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a mod1f1ed d1aphragrn cell has also been developed The accuracy of

. SuMMARW L T .
K ’ * e . . '

INhl@ work solub111t1es and d1ffus:.v1t1es of the h1gh rholecular

welgHt solid parafflns tetracosane\and dotnacontane were measured
-

in )e low molecular we;,ght llqu1d paraffln solvem’é’, hexane and -
.dodecane A method for measunng the solubilities of solids in l1qu1ds

has be.en developed u::-ung a simple tl.trat1on technigad, The volume of
~

solvent reqmred to dlssolve a known quantlty of solid, has been measured

usiag laboratory glassware and visual deterfm.natlon It has proven

to be not _only simple an_d. rap1d but also accurate.

-

A method for measurmg d1f£us1v1t1es in hs'md solutmns us1ng
- -

the cell was tested u:nng prevmusly rrieasured data Agreement was
generally good. Furthermore d1ffus1on,eoefﬁc1ents were measured

for otr1acontane and tetracosane in hexane and ootane solutmns for- _

whlch there were no avallable da.ta in 11teratu:r9 The new dlifusmn

/ compartments hawng different volurnes

|
5cell can be descrlbed ag':a mult:-tube chaphragm cell thh its two

It has chstmct advantages

4
over the old dzaphragm cell in that 1t does not requ1re a pmor

‘ ’cal1brat10n and it can be used both in the steady state and trans1ent

W

‘mode for exper1menta1 detéfminations; - "\ o SN
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ﬁOMENCL ATURE" .
a \'gct'i:rity ,. K o o S .
A © ‘constant in Equatic;n (]_2). ) -
. Acap diffusion a‘r.ea, cm |
~ ] : I .
B constant in Equations (1) and (12) N
c | molar, c:c.mcentr.ati‘on, g.rh-mele/rﬁl
}.C-:av o ‘ant.hrnetlc average conc elatratlon between the top and
\\ ~ bottom compartments - gm-mole/ml ' . !
CO initial conc.':eriltra\t‘ioln_.,K mole fraction
60 average concentratlon of the dllffusant in the top

compartment, mole Iractmn

\\ .

' coF final concentration in the t}p ompartment, mole fraction
C(x,‘t) variable dependent en X,t
d displacement in differential refracfometer
Ad reading of total disp]ac ement
K .'d2 - d‘l * differential refractometer reading for the solution
‘ dz' - dl' zero reading for the solvent » e
. . 2" -

D, DAB diffusion cqefﬁmentA,’/cm//sﬂec : : _ o
H- héat co tem:al/gm-mole _

heaf of fusio_n; Kca]'?/gm-moj.e_ )

. . . . . . . - E . _ 2
" J . - molar flux relative tolaverage velocity, gm-mole/sec-cm

K calibration constant of the aifferential refractometer



NBP

T(t)

(:nolecular welight :

‘molar flux relative te fixed point, gm-mole/éec‘—crnz

“.volume of the't'op-c:ompartment, ml

. Vl £of sol\}ent, v

=~ vhi~
an integer

total amount ofdiffusént transferred in time t Ve
refractive index - : ‘

refractive index difference

NA‘ath:O S ) R \

universal gas law constant, 1, 987 danm-mole-“K

time, secs

ﬁernpe_ra’ture, i

]

fem;ﬁérature at the normal boiling point, °C (Table 1)
~’ St <3
. F i o

variable depended only on t; T! refers to' differentiation

with respect to t "

T a

molal volume'at the normal boiling point’ ‘ =

> for solute, ml/gm-mole .

"mole fraction; distance in x direction

!
' ——

" association parameter in Wilke-Chang equation

‘ vafiable depended only on x; X" refers to differentiation

3

with respect to x,

arithmetic average mole fraction of the diffusant in the

top coﬁlpa rtment

mole fraction of the diffusknt in the bottom compartment

" variable in Equation (50)



Greek L etters

WA

1

vi‘séosity; ,CD8 (taﬂj.e 1

» activity coefficient -

density, gm/ml (table 1)

mass, gm

mass fraction of the diffusant in the top compartment A

I
] 4]

SuBscriEts

A

B

solute
solvent
melting point

steady-state

G

- viij-

“u

diffusion time, secs

’

washing time,

transient

sec_ﬁ

v

-
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' INTRODUGTION .

s M . -
When' consxdermg the solublhty of sohds in llqu1ds it is noted (
that certaln thermodyna.mlc propertles can charactenze the behavior

. of solutmns Thus an’'ideal solutlon is formed-if the. mlxmg process
P

ta.k“’es place at constant temperature -and pressure without change in
energy or volume, There are many palrs of molecular spec:Les so
nearly alike in thelr attractwe forces that then' liquids rnlx with httle
or no heat efiect Such solutlons are deslgna.ted as ath'ermal or semi- |
—1dea1 A regular ‘solution is one 1n\:§f\:r1ng no entropy change when a
small amount of one of 1ts components ‘is transferred to it from an

ideal solut1on of the same comp031t1on the total volume rema.mlng

unchanged " as stated by Hildebrand and Scott (10 who indicated

that regular solutions obey the.relation:

© o RTmy, = Bx' . W

» . .
c e " . s -

s Inthe pr'esent workj ideal solubilities were calculated by

.the aid of the equatlon also denved by\H:leebrand and Scott (10 )
Q\ ‘L -
: . : 1 ) AHF _‘Tm_T (2‘)
S ' %8 "% T T4,575 ( T - T ) -

2
Equation (2) gives the solubility of a solid in any solvent in which

it forms an i eal solution, It was derived from the genera.l_rela.ti_oﬁ:

owtog®  amF S
= = — @ A
- AT A g L gy { . -

By int'egra.tiorgof Equation (3) and m;ldng u‘s.e of the'a:srsumption ths.{;-

" “the heat of fusion AHF_ was constant the following equation was obtained:’
‘ . L '




‘lna, = -

Wi uF :;“Ik .-9 B
s AH .(-T 1 )

'Fmally Equatlon (2} was obta.lned by subetltutlng x, for a and by

rearranglng the term contammg the negatwe lxoganthm since x <1,

T In the fis ot part of this work, solubilities were determinedat .
d1fferent tempera;ures usmg a s:.mple technique, .Th‘e volume of, ’ |
- -.,solvent from a burette necessary t d1esolve a known quaﬁtity of solid . .
- in a volu:netrlc ﬂask was determined wsually at the point when the

sohd cgmpletely dmappeared When the solid was(nnearly dlssolved

the solvent was added very slowly, drop-wise, to ensure that the end-
point was not _cxceeded_ The solubility of dotriacontane in hexane and "
1n dodecane were Available 4from,t'he°1‘iterature_'at certain temperatures

for eomparative purpo'sesm. Additional solubility rr.‘leas_urer?ents- were made’

- . . . - ' \"“'—-_'
over a wider temperature range for -dotrigeontane as well as for . -
\ . :

tetracosane in the same solvents, The range of temperature chosen

was based on the meltihg ‘point of the sclutes and also oxf the freezing

. ’ ' < " '
~ point and boiling point of-the solvents.

- . . N ' - ‘5 ' ) . J
. 8 1
. .. In pre\nous solublhty measurements, 1nvest1gators ( ' 3);

used.

a techmque based on the d1sappearance of a solid in a sealed ampule

contaming a synthesmed sohd solvent system, A precise bracketmg

L
[

- of the temperature at which the solvent saturatmn took place was
'performed by measurements of the temperature at which some solid
remained- undlssolved a.nd another temperature slightly above at
Whlch no *.sohd rema1ned - The solutmn temperature used in the. _
'method was- the avera.ge of these two temperatures This technlque ‘

. was found to be tedloug and t1me consunnng ’I‘he method descn})ed

. N / -
in th'l.s thesm largely overcomes the a.bove dlsaduantages : ;o




. .Q‘
. y
i . .
TTTT— \The basic forrnulas of mole and” mass: fr_afét_ion were used to
R T e
calculate’ exper\zmeptal solub111t1es.
R B
W = ;
> (5)
B Va Pt qJB ) . ‘
L. %My J %s.
' ~TB.T Ve Mk O ML TG+ v, b, ML/M
) o ATAITAT ¥pitE Bt Va PaMp/My
\| ~ ;
- (6)
" - Flck's law’ desc r1bes diffusion’ phenomena “For a bma.ry
. mlxture “of compou’nds A and B, the diffusive flux is g1ven by:
N E i B C . . i i S . [
- - Ja - Dap —-—-——-A ’ - A
The flux of component A is measured relatively to the molar ave;:‘age
"ve'loci'ty. By considering the effect of bulk flow theé flux cam be C‘
"~ \__gonverted to one relative to a fixed position. ' ' Y, }
/ H | : i kx/
: C 3C :
A A rat
N, = (N, +N_}) —— - D
A ( A B) C A AB 3 x (8)

\ Analogous expressmns can be wrltten for component ‘B, It may be
- (21, 28)

! =
, shown that DAB = DBA - '
' c#:efficient, usually known as mutual or interdiffusion coefficient, -

which means that the d1£fuoioh

is the same value regardless of which coro.ponent is being considered.

