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SULTARY .

This thesis deals with an investigation of
the behavicur of W solutions gontaining either
che or two non-electrolytes using the teshnigues of
vapour pressire, 4iffusion, density and viseosity
measurenmmts. It 1s believed to be the first time that
same laboratory for a termary system centaining twe
non-electrolytes.

Isopiestic vapour pressure messurenents are
reported for the asystems water-urea and water-urea-
sucrese at 25%. Osmctic and activity coefficimis are
calculated for the water-urea gystem and the deviations
from ideality are diceumssed in terms of the asscciation
ef urea, Activity goefficients are caleulated for the
system water-urea-sicrose. The results are dlseussed
in terms of the assceiation of urea and the hydration
of sicrose. A theory, follewing the approach of
Robinscn and Stokes, is derived for obtaining the molal
activity eoefficients of the selutions in a temary
aystea by utilising mimm information firom boih
the bimary snd ternary eystems. | o

Issthersal ternary diffusion may be deseribed
by flow @atim eontaining four diffugion ceefficients.
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Reaults are presented in this thesis for the diffusion
mfﬂeimofmm“wm at cae
ternary point. mcm.whhmmﬁﬁ
thermodynamic data from isepiastic vapour pressire
seagurements to compute frictional soefficients, which
mmﬂmwmmaramom The
the ene ternary peimt. MMMumm
pinary systems water-urea snd Water-sucrese agres giite
astisfacterily with previcusly reported values in the
1iteratare.

mmewhmcmw
umnmmfwmqum“mw
mm,mmmme:mammw
in relation to hydration of both mcrose and mannitel.
mﬁmu this system are reported at four temary
points by isothermal diffusion. The gongentration
Gepenismocef the diffusion seefficients has been
measgured, fricticnal qurﬂoimtt are calculated and the
Onseger Reaiproesl Relatich hes bem tLested for the four
ternary points. WM&&W&MN
waurmimmrsu-mefmdwmgiuwm
with the values reported in the literature.

Density and relative viscosity measurements
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are reported for both the water-ures-microse and the
systen watar-thicures. Az attempt to measure solvent
astivities of aquecus thicurea sclations is reported.



 This thesis contsins me material
pmmmﬁsmm;mw

pmhwwv.aw
mwmmmu
nade in thetwit,
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CHAPTER L.
ANTRODUCTION,

One of the earliest recorded observations of
molecular imterscticns in solution has been attwibuted
to Brown, wheo Mmmtinparﬁﬂ.u@f
mioroseopie size. This motion, due to thermal agitation
of the particles, h%m:::mamim
movenmt. Eimsteln showed loter that diffusion ia 1iquids
was the direct coms nee of Erownisn movement of
particles. This diffusion differs frem isothermal free
aiffusion which is to be discussed in more detail in this
thesis, in that there is no preferred direction of
movenent,

In the last few decades, a variely of methods
has been used to study the interaction of melecules in
solntion, Fer exsaple, measursments of the eonductivity
of solutions and the EJLF.'s of electrochenical cells
have revealed valusble information on the behaviour of
electrolytes. However, the techniques of vapour presmire
measurenmts, density, viseosity and diffusion may bde
applied to the stady of both electbolytes and non-

_electrolytes. This thesis desls with an imvestigation
of the behaviour of agueous solutions containing either
ene or two nen-electrolytes using these techniques.

The progess of diffusien, from a masroscopie




2

point of view, as against the random movement from the
mieroscopie point of view, is brought about by some fome-
cppﬂdtoﬂumleﬁuiaaqm. In the case of
thml ansim, the motion is brought about by a
mmm gnéilnt ia t.h m; for isothermal
armmn, it oceurs lneﬁu of a chemical potential
gndimt. A éism of diffusion usually stabts with
mmumn«lwmmmms
anmhiam, and with the experinsntal work
dwm, wbmm:pouihhtwmung
solutes by Wh Inwuﬁ_ng flows brought about Ly
gradients of chealcal potential are of wide intersst in
the study of biolegical aystems. Altheugh much work im
m;nmmwnmumuwam
complete understanding of the mubjeet, it has already
been established that transport processes through cell
mw-ﬁmmaemﬁuummmtuw
flow of potassium and sodium ions and if the fiew of
thess ions 1s restricted, the functieming of the cell is
ssverely impaired. Diffusion measarements are of
biological interest slso in gounesticn with the use of
the ultracentrifugs, since information from diffusion
wwwmmdﬁmum&hh
provide valnable Mmﬁm sbout molesular wedghts of
mtnimanaemnrm—mlmhng
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In a binary solution mwﬂngm solute
eomponent, the single diffusien esefficient provides
usefal informstion about the mebility of the asclate.
Rowsver, vhen two o moTe Solutes are presmt, we 2o
longer have a single diffusion coefficient, and the
flows depend en the congentration gradiemts of all
the sclute components pressat., Im ternary isothermal
aiffusion, for example, we meagure four diffusien
coefficients, two paln ¢iffusion eoefficients analogeus
to the siagle diffusion coeffieient of a bimary
sclution, and two sroge-ters eoefficiemis which Sescribe
the flows due to the interacticn betwemn solutas. It
1s thess latter diffusion ccefficients which are of
give valushle information as to the mature of the
intermolegular forees seting ia the solution.

piffusion in multi-ecmponent syctems has Decome
inereasingly important in recent years since many
systems being studied, pmwzywmm are
complex in mature and need a more rafined theeretical
trestaeat. Several years age Fajita and Gesting"*’
presented mathematical trestments of ternary diffusion
from experiments using the Gouy diffusiometer, and
more recently, Sundeldf, and also Sundelsf and SSdervi
nave presented ’’ gemeral discussions of diffusion in
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milti-component systems. In 1963, Albright presented’
nmmfwmmmmm#mwﬁfmm
mn@aqmmxmmmmm The
gravitatiomal stability of qut sy steas
mmmmna-mumm by Wendt,
who has also, mare recently, promtod egaations for
sgtimating phmloslcal coefficients and diffusion
mmanrmvmammw

slectrolytes. maﬁmmmmllaﬁw:r
mm: »dﬁdm une.t:toé ﬁt’n a ternary system
w.m»ummwm It is
Wnﬁutomtcmtmthelaﬂfuymw
and eo-workers have presented several dimaﬂmm’m
dgmormﬂwmumm
wuxumtmmmm Also, Lane md
nmmmm;&mmo:nm-
wmhcwafmuwnmn@id
qat-ll“uwmuamaﬁmmuﬁm
umwmmumm

| The theeretical treatant of milti-component

mmmmmumum«rm
more fundsmental forae, the gradieat of chemieal
petential. m‘?u:;ummum&-mm;
later chapter, it is possible to write a get of
phenomenological equations in which the fiows of solutes



S

in the system relative to the solvent are desoribed
in terms of gradlents of chexical petantials of the
solutes,’ 5'17mmsu’3'19mm&.
; amm,m*otmm
MM:M«L&M&W&,M
miaéj,mmd. m:mmwummm
Onsager Eeeiprecal Relatiem (OER).
Although the OFR is guite general, snd mey be

appiied to flows of electrieity or heat, as well as
' flows f matter, it was mot until the late 1950's that
the relaticn was first testedl?’ =* for termary
1mmm-mun@dwmmnmm
data previcusly published. A mere dafinitive test has
since been made™ for eme system, sleo using dete
jubliched previously. In resemt yesrs several ether
workers have studied termary isethermal diffusion in
mmmammww' an
damwammw as solate componenis

_ musﬁmdﬁcmﬁrmvﬁm
also imvolves the comgmiation of the gradients of chemical
petentials. It will be shewn in a later chapter that.
the setivity of the solvent in a termary system. The
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afm~pmmmuofm¢wuo£
& systemg ﬁmmummw
of the densities of solutiens used in diffusion
‘ ‘Mﬁmtmmwnnh&m

in terms of & set of frictiamal eeefficienta. The
sdventage of this approach is that the fricticmsl
cosfficients are independent of the frame of referencs,
m.wwummuamm
Mﬁu. m.wmmamw
w’ﬂ mtm mﬂs _w ands nc& recently,
ty Danlop,™® the latter author having developed the
to be caloulated using experimentsl &iffasion
measurenents and eorresponding thermodynemic data.

In the last decads, ;uﬁm atffagien
| sessirensnts have Deen made in several three-component
ef either twe alectrolytes or an elegirelyte sad a
non-electrolyte as seluntes. The cnly aguecus xystems
ammwuhmbemmnﬁmm
water-raffinose-urea > and water-sucrose-glyeine "
sy stens. Beesiise there is no thermodynamic data yet
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available to Getermine ascurately the chemical
potential derivatives of these non-electrelyte
sixtures, it has not yet besn possible to make acourate
ealeulstions to test the ORR, although sn estimate of
the aystes water-raffimsse-ures using availsile data
from the bimary systems. It was foumd to be possible
to0 verify the OER for the water-raffinose-urea system
within the limits of the estimated erver.

The parpess of the werk reported in this
thodaiahmmtmumwdﬁs,tmm
with the negessary density and aetivity data so that
phenomenclogical eceefficients may be caleulated and the
ORR tested for the system water-urea-sucrose. Also,
diffasion and density measurements for the srstem

mmimmwmﬁmumm
mnuuﬁutyaummm
nmwm.rmomwnnmmter
this aystem, Frictional cosfficients have also bean
mmlaMforhovasm

New activity data foer the binary system
water-urea is reported in this thesis. A deseription
1s also given of an attempt to meamire selvent
agtivities in the aystem water-thigurea, from absolute
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‘vapour pressure measurements, in the hope that a
Careful dsnsity and relative viscosity measursments
have also besn reported for the water-thicurea aystam.
‘Relative vlnédtv neagurenents for both termary
systems have slso bean reported.

The thesis is pressnted so that all the non-
dirMmsion material is discussed first, and this is
followed by the diffusion work. Chapter 2 preseats the
astivity measuremsnis from isepiestic wapour pressire
stadles, whilst Chapter 3 describes the astivity
meagirenents attempted using sn abwlute vapour presare
spparatis. Chapter 4 presents the density and relative

" viscosity measurements. Chapter 5 reviews the

' the caleulation of frictiomal eccefficients, and tests.
for the ORR. The experinental results of this diffusion
work are presented fimally im Chapters € amd 7.
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The measurenent of vapour pressires and
chemical activities of mibstaness in solution is a tople
udmmthdrmmmaaﬁmu
diveraified in their approach, The Vapeur [resmre of
ammtisamﬂmhrlycmﬁmtmotiﬂ
uﬂﬂty,mmwmnuwum
ﬁ&amw&ﬁ@mhmmw
either static or Gynamic methods, Ome sush static methed
uznummnmmtmm.

Mﬁarwmn;ﬂmﬁma
mwmmwmmwmmmm,
it 1s not mecessary to repeat absolute measurements of
maeuvityofumtwow!amgm The
“iup&uﬁé umﬁl‘ as introduced by Meldg and
Sinelair® is a simple, convenient methed for comparing
themwmotmnmum,mﬁumma
yields acqurate resulis. The apmm mmg-cnt
consists of a gl.au desiceator esontaining a ailver-
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mm«mmhmwemtuth )
m&mummmmwmuaJ.
The desiseator 15 maintained in a thermostat and
nmcgoaﬁuummm. Yhen eqailibrium
msbmummmwa.mmnm
mmmmwwm rmmlrmct
the sclutions, inglnding a refersnsé solntien for which
'&omwmunmwuam
_dmw,mmmmmﬂmmwﬁm
uwnmuummmmmm Using
mmwmmmmmm.cuww
m&aaomuuamdmvm
mmmumummwmwm
mmuuw,amemxmamm The main
thuammpammwu,dm,m
nunrdatﬁuuMnthmm
wmnmumumoummﬂmu
method before it becomes applicable. Algo, it emmet be
used for solute concentrations below approximately
0.l molal. |
recent years have been quite diversified in the natare
and field of imterest. xamwmtmcfm-
slectrelytes, studies have beon made in agueocus
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solutlm of glyealwide,‘ urea, 546 nrhdtol,? mreu,a

umitols and several amno scids.”’® The results for
many electrolyte solutions have been tabulated,’ and
an exteasive range of data is now available. Cousiderable
interest has been shown recently in tetraslkyl ammonium
haiides, and activity data has Deen obtained from E.M.F.
measurements’’ and also isopiestic measurements. >’
The influence of the structure of electrolytes on
activity ceefficients has recently been discussed.’
Also, measurements of activity coefficients have been
B0 enmtham— and ethane-sulphonic acids smd their
qu;tcnm-y ammonium mu,m en several malphonates
and their derivativesi®*17 ani on seme po],ralpm:m.ls
It is :Lntmmngte note that in recent years the
mmmgemmmmmmmma
salt soluticns at slevated temperatures.l?

The isopiestic vapour pressure method has
been used in this work to measure solute activity
eoefficients 1n a ternsry system as well as a binary
systam, since this information forms part of the
experimental data Recessary to test current theories
of ternary diffusien. This technique has also been
used elsevhere to study several aguecus ternary aystems
eontnining m cleetmla't.eagm to others containing
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an clectrolyte snd a non-electrolyte,”> % and also
to study one system containing two non-aloct.rolytes.ss

In this work, isopiestic vapour presaire
meagurements are rcported for the systems urea-water
and urea-sicrose-water at 26°C. Osmotic and astivity
coefficients have been caleulated for the system
urea-water, and the deviations from ideality have been
discussed in terms of association of urea. In the
gystem urea-sicrose-water, it has been found that, up to
7 molal urea and 4.3 molal sicrose, each solute
component is "salted in" by the other. It ia interesting
to compare this with the results for the system sucrose-
menni tol-watery> where Robinson and Stokes reported that
each solute was "salted out” by the other, whereas in the
system urea-NaCl-water, Bower and Robinson > shewed that
at moderate solute eoncentirations a very small "salting
out" effect was observed, although at lower and higher
concentrations the effect was one of “salting im“. Al®o,
the deviations from ideality in the sucrose-msnaitiol-
water system were dizeusaedss in teras of hydration of
both solum, whereas in the systea urea-microse-water
the behavicur will be discussed in terms of hydration
of the sucrose and association of the urea. A theory
will be derived for obtaining the solvent activity in
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a temary system and hemce the melal sctivity
coefficieants of the solmtes by utilising the
experimental information frem both bimary and
ternary systems. The mthor ackmowledges with
gratitade the assistance of Dr. P. J. Dunlop in
the preparation of this theery sesticn,
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2.2 Theopy

Notation.

Tys Yo = molel activity coefficients of solutes 1 and 2
in a ternary solution containing eomponents 14
‘and 2 with molalities n, and B, respectively.

$q0 'r? = molal csmotic coefficient and sctivity coeff-
icient, respectively, of & binary solution
containing only solute 1 at molality LR

$,0 Y3 = molal osmotic coefficient and activity coeff-
icient, respectively, of & binary solution
containing only .solute 2 at mcanlity n,.

mR’¢R = molality and molal osmotic coefficlient, respect-
ively, of the reference solution,

a4 = activity of the solvent,

ﬂo = molecular weight of solvent.

We ascume that the activity coefficients of two
non-electrolytes in a ternary solution may be represent-
ed by the Taylor series

ny, = Z Z Ays ﬁ,‘ggi (Ao = ©) (2.1)
1=0 3=0

and
an

Iny, = Z Z B3 a,'a,’ (Byp =0)  (2.2)
1=0 3=0
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where thaaumasummt independent and ere
funstione of the derivatives of 1ln Yy 2rd 1n To »
respectively, atn1 9.2‘301- Our aim is to find a
method for evaluating the Aij ard the Bi: from isopliestie
vapour pressure mneasurements of ternary qrstm One
method has already been reported by Robinson and Stokes, >
but their derivation is somewhet different from that
given here. | |
We first expand equation 2.1 to include all terms

of fourth order |

In vy = Aygm 4 Bggmy ¢ Apgm® 4 A mim 4 Aoa"zz,

’Asoﬂf ¢ Apqmimy + Agum,? 4 %3‘2

+ Aoyt s AyimyPmy + Aym,n? o Ayzngm,’

+ Agymy" (2.3)
Fwtmwﬁratmitisfmmmachertemm
generally not re@ired to represent the experimental
data. The coefficients of those terms in equation 2.3
which eontain only powers of m, can be obtained from

isopiestic measurements for the two-somponent mm.m
Thus the coefficients in the expression

o 2 3. . 4
la v," = Aygmy + Ay om o Aggmy” + Ay om, (2.4)
may be derived from the osmotic coefficients, ¢1. With
the aid of equation 2.4, eégquation 2.3 decomes
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lny, =ny,° ¢ Agm, + Ay mm, + Agomy?
+ hozmy> + Apm Pmy ¢ Aymymy°
+ “31“1_3“2 + Apom,%m)? & Agaym)’
+ Anhmal‘ (2.5)

The relations detween the Aid and the Bi:}‘w be
obtained by differentiating eguation 2‘;5 with respect

to 12 and using the cross-differentistion relation

[dlnr,:\ - l:z-—aj[ (2.6)
on, Jm o |m |

to give, after integration,

o 2 .
Iny, = 1n 1y, +Agm, + (A, /2)8," + 245,mm,

+ (%1/3)313 + A12‘12‘2 % 3A05m1322
+ (Agy/Wmy + (200/3)m %, + (34,,/2)n,%n,”

+ Moun‘,mzz’ | (2.7)

Explicit relations between the Ai , and the 31 3 BRy beo
obtained by equating the corresponding coefficients in
equation 2,2 when it is expended to include terms of
foarth order.

For use later in the derivation, we next write
the Gibbs-Dahem relation for ternary systems in the
fora

(1000/%,) din a, + nfdln(n,,"f.‘) + nzﬂ.R(lafe) =0
(2.8)
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and recall that for a non—-electrolyte in a binary
solution with & volatile sclvent the osmotie coefficient
is defined by

¢, = =(1000/s,m, )ina, (1 = 1,2) (2.9)
Then utilising the Gibbs-Duhem relation for two-
componsent systems and equation 2.9 we obtain

o 4,
a(m, ;) = m, ain(m,v,") = -(1000/¥5)dlna (2.10)
(L = 1,2)

Row ternary isopiestic measurements are usually
performed by equilibrating a binary solution of a
reference solute, R, with variocus solutions of a given
ternary system. For the reference solution in equi-

1ibrium with & given ternary sclution we may write (see
equation 2.40)

a(vpm ¢o) = ~(1000/¥,)d1na, (2.11)
and, as we shall see later, it is convenient to define

A = [(~1000/H;) loa, - m,¢, - B ,] (2.12a)
or A = (v g, - B,é, -~ m8,) (2.12v)

vhere v is the number of species given in solution by
one molecule of the reference solut@.

As 8 first step in relating 4 to the Aij of
equations 2.5 and 2.7 we combine the differentials of
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these two relations with equations 2.8, 2.10 and 2.1
and use the relation
a(a) = alvpmoé, - mp, - my9,) (2.13)
to give
a(a) = a[mem,(a,, + A, m, + 245.m, + 3%3“22
Cagmg? s Ayad ¢ baga,)]
+ 3 almgmy(a  mmy) ]
+ 4 almgm, (a,,m, %)) ) + 20[mymy (a0 m,%) ]
Integration of this expression then yields
[a/(mqmp) ] = Mgy + Agumy + 2450,
+ Ryymy® + (3/2)Amm, + 34,5 °
+ A31"‘13 + (W/3)Rppm 2, + "2“‘13"‘1““32
+ %hmgj (2.14)

If we now compare this relation with the series
expsnsion for (alnr1/bn2)m which may be derived from
1

equation 2.5 we obtaln

L], L&)

y B2
o |
5, *d agmymy ¢ § appm ey
+ A13n1m§ (2.15)

and for the special case that Aﬂz = 522 = A13 =0
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equation 2.15 is identical with the reletion derived
previcusaly by Robinson and Btoke.s”

[ olay _] [ ] “1"‘2 (2.16)

How an inspection of equations 2.12 and 2,14
will show that the [4/(a,m,)] values can be measured
directly by the isopiestic method and the coefficients
Anmbermwm:emoda"hut squares. Thus
the concentration dependencies of Y4 and Yo for ternary
mtm (see equations 2.5 snd 2.7) can de obtained if
1., m-ra have also Deen measured as functions of
a, and By respectively.



2.3 ZIZxperimental,
A. Materisle,

Urea was obtained from British Drug Houses,
from doubly-distilled water. Sauples which had been
once and twice recrystallised were shown by the
fsoplestic method'® to de fdentical.

Sucrose was B.D.H. micro-smalytical grade
and was used without further purification.

Sedium chloride (refersmce solute) was from
the same sample as deseribed previously.’® This had
been reerystallised cnce from water, dried in a vacuum,
- and fused in a platimum erucible. Samples once, twice
and three times recrystalliised had been shewn to be
1scpiestically identical.

The soclutions were prepared gravimetrically,
and the weights corrected to vacuum " assuming the
density of the stainless steel weights to be
7.76 gm/ec.c. The damsity of alr at the time of weighing,
which 1s also required im order to gorrect the weights
to vacuum, was calculated by the method described in the
' of Chemistry and Fhysies." Doubly-distilled
demineralised water was used as solvent. The densities
of solid sodium chloride, urea and suercse for vasuum
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corrections were taken as 2.165, 1.335 and o
1.588 gm/e.¢., respectively, whilst the eorresponding
moleculer weights used were 58.443, 60,056, and
343.303, respectively,’®

B. Avoaratuss

The apparatus used was the same as that which
has been deseribed previcusiy® The dishes used for
eontaining the solutiens were made of silver, the dases
of which had bem ground and polished to a high degree
of fiatness. About 5 mls. of the solution whoas solvent
activity we wished to detarmine werse added by means of
a pipette to each of 3 or 4 of the gylindrical allver
dishes. Each dish was approximately 3.5 em. in diesmeter
and 2 en. in height, and each had a 114 which had been
Mnuhntpﬂwm.‘Ammuwdﬂ
the reference solution was placed in another set of
silver dishes. The dishes, with lids removed, were
placed o8 & flat, silver-plated copper block centained
in a vacuum desiccator and evacuated to s pressure of
approximately 25 mm, of mercury, using s Metrevac
vaguus pump. The evacuatien process was gensrally
‘garried it im stages for as long as 24 hours for newly
prepared solutions to avold splatiering, although
ahortcr periods were used for sclutions that were being
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evamiated for the second or third time, The solutions
were then allowed te ecuilibrate under vasuum for five
or six days in a large thermestat bath at 25%,
eontrolled to approximately c:».oc:a.“,;39 befors being
reweighed, Each dish contaimed three stainless steel
ball bearings to assist equilibration while the
desiccator was being rocked in the thermestat bath.
The actual temperature shown by the thermometer was
adjusted fyom day to day seaording to the baremetiic
presmre, as it was found from meamirements in 2
presqure choaber that the thermsuster reading incressed
0.003% for every eentrimetre increase in atasspheric
Mmﬁmmwwm, wers
equilibrated with the same reference soluticn. Samples
of each solution were present in triplicate dishes, and
the sodiam eh:l.or:lﬂn reference sclute was present either
in triplicate or quadruplicate. A set of dighes
emtﬁginzmmhmipﬂmstms. Tiase, a
total of 21 or 22 dighes were Usually equilibrated
together at the one time. The conceniratiems of unimewn
and reference solutioms were prepared initially se as to
be falrly closs to the anticipated equilibrium walue.



For ternary solutions containing a total

~ solute congentration of approximately 1 molal or 1ess,
some difficulty was experienced in attaiming equilibrium,
due to bacterial astivity. To overcome this problem,
mmmumMMammm.mnm
the apperatus, snd the water used as solvent for the
solutions was distilled ance more.

The solutions were accepted as belng st
equilibriua 1f the molalities of a particular set
differed by not more than C.l%, ut as an additional
precauticn, the desloeater containing the solutioms
was re-evacusted and the solutions were allewed to
equilibrate for a further 3 days and wers then reweighed.
In some cases, the salutlions were congentrated further
by pumping under vacuum for apmlchgpd»rpuiec of time.
They were then allowed %o re-equilibrate for six days,
after which the solutions were re-waighed. A further
check weighing was made after another three days'
equilibration,




2.,-'- Results.
A. Ihe system Urea-water.

Isopiestic data for the system urea-water have
been previously reported by Scatchard, Hamer and Wbod.5
It was decided, however, to make a completely new set of
measurements concurrently with the work on the three-
component system. All experiments were performed elther
in triplicate or quadruplicate, and the technique of
prolonged pumping to concentrate the solutions as
deseribed above was found particularly useful at the
higher urea concentrations. The molality of a saturated
urea solution was found to be 20.027, which may be
compared with a value of 20.007 obtained by Scatchard
et g}.s Table 2.1 gives the molalities of urea solutions
in isopiestic equilibrium with sodium chloride solutions.
In this work, 0, 1 and 2 are used to designate water,
urea and sucrose, respectively.

The osmotic coefficients of urea solutions
up to 7 molal (the region covered by the three-component
work) can be represented by the equationuo

$, = 1 - 0.043702m, + 0.0063L8m, >
- 0.000695m,> + 0.000034m,* (n,<7) (2.17)

with an average deviation of * 0.047%. The osmotic

coefficients over the complete concentration range are
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ISOPIESTIC SOLUTIONS OF UREA AND SODIUM CHLORIDE AT 25

mi
02054
0.2101
0.4071
0e&t137
06100
0e6192
0.8094
0.8365
1.0280
1.0372
1.4238
le4374
149905
20015
244309
244509
24848
245035
29434
249922
38354
348590
469354
469638
53814
54766
58135
58638
60428
60930C
63562
beltt21
68203
68760
701813
Te2449
Te9257
8.0696
©.8320
99048

12.0781
12.1676
14.0050
14,1703
15.6122
16,0436
1841145
18.2441
19.8828
20.0270

TABLE 2.1

0.9309
0.9895
0.9835
0.9838
0.9765
0.9763
0.9682
0.9658
0.9613
09607
0aS493
09486
0s9333
0.9345
0.9228
0e%9220
0.9206
0.9202
Ce9105
05099
0.8937
0e8931
08757
0e8757
0.8691
068676
0.8634
0.8627
0.85601
08596
0.8557
0.8555
0.8505
0.8502
0.8469
0.8460
0eB8387
0.8374
08236
0«e8235
0.8093
0.8088
00,7991
0.,7981
0.,7905
0.7886
0.7819
0.7802
07753
07750

mp
01093
Celll7
0e2168
0e2204
043234
03282
0e4258
0.4397
0.5361
065405
07294
De 7357
049932
069997
1.1901
11984
1.2125
142207
1.4081
le4290
1le7660
le7748
241754
21865
243322
263648
2.4805
244973
245564
245737
246725
26883
2.8086
2.8272
249233
2:9426
31496
341930
3.7008
3.7223
442955
443181
4o T6T8
44,8061
541340
52299
566852
57288
60482
660783

o
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best represented by the extended equation
$, = 1 - 0.04338Lm, + 0.006122n,% - 0,000703a,>
+ 0.000052a," - 0.0000020m,° (m,<20)  (2.18)

with an.aversge deviation of * 0.054% .
The eorresponding asctivity coefficients of
ures [ay dbe abtuinaﬁw from the relation

2
1a o Z .(.1_:...11 E b
Yy e i 1 (2.19)

1

where the E1 are the coefficients of the a1‘ terms in

equation 2,18, and hence
1 v,° = - 0,086768m, + 0.009183n,2 - 0.000957a,>
+ 0.000065m,% - 0.0000024m,° (2.20)

since this work was commenced, Bower and
Rokinsona have published a limited smcunt of data for
the urea-water system. Their results are sudbstantially
in agreenment with this work, particularly at lowsr
concentrations, although at higher concentratiors their
osmotic coefficients for some points show a scatter of
as much as % 0.6% from the data presented here, For
example, at =, = 10.427, Bower and Robinson's experimental
data gave ¢, = 0.8141, whereas from this work, a value
of ¢, = 0.8183 was obtained. Likewise, at m, = 18.041,
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Bower and Robinson cbtained ¢, = 0.7&(.7 whereas
$4 ===_0.7"?'93 from this work.

