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SUMMARY

The flow ricrocalorimeter, as developed by Messrs.
Groszek B Terwpler was the first commercially available
dynarmic calorimeter, It was soon recognlqed by the Paint
Resenarch 3tation, Teddingion, as a potential tool to further
studios in surface chemistry.

The wvork deccribed in this thesis comprises an account
of tho canner in which the inotrurent was utilised. The aims
vere three-fold: firstly to test vhether the calorimeter was
an accursxte and reliable instrnmenf} éécondly to establish what
was boing reasuréd, and thirdly to apply it to the study of a
particulor systen.

Tegults of sorme studies of sdcorption on titanium dioxdide
are reLorted. The conclusions reached are that this instrument
is insufflciontly precise to be conqidered anything other than
_ seri-quantitative, since it does not have o high order of
reproducibility. [Fuch addltional informatioq is necessary in
order tc pmske the fullest use of results in interpretaticnal
theory.
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Introduction

Adsorption from Solution




CHAPTER 1
INTRODUCTION

1.1, General Introduction

1.1.1« Dispersions

Much of the work described in this dissertation
has been an integral part of a research programme within
the Faint Research Station, concerned with the stability
of pigment dispersions.

Such dispersions are generally in organic (hydro-
carbon) media, although it is recognised that the
presence of only trace amounts of water will radically
alter the properties of the systen. This suggests
that electrical properties of solute and solvent are
of importance; when the effect of water as solvent has
been compared with some organic solvents results have
often been similar with materials such as acetone and
low molecular weight alcohols.

The theory of the electrical double layer around
the solid particles is generally accepted for classical
colloidal solutions such as silver iodide or colloidal
gold; detailed quantitative theories regarding double
layer interactions have been developed independently

by Verwey and Ovezz‘beekll and Derjaguin and Landau2 and



these may be used to describe the stability of a colloid
in hydrocarbon media where only a charge mechanism is
involved.

* However, pigment dispersions cannot truly be
described as colloidal since the particle size is usually
too large. fet éeveral au’cl‘mrsﬁ'LL have applied the
theory to systems resembling the pigment system and with
only minor reservations have found it still holds wvalid,
Provided the particles have a significant surface charge,
(this is often prevented by the low dielectric constant
of non-polar media) an electric double layer is formed
which can stabilise relatively large particles, ;=9u
diameteri

The other factor in non-aqueous systems or involving
certain non-ionic or polymeric surface-active agents
appears to be the existence of adsorbed layers of the
solute at the pigmrent surface.5’6 Such a coating,
resembling a peel on an orange, can prevent particles
from coming together - flocculating - by interaction of
the adsorbed layers, during which the entropy per
adsorbed molecule decreases, and hence a stable
suspension is achieved. If there is no surface charge,
or .as is more common, the adsorbed layer is comparable
in thickness to the particle diameter (say, 0.01 = O'?f*)

then so called 'steric hindrance' will be the major



stabilising factor.
1.1.2. Adsorption

The adsorption process is the loss of at least one
degre@bf freedom by a molecule on ‘its rerioval as solute,
ffom the bulk liquid to the surface of a solid immersed
in that liquid. The interface between the liquid and the
solid may comprise solute molecules only, or a mixture of
both solute and solvent.

When non-polar solute molecules are adsorbed,
*London - van der YWaals' attractive forces are .respons—
ibles With polar molecules, however, ionic bonding is
generally observed betweén adsorbate and adsorbent, and
the forces involved are usually‘often considerably
greater. ‘Hydrogen bonding, dipole-dipole; dipole~
non polar, induced dipole and .ion-dipole interactions
may also be observed and are of lower energy.

The ease of wetting of a powder is dependant on the
changes in surface free energy. This is the_work in
ergs, required to increase the arca of the liquid

surface by one cm2

s and is numerically equal to the
interfacial tension. The greater its reduction, the
easier the powder is uvetteds Adsorption teaking place
on an already-dispersed powder will usually stabilise

the dispersion.



Adsorption from solution is employed in several
industrial processes including detergency, lubrication,
dyeing, ink and paint manufacture. In the latter case
pigment is ground of milled in o0il or a solution of a
resin, its aggregates broken up, to result in the form-
ation of a paint dispersion. The importance-of adsorp- '
tion in this process has become apparent: oils contain
mixtures of glycerides of fatty acids, and the adsorption
of these conmponents, unchanged saturated or unsaturated
acids, or unchanged glycerol, either individually or
together, on to a pigment surface inhibits flocculation
of the particles in the dispersion.

T¢14%5. Aimg of the Programme

The advent of the Flow Microcalorimeter afforded
a method of examining such adsorption processes by

monitoring accompanying heat changes. Although results

" will be quoted not only for the adsorption of stearic,

lauric and oleic¢ acids for example, but also for resin
solutions, a large portion of time has been allotted
purely to evaluating the instrument critiqally, as a
"yiable"” and realistic tool in this field. Initially
problems of temperature and environment control had to

be eliminated, then the importance of flow rate, sensi-



tivity, control setting, weight of pigment samples used,
and calibration precision investigated.  Reproducibility
was examined and optimum working conditions established.
Existing values in the literature for quantities
such as heats of immersion, adsorption and solution have
been nmeasured by static calorimetry almost without
exception. See for example, accounts by Harkins7 and
Zettlemoyer et. a1.8 describing calorimeters they have-
built. It was necessary to establish first that the
flow microcalorimeter gave results of a similar order of
magnitude to those by other methods. Further, there was
the need to determine exactly what process was being
measured, and@ to check any such theory by comparison
of quantities such as the heat p? adsorption. (It was
immediately apparent that the results given directly by
this instrument were not actual heats of adsorption but
rather net heats of "preferential” or "exchange" adsorp-

tion).

1.2. Choice of Systems

In order to be sble to combine experimentally -
derived figures with literature values, wvell-characterised
systems must be used. However, some difficulty has been

encountered in selecting 'raw materials' for use, because



of the requirement of the Paint Research Station that
aqtuél paint materials be used. To take the case of
titanium dioxide-pigment in particular: this is widely
used as a white pigment because of its high refractive
_ index and "superior whiteness". Pure titanium dioxide
is satisfactorily prepared in ﬁhe laboratory in the rutile
form by hydrolysis of titanium tetrachloride, but it was
required that manufacturers' grades 6f rutilé be studied.
To obtain a pure form (say, not less than 99,5%'pure Tiog)
is difficult, as almost all commercially available grades
have been treated further to produce surface coatings
which improve the spreading, covering and ageing properties
of the paint. Hence rutile R1 and anatase 10b (see
section 3.1.1.3.) are the purest forms of pigmentary
titanium dioxide here examined and it is unlikely that
adsprption data even for these samples is identical to
that for pure.samples,9
A further difficulty, from the point of‘view of
comparison of results arises from the fact that the best
way to standardise the plgment's condition prior to
adsorption was not to dry it but to equilibrate with a
standard atmosphere of 60% relative humidity; this
condition relating more closely to the likely condition
of the pigment at the time of paint manufacture. The

vast majority of work on rutile and anatase quoted in



the literature is for rigorously-dried, laboratory-
prepared samples.

Various straight-chein fatty acids have been used -
as adsorbate, particularly lauric acid, C11 H23 COOH;
stearic acid, 017 H55 CCOH, and ocleic acid, 017 H53 COCE
in addition to isolated.sections dealing with the adsorp-
tion‘of stearylaming, butgnol or a;kyd resin. - The
reason for use of these acids is that although resins
contain the_requisite head groups for adsorption by ionic
or hydrogen bonding, the exact chemical constitution of
such resins is often uncertains - Hence those acids were
chosen as "type compounds“9 enabliné resin components to
by studied individually and to represent.various functions
‘present; in-the resin such as carboxyl, and choin-unsatur-
ation (other type-compounds could be selected to demon-
strate say, hydroxyl or ester functionality).

The results of these studies were anticipated to
facilitate a fuller understanding of mechanisms of alkyd
adsorption, and also sgpply some information of character-

istic. benaviour and site/energy heterogeneity of pigments.

1.3. Thermodynamics of Adsorption

There are two chief methods of studying inter-
actions of the liguid/solid interface: one is dependent

on contact angle measurements, the other on calorimetric



techniques. Some principles governing the latter will.

be discussed in the following pages.

1+4%.1. BHeats of Emersion

The surface tension, & , of a crystal corresponds .
to the lateral force or tension in the surface planec.
It is related to the surface energy,is, or enthalpy Hs,

of a clean, dry, non-porous solid by the expression:

S AR O

If the solid is now immersed in a liquid the solid

il

surface is replaced by a solid-liquid interface with an

S AC)

The afeas of the s0lid surface and the interface are

enthalpy:

L2.

assumed to be equal.
X L C’X —_ JXS:..
|4 - [: : s (?ﬁi TTT)P] R A

= Heg,)s the enthalpy of emersion, i.e: the heat
absorbed.when a solid is emersed from a liquid into a
vacuun and the liquid-solid interface removed.

At a constant pressure, the relationship between

changes in enthalpy and internal energy is:



dH = dU0 + P4v

(AU = 4E)
as dV is negligible in the emersional process:

dH = 4U
i.e: fn,(ﬂ_,*-’ @45y

The heat of emersion, hE(ﬁl)’ of a solid containing
an adsorbed film in equilibrium with its saturated
vapour is thus found:

a .
ﬁstsfxf Yy — By — T( c,——?g’ — ‘J,—gi“’ ) 5

Jd
s I.&.

(vhere &, is interfacial tension at solid-liquid
interface.

Y is surface tension of a solid containing
adsorbed film in equilibrium with its saturated
vapour.

f.c,is the emersional heat per unit area)
&5

N
Using the relation:

&sﬂz X(SL.) + K‘_ C oS 6

i Jo

(where © is the contact angle of liquid on solid)

Assuming @ = O



That is, the heat of emersion of each square centi-
meter of the film-covered powder is equal to the total
surfacé energy or enthalpy of the surface of the liquid

used.

Similarly, equation (1.3) - equation (1.4) gives:

f

Hence, at least two heats of emersion must be measured.

. ﬂEGﬁJ” reduction in total surface energy.

The heat of emersion so defined ané used by Harkins7
has been introduced so that heat values quoted for adéorp-
tion and wetting processes arc positive; he and- Jura '°
further apply it to absolute surface area determinations:
It is numerically-~identical to the heat qf immersioﬁ; but
opposite in sign.

%

1.5.2. Heats of Adsorption

The same author relates the heat of emersion to the

heat of adsorption as follows7=—

clean f.2] < 2éSoRCTON ,mt} sobid with T "adserbed
selid molecvles of Q?U;lfbrlum

in vatuum Afsv) with Fheit vapout ot

that -pressure

sohd o
Trmmerse




The heat changes involved in returning from ’lcm2
immersed solid to 1cn® in vacuem without the surface

film are independent of the path takeni:=

(clockwise) AH, = f‘f='(s..)

(anti-clockwise) AH, = -&E(S{L) M rgs * f‘ﬂ(sv)

£ A

Asv) = €(sL) ﬁzﬁﬂ;f ['gu
(vhere A. = molar heat of liquifaction,

[ =a surface excess function, the number
of molecules of adsorbate in the surface film. It is
determined from the adsorption isotherm for the same
system).

Knowlgdge of the emersional heats of both the clean
and film-covered solid thus leads to a value for the
heat of adsorption. This in turn enables a value to be
assigned to the average electrostatic field of the surface,
as heats of adsorption of various functional end-groups
plotted agaiﬂst the dipo;e moment of each group in the
wetting liquids form a linear plot. v 121 13+
The energy involved in teking a moleéule'from bulk

liquid to the surface = E,-E, . The net enthalpy of

adsorption of the first layer of molecules (equating

11

.7
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E and H ) = Hig)~ Hiss) « In the first layer there

are [ molecules, so for ‘lcm2:

gl(s..) - ﬁi(SJ‘--) = r(E” B E") ‘ ‘?

(En - E_ ) can be evaluated from equatiocns (1:6)
and (1.8).

This interaction involves a number of terms: for

polar molecules on a polar surface:.

En-E. = £y v Ep Bt Eub_ g
* A ‘
London .D:S("rs;“'l ol risabon o{ "1":“
EﬂQra,(N‘an -folo P) molecules BJ sut face
Ener ns;ar_;nrld Loteral intaraction "f
with Pfrmnncn!’ d?po'l : ll‘?u:d molecules [a
and electrostalic adsorbed phase ;
{"‘Gl of squﬁl-C OSSvmed Samég af ;"

' Hquc'd_ so ;Jnorad,

'g‘-(sc.)_ gi(‘f‘-) - r(E.b : E“) - L Ep

110

Bt

E)"= —F.}&.COSG

1.4,

(where I is the field strength
r ig the dipole moment

o is the contact anglopeluum axis of dlipele
and  direckton of Maam.llc (uld




- -F o
i.e:- One can plot some heat term (equivalent toE}*)
aéainst dipole moment to get a straight line; the
gradient of which is related to F, which sugéests that

(Ey+EL) is constant.

1.3:2.1. Integral Heat of Adsorption

The previously-mentioned heat of adsorption is an
integral heat: it is the heat evolved directly when the
specified amount of adsorbate is adsorbed on to the clean
dry surfacef It is identical to the heat of immersion
in pure liquid adsorbate at Pd%,‘and also the theoretic-
ally~derived isosteric heat of adsorption: the Claussius-

Clapeyron Lquation states:

d P - A

dT RT?

for a gaseous gystem. If one assumes that the number
of moles adsorbed is constant, equation (1.12) can be

re-~yritten:

T

c)ﬂﬂp) . gst
0T Jo T



(vhere 9st is the isosteric heat of adsorption)

or for the liquid phase:
( d na ﬁ) = 3
T T
Thoos

(where o = activity of solute in equilbrlum
with an adsorbed layer of given surface excess)

A4y 45 have found the

In fact, several authors
theoretical and experimental values to agree quite well.
One used experimental results of adsorption isotherm
determination at different temperatures in conjunction
with the Claussiusa01ape5ron Equation to measure the
isosteric heat of adsorption; this method'lénds itself
more especially to vapour phase measurements. However;
it is d@ifficult in practice as it requires precision of
results since the isotherms at temperature differences

of say, 20°C are not very large, and one must also have

‘proof of reversibility.

1:3.2.2. Differential Heat of Adsorption

Baving determined q; as a function of [ , i.e:
results are ploﬁted as integral heat of adsorption
agaiﬂst the number of moles adsorbed, the gradient is the

differential heat of adsorption.

14



cl_cl = (ég_)
_ an, 5T

for constant surface and temperature.

The integral heat is measured in such a wvay that no

16

. 'PV work' is done, and it can be shown =~ that:

t

(15[-;- qd‘ -+ QT

The differential heats of adsorption generélly
decrease steadily with increasing amount adsorbed; pro-
vided only physical adsorption is taking place, it tends
to approach the heat of liquefaction of the adsorbate as

the pressure approaches saturation value.

1.3.3: Relationship of Enthalpy with Freerﬂnergy of

Adsorption

If the free energy of adsorption is available as a
function of temperature, the enthalpy may be deduced
directly:47

15

dq = dU + pdV + Vdp from the First law of Thermodynamics

-

and
dG = 4H - TdS - S4T
= QU - pdV - Vdp ~ TdS - S4T
For a reversible process:

dU = TdS
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and at constant volume and pressure: .
4G = = 54T

dC
D S oo (:ﬁ' D,V .
AG= AH - T (‘c))LTC}pQV (R[2

This may be rearranged to the form:

= [J4C ,
S

>
L
!

Al = - (.J_(A.E__/_.T.._) ’
Loy ]y 115,

‘A G is measured experimentally from the equation
AG = =RT In K

K .having been deduced from adsorption data plotted

as specified by Langmuir, for example, see reference 18,

1.5.4¢ The Entropy Relationship

Analogous to the expression:

S = - J¥ (where S= entropy, the témperature

dT differential of surface tension).

is



3T /s

S = = (Jﬂf) (at constant pressurec-and surface
r™ coverage)e

= temperature differential of free energy change

on adsorption.

Tolks Adsorption Isotherms - Interpretational Theory

1.4.1: Early Theories

Farly theories were largely developed for thé gas-
solid interface as it involved a single adsorbéd
component only. Solution adsorption was realised to be
generally a twvo~component systenm, that.ié both solute
and soivent molecules may comprise the adsorbed layer.

A neasure of the difference in the amounts of solute

and solvent taken up is described by the means of an
"adgorption isotherm" (necessarily a "composite isotherm"
if describing.a binary system).

This is the variation of the quantity of one compon-
ent adsorbed as 1ts concentration in the solution
changes; a constant temberatu:e is observed. Such
adsorption is almost always physical; no chemical change
occurs either to the substrate or the adsorbate in any
systems described here, and the adsorption has always

been found to be reversible to varying extents.

17



The replacement of solvent by solute at the solid
surface is governed by their relative size and "affinity"
for that surface.  The adsorption energy of the solute
must exceed the desorption énergy of the solvent in
order to displece it. The overail net energy change
éccompanying én adsorption process in a mu}ti—component
system‘will be the sum.of the‘individual adsorption and
desorption energy changes..

Under such conditions and if the solutions remain
dilute, many theoriés originally enunciated. for gaseous

adsorption apply also to liquid systems,

" 144,1.1. The Freundlich Isotherm

Detaile were first published'? in 1907 (and trans-
lated laterzo) of isotherms measured empirically and

based on the equation:

(where x = weight adsorbate taken up by weight

‘m'of solid.

c = concentration of solution at equilibrium -

« and nare constants ( N 7! .),)

18

116,



This isotherm rises steeply from the origin to a shoulder,
but then levels off to a plateau vhich is not horizontal.
He interpreted the adsorptipn as a condensation uﬁon a
boundary surface, governed by attraction forces similar
to those relating to condensation by cepillary~active sub-

‘stances at the liquid-gas interface.

