 811 the other compounds were prepared from
commercial samples by salting out from agueous solution with sodium
chloride, followed by recrystallisation from ethanol-water mixtures.

The purity of all the sulphonated azo-compounds determined
by reduction with titanous chloride as described by Knecht(59).

A1l samples used in the experimentsl work were of over 95% purity

as estimated by this method.

Adsorption rrocedure.,

The procedure employed to obtain equilibrium and rate data
- for the systems studied was similar to that used in the case of

adsorption on the anodic oxide film (p.39). In the course of
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the present work, however, it was found that the time required
to attain equilibrium was very short and the procedure was modified
accordingly (p. 122).
O.lg. dry acidifie d alumina was used with 5ml. test solution,
giving 2 solutionsoxide weight ratio of 50:1 compared with 300:1

in the case adsorption experiments on the anodic oxide film,

Analytical Technigues.

The determination of the concentration of solutions of the
compounds studied was effected by photoelectric absorptiometry,
except in the case of solutions of sucrose and cellobiose which
were determined by measuring the refractive indices of the
solutions on a Pulfrich refractometer. By measurement of the
refractive index of a solution before and after treatment with
alumina the difference in concentration, and thus the amount

adsorbed, was determined.




108,

RESULTS AND DISCUSSION,

SECTION TI.

The Adsorption of Non-sulphonated

Compounds.

Adsorpticn experiments were carried out with solutions of
azobenzene and bis(phenylazo)benzene in dry benzene, spectro-
scopic ethanol, absolute ethanol, and an ethanol-water mixture
(80:20). Both compounds were adsorbed from agueous ethanol but
neither were adsorbed from the other solvents used.

This result indicates that the mechanism whereby unsubstituted
azo-compounds are adsorbed on acidified alumina is similar +to
that operating in the case of the anodic film, viz. the water in
the solvent acts as a hydrogen-bonding cross-linking agent forming
bonds simultaneously with the oxygen of the alumiha and one of the
nitrogen atoms in the‘azo-linkage of the solute.

Isotherms illustrating the adsorption of azobenzene at 230
and 300, and of bis(phenylazo)benzene at 500 are shown in Figs.
52 and 53%. The fact that the adsorption of azobenzene decreases
with rise in temperature shows that a measurable negative heat of
adsorption is involved. This is further evidence that bonds are
formed between the solute and the oxide.

The values of the affinities of azobenzene and bis(phenylazo)
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benzene foralumina, calculated from the equation on p.55 on the
assumption that adsorption taskes place on specific sites in the
substrate, are -3.6 kcal/mole and -4.2 kcal/mole respectively.
The higher affinity value of the bisazo-compound suggests that
both azo=linkages in the molecule are involved in its attachment

to the oxide, i.e. there are two water "bridges" formed, as shown

==K
| ok

HoH

below,

These results having indicated that the formation of hydrogen
bonds is a possible mode of attachment in the adsorption of
compounds by alum}na, experiments were carried out with substances
containing other gubstituent groups capable of forming such bonds.

The results are discussed below,

(i) Hydroxy-compounds.

The hydroxy-azo-compound, 2:4-dihydroxyazobenzene was found
to be adsorbed from absolute ethanol (Table 11)., This must
. clearly be attributable to the presence of the free hydroxy-group
in‘the 4-position, as azobenzene 1is not adsorbed from this

solvent.,
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Isotherms for the adsorption from water of phenol and
resorcinol at 580 are showvn in Fig.54. The affinities of these
solutes, calculated from the isotherms are -2.4 kcal/mole and
-3+2 kcal/mole for phenol and resorcinol respectively. The higher
value for the dihydroxy-compound suggests that both the active

groups may be attached to the surface of the substrate.

(ii) Amino-compounds.,

The effect on adsorption behaviour of ihtroduciﬁg amino=groups
into otherwlice unsubstituted azo—compounds'was investigated by
carrying out experiments with solutions of p-aminoazobenzene and
Phenylazo-2~-naphthylamine in dioxan. Both compounds are adsorbed
from this solvent st 580, and the isotherms are shovm in Fig.55.
In the case of the phenylazo-compound, one of the hydrogen atoms
of the amino-group is intramolecularly chelated, leaving only one
capable of bonding this compound to the alumina, The value of
its affinity for the substrate is =4.3 kcal/mole and that for
p-aminoazobenzene is =-5.4 kcal/mole. As found in the case of the
hydroxy-compounds the affinity of a solute rises with the number
of hydrogen atoms free to form external bonds.

The adsorption of amino-compounds on the anodic oxide film,
which is a result of hydrogen-bond formation, is found to be
prevented by using water or benzene as solvent. In order to dis-

cover if this is also the case with alumina solutions of the
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compounds p-nitroaniline and m ~nitroaniline in an ethanol=-water
mixture (50:50) were studied. Both compounds were adsorbed, as
shown in Fig.56. Tn the case of the behaviour of lMagenta P
towards the anodic film (Fig.7), from solution in dioxan and two
dioxan—waﬁpr nmixtures (75:25 and 50:50), only a very small smount
was adsorbed from the solvent containing 50% water. The isotherms
for the two nitroanilines studied show, however, very considerable
adsorption of both compounds from agueous ethanol and suggest that

the presence of water does not prevent them being adsorbed,

(1ii) Indications of adsorption by hydrogen-bonding through

hydrogen attached to carbon,.