. _\:

Current theones proposed to descnbe diffudion process have - |

p—

_—

dlrect apphcatmn o _ e
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" The Stokes-Einstein. equation was based on. hydrodynamic I
principles The d1££u51v1ty and solvent v1scos::; were found to\‘t;‘e ’
1nversely related, as would be expected for the process for large -
molecules diffusing in a low }rnolecula.r w,e(ght solvent The equatlon
_'should b& apphcable to descnbe diffugion strictly for sphencal or
hearly sphenca.l moleculcs in solverits of con51derablc smaller
molecules. It'has thus become general practice to calculate the size

e

‘of t‘ne d1ffus1ng partlclcs using ‘the Stokes-Emsteln equation,

(35), on the other hand, diffusion

Accord1ng to the Eyring theory
™ ‘was considered as an activate-d rate procés®, té:ki:%placé_by,
Jmplng of 1nd1v1dua.l molecules from one position to another, under g
a j:r/e/ansmg Irom the grad:ent of the chemical potent1a.1 An

important inherent assumptmn that the free energ1es of actwatmn

/for ‘diffusion and viscous flow wére equal wag subsequently found.to '

/ be invalid even for rmany ideal or nearly 1dea1 systems. Howev_er, -

the Eyrmg kinetic theory was at least partlally successful in v

dcscrlbxng the temperature coefflcmnt of d1£fu51v1ty

A number of empirical correla.tions are available for the-

predactlon of d1£fus1v1ty. The correlations of Wilke and Chang, Lusis
a

~and Ratchff Scheibel, and the hypothesm of Hayduk and Cheng have

been cons1dered in this work, as bemg useful in describing the

d1(fu31v1t1es in binary 11qu1d systems i .
27) | B
The emplncal equa.tlon of Wilke and Chang (27) is:. :

- . -8 (XM ) 1/2 N ‘_‘7\"‘“‘\,_
- rDAB = 7.\%10 0.6 -\“‘\-\ (9)

’ ’ ‘j R \ F" v ' V ) - \ |
The applicatibn of this equation is liniited because no rigorous treatment;

of solute-solvent interaction was considered in its derivation,

)



- . 18 \ ) ', ‘ .
Scheibel ( ) 23 posed a modification of the Wilke-Chang

relatmn in wh1ch the assocmtmn pa.ra.meter of solver’mt was eliminated,

' sy Y3 -3r ST
'DAB 82x10 : T[]_-{- —————L :l/p_v '.(10)
The'more recent Lus:l.s and Ratchff eorrelatmn (30) also )
a.v01ded the use of any 1nteract1on pa.ra.meter . T b N - B
Y - T o 1/3 .
PaB " . 8.52x107° [1 0 Y ) |
SR R Ll
. . 'f Vl i . .‘\ - ST,
——— _7._-—-’: - . ) - ) .-.“-\.\- - ) ‘ . . .
+ (_VZ‘ ):| . . . , | (11) |

.ﬁ A . ) . '
L .‘l % . ) . ) : : o N
The équation was ‘shbévn to give slightly better tesults than the o %\%

previowyé correlations, - - e ]

(3 ) chose the hypothesis that the diffusivity

+ -

Hayduk a.nd ‘Cheng
of a particdlar dllute spec:tcs in any solvent depended o’ﬂy on the
'scos1ty, pz‘ohded that there was no molecular, aggregation o
of eather the solute or solvent on m1x1ng This hypothesm suggested ‘\

that a relatlonsi"fzp existed between a partlcular d1ffusmg speci
\'-—4-«..__./

a' range of solvents, temperatures, and solvent compositions,

-depending only on the solvent viscosity. , e
: - B o ) - h t -
= A IR . 12) ©
Dyn T . ) . (12)

A number of expenmental dev1ces and metlods have been
developed for th\edeterml.natlon of dJ.Hu51v1b1es in- 1 ulds Perhaps’

'Lhe most common 15 the dlaphra.gm - cell technique wh1ch wasg first -

(43) later :u'nproved by

(48)

developed hy Northrop and Anson (1929)

'Gordon .(1937) (473~a51d brought’ by StOkrES {19 50) - to a./ spage_where ot

-



.

. re

it beca\?r_xe reeognized.as an exact rheth.od for the r‘ne.asurernent of'r |
diffusion coeff1c1ents Another rehable method fo; measuring hquld
diffusivity zqas descnbed by Hollander and Barker (1963) (49) using

' radioactive tracer components. JIn th1s method the concentrationé
were monitored outside the diaphragm cell, The COntents of the )
dlaphragn‘r cell were c1rcu1ated_perlodlcally through a sc1nt111atlon

. counting chamber'and the concentration differences measured,

Recently Sanni and Hutchison (44) described a modified
diaphragm-cell in chh the composition in the top compartment was
determined continuously by measuring changes in the eonduetivity N

(25)

. -
or capacitance of the solution, Witherspoon and Saraf
A}

used

. : (52%, s >
the capillary-cell method perfected by Wang in 2 modified way,
Whereas the former experiments were conducted et‘steadj}-‘state,
the latter workers used the {:ransijnt method >€quiring less time ber
experiment, ‘ L Yy |

(32) ' | .

Other‘work'ers measured chffusmn coefficients us1ng a’

Mach - Zehnder d1ffu51ometer This equipment measured refractive
index gradients, which were p'foportional to concentration gradiDnts
OVer narrow concentration ranges, by means of 1nterference frinfges,

W1th this device it was poseuble to measure locaLconcentratmns

along the d1ffusron pa.th - .

; Ha}uska hmggg.[(rer (36) ‘HISS and Cussler (41)‘1a.ter used
the techmque ‘Savart plite 1nterferometer to measure diffusion
: cqefflcwnts in binary ndnideal liquid systems,_ in which an experiment
was conducted by forming & horizonta.l interface bet'\‘y&een two Qolﬁtio_ns
in a flowing junction test ccll Mcasurement of the product of the
refractlve index of the solut1on and the' geometrlcal length through

. the diffusion cell was related to the solution of Fick's second law for

determinatich of-the diffusion coefficient, S

A

«

’



8 "Hahn (29) demonstrated succ:essfully the apphcabﬂlty of the

NMR phenomenon for’ d1ffu51on meaéurements NMR phenomenon can' ‘

/{ observed w1th molecules, that contain atomlc nuc1e1 with both
\ magnetic moment and angular momentum, 'I'he procedure requn-ed

the calculahg}t‘he ratio of the echo amphtud'es for two chfferent

h
, known field gradlents .. \ - ,

In this work dlffusmn measurements were conducted both .
under steady-state and- trans1ent cond1t10‘ﬂs The. correspondmg

mathemat:cal analyses for the diffusivity measurements were based

on Fick's first and second laws,

\ *

.Integratlon anﬁxmampula.txon of Flck's first law, Equatmn (7)

<

/
y1e1ded an expression as “follows: :
0 v l\

| N, 1 R . L

D= - e . (13)

C(y -y ) . ’ . _ :
A2_ Ala.:r/\

For épplic‘,é.tion in Egu’a.tion' (135 the flux was expressed by:
2 _ " v~ oo | ‘ :

| o A1 Py .

o = r—— - (14

v : NA‘ : M ‘t A cap. : o A ( j)

I

1
Substltutlon of Equation (14) into Equa.tlon (13) ylelded the £0110w1ng

expressmn for the dszusmn coefficient for t\me stcady ~-state_process:

Wa Vo Py :
L AL TN BRI
M t Acap Ca.v\( -Ya ) '
. o . '\ 2 T lav

1

”

(44

The tlme requzred to obtam a -steady-rsta.te ?r}c&ntratmn prof:.le
within a certam depth of ligquid was calcula.t d ,from a knowledge of

' the diffusion -path length and an’estimated dlffusnnty, using Crank'

Equation: . L ! e | ‘

. ‘~\‘

AEERN




) i 6{_;0,45 3 1)

In many cases the éetérrhir_xatioﬁ of?iffusivity in lic'luids. ;sing
transient methods is'acivantageous Since diffupion in 11qu1ds is
slow in steady state expenménts it is dlfflcult to measure the '
relatively low d1ffus:v.ve flux a.nd long perlods of tizne are rcqulred e
Transient experlments circumvent both these disadvantages. The

/
solution’ whmh applies. 1n such cases is basedion Fick's s’econd law;
!