1ete1.2+ The lLangmuir Isotherm

The Freundlich isotherm had no theoretical basis
and soﬁe nine years later was superceded by an eguation
put forward by Langmuireq, based on the.kinetic theory
of gases.

A N 4 Np
x/m = Nsb Ns

(where x = number of moles adsorbed on Mg. solid.

N¢ = number of elementary spaces per g. solid.

p = pressure of gas.
= a constant.
N = Avogadro's Number).

This was adaptable as an approximation for adsorp-
tion from dilute solutions by replacing p by ¢, provided

the solvent was readily displaced from the surface by

19

117



the solute, and the maximum adsorption plateau was
reached while still at low concentration. Experimental:
deta should be plotted as _,,_"C,—,;, v. ¢ ; the plot is then
linear according: to the model,

Neither isotherm describes adsorption from the

1iguid mixtures well since they neglect the presence of

the second component. Even abplying the several
extensions Langmuir made to allow for:-
1) more than one type of elementary space.
“;2)'moré than one'typé'ofJadsorbgd molecule per space.
%) adsorbed layer greater than one molecule's .
thickness. |
it is stilluseverely limiﬁed; K

14e1.3. The Composite Isobherm

This is now drawn by combiniﬁg'the'individual
isothern for adsorption of each component into a
"composite isotherm".  Its application is espéCially'
necessary if a wide range of mole fractions is to be

studied. The fundamental assumption made in this treat-
22 '

ment of data is that fpere is negligible change in the

volume of the bulk solution on adsorption.

An easily comprehensible derivation of the equation:

s(l 'L) S L
n° A x, nA\'=-%/=-n, X,

i

g

142,



(where n° = n.° + n,° = total initial number of moles
1 2

of two components.
Superscript S refers to surface phase.
u L n " Jiquid " .
X and X, are mole fractions of two components in bulk
liquid phase. |
m = weight of solid used).

is made in Kipling's book2§.

If n° = n,lS + nes s equation (1.18) can be re-uritten
as: |

m

S 5 L v
= 1 ( Xﬂ - xﬂ ) L

When thdsquantity is positive it iafers that
component 1 is preferentially adsorbed; and if negative,
component 2 is, If zero, the composition of ecach phase
is the same.

There afe several_apﬁroximations which may be made
to this expression: iﬁ very dilﬁte solution, X, becomes

negligible and xa.approaches unity.

.

t20.

However, this is not widely applicable: X4 must be less

than about 0.01 so even in the concentration rarge
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descrited for the radio-tracer adsorption systems
(section 3.2) the above expressicn (1.20) may only be
applied to around 3.5 mM equilibrium concentration or

less,

1.4:144. Anzlysis of the Composite Isotherm

The existence of nulti-layer adsorption is
uncertain in many cases. Proof is supplied, however,

vhen X, = O in cquation (1.18)

i.e: nOAx,]; = nqs (1 - x)

m Lat,

This means that the surface is completely covered by

component 1. Should, for any value of x:

rioj_\ X9

m

> Il,is ('1 - x?

the monolayer condition is exceeded.
Further support for this is supplied by Schay and

Ragy's analysisg4’ 25

of the linear section of many
composite isotherms. Over that section, equation (1.18)
will define a straight line, and comstant composition

of the adsorbed phase is inferred; 'this can de calculat-
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ed if the lincar section is extrapolated to x1L

qu = Te The intercepts are (nqs)c and ~(n28)c respec-

§0and

‘tively ( subscript c denotes constant composition).

.If molecular areasof the ‘components are known; a
specific surface area of the solid can be deduced;
should this .be already-known, multi-layer adsorption
may be detected,

U-shaped isotherms with a linear section often fall
off to zeroc at qu =1 i.0: f(nas)c = 0. ' This means
that the adsorbed layef éénsists of only one component
and the individual isothern is then of the Langmuir type.
An extreﬁe‘example of this sﬁape is shéwn by the adsorp~
tion by molecular seive of one component of a biﬁary

liquid system.

T1.4:2. Everett's Treatment.
M1s4.2.,7. Ideal Systems

In part 1,261dealing‘with perfecet systems of his
article entitled "The Thermodynamics of Adsorption from
Solution”, bverett stressec that to define activity
coefficients or surfuce excess functions; which are
conmon measures of the extent of deviation from ideality
of a system one must have a simple physical wodel of the

system, as a-reference state. This hitherto lacking,



he suggests a Langmuir-type adsorbing surface covered
by liquid which'is considcred to be subdivided into
lattice-planes.'stacked parallel to the surface., :The
average mole fractions of the solution components are
the ‘same ir all planes bar the first one, adjacent to
the surface. Here, owing to preferential adsorption
of onc component (giving: "a perfect adsorbed monolayer")
it is a different case, defining the adsorbed phase, ¢
He developes the argurent to derive an equation
closely analogous to thht of the lLangmuir Isotherm.
Extensions discuss chemical potentiels, determination of:
surface areas and correlation of equations for solid-
vapour, solid-solution and solution-vapour interfaces.
Directly:pertinent to the question of heats of
adsorption and immersion, however, is the derivatlion of
surface excess.. Assunming a_Gibbs dividing surface at
the solid surface: if there were no adsorbed layer and
the bulk liquid vere of constant mole fraction right up
to the dividing surfece, the number of molecules of
component 1 present would be:

[ [ [ .

Nfl = 3{1 (N + N ) - - !

However there ares

4 . t
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L & CoL e &

N,] + N = X,l N + x/l N

moles of component 1 in the systém; " The surface excess

.2 L 3
is hence (:c,.| = X, ) N y, or in terms of concentration;

2 s L
n (xq - %, ) moles per unit area
A _ _ .22

L =

If one now considers the changes in concentration
on establishlng adsorption equilibrium, one gets 1n1tially -

+n° moles solution, :v@:,l composition, ( nq = xqono .

n2° = xaono ) moles of components 1 and 2, and finally:—
+n¢ poles in adsorbed phase, n" moles in liquid phase,
liquid composition is x,° + The observed change in

solution composition is:

n .23,

and Ax,l.— =nr(x,]€--x,]'-)='—ﬁr

- o)
n°

By

1.2y

from equation (1.22). .
The heat of immersion is siwmilarly derived. In
the initial state there are (n° moles solution, n° moles

solid).
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i 0, & 0, * S.8
H °n'|h'l +n2h2 + n°'h

= n® (x,lob,ik + x2°h2" )“4 nshs

After immersion and the attainment of equilibrium;

& ¢

£ L.t L €. ¢ 5,5
=nq by +ny by +n4 by +n, hy +n0"h

B
= nL( :zr,lL h,," + xa"‘hé' ) + nr(x,‘a-bqf + x;h;) -t-nshS
Hence {the enthalpy change .is:
AH=n° [(x.]" - 10) ‘h,; + (xab - 3:20) th]

s € € [ o« L o
+ n x,}hq -x,|h1 +x2h2-x2h2

1,25,

o . s
since n =n 4+ 0N

As: Ax,]" © x-,‘o ‘--x" (equation 1.23).

o o] (3 o
2" AB° + % A B

AH

£l

1.206.
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(where: AH,IO e nerﬂah,,l

o |
AH2° = n Oah,, the heats of immersion

per g. of the solid in 2 purs liquids)e

gencé the heat change for the adsorption process can
be calculated in an ideal systen exhibiting épproximately
monomolecular coveragé, if the heats of wetting of the

solid in the pure compohen{:s are known,'

1.4.2.2+ Non-Ideal Systems

' To allow for non-ideal behaviour, c.g: if a large
'fange of mole fractions is cbnsidered, Everett27 '
assigned 'heat of mixing' terms to the equation (1.25)

(one each for the bulk :and surface phases).
L - o
AR = n°z.\x,, (A ah.qo -Aah2° ) + 0 (x, Lﬂah,lo + xghmhgo)

+ n" ED.E'L(X,I'T.)] +n° [hE’G-(X,lo—)] -—nOElE‘O(quﬂ | , |
1.27,

(where: Aah,lo = enthalpy change on adsorption
" of 1 mole of component 1
hE’-"(x,] “) ete.= excess enthalpies in bulk and

surface phases).
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1.4.2.3%. Application to Experimental Systems

Such an eguation can be simplified and adapted
as followses to a system as envisaged in the flow micro-

calorimeter: -

A, = AR ~ /B, - ( mixing term)
L o . L B “
(vhere: AH, = heat of adsorption
AH = net heat (evolved)
AH; = heat of formation of interfacial film
cf: Harkin's treatment, section (1.3.2).
For flow of pure solvent:

*

SoLvevy .
- - P, ..
{1 !(1 z| 1| I‘ I1 li ) AAIDSeRBLD Fitm
Sal.v)

o o, & -

“omitting the mixing term.’
However, for the adsorption of both components from a
binary nixbture on to a‘surface previous coated with

component 1, the equation (1.28) is expanded:
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AB “7° "5’ H R,
H=n +n + +n
. L --l. H H o_l.-
+n - n - e
2. 2 "M, T,y Tmh 129,

1f one assumes component 2 is preferentially adsorbed

and completely displaces all of component 1 present:

lf‘l.

pE -

. .
+ (nq Hy ¥ ny Hy = ny7Hy ) 1. 30.

‘Heat evolved ifom éolid/liquid interface

1

+ Heat of film formation + mixing terms, i.e.

the bulk solution changes.

This is the probable process fdr most of the flow micro-

calorimeter data. Quantities such as HI(q)' HI(E)'

Hi( ) are calculable from surface tension data
1+2

(equation (1.1)) n, (solﬁte)'can be derived from the
adéorption isotherm of this system, and hence deduce
n, from a knowledge - of molecular sizes and adsorbent

surface area.



Provided the solutions used are alvays dilute;
the mixing term should be negligible. Similarly,
the variation of surface tension between 100% n~heptane,
say, and 0.02 molar acid solution in n-heptane is also
ninimal and so the film formatiom or interface term can
also be neglected,

This means that AH is best expressed as a "heat of
exchange adsorption" (ecquation 1.30). Where a carboxy--
lic acid is in an organic solvent it is padbially
in an associated (dimeric) state, however, it has not
been known to adsorb in dimeric form29 80 TGhere must‘be
included a heat term for She dissociation processe. The
same fraction of the acid adsorbed must %e first dissoc-
iated_au that which exists as dimer in the orlglnal sol—
ution. iiinor changes in concentration may cause a
shift in the monomer = dimer equilibrium, but this
will be very small, and be accounted for anyway; in

any allowance made for the heat of dilution.

.

14,5, Method of Young; Chessick and HealexBO

A similar conclusion may be arrived at employing

the discussion by Young, Chessick and Healey50

regarding
adsorption behaviour of n-butanol from aqueous solution

on Graphon. This paper showed excellent agreement



between experimentally-derived heats of wetting, and
those deduced from an equation postulated for the
system. In spite of the marked difference between
their systems and these, ftheir model seems to be
modifiable to, for example, heterogeneous surfaces,
Assuming the inter-molecular reactions in the
bulk liquid remain the same in the adsorbed phase;
the only eathalpy changes will be for surface and -
interfacial changes:. 1If & is the fraction of the
surface, covered, the enthalpy change for the process

of adsorption is:

(where: hs = surface enthalpy of adsorbent

hsq o 1] 1] tt " + film)‘.

. S8imilarly, the enthalpy change for the formation of the

interface between adsorbed layer and solution is:
Abyy = O(hg = Byg)

(vhere: h, . is the enthalpy of that layer)



Equivalent expressions for the solvent molecules are:

Ahyp = (1-6) (g = bg )

Bhyy = (1-0) (g - Ba0)

Hence the total enthalpy change for the wetting process

isy

(]

ARy, Ahyq #0byy +8hyy + Ay,

6 (ng = By ) + (1-0) (g = Bg )
+9(hs1 ;'hqg-) ,+ (1 -06) (hs2 - hgg—)

Inclusion of a heat toerm for dilution effects, leads
to an expression for the total hegﬁ effect measured,

H,, on immersion of the solid:
. I "

C ‘AHI = AHy "‘Aﬁ]) . (1:31.)
OBy = AHp - AHy
= g, H(T=e)aks, * e, *( me)alg

(1.32.)

Ahsq and: Ah52 are the net integral energies of

3



sdsorption: all the terms in equation (1.32:) can be

evaluated from adsorption isotherms, or heats of

immeﬁsion.or solution; héats-of vetting obtained from
both équations (1.%1.) z2nd (1:32.) compare.very favour-

-.'abiy. " o | ' |

| An équation which- is analogous to egquation (1+31)

and‘wh;ch iz applicable to the Flow Microcalorimeter

process may be written:-

-AH = AB,, -« AH, + effects of
‘:yﬂ‘ EA ' Ysolvent ~

dimerisation, intermolecular reaction, hydration

and water displacement, where applicablee ... (1.33)
‘(where: AH, - = heat of adsorption of solute
zﬁﬂw = heat of wetting of solvent ,
<

Solvent
: enthalpy change due to

expulsion of solvent mols.
from adsorbed layer
AHEA ' = heat of exchange adsorption

of acid observed).

Thasexpression has been found to be the most use-
ful in interpreting many of the flow microcalorimetier
results. By assigning estimates for these values of

the system under examination, one can convert with



|
t I
l(}»}1 l[ Fig., 1.1.b. The Rutile Etructure.
- L._la)

Fig, 1.l.c. Structures of (C01) crystal faces of Anatase
(2) clean (b) nydrated (c) hydroxylated

The broken circles show how the lattice

would continue



reasonable accuracy and assurance from the "heats of

exchange adsorption" measured directly by the Microscal
instrument, to "heats of adsorption”.

¥ 1

1.5, Surface Characteristics of Mitanium Dioxide

.The vast majority of systems examined here are
concerned with various titanium.dioxides: There are
two crystalline modificgtioné of importance on1y3
anatase and‘rutiieé_gf which the latter is a distorted
octahedral crystal form of the forme:ﬁt51 (see figures
148 and 11b).  The features which distinguish the
various types are a function of their respective
surface treatments! mbdificatibns made to improve dis-
‘persion in-various vehicles? and elim;nate photo-
chemical activity.

Various amounts of compounds of aluminium, zinc
and silicon are frequently used,-being incorporgted
with the pigment either during. the wet or dry milling
or by mechanical mixing: The resulting layer purely

completely covers the pigment surface yy,4 totally

changes its chemistry and bebkaviocur. Surface active
agents are also popular, as improvements in wetting
dispersibility and the resuiting gloés of paint arisecs.
Precipitation on the pigment surface of the hydro-

phosphate of titanium, titanium phthalate, zirconium

35



phosphate, basic phosphates of aluminium and titanium
and‘hydrated oxides 6f aluminium, silicon, titanium and
zinc, have been'réported in many patent specifications
as well as surfactants such as, ethylenic oxides,
sodium stearate, aluminium .palmitate and cyclohexamine
salts of phosphoric or boric acids.agl
Titanium dioxide.in'pgre pigmentary form is
completely hydroxylated; ( see figure 4.1.0')53.this is
proved by infra red spectroscopy34 and from the fact
that surface esters were formed on reaction with
ethanol for example, in an autoclave. The extent of
surface hydration is dependent on the temperature of
pre-treatment:32’55’5§
1, If removed at up to 10000, molecular Qater bound
by physical adsorption or capillary condensation
2: Ii removed atdqoo°c - 150°C, molecular water by
hydrégeﬁ bonding
3¢ I £ removed at 25000 - QOOOC; #3 hydroxyl groups
Investigations of the nature and quantity of
hydroﬁyl groups present continue as new techniques and
instrumental precisng are evolved. The properties of -
the electrical double layer particularly, and the
behaviour of the surface adsorbed layer also, egch
appear to be a complex function of the chemical’and

thermal history of a given sanmple in a given solvent.
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Care must be taken, however, when drying the sample:
heating in a vacuum usually causes reduction of
surface_Ti*++* ions to piFtt, perceptible'by a darken-
ing of the powder. .This‘is & reversible change:- if

- later exposed tofrigorously—dried.aiﬁ,'it'will re-

- oxidise. - In addition at temperatures in eicésg of
about 930%C sintering. of the surface ¢oating could take
place. . .

It hashbeéh shown that alcohols ére adsorbed by a
mechanisn of hydrogen bonding between. the hydroxyl'
“~group35?; carboxylic acids are adsorbed either by hydro-
gen bonding. of the carboxyl group or.by brotbn transfer
to the surface, the so-called "acidic" or “ionic®
58,

mechanisns. Amines adsorb probably by ionic mechan-
ism on surfaces which are relatively more acidic (for ex-

ample, a silica-rich surface treatment).

1.6, Hesults &h Analogous Systems

Colloidal dispersion stability determinations based on
adsorption measurements have been carried out for some
thirty years. Carbon black and various metallic oxides have
' béen a.popular choice of substrate..to study, chiefly
on account of their fine ﬁarticle-size,' Studies'
widened to include pigmentary gfades of oxides (32 0.1

-éiameter) during the ,'fiftieg; Clashes 6f~opinion



occurcd over mechanisms of stabilisation: charge
stabilisation on the one hand and adsorbed layer steric
hindrance on the other.

Koelmans andOverbeek5 suggested that van der VWaals!
attractive forces can only be overcome if the stabiliser
chain length is'comparable with the particle size, in
nOn—polér solvent. A considerable volume of work
carried out by Dintenfassd?’ *C involving selective
polar adsorption on pigments also established that the
titaniun dioxide surface is helerogeneous. The
adsorption of various functional head groups on rutile
from toluene is reported @s well as various acids
from 2 renge of solvents. This hebterogeneity accounts
for the catalytic and adsorptive propefties and the
variation of thermionic and photoelectric work funch-
ions on the sawme crystals Harkins7 has indidéted
that no account has been taken for the possible effects
of different crystel faces, cdges and corners, the
observed adsorption and energy relatioms being a
statistical summation of all these.