Accurate 1nopiest1e data for the sucrose~water
eysten have been published recently by Robinson and
Stokes, > and their equation 2.5 for the relationship of
osmotic coefficient to molelity was used throughout thie

work, G
$o = 1+ 0.0702&;2 + 0.0181&71122

- 0.004045m,> + 0.000228m,"  (m,<5.8) (2.21)

The equilibrium molalities of ures and sucrose
mixtures and the refereance sodium chloride solution are
given in Table 2.2 . Also given in this table are valuea
of the experimental quantity [4/(m,m;) ], which 1s derived
from equation 2,12 . Values of ¢, were interpolated
from data alveady published,'® whilst ¢, and ¢, were
obtained from equations 2.18 and 2,20, respectively.
Column 4 of Tsble 2.2 gives the values of [4/(m,m,))]
ealculated from the least square equation 2.24 . The
last column gives the percentage error in the molality
of the reference sclution which would account for the
difference between the experimental and ecomputed values

of L&/ (m,m;)] . This percentage error is defined’’ vy
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TABLE 2.2
UREA-SUCROSE-WATER.
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[, =~ Bo(expt,)]

Diff., % = 100
% nR(expt.)

(2.22)

where

Bp(cale.) = [(my$y + my + 80, ) / (vdp)] (2.23)

Acale. can be derived from column k. ’R is assumed to
remain constant for small changes in By and when sodium
chloride solutions are used as reference solute, Vo = 2.

Now, in order to evaluate the cross-differential
(equation 2.15), it is necessary to fit the values of
[A/(n1nz) ]s @erived experimentally from equation 2.12, to
a power series in n, and B, with the fore of eguation 2.14.
Four different polynomiale were tried, involving terms up
to elther squares or cubes in m, and n,, both with and
without crose-terms present.?' The series that best
represented the dats was

S = - 0.12597 + 0.01500km, + 0.018236m,
ByRa
| 2 2
~ 0.000710m,“ ~ 0.000500m,m, - 0.001848x,
(!I1<7.0, 32‘2&03) (20211)

with an average deviation of ¢ 0.0015. Surprisingly,
the cubic series with cross-terms gave the greatest
average deviation, while the two series without cross-—
terms had average deviations between these two. The

other three series, and their sverage deviations, are



as follows:

S = - 0.13u6; + 0,025808m, + 0.021479m,
T m _ o ‘ ‘
1%2 ‘
| - 0.004691m,% + 0.000682m,m, - 0.001052m,°

+ 0.000436m,> - 0,000695m,%m,
+ 0,00015&1;52 - oiowha%B (2.24a)

Average deviation = * 0,0035

L _ = -o.12uh4, + 0.014061m, + 0.016749m,
b |
- 0.000622m,% - 0.001615m,2 (2.24b)

Average deviation = ¢ 0.0016

2 =-0.1253, + 0.016341m, + 0.016357m,
o 2 2
- 0.001536!1' - 0.001!;51;:2

+ 0.000093a, - 0.000025n,, (2.2h)
Average deviation = * 0.0016

An equetion involving the first powers only in n, and
m, k2 was also found to represent the date quite well.
Computer programme listings may de found in the
appendix for the calemlation of A/nfnz from eqation
2,12, for the ealculation of percentage differences
from equations 2,22 and 2.23, and for the lesst-squared

equations of A/n1n2 versus @, and m, (equations 2.24
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and 2.24a). The veriations of A/m;m, with m, snd m,
are illustrated by the three-dimensional diagram,
Pigure 2.1 .

Activity coefficients for the ternary system
may be determined from a knowledge of the values of the
coefficients of equation 2.24 . Thus from equations 2.5,
2.14 and 2.24, we obtain '

Ilny, = Inv,°- 0.12597m, + 0.015004m,m,,
+ 0.009118m,2 - 0.000616m,°
- 0.000710m,%m, - 0.000333a,m,2  (2.25)
- 1 B . 3!132 3
and from equations 2.7, 2,14 and 2,24,
Iny, = 1nv,° - 0.12597m, + 0.007502m,2

+ 0.018236m,m, - 0.0018&;8m1n22

- 0.000237m,° - 0.000333..,2-2 (2.26)
2.5 W‘
A. The System Ures-water.

The deviations from ideality of the water
activity of urea solutions have been discussed previocusly
by Schellman™®> . The negative heat of dilution of the
polar urea molecule was attributed to intermolecular
hydrogen bonding between CO and NH groups. Using the
sctivity data of Scatchard gt gl.’ snd the heat of



with m
and m 2for the system water-urea-sucrose,

Figure 2,1. Variation of the term A/m,lm

2 1
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dilution of Gucker and Pickard“t, Schellman cbtained
the enthelpy of formation of an amide hydrogen bond in
mm,b’z’ and later extended the work to discues the
stability of hydrogen bonding in peptides,!

Kresheek and Seheraga,l"s in an extension of
Sehellmar’s work, have discussed the temperature depend-
ence of the enthalpy of formation of the amide hydrogea
bond, and have pointed cut that it mey de possidble to
acoount for the non-ideal beheviour of aquecus urea
solutions by mechenisms other than dimerisation,
trimerisation, etc. Nevertheless, T'so, Melvin and
Enm,"ﬂ in & binary study of aqueous purine and
micleoside solutions, consider that it is reascnsble
to assume that the large lowering of osaotic and
sctivity coefficients in those systems may be ascribed
to association.

If it is assumed that urea forms a series of
dimers, trimers, etc. in water, we may write

U+U- 112

Uy

csonsveesase

+ U~ 33 (2.27)
80 that Ry, lué,... ete. are equilibriun concentrations
of monomer, dimer, cte. If we further assume, as our

dats suggest, that at low aommtmtim dimerisation
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ia the importaat step, them the equilibrium constant,
KX, may bde written

.52
Ex o=
(mg)?
Hemee the total molality, (m )y » of ures (monomer smd
dimer) in s solution at eguilibrium is

(my)y =y + mg,
= my + Kiny)? - (2.29)

A value for (m,), mey be obtained from the known
stoichiometric molality, m,, of the solution, since

(2.28)

AR 2K(IB)2 - (2.30)
and hemoe, using eguations 2.29 end 2.30,
-1+ /1 |
(m)gn oottt (2.31)
8x

Fow, if &imerisation is regarded as the cause for
departure Trom ideslity of sgquecus urea solutions, then
xmding water activities are given bWy

8 = [1+ 0,001y (m,) ] (2.32)
and hence sguation 2.9 becomes

$; = [1000/(dgm,)] 1n [1 + 0.001My(m,),] (2;33)



m-:w;,mmmmrwunmmmx
over a renge of m, values, using squstions 2.31 and
2.33 . A listing of the oomputer programme used may
de found in the sppemdix. It was found that, up to
spproximately 2 molsl, a valus of K = 0.032 gave
agromment with cxperimental results to 0.1% or detter.
At higher ures concmtrations, the valuesof ¢,
corresponding to K = 0,032 deviate from the experimental
values incressingly with increass of m,, which suggests
st the formation of trimer, ete., 18 beceming more
important. Nevertheless, the results show that st
sgueous urea soluticns san be sdequately described in
temms of 2 single eqmilidrium comstant of dimerisation,
and even at i molal the csleulated csmotie coefficiemt
aiffers from the chserved value by caly 0.7%. Our
value of X = 0,052 may be compared with K = 0,04t
chtained by Schellmn.'> The resscms for the
difference in these values sre provably twefold,
Pirstly, Schellusn used the ssctivity data of Soatchard
25 81.,” whoss points, ot low eomcentratioms, show
some scatter, snd secondly, Scheliman’'s calculations
are based on the sssumption that equilibrium conatants
for the formstiom of dimer, trimer, ete, are identical.



sctivity of sucrose-water solutions have beer discussed
previcusly by Scatchard,' and more reeemtiy by
Robimson snd Stokes > in terms of a bydration mumder,
h, the mumber of moles of water dound to one mole of
component 2 (sucrose). Thas, if we have a solute of
stolchiometric molality m; i which h moles of water
are bound to each mole of component 2, we may write
the activity of water in the binary solution as

1000 -
N . (2.3)
1000 - bm, +
" m, +my
and hemoce
-(1mna)1m°--4%1{::°:°°‘% - ]

(2.35)
80 that, using eguation 2.9, this deocomes

% = Lrrmrigto=n ] e

on snd Btokes > expanded the logarithmic ters to

$p = 1 + 0.018(n - Pimy + (0.018)2(® - b + Pn,?
(2.37)
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The coefficient of the term containing the first power
mnanmuanz.nmmmmwm
corresponding experimentally determined coefficient
(equation 2.21) to solve for h, and a value of
h = 4.61 vas cdtained.
the urea=sucrose-water syatem, we tried fitting the
sucross-water dats of Robinson end Stokes > to
eqation 2,36 to obtain b for known values of m, snd
-¢2. The purpose here was to svoid having to meglect
terss containing higher powers in m,, o8 was the case
in the method discussed hy Robinson and Stokes.>> An
average value of h = 4.86, with variation of * 0,05 up
to0 approximately two molal was obtained, But at xigher
concemtrations the value of h becams graduslly lower,
although even for a mesr-saturated 6 molal sclution
the water activity eould etill, sosording to equation
2,21, be ascrided a hydration mumber of 3.6, 1f one
sssumos that even &t higher concentrations the msin
deviation from ideality is still due to hydratiom.
Now, if sssocistion of urea smd hydration of
sucrose asn be used to descride the dsviations frem
ideality of the sotivity of water in the two-eomponent
systems, it aight De expected that a simple comdination

of thase phencmens would descridbe the solvemt activities
of solutions in a ternary systea. We therefore next
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derive an expression for the solveat sctivity for s
ternary system in which omne solute is hydrated snd the
other associates to give dimers. If =, sad m, xre the
stoichionetric nolalities of the two componeats, ahd if
we sseuse that component 2 is hydratod, them the new
molalities of the two compoments are given hy
' = m (1 - 0.001 mH)"" (2.38)
n,' = my(1 - 0,001 na )™ (2.39)
Fow, if we also sssume that companent 1 (ures) sssocistes
to form dimers them the new fotal molality of cempomeat
1, (m;')gs 18 given by the relation (see eguation 2.31)

I IR '
(' )p= = u* = (2.49)

T™has, fer the ternary systesm,

o = [1 +0.001 My [(m,")y + 2, 1T (2.41)
Henoe the sotivity of water in the ternary system may
be evaluated using eqation 2.41 for any given wrlues
of K and h.: (m,;'), snd n,’ mey be deterained from
equations 2,38 to 2.40 .

The ain of the next part of this work was to
calculate the velues of K and h which best repressented
the experiamtal water activities in the ternary
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solutions and which were slso consistent with the walues
of X and h fn the dinary aystoms. ZEquation 2.2, was
used to chtain values of 4 and hemce, using equation
2.12e, the experimental solvent utiﬁf.iu. Bn» for
m;mmetn,mnz, The camotiec coefficients,
$, sl ¢,, which are needed in equation 2.12a, were
obtained from equations 2.33 end 2,36 , Corresponding
theoretical miues mruamcm;-mw-mum
2,&1, A large range of values of K and h were
sclected in order to deternine, if possidble, soclvemt
sctivitios which best agreecd with the experimental
éata. Using these values of X and h, experimental and
thegretical values for &, were calenlated for twenty-
finmitimdﬁammﬂmliﬂzmhﬂﬁ.
An I4Byll. 1620 computer wes used for all ealculations;
& programme listiang may do found in the sppendix,

It was not possible te obtain agreement
th&evemrtmmmmetnemtm
ealonlated Wy using the Dinery values for K and h in
eguation 2.41 . It was also impossidle to obtain
agresment either by holding K constent snd varying h
or by holding h constant snd veryisg X.

Toble 2.3 illustrates the type of computation
made, when X was kept constant at 0.032, and h was
varied from O to 4.86. If we selest valuss of solvent
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TABLE 2.3

K AND H FOR THE SYSTEM UREA-SUCROSE-WATER

ml
K= «032
«25000
«50000
1.00000
150000
2.0000C
«25000
«50000
1.00000
1500C0
2.,0000C
«25000C
«50000
100000
1450000
200000
« 25000
«50000
1.0000¢0C
1.50000
200000
«25000
«50000
1.00000C
150000
200000
K= «032
«25000
« 50000
100000
1450000
2000600
« 25000
«50000
1.00000
150000
2.000C0
«25000
«50000
1.00000
150000
200000
«25000
«500C0
1.C00000
1500C0
2.000C0C
«25000
«50000C
100000
150000
2.00000

oy

H=
«25000
«2500C
« 25000
« 25000
«25000
«50000
50000
« 50000
«5000C
« 50000
1.C0000
1.00C060C
1.00000
1.00000
1.,0nC00
1.50600
150000
1.50000
1.5000C
1.50000
200000
200000
2.00000
200000
200000
H= 1
« 25000
«25000
«25000
«25000C
« 25000
«50000
« 50000
« 50000
« 50000
«50000
1.00C0C0C
1.000C0
1.00000
1.00000
1.00000
1.50000
1.50C00
1.50000
1.50000
1.50C00
200000
2.00000
2.00C00
2.000C0
2.00C00

ao(expt) ag(cale) &y (diff)

«00
«©9112
«98603
27879
« 97094
«56334
058652
« 98246
97456
e 96692
95950
e 97675
« 907292
096545
«9581¢
«951nN8
«96614
« 96253
95544
94850
94166
« 95472
95130
094455
«93789
«93130

« 00
99112
298693
« 97879
97094
96334
098652
«98246
097456
« 96692
095950
«87675
«972092
96545
«95819
«95108
« 96614
e 96253
95544
«94850
«F4166
«95472
95130
e 94455
«93789
«93130

«99110
«98680
e 97846
e 97046
«96276
298670
«98243
e 97417
096624
95860
«©7801
«97381
96570
«95790
«95039
e96947
+G6534
«95737
94971
«942323
« 96107
«95702
«94918
«94165
« 93440

«99106
e 98674
«97837
« 97034
096260
«98658
«G8227
«97395
«96595
«95825
« 97761
«97335
«96510
«95718
e 34956
«G6864
e 064427
95625
04841
« 94086
«95968
«35549
e 94740
93964
«93216

-.00002
-.00012
-.00032
-.00047
-+.00057
« 00017
-+00003
-+00039
-.00068
-.00089
«00126
« 000689
« 00024
-.00028
-+00068
« 00332
« 00281
«00192
«00121
« 00066
200635
« 00572
« 00463
« 00375
«00309

-+.00006
-.00018
-.00041
-«00060
-.00073
«C0005
-.00018
-.00061
-« 00097
-.00124
« 00086
« 00042
-+00035
-+00100
-+00152
« 00250
«00189
»00087C
-.00C08
-+00080C
« 00496
« 00419
«+ 00285
« 00174
. 00085

EXAMPLES OF THE VARIATION COF SOLVENT ACTIVITY WITH
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AV DIF

000162

AV DIF

Ce00119
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= «032
« 25000
« 50000
100000
1.20000
2.00C00
«25000
« 20000
100000
1.50C00
200000
« 25000
«50000
1«0000C
150000
2.0000C0
«e25000
« 50000
1.CCC00
1.500C0C
2.000C0O
«25C00
«5C00C
1.00C00
1.5000C
200000
AV DIF =
K" 1032
«25000
«5C00C
1.000060
150000
2.00000
«220C0
.5C0C0O
1.000CC0C
1.5C0000
200000
« 25000
«30000
1.CC0GC0O
1450000
2.000C0
« 25000
«50000
100000
1.5000C
200000
e 25000
«50CC0T
1.000C0C
150000
200000
Ay DIF =

My

H= 2.00

«25000
<+25000
25000
« 25000
«250CU
«50000
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TABLE 2.3
ag (eXpty ap(calc)
«69112 «95102
«G8693 « 98668
« 57879 97828
« 97094 «97021
e 96334 96244
e 98652 2588540
« 98246 «98212
« 57455 « 97372
56692 e 96566
95950 085790
297675 «597720
«97292 227286
« 96545 « 96448
«95819 «95643
«95108 « 34869
e 96614 « 96778
e 96253 « 06344
e 95544 «95507
« 24850 « 54704
94166 «939321
a G547 2 «95818
«95120C «95385
e 94455 «9454S
«93789 « 03747
93130 e 92977
«9G6112 «95098
«988693 «S8662
« 97879 «9781E
e 97094 «97008
e 963534 096229
58652 « 38633
«58246 «53195
« 37456 «97348
96692 « 96536
«9595C 95754
«07675 e 57678
«57292 «G7236
296545 « 56383
«95819 e 95566
«95108 GLTTY
« 96614 e 96686
556253 056241
« 95544 «95382
094850 « 94559
« 94160 937568
95472 «G5656
«95130 «G5208
e 94455 « 943473
«93789 «93515
«5313C 092720

(ConT.)
ap (A1iff)

-.00010
~a 00024
-,00051
—+00072
-2 00089
«000CE
s O0U3 YL
«CO0B4L
«00126
« 00159
«C0045
. 00005
«C0097
«00175
e 202326
« 00164
«CCuU91
-.00037
200145
—.00235
« 00346
. 00255
. 00093
« 00042
« 00153

«0001¢4
-« 00030
-.00usU
-.00085
-+ 00105
~-.00019
- 00050
-. 00107
-.00156
-.00195

«C00C03
-+, 00U55
-.00162
-.00253
-«003229

«COLT2
-+C0011
-.00161
-+00290C
-«00398

« 00184

.00078
-.00112
- 00274
-.00410
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(conT.)
ag (caley ap (diff)

TABLE 2.3
mz 8o ( €XP1)
.032 H= 4400

K
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activity from Table 2.3 which agree with experimental
values, it waz found to be possidble to represent most
of the solvemnt setivities for (m,/m,) < 4; for values
of (n,/n,) > 1, negative values of h were required.
This may be best understood by studying the data in
Table 2.4, in which the hydration manbers have been
selected by interpolation of the dats from Table 2,3
n»m@nmtwthmmmmm
caloulated solvent astivities for K = 0.032 .

= .2' 0.25 0.5 1.0 1.5 2.0
0.25% ~0.3 1.5 3.0 3.8 4.0
0.5 2.0 -0.2 1.9 2.9 3.4
1.0 “3.0 ~2,0 0.5 1.6 2.4
1.5 ~-3.0 ~2,0 -0.3 0.9 1.8
2.0 -3.5 2.6 «0.7 04 1.3

By using h = .86 amd wrying X, positive values of X
always gave values of the caloulated water activity
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which were toc low. o

Selvent setivities were therefore computed
80 that the K values varied linsarly with the sucrose
concentration, such that (.m'«mz)!‘1 = 0.06k, snd

(ax/a‘.‘).z = 0. This choiee, although arbitrary, was

mede so that all values of h in the concentration
ranges stuiled decame oither positive or zerc. Some
' support for this aseumptica is given by the fact that
" the dielectric increment for dimary sucrose seluticms’’’
18 -7.5 (the value for urea is +2.7) snd thus one
would expect the assoeistion comstant for ures to
incresse with incressing suerose consentration. With
this sssumption it was possidle to cbtaln exeellent
agreeaent Detween the experimentsl valuss of a, and
those caloilsted by equatiom 2.41 . In additiom, the
" values of X and h were consistent with the requirements
t&tx»o.nuna*euAkaul,»o. The
results may be best understood by studying the dats in
Table 2.5. The mammer in which K snd h vary is slso
1illustrated in the three-dimemsional diagram, figare 2.2.

It should de moted, however, that although,
from sn experimental point of view, the molslity seale
is extremely useful to use, it is not strietly rigorcus
to csleulate assoocistion constants, X, in doth two snd
thres-gomponent solutions, using molalities. The solvent



20

Pigure 2.2.

h=4-86

Proposed variation of association
constant, K, of urea, and hydration
number, h, of sucrose calculated from
solvent activities in the three-
component system water-urea-sucrose.,



4 0.048  0.064 . O. .
n1‘2 0.25 0.5 1.0 1.5 2.0
h
0.25 0 1.6 3.2 3.8 .2
0.5 ] 8.5 2.4 X.2 3.6
1.0 o s ] 1.7 2.6 3.0
1.5 4] 0 4.7 2.4 2.9
2.0 o 605 k| .& 203 2'8

sctivities (equations 2.32 and 2.34) are deterained on
the dasis of mole fragtiocns, so,that the association
comstants should slsc be osleulated om the same soale.
tcmmmmwmmuumum
tcmry system obtained by oalculating solvent activities
on the mole fncuu seale would be compatidle with those
reported nfam 2.5, a new sot of equations were
derived, which were similar to, Dut more complioated
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than, the relations desoribed sbove. It was found that
the new relations requirved the K wlues to be 55.5 times
larger than those on the molelity secale, and the hydration
numbers compated, using correspondingly larger K values,
resulted in a variation of h which was almost identieal
ﬁththﬂtgmtdtnmlo 2.5 «

The effect of urea on the structure of water
Abu-Hamdiyysh?® who has suggested that ures takes sa
uuwmummmawumswmn
solution. This structure would de similar in mature
to. that propossd for um,m'sﬁ and ths ures would
contridute to the opsen struacture by ihe same mechanism
as water molegules. The overall result would de that,
on sddition of urea to water, there is little or mo
W-Mthsgtmtmdmmmmwptmtm
molecules have replsced somas of the water molewiles.
Abu-Hamdiyyah suggests that the relstively low sssooiat-
ion comstant of urea in water supports ihis view.

It has also been proposed  that this
explamation for the effect of urea on the structure of
water oould sceount for the inereased solubility of mom-
polar substamees in ures solutiocn. If mon~poler
substences eoccupy interstitial positions in agueous
solution, then inoressed soludility in wres solutioa
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can be accounted for Af it is comsidered that the
nomber of interstitial cavities is incressed. Evidence
soludility of hydrocarbons increascs almost limoarly
with increasing ures comesniration. Anslogously,
therefore, it seeas ressonsble to expeat that a large,
polar molecule might also have increased solubility
becsuse of the ineresse in interstitisl cavities. The
"salting ia" effect observed from the study of the urea-
sacrose-water syatem presented here gives support to
this posaibility.

In coneclusion, it can be seen that in s
aystem such as urea-suoroses-water, shere it is possidble
to have competing effects such as sssociation snd
hydration of solutes, it is neccessary to comsider the
relative extent to which emch effect is significsmt
when attempting to describe the experimental results.
The remilting picture of deseribing the solvent activity
behavicur of the systea requires a variation of both
paraneters K and h, but dy wvarying these in the way
propossd, & reasonable explanation may be obtained,
particularly as bdoth K and h wvalues were selected so
ss to approach the values for binary sclutions in the
1imiting cases.



Additional note.

oratory have pointed to smother, perhaps egually valid,

 @sscripticn of the behavieur of the urea-sucrose-water

It is first assamed that ures is assosisted
snd has a2 equilibriua conatent, K, = 0,032, and that
sucrose 1s hydrated snd has s hydration mawder, h=li,86.
Then comsider that in the threc-compcnent system, s
further association takes place, between an unsssosiated
molecule of the ures and s molecule of the hydrated
sucrose, '

' Calculations have shown that it is possidle to
reprodues the solvent setivity of the water to +0.00005
in three-compoment solutions up to 1 melsl in both ures
snd sucrose, Dy sssumning the eguilidrium constant detween
the urea and the sucrosenis 0.23 (using the molslity
scale for caleulations). It has been shown that sn
experimental error of 0.1% in Doth the molality and
osmotic coefficient of the reference clectrolyte used
for the isopiestic experiments will give en sverage error
of 20.00004 in the solvemt activiiy over the ssme coneen-
tration renge. It seems likely, therefore, that up to
1 molal at least, it is possidle to describe the



behavicur of the solvent activity of the system MWy
W this mum association constant.

" ‘ohe suther wishes to themk Dr. P. 3. Danlep
for suggesting this mew spproesh, and for making these
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It was pointed cut im Chapter 2 that the
isopiestic method for msasaring vapour pressmres has
Wﬂﬂmmumamﬁum the

. vapour presmirs of the unknewn solution mmst be

ecuilibrated against a solution of known wapour
presmirs.

The behavicur of urea in doth binary and
ternary aqeeous sclutions by lsoplestic vapour prsssure
meagarements has been described in the previocus
. aseociation eof urea, as observed in both dinary and
bresking eapabllities of urea, it was decided that it
woild be both interesting and pertinmnt to meaaure the
Vapour pressures of a compound with a structure closely
similar to wrea.

mm&emmmaymm
KHQ.%.%. The choice of thia compound was
particularly significant since it can be appreciated



that any differences in activities observed as
sompared to ures, Nio.CO.NHy, mast be due to the
replacenent of the oxygen atoa by a sulphur atem.
In addition, as both of thess atoms are members of
the sme group in the periodic table, the sffect ef
the replacement of the exygen by sulplmr becomes
doubly intemesting. One gould speculate before~
hand, perhaps, that begase of the lower elestro-
negativity of the sulplur compared to the oxygen,
then hydrogen~bonding would be presemt ia aqueous
thiourea soluticns to a considerably wesker extent than
in corresponding agueous urea solutiens, 7That the
silphur stom does exert a cenaidersble influense ca
the behavicur of thicursa ean, perhaps, be beat
f1lastrated by the fast that although urea iz soludle
in water at up to 20 melal (25°C) thiourea is only
soluble up to approximately 1.7 molal.

