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CHAPTER 1 

INTRODUCTION 

Thermodynamic Properties 

Theories based on the initial Debye-Huckel approach to aqueous 

electrolytes have been successful only in the concentration region 

where the important forces governing the interactions are the long 

range electrical forces l • Extensions of these theories to concentrated 

solutions have failed because short range forces become important and, 

in many cases, predominant. The effects of these short range forces 

have been in many cases explained by hydration, complex ion formation 

and association but there still exist forces between molecules which 

cannot be explained along these lines. 

To obtain a measure of the effects of these short range forces 

one could study the properties of nonelectrolytes in aqueous solutions 

but one is faced Hith the problem of the exact composition of the 

kinetic entities in the solution. The structure of the solute is often 

in doubt because of hydration and association. Interpretation of 

experimental results is further complicated because of the associated 

nature of water. 

Research in this Department has been directed towards 

understanding the properties of both electrolytes and nonelectrolytes 

in moderately concentrated aqueous solutions. During these studies 

certain problems relating to the statistics of mixing have become apparent. 
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For example, if the solute molecule differs greatly in size from the 

solvent molecule,the question of the exact form of the statistics 

governing the entropy of mixing and the enthalpy of mixing becomes 

important. One requires to know if the mixing processes are governed 

by mole fraction, surface area fraction or volume fraction statistics 

or by something more complicated. One finds that these answers cannot 

be obtained from the various theories of liquid mixtures. It is obvious 

that theories must be guided by suitably devised experimants. 

To provide answers to these questions it is necessary therefore 

to consider the properties of mixtures of nonpolar uncharged molecules 

where one knows what the kinetic species are. It is also advantageous 

to study systems where the size differencmbetween the solute and the 

solvent are appreciable, so that one can readily distinguish between 

the various types of statistics. From a theoretical point of view. 

mixtures should be made from truly spherical molecules but such 

systems. for example the liquified rare gases, present many experimental 

difficulties. Because of the lack of experimental data on tris type 

of system, the study of the systems mentioned in the abstract was 

undertaken. The properties of octamethylcyclotetrasiloxane have been 

discussed by Hildebrand2• The models of OMCTS, benzene and carbon 

tetrachloride are shown in Fig. 1.1. 

It is constructive to consider the relative merits of the various 

theories of liquids and liquid mixtures. Theories based on the 

assumption that the liquid state has many features in common with a 
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solid~ttice can be applied to monomer - polymer mixtures because 

the ~olymcr is allowed to occupy a number of lattice sites3 ,4,S,6. 

The use of such a model to treat mixtures of globular molecules 

differing 8r~atly in size poses many problems, 
. 8 9 10 Horeover H~ldebrand ' , 

has discussed the experimental facts which are inconsistent with any 

assumption of "lattice like" or "solid like" structure for liquids. 

Included in these facts are themssimilarity of X-ray scattering diaRrams 

of solids and liquids and the phenomenon of supercooling. It has also 

been shown that the cell model greatly overestimates the local order 

in liquids 7• Hildebrand concludes that the use of the wrong model is 

not warranted, even though it predicts many facts which agree with 

experiment. The only theory based on a cell model that has been con

sidered in this thesis is Barker's quasi-lattice theoryll. In this 

theo~ allowances have been made for size differences between the two 

species. 

Longuet-Higgins12 has shown that properties of mixtures may be 

deduced from a knowledge of intermolecular forces and the properties 

of the pure components without having to resort to any particular model. 

The various theories based on this approach are termed corresponding 

state theories. Prigogine13 has combined this approach with the cell 

model for liquids. His theory is only applicable to systems composed 

of molecules of approximately equal size14• 15 Flory has used an 

assumed form for the interrnolecul~r energy suggested fron considerations 

of the radial distribution function to calculate an equation of state 
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for liquid mixtures. This theory is applicable to the systems of 

interest. 

Hildebrand has considered solutions from a less fundamental point 

f 
. 16 o v~ew. • His solubility parameter and regular solution concepts 

have been remarkably successful in connecting much of the entropy, 

solubility and enthalpy data on a variety of liquid mixtures. This 

theory makes no claims to being absolute, and improvements to the 

theory are restricted. As Hildebrand points out, "Further refinements 

will require something more basic than mere adjustment of the parameters. 

Any satisfying interpretation of liquids and solutions must be a 

9 molecular theory and involve molecular parameters" 

In comparing solubility parameter predictions with the experimental 

results we have resorted to the adjustment of the parameters. 

Hildebrand concludes that the entropy of mixing is gcverned by mole 

fraction statistics while the enthalpy and volume of mixing is 

governed by volume fraction statistics but these conclusions are still 

open to doubt. 

In recent years much attention has been paid to liquids and 

soluticns composed of hard spheres. The most promising approach along 

these lines has been the scaled particle theory. In this theory a 

molecule is considered to possess a hard inner core and an outer soft 

shell. The volL~e of the molecule is determined by the soft core and 

the physical properties are determined by the hard core volume, or 
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more correctly, the reduced density given by the ratio of the hard 

core volume to the total volume. The equations of state derived by 

Lebowitz et al~7 for a hard sphere liquid and for mixtures of hard 

spheres assumes that the intermolecular potential is zero outside the 

hard core and infinite inside the hard core. Yosiml8 has used these 

equations of state to calculate the excess entropy for a mixture of hard 

spheres. 

BecauS8 the theory at the moment does not include a satisfactory 

intermolecular potential it cannot tell us anything about the excess 

enthalpy or the excess volume. Progress in this field is to be expected 

in the next few years. 

~sport Properties 

As was the case with the thermodynamic properties, the interpreta

tion of transport properties in aqueous solutions is complicated by 

the fact that the composition of the kinetic species is not known 

exactly and it is necessary to consider hydration, association and 

dissociation. These difficulties should be eliminated in mixtures 

formed from nonpolar molecules. Again one \>lould expect more information 

from systems where the molecules differ in size. 

An adequate theory of diffusion should explain the magnitude 

of the diffusion coefficient and the variation cf the diffusion 

coefficient with concentration and in particular the relationship 

between the diffusion coefficient, the viscosity and the thermodynamic 
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propGrties of a mixture. k
19 E . 20 d 21 d Hartley and CrGn ,yr~ng ,Gor on an 

22 Bearman have suggested equations relating the above properties. 

22 
Bearman has shown that the first three equations are equivalent under 

certain conditions and that these equations are valid for the class of 

solutions where the radial distribution function is independent of 

composition. Bearman considers that these equations can only be 

expected to hold for liquid mixtures composed of nonpolar molecules 

of approximately equal size. Diffusion studies "rere initiated to test 

the above equations and to provide experimental data which could 

vrovide a guide to the fornulation of new theories. 

Details of the various thecretical approaches outlined above 

will be found elsewhere in this thesis. 
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CHAPTER 2 

EXPERIMENTAL TECHNHlUES 

2.1 INTRODUCTI ON 

This chapter describes the experimental techniques used to study 

density, viscosity, mutual diffusion and activity coefficients in 

Ot1CTS-benzene and 01'1CTS-carbon tetrachloride mixtures. 

Before considering the actual techniques, it is necessary to 

consider the degrees of purity required in the preparation of the 

various solutions. The criteria of purity of the conponents depend on 

the nature of the experinent performed. In the case of viscosity and 

d . ff' h .. . . 1 f 23 .. 1 1 ·US10n t e purlty 18 not a cr1tlca actor - 1t 1S on y necessary 

to have a considerable stock of reasonably pure components. In contrast, 

the purity and outgassing of the components required for the vanour 

pressure measurements are quite critical. Purity requirements for 

density determinations depend on the type of experiment performed. 

t·1easurements of absolute densities require highly pure samples. When 

using density measur~ments to detenaine concentrations, the starting 

materials do not have to be as pure. The techniques used to purify and 

outgas the solvents will be discussed in detail. 

Density, viscosity and mutual diffusion measurements involve 

routine and well-established experimental techniques. It is therefore un-

n~cessary to describe them in great detail. 

The determination of activity coefficients by the static vapour 
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pressure method involves a number of new techniques. As the literature is 

not Hell documented with details of absolute vapour pressure measurements 

on liquid mixtures, the apparatus and method will be described in full. 

A complete account of the construction and operation of the stainless 

steel diffusion cell is also included. 

2.2 PURIFICATION OF I1ATERIALS 

Introduction 

As previously noted, purity is not a critical factor to consider when 

measuring viscosity and mutual diffusion as only bulk properties are 

involv·~d. Only small differences in results have been noted, even with 

23 a moderate amount of impurity present. . On the other hand, pure samples 

are required in activity coefficient work - one needs to measure vapour 

pressures and then consider deviations from ideal behaviour; hence the 

vapour pressure must be constant for all the samples used. For benzene, 

purity was determined by freezing point measurements, whilst for the 

other compounds constancy of the vapour pressures at a specific tempera-

ture for the first and last fractions were considered a sufficient 

criteria of purity. 

Freezing Point Apparatus 

A schematic diagram of the freezing point apparatus is shown in 

Fig. 2.2.1. Cooling was achieved by a salt-ice mixture and the rate of 

cooling could be altered by variation of the pressure inside the inner 

container. The temperature of the sample was followed by a resistance 
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thermometer, Hhile the cooling rate of the aluminium block was monitored 

with a copper-constantan thermocouple connected to a one millivolt 

recorder. As the temperature of the sample approached the freezing 

point, resistance thermometer readings were taken every minute. The 

freezing point curve was followed until half the sample was frozen. 

Operation of the resistance bridge and thermometer are described in 

section 2.7. 

The true fr02ezing point ,.as obtained by an extrapolation of the 

1 " d t 24,25 coo ~ng curve a a • The apparatus shown in Fig. 2.2.1. incorporates 

certain design features to permit its later usc for phase equilibrium 

studies. 

Purification, degassing and dryin~ apparatus 

Sa~ples required for vapour pressure measurements were prepared on 

the apparatus illustrated in Figs. 2.2.2 and 2.2.3. If a sample is 

introduced into the system shown in Fig. 2.2.2 at atmospheric pressure 

then the problem involved in degassing and regenerating the molecular 

sieve (which is used as the drying agent) are accentuated. It was found 

more convenient to introduce the sample under vacuum after it had been 

partially degassed. 

Procedure 

The sample (~fter the usual purification procedures to be described 

later) was distilled into apparatus B through the Bl4 cone. At this 

stage, B was connected to the vacuum line at D with the vacuum system 
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open to the air. At the completion of distillation the vacuum system 

was clos~d to air and the sample frozen in liquid air. Before freezing, 

the Bl4 socket was closed with a stopper to prevent condensation of 

moisture. The constriction below the Bl4 i/as then sealed and the 

apparatus evacuated. 

The preliminary degassing stage was completed after melting, freezing 

and pumping the sample t~ree or four times. The constriction at D was 

th2n sealed. The bulb B '-las sealed on to the sample-preparing line at F 

and the whole line evacuated. Over a period of a week the sample-prep

aration line was degussed by intermittent flaming with a torch. The 

drying agent was regenerated by heating at 250°C over several days. 

Linde molecular sieve type I.j.A, used as the drying agent, had pore sizes 

of approximately 4 Angstroms. This allowed water to be absorbed within 

the molecular mesh whereas the molecular sizes of benzene, carbon 

tetrachloride and mlCTS were such that th8Y could not be absorbed. 

After a period of five days for degassing, the system was checked for 

leaks and desorption by means of a 0-0.005 mm Hg range Edwards Pirani 

gauge. If the pressure build-up wns greater than 0.0005 mm Hg over a 

period of twelve hours, the process of flaming W2S continued. 

A teflon tap was used as the only control tap to the sample

preparation line. By using this tap, the apparatus was completely 

grease-free, thus allowing it to be thoroughly flamed vrithout the 

possibility of producing decomposition products. These teflon taps 

(Fischer and Porter) were specified to hold a vacuum to pressurL~ less 
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-5 than 10 7!lm Hg. Ho leakages were experienced with any of these tJ.ps 

at any stage of their use. 

After the degassing process was completed, the break seal on the 

bulb B was broken and the first few millilitres of the sample pumped 

aW2y. The bulk of the 100-150 mls in the bulb was collected in E, using 

liquid air as the refrigerant. A residual 10 mls was frozen in bulb B 

before it Has removed from the line by sealing at F. 

T~e sample \>I'cs then distilled back and forth through the molecular 

sieve using either liquid air or d~J ice-acetone mixture cs the condensing 

agent. HcGlash3Il and Hilliamson26 , Everett and penney27 and Baxendale et 

al~8 have all stressed the necessity for pumping the sample in a dry ice-

acetone mixture to remove the final traces of carbon dioxide. The final 

six distillations were completed with dry ice-acetone ;·1S the coolant. 

The initial and final fractions from each distillation were 

generally discarded, reducing the final sample size to about half of the 

initial volume. It w~s found necessnry to heat tho molecular sieve to remove 

absorbed water. To complete this operation, the sample was distilled 

into the lower bulb and the V-tube containing the sieve '¥'as heated in a 

small furnace. To prevent desorbed water from condensing into the sample, 

the sample was kept at a temperature at which its vapour pressure was 

appreciable." This was achieved by ice-salt mixtures. Hith this 

technique, the \olater vapour could be pumped off and the possibility of 

back-diffusion into the sample prevented by the appreciable flow of 

sample vapour. 
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After the tHelfth distillation, a portion of the sample was 

condensed into an ampoule. The liquid in both the storage bulb and the 

ampoule were frozen before the ampoule was sealed off, this precaution 

being necessary to prevent any decomposition of vapour during the sealing 

process. As.J. pUr'ity cbeck the sample Has distilled fr'om the storage 

bulb into the ampoule from the liquid, and not the solid, state. Hence, 

proper distillation and not surface distillation \tIas obtained. Sample 

purity Has then determined by measuring the vapour pressures of initial 

and final samples. 

THO experiment.:':' amendMents were found necessary, Firstly t 

to prevent the molecular si~ve from blm-ling out of the U-bend, small 

pieces of platinum gauze were pressed firmly down on the sieve. Secondly, 

to eliminate the possibility of an air leak in the event of the glass-

enclosed metal breaker breaking, the metal was sealed into the glass 

under vacuum. 

Summarv 
< 

It is felt that the ampoule-preparing line described herein is 

superior to those previously employed. This conclusion is bazed on the 

following facts: 

(i) The glass surfaces may be adequately degassed. 

(ii) Water vapour may be adequately removed with ~~ regeneration. 