Subsequent'work37’ 38 dividing polar adsorption
into "acidic" and "iomicY types tends to Giscount
some of the postulates of Dintenfass, viz: no prefer-
ential adsorption of lonpger chain compounds with

identical head group, and no "discrimination" of

28



adsorbate. groups by various active sites.
41

" Kajenne ' ' has shown that more unsaturated fatty |
acids were preferentially adsorbed at low concentrations
on_ haenatite during a froth flotation process when
linseed o0il fabtty acld adsorption was examined.

The adsorbed layer vas multimolecular. Petit et.als42
examined the adsorption of lauric acid on titanium
dioxide from a mixture of saturated aliphatic hydro-
carbdéns and found good agreement with previous results
up to 5% acid concentration.

“Later work, for example by Kipling and wright,ag
‘Ottewill and Tiffanyq7’-48 has dwelt on theories of
orientation of adsorbed specics, particularly acids
in orgeonic sclvent, on titanium dioxide. By assuming
values for the areas of cross sectior of the vertically
-~ and the horizontally - oriented molacule, and kKnow-
ledge of “the limiting value of adsorption either from
a plateau, cr an isotherm extrapolated to the limit of
solubility of the system, orientations are easily
deduced.

A series of papers§7? 43, 44 by Sherwood, Rybicka
and Kelman tends to highlight adsorption rechanisms
and effects of water as an ilmpurity et the surface.

Doorgeest45 has clso studied the influence of water on

the adsorption on rutile of resing stearic acid and
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stearyl alcoholrin an article which concluded; like

Sherwood and Rybickag

that “‘chemesorption of the acid
but not the alcohol, is evident on moist, sinc-bcaring
rutile and that the different adsorbate molecules are

adsorbed on the same surface sites.



Chapter 2

The Flow Microcalorimeter
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2.1. Principles_of Calorimetry

Caloriﬁeters are used in the study of a wide range
of systems. They axre designed to fulfil such a number
.0of needs for the individual operator that they necessarily
vary consi&eiably in desigﬁ features and operational
techniques. |

Static calorimeters aré used at constant or nearly
a.constant temperature befween well defined, stable
initial and final states which are generally in equilib-
rium. Dynamic calorimeters have & continuously changing
vemperature and true equilibrium states can‘only be
achieved when using the so-called “"saturation technique”
in which a substrate, already equilibrated with a flow
of solvent is allowed to re-equilibrate with a solution.

The major problem in practical calorimetry. is
generally the control of undesirable heat losses.

Early calorimeters were contained within large Jjackets
of air or a fluid so that the témperature rise of the
jacket was negligible when the Calorimeterb temperature
rose, and the actual heat exchange between the two could
be deduced from Newton's Law of Cooling.

Around the turn of this century adisbatic jackets

came into popular use; these reduced considerably, but
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not entirely eliminated, uncontrolled heat losses or
éains of the calorimeter by ﬁaintainigg the jadket
temperature the same as that of the calorimeter.  This
infers the,necesﬁity to be able to supply or remove
heat o the jacket céntinuouslyg independently of the
calorimeter, which is very difficult in practice to do
accuratoly. _

The alternative approach was to evaluate heat
e%qhénges between the jécket and calorimeter; were they
,1afge or ;mall, from a knouledge of the specific heats,
masses and densities of.the system. The Jjacket tenmp-
erature was kept constant,Aas.a consequence of heavy
1agging of the calorimeter,

Evaluation of heat exchanges was recognised to be
avoidable by use of twin or differentiél calofimeters
in which two matched calorimeters were placed in %the
same or identical jackets, one containing a standard
system, the other an experimental one, and evaluating
the latter by difference from the standérd.‘ This
method requires the change in temperature of the experi-
mental system to be of a higher order than the differ-
ence between the initial temperature an& that of the
surroundings. Alternatively electricael calibration
involfing.heat changes of the seme order as thcse antici-

pated in use immediately compensated heat losses incurred.



2.2. The Commercial Instrument

The flow microcalorimeter was developed by
A.J. Groszek in the resecarch laboratories of the British
Petroleun Co., at Sunbury, and later manufactured aﬁd
marketed by 'Microscal Ltd', 20 Mattock Lane, Ealing,
WeHe Early systems studied involved metals and metal
oxides in powdered form, which adsorbed detergents from

46

lubricating oils ~ and works inveolving the adsorption of

hydrocarbons on to cast 1ron47 and alsco on to molybdenum

8

disulphide, boron nitride4 and tungsten sulphide,

graphite49

soon followed, With some adaptation the
instrument proved useful in the photographic field,
especially with regard to the adsorption of gelaﬂk:ineso'slI

and st?abilisers52

on silver and silver compounds., It
is known to be proving of considerable interest in the

research fields of pigments, dentistry, metal corrosion,
and catalysis, as well as research generally in surface

chemistry and solution thefmodynamics,

2,2.1;Desigg

The purpose of the instrument when originéliy con-
ceived was to enadble a study of surface reactions by

‘monitoring the accompanying heat changes, If the

.



\
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' Fig, 2.1 THE FLOW MICROCALORIMETER.
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adsorbenticould be in powder form, tvhe adsorbate which
may bé gaéequs or in liguid phase would be allowed to
enter the surface phasc when permeated through the |
powder bed in the calorimeters Thermistors were
rcalised o bé the most coémpact and sensitive detectors

of temperatufe change.

2.2.2. Congtruction

A scheﬁatic diagram of the flow calorimeter is
shown in figure 2.1. - It consists of a cyliﬁdricai
aiuminium block (1) 16.5 cms in height and 15,5 cms

in dismeter. & holo drilled through its axis houses’
‘a Teflon cell (3) 6nms internél diameter and about
5cms in length. The base of the cell is closed by
élamping against it, a spring-loaded outlet tube (5)
‘having a stainless steel 50C-mesh gauze (4)‘surrounded
by a rubber O=ring for a l;quid—tight joint. This
supports the powder (2) under examination; an outlet
tube (6) is secured by screws; its base fits énugly
against the top of the cell. '

Temperature changes are detected by two therp-
istors (10) which protrude from the cell walls and
are covered by the powder. They are comnnected in a

Wheatstone Bridge circuit (figure 2.2.a) and are.
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opposed by two reference thermistors (9) eﬁbedded in
the metal block. The output (imbalance is caused by
temperatufe change) is fed via an amplifier unit to a
potentiometric recorder.

There is .provision for experimentation above
ambient temperature: the metal block may be heated up
to 150°¢C by means of a thermocouple embedded in the
blocﬁ which is fed by a stabilised power supply via a
variac control unit. It will give an output of approx-
imately 40_p,volts/°0 above room temperature. There are
two further c¢ylindrical cavities (7) to accommodate dbnﬁ
tainers of solvent and:solution and allow their temps
eratures to reach that of the celorimeter, prior to
=reaction, The liquid then percolates thfough the
narrow channels (8) into the cell.

The powder bed formed in the cell occupies approx-
imately 0.15 ccs when its level is 2 mms above the level
of the thermistors.

The block is heavily lagged and mounted with
electrical components and batteries inside a cabinet
which stands on three iegs,;allowing ready access to
the base of the cell. (figure 2,3) .

A bank of four 1.5 volt batteries feeds the bridge
circuit (figure 2.2.8) and the sensitivity switch

connects in one, two, three or all of.theee; a supple~
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mentary toggle switch connects into the circuit an
additional resistor to reduce sensitivity. R1 and R4
are adjustable resistances which are required to adjust
the oubtput voltage (i.e: the position of the pen on

the potentiometer slide wire and hence on the chart).:

The thermistors are matched pairs of the 'bead at the

end of a glass probe! type having resistance of approx-

imately 4.195 Kn at 25°C and a temperature coefficient
of -~ %,7% per degree centigrade at 20%¢c., The

current they pass is considered to be directly pro-

portional to the voltage applied when operating in the

calorineter.

2:ileFe Calibration

A third adjustable resistor, RE; is used in the
calibration circuit, figure 2.2.b; together with a
single 1.5 volte battery, bipolar switch and an
adapted outlet tube containing a small heating coil
soldered inte the stainless steel gauze. By apply-
ing a voltasge across this ccil for varying periods
of - time, heating effects are produced and a series of
peaks of different shapes ond cizes are observed on
the recorder chart.

Bach peak comprises two curves, one heating and



one cooling.

TEMPE RA TURE

&

Tie

Over the heating portion of the curve the energy
impuku is proportional to time of flow of current;
over both portions fﬁé'heat lost is proportional to
the excess of the higher temperature over that of

ambient, provided Newbton's Law of Coéling is obeyed:

" 1.8t . =@ = heat 10st = Kxfsédt
. h

= K A2
( where: K = some constant

A2 = area under curve as shown ) ’

Similarly, heat lost during heating:

= K A1
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Since the original and final temperatures are the
same, the total heat loss must equal the Sotal heat

input.
i.e: K (4, + Aé 5 = total energy input.

Hence the energy input is proportional to the
peak areas; this is found to be so up to about 60
millicalories' output from solid/liquid systems,

2.2.4. Bensitivity

Extremely small temperature changes are generally
observed for surface rcactions. As so little eadsorb-

2 .

ent is examined, involving perhaps less than 1m~ surface,’

the instrument is necessarily sufficiently sensitive
to detect a change of temperature as lzttle as 10“400.
With reference to figure 2. 2.a, assuming thc output is
measured from the midpoints of each of R1 and R4, and
considéring‘éach side of.thé bridge to be a potential
divider, its output voltage can be.shoun to be 94.85mV
for 1°¢C temperature change &t the thermistors in the
cell.
Using a similar potential divider method

(comprising kilo-ohm 1% tolérance resistors and a

1.80hm 5% tolerance wound resistor), a full scale



deflection (f.s.d.) of the recorder is obtained from

an input voltage of 1 millivolt i.e: each scale

division (.01 x f.os.d) represeﬁts a temperature

change of 1.05 x ﬂ0'4 °¢ at maximum sensitiﬁity which

would occur from heat effects close to 25 mcalories.

The variation of temperature changes which give rise

to a f.s.d. with sensitivity is shown in table 2.1.

‘Table 2.1. - Variation of Sensitivity of Calorimeter.

Sensitivity | Bridge Voltage| Bridge gutput Temperature

Setting (volts) (wv/¥C) - Change/f.s5.d.
4N(maximum) 5.42 04.85 «0105
3N 4,10 71475 .0139
oN 2,70 47,25 0212
N 1.33 23.275 0430
4R(reduced) 0.68 11.90 0840
3R 04505 8.838 1132
2R 0.33 5,775 1732
0,155 2.713 « 3687

AR(minimum)

Such sensitivity is made possible as a result of

its high thermal stability; it is amply lagged and the

thermal capacity of the cell is very. low; most heat

which is developed is absorbed by the sclvent flow.

The effect of solvent flow rate on the effective '
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thermal capacity is estimated using the calibration
coil; current is passed until a nev position;of equil-
“ibrium is attained on the chart. It will véry slightly
according. to the Iflou rate and as both the rise in
tenperature and the Eeat‘supplied are known, the effect=
ive thermal capacity éaﬁ*be‘deduced to be approxi-

mately constant overtthis rénge'of flow rates;~-

Table 2:2. Variation of Effective Thermal Capacity
oo - with Flow Rate

~ Flow Rate Displacement Tine to Effective
(n heptane) of Base Line. Atbtain Thermal
‘ o Equilibrium____CapaciE g

needle mls/min Divisions| “C. (Becs) (mcals/“C
286G 0% | 74 20157 | 430 2,00
50G 057 | 72.8 |.0154| 485 - 2.29
£326 035 | 72,8 |.0154| 500 - 2,37

34G 003 | 70,6 |.0150| 460 2,24

Subsequently - marketed models haveaihcorporated a?
DsC. Amplifier between the calorimeter and the potentio-
meteor applifier, to increase the sensitivity.
| In practice there is also a 1limit on the permissi-
ble time duration of a heat change process, particularly
if this is relatively small: this 1imit is governed by

the base-line stability. If the recorder deviates from



its base-line for more than azbout &0 minutes as a

result of a heat change, an extremely steady and norn-..
drifting base-line is demanded in order ‘to interpolate
vith confidence between start and finish of pehk; In
fact a base-~line whose drift is not greater .than 1 f.s.d.
in 18 hours (i:e: 1 scale division, say 2 % 10~ 90;
10 minutes) is sufficiently stable. The chart moves
at 1 tfoot per hour.

The flow rates from the two flasks must be identi-
cal; otherwise the base-line will be unstable at the
point of changeover. The thermistors, passeing current,
have a power_dissipation: "maximum mean power dissie
pation in liquid at 20°C averaged over any 20 milli-
second period does not.exceed 100 mW" = ,024 calories::
per sec "T. Such dissipation will be reduced by the
increased cooling effect of an increased flow rate
through the cell. The thermistors will detect this as
an apparent endothermic process, and the bridge balance
will be shifted.

' 2.2.5. Operating Technique

Reactional heat changes are assumed to Gake place
‘at,constant.temperature, and no correction is made for

‘heat lossess



The calorimeter is constructed on the micro scale
to reduce overall temperature'changes énd ensure they
rewain uniform thfoughbut the cells - the weight of
titanium dioxide pigunent used is generally 250 mgs and -
- extremely low but accurately-controlled flow rates
(in the region of G;OBfﬁié/minuté)'aré Em@lbyed.

Having ensured the cell is cleaned and free of
dust (inspection is facilitated by use of a small
‘pen' torch) the outlet tube is clamped in position;
-and it is plugged with a rubber bhng. About 2 mls of
the solvent to be used are pipetted into the cell to
£111 it and the weighed quantity of pigment (about
‘250 mgs) poured into the cell via a funaels It is
" alloved to settle and form a bed on the gauze: to try
" to ensure uniforn and constant packing of this bed,
an arbitrar& period of three minutes is devoted %o
the settling process, following which the solvent is
drained away, the inlet tube clamped in position and
the flow of solvent established, from a 250 wl. tap
funnel clamped in position as shown in figure 2.5

. Having adjusted the sensitivity to the desired
level; (the waximun level possible without the expected
peak going off chart) altered R1 and R4 to move the pen
into position on the chart, prepared a solution from
which adsorption will be séudied and obtained a sbtable

base=-line on the chart, the adsorption process nay be



; 55

commenced., Adsorbate is introduced inte the cell in
one of two ways. _

The method, generally employed so-called the
"saturation technique" involved use of a second
identically set-up flask containing the solubion and
the flouw of solvent.is immediately replaced by flouw
of solution. - Idea}ly,,one adsorption peak is now
observed: the deso?ption process is followed by reverting
to solvent as before without disturbing the flow..
After any surface reaction, provided.the flou rate is
the same as initially, the base«line should be in
" exactly the same position on the chart as before the
reaction. '

Al%ernativgly, the sovlution is injected from a
microsyringe into the undisturbed solvent flow; the
so-called "pulse toechnique" when, if a reversible
‘adsorption process occurs, a peak, followed by a
degorpition vrough is observed, as the solvent immediate-
ly washes off the surface most or all adsorbate which
had just adsorbed..

In conclusion, the inlet 'and outlet tubes are
removed and pigment removed by washing with low boiling
point petroleun spirit in.conjunction with ultrasonic
irradiation to clean thems A wash-bobtle containing

the sane petrolecun spirit and pipe cleaners are used
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to remove-with care, residual pigment in the cell;
around the theraistors.

The most suitable way of measuring the peak area;
is to trace each one on to fine quality unruled fool-
scap paper, cubt-out the tracing; and weight ‘'it. This,
perhaps surprisingly, has been found to be moré accur—
ate than use of a planimeter (which is ideally used only

2

for arecas in excess of 50 ¢ms®™ or so, while some cali-

bration peaks are only 2=3% cm32

in area) or the count-
ing of squares of chart paper within the peak.
In studying organic pignments it was found to be
" necessary to pretreat them in order to improve the
permeability of the bed they. formed. They wvere mixed
into a slurry with water, dried overnight in an oven
at 120005 ecrushed in a mortar and s¢eved dry between 100 and
200 mesh s+#@ves, This ensured that no clusters

>150 . in diameter, and no primary particles were used

in the calorimeter; most were: = ‘?5/“L .

2.2.64 Modifications

The operation of so sensitive a calorimeter demanded
close regulation of temperature control. Initially
it appeared to be remarkably unaffected by draughts;
but the slightest changes of -temperature, even of the



order of 0.5°C, in the rcom caused a prolonged drift
of the pen owing to the delay in the heating or cool-
ing of the block to that of the surrounding air, :
The room was therefore thermostatted accuratelys
the thermostat unit mounted on the wall behind the ‘
calorimeter was connected to a small 3 KW fan heatg; .
fixed to the wall at the opposite side of the room.
An old balance cabinet was fitted with perspex sides and
two sliding doors at the. .front to provide access, and.
placed over the calorimeter. Its edges were, crudely
sealed with Sellotape and air from a compressed air
* line was fed into the cabinet, at the room temperature
via a tuhe of diameter 4,5 cms and 25 cms in length;
which was packed with silica-gel. This ensured a
continuous change of air in the cabinet and allowed
cohtrol of humidity down to around 10% if necessary.
During winter time when the heat losses from the
room (which is situated directly beneath a flat roof)
are considerable, the fan heater was switched on with
increased frequency and could cope quite adequately
with control of temperature.  However, as the heating
required is reduced ' in summer, the heat output tended
to become erratic and it was necessary to by-pass this
systen with an auxilliary. one involving a ‘*Transtat®

non-indicating temperature controller vhich is fully



transistorised and us2s a platinum resistance buldb as
a sensing elemgnt.