A number of examples of intermolecular hydrogen-bonds involv-
ing hydrogen attached to carbon are known, e.g.(84), and an attempt
was made to discover whether adsorption on alumina could take place
by this means. Solutions of 2:4-diacetoxyazobenzene in dry benzene
were used and adsorpticn was found to occur (Fig57)e. As azo=

benzene is not adsorbed from the solvent employed here adsorption

is presumably the result of hydrogen-~bond formation thug:-
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It is interesting to notice that no direct evidence of this
type of bonding was found in the case of the anodic film, The
results did, however, suggest that decomposition had occurred
which in itself seems to show that some form of close association
with the film took place,

An additional test to check that adsorption could occur by the
formation of a hydrogen-bond between alumina and hydrogen attached
to carbon, was made on the basis of work done by Arshid, Giles

(79)

and Jain on hydrogen-bond formation in solution. They found
that glucose and cellobiose form hydrogen~bond complexes with
reactive second solutes in water, apparently reacting in their
open-chain form as aliphatic aldehydes. The normal ~equilibrium
state of glucose in water is strongly in favour of the X - and

B = ring structures, only a small percentage of the open=-chain
aldehyde being present. If, however, in the equilibrium mixture
the aldehyde alone can form an intermolecular bond ( the hydroxy-
and ethexr groups probably being protected by solvation with water),
then complex formation will alter the equilibrium in favour of the
open~chain structure. Arshid et al., found that ketones do not
form hydrogen-bond complexes in water, and neifher do the ketoses,

sucrose and fructose, so that in their case neither open-chain

nor ring=bond can be reactive towards a second solute.
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Accoxrdingly the adsorption behaviour of sucrose and cellobiose
towards alumina in aqueous solution was examined. Cellobiose was
adsorbed, but sucrose was not. The isotherm for cellobiose is
shown in Fig., 58. This result is thus guite in agreement with
the conclusions of Arshid et al., and can be taken as evidence of
hydrogen~bond formation between the hydrogen of the aldehyde group

of cellobiose and alumina.
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SECTICON IT.

The Adsorntion of “ulphonated Azo-

Compounds.

All the sulphonated azo dyes studied were found to be
strongly adsorbed on acidified alumina from aqueous solution, the
amount sdsorbed at eguilibrium being independent of température,
(Figs. 59 to 68).

The fact that the dyes Orange II and l-naphthylamine— R-
acid are adsoxrbed is evidence that the presence of functional
groups, obther than sulphonate groups or azo-groups, is unnecessary
for adsorption as the hydroxy-group in both these molecules is
intramolecularly chelated and cannot take part in the formation
of external bonds.

Attachment of these solutes to the substrate by the formation
of a water bridge between.a nitrogen atom of the azo-linkage and
an oxygen atom at the slumina surface is unlikely, because a
process of this type has been found to be accompanied by a mea-
surable heat of adsorption (p.108).

The adsorption process would therefore appear to result
either from the operation of van der Waals forces or reaction with
the sulphonate groups in the sclute molecule. Hesse and
Sauter(106) studied the adsoxrption of neutral substanceé and of

acid and basic dyes on alumina. They found that the adsorption
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of neutral substances is unaffected by change in PH, whereas acid
dyes are adsorbed more strongly as the pH decreases and basic dyes

(121) has found that

behave in the opposite manner. Cummings
sulphonated azo dyes are not adsorbed by commercial chromatographic
alumina, which gives a pH of ca. 9 in contact with water, but are
adsorbed after the alumina has been treated with acid. Thus it
appears that van der WaalsAattraction is not responsible for
adsorption, which must clearly be attributed to the presende of
sulphonate groups in therdye molecules,

Hesse and Sauter (loc.cit.) suggest that the dependence of
the adsorption of acid and basic dyes on pH may show that a compound
is formed between these dyes and the substrate. The absence of a
measurable heat of adsorption observed in the present case does
not, however, support this explanation of the process.

wieland(103) nas shown that alumine treated with hydrochloric
acid takes up chloride ions and subsequently behaves as'an anion
exchanger. Iany ion-exchange procecsses have been found to occur
with negligible evolution of heat. The adsorption of cationic
dyes from water by certain negatively charged surfaces (graphite,

(122)

silica) has a negligible temperature coefficient and several

123 ' .
workers( 3) have pointed out that temperature has 1little or no
effect on base~exchange equilibria between ions of the same valency.
Very low temperature coefficients have been observed also in cation-

exchange on resins by Boyd et a1, Liagistad et al., Patton and
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(124). Steinhardt, Fugitt and Harris(125)

Ferguson and Vansclow
found a very low value fpr the heat of adsorption of monochloro-
acetic acid on wool at low temperatures (0.3 -~ 0.4 kcal/mole).
They supposed that this was due to replacement of a solvated
molecule of water in the fibre by another of the acid held only
slightly more strongly.

It appears likely, thercfore, that the adsorption of sul=
phonated azo dyes by acidified alumina is a purely physical
process, involving chloride ion-dye anion exchange. The process
is therefore different from the formation of bonds between the

dye anion and aluminium which is found to occur when these solvents

are adsorbed by the anodic oxide film,

(1) Adsorption Equilibria.

The nature of the isotherms.

The equilibrium adsorption isotherms for all the dyes studied
conform to type I of the Brunauer et al.(86) classification
(Figel3). These isotherms have well-defined plateaux which, for
the purposes of orientation measurements, may be taken as repres-

enting the existence of a monomolecular layer of adsorbed solute

on the substratee.

Isotherms of this type were found by Boyd, Schubert and

(126)

Adamson in a study of cation-exchange on synthetic organic

zeolites. On carxrying out experiments at various solution:resin
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weight ratios, however, they found that the amount adsorbed at
equilibrium was not a function of fhe ecuilibrium bath concent-
ration but depended on the ratio of the eguilibrium concentrations
in the solution and adsorbent phases., In view of this observation,
the adsorption of Naphthalene Red J was studied at three solution:
alumina weight ratios, viz. 25:1, 50:1 (the standard fatio), and
200:1., The results are plotted in Pig. 59 and it can be seen that
the same isotherm is obtained regardless of the ratio used., This
demonstrates that in the present case the equilibrium concentrat-
ions in the solution and adsorbent phases are inter-dependent,

The process is thus a normal adsorption process.

Orientation of the adsorbed anions.

The surface area of the alumina available for the adsorption
of sulphonated dye anions was estimated from the isotherm for
Orange II (Fig.60). It was assumed that, when adsorbed, this
compound is oriented normal to the surface of the alumina particles
with the negatively charged sulphonate group adjacent to the
adsorbent. The area occupied by the anion in this position was
estimated from a Catalin (Stewart-type) scale molecular model as
was done in the work on adsorption on the anodic oxide film, This
area, multiplied by the monolayer capacity of the adsorbent for
this anion which was estimated from the adsorption isotherms, gave

a value of 5 cm.2/g. bid lO"'5 for the specific surface area of the
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alumina.