An iscpiestie vspour pressire experiment
mmd,mmwwmm
equilibration, extensive um was noted of the
silver dighes sontaining the thiourea, whiech had
wwmmmmaenm«etmmm
otdlnrtodlmmlpmanbymm

The stoek of isspliestic diszhes availsble



contained several whieh were made of copper and had
been electreplated with gold. These dishes had beem -
shown previcusly to give identical iscpiestic results
compared to the silver dishes.l A solution of thicurea
was placed in sne of the gold-plated dishes, to test
whether it was resistant to attack from thicurea.
After a few days, it was found that the thicurea had
strippel off the gold plating, leaviag the cepper
beneath readily expesed for reductica by the thicurea.
After conferring with an Adelaide eleetreplating fimm,
one of the dishes was gold-electroplated by using a
7pe of nev gold-plating sclutien which, asecrding to
the mamfacturers, resulted im a geld~plating which
was sxtremely resistant to chemical reaction. Subsequent
umumm:ymmmmn&mmm
sclution shewed that the gold-plating was agaim
attacked, and that no advantage oould be gained frem
using the new gold-plating solution. It became spperent
that %o obtaln satisfactory remilts by the Lsoplestic
methed ltmmh‘mcmtomdthw'phm
or "palan” (a paladium-gold allsy) dishes, but the
«gtgrcithcpfm#mmmam‘ |
imprasticable at the time. Mmmﬁswm
mdatabmtthattimrwmmuw
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pressure measurements, andi a start had been made
on its constraction, it was desided %o aw vapour
mnmuuManm

» Differential static metheds for meamuring
mmm«dmrathmar:m
anmccuum,wm_m
bending of a spring locaded disphrage. Calibkration
of the former class of presmire meamiring device
requires only a knswledge of the density of the
the latter class requires calibratiom sver the pressure
range used agsinat gome primary standard. ]

. uwmmmmmum
mmmrmgmuumm
involving only the measureamt of the displacement of
manemeter fluld by the pressmire of vapeur, Lo apparatus
simple to extremely ccamplex. The systems stadied vary
m,mmuatmmm'mutumusr
goamereial fmportance. nothmmm
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have measured the vapour pressires of halothans as
a funstion of tesperature. Halothane is used =s an
WWﬁaﬁ,mm,mﬂm
vammwmuwmw
hﬁumhm The vipour pressures were
mwamxmmum‘mm
mwwﬁnms.smﬁw:n
extermally applied snd measured air pressire, Mereury
menometers were used, Dunning, mmwm
anmmawmm
mmdmnmmmntmﬁulyuﬁ 7
one ara of a menometer, the other mm L
The pressare n the Deremster vas then adjusted to be
oqial to the vapour pressire of the solutiem by varying
the pressire so that the mereury level was ths same in
beth arus ef the menemeter. Sucrose solatioms in the
concentration rangs 45 to 90 g/100 gu. solution over
memmmmscec:»so?c’mmawﬁu
method. | :
mmummeamarw
wmmatnm‘mmmm |
Wtimﬁ;ﬂmuwmcwm
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Baxendale, Entistin and Stern® have made precise
measurements of the vapour pressures of pure benzene
and benzene in solutiens of diphemyl in benzene in the
temperature rangs 30 - 80°C. Their method was to de-gas
a sample of banzens in a flask extermal te the main
thermostatically-controlled part of the apparatus, to
mymmuhymwmnmm;mmm
to mother and back, through a phesphorus pmtexide
m,mmmmum«ummw
mcmuamuammmmrwm
mwwmammmm
A meroury mononeter made from precisien bere tubdeg
of 22 m.m. diemetsr was used to measure the vapour
presaures. In the case of the bensene-~diphenyl
msasurenenis, & inown weight of diphenyl was first
intredused inte,flask in the thermestat, and then known
weights of densane wers introduced by distillation and
the vapour presaure measurements made at various
Wos. Autucmhm:mmthu
mmmw,am:ummummmm
whole consentration range. mu,wcttmm
have also deseribed an apparatus for making accurate
detarminations of vapcur presmres n:»nq.ui& in the
temperature range O to 80°C end pressurs rangs § to
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760 a.m, mereury. Their apparatus differed from the
~ others so far described notsably becanse of the imsertion
of a ballews-typs differential mstometer in the
thermestat bath, between the vapour and mereury
menometer, A measured air pressure was applied to the
mm»mmmmmm
indicated a pressire equal to that of the wapeur in
the eell. ; 7 |

Two ether farms of apparatus have resently
WMW&M mhlnﬂ.m
-10 te 120°C at pressures not greater than 1 atmesphere,
ﬁmmwaﬂrmmmmua
mmw frem 5 to 66%C, and the
systen water-butyl glyeol® from 5 teo 85°%C. On the other
hand, de Wm:m'apm.’mm
specifically designed for use in ths temperaturs range
100 to 250°C. The pringiple used is to translate wet
sclvent separately using the movemet of a Glaphrags as
a mull dstection device. The twe gas presmures are
then ecmpared away from the hot sone of the apparatus
using a mereary sanometer.
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For vapour pressure meagirements of agueous
solutions over a moderate renge of tmemmres, several
workers have reported that the most satisfastory foru
of apparatus is the cme based on the design of Glbson and
rdoma.)® A diagrammatic sketeh of their apparatus is shown
in Figare 3.1. The apparatus conaisted essentially of
two flasks, one containing solvent and the other
eoataining the solution whose VApOUr pressire was
reguired, and thess were connected by three-way tapa to
sither the vacuum line or the manometer. In this way
1t was posaible, by sultable manipulation of the taps,
to measure «ither the vapour pressure of the solvent or
the solution separately, and alsc the ait:l?md in
vapcur presaures of the two. Freshly distilied p-butyl
phthalate was used as mancmeter ligaid, Further success
was clainmed with a similar type of apparatus hy Shankman
and Gordom,ll with measurements en aquesus solutions of
salphurie aeid, and by Olymyk and Gﬁr@mm with
measureaents on aqueous sodium ehloride solutioms at
20, 25 and 30° for concentraticas from 2 melal to
saturation, Cenco Hywac pump oll was used as manomeler
liquid, Vlasowv, in thermpdymamic studies of alkali
metal-halide systems'” has used an apparatus of similar
design to detemmine activity coefficiemts of acuecus
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Figure 3.1. Diagrfls\mmatic arrangement of Gibson and
Adams  apparatus for making absolute
vapour pressure measurements,
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sodium chloride solutions at 45°. The vapeur presaure
of the termary aystem caleium exide-phesphoric exide-
water at 25°C has been studied’? using a Gibson and
Adama type of spparstus, With & mancmeter Liquid of
dloctyl sabacate. This sysiem was studied Desamse of
a wide interest in the properties of phosphoric acid and
caleium phesphate solutions in industrisl, agronamic
and biechemlical fields.

 Gibson and Adams'® stated that their spparatus
was "designed for sccursey and econveniemce,” and this
claim was later substantiated by Shankman abd Gordon.
These recommendations, together with an investigation
“of the advantages and disadvsntages of other forms of
apparatus, led us to the conslusion that the most
miitable form of apparatus for our work should be
based on the design of Gibson and Adams.

3.3 Experimental.
A. The spperstus,

The acjl:n,al arrangsment of the apparatus ie
shown in Figare 3.2. Instesd of using three-way taps
as in the Gibson and Adsms spparabtis, . & rectangilar
glass manifold C was eonstructed and the flasks and
mancmeter were connacted at appropriate points. The

flasks A were of 100 ml. capacity and were used to
*3ee also Plete 3.1.
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i e 3,2, Diagrammatic arrangement of the absolute
vapour pressure apparatus described in
this work.



FPlate 3.1. The absclute vapour pressure apparatus
described in this work,
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eontain the solutions of mﬂmmm Yapour pressire, and
had the dottoms slightly flattemec to ensble magnectie
stirrers to be wsed during the de-gassing process. The
Tlasks B were of 50 ml. capacity and were filled with
about 25 ml, of sclvent., Ianometer tubes of 15 mn,
Glameter ware chosen to eliminate ervors due to
eapillarity, and were of sufficient length a0 that,
asing n-butyl phthalate as manometer nqﬁd, the vapour
presmure of water could be meagured. The density of
freshly aistilled n-tutyl phthalate at 25° was
meamured in duplicate in pycmometers of approxinately
25 e.e. eapanity, and was found to be
1.04221 t 0.00001 gm/e.c., which agrees satisfactorily
with Gibsn and Adams’' valne 10 of 1.0418, The
advantages of using n-butyl phthalate instead of mereury
asmmuqaidmﬂntthevapoﬁwmrco:
n-butyl phthalate at 25° is mich lower (7.8 x Lo"su.m.)
than mereury (2.3 x 10™ m.m.) and the lewer density
of n-butyl phtbalaummtomms that an
error in meamurement of 0.0l m.m. n-butyl phﬂm.au would
WMIQS&M0.00IM ReICux

All glass eonnections were made with Bl4
"Qaiekfit" cones and sockets, and "Apleson grade N
grease was used torvmmtapaandjoints_. ﬁumle
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of the apparatus shown in Pigure 2.2 was then mounted
in a rectangular chromium-plated brass frame which
gave rigid sapport to the glassware and enabled
levelling adjustamts to be made. An “invar® dar,
graduated in dividicns of approximately Smm. was
mounted en the frame, between the two arms of the
m. This bar was calibrated ia the lstrology
Laboratory eof the Seuth Australian Rallways, with an

!hcmmmuumtdatpem}}wa'
Mnbbvmmtoammmatu
eonnected to a "Speedivac” high vesuum pump, (model
2SC20A) which was backed by a single-stage meroury
diffesion pump. A liguid alr trap was placed between
the manifold and vaeusm pump to prevent contamination
of vasuum pump oil with water vapour which had been lost
daring de-gassing of solutioms. Comnections on the
msnifeld allowed an Edwards "vasustat™ type lcleod
gange (range 1 to 0.001 m.m. mereury) and a Pirani
vacum gauge (msmfagtured by ¥. Edwards & Co.
(Lendon) Ltd.) to be comascted to the mystem. The
purpose of the flexible rubber commectlion was to
enable the mmwhmmmmm
of theWermpstatted water bath, and to snable a
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eonnection to be made for de-gassing purposes before
immersing im the water bath. The vacuum manifold
was mounted en a metal framework on a 2 f%. X 2 ft.
table, and the vacuum pump was mounted oR a platfors
of approximately 90 gallom espacity was regulated at
250C to better tham £0.002°C by meens of & merGury-
mmmwumummnmm
to a “thyratren” regulated heater.

B. Materials.

Sodium ehloride was from the smme sample
as deseribed in Chapter 2.
| ‘ m«mmamﬁnwmnm
Calbiochen,, U.S.A..g ad was once mmﬁ from
doably-aistilled water.

~ The nmﬁmmmmdmww
Doubly-distilled demineralised water was used as solvant,

Mamanmmmmrmm
work, to mmnhw.f ﬁenlvmm The
density of thicurea was taken as 1.405 gn./@.c., whilst
thummﬂngmhmmmt.mw“mum.m.
n-tutyl phthalate, used as mancmster liguid,
was purehased from Towngon and Mercer (S.A) Piy. Litd.,
Adslaide, aad was vacuum-@istilled ss recuired. The
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the manometer and the sysiem evacuated

mmeomnmpeuwmtmu
“the mt aericus mﬂmtal mmw in statie
mmwnthemlot&a
residual air frem the liguid,” Tais clain has bem
mmmmmwmsm mwmm
mmwmmmmwmmz,nm
mam,Mawmmnagmmm
mmmmmwwo.mM,u
&Waﬁnl&hﬂm cmwtohc »
mnm&mmwwm
wamummmum”wm,
utwtwmmzmw tnm
MMWﬁatatxmmwmm
Recessary, and Shankman and Gexden'! used 5 er 6. In-
this werk, 6 de-gassings were first tried, aanmm,
but both ware found to de inmifficient to give satiafastery
values for the vapour pressure of water, giving values.
mately 0.09 amd 0,06 m.m, higher than the vaine
mmwmmmm m,m
mmm,mmmaot%.mmof
mercury was obtained, and comparss favourably with
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the value 23,753 givm bw Reh:l.uon and Stokes. Ail
solutions were mhuqunuy n—gusaa b o) t.ines hcfore
mmvanam‘ '

ma-mmmuammm ,
wammwmmmaamwmm, :
& vasuum was mstamahod agross thc xubber mﬁm,
and the solutions m aunuad to o@mbrau, genarally
overnight, Inwemntuc,mludetthtmm
mwuuanthtm*wmmmﬂm,n
 shewn by a plumbeb line. mmxmormcammw
ctmﬂmad;udndnthatidmmmm'
obtained from both limbs of the mancaster. Next day,
mwmmmam&dnlmtm
MMMWWOQMMMM
mw,usmmmmmm
between the two. %cpmmm'&mmmm
tkoommﬁadmmw»m&m. m»Jnﬁm
mdluedtoro-o@inmtotwso ioda.horm
a reading was mauthﬁtcamtmm. |

m- lcnl of the mhei c:t thc mwl
mmumwnwmmwmefu
1m«mappumbymm1dmmm

Instrument Co. Ltd., Surrey, Engiand, The hhmpo
sapplied with this instrument was replaced by one.
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purchased from the Gaertner Selentific Corporaticn,
Chicagoy U.S.h.; which gave a elearer, larger image
than the original instrument. The meniscus was
{lluminated by lowering a 15 watt pilet lamp imto
a 2" diaveter glass tubing, ualadat.eneﬁn%anﬁ
fmoerged in the water bdath. The differences of pressure
were obtained by meaguring the position of the meniscus -
with respect to the nearest calibratiom peint on the
*inyar! bar. No dimirution in clarity eof meniseus with
time was detected with the n~-batyl phthalate, as reported
by previcus workers. 20t mhe obsarved pressures were
comverted to millimetres of mereury at 0° asmming a
mereury density of 13,5951 ga./c.c.l®

It was pointed out sarlier that the main
interest here in static vapour pressirs meagurements
was to obtain data for the system thicurea-water, for
comparison with the ures-water data reported in
Chapter 2. However, in order to ascertaia the ascuracy
of the results obtainable from the appara:hlua,it was
Mmummvwmmuam
echloride soluticn, as wall as the thiourea solutiom.
Acgordingly, approximately 1 molal sclutions of sodium
ehloride and thicurea were prepared, and 50 - 75 e.c.
samples of each were de-gassed 20 times and the wapour
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afterwvards by duplicate density measurements of the
solution used, using 25 c.c. pycnometers as described

in Chapter 4. The melality ef the sedium ghloride
solutions was deternined by adding weighed 5 a.e.
samples to isopiestic silver dighes (deserided in
Chapter 2) and evaporating to drymess, firstly by heeting
 in an oven at 90 - 95°C umtil most of the water had been
svaporated; and then fimally overnight at 160° to remove
any residual water.

3.4 Results,

After 20 de-gassings, the following reslts
were obtained for the vapour presdure of water (ia -
m.z. of aereury) from two aeparats samples:

Flask 1: 23.763 mm.  Flask 2: 20.753 mem.

23.75%6 " 23,752 ¢
23,783 " 23,762 *
b Average: 23,756 m.m.

The molal ommotic coefficient, @),y of a
solute is related to the vapour pressirs of a acluticn
by the equatiocn
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so that Vymo, - -;% 1ap/p, (3.1)

where p 1s the vapour pressurs of the solution, whose
solvent activity is ag,, Py is the vapour pressure of
the pure soclvent at the same temperature, i, the
molecular weight of the solvent, m; the molality of
the solute and )); the mumber of ions formed by one
mole of solute.

¥ow p = 4gh, and for a particular mancmetar
liquid, 4, the density is constant, and g is the
gravitational constant, se that

‘%5 - % (3.2)
where h and h, are the measured heights (im m.m. of

n-butyl phthalate) of solution and solveat respectively.

\ Teble 3.1 sumariges the results for
approximately 1 molal solutioms of scdime chloride and
thiourea, respectively,



phthalate). 299.754 m.m. 304.854 m.n,
80 = ®/pq 0.9673y 10,9837,

Vim# 1.8403, 0.9111g,
my 1.00345% 1.0395,%
8, | 0,917, 0.876¢
Notes:

(a) The molality of the sodium chloride sclution.was
the average of two determinations: 1.003g, and
1.0025g. ‘ » _

{b) The molality of the thicures solution was obtaimed
frem a Guplicate demsity determination of the
sclution used for the vapour presmire measirements.
The average density was then interpolated to get
the molality uasing the known relation of density
veraig molality given by equation 4£.16 in Chepter 4.



76 ,
The measured densities were 1.01778g and 1.01779g
glving an average value of 1.01779g.

The value of the osmotie eoefficient of
sodluan ehloride ebtained from a large scale graphical
interpolation of the data given by Hobinsen and Stokes~ C
for a molality m; =1.0033 18 £, = 0,935 which
represents a A fference of 1.9%7 froem this vork b & 4
allowance is made of 0.1% error im the umm
of molalities, then 1.8% of the error still has to be
accounted for by the vapeur presaire measuresents.

It ean be seen from equation 3.1 that an
error in econcentration meamirement is directly refleected
in . However, mmwtcfmminp/m is
very mich more drastic. A 1% mriap/m for a molal
solutiem, for m“’h,l’/pg ;a approximately 0.97, leads to
an error in #) of approximately 30%. As the measurement
o!tkovapmrmofmonm, reported above, was
in excellent agreement with the value reported in the
literature,’®® it was concluded that the error lies in
the measurement of vapour presgure of the solution.
Therefore, if the error in # is 1.8%, then the error
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is 0.06% im p/m, which corresponds to 0.2 m.m. of
n-butyl phthalate in the mancmeter, or 0.02 m.m. of

mereary. It can be appreciated that this is en
extrencly gmall experimental tclerance, and is
presumably accounted for by either, or both, of the
following reasons:

1)

(2)

The necessity for complete de-gassing of solutiona.
This has already been emphasised, but it cen only
be coneluded that the 20 freezings were atill
inmffici eat to completely lose all residual gas.
It may be, perhaps, that the presence of solute
molecules causes some residual air to be held more
tenasicusly then in pure water, and this effect
may be further inereased by the larger bulk of the
soluticn used (~50 - 75 g.e.) compared with the
smount of solvent (~ 25 e.e.).

The likelihood of slight leaks oceurring in the
greased vaguum taps. This problem was aggravated
by the faot that, uncommon with many workers
using high vacuum tecniques, it was necessary for
thcappammatoutahnﬁumt&mm
(approximately 19 - 20°C), to water bath

. temperature (25°C), and them, a day or two later,

back to room temperature again. It was found that
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the viscosity of the Apiezon grease was
eonsidersbly temperature dependent, even over
this relatively amall tezperaturs range, and in
fagt it was found that after removing the apparatuas
from the thermestat bath at 259, the taps had to
be left untoughed to equilibrate for 24 hours if
they were to be of any further use without
re-gressing. The safest way was to completely
in the bath at 25°, every time it was used for a
new measursment. A device, consisting of a % inch
thick "aslice” of a 13" dismeter rubber bung, held
in position arcund tie key of the tap with pipe-
glecners, was used to minimise the possibility of
the taps "1ifting" slightly whilst in use. It may
be ecngluded thet a more satisfactory result could
probsbly be obtained using greaseless metal taps,
but 1f this were done, extrens ¢are would have to
be exercised in the use of the spparatus in order
to avoid eontaminating the taps with corrosive
materials.
It is worth noting, however, that the ommotic
cosfficients of sodium chloride reported by Robinson
and Stokes are averaged values taken from the resulis
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of severzl workers, When plotted Mcallﬁlﬁe
these show a acatter of approximately 0.8% im 8.
This is still, however, less than half the estimated
errer from this work,

1o &Nd 1Gs ;"";-_: en 1€ _struetare ¢
For the thicurea éolution, it can be
eoncinded that, without further experimentatien, the
same error of approximately 1.8% in ¢, as for sodium
chloride, mist alse apply for thicurea. Tms for
m = 1.039g5, £, = 0.87545 = 0.015.

Nevertheless, it can be seen that, even
cm#dmmmmuormrtnthcﬂﬂm,
the esmotic goefficient is considerably lower for thicurea
thsn a corresponding 1 molal urea solution which has an
osmotic coefficient of 0.963. If again, we consider
that the deviations from ideality are cansed by
association, we can caloulate an approximate agsociatien
eonsisnt for thiocurea at 1 melal, using equations
2,31 and 2,33, This gives a value of K= 0.19 = 0.04
uhioh _:ls some 5 or 6 times greater than the valus of
K=0,032 for urea at the saze concentration.

The urea-water system has been considered inm
congiderable detail in Chapter 2, and particular
reference was made to Bhe recent contribution by
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Atu-fandiyyshl? on the effect of urea on the structure
of water, In a portion of that paper, Abu-Hamdiyyah
speeulated on the behavicur of alkyl-substituted ureas
in water, compared to urea itself. It was pointed cut
firstly that sm alkyl-ures weuld have a decreased
ability to hydrogen bond with water compared to
unsubstitated urea, and segcondly that ths alkyl
mbstitaent groups theaselves, vhen they are introduced
mmnmum,mmmuwmn
cavities in the acusous seolution, ﬁnthcfm:ﬁ‘m
mmzamm-mﬁmmwuu
capable of partieipating im ecluster formation with waler,
as has been mgzeated for ures.
nu,mmummm
effect of thicurea o tha atrustars of watler, where
here wa have a salphur atom replacing the oxygem atom
mmmlmofmm. Due to the lower
ommuﬂwcfﬂmmuwmm
ﬁmmmmummumam.
of hydragen bend formntion. Furthermore, since for
mwwwmmaw
has replaced ome atom, it may be assumed that any change
in the proparties of aquecus thisurea scluticns compared
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to aquecus urea solutions must be dze only to this
weakening of the hydrogen-bonded structure, caused by
the replacement ofgnﬂ.trogm'WaI_xlphwatom.

In congidering the effect of thiourea on
the structure of water, and comparing this with the
effeat of ursa on the structure of water, three points
need to be conaidered.

(1) The vapour pressire measureunent, which
saggests a eomdu'amy higher degree of
umiaﬁm in thicurea (X =0.19) eompared
with urea (k= 0._;032). |

(2) The relative viscosity data, the values of
which are lower for thicurea than for urea
at similar congentratisns. (e.g. at
1M, ", 5, = 1.023 for thicures and 'y = 1,041
for ures),

(3) The remarkably lower solubility ef thiourea
{~1.7 m) compared with urea (20 m).

In his recent paper,l7 Au~Hamdiyysh has
Giscussed the effect of varicus types of solutes on
the stueture of water. If the solute consists of
structure forming ions, these ions destroy the
theaselves (the ions). On the other hand, nom-polar
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solutes, it was postulsted, fill in the intersticies
in the open water structure. With urea as solute,
however, Abu-Handiyyah suggested that the urea actually
takes an astive part i the formation of the open
structare of the solutien, i.e. urea contriiutes to the
open strugturs in the solution by the same mechanimm as

Now, congidering the effest of thicurea as
solnte, it may first be moted that thicures has an even

weaker structure forming tendency than wrea. This
¢onclusgion arises from an inapection of the relative

viscosdty eau,m l.‘hm a small value for the
coafficient Fy of equatiom 4.31. This term is
spproximately equivalent to the "B-goaffieient” of the
Dole-Jones viscosity equation’?, where a large posttive
B-soefficlent indicates a stromg structare forming
tendenay, and a negative coefficient indicates
alsordering of the water structure.

If we conclude frem the viseosity data that
veary little, we have to next gonsgider whether the
thicurea takes part in the “opn” water structure, as has
been postulated for urea,l? or whether the thicurea fits
into the interstitial spaces, in the manmmer suggested
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for a non-polar solute. The higher association constant
of thiourea suggests that the thiouresa may be filling in
the interstitial spaces in the water strweture, and
becanse of the limited space avallable in the structure,
the solute molesules are foreed cloger together. This
view could 2lsc be mipported by the sclubdlity data,
where the solubility limit of 1.7 melal may represent
he limit to which thicurea can be scecamodated im the
interstitial spaces svailsble. On the othar hand,
however, the lower solubllity ef thiourea usy be a
reflection of the weaker ability of the sulphmr atom
to form hydrogen bonds compared with ths caygen atoms
of urea. This could mean that thiourea is able to
participate in a structure of a typs similar to that
postalated for ures in water,}? ut that this can only
molesules participate.

From the svidence presented hers, it 1s nmot
possible to conelude whigh of the twe stiucturea is the
more likely for the thiocursa-water system. It inmﬂh'
moting, however, that it has been showt'” that thicurea
is effective in the denaturatiocn of proteins, as also is
ures. Further, it has been shown'® that sither aliyl
sabstitution or increasing the alkyl chain length of




mﬂumﬁnmnmsumm
eﬂuﬁm It would seem, therefore, that the
mamnmumu assmeshiat similar
tothatoru'u, “
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m Density msasnrements afford a simple,
convenient and agcurats methed of characterisation of
substances in either solid, liquid or gasecus phases.
Wﬂﬁnmmumumhm
Mw,mu&mmmmu
1 part in 100,000, and even 1 part in 1,000,000, oF mere,
may be made.

mwwunmummermm
practical and thesretical interest. On the ons hand,
measuremenis in the system caleims phosphate-phosphorie
mmmmméﬁrwmmm
mmotwdmwmmmmmu
mmdmnm“wm.em'smm
made Decause the resulis furniash some interesting
Partial spesific volumes of proteins, which can be
deternined from density measuremenis, have become
| mimmtmm;mmorm,ﬁwm
development of the ultrscentrifuge. This requires
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extremely acsurate data, since 1£‘haa been mg that

an error of 1% in the determination of the partial molar
wmcmummmora&ummmmt
of the protein, ummmucmuma,
mupm@mﬁcmmmmg
fwmm,m.mmmm
However, systems engcountered im the stady of materials
of bologleal imterest almost always contain thres
compenents. Aquecis protein sclmtioms, £or exmaple,
mmwmrm&.wwmdnmmmt,
so it is impertant to formilate a sonventicn so that mo
ambiguity resilis. Casassa and Elsenberg’’ have shown
bow sn unambigucus molecular weight for a polymerie
species con be obtained from denaity and sedimentation
the interaction of the spesies with the supperting
alectrolyte. Density data from agaecus solutions of
"asspoiation e¢olloidal elecirolytes” has aleo been
snalysed and methods have been miggested for deriving
the partial specific volume and density of mioslles.'
Most of the density measurements reported
here have been used in the study of interacting flows
in ternary isothermal systsus undergeing diffusion.
Current theories of termary diffusion require aceurate
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density information, and it is th'o purpose of thig
seation to describe how these results ware cbtained.

