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SUMMARY

The object of this research was to study the mass transfer
of liquids in porous media at 25000 The main experimental variables
were the initial solute concentration, the method or direction of
sorption, the radius of the porous cylinders used, the properties of

the porous medium, and the external flow nonditionse

Two experimental methods of determining D, the mutual

diffusivity, were used to study the system potassium chloride-waters

Previously impregnated alumina~silicate and Teflon porous
cylinders were immersed in a large volume of liquid and absorption
or desorption allowed to proceed. The mass transfer was measured

by two methods:

1) conhkinuous measurement of the apparent weight of the porous
pp

oylinder and contents by a recording balance

(2) continuous measurement of the conceatration of solute in

the large volume of liquid.

A capacitance cell was used to determine the concentration

of solute in the large volume of liquide.

The experimneantal results indicated very close agreement

between the experimental methodse

Work with the recording balance was carried out with
potassium chloride~water, sucrose-water and carbon tetrachloride~
methanol and the porous media H125, V5, ¢C2 (all grades of

alumina~silicates) and porous Teflons

The wange of concentrations investigated was:- potassium
chloride 1N ~ 3N; sucrose 15 - 30 weight %; carbon tetrachloride
L0 - 60 weight %e The range of cylinder radius investigated was:-
0077 cme = 0¢52 cmo
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Since the plots of apparent weight of cylinder vs the square
root of time were substantially linear, the results indicated that

the mass transfer was approximately in accordance with Fick's law.

The percentage experimental error was 0«8 -~ 1.4%. The
consistency of the results was slightly better for the results
obtained using H125 cylinders than for the results using either V5
or CC2 cylinderse The consistency of the results using Teflon
cylinders was bade This is in accordance with the results of the
pore size distribution tests which indicated that the porous media
in order of decreasing consistency or reproducibility are HiIZ25, CC2,
V5, Teflone

Absorption occurs more quickly than desorption for the
aqueous solutions studied but desorption occurs more quickly than

absorption for carbon tetrachloride in methanole

The concentration dependence of the diffusivity appears
to be substantially the same, for diffusion in a porous medium and
in free solutions. The diffusivity was observed to vary slightly
with the radius of the porous cylinder for the V5 and CC2 grades
of the alumina~silicate porous mediae The diffusivity did not
depend on the external flow cornditicns for values of Reynold!'s
Number in the range 100 = 7000.

Although the experimental data is not sufficient to allow
accurate postulation of an algebraic relationship, it appears that
D decreases linearly as the diameter of the diffusing pariicle

increases.

Two main observations can be made regarding the effest of
the porous media: The larger particles are hindered less than
the smaller particles by the porous media, ls.e. sucrose is hindered
less than potassium chloride; the physical property of the porous
media which has the greatest effect on the diffusivity is the



porosity or total available pore volume. Experiments with H125

cylinders indicate that the value of D is almost linearly

proportional to the porositye. There is no experimental svidence

that the ratio of the linear dimensions of the diffusing particle
and the pore influences the rate of mass transfer.
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SUMMARY

The object of this research was to study the mass transfer
of liquids in porous media at 25000 The main experimental variables
were the initial solute concentration, the method or direction of
sorption, the radius of the porous cylinders used, the properties of

the porous medium, and the external flow nonditionse

Two experimental methods of determining D, the mutual

diffusivity, were used to study the system potassium chloride-watere

Previously impregnated alumina-silicate and Teflon porous
oylinders were immersed in a large volume of liquid and absorption
or desorption allowed to proceed. The mass transfer was measured

by two methods:

(1) continuous measurement of the apparent weight of the porous

oylinder and contents by a recording balance

(2) continuous measurement of the conceatration of solute in

the large volume of liquid.

A capacitance cell was used to determine the concentration

of solute in the large volume of liquide.

The experinental results indicated very close agreement

between the experimental methodse.

Work with the recording balance was oarried out with
potassium chloride~water, sucrose-water and carbon tetrachloride~
methanol and the porous media H125, V5, ¢C2 (all grades of

alumina~silicates) and porous Teflone

The range of concentrations investigated was:— potassium
chloride 1N ~ 3N; sucrose 15 ~ 30 weight %; carbon tetrachloride
L0 ~ 60 weight %e The range of cylinder radius investigated was:-
0s77 cma -~ 0ob2 ome



Since the plots of apparent weight of cylinder vs the square
root of time were substantially linear, the results indicated that

the mass transfer was approximately in accordance with Fick's lawe.

The percentage experimental error was 0.8 — 1.4%. The
consistency of the results was slightly better for the results
obtained using Hi25 cylinders than for the results using either V5
or CC2 cylinderse The consistency of the results using Teflon
cylinders was bade This is in accordance with the results of the
pore size distribution tests which indicated that the porous media
in order of decreasing consistency or reproducibility are HIZ25, CC2,
V5, Teflone

Absorption occurs more quickly than desorption for the
aqueous solutions studied but desorption occurs more quickly than

absorption for carbon tetrachloride in methanol.