(iii) The absence of grease joints (a disadvantage of most other 

apparatus). Note, however, the absence of these grease joints 

introduces another problem - the sample wei6ht is not so easily 

determined, as will be seen in section 2.7. 
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Octam0thylcyclotetrasiloxane purification 

Distillation of the hydrolysis products of dimethyldichlorosilane 

. ld 0 CTS h' • 29 t 3 0 
y~e s ~l as t e malor constltuent • The OHCTS used in this 

Hork was a gift from the Silicone Division of the General Electric 

Cor'poration. The sample was labelled" > 99.9% purity!! and gas-liquid 

chromatography indicated no impurities, so further purification of the 

original sample was considered unnecessary. Owing to the fact that only 

one litre was supplied in the ~ift sample, and the material was not 

avail~le commercially, it was found necessary as experiments pro-

CGodcd to recover as much as possibl~ of the material and to develop 

tech:liques ensuring its most economical use. 

After experiments ended, residues consisting of ONCTS diluted by 

large volumes of either carbon tetrachloride or benzene remained. The 

low-boiling fraction was removed by distillation. Density measurements on 

the crude samples always indicated a large concentration of impurities. 

T~1e crude sample was distilled, sub;ected to repeated fractional 

crystallisations, then re-distilled, the purity being checked by density 

measurerllents. By repeating recovery procedures on the mother liquors 

losses were kept to a minimum. The purification method just described 

was for samples required for density, viscosity and diffusion work. 

For 0!1CTS used in vapour pressure \'lOrk t purification pr'ocedures 

were modifif3d. A sample, purified as above, was subjocted to three more 

fractional crystallisations, then distilled, recrystallised and dried 

over sane activated molecular sieve. The techniques us~d for further 
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purification and degassing under vacuum have already been described. 

Attempts were m.::ldc to det~rl:Jine the freezinr; point of the 0!-1CTS 

sumple but owing tu excessive supercooling, tho major pcrtion of the 

liquid solidified instantaneously. Seedi.'"1p; of the solution reduced, 

but Jid not eliminate, the supercoolin,~. It would have been more 

convenient in this case to have follOl"ed the r:Jelting curve rather than 

the fre2zing curve. The estimated freezing point (17.500 C) cOr:lpared 

31 favourably with the vCllue recorded by 0stoff and Grubb (l7.65°C) • 

Donsi ty measurements made during the final purification steps shm-/ed 

constc:mcy but such::t criterion of purity may not be good if impurities 

of a similar density are present. 

Benzene purification 

Purification of benzene stock for the density, viscosity and 

diffusion experiments was as follows: either B.D.H. or Hopkins and 

Williams "Analar" grade benzene was shaken with concentrated sulphuric 

32 acid Q'"1til no colour appeared in the acid layer • This process removed 

thiophene impurities. After washing several times with distilled ,,,ater 

arld drying over calcium chloride, the benzene was distilled. Owing to 

an atmospheric pressure of approximately 680 mm Hg at Armidale, the 

boiling temperature could be observed ,,,ith a 72-78°C calorimeter thermo-

meter which, with suitablo magnification, could be read to O.OOloC. 

Fractions were collected over a boiling range of 0.02°C (after making 

corrections for the variations in atmospheric pressure). Normally a 

benzene stock of six litres was prepared and stored in a ten litre 
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flask. t, syringc~, fitted with a 15 inch long wide-bore stainless 

steel needle, was used to transfer material from the storage flask. 

The benzene used for vapour pressure work needed to be of high 

°t Tts t' h b ,1 'b d' ° l' 27.28,33 purl y. ~ prcpara ~n as 0cn ucscrl ~ In tnc lterature • 

After treating eight litrcs of ,\.R. benzene as described in the 

preceding para7,raph, the sample was fr.:lctionally recrystallised six 

times. FollmTing: the suggestion of iHlen, Everett and Penney, the 

process of washing with sulphuric acid Has repe3ted. The slight 

coloration noted was removed after the third washing. After washing 

with distilled w3ter, drying and distillin,\0, the sc:mple was recrystal-

lised a further three times, the freezins point being recorded after 

each recl'ystallisation. After the final one, the freezing point of the 

sample and the mother liquor agreed, but both were lower by approx-

imately O.OloC than literature values. This discrepancy may have been 

due to traces cf water as no serious effort h2d been made to exclude 

moisture during freezing point measurements. It could not have been 

due to the lower atmospheric pressure at Armidale as the freezing 

point of benzene is lowered by only O.030 C for a pressure decrease 

33a of one atmosphere . The variations of tho freezing point of the 

sample with the number of recrystallisations are given in Table 2.2.1. 

After the final recrystallisation benzene was distilled and stored 

over carefully cleaned sodium wire. 
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TABLE 2.2.1. 

Variation of freezinG point of benzene sarnple with numLer 

of recrystallisations 

Recrystallisation 
Number 

6 
7 
8 
9 

10 
mother liquor 

Freezing Point 
(OC) 

5.481 
5.507 
5.509 
5.511 
5.518 
5.515 

After recrystallisation number 10, both sample and mother liquor 

were distilled over sodium, directly into the freezing point apparatus. 

Carbon tetrachloride purific3tion 

Th:; carbon tctrachlorrde required for density, viscosity 

and diffusion measurements could be prepared by the one method. Hay and 

Baker, Hopkins and Williar:1s and B.D.H. "f.nalar" [;rade carbon tetra-

chloride were all found to be suitable when once-distilled. Fractions 

were collected over a boiling range of 0.02°C. 

Carbon tetrachloride used for vapour pressure ,,,ark was subjected 

to more extensive purification. A sar:1ple was shaken over concentrated 

sulphuric acid, washed, refluxed for four hours over Kl1n04 in 10% KOH 

and distilled34 ,35. After absorbing the water with calcium chloride 

and activated molecular sieve (Type 4A), the sample was fractionally 

distilled twice and recrystallised three times. Recrystallisations were 
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done in a 20 litre thermos cooled by several pounds of dry ice. The 

s~rnple was finally distilled into a container connected to the 

degassing line and further purification was carried out as previously 

described. 

Other materials 

Potassium chloride 

B.D.H. "Analar" grade potassium chloride, used for calibrating the 

stirred diaphragm diffusion cells and check in; the operation of the 

Gouy diffusiometer, was employed Hithout further purification. 

Sucrose 

Sucrose used for the calibration of the viscometer was twice 

recrystallised. for viscosity work it was essential that all suspended 

particles be removed. The precess of filtering through a No.3 or 

No.4 porosity filter W3S found to be unsatisfactory owing to evaporation. 

Dust particles Here removed from concentrated sucrose solutions by 

passin6 th8 solution through Qn eight inch column filled with small diameter 

Fenske glass helices. This method proved quite satisfactory. 

Water 

Aqueous solutions weroe prepared with deionised distilled water. 

The quality of the water was monitored continually by a method previously 

described
36

• This same water was used for the preparation of ice-water 

mixtures used to determine the ice-point of the resistance thermometer. 
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Mercury 

~!ercury for use in the manometer was purified by the method 

described by HCGlashan26 , exce!)t that the air drying was carried out 

at room temperature and the mercury was distilled ~ vacuo in a triple 

still. It was distilled into the manometer under vacuum after 

thoroughly cleaning and flaming the manometer. 

2.3 DENSITY DETERIIINATIONS 

Introduction 

Density measurements were used for the determination of concentra

tion, volume of mixing and purity. These therefore form an integral 

[-.l1L' HeCc.sSt.ry part of the cxp.cri.mental i-'ork; henco special efforts 

were m?df~ to ensure 2.n :'l.ccurz-:cy r1pproC'lching O. ooH;. 

Two types of pyknometers were used. For density measurements at 

25°C conventional 27 ml Ostwald-Sprengel pyknometers, fitted with 

ground caps, were employed (Type I). A 55 nl flask tVQC pyknometer, 

fi tted with "- 1 T:lr.l diill'l const?..nt-borc c('.pill~ry tube (Type II) was 

used for the highl~r temper~tul:'G density rne0.surement~. 

Calibration 

Type I pyknometers were calibrated with water at 25°C; Type II 

at 25°, 35°, 45°, 55° and 60°. Densities of water at these temperatures 

were interpolated from the recent data of Kell and Whnl~Gy37 which 

shm'led excellent agreement with the older data of Owen, White and Smith
38

• 
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Discrepancies bct"een the density data of water tabulated in the Handbook 

h · d p~ . 39 d h 1 t t t of C emlstry an .. 11ySlcs an t, e More recent Gata, a empera ures 

~iliove 55°C should be noted. The interpolated densities of water. at 

five degree intervals abovG 25°C. are tabulated in Table 2.3.1. 

TABLE 2.3.1 

Ter.1p (OC) Density of water Tenp (OC) Density of water 
(g/ml ) (g/ml ) 

25 0.997075 65 0.980576 
30 0.995677 70 0.977790 
35 0.994062 75 0.974871 
40 0.992246 80 0.971822 
45 0.990243 85 0.968644 
50 0.988065 90 0.965344 
55 0.985721 95 0.961923 
60 0.983222 

Type I pyknometers were used for routine determinations of concen-

trations and purity. They Here filled from 50 ml and 30 ml syringes 

through an adaptor - see illustration in Fig. 2.3.1. To relieve hand 

fatigue, the syringe \,as placed on a stand and a hand-operated screw 

thread forced the plunger dovm the barrel. A Type II pyknometer was 

used to determine densities at the higher temperatures. To measure 

densities of mixtures at 25°C and 60oC, mixtures were made ~~ by 

injecting the pure components directly into tho £lask using a syringe 

fitted with a fine ga~ge needle. Th~ less volntile component was 

weighed in first, then the volatile component t the amount being 

sufficient to fill to a level just below the capillary. After weighing 

and mixing, the solution Has equilibrated at 25°C and the liquid level 



t Y p! I 

pyknom!ter 

FiQ. 2.3.' 

.ilicone 
rubber 

r 

.Iond 



20. 

was adjusted to near the reference nark: on the co.pill2ry. The distance 

from liquid level to reference mark was determined with a cathetometer, 

nnd the appropriate correction to the final mass calculated from the 

knovln ro.dius of the capillary and the density of the mixture. After 

weighing, the pyknometer was reimmers~d at the higher temperature, 

equilibrated and the level readjusted. 

Analvsis of Mixtures 
t 

Non-electrolyte mixtures may be analysed by the following methods:-

density, refractive index, gaS-liquid chromatography and complete 

fractionation. The first two Qre preferred methods owing to their 

simplicity. Since a suitably accurate routine method for refractive 

index measurement Has not .':\vailable, density measurement was adopted 

This method proved ideal for the Ol1CTS-carbon tetrachloride 

mixtures, where the density difference between components was large -

0.634 g/ml. The accuracy in estimating the concentration in the Ot1CTS-

benzene system was much less, owing to a small density difference -

0.077 g/ml. 

Equations governing the relationship of concentration of a mixture 

to its density are developed below: symbol I represents Ot1CTS whereas 

symbol 2 refers to either carbon tetrachloride or benzene, i.e. the other 

component in any given mixture. 

The ideal density pI is defined by, 
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· .. (2.3.1) 

m = mass, p = density. 

The difference between the measured and the ideal density, (~) is 

given by t 

p - p' = t:. · .. (2.3.2) 

p' may be calculated from any mixture of known density, by interpolating 

6 from a graph of 6 versus P. 

Concentration in mole fractions 

From equation (2.3.1), 

and 

= 

x = mole fraction, M = molecular weight. 

whence, 

= 

Concentration in moles per litre 

c = concentration 

From equation (2.3.3), 

= 

= 

lOOOml/l\ 

(m
l 

+ m
2

)/p 

· .. (2.3.3) 

... (2.3.4) 
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As GIl approximation, p '" p , and therefore, 

1000 (P2 - p' ) 

c1 '" ~Pl (P 2 P 1) -1 
... (2.3.5) 

Volume fractions 

<PI 
m/PI = + m2/ P2 m/P1 

¢ = voluDe fraction. 

From (2.3.3) 
P2 - P' 

4>1 = 
P2 - Pl 

... (2.3.6) 

This equation gives the volume fraction for an ideal mixture. 

Excess volume 

= 
E 

V = excess voluno. 

(X
1
1\ + x

2
H

2
) 

p 

Corrections involved in density measure:nents 

Vacu'.lTTJ corrections 

(2.3.7) 

The weight of a solution was corrected to Q wei~ht in vacuo by, 

iv 
vac. = ... (2.3.8) 

Pa = density of air. p = density of solution at weighing temperature, 

Pw = density of weights. 

The air density was read from a group of graphs dra~ up from 

= 0.001293 (P - k) 
(l + O.0036t}760 ... (2.3.9) 
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P = pressure in mm Hg, t = temperature in degrees Centigrade, and k is a 

correction related to the humidity H by 

k = 
t 

0.0038 H PH 0 
2 

t 
PH 0 = vapour pressure of water in mm 

2 
H 

40 
g • 

For each one degree interval betHeen 17° und 27°C, graphs 

against P were constructed for 50% and 80% humidity. The term 

Has calculated for each solution. 

Vapour corrections 

of p 
a 

1 1 
(- --) 

P PH 

As weighings were carried out at temperatures below bath tempera-

tures, the weighed solution occupied a smaller volume than the calibrated 

volume of the pyknometer. The volume difference consisted of air 

saturated with the volatile component. This process can be pictured as 

the displacement of an amount of air equal to the amount of volatile 

component above the solution, and is given by, 

P2 6V Pa 
P m = ... (2.3.10) 

P2 = partial pressure of the volatile component at weighing temperature, 

P = atmospheric pressure and 6V = volume change when the solution cools 

from equilibration temperature to room temperature. 

Tr.e vapour pressure correction was negligible for all tlle-asurenents at 

25°C, but significant for temperatures above 50°C - the density correc

tion to benzene at 60°C 'las 1.1 x 10-5 g/ml. 
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Further vapour corrections 

A more subtle correct'ion term, arising from the consideration of 

evaporation during the filling process, is needed. Density determinations 

were made by preparing mixtures in a 70 ml or 100 ml Quickfit flask. By 

weighing in the less volatile component first and adding sufficient of the 

volatile component to just fill the flask, vapour space corrections were 

eliminated. The prepared mixture was then injected into a pyknometer 

using a syringe. Initially, the pykr.ometer was filled with air, but 

during the fillinr, process the air space woule become saturated with the 

vapour of the volatile component. On filling, the saturated air would be 

forced out. The assumption that rapid saturation of the air space 

occurred was justified as a considerable stream of liquid emerged from 

the capillary filling arm. The Dass of volatile conponent lost is given 

by, 

m = ... (2.3.11) 

o 
P2 = vapour pressure of component 2 at filling temperature, x2 = mole 

fraction of 2, 1'12 = molecular weight, and v = volume of pyknometer. 

This equation assumes (i) saturation of the vapour space immediately 

the filling process begins and (ii) ideal behaviour in both the gas and 

the liquid phase. 

