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ABS-iRACi- 

The heats of immersion of a partially-dried coated r-utile pigment in water and 
aqueous solutions of several surfactants were measured by a differential calorimetric 
method. The variations in heats of immersion with solute concentration are inter- 
preted in terms of a theoretical model involving the heats of adsorption of water and 
solute. The heats of immersion were more exothermic in the solutions than in water 
itself although it is not certain whether the solute is adsorbed on top of a fully adsorbed 
water complement or whether competitive adsorption between water and the solute 
OCCUEL 

INTRODUClTON 

Whenever the surface of a solid comes into contact with a non-reactive liquid 
or solution a thermal effect is observed which is termed the Lest of immersion or the 

hear of zmtring. The measurement of the heats of immersion provides a useful method 
of investigating the interaction of the solid surface with the liquid or solution into 
which the solid is immersed ‘. In a previous paper’ the heats of immersion in water 
and aqueous surfactant solutions of partialiy dried and air-conditioned titanium 
dioxide pigments were reported. The results were successfully treated by a Hess’s law 
approach and the heat of adsorption of physically adsorbed water on the pigments 
was calculated. The work generally indicated an absence of capillary condensation of 
physicdy adsorbed water on the anatase and rutile pigments investigated. 

While the heats of immersion of titanium dioxide have been measured for a 
variety of systems3-*, in all cases the samples of solid were thoroughly dried at 
temperatures up tc 500 “C and also outgassed at low pressures. Such tre&ments of 
commercial titanium dioxide pigments would significantly impair their usefulness and 
the results are not relevant in the industrial situation. The purpose of the present work 
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was to investigate the heats of immersion of commercial rutile pigment which 

possessed a coating of aIuminaz silica and zinc oxide_ The coating on the rutile 

improves its dispersibility in paints and aIso minim&es the effects of photo-initiated 

de-gradation of the resuitant paint film. For this work the pigment samples, which had 

been in equilibrium with l-ater vapour under ambient laboratory conditions 

(nominaIIy 25’C), were superficially dried at 14O’C for several hours at atmospheric 

pressure_ 

In the work previously reported’ the heats of immersion were measured in 

soiutions whore surfactant concentrations were main!y 0.1 molar. in this work the 

measurements were carried out with concentrations of solute ranging from IOs4 molar 

to I molar. The solutes used were potassium propionaie, potassium octoate, potassium 
seearate, potassium olcate, propionic acid, sodium benzene sulphonate, sodium Iauryl 

sulphonate, cetyi trimethyl ammonium bromide, and ethyl alcohol. 

The catorimeter used in this work was of the differentiaI type and its con- 

struction and method of operation have been described previousI::;‘_ The rutile 

p&nent was that used previously’ and possessed a surface area of 1 I _I m2 g- I and 

~zs fairly porous_ The composition of the coated rutiIe prior to drying was ZnO 

1.02%. AIz03 2_15%, SiOI I _ 12%, the remainder being titanium dioxide and 

adsorbed water- The water content of the pigment was measured by thermogravi- 

metric anaiysis and also by the Karl-Fischer method, and the results are summarised 

in Table I. The thermo_eravimetric results showed that the rutile possessed a consid- 

erabIe amount of adsorbed water which was quite difficult to remove (in contrast to 

TAEXLE I 

DETERMIXATION OF THE WATER COKf-EKT OF THE COATED RUTILE PIGMENT 

Method Warer conwnr 

(mg ET2 0 per gram of pigment j 

(a) T.-t method 

fi) 4 hours at 14O’C 13.2 
(ii) If hours a: 55-O _C 19.4 

(6) KarLFticher method 

(i) dio_xan soIvent S-2 
(ii) melhan solvent 11.8 

the anatase used previously’). The retentive power of the rutile for water may weI be 

due to the porous nature of the pigment coating. This view was supported by the 

Karl-Fischer measurements_ 

For aI1 the measurements reported here the pigment was dried at 140X for 

several hours prior to use and is referred to as dried pigment (S,) in spite of the fact 

that the rutite stiI1 possessed adsorbed water after this treatment_ If the approximate 
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area of a water moIecuIe is taken as IO-r9 mz then the air-cond’tioned rutiIe would 
possess the equivaIent of approximately six molecular layers of w-iter_ After drying at 
14OC for sever4 hours the dried t-utile still possessed approximately two molecular 
layers of adsorbed water. 

The heat of immersion of the dried t-utile (Sdj in water, i-2.., AHid, was 
-55.7 J g-‘. The heats of immersion of the dried rutile in various aqueous scilutions 
(IHid& are plotted as a function of the logarithm of the solute concentration in 
Figs. I-9. 
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Fig. 1 (left). Heat of immersion of rut& in potassium propionate solution. 