] . . . .2 . y
ac . . D -a-———_ éc’ g C . _,// (1'7')
a t a x o E - ‘ d‘/.'. T Yo

The concentration profilé within a senii-infinite liqzéid is expressed

as: _ o o | Y
. NCI-CS‘\' L o
_ .':i"cl-co = erf( 2\/’];):' ; (18
' 'Ihe molar. flux at tpe.'béunc?:éry is given by:

D(C, -C) .

Ao : nmnDt

T hen the total amount havmg left the tube in time t per unit area,
15 ar combmatmn of Equa.tmns (18) and (19) ‘

2 : ‘
M = —= yDt C‘qC), . (20)
t oy . ( 1 o ,

-

‘Derivation of Equation (20) is shown in Appendix A, According
‘to the i)enetrat'ion theory for constant diffusivity D and a given time
t, a penet:pa,.fion depth & can be determined from the expression

(17)’

derived by Danckwerts :




’h, -

Y

"+ beeg arbitrarily defined as the depth at which the rise in concentration
T is 1/100 the snaximum concertration, and given by Equation (21),

" and (23), respectively:

5§ =.3.6 Dt - S ey
. J | | ) . ”»

In the transient process for measuring diffusivities the contact time

-b'etween the liquid co’mponent‘s is'sho'rt, so that the 'penetration of

S

. the d1ss?ﬁlved solid is essentlally the same as 1if it occurred into an -

'~m£m1te1y long column of 11qu1d The '"'depth of penetratmn" has

Fick's second law, Equation (17), has a¥so been solved for
. A . . ) - .
a finite diffusion path length. Détails of this solution are also given
. in Appendix A. The instantaneous flux and total amount of material )

transferred ﬁpto time t per unit area are given by Equations (22)

N, =D RGN _=D| - /
- - x =20 B
2C, L - _
RS R NG L
_',,. . ' . ~— .
o T 4cC ® 2 ) |
\__ + °. T exp[ 2n+1) TT) Dt:l - (22) '
. L _ .
. o ’ . )
v - DClt _ .
t { L
2C L = > ‘
1 1
+ > T LN ) l—l-exp[-(*—") Dt]]
S ARG
n \\ 4 C L @
e o 5 [1 - exp [ - L——&—) Dt]]
. 2 2
n o (2n+l)



vy

' calcula.te the average concentratmn driving force,

- 1‘oE_

Qf the two transient solutions outlined above, tHe fo;'rne'r }/

. was found the more useful, It was necessary to ensure that the

cond1t10ns “of that solution were met _Hence tra;m)Ldﬁ{mon

: expenments were 11m1ted to diffusion times ¢h were less than
those for which the penetration deptll/waszq\:: to the dla.phragm'

/

. thackness (6 <« LY. ‘/x -7 | , ‘ . -

Diffusivities were calculated as follows. Equation (15) was

appliedlfor measurements at steady-state, The concentration of

the mixture in the bottom compartment was considered constant

‘because of its relatively large volume and the slow rate of diffusion.

The ar1thmet1c: average concentratlon of the diffusant in the top

compartment over the time mterva.l for the expenment was used to

1

n Equatlon (20) was a.pphed when the transient mode was used,

kel

In that case the washlng t1me for the top compartment was

considered because of its 1nf1uence on the diffusion ra.te The initial .

‘ dlffumon rate was greater when the wa.shmg tlme was neglected

J:"or example for a diffusion tlme of 5 hours and wash1ng time of 1

‘minute the diffusivity was 11% greater if the 1 minute was not included

in the talculations, _ Thus for diffusivity determinations the following

" equation was applicable:

. ; ----- J- . . ' . 2 .,': . . . . '_ N . ‘
it _ Mt T M = A cap \/S[ﬁi_) (Cl.-_ Go ) - ,
D- w " - ;
e . .
-‘/t_w (C, CO)J Ve L s (24)

— ) . : -
" . . . . » “

_ The'voiume_ of the top compartment was different for each experiment

- because of the flexibility of the two rubber O-rings at both sides-of

the teflon diaphragm. The initial concentration in the top compartment - ¢
2 » -
was alwa.ys Zero because of the ﬂushmg operation, V. . .

o f
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) -‘.‘rﬁe]ting point of dotfiacont%e)to be 70.2°

. ' -:3'1~ . oL Vs \W

JMATERLALS AND THEIR PROPERTIES
N ~

- I | 4 . | |

. The solvents hexane, cyclohexane and carbon tetrachlorlde

}
were. purchased from Fisher Sc1ent1£1c New Jersey and were -

9

specified to be of Spectrophotometrm qualu:y QOctane and dodeca.ne

. were purchasede frorn\Ma.\theson Colema,n and Bell; Ohio and were

cerﬁn’led to have a m1n1murn\p{r1ty of 99 mole %. . The me]tmg pom‘ts
and normal boiling points as glven by Ross and Hlldebrand (lD
hexane are -95°C, and 68.95°C, and for dodecane are -9.6° C, a.nd

.

2.16.33 G respectnrely (ID ‘ \.‘,\

\ o | . :
Tjgtracosane and dotrmcontane were obtained from the Eastman }‘

Orgamc cherm.ca.ls New York, in the laboratory pure. grade The ' %{34

me]j:mg point. of tetracosane was 50 9 C . (1 'with the.heat of fusion N

of 13,12 Kca]/grn mole, Fq;‘ the dotna.contan\e, Seyer and Fordyce (3)
‘had noted that it undergoes a transition from t’t‘}ﬁ\-form to g-form at

N

. : ™
a temperature of about 55°C. Hildebrand(?nd Negishi‘\(s) found the
and the transition point

63, 5°C, The solubility data suggests that the latter transition )

temperature is the more accurate,

The viscosities, densities and L e Bas molal volumes (48) at o

the normal b3iling point of the materials utilized which were required
R & X . . -
int the course of this work are listed for the pertinent temperatures

‘.‘m Table L The numbérs appearing in the table 1 are from the,
hterature. Le Bas molal volumes were used to calculate diffusion

coefficients because of similar molal volumes were ‘considered.in

the empitical corre]atiens'whieh are referred in this thesis, -
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APPARATUS AND PROCEDURE FOR SOLUBILITY .DETERMINATIONS

-

]
-l

Solublllty measurements were performed on a semi-micro. scale,

.,\‘/he solub111ty apparatus whlch is shown in Figure 1 conslsted basically

T

JA~water-driven magnetic st1rrer was used for stu’rmg the solutmn

- wags an A S. T, M, ther

accurate determination of the mass of the ‘solute and the volume of SN
| \\\emt >
solvent that.was reqmred to dis solve it, Tt{e advastage of thJ,B rnethod

of'a 10 ml precigion solvent burette and 10 ml volumetric flasks.  An
P

"amount of solute was. welghed into the flask and then gradually dissolved
while the flask was immiersed in a constant temperature bath by

slower addmg solvent from the burette We1gh1ngs were performed ‘ -
by means of an electncal ‘balance manufactured by the Mettler company.