The concentration dependence of the diffusivity appears
to be substantially the same, for diffusion in a porous medium and
in free solution. The diffusivity was observed to vary slightly
with the radius of the porous cylinder for the V5 and CC2 grades
of the alumina~silicate porous mediae The diffusivity did not
depend on the external flow corditions for values of Reynold's
Number in the range 100 - 7000.

Although the experimental data is not sufficient to allow
accurate postulation of an algebraic relationship, it appears that
D decreases linsarly as the diameter of the diffusing pariicle

increasese

Two main observations can be made regarding the effect of
the porous media: The larger particles are hindered less than
the smaller particles by the porous media, Zeees sucrose is hindered
less than potassium chloride; the physical property of the porous
media which has the greatest effect on the diffusivity is the



porosity or total available pore volumse Experiments with H125

cylinders indicate that the value of D is almost linearly

proportional to the porosity. There is no experimental evidence

that the ratio of the linear dimensions of the diffusing particle
and the pore influences the rate of mass transfers
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1a INTRODUCTION

When diffusion in a porous solid determines the rate of
a chemical or physical process, a knowledge of the rate of diffusion
of the fluid concerned and the facotors which influence it are
essential for a complete understanding of the processe

The main industrial examples of such processes are

(i) sorption operations such as leaching of porous solids
or adsorption of a component of a liquid mixture as a
purification step; and

(i1) catalysis of chemical reacticnas

Akselrud (1) has suggested a method for determining the
por. distribution function for volumes of ideal pores from simple
experimental extraction data similar to this author's data and has
shown how the distribution function can be applied to practical

problems such as oco-current and countercurrent extraction.

Thiele (2) stated that the size of catalyst grains could
not be increased indefinitely without ultimately reaching a point
at which the reaction would produce products in the grain interior
faster than diffusion could carry them away. Representing the
porous structure by a simplified model and assuming a first order
chemical reaction, he showed that the ratis of the reaction rate
with a given grain size to the rate if the ccmposition of fluid
throughout the grain were the same as in the fluid surrounding the
grain depended on a dimensicnless modulus, in which the effective

diffusicn coefficient was included.

Aris (3) and Carberry (4) extended Thiele's ideas and
showed that his relationship was valid for any shape of graine

Thus there are practical reasons for determining the
effective diffusion coefficient of a liquid in g porous s0lide

The scope of the work attempted is given in the next sectione.



1.1 Object *f the Research

The object of the research was to investigate the factors
which influenced the isothermal mass transfer of liquids in porous

medias The factors studied werei-

The solute~solvent system, the properties of the porous

media, the direcsion of mass transfer, and the flow regime.
These four Tactors are now considered individuailye

Solute-Solvent System

The most important classification was the system type -
organic or inorganic. Two inorganic systems «nd one organic system
were studied. For the inorganic systems, in which water was the
gsolvent, two solutes were studied, an 3lectrolyte and a non-electro-
lyte. 1In each case the effects of solute concentration, diameter of
the diffusing particle, and mutual diffusivity in free solution were

investigated.

Properties of the Porous Media

The physical characteristics of the porous media which
were investigated were the geometry of the porous sample, the
percentage porosity, the tortuosity of the pore system, and the

pore size distribution.

Direction of Mass Transfer

Absorption and desorption experiments were carried out
to try to verify the theoretical prediction of Crank and Henry (5).
This stated that where the diffusivity in free solution increases
with increasing solute concentration, the process of absorption
should take place more quickly than desorption and conversely
where the diffusivity in free solution decreases with increasing
solute concentration the process of desorption should take place

more quickly than absorptione.



Tlow Regime

Bxperiments were carried out at various flow conditions
to ascertaln the magnitude of the resistance to mass transfer at

the solid-~liquid interfacee.

I% was hoped that the effective diffusivity of a solute-
solvent system in a porous solid could be predicted from a knowledge
of the physical properties of the solute-solvent system and the
solid. Tor this reason the main correlations for predicting the

diffusivity in free solution are given below.

1+2 Summary of Research on the Diffusivities of Liquids in Free

Solution

Since the beginning of the twentieth century, much
attention has been focused on the problem of predicting diffusivities
of liguids from a knowledge of their physical properties. The
attempts to correlate diffusivities and fundamental physical

properties can be classified as:-

(1) The theoretical approach.
(2) The semi-empirical approach, and
(3) The eumpirical approach.

Te2¢1. Theoretical Approach

Several attempts have been made to describe transport
processes and to predict the coefficients of diffusion and viscositye.

The first attempt was an adaptation of the kinetic theory of liguidss

1e261(a) Kinetic Gheory of Liquids

Arnold (6), assuming the rate of momentum transfer Lo be
the product of the number of binary collisions per second, equated
this rate to the force causing diffusion ard he derived, for ideal

solutions,
4

i +}...Y
B (i Y .,
D12 = - 2 : o-n-.‘!a.uoooo--no(})

S




where Dys = mutual diffusivity of species 1 in species 2.
Ml’ M2 = moleculer weights of species 1 and 2 respectivelys

s molar volume of species 2 (solvent).

2 =

82 = square of the sum of the molecular diameters.