Pigurc 2.3 also shows two smaller flasks to which
capillary outlet tubes were fused. Flow rates vere
timed from each flask and compared; equalisation was
achieved by snapping off short lengths of the capillary
of the slower flow~-rate flask until equal Vo the other.
This nrocedure was tedious and the capillaries wvere
exceedingly accident=prone, so two tap funnels had .
ground glass “Luer-type nozzles fused to their outlet
tube. This allowed ready interchange of 2" long stain-
less steel hypodermic necedles between the flasks. In
this way an exacivly reproducible and equal flow vas.
obtained from different flasks at any time. However;
if standard needles were used it reduced the flow rates
possible to three of four distinct values ( depending
on the internal gauge of the needle) instead of a
whole range of capillary sizes. It also precluded
the use of two liquids wvhose viscogities varied wide-
1y, but as only dilute solutions were ever used this
wvas of no disadvantage.

In order to safeguard against individual failure
of the cells which feed the bridge, and hence irregular
variation of the sensitivity settings; it is proposed

to replace the suwitch with five hundred-~ohm resistors



connected in series with all four batteries and

several tappings to-connect in one or more of these

++ into. the bridge circuit and so vary its voltage.

The flow systeh_isAconsidered to be adequate;

- some users have-led liquid from each flask in turn down

a gingle inlet tube via a three-way tap, often using the
tap to adjust the rafe of‘flow. While this prevents any
heat changes within the calorimeter cell arisigg out of
mixing there, it is difficult to reproduce a~flow_rate.
precisely by adjustment of this tap, and the flow rate
has been shuwn to cause variation in the peak area for

a given heat input, particularly when: the former is
increased above 0.075 mls/min53 which is still a

' relatively .slow flow rate. The change-over of flasks
deSCribed previously means a doubled flow rate for about
three seconds which cannot be observed on the chart.

(Thé opening and closing of flask taps while 'in situ' is
avoided as they are not greased znd cancstick or fall out,
or the needle can be damaged, when being hurriedly

. manipulated).
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3.1, Haterialno

3.1.1s Pigmonts

All experiocntal work has been carried ocut using
titanium dioxido of various formpn, with the oxception
of the investigations mede in connection with surfaco
area measurcenent; in this cace a range of motals,
motol oxides and organic pigments wvere used. - The
titaniun dioxide cewmplen woro alwvays commercial grades,
cxcept for a serios of troated rutile scemples, kindly
supplied by Dr. II. Rechmann of Pitangoesellschaft A.G.

Zs1e1.1. Storaze ond Drying

All pigmente were used ecxactly as supplicd excoept
in one isolateod case uvhere dialysic wae carricd out
to remove vater-soluble surface naterial., The con-
ditions of storage varied, however, and the pignent
| wap defined according to those:

sl Weighed quantities of tho ‘driocd’
pigment had been placed overnicht in an oven at a
temporature botueen 120° and 130° .  This temperature
vas considered not to bo high encugh as to cause dchy-
dration of the surface treatoents, but sufficient to
remove all but the £irst or part of th% firoet, monoe

-



layer of water on the surface, (that is, the loosoly
held, physically-adsorbed wﬁter nolecules)s It wos
then rapidly transferred to the calorimeter vie a
desiccator.

.11, The “normal” pigment was stored for ét
least a weok in a desiccator containing ‘4 saturated
polution of sodiun bromido vhose S.V.P. vas 60%
relative hunidity @ 25° . In thio state it was coﬁ-
sidered to contain several layers of lcosoly held water
" on the surface, and corrcsponded most closely to the
batch pigments actually used et tho timo of paint
nanufacturec.

eiid, The "wotted" pignmont uaa.stored over

vater, for a week or more prior to usc.
3e1:1.2+ Surfoce Avea Determination

The surface=trcated rutile samples wore supplied
vith surface area data, but other pigments regquired a
deternination to be nade. This was donce by the mothod
of Bruneouer, Emmett and Tellersa ueing nitrogon as the
adsorbate, at ??;5°K, A monolayer volume, Vm, deduced

ueing the equation:

G2
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o = 1 +(C=-1) p

VY (po~p) VocC YmC po (3.1.)

(where p = pressure of nitrogen
' po = 8iViP: Of o
¥V = volume adsorbed
C o o constant, related to-the enorgy of

the ges adsorption).

The loft habd sido of equation 3:1: is plotted
ogainst the pertial nitrogen pressure P/po to ovtain a
straight line over an approximate p/po range ‘0,05 = 0;95.
Its gradient is (C - 1)/Vn C and ite intorcept 1/Vm Cq
It can be Geduced that Vo = 1/(gredient + intercept)
and thie is converted to s value of the specific area
if it is assumed that the aroa occgpéed by_g ?%trogen
moleculo in the wmonolayer is 1642 A. mol,

Buhe = Vm4Ho, 1642 o g~ (342.)

22,4 % 10° x 100
(vhere Vo is mossured in ccs, at S5.7.P
No is Avogadro's Humber),

"

5¢1e1¢3e Surface Arca Rosults and Analysis Data
Surface Area resulto quoted beclovw have been ‘

el
s Ll
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TABLE 3.1. ANALYSIS DATA

64

9Ti0,| %200 |1ha1,0,] #510,| %P0 | %Losg ®|% Soluble Surfage
2 273 2275 o -1
] 105 °C Salts Afegzm £
Rutile Rl 89.5 nil nil | nil - - = .
Rutile 5 95,5 | 1.0} 2,0 | 1.5 | 0.2 0.7 0.1 4.2
Anatase 10b|98.5 |<0.002<0.10| 0.05| 0.4 | 0.4 0.3 9.30
Treatedg T - nilj 0.5 | 1.8 - - - 8.42
Rutiles
T,| = ni1| 1.0 | 1.8 - - - 8.50
5| - nil| 1.5 | 1.8 - - - 10.40 -
T4 - nil 2.1 108 - - - 11074
| - nil [ 2.1 | 0.9 - - - 1.0, 90
T6 - nil 2.1 0035 - - - 9-53
T7 - nil 2.1 nil - - - 9,19
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moasured at the Paint Rescarch Station. The enalysis
- £igures of R1, RS and 10b are not to be regarded as
epecifications, but nerely as typical analysis rosgults,

from the manufacturer.
31424 . 80lvents
3.." |2§“ ™ n-heg't:ané

Early work wes completed ucing n-heptaonc as o
golvent; it ic easily charactorised, rclatively freo
of homologues, and other difficult - $0 -~ reDove ime-
purities.

. Tho n-~heptane was suppliced by May and Bakoer Ltd
’(1éborator3 chenicals), Each winchester quart was
opened upon recelpt and some dried Molecular Seive
type 4A added to allow some drying to tako place over
the initial period of storage. It wvos thon slouly
distilled, and only the fraction boiling betwden
98°C and 98,500 was collocted, then to be stored in s
litre f£flack containing fresb sedium vwire erd oupplied
with a glass stopper covered with a teflon sleove.

The refractive index was occasionclly ncacured,
of the fraoéions 80 preparcd, by Abbo Rofracggmeter

ey

and checked against a literature value of o, °



ﬂ558765,56. ﬂrbifrary cxperimontal liwmite of nngce
1389 « 1,387 uwere choaon,.

The water content of the n~heptane was not
neasured as it wves belov the limit of detection of

the Korl Tischer apparatus.
3e142.2+ Bonzeno

This solvent also was supplicd by lay and Baker Itd
(as "Sulphur-frece, crystallisadble") and stored over
calcium hydride as a desiccant, but prior to
distillation, it ves refluxed over & -soxhlet containe-
ing fresch calcium hydride for about 24 hours ensur-
ing that 0ll azsotropos hed disappeared, Distillation
vae then carried out, at 80°C and then storage vas
oveor Molecular Sieve type 44, in a similar flask as
before, for pover more than three days, Rarl Fischer
Analyses showed the water content to rise apprece
iably after thic period, The Rofractive index was
occasionally chocked to be nnao a 1,501 & 0,001 ©

S5e1e2¢3s Heasurcment of llator centcnt of benzene

The Eerl Fischer57 nothod is used, in vhich a
.technique of back titration58 nay be ocnployeds;



excesp of PFischer reagont is added to a kmown

velume of bonzene ond then titrated with a standard

solution of water in nmethancl, to detormino the excess.
Fischor rcagent is a pinture of nethanol,

pyridine, iodinc and sulphur dioxide and is bolicved

to react vith wotor and consume iodine according to

the following mechanism?:

20535n + HyO ¢ I, + 805 —

H A2

/?o? ~-H

The cnd point is the chengo of dark broun to
pale yollow, but as this is not eesy to detect
visually, it is gonorally dona electrometrically by
connecting two omall platinuﬁ electrodes ionersed in
the reaction vessel is sories uith a spot gelvano-
meter (see figure 3.1:), A soall potential (~ 2mV)
is appliecd acrose thom and current flows while
excens reagont renains, as iodine compounds in

solution depolarisc the olectrodco. UVhen no -

67
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iodine romains, one electrode bocomes polariced
and the galvanometer deflaction faells sharply to zero.

The contents of the rcaction veosel are continue
ously stirred and dry nitrogoen flushed through to
displace any moist airs. . About 15 pls. standard
solution of water in methanol sre run in from the
right hend burotte, on approxinmate end point observe
ed on running in Pischor rcagent fron the other
buretfe, e fow mlss excoss added, then a wore
accurato end point attainod with uvater solution dack
titrations Each titration carricd out pyctenatic-
ally takes three minutess

The lowest reliable linit of detection of water
with this inotrument is 0,020 mge ol.™' (Table 3.2.).

5e1e3. Adsorbatioo

These werc genmerally Fluka (grade, puriss) with
the exception of sevoral. samplos suppliocd eithor by
Kodak Ltd. or by Roch - Light Leboratories. All
werce used ap supplied trithout eny further purification
process,

The alkyd resins were commorcial pgrades. In
the pulse injeetion work, Paralac 10 (a long oil

linseed penta glycerol resin) vas used from colution



TABLE 3.2. WATER CONTENT OF BERZENR
. TREATHEHT WATER : WATER p.p.m.
mg.ml~ by weight

Ap supplied 0.275 + 0.020 313.9 + 22.8

~Stored 1 week .

- Qver CaH2 0.124 + 0.009 141.6 + 10.3
Immediately after

reflux end distillation 0.020 22,8
Distilled + 1 day's storage|! 0.020 22.8
Distilled + 2 day's storage| 0.020 22.8
Distilled + 3 day's storage| 0.051 + 0.004 58.2 + 4.6
Distilled + 4 day's storage| 0.063 + 0.005 |  71.9 + 5.7
Distilled + 5 day's storage| 0.118 + 0.009 134.7 +10.3
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in benzenc.

Z«2¢ Heogurcoent of Adsorption Isothorms

2+2¢Tes Apparatus

Adsorption isotherns of lauric and stearic
acid vere decternined by a liquid scintillation
counting nethod using a Panox SCLP2-counter which
contained an EF 60975 photomultiplior ( vater cooled
for congtant temperature and background’ noisce ree
duction). The scaler ond timer werc Panax 6 decede

‘indicating types P7M00, P7200, Small flat bottomed
glass vials (D.J. jors) uvere uscd to contoin sanplos
to be countoed; to these bhad Leen added & liguid
scintillator, Nuclear Enterpriscs' (Cdinburgh)

H.Es 214 uvhich is a xyleno-based scintillator con-
taining nophtholene to shift the wavelength at which
naxioun emission oceurs to 4200 Ao, the region of
naxicun penpitivity of the photomultiplicer tube,

The oleic acid systenm was suspected to be
quenched when counting coimenced (see section 3.2.2.)
80 & Psnax windowless counter was employed to count,
via a plastic phosphor and cioilar photomultiplier,

very swall cvaporated saoples on aluminiun

70



plancettes.. The efficioncy of this methoed is
inferior, hovever, to liquid scintillation counting,
although problems of quenching or self absorption

are eliminated..

3+2.2+ Erinciples of Operation

The solutibn,containing radioactively-labelled
nolecules of acid is mixed with an oxcess volume of
seintillator (voluﬁe rotio solution: scintillators
1 mls 5 mls.) in the D.J. Jaé, Carbon-14 ig a lovw
energy P = emitter; when the scintillator is
struck by an ionising particle it is excited, and
on returning to its original ground state it emits a
rhoton; each of these is detected by the photonulti=
élier and converted into a voltage pulce. Such
pulses are proportional to the energy lost by the

£ = particles They arc amplifled and fed via a
pulse height analyser to the decade counter, i.o8
it acts as a spectrometor.

Thic mothod of counting ensures geomotrical
roeproducibility as with all fluid counting methods,
the counting is extremely rapid ( up to 10 CePeS
nay be achicved before coincidence losses break

down the accuracy and ‘IO5 counts are sufficicent
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for statistical purposes) and the accuracy can
appraach.i 0:5f« The dinadvontages of the method
are that one muat avoid the analysis of supersaturated
solutione, (as radiocactive material may be deposited
on the walls of the container) the nccessary cooling
of the agsemdly (cither by fridge or with water, to
reduce the background noise level) and the neceseity
" to used very pure solvonts to avold ‘quenching'.
Thioc is. the provention of light f£lashes from- being
regioctored by the photomultiplier tube either owing
to the colour of the solution or to compounds present
which absorb the energy, giving rise to scintillations
prior to the actunl light emission.

The use of plancettes roquives either an
infinitely thick or an infinitely thin solid filn
be counted to cnsurc the geonetry for a reproducible
nunber of g - particles to reach the phosphor.
Although this method eliminotes concern over
quenching or colf absorption losses, it introduces
considcerable pipotting orrors asc snall pipottesn
are uosed, and most important, reduces' the' overall
of€ficiency of counting from around 807 for liquid
" scintillation counting to around 157,

B.2430 Optimum Settings of the Countor



The overall reéponso is largely a function of
the scottings of the high voltage from the scalerx unit
%0 the photomultiplier (E.H.T.), the pulse height
anzlyser threshold or discriminator bias wvoltoge,
and the counter amplifioer gain.

Scaled ampoules of both a standard and a backe
ground were counted at differing settings of the
E.H.T. voltege with tuo discriminator bias values,
(cege-figure 3,2.). A plot was then mode (e.Ee
£igure 3.3.) of the (source count rate)2 divided by
the background count rate, cgain at two values of
the discrininator bias: maxinum efficicency was
achleved vhen (source count rate)z/_(background count
rate) was o maximum. From thio two epproxzimate
E.H.T. settings vere chocen and at theose values,
count rate against discriminator blas voltage were
plotted, to determinc the optimum bias veltage, where
the curve deviated from linearity. (e.g, figure 3.4.).

The final settings chegen thus gave ¢ high
source count rate with relatively low background
count rate, & source count rate which didn't change
significantly with E.H.T. variation and which produced
only small change of count rate with discriminator
bias. These were found to be 1200 volts B.H:T. and
12 volts bias for otearic acid (£igures 3.2445+5.035:%)
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Slight differonces vere observed at the time of the

lauric- and oleic acid counts.

A.2446 £rolininary IExperiments

5424801 Preparation of Solutions

It wao found, when examining tho oleic acid
igothorm, 0 be unsatisfactory to prepare sasples of
acid soluticn, add to the pigwment, then include a
small .quantity of labvelled acid for counving purposos.
The used of 0,1 ml.,, 1 nls, and 2 nl, pipettes and
even a nicrouyriuge was to be avoided vherever
possible owing to large errors associated with Cheir
use, Hence "atock solutions” containing labelled
acid were preparcd and diluted as required for the
other isotherns.

-As opuppliod €rom the Radiochenical Contro,-
Amérshum, the carbon 14 labelled acids, lauric, -

gtearic and oleic were in solution in boungzene. This

~vas romoved by freego drying and the rosidusl acoid

re~dissolved in n-heptane: ordinary ecid was added to
propare a concentrated stock colution which could be
diiluted as required,:

Faiting tho prenisec that 1 uc of activity gives
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a count rate of 2.2 % 10° counts per ninuto, the

lovel of ectivity (in }xcsmlé-?) of the stock

solution could be adjusted to give suitablo count rates
even at the lowest expected lovel of concentration
(cezi 100 CaDes) 83 the initial totel activity of the
acid was known;

-No prohlems of solubility wore cnccuntered pro-
paring oleic and lauric acid solutiond and 40 - GOoft
concentration vas considered to be adoquate to indicate
the plateau region of the Langmuir type igotherm which
vas expected. However, oven 20mil stearic ecid in
heptane was unattainable, and a rough dilution was
necessary (by heating the flack and removing 100mis
of the litre of solution a% the elevated temperaturc,
Thio lator necoasitated a titration to chock the con=-

centration);

3e244.2, Titrations

Hethanolic potassium hydroxide was used to
stendardise the acid. This was first standardised
vith a propared gselution of boenzoic acid in methanol
at about 60°C using phenolphthalein ao indicator,
Sanples of the adcorbate acid were thon ehaken with
nothanol end also titrated hot with potacsium hydrox-



ido uvith tho came indicator.

Careful titration uap mplce of stearic acid to
estadlish its ‘stock' conceontration.  Rough titration
only was carried out on oloic and lauric acids alrcady
eguilibrated under expcrimental conditions with
rigment to check that the platecau region of the |
iootherm had been arrived at: there was aome doudbt ..
with oleic acid titrations?