The aresa occupied by the other anions was then.estimated
by dividing the specific surface area of the alumina, as estimated
above, by the monolayer capscity for each anion. In Table 12
these values are compared with the cross=sectional aregs of the
anions, measured from models, in the positions designated,
"end-on", "edge-on" and "flat", on page 66. It will be seen from
Table 12 that the areas of coverage of the anions calculated from
isotherm data are in reacsonable agreement with those.measured from
models if the anions are oriented in the monolayer according to

the following general principles.

(1) The dye anions are attached to the substrate only through
the sulphonate groups. |
(ii) A1l the sulphonate groups are involved in the attachment.
(1iii) Except in the case of the dyes having sulphonate groups
disposed more or less symmetrically around the molecule, viZ.
sulphanilic acid——sR~acid and Naphthalene Scarlet 4R, the anions
are oriented at right angles to the surface. This is probably a
result of the strong non-polar attraction between the hydrophobic
residues of adjacent molecules.

{iv) The presence of an alkyl chain in the anion results in it
covering a much smaller area than that covered by the non-alkyl=-

ated anion. (Compare the results for the dyes Azogeranine,
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Butylazogeranine and Dodecylazogeranine given in Table 12),

As in the case of orientation measurements on the anodic
film, the value of the surface area of the substrate obtained

in the above manner is derived on the assumption that completed

- close=packed monolayers are formed. The fact that the amount

adsorbed at equilibrium is independent of temperature probably
renders the value for the surface area obtained for the alumina
powder more Tundamental than that obtained for the anodic oxide

film, vhich relates to adsorption at ca. 50o only.

Thermodynamic Data.

(i) the change in chewmical potential.

As discussed in the general introduction (p.8) the mechanism
of adsorption must be known before the basic equation for the
determination oFf the change in standard chemical potential can be

ny given adsorption system. In the present case,

%))

adapted to fit
the isotherms for all the sulphonated azo dyesc examined conform
to the shape fitted by Langmuir's adsorption equation: This
assumes the existence of separate, independent, adsorption sites
in the substrate and the formation Qf a monomolecular layer of
solute on its surface. Evidence that a mechanism of this type

is operative in the present instance, apart from the shape of the
isotherm, is suggested by the comparatively consistent values of

the surface area of the substrate obtained on the assumption that
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a monolayer is formed and that the sulphonate groups are recsponsible
for adsorption. Since anion-exchange is supposed to account for
adsorption only the anions are adsorbed, the cations remaining
in solution, On this basis, the eguation used for the evaluation
of the change in standard chemical potential is that given on

P.69, for a dye Na,D which is ionised in solution, viz,
(o] Z
- A = - RT 1n [wa] [D}
/A& L S S

Where[NaJZ [iﬂs is the activity of the dye in solution at equilib-
rium, The values for wgu?, which give a gquantitative measure

of the affinities of the dyes for the substrate, are given in
Table 13,

The values obtained can be explained on the basis of the
hypothesis put forward in the case of adsorption on ‘the énodic
oxide film, viz., the total affinity of a dye is the sum of
"partial" values for each of the sulphonate groups in the molecule,
each of which contributes an amount dependent on its position in
The molecule, For dyes based on the phenylazo- and naphthylazo-
naphthalene skeletons it can be seen from Table 13 that this is
in fact the case in the adsorption of sulphonated azo compounds
by acidified alumina,

It apyvears also that only the sulphonate groups make signif-

icant contributions to the affinity as the dyes Congo Orange R
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and Ponceau 6RB, which have two azo-linkages in the molecule,
have aeffinity wvalues similéf to those of monoazo-compounds having
sulphonate groups in similar positions in relation to the azo-
linkages of the molecules.

The three dyes Azogeraniné, Butylazogeranine, and Dodecyl-
azogeranine have comperable affinities for the substrate, which

indicatesthat 2lkyl chalns have a negligible affinity for it.

(i1i) The apparent entropy of adsorption.

The apparent entropy of adsorption for each dye at 50O was
calculated from the equation,

A/a°= AE® - TASY
The values are given in Table 14.

It will be noted that these wvalues are comparable to those
obtained in the case of adsorption on the anodic film (less than
-100 cal./mole/deg.) which suggests that there is a similar
degree of order in the solute/adsorbent pheses in both casese. The
orientaticn measurements suggest that the adsorbed anions are
rigidly oriented.

Ls there iz no apparent heat of adsorption for any of the dyes
studied, the values of the apparent entropy of adsorption, calculat-
ed using the above equation,are prOporfional to the affinities

of the dyes
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for the substrate. This introduces the possibility of caiculat-
ing "partial entropies" for the sulphonate groups having values
characteristic of their position in the molecule.
This may indicate that the positions of the sulphonate groups
have an effect on the degree of order in the solute/adsorbent

Phase.

(2) Kinetics of Adsorption.

The results of preliminary rate-measurement experiments with
0.02% solutions of WNaphthalene Red J showed that at temperatures
greater than ca. 500 the system attained equilibrium in a few
seconds. For this reason measurements were made at lower temp=-
eratures than 300, within the range 9O to 250 in all cases. Evén
at these lower temperatures adsorption was found to be usually
very rapid e.g., half the eguilibrium amount of Naphthalene Red J
adsorbed from a 0.02% solution at 25° is taken up in 5 seconds.
To obtain reasonably accurate readings in the early stages of
adsorption it was therefore necessary to modify the rate-measure~
ment technigue employed in the case of the anodid film wheré the
attainment of equilibrium was a matter of hours at temperatures
sbout 60°.

Tubes containing the test solutions were fitted with ground-
glass stoppers and immersed in the thermostat at the appropriate
temperature for some time to allow thermal equilibrium to be

attained. One of the tubes was held in such a position in the
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thermostat that the mouth was avove the surface of the thermostat
water. The stopper wes removed and O.,lg. of acidified aluming
gqulckly pomred in, the stopper reinserted, and the agitating
mechanism immediately started up. After the reguisite time
interval hed elapsed, the agitation was stopped, the stopper
removed, and a sample of the test solution quickly withdrawn for
analysise The tubes were dealt with singly to ensure that the
time period measured from the moment 211 the alumina had been
poured in until the sample for analysis had been withdrawn
corresponded as closely es pqssible with the period of constant
agitation of the system. It was found that reproducible readings
could be obtained, by this procedure, for a 10 second immersion
period .