In the derivation of equation (1), three assumptions were made:=

(1) A1l couslisions are binary, involving two molecules onlys
(2) The collisior rate is unaffected by the volume occupied
by the moleculess

(3) The intermolecular attractions do not come into playe

None of these assumptions is valid for liguidse Arnold
took account of' the failure of the three assumnptions by means of a
semi~empirical factor F which was inserted in the denominator of
equation (1)« By empirical examination of data on the diffusion of
dilute non-~electrolytes, Arnold determined the value of Fe The

complete expression for F is:-

)=

Fo= AAY, G

where AI’ A2 = factors to take into account the degree of

associlation of the solute and solvent respectively.

22 = viscosity of the solvent.
Thus, for real solutions, the expression for the mutual diffusivity
became
1 1\?
B (y: + ﬁi)
Dlz'-' ;‘- 2 Ot.‘ODQOOO.Q..O...CI(Q)
Al A2 Zz“ S
Since equation (2) contains three adjustable parameters,
Ai’ A,, B, it is not surprising that experimental results agree

2
with it and it cannot truly be called & theoretical but rather a

semi-emoirical correlationa
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The derivation of equations (i) and (2) depends en the
assumption that the gaseous and liquid states are simllare
Consideration of such physical properties as latent heats of
evaporation and fusion, volume changes during evaporation and
fusion, and specific heats of solids, liquids and gases led Frenkel
(7) to suggest that the liquid state bore much more resemblanze to the
solid state than to the gaseous state. This would explain the
disorepancies between experimental diffusivities and those predicted

by equations (i) and (2).

10221 (b) Viscosity-Diffusivity Relationship

Einstein (8) and Sutherland (9) proposed that the balance
between a driving force of the gradient of chemical potential and
a resistence to flow leads to a constant average diffusion velocity.
They derived the expression:~
RT B,
Dip = “FF— T R ¢ 9

where D

i

mutual diffusion coefficient in a 2 component

12
systeme
R = gus constant.
T = absolute temperaturee.
N = Avcgadro Numbere
W = viscous resistance per molecule.
B20 = [ 1 4(%%%;«;5) T, p} for component 2;

the activity correction for non-ideality.
Stokes showed that:

.0.00010....1"!(5)

W =6T"71x~1+{3r
3
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where B = the coefficient of sliding friction between the
diffusing molecule and its surroundingse
= viscosity of component 1 (solvent).
fz = radius of diffusing molecules
The two limiting values of P are:
— —_— ‘ri' Se B e eORNERESESOIFTFEUDS
B = 0 W= LT e, (6)
board ey ’““? PP PEBS IS ODRERESIROCODORS
B = Wo= 6TY, 1, o(7)

Sutherland stated that for a large spherical molecule in
a medium of low molecular weight, little "hydrodynamic slip" would
ocour and (7) would applys

Thus Dl b = RT
- 60, Nr, for an ideal solution saeel8)

Sutherland also stated that for a small molecule diffusing

through a medium of comparable molecular weight, p = O and

D

1o = RT
hff’ql N r, for an ideal solution eeves(9)

Experimental data gave reasonable agreement with equation

(8) for large solute molecules in a medium of much smaller molecules

(10).

Neither of these theories gave a completely satisfactory
method of predicting diffusion coefficients.

The modern approach is more radical and is based on a
generalised picture of the liquid state which can be mathematically
treated using the methods of statistical mechanics and the thermo-

dynamics of irreversible processese

1e2¢1 (c) Statistical Mechanical Interpretation

Before proceeding with the application of statistical
mechanics to dif'fusion problems, the meaning of the distribution

function will be given. The distribution function describes the



- -

probability of one molecular arrangement and a knowledge of the
variation of the distribution function with time leads to an
understanding of transport phenomena. Diffusion is treated as

a process controlled by random walk with very small stepse

Statistical Mechanics Apnlied to Binary Liquid Diffusion

Kamal and Canjar (11) claim a correlation, based on
statistical mechanics, which agrees with 56 different solute-
solvent systems to 13% deviations. Their argument will be

summarised belaow.

Kirkwood's theory of transport phenomens in dense media

(12) was developed by Rice to give:

p = =X PPN € 1¢).
where D = self diffusivity.
Further derivatien yielded

S5 kTV, ", [

D = ™ lz5=7s BV, - 15 el eee (11)
where Vo = molar volume.

Ty = interaction energy contribution to shear viscositys

m = mass of a molecule.

L = internal energy of veporisation ==(A Hvap- ~ RT)
and finally 8 o

D = 1.2021 x 1070 (R v 2 [1.6 v, o+ 2:56 v 2 g (a) 1.(i2)

&) Yo Yo
bfmg (Vo/%)2/3 7 -

RT
* [241,-15va- =TT !

where g(z)@j) =1 4+ 2.5 v, h-586ﬁ-(?g>2
v .