In this evaporation process, a volume m/P2 is lost. Imagine that 

the lost benzene is restored to the solution by increasing the volume of 

the pyknometer by an amount m/P2• The solution in the imaginary pyknometer 
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will have the same composition as that made up in the flask. 

The mass of liquid in the imaginary pyknometer, mr , is given ':Jy, 

= m + m w 

m = mass of liquid in real pyknomater. 
w 

The volw!le of irr.aginary pyknometer, vr' is then, 

Vr = v + m/P2 

Ptrue = mr/vr 

m + m w 
= 

vel + m/vP 2 ) 

m (1 + m/m ) w 1r1 = 
v(l + m/v P2) 

Neglecting the square terms, 

PtI'ue P (1 + m 
meas. m w 

m ) 

therefore, 

Ptrue = P + P m(..!.. __ 1_) 
meas. meas. mw vP2 

m = VP w meas. , 

Ptrue = ... (2.3.12) 

where P2 = density of volatile component, P = density of mixture ~t 

equilibration temperature and v = volume of pyknometer. 

The above approach aSswncs that only benzene is volatile. Though 

OBCTS is less volatile, its molecular weight is much higher. The ratio 

of OMCTS to benzene in the vapour space is given by, 
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R = m/m2 

0 
til PI xl 

= 0 
112 P2 x2 

As an example, at a mole fraction xl = 0.95, the masses of ot1CTS and 

benzene in the vapour space are equal. At mole fraction xl < 0.90, the 

mass of ot1CTS is negligible compared with the mass of benzene. 

The ~agnitude of this correction term will be discussed in the 

section on results. It may be eliminated by preparing solutions ~ situ 

in a Type II pyknometer if the involatilc co~ponent is weighed in first. 

The term, therefore, Has only considered Fhen calculating excess volumes -

it w~s unnecessary when ~aking conce ntration deterMinations from density 

measurements. 

2.4 VISCOSITY DETERr.uNATIONS 

Introduction 

In order to interpret the equations relating diffusion and viscosity, 

it was necessary to measure the viscosity over the same temperature and 

concentration range for vlhich diffusion was studied. 

The kinematic viscosity wa3 measured in a standard Ostwald-type 

viscometer - hence the following outline applies to that instrument. 

Ideal flow through a capillary tube is described by Poiseuille's 

equation, 
4 

P I' t 
n = 1T 8 V I ... (2.4.1) 
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n = coefficient of absolute viscosity, P = pressure CaUSin5 flow, 

I' = radius of tube, V :: total volum0 of solution flowing, 1 = length 

of tube, t :: time of flow. 

For actual capillary flow it is necessary to correct the equation 

to, 

n 
rr P 1'4 t 

= 8 V(l + cr) 
m V P ••• (2.4.2) 

8rrU + edt 

m and c beinb constants. 

Precise measurement of these constants is difficUlt
41

, hence it is 

usual to calibrate the viscometer by measuring flml times of liquids of 

knO\ffi viscosity. For a kinematic viscometer, the equation reduces to 

the form, 

n = 
p"t 

B 
A "2" 

t 
(2.4.3) 

A = constant, B :: constant and pit = corrected density of the liquid 

considered (see later). As this equation is still not exact, it is 

more useful to use calibrating data to plot 2. large scale ~raph of n/p"t 
2 42 

versus lit • 

41 43 
Drainage and surface tension effects can also lead to errors ' 

but these may bc reduced to negligible proportions if the viscometer 

has a large efflux volume and medium-bore capillcry. Kelly42 has 

discussed the experimental conditions necessary to achieve an accuracy 

of 0.1% in viscosity determinations. He noted that, 

(i) for recording to 0.1 sec t efflux time needs to be 

greater than 200 seconds. The flow times for carbon 
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tetr~chloride at 35° and 45°C were 178.9 and 162.5 sec 

resp;:;ctively; for benzene at 45°C, 191 sec. For thoso 

mention2d, and a few cases with dilute OlleTS mixtures, 

efflux times ;,i(;re below 200 sec. These exc';:ptions i-rere 

insufficient to warrant redesign of the viscometer. 

(ii) The temperature must be within ± 0.0150 C of the 

required temperature. It Has measured with 10°C range 

thermometers, which had been calibrated against a platinum 

resistance thermometer. Temperature control was by 

either 2, short-range contact thermometer (0 - !~5°C), or 

a mercury-toluene regulator operating a Sunvic control 

relay. Control was normally within O.OloC of desired 

temperature. 

(iii) The efflux volume must be constant to Hithin 0.035 ml for 

a 25 ml viscometer. For the one used, the volume could 

be adjusted to Hithin 0.02 ml of an etched mark. 

(iv) The density must be measured ",ith lin accuracy of 0.05% -

this was easily achieved with the 27 ml pyknometers 

already described. As the liquid col~~n is balanced at 

all timeS by an equal head of air, the density required in 

the equation given previously is, 

PI! = P P - air' 

(v) A deviation of 1.3 degrees in the alignment of the viscometer 

leads to an error of 0.05% in measurements. By using a 
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vertical cathctomctcr in two positions, approximately 

<1t right angles, the capillary could be adjusted to the 

vertical Hithin 1 degree. The viscometer could be set to 

th~ fixed position repeatedly by sliding it and its holder 

into a fixed stand. 

It should be noted that the discussion 0:: the above points <1pplies 

lJ<1inly to the measurement of viscosities of aqueous solutions. Expansion 

co~fficients for non-aqueous liquids were larger than for water, therefore 

greuter temperature control was necessary. Variations of the viscosity 

of the mixtures with temper:lture Here sometimes greater, sometimes less 

than the variation with water - depending on the concentration. 

Calibration 

The viscometer W2S calibrated "lith water at 20°, 25°, 350 and 40 0 C, 

und "lith benzene, carbon tetrachloride, 20% sucrose and 40% sucrose 

solutions at 25°C. ldeally, all the experimentally measured viscosities 

should fo.11 within the curV8 given by these calibrating liquids, but the 

viscosities of a number of benzene and carbon tetrachloride mixtures with 

OHCTS at higher temperatures w",re outside the range. The error intro

duced by extrapolating from the steeply sloping portion of the calibration 

curve (Fig. 2.4.1) Has estimated to be no more than 0.2%. It was felt 

theSe errors were no greater than those which would be introduced by 

using liquids of lower viscosity, as their viscosity values are not 

accurately known. 
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C3libr2tion liouids • 

(i) i~ater - The .:bsolute viscosity of ';I."1ter at 20°C has been determined 

44 by SvTindells, ee·c and Godfrey ,Hho found that at 20°C it ,,,as equal 

to 1.0019 ± 0.0003 centipoise compared with the previously accepted 

value of 1.005 centipoise. Values of the viscosity of water at other 

temperatures relative to the viscosity at 20°C have been tabulated by 

45 
Co~ and Godfrey from th.e work of Cragoe. 

= 
(1.2348(20 - t) - 0.001467(t - 20)2) 

(t + 95) 

The calculated values ar~ summarised in Table 2.4.1. 

... 

(1·1·) B T· 32 h f h . . f enzene - lmmermans quotes t rea values or t e V1SCOSlty 0 

benzene at 25°C; viz, 0.596, 0.599 and 0.601 centipoise. 
46 llerker 

quotes a value of 0.6031 centipoise Hhich agrees with the Ha.ter-calibration 

data. The National Bureau of Standards gives a value of 0.6010 centipoise. 

(iii) Carbon tetrachloride - The viscosity of this substance quoted by 

T
• 32 • • • lr;llr.ermans ,0.8876 cent1po1se, appears to be 1n doubt. Kelly42 has 

suggested the Thorpe and Roger 47 
value ,corrected for the new viscosity 

of water, 0.901 centipoise. 

(iv) Sucrose solutions - Twice-recrystallised loaf sugar (Colonial 

Sugar Refining Co.) was dried in a vacuum oven at 80o C. From this 

stock, 20% and 40% by wei~ht (~ ~) solutions were prepared with 

deionised distilled water. The inevitable suspended particles were 

removed as previously described. The viscosities of sucrose solutions 
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TABLE 2.4.1 

System Viscosity Density Tir.1e .ll 1!t2x10 5 
n (cp) (g!T:il) t (sec) pt 

( -2 p 
2 -2 2 sec ) (cm sec xl0 ) 

CCl4- 25°C 0.901 1.58448 199.8 2.848 2.505 

C6
H6 25°C 0.6031 0.87336 237.4 2.909 1.774 

H2O 40°C 0.6531 0.99224 227.4 2.898 1.934-

H2O 35°C 0.7194 0.99406 248.1 2.920 1.625 

H2O 30°C 0.7976 0.99567 272.8 2.939 1.344 

H2O 25°C 0.8903 0.99707 302.6 2.955 1.092 

H 0 
2 20°C 1.002 0.99823 339.2 2.962 0.871 

Sucrose 20% 
25°C 1.695 1. 0794 527.4 2.981 0.359 

Sucrose 40% 
25°C 5.16 /+ 1.1745 1468.5 2.997 0.046 

(corr8cted for the r.1ore recently accepted values of viscosity for water) 

were taken from Kelly's thesis42. 

Experimental techniques 

All solutions, except 20% and 40% sucrose, were filtel'.:;d through a 

No.4 porosity filter immediately before use. The cleaned and ~ried 

viscometer, mounted in the bath, was filled by ~ long-needled syringe. 

After equilibration for thirty minutes, and adjustment of the level to the 

etched mark, the liquid was transferred to the upper bulb by air pressure 

and the time taken for the meniscus to travel between a further two etched 
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marks '<ldS l.'eccrCc;a Hi th a 30 second sweep stop-watch. Three r.1ei1SUre:!lents 

\-/ere c'-lde for each solution and an agreer.1ent wi thin 0.1 second was 

considered satisfactory. For ~e~surer.1ent of viscosity of mixtures at 

18°, 35° and 45°C, a bulk solution of 100 mls vIas prepared and a 25 ml. 

aliquot was then introduced into the viscometer with the bath ter.1perature 

initially at 18°C. After detert"lining the efflux times, the solution Has 

removed and its dcmsity measured at 25°C. 

Frow this density r~ading, the concentr~tion and density of the 

mixture at 18°C were calculated. The above procedure was repeated for 

viscosities at 35° and 45°C, a density rr.easurement still being taken at 

25°C in each case. The error produced by assuming a constant volume of 

mixing, over the temperature range, was negligible. Viscosities at 25°C 

were measured in separate experiments. 

2.5 DIFFUSION - DIAPHRAG!1 CELL 

Introduction 

The diaphragm cell measurements formed only a minor part of the 

diffusion study. The theory and operation of this cell has been 

adequately reviewed by Robinson and Stokes l 
t and more recently by 

48 
Tyrrell • 

The diaphragm diffusion cell is an example of steady state 

diffusion giving relative diffusion coefficients. Diffusion takes place 

through a horizontal sintered-glass diaphragm separating two solutions 
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differing in concentration, The original diaphragm cell, introduced 

49 
by Northrop and Anson operated with the more concentrated solution 

in the top compartment, This arrangement promotes mixing by the 

diffusion process but there is the possibility of the denser solution 

streaming through the diaphragm, The cells used in this work have 

50 been described by Stokes , The two surfaces of the diaphragm were 

swept by magnetically-operated stirrers ?~d. in order to avoid streaming, 

the denser solution was placed in the lower compartment. 

Comparison of the Diaphragm Cell with the Gour Diffusiometer 

The direct result calculated from the diaphragm diffusion cell is 

not the true diffusion coefficient _ it is the diaphragm cell integral dif

fusion coefficient, Dt defined by, 

, .. (2.5.1) 

where a = cell constant. c
l 

and c
2 

are initial concentrations and c3 and 

c4 are concentrations in the two compartments at time t, 

This diffusion coefficient is a double average of the differential 

diffusion coefficient, D. These two coefficients are related by the 

equation, 

1 c , 

IT = • fc:" 
D dc , , , (2.5.2) 

cm' - cm" 
cl + c3 c2 + c4 where c = and cm" = m' 2 2 

The situation is less complex if the limiting diffusion coefficient 
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is known, as values of D T'uy b0 determined from Dby successive 

graphical approxim2tions. For electrolyte solutions, the limiting 

V3lue IDC:Y be determir.dd from th8 Nernst equation. For other systems, 

it is necessary to express D as an arbitrary function of concentration, 

with the coefficients adjustable to fit observed D values. When the 

diffusion coefficient varies rapidly l .. ith concentration, the problem 

of calculating D from i5' is accentuated. 

Further doubt exists regardin~ the use of the cell constant, S, 

for non-aqueous mixtures, since this constant is usually determined by 

diffusing o. 5~1 KCl into 1>later. i1ills 51 hes shown that the limiting 

value obtained for the diffusion of diphenyl into benzene, from 

diaphragm cells, agrees ilith more absolute data23
• However, it has not 

been shown that diaphragm cell results agree with absolute methods over 

the whole range of concentration. 

To check this latter point, diphenyl was diffused into benzene in 

a diaphragm cell, and the results compared with the Gouy diffusiometer 

23 resul ts of Sandqu 1st and Lyons • Agreement wi thin 0.7% at an average 

concentration of O.G12:1 indicated that the calibration procedure, to 

be described, could be ass~ed to hold for diffusion measurements in 

non-aqueous media. 

Diaphragm cells have the further disadvantage in that it is 

necessary to measure concentration differences accurately. For non-

~queous mixtures, measurement of the density is the most convenient 
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~ethod of establishing the concentration and accuracy is then limited 

by th(~ density difference of the two co~ponents. For O!lCTS-carbon 

tetrachloride mixtures the density difference is sufficiently large, 

but for OMCTS-bcnzene mixtures the difference is much less, leading to 

less accurate results. 

Owing to the disadvantages mentioned, and to the lack of knowledge 

of the variation of the diffusion coefficient with concentration, it was 

felt that the sole use of diaphragm cells was risky and unwarranted. 

In fact, the now-known variation in the diffusion coefficient with 

concentration for the benzene-otlCTS system would have been very difficult 

to calculate from the diaphragm integral diffusion coefficients. In order 

to c:st.:ililish tllC r.:li.:1bility of the· diaphrilgr.1_ cell methoc c fe...,; rn~2SUr(lmonts 

Herr; r:1~(:c with the diaphr;.'\,:m cell on th~~ OMCTS-carbon t~trachloridc system. 

Calibration of Diaphragm Cell 

If the volume of a diaphragm cell consists of, 

(i) levTer compartment volume VI 

(ii) upper compartment volume V
2 

2nd 

(iii) a diaphragm, volume V
3

, in which the pores have effective 

cross-sectional area A and effective diffusion length i., 

then the constant of the diaphragm cell is defined as, 

l3 = (2.5.3) 

As the measurement of ratio AI! is difficult, it is more 

convenient to determine the cell constant by calibration with a solution 
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whose di~phr2gm cell integrul diffusion coefficient is known, or can 

be calculated. 