The prec1s1on of the solvent burette Was 0.0l ml wh1le the solute

'we1ghts were determmed to 10 mlcrograms The temperature ba.th o i

could be kept at any predeterm:.ned temperature to within-0, 05 C. .
VN

(N

ingide the flask, The water\used' for stirring was also 'supplie'd‘a.t

constant temperature by means of a- circulating bath purcha.ged from S

B

'Neslab Instrurnents Tge thermometer used for measurmg‘temperature

ometer graduated in intervals of 0.1°C and I \\

readable to 0, 01°C. To achieve temperatures lower than room

E temperature a refrlgeratlon unit purchased from Neslab Instrurnents,

m

was used to,cool the agueous ethylene glycol coolant tha.t was prepared
f
for t‘ms purpose, To obtam temperatures as low as 0°C the bath was . '
' i i
insulated to minimize the-hea.t mtake For this purpose the outside V;f
-

of the bath was covered with st}(rofoam sheetmg

The procedure for measurmg the solublhty involved thf}\
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A solutloni._fldsk, 10m -
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B water drtven magnetic_ stlrrer

C ™ solvent burette, 10'ml -
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' - of solvent from the solute residue

_15_ . ) ~— / -

o 2y
d1scussed by Garner et al'( ), _wa.s avglded A gravunetrlc analysls
of the equlllbrated solutmn _was attempted The solvent was to be
evaporated from a measured volume of- solution and the residue was

‘to be we1ghed However it was found d1f£1cu1t to expel the last traces ‘ T
.l ' a’

_ . 'The first step in making a, solubility det'ermination’ was ro-

tare the 10 ml flagk and then to welgh the aolute which was added |
through a funnel, Both tetracosane and’ dotnacontane were-in a fine -
powder form. The flask was then placed on the magnetm stirrer ‘ ¢
immersed in the constant tempergture bath underneath the burette
-Solvent wag added slowly to the solute from the burette while the

rnlxturerln the flask was stirred, The last drops were added one

. every ten mmutes unt11 all the solid part1c1es dzsappeared That

“end po1nt“ was observed carefully using a travellmg telescope
'wh1le the flask Jwas illuminated with a powerful light poeltloned at

rlght angles to the a.xls of observation, The end point of the solub1l1ty
measurement was checked by loﬁvermg the temperature about 1°C . .
.whlch usually resulted in the formation of tiny crysj:als or finely

dnnded predrpﬁ:a.te of the liydrocarbon solute'in a white suspensmn

4
form, '‘When the temperature was a.ga.m revised to the partlcula.r :

expenmental temperrature the whlte s‘tzspenslon chsappeared a.nd the
solution became clea.r a.ga.ln The lowering and armrngl o£ the i -
o tempera.ture was conducted a}pcord1ng to a slow procedure ofa P =

change in tempera.ture of 0. 5°C requiring up to 30 min. |
;‘._- . T, . -" . - Lo ~ ' . ‘ _“ : ./"‘—"_'

<7 .



per ‘19_0 gm of 5olv'ch in mole fractmn and in mass fractwn
- T <0 - Q)

: \ 4
_\Detcrmmatmns were de 1n duphc:ate or in tr1p11cate BO that the o }'L

solvent densit e ovarall error: nx\h 3 solub111ty mea suremcnts is

~

tha.n 3% H__‘/ \ o -
PR ) | o

Fif;'\hi'e' 2 repre

estimated to be le

nts the/log of solub111 t@rsus the rcc':_iproca.l

" of the absolute temperatur wh:ch has long scrved v}ell as a means

_. penmental solubility data Departure

1

of cor r'lﬁlahn gand inte rpretm g

frorn 11near1ty iricreases. as solitio dev:tate more ard more from
T

1dea11ty A plot of the log solub:hty verslxttxe log of the absolute

temperature gwes a more. lmcar relation as S8hown in Figure 3 In | \\\
Flgure 4 the log of solub:.hty versus the number of carbon atom of ' '
(3.6) . :

the para’fﬁn solvents is shown



_TABLE 2
Average values of éolubi}jty of dotriacontane, in grams per 100 gm

of golvent, in mole fraction.and in mass fraction

™

* . Hexane, Solvent: R Dodccane Solvent
Temp, °C Grams Mole. Mé.ss_ ' Grams ‘Mole ‘Mass
- C fraction fraction _ fraction fraction
o . -4 4 _4
0 .127 2,43 (10 .7) 0. 00183 0, 0426 1.61(10 '} 5.23 (10 ")
25 4,10 0.007175 0,0588 1. 57 0, 00592 0, 0206
50 98.1 0.158 0,608 43.9 0,142 0.376
65 o - - - 396 0. 612 0. 847
N . o ‘
Vo © TABLE 3
Average\values of solub:thty of tetracosane, in grams per 100 gm
‘ of solvent m idle fraction and¥in mass fraction T \/
. .Hexane, Solvent - Dodecé.‘ne, Solvent
Temp, °C | Grams __Mole  Mass Grams - Mole . Masﬁs -
‘ _ //fract1on fraction fraction ‘fraction
N "0 ° 2.88  0.00653 0.0367 0.919  0.00460 ©0.0118
? 25 42.4  0.0973 0,393 17.7 0/0820 . 0.192-
[ 41,5 1076 0.732 . 0.944! 511 0.730. ~ 0.875
: , -
d ; s
J f




- DISCUSSION OF SOLUBILITY RESULTS ™. ____

For the purpose of checking the accuracy of the technique

and apparatus used, the results obtained in this work were compafed ‘

) wij:h data available ¥rom the litefature.' The obs.ervations' are

'llterature data.

‘observed that in the case of dotr1acontane a curve for the 1dea]: . .

recorded in Table«t.and are shown in a distinct wa*} in Figure 2in

»

wh1ch can be seen that solubilities of this work for dotnacontane fa.ll

(6)

close to those of Seyer and H11debrand ( ), The maximum

d1fference is 4, 22%.; The reproduc1b111ty' of &uphcate or triplicate
'determmatmns was estimated at less than 1% Thls leads to the
conclusion that the utilized techmque and apparatus gives results with

a rnax1mum dev1at1on of 5. 0%, It appears possxble that the resalts * ™. . -

of this work and those in the htera.ture differ because of the cl1f£erence
1

y :
- in thet\ec'l?‘xques used, Perhaps some solute crystals, unobser\ied

stuck on the 1n51de wa],;lfof the fla.sTc

———

_Temained y undls solved thus®

T

: -TI'TE‘fathhat*-m.
: that™ -

Y

expla ning the ahght diffferenice in the solubilities,

determmatlon of solid s\lubz,htzes is more d1ff1c-(11t than that of gas =\

/ .
solublht:.es explalns blgge.\)~ deviationg. between experlmental and
—-—._——‘“—_\ .-

\,y}uch were obta1ned by a.pphca.tmn of Equatmn 2} e SOIﬁbIl’.Ltles
of tetracosane fal below the ideal solub111ty line. Hlldebrand

| solubulity should be drawn wzth due regard to the tranmtmn pomt

occuring at 63, 5°C, for this substance and the melting point at 70°G.. e
(2) . o~

o ——

Garner van Bibber and ng determmed the heats of trans1t10n ' -

and fusion of norma.l parafﬁns with 22, 26, 30, 34 and 35 carbon atoms . N

= from which they estimated by interpolation that for dotria¢ ointane the

,{, : . | | i} ' | | Y



- O solute meltmg pomt ' A0 A\
) trans jion pount 6 5°C - \

solubllmes\m '// ﬁ form \ |
@ hexang, @ heptane, \

O dodecane, Hlldebrand ot al\ \

this work

0 hexane, Adodecune :

i S ] o L I

B |
1I0YT, TK
» 5 1
Figure 2 S_olu[b'ility‘ of n-tetracosane and n-dotriacontane -

’ 1

Ehe 2l
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o " TABLE 4 : '
“ ¢
Comparison of solubilities of dotriacontane obtained ’
in this worll with literature valu'ae/ -
{\,{
Hexarie, Solvént : _Dodecan_e,, Solvent.
" Temp. °G  Mole Sotubility  %diffe- Mole  Solu- . %'dife-
' ' fraction - Literafﬁre(é) rence ' fraction bility  ren
This work : _ . This work Litera~
s . ‘ ture {6)
- z ‘ -4 ' ' 4 -4 “@
o' 2.43.(07% - - ‘1,61 (1677) 1.55 (1077 3.87
S .25 ~  0.00775  0.00750 333 0,00592  0.00575 2195
50 ’ 7 0.158 _ 0.163 . 3,16 0.14%"\ 0,148 . 4,22
65 - . - - 0.612 0.634 . 3.60 .

o




' as it is shown in Figures 2 and 3 it is'almost linear and the lines have {

" converge to the melting point of the. solutes corresponding tox =1,

- 24 -

molal heats of t'ra"nsition and fusion were 10. 4 K&al and 17, 6 Kcal which
corresponded to the slope of the'ideal solubility line for an ¢-form, . S

as drawn in Figure 2, The slope of the line for a f-form downward

from the transition point corresponds to 28. 0 Keal (10). The

observed solubilities of dotriacontane were found to be between, the.