Rate of adsorption isotherms were obtained at three temperat-
ures for each of the dyes studied; Those for Naphthalene Red J
at 250, 140 and 90 are shown in Fig. 59. These curves are
typical of those obtained for the other dyes studied and show that
the rate of adsorption increases with temperature although the

amount adsorbed is independent of temperature, as noted previously.

The form of the kineticse.

The results of the rate measurements were analysed in the
light of the fact that the process of adsorption appears to be

one of ion-exchange involving the C1~ ions in the substrate and
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the dye anions.
Ion-exchange adsorption does not involve the breaking of any
covalent bonds and the rate of adsorption will therefore depend
on the rate of transport of the a2nions in the bulk of the solution.
to the exchange sites in the adsorbent. This process may be

broadly divided into two stages, viz.,

(1) Diffusion of anions through the solution to the surface of
the adsorbent particle.
(ii) Diffusion of anions inside the adsorbent particle from the

outer suxrfaces,

The experimental technique émployed to measure the rate of
adsorption ensured vigorous agitation of the adsorption system,
This would be expected to minimise the effect of (i) so that, at
least in the early stages of the process, it would be reasonable

- 1o assume that a layer of solution of constant concentration of the
solute exists at the adsorbent particle-solution interfzce. In
this case it is likely that the raté-controlling process wouid be
(ii) e On the other hand, the uptake of anions was found to be
very rapid and the transport of anions from the bulk of the
solution after the first stages of the adsorption might nbt occur
with sufficient speed to maintain a layer of constant solute
concentretion at the absorbent surface. In this case the adsorb-

ent particles may be considered to be enveloped in a liquid film
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in which a concentration gradient pergists. Thus it is evident
that both (1) and (ii) must be taken into account in the present
case and the development of equations which are applicable to

the two diffusion processes is described briefly below.

(i) Diffusion through the bomnnding liguid film,

The Nernst static diffusion theory is likely to be only a
crude approximation for the complex situation which exists near
an irregular solid surface in a stirred liquid, nevertheless,

Boyd, Adamson and Myers(127)

have found that under a given set
of conditions of temperature and stirring its application is
useful for the treatment of exchange kinetics.,. Kressman and

Kitchener (128)

have applied the theory to diffusion from a limited
bath in the case of cation-exchange on a phenolsulphonate resin,
In the present case, an equation describing this type of diffusion
may be derived as follows.

Let Q, be the number of milli-equivalents of ¢1” ion in the
alumina which is brought into contact with V ml. of solution
containing Qy milli-equivalents of the salt of dye anion D~ at

time £ = O. Suppose that the adsorbent consists of n particles

of alumina of mean equivalent sphere radius r, and that the effect-

ive thickness of the Nernst diffusion layer is §. Let the amount

of exchange after time t be Qt milli-equivalents. The diffusion

process taxing place in the Nernst layer is essentially one of
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anion exchange at constant ionic strength and the rate is there-
fore proportional to the concentration gradient of Cl™or D™, Tet
Dy be the Fick's law diffusion coefficient for the inter~diffusion
of the anions under these conditions,

After time L, the concentration of Cl™ ions on the solution
side of the lernst layer will be Q/V., A satisfactory cxpression
for the concentration of C1™ ions at the adsorbent surface is,
more difficult to obtain. It is likely however, that the number
of anions present at the outer surface of the particles derived
from the adsorbenl phace is much greater than that present as
coluble eclectrolyte from the solution phase since soluble cations
are to a great extent repelled by the opposing zeta potential(lzg).
Consequently, the number of Cl'ions which can participate in
diffusion zway from the surface of the particle at any instant may
be taken as proportional to the number present in the adsorbent.
This number may be written k/( QW - )

Application of Fick's law to the Nernst layer, assuming the

diffusion gradient to be linear,gives,

D E——— —

s, mp [ % -Qt)—Qt}
at § v

which on integrating gives,
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Q 1n { 1=-Q) = Xkt ececcevens (1)
o Q

where Q_, = amount of Gl ion which has passed into the solution
vhen the system is at equilibrium, and k = le(/g y, which is a
constant.,

Thus, if the rate of adsorption is controlled by diffusion

through the bounding liquid film, the plot of = log((1l - Q./Q.)

against t should give a stright line, whose gradient is proport-

ional to the diffusion coefficient in the film,.

(ii) Diffusion inside the adsorbent particle,

Boyd, Adamson and Myers(127) have shown that the kinetics
of an ion=-exchange process are formally similar to those for the
conduction of heat into a sphere from a well-stirred, infinite
bath, assuming that the oonéentration in the solution is uniform
up to'the particle surface and that the rate of exchange is
controlled by radial diffusion inwards from the particle surface
with a constent diffusion coefficient. The corresponding theory
for a limited bath has been given by Carslaw and Jaeger(lBO) and
in a more convenient form by Paterson(13l). It has been shown by

Barrer(132) that Paterson's solution approximates to the following

expression for small values of Q./Q,
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G = 6 Yo [ ceeeeeees (2)

Thus a straight line should be obtained for a plot of Qt/Qw
against % if particle diffusion is the rate-controlling
process in exchange adsorption. Kressman anad Kitchener(l28) have
found this rule to be obeyed up to Qt/Q, = 0.8 in some cases,
but in general it can only be expected to hold for smaller values

of Q‘E/Q“" o

Determination of the rate-controlling process.