4.2. Definitions and Hethods.
Density, d, 1s dafined by the squation

¢=_m§_=g

It mey be noted, in pessing, that im this work all
densities will be expressed {n the units grams per cukic
cmﬁnetrg, ingtead of grams per millilitre, as is
comnonly reported in the literature. The millilitre is
defined as 1/1000 part ¢f the wolume of ene kilogram of
pare, oxdinary water at its temperature of maximum
density (3.98%C), However in later chapters of this work
we will be concerned with the rates of flow of sbstances
(in cm./ses.) through a eystem of certain cross~sectiomal
area (expressed in square ems.), o that it Legomes
desirable, from the cutsst, Lo express demsities as
grans/c.¢. Nevertheless, the two units are very close

to being equal, sinee 1 6.e. = 0,299372 ml., &0 that]‘a

d(gm/e.c.) = d(gnv/ml)/1.000028

but the difference 13 significant when, as in this work,
mwmwﬂmcwwiamﬁ.
Two of the most convenieat methsads for



mmedmiwofawmﬁmmmmc
matWMﬁcpMemM In the
mmmnm,mﬂpvmmmtfomwa
magnetieally controlled float which is immarsed in the
nwmm“dmivwcﬁmhmhjustm
wmansamtw“wm aazmtd.m'm
The greater the current required to obtain egailibrium,
the greater 1s the density of the liguid. An aceurscy
of 1 part in 1,000,000 has beem claimed for this type
of apparatis, anl work done in this laberatery has
confirmed this clatn.2® The main disadvantage of the
Mefh&tumnmmmhmmﬁw
of sample required (100-300 €.¢.).

; mm«m:hmmw
w'arimnrm-,sﬂam-euaafthmhwm‘
deserided elsewhere.l® The density measirements reported
in this work were made with pycnometers which had a glass
tulb of approximately 25 ¢.c. eapagity, and a stem made
of precision bere capillary of 1.2 mm, dlameter. At
mmermmmmmwuamwemzm,
vhiehcmlébcﬁttedﬂthamcrmdoefamt
socket. Amomawhmrtmthce@iumwm
point to which the volume is acourstely known. The
pyenomsters aFe showa in the photegraph, Flate 4.1. It
will be noted from the photograph that s sealed "tare®



Plate L.1. The four pycnometers and tare used for density measurements in thig work,
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was also used, the purpose of which is to avoid the
necessity of making corrections due to the buoyancy

of air, The tare was constructed sc as to be Qmst.
identical in weight, shape and velume to the pyencmeter
filled to the mark with water. The pyencmeters
containing the soclution of unincwn dengity were then
compared in weight with tlu tare, A dstailed digcussicon
of the theory of the "tare" follows in the mext seetion.
It is of interest to mote that Washburn amd Smithl’ used
a similar technique over 30 years ago in en effort to
dsiect differences in isotopic gomposition of water from
different natural aéuéeés by dengity measurements. These
workers aoited several advantages to their method, and the
following points are also relevant to thias diseussion.

1. The dry weights of the pyenometers are not required.

2. The pycnometers and tare are so ¢losely alike that
effects due to varying humidity are balanced.

3. The small effect of disselved alr i3 balanced, and

| it is not necessary to prepare air-free water.

4. The correction for air bimyancy affects omly the
difference of differemnces. Yashiurn and Smith's
"difference” related to volumes, but in the theory
described in the following section the "difference”
applies to weighta. It ia the difference in weight
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of (a) the tare and the pycnometer filled with
solution of unknewn demsity, from (b) the tare and
pyencmeter filled with water.

 4.3. Theory of sesled tare.

Lot my = mass of sealed tare in vaemum (glass + water)
ap - mass of dry pyencmster in vasuum.
tgzc=ma‘nfnurtomum
ng = masfnmumumtmm
By = cmammumcmw
~ pyencmeter containing water.

MWudshhmm. _

Fiuﬂy,letu;balmeammﬁud%muﬂ

with water against the tare, by adding extra weights, Wi,

to the tare, in air:

SpUmy S ysem—tar e

(P + Hg0) =
Uy - wptirast en sealed tare,
and 0'1 = upthust on extra weight added to tare.

Next, let us balance a pycmometer filled to the mark
with solution against the tare, by adding extra welights,
Tay to the tare, in air:
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(mp + mg) - U(P+S) = mp = Uy + myy = Ugy.
- (4.2)

where U(P+3) = uptmctm Wm M
”%nmg

Uy mnmwmtmaehm
Huduothcmtmmmuutohot
Mmlmmmm.nmmm
vr (4.3

, UP + Hg0) =
- and WP+ 8) = U (4.4)
B0 = Bp - Spiiy - Gy (4.5)
and

-y - P %z = Uy e
mmﬂmwamwmauaﬁnmnmﬁw
are given by

where V 13 the volume of the pyemometer to the mark.
Thas, we ean write
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ds = m (4.8)
g0
_ M[‘Hgo - (mgy = Ugy) + (g = “wa)]
By120 (4.9)
_ o e - ) - % - - Ugy)|
- (4,10)
N ["@ = ‘m]
% Gagot 208 (4.11)

where Am,, represents the &ifference between firstly
the tare aad pycaometer gontaining solution (a’\m) and
secondly, the tare and pyoncmetsr eontaining pure
solvent, (m'y;) as meagured im sir,

Beganse of the upthrust of the air on the weightis
used, it is necessary to correct the difference in
welghts for the Ducyancy of the air, Since the
difference is measured by stainless steeal weights on a
Eettler balance, allowance can be mads as follows,
assuming that the density of stainless steel is
7.76 ge/c.c. Thas,

-tagordmg (-8 s

7.
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vhere &, is the density of alr, As this buoyanesy

eorrection only applies to a differemce in weights,

we may assume that d, 1s spproximately constaat, so that
8= 1,2 x 107 gw/ece.

Hence the eorrected eqation for determining the density

of a solution, dg besomes '

% = G0+ Lmyg (0.996845) (4.13)

4.4. Experimental,

~ The solutions were prepared gravimetrieally
" and the weights corrected to vasuum using the same
MMﬂmmquWdMnmcﬁa.
mmumwm;mngminunm
four gingle stem pycnemeters of the type descridbed in
section 4.2,

MWsmWathoruu

by thoroughly eleaning with chromic acid, followed by
rinaing with distilled water for several mimates.  The
stainless steel eapillaries which, in turn, were connected
to & mapply of distilled water. The murplus water was
then removed from the pyenometers by comnecting the
stainless steel capillaries to a Bachner pusp for several
mimates. The pyemomeiera wers then rinsed three times
with 2 « 3 ¢.c. of the solution to be uged, and then
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finally ecompletely filled with a syringe to somewhere
close to the seratch mark on the capillarye. ’Anar_mz'plua
droplets of solution were removed with thin strips of
No. 50 wet strength filter paper.

The pyenometers with caps replaced wers
trangferred to a stand mounted im a thermmostat bath which
was controlled by a mereury-toluene regulator'® to
25,000 L 0.0029C. Experience had ghown that if the
pyencmeters weare filled directly with sclution which had
been prepared at a temperatare a few degrees below 25°,
Mmamyamofurmm“wndtgmm_
the inside of the pycnometer bulbs, which were wery
aifficult to remove even vby gentle tapping of the
pyenometers. This problem was overcome by pre-heating
the stock solution in a stoppered “quiekfit” flask sealed
with "Parafila” in en oven at approximately 27 - 28°
first before use. ‘ _

The level of the meniscus imn each of the
pymotusmaﬁ@nﬁqﬂbymmsefawum
within about 0.5 m.m. of the serateh mark, sc that the
gorrection to the mark would bo'mll. The meniseus was
meagured nsing a cathetometer suprlied by the Precision
Tool and Instrument Co, Ltd., Surrey, England, which was
fitted with a telescope purchased from the Gaertner
Seientific Corporation, Chicago, U.S.A. Knowing the
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eross-sectional ares of theespillary, (0.01110 8q. &m.)
1%mmad&ckaﬂeulaﬂthwd@totﬂnmﬂr+
solution as if f£illed exastly to the mark.

thermostat bath, the sxterice surfages ware washed with
alatilled water and drlied by wiping carefully with chamois
lesther, then sllowed to stand for sbout lj hours snd
welghed fall, The sealed “tare” was also rimsed, dried
and sllowed to stand im the asme way, so that any sirfase
the pyenomsters and tare in the ssme mamner,

The volumes of ths prencusters wers aceurately
assaning the demsity of water’® st 25° 1s 0.997048 gw/e.c.
stmitanscusly with the volume messremsuts, the quantity
:'nmmm.mumcmﬁmonmu
air, between the tars and the pyemometer filled with water
to the mark, m«r«jmmm-&m
differmnces for cach of the pycnmmeters, desigaated
£, B, y wnd § are givem in Tables 4.1 and 4.2
respectively.



25.2417

Yoluse 25.2162 25.2185% 25.2236
| 25.2165 25.2185 25.2115 25,2237
25.2165 25.2183 25,2115 25,2233
25.216 25.2176 25.2117 25.2234
25.216% 25,2177 25.2114 25.2239
25.2166 25.2183 - 25,2235
25.2164 25,2184 25,2115 25,2233
Aversge 25,2164 25.2182 2%.2116 25.2235
he Ter; a"1 »

Fycanometer a F | T 8
a‘w1 0.00462 0.00675 0,00025 0.01169
00461 00664  .00017  .01155
.O048kF 00676  .00022  ,01158
00476  .00671  .00047 01168

00462 00649  .00007 -
00471 00660 - 01459
00475 00691  ,00052 01164
Aversge 0.0047, 0.00669 0.00025 00,0116,




The precision which is attaimadle using a set
of pycnometers with a tare is illustrated by the set of
results, obtained for 2 thioures solution, which are
sasmarised in Table 4.35. 5% |

The denaity results for the teraary systeus
sunsarised in Tables 4.4 and 4.5. The valunes at esch
ternary point were fitted, using sa I.B.N. 1620 computer,
to & Taylor series of the form

a = 4(C,,C,) + K (c, - T)) + Hy(C,- Tp) (h.18)
where 4(C,,C,) is the demsity of the solution whose
concmtraticns sre exastly C, and €,, The numerieal
mm of data. The unit of concentretion is moles/
1008 e¢.o.

The densities of squeous thicurea solutioms,
as a function of doth molarity and molality sre givem
in Table 4.6, This dnta was least squared, using sa
I.B.M, 1620 ccaputer, to give the relations of the furs

2
4= ‘6 + Z L"c" (L.15)

1=t



gystem: 0.67201 Nolar Thicures in Water.

o J.; Y 3
Feight tare 580“9}57 55&9357 58#59557 58.1‘49357
Difference in '
length bet~ o
ween meniscus 0,0290 0.0255 . 0.0254 0.0222
and scratch
mark (“0)
Volume 4fff-
erence {c.c.) 0.00032 0.00028 0.00028 0.00025
Weight
"'wa 0.3640h 0.36612 0.35965 0.37114
2y, 0.00470  0.00669  0.00028  0.01162
am,, 0.35934  0.35943  0.35937  0.35952
Ad 0.0142l,  0.01425, 0.01425, 0.01425,

Average Ad = 0.01’&251

Averege & = 1.01129
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TABLE L.L

DENSITIES OF WATER - UREA - SUCROSE
SOLUTIONS AT 25°

C, =050 C2=O.50
a c, c,
1.,068782 0e41527 0,49950
1.071369 0e58368 0.49948
1.068752 043254 0449710
1.071592 056776 0.50292
1.068311 048169 048776
1.072033 051795 Ce51222
1.067959 0.49722 048340
1.072249 049740 0.51647

d = 1.070163 + 0.015400(C1—0.50) + 0.1296ufg3-0.50)

AVERAGE DEVIATION =% 0.000011

V =18.058

/ V, =447 ¢

\/2 =213.l7
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TABLE 4.5

DENSITIES OF WATER - SU%ROSE - MANNITOL
SOLUTIONS AT 25

C =0.25 C =0.25
1 2
d C, C,
1042975 0624997 021049
1.,047891 De24997 0.28948
1.042591 De22822 0625002
14048269 0627172 0425000
1042912 0e24580 0.21836
1.047957 De25419 0.28175
1042693 0e23284 0e24194
1048177 026716 0625814
d = 1.04543; + 061305,(C =0e25) + 0406226 (C_-0425)
LI- 1 1 2
AVERAGE DEVIATION =% 0,000002
V= o0 —= . vV = .

o =18 64 v1 212434 v2 120 25

C =0.25 C =0.50

1 2
d Cy Cs
1.058442 0624993 0445922
1063464 0624993 054064
1.058116 0e22814 0449990
1.063767 Ne27170 0.49989
1.058368 0624567 Oelb6749
1.063524 0e25421 0653267
1.056870 0623237 0647132
1.063690 Ne26733 0.50821
da = 1.060954 + 0'12978‘C1‘0'25) + 0.06191 (cz-o.sou
AVERAGE DEVIATION = +0,000012
V =18.059 ° V =213, V =120

= 1 5 v1 21340, v2 56



TABLE (CONT )

L.5

DENSITIES OF WATER = SUCROSE — MANNITOL
SOLUTIONS AT 25

C:L:O.SO C2=0.25
d C, C,
14075442 049991 0621031
1.080319 0649986 0428952
1.074974 el TT4E 0424989
1.080775 0e52230 0624989
1.075368 0649575 0.21810
1.080395 0650422 0628190
1.075097 0e48240 024172
1.080669 0e51755 0625826
d = 1.07789, + 0.1294,(C, -0.50) + 0.06164 (C,-0425)
AVERAGE DEVIATION =% 0,000007
V =18.055 V =213.3 V =120.8
0 1 6 2 0
C1=O.5O C2=0050
1090652 049875 0s45862
1.095627 0649935 0454010
1.090331 0et7733 0449992
1.096102 0652218 0e&9977
1.090670 0e49567 Oett6673
1.095876 De50433 0.53328
1.090467 De48230 0.49155
1.096062 0651761 0.50856
da = 1'09327u + o.12912<c1—o.50) + 0406064 (C -0+50)
AVERAGE DEVIATION =% 0.000019
Vo =18.044 V, =21345, v2=121.73
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TABLE L.6

DENSITIES AND RELATIVE VISCOSITIES OF AQUEOUS THIOUREA
SOLUTIONS AT 259,

A =0.997048 + 0.021311 C — 0.,000171 C°
d =0.997048 + 0,021192 m — 0.001190
® = 544971 + 041715 C

Mr

C m d e
0.098895 0.099731 0999145 1.0016
0;29413 029986 1.003302 1.0052
0.48519 0649998 1.007354 1.0091
0667201 0669990 1.011299 1.0133
094500 099989 1.017031 1,0221
1.20943 1,29974 1.022577 1.0297
l¢46580 1.59963 1.027912 1.,0393

I

1 + 0,01510 C + 0.00799 C*Z



a=ay+ i R (5.16)
)
with sverage deviations of 2 6.000005 and = 6,000007
The densities of agiecus suerose solutions,
given in Tadle 4.7, ean bDe repressented by the equation
@ = 0.997048 + 0.13153 C - 0.001570 C°

| (4.15a)
with sn average deviation of 2 0.000007.

Apparent molsr volumes of thicures l,, are
givea by the relsticom

8 = 1g—°9[ié_2] + (W) (B.47)

whore X 1s the molecalsr weight of the thicures.
By combining equations 4.15 and L.17, the apparent
.

& = c,.°‘ + EC | (4.18)
8% = (x - 10004,)/8, (4.18a)
e E = - (10004,)/4, (4.180)

The namerical solutions to eguations 4.15, 4,16 and
L4.18 mey be found st the foot of Table 4.6.
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The density reosults for thicures may de
compared with those of Indelli.’ On converting Indellt's
data from moles per 1000ml. to moles per 1000c.c., the
value cbteined at | molar is 1.01813,, whieh mey be
conpered with 1.01818; cbtaimed from this work. At
0.5 molar, the densities are 1.00762, snd 1.00766, ,
respectively. Indelli cbtuimed the spparent molsr
volume as & fumction of the sguare root of concemtration,
and derived §,° = 54.79;, whereas from this work the
value of &,° = 54.97, was ealeulated.



The measurement of viscosity forms sm important
part of many processes and studies, In industry, the
nuwwmmwnmmwsm
oils mm used, end in the sociemtific ladoratory,
the rate of tramsport of a particular species im solutiom,
or the nsture of s particular polymer, depends on its
viscosity.

¥Yiscosity meamreamis, in common with le
measurenents, provids useful informstion regarding
molecular state and strusture, and ¢leotrolytes have
been studied in aguecus solutiom,2°*2! 424 aixea
eleotrolytes,?? snd nom-elsctrolytes’ bave alsc been
studied in aqueocus u’lutt_ea. Viseosity detemminations
are of oomsidersble W in studies of high polymerss>
asd slse proteims.t

Ia the work presented here, relative viscosity
megsurenents are reported for two termary systems, and
for the ‘bimﬁr aystea water—thicursa. The computation
of the relative viscosities of the solutions also
involved the imeorporation of the demsity data
discussed shove.



5.7 ZIheory.

The first hypothesis conceraing the magnitude
of the ferce reguired to overcome viseocus resistance
mmmmw:mmmx”

“The resistance which arises from the lsek of
slipperiness originating in a fiuid - other things
being e@ual ~ is proportional to the velooity YNy
from esch other.”
This tells us that, Af we consider two parallel planes
in & liquid, ench of ares A, seperated by a distance x
end moving st velocities v, end v, in the direetiom of
either of the plames, them the foree required to
maintain this difference of veloelty is proportional
to the gradient of wveloeity,

Ae -
i,.e. ?a —&x—'i’l (1,19)

utummmzvamnmaummzmmu,

The constant of proportionality, n, is termed the
“coefficient of viscosity® of the liquid.

However, ome of the earliest expressicns
related to viscosiily was derived empiriecally by
Poiseunille:
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a=x.pght | (4.21)

where Q is the quamtity discharged in unit time, L the
m-m D its dismeter, P the pressurc 4ifference
between the ends of the capillary, end K is s constant
eharasteristie of the lignid., Soon afterwards,
Wiedemnrn, m later Haganbach, deduced a theoretioal
formala for the volume discharged in unit time, which
1smmmmtmwmwn.mnu

Q= % | (h.22)

where r is the redius of the tube. FHowever, in this
eguation, we have assumed that all the potentisl emergy
is used to overcome viscous resistamce, whereas sctuaily
a portion is used to impart veloeity, i.e. kimetic
eergy, to a liguid. Tims the equation

Q= % | (k.23)

- B - (.28)

vhers = is a mmall constant, usually sboaut 1.12, end
4 is the density of the soimtion.

' Couette suggested a2 second correstion to sllew
mmma-mmrnwummwmmmw;
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This takes the form of s “fictitious lengthening” of
the espilliary sheredy egmation 4.24 becomes

- Wyt - B )

whore V is the wvolume of ligquid passing through the
espillary in time t, and A\ is & small end correction of
mgnitude seversl dismeters of the eapillary. This may
be written in the fora

n=Ads - B/t (4.26)

R=a ‘--f, (4.27)

Begleoting seeond order correstion terms, the sorrected
relative visoosity is givea Wy

" =3, - %;[“‘i; -1 (4.28)

where
=2 :ﬁg (4.29)

and h 13 the difference of the distanes from the mean
position Detwesn the two cbservation marks cn the
Wmmmmammmm.
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The Ubbelohds type viscometer used in this work
required sbout 32 c.c. of solution, and is shown in the
photograph, Flate 4.2. It was cleaned before use with
with 20 c.c. acetone and dried for 20 to 30 mimutes by
comecting to & vacuum pump. To prevent dust particles
froa enfering the capillary and causing blocksges or
restrictions, the solutions used were poured into the
viseometer through & sintered glass fumnel,

The viscometer was placed in s glass-fronted
water bDath controlled to 25.000 ¢ 0.002° with a mercury-
toluens regulator,'C ani allowed te squilidrate, snd
the slignment checked with a plumboh, The time for the
soluticn to flow bDetween two marks was cbssrved with an
electronic decade counter and resulis were recorded to
the nearest 1/100 second. Four or five flow times were
recorded for each solution, and the greatest difference
betwacn any two reedings of a series was always lesa
than 0.05%.

4.9 Results.
LS P DTPTEcTion,

Values of (n/at) sgainst (1/t%) were plotted
for water at 20°, 25° and 30°, snd for 204 sna 30%
sucrose at 25°. For 20K suorose, a value of




Plate 4.2. The Ubbelohde viscometer,
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n = 1,701 was used, and for 30% sucrose, a value of
n = 2,735 was asmedaas
Table 4.7 and plotted in Pigure 4.1. Since these

The results are given in

ealibration points were obtained over a period of
about 2} years from April 1962 to July 1964, the water
flow times at 250, which were alwayse mesasured at the
sane time as those for the other solutions tested in
Teble L.7, as & standard of reference, varied by ebout
0.45 sec. over this time, mainly due to “settling down’
after repsirs were made on the viscometer at the
begiming of this period. Consequehtly, all flow times
listed in the Table have been adjusted relative to a
constant flow time of 288.5) seconds for water at 25°,
It is worth noting however, that for measurements on
binary and ternary systems described in the following
sections of this chepter, (except for early measurements
in the water-sucrose system), the flow time for water
at 25° remained essentially unchanged, the values
between Pebruary 1964 amd September 1965 fluctuating
only between 288.50 and 288.61 seconds.

The values of (n/dt) versus (1/t2) fitted to
a straight line to within 0.1%, as shown in Pigure L.1.
From this line, the slope and intercept were obtained,
according to equations 4,27 and !4.29? to give a value
for the kinetic energy correction X =-290.



312 -

0.0 0.5

Pigure L4.1. Plot of n/dt versus 1/t2 to determine the kinetic energy
correction of the Ubbelohde viscometer.




x 10°

29,945° 259.67

30% Suorces 25°

1.2011
0.9503
14834
0.3877

0.1629




- It is worth noting that a visccmeter hss besn
descrided recently’’ which hes a long-flared capilisry.
wmﬁmmmammm“em”m
venticonal viscometer, it is claimed to be possible to
m an immt in whieh no signifieant kinetic
ensrgy correction cocurs.

B.

The densitios and relative viscosities (where
deternined) of several sucrose solutioma at 25° are
given in Table 4.8, and osm de representsd dy the equatioa

Ny = 1 + 0.8505,0 + 0.73575C° ~ 0.0653,C°
+ 0,618, ¢t {(4.30)

with s sverage deviationm of 2 00,0004,

water-urea-sucrose and water-sucrose-mamitol are
samnarised in Tables 4.9 and 4.10 respectively. The
values &t each ternary point were fitted, using sn

| I.B.X. 1620 computer, to a Teylor series of the form

7, = 7(CyTy) + a,(c, - T,) + ay(c, - G,) (u.31)

The mumerical values of these equations are given in the
Tables af'ter each set of datas.
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c Weight % a Flow time Flow time Np
of soln. of water.

0.13123y L.4288, 1.mm5‘ 318.97 288.76 t.12h,
0.30238, 10,0002, i.esm;; 368.20 288.67 1.328,
0.48350, 15.60925 1.06029,  436.37 288.70 1,610,
0.51654, 16.6090, 1.06457;  450.58 288.70 1.669,
0.63066, 20,0002, 1.07937,' 508.03 283.67 1.909,
0.98621, 30.0003,. 1.12523,° 783.41 268,54 3.073,

0.04100, 1.40018; 1.00242, - = -
0.10659, 3.60876. 1.01104." ~ - -
0.2268304 7.6097, 1 ‘.926939 - - =
0.271795 9.00929, 1.03268, - - -
0.75947, 23.71921 1.09603," - - N
0.90284; 27.72962 1.11449." = a -

8. Demsities messured by Dr. Py J. Dunlop.

b. Density quoted by B.J.Steel, Fh.D., thesis,
University of New England, Armidale, F.S.W.,
Amstralia, 1960.

c. Damsity snd relative viscosity measured by
Mr. D. E, Mulcahy.
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TABLE 4.9

RELATIVE VISCOSITIES OF WATER = UREA = SUCROSE
SOLUTIONS AT 25°,

E;=o.5 €;=o.5
nr Ci Cz
146737 043254 0.49710
1.6981 0656776 0450292
146599 0e48169 0.48776
1e7113 0451795 0.51222
146536 049722 0e48340
1.7178 0649740 051647

= le6859 + O.O9712(C1-O.50) + 1.945O(C2—O.5O)

AVERAGE DEVIATION

=t 0,00017



116

TABLE L4.10

RELATIVE VISCOSITIES OF WATER e SUCROSE - MANNITOL
SOLUTIONS AT 257,

C, =0425 C =0425
1 2
7711 c1 CZ
l.4157 Ce24997 0621049
1.4821 Ce24997 0.,28948
le#4152 0e22822 025002
1.4813 Ne27172 025000
le41560 0e24580 Ce21836
1.4823 0625419 028175
1.4159 0e23284 0e24194
1.4887 Ne26716 0e25814
e = 1.4500 + 1.5892(C1—O.25) + O.8633(C2—O.25)

AVERAGE DEVIATION =% 0,0013

C,=0.25 C =05
1 2
(8 C, C,
16401 0e24993 0045922
17266 0624993 0e54064
leb6471 0.22814 049990
17229 0e27170 049989
166401 024567 Oeb6749
17240 0e25421 053267
16205 0e23237 Oe&7132
1.7232 De26733 0,50821
Ur = 1.6835 + 1.7669(C1—O.25) + 1.0667(C2—O.50)

AVERAGE DEVIATION =+ 0,0011
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TABLE ).10 (CONT.)

RELATIVE VISCOSITIES OF WATER — SUCROSE = MANNITOL
SOLUTIONS AT 2565,

C1=O-5 C2=O.25

s Qi Cz
1.8703 0649991 021031
1.9699 0.49986 0.28952
1.8690 0e47746 Ce24989
19733 052230 0624989
18716 De49575 0.21810
1.9715 0650422 0.28190
1.8685 NDe8240 De24172
1.9724 NDe51755 0e25826

77P = 109210+ 2.3401(C1-0050) + 1.2590((:2"0.25)
AVERAGE DEVIATICN =% 00,0005
C1=0.5 C =045

T]I’ Ci 02
22074 049875 0e45862
23349 N0e469935 0654010
22079 el 7733 049952
23279 0652218 O0e&49977
2.2085 0449567 O0e46673
23496 0e504373 0.53328
2.2090 048230 0e49155
23393 De51761 0650856

nf = 2.2740 + 2.7828{C1-0.5O) + 1.6487(C2—O.50)
AVERAGF DEVIATION =% 0,0039



T™he relative viscosities of aguecus thiocurea
solutions sre givenm in Table 4.6, This data wes least
squared as & function of molmrity, using an I.B.M. 1620
compuater, to give a relation of the form

2
Na =1+ Z !',‘(:1 (4.32)
1=1
The mmerical solution to this eguation is given at the
foot of Teble L.6, and the data hes an sverage devistioa
of ¢ 00,0002 froa the equatiom.
The viscosiiy dsta sre plotted grephically in
Figave 1.2, and 1t can De seen that the values avre
considerably lower than for urea solutions st
corresponding concentrations. The relative viscosities
of urea solutions were dsrived from the equation

Bp = 1+ 00570 C+ 0.0043% ¢°  (4.33)

which had beon cbtained dy Akesley snd Gosting?S
from data svailabls in the literature.