Fig. Z (right). Heat of immersion of rutiIe in potassium octoate solution. 
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Fig. 3 (left). Heat of immersion of rutile in sodium benzene sulphonate solution. 

Fig. 4 (right). Heat of immersion of rutile in potassium stearate solution. 
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Fii_e 5 (left). Heat of immersion of ruti!e in propionic acid soiution. 

ITS 6 (right) Hut of immersion of rutilc in potassium okate solution. 

IFi& 7 (left)_ Heat of immersion of rutile in cctyl trimethyiammonium bromide solution. 
S 

JFi& 8 (right). Heat of immersion of rutiIe in sodium lam-y1 suiphonate solution. 

Fig S_ Hut of immersion of rutile in ethy1 akohol soWion. 
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When a solid is immersed in a solution containing n,, mol of a soiute A not 
only wiil solvent be adsorbed but adsorption of solute may also occur. If the solute is 
adsorbed on some sites that would have been occupied by water moIecules had the 
immersion been in pure water, then the heat change due to the interaction of zzater in 
the solution with the solid will be Iess than 2JYid by an amount of heat equivalent to 
the water displaced from the surface by the adsorbed solute. The heat of interaction 
of waterfiqm the solution with the solid may be represented as AH&, . The heat change 
due to the adsorption of the solute will be a function of the amount of solute adsorbed. 
Thus the heat of immersion of a dried pi_9ment in an aqueous solution will be given by* 

Mikq =n;AHa+AH;', (1) 

where AH, is the molar heat of adsorption per gram of p&nent and ni is the number 
of moles of solute adsorbed per gram of pigment. 

If, when dry pigment is immersed in water, there are n, mol of water per gram 
of pigment involved in the interaction to produce the heat change AHid, then 

IHid =n,AH,. 

where AH, represents the molar heat of adsorption of water per gram of pigment. If, 
on the other hand, when the dry pigment is immersed in a solution there are z2 mol of 
water involved in the corresponding interaction, then 

AHAB = n, AHi~ _ (2) 
nl 

Substitution for AH;* in eqn (1) leads to 

AHiaq = r&AH, i-%AHi,. (3) 
nl 

If each mole&e of solute adsorbed on the pi,oment takes the place of one water 
molecule, (i-e. water is competing on a one zo one basis), then n, = n, -ni. Substitution 
for nt in eqn (3) leads to the expression 

or 

Mi*q = n;(AH, -AH”) + AHid - (3 

If however, each molecule of solute adsorbed occupies the space of Q water moIecuIes 
on the surface of the solid then eqn (4) would become 



In the above equations we have assumed that the adsorbed solute is adsorbed 
competitively u-ith water. Another possibility exists. namely, adsorption of solute on 
rop of alil!, conrpkmenr of adsorbed Icater. In this case 11~ = )I, and therefore AHi’d = 

-SHi* 7 ..vhich means that eqn (I ) wouId become 

jNid=q = n_; AH, i phi, - (7) 

Eqns (4). (6) and (7) thus represent three possible situations; (a) competition of one 

molecule of solute with one molecule of water for adsorption sites, (b) competition of 
one molecuIe of solute with Q moIecules of water for adsorption sites, and (c) 
adsorption of solute on top of a full ccmplsment of adsorbed water_ 

In the latter case eqn (7) is the appropriate equation. if adsorption of solute O~I 
rap of adsorbed u-ater is fairIy simple then one would expect the variation of -1Hi~,, 
with concentration of soIute (c) to be of the form shown in Fig. 10. As c increases so 

will nl increase and hence cause an increase in lHidxq_ 

iFis~_ CO. !ichemstis ~CprCSCn~aiion oicqn (3. 

Fig_ I1 (t&k). Schematic representation of eqns (a) and (6) with AH,>lHra/n, or AH,> Q3Hta:‘nr - 

Fig 12 (right)_ Schematic representation of cqns (4) and (6) with AH.cH,&, or IHa< Q3Hdn,. 
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If, however, the adsorbed solute enters into competition with water then 

2&& # ilHi, and the appropriate equations are (4) and (6). In the case of AH, > AHid/ 

n,, that is ?tH,>AH,. (or AH,> eAHidlnl) then the variation of AHidJq with solute 

concentration (c) will be similar in shape to Fig. IO and is shown in Fig. 1 I. On the 

other hand if AH,CAH&I~, that is AH,<AH,. (or AH,< e~Hia!‘n,), then the term 
AH,-AH,&, , in eqn (4) is positive and the expected variation of AHidxq with solute 

concentration is shown schematicaily in Fig. 12 Comparison of Figs_ IO and I1 

(which represent eqns (7) and (4) respectively) shows that unfortunately the above 

theory does not allow a distinction to be made between (a) the adsorption of soiute on 

top of adsorbed water and (b) the competitive adsorption of solute and solvent with 

AH,>AHiJn,. 