TardNRPOEBOQODS (15)

: v
v = total volume per molecules

-

v
0

(:f%) was found from the equation of Collins and Navidi based on the

v

occupied volume per molecule

velocity of sound at low frequenciess



-8

From equation (i1) the self diffusivity can be split

into two parts, viz - 5 kT VO”)V which represents the driving

m

force and the net resistance inherent in the diffusion medium
1

2L - 15 p V - 15 RT
which represents the resistance due to the nature of the

which leads to Brownian motion of that medium; and

diffusing solute and interactions with solvent moleculess

Mutuel Diffusion

In a binary solution the net resistance to Brownian motion
is due tc interactions of the solute molecules with each other and
with molecules of the solvente At infinite dilution it can be
assumed that Brownian motion of the solvent is not affected by solute
moleculese So the first term for self diffusivity is clso valid for mutual
diffusivity ot infinite dilution. The internal energy (L) is estimated to be
the heot of vaporisetion of the solute and it is assumed that after this energy
i1s overcome, the solute molecule is under the influence of the
Brownian motion of the solvent. Thus D?;, the mutusl diffusivity

at infinite dilution is:

x v /3

N\
| v (2)
Dyp = 1.2021 x 10 [ hM ?%/3 g 1.6 T * 2°56Q$% N- & () ]solvent

x | RT 1
+ 2hL - 15 pv — 15 RT - golute eeee (14)

Kamal and Conjar (11), using Darken's equation (13)

obtained for the variation of mutual diffusivity with concentration:-

N s
D = {N DEE +N Dﬁ] [1 -I-N &11‘1 ‘2] mecosnae (]5)
12 i 2 2 1 Zmﬁm
aly
where Dﬂi = diffusivity of an isotope tracer of i in the solutione.
N, = mole fraction of component i in the solutione

e
4

astivity of component i in the solution.



-9 -

Equation (ik) can be rewritten:

DIy = BE(BH)  eererscrriosescrcciaticonornenans (16)
where B = 12021 x 1070 @%f v;/z A ceorsesasersnncascs (17)
A = [1e6v, 4 2056(%)2:' N e (o) ] fv(§2/3 ceees (18)
v v v
£ (A H) = RT

PP HEC O EPITORROIHDODUISCOHNSGEP OO (19)

eh A Hvapo - 39 RT

A, B and £ (A H)vap. were calculated for 56 solute-solvent systems

and compared with experimental valuese

There was an average deviation of 13% from experimental
values of the diffusion coefficient at infinite dilution. Wilke's equation

(see section on Bmpirical Gorrelations) gave an average deviation of 10%.

For the system, acetic acid - carbon tetrachloride, the
temperature coefficient from equation (il) was lower than the
experimental whereas Wilke's temperature coefficient was higher than

the experimental.

The varisbles affected by temperature are T%, V:/S, A and A.
As the temperature ivcreases all the variables increase except A which
decreases slowly with temperatures The exception i3 water where A
increases with temperatures Thus this theory explains the high
temperature coefficient of diffusivity of sysiems with water as the

solvent.

When comparing the variation of the mutual diffusion coefficient
with concentration predicted by equation (i5) with experiment there are

two casess

(1) For ideal solutions, the activity factor, (1 +2-2 Y2 ) ig .,
? N,
. 3% x
mty &nd D‘?. - N] D2 +N2D I eRcdRNeePIRLOROERRSS (20)



Experiments with ideal colutions, e.g. chlorobenzene-
bromobenzene, toluene-chlorobenzene, and benzense-carbon tetrachloride
yielded graphs linear with mole fraction as rredicted by equation
(20
(31) For non-ideal sclutions, the activity factor had to be

evaluated. The system ethanol-water agreed very well

with equation (15) and the system methanol-water gave

fairly good agreemente

Both Bearman (1L.) end Laity (15) take as their starting

point the "frictional force equation".

Bearman gives:

Fa(i,i)aa . @‘2 f & ____@_ (e ‘(2,1) _G@a(zﬂ)) heen(2r)
(1,1)=

species & in a system containing ¥ components undergoing one-~

wlhere E& mean frictional force acting on a molescule of

dimensional, isobaric, isothermal diffusion.

Cﬁ = concentration of species B in molecules/unit volume
Va B = potential of intermolecular furce between molecules

of ® and B, assumed.to depend only on the magnitude r of the vector
distance*+ , which separates the molecules and not on the orisentation

of the molecules.q& 5(2’1) and GB a(z’i) are distribution functions.

One of the objectives of the statistical mechanical theory
is to determine G, ﬁ(z’i) in terms of G ﬁ(g’o), the radial
distribution function and thus express transport properties in terms

of equilibrium functions of state.
Laity's starting point is
N,
F foand ""12" :{l—lg Rik (Ji' Jk) BC W ssRPpPsORIROERDOSBDIRSEODTA (22)

where F dissipation function for a system of N components

It

at constant temperature and pressure.
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il

Ji’ Jk local fluxes of components 1 and k respectively.

R ik friction coelficiente

Both Bearman and Laity state that shortly after a concen-
tration gradient is established in a system, a quasi-stationary
state is reached in which the driving force for diffusion, the
negative of the chemical potential gradient, becomes sensibly equal

in magnitude but opposite in sign t¢ the frictional force.