1.075

1.050

e

1.025

1.000

FPigure L4.2.

The concentration dependence of
relative viscosity.

A, Urea; B, Thiourea.
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5.1 Introduction.

A variety of methods has been developed in
recent decades for the measurement of the rate of
diffusion of substansces in solutiom. A tochnique which
is of conaidersdliec interest imvolves the use of the
MM. Tais apparatus, in whiech two solutions
of different concentraticys sre sepereted by s sintered
glass disphragm, so that the diffusion process takes
in regent yesrs, particularly with adeptations by
Btokes', smd is now used extemsively im diffusion
studies in various laborstories. After diffusion bas
taken place, the scluticns may be snslysed by chemieal,
optical or conduetsnoe methods. An sdeptionm of the
um«mmmmmu&m-ww
trocer diffusion, sad Nil1s?’> nas studied seversl
systems using a similar experimental techniqus, execept
that the redic-astive speeies is measured using redio-
sounting apparatus. Parther details of other types of
apperatus applicsdle to the study of diffusion may be
found elsewhere, and the reader is directed, in




partieular, to a review by Gosting®, snd to the momo-.
graph by Robinson snd Stokes.®

Considersble success has also Bsen obtained,
however, by using optical methods. Ons such optical
systea, which utilises Gouy interfarence optics, was
used in the msasureaents reported in this work., The
experinontal nethod will be discussed more fully im a
later seoetion. The Gouy opties, first reported in
1880 by Gouy,® were left largely wmsed until imterest
was revived in 1945 by Longsworth.! A theory for
interpreting the non-equal fringe spssings was derived
2y Kegeles and Gosting,® and almost simultenecusly vy
Coulson gt gl.” The latter suthors sacrificed secursey
for adility to make repid determinations with small
semples of solutions, whereas Gosting snd so~worksrs
_ have someentrated oa schisving the maximum possible
agccursay, 50 that isothermal diffusion coefficients
nsy be odtained for a bimary system with am scoursoy
of 0.1%.

The work deseridbed in this thesis uses a
Gouy diffusiometer of & similar type to Gosting and
go-workers.

It §s intended that this chepter should
provids most of the theoretical and experimental
information neecessary to deseribe the results which
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follow in the two succeeding chapters. Of necessity,
therefore, mach of the theory described will de a
review of material slready publiabed, but it is
eonaidered that this is necessary, and Justified, in
order to maks the experimeatal application complete,

5.2 ZIheory of Diffusion.
A. Pick's laws.

Piak's first ht? which defines the
difrasion coofficisnt, D, is the aimpliest of all
experimental flow equations. For diffusion at constant
temperaturs and pressure in o binary aystem, Flek's
first law for one dimmnsional transport of sclute is

2
3 =-D [b_:ll (1 = 0,1) (5.1)

i.¢. At sny time, t, and position x, the fiow :1 of
soluts relative to the cell is directly proportional
to the econcentration gradient.

By ﬂbstihﬁm/of the first law into the
equation of contimuity we obtain directly Plek's
second law,

[;11 - ,,[;;6‘1 (1 = 0,1) (5.2)
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In deriving this equation we have assumed that D is
independent of concentration. Experimentally, it is
arranged se that the differenge in concentration
between two 4iffusing soiutions is saall, iz order

- that this requirement msy be satisfied.

B,

When a horizontal besz of light is passed
Wammmmmummm
a vertical direction across a somcentration gradient,
and if the light beam is focussed on to & vertical
plane by mesns of & lens, & set of intsrferense fringes
sre cbtained, as shown in Flate 5.1. These fringes,
first observed by Gouy, arise from the fact that
parellel light rays ere passing through conjugate
regions of equal refractive index gradient. The
optivel srrangsment is shown in Pigure 5.1. It esn be
seen that light rays passing through upper snd lower
parts of the e¢ell, C, where there is no refrastive
index grasdient, suffer no dsflection, vheress those
refrasctive index gradient is & saximum, suffer meximmm
deflection.

If the refractive index of a thres-compcnemt
gystem is a linesr function of each solute concentration
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Typical set of Gouy interference fringe photographs, taken during an
experiment, showing the variation in pattern size with time.




Figure 5,1, Diagrammatic arrangement of apparatus for measuring diffusion by
the Gouy interference method.
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over ths relatively small cencentraztion renge enmcounti-
ered in the diffusion oell, we may write

2=a@,5)+ ) (0 - (5.3)
Cted

where n(C,,C,) is the refractive index at solute
concentretions T, snd G,, snd the constants R,, the
mnn refrastive lpcrements, are the changes of
Mﬁn tﬂuxmmmtamt change in solute
mtnam. The refractive indax distridution for
Tfree &iffusion, tuvthtunctnt independent of the

31: m
2
’; ; 7% . up[%] (5.4)

where the o, are the solute frections on the basis of
refractive index, and sve defined by

o= X ;"; (4 = 1,2) (5.5)

It is conventent to define hero the "reduced height-area
ratio”, whiek is given by

(an)?

* el

(5.6)
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in whieh D is indepondent of C snd n is linesr in C, it
may bs shown by substitution of eguation 5.4 iate
equation 5.5 that

9 = D (5.7)

A set of interference fringes cbtained using
the Gouy optiesl aystem is shown in the photograph,
Plate 5.1. The displasememts, Y,, of the frings minima,
formed by the angulsy deflection of the light dme to
the concentration gradient present in the solutica
undergoing free diffusion, are shown in the photograph,
and ave mmbered J = 0, 1, 2 stc., starting with the
fringe shich hes undergoms most deflection, The total
mmmber of fringes, J,h#mw

7= 8 (5.7a)

where ¢ is the internal thickmess of the cell slong the
light path, An is the refractive index differemce scross
the initial boundary, mxz-mwwm
monochromatic light used.

The reduced height-ares ratio becomes

’i = m% (5.8)

bt C,
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whers t' is the time st whieh the photograph is teken
af'ter foraing an initisl Mpm, Gt.utho
groatest dowmmward dsflecticn of 1ijkt at the photo~
. greaphie plate that is predicted by ray opties, and b is
the cptical distsnce, from the cemtre of the oell to
the emalsion of the photographio plate, given'' by
fl,/ni » whore 1, is the distance slomg the optic
axis in medium { of refrective index a, .
Matmthlmumnytmm
photogrephs, mtmwnmectmmm
the messured distamce Y, betwoen the mormal slit image

ct " Yj/ .-cg (5.9)

'horce"% iz read from tubles of the funstion

z(cy) ‘f%[[ ".’2‘" - €y '{i] (5.10)

which is in turn obtained from the interference condition

where the approximation Z; to the sertes (J+ 21+ .....)
has been tabu:l.ateﬂ."z For s binary system, where the
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refractive index gradient ourve is Gaussian, wlues of
!‘/ﬁ'{ﬁ are constant, and C, is deterained from the
fringe ninims. For a termary system, m«,y,/.*fg
varies with j, s0 that values of the ratic are plotted
mmtz;-/',m:mmorctnmmmm
uxtrapolatiund‘z: /'-o.

It is neoessary to make a smail correction,
At, to the observed times t', since the imitisl
boundary formed will slways be slightly dlurred, so
that the true valus of 9, is related to 9, by the

% =9 [1 +9] (5.12)

Ql'uﬁttmur!tm}:mnmaplotaf
ﬁimm*l/t' -

In a binary systea, the prooedure cutlined
sbove may be used to determine tho diffusion constant
directly from ths reduced height-area ratio. In e
terzary system, however, we have to gonsider the flows
caused by the diffusion of two solute species. By
generdlising Fick's first law, the following
experinental flow equations may de nitm"’%
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321 B
TANEEN. W [’?B“ll - Gy [’;gzl G

Thus for a system eomtaining two solutes, (designeged
hore as 1 axd 2) we now have to determize L diffusion
ooeffictents. (D,,), snd (Dy,)y sre the main diffusion
coefricients, ad (D,,), and (D, )y sve termel the
eross~tern &iffusion coefficients, which are dne %0
interactions detwesn solutes. Clearly, in the limiting
case where &e concentration of either 1 or 2 approaches
sero, the resulting flow equation is reduced to the
simple statement of Piok's law (see equation 5.1).
reference, which moves such that no net volume change
cosours relative to this frame at the time and lewvel in
question; i.e, s
Z V@)y=0 (5.15)

R
_where V, is the partial molar wolume of compoment i, in
e-".e;/ldl‘c The concentraticns, 31, in equations 5.13
_ and 5.14 sre sxpressed in moles psr e.c.. snd the (Bu)v
have the units om.2/sec. The volume-fixed reference
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frane is almoat identical with tho eell or apparatus
reference frame, the confition for equality being the
Under the experimentsl conditions used, this sonditiom
is generelly fuifilled.

“The W usel to determine 0 Tor a
ternery system is similar to that Cor a Dinary, except
that C, values are cbiainsd by extrapolaticm, as
described in the previcus section. The diffusion coeff-
ftoients, (Dgs)y» mey mot be directly determined from
S,, Tat can be Ghtained by a scmewhat lengthy ecaleulatien,
whick will be desoribed im the experinentsl ssetiom of
this ehptcr.

The theoreticsl treatment of multicomponent
diffusion derives a sst of phencmenclogicsl eqaticms in
which the flows of solute relative to the solvent are
desorided in terms of linser functions of chemical
Dotential gredimts of the solutes'>*'6 (see equations
5.29 snd 5.30), snd Onseger’*'® ghowed tnat the
phancmenclogical coefficients, 1'13’ of the linear
equations, for 1 ¢ 3, were equal (see eguation 5.31),
This eguality is known as the Omsager Resiprocal
Relation (ORR).

One method of testing the Onsager Reciprocal
Relation necessitates the conversion of the volume-
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fixed diffusion soefficients to diffusion coefficients
ont he solvent-fixed seale, where this soale is
derined 415 4o that the met flow of solvent relative
to it is zero, i.e.

(3°)° =0 (5“6)

A dotxileld discussion of frames of reference s beyond
the ssope of this discussion, snd although fNorther
mention will e made in the next section, the reader ia
referred to the psper by Kirkwood gt al'> for further
information. :

The flow of components 1 and 2 with respect
to the solvent frame of reference (:1)0 snd (:;2)&, -y
also be written in teras of products of cocnsentretion
gradients snd diffusion coefficiemts, (B“)a. to give
equations similar to 5.12 amd 5.1h. The diffusion
cceffictents (D,,)q my be cbtained'® from the reiatiem

g, & (1 = 1,2)
(B30 = (Byy)y + o Z Y (Byyly (3 = 1,2)
(5.17)

where ¥, denctes the partial molmr volume of component k.

Values of 'Ji"k, in e.c./mole, may de obtained frem the

nlaumﬁ



| N - 1000 B

v, = 2 (k =t,2)  (5.18)
), 540
=1

mgtltiltheimmm;htwmmtk;m

_ e
By [M‘]r.r.cm: | (5.19)

The cmmtlm of solvamt, co. =y be obtained from

Z X,C, = 1000 4 (5.20)
so that 'f’o can uzdetemm from -
Zc{ii = 1000 (5.21)

Concentraticns, C, are in moles/1000¢.¢0.

53

The "entropy production”, or “dissipation”,

? o, 3ay b esloulated'? for & systen of (g + 1) non-
reacting components (0,1 .... g, where 0 denotes sclvent)
from the relation

To = i 3’111 (5.22)

i=0
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where T is the sdsolute temperature, & the losal emtropy

,,,,,

X, are the generalised forces of component 1. Por cne—
dimensional diffusion along a directicm x, we ecan write

X, == gyl p foX (5.23)

mpihmmualwtmxﬂotmomth

ic‘x" w0 (50%)
i=0
We may eliminate xe from squation 5,22, so that, using

the equations 5.15 and 5,16, coe obta s

| Tor = i (‘11011 (5&25)
i=1
b T

for the solvant-fixed aand volume-~-fized reference frames
respectively, where'?

q
.!1 = z .313:: (5.27)
3=t | |
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and :
PR PR [CAAVICRAY (1x = 1,2)  (5.28)

a“ being the Kronsoker delta.
Por isothermal diffusion in a ternary solutiom,
the flow (J,), of sciute reletive to the solvest,
(component 0) mmy be expressed in terms of linear
functions of chemioal potmtm gunnt-. (iplfk).
the two solutes!*16 _

3y o ,
® - -a—“l - o _G:z

A similar set of equations may be writtem for the
volume~fized frame of referemce. Using the prinsiple of
*microscopic reversidility” » Madlely,
‘under eqnilidrimm conditions, say moleculsr
process, snd the reverse process, will dbe
taking place on the average at the same rate’,
Onsager showed'7*® waing finotustion theory, tnat?®
"Provided the J;, snd X, sre chosen from the
expression for T ¢ and are independent, the
linear lews sstisfy the symmetry relation
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L, 3

for all i and §" (provided &t » 3).
For isothermsl ternary diffusion, we can write either

(Lyg)g = (Lyy)0 (5.328)

= Lyy (5.31)

or

Ly gdy = (yydy {5.32p)
but in genmersl, '(I.“)c + (Lij)v except when s1l solute
concmtrations approsch sero. The coefficients (L,,),
may be expressed as products of diffusion cocefficients
and the gradients of chemical potentisls, so that'>*16

(Lyy)g = :(nﬂ)e Bao = (Bya)o 3211 /10008  (5.33a)
(Bypdo = [ (P42)g 4z = (9y9)q “121 /10050 (5.330)
(L) = [(322)9 #yq = (Opq)g #qg | 710008 (5.338)
where
8 = “&1“22 ~ Hyohoy (5.34)
and




where T, P snd C,,, indioate that temperature, pressure
and concentration or t.he other solute are held eonstant
during the differentiation. The factor of 1000 is
introduced into equations 5.33 becsuse concentrations
are expressed as moles per 1000 e.c., wheress when
considering flows the units should be moles per c.c.
The phencaenclogical eoefficients on the
volume-fixed referemce frame, (L,,)y, are given by

(Lyydy = :".éﬂ”ﬁ% B ‘12(312)\5 /10000 (5.36a)

(Lygly = :‘15("12)7 = %21 ‘”11)v: /10008 (5.36v)

(Lyoly = :‘11(”22% - 8, (D,,) | 710008 (5.360)

where
0 =8y, - 2.0, (5.37)
such that
2
an = Z % 1etie 4 (5.38)
; k=t

mm%mmmwemum&za.



coefficients (x.,g)e. in equations 5.33 it is necesssry
to first deteraine values for the derivatives of the
solunte chemical potentials.

The chemical potential derivatives, "13’ 8
defined by equation 5.35, may be m-tm""z' as

By - Z Aph (5.39)
o4
vhere
= [ Gy/m) ey ] (5.408)
and

_ ' §
-k [gu * gl_-_l] (x=t,2)

Cx CoVe (S.41a)
Eguation S.h0s is obtained from the expresaion for
chenical potential

py= yic + ¥,RT 1n a,v, (5.42)

where the 4,° are stanfard chemicsl potentisls, R is
thes gas comstant, v; is the mumber of ions produced by
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_ mwaumcrimnermmti, t!n:rim
the molal sctivity covefficients which are funstions of
both m, and n,, and the molslities m,, may be derived
fron o . i
m, = 1000 C,/(10008 ~ C,¥, - C,M,) (5.43)

Also, we can write
ry = (31n 71/“1:)1,?},'-1* (S.kk)

snd "

Values for the derivatives I,, may be obtaimsi dtirectly
from equations derived in Chapter 2. DPifferentiation of
equations z.s'm 2.7 and the use of equations 2.4, 2.14

and 2,15, vith substitution of the appropriate mamerical
values of the comstants, produces the desired relations
to evaluste the derivatives.

Mnlticomponent d&iffusion coefficients may slso
be used to derive a set of generalised flow equations
from which a set of frietional coefficients may be
o.btamé. Buch ooefficients have boen suggested in
slightly differing forms, by seversl suthors22 26 ¢o
whom the reader is reforred for further details,
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It will be ahown that sn advantage of using this motaticn
is that frictional coefficiets dcpend oh the difference
in diffusion velceities, snd consequently sre indgpsndent
of the frame of referense. A brief summary only of the
squstions used will be givean here, using the approach -
cutlined by Dunlop.2?+26

It is sssumed that the forces ceusing relative
motion ef the compoments are the gradimats X, of
chemical potentials u, (see equation 5.23) so thst we

X, = i‘u éx[ (vyly - ('k)V]. (5.45)
X0

nu - ‘n ' (5.&5.)

where the diffusion wlocsitiss, (v,)y, for the valume
frans of reference sre given W
™he ‘n my be expressed in terms of the measured

- 6y(Gypyy + Ep7y5)
. . NSy .




R2 =

Roq =

Ryg = _2(&11’31 + aafza’_

ColCheyy + Coey,)

®x = 35x * (éivi/aeig) {1,k = 1,2)

21y == (/K5 Py = (3,0/)

Py = URpy/R)s Byy = - (W /M)

K= Byl = (0,0, -~ K H,,)

T

Hyg =~ ;(311)1!“2& = (Dyolyuyy | /8
Kyp = ;_(”11)‘!“12 - (”12}#"1{ /8
Rg = [ Gapdyeay - 0pdgup, | /8

(5.570)
(5.470)
(5.478)

(5.48)

(5.49)

(5.49a)
(5.508)
(5.500)

(5.50e)



where S is defined by equation 5.34.
| It bas been pointet oat?® that the validity of
the GNR would bé shown by the equality of the fricticmal
cosffictents R, snd R,, for s particular ternary
composition. This squality has been testel ia a recent
paper,2! snd will slse be computed here for the water-

5.5 Rmerimsntal.
A.  Matarials. |
I_mmMummmummmm
sctivity measuremmts dssoribed in Chapter 2. The
mnnitol was B.D.H. micro-analytical grade. The moleeulsr
weights of urea, sucrose snd mamnitol used were §0.056,
342,303 end 182.175 respestively, snd the corresponding
dsnsities of the solid reagents, uwsed for osloulating
vacuuu gorrections, were 1.335, 1.588 and 1.489,
respectively.
B. Saluticus.

All solntions were prepared using doubly~
aistilled demineralised water. The waights were corrected

mmwmmmummumz.
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Por binary isothermal mrmm experinemts
mannitel, two selutioms, of comsemtration (C,), end
(C4)p were prepared, whose mesn ommuan s 5’9

G =[(c), +(c)gl /2 (1=1,2) (55)

- Values of T, were ehosem for compariscn later with the
ternary systems. Values of AC,, where -

4oy = (G - (6), (1 =1,2) (5.52)
were chosen sc a8 to obtsia spproximstely 80 to 100
slresdy pudlishea27+12,21

For ternary aystems, it is necessary to perform

st lsast two and prefersbly threec or four, diffusion
experiments at ecach termary poiat. To prepare solutions
of the desired concentraticns, the weight of water
required for z solntion of known volume, ¥, was computed
from the relatien, |

Vs ne?g * 0+ 00, (5.53)
where ng, X, Mnammmwm«ceuw
and solute components 1 and 2 respestively, o V3 1s
the volume of a mole of water at 25°. The agparent
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relations:
Urea?® @ = 44,218 + 0.13999C ~ 0.002601¢%2  (5.54)
Sucrose: @ = 211.402 + 1.5746C (5.55)
Nannitod:2's = 119.418 + 0.75623¢ (5.56)

Two preliminary diffuaion sxperiments were perfarmed so
that in eash case there was a gradient of only one of
the two solutes. The other component was present in
both upper and lower solutions at the same concentratiom.
Thus the refrestive fractioms, @, » for these solutiom
pairs were olose to 0 and 1, respectively, (i.s. AC,=0
end AC,~ O , respectively) whare

r, g:‘:c : AC, (5.57)
154 2V

and R, sad R, are the differestial refrective incresents,
defined by equation 5.3. Hemoe values of R, snd R, sould
be determined from the relationZd

.‘U

[ ] — = 2 _-n) e n,

wfth w,a-mz
(5.58)
mmmmmurummmt
were performed at Gy = 0.2 snd 0.8 respectively, in
order to provide internel chocks om the data. The
required values of AC, and 4C, were dotermined frem
equation 5.57 using the preliminary dats from the first
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two experiments and the values of R, asd R, determined
from equation 5.58. Am srditrarily sdlected value of
(ac, + 4C,) was used sscording to the mmber of Gouy
fringes required (approximately 65 for the water-urea-
sucrose aystem, and 95 for ths water-sucrose-mamitel
system). |
The densities of the reqguised solutions were
deternined by fittiang the preliminary demsity data to
4 = a(5,,T,) + B (o, - T) + B(C, - C)) (5.59)

All density measuremsants were perforaed in qusdruplicete
asing single stesm pycnometars.

photograph, Flate 5.2, and disgrsmmatically in
Figure 5.1. Light from a mercury lamp passes through
s condenser lens and filter (Wratten 77A for mercury
green 1ine (\ = 5460.7 £) snd 11luminates a herizontal
elit, 8, AR imege of the slit is focussed through the
esll, by means of a long focel lemgth lens, L, on to &
photographic plate, P. Light rays pessing through the
region of refractive index gredimmt in the cosll are
slit image, and if the scurce slit is mede guite



Plate H,2, The Gouy diffusiometer,
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m.mmummmmmmm
mm,m@tmmm.b,mmmmerao
diffusion cell to the photographic plate
m”mrmmhsos.wa.
mmmmuMMm
mantmammwm(mmm\
mm:mnmmu *Cell ne. 2°) in which the
mea.mu:ﬂmmas%u.
mmtm mumtlmmm
plmﬂuuuwaﬂuﬁutuutmmmm
lower solution, B. A boundary between thess was sharp-
ened by witbdrawing 45 - 55 o.c. of solution at the rate
of syproximetely 1 to 2 e.c. per aimate from the eell
with & stainless stesl ocapillary adjusted to the level
of the optic axis. After sharpeaning, the time was
noted at the instant the siphon was turmed off, and
then the siphon wes slowly withdrawn from the solution
end the cell was closed off.
mmmmum.l,m
refractometer corrections, §', were cbtained by '
averaging 6 sets of photegraphs. The former wers
obtained with the ooll closed, and the latter with
the eell opem mmi the siphon lowered in plsce so that
its tip was in line with the coptic axis. Values of the
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just befors the siphon was turned off. Kodsk OTC Pea
plates were used for all of these photographs, developed
in D19 dsveloper. Ten Gcuy fringe photographs were
mm:metwﬂyammm'
formation of the bdoundmry. The faster Ilfcrd HP3Z

of the Gouy fringes makes measurement of the integral
womber of fringes 4ifftieult, s photogreph using
Rayleigh optics was taken. A small reference correction
was elso mede by taking s similar Rayleigh photograph
before the boundsry was sharpened.

The photogrephs were measured with a Gasriner
toclmsker's microscope fittedl with a projection screen.
detormined visually for most experimeants, tnt for
soveral a mewly installed photoelectric mull-indicator >
was uned. The mintma could be measured to withim
approxinately £ 5 microms for the widely spaced fringes
end £ 2 microns for the closer fringes whem measured
visnally, but this uncertainty was reduced by a helf or
more when the photosleotric mull-indicator was used.
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Values of the redueed height-area ratio, $,,
aiscussed in seotion 5.2B, The caleulation wes made using
n Mrt mﬂm« for an I.B. M, 1620 mm,
mtmcrmawn rm :hthtw Values
o t’ versss 1/1: m hut--qurd. to deternine 9,.
Eﬂiu & series fm

(9250 = (8,00 [1+ 0.0264 (25 - 1) + ...] (5.60)

of the Stokes - Einstein relaticn, the (8,), values wers
Which never differed by more than 0.005° snd were
constant to t 0.002° during each ezperiment. The
refrastive increments, An/AC, for two~component sclutions
‘wers oxleoulated by using the eguation

An/AC = N/ (aAC) (5.61)
The relative fringe deviations > Ry, given by
2y = .-'§ - Y,/c, (5.62)

dotermine the doviation of the refractive index grediemt
curve from Geussisn shape. A valus of R,, aversged
from the value cdbtaimed from sach of the 10 photegraphe
taken, was plotted sgainst £(C,), the reduoed frings
zusber. The ares of esch graph, Q, where



148

1
Q= £ a ar(¢) . (5.63)

wes measured by spplyiag Simpson’s ene-third rgle to a
smoothed curve of sverage 2 walwes, with resdings taken
every 0,05 along the £{{) axtis.

The procedure used o caleniate the four
diffusion coefficients, (D, :)v' for isothermsl ternary
teeoary systems in recent nm.w'w The method,
deviation greph, is sn improvemmt on sn esrliier
proceture’’! which cnly used ome value of 2 from esech
fringe dovistion graph.

On completion of & set of 3 or 44 4diffusion
sxperinents at a particular ternsry conoentration, the
initial data was anslysed using the prosedure descrided
in sections 5.3B and 5.3C, snd them the valnes of the
four (n“)vm ccmputed. Pejita and Gosting heve
given the thscretical basis in the origimel articler
80 the discussion here will de limited to the egquations
actually used, The ealeulatiocns were made using a
yrogramne written for en I.B.N. 1620 computer, and a
uutugwmmmurmmmmwm
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e reduced height-area ratio, ’;&' my be
written a8 & function of the refractive frection, a,,
according to

1/5; = I, +8a, {5.6h4)

Mth&tmmd“l‘ma&whmh
the method of least sguares. mmmaxA
MEA. ualmhtdulﬂot' wua«m,m
equatica 5.64 for partioular values of «,, mum
mmm"muummwmum
etthtmble,.x'ndlz,“t

q/i.—- =E= X+ Ea, 33“1 (5.68)

However, since the coeffigients I,, 8,, X,, 5, snd B,
sre not independent, it is mot permissidle to ecaloulate
x., mxzummw_mumxmt SqRares.
A method of successive approximstions is used, by
writing

B = (WK, ¢ 02) = (B/E,) + (B/R)a, (5.66)
Assuming s starting value of X,, values of E may be
eomputed, snd from the linsar dependence of this guantity
oa @y, values of (Eg/E,) amd (E,/E,) could be obtained.
Values of the (nu),, eaild then bde determined if,
following the nmotation of Pujita and Gosting, > we write
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us= SA/IA

T--(%)‘ _

' = (31/32)3
80 that
f+v(2-u+w

2
AI,

vi2+m R,
, = IAEQ1

(w-u-v)(2+v)R
Carly = — A.I"RZ |
A

* ) (4 )2 -
(Dyp)y = +L‘I¥m+}*ﬂ
A

(Dy5)y =

where A= (1+we+un)?