T

. . . - . -
lines for the ¢ and g-forms, This observed behaviour suggested that

_the dotriacontane used was probably a mixture of both crystalline

forms. An attempt made at this laboratory to pos1t1vely detect the
presence of these forms by freezing point medsurements falled

This is shown in Flgur-e 5 in wh1ch the freezmg piot of dotrlacontane P
in dodecane is presented with a unlque plateau at 51,72 °C 1nstead of

”~ o b
two dlfferent_crystalhza.tlon temperatures, o ‘ '

S i . A ' : . oy
C;}idering the rele.tion between solubility and the temperature 3

: 1

regularly 1ncp[:—5.smg slopes in going frorn the better solvent like hexanel

_.to poorer golvent like dédecane, Hildebrand (4) noted that the 510pe

of the line on such a diagram, represented the enthalpy of solut1on

A

.and hence would be expected to be straight or only s(lghtly curved -

line over falrly wide ranges of temperature " Such a linear behaviour

is characteristic of regular solutions, For both shiyents 'the lines

1

. . , )
It can be observed tha.t tetracosane having a lower meltm.'g

- point is_ more soluble in both hexane and dodecane Furthermor ," both

solutes are moré"soluble in the lower bolhng pa.ra.ffm solvent he ane.
: ]
X’Ihe solubility of dotriaconta.ne in hepta.ne obtamed from t}'xe T

11tera.ture ( ) and dodecane are similar,. whlle the s‘&lublhty in hfxane

is shghtly higher. It appears probable that the solubility in the ;

‘remaining paraffin solveanls between those—of hexane arid dodecane

N / ° ) '.‘_‘ {
: . { s . '
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i

LConcerning again Figures 2 and 3, it is evident that these
”'plots c¢&n serve to smooth expéﬁrim'ental dath and can be used to estimate

the tempcfature coeificient of solubility from a single' point.

‘ The soldtbility of dotnacontane 'was plotted against tlge carbon
number of the solvent as ‘shown in Figure 4, In the caseof tetg:ey:osane
not enough data are availabla to show the solubz.hty rela.tmnshlp among
the paraffin solvents. Seyer and Fondyce (3) investigated the solubility N
relé:tionship for dotriacontane in p'ropa.he and butane. The plot indicates

the pos 31b111ty that the solublhty of tetracosane varies with the paraffm

solvents in a s1m11ar manner to that of dotmacontane

-
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» 4
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APPARATUS AND PROCEDURE FOR DIFFUSIVITY MEASUREMENTS '

— ”

Diffusivity measurements have-been made using the diaphragm - l

cell technique., Witherspoon and §araf (25) ﬁsed an open-ended . L o =

capillary-cell method to measure the diffusion coefficients of light
hydrocarbons in water at varlo\.@ tcmperatures Ross and Hlldebrand (24) -
adopted a steady- state method of measurement Their diffusion

_ d1aphragx\n consgisted of a stamlcss steel circular plate with a lai'ge

number of holes, 1 mm in digmgter,' init, 4

1

. . - .7 —
The equipment used, shown inlthe Figure 6, was a modification

of the open-énded capilla‘(f—._cell. Used in conjunction with the
diffusion cell was a differential refractometer to analyze the diffusing
substance. TH€ diffusion cell diaphragm consisted of a teflon circular

" plate 8 cm /in diameter w1th a varying height from 2 cm at the perimetry

to 1.9 cm at'the center, w1th 252 staxnless Bteel tube holes 2 cmin . .
length and 1 mm in diameter, inserted.in holes dr111ed through the

-teflon plate, giving.a total cross section for diffusion of 1,98 cmz. ot

The plate was mounted in an a.pparatus madeir:m stainless-steel

as shown schematically in Figure 6. The diameter of the tubes was™ T
sufficiently small to eliminate liquid convectilon’w_ith.in them. Volumes"

of the two compartments were apprqximé.tely 25 ml and 205 ml for the

top and bottom respectively,

It was necgssary ) ut in the final experimental runs

'1f there was an appreciable varzanon in 'ffusivity measurements
when a stirger was used in the top compart:ment o c d1£fus1on cell,.

\_

'partlcularly during transient meas\urements The" stlrrcr A 's attachc_d 2

to the 1/8 in, O, D, stamless steel central “filling tube, supported 1 g1
'anothei' tubé bigger in diameter (3/8 in, O.D, ), with teflon bushing, .

The tube or stirrer was revolved with a 30 rph motor supplied by
Hj'vard Apparatus Compa.ny



| 00000
fop- sectlon view of
Q!uphruqm water.
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F.igux;'e 6 Multi-Tube D_ifiusion Diaphragm - Cell
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Use of the diai)bra.gm cell for a.as\tdead;; state or transient
—

method for mea,sur:mg 11qu1d d1£fu51v1t1es assumed that Bolutlons in )

the upper and 1ower compartments ‘were of uniform cornpos1t1o .

streaming of the: 11qu1ds through the tubes .was prevented by f1111ng
the top compartment W‘J.th solvent, (1658 dense liquid), and the bottom
with the more dense soluhon The\u‘p;:er pa.rt of the top compart(r:ent
was ehghtly conical, to fac111ta.te the removal of an- The solvent
was 1ntroduced through the central tube (1/8 in, O.D,. ), usmg a
need}.e (1/17 in, O, D. }, the t1p of whlch _]ust reached the center of

the d1aphra.gm The same tube and syrmge were also useﬁ to
~withdraw the liquld from the top compartment Use of two rubber

O- rmgs at both sides of the diaphragm prevented any leak between

the mtenor of the cell’ and the bath liquid, The parts of the cell were .

" fastened t1ght1y together by means of four cla.mps

1

Mufual diffusion coefficients were determined at 25%C for o
carbon tetrachloride in cyclohex‘ane' each of-dodecé.n'e . tetracosane.
dotnacontane in hexane and both tetracosane a.nd dotmacontane in” SR Too
octane at 25°C, 75°C and 100°C, The"syetems carbon tetrac-hlor:.de-:
cyclohexene dod'eca.ne -hexane, ‘tetracosane-hexane were condﬁcteci

at both steady state and in thé transient 'method. The rest of them

dotrlacontane-hexa.ne 'Ltetracosane octane dotrmcontane octane -
¢

wyre conducted only in the transient method. . . o ' ' o ﬂ

| The procedure for filling the'diffusion cell.was as follo:vs:
solut:on was flI'St 1ntroduced into the bottom chamber and then .
allowed to completely fill the cell uslng a hypodermlc gyringe, The |
cell was then mm;\tsed en a co:{stant tempe;‘eture bath, x'}fter

equilibration the solution from the top co’r’npartrhent was withdrawn ’

and the top pompartment was' ringed three times with _fresh solvent



’

]’—I which had been prevrously heated'to the same temperature as the | -
bath., A Ja.cketed glass tube was used to preheat and deaeratc the C I
solvent, Ethylene glycol- water was used-as thp‘tath’hqmd and /

{ )\c_l_:;cmllatcd by means of an immersible pump (L1tt1e G1a.nt purchased

- {rom: Canlap) The me‘th\od used to remove the.dmﬁolved air from
the solveunt ,in*{rclved preheati,ng the e_olvent in the jacketed;tu‘c‘e and