Those cells used were calibrated, as suggested by Stokes, by allowing 

approximately 0.5 n KCl to diffuse into water. The finell concentrations, 

c3 (10'''021'' compa.rtrnent) and c4 (upper compartment) were determined 

conductimetrically, followin~ Vl • .::ight dilution. Conductivity data for 

52 53 
potussium chloride Has taken fron the d2.ta of Shedlovsky 2nd Chambers • 

A Jones-Dike conductivity bridge was used to measure the conducta.nce 

at 25°C in 2n oil-bath controlled to ± G.OOloC. Conductivity cells and 

ar:.cillary appnratus have been described previously36. 

For calibration runs the initial concentration in the upper 

compartment (c
2

) WelS zero and the concentration in the lower (c l ) \,.as 

••• (2.5.4) 

The integral diffusion coefficients used in the calculations were 

54 
taken from the tabulation by Stokes • 

Results from calibrations. 

The diaphragm cell constant, B, for each of the cells (designated 

by X, U, G and A) is summaris8d in Table 2.5.1. Volumes of the upper 

compartment, the lower compartment and the diaphragm (V3), are also 

included. 
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TABLE 2.5.1. 

Cell X Cell U Cell G Cell A 

!3 inital 2.255 1.515 3.258 3.442 

6 final 2.256 1.515 3.256 3.455 

VI (ml 57.736 59.135 55.93 58.11 

V 
2 

(ml 67.825 68.868 53.72 52.26 

V3 (1711 0.508 0.232 0.56 0.63 

The initial and final cell constunts ugreed t except for the slight 

difference ; .. i th cell fl.. This was to be expected as only a few runs 

were made with the cells. 

Experimental techniques 

11easurel71ents were made on two systems:- OMCTS-carbon tetrachloride 

and benzene-diphenyl. 

As carbon tetrachloride was denser than any of its mixtures, it 

was found necessary to invert the cell fro~ its calibrating position. 

To allow for minor volume changes and evaporation, the lOHer plug was 

connected to a long bent capillary opening to the atmosphere (Fig. 2.5.1). 

For calibration, the capillary was broken at X and the cell inverted. 

It was felt that the volume of liquid in the capillary could not be 

considered as part of the diffusing solution. The upper compartment was 

55 
fitted with a B10 teflon plug designed to eliminate dead space One 

of these stoppers was kindly supplied by Dr. R. Hills of the Australian 
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NationCJ.l University. 

Owing to large density differences between the aqueous calibrating 

solution and some of the m"CTS-carbon tetrachloride mixtures, it was 

found neccssnry to use different stirrers; those which sank in the 

latter mixtures, inevitably pulverised the diaphragm when used with the 

aqueous KCl solutions. The replacement sitrrers had volumes approximately 

equal to those of the original thus avoiding chan~es in the cell constant. 

The diffusion cells were suspended by holders in a glass-fronted 

water bath. The bath WCJ.S maintained at 25.000 ± 0.0030 C by a mercury

toluene regulator56 controlling a 250 watt lamp through a Sunvic control 

relay. The horseshoe m~gnet stirrers were rotCJ.ted (at 60 revs/min) by 

a series of pulleys connected to th~ motor driving the paddle stirrer. 

Before filling a diffusion cell, the solution and solvent were 

filtered through a No.4 porosity filter and degassed. After filling 

compartment A (see Fig. 2.5.1) and fitting the teflon stopper, the cell 

was placed with compartment A lowest, into the thermostatted water bath. 

On equilibrating for 25 minutes, the dinphragm was degassed by partial 

evacuation, carbon tetrachloride was added to the upper compartment and 

after stoppering, the cell was inverted. 

At the end of the equilibration period (5 hours) the cell waS 

inverted, and compartment B was rinsed a number of times with solvent 

before finally filling the cell and inverting. The starting time WCJ.S 

taken at the final filling. At the completion of the run, the cell was 
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again inver.ted and a sample of solution wi thdr::n-m from compartment B 

by syringe. Likewise, a sample was taken from compartment A. The 

densities of th,.: samples were texen at 25°C. 

2.6 DIFFUSION - GOUY DIFFUSIOMETER 

Introduction 

The majority of the diffusion coefficients recorded at 250 C, and 

all diffusion coefficients recorded at 18° t 35° and 450C i·tere deteI'!llined. 

with a Gouy diffusio~eter. This apparatus ~easures free diffusion, where 

mutual diffusion occurs across an initially sharp boundary which exists 

between two solutions, or solution and solvent. For this experimental 

arrangement, the diffusion coefficient is defined by, 

dC 
= at 2.. (D ~) 

dX ax ... 
This differential equation has no general solution. HOi-lever, by 

arranging the experinental conditions so that the diffusion coefficient 

is constant over the concentration range studiod, then, 

dC = at (2.6.2) 

When using a diffusion column, it is necessary to confine attention to 

the earlier stages of the diffusion process. Alternatively, the 

column must be sufficiently long in order that the concentration at 

the ends of the column remains invariant during an experiment. For 

this diffusion column, 
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••• (2.6.3) 

wher~ 6c = concentration difference bet"Teen two uniform solutions 

Cl and c2 ' x = distance from original boundary, t = time elapsed since 

formation of boundary. 

If a knowledge of dc/ax exists at any time t, the diffusion 

coeffic:ent, D, may bo calculated. Determining this concentration 

gradient directly in ~ diffusing column is difficult. Therefore, it is 

convenient, anG. certainly more uccurate. to determine the refractive 

index gradient. If refractive index, n, is 2ssumed to be a linear 

function of concentration over the small concentration difference under 

consideration, equation (2.6.3) becomes, 

an 
ax = 

2 -x /4Dt e ••• 

This equation assumes a pure Gaussian distribution about the position of 

th(; initial boundary. Skewed Gaussian curves may be observed in binary 

systems where either the diffusion coefficient or the refractive index 

increment varies with concentration. For the former case. it is neces-

sary to assume some relationship bet~ ... een the diffusion coefficient and 

, l' h f F" 57 h 'd d D concentrat~on. One propos a ~s t at a uJ~ta ,w 0 cons~ ere as 

a function of l/c. Gosting and Fujita58 considered a Taylor expansion 

series for the variation of refractive index with concentration. 

Longsworth 59 has pointed out that in some systems the variation of D 

with concentration is balanced by the refractive index increment varia-

tion, ~nd a symnetrical Gaussian curve results. 
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The refractive index gradient may be measured by a number of optical 

meilns, including the Gouy interference meth()d. Using the opticCll system 

depicted in Fig;. 2.6.1 Gcuy interference fringes may be observed as 

diffusion occurs fron an initially sharp boundary. 

A theory, based on geometric optics, to explain Gouy fringes was 

60 61 first presented by Gosting et al. C1nd Coulson et a1. • Gosting and 

62 Onsager have shown that the geometric optical r'~asoning is not 

adequate and their approach, based on wave optics, ~ives a better 

representation of the fringe displacement. 

Calculation of diffusion coefficients. 

Infornation obtainable from a. photOGraph of a set of Gouy fringes 

at a time t is (i) the displacement of the fringe minima above or below 

the optic axis (Y
J

) where J = 0. 1, 2 ••• ; numbering being from the 

fringe furthest from the optic axis, and (ii) the total number of 

fringes~ J. This value includes the fractional fringe determined from 
m 

the displaced Rayleigh frin,se pattern. 

The reduced height area ratio defined by, 

where (an/ax) max. 

D = a 

(Im)2 
2 47Tt( an/ax) max. 

is the maximum value of an/ax 
J2 (bA)2 

m 
Da = ~ 

t c
t 

47T 

... (2.6.5) 

at a time t, reduces to, 

... 
A = wavelength of the monochromatic light, b = optical lever arm 

ct = maxim~ deflection of light at time t. 
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The optical lever arm is defined by b = Ll/n, 1 being the distance 

through each mcdiul:1 of refractive index n - thus b is the "optical" 

distance from the centre of 
2 

. . b Z value c
t 

~s g~ven y e YJt 

the cell to the photographic plate. Tho 
Z2 

where the function e can be calculated 
Z2 

from tho tables of e versus 

feZ) = 

the reduced fringe number f(Z), 

3 
J + -4 T •••• /J m ... 

52 this function being derived from the refined wave optics theory • J is 

the frinf;'e number. 

Fer a two component system where the refractive index shows a 

linear dependence on concentration, and the diffusion coefficient is 

indepen(ent of concentration, th~ reduced height area ratio, D • is a 

equ~l to diffusion coefficient D. 

Diffusiometer. 

The Gouy apparatus used has been described in detail
63

• The optical 

arrangement was similar to that of Gosting50 , while the diffusion cell 

itself was c-m enlarged version of the flowing junction type used by 

61 . Coulson et al. • The setting-up of the instrument has been descr1bed 

54 by Dunn • The followins points should be noted: 

(i) The slit, double stop, lens and the cell were aligned 

parallel by means of a cathetometer, rather than relying 

on the optical bench being parallel. 

(ii) The slit, of width approximately lO~, was made by 

mechanically moving u new razor blade acroSS a blackened 
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photogr8phic plate. To maintain good control on slit 

width the razor was claMp~d on a suitably loaded J'icr 
F, , 

connected to the horizontal trnvel of a mill. 

(iii) The refractive index gradient for the benzene-OMCTS 

system was in the reverse direction to the density 

gradient resultin~ in a reversed Gouy pattern. The 

plateholder position had to be altered to another 

position, ."here checking of the operation of the 

diffusiometer with a sucrose solution was impossible, 

hence the optical lever ~rm distance, b, was checked 

after each movement. 

(iv) The focal point and optical lever arm were found to be 

unaltered (within experimental error) for the various 

solutions useQ in the diffusion cell. 

(v) At 350 and 4SoC, the whole optical bench was placed in 

c! thermostatted jack~t (Fii?;. 2.6.2). The jacket was 

made in three parts: one part covered frOM the light 

source to focussing lens, another from the diffusion 

cell to the photographic plate. The third portion was 

a clear Perspex box, containin~ openings for a hand 

~love and thermometer, and it covered the central 

section containin~ the diffusion cell and the double 

stop. The first two parts were made from It'' thick 

polystyrene fO?ID sheeting. A fan and fan heater, 



Fig. 2.6.2 
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operating continually throuGh a contact thermometer, 

m~intained the temperature of the enclosure to ± lOCo 

T~10 questions arise when working at unusual temperatures. Firstly, 

how does the focus point change with temperature and, secondly, what 

effect Goes expansion of the optical bench have on the optical lever 

arm, b? The focal point was found constant at all temperatures, and 

-6 from the coefficient of linear expansion of mild steel (10 x 10 cm per 

-4 
~nit em per °C ) an expansion of 2 x 10 em per unit em for a 20°C 

change in temperature was calculated. The optical lever arm, b, was 

corrected to allow for expansion at 35° and 45°C. No correction was 

made to measurements made at 18°C. The dimensions of the Gouy diffusio-

meter at room temperature are summarised in Table 2.6.1. 

TABLE 2.6.1. 

Dimensions of Gouy Diffusiomcter at room temperature 

Diffusion cell path length 

Optical flat thickness 

Optical flat refractive index 

Optical lever arm b 2 2 
A b 

Diffusiometer parameter ~ 

Diffusion cell 

2.250 em 

1.726 cm 

1.510 

148.319 cm 
-6 4 

5.217 x 10 cm 

The essential features of the diffusion cell have been described 

by Hall, Wishaw and Stokes63 , and a modified version of the cell
64 

was 
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uvailable at the commencement of this Hork. As this cell ~las fabricated 

from perspex, it was obviously unsuitable for working with benzene and 

carbon tetrachloride; hence a new cell was constructed from stainless 

steel. Further modifications to cell design included a new method for 

constructing the flowing junction, a greaseless overflow valve and the 

use of glass reservoirs. Further, the number of parts used in making 

the cell was reduced, without loss in solidity. The cell is shown in 

Fig. 2.6.3. 

All components of the cell were milled and lapped, from stainless 

steel, by Hr. C. VI. Tuxford of the workshop staff. The hand-lapping of 

the sUl"faces h'as of such a standard that ,.,hen the eight parts were 

pinned together t without the use of cement or glue, no leaJ<ages 

occurred at any joints I vlhen pt'essures of up to i atmosphere were 

applied. The flowing junction \'1as made by milling a section 0.0015 

inches deep across the top section of F. The junction H2S connected 

to an overflOll area and control of the flm, rate was maintained by a 

valve (Fig. 2.6.3). This valve was closed on forcing a teflon plunger 

into a tap.;;red cone by turning a knurled screw. Leakage around the 

threaded screv was prevented by a Neoprene O-ring. Application of 

several atmospheres pressure to the valve indicated an absence of 

leakage. 

The tap design had a number of advantages. 

(i) It was possible to seat the tap within the constant 
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temperature enclosure. 

(ii) As the tap operated in the di~cctio~ of overflow, closure 

did not force solution back through the slit. 

(iii) Good control of the flm! rate could be maintcined at all 

times durinr:; the sharp~ning p~ocedure. 

The glass solution reservoirs were connected to the diffusion cell 

by B7 tapered joints fitted with teflon sleeves. They were held in 

position by two ?hosphor-bronze springs. Initially, the co~partment 

volumes were approximately 60 ml , but thcse were later changed to 

100 r.:l capacity. Evcporation losses \lere reduced by placing saturators 

on top of the solution reservoirs. A tapered te£lon plug connected to a 

64 brass rod replaced the original gate valve. 

The optical flats were held in position by fra~es which screwed 

onto the cell. Wi th no s-:aling bet'\>/een optical flats and the lapped 

walls of the cell, slight leakages were noted. It was found expedient 

to spread a small amount of dispersed teflon (from a pressurised spray-

can) around the area imm;;:diately before positioning the optical flats. 

Finally, the area was given a good ccating of high-melting Kel F grease. 

Initi<llly, the cell Has surrounded by a P erspex water bath. This 

was changed l~ter to a brass reservoir of simpler construction. 

~lnter from e. thermostatted tc..nk, under the concrete bench, was pumped 

through this upper reservoir. Thz pu~p also circulated the water in the 

lower tank. 
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The temperature-control system was similar to that used in measuring 

viscosities. Control at all temperatures was of the order of ± O.OOsoC. 

It should be noted that greater temperature control is necessary for non-

aqueous solutions than for aqueous solutions, owing to the former having 

a greater variation of density and refractive index with temperature. 