By plotting the experimental results for each dye at each
temperature in accordance with both equations (1) and (2), the
diffusion process controlling the rate of adsorption was deter-
mined. Figs. 70 and 71 show the results for  Naphthalene Red J
(0.02%) at 250, 140 and 9O plotted in accordance with equations
(1) and (2) respectively. It is clear from these figures that
the kinetics at 25° and 14° are best described by equation (1)
whereas at 90 they fit equation (2). Thus the rate of adsorption
is controlled by particle diffusion at 9° and by diffusion in
the bounding film and the higher temperatures., This is quite
logical when the conditions neCessary for the two processes are
considered. AT 250 the uptake of anions is exceedingly rapid
and the maintenance of a layer of constant solute concentration

at the adsorbent particle surface may not be possible. At 9°
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the rate of adsorption is very much slower, the time required
for half the equilibrium amount to be adsorbed being 85 seconds
against 5 seconds at 250, and in the vigorously agitated systems
it 1s likely that adsorption takes place from a bath of virtually
constant solute concentration, the rate of adsorption being
controlled by diffusion inwards from the surface of the adsorbent

particles. This is found to be the case up to Qt/Qp = O0e7s

The results for the other dycs studied, plotted in the
appropriate manner, are shown in Pigse. 72 to 76 In certain
cases, where the plot is made on the film diffusion basis, it will
be seen that in the early stages of adsorption the points do not
lie on the line. This is possibly because, over the first few
seconds of adsorption, conditions for particle diffusion are
fulfilled and the rate of adsorption is thus,over this period,
controlled by this process,.

It may thus be concluded that while only one case, that of
the adsorption of Naphthalene Red J at 9°, is fitted well by the
particle diffusion equakion, it is iikely that the early stage of
adsorption is rate-controlled by this process, As the system
approaches eguilibrium, however, the rate is controlled by
diffusion through a bounding liquid film., In some cases The rate
of adsorption is controlled throughout by film diffusion, but fren
the crzporimental evidence obtained it is not possible to relste

dye anion structure to its dependence on either mechanisme.
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Activation energy of diffusion.

Determinafion of the activation energy of diffusion might
be expected to provide further information about fhe adsorp-
tion mechanism,

Fer activated diffusion vrocesses, the diffusion coeff-
icient veries with the temperature according to the eguation,

(g
D = DO. e
where DO = a constant and E = the activation energy.

The activation energy is determined by measuring the
slope of the line obtained by plotting the values of DT ageinst
the reciprocal of the absolute temperature. The lines thus
obtained for the dyes studied are shown in Fig. 77 and the
values of the activation energies determined from these lines
are shown in Table 15.

The activation energies for the diffusion of the dyes
Naphthalene Red J, Naphthalene Red EA and l-naphthylamine ——
R-acid can be seen from Table 15 to be 9.2, 12.5 and 13.0 kcal./
mole respectively. The observed kinetics of adsorption of
these dyes are best fitted by assuming that the rate-controlling
process is one of diffusion through a liquid film surrounding
the particles of the substrate, viz. Figs. 70, 71, 72 and 73.

The value of the activation energy required for such a process
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might reasonably be expected to be comparable to that
required for diffusion in solution, which does not seem to be
the case for these three dyes.

The low activation energies found for the dyes sulph-
anilic acid — R-acid, Poncean 6RB and Congo Orange R (Table
15) do, however, support the evidence of Pigs. T4, 75 and 76,
which indicate that the rate-controlling process in the
adsorption of these dyes is one of diffusion through a bounding
liquid film.

Considering the activation energy values given in Table
15, it may be significant that the three monoazo dyes having
molecules based on the naphthylazonaphthalene nucleus have
comparatively high values (ca. 10 kcal./mole), while those
corresponding to the diffusion of disazo dyes are very much
lower (ca. 3.5 kcal./mole),

Thus molecular structure of a dye may correlate with its
activation energy of diffusion as was suggested by the work
on the adsorption of sulphonated azo dyes by the anodic film
(see p.92).

The very low activation energy found for diffusion of the
dye sulphanilic acid—s R-acid (1.4 kcal./mole) may also be
related to its moleculesr structure, but as no other dye having
a similer basic structure was studied it cannot be concluded
that the adsorption of such dyes is characterised by very low

activation energies.
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CONCLUSIONS.

The conclusions drawn from the results of the
investigation into the adsorption of organic solutes by
alumina powder acidified by treatment with hydrochloric
acid, and which have already been given in the text are,
for convenience, summarised below.

The adsorption of solutes from dry organic solutes
appears to occur only when the solute molecule contains
at least one hydrogen atom free to form an intermolecular
'bond. Thus 2:4-dihydroxyazobenzene, p-aminoazobenzene,
and phenylazo-2-naphthylamine are adsorbed from dry solvents
whereas szobenzene and bis(phenylazo)benzene are not. These
results indicate that the formation of hydrogen-bonds plays
an important part in adsorption.

It was found that the affinity for the substrate of a
compound capable of forming two intermolecular hydrogen-bonds
was higher than that of a compound capable of forming only
one, For instance,the affinity values determined for
p-aminoaxobenzene and phenylazo-2-naphthylamine, both in
dioxan solution, are -5.4 kcal./mole and -4.5 kcal./mole
respectively, and those determined for resorcinol and
phenol, both in aqueous solution, are -3%.2 kcal./mole and

-2.4 kcal./mole respectively.
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The presence of water was not found to interfere with
the adsorption of amino-compounds as was the case with
adsorption on the anodic oxide film (see p.53).

The adsorption of unsubstituted azo-compounds which
does not occur from dry solvents, was found to be promoted
by the presence of water. This appears t0o be due to the
formation of a water "bridge" Dbetween the solute and the
substrate involving the simulteneous formation of bonds by
the hydrogen atoms in the water molecule.

The affinity of bis(phenylazo)benzene {-4.2 kcal./mole)
for the substrate is higher than that of azobenzene (-3,6
kcal./mole) which suggests that in the case of the former
solute two water "bridges" are formed in adsorption, while
only one is formed in the case of the latter.

There is evidence that compounds can be adsorbed by the
formation of hydrogen-bonds with hydrogen attached to
carbon. 2:4-diacetoxyazobenzene was found to be adsorbed
from dry benzene, whereas azobenzene is not adsorbed from
this solvent.

The results of experiments carried out with aqueous
sélutions of sucrose and cellobiose show that only the

(79)

latter solute is adsorbed. Arshid et al, found that

cellobiose can form hydrogen-bond complexes with reactive
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second solutes in Wafer, apparently reacting in the open-
chain form as an aliphatic aldehyde. '~ Sucrose, however,
was found to be incapable of forming hydrogen-bond complexes
in water. Hence the adsorption of cellobiose and non-
adsorption of sucrcse by acidified alumina powder seems to
underline the importance of hydrogen-bond formation in
adsorption by this substrate as well as showing that hydrogen
attached to carbon is effective in promoting adsorption.