' bubbling helium through“ it fér'apprcximately 30 rninutes,-‘ _Deaerating

" the solvent with helium pre\tented air bubbles from forming inside the

cell jw‘tuch could cause volume changes not a%ocmted with the d1fiu51on
pro«: ess, Tht:proccdure a.vmded any thermal volume changes of the
solutmn in the bottom compartment durlng rinsing and f111mg of the top

compartment and thus elrmmated a possﬂJle source of therma.l mlxmg

After f1111ng the cell the f1111ng tubes were closed by means of

Swagelock httmgs Special care was needed to avoid _dlsturmﬁ{—the T
o liquid in the cell when it was filled; otherwise the concentration gradient

v;rithin the tubes would be-altered,

" The duratmn of the éxperiments depended on whether the
diffusion cell was operated at steady~state or-in the transient mode
An' 8 to 10 hours pericd was required as a preliminary diffusion trme
to establish the concentration profile when the steady-state method
was used, - Typically, diffusion runs were s-t0pped a.fter l1to 2 da.ya -
for the steady staté met%x‘:d For transuent expenments a certain
t1me g:.ven by the penetratmn theory's Equatmn (22) could not be - '
exceeded This time was between '4 and-8 hours,_——Expenments 1_-
pcrformed using tw—wﬁj;m ar d1aphragm cells to reduce the
time. of’th/etetal expenmental work

— . ]
A method of ana.lyszs-wa.s carried, based on measurements

S . : . . .
" of concentration difference, The compositions of the hydrocarbon Cw

paw .‘f“

g
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mu-ctures from the d1£fu51on runs wee dotermmcd-by rtiear;o of a
‘_d1fferentlal_refractorneter An attempt was made to analysc the |
solutmns determl‘nlng the density with a D1g1ta1 Prcc;smn Dznsﬂ:y
Meter (Dl\dA OZC) It was found less sensitive to variations in
compos1t10n than chfferenéal refractometer: measurements The
essential parts of the differential refractometer (Brice- Phocmx '
differential refr ctometcr) are schema.tlcally shown in Flgune T

It was de s1gned or the precise measurement of the dlffqrence in
-refractwe 1ndcx between a d11ute solut1on and its solvent . The 11fr;;t1;lg
sens1t1v1ty was a dlfference of a.bout 3 units in the sixth dec1 nal /
place of refrachv%ex w’nlle the range’ was 0. 01 units. The sa?ﬁ/o
techmque of a.nal)\rses was used by van Geet a.nd Adamson 23], in
their. d1ffu31on studles D1ffcrent1a1 refractometry' is charactenzed
by high accuracy and relative 1nsens’1t1v1ty to temperature changé It
was essential however that solutlon and solvent in the d1fferent1al
. cell had the same temperaturc preferably to 0.01°C. Details "

about a genera.l descnptlon of the instrurnent have{?een reported
at the operatlonomanuql JWorthy of mentioning here is that the
refractive, index—d-iiﬁorence i|s 'given by tHc'following equatior_ts:
e

Q

. An = Kad O 7 (25)

AdE g, d) gy -y e

=Y
»

The, ca.libration constatt K, 1is obtained by calibrating the .

instrument with a solution of potass:.um chloride having a known '
s
refractive 1ndex The total slit image dlsplaqement (solgjent zero‘ e

¥
.readmg) Ad, is measured for severa.l concentratmns From a plot- =
-6
of Ad versus An, a value of K 930 x‘l{] with green light (546 mpy )

was obta.mcd from a least- squa.re plot of data shown in F1gufe 8.

“

J | . . = v | _' “ l, .

~ ¢

[#)

Ed
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1200 l -,
| ) L
860} o g\
4 ' |
400 o/ -
B ' ( green light, 546 miL
/ ' K= 930x10~®
(4] L 1 L 1 ln 1 I i )
o ~}o ‘ 8

\Ad, refractometer reading”

e . .
Figure 8 Differential Refractometer Calibration

Bl
LY - o

Using Potassium Chloride
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used to obtain the solute concentratmns from dlffusmn experlments

- 33 -

a

o ’ - \j . T
' S
Green héght mstead of blue light, I438m|¢) was used because th

cross hair w’ithn’x the eyéplece was more d15t1nct "The Ad values of

samples from the d1£fus1on cell were uqed in conjunction w1th the

oo
machine constant K, to obtaifi the ref.tap_gzg_lﬂdex di erence ‘An,.

A cahbra.tmn curve of An versus concentratmn for the solutlons were

*

.as shown in F1gune 10 in the appeni‘hx B

5 - ‘ . ; - 4

AN - . . [+
~ .

-
51

-~
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to ones predlcted by the Wilke-Chang correlatlon Equatlon (9), the o

Lo LN

DIFFUSIVITY RESULTS AND DISCUSSION

-

® . : -

Lt . “

The d1ffu31v1ty reaults are reported in Table 5, The everage
d1ffus1v1ty for carbon tetracblorlde in cyclohexane at 25°C measured
in this work was 1:44 x 107 cm /sée compared with 1. 48 x 10™° em /aec
rcported by Sanni and Hutchison (4:4), a difference of 2, 7%. The’ ’
average diffusivity for dodecane in hexane at 25 C measured in thls

-5 [
work was 2 75x10 ~ em /sec compared with 2,63 x-107° cm /sec ,

(31)

‘ reported by Shieh and Lyons """, a difference of 4 5%. These

c0mpar1sons show that the new dlaphra.gm cell nges results comparable

to those of other workers,

. The experimental diffusion coefhclents were also compared '
AN,
Scheibel correlatlon Equatlon (10), the Lusis and Ratcliff correlation,
Equation (11) and the dlfo.BlVlty - v1scosxty correlation, Equatlon (12).

Thls comparison is presented in Table 6. "The range of paraffins - .

-with I, 2 3, 6 8,12, 16, 24 and 32 carbon atoms as solutes in

different paraffm solvents ig presented in Figure 9 as d1f£us1v1ty

*?-erfus gsolvent viscosity on a log-log Agra‘.ph It should be noted that

11te;rature and experlmenta.l data obey the diffusivity-solvent wscomty

linear rela.t10nsh1p as postulated by Hayduk and Cheng (34 ). The slope
of the 11nes inc reases gradua.lly as the number of carbon atoms of

the solute increases, - : -

—

Such an orderly arrangement of diffusivities permits an

_estimate of diffusivities for other dissolved paraffins in paraffin

solvents. It is noteworthy though that diffusivities in other solvents
do not follow such a simple patt\ern,- The other empirical correlatic]es

tested here, seem to be less satisf:‘;.ctory for the diffusion measured

.in this work,
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"TABLE 5

Average diffusivities as measured by alternate methods

s olvent:

Concen-

Sol_ut'e tration
gm/100 ml

cyclohexane: ‘
carbon tetrachloride 0,0638
hexane:

dodecane 0,052
hexane:

tetracoqane K 0,025

i

hexane: | . ‘

dotriacontane 0.015 .
octane: :

tetracosane . 0, 025

G

octane:

dotriacontane . 0.01

Temp. Diffusi- . (cmz/sec x 105_)
°C vity , transient transient
‘steady- with without
state stirring stirring
25 1.495 - 71,444
_ -
25 2,712 2,754 2. 656
25 2,04 - 2.008 -
25 - - 1.633
25 - 1.223°.  1.153
75 - 2,096 -
100 - 2.41 -
25 g 0.965 -
75 - 1.804 -
100 - 2,07 -
///’
} &

P
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TABLE 6 4
' Comparison of experimental diffusi\;ities with correlations
P o - ’c'
_ e 2 5
' . Diffusivities{cm /secx107)
Temp. (°.C) Experimental Wilke- Scheibel ' FLusis- . Hayduk
: Chang Ratcliff © et al,
cyclohexarne;
_carbon tetra- B .
chloride
25 1,444 < 1,405 1. 827 1.515 -
hexane; . @
"~ dodecane ) ‘ o / ) . o
25 | 2;754 2.366 - 3,677 2,677 2.85 .
hexane: " _ " ‘ ’ B '
tetracosane ; o l
25 2,008 1.574 2.910- . 1.889 2.07
hexane:
dotriaconte,ned
25 1.633 1,326 2,679 , - 1,652 1.70
octane: ‘
tetracosane o . T o '
25 1,223 1.050  1.681  1.i44 1.19°
.75 2,096 2.015- 3.226 ¢ 2,196 -2.00
100 2‘.41 ' 2,650 4,242 .- . . 2,887. © 2,45
ocfane: | )
dotriacontane . .
‘2 0,965 0. 885 1.535 0,994 0.96
75 1,804 1,698 2,945 1,908 l.65
" 100 . 2,07 2,233 - 3,872 . 2.508 2,02