Be2eltsds Calibration of Pincttes

All pipottes excopt a graduated pipotte uere ro-
calibrated with n-heptanoe as originally thoy wore
designed for uso wikh water. As the surface tension
of n=heptane 45 considerably less than that of wator,
less was retained in the pipette when drainced, so it
actually delivored oore than its stated volune,

Repeated checks vwere nade of the weircht of heptane
doliverod per pipotto and the volume chocked assumw
ing a donoity of 0,684 g/cc.60
systematic crror had been introduced by the fact that

However, a onall

tho heptane solutions werce mado up at 20°C ond thoso
of lauric and stcaric acids used at 25°C. Hence all
cctual concentrotions are fractionally louer than

thoce quoted,
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3424l 806 Calibration of Sealed Ampoules

A standard and boackground count on the ligquid

counter were taken daily to check:

a) the jnstrumental stadbility of the counting unit
b) +the general level of background'in the laboratory,
in case of spillage or contamination elsevhere.
c) centanination of the photomultiplier or lesd
. castle itsclf, from any previous Jjors which may
-bave leaked,

Thesé were most satisfactorily carried out using
secaled ampoulog of gtandard, ective naterial and backe
ground, non active material. Hence their count rates
had to bo cxpressed in terms of a prepared (i.e:
unsealed) standard (stock solution) and-ﬁackground
(n-heptane) in D.J. jors, ncccssitating an initial
calibration.

52 ol 59 Quenchi__gg

A check for quenching in systoms subsequent to
tho oleic acid. isothern wvas offoctively mode when

oxtomining the linearity of response of the counter to
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solutions ol  varying ectivity. Doviation fron
lincarity would certainly bo observed were quenching
occuring, Figure 5.5. chous en exactly linear ro-
sponse for a series of active lauric acid colutions.
This graph also becane useful as an apparontly Dorce
reliable uneana of cstimating concentration than do=-
duction from a proporvion of the standard count rate
as the latier. figurc tended to vory significantly

frow day to doy. This was probahly cexpleined by poor
optical contact between jar and tube; each is immersed
in lov-viscosity siliccune fluid %o reduco stray ro- |
flectiono at {he point of contact. Occaslonally a
budbble may have lodged beneath the Jor.

3.2.5¢ Exverimental Procedure

A number of 1 os. glass vials wvere corefully
selected free of blemishes and having well-fitting
gsocrew caps.’ The rubber gaskot was roplaced by a
polythene then an aluminium foil once. Lach bottle
wvae washed out in chromic acid and distilled water,
dried, and thon approxicaiely 1 g. of titaniun diox-
ide pigoeont woighed accurately into all var two of the
bott1les. These had thoir pigrent onitted to enable
en estination to be nade of the adsorption taking
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placc on the walls of the vials during the course of
the exporiment, The pigment vas preconditioned in
en atoocpkere of 600 .relative bumidity. In the case
of the oleic acid isotherm, the vials were blackened
on their outer surface to reduce oxidation at ﬁhe
double btornd by styray light.

The subsequent procedurc for this system also
varied from that of the othar two: 250 mls. each of
10™2 i, 10~2' 1 and 10~* fi oleic acid solutions uere
prepared ond the frecse-dried labelled acid made up
to 50 ml. of solution iu leptane also. To eliminate
use of a microgyringe to transfer.the active aecid to
the vials, 40 nls. of the labelled solution were
diluted to 100 mls, giving an approxiomote level of
activity .of 0,8/*0.&1."1.

1 ol, of this labelled solution waes added to cach
flesk, then, working in dGuplicate, varying proportions
of octock solutions and solvent added via a 2 Bl.
graduated pipotte to the bottlea 4o give e range of
initial concentrations, Those without pigment
received the cane total volune, 11 nle., of the most
concentrated solution.

Five swmall glass balls were cdded to each vial to
promote.disporsion, the caps serowed tightly, and

sealed with paraffin-wvax éape to ensurc water-tight



scal and thon they wero attoched to a perspox dice
rotating in a vertical plono in a 20°C thornostatted
water tank and alloucd to equilibrate for 3 doys or o0,

The vials uvero alloved to ctand on a tray in the
- tank vo allou their contents to settle, then a 0.1 ml.
“capillary pipette was used to remove oamples of the
soiution fron each vial on to an already-heatod narrouw
rimned planccetto, thus allowing the hoptane to evepor-
ate rapidly and collect a thin evenly-distributed
£ilnm of oleic ecid for counting in the windoulecs
countor.

Tho difference botueon the initlal and final
count ratesfor e senpic from the 'unepipnonted* vial
gave an indication uf the oxtont of adsorption on the
foil pagket and the glass; allowance ves nade for this
in computing the results,

The wain diffcrences in procedure cdopted for the
follouing oysteca vere that the temporature of equilie
bration ‘was 25°C and that the labelled ccld tee
incorporated intoc tho stock solutionc. No pipette
spaller than 5 mls. tras ‘'used in cacple preparation co
the errors were restricted; pipottes of 5,10,15 arnd
20 plo. werc used to transfor 20 olo. of verying
solutions to the vials, again in duplicate.

Equilibration wns otteined with the ‘viols on a revolve



ing epit in a constant teoperature room.

After equilibration and settling, 1 pl. aliquots

uere removed from cach vial to a D.Je jor, 5 nmls.

phosphor, N.E.214, added, arnd theso sholkien briefly and

counted in the liquid scintillation counter ac coon 48

possible aftervards, ctoring thon meanuhilo .auvay from
lipht,

1)

2)

3)

- Three corrections were applied for cach count:

Doad tive losces c.g: 20 pxsec. per count, during
vhich $ime ovher scintillations will not be
countad.

Background count raote (zeocled ampoule) is lover

than the truo background rate (D.J.jar containing -

a-heptane)

Initial count rates are obtained fron the
guenching curvej this figure rmust first bo
corrected to ellou for adsorption on tho vwalls of
the vial,

3.2.,6. Calculation of Adsorption:

Iet the ipitial count rate of a particular

sample. be Ri CeP.5 and that of the eguilibriun sanple

be Rf C.De8, 09 the background count rate for those ie

the same, By CeDeS:
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Re = By Ce

(vhere Gi s dnitial concentration of acid, molosdf1
C; = oquilibrium concontration of acid,

molos.l“q),

Rf includes alloqance fqr:adsorptiqn on the g;aaa wvalls
of the viel and the D.J. Jar. Buch an allowﬁnce is
dcduccd from the 'blank vigl' solutior beforo and after
equilibratioé oniy, and to epply this correction es a
proportion of the count over the whole range of concon=
tration stufied, infers that the adsorpfion isothern of
fatty ecid on glass is identicel to that on titonium
dioxide, Thig ig not t;ue. but since adcorption on
gloss is to such a sﬁall oxteat, it ic considered
regsoncble to moke the geme deduction numericslly, froo
cvery count, |

If nou tho onount ¢f acid adsorbed in moles,g"q
of piséeﬁt-is written as '®R!' it can be acen that:

x =0 - Qf .y ::mlea?o,g""'l

., u 1000

(ubére v = uveight of pigment in vial, g

v = volumne of solution in vial, nla),.
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107y R, = R

3e247¢ Errors in NHeagurcmont

" Undor the conditions of redicactive counting as
dogcribed tho number of counts, n , observed will
fillovy a Poisson diatéibution about ite mean value.
The statistical pﬁreaﬁ of wmeasuroments is expressed
ac the 'variance', Y , uhich is defined as the moan
squarc deviationt its meen square root is the 'stand-
ard doviation', o, There is a €8,3% chance thaf
any single valuo will lie within 2 o of the truo
count, and herce that the true mean count is within
2 o of the %otal count, n, ascumed to be the true
count,. The stondard deviation may further be
essumed to be /m , i.e: the fractional standard
deviation s /n/n = 7> ,

Tho 68.%5 level of confidence io nmot very high,
howevVers 4if this is incrcased 0 95,55 gnd tho rondon
error alloved is the same (/n/n-<100% i.e: 1% for 10%
counts) one must now neasure 4 x a0t counts,
Generally, active ocluticno gave count rates of bee

tweeh 5x ﬂ03 and 100 c.p.c and a substantial number



of cbunts aro soon amasoed,. However, the background
count rates ( and tho, plancette sample count rates)
- were as low as 1 C.Pe8y, 80 the targot numbor 6£ 4 = 10“
counts- wvas never achieved, honce theso were an
additional source of error.. At this 95:%5 confidence
level, the random error varies exponentially bobtween
2 4,47% on 2 x 10° counts end about 0,75 on 10°
counts or Lore. |

Bach count rate recorded is the mean of three or
more detorminations and the § random error is that
aspociated with the sum of thesce counto (c.g: & 3.105
counts wveesured four times = 0,75%) and of their
corresponding background counte (c.g: 1000 counts
neasured threo- times o 3.65%). - These % errors are
'then converted into a number of counts, added together
and a pov 8 randon error ovaluateds Tor TR, = Ry
values read from the quenching curve, an additionel
-allovance is made for o possible error of & 15 CoDeB
in reéding—off-values-

Pipettes uvere tho main sourco of error vhen
preparing or trannferring soolutions; apart frop the
. error fron use with n-heptane inotoad of water, for
which the calibration was carried out, the follouing
random errorg uere ascridbed to tho various pipettes

used:
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0.1 0le = 5.0%

1ole < 2,09

2 nle. = 1,53

5 ml8. =  1.0%

10 nloe 2 0.5

15 mle, 2 0.8

| 20 mlo. & 0,33
25 al8. £ 0.2

Henco for oxample, the SO mf lauric acid stock
solution was prepared uvith negligible wveighing error,
but thoe 40 mf and 10 ol solutions propared by dilution
of the former involved use of two 25 nl, bipettesg
i.0: ¥ 0.4 randonm (53 o J & o

The graduated pipettes vere considered to deliver
only within 0,02 mls. of the required mecasure. (i.o:
1.1% randon error for 1.8 mle. delivercd, 2o for 1 ml).
This ‘pipotte vas nover allewed to drain completoly.

All welghings of pigment camples tere eithor
0.5z % 0.0004g not groater than 0.2 or 1.0g 2 0,0004g,
not greater than 0,15,

3,3, Calorimotric Heasurenonts

‘The design end operational features of tho



calorimeter have-been-desdribedlalready in Chaﬁter 2,
together with an account of the .general experimental
procedure involving eithef the pulse injection, - -
technique - cbmparativelyjrarely used - or the
saturation adsorption tecﬁniquee Measurcments made may
now be classified further into their respective

: sections according to. the aim of the research

programme.

3.%+1. Determination of Surface Area

a®? that the f£low micro-

It had been suggeste
calorimeter could be used to determine the surface
areca of powders by recording heat changes accom-
panying adsorption from solution. Provided a
mechanism of hydrogen bonding is accepted as the ..
force binding -alcohol molecules to the syrface,
the surface area, S, is said to be "directly pro- -,
portionai to the integral heat of édso:ption per g.
of solid, AH,

i.e: S = K AR

(wﬁere K is a proportionality constant in o cal'1,

A_YI is the total heat effect produced in calse)



when n=butancl forns a close-packed monolayer on the
surface” . _ |

This was éxamined vith a variety of pigments and
‘using a butonol solution in n—heptane-at the fized
erbitrary coneentration of 2@,1’1 (27 m1),  Tho |
pigments were dried overnight in an oven at 120°C to
rbmo?e moot of the free water ot theisurféée; A
' single peak uas obtained at the most favourablo
:ﬁézimum'senait1v1ty'£or each sémpie and a range of
heat effocts measured.
" Cno sample wes nov taken as having en accuratoly
known eurfaée aréé. as deterninod by nitrogen
adsorption by tho ﬁ,ﬁ.?g method (s0e 3.1.1.2, on@”™® )
and a figure deduced for the other pigments, from
proportions of theii heats of displacement.

3.3.2¢ Fulse Injections

The pulse injection technigque was similarly
exanined briéfly to see that information it eight
yield. For this, the adsorption of an alkyd rosin
vas carried out 1) on two titanium diozides at a
sirgle concentration of S¥u/v. Successive injections
of 20,H15; wvere made on the saome bed of camplo.

ii) on three titanium dioxides each
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in the ‘Hried” “normal” and "wotted" state. Caprylic.
acid and capryl slcohol (short chain compounds chocen
merély 80 48 %o ensure & desired level of concentration)
in 20 w/v solution in dried benzeno were injected both
before and after a similar injection of resip on '
different samples in the bedy The aim was to deter—
nine vhether any reopression of the acid or alcohol was
observed oving to resin or moisture or both, present on
the surface.

In cach series the measurements were made rapidly
but reproducibility was poor and results werc only

semiquahtitativer

3.3.3. The Silica-Alumina Surface-Treated Rubilos

The aim of this study was to establisch a relation-
ship between the surface grohps on the pigment and the
quantity of material edsorbed. Stearic acid adsorpe
tion was exemined from bengene solution, primarily to
conjuhct with adsorption studies on the same systenm
being carried out olscevherso at the Paint Rescarch
Station. . "

One calibration served for all samplesi an
arbitrary concentration of Bg.l'q (10.5 ol solution)

acid was usced. Several pcaks were obtained and



evaluated for each pigment, and a mean value recorded.
This procedure was followed for both the "dried” and
the “normal““pigmpnf:(seé 3tﬁgﬁ,4.)o A 10g,l”qf
(371 o éolﬁti&ﬂ) solution of stearylamine vas also
thus otudied: if the alumina cohtent contiolled the
acid adsorption which pfbved'tb'be tho case, might z
not the silica, being more acidic in nature control
tho amine adsorption? WMillipere filtration of the
o ffeshly;prepared amine solution was found to be
hecéssary;aa it was'hazy 1n:appearance; this was
" probebly due to carbonation of the solid (Fluka grade
purun®) stearylamine, The solutions could not be
fetofed‘éwiﬂg to thé,f@fmatién of a solid £ilm on the
liquid surface, This was prevented in the drip
flask by attaching a soda lime tube to the air bleed,
All adsorption peaks observed in this section |
- werc accompanied by a "trough": (as indeed is any
peak obtained for adsorption from aromatic solvent)
considbrable spoculation has been pade over tho
nature of cause of this trough (sce #.3.3.). It
suffices here to say that no allowance has been made
for its presence‘in'tha results guoted, so’:ithe latter
are purely arbitrary values useful only as a dircct
comparison amongst themselves, and cannot be called

'heats of adsorpticn' mercly 'heats of oxchange

' 'adsorptioh'Q



~All results furthernore are quoted as a heat of-
exchangc“adeorption at various percentages of aluhina

confent by weight of the overall surfaceitreatmenf.

- 3,3.4, Adgporption of Acids on_Titanium_Dioxide

at o Pixed COhcentration f

The relative affinitieé‘of-various acids for a
'parficular titanium dioxide surface were next
oxamincd., The colvent used was n-heptane, the cone
centration chosen was 33.174' belicved sufficiently
high as to produce an acdsorbed weight corresponding
to the'plateau region of the exPectéd Langnuir-typo
adsorptioﬁabehaviour for eéch acid, but also lou
cnough to permit solutions of sﬁraight chain acids
as long as gtearic acid (longer chain ecids are less
scluble in ﬁ-heptane)._ ‘This procedure was
" inadvicables constant molaer concentrations rather
than weight concentrations ought to bave boen used.
Allowanco may be necessary in interﬁreting results,
section Gelte,

The .only unsaturated acids exemined vere oleic
and elaiic acide (cis , - ‘trans isowmers), No @ibaeic
or aromatic acids (except benzoic acid) shoved

sufficiently high solubility in n-heptane to be



included. Results werc quoted asc heats of exchange
adsorption as a function of acid chain length, ond for

longer chainc there was & relationship.

3e5+5¢ Adsorption of Acids ‘on Anatam at varying .
Concentrations

The differcnce in the levele of adascrption of
lauric and stearic acid, dotermined in the provious
bection was considered worthy of more detailed
examination. Solutions of these ccids at varying
concentrations in n-heptane were oxamined at 25°C
together with oleic ecid solutions at-20°C. to combine
vith adsorption isotherm results, '

A standard procedure vas adopted as much as
possible of prepariug'100:mls. of & particular
' golution, ond while using & portion of this, pipetto
50 mls. to another clean (chromic acid for 24 hours
plus rinses in distilled weter) dry 100 ml, flask,
Meking up to 100 olos with furthor solvent ecffeeted
a dilution by tuo. |

_An erroncous choice of proparing sdlutions at
209G, ( the temperature of colibretion of the flask)
‘and use at 25°C was madey As n~heptane has such a

large coefficient; of thermal oxpansion it would
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have beéﬁ more satisfactory to make both preparation
and use of solutions at 25°C,

One peak per pigment sample was récorded,fand a
mean value deduced from soveral recordings at each
6oncentrétion. The ranges of édncept;a@iohs vere up
to 60 uM for leuric and oleic acids and ﬁp to 20 it
for éteariq acid. Dilute solutions of 2 nM or less
genérally gave hosat effects'spread over an hour or so
and could not be measuréd accurately. | |

Occassionally anomolous resulta occurred for
which no explanation was apparent. Critical checks
vere made of the time ‘for which the anlvent in the
drip flesk was expoaed to the cabinet atmosphere,
the time of sottling of the pigmeént when forming the
bed, and variations in dey-~to=day temperatures,
humidities and samplelweiéhts; but no pattern wos
| revealed: the only vay to detect these results was
to make multiple determinations and uhén five or oore
heat values contradicted tho original valué, it céuld
be legitimately disccarded.

Up to four péaks per day were easily measureblej
cach heat effect vas reéorded on a grapﬁ éf'heat of
exchange adsorption against equilibrium concentration;
(it was necessary to assuime the.final, equilibrium

concontration of effluent from the calorimoter, after



the peak was completed, was the same as that flowing
in), the maximum- limits of random error wore imcluded
for all points and the beatufitting-curve-drnyﬁ
through these pointse, '

This'heat curve wag then.combined with .the
adsorption isotherm to produce a third curve of
"differentialrhegts of éxchangeiaﬁsorption'.-the heat
‘evolved por mole acid adsorbéd which in turn led to
an estimation of the total proportion of active sites
on the surface. Thé‘systemétic errors caused by the
temperature-discrépanéy wmentioned were the same for

each curve and so cancelled eoch other out,
3.3%+64 Brraes in Heasurement:
343¢6.1s Calibration Errors

Some reg:oducibility measurements made on
several orders of oize of peak showed the random -

error to be:

5:0% for a 10 mg peals
= 203% for a 50 mg peak
1.6% for a 480 mg.peak

+ I+

-+
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:All fimes were correct to the nearest 0.5 second.