(5.67)

(5.68)

(5.69)

(5.70)

(5.74)

(5.72)

(5.73)

(5.74)

end R, sod R, are the differential refrsctive increments
(sce equation 5.3). A second spproximation for E, was

nade using the caloulated (Bi,)v values, and from this a
new set of (Btd)" were computed. This ifteration process

was repeated until successive values of the (131

agreed to within 0.000001 x 1072,
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Thaus, in the thecretical sestion of this
chapter, it has been shown how thecretical fiow eguat-
iens mey De related to experimentally determimed
precoding chapters. It is the purpose of the mext two
chapters to present the oxperimsatal diffusicn data for
both two- and three-eomponent systems, end to uss the
latter to test the Onssger Recipreecal Relation,
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Bivary diffusion sxperimmts were performed
st a1l compositions regquired for compariscn with the
| The experimental prosséure used for preparing
the sclutions and perforning ihe experiments has Desn
descrided in Chapter 5, and the results sre summarised
in Table 6.1. Rows 1 and 2 give the weight peromtages
of upper and lower solutions, and vows 3 and 4 give the
correosponding molsy concentraticas of thess solutions.
The other quantities are defined iz Chapter 5, exoept
that ‘av. dev. £" is the perecsntage sversge doviation
of the 3, values from the least-squared straight line
of 8, versus 1/t'.
A. Jhe System: Watep-Ures.

The experimsnt at 0.5X ures was found to de
in good agreement with data previcusly pwblished,’ the
refractive index incrememts to 0.1%. The resscn for



TABLE 6.1
INITIAL DIFFUSION DATA FOR THE TWO — COMPONENT SYSTEMS *
WATER — UREA

WATER - SUCROSE WATER - MANNITOL

9ST

FXPe NO sS/8 S/7 S/6 M/ 2 M/1 Us1
(Wqp - 7.609478 15.609279 34797959 8B+157888 24287693
(Wq g 1400183 9,009299 16.609008 50196265 9.556773 3.688304
(Cq)p - 04228302 0.483505 06210627 0e459404 0382123
(Cqlg 0.041004 04271799 06516547 0.289587 04540850 0.618370
Cy 0020502 0250051 0500026 06250107 0.500127 06500247
AC, 0,041004 0043497 0033042 0.,078960 0.081446 0.236247
dp - 1.026989 1.060300 1,010307 1.025901 1,003140
de 1.002423 1.032685 1.064577 1,015260 1030989 1,006881
8, -0.022 -0.024 -0e023 0024 ~04019 -0.,018
8 -0,020 -0.023 -0.019 -04020 -0.006 -0.007
J- 92.10 9748 73.94 93,74 96419 92493
Dx1o® 051804 045879 0.40073 0e61457 0e56684 163413
Av.dev.% 0,034 0,032 06039 0e044 0,019 0,075
At 1349 1349 2942 2040 105 13047
(AnAC)xms 484979 484867 484797 254887 254770 Be577

* EXPERIMENTS NUMBERED CHRONOLOGICALLY.
UNITS. CONCENTRATIONS Ci» MOLES/1000 CCs» DENSITIES g GM/CCs
DIFFUSION COEFFICIENTS DsCM?/SEC.

+ MORE THAN THE MINIMUM NUMBER OF SIGNIFICANT DIGITS WERE RETAINED IN THESE
VALUES TO MINIMISE ACCUMULATION OF ERRORS IN CALCULATION.
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the rather high séme oorrection is not undersicod, dut
1t is believed that it is due efther to smn ineorrect
Mmﬁammﬂdmhmt.w
to some disturbance of the boundayy when initially
formed, possibly when the siphon was removed.

B.

As well as the experiments at 0.25 snd 0.5N,
another experiment was perfornsd at e lower congemirat-
fon. The purpose of this experiment was firstly te
compare the results with dats alrvesdy published,??> amd
secundly, to compare the resulis with those chisined by
other workers™ 1n the same lsboratory using &ifferemt
samples. Tedle 6.2 summarises the results.

It can be soen that the value of the diffusioa
soefTicient cbtained from this work is slightly grester
than the values previcusly reported,’’> mt lies between
the results cbteaimed Ly othar workers in this
although in Bo case is this difference grester than 0.1%.

Piffustion measurements on sucrose solutions
have besa reported at very low concentratioms Wy
Chatterjos,” using a microdiffustion eell amd Jemtn
met@a‘ The results are in good agreement
with all the data reported im Teble 6.2.



i ‘Merk N.B.8. R.,D,H. C.8.R. B.D.H.,
Anslsr reagent XN.A.R.

e &
sc®  0.043861 0.043832 0.040056 0.04OTS0 0.04100k
 0.021930 0.021916 0.020028 0.020390 0.020502
97.74 - 89.96 91.52 92,10

Dx10° ,3,5176@ 0.5170 0.519% ©0.5176 0.5180
an/acx10> 18.960 LB.9h2 4B.9TO LB.95h  48.979

“u o

Notes: s Abdreviations: X.B.5., Mational Bureau of
‘ Standards, Washington, D.C.; B.D.H., British
Drug Houses; N.A.R., Mlercanalytical reagent
grads; C.8.R., Colonial Sugsr Refining Co. of
Australia. ‘
b Consentraticons expressed as moles/4000c.c.
¢ D value ecrrected to 257 using equation 5.60.
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, At higher sucrose concentrations, results
have been reported by Ireni and Adsmson,® and also
Herion,’ using the disghragm-cell teckmigue. The
former mithors' results sesm to decrease too gaickly
with inevessing concentretion o that st 0.25 N and
0.5 X their results are approximstely 4% and 8%,
respectively lower than this work. Conversely,
Hemrion's results are spproximately 24§ higher o
the dats reportod here. However, the resalis of
Gosting snd Norris® are in excellest sgreememt with
the data reported heve. |

The results may de compared with soms
comprebemsive dsts recently published® for this system.
The diffusion ccefficients differ by 0.2% at 0.25M snd
9.3% at 0.5M, but the refraotive index increments agree
to better than 0.1% at bdoth concentratioms.

6.2 Tepnary System: Water-Urea-Sucrose.
Diffusion experiments in this ternary system
were mede sceording to the procedurs cutlined in
Chnpter S. The measuret fringe minime from the Gouy
photographs were them used to compute the 8, value for
stch oxperimmmt using e two-part I.B.M. 1620 computer
progremme. Examples of the output from each part are
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given in Tables 6.3 snd 6.4, and programme listings
are given in the sppemdix. It may e noted that this
vinary 4iffusion coefficients deseribed in seetion 6.2,
and ‘averege C, values® from the first part of the
ooafficimnts in the second part. For tersary diffusion,
mu.mm;atmmmetmu-mmw
to caleulste the reduced height-sres ratio, 9,.
water-urca-sacrose is summarised in Tadle 6.5. The first
eight rows of data give the comoesntrations of the
solutions used, A(upper) and B{lewer), firstly as weight
percentages, and then as mplarities. The aritimetio
w,ﬁi.ﬂﬁmﬁcﬂm.wi,ofm
componamt between upper and lower solutions iz givem in
rows 9 to 12, followed by the densities of upper and
lower solutioms in rows 13 and 14. Valumes of ths small)
correcotions § and §' are then listed, followed by the
total nusder of fringes, 7., wsed for esch experiment,
mmw:m.m&mmmm
eguation 5.58. The reduced height-erea ratiocs, ", are
givem in line 19, followed by the average porcentage
deviation of the $, values from the leasi-squared
sbnghtlmws&mi/t',mmmlm



EXAMPLE OF OUTPUT FROM

Y VALUES

2,0702
1,9694
1.8856
1.,8117
- 1,7433
1,6816
1.,6239
1.,4215
1,2079
1,0230
. 7110
WH532
. 2387
0644
G
2,2057
24,2055
24,2027
24,1997
24,1949
2,1924
2,1898
24,1819
2,1716
2,1621
24,1449
2,1274
2,1153
2,1282

AVERAGE CT VALUES
19226
1.2323

21987
13251

1,8099
1,7216
l.6492
149843
1.5248
1.,4703
1.4200
1,2426
1.0563

« 8949

06220

« 3967

22089

« 0569
VALUES
1.,928¢4
1,9280
1,9265
1,9236
1,9198
1,9169
1.,9148
1,9073
1.,8991
1.8914
1.,8764
1.8622
1,8512
1.88032

1.6165
15372
le&t729
le4151]
1.3618
1.3124
le2677
1,1096
e 9434
e 1989
«e5550
e3535
« 1861
« 0498

le7223
l1.7215
1.7206
lo7182
le7146
l1.7110
1,7095
1.7031
11,6961
1.6885
le6743
16594
1le6492
le6457

l.7168
11937

14235
1.3536
l.2967
1s2457
1.1988
l.1556
1,1163
« 9771
« 3305
e 7034
24888
e3115
e 1634
e 0435

Le5094
le5066
145053
l.4998
l.4931
l.4866
Lea745
le4623
le4480
let375

DIFFUSION

1,5116
lo1144

TABLE 6.3

13299
1.2646
le2ll4
lel634
1.1198
1.0794
1.0429
9127
« 7759
6574
4565
22909
e1526
0411

le4170
1.4162
le4151
14126
1le4059
1.4073
1.406732
14009
163949
1.3894
1e3771
1e3655
1.3523
1.3582

1.
le

le2481
1,1867
11368
1.0917
1.0508
1,0132
9787
e 8569
« 1284
6173
4288
« 2733
e 1439
« 0394

1.3298
143289
1.3280
163255
1.3230
1.32009
1.,3197
143153
13095
13046
1.2935
1.,2829
le2752
1.3020

4120
1044

PROGRAMME PART 1

1l.1605
1.,1035
1.0570
10152
9772
e 94273
«9102
e 7965
e6770
e 57324
«3983
2537
«1333
« 0355

Le2365
1e2358
le2347
142326
1.2303
1.2285
le2274
1le2226
1.2171
le2119
1.2015
141909
11813
le1731

(EXPTe

lal2473
1,0690
1,0239
e 9836
09467
«9128
. 8817
e (718
6562
«5559
3862
02460
e 1294
«0348

1,1979
141971
1,1961
l.1942
1,1919
1.,1900
1.1889
1,1846
1,1797
1.1749
11650
1,1548
lalt67
1,1500

SU/4)

1.0495
« 9978
e 9561
9181
» 8838
« 8524
«a 8229
e 1204
«6123
«5189
e 3604
02291
+1203
03219

lel1832
11174
141169
1e1147
la1127
161113
1.1096
141057
1,1008
1,0967
1.0872
1.0754
1.0661
1,0541

1,0403
29887
« 9471
« 9098
e 83760
¢ 8449
e 8156
« 1140
«6068
«5141
«e 3571
« 2273
«1192
«0311

l.1084
1,1072
1e1063
1,1046
1.1029
l1.1015
1,0998
1,0959
1,0909
1.0865
1,0772
1,0670
1.0563
10277



TABLE 6.4
EXAMPLE OF QUTPUT FROM DIFFUSION PROGRAMME PART 2 (EXPTe SU/4)
D VALUES
766142 764319 763840 763209 764748
+ 763589 763708 763172 762838 763474
D CONST DELTM
0762386 804789610E~-05 104596
DA DD 1/T
762934  —4000547 3496825
761873 L,000513 3,03030
761890 000496 2441545
e 761697 000689 1.87265
W 763426 —e001039 1463398
762428 —4000041 1.43678
e 762702 —4000315 1424378
e 762230 000156 1416550
e 762017 000368 1.,01626
762668 -4000281 «99800
DEVAV DEVPC
« 000445 0058
FRINGE DEVIATIONS
3944 46 e? 4546 48 el 3745 3649 42462 37,9 4341
3845 4549 4748 5069 4045 40,8 45,1 4147 N763
4747 5043 5042 5540 45 ¢4 U5 el 5044 4745 4944
5649 60e8 59 ¢ 8 651 5843 5848 6265 5842 6362
7241 The?2 7441 7941 7142 71e6 7448 71.3 7560
7864 8343 873 903 8340 81e0 8346 810 8243
845 88l 9142 9346 8541 8540 8766 85,2 9045
9744 103,0 103.8 10549 9945 96¢5 10242 98.1 102.1
10940 111e6 11le4 114.7 108.3 10643 11146 10644 111,6
11360 11347 11566 11767 11046 10747 115,0 109.,6 112.3
10540 10563 108el 108e7 106s1 103.0 108e.1 103.,9 10646
8482 83e2 877 8740 8544 83,1 B87e6 8449 90.8
5067 5004 531 566 5547 5045 5542 5245 575
1148 Be9 1448 172 1347 Tet 1647 1342 1846

36.8
Ll o5
U942
6060
701
TT7e4
86.3
9845
109,1
111,.,5
105.7
8766
5742
2341

AVERAGE
41 o4
Hb g3
4940
60 o4
T34
8247
877

10067
110.0
- 112,7
10640
B6e2
5440
1446

aoT



EXPe NOa
<W1m?
(W g

(W, )
(Wa
(Cyly
{Csly
(Cylg
1Ca g

1

Ce

ACy
AC,

dn

dg

)
)
J(exp)
J(eal)
Dy x10°
Av.dev.%
At

0(exp) xio*
Q(cal) xpp%
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%
INITIAL DIFFUSION DATA FOR THE SYSTEM

WATER
C =
1
SU/6

2796084
15,493984
2.785878
16.,487815
064497220
0483400
0497395
0516474
0497308
0499937
0000175
0.,033074
1,067959
1.072249
-0.027
-0.026
73468
73667
0.39685
0047
31.0
7«96
S.88
0.0009

TABLE 6.5
- UREA - SUCROSE
0e5 C =0.5
2
SU/5 sU/4
2.707848 2.430528
15.628451 15.9212C0
2.901602 34181963
164355144 164064825
0.481688 06432535
0.487756 06497098
0.517954 06567764
0.512217 0502915
0.499821 0+500150
0.499986 0500006
0.036266 0e135229
0.024461 0005817
1.,068311 1.068752
1.072038 1071592
-0,020 -0.,018
-0.017 -0.009
68448 65ett7
68652 65e47
0.45852 076239
.039 0058
1846 1066
T8 76496
72423 75418
0.2056 0.8023
502,53
-175,08
0.47959
17.9618
18,9035
84470
48,527

*¥ EXPERIMENTS NUMBERED CHRONOLOGICALLY.

UNITS,

RETAINED

CONCENTRATIONS Cis
REDUCED HEIGHT-AREA RATIOS CM
MCRE THAN THE MINIMUM NUMBER OF SIGNIFICANT
IN THESE VALUES TO MINIMISE ACCUMULATION OF

ERRORS IN CALCULATIONS.

MOLES/1000

CCo
/SEC

SU/2

26333465
15.997567
3271860
15.958395
Oe&15273
06499436
0e583683
Cet99479
0499478
0499488
0.168410
-0.000017
1.068782
1.071369
-0.019
-0.007
65646
65438
093413
0e038
10.6
-16471
-14648
1.,0006

DENSITIES d GM/CC»

DIGITS WERE



164

carrecticons At (see equation 5.12). Lines 22 and 23
give experimentsl and computed areas of the fringe
deviation graphs for esch experinmmt. The refractive
fractions, a,, in line 24 were computed from
consentration differences, aC,, snd the refractive indox
derivatives, l,_. are listed in lines 30 and 31. Lines
25 to 29 list other Gata necessary for the computation
etnu- values, to which reference was mmde in the
experiamtal section of Chaspter 5,

Computation of the four (D“)' values for the
thres-component system, using the relevant data froa
Table 6.5, required ancother computer programme, snid an
example of the ocutput is given in Teble 6.6. A programme
1isting may be found in the Appendix. Values of the
(Du)' are given in Table 6.7. The errors of csch (Du)v
were sstimated firatly by assuming sm error of +0.12% in
each 9, value (the average error of the 9, for this
ternary point) amd sm error of *2x10~% in eseh Q value.l
The latter error was found to prodmee 2 mnoh greater |
error (by nearly four times) in the (Dn)'uluu then the
former, so that later computations for estimating errors
in the (n“)v values, used in comnection with tests of
the ORR, woere bdased on the errors in the Q values rather
then in the $, values. |



ExXAMPLE OF CQUTPUT FROM

R1
8470

-
<

13
DC3

«000175
. 036266
« 135229
e168410

I
50265349

Al

« 03092
«20558
«80228
1.00057

D1l

« 908955

SIG+
«257135

EO
« 475586

7696373
T4e4833
7669567

-16s7133

« 10000CE
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TABLE 6.6
3 COMPONENT DIFFUSION PROGRAMME
SYSTEM WATER - UREA - SUCROSE
R2
E-02 +4852706E-01
DC2 J 0OBS J CAL < DIF Al
e033074 734683 73.673 =-.009 000972
024461 6£8.481 684524 043 «20558
2005817 654466 654474 008 80228
—+000017 654463 654380 =—.082 1.00057
S
~175.,0781
D 0BS D CAL D DIF
«396840E-05 «396229E-05 —.6105E~08
e 458520E-05 «4B5942GE-05 «9090E-08
e 762390E-05 e 762795E-05 e 4053E-08
«934150E-05 s933170E~05 —+9800E-08
D12 D21 D22
E-05 e 754735E~06 e 221568E-07 «389221E-05
SIG- PS PL
E+06 «109977E+406 «653989E+C0 «312722E+00
E1 E2
8E+00 «1796180E+0C2 .1890351E+02
9.8836 1.9203
7242321 -2.2511
7541761 -1.7805
~1444755 22377
-10 W 26960E-11
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6.3 mmm_mm_h,_._nn and Tegt of the ORR.

. As a first step in determining the
Mmul coefficients, the experimental diffusion
coefficients, (B”)', were comnverted to diffusion
coufficients on the -olmt-m mh. (n“)e, using
equatica 5.17, tocothu ﬁth the nocessary partgal
molar volume data (see Chapter 4). (Lu)oc (Ly 4)y ma
R,y veluss were computed from cgntim 5.33, 5.36 and

5.47, respsotively, snd the necessary diffusion data.
The chemical popential Mﬂtim. p‘:, which are also
required in the computation of these guantities, were
_ a-mmamu mﬁm 5.39 to S5.41. The terms "u
(squation 5.44), were determined, for the water-ures-
sucrose aystem, froa activity dats presented in Chapter 2.
Equaticns for Ty, and !’u wore obtained by differentiatioa
of equations 2.5 amd 2.7, whilst Iyg (= rz,) oculd be
deternined directly using equations 2.1k smd 2.15. The
reguired molalities were calculated using equation 5.43.
e (D))o (Byylge (Lyy)y and Ry were all caleulsted
using & computer programme’ (1isted in the Appendix),
and the results are summarised in Teble 6.7. The
quantities A,, and B, (ses equations 5.40 and 5.41) sre
listed in Tadle 6.8 together with the partisl differeat-
ials of the chemical potsmtials with respect to



1017
1$2x10

\ -17
(u,z),xw <

(Slm)zxw"ﬂ
nmx“l 0."7
(3R,,) 10717
(3my,) <1077
Rygx10™ Y7
(3Ryg) x10~17
(3Rgq) px10717
4% (exp)
Af(cale)

26.06“

20,00,
£0.00,,
-49.u%
£28.6%

(£33.3%)



c, 0.5
c, 0.5
r 0.17
22

10~10 bt .
Ayq x 3134
(Aypm A21)x1o““° -0.2675,
Ay x10 47453,
B, x1073 1.1803,
n‘é x10™3 0.1408,
By, x10" 0.2957,
By, x107> 1.2915,
By xt0712 4.8755
g x10713 0.2370
Boy x10713 -0.1754
Koo x‘lﬂ"‘j 6.0920

® Nore thsa the minisum musber of significsnt digits
bhave deen retained in the guantities listed in the
Table to minimise the accumulation of errors in the

]'lj and B, .

The By have units c.c. erg nlt"z.
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concentration, u,, (equation 5.39). The values of the
gas constant, R, and the sbasolute temperaturs, T, were
taken to be B8.314) x 107 erg.deg: mole™! sma -273.16°,
. - respectively.. | |

It has M pointed aut>*'? that the equality
of the frictiomsl coefficients Ry, and Ry,, would be-
s messure of the validity of the ORR for & particaler
mmmtmuﬁwmcmml,zmm
Roy would be a measure of the securscy of the test. It
is, therefore, convemiemt to follow the method of Dunlop,®
and dafine

&h(exp) = 100(R,, - Ry, )/R (6.1)

B=(|r,| + In,1)/2 (6.2)

The valus of Af(exp) for the water-urea-suerces system is
given in Teble 6.7. The quantity af(calc), in the same
mzt.mwmwm“pmoﬁuudcunm
by Dunlop,® who “ho sssumed that the mein srrors in the R,
vmmctammmm(na),(ama.v)m
umrn. Errore in concentrations and pertial molay
mm.mommuummmmmuﬁ
these mantities, Thus, errors due to the (D )‘,m
designated (nu),,mmammmr&m
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Gesignated (3R, ),. The average doviation of the
experimental isopiestic activity data givem in Chapter

2 (eguation 2.24) was 2 0.0015, so that it was considered
rnmhtom:amhrmmr” of £0.002.
An srror of 20.003 was assumed in the determination of
!'" and l'a. since these required an integration
followed by a differentistion. The total cmleulsted
error, Af(calc), was them cima by the relation

2

a%(cale) = -‘-gﬂ Z | (smyy ), | (6.3)
1,k,1=d
(1#x)

Inspection of Table 6.7 shows that, contrary
to expestations, the experimental error is greater than
the caloulated error, so that within the scope of the
tost applied, the ORR camnot be confirmed for this
ternery point in the system. To try to obtain a
satisfactozy teost, several modifications to the errcr
caloulation procedures wers made., Pirstly, the
experinent with the greatest uncertainty was discarded
from the set, 80 that the (n“),,. and henos the R, ,
were recaleulated, im ths hope that better agreemmmt
might be obtained; no significent improvement resulted.
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Fext, the possidility was considered that the cslculated
error in the (n”),,*-u be sctually underestimated,

due to some canosllation of positive and negative errors,
0 varistions were made to the caloulation prooedure, in
order to increase ths estimated error. The most success—~
" fal proeedurs was to g44 two umits to s pogitive arves, G,
under & fringe deviation greph, and to gybirect two units
- from the experiment which hsd a paggtive sres. This
procedure, whieh is quite valid, since the choice of
 28a3tion of unita®* 't of § 15 uite arbitrery, resuitet
in sn incresss in A%(osle) to 33.7%. Although this is
still well below the estimated experimsntal error, it

=y be noted that sn inspection of the relative magnit-
udes of IR, and $R,, shows that of the 33% errer, approx-
imately 30% is comtriduted by the error in the (By,)y
values. Consequently, if we insrease the ostimated error
in the fringe devistion graphs from £2 x 104 to +3 x 10~
units of Q, them the saleulated error will agree closely
wvith ths experimentsl value, snd the ORR for the ternary
roiant of this mystem may then de considered as teosted,
This procedure does not seem unressciubdle whem an inspect-
ion of the differences between experimsmtal and osloulsted
Q values in Table 6.5 shows that for 2 experiments the
differences are slightly greater tham 2 x 10~ wnite.
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The diffusion experiments on this aystem were
performed using the procsdure discussed in Chapter 5,
-and the photographs wore msamsured, and the results were
-caloulated using the same computer programmes, as
-disoussed in Chapter 6. The initisl diffusion dats for
. the system. are summarised in Tadle 7.1. The variocus
-quantities listed have the same significance as those
.deseridbed _m Takle 6.5 in Chapter 6.

The reduced. luuht-nrn ratios and other
_relevant data from each experiment were then used to
.compate the u’u’v values for eash termary composition.
The results are summerised in Tadble 7.2, together with
- the estimated error, mmamwmmm'
of 22 x 10°% in each q value.
7.2 2 :)F_L A R, .

The concentration dependence of ths diffusion
coefficieats, (nﬁ),,, -has been discussed slsewhers for
& three-component system containing two sleetrolytes,?
and for a system containing an electrolyte and a non-
electralyte; so that it is pertinent to discuss the




TABLE 7.1
INITIAL DIFFUSION DATA FOR THE SYSTEM *
WATER — SUCROSE - MANNITOL
C,=0425 €, =0425
EXP. NO. SM/9 SM/16 SM/17 SM/13
(W1m+ 8,.204087 8.067656 Te643872 76492979
(Wg 34676660 3,814327 44227038 44368586
(Wqlg 84165485 84302861 8e724760 84872827
(W g 54032574 4,897898 4.486583 4344661
(Cqp 06249973 0.245801 0e232841 0e228222
(Co My 04210493 0,218362 0241938 06250015
(Cye 0249970 0.,254191 0267164 0.271722
(Cylp 04289479 0281750 0e258144 04250000
c, 0249986 04249996 06250003 0e249972
Cy 04249972 0250056 0250041 0250007
offy ~0.000003 0.,008390 04034323 04043500
Co 0.078986 0.063388 0.016206 -0,000015
aa 1.042975 1.042912 1.042693 1.042591
de 14047891 1.047957 1.048177 1048269
8 -0.019 -0,027 ~0.024 -0.025
5" -0s014 -0,021 -0.024 -0.023
J(exp) 93434 93,468 95493 97430
J(eal) 93433 93,68 95494 97430
Dy x105 055039 0.52141 Oells294 0442091
Av.dev.% 0033 0.059 06049 04025
At 1343 15,3 6e7 1548
Q(eXp)x|04 -19057 "4.43 9.88 9.22
o(cal) xp% -19.10 -5,24 10476 Beb7
a, -0.0001 0.2004 08004 10002
i 425,98
SA 61.38
Eo -0,81384
E, 343363
EE 2.0996
Ry XI0° 48,781
Ry x10° 25,768

* EXPERIMENTS NUMBERED CHRONOLOGICALLY.
UNITS. CONCENTRATIONS C5s MOLES/1000 CCs DENSITIES 4 GM/CCs
REDUCED HEIGHT-AREA RATIOS CMZ/SEC
+ MORE THAN THE MINIMUM NUMBER OF SIGNIFICANT DIGITS WERE
RETAINED IN THESE VALUES TO MINIMISE ACCUMULATION OF
ERRORS IN CALCULATION,
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TAB

LE 7.1

(CONT )

WATER — SUCROSE - MANNITOL

INITIAL DIFFUSION DATA FOR THE SYSTEM *

C =0.25 C =050
i 2
FXPe NO SM/5 SM/11 sM/12 SM/6
‘W1%+ 84082746 7.945583 74526196 74380488
(W 74903941 8.046786 8.124154 84606775
(W g 8e0LLTBS 8.181807 84603008 84742806
(W3 g 94261394 9,124286 8.703974 84560803
(Cla 04249928 0.245670 0232373 062281473
(Coly 0.459221 0.467488 0.471315 04499902
(C,lg 0e249935 0.254206 0.267334 0.271698
(Chlg 04540643 0.532669 0.508211 04499887
c, 04249932 0.249938 0249854 06249921
c, 04499932 0.500078 0e489763 0.499895
AC 0000007 0.008536 0.034961 0.043555
AC4 0e081422 0.065181 04036896  =04000015
dp 1.058442 1,058368 14056870 1,058116
de 1.063464 1.063524 1.063690 1.063767
§ -04020 -0.029 —0.027 —0.021
s -0.017 0,027 0,024 —0.014
J(exp) 95482 95486 121431 97405
J(eal) 95,89 95,77 121435 97404
Dy x10” 0450959 0.48073 0442547 0438421
Av.dev.% 04035 0.032 0,032 04046
At 1.8 13,9 1441 2648
0 (exp) xwd -19.61 -2.,79 15494 15416
oleal) xio* -19.10 ~-3,17 15.46 15452
a, 040002 0.1986 0s6420 1.0002
In 442,73
Sh 66489
Eo -0.84685
E, 4,0062
Es 2.3673
R, xlo 48,592
Rg x10 254675
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TABLE 7.1 (CON7T.)