Although titanium dioxide pigments are subject flocculation and deflocculation 

phenomena it was thought that heat changes associated with flocculation were too 

small to be detected in the experiments reported here. If the heat change due to 

fl occuIation arises from the loss of kinetic ener,gy due to Brownian motion and if about 

5kT is Iost each time a pigment particle enters a ffoc then for the pigment used the 

energy change would be about IO- 6 J g- r which would not bc detected_ 

In the present work most of the solutes were surface active and in the concen- 

trations used micelles would certainly be present. We would expect that thermal 

effects due to c/iange.s in micelles arising from adsorption of solute would be small 

since the amount of adsorbed solute is small compared with that in rhe bulk of the 

solution. In other words, the thermal effect of displacement in the micelle equilibrium 
resulting from adsorption of monomeric solute molecules or ions onto the pigment 

should be negiigible. For the most concentrated solutions, however, the adsorption 

on the solid of whole micelles is an additional possibility. The shape of the -1Hid;rq 

against concentration curve in this case is difficult to predict and is probably not 

justified for our experimental data. 

The heats of immersion of the rutile were al1 greater in the soIutions studied 

than in water. The heat of immersion curves for the various systems (Figs. 1-9) are 

not all identical which is probably due to the different values of AH, for the solutes 

and their different extents of adsorption_ The curves for potassium propionate, 

potassium octoate, sodium benzene suIphonate and potassium stearate (Figs. I-4) 
probably a11 belong to the same class although the curve for potassium propionate 

(Fig. I) indicates incomplete adsorption of the propionate ion whereas for potassium 

octoate, sodium benzene suIphonate and potassium stearate the curves suggest 

complete coverage of the pigment by the sohrte within the concentration range 

studied. 

The heats of immersion in propionic scid solution and potassium oleate 
solution increase very rapidly with increasing solute concentration (Figs 5 and 6) 
The propionic acid will very likely react chemicaily as well as physically with the 

coating of the amphoteric oxides on the surface of the r-utile and thus give a fairly high 
exothermic reaction. (The reaction of the pigment with NaOH was even more 

exothermic but the results were not recorded accurately and are not reported here). 
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In the case of potassium oreate the adsorption on to the pigment of the oleate ion via 

the doub!e bond may well occur and hence the heat of interaction of the ion with the 

solid is correspondingly different from that for KOct and KSt. 

Athough the curve for cety! trimethyl ammonium bromide (Fig. 7) slightly 

resembles that for potassium propionate (Fig. I) the resemblance may well be 

fiortuito-us since the soIutes are so different_ ne cety! trimethy! ammonium bromide 

is a !@11y active cationic surfixtant and one would anticipate strong adsorption of the 

cation- An a!temati\-e expIanation for the potassium propionate could of course be 

adsorption of the potassium ion on the pigment in preference to propionate ion and 

hence the resemblance of Figs. J and 7. The rheologica! Jxhaviour of the pigment 

diqxrsions in &se svstems, however, was rather different and hence not too much _ 
emphasis shouid be placed on the slight similarity of the heat of immersion curves. 

The heat of immersion of rutile in sodium Jam-y! sulphonate solutions (Fig. 8) 

rup!xars to be constant within experimental error and independant of concentration 

in the range studied. RheoIogicaJIy there were scme simiiarities between the proprionic 

acid, cetyi trimethy! ammonium bromide and sodium !z~ry! sulphonate systems for 

rutiis (to be reported) but the thermal behaviour of ruti!: in sodium JauryJ sulphonate 

solution is unusual and invo!\-es rather a small heat of interaction_ 

lie heat of immersion for the eth_vJ alcohol system (Fig. 9) shows the heat 

change to hz close to that for water itself. This may k due eitlrr?r to the interaction of 
the OH group of the alcoho! with the pigment being vee similar to that of water, or 
a!tematic-eJy very !itt!e of the a!coho! is adsorkd. 

Clearly the resuits indicate that for the systems studied the Jxhaviour is not that 
described by eqns (4) and 1.6) with AH,-zAH~~~R~ or AFI,cQAH~~~Rz~. (Fig. 12). 
Unfortunately it is not possible from the resuits to decide for the systems used 
whether adsorption of so!ute occurs 3n top of a fu!! comp!ement of water or if solute 
is adsorbed directly on the pi-merit in competition with water with the condition 
~H,>2tHi~.?z, (or AH,> QAHid/nr ). Intuitively. one might expect adsorption to take 

place on top of adsor!xd s-ater due to ;he strong afiinity of the coated rutile pigment 
for water (Table I), and hexe eqn :7) would then be the appropriate equation for the 
ruti!e used_ 
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