Techniques. 
I 

Correct operation of the diffusiometer was established by comparing 

the diffusion coefficients obtained by diffusing O.3SN KCl into O.lSN 

Kel, and diffusing sucrose into water, with those reported by Gosting6S 

d G · d . 66 . 1 an ostlng an ~1orrlS ,respectl ve y. Agreement within 0.1% was 

considered satisfactory. 

The cell-filling procedure, the boundary sharpening and diffusion 

run have been described previously64. A brief summary is nOH' given. 

(i) Reservoir 2, the r'eference channel and the diffusion channel 

were filled with the denser solution. After positioning the 

teflon plug in Reservoir 1, the less dense solution was added. 

Finally, small saturators were placed on the BIO sockets 

above each reservoir. 

(ii) The solution was equilibrated for 2S minutes before forming the 

boundary. During this time three exposures were taken with 

the double stop in position and from these the position of the 

optic axis was cuter~ined with resp~ct to the rclf~rence 

patt~m. 
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(iii) After 30 minutes of boundary sharpening and fUrther equilibration, 

the Rayleigh fringe? displacenent pattern was photographed. 

(iv) Six exposures were taken at approximately equal intervals of 

lit. 

(v) t1e2surements at 18°, 35° and 45°C were made with the same 

solutions, At the end of a run at one temperature, the boundary 

was re-formed, temperature altered and the cell contents re

equilibrated before another run was commenced. Equilibration 

and sharpening ',lere follm'led by observation of the image at 

the plate focus point. 

(vi) After completion of Hark at 45°C, the tapered plug was reposi

tioned, the contents of each compartment were removed using 

syringes and concentrations were determined from density 

measurements at 25°C. Concentrations in the two compartments 

wer~ measul~d at the completion of, rather than prior to an 

experiment,as slight concentration chanses due to evaporation 

inevitably occurred when rinsing the cell. The 25°C diffusion 

results were obtained from separate experiments using similar 

procedures. 

Owing to the small supply of OIleTS available, experiments were 

started "it high O1-~CTS concentrations and, upon completion of one experi

ment, solutions were treated appropriately to provide two less-concentrated 

solutions. By this continual dilution process, the whole concentration 

range could be covered. Diffusion measurements were made on a number 
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of check solutions to establish the correctness of the procedure. 

23 
Sandquist and Lyons have noted that the presence of impurities has 

little effect on the diffusion coefficient - therefore, any contamination 

introduced by this dilution process Hould not be likely to affect 

diffusion results. 

The plates were measured to ± 2" on a Hilger travelling microscope 

d 1 I . d 1 h 1· d b G . 65 an ca cu at10ns were rna e a ong t e 1nes suggeste y ost1ng 

64 42 Detailed examples of the calculations have been given by Dunn and Kelly • 

Extrapolation of the calculated values of D against lit to lit = 0 
a 

gave the diffusion coefficient. Extrapolation was necessary because of 

the inability to form a perfect boundary at zero time, As previously 

noted by Dunn 64 
and 42 Kelly , a dispill"i ty existed between the fringe number 

as giv~n by the sum of the integral part of J (obtained by counting 
rn 

fringc:s) and the fractional part, a, (obtained frcm the displaced 

Rayleigh fringe pattern) and the value required to give constancy in 
z2 

e Y
J

, Accurate positioning of the double stop by a cathetometer 

(suggest~d by Kelly) has not removed this discrepancy. 

2,7 ACTIVITY COEFFICIENTS 

Introduction 

The activity coefficient of one of the components in a non-

aqueous binary mixture may be determined by the following methods: 

(i) GaS-liquid chromatography 



(ii) Vacuum balance 

(iii) Ebulliometer 
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(iv) Vapour pressure recirculating still 

(v) Freezing point depression 

(vi) Static vapour pressure measurements. 

A discussion on the relative advantages and disadvantages of each 

method follows. 

(i) Gas-liquid chromatography 

The activity coefficient of a volatile component of a two component 

mixture may be determined at infinite dilution by gas chromatographic 

. 67 68 techn1ques '. In an experiment, the volatile component is passed 

over the involatile, which is held in an inert stationary phase. 

From a knowledge of the variation of the initial and peak retention 

volumes, peak heights and peak widths68 with the sample size of the 

volatile component and the flow rate, the peak retention volume appro

priate to an ideal column, V~t may be calculated. An ideal column is 

one in which, 

(a) equilibrium is maintained between vapour and liquid, 

(b) Henry's EW is obeyed and 

(c) the pressure drop across the column is zero. 

69 . Everett has shown how the activity coefficient at infinlte 

dilution may be calculated from this peak retention volume, V~. 

Theoretically the correct methods for determining activity coefficients 

over a concentration range have been established69 but, in practice, it 
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is doubtful if any real column can be made to behave in exact accordance 

with theoretical models. 

(ii) Vacuum balance 

A vacuum balance experiment involves the measurement of the 

equilibrium composition of a mixture containing a fixed amount of a 

non-volatile component when exposed to the vapour of a volatile 

component at a known vapour pressure and temperature. In effect the 

absorption isotherm is determined. Experi~entally, the non-volatile 

component is held in a vacuum balance and the change in weight is 

observed after a known amount of volatile component is added to the 

t 
70,71,72 sys em • This type of apparatus may be used to cover the whole 

concentration and temperature range in one run. However, the method is 

limited to the case where one component is effectively involatile. 

OtlCTS has a vapour pressure of 1.00 rom Hg at 25°C and 9.75 mm Hg at 

60°C so that the vacuum balance type of apparatus would not have been 

suitable unless it had been greatly modified. 

(iii) Ebulliometer 

Activity coefficients may be determined from the elevation in boiling 

point of a volatile component upon addition of an involatile component. 

This method was not suitable, as measurements are usually made at 

constant pressure. Furthermore, difficulties arise when working at 

pressures below atmospheric. 



(iv) Vapour pressure still 

RecirculRting vapour pressure stills have been widely used for 

t f 1 " "d "lOb" 73,74 measuremen 0 lqUl -vapour eqUl 1 rlum • In this apparatus, there 

is a danger of establishing a false state of equilibrium by either 

enrichment of the vapour by partial condensation or by impoverishing 

the vapour by entrainment of liquid droplets. At low temperatures and 

pressures further problems arise, oHing to the presence of radiant heat 

75 from the heaters • 

(v) Freezin~ point depression 

Activity coefficients may be obtained from freezing point 

depressions. The method is useful, though limited. The error in 

activity coefficients determined by vapour pressure techniques increases 

with decreasing temperature because of the lOHer vapour pressures. At 

the freezing point vapour pressures are usually quite small. Activity 

coefficients from freezing point depressions give a guide to the form of 

extrapolation needed to obtain results at temperatures intermediate 

betwe8D the freezing temperature and the temperature where the various 

vapour Pl'cssure techniques give accurate results. 

(vi) Static vapour pressure measurements 

Scatchard has put forward the case for static vapour measurements. 

He states,76 "In the course of developing equilibrium stills we have 

become more and more impressed by the intrinsic disadvantages and 

uncertainties of this method. The static method has the advantages 
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that it measures true equilibrium, it is more precise and it can be used 

to much smaller pressures. It has the disadvantages that it cannot be 

used with components which decompose, and that the vapour composition 

cannot be measured but must be calculated". 

Precision static vapour pressure measurements make stringent demands 

as regards determination of composition of liquid mixtures, control and 

measurement of temperatures and the thorough degassing of the liquidS. 

Ideas for the static vapour pressure apparatus used were taken from the 

following studies: Baxendale, EnUstun and Stern on benzene-diphenyl,77 

Everett :md Penney on benzene-diphenyl, benzene-diphenylmethane and 

benzene-dibenzyl,27 and ~1cGlashan and Hilliamson on n-hexane-n-hexadecanJ6. 

It is believed that the accuracy obtainable from the apparatus to be 

described approaches that obtained in the abovementioned studies,but 

in saying this, it is necessary to acknowledge the debt owing for ideas 

contained within these earlier studies. 

In the static method, total vapour pressure is measured as a function 

of total composition. The liquid and vapour composition may be deter

mined from a knowledge of the volumes occupied by the vapour and liquid 

and the appropriate use of the Gibbs-Duhem equation
78

• A brief outline 

of the calculation follows, together with apparatus details. Appendix 

I gives further details of the calculations. 

Calculation of activity coefficients 

The activity coefficient of the volatile component (component 2) is 

given by 



In f"2 

B2 ( 2 _ 02) 
22 P P2 

2(RT)2 

o 
- p ) "" 2 

RT 
(2.7.1) 

P2 = vapour pressure of component 2 over mixture with total pressure p 

p~ = vapour pressure of pure 2 at the same temperature (ToA) 

B22 = second virial coefficient 

v~ = mo12r volume of pure 2 

V2 = partial molar volume of 2 at mole fraction x
2 

~': 

p = ar'bitrary reference pressure. 

~': 
Provided that p is less than one atmosphere, p.. is chosen to be less 

than one atmosphere and provided also that the p~rtial molar volume does 

not vary excessively with concentration, the final term may be neglected. 

This equation assumes that the virial coefficient terms containing B2l , 

Bll , C222 and C22l etc. contribute a negligible amount to the correction 

for nonideality of the vapour phase. The third term may also be neglected. 

From the masses of the components in the mixture, the total mole 

fraction of OMCTS, component 1, was calculated. Using this value an 

approximate vapour pressure of 1 was calculated, and subtraction from 

the total vapour pressure gave an approximate vapour pressure of 

component 2 - the volatile component. From a knowledge of the total 

volume available to the vapours and their approximate vapour pressures, 

the number of moles of each component in the gas phase i-laS calculated. 

SUbtraction from total moles gave the number of moles in the liquid 
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phase. This cycle of calculation Nas repeated until the vapour pressure 

of the volatile component was constant. This calculation assumes ideal 

behaviour for the less volatile ccmponent, a false assumption according 

to the Gibbs-Duhem equation, 

+ = o ... 
A refinement involves cCllculating the activity coefficient of 

component 1, dt the required concentration, utilising the above 

equation, correcting for non-ideality and repeating the calculations 

until constancy again results. 

Vapour pressure apparatus 

A schematic diagram is given in Fig. 2.7.1. Total vapour pressure 

above the liquid in cell A was measured by the mercury manometer B. 

26 McGlashan has pointed out Rdvantages in measuring pressure directly, 

but he rejected this method on the grounds of constructional difficul-

ties involved in producing a thermostat of sufficient height, while 

retaining good temperature control. The nulling type bellows ~ano

. 76 27 meters descr1bed ' were rejected owing to disadvantages; viz, out-

gassing, change in zero point and susceptibility to vibration. The 

recently described stainless-steel capacitance manometer manufactured 

by Granville Phillips and the quartz spiral gauge manufactured by 

Texas Instruments appear to have overcome these difficulties. The use 

of a single manometer reduc~d considerably the number of measurements 

and operations required for a pressure observation, and inclusion 



T6 

pump 

Fig. 2.7.1 

Vapour Pressure Apparatus 

d ift. 
pump -

T8 

hflon top 

mtrcury 

A 

bath 

nail 

IoI.noid 



56. 

within the thermostat eliminated the necessity of a second manometer 

thermostatted ne~r room temperature. 

The manometer was constructed from 10 mn:. diameter precision bore 

"Veridia" tubing. !1ercury was moved up or down the manometer by 

applying either air pressure cr vacuum to the mercury reservoir via 

taps T6, T3 and T4. By suitable operation of the three taps, small 

adjustments to the height were readily achieved. A No.4 porosity filter 

placed between tups T3 and T4 produced a pressure gradient between these 

taps, enabling mercury to move up the column very slowly, eliminating 

the "back lash" normally associated with mercury moving in a column. 

Tap T4, a teflon tap immersed beluw the water level, \'las kept closed 

during a pressure measurement so that air pressure maintaining the 

mercury column was at constant temperature. A balancing air pressure, 

rather than a tap between the reservoir and mercury column, was used 

because of the difficulty in operating a tap at the bottom of the tall 

thermostat, especi~lly at high temperatures. Calculation showed that a 

change of O.Oloe would have a negligible effect on the pressure in the 

balancing column - hence on the height of mercury in the manometer. 

Taps Tl and T2 were the teflon taps 'Fisher and Porter) described 

previously. The ampoule holders, D, were sealed on between these two 

taps. The ~err.aining part of the appa~atus consisted of an Edwards 

Pirani gauge, liquid air trap, a metal mercU~J diffusion pump (Edwards 

type Un), a second liquid air trap and a backing pump (Netrovac). 

The vacuum system, with the exception of the backing pump and the second 
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liquid air trap, Has mounted on a vertically movable frame. A photo

graph of the frame is shown in Fig. 2.7.2. The side of the frame immersed 

in the thermost'lt Has conc;tructed from brass ~nd the other two from 

steel. Six plain brass bearings connected the frame to the three 

accurately parallel I" diameter silVer steel runners. To reduce the 

possibility of the frame sticking due to misalign~ent, bearings were 

loosely connected to the frame. The three runners were held in position 

by two half inch steel plates. The base plate was bolted to a concrete 

bench Jnd the top plate held rigid ~y connections to the wall. The 

frame was :nOVed up and dOlm by a small trailer winch. The backing 

pump, placed on the floor to prevent vibration, was connected to the 

diffusion pump by a long piece of flexible rubber vacuum tubing. 

The thermostat WEtS a 110 litre copper tank (37 x 37 x 80 crr .. ) with 

two sides fitted with glass viewing windows 12 CM wide, running the 

full length of the bnth. It was insulated on the sides and bottom 

by an inch layer of Canite and similar covers fitted over the glass win

dows. The top was covered with a plastic sheet when working at higher 

temp • ..:rilturcs. The bath was stirred by three five inch diameter 

propellers distributed evenly along a vertical shaft situated in one 

corner of the bath. The stirrer was driven by a half horsepower motor 

situated on the concrete bench. The st-"...rring rate was approximately 

480 revs/min. Observation indicated no stagnant layers in the thermostat. 

Temperature control 

h specially designed mercury-toluene regulator was employed for 
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temperature control. This regulator, operatins through a Sunvic relay 

and a proportioning head, switched a 60 watt light bulb to provide the 

intermittent heating source. At temperatures above room temperature, 

a second heater was operated through a variac transformer. This 

auxiliary heater consisted of an 11 metre length of Pyrotanax heating 

cable wound evenly down a frame which was situated on one side of the 

bath. The voltage applied to this heater was adjusted in order that the 

"on"and "off" times for the intermittent heater were the same - about 

10 secor.ds. The 400 ml capacity mercury~toluene regulator is shown 

schematically in Fig. 2.7.3. By using a large number of k" diameter 

copper "fingers", the response time of this regulator was very rapid and, 

by having the mercury reservoirs of a sufficient capacity (50 ml ), 

the whole temperature range could be conveniently covered. A move-

ment of 14" of mercury in the narrow-bore capillary corresponded to a 

temperature change of 0.020oC. 