So Bearman gives:

dy = (1,1)s ks
d}? = Ex( ’ )£ — - §§;~1 Cﬁ Wiﬂ(%E - uﬁ) coasonGo (25)

and Laity gives:

N
- e~
‘Jui = - ngle Ck (Vi - k) PP00.DessBRCEARREET O (2&)

It is obvious that equations (23) and (24h) are the same

where d My
— = Y?uj = chemical potential gradients
W& B = Rik = friction factor.
Gy = Gl3 = ooncentration of componeat k¥ and
p respectively.
U s up, Vis Yy = local velocity vectorse

So only the Bearman derivation will be continued here, although that

of Laity will be referred to belows

For a 2 component system equation (23) reduces to:
d gy
*EE— = “02 Wig (u1 - uz). $o0MUNIIEILUSEODOOREOOIRGTE (25)

a
—EE— =~wCi Wﬁ2 (u2 o ui) AL O PRBECEIRNAOTR G IRPD VOROG (25)

Using the expressions j? = CI ('l.'l._i - uo) SoefsOeRLOCOREL GBI B (26)

. .0
vi J? + V2 32 (=] Oo--.ctonooennaquuoqeo (27)
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Where j? = the flux of component i with respect to a volume fixed
reference plane.
v, = the partial molar volume of component i

Bearman finslly arrived at the expressions for mutual diffusion

coefficient
D = v, kT “1ln ©
= [+ (st dp, p )
'W‘Iz BlnC T,P veenrsssdsdavrnsscer (28)
= Vsz };lnf’
Vf.lz [1 +(‘:“;lnC )Il P Pasaterrenaeercche (28)

where the activity coefficients ﬂx are defined by

Hy ’-"M;)(T;p)"'len%
% = @& qx

Regarding the variation of mutual diffusion coefficient
with concentration, Bearman showed that when the ratios of friction
coefficients (which vary with composition) are constant

D,

2
D2 - v1 P QPO 2 AT AR RENFE TS NNO T RNOONSS TR REROBEO RN (29)

where Di and D2 are the self diffusivities of species 1 and 2
respectivelys
Thus, using equation (i0) for self diffusivaty he derived

31n f
Mn C )T, p] P &:10)
»ln a,
R

oln 0,/Ty P esveconsrenssscssrecnnccns (30)
»in a, z,ln a

= i
. Pt e
= D

b4

and since ) o (o i \ 1V ot %V, | (31)
(é"!nc T, p Elnv T, p v, .e
the final equation is
D = »lna,
( '\blnx) [D2 x} + D1 xz] eesvsessasaunee (32)

1T, p
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Statistical mechanicel theory states that when the
equilibrium radiel distribution functions are independent of
composition, i.e. for regular solutions, Diq is independent of

compositione

When equation (30) is multiplied by *} and D,ﬂ is replaced
@
N .
by D% o

where D¥ = mutual Aiffusivity at infinite dilution (i-e.
pure 2)-
and 7 = viscosity of pure component 2.
2 @ in f
‘ + bln O.I PP eV RS IERNDNORA (35)

3

Similarly, equation (32) becomes
' v @ »ln a
D- = a i . -f-D (D] 1
1 [D 72(;;'5-"1)](* 1;2 1«

I R €

Equations (30), (32), (33) and (3h) are all different ways
of predicting the dependence on composition of the mutual diffusivity

according to statistical mechanical theory.
It is obvious that equations (15) and (32) are identicals

Horrocks and McLeughlin (16) have shown that self-diffusion
and viscosity coefficients of ethyl iodide and n~butyl iodide,
caloulated by Bearman's equations agree with experiment to within
2% and that the mutual diffusivity of the system carbon tetrachloride -
cyclohexane agrees with experiment within 0.5% over the complete
composition range provided allowance is made for a volume change on

mixinge

Laity (15) suggested the rather radical step of describing
the diffusion process by the value of the friction coefficient rather
than the diffusivitye He stated that th: friction coefficient was
independent of the motion of a reference plane. However his suggestion

does not seem to have been accepted, judging from the Literature.
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1421 (d) Theory of Diffusion in Electrolyte Solutions

From the thermodynamics of irreversible processes, if

the lons move independently, the Nernst-Hartley equation is obtained:

12 41 4121 R uw 4 u- >1n ¥4
Dip = 12 +2-~1 7 ui+uf [V (g Jp,p! -+ (35)
where 4 = valency of ion
F = Faraday
W o= limiting jon mobility
Y = activity coefficient on molal scale
m = molality

Most cf the variation of D12 with corcentration is attributed
to the activity factor, the residual variation is attributed to
ignoring lhe effect of electrical interactions on the mobilities

of the ionss

The "electrophoretic effect!" states that as any ilon moves it
tends to drag other ions with it, the force being transmitted through
the solvent molecules. It tends to increase the mutual diffusivity

as both ions are moving in the same directione.