\ﬁ?s 1nd1cated in Table 5, dcwatmns bctwcen values using

stirrér and those without: stirrer were less than 5%. The difference

- should not be neglected however since in every case the-ld1ffu31v1t1es

with s’tirring weré measurably higher; - This suggests that convectmn.
alone is 1nsuff1c1ent to give a completely unlform concentration for .
the relatwely high rates of d1ffus1on obta.mcd with transient expemmcnts
he results obtamed a"c stcady sta.te and by means of trans1ent
expemments with mixing of the top cornpartrnent are cons:.dered :

equally accurate Fhe tra.ns:l.ent method has the advanta.ge of requiring

rnuch less t1me for each experlment C e / . - -

- W
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o - CONG LUSION !
Y, | - L ‘

Solub111ty determinations of tetracosane in hexane and in -

: dodecane are reported for first tlme through this work T o

The solubilities of hlgh molecular welght/ paraffins-in solutmns

" £nom whlch chemlcal interactions are absent when plotted as log

: of mole fraction versus log of absolute ternperature yle‘d practically

st raight 11ne 8.

‘A new technique wasg developed which 1s rapid and sn'nple fb‘
+ for 50 ub:.hty determmatmns of any hiphly solublc sohd Companson
of dotr1aconta.ne solubilities shows that the used technique is accurate,

L

A mod1£1ed type of tube diaphragm diffusion-cell, was . _
develoPed and used to measure diffusion coefficients of solid paraffms

in liquid paraffms_.

The d1ffus1on measurements of carbon tetrachlonde in cyclo-

hexane and dodecane in hexane were used to test the new de31gned

d1ffus1on cell It was concluded th t the diaphragm-cell results
i
. agreed with literature data fox thes€ systems, in dilute. aolutmns
. . N
The neeessity for stirring was dermonstrated by comparing the
This -modiﬁed technique has been. d'eveloped to a stage where

it can be recogmzed as an exact method for the measurement of

d1ff\]151on coefficients,
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Math ema.tmal Deta.lls

oG
IS

oo ‘ AN C
i) The solution for the unsteady -state d1ffus1on rate

1n a
sem1 -mf1n1te medlum usmg the error functlon starts with Equatlon
(17) Fick's second law for constant D; :

A1
N -

LC.I: atx=x,t=o, cic

B.C.1l: af x

H]
o
o+

1]
o+
[g]
i
0

1]
0

'B.C.Z.: at x = o, t=t, . c :
Sy : :

. . . . . ] . o . ) ) ’ . 2 '
The solution is __m?._fd;e—bw,asubstltutlon of'y = x/_tl/ -

Then o . .t .

' ) ~
In a similar manner,»-

() (2 e
. . 1\- ) B

00X t .
’ L
Substituting Equat_ions{ (28} and (29) i‘nto_:(l'?) and calllx}g p= alc/ay,

p‘ S _._.E._ ‘ ,.——‘.""'T E e P : 0
- = = D T ‘ . (30)
2 7 o dy T = v .
This is an ordinary d'ifferentia,l«é‘quz;ition and, upon intcgrating once;,
- 2 : . R ' . - £
Dinp= —%— +DInA - N
. : - . ]



LT I TR

B ’ ‘ By . ? C
* where ix ié a-consta_nt.‘
. ) . L‘,-o (TN
N , Solving for p, I’ .
. ¢ : _ 2/(4D)
O _ A dc- - .
.lJ L. . P =\‘ . dc =Ae . ' (32)
Pt ] ¢ .- )
v -\ - .

i

(Detting 2 = y/(2 \/—) thendx = dy/(2 JD)

Substituting this value fé};,dy into'Equation (32) and 1n£egratmg u51ng
B'. C. 1. ) -

et o x/Z\/— L2
J' de = c.~- ¢ = A2 D J' e A da

) Settlng x==and c = . from B.C. 2, the value of the 1nteg1'a.1 whlch is

really \[_/2) tlmes t\')e error function, is (\/TT/Z) (1).

(33)

o
L Hence,
‘

- L

; LA = (o - c'l )/J7 D and Equation (33) becomes
s, ¢ - ¢ 2 x /2 VD t AZ .
. . -::-—:c—' = f di
v . 1 o .
. .o o
e . | | - “f( 2:7Dt ) o (34)
. e ) ’ ) Lo~ ra
. . o .

> Equation (34) can bhe rearranged to give, -
O ’ X ¢ ) :
- = 1 - erf =t C(35)
S o (Zﬁ/m ) !
. : ' y
o To determine the total 4mount of material that has diffused

per umt area fromt = o tot = t, the area under the ¢ versus x curve

‘is eva.luated as: "



-

K { (C-Co?‘.d;cor Zs/D—tIm (c “{COiii,'CZ

\;‘;3

) -'(36)

‘/ ax

7

-

Substﬂ;utmg Equatmri (35) into Equatmn (3 6),

J(C-C)dX'ZJ—(C—C)f[l-erf \[D_):[

° o)

. = (37) -
"From 12119 mathematical tables, the def1mte mtegral has a Value of

BYN-

uHence, '
\\7 total amou’n;: diffusing = 2 ,/Dt {c, - c) }38)
" o ) JTo7 1 o
N . | ‘
' 1i) Conmde\:mg a.ga.m as in- the precedmg solutmn Flck's second
. 3 ‘
law or Equation. (17) , it was attempted to ﬁnd a solutlon( )fOI' ‘2 finite ..

medium. The solution could be considered sirmilar to thatfor a
combination of diffusion rates out of a slab and diffusion thfough a o

membrane, T

We assurne that the solution of Equation an is of the following

form, which is the product of two variables;

. T - N T
C o= X T : o (39)
(x,t) (x) ~ (t) -- >
Substituting Equation '(39) into Equation (17) gives,
Ti/T = DX"/X = -1°D - (40)

T ~

\n.

\.\\ ' .
" N
. \ _ s

-
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i

Equation (40) is chosen eq\u‘a\NQ - A ZD, for cor'wcnic‘nce. Fora
. . - 2 P!
finite so_lutlon A ->0 for all values of t. The general solution is:
_ o - ' | 2.
C = }C( .];(t)&’h [A siny x+ B cos )\x] cxp’( Dt) (4]

'

The values of ) will be réstrigted to an infinite set of discrete positive

values, . . - / ,

First we consider a system with constant initial concentration,

the cbncentrations at both faces are kept at zero for t > 0.

4

Czcofo_r 0<x:)[g_att=0' .
C=0 for x=0andx=Latt>0 (42)...
F
The boundaf}‘cquitions are fulfilled for, . -
. .\.' ; L - ' - .
B= 06, ) = nﬁ/L (43)
!ﬂ'
. The general solution is of the form
' . 27 2 - e
C =5 A exp ;’M—Qt—]-sin nTx a4y
n 42 L s
n=l- 2. L

o ' ) - T A -
- L. . . - poo—- . -
" . - The arbitra y\c':onstants An are determined using Fourier's theorem.
. - . .
- u )

_ e ‘
‘C\--\g An sin—n—z—x—", for exc<cLatt=0 ‘ (45)
0 - 1\\ . .

“\., .
and integrating

After multlplymg Equafmn (45) by sin ™

with respect to x from 0 to L, e . ,
\ . :
_ . 2 L . x . ‘. -
T T e . a. .
T An n L Coon - d . SR , (4-@ 3

LN

It follows that, .
(47)

( ' . A =4ww,-m=0, 1, 2....
. . n o . - v .
. . A . . o \
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o . . L
and . ac, e T .
C = ﬂ-—
. w z 2m+.1

L

——

) Sil‘ﬂr (.2.m+l)n- x EXPLH.(Q.IT‘.*-I)TT“) I-)t:l --‘(48).