Sulphonated azo dyes were found to be strongly adsorbed
from aqueous solution, the amount adsorbed at equilibrium
being iIndependent of temperature. The absence of a measure-
able heat of adsorption suggests that the adsorption mechan-
isw does not involve a chemicel reaction. It has beeh found
(121), however, that these dyes are not adsorbed on alkaline
alumina which rules out van der Waals atfraction as an |
adsorption mechanism.

The most likely mechanism seems to be one of ion
exchange between the dye anions and the chloride ions taken
up during preparation of the substrate by washing with
hydrochloric acid.

Consideration of isotherm data suggests that the dye

anions are adsorbed in a monolayer, Orientation measurements

indicate that the anions are attached to the substrate only
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through their sulphonate groups and that all the sulphonate
groups are involved in the attachment.

The affinity of the dyes for the film appears to be the
sum of the affinities of the sulphonate groups in the mole-
cule, each contributing to the total affinity an amount
characteristic of its positidn in the molecule. Only the
sulphonate groups make significant contributions to the
affinity of the anion.

The values of the apparent entropy of adsorption
determined are similar to those obtained in edsorption on the
anodic film (less than-100 cal./mole/deg.) .

Although the entropy change is not very large orientation
measurements suggest that there is a high degree of order in the
monolayer.

A study of the kinetics of adsorptioh of sulphonated
azo dyes shows that the rate-controlling process, except in
the earliest stages, 1s in most cases one of diffusion of
anions throﬁgh a layer of solution surrounding the particles
of the substrate. The rate of adsorption of the dye
Naphthalene Red J was, however, found to be controlled by
diffusion inside the particles of the substrate at 90 and by
diffusion thurough the bounding liquid film at higher
temperatures (14%mnd 25°).  This mey be explained by the
fact that al the higher temperatures the upteke of anions

is very rapid and the maintensnce of a layer of constant
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solute concentration at the surface of the adsorbent
particles is unlikely.

In all cases S$tudied the results suggest that in the
earliest stages of adsorption the rate is controlled by
diffusion in the particles of the substrate.

The activation energles of diffusion were determined
for several dyes. There does not appear to be a correlation
between activation emergy and the form of the kinetics but
the values determined seem to be to some extent dependent

on the structure of the dye anions.
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COMPARTISON OF THX ADSORPTION BEHAVIOUR OF THE TWO SUBSTRATES.

The results of the present work bring'to light some

striking differences in the adsorption behaviour of the two

substrates studied.

The following types of adsorption mechanism are found

to operate in the adsorption of organic solutes from solution

on one or both substrates.

(1)
(11)

(1ii)

(iv)

(v)

(vi)

Hydrogen-bond formation with phenols and amineé,
Ilydrog-n-bond formgtion involving hydrogen
attached to carbon in the solute molecule.
"Bridge-bonding" through water whereby unsubstit-
uted azo-compounds are adsorbed in presence of
waters.

Chelation between the aluminium of the substrate
and suitable pairs of ortho-substituents in the
solute molecule.

Salt formation between the aluminium of the
substrate and sulphonated azo compounds.
Ion-exchange between sulphonated anions and

chloride ions in the substrate.

Found to operate in adsorption by the anodic oxide film

Found to operate in adsorption by acidified alumina

powder

Found to operate in adsorption by both substrates
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Kechanism (iv) was not studied in the case of acidified

alumina powder.

Nechanism (ii). .

It has veen noted previously (p.58) that the results
of experiments carried out with 2:4-dihydroxyazobenzene and
the anodic oxide film were inconclusive owing to suspected
decomposition of the solute.

This compound was, however, adscrbed on acidified
alumina powder.

It should be noted that this difference in ‘the action
of the two substrates is posgsibly accounted for by the fact
fhat the test solutions were in contact with the anodic oxide
film for 36 hours at 60° znd 48 hours at 33°, whereas, in the
evperiment with alumina powder, the contact time was only
50 minutes at 440.

Thus, in the case of the anodic film, the very much
longer contact time would enhance any catalytic decomposing
action of the substrate.

Considering that some form of close association between
solute and substrate must have occurred for decompositiontto
take plece, mechanism (ii) may, in fact, operate in adsorption

by both substrates.

The kinetics of adsorption.

The differences in the kinetic aspect of adsorption by
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the two substrates may be summarised as follows:

(i) Rate of adsorption.

The rate of adsorption of the sulphonated azo dyes
studied is very much slower in the case of the anodic oxide

film,

(ii) The form of the kineticse.

The rale-controlling step in the adsorption of sulphonated
azo dyes by the anodic oxide film is diffusion in the pores of
the film, whereas in the case of the alumina powder the rate
is controlled by diffusion through the bounding ligquid film.

The differing forms of the kinetics for the two substrates
is not surprising if their physical structures are taken into
account.

The powder substrate has a very much higher external
surface areatweight ratio. Most of the equilibrium ahount
of solute will be adsorbed, more or 1éss, externally. The
equilibrium amounts of solutes adsorbed by the anodic oxide
film, on the other hand, indicate that the greater part is
adsorbed inside the pores and the solute molecules or anions
must therefore pass along pores whose diesmeters are of mole-
cular dimensions.

This also explains the much greatef speed of adsorption

by the powder substrate.
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PRACTICAL ASPECTS OF THE VORK.

The aim in the present work has been to determine the
nature of the forces operating in the adsorption of organic
solutes by two forms of alumina, one commercially important,
and the other of importance to the chemist.

It is hoped that, by providing information as to the
parts played by various functional groups; azo-, hydroxy-,
amino-, acetoxy-, sulphonate and etc., in adsorption, the
results of this work will be of practical use in two Ways e

First, in the formulation of sulphonated azo dyes for
dyeing anodised aluminium. The effect of the degree of
sulphonation and the position of the sulphonate groups on the
affinity of a dye for the substrate should be of use in this
instance. Work on the light fastness of anodic films dyed
with sulphonated azo dyes would of course by necessary.,

Second, in the case of chromatographic &lumina it is
hoped that the results of the static adsorption experiments
carried out will be of help in predicting the behaviour of
some compounds, particularly of sulphonated az0 dyes when
flowing dowm alumina columns. Work on this subject is, in

fact, being cerried out by the Author.
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TABLE 1.