For the' rapid heating required to raise the temperature to the 

next working temperature, three 1250 watt heaters were employed. 

Temperature measurement 

The thermostat temperature was measured with a Cambridge platinum 

resistance thermometer - number C552969. This thermometer had been 

calibrated in 1953 but its constructional details (width, depth etc.) 

were such that it could not be calibrated directly by the National 

Standards Laboratory. At the completion of this work, a calibrated 
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Leeds and NorthrulJ standard platinul':'l resistance thermometer (model 

nurnbt;r 167950), calibrated by the H.S.L. in 1966, became available and 

the two thermometers were found to agree within O.002°C at 50, 25° and 

The resistance of the thermometers was measured on a Cambridge 

Smith's difference bridge (L320720) using a Honeywell "Brown Electronic" 

null detector (model 104 Wl). Using maximum sensitivity and 2 rnA 

current through the bridge, a resistance change of 0.0001 ohm could be 

easily detected. 

To ensure maximum reproducibility in measured resistances, the room 

was therrnostatted near 20°C and the oil,surrounding the bridge resistances, 

was stirred. The icc used to establish the resistance at OOC was pre-

pared from deionized distilled water. Special care was taken to prevent 

contamination when crushing and transferring this ice. To eliminate 

the absorption of radiant heat from the intermittent heat source, the 

thermometer was placed in a copper jacket l-lhile in the thermostat. To 

provide adequate circulation around the thermometer, a number of holes 

were drilled in the side opposite the heating lamp. 

The calibration figures for the Cambridge resistance thermometer 

are given below, viz. 

and 

RIOO 
RO 

R444 •6 

RO 

= 

= 

1. 38989 , 

2.6433 

R-182.97 = 0.2480 
RO 
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Temperatures in degrees Centigrade were calculated from the Callendar 

. 79 
equatlon, 

t = 
100(Rt - RO) 

(RIOO- ROJ 
+ o(t/lOO - l)t/lOO ••• (2.7.3) 

The constant C: equal to 1. 509 x 10-4-( °C) -1 was calculated from the 

calibration results and the temperature, tOC, was calculated by 

successive approxi~ations. 

It should be noted that the thermometer spocifications were outside 

the range set in 1948 for "standard" platinum resistance therraom0tcrs 80
-

J. contributing f~{ctor to reasons given by th(, Standards Laboratory for 

their inability to calibrate the thermometer. The Leeds and Northrup 

thermometer, ho\wver, vTaS vii thin~thc r·equired specifications. 

A set of 32 thermometers by Emil, covering the range OoC - 100°C 

in 6°C overlapping intervals, Has .:wailable. These were used for rough 

adjustment of temperature. They were not calibrated as a greater 

reproducibility of the tcmperGture scal~ could be obtained by using the 

resistance thermomet·Jr for all serious temperature measurements. 

Details of construction and operation of the Smith's differ~nce 

b "d . 81,82 rl ge have been descrlbcd elsewhere • 

Pressure measurement 

The manometer was made from 10 mm bore Veridia precision bore 

tubing. For a tube of this size, mercury shows a considerable 

capillary rise,83 but this effect should cancel if the meniscus height 

for each mercury surface is the 3amc. By carcful control und by always 
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using a rising lClcniscus, the latter situation could be achieved - hence, 

errors arising from this phenomenon were considered less than 0.02 mrn Hg. 

This effect could have been eliminated by using 20 mm constant-bore 

tubing but none Has available when Hork commenced. 

The meniscus Has illu.r:1inated by a diffus6; light source (a desk 

lamp covered vii th a white towel). Stray light in the vicinity of the 

meniscus was eliminated by fitting cylindrical brass shields around 

ectch manometer arm. Each shield had a 1 mm slit cut in the front and 

back. By adjusting the distance between the bottom of the slit and the 

mercury level to less than 0.25 mm t the meniscus position was found 

independent of the precise position of the brass shields
26

• The shield 

height could be adjusted from the top of the bath by a fine screw 

control (Fig. 2.7.4). 

:1ercury heights were measured with a Precision Tool and Instrument 

Co. 1 metre cathetometer (number 15477). It remained uncalibrated as 

no sui table scale was available. Previous experience
26 

has shown these 

instruments accurate to ± 0.01 mm. The makers state that the brass 

scale wus ruled at 20°C and, as the room was thermostatted near 20°C, 

thermal expansion corrections \-lere negligible. 
26 

NcGlashan has 

discussed a correction arising from the fact that the thermostat window 

may not be vertical. for the apparatus used, this correction (found 

by measuring difference in height between the two menisci with both 

sides of the manometer evacuated) l-ras less than 0.01 mm Hg for all 

temperatures and was independent of the mercury height. 
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Corrections to the observed pressure 

The meClsured height difference between two mercury levels depends 

upon the local value of the acceleration due to gruvity and mercury 

density. This hGight difference has to be corrected since pressure is 

defined in terms of the height difference tolhen mercury is at aOe and 
-2 84,83 

acceleration due to gravity equals 980.665 cm sec "- 11ercury 

density data at different temperatures were taken from the Hundbook of 

h ' d Ph ' 39 h'l ' , C emlstry an YSlCS, w lethe local acceleratlon due to gravlty was 

calculated from 

g :: 978.039(1 + 0.005294 sin2~ 

- 0.00009406 H ... (2.7.4) 

_f 83 
where <p is the latitude and H is the height in feet above sea level • 

-2 
The culculated value has been shown to differ by as much as 0.2 cm sec 

from the experimental value - this difference could produce an error 

of 0.16 mm Hg in a measured pressure of 760 mm Hg. The g-value has 

not been measured in Armidale. Values used are summarised in Table 2.7.1. 

Density of mercurl 

Temp (Oe) 

0 
25 
30 
35 
40 

TABLE 2.7.1 

-2 
g = 979.308 em sec 

Density (g/ml) Temp (Oe) 

13.5955 45 
13.5340 50 
13.5217 55 
13.5095 60 
13.4973 65 

Density (g/ml) 

13.4851 
13.4729 
13;4608 
13.4486 
13.4365 

The vapour pressure at the surface of the liquid in the cell 
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differs from the measured vapour pressure. The correction equals + hp 

Hhere h is the height of the liquid beloH the mercury meniscus and p 

is the vapour density. This correction was calculated to be less than 

0.005 mm H~. for all the situations encountered. All measurements were 

made with one side of the manometer continually evacuated. 

Pure materials - vapour pressure 

Vapour pressures of pure components were measured at 25°, 30°, 

35°, 40°, 45°, 50°, 55°, and 60oC. The ampoules, prepared as described 

previously in Chapter 2.2, were sealed into ampoule holders shown in 

Fig. 2.7.1. After evacuation, this section of the vacuum line was 

checked for leaks and the ampoule holder area, manometer and vapour 

pressure bulb were thoroughly degassed by flaming and pumping. To 

prevent overheating, the sample was frozen prior to flamine. The 

degassing process was continued for at least ,24 hours, gassing being 

then checked by the sensitive Pirani gauge. This outgassing was 

especially important as any further degassing after the introduction of 

the sample could cause erroneous results. After closing teflon taps 

Tl and T2 and adjusting the mercury to a level just below the U-bend 

of the manometer, the breakseal of the ampoule was broken. 

The liquid was distilled into the vapour pressure bulb by 

immersing the bulb in liquid air. On completing distillation, mercury 

was forced into the manometer and the apparatus lowered into the 25°C 

bath. Heasurements were usually made at three temperatures within 
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o.osoe of the desired temperature. The pressure at a rounded temperature 

was interpolated from a large scale graph. 

To check that equilibriu~ had been reached, measurements were 

made after increasing and after decreasing the temperature. Constancy 

in measurements showed that equilibrium had been attained in less than 

a half hour after a small temperature adjustment, and in less than two 

hours after a large (5° or lOOe) temperature change. To assist attain

ment of equilibrium the liquid in the vapour pressure cell was stirred, 

using a glass-enclosed steel plunger which was moved up and down by 

the switching of a solenoid - insert fig. 2.7.1. The solenoid was 

switched by contacts moving over a number of metal plates connected to 

the face of a wooden pulley mounted on a motor. The frequency of 

switChing was altered by varying the speed of the motor with a variac. 

The plunger's lower end Has shaped to act as a pU'TlP during its upward 

travel. The liquid surface was thus continually broken and liquid was 

sprayed over the walls of the cell. This stirring process was found much 

more effective than the normal type of magnetic stirrer floating on the 

surface, since the floating type inevitably broke on freezing the liquid. 

After the completion of measurements over the temperature range 

to SOoC, a check measurement was made at 25°C. Agreement within 0.02 mm Hg 

of the initial value in all cases indicated that the outgassing process 

was complete. Purity was checked by pumping off half the sample and 

remeasuring the vapour pressure at 25°C and 60°C. It was further 

checked by measuring vapour pressures of the first and last ampoules 
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prepared. 

Initial design of the manometer and vapour pressure cell p~oved 

unsatisfactory bccause of distillation of liquid onto the mercu~ 

surface - this phenomenon can only occur vii th pure components and not 

with mixtures, By placing all parts of the vapour pressure side of the 

manometer at least eight inches below the vlater surface, the effect was 

considerably reduced, It was suspected that slight temperature fluctua-

tions near the water surface gave rise to the distillation. 

Hixtures - vapour nressure - . 

Determination of total composition 

It was necessary to distil into the vapour pressure cell known 

masses of each component. The following technique was used: ampoules 

tlere thoroughly cleaned and equilibrated in a thermostatted balance 

room for an half hour before weighing on a ~1ettler semi-micro balance 

(B6H26 - accuracy ± 0,02 mg). Great care was taken to develop 

reproducible VTcighing conditions. External volumes of the ampoules, 

needed for buoyancy correction to weighings, were determined using 

the density bottle shown in Fig. 2.7.5. The volume of the ampoule 

could be determined to vtithin 0.005 mI. 

After the weighing and volume determination, the ampoule was 

inserted into its holder, the latter being then sealed into the vacuum 

line. The whole ampoule area was then outgassed. 

To prevent excessive scattering of broken glass when opening the 
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ampoule, the ampoule .1as frozen prior to breaking. The shape was such 

th::>t .:my broken glass fell back into the ampoule and not into the holder. 

Distillation of the volatile substances into the vClpour pressure bulb 

required sp0ciClI care since sufficiently high pressures could cause a 

vapour loss if the mercury was forced low enough to allow vapour to 

eSCClpe into the 1014er' mercury bulb. The pressure above the mercury could 

be controlled Hith tap T2. The Pirani eauee was used to check that 

distillation ~"as complete. 

After introducing tV/o components in this r:Janner, the mercury level 

was raised into the mercury cut-off manometer, T2 was closed and the 

apparatus 10Hered into th.::! bath, to reach equilibrium prior to a 25°C 

measur'Gment. During equilibration, ampoule holders were broken open. 

and the ampoule (with the broken glnss) were r~moved and weighed. On 

t'art: o a:: as ions , breakage of the holder introduced small pieces of bt'oKen 

glass but these were distinguishable from breakseal glass owing to their 

shape. Glass pieces Here observed under a magnifying glass before and 

after breakage. 

The weight in vacuum was calculated from 

vi 
v = W' - W" + V p' 

t a 
v pI! 

g a 

H = weight of sample in vacuum v 

W' = weight of ampoule with liquid 

W" = lv-eight of ampoule when empty 

... (2.7.5) 



.p' 
a 

p" 
a 

Ow 

= 

= 

= 

= 

= 

= 

= 

67. 

density of air when weighing ampoule with liquid 

density of air when weighing empty ampoule 

total volume of ampoule 

volume of the glass comprising the ampoule 

W"/p 
g 

density of glass (2.23g/ml ) 

density of the stainless steel weights (7.8g/ml ) 

Weighings were considered accurate to 0.1 mg. 

After weighing an empty ampoule. another weighed ampoule was 

immediately sealed into a holder and degassing was continued while the 

vapour pressure of the first mixture lvas measured at 25°, 35°, 45°, 550 

and 60o C. A check measurement at 250 C was always done before introducing 

the next sample. This process was continued until toe desired concen-

tration range was covered. 

To calculate solution composition it was essential to know the 

volume available to the vapour. The total vapour space of the vapour 

pressure bulb, up to the mercury ~urface, was determined in two tvays. 

Firstly, an amount of nitrogen was introduced into the cell, its pressure 

being determined with the mercury level at a known distance from a 

reference mark (taken as the lower edge of a square clamp holding the 

manometer in position). Nitrogen was then compressed by moving mercury 

up the manometer. From the measured change in volume (calculated from 

mercury height changes and precision bore diameter) and the measured 
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pressure change, the volume to the reference mark could be calculated. 

Secondly, the volume was determined by blowing small holes in 

the glass and filling the manometer with water from a weigh~buret. 

From the mercury height relative to the reference mark and mass of water 

added, the volume of the vapour pressure cell to the reference mark was 

again determined. Results appear in Table 2.7.2, showing agreement of 

the two methods within ± 0.4 mI. 

TA3LE 2.7.2 

Volume of vapour pressure cell to reference mark 

A By compression 

B By weighing in water 

Av. volume 

Difficulties with carbon tetrachloride 

118.3 ml 

119.0 

118.8 

117.6 

118.34 

118.4 ml 

Carbon tetrachloride vapour reacts with mercury to form tide marks 

85 on the glass surface of a manometer • It has been suggested that the 

reaction is due to the production of static electricity as mercury 

moves over the dry glass surface. The above phenomenon obviously made 

accurate pressure measurements difficult. The effect was minimised 

as follows: measurements were made from 25° through to 60°C, and 
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repeated at 25°, with the mercury meniscus al,~ays rising. Initial 

measurements were made with the mercury at the lowest possible level. It 

was found that the scum was left on the I~alls and a reasonably clean 

surface resulted. 

After completion of a series of measuremcnmthe manometer was 

raised from the bath, the sample frozen in liquid air and the mercury 

level lowered below the U bend. Gentle flaming of the whole manometer 

area caused the scum to sublime down to the bottom of the manometer, 

leaving the glass surface clean. By rapidly raising the mercury, a 

clean mercury surface was obtained. 

The sample freezing and flaming procedure was repeated three times 

with pure carbon tetrachloride. Agreement of the vapour pressures at 

25°C and 60°C indicated that the process had no detrimental effects. 

With one of the mixtures the above process was repeated and constancy 

in the-vapour pressure was observed. Hence, it was concluded that the 

amount of decomposition, although noticeable by the scum, was very small 

indeed. 