Hall, Wishaw and Stokes (18) who distinguished between
solvent molecules attached in the hydration sphere ani free solvent
molecules, derived an equation for concentrated solutions of uni-

univalent electrolytes which took the electrophoretic effect into account.

o . ﬁln"(i 'fh
Dip = [Dyp + 4 + I+ (g Jppl [+ 0-036 e
En
D'H,0 -
27 T ™y
x( 5 )anq-o. (36)
where D?z = Nernst limiting value of Diga D12

D§H20 = self diffusion coefficient of the solvent water.
n, = an empirical hydration number chosen to give .the

best fit with experimental datas
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A1 and A2 = electrophoretic effect correctionse.

102020 Semi~-Empirical Approach

The method of Eyring (11) and Frenkel (7) was classed as
semi~empirical because certain assumptions about the liquid state
and the nature of the difrusion process were mades The following
theory therefore, has not the same generality as the statistical

mechanical theoriese

Eyring's model of the liquid state was a disordered crystal
lattice with holes floating in the liquid medium. Hildebrand (20)
stated that experimental studies of the liquid state disagreed with
the above model. Frenkel (7) stated that the increase, on melting,
of the specific volume, indicated microscopic cavities and that the
heat moticn in liquids consisted in the vibration of atoms about
equilibrium positions which changed with time. He postulated that
after a large number of oscillations each atom jumped to a new equili-
brium position at a distance X, of the same order of magnitude as the

mean distance between adjacent atomse

Eyring's second assumption was that diffusion occurred
through an activated state mechanism. Eyring's theory has been

critically reviewed by MacTonald (10) and Bearman (k).

The final equabions from MacDonald's summary were:-

~1/3
D - 3 Vf ( 27Tm GXP. ( ) ess s EvEecO R (37)
DL . D
a,nd_ kT = }\2 ‘,\_'j TR B BIORNONBEES IS SRRSO SR EA NGRSO (38)
where D = diffusivity; mutual in (37), self-diffusivity in (38)
VE = the potential due to the presence of neighbouring
moleculese
B = an activation energy per mole of diffusing substance.

1,)\2,>\5 = distances in various direotions between molecules.
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MacDonald stated that equation (38) was exact only for self-
diffusion in liquids as it assumed similar rate constants and active-
tion energies for the processes of diffusion and viscositye Olander
(21) expanded and improved Eyring's equations He gave as his starting

point the equation:

3£
RN oo My - AF§)
T = N2 w3 W P RT conescs (39)

where Aﬁf and AF; are the free energies of activation of viscosity
and diffusion respectively.

W = average number of nearest neighbours with respect to
which the solute species movess An empirical evaluation from mutual

diffusion data gave W = 5eb.

EBquation (39) was written in the form:

1/3

Y = DU W __17;. = EXpPe g
( T) (k) (Nav) ( RT ) tee (14‘0)
whers V = molar volume of solute.

Nav = Avogadro's Number.
(ﬂﬁﬁ - ﬂ@% ) was evaluated as follows:

At low solnte concentrations the viscous mechanism is
determined by the strength of the interactions between the solvent
moleculess The process can be pictured as occurring in two stages:

(i) formation of a hole

(i1) movement of a neighbouring molecule into the recently

vacated site.

The total free ensrgy of activation for viscosity and self-
diffusion is: N

* J
= AFAA. + AFAA PeassiieeneresCUREIIOIOERIRESED (l{-’)

activation energy to create a hole

i A

where Jay

activation energy to break a bond and overcome the

el
g L
i

repulsive forces.
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But for mutual diffusion, the forces the solute molecule

must overcome depend on the interaction between solute and solvent

moleculese.
Hence AF; = AF?.A. 4 AF.KS WesoEsssEBANIRNBNBRRDS (}.].2)
Olander finally showed that
Y = exp (f4a)
A 1
wh d = AA S3 2
ere (-ﬁ_) [1 --(-'A-E-aﬁ-) ] (A NN RN ENENENXEEXNEN (M)
AA
£ = 4B

and was calculated by Bondi to be 0«54

g

H]

&nd (AFT_L ~ AF;E) RT f d, S 00O S POV RO RTTOBRPBDEDPICOOONSDN (2.}.5)

He concluded that
Systems where (ﬂﬁz - ﬁ@%) is positive give ¥ > 1.

Systems where (ﬁﬁﬁ - AE%) is negative give Y < 1o

1+2¢3¢ Empirical Correlations

The main empirical correlations for diffusion coefficient
have been reviewed by MacDonald (i0). One correlation not ocovered
is that of Gordons. Bearman, however, in his excellent review of
diffusion theories, has shown that Gordon's eguation is exactly

equation (33) derived by statistical mechanical argumentse

The best known and most accurate empirical correlation
is that of Wilke (22), who suggested a diffusion factor F, defined
by the equation:

Fo= I

o1
Wilke proposed a solvent factor and prepared a chart from which the

S EI0OD RV ERONAPIROAGD S SEPINBACSOBAOSNS (l-l-é)

diffusion factor F for a solute of known molal volume diffusirgin a
known solvent could be estimatede The average deviation between

predicted and experimental values was 10%s
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1e2se Summary of all Correlations of Diffusivity

Equation (14) of Kamal & Canjar and equation (46) of Wilke

are the correlations which agree best with experimente.