Azobenzene
Solvent Temp. Initial Concne. _Optical Density Readings.
(%) (g./1.) Initial. Final.
Dry 40,0 10420 1.110 1,112
benzene 0.12 0.682 0.682
0.04 0.233 0.232
Absolute 40,0 0.20 1.110 1.112
ethanol | 0.12 0,682 0.685
0.04 0.233 0.2%6
Ethanol- | 40.7 0420 1.110 1.030
water 0,12 0,682 0615
(80=-20) 0,08 0.436 0.400
0.04 0.233 0,207
TABLE 2.
2:4=-Dihydraxx yazobenzene
Solvent Temp. Initial Concn. | Optical Density Readings.
(°c) (ge/1e) Initial. Final.
Absolute 3541 ,0420 0,092 0.083
ethanol 0.16 0,077 0.057
59.8 0.20 0.093% 0,088
| ‘ 0.16 0,077 0.066
0.08 0,067 0.019
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Orientetion Data for Sulphonated Azo Dye Anions Adsorbed °

on the Anddic Filme

¥

Comﬁound Temp. | Cross~sectional| Maex.adsorp-|Experimental
A (°¢) area 05 anion tion area of cov-
A<) (mmole/ erage of
Tnd |Edge |Flat kg ) aglon'
-on| -on (A7)

Monosulohonutes.d
Orange II 50 50 g0 150 400 v 50
Orange I 50 50 | 80} 150 350 : 57
Naphthalene 50 50 g0t 170 350 57

Red J .
Disulphonates.
Azogerantne 50 {60 | 95| 190 200 100
Dodecylazo- 50 60 95 | 250 250 - 80

geranine . >
Aniline x 52 65 80 | 200 - 180 110
—» R-acid
Dodecylan- 50 65 80 | 250 215 95
iline — R-acid : _
1-Naphthyl- 50 65 80 }| 190 70 280 }
amine —sR-acid '
Sulphanilic 50 65 85| 160 100 200
acid e 2-naph-
thol-6-sulph~
onate - .
Naphthalene 50 65 85 | 250 125 133
Red EA ,
Trisulphonates. _
Sulphanilic 50 65 85 | 225 65 308
acid——+» R-gcid e
Naphthalene 50 65 85 | 220 65 308
©. Scarlet 4R -
 Tetra-
sulphonate, |

Sky Blue FF 50 65 | 130 | 380 65 %08




TABLE 4.

Thermodynamic Data for the Adsorntion of Sulvhonated Azo

g Dyes by the Anodic Film. .
Compound Temp. Afflnltj Heat of Adsorp-|Entropy of
(%) zyd tion (-aH) Adsorption
(keel./ (kcal./mole) (-a3)
mcle) (cdl. /mole/
deg. )
Monosgulvhonates.
Orange II gO 9.7 8.0 5.3
9
Orange 1 50 8.8 .
Naphthalene 50 8.8 Te5 4.0
Red J 59
Disulphonates.
Azogeranine 50 12.6 8¢5 - 12.7
60
Dodecylazo- 50 17.7 7.0 +33,0
geranine 60
Aniline—sR-zcid | 40 :
52 1747 Te5 31.0
Dodecylaniline |50 18.6 32.0 43.0
—» R-acid 60
1l-Naphthyl- 50 16.0 .
amine-sR-acid
Sulphanilic 50 13,1
acid—2-naphth-
0l-6-sulpnonate
Naphthalene 50 13.4
Red EA
Trisulphonates.
Sulphanilic 50 2062 11.5 45,0
acid—R-acid -
Raphthalene 50 18.8
Scarlet 4R

A
)




TABLE 4.

(contd.)
Compound Temp. |Affinity |Hest of Adsorp-|Entropy of
(%) (- tion (-8 H) Adsorption
(kc81./ (kcal./mole) (-4 S)
mole) (cal./mole/
deg. )
Tetrasulphonate,
Sky Blue FF 50 28.6 12.0 . 51.0
1 60
1




TABLE 5.

Analvsis of Affinities of Sulphonated Azo Dyes for the

Anodic Film.

Compound FPosition of Measured Partial Affinity
sulphonate Affinity (-§k0
gYoups. (-IAQ (kcal./ole)
(kcaX./mole)
'y

Orange T 4 B8e8 for sulphonate

Orange II 4 9.7 grp. in 4-posn.

Naphthalene 4 8.8 = 9.0 (approx.)-

Red d
Naphthalene 4y 6 13.4 hence for sulph-
Red EA o cnate grp. in
6-—pOSI’l. = 4-.5
(approx.)

Sulphanilic 4, 6 13.1 -Bmas predicted

acid—s2-naphth- from above -~ &ALS

0l-6-gsulphonate = 1%.5 (apprdx.)

Aniline-sR-acid 3, 6 17.7 for sulphonate
grp. in 3-posn.
= 13.2 (approx,

Sulphenilic 4, 3, 6 26.2 -BAas predicted

acid-—sR-acid from above -&uls
= 26.7 (approx.)

Naphthalene 4, 6, 8. . | 18.8 Lence for sulph-

Scarlet 4R onate grp. in

B8-posne = 543
approx. )




TABLE 6. e

Variation of Specific Surface Areg of

the'Ano&ic Film'with

Solution:film weight Ratio,

Compound Area of Solution: llax.adsorp-| Surface Area
coverage |film wgt. tion of film
of aglon ratio (mmole/kg. ) (cmz/kg.x 16%
(49)
Orange I 50 2500:1 700 35,00
(ax.adsorp- 1.250:1 410 26,50
tion from 137:1 120 6.00
B.E.T. eqn.) ‘
Orange II 50 83331 200 19.50
13%:1 90 4450
1-Naphtuylamine 80 1666:1 370 28:80
—p R-gcid 8%3:1 270 21.40
137%:1 60 - 4.8
Sulphanilic 225 1666:1 130 29.25
acid - R-gcid 833%:1 a0 20425
1%3%:1 22 4.95
Temperature = 59° in all cases.
TABLE 7. | .
Solubility of the Anodic Film in Water.
Solution:film wgt. ratio Average % of original film |.
: dissolved.
- 1400:1 2.185
30011 0.810




ZABLE 8.