%
INITIAL DIFFUSION DATA FOR THE SYSTEM

WATER — SUCROSE - MANNITOL
C,=0450 C,=0.25
EXPe NO SM/7 SM/14 SM/15
<w1)A+ 15.911731 15.,780171 154359117
(Wy g 3.562514 3,694821 44095923
(W, g 15,838209 15,975172 16.393566
(Wa)g 4,882105 4,753401 44353722
(Cqla 04499912 04495745 0.482395
(Cs)p 0.210308 0.218103 06241719
(Cilg 04499859 0504217 0.517554
(Calg 0.289517 0,281902 0e258264
Cq 0.499886 0.499981 06499974
o 0e249913 0,250003 06249992
AC, ~0,000053 0,008472 0,035159
AC, 0.079209 0.,063799 0.016545
dp 1.075442 1.075368 1,075097
dg 1080319 1.080395 1.080669
8 -0.021 —0.,026 -0.028
B -04015 -0,027 -0.025
J(exp) 92.93 93,74 97,81
J(ecal) 92488 93,79 3780
Dy X105 0649574 046502 0.38822
Av.dev.% 04035 0,036 0.028
At 321.7 1643 4343
Qlexp) xwo* -44.98 -15.75 6494
n(eall) xiot -41,28 —-20.54 8.05
o -0,0013 0.2013 08014
Ip 449,16
Sh 72.813
Eo -1.8479
£y 44,9947
2.7191
R, XI0 48,606
25,602
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TABLE 7.1 (CONT.)

INITIAL DIFFUSION DATA FOR THE SYSTEWM
WATER — SUCROSE - MANNITOL

€, =0450 C_=0.50
EXPa NO SM/1 SM/3 SM/4 SM/2
(wi)A+ 154653327  15.556561  15.139540  14.985363
(W g 74660543 74755754 8211858 84352793
(W g 15.600884  15,752908 164164959 164307217
(W g 8.980443 84865117 84452670 84306244
(Cyh 0.458749 0495674 0e482297 0477326
(C % 0.458624 466726 04491550 0e499921
(C3) 04495345 04504326 04517606 04522180
(C2 04540097 04533282 0.508558 0499766
- 0499047 04500000 06499952 04499753
C 04495360 0e500004 0e500054 04499843
AC® 0.000596 0.008652 0.03530% 0.044854
Ac; 0e081473 0.066556 0.017008 -0.000155
da 1.090652 1.090670 1.090467 1.090331
dg 14095627 1.095876 1.096062 1.096102
g, —0.018 ~0.018 —0,020 ~0.017
5 ~0.016 0,018 04020 —0.019
J(exp) 95412 $7420 98450 99448
J(eal) 95,25 97412 984,41 39,54
D x10° O0ets5622 0oet42798 0635499 032325
Av.dev.% 0.051 04070 04048 0.029
At 844 23,6 42 ol 540
Q(exp) xio* —47,.50 -20.66 21.15 23450
aceal) xiot —46.96 —21.14 20454 24406
o -0.0005 0.1581 0.7578 1.0018
15 46749
Sh 79.291
= —2.1924
£ 645021
e 2.9928
g:xms 48,480
F‘\-;><|03 254,516
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concentration dependence of the diffusiom coefficients
in & termary system containing two mom-electrolytes.
‘mmWofmmmummmm
 dimensional uw, Figure 7.1. The (n”), valnes for
| mmmmt-mmmwlm.m
extended to the (D ,)y - C, plame, where the (Dyy )yvalues
may be identiffed with the mtusl diffusion sceffiolents
in the Dinary system water-sucrose. Likewise, the valunes
of ‘@22), kave been comnected in the (By0)y - C, plame
with the matual diffusion coefficients of the system
water-mannitol. ZThe data for the dimsry experiments were
reported in Chapter 6. It may be moted that the (D,,)y
values vary slmost linearly with change in C C,s and that
the (nﬁ)vm sintlarly sre nesrly linear with change
xnc,. If trecer diffusion dats were availsble, we
would also be sble to observe the variation of (®4)y
with C, as C4~0 and C, is constant, and likewise the
variation of (D,;)y with C, for C,+0 and C, constent.
The values of the (D,,)y have been plotted, sad
extrapolated to sero at constant Cos sinoe®’3 (312)7”'0
as C,~0. Similarly the (D,y)y have besn extrapolated to
sero at constant C,.

It is interesting to note the overall aimilarity
in shape Detween the diagrams of the comceatration
dependence of the (Dij)vmwmhenmm



(D1z)v . 10°

estimated estimated
error error

Figure 7.1. The dependence on solute concentrations
of the volume fixed diffusion
coefficients, (Dij)V’ for the system
water-sucrose-mannitol at 250.
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reported” for the system water-glycine-KCl over the
sane concentration range. The msin difference is that
both the (D,,)y, snd the (D,,), values are all negative
for the latter system, whereas those reported hers for
the water-suorcac-mannitol system are all pesitive.
The fact that the &lffusion coefficients for the ternary
system containing an sleetrolyte and & non-electrolyte
behave in a gqualitetively similar mamner to & ternary
aysten containing two mom-elestrolytes is perhaps not
ecapletely surprising when ens is reminded” that the
condition of serc electric carreat raguires that X' and
C1” ioms in the system water-glyecine-KCl move with the
same velocity, so that the gystem becomes somewhat
comparable with a solution of two ncm-slectrolytes.
This condition distinguishes both the water-sucross-
water-M¥aCl-EKCl, snd water-sodium sulphate-sulphuric soid
systems,2*! (for whieh similar 4iffusion data ts
svailsdle), sinoe the presence of & common icn me longer
requires the other ions to move with the same veloeity.
The varistions in the partisl mclar volumes,
Vy, sre fllustrated in Pigure 7.2a. As with the (®y 5y
values, the ternary dags have boen comnscted to the
binary data in the ¥, - C, plane end in the ¥, - G,
Plane. nmmummammmu.



Pigure 7.2.

The solute concentration dependence of
(a) Partial molar volumes, Vi, and

(b) Refractive index derivatives, R »
in the ternary system water-sucrose-
mannitol at 25°.
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$1t would also de possible to link the termary points
to the ¥, - C, plams and to the ¥, - C, plane, snd
| w a-rm all points in the systea,
 The ccmesntretion dependemce Of the refractive

m:: Mntina, x,_. u mnstram in Figure 7.2b,
nwumm that tae R, mn?msumau
1mm-1ngc., mcz. muﬂtumm since the
Vi mrunnth:lmu.m&, Mca, A similsr

mmtimmmmmmmrum
water-glyeine-KC1 and water-NaCl-ECL aystems>’2¢3 yut
2ot for the water-sodiua sulphate-selpimric acid
ayaten.t |
T3 Computation of the L, (s K,y and Tepts of the ORR.

The phenomenclogicsl end frictionsl eoeffici-

ents may be caloulsted from the (nu)., values, the
partizl aclar volumes and chemical potential derivatives,
The partisl molar volumes, calmulated from experimental
density dats using equatiom 5.13, were first used to
eompute diffusion coefficients on the solvemnt-fized
secale, (nu}c(m equation 5.17). The sppropriate
diffusion snd chemical potemtisl date were then oombined
to determine the (L), (squations 5.33), the (1,),
(squations 5.36) and the R, (equutions 5.47). Ths
chemical potential dsrivatives, Hyge WeTe again '
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deternined using equaticns 5.39 to 5.4, and the I,
terns (egaation S5.hk4) were determined, as for the
previous cheptsr, dy differentistion of equation 2,5
and equation 2.7 for I,, snd T,,, and from equations
2.14 end 2,15 directly for [y, (snd r,,). The mumerical
values of the oomstants regquired {n thesec relations
wore doternined from isopiestic activity data of
Robinscn smd Btokes.® Use of the comstents of
equaticns 5 and 1, respectively, of Robinson and
ms enable I',, aad T,, to be determined, whilst I',,
(snd T,,) may De cbtained directly from their
squation 23. The diffusion, phencaenclogicsl and
frictional coefficients are simmarised in Teble 7.2,
whilet the cheaical potemtial derivatives snd other
related dats are given in Tadle 7.3. V

To determine the sccuracy with which the tests
of the ORR have deen made, it was neccasary, as with the
water-urea~sucrose systea, to make an eatimats of the
errors involved in detormining the friecticnal coeffici-
ents. Again the method of Dunlop,’ desorided in
Chapter 6, was used. Errors in the friotionsl
cosffiolemts Que to errors in the “’13’? which in turn
wore caused by am insceursey of 2 x 10™% {n the ares
under the fringe deviation graphs, were designated

(3Ryy),» and errors due to the I'yy Vore designated (Ryy ),
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®, ,x10718
(8Ryq) yx10~18
(8310)2x10-18
Rygx10™"
(s2,,) ;x10™18
(3Ryp)x107%8
R, x10~ 1
(8R,,) x10~18
(8Ryq)x10718
Rggx 10~ 13
(3Ry) x10~18
(3Ryg) x10718
a%{exp)
Af(enle)

Teble 7,2. (Contimmed)
b ¢ 1I 111
0:1257 Oty 0.13,
£$0.00,g  20.00,,  20.00,,
20,00y,  20.005,  20.00,
0.9, 0.969¢ 1.
.41, 0.4,  30.05,,
30,0095  30.01;5  30.01,,
1.31,, 1.0397 1.0754
$0.46gy  20.24,5 20474
30,01, 30.015,  ¥0.01),
0.09,, 0.10,, 0.11g,
30,0035  30.00,;  30.00,
$0.005,  £0.00,,  20.00,,
~32.4% - 7.0% - 3.1%
£53.3% 237.7% 52,3%
(£71.0%)  (255.3%) (£83.8%)

Iv
0.1'365
2@.0022
:»'.’6.00%
1 .5620

#0.0544
30.01 31

20.25,,

¥0.01 57
0.1273
20, o4
"'Mch%
*19.4%
(229.6%)



It IIx Iv
0.25 0.25 0.50 0.50
0.25 0.50 0.2% 0.50
0.2734;  0.2827, 0.5805,  0.6016
0.2734;  0.5654;  0.2902,  0.6016g
0.16365  0.1737,  0.1749;  0.1833,
0.08674 0.0902, 0.0960, 0.0998,
0.0131,  0.,0133,  0.0203,  0.0208,
Ay, x10710 9.47215  9.1993,  W.7035,  L.5TW9,
(Agpuhyy)x107"0 0.2151,  o0.2236, 0.2380;  0.2476,
Ay x10710 9.0990;,  L.u175;  8.5900y  L.1719,
Byyx10~ 1.15705  1.1988,  1.3046q  1.3576;
B, %1073 0.0358;  0.0384;  0.0812;  0.0879,
Bpyx10™0 0.0633,  0.1358y  0.0717,  0.1543,
Bpx107> 1.12955  1.2077,  1.2018,  1.2913,
pyqxto™?3 10,9734 11,0585 6.1537 6.2h94
pyox10712 0.5827  0.6238  0.6683  0.7223
pgyx10”13 0.8252  0.8684  0.9270  0.9801
pigpx10~13 10.2858  S5.3439  10.3430  5.4090

*® More than the minimum mumber of sigaificant digits
have Deen retained in the quantities listed in the
Table to minimise the acoumaletion of errors in the

b i3 A -2
The Byg have units c.¢c. erg mole .
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It vas assumod that the sctivity data of Robinson and
amsmldhmippmw the same average arror
as the activity data described im this work (Chapter 2),
nmtmumerm.m-u.mmmrmmrﬁ.
end £0.003 for Iy, snd T,, (see Chapter €). The .
ealeulsted errors in the rrwt:leml ooatficintu are
uammmh’?.z‘ !‘muthls&u. the total
caloulated m, A%(ealo), which defines the 1imits for
mcnnmmiz, may differ snd yet the GRR msy still
be valid, can de oaleulated (see equstiom 6.3). This
mﬁmmumnmmmmmW,
A%{exp) (oquatiom 6.1). If the experimental error is
less than the oaloulated limit, then the ORR is
considered to be wvalid for the terasry point under con-
sideration.

Inspection of the errors listed in Teble 7.2
shows that the test of the ORR is satisfectory for three
of the points in the ternary aystea, but not for the
point at Cy= Co= 0.5, At first, it seemed surprising
that disagreement was present at the ternary peint-
uhere Q values were the largest of the four points
considered, since it has been pointed out® that the
largest errors in the (”.s:’v ococur for experiments with
themll«tnlm.ota, This fact is 1illustrated by
the obmncu that the ealoulated error is smsllest
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for Cy= Cp= 0.5, snd largest for C,= Cy= 0.25.

In an endeavour to cbtain a satiafactory test
ormmmmzmpommc,.czsa.s,
seversl caloulations wers tried, similar to those
outlined for the water-urea-sucrose systes in Chapter 6.
The sddition of 2x 10~ units to the ares of pogitive
fringe deviation graphs, and the gmbtrsetion of 2 x 10°%
units to the arem of pegative fringe devistion graphs,
instesd of the customary ** (and entirely arbitrery)
sdditicn of Q unite to all areas, when estimsting errors,
resulted in the caloulated error incressing from 19.4%
to 29.6%. This new error still falls considerably short
of the experimental error of L4h.4%, dut en imspection of
ma.nmmzm«»mmm(bu), contridbute
thonuurmtimormmtnmkn. Theretfore
if the error in the values of Q is tmcreased to 3x10 %
units, then the caleulated error would incresse
safficiently for agreement with the experimental error
to be obiained, end the ORR would them be verifisd. It
msy, perbsps, e considered somewhat inconsistemt to
suggest that a larger error in the ¢ valuses can be
spplied to a termary point where all the experimsntal
and caleulated Q values sgree to within 21 x 100,
Bevertheless, the resulting increase in the estimated
error is mot nearly so drastic as would be obtained for
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a termary point which had somewhat smaller valmes of
(st C,= Com 0.25, for exanpls). Furthermore, sxperience
in this lsboratory has shown that it it possidle to get
& aifference in Q of 22 to 3 x 10°% with experiments
whose sress sre approximstely 48 x 107%, uy compering
vaiunes obtained for the same experiments degore and



2.
3
4.
5.
6.

.of Electrelyte Solutioms,” W. J.

References to Chapter 7.

_Pu J. Dunlop, J. Phys. Chem,, 62, 4276 (1965).

I. Jo O'Donnell and L, J. Gosting, in "The mm
ﬁﬂﬂ' Wy J
m.y and Sms, Im-' Hew Yerk, 1959,

Le As Woolf, B.G.mllorﬁhé’qmw,al-
m SoC.y %’ 317 (1962). .

R, P. ¥endt, J. Fhys. Chem,, ﬁ, 27 (1962}.
P. J. Dunlop m Le Js Guﬁm, ibid., 63, 86 (w)i
R. A. Robingom snd R. H. Stekes, ibid., 65, 1954 (1961).



diffusicn, density and relative viscosity msssurements.
The vapour pressure, diffusion and density data have
been made for five termary points. Of these, three
agreed very satisfsctorily, and the other two points
would also agree if 2 slightly larger error then ususl
in the measurements is sscepted.
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University of Adelaide for supplying the

sabroutine “solve” which is :lmqnntd

into the least squares programmes.)

Assceiation snd Hydration of Selutes

Caloulation of Diffusion Coefficients,
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Three-Component Diffustion
FPhenomenological and Frictional
Coefficients
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N

11
12
14

1005 ELLERTON 3 COMPONENT ACTIVITY DATA

DIMENSIONCL1(20)+C2(20)

FORMAT (/)

READ s M

IF(M)11s13s14

PUNCH1Z2

FORMAT(10H MORE DATA)

PUNCH?3

FORMAT(35H ELLERTON 3 COMPONENT ACTIVITY DATA)

PUNCH2

PUNCH4

FORMAT (4% 2HM1 7X 2HM2 7X1HM 8X3HL1/M 6X 4HM1I/M 5X 1HD 7X 6HD/MIM2)
READ N

READsAlsA2 A3 sALs A5, A6

READsBlsB2sB3sB4sB5,B6

DO10J=1sN

READsKsREFMsREFCsCA,CT1sCRBsCT2

DO6I=1sK

READSsC1(I)sC2(1)

DO8I=1,sK
COLl=1e+A1#CI(IVH+A2H¥CL(I)H*CI(T ) +ABHKCLIT )Y %#%3H+AL¥CL (T I H4H+ASHCL () *¥%5
CO11=A6H#C1 (1) %*6

COT1=C01+C0O11

CO2=1e+B1*C2( 1V +B2%¥C2(1)*¥C2( 1) +B3¥C2 (1) #%#34+B4#C2 (1) ##¥4+BEH#C2(T)#%5
CO22=B6*C2(1)**g

COT2=CO2+C0O22

C=Cl1({I)y+C2(I)

RC=1.0/C

XC=Cl(I)/C

DEL=24O#REFM*¥REFC—-C1(1)%COT1-C2(1)*COT2

CBT



15
10

13

DELMM=DEL/(C1(1)%C2(1))

PUNCHY s C1 (1) sC2(1)sCsRCsXCsDELsDELMM
FORMAT(T7F9.5)

CAR=1.0/CA

CBR=1.,0/CB

PUNCH15 sREFMsREFCsCAsCT1sCARSCBsCT2,CBR
FORMAT(2F11e5/3F1145/3F1145)

PUNCH2

GOTO7

sTop

END

TET
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1005 ELLERTON = 3 COMPONENT ACTIVITY DEVIATIONS

READsNs»M

IF(N)4s 4,3

PUNCHS5

FORMAT (43H ELLERTON = 3 COMPONENT ACTIVITY DEVIATIONS/)
IFIM)L7516s16

PUNCH6

FORMAT (/74X 2HM1 7X 2HM2 5X 34HDMM EXP DMM CAL M REF 0% REF/)
GOTO15

PUNCH18

FORMAT (/74X 2HM1 7X 2HM2 5X 34HDMM EXP DMM CAL M REF PC DIF /)
READSALsA29sA3 AL A5 AB

READsBlsB2,8B3sB4sB5,8B6

DO71=1sN

READsSRMsRCsC1lsC2 s DMF s DMC

D=DMC*C1%C2
COL1=1e+ALHXCLHAZHCIHCI+ARKCIRHBHALNCLIHHLHARHCT X RS54 ALHCT %4
CO2=1e+B1¥C2+B2%#C2%C2+B3¥C2##3+BYRCOH*#L4+BR¥CO2*%5+BEHC2# %6
RMC=(D+C1#CO14C2%C02)/ (2« 0%RC)

DIF=RMC~RM

DPC=DI1F#*100.0/RM

IF(M)12,13,14

PUNCH9sC1 sC29sDME s DMCsRMsRC s DPC
FORMAT(2F9e492F9e582F9 ek sFT742)

GOTO7

PUNCH104C19C2sDME sDMCsRMsDPC

FORMAT (2F 944 92F9e59F 9 et sFT762)

GOTO7

PUNCH8 3C1 sC23sDME s DMCsRMs RCsRMC s DIF s DPC
FORMAT(2F Qa4 92F94534F 944 3FT742)

CONTINUE

GOTO11

STOP

END

Gl
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ELLERTCN — LEAST SQUARE TwO VARIABLES
DIMENSIONA(EsT) s X (20001 sY(200),2(200)
TYPE DOUBLE AsXs»YsZ
DIMENSION TITLE(L12)
READ (60,200 TITLE
FORMAT(12A6)
WRITEZ (61s21) TITLE
FCRMAT(1IH1/1Xs12A6/1H0)
D0221I=1.5
D022J=1+7
A{Il»J)1=0.0
DELL=C.Q

" READ (60s3) N

FCRMAT(13)
READ (6Us&) (Z(1)sX{I)sY(I)sI=1sN)
FORMATI{6F10.0)

DO1U I=1sN
Alls1)=A(151)+1.0C

Al2 )=A(292)+A(I) g

Al3s )=A 33)FY (I )*x2
Albdsl)=A(4s4) X (1) %x4
A(Bs5)=A(5s5 ) FX{T ) F*x2%Y (1) **2
AlEs6)=A160)FY (T ]%*%4
Alle2)=A(1s2)+X(1)
A{Lls3)=A(152)+Y(])
AlLlsD)=A01,5)+X(I)xY{])
A{2s4)=X (1) **3+A(2:4)
Al2s5)=X{I)FR2XY (1 )+A(255)

2
BA2e6)Y=X(IYRY (I )H*X24A(2,6)
A(Ss6)=A(3s0)+Y (1)%%3
A(LGsD)=AL4 5 ) +X (T ) #x3xY (1)
Al(S5s61=ALE6 ) +X {1 )*Y(1)%%3

(1s7:=A(1ls7)+Z2(1)
Al207)=A(2s7)+Z2 (1 )1%X{1)
A2 7)=A(3s7)FZ(1)#*Y (1)
A(497)—A(4 TY+Z (T )#X (1 )3*%2
A(DsTI=A(B»T7T)YF+Z (1 )%X(])
A(631)—H(Oa Y+HZ (13%Y (1)
Alls4)=A(2:2)
AlLsl1)=A(2s2)
Alls6)=A(3:3)
L{6s1)=A(3:3)
AlZ2s1)=A(1:2)
A(3s1)=A(153)
A(Ss1)=A(155)
A(Zs3)1=A(155)
A(3,2)=A(1+5)
AlL4s2)=A(2:4)
Al5s2)=A(295)

Al(2 94 )=A(2s5)
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(

Al4e33=A(2+5)
AlEs2)=A(2:6)
A(3+s5)=A(2+6)
A(B592)=A(2+6)
AlS5s4)=A(445)
AlLs6)=A(5s5)
Al6:4)=A(54+5)
A{6s5)=A(5+6)
Al(6s3)=A(3+6)
CALLSOLVE(As6)
WRITE (619351

35 FORMAT(27H COEFFICIENTS OF POLYNOMIAL/1H )
WRITE (61:36)

36 FORMAT(6X 4HXO0YQ 12X 4HXLYO 12X 4HXOY1)
WRITE (61s12) A(1ls7)sA(2s7)sA(357)

12 FORMAT(3(1XEL548)/1H )

WRITE (61+37)

37 FORMAT(6X 4HX2YO0 12X 4HX1Y1l 12X 4HX0Y2)
WRITE (61912) Al4s7)sA(B5s7)sA(657)
WRITE (61:38)

38 FORMAT(5X 1HX 13X 1HY 13X 1HZ 12X 6HZ CALC 8X 3HDIF)
DO14I=1sN
ZCALC=ALL sT)+AL2sTI¥X(I)+A( B3 7IRY LTIV +A(4,7)%X (1) %*%2

I+A(S s TI¥XATI )XY (L) +A(H9T)FY () %*2
DEL=(ZCALC-Z(1))
DELL=DELL+ABSF(DEL)
14 WRITE (61913) X(I)aY(I)sZ(I)sZCALCSDEL
13 FORMAT(5{1XEl1346))
WRITE (61+39)
39 FORMAT(1H /1H »s4X»5HAVDEV)
AVDEV=DELL/FLOATF (N)
WRITE (61+15) AVDEV
15 FORMAT(1IXE15.8/1H )
GO TO 99
END
SUBROUTINESOLVE (AsN)
SOLVES SET OF LINEAR EQNSe MATRIX A HAS N ROWSsN+1 COLUMNS.
THE(N+1) COLUMN CONSISTS OF RHS OF EQNS.
THE SOLUTION REPLACES THIS COLUMN.
DIMENSIONA(6s7)
TYPE DOUBLE A
NI=N+1
ND=N-1
DO6J=1sND
JR=J
SL=A(JsJ)
K=J+1
DO2I=KsN
IF(ABSF(SL)-ABSF(A(IsJ)))322s2
3 SL=A(IsUy
JR=1
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ELLERTON — LEAST SQUARL TwO VHRIrDLES

DIMENSIOMA(LUs11) o X (2080
TYPE DOUBLE AsXsYsZ
DIMENSION TITLE(1Z)
READ (60,20) TITLE
FORMAT{12A6)

WRITE (61s21) TITLE
FORMAT (1H1/1Xs12A6/1r0)

£L0z221=151C
DOz2J=1s11
A{IsJ}=0Ce0U
DELL=0.0

READ (6053) W

FCRMATI(IZ)
READ (80,4) (Z(1)sX
FORMATI6F10.0)
D010 I=1.N
Alls1)=A(1s1)+1.0C
Al2s21=A12s2)+R(T }%%2
A(353)=A(393)+Y(;)“*2
Albst)=Alhsa)
Al5s51=A(5+5)+
A(696)=A(650)+Y(
)t
)

3 2%

I) w4
AT s71=A(Ts7 (I)%*%6
A(8s8)=A(843 +X(I)X‘4+Y(I) *2
Al9sG)=A(T 9 )X (L) Hx2%Y () *%4
A{L1U»1U)=A(LUs 1O +Y {1 )*%0