Wilke'!'s equation is to be preferred on the grounds of accuracy

but equation (14) has more theoretical backgrounds.

Mso the development of Kamal & Canjar gives a prediction
of the variation of diffusivity with concentration for the two cases,

ideal and non-ideal solutions.

This equation agrees with that of Bearman and alsoc with

experiment.

ie3s Macg Transfer in Porous lMedia

103e1s Theoretical Studies

AMlthough Prager (23) disagreed with the assumption of
simplified models for a porous body and gave complex methods for
calculating the effective diffusivity in inhomogeneous media where
the actuel diffusivity varied from point to point in a random manner,
the most positive and easily verified approach used some model pore
systems Akselrud (1) and Goodknight, Klikoff & Fatt (2h) and (25)
both used model pore systemsa

Goodknight et al (24) claimed that the diffusion equation
for transient flow to or from a porous substance must contain a term
to account for that amount of fluid flowing into or out of the "dead-
erd pore volume". A brief resumé of their assumptions, arguments and

conclusions will be given belowe.

Goodknight assumed that there were uniformly distributed
pores which had only one opening to the main pore structure, that
this opening was in the form of a neck of cress-sectional area AO
and length 10, and that there was steady-state flow in the necke

The porous medium considered had porositysﬁi » N dead-end

pores of volume Vb. The system had a oross-sectional area A,



length I, and tortuosity B«
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Diffusion in an element of length d x

was oonsidereda.

The difference between the diffusion flow in and out

equalled the

plus the amo

A\ 1
D A21 ...é_?‘_;)..gd]{ = _A_;k\': b_g‘ G + M eccesssesne (l}.?)
& &x” b
where M' = diffusion flow in gme/secs towards sinkss
¢(x, t) = concentration of soluke»
If Cz(x, t) = concentration of solute in sink.
and V2 = NV,
1
then M = V, \C
2 92 . \
L é d_x e #QASTEOTHMDTOSODISRUEVNSRBBOD D (24.8’
and M‘i = D A
> (C - )
10 2 (AR R AN NEEEINENEENEERERENENENNERETENNE R RN (15-8.[).)
With the conditions that there was no concentration gradient
at the end of the pore length and that C, was the initial uniform
concentration Goodknight finally derived the equation:
. T x
{ - 2 3 - =
c = C CO_ = 1 - 2—:: [ sin (2n i) 5T, exp (Snt) ]
¢, - C n=t S. L ¢
1 O “n (%-g )n
Yo o ( .2 2| 2 o | %
where 8 = = -¥(1 +V1)",13ﬁ_ + (F(‘H Vi o+ D - L DY @2
A
2 . 82 . o
2
B = (2n-1) I
2%
N
CEIEN RIS §
n Vl Sn + Y ~) n
Y = LA
0
1 v

amount of solute stored in the element per unit time

unt of solute lost to "sinks" per unit time. Thus:

see (49)
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Goodknight et al claimed that equation (49) agreed with
experimental evidence but this author considers it rather olumsy

for chemical engineering usee

Barrer (26) had shown how the effective diffusivity of a
gos could be measured by a time-lag method. Goodknight et al (25)
showed that the diffusivity of liquids, calculated by the time-lag
method was a function of the sum of the flow channel volume and the

dead-end pore volume. The final equation was a comparatively simple

expression:
v
T, = time~lag = (i g ) 12
L Vi
65& (AN FFY N RN NEERNENER-N (50)
where V2 = total volume of all dead~end pores;
V1 = pore volume of flow channel;

L = length of porous medium;

4 = effective diffusivity of the liquide.

Erdos and Jiru (27) considered mass transfer in porous
media from another point of viewe They compared the processes of
diffusion with the conduction of electricity and soncluded that,
since the equations of the processes were formally similar, the
diffusional characteristics of a porous material could be determined
by measuring the resistance of an electrolyte in its poress Thedir

theories were complemented by experimental studies.

They stated that the classical law of free diffusion § =
-~ D grad ¢ was similar to J = - M grad V
where Q and J are fluxes of mass and electricity respectively.
D and M are coefficients.

and C and V are concentration and voltage respectivelye.

They also showed that for diffusion

free flow A actual size of control surface

9 = hindered fiux - K; ~ geometricel size of control,surface «sess (51)
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and for electrical flow

—

Hll—i

A
o Ao S A/ POCBAPOEI LR RO RSO EREOOOASPRO (52)

where I and IO were the free and restricted current fluxes.

Equations (51) and (52) were valid provided -

(1) interactions between fluid and porous material were
negligible

(ii) the porous materiel was electrically non-conducting
and

(1ii) the dimensions of the pores were negligibly small of
the radius of curvature of the control surfacces

They defined P4 = q+/q, = diffusional conductance

and P_ = I/IO = electrical conductance.

The conclusions of their experimental work with 005 ~ 0.20 N

potassium chloride were as follows:~
(a) ‘'Isotropic! porous systems could be characterised by a single

constant, "the conductance", which 2ould be quickly measured

by the electrical resistance of the electrolytes
(b) Pd = P, Conductance was independent of the elesctrolute concentration.
(¢) In diffusion through a layer of porous material, it was necessary

to take account of the existéuce of a stagnant film whose influence

was greater for very thin porous lajers.