Co=-ordinates of the Apparent Origins of Fick's Law Plots

for Sulphonates A%o Dyese

Compound

x=co-ordinate
(mmole/1,)

y-co=ordinate
(mmole/kg.)

Orange 1
Methylated Orange I .
Orange 11

Naphthalene Red J’. -f
Naphthalene Red EA

Naphthalene ocaxrlet 4R

Aniline —s R-acid
Butylaniline ——sR~acid
Dodecylaniline —w i-acid

Azogeranine
Butylazogeranine
Dodecylazogeranine

Aniline—s B-gcid
Butylaniline —s H-acid
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TABLE 9. B

Activation Energies for Diffusion of Sulphonated Azo Dyes in
the Anodic Pilm, |

Compound Activation Energy
- (= By
(kcal/mole)
Monosulphonates.
Orange I1 848
Orange 1 13.9
Methylated Orange I 10.3
Naphthalene Red J 4.2
Disulphonates,
Azogeranine 10,8
Butylazogeranine 277
Dodecylazogeranine 67
Aniline —» H-acid 10,5
Butylaniline —s H=-acid 13.8
Aniline —s R-acid 16,2
Butylaniline —» R-acid 16.3
Dodecylaniline —s R-acid 11.9
Naphthalene Red EA 12.8
Trisulphonate.
Naphthalene Scarlet 4R 662




TABLE 10.

Activation Energies for Diffusion of Sulphonated Azo Dyes in

Agueous Solution,

Compound 4 Activation Energy
- E
A
(kcal/mole)
Azogeranine 4.4
Butylazogeranine 442
Dodecylazogeranine 348

TABLE 11,

Adsorption of 2:4-Dihydroxyazobenzene

on Acidified Alumina,

Solvent Temp., Initial Concn. Optical Density Readings.
(°c) (ge/1e) Initial, Final,
‘Absolute | 5840 1.0 0,670 | 0.608
ethanol 0.8 0530 | 06502
0.4 0.283 0,253
042 0,152 0.132




TABLE 12.

Orientation Data for Sulpvhonated Azo Dye Anions Adsorbed

on Acidified Alumina.

Compound Temp.| Cross—sectional |lex.adsorp-|Experimental
(OC§ area of anion tion area of cov-
(42) (mmole/ erage of
End|Edge[Flat Fg.) anéon.
—on| -on (A7)
lonosulphonates,.
Orange II 50 80 |150 166 50
Naphthalene § 50 80 {170 175 48
Red J e
q
, ¥
Disulphonates. d
T
Azogeranine v |60 | 95 190 £0-- 104
Butylazo- v |6° 95 220 13 63
geranine °
Dodecylazo- N 60 | 95 |250 124 67
geranine 2
Ponceau 6RB ! 65 (110 [200 62 134
Congo Orange R g |65 [140 375 106 79
Nephthalene N |65 85 250 100 83
Red EA 3 .
1-Naphthyl- g |65 | 80 f190 104 80
amine—sR-acid
v)
‘g 4
b |
Trisulphonates. N
Sulphanilic 65 85 (225 58 143
acid—e R-acid
Naphthalene 65 85 |220 68 122
Scarlet 4R




Analysis of Affinities of Sulphonated Azo Dyes

TABLE 13,

for Acidified

Aluming.

Compound

Position of
sulphonate

groups.

Measured

Affinity
(-84

(kcal/mole)

"Partial Affinity

(=&
(kcal/mole)

Monoazo Dyes.

Orange 1II
Naphthalene Red J

Naphthalene Red EA

1l-Naphthylamine
— R=-acid

Sulphanilic acid
— R=acid

Naphthalene Scarlet
4R

‘Azogeranine
Butylazogeranine
Dodecylazogeranine

4, 6

3, 6

47 3, 6

4, 6, 8

20.8

3143

27 o7

19,0
17 0'9
18,2

for sulphonate
grp. in 4-posn.
= 12.0 (approx.)

hence for sulph-

onate grp. in

6-posne. = T.0
(approx.)

hence for sulph-

onate grp. in

3=posne = 14,0
(approx.)

-Bsas predicted
from above - gd s
= 33,0 (apprdx.)

hence for sulph-

onate grp. in

B-PO Sle = 9 ‘.O
(approx.)




TABLE 13,

(contd.,)
Compound Position of | leasured Partial Affinity |
sulphonsate Affinity (- ms/«)
£ToUPS . (-8 (kcal/nfole)
(kcal/mole) _
Disazo Dyes.
Ponceau 6 RB iy 8 19.8 -84 as predicted
' from above  -$&s
= 21.0 (approx.)
Congo Orange R 5, 6 19 .4 -Ahzas predicteq
frém above -S/us
= 21.0 (approxs)




TABLE 14,

Apparent Entropy of Adsorption of Sulphonated Azo Dyes on

Acidified Aluminae.

Compound Temperature Apperent Entropy of
( %) Adsorption
(-AS )
(cal/mole)
lionosulphonates.
Orange 11 50 37 60
Naphthalene Red J " 390
Disulphonates.
Naphthalene Red EA " 59.0
l-haphthylamlne-—-pRracld " 65.0
Azogeranine " 5940
Butylazogeranine " 56.0
Dodecylazogeranine " 57.0
Ponceau 6RB " 61 .0
Congo Orange R " 60.0
Trisulphonates.
Naphthalene Scarlet 4R " 86.0
Sulphanilic acid —p R-acid i 97.0

£




TABLE 15,

Activation IEnergies for Adscrption of Sulphonated Azo Dyes

in Acidified Alunina.

Compound Activation Energy

- B
(kcal.%mole)
Naphthalene Red J ‘ 9.2
Naphthalene Red EA . _ 12.5
1—Na'phthy1g:min? —p R-acid ' 1%3.0 .
Sulphetiilic wcid——s Rogcid 1.4
Poncesu 6RB 3.9

Congo Orange R ‘ 342




ADSORFTION ON ANODISED ALUMNINIUIL.
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FIG. 2 ANODISING CIRCUIT
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FIG. 3 DIFFUSION CELL
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