Cell voltages measured by A VO meter and vere
2 0,01 volts; The Soil resistance, deduced from a
Wheatstone circuit comprising two 0,1% grade variable
resistances; a standard resistance of 1ow‘toibrance
end oicroammetor, had an error of 2 0,05 ohmg  The -
internal serics rosistence, R2, measurcd similarly
wes to the nearest 2,0ohms,.

A typical calibration curve is illustrated in
figure 3.6, The broken lines represcent éhe limits of
oerror in ccnstructiné ﬁhis curve. The second line is

obtained by plotting the heat ovolved for a particular

period'of curront flou against the corrésﬁoﬁding reak

weight for that time peoriod, reed from the first line:
The heat evolved is calculated from the oxpréssion

H = I°RT calories

Jd

(vhere I = current flow, amps
R

resistance of coily ohms
T = period of current flovu, seconds

J = 4,184 joules.cal’q)
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I is roewritton as V
(R+x)
(wvhere V = voltage across coil, volts .

r = external series resistance,ohm)

The dotted lines show the 1imits of the error
‘accumulated from the uncertainity of pealk weight
‘deduced from the first curve plus the calibration

errors menticned above, -
" 3e50642¢ Errors_in Proparation of Solutions

. The 25 ml. pipette used bas e random error of
2 0.2%s . teighings. of solid adsorbate varied between
0.04 g and 1.2gy As the random error associated with
the balaonce used ie not grenter tham 2 0.4 mg. the
' errors in weighing adsorbate vary betueen 1% ond .
0.,03%.,

In plotting the heat curve, theseforrors;
cummulative in detefmining equilidbrium concentrations
wore found to bo insignificent compared with those
associated vith the heats of exchange adsorption,

and so vere ignored,



CHAFTER 4

RESULES AND DISCUSSION




4,1, Surface Areas

. One of the preliminaiy oxercises with the f£low
microcelorimeter was that of a feasibility study of
sﬁrface ares measurement;  This incorporated a
familiarisation of procedure, and an examination both
of the calorimoter's reproducibility ond of an

extension of the systoms, used by Groozekd

to include
& range of rigments as adsorboents. The same '
conditions.were employed as in nis paper, viz: 0.2%

butanol in n-heptane was adsorbed at'rdom tenperature.
41,16 Surface Area Heasurement e Resulte

Table 4,1+ shous the resulfs of exchange
adsorption meﬁsurements. rPigment 105,‘aﬁa€ase
having been the subject of a reprocducibility examine
ation of the B.E.T. apparatds was considered to have a
-precisely - known surface area, and vwas taken as the
standard. The final two columms in this table shou
a deduccd surface arca from the solution adsorption
roesults, and the B.E.T. surface area by gas adsorption

for coﬁparison,

4,1.2. Surface Area Measurements -~ Discussion
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SURFACE AREA MEASUREMENT

TABLE 4.1.
PIGMENT HEAT OF EXCHANGE APPARENT SURFACE B.E.T. NITROGEY ADSORPTION
. ADSORPTION (m cals.g ). AREA m™.g SURFACE AREA m .g

Anatase 10b 329.6 ' - 9.3
Zinc Dust 15.0 " 0ub2 0.7
Iron Oxide D © 203.9 5.85 - 5.9
Iron Oxide E .i?h.ﬁ k.92 . 5.
Rutile 5a 400 11.39 R
Rutile 5b 315.3 8.950 12.0
Rutile R1 283.9 , 8.0 7.2
Tungstic Acid 8724 24,62 . 23
Phthalocyanine Blue A 13.2 0.4 63.7

" v c . 16.8 0.5 67.1

" ‘"D 5.6 0.2 59.7

" | Green 430.0 124 51.8
Toluidine Red 103.6 10.4

2.9
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The adsorption from solution in heptane of
butanol is dopendant on its ability to form hydrogen
bonds with the surface of the substrate. Hydroxyl
fundamental infra-red sbeorption bands are invariodbly
broadened, intensified and displaced to lover
frequency due to hydrogen bonding with adsorbed
elcohol moleccules,  Evaluation of the heat of
adsorption of butanol on say, titanium dioxide might
have been made, to check that a value in the region
of 0-1% K cals,mole’1 was obtained, correspording to
the hydrogen bonding énergy., The inorganic naterials
in table 4.1. all have deduced surface ereas remarke
ably cloge to the B.E.T. value. Although this is
gomevhat surprising, it is explicable on the basis
~ that such surfaces are completely hydroxylated, the
area of crosc section df the butanol molecule(?O,? X 2
limiting area’) is close to that of the nitrogen
molecule (16.2,3,2) at - 195°C so it will occupy the
equivalent area in pores and capillaries end the
butancl adsorption is considersd to be from ideal
solution, Nitrcgen adsorption should give a slightly
higher surface area 1f pores whose crosa-ééctiongl
areas at the surface are betueen 16,2 X 2 and 20,7 K 2
are present,

Hydrogen bonds cannot, however, be formed at the



organic pigments'surface. as the hydrogen atom of the
hydroxyl group requires a cenbtre of high electron
density such as an oxygen atom with completed octet,
for bvonding {to take ploce. The adsorbed matérial is
beld very leosely, by Van der Weal's forces, and little
heat is evolved,  The proportionality between heat .
ovolved and surface area clearly bresks dovms it is
interesting to note, however, that for phthalocyanine
green (a halogonated tetrabenszoporphyrasine structure)
and toluidine red ( & monocazo pigment containing both
nitro = and hydroxyl-groups, sec figufe‘a.ﬂ.) deduced.
surface areas lie cohéiderably closer to the B.ﬁ.@.w
area. Presumadbly,. some degree of dipole -~ non -
polar interaction occurs between the polar alcobol

" and these centros of velatively high electron density.

4.1.3, Surface Arvea Mgasurements - Reproducibility

At this stage, the adsorption reproducibility of
butanol from heptane on two pigments was examined,
Tadble 4.2, lists the results on rutile 5b, and on
toluidine red, .

104



105

Fig. 4.l.a Phthalocyanine ;Bll_le
(Phthalocyanine Green is formed by complete
halogenation (14 - 16 halogen atoms per
molecule) of this molecule, substitution
taking place at positions marked 3 - 6 of

the benzene nuclei)

aun

HE M==N

Fig. 4,1.b Toluidine Red



TABLE 4.2. REPRODUCIBILITY TESTS::-HEATS OF EXCHANGE ADSCRPIION OF n~BUTAROL FRON -

.. n=HEPTAHNE ON (i) RUTILE (4ii) i‘bLUIDIIJE RED

RUTILE Sb TOLUIDINE RED .
lean Yeat of Exc No. of Spread Mean Heat of Exchange No. of Spread
Adsorption (m cals.g) determinations Adsorption (m cals.g) determinations

315.3 8 + 12% 103.6 ? + 100%

901
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The spread of results of £ 12% for rutile is
taken as a guide line to the goneral reproducibility
of the instrument for titanium dioxide systems,

The reproducibility of peak size measurcment
was also tested: three arbitrarily - chosen pesk sizes
were taken, and wultiple tracings of these-méde and
then weighed, These results suggested that for
subsequent veighings, the error be taken as < 5% for
a 10 ng poak, & 2.3% for a 50 mg peak end + 1,65 for o
480 mg peak. o ‘

4,2, Pulse Injections

The technique of pulse injection uas oxXamined
uging two cystems. The first wos inconclusive; this
involved the injection of a dilute solution of short
chain acid or alcohol on to titanium dlozide whose
wvater and prior coating of resin varied, The peak
sizes were not reproducible, and it wasc realised that
as the injectidn is made into an othervise-undisturbed
solvent flow, this will start the desorption process
simultaneocusly with the adsorption process. 4 true
equilibrium is never achieved as with the saturation
technique,.

The second system was selected to try to attain a
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seni=quantitative measure of the reversibility of
alkyd resin.adadrptich on titanium diosxtide from
bengzene solution. The pigments were rutile 5a and
anatese ‘10b, the injection volume 20 ul, end the resin
concentration 5% w/ve Figure 4,24 shous the variation
of peak wéight {(conversion to heat units vas unnecesse
ary) with successive injections on the sane samplé bed,
for each pignent. It appears to be an exponential
curves Peak 21 Peak 1 = Peak 3: Peak 2 = Peok 43
Peak 3, €tCsy 18 0s39 = 0439 = 0441 = 0,55, For the
run on ifutile, the curve is asymptotic to a peak
weight value of 8 mg, and for anatase, 5mg. This
woight can be considered to represent the heat evolved
by reversible adsorption of alkyd resin sinco injecte
ions subsequent to the sixth give rise to' a' small
constant heat evolution when the curface is virtually
covered by irreversibly adsorbed rosint the difference
botveen-this figure and the net peak size is due to

irreversible adsorption.

4,3, The Bilices-Alumina Surface~Treated Rutiles
44%41. Rosulis

' The results of the investigations made into the

variation of stearic acid and stearylamnine adsorption,
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with nature of tho pignent surfaco are expressed in
Table 4,%, and figure 4.5. Betvecon tuo and five
. determinations of the acid exchange adsorption. heat
were made on cach pignoent sanple.. '

Within the linits of exporimental error of the
calorimeter, the heat of exchange adcorption, ox-
pressed as heat ovolved per unit area.when stoaric
acid was adsorbved, was proportional to the percentage
content of alunina in the surface treatment, reaching
a maxinunm value at 100% alumine. A similar but
inverse proportionaliyy was obgerved for the adsorp-
tion of stecarylamine only as far as 45=50% alumina
content in the surface; beyond this level, the heat
of exchange adesorption remained approximately constant.
The adsorption of amine vas generally much stronger
than that of acid (in terme of hoat units) while the
presence of additional moisture on the pigment surface

' enhanced the adsorption of acid,

4¢342, Discugsion

Barlier work ™  hos shown the zinc oxide modifie
cation of a titanium dioxide pigment to doninate the
adsorption of carboxylic'acid from organic solution.

These pigments, however, were knovn to be zince=frec,
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b
TABLE 4.3.  ADSORPTION CF STHEARIC ACID A.D TEARYLAMIKE rROM ?
SOLUTIGN IN BoNZINE OF SURFACE-TREATED TITAKIUM £
DIOXIDES. .
PIGHINT SA:PLE 71 72 i 3 T4 75 T6 77
SURFACE TREATHTNT:- i
: : 5 -
Alugina ;. by wt. of i . A
total pigment. 0.5 1.0 { 1.5 2.1 2.1 2.1 2.1
L
Alumina % by wt. of . 9 y .
total treatment. 21.7 '35.8 . 4545 333 7040 ?5'7 100.%0
$ilica ,” by wt. of ' _ o
total plgment. 1.8 1.8 1.8 1.8 0.9 0.35 0.0

Silica % by wt. of | - . .

total treatment . 1843 64.2 - 245 46.1 50.0 14.5 0.0

HEAT OF LXChAWG: ADSURFTION: | ]

-2 -
R cals,.m _ - e :

4 Acid on pried T‘igmentl 3.4'3.8;2.85:3.0 4.9;5.5;6-5;5'09 611;5095 7.6;7.5 I6.6i804;?.8;6.1;'9-8| 7.1;8.8;7.6 11-15;11005
~m M opean Ynlue 3.3 5,7 ! 6.15 7445 7.8 785 | el .
T i . . T —— ; - a e 17,2 . ' H - .22. H

ii Acid on 'Normal' pigment| 5,9;5.4 8.034.63511.057.6 _Hh.3-8:7.7;11.5;10.3] 11.8;14.0 | 12.5;13.5 |23.5316.25;17.2;10 B] 24514.7522.5;513
" " " " Yean Value 547 7.8 10.8 - 12.9 13.0 17.0 18.55

iii Amine On Dried Pigment 3543 30.5 24.3 24.6 . 23.8 25.9 25.7
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The Heat of Exchange Adsorption of Stearic Acid, curves (a) & (b)

and Stearylamine, curve {(c¢), on Surface-Treated Rutiles
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Infra red spoctra showed an icnic adsorption mechanisnm

- 0 be operative, wiﬁh‘the acid asgsociated with the

- alumina { band froequency 1580 cﬂ"q e The relative

intensity of this band appeared to increase with the

- alumina content of the surface. - Thore was no evidence

of hydrogen bonding which would be expected if silica--

were involved in the adsorption process. |
Adsorption igothernms determined elsevhere for

these .systems wvere 'of the famillar lLangmuir-shape and

the maximum specific adsorption = the plateau level

«~ yas also found to be directly proportional to the

alumina contentea.

then the exchange adsorption heat
values wvere oxpressed as "heat evolved per mole
adsorbed” (from a combination of these results) they-
vere found to be approximately constant: 2,0 K.cals,
'1, the mean of five determinations whose standard
deviation was 0,124 K:balé. ﬁole’q.

‘For the amine pystens the adsorption isotherns
had appreciobly-scloping *platésux?, The maximunm
specific adsorption was 1ndetermina§e. but wvhen
measured ot a fized arbitrary concentration level was
found to fall steeply with incrcasing alunina content
of the pigment surface until around 459 alumina; then
rose agoain though only slightly. Such a curve of

specific adscrption vi equilibrium concentration al=-
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post - exactly corresponded to the calorimeter heat
" CUurve. The heat of exchange sdsorption could be re-

~}

- expressed as 5.4 K.cals, wole ' with.a standard devige

tion ( on f£five determinations) of 0.49 EK.cals, mold'1.
Infra-red spectra of the adsorbed specics on the
pigment showed thore to be the expected ionic bonding:
band for high alumina content material,: 'A'pimilar
band structure was obsorved for stearylamine equilie
brated with pure aluming. Houwever, for the coated pigment
fich in silica, evidence uas seer of co~ordination
conpounds preésent; the amine and the silica had
formed a complex,.probably based on hydrogen bvonding.
It was not possible to interpret the spectra quantité-
tively._‘

"4,%.3, Haturo of the Troush

Adsorption reections studied from aromatic
solution invariebly exhibited an éxothermic effect,
a peak, followved by an endothermic effect, a trough,
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' : . Tgxo'mz ML

G T 4ME

\ \_/6 P s ormecnm
It was,firstloﬁserqed in a synthetic iron oxide/
benzenc/stearic aéﬁd~system-in-which-tho pigment was
. dried overnight in the oven at ﬂEQOC- ,,Howevéf,
solublé iron (probably:iron stearate) was’confirmed
to be proscnt in the effluent, 6o the trough vas
ascribed to a heat of solution offect, The scme
effect was soon oSserved in titanium.diozide systéms,
however, where no,soluble salts could.be detected;
.a dialysed, non-surface coated rutile, Rﬂ; readily
.. gave rise to a trough, In addition if dissolution
of the pignment bed were taking place, one should
obsexrve a constant drifting base line which aight
never roturn fo.itsferigiual position, _
Consideration was made of the posoibility of
l.;-the adeorbate causing some de=flocculation within the
.”pigment bed in turn fésqlting in an o[tered flow rate,
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This vas discounted as a cause of the trough aes it did
. ' not occur in aliphatic solvent and the likely effect
of deflocculation is to.reduce the flow rate. vhich

would be observed on the recorder chart .as an.

- oxothormic effcct.,

Water vapour both adserbed on the pigment surface
and in the solvent secems the probable causes The size
of these troughs_was related to the time of storage of
‘the benzene after the drying operation ( sece section -
3e162e3¢)e - -Subsequent work qgt-reported here ﬁas been
concerned with the adsorption of fractionated alkyd
resins on titanium dioxide from toluene, When one
fraction was adsorbed immediately following another, -
its accompanying heat effect never included a trough,
while the first one always did: this suggests all
re placeable surface water is replaced at the first
adsorption,

It is suggested that from aliphatic solvent,
the adsorbate is believed to be adsorbed on to a
vater layer at the pigment surface, though thero must
renain some interaction between it end the substrate
since different aclds have characteristic peaks,

When adsoorption tukes place from aromatic solvent,
the adsorbate £inds it possible to displace the water
layer to varying extents, end this passes into



solutiong energetically this is not feasible in
aliphatic solvent and it would have to be removed as
an immiscible phasef

Such replacenent of water is highly endothérmic.
wvater competing strongly with adsorbate for surche
siteo. Its effect does mot commence at B, but at A,
50 the‘peak is actﬁally conaiderably reduced in size
while exothermic and endothermic offects oppose each
other, This is seen to be so in praétice;when
comparisén'is made of the pegk size of a particular
acid adsorbed from cach solvent,

Unfortunately it has not been possible to prove
unequivocelly that wvater is the sole couse of the

trough, as it has been impossible to carry out an

edsorption in a totally dry system. 4n attempt wes

made to dry a weighed pigment cample in a glass bulb
at elevated temperaturc under vacuum. It was then
sealed, broken under rigorously dried solvent, and the
slurry transferred to the caloriwmeter, Thiso tiansfer
vas the criticel stage: a glove box was not available
8o 1t was corried out in the normally-used cabinet

in which the relative humidity was 15%. . The transfer

. had t0 be done slovwly as alrcady vetted pigment tendcd

to be washed out through the outlet tube gauze unleso
settling had started to take place. Recovery of the

117
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pigment for re-uveiphing was necessltated nevertheless.
Even werc all this procedure completed aatisfactorily;
the resulting pigoent beéizirregular“, irreproducible,
and cach adsorption peak observed contained "secondary®
peaks, duc to movement within the bed. The trough

was 8till observed!

el

Comparison was made next, of pesks obtained
under both 'wot' and 'dried' conditions,(soec Table 4.,4),

The differences observed vere relatively sumall,
suggesting only & snall change in the numbernof surface
sites available to pelargonic acid moleoulea; due to
the presence of varying snounts of water. These
results are inconclusive because, as demonstrated by
the change from ﬁried to wetted neheptane, the



. RABLE 4.4, ADSORPTION OF PELARGuIIZ ACID KROM 3g.1”! SOLUTIOR
SR "IN n-#EPTANE OF RUDILE Rl '

. PIGMENT n-EEPTAKE| . HEAT OF . |cormEnT
. PRETREATHENT ... | DISPLACEMENT (cels.g~1) R
' Dried . pried ,|° 0,077 Ho Trough™
Wetted bricd .| 10,068 "
Vetted . | Wetted .| . .0,062 o o
Dried - [ Dried- Chaﬁ:-e to wettéd Heptane: |Extreomely low
R ¢ 0,001 - : heat evolution
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differencc betwoen the wetted and dried pigment states
is only marginalj both have extonsively=-hydroxylated
surfaces, and negative troughs are observed with cach
type in aromatic solvent. The dried pigment still
contains a number of adsorbed water mplecules, since
such a change ought to bo acconpanied by a large heat

evolution as water becomes the adsorbed species.