Reliability of vapour pressure measurements on the carbon 

tetrachloride-OMCTS system was considered lower than that on the 

benzene-O:lCTS system. The above difficulty with carbon tetrachloride 

could easily be overcome by using a nulling manometer to separate the 

mixture from the mercury manometer. 



70. 

CHAPTER 3 

RESULTS 

3.1 INTRODUCTION 

In this chapter the experimental results are listed for the 

follmling properties; density, viscosity, diffusion coefficients and 

activity coefficients for the systems OMCTS - benzene and OMCTS -

carbon tetrachloride. 

In some cases the full experimental results have not been 

included for the sake of brevity (e.g. refr3ctive index gradients from 

the Gouy diffusiometer measurenents). 

3.2 PURIFICATIOH OF r1ATERIALS 

Benzene 

The purity of benzene used for vapour pressure measurements was 

determined by its freezing point, refractive index and vapour pressure. 

Table 3.2.1 compares the freezing point of the final benzene sample 

Hith literature values. 

Equipment available precluded accurate refractive index measure

ments. The refractive inJex of the final sample agreed with literature 

results. Measurements were made at 25°C using the sodium D line with a 

Bellingham and Stanley Abbe refractometer. Results are given in 

Table 3.2.2. 
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TABLE 3.2.1 

Freezing Point of Benzene 

This work - final sample 

This work - mother liquors 

. 86 ( ) Dav~son 1945 

Streiff and Rossini 87 (1944) 

Forziati et al. 8S (1946) 

33 Rybicka and Wynne-Jones (1950) 

TABLE 3.2.2 

Refractive Index of Benzene at 25°C 

This work 

Forziati et al.
89 

C b 11 d (' 90 
a.l1P e an rJ~ller 

5.518 

5.515 

5.496 

5.530 

5.533 

5.525 

1.4979 

1.49792 

1.4979 

Vapour pressure results are recorded in A~pendix II. As the 

pressure measurements were not made at rounded temperatures, consis-

tency was checked by comparing deviations from the National Bureau of 

Stand d A " t" 91 ar s nto~ne equa ~on • Table 3.2.3 summarises the experimental 
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and literature values at the rounded temperatures,91,35,92,2B,27 while 

Fig. 3.2.1 illustrates the deviation of experimental measurements from 

the above equation. Careful examination of the available data for 

benzene suggests that the Antoine equation quoted in the Bureau of 

Standards tables gives values which a~e of the order of 0.10 to O.20mm Hg 

lOt-I in the intermediate temperature range 350 to 600C. Everett et al. 27 

reached a similar conclusion. Experimental results were fitted to a 

new Antoine equation with the aid of a computer programme (Appendix II). 

The following equation gave the best fit, 

= 6.905874 - 1210.719/(220.721 + t) ... (3.2.4) 

Further examination of Fig. 3.2.1 reveals that the results 

presented in this thesis may be slightly high at 55°C. It should be 

noted that the results of Scatchard, Smith and Rossini were obtained 

with a recirculating still. Scatchard has attributed the discrepancies 

at low temperatures to deficiencies in the design of the recirculating 

still
35

• 

Carbon tetrachloride 

25 
The refractive index of the sample (nO = 1.4603) agreed with the 

. d' T' 93 most prec~se results quote ~n ~mmermans • Experimental results 

for the vapour pressure of carbon tetrachloride are tabulated in 

Appendix II. In Table 3.2.4 the vapour pressure results at rounded 

temperatures are compared with literature data
34

,35. Deviations from 

Scatchard's equation, 



TABLE 3.2.3 

Vapour Pressure of Benzene ut Rounded Temperatures (in mm Hg) 

Temp (OC) This work SCutchard Smith Rossini B3xenda1e Everett 
( a) (b) ( c) 

25 95.20 94.98 95.27 95.18 95.27 95.31 

30 119.38 119.17 119.44 119.34 119.40 

35 148.37 148.18 148.42 148.31 148.51 

40 182.87 182.72 182.91 182.79 182.69 

45 223.64 223.49 223.64 223.51 223.54 
-J 

50 271. 44 271.34 271.42 271.29 271.40 w . 
55 327.22 327.10 327.11 326.97 327.39 

60 391. 70 391.66 391.60 391. 48 391. 62 

(a) log10p = 6.66457 - 1007.742/T - 116197/T
2 ... (3.2.1) 

(b) log10p = 6.905216- 1211.215/(220.870 + t) ... (3.2.2) 

( c) log
10

p = 6.905650- 1211.033/(220.790 + t) (3.2.3) 



TABLE 3.2.4 

Vapour Pressure of Carbon tetrachloride ~t Rounded Temperatures (in mm Hg) 

Temp (OC) This work Brown Scatchard 

25 114.23 113.89 

30 141.93 141.55 141.55 

35 174.80 174.47 
-...J 
+ 

40 213.64 213.42 
. 

213.35 

45 259.17 258.93 

50 312.20 321.23 312.04 

55 373.58 373.52 

60 444.21 444.44 444.28 
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log10P = 6.68148 - 1045.022/T - 99577/T2 ... (3.2.5) 

are shown in Fig. 3.2.2. Deviations are significant at low temperatures, 

but it should be noted that both Scatchard and Brown used a recirculating 

still. 

Equation 3.2.6 fitted all the experimental data from 250 to 600C 

to within ± 0.02 rom Hg, 

= 6.84893 - 1194.501/(224.315 + t) ... (3.2.6) 

Octamethylcyclotetrasiloxane 

Th d .• d (25 ) . h 1 e measure refractlve ln ex nD = 1.3968 agreed wlth t e resu t 

of Patnode and Wilcock
29

• In AppendiK II the vapour pressure results are 

given, and values interpolated at rounded temperatures are compared with 

literature data31 ,94 in Table 3.2.5. Vapour pressures over the range 

25° to 60°C were fitted by the equation. 

= 7.61674 1804.28/(211.81 + t) ... 
to within ± 0.01 mm Hg. 

It should be noted that vapour pressure results for all 

aforementioned substances may be in error slightly because of an 

uncertainty of the value of acceleration due to gravity, g, at 

Armida1e. 



Temp (OC) 

25 

35 

45 

55 

60 

TABLE 3.2.5 

Vapour Pressul'e of 011CTS at Rounded Temperatures (in mm Hg) 

(a) 

(b) 

This work Ostoff and Grubb 
(a) 

1.00 0.93 

2.02 1.92 

3.89 3.74 

7.14 7.14 

9.52 9.27 

log
1C

p = 45.7216 - 4530.2/T - 12.3508 log10T 

loel0P = 7.6010 - 1868.9/(224.17 + t) 

••• 

... 

Jordan 
(b) 

1.26 

2.45 

4.54 

8.06 

10.57 

(3.2.7) 

(3.2.8) 

--.J 
0'1 . 
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3.3 DENSITY RESULTS 

Densities, excess densities and excess volumes for the systems 

studied are tabulated in Tables 3.3.1, 3.3.2 and 3.3.3. Included 

are the values calculated with and without the pyknometer vapour space 

correction. This correction was found to be small for the Ot1CTS -

benzene systen but significant in the OHCTS - carbon tetrachloride 

system, That the above correction needs to be considered is indicated 

by the agreement of corrected results with those obtained by the flask 

pyknometer for the latter system. Disagreement between OtiCTS - benzene 

results by the two methods is disturbing. It appears however, that 

some of the experimental results may be in error, particularly at the 

high silicone concentration. In giving the system more detailed 

attention, the use of a dilatometer would be preferred over the density 

technique used in this work. 

Excess volumes for the 0l1CTS - benzene system were found to be 
__ E -1 

small and almost independent of temperature; viz,~· =- 0.029 ml mole 

E -1 
at xl = 0.23 at 25°C, V = -0.04 ml mole at xl = 0.25 at 60°C. 

104 
Results at 25°C Here fitted to an equation suggested by Scott, 

were~ 

= ... 
-1 

The coefficients Hhich gave the best fit to ± 0.002 m1 mole 

(3.3.1) 
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A = 0,03194 

B = 0.1710 

C = 0.0674 

D = 0.100 

In the system Ot1CTS - carbon tetrachloride, excess volumes were 

large and negativ8 but again varied only slightly with temperature, 

E -1 _-.E -1 
(V = - 0.217 m1 mole at 25°C and V- = - 0.235 m1 mole at 60°C 

at xl = 0.179). Coefficients of equation 3.3.1 giving a fit to 

-1 
± 0.003 ml mole were~ 

A = 1.005 

B = 0.8459 

C = 0.2298 

D = 0.250 

The densities of Ot1CTS at 25°, 35°, 45°, 55° and 60°C are given 

in Table 3.3.4. The data fitted equation 3.3.2 with an average 

deviation of 0.000003 
-1 

g mI. 

= 1.1423 x 10-3(t - 25) - 2.3735 x 10-7(t - 25)2 ••• (3.3.2). 



TABLE 3.3.1 

Densities of Mixtures OMCTS(l) - Benzene(2) 

~1 xl Pmeas 
11 x 105 vE 11 x 105 VE 

(no vapour corr.) (vapour corr. included) 

Ostwa1d-Sprenge1 pyknometer 

.11834 .03705 .88257 8 -.009 7 -.008 

.21495 .07276 .89006 12 -.014 11 -.013 

.32097 .11931 .89830 18 -.023 17 -.022 
-J 

.46634 .20029 .90953 19 -.028 18 -.027 U) . 

.56948 .27489 .91746 16 -.027 15 -.025 

.65412 .35149 .92396 13 -.024 12 -.022 

.78745 .51498 .93415 4 -.008 3 -.006 

.87299 .66329 .94070 -1 .003 -2 .005 
0 

PI = .95051 
0 P2 = .87336 

Flask pyknometer (no vapour corr. necessaPj) 

.48566 .21291 .911087 15 -.023 

.54474 .25527 .915619 14 -.024 
0 Pl = .950429 0 P2 = .873641 

Density units-g/ml 

Excess volume units - mi r.l01e-1 



TABLE 3.3.2 

Densities of Hixtures OMCTS(l) - Carbon tetrachloride(2) 

¢l1 xl P tJ. x 105 

'" meas 
(no vapour corr.) 

Ostwald - Sprengel py~.nometer 

.04194 .01343 1.55834 38 -.024 

.07252 .02374 1.53922 65 -.043 

.14488 .05006 1.49372 103 -.075 

.23419 .08686 1.43749 144 -.116 

.32417 .12983 1.38087 188 -.170 

.41278 .17943 1.32481 201 -.206 

.42077 .18431 1.31973 200 -.207 

.48787 .22859 1.27712 194 -.222 

.51999 .25204 1.25672 191 -.230 

.54269 .26962 1.24238 197 -.245 

.61462 .33159 1.19656 175 -.247 

.74652 .47811 1.11251 135 -.243 

.79790 .55119 1.07962 104 -.208 

.81059 .57104 1.07151 98 -.201 

.86711 .66994 1.03538 69 -.161 
0 

Pl = .95042 
0 

"2 = 1.58456 

Flask pyknometer 

.41227 

(no vapour corr. required) 

.17912 1.325202 212 -.217 
o 

P1 = .950429 o P2 = 1.584485 

Density units-g/m1 

Excess volume units - mlmole- l 

tJ. x 105 vE 

(vapour corr. included) 

39 -.025 
67 -.044 

107 -.078 
150 -.121 
197 -.178 
211 -.217 
210 -.217 
206 -.235 
203 -.244 
208 -.260 
188 -.264 
147 -.264 
115 -.230 
108 -.222 

78 -.181 

CD 
0 . 
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TABLE 3.3.3 

Excess Volumes at 60a C - Flask Pyknometer 

~1 
0 0 x 10

5 
xl PI P2 P ~ 

Ot1CTS( 1) - benzene(2) 

.48540 .21291 .91016 .835761 .872109 23.3 -.0383 

.54448 .25527 .910162 .835761 .876504 23.3 -.04°6 

OMCTS(l) carbon tetrach1oride(2) 

.41194 .17912 .910162 1.515303 1.26812 210.2 -.234
9 

. -1 density·units·- glro1 -excess vo1Ur:!e un~ ts ... mlmo1e 

O~'1CTS - Variation of Density with Temperature 

Temp (ac) Density (g/m1) 

25 .950429 

35 .938984 

45 .927491 

55 .915940 

60 .910162 



o 

-I 
(ml molt) 

-'2 

-·3 

o 

Fi 9. 3.3.1 

Excess Volumes 

OMCTS(I) - CsHs(2) • 2~· II 60.C 

OMCTS(I) - CCI 4 (2) 0 2~· A 60.C 

I· 0 



82. 

3.4 VISCOSITY RESULTS 

Viscosity results at 18°, 25°, 35° and 45°C for the two mixtu~s 

studied are given in Tables 3.4.1 and 3.4.2. The deviation 6n given 

by, 

t.n = n - n calc exp 

where 

= 

are included in the tables. The variation of t.n with concentration 

for the two systems are shown in Fig. 3.4.1 and 3.4.2. Viscosities 

at specific mole fractions were calculated from equation 3.4.1 and the 

interpolated values of t.n. The viscosity of OHCTS at 25°C (2.191 cl') 

agreed with the value quoted by Hurd 95 (2.192 cp). This latter value 

has been corrected for the more recent viscosity value for water at 

25°C. In Table 3.4.3 viscosities of benzene at 18°, 25°, 35° and 

45°C are compared with the values quoted in Table 5C of Selected 

Values of Properties of Hydrocarbons and Related Compounds
96

• Except 

at 18°C, the two sets of data agree to better than 0.25%. In the 

following tables viscosities and viscosity deviations are recorded in 

centipoise. 
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TABLE 3.4.1 

Viscosities OMeTS (1) - Benzene (2) 

Temp xl n lln Temp xl n lin 

18°e .0881 .7346 .0986 350 e .0886 .5768 .060 3 

.3511 1. 0591 .261 .3517 .818 .156 

.5997 1.493 .287 .6020 1.127 .168 

.7738 1. 885 .217 .7741 1.390 .126 

.8529 2.091 .157 .8544 1.527 .092 

.9369 2.328 .075 .9373 1.682 .043 

250 e .0341 .6224 .0541 450 e .0888 .5068 .046
9 

.0699 .6486 .0648 .3526 .7140 .1176 

.1407 .7099 .116 .6036 .9714 .124
8 

.2235 .7944 .163 .7763 1.186 .092 

.2938 .8750 .195 .8562 1.298 .065 

.3751 .9814 .217 .9134 1.393 .030 

.4689 1.1128 .234 

.6211 1.3629 .227 

.6777 1.4664 .213 

.7510 1.608 .187 

.8434 1.804 .138 Viscosity units - centipoise 

.8753 1.880 .113 

.9028 1.939 .097 

.9291 2.010 .068 
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TABLE 3.4.2 

Viscosi ties OMCTS (1) - Carbon tetrachloride (2) 

Temp xl n 6n Temp xl 11 611 

18°C .1780 1.256 .016 35°C .1756 .964 -.002 

.3227 1.448 .044 .3239 1.101 .012 

.5718 1. 798 .071 .5732 1.339 .030 

.7258 2.036 .068 .7290 1.493 .035 

.8618 2.268 .042 .8636 1.646 .020 

.9815 2.488 .004 .9817 1. 786 .001 

25°C .1089 1. 0437 -.003 45°C .1779 .844 -.002 

.1965 1.1404 .012 .3249 .956 -.001 

.2890 1.245 .026 .5816 1.148 .020 

.4288 1.407 .042 .7307 1.270 .021 

.5841 1.595 .053 .8652 1.388 .015 

.6590 1.694 .050 .9821 1.498 .001 

.8443 1. 950 .03l Viscosity units -

.9264 2.073 .013 
centipoise 

.9773 2.147 .004 



·30 

·20 

6tt 
(c p ) 

·10 

o 
o 

Fi o. 3.4.1 

Viscosity D!viation 

OM C TS (I) - C H (2) 
£, 6 



~ ~ 

(cp ) 

'10 

'05 

o 

o 

Fig3.4.2 

Viscosity Deviation 

'5 1·0 



85. 