(ls2)=A{1:2)+X({1}

AlLls3)=A(1s3)+Y ()
A(ls5)=A(1 DY +X{T)*Y (1)
A(1s71=A(Lls7)+X(1)%%3
ACL1s8)=A(1s83)+X{T)*x2%Y ()
AlLls9)=A(1l,9)+X(I )%y {I)%**%2
A(1210)=A(1s10C)+Y (I )*x%3
A{2s8)=A{Z2s83)+X (I )#%3%Y (1]
AlZs10)=A(Zs10)+X Iy RY (1 )*%3
AlGsTI=A(L4s TYHX T )Y %%5
AlLs8)=A(L4 B3V XTI ) #xX4%xY (1)
Al sQ)=A(4,9) X (T y¥x33%Y ([)**2
AlLs1U)=Al4s1UY+X (T ®%24Y (1) H
A(5slU SA(Ss1U)+X(I)#Y () *%4
AlEs1U)=A(610)+Y{T)%%5
A(798\-—r\(790) X{I)#%b5x%xY (1)
ALT»1U0)=A(T 10U ) +X I y#e3%Y (1) *
A(9s10)=A(9,10)+X (I )Y (I)**5
A(lsll):A(l=+l)+Z(I)
A{Z2s11)=A{2:s11)42(1)FX(I)
Al2,11)= A(Ja;l)+7(1)%Y(I)
AlGel1)=A(L4s11 )42 (T )*X (T )*%2
A(S5.11)=A(5s11)y+Z (1 y*X(I)*Y (]

(I)sY(I)sI=

)oY (20C)

(200)
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AlT7+9)=A(8+8)
Al8,11=A(1:8)
AlBs2)1=A(2s8)
A{83s3)=A(5:5)
A(8s4)=A(4+8)
AlB8s5)=A(4+9)
A(8+,6)=A(4,+10)
A(8s7)1=A(T+8)
A(899)=A(7910)
A(B8s10)=A1959)
A(9,1)1=A(1+9]}
Al942)=A(5+5)
A(9421=A(2,10)
Al(9s4)=A(4+9)
A(945)=A(4,510)
A(9:6)=A15+10)
A(947)=A(8+8)
Al9+8)=A(7,10)
A{10s1)=A(1510)
A(10s2)=A(2210)

"A(10s3)=A1656)

A{10s4)=A(4+10)

AlC10+5)=A(5510)

Al10s6)=A(6+10)

A(10s7)=A(7510)

A(10s8)=A(959)

Al10s9)=A(9510)

CALLSOLVE(AS10)

WRITE (61s35)

FORMAT(27H COEFFICIENTS OF POLYNOMIAL/L1H )

WRITE (61s536) c
FORMAT(6X 4HXOYO 12X 4HX1YQO 12X 4HXOY1 12X 4HX2YO 12X 4HX1Y1)
WRITE (61212) A(1911)sA(2s11)sA(3511)sA(4s11)sA(5511)
FORMAT(5(1XE158)Y/1H

WRITE (614+37)

FORMAT(6X4HX0Y2 12X 4HX3Y0O 12X 4HX2Y1 12X 4HX1Y2 12X 4HX0Y3)
WRITE (61s12) A(6511)sA(T911)sA(8511)sA(9+11)sA(210,11)

WRITE (61+38)

FORMAT (5% 1HX 13X 1IHY 13X 1HZ 12X 6HZ CALC 8X 3HDIF)
DO14I=1sN
ZCALC=A(T111)+A{211)#¥X{IV+A(3 11 0% Y (T ) +A (411 I#X(T)¥%2

I+A(5 01 1) ¥ XTI )XY (D) +ALH s T1 VXY (I)HFF2HA(T 511 )*X (1) *%3
24A(811L)#X(1)*%2%¥Y(T)+A(9s 11 XX(TIRY(T)%*24A(10,511) %Y (I)**3

DEL=(ZCALC-Z(1}))

DELL=DELL+ABSF(DFEL)

WRITE (61513) X(I)sY(I)sZ(I)sZCALCSDEL
FORMAT(5(1XE1346))

WRITE (61+39)

FORMAT(1H /1H s4Xs5HAVDEV)
AVDEV=DELL/FLOATF (N)
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WRITE (&1915) AVDEV
15 FORMAT(1%XE1548/1H )
GO TO 99
END
SUBROUTINESOLVE (AsN)
SOLVES SET OF LINEAR EQNS. MATRIX A HAS N ROWSsN+l1 COLUMNS.
THE (N+1) COLUMN CONSISTS OF RHS OF EQNS.
THE SOLUTION REPLACES THIS COLUMN.
DIMENSIONA(10s11)
TYPE DOUBLE A
NI=N+1
ND=N-1
DO&6J=1sND
JR=J
SL=A(Js )
K=Jd+1
DO2I=KsN
IF(ABSF(SL)Y—ABSF(A(IsJ)}))39252
3 SL=A(IsU)
JR=1
2 CONTINUE
IF(SL)15510s15
10 WRITE (61s14)
14 FORMATI(SH DET ZERO)
WRITE (61+300) A(UNsN)sJ
300 FORMAT(El1448s13)
STOP
15 IF(JR=-J)T7s758
8 DOBL=JsNI
TEMP=A{J,L)
AlJsL)Y=A(JRsL)
S A(JRsL)=TEMP
7 DOAI=KsN
AM=A(T )y /A{Js )
DO6L=JsNI
6 AlTsL)=A(IL)—AMXA(JsL)
IF(A(NsN))9+10,49
9 A(NSNII=A(NsNIY/AINNN)
DO30K=2 N
5=0
I=N—-K+1
L=1+1
DO31M=LsN
21 S=S+A(IsM)*A(MSNI)
30 A(IsNI)=(AITI«NI)=S)/ALLl-])
RETURN
END
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1005 ELLERTON — ASSOCIATION OF SOLUTE

DIMENSION XA(50)
READ s Ns WM

FN=N
IF(N)15+15s11
PUNCH2

FORMAT (33H ELLERTON — ASSOCIATION OF SOLUTE/)

READsR1sR2sR3sR&,R5,4R6
DO4I=1sN

READs XA(T)

PUNCH3 s WMsR1sR2sR3sR44R59R6

FORMAT(F843/1XE1347s1XE13e7+1XE13a7/1XE1364741XEL347s1XE1347)

READsClsCXsC24D1sDX,D2
PUNCH5

FORMAT (/42H MA M 0s CAL

D=D1
C=C1
PUNCH6sC»D

FORMAT(/4H K1=F10.648H K2=F1l0+6)

YT=0,0
DO7I=1sN
X=XA(T)+CH*XA(T)AXACT)+CHD*XA(T ) #*%3

0S EXP

XB=XA(I)4+2  O%CHXA(T)*XA(I)+340%XCHDXXA{T ) **3
YA=(1000,0/ (XB*WM) )*¥LOGF (14 0+04001%WM*X)

YB=140+R1*¥XB+R2*¥XB*XB+R3I*XBH**¥3+RL4*¥XBHFRLARE ¥ XB#*¥5+R6*¥ XB¥**6

YD=YA-YB

YT=YT+ABSF{YD)

PUNCH8 s XA(TI) s XBsYAsYBsYD
FORMAT(2F9e553F844)
YT=YT/FN

PUNCHS YT

FORMAT(7H AVDEV=F8.4)
C=C+CX

IF(C-C2)10,10,17

D=D+DX

IF(D-D2)12+12»1

PRINT14

FORMAT(18H PROGRAM COMPLETED)
STOP

END

0S DIF)
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11

ELLERTON - ASSOCIATION AND HYDRATION
DIMENSIONC1(6)sC2(6)sCPLI&)sCP2(6)sACT(6+6)

PUNCH3

FORMAT(37H ELLERTON - ASSOCIATION AND HYDRATION/)
READsNsM

IF(N)99,99,20

READ Gl sGXsG2sH1 s HX s H?2

READsAL sA2sA3 AL AB

READsB1sB2sB3sB4

READsD1sD2sD3sD4+sD5,D6

DO9I=1sN

READsC1 (1)

DO4I=1sN
COl=1.+A1*C1(I)+A2*Cl(I)**2+A3*C1(I)**3+A4*C1(1)**4+A5*C1(I)**5
CP1(I)=COolx®C1(I)

DO10J=1sM

READC2 (J)

DO5J=1sM
CO2=1e+B1*¥C2(J)4+B2¥C2(J)*%x2+B3*C2 (J) *¥*¥3+BAXC2 (J)**4
CP2(J)y=Co2#C20J)

PUNCHI1

FORMAT (6H M17X2HM2 7TX3HDMME X3HDELSX4HLN A)
DO6J=1sM

DO6I=1sN
DMM=D1+D2*C1(I)+D3*C2(J)+D4*Cl(I)**2+D5*Cl(l)*CZ(J)+D6*C2(J)**2
DEL=DMM*C1(I)*¥C2(J)
ATL=(DEL+CP1(I)+CP2(J}Y)/(=55.5009)
ACT(I s J)=EXPF(ATL)

PUNCHT7sC1(1)sC2(J)sDMMsDELSATL

FORMAT(5F9.5)

102
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L=M*N

FL=L

PUNCH12

FORMAT (/45H M1 M2 A EXP
H=H1

G=G1

PUNCH13sGsH

FORMAT(/4H K=F543s7H H=F5.2)
DT=0.0

DO14J=1sM

DO14I=1sN
C1l1=Cl(1)/(1.-0.,018015%H*C2(J))
T=SQRTF(le+(8Be*G*C11))
C1T=(2e%#C11) /(1 a+TI+GH((24%C1L)/ (La+T))¥*2
C22=C2(J)/(1.-0.,018016%H¥*¥C2(J))
ACS=5545093/(55450934+C1T+C22)
DF=ACS=-ACTI(I4J)

DT=DT+ABSF (DF)
PUNCHT7sC1(1)sC2(J)sACT(I1sJ)sACSsDF
DT=DT/FL

PUNCH15,DT

FORMAT({9H AV DIF =F9.5)

G=G+GX

IF(G-G2)16s16517

H=H+HX

IF(H-H2)18,18+19

STOP

END

A CAL

A DIF)

a0
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1005 UNIVERSITY ADELAIDE ELLERTON DIFFUSION EXPT PT 1

DIMENSIONR(10)sY{20s10)sEZ5(20)5C(20510),AV(10)
PUNCH3

FORMAT (/)

READ5S s N

FORMAT(13)

IFIN)Y4L 944410

PUNCH2

FORMAT(39H ELLERTON DIFFUSICN EXPERIMENT PART ONE)
PUNCH?3

PUNCH4

FORMAT (13H Y VALUES)
READ6sR(1)sR{2)sR(3)sR(4)sR(5)
READESR(6)sR(T)sR(8)R(9),R{10)
FORMAT(5F8.4)

DC41J=1sN

READ42,EZS(J)

FORMAT(F845}

DO9J=1sN
READ11sAsBsEsFsGoHsP oG sSsT
FORMAT(10F7e4)

Y(Js1l)=A

Y{Js2)=B

Y(J93)=E

Y(Js&)=F

Y(Js51)=0

Y(Je6)=H

Y{JsT7)=P

Y(Je8)=Q

Y(Js9)=S

Y(Js10)=T

DO12J=1sN

DO12K=1,10
Y{JsK)Y=R{K)=Y {JsK)

A=Y (Js 1)

B=Y(Js2)

E=Y(Js3)

F=Y{Js4)

G=Y(Js5)

H=Y(J+6)

P=Y{Js7)

Q=Y (Js8)

S=Y(J»9)

T=Y(Js10)

PUNCH11 sAsBosEsF sGsHsPsQosSsT
PUNCH3

PUNCH14

FORMAT (14H CT VALUES)
DO1sJ=14N

DN8K=1s10
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1005 UNIVERSITY ADELAIDE F{ L ERTON DIFFUSION EXPT PT 2
DIMENSIONY(lO)5C(10)9D(10)’TM(10)9DA(10)9DD(10)9X(10)
DIMENSION TR{10)

PUNCH?3

FORMAT (/)

READS5sN

FORMAT(I3)

IF(N)&4L4 o844 445

READLEsMSZ s CONFN
FORMAT(I23sF5e13F2e5sF%63)

PUNCH&43

FORMAT{39H ELLERTON DIFFUSION EXPERIMENT PART TwO)
READ7sTM(1)sTM(2) s TM{3)sTM{4)sTM(5)
READ79TM(6)9TM(7)9TM(8)3TM(9)9TM(10)
FORMAT(BF9.1)
READ18sC({1)sC(2)5sC(3)sCl4)sC(5)
READlSsC(é),C(7)3C(8)9C(9)9C(10)

FORMAT (5F8a4)

PUNCH?3

PUNCHZ21

FORMAT (13H D VALUES)

DO23K=141C
D(K)=(CON¥FN®FN) / (C(K)*C(K)*TM(K})
PUNCHZ24sD(1)sD{2)sD(3)sD(4)sD(5)
PUNCH24sD{(6)sD(7)sD(8)sD(9)sD(10)
FORMAT(5F10,.6)

PUNCH3

PUNCH25

FORMAT (32H [ CONST DELTM)
SIGA=0.0

SIGRB=0.0

SIGC=0.0

S51GD=0.0

D026K=1sM

SIGA=S1GA+D (K)

SIGR=SIGB+1C0000.0/TMI(K)
SIGC=SIGC+(100006C/TM(K)II*¥D(K)
SIGDZSIGD+(IOOOO.O/TM(K))*(1OOOO.O/TM(K))
AB=(Z*SIGC—SIGB*SIGA)/(Z*SIGD—(SIGB*SIGB))
AA=(51GA*SIGD—SIGB*SIGC)/(Z*SIGD—(SIGB%SIGB))
AC=AB*10000.0/AA

PUNCH27 sAAsABsAC

FORMATI(F10.6sE14e69F943)

PUNCH3

PUNCH28

FORMAT (28H DA DD 1/T)
DEVT=0.0

DO29K=1sM
DA(K)=D(K)/(1.0+(10000.0*AB)/(AA*TM(K)))
DD(K)=AA-DA (K)

TR(K)=10000C/TM(K)
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PUNCH30,DA(K) sDD(K) »TR({K)
FORMAT(2F10.63sF9.5)
DEVT=DEVT+ABSF (DD (K))

PUNCH3

PUNCH31

FORMAT (17H DEVAV DEVPC)
DEVAV=DEVT/Z
DFVPC=DEVAV*¥100.0/AA
PUNCH32sDEVAVsDEVPC
FORMATI(F10e63F74.3)

PUNCH3

PUNCH33

FORMAT(22H FRINGE DEVIATIONS)
DO34J=1sN

READ42sEZS

FORMAT(F84a5)

READIOsY (1) sY(2)sY(3)sY(4)sY(B)sY(6)sY(T)sY(8)sY(9)sY(10)

FORMAT(10F7e4)

DO39K=1,10
X(K)=(EZS=-Y(K)/C(K))*10000.0
XA=0.0

DO37K=1-M

XA=XA+X (K)

XA=XA/Z

PUNCH359X(1)9X(2)9X(3)9X(4)3X(5)sX(6)9X(7)9X(8)9X(9)QX(IO)sXA

FORMAT(10F7e15F%el)
PUNCH3

GOTO15

STCOP

END -
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ELLERTON — 3 COMPCNENT DIFFUSION PROGRAMME
IMENSIONFJ(6)sC1(6)sC2(6)sD(6)sQ(6)sDALL)sE(H)sY(6)sX(6)

DIMENSIONA(G) sEX(6)

PUNCHZ

FORMAT (32H ELLERTCON - 3 COMPONEMT DIFFUSION)

READsNsADsE2
{(N)32+32:33

WL=0.54607E-04

FN=N

DO3I1I=15N

READsFJ{I)sC1l(I)sC

DA(I) =¢-u/(S&RTF(D

E(I)=Q(1 (SQRTF (D

Y(I)Yy=(WL "CJ(I )y /LA

X(I):Cl(I)/(Cl(I)+

RA=0.,0

RB=Ca0

RC=0.C

RD=0.0

DC9I=1sN

RA=RA+Y (1)

REB=RE+X (1)

RC=RC+Y(I)*X(1)

RD=RD+X(T}#X(1)

R2=(RA¥RD-RB*RC)}/ (FN*RD-{(RB*RB) )
R1=R2+(FN¥RC-RB*RA)/ (FN*RD-(RB*RE))
PUNCHI10

FORMAT(/21H R1 R2)

PUNCH11sR1sR2

FORMAT(1IXEL3eT7s1XE1Ra7)

PUNCHLZ

FORMAT (/43H CCl DC2 J 0BS J CAL J DIF
DO13I=1sN

FK=(AD®(CL{I)+C2 (1)) )% {X(I)*(R1-R2)+R2) /WL
A(I)=R1I*CI(IY/(RI*CL(I)+R2#C2(1))

FJJ=FK=FJ(1l)

PUNCH14,C1(I)sC2(1)sFJ(I)sFKsFJJSALT)
FORMAT{2F 9 e6352FBa3sF 7s3sFFe5)

PUNCH&

FORMAT (/15H I S

SA=0.0C
SB=0.0
SC=
SD=0,U
DOBI—l,m
SA=5A+DA(I

SB= SDTA(l) ’
SC=SC+DA(I) A(I
SPD=SD+A(I)*A(D)

AL=(SA*SD— '%oC)/(FN"SD (SB*SB))

Al)
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AB=(FN#*#SC-SB*SA)/ (FN*SD-(5B*SB) )
U=AB/AA
PUNCH15 s AA s AD
FORMAT(2F 10 4)
DdNCHlé
ORMAT (/46H Al D CBS&
DOél—laN
DB3=AATAB*XAL{I)
DC=1.,0/(DB*DB)
DD=DC-DI(I)
DUNCH7sA(I1)»D(1)sDCsCD

FORMAT(F9e552XE12.632XE12.65,2XE10e4

DX=0e1E-1C
DD11=3C.0
TA=0,0
TE=0.0C
TC=0 .O_
TD=0.0C
DO8I=1sN
EX(I)=E(I)/E2+A(T ) *AL])
(D

TB=TB+A(I

TC=TCHEX(II*ALTD)

TD=TD+A(I)*A(])

BA=(TA*TD-TE*TC)/ (FN*TD-(TB*TB))
BB=(FN*TC-TB*% TA)/(FN *¥TD—-(TB*T3))
V=—BA¥U

W=BB*U

W1=(1eO+W+URY)x%2

W2=W1*AANHA
D11=(1leC+VH*(2e0C-U+W)) /W2
D12=(V* (2 J+u #R2)/(W2%R1)
u21=((w U=V )#{20+W)®R1L}/ (W2%R2)
D22=(( oO+V)““4 VH*(2e0+U+W) ) /W2
IF(DD11)1718517

DF11=D11-DD11

DF12=D12-DD1Z2

DF21=D21-0D21

DF22=0z2-0Db22
DS=ABSFI(DF11+DF12+DF21+DF22)
IF{DS-DX120-18518

TE=SGRTF({D22-D11)*%2+4,0%D12%D21)

S1G1=((D22+D11)4TE)/ (2.0%(D11¥D22-D12%D2
D12%D2

SIG2=((D22+D11}=TE)/{2.0%(D11*D22~
PA=SGRTF(SIG2/51G1)

DD11=D11

DD12=D12

DD21=D21

pobz2=Dz2

CN=2.0

)

o

CAL

13
1))

O

IF)
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CN=SQRTF(CN)
PC=1e0+PA—( (2. 0%CN%PA)/ (SQRTF (1. 0+PA%¥PA)))
PD=2e0%CN% (1e0=PA)*(1,0-PA)

PB=PC/PD

F2=((PC/PD)*AB¥*AB)/(SQRTF(SIG1))

GOTO19

PUNCHZ21

FORMAT (/49H D11 D12 D21

PUNCH22sD119sD12sD21,D22
FORMAT(2XE12e6352XE12e6352XE12652XE1266)
PUNCHZ23

FORMAT ( /48H SIG+ SI1G—~ PS
PUNCH22551G1+s51G2sPASPB

PUNCH24

FORMAT (/36H =) F1

EO=BA*E2

E1=BB*E2

PUNCH25sEGsE19E2
FORMAT(2XE134752XE13e792XE1347)
PUNCH1

FORMAT( )

D0O27I=14N

D22)

PL)

F2)

QA= (SQRTF(D(I))* (EO+E1*A(I)~E2*A(I)*A(1))*100%%4)

QUIN=(Q(I)*10e0%%4)
QD=QA-Q {1}
PUNCH28,Q(1)sQASQD
FORMAT(3F10.4)

PUNCH1

PUNCH30sDXsDS
FORMAT({2XE1le592XE1145/)
GOT031

STOP

END
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ELLERTON-FRICs COEFFSe AND TEST OF QOaReRs
READsRsTsCNLsCN2

IF(R)Y5s6s5

READ sWO sW1sW2

READsClsC2sDEsH1sH2

AB=DE-H1*¥Cl-H2%C2

V1=(W1-10004%H1)/AB

V2=({W2-1000.,%H2)/AB
CO={1000e*¥DE~-W1#C1=W2%*C2) /WO
VO=(1000,~-C1l#V1~=C2%V2)/CO

PUNCHT

FORMAT (/32H co Cl C2)
PUNCH8sC0sClsC2

FORMAT(3F12e6)

PUNCH9

FORMAT (/32H VO Vi1 V2)
PUNCH8sVOsV1sV2

READsD11sD12sD21sD22
DA11=D11+(CL/{CO*VO))*¥(V1I*D11+VZ*D21)
DA12=D12+(CL/(CO*VO)y y*{(V1*D12+V2%*D22)
DA21=D21+(C2/(CO*VO))*#(V1I*D114+V2%#D21)
DA22=D22+(C2/(CO*¥VOY)#(V2%D124+V2%D22)
PUNCHI1O

FORMAT (/50H D11 D12 D21 D22)
PUNCH11sD11sD12sD21,D22

FORMAT(/1XELl4e8 9 1XE14e8s1XE14e851XEL14e8)
PUNCH1Z
FORMAT{/50H DAl1l DALlZ DAZ21 DA22)

PUNCH11sDA11sDA12sDA21sDA22
TH=(1000#¥DE~C1l¥W1~C2%W2) /1000,

CAl1=Cl/TH

CA2=C2/TH

READsFALlsFAZ2ZsFA3 sFALsFAD
READsFBlsFB2sFB3sFB4sfFBS
READsFOOsF10sFO1sF20sF11sF029sF30sF21sF12sF03

OTga



13

14

Gl1=FALl+2 ¢ #FA2¥CAL+3«%¥FAIXCALINRCAL+L ¢ ¥FALXCATHCALXCAL+HF1I0%*CAZ
G1l1=Gl1l42 e ¥F20#CAL#CAZH2 ¢ #F11¥CAZ2H¥CAZ/Ba4+3 *¥F30%CAL*CAL*CA2
Gl1=G1l1l+3e¥F21%CAL*CA2*CA2/ 24 +F12¥CA2*CA2*CA2/2
Gl1l=G1l1+5¢%FAS5#CAL*XCAL*CAL*CAL

G22=FBl+2 e #FB2%¥CAL+3 4 #FB3%CAL*CAL+4 ¢ ¥FBAXCAL*CAL*CAL+FOL*CAL
G22=G22+2 ¢ ¥F11#CAL*CAL/3e+2 ¢ ¥FO2¥CALFCA2+F21¥CALXCAL*CAL/ 2
G22=G22+3 ¢ ¥F12%CAL*CAL*CA2/ 24 +3 e *FO3¥CAL*CAZ2HXCAZ
G22=G22+5#*FBH#*CAZ2HCA2#*CAZ2*CAZ
Gl2=FOO+F1O0%CAL+FOL#*CA2+F20%CAL¥CAL+4*FLLI*CALI*CA2/2 o +FO2%CAZ2*CAZ
G1l2=Gl24F30%CAL1%CAL*CAL+] J5%F21%CAL*CAL*CA2+1 5%F12%CAL*CAZ2*CAZ
Gl2=Gl24+FO03*CA2 #CA2%CA2

G21=CN1*G12/CN?2

PUNCH13 8
FORMAT (/20H M1 M2 ) I
PUNCH8 s CA1 s CAZ2

PUNCHL14

FORMAT (/50H G111 Gl2 G21 G22)

PUNCH11sG115G124G21,G22
AL1=R¥T*#CNL*((140/CAL1Y+G11)
AL2=R*¥T*CN1*G12
A21=R*T*CN2*G21
A22=R¥T*#CN2% ({1 40/CA2)+G22)
El=(CAl/C1)

E2=(CA2/C2)
Bll=F1%(1.0+(C1%V1)/(CO¥VO))
B12=F1#%(C1%V2)/(CO*VO)
B21=E2%(C2%V1)/ (CO*VO)
B22=E2%{1.0+(C2%V2)/(CO*¥VDO})
ULl1l=A11%B11+Al2%B21
Ul12=A11%R12+A12%B22
U21=A21%B11+A22%B21
U22=A21%B12+A22%B22
PUNCHI1sA1l19A12sA21sA22
PUNCH11sB11sB12,B21,B22
PUNCHI1sU11sUl2,U21,U22
TT=U11%U22~-Ul2%U21
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PW11=(DA11%#U22-DA12%U21)/TT
PW12=(DA12%#U11-DALI*U12)/TT
PW21=(DA21%U22-DA22%U21)/TT
PW22=(DA22%U11~-DA21%U12)/TT
PUNCH18

FORMAT (/50H LAL1L
PUNCHI1sPW11lsPW12,PW21sPW22
ALLI=(1+({C1*¥V1)/(CO*VO)))
ALL12=(C2%V1)/(CO%*V0D)
AL21=(C1%xV2)/(CO*¥VO)
AL22=(1e+{( (C2%V2)/(CO%¥VD)))
AUL1=AL11*UL1I+ALI2#*U2]
AUl12=AL21*Ul1+AL22%UZ21
AU21=ALT1%UL2+ALLI2%U22
AU22=AL21*ULZ2+AL22%U22
T2=AULL1*AU22-AUL12%AU21
PUNCH11sAUL11sAUL12sAU215AU22
PV11=(AU22%D11-AU12%D12)/T72
PV12={AUL1*D12=AU21%D11) /T2
PV21={AU22%D21~-AU12%D22)/T2
PV22=(AUL11%D22-AU21%D21)/T2
PUNCHZ0

FORMAT ( /50H L11
PUNCH11sPV11sPV12s,PV21sPV22
AA11=(D12%U21-D11%U22)/TT
AAL2=(D11*Ul2~-D12*U11)/TT
AA21=(D22%U21-D21%U22)/TT
AA22=(D21*%U1l2-D22%U11)/TT
Q=AA11*%AA22-AA12%AA21
Pll=—(AA22/Q)

P12=(AA12/Q)

P21=(AA21/Q)

P22=—-(AA11/Q)

R10=VO* (C1*P11+C2%P12)

LA12

L1z

R12=(CLl*v2*P1l1l-(CO*XVO+C1*V1)*P12)

LA21

L21

LA22)

L22)
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RZ20=VOE(CLHP21+C2%PRP22)
PUNCHZ 1

FORMAT {50H <10
PUNCHL1 sRI0sR1I2sR21aR20
GOTO4

STop

END

AP

R21=(C2%¥VI#P22-(CORVO+C2HV 2)4

R12

)

R20)
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