For the next step the m1t1al and boundary conthtlons for

d1ffus1cm thrOugI:j rnembrane are considered: K , o

&
o i 4
_C=Cofor0<x<L att =0 .
y / : e | (49)
C;Cl or x = 0, C:Cchrsz att >0

The problem is solved by -put‘hng
: , : ter

C =C. +C_ = a :
. S T \2.1+ :z:2 {50)

o ‘
Conmdermg that the d1fMocess consists of a steady _state and

It \

a transient’ mode ‘ z a>nd \zz

i, . _

\ w1th the above. condltlons \Equa.tmn (49)

. \ \ - Y
\Eyaluating Fourier 'coef-ficu‘;nts An-for 1n' ial conditions, Equation (44)

\
ives:

; fo?;i-'0<x< L

* : n
After multlplylng_ Equa.tlon SSD y sin -n—l:r and mte{fatmg w:.th

L
re spect to x. frorn 0 L‘\f) L 1t fO]lO s: I
T _'7""""""' - _.\-. - |‘ . i \ ‘ ' . ;
. ‘; ZC‘]l | k .o nmx | L\ 52
A= x sin T d x \ (52)
hed . . \ L 2\ . -l | L - . . ‘ - )
) : SR r ' . '

—_—
are chose‘n‘m such a way as to conform"

kS

';a,i-, £ 0 (51

\

\

\

\

A



and 2 . . \
Ay s -z S =1 2,3 (53)
7] ' n |1, ,
- T =1 n _
22T - + ! z (-3 sin — exp — 2D t
P 2 L o v ml n L \\ ( L ) ]
S ]
\\ .
Y o (54)
Thhe solution for Zy gs that given by thatioﬁ (48). \\ '
' \Fina]ly‘ e ~ o .
: . CLx 2 C - _..n . v 2
) N T1 . 1 - (=1 . . nnx .o~ ,nm
C = + sin expl| - (— YDt
_ L. . n o n=21 n 1, ) _P[ (\ L ) ]

. \\\+ 4‘C0 . 1 : .. i -(2lm + D x exp[_ ('(2 mL+ Vi Z)I

L

“\ L . ‘ . V ' . : -
AN ' o {55)

The r\ate at which the diffusant emerges frofh umt area of the X
‘face, x = 0, of?: e membrane is given by D (a C/3d x} x = = 0, Whlél . T
is deduced from Equat:.on (55) By integrating them w-1th respect to t,.

!

" the total amount M, of d1££us1ng substance which has pa.ssed through the

-membrane 1;1 t1me t is obtained and given by Equation (23}, -
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>

: - ‘ L ) .
. . Differential Refractometer Calibrdation Data
] - . N

! 1 . . ‘
d*l d2 -.dl d2 Ad .-An.xlo _ \ -

water water sol'n sol'n - e \

1.2836 4.910 4,908 3.950 5.871 14923 1760 R
0 égs.? 4,900 4,899  4.281° 5.514’\1}34 1165 — A
0.7192] 4.900 4.899 4,350 5.402 1,053 980
0.6225 . 4.900 4.899 4,409 5.355 01947 . 880 -
0.4323 . “4.900- 4.899 4.541 5185 0.645 - 600
0.2490 4,900 4.899 ° 4,706 -5.052 0,347 340
0.128'3:\," 4,900 4.899 4. 841 4,992 0,152 . 175

s
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Figure 10 | :D_i-‘f'fusivity‘calibration curve r the systemp:

/L. héxar;’e (S) - dotriacontane, 2, hexane (S) - tetracbsane_

2. 6ctan‘e‘(S') - dotriacontane, 4, oat\ant_a'_(S) - tetracoéane
. 1 Lo o ! } A : N . .

‘ 5,“hé:_v:anfa (8) - dodecane, 6. cyclohexane (§) -~ carbon tetrachloride
i b F‘ . i . - K L . .

' {8) ig_solvent

f
|
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i

Raw experimental data for Soh;bility measurements

T

T

- Solubility of dotriacontane at 0° G

]

Solvent Trial : Weight of Solute Volume of Solvent
Hexane _ 1 } .01576 gm 18,40 m1l
2 . 00712 gm 8. 60 ml
Dodecane 1 . .00471gm 14, 88 m1%
" 2 . 00799 gm 25,24 ml
/ -

Solubility of dotriac ontane at 25° C
! , NN

~

Solvent Trial Weight of Solute. Volumé of Solvent
Hexane . _ 1 ) . 08092 gm 3.00mil
2 ©.17105 gm , 6,33 ml -
Dodechne 1 " 02024 gm- 1.73 ml
' 2 . 04033 gm " 3,45 ml
3 . 08076 gm 6. 88 .ml

Solubility of dotriacontane at 50°C

-

Solvent . Trial \ " fWei_ght of Solute Volume of Solvent
Hexane 1 < 0.24474 gm ' 0.38 ml
2 , - 0.91532 gm - l1.42 ml .
3 146526 gm - 2.25 ml
Dodecane - : 1 . . 0,16286 gm 0.50 ml
) 2 - _ 0.11153 gm 0.34 ml
-
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@ <
*goiubility of dotriacontane at 65°C :
Solvent: Trial " - Weight of Solute Volume of Solvent
Dodecane 1 0.73705 . " 0,25 ml
2 _ 2,53552 - 0. 86 ml
N T )
Solubility of tetracosane at 0°C
Solvent Trial . +  Weight of Solute  Volume of Solvent
Hexane 1 0.02996 gm  1.76ml
2. : 0.03810 gm S 2,24
Dodecane ° 1 0.01876 gm ‘ - 2,75 ml
2 0.02894 gm 4,22 ml
-Solubi.lity of tetracosane at 25°C
Solvent Trial Weight of Solute ~ Volume of Solvent
Hexane. . — 1. ) 0.06426 gm 0.23 ml
. 2 \ '\.0,1 5177gm . . 0.53ml .
3 \0.370‘33.gm © 1,33 ml ~
3 d ! l - : |
Dodecane 1 . 0\‘.' 100 O'gl‘@ -0, 7'6 ml - “\__
2 0.10795 gm | 0.82 ml °
. . ‘\ - - : 0
Solubility of tetracosane at 47.5°C !
Solvent Tri\a]_. ‘ -Weight "‘g;i’,S‘\olute Volume of Solvent
Hekane. R 0.35474|gm S 0.05ml
L2 - 3.40558|gm . 0.48 ml
. ~| - . // .
" Dodecane S _0.15&\10\;;,;4 0.04ml
o ; 2. 4336{6'%!,111 ’ L 0.64ml
s i p - ","._Jf.a/"”'_ '
l. L . ’J’/’i ' \ // . 4
| T O “ /
- - Ve
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DIP
D2P

D1, D2

'DDP

DN
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3 o 1

Raw experimental data ‘for .diffusivit;r measurements

A diffusion area, 1,98 crn2
cap .

Ca , arithmetic averape comrcentration
v ' T ‘
. . . . 2 '
diffusion coefficient, cm ' /sec

D1, ci'1 , disf:lacement in differential refractometer for

solvernt at 0° ‘ ‘ .

D'Z, d'z, displacement in differential refractomer for
! . . 4 . . . . LS

solvent at 180°

the solutiqn at 0f, and 180°-
DD'; Ad, reading c;f total displacement
An', refractive iﬁdex| ciif)‘;erence..'
molécula.r weight of éii{usant-
diffusion pa;th length, 2 cm
m.eﬁpétea§yhst3te program)

' P

‘ . A
wl’ mass fraction of the diffusant T

~

'.pl' density of solvent, gm/ml'
diffusion time, secs (transient mode)

'washing time, secs (transient mode)

B diffusion time, Becs (steady-state mode)

volume ‘of the top' compartment, ml

£

dl’" dz' . diépla.'ceCent in diffe ential refractometer for -

<



Y1, Cl

Y2, C2

Y3
-G3

-55 .

Yo mole fraction of the diffusant
> , .

mole fraction of the diffusant after diffusion

time t at the top compartment

-y |
Y e %rithmetic average mole fraction of the diffusant
1av v272 | o -
2 ¢ ' - ' -
— r.-/‘

$
4
L]
R
)
: /
:‘
: 5 ' /
: /
o .
’t
. E v :
;
—~ |
-
\
5
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