TABLE 3.4.3 

Viscosity of Benzene 

Temp (oC) 112 (exp.) 112 (A. P • I • ) 

18 .6703 .6674 

25 .6024 .6010 

35 .5235 .5236 

45 .4603 .4615 

Viscosity of OMCTS and Carbon tetrachloride 

Temp (OC) n OMCTS n CC14 

18 2.520 1.001 

25 2.190 .9011 

35 1.806 .7817 

45 1. 514 •6866 

Viscosity units - centipoise 
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3.5 DIFFUSION RESULTS 

1'lutual diffusion coefficients obtained with the Gouy diffusiometer 

are given in Tables 3.5.1 and 3.5.2. Results are shown graphically 

in Figs. 3.5.1 and 3.5.2. Diaphragm cell results are given in Table 

3.5.3 while diffusion coefficients extrapolated to xl = 0 and xl = 1 

at the various temperatures for the two systems studies are tabulated 

in Table 3.5.4. The mutual diffusion coefficients determined with 

the diaphragm cell are, on the average, 1.5% higher than the Gouy 

results. Discrepancies between optical and diaphragm cell results 

, h l' 97 have been noted 1n t e 1terature • Diffusion coefficients determined 

by the Gouy method are considered accurate to 0.2%. The units of 

the diffusion coefficients listed in the following tables are 

2 -1 -5 (cm sec x 10 ). 



TABLE 3.5.1 

l1utua1 Diffusion Coefficients Or·1CTS (1) - Benzene (2) 

Temp xl D12 Temp xl D12 Temp xl D12 

18°C .0031 1.005 25°C .4767 1.176 45°C .0031 1.576 
.0237 .961 .5494 1.177 .0237 1.538 
.0795 .908 .6006 1.181 .0795 1.483 
.1388 .905 .6578 1.182 .1383 1.484 
.2304 .931 .7814 1.169 .2304 1.537 
.3227 .968 .8672 1.146 .3227 1.601 
.5029 1.022 .9098 1.129 .5029 1.693 
.6432 1.030 .9630 1.111 .6432 1. 715 co 

-.J 

.7539 1.015 .9714 1.104 • 7539 1.711 
. 

.9571 .959 .9571 1.645 

25°C .0031 1.145 35°C .0031 1.350 2 -1 -5 
.0033 1.147 .0237 1.308 D12 units - em sec xl0 
.0237 1.101 .0795 1.249 
.0460 1.080 .1388 1.248 
.0795 1.042 .2304 1.288 
.1085 1.033 .:3227 1.343 
.1388 1.036 .5029 1.419 
.1706 1.046 .6432 1.439 
.2304 1.066 .7539 1.429 
.2617 1.087 .9571 1.358 
.3227 1.126 
.3489 1.134 



T.\BLE 3.5;2 

Mutual Diffusion Coefficients OHCTS (1) - Cal~bon tetrachloride (2) 

Temp xl D12 Temp xl D12 Tcnp xl D12 

18°C .0048 .6420 25°C .4627 .8578 45°C .0048 1.017 
.1211 .6715 .4733 .8591 .1211 1.085 
.2349 .7084 .5407 .8603 .2349 1.151 
.3617 .7394 .5882 .8627 .3617 1.210 
.4882 .7491 .6703 .8565 .4882 1.245 
.7000 .7456 .7375 .8495 .7000 1.259 CD 

.8159 .7310 .7939 .8435 .8159 1.259 en . 

.9536 .7068 .8763 .8348 • 9536 1.231 
.9487 .8204 

D . 2 -1 X 10-5 
25°C .0038 .7228 35°C .0048 .867 12 un~ts - em sec 

.0208 .7288 .1211 .920 

.0375 .7333 .2349 .974 

.0493 .7366 .3617 1.019 

.0667 .7430 .4882 1.044 

.1188 .7604 .7000 1.049 

.1338 .7695 .SlS9 1.038 
.1627 .7795 .9536 1.012 
.1952 .7915 
.2244 .8070 
.2592 .8170 
.2987 .8298 
.~455 .8380 
.3866 .8502 
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TABLE 3.5.3 

Diffusion Coefficients Diaphragm Cell _ 250C 

Cell - -c1 xl D (diaph.) D (Gouy) 

Diphenyl (1) - Benzene (2) [D12 units 2 -1 x 10-5] - cm sec 

GBI .612 1.437 1.425 
UBI .346 1.469 1.482 

(from ref. 23) 

OMCTS (1) - Carbon tetrachloride (2) 

Gal .170 .0155 .739 .728 

AOI .175 .0150 .741 .729 

XOIO .271 .0250 .747 .731 

UOIO .524 .0530 .748 .740 

UOll .684 .0718 .757 .746 

- concentration . -1 c - aver·age 1n mole R. 

TABLE 3.5.4 

Extrapolated Diffusion Coefficients 

Temp (OC) D (xl = 0) D (x
2 

:: 1) 

aBeTS (1) - Benzene (2) [D12 units -
2 -1 10-5] cm sec x 

18 1.011 .942 
25 1.152 1.085 
35 1.352 1.341 
45 1.579 1.632 

OHCTS ( 1) - Carbon tetrachloride (2) 

18 .641 .693 
25 .722 .810 
35 .865 1.003 
45 1.015 1.230 
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3.6 ACTIVITY COEFfICIENTS 

The constants used in calculating activity coefficients of the 

volutile species are given in Tables 3.6.1 and 3.6.2. Virial 

coefficients for benzene were taken from Spurling's thesis 98 • For 

carbon tetrachloride the recorded virial coefficients were mutually 

. . t t 99,100,101,102,103 
~nconSlS en , the errors in measurements being 

attributed to its reaction with mercury. The virial coefficients used 

were calculated from the equation given by Francis and I1cGlashan: 

(3.6.1) 

The not8d inaccuracies in the vi rial coefficients limit the accuracy 

of the activity coefficients derived from the experimental measurements. 

EXperimental results are given in Appendix I. Values of In f2 

were calculated along the lines previously suggested. In the final 

calculation, allowance was made for the activity of OBCTS and 

imperfections in the vapour phase. Activity coefficients, tabulated 

as In f 2 , are listed in Tables 3.6.3 and 3.6.4. 

Errors in experimental variables give rise to errors in the 

activity coefficients calculated from equation (2.7.1). 

Errors will be considered as follows: 

(1) Term(l) of equation (2.7.1) 

The limitations of cathetom~try were estimated at ± 0.01 mm.Hg 

while errors arising from temperature differences of O.002°C between 
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successive measurements g3ve rise to a variable error in the pressure, 

having a maximum of ± 0.04 mm Hg ~t high temperatures and pressure3. 

Wdghir.gs accurute to ± 0.1 mg introduced a variable error in the total 

concentration (vClpour plus liquid) ra!1r;ing from 0.039" to 0.003%. A further 

errOl' occurs when calculating the mass in the vapour phase because of 

uncertainties in the volume occupied by the vapour phase and uncertain-

ties in the virial coefficient For the carbon tetrachloride-OHCTS 

mixtures this latter error would probably be more significant because 

of the greater uncertainties in the vi rial coefficient. 

(2) Term (2) of equation (2.7.1) 

The only significant errors in this term arise from uncertainties 

in the virial coefficients. 

The overall Clccuracy in In f2 varied fro~ approximately 0.00008 ~t 

60°C and low OHCTS concentrations to 0.003 at 25°C and high concentra-

tions of 011CTS. 

By combining the equation su~gested by Scott for the excess free 

104 energy 

G
E x

l
x2 n n 

= -kU - 2xl ) I '\ (l - 2Xl ) 
1 n=O 

... 
Hhere k is a skewing factor, and 

= ... (3.6.4) 

a series equation vlaS obtained for In f2 which takes the form 
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= 

••• (3.6.5) 

A corr.putep programme was used to fit the activity coefficients to 

equdtion (3.6.5) - see Appendix III. Coefficients Ai, A2, A3, ... and 

the skewing factor, k, were determined after introducing a weighting 

function proportional to x
2 

as the accuracy in the activity coefficients 

were consider0d to be approximately proportional to x2• The first 

three coefficients and the value of k vlhich gave the best fit are listed 

in Table 3.6.5. It should be noted that for the system OHCTS - carbon 

tetrachloride t anGTor in the viri21 coefficient Hill give a constant 

error in the activity coefficien~at anyone temperature. 
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TABLE 3.6.1 

Constants for the Calculation of Activity Coefficients 

OMCTS (1) - Benzene (2) 

M. \-1. Ol1CTS = 296.64 

1'1. tV. C6
H6 = 78.114 

Volume to reference = 118.40 mI. 

Temp 0 0 0 0 p, P2 PI P2 B22 
(OC) ..L 

25 1.00 95.20 .9504 .8737 -1455 
35 2.02 148.37 .9389 .8631 -1330 
45 3.89 223.64 .9275 .8521 -1232 
55 7.14 327.22 .9159 .8411 -1145 
60 9.52 391.70 .9102 .8357 -1105 

TABLE 3.6.2 

0/1CTS (I)-Carbon tetrachloride(2) 

M.Il. OMCTS = 296.64 

H.H. CC14 = 153.839 

Volume to roaference = 118.40 mI. 

Temp 0 0 0 0 
B22 PI P2 PI P2 

(OC) 

25 1.00 114.23 .9504 1.5845 -1675 
35 2.02 174.80 .9389 1. 5650 -1531 
45 3.89 259.17 .9275 1. 5455 -1401 
55 7.14 373.58 .9159 1.5259 -1282 
60 9.52 444.21 .9102 1.5162 -1227 

pressure in mm Hg, viria1 coeff. Bn in ml mole -1 

Density in g/rn! 
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TABLE 3.5.3 

Activity Coefficients OMCTS (1) - C6H5 (2) 

TeMp x In f2 Temp xl In f2 
(OC) 1 (OC) 

25 .14420 .02432 25 .52522 .09611 
35 .14450 .02242 35 .62578 .08041 
45 .14495 .01911 45 .62651 .06094 
55 .14541 .01655 - - -
60 .14576 .01539 - - -
25 .21140 .03995 25 .73062 .09886 
35 .21183 .03401 35 .73227 .07674 
45 .21235 .02972 45 .73448 .05769 
55 .21319 .02571 55 .73732 .03773 
60 .21365 .02364 60 .73916 .02966 

25 .36362 .07159 25 .77061 .09580 
35 .36517 .06194 35 .77183 .07327 
45 .36739 .05353 45 .77346 .05290 
55 .37019 .04358 55 .77557 .03456 
60 .37149 .03999 60 .77683 .02560 

25 .45132 .08320 25 .82744 .09362 
35 .45276 .06927 3S .82814 .07096 
45 .45450 .05796 45 .82905 .04898 
S5 .45714 .04678 55 .83022 .02906 
60 .45859 .04145 60 .83092 .01930 

25 .60166 .09461 25 .97839 .09014 
35 .60347 .07811 35 .87871 .06576 
45 .60590 .06044 45 .87917 .05013 
55 .60915 .04526 55 .87972 .02518 
60 .61094 .03836 60 .88005 .01556 
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TABLE 3.6.4 

Activity Coefficients mlCTS (1) - CC1
4 

(2) 

Temp xl In f2 Temp Xl In f2 
(OC) (OC) 

25 .08603 -.00072 25 .73162 -.1170 
35 .08759 -.00091 35 .73478 -.1173 
45 .08949 -.00135 45 .73886 -.1206 
55 .09228 -.00170 55 .74394 -.1272 
60 .09404 -.00169 60 .74683 -.1309 

25 .22664 -.01075 25 .79983 -.1358 
35 .22930 -.01157 35 .80075 -.1373 
45 .23265 -.01291 45 .80196 -.1409 
55 .23735 -.01442 55 .80339 -.1437 
60 .24031 -.01506 60 .80426 -.1459 

25 .48426 -.05318 25 .85905 -.1509 
35 .48484 -.05607 35 .85953 -.1506 
45 .48559 -.05841 45 .86011 -.1539 
55 .48651 -.06061 55 .86084 -.1581 
60 .48707 -.06190 60 .86122 -.1606 

25 .59959 -.08276 25 .38174 -.03466 
35 .60283 -.08552 35 .38219 -.03544 
45 .60724 -.08772 45 .38274 -.03678 
55 .61272 -.09133 55 .38347 -.03851 
60 .61558 -.09409 60 .38385 -.03944 

25 .66796 -.09928 
35 .66906 -.10134 
45 .67052 -.10468 
55 .67242 -.10869 
60 .67359 - .11033 



FiC). 3.6.1 

In f2 OMCTS (I) - CCI
4

(2) 
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TABLE 3.6.5 

Constants for Scott's Equation 

OllCTS - C6
H6 

Temp A' AI A' k Av. dev. in 
1 2 3 (OC) In f2 

25 .18714 .073859 .013782 .5 .00020 

35 .14366 .082994 .001887 .5 .00054 

45 .11419 .095241 .054809 .3 .00033 

55 .076725 .075469 .015067 .5 .00014 

60 .062057 .082133 .030608 .4 .00018 

O'1CTS - CCl - 4 

25 -.21517 .15493 .02273 .8 .00023 

35 -.21790 .13054 .02637 .7 .00012 

45 -.22130 .12947 .02694 .7 .00012 

55 -.22793 .13210 .02699 .7 .00009 

60 -.23177 .17895 .03528 .9 .00020 