Table 4.5« Effect of trace water on the heat of

inmersion of anatase in benzone®?,

Amount of water present Heat of immersion

(x10° mélos.g’q) erga.cm'a
0,0 ' - 150
2.0 . 250 |
4.0 | 320
1040 a0
17:0 ' 506,
pure Heo 520

Doy and Parfitt>° conclude from o study of the
adsorption on pure rutile of aliphatic n-alcohols
£rom solution in both n~heptane and p=-xylene, that -

a rutile which after exposure to water vapoﬁr, is



N

outgassed ;t-25° for 30‘m1nutee ( surface 5(3) uhich
rosembles most closely tho likely condition of these
surfaée-trcaﬁed rutiles) is partially hydroxylated
onlys.. Pﬁysiqally adsorbed water molecules are stronge
ly bound only by the hydroxyl groups and the none
hydroxylated portion of the surface, perhaps 40=-500%,
" is et lesst partially exposed ( though come weally
bound water is probaobly olso present)s’

There is likoly to be competition' for adsorption
on the non-hydroxylated portion, betwetn solvent and
solute. The former will engage in 1T electron-
hydroxyl group interactione which are Btericaily
flexible, ' In the presence of chemisorbed carboxyl
groups, the weakly-held water associatgd with bengene
will be induced to displaccment.

The results quoted in section 4.3.2, of 2 K.cals.

mole*q

for the adsorption of stearic acid from benzené.
appear at first sight to 5e extremnely low if poetu=
lating a meéhanism of ionic bonding. However, no
allovance has been mede for the removal of water thus,
in aromatic solvent. Toblo 4.8, in scction 4.4435.1,
shows hoat of immorsion date for rutile/water

systems by various workers. A velue of 405=425 erga.

cn™2, equivalent to around 100 meals.m™2

-

or + 6.6 K.cals.

mole” may be estimated from these date, for the dise

421
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placoment of water. If this figure is added to that

of 2 K.calé.mole‘f'4

-

s 8 nore reolistic value of 8.6 K.cals. :
moie 1s‘appﬁrent= this is still a beat of eﬁchange
adsorﬁtion corrected oniy for desorption of water.
Details are glven 1ater of a more vigorous correction
.proccdure (section 4 s4e3)0

' A correction of the same magnitude may bo applied
to fhe anine results. This is higher to start with,
" then the corresponding acid figure, possibly ouving to
the presence of species such as RNH; vhich would dbond

very strongly to the rutile surfaces

4,044 Effect of Chain Lengﬁh on Carbogziic Acld

Adgorption
4,4:1, Resultse

Heats of exchﬁnge adsorption are qQuoted in
Tables 446+, 4.7,, for pigoonts R1, S5a, 10b, of the
adsorption fiom‘nnheptane of a series of carboxylic
acids, For pigment 5a, results of adsorption from
benzene are aléo quoted for the purposes of comparison.
Figure 4.4, shows the heats of cxchange edsorption
rlotted pgainst acid chain lenéth for adaorptﬁon on

anatase 10b, for which the results are most extensivo,

k]



TABLE 4.6. ADSORPTION OF A SERIES CF ACIDS FROM 3g/1 "OLU’I‘ION II'I n=-HEPTANE AND FROM -

BENZENE, ON DRIED RUTILE Sa.

HEAT OF EXCHANGE ALSORPTION o cals.m -

ACID

Felargenic CHS(CH ) ,CCCH

Lauric CH,( C!I2)10C00:I

Palmitic cu (cu ., CCOH

14

Stearic CHB(Lg;a)lscooH

Oleic CHB(CKZ;?

Elaidic t

CH = ca(cnz)?caon (cis)
(trans isomer)

Benzoic CsﬂscOOH
Stearyl Iilydrogen Phthalate,

CHB(CH )16C °°‘6H cocH

a) TFROM n=HEPTANE | b) FROM BENZENE
16.5 ! 742
15.3 8.
- 19.2 : | -
e L 224 6..1
15.4 5.5
17.6 C 63
'18.4 - ' 2.3
- 8.9

¢zt



TABLE 4.7, ADSORFTICN OF A RANGE OF ACIDS FROM 3g.1”l SOLUTION IN n-UEPTANT
ON a) DRIED RUTILE, Ri, AND b) DRIED ANATASE 10b :

1CID HEAT OF EXCHANGE ADSORPTICH o cala.m‘2
{a) RUTILE R1 (b)) ANATASE 10b
Caprylic CHB(CHE)GCOOH - o 12.6
Polargonic CI!B(CHa)?COOH 11.1 T 134
Capric 0113(01{2)800011 - > 15.6
lauric CI{B(Cliz)IOCC(;H 13.2 | 12.9
Kyristic cns(cr{a)lacoo;{ - 232
X )
Palpitic cnj(c;la);ltc.cql{ CE2.1 | 60.2
Stearic cn3(cnz)l6cooﬂ 48.8 . 6?.2
Oleic CH_(CH_ ) CH:CH(CH,) COCH
327 2 7(ci8) 1.1 ' . 12.0
Eladidic " (trans isomer).. 13.3 : . 11.2
Benzoic 061i5c001i . 14,1 o 15.5

2
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In sevoral cases, only one pealt was measuredj only
where any doubt arose, over the shape of the peak
obtained for instance, were second and third peaks
mecasured, No error limits have been evaluated: a maxie
pum random error of not greater than X 52% ie assumed
(see section 4,1.3) :

4+4,24 Discuscion.

The unusually large heats of exchange adsorption
6n.theqnonwsurfaceutreated pignents of stearic and
palmitié acid are particularly noticéable. On tho
surface treated rutile S5a, théy ere not exceptidnal,
bovever, This suggests a different adsofption
mechanism, brought about by the zinc present in the
latter but not the two former pigments. Rybicka and

Kelmanaa

heve confirmed the carboxyl/oxide interaction
to be a hyhrogennbonded systen with pure oxide and an
ionic-bondéd-system wvith the surface-treated or zinc-
conteining oxide,

Using the valuos quoted by Sherwood and Rybicka’
for fhe specific adsorption of stearic_acid fron
benzene, (7.8 x 10"® noles.n™% for 10b, 4,2 x 10~6
moles.m™> for 5 a and 5.1 2 10~% poles.u™? for R1,

The difference in solvent is not considered to
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 invalidate the use of this data, in this particular
context), the heat of exchange adsorptions expressed
as a function of the quantity of acid adsorbed are
840 K.cais.ﬁole'q on 10b, 5.35 K.cals.ﬁole“q on 5a and
046 Kfcals-mole“1 on R1, However, these figures are
not meaningful unless allowance is made for the heat
of vetting by n~heptane and the héat of dissociation
of stearic acid in n-.-héptane.' |

(It is interesting to note the resemblance of
trend betueen these results and those of Groszek47
who measured the heat of exchange adsorption of
normal hydrocarbons from n~heptane solution on to
cast iron pouder in the flou microcalorimeter. Above
" carbon chain length of 16, the heat evolved starts

to inerease from aroﬁna 8 K.cals.mole'q

to about
11 K.cals.mole"1 at chain length 20, and théroafter,

lincarly at least to chain length 32 (35 K.calsemole™ )&

4,443+ The Calculation of Heats of Adsorption
from Heats of Exchance Adgorption

An examination of equation 1.%3 is required in
order that correction factors may be applied for each
process relevant to the overali adsorption process in

the calorimetor,
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&
ABy, = Gﬂm - ABH colvent = effecj:s due togw-

dimerisation
Intermolecular reaction
hydration

wvater dié#lacement

dilution
(133.)

In the work uith the cerboxylic acid/n~heptanc/ana-
., tase system, all nmateorials were dried; although as
'suggested by tho benzene resulte this would not romove
all watér, there was insufficient vater contont in the
n=heptane to cause measurable hydration offects with
the solute, and none from the pigment surface was
displaced, as the peelk observed was symmetricel and
represcnted a wholly-cxothermic process, Dilution
effects were considered negligible at the lovel of
concentration used,

There ie doubt about the nature of,the,poséible
intermolecular reaction, that is, the inter-chain
roaction betveen adjacent aligned molecules at the
surfaco, particularly as far as fhe longer chain acids

are concerned ( sce section 4,5.3.3,)s Although such



an effect is ignored in the following feu pages, since
no heat values can be acsigned to the eoffect, the
poesibility of its cxistence must not be forgotten.
Strictly speaking, it is anyuvay legitimate to include
it ao an integral part of the adsorption process, 80
no geparate allowvance need bo madeo,

Thus we seo from equation 1.33., corrections
alloving for dimerisation and uetting are necessary to
be applied to the heat of exchange a&sorption, “to

convert it to the heat of adsorption,

4.4.3;4. Beats of lletting or Immorsion

Values cited 'in the literature' for these
quantitics often rcfer to insufficiently « character
ised systqﬁs. 0f a considerable 1list of roferences
checked only eight (7, 13, 17, 63, 64, 65, 66 and 67)
have yielded data relevant to these eyséema; and none
describes the identical syston, An added variable
io that of the outgassing temperaturoc of tho sample
prior to the immersion process vhich has been found
to be eritical®’, '

Howover, from Table 4.8., the average value for
all types (eczcept reference 17) of titanium dioxide

jiomersed in either n-hexano, ﬂ-ﬁeﬁténé. or n=octane

129



uvac taken and applied as correction factor in the . ..
present titanium dioxide/n-heptane series.  That is
142 2 8 crge cm~° vhich is equivalent to 34,0 & 0.5

n cala.m‘a. This is naturally en approximate figure

" only: ‘
1/ The immersion wes recorded most f£requently

at temperatures other than 20°C,

2/- The outgassing temperatures varied videlys
for an cvacuatod ocutgassed sample it .is likely that
T4 - O = P4 linkages are exposed, particularly at
. highoer  tenpexatures. Hydrpxylugrdups will probably
roemain if heated in contact with air, even to the
region of 450°C 3%, resulting in lower heats of

immersion |’

» and so for these sanmples, merely heated..
overnight in the oven, are still fully hydroxylated
end it 1s likely that the value of 142 ergs cm™2

is considerably overestimatod..

3/ Oxides studied are generally ascumed to
be non=-pigmentary grades, that is, laboratory pree
pared and purified. Yade and Hackerman 57 nave also
shown variations in hecats of iomersion with particle

sige,
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TABLE 4.8. HEATS OF IMMERSION

Rutile

SOLID SURFACE -1 ACTIV%TION IMMEHSED IN HEAT OF IMT‘;EHEION REFERENCE
AREA " .g T@MP- C, ‘ Brgg.cm-
Rutile Te3 - n-Hexane 135 64, 65

" " - n-Heptane 144 "

" " - n-Gctane 140 "

" " - n-Butanol 410 "
" i " 400 Water 550 + 18 "
Rutile - - " 310 "
Aerosil $i0, - - oo 165 "

n ) - - n-Heptane 118 "
Anatase - - Benzene 150 7

" | - - Water 20 n

" ("atersaturated) - - " ?20 "
Anatase ' 11.1 300. " 441 + 14 66
Rutile 7.6 " " 406 T2 "
Rutile (untreated) 6.4 250 n-Reptane 144 + 7 13

n . n " n-Butanol 303 - 9 "
Rutile {surface 11.2 n n-Beptane 150 + 6 "
Treated,.Alaos/S_J}Oz) " " n-Butanol 380 + 10 "
Anetace 10.5 100 Watér 504 67 -

" _.“ . " n-Hexane 137 "
Rutile 5.8 . 50 Weter 409 63
oon n 100 ] 498 ‘ n

« Alumina 2.7 160 " 693 !

o . n " n-Hexane 151 "

. Alumina {(amorphous) 104 o Water 454 "
1" " " n-Hexane 8 :
14.2 450 n-Heptane 36 17
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It is worthy of note that the hebtane and acid
molecules do not. exchange one for another oving td
tho 4qifference in their molecular areas, . Harkins 7 ,
" suggests an arca of cross~-section for the n-heptane
molecule of 64 g%,( déetormined by tho Horkins and Jura
relative method based on & two dimensional equation of
state for condensed films 10) Enmett and Brunouer 68
suggest 42.5 32 for this quantity, but thoir method
assumes the molecule to be spherical. Houwever, the
generally acceptod area occupicd by a vertically-
orionted straightechain aliphatic acid 15 2045 = 21 Ka
80 the rémoval of one n-heptane molecule, lying flat
at the surface can be assumed to make room for throe
acid molecules, Thio does not affect heats of
jmmersion corrections, houever, provided tho latter
are quoted per unit area of surface. e

The work by Sherwood and Rybicka 9 also makes
‘ it apparecnt that adsorbed stearic acid on titanium
dioxide does not form a complete monolayerj presumably
some solvent and/or water constitutes the remainder

of the surface f£ilm,
4,48,%.2. Heats of Dissociation or De~@imerisation

It is Imowm that acids éxist in orgenic solvent

1

2



in a partielly dimeric state. Honomer and dimer are
in eqﬁilibrium, and vhencver monomer is romoved from
the bulk solution, to the pigment surface,.the équiii— |
brium is disturbed and further dissociation tokes
place to restore dbalances. . The heat of dissociation
can bé estimated as suggested by Davies and'Suthérlandeg,
from knouledge of the tomperature variation of the
dissociation conatanﬁ, K. FPor acetic acid in carbon
tetrachloride, unfortunately the only oxample they
quote,. it iz 9.3 ¥ 1 K.cals.molo™'. That is, for
cach mole of dimer dissociated to give two molos of
monomer, 9.3 K.cale: are evolved.

The corrected results, heat of adsorption
figures are summarised in Table 4.9., together with
the corresponding heats of exchange adsorptions

In obtaining these figures, scevoral

assunptions should be summariseds

1/ That stearic acid adsorbs in a vertical
orientations Evidence 18,29 for this is welleknowm
and to this can bo added that of Sheruvood end Rybicka 2
vho had to assumc a vertical oriehtation; at the level
of adsorption thoy have.recorded; vere the acid lying .
£lat on the surface and occupying 114 ga.moleculé'q,

this would form an adsorbed layer nearly 6 molecules



TABLE 4,9,

THE ADSORPTION OF STEARIC ACID ON TITANIUM DICXIDE

PIGHENT

RUTIIL Sa RUTILE: Rl ANATASE 100
Surface Area, mz.g'l 14,7 7.2 9.3
Amount Egsorbegg.
moles.e  x 10 4,2 5.1 7.8
% Surface Coverage S2 63 g6

m cals.a® |k cals.mole-l o cals.m > | X cals.mole-]' n cals.m 2| K cals.Hole—l

Heat of Exchange '
Adsorption, ARy, -22.4 -5.35 ~ii8.8 -9.6 -62.2 -8.0
Heat of Immersion, :
Aﬂd solvent -17.7 =21. 4 =32.6
Heat of‘Dimerisation,
B85y +19.5 23,7 +36.3
‘Heat of Adsorption, )
 AH, -2h,2- =5.75 ~51.1 -10.0 ~64.9 ~8.3

#e T
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thick,.

2/ Specific adscrption figures used here came
from results obtained using benzone as solvent, and
- applied to a hoptene oystem. Ottowill and Tiffany 'O
used a rutile similar to Ri, and hoptane.to obtain a naxie
mun edsorption of 5.75 x 108 moles.ﬁ'acmb 25%c)- for
stearic acid which is relstively close to the value
of 5.1 x 40”6 noles.m™° quoted in Table 4.9, . It is
likely that the adsorption figures from heptanc and
benzene dont differ wvidely for the other titanium
© dioxidos. | | |

3/ 'The value used of 9,3 K.cals.aole™)

for

the heat of. dimerisation is extremely doubtfuls
although the diolectric constant of carbon totro=
chloride i3 vory close to that of n-heptane, it seems
unlikely that the dissociation consténf £ortlons c¢hain
acids remains equal to that of écetic acid, Howaver;

no more relevant data has besn found,

P06 overcome the limitations imposed in'aeaumpe
ticn 2, and in order to e¢xamine more closely the
site~cnergy distribution of anatase 10b in particular,

adsorption experiments vere carried out using three



radio=actively labelled acids. The results vere
correlated with extensive heat curves measured by the

calorimoter on the same systems

4,5, Adsorption on Anatase of Acids from

801ﬁ§16n at Varying Concontrations ,
445.1, Results

| A&sorption isotherms for lauric, stearic and
oleic acids are shown in £1gures 4e5.4 446ey and 4e7,
Thé corresponding heat curves are shown in figures
448,y 4494, and 4,10,,'respectively¢; The isotherm
for adsorption of oleic acid vas measuved at -20°C by
windovless counter of cvaporated samples on planchets,
the others by liquid scintillation counting at 25°C,

The saturasted acids exhibit the frecuentlye-

observed Langmuir-shaped isothern rising rapidly from
zero concentretion tending tovards a plateau of
maximum adsorption the extent of which vill not beo _
exceeded when the concentration is increascd further,
The maximum adsorption lovels are (6.7 X 0,6) x 10°7
moles of lauric acid and about 7 x 10”2 moles of
stearic acid per g of pigment, Similarity in theso
figures gives added support for the assumption that
the acid molccules are vertically = or ncar - vertically=-

oricnted at the surface; taking the arca of ¢ross

136
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. ' ) o
section of this orientation as 20.5 Aa, these adsorpe
" tion figurcs represent about 90% coverage of the

" available surfaces

' Congiderable scatter was observed with the points
"in the lauric acid adsorption isotherm, chown in

.figure 4,5, Wwhich vas ascribed to the counting

" procedure when it was noticed that thée counting level

of the standard fluctuated from day to day. An
improvement 'in the stéaric acid isotherm, .vas achieved
byt a) - topping=up the level of siliconc fluid in the

castle,

.
“

b)  the use of microscope lons. tissues only,
to wipe DJJds Jjars and ampoules, so0 aveoiding accunu=

lation of fibres in the castlé. IR

c)’ "avoiding possible non-removal of liguid
from the sealéd neck of the sealed standard,

d) élosing tho castle door more’tightly at the
locking screve ' -

These prccautions, togethor with that of using
the quenching curve to decduce initial count rates

%

(sece section 3,2,4,5,) were found to be quite effect-
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Fig. 4.5. The Adsorption Isotherm of Lauric Acid on Anatase
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ive (see figure 4.6.,) in rcducing scattor on the subsew
quent isotherm.

Oleic acid was showmn to give a stepped isotherns
(figure 4.7.) the first atep is at 5;5 % 10™> moles
ﬁacid PEr e, but tho upper limi{ cannot be cstimated
with any confidence as the edsorption is atill rising
rapidly above: and boyond 40 mfl solution} 1t io
considerably higher than for lauric and stearic acid.

Bach acid has a characteristic heat of exchange
adsorption curve. - For leuric acid, it is apparently
constont beyond 35 it solution concentration (figure 4.8)
at 117 2-13 m.cals.por ¢ of pigment, - For stearic acid
-4t rises steadily (figurc 4.9) vo a probably maximum
of betueen 500 and 600 m.cals per g while for oleic
acid (dotermined at 20°¢) therc is some evidence of.

a 'stop! similar in nature to that of the sdsorption
isotherm. This is at 70 nm.cals per g, but does not
“start to increase at a corresponding solution concene
tration-instead requiring rather more concentrated
conditions about 30 mﬁ_solution. Random exzperincntal

errors uvere all in the*region 11 = 129 (oee section 5,3:641),

" 445,24 Differontinl Hoatsc of Ichange Adsorption

If the heats of exchange adsorption measured are

& ?
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nov plotted against thoe number of moles of acid
adsorbed, the gradient is equal.to the differentialt
heat of exchange adsorptions This quantity is more .
conveniently obtained by dividing a geries of incree=
-mental heat changes over the whole rangé of concentration,
by the corresponding iﬁéremental changes inrfhe nunber
of moles adsogﬁqa, ovef the seome range., It can in
turn, be plotted agaiqsﬁ the nunmber of moles adsorbed
to give an indication of how the heat of exchange
adsobption is varying as the pigument surface is
gradually covercd. Thelrasdlting curves are shown

in figures 4.1, 412, and #.13, . [The gbscissa in

two coses io ccaled by two gets of units:
i)  the number of moles acid adsorbed x 10?

ii) . % surface coverage, assusing o vertical

oricntetion of the sdsorbed acid molecules,

The % surface coverage wvas onitted from the
oleic acid differentlal heat curve, owing.to the
discrepancy -of the position of tho éteps in the two
preceding graphs, and the uncertainty of the nature

of orientation of the oleic acid molecules adsorbed.
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445.3. Discussion

84,5431, Ndoorption Isothoerms and,
| "' Heat_Gurves

There.is no record apparcut in ‘the 1iteraturg'
of an adsorption icotherm of lauric acid on_titaniﬁm
dioxide, That of stearic acid exists; the adsorp-
tion from cyclohexane on titania is reported by
Eipling and=wright29,zthat from benzene on anatase
10b by.Sherwood and Rybickag and from nfheptane,on
rutile by Tiffany'7® 18, It is interesting to note,
however, that the shoulder effect iu much more proe —
nounced in the worlk of these authors. (i.e: there is
a much steeper initial rise in the quantity of acid
adsorbed followed by a more rapid levelling-off at
plateau level), The latter threc authors quote the

plateau level as 7.4 x 10'5 moles.g'q and 8,15 x 10'5

moles;g’1

Tiffany |

for theif respective systeas,

7% 18 ortended his study to include the
oleic acid adsorption isotherm from n-heptane on ..
rutile, His isotherm is stepped at 5x ﬁof5 moles

. acid.g‘qQ as opposed to 3 = 102 moles acid.g”1 as
seen'in figure 4,7. and this occurred in cohsiderably

" more~dilute solution. ~\,he ultimate level of adsorpe
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tion on rutile is. probably little over half that on
anatase on the evidence of these resulta, The heats
of exchange adsorption guoted in Table 4,:7, suggest
an overall increase“of adsorption on_anaths? of only
--about 8%, however, (This assumes the adsorption at
3 g.1°1( = 10.60f) solution concentration ia-taking
place on effectively nmono~cnergetic sitess; figure 4413,
suggests that this is doubitful), . B

There is no-record either,.of heats of cxchange
adsorption measurcd over o range of - concentration,
vhich are rolevant to this study. The value of
= 10,0 K.gals.molef1 here given (Table 4,9,.) for
.. the heat of adsorption of stearic acid oﬁ éutile R1

..is near the value of = 8-65‘K.cals.mole'1

given by
Tiffanyq7 for a similar rutile, These figures aro
of an order of megnitude consistent with postulation
of s mechanism of hydrogen bonding in the adsorption
process, Jonic bond formatioan on the other hand,
.should give rise to enthalpy changes of the order of
50 = 100 K.cals.mole™, but the hoat of adsorption of
.stearic acid on rutile 5a, for wvhich ionic bonding is
operative ' s lower, at = 5,75 K.cols.nole™
(Table 4,9.,)e No explanation of this result can be
supplied oxcept to say that thers may be some desorp=

tion taking place, of surface moisture, frow the
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rutile S5a vhich will reduce the overall heat evolved.
(Bote particularly the lov value of 6.4 m.cals.m‘a
(Table 4.6,) for the heat evolved vhen rutile 5a

edsorbs stearic acid f£rom benzene)s.

4.5.342¢ Orientation of tho Adsorbed layer

It is generally accepted that straight chain
gcid and alcohol molecules will adopt & vertical or
near-~vertical orientation vhen adsorbed from a none-
polar solvent. (Which does not compete for polar
surface sites), In all subsequent discussion on the
models of adsorption to be considered, the existence
or otherwice of n~heptane molecules is ignored. It
does not conmpete, and'although the pigment is initially
inmersed in n—heptane_and has a £ilm completely or
nearly-completely covering it, there is no evidence
of any condition in which it is not casily displa¢ed.

Although initially the saturated aliphatic
molocules will adsorb in a horizontal orientation,
as the quantity adsorbed increasee so their orien-
tation is postulated to pass through the stages of
formation of a condensed £ilm, viz: liquid expanded,
internediato, liquid condonsed , to solid, which is
a highly condensed film of vertically-oriented
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nolecules shoving considerable forces of coheslon
botueen one another. '

Real tramsitions in re-oricntation can only be
i detected with oleic acid. A similar model is adopt=
ed as before, illustrated by the liquid film on wator
in a Langmuir Trough7o. Threce distinct orientations
can bo defined:

1/ the molecules lie flat on the curface

2/ the carboxyl head group and the unsaturation
centre provide "anchorage" and tho hydrocarbon tail

extends into the bullc solution, =~

3/ tho carboxyl head group provides the only point
of attachment, and the chain, slightly bent, extends
“into the bulk solution, Thie is comprossible as
with the saturated acids.

At the 'ctep' point on tho isotherm and heat
curve the point ofkattachment at the double bond is
squeezed ocut from the surface: its heat of adesorption
ic lost but the 'heat of adcorption of the carboxyl
heed group of incoming molecules oriented as in (3)
is geined. As aluays, increases in the quantity of



acid withdrawm from the solution to thé surface are .
accompanied by a dissocliation of dimers to maintain
the monomer & dimer eguilibrium there.

Several other theories have been put forward to
account for stepped isotherms. These include that
of Langmuir®’

.

who suggested they may arise from
surface or crystal irreguldritics and.even difforent
crystal facoes. Dintenfass59' 40 pae been a
protegonist of this theory, although he 4id not
observe a stepped oleic acid adsorption 1sotherm39.
They can safely be disregarded here as thore has been
no ovidonce of stepping with the isotherm or heat
curve of either saturated acide, yet the same surface
is being examined by 4 basically-similar adcorbate,
The presence of moisture has also been uéed to
account for stepped isotherms on polar solids;71
hydrogen bonding is pormitted of the first adsorbed
layer, but subscquent adsorption depends on intere
molecular cohesive forces and the transition from
one mechanism to the othor is indicated by a step.
Again, no evidence to cupport this vas obtained, ..
even though a pigment vhich was equilibrated first
with an atmosphere of 60% relative humidity was uscd,

3

4.5.3.3, Active Dites

153
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There has been an awvareness of the existence of
active sites on titonium dioxide since the first days
of precision calorimetry. - These are belieoved to

" comprisoe crystal edgés and corners at which the presence

of oxygen atoms, wvhether or not hydroxylated,  would
ledd to cnhanced sdsorption dbonding with a poélar
édsorbate, i.e: it is an area of high electron density.
On each crystal face there is a regularly-packed array
of oxygen atoms taking the profile of a ridgé and
furrov condition: (each row is flanked by another at a
slightly lower level); Onec would never expect 100%
surface coverage by one particular acid; some sites
'will be partially blocked by existing adsorbed cpecies
and not all the suiface as meaaured by nitrogen
adsorption will be available to the larger scid mole-
cules, This means in fact that the effective surface
"ares of the vertically oriented acid is not 20.5 22
but - 26.4 Xa 17, e original figure hao been used
in computing surface:.coverages to avoid confusion.
Although pecking ey not be effectively close in a
surface f£ilm composed solely of acid, since the
adsorption sites arec not separated precisely by the
diametor of the acid, a portion of the f£ilm will
contain thé smaller n~-heptanc molecules, Probably

the cffoctive area occupied per acid molecule is some
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value between the two suggestoed.

Examination of figures 4411, and 4,12, shows there
to be a considerabieramcunt'more heat evolved for the
'? coverage of the firsﬁ poirtion of the surface than for

subsequent coverage. This corresponds to the
océupation of active oites os the concentration of
acid in the systen is increased. According to lauric.
acid adsorption, thoy account for 0% of the anatasc
surface, and to stearic acid, 22%. This discrepancy
betuecen these two figurea can be explained by the

fact that at low coverage in dilute solution the
aasorbed moleculos are not rigi&lj vertically=oricnted
'but moy more resemble seaweed attachod to a rock.

This is en intermediate state, the cheins may be up

to 20° from the vertical, and the longer stearic

acid chain will thus present- greater obstruction

' than lauric acid of the surfaoce sites. Cne .may
conclude that near to 25% of the anatase surface come
prises active sites::

Uncertainty arisee from the oleic acid
differentinl heoat curve, figure 4.1%., for two
reasons. Cne is that the acid cross-sectional
arca will tend to change over the vhole concentration
range as the orientaﬁion varies. The -other is that

there is a discrepancy betueen the positions of the



step in the adsorption_isotherm. figure 4,7., and the
heat curve, figure 4.10. The concentration at which
the second inercaco in eoither the number of moles
adsorbed or the heat of cxchange sdsorption takes place
mast be in error, as thoey chould coincide. In order
to constructfhhe'differenﬁial heat curﬁe, figure 44134,
the adsorption isotherm was assumed to be incorrect ‘
(the secondary rise was taken to commence not at 10 oH
sdlutibn, but at 28 mM solution, which contiadicts the
ovidoence of bnly two experimontal points) so as to-
obtain ‘the slight increase in the differential heat
starting above 3.5 x 10'5:moles.g'1 instead of in-

the region of 2 x 10°* moles.g™" adsorbed. This
figure for the humber of moles of acid adsorbed

' correésponds closely with that of 3.2 x ﬂo“5 moles'.g"1
required for a complete monolayer of acid oricented in
tuo—point attachments (area occupiecd, 48 Aa. mol.'q)
The values above, derived from figure 4.13., are
approximate only, as that figure, together with 4,11,
4,12, is derived from graphs containing such scattered
results and as such is highly subjective, Tho:chiof
interpretational prodlenm remaiﬁing'is'to ostablish
the cause ofryarying values of the differontial heaﬁ-
of cxchange adsorption over the various surface

=1

coverages, - About 4 K.cals.mole™' is @ reasonable

156
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level of onthalpy change for H-bonding on the active
pites by lauric acid. - This gci@ also indicates the
remaining aﬁrface to bo roughly homogeneous, ac a
* constant heat of about 0.5 K cal.mole™! i evolved as
the surface layer is comploted. Any inhomogeoneity
ig'so slight as fo be undetectable from figure 4,8,
It is believed that over this pqrtion of the curve, -
the majority of the layer is ceomprised of loosely=-
keld, non-bonded acid molecules and the heat evolved
.is derived from intermolecular reactions taking
place within the layor,

Houvever, the differential heat curve for stearic
‘acid shows an overall increase. in heat changes
involved; Bonding at active sites is highly
¢xothernic, yet there is no proof of ionic bonding
occurring, The region of coverage from 20% to 60%
also shous therc to be some strongly exothermic
reaction to be toking place, The heat values of

betuoen 4 and 6 K.cals,mole™

are considered too
"~ large to arise solely from some type of interchain
‘reactiont this had been suggested as a poésible
mechanicn partly because a longer chain acid would
form a closer-packed, lover~cntropy solid £ilm than
the shorter acid, and because of existing evidence

that adsordbed layers of stearic acid conferred much

*
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greater stability than did.lauric acid on. a non-agueous
dispersion,of titsniun dioxide. '

Infra rod absorption spectrae werc obtained and
exanined for anatase 10b coated with--the acids. Each
sample was divided in two for .oxamination: one was used
as obtained (unwashed) and the other uashed with n-heptane
to rcmove loosely-held materinl. Portions of the spectra
are chown in figures #,14 and 4,15. The important featurcs
are the absorption bands at 1?12-47140m"1 frequency for
lauric acid end 1719—’1'710,"36960:5‘1 froquency for stearic
acid, These represent the presonce of a variety of '
assoclated ccid groups, wononers and dimers in particular,
e fact that tho pesk 8i20 ig considerably reduced by
vashing in eachb case, suggeste that there is a significent
quantity of such paterial easily wished off. The.
associction of this materisl takes place at the pigment
surface, botucen slrepgdy - adsorbed nonomors and.gives
rice to o nodevate ovolution of heat.

The C=U absorption band is of low inteneity in oach
-¢case, stretching fronm ~1700-1540cm‘4. The lov intengity
‘gignifies decreascd polarity of adsorbate or a decreased
quantity present. ilovever, CHE - 033 strotching
frequency bands were obscrved at full strength in the

region-2970-2850cm'1. so thore must be plonty of acid

prescnt. The bands at ﬂ&70r1&?5cm'4 corresponding
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probably to the CH8 - CH5 bénding frequency, arc also
strong.

An altornativo explanation néy lie in the
possibility thuat some stearic acid wolecules may somehou
be adsorbed in a.roverse orientation {(thaet is, with
carboxyl groups pointing é&ay frow the surfece) either:
in the first layor, or fornming a second layer. This
would result from an imcreased intermoleculer attraction
of adjacent qu acid chaing, according to Koelnans an&
Ovcrbeekaa There is no evidenco in the adgsorption iscthersm
'to refute the. pocsibility of a second odsorbed loyer.,

. Further evidence to support this suggestion is
derived from the fact that stééric acid (but no shortere
chain acid) shows a remorkable tendency to retraction on
a glass?slide withdravn from & solution., It is higbly
oleopbobic, that is, will ténd to repel any incoming
molecules which will be-generally hydroxyl = firot
orientcd,.

Bowever, it scems unlikely that this chould commence
‘at a-level of adsorption corresponding to only 225 of a
‘nomolayer coverage, so the former explansiion, the
forcation of dicers, is more appealing.

The close packing of oleic acid at the surfece
approaching 100% coverage by two point attached moleculecs
is believed to rosult in disldédging the double bond, and &
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vertically - oriented but slightly bent molecule remains,
attached only at the carboxyl group. If the area occupied
by such e melecule‘vertically ~ oriented is taken as 20.53;2
the monmolayer value will be 7.5 x 10-“moles.g~|; the
adsorption iﬁotherm,ingure 4.7, clearly shows oulti -
layer adsorpfien to be taking place, an ébseryation e
suppofted by Sherwvood and Bybickag snd Tiffanyq7. ‘The
infra rod .abborptich shectrumthas not been  included in this
study but evidence is Supplied in the former of these two
papers from infra red data which shous both metﬁ&lene
groups end the unsaturation centre are involved in a.
surface interaction. The multilayer is probably formed by
a mechanism invnlviné o Teactlon between the centres of-
unsaturation of the first layer and the carboxyl bead

groups of the next layer.
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