Conclusion (c¢) is the most interesting as it is %he only
reference to a boundary layer effect in the literatures Pe was always
greater than Pd experimentally. Only when eguations were dexrived for
the stagnant film resistancz, did Pd become equal to Peo

The "conductance" has heen oonsideréd by many workerse
Petersen (28) reviewed theoretical attempts to predict the "conductance"
or "diffusibility" from a knowledge of the porous material. For a

porous system of uniform spheres, Maxwell gave: De 2e
Dy



where De
== = c¢onductance
D
b
and e = voldage or porosity.

For infinite gylinders normal to the direction of flow,
Rayleigh gave:

@ e

b 2 -~ e 0B AFANITRANIINIINEDIBEGBOOIONOAND (5)4.)

H

Using a continuum model, Brugemann extended the range of

validity of the Maxwell expression to higher e values and obtained:

= @&
b SRS BSOBO RSP LRI EAITR U IRNBETE LS (55)

o _ /2
b

De La Rue and Tobias (29) found excellent agreement between
their experimental values and equation {55)e The porosity range was
0«5 = 1.0. Hoogschagen's experimental values (30) for randomly packed
glass spheres in the porosity range 0+35 ~ 040 lay between the values
predicted by equations (53) and (55).

However Petersen (28) stated that the abnormally high tortuosity
values obtained from experimentally measured sffective diffusivities
within pelletted or extruded porous solids were impossible and attempted
to explain them in terms of periodic restrictions in the pores. He
chose a hyperbola of revolution as his model and showed that when the

value of the ratio maximum oross section area was 25, the effective
minimum cross section area

diffusivity would be reduced by a factor of 3 compared with that for

a regular cylindrical pore of the same volume.

1232+« Experimental Studies

The experimertal ,work up to 1957 has been reviewed by
MacDonald (10) and his main conclusions only will be given belowe
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Okromchedlidtse (31) working on the adsorption aund
desorption of tetralin and decalin on silica gels of different
pore structures, reported that in all cases the flow rate had no
effect on adsorption. The controlling function was stated to be
the diffusion rate which depended linsarly on the pore size, at

loast for mean pore radii up to 508.

The conclusions of the workers reviewed by MacDonald
(10) were:

(1) Fick!s 2nd Law fitted the experimental results quite closely.

(2) Initial solute concentration did not affect the rate of mass
transfers

(3) The solvent flow rate had no effect, i.ss there was no

appreciable boundary layer resistance to mass transfer,

MacDonald (10), working on potassium chloride and sucrose,
concluded that the sucrose was hindered more than the smaller

potassium chloride and that the ratio dlameter of diffusing entity
mean pore diameter

was importante. He also concluled that for desorption the rate of
mass transfer was independent of the initial solute concentration
but was dependent for absorption. His results agreed with Crank!s

prediction of the relative rates of absorption and desorption.

S YA Al o s A e n
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20 EXPERIMENTAL PROGRAMME

A programme of research was prepared, bearing in mind the
following aspects of the problems

2¢le The Nature of the Solute and Solvent-

The properties of the solute which were investigated were
the size, l.e. the diameter of the diffusing particle and the electrical

properties leeo whether the solute was an electrolyte or o non-electrolyte.

4L corrclation between the mutual diffusivity and the diameter

of the diffusing species, including bound solvent, was sought.

The properties of the solvent which were considered were the
size of the solvent molecule of to the size of the diffusing species
and the chemical classification, i.e. whether the solvent was organic

or inorganic.

Thus three solutes, one of which was an electrolyte, with
different molecular diameters, were studied. Water was the solvent
for twe of the solutes and methaaol, an organic compound, was the
solvent for the third solute.

2.2 The Initial Concentration of the Solute

The dependence of the mutual diffusivity on concentration
was so amportant that it was concidered separately. Several workers
have given solutions of the diffusion equation with a concentration-
dependent mutual diffusivity. Their work is referred to in the
mathematical section. The present experimental work dealt with
concentrated solutions and the effect on the mutual diffusivityr

of large changes in the inltial solute concentrations.

2e3o The Characteristics of the Porous Solid

The properties of the porous solid which affect the mass
transfer of a u1luid through its pores are:
(1) The porosity (% free volume).
(2) The mean pore diameter.
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(3) The pore size distribution function.

(4) The shepe of the pores, paying particular attention to
the frequency of constrictions in the pores, and

(5) Chemical propertiese

If there were a chemical interaction between the fluid and the porous
solid, this interaction would obviously affect the rate of mass

transfer.

The values of the mean pore diameter, quoted by the manufacturer
were used, the porosity and pore size distridbution were determined
experimentally but the last two factors were not investigated. Empirical
correlations between the mutual diffusivity and these factors were
soughts

2edre Tlow Conditions in the Solvent

As reported in the introduction, section 1e3+2+, most workers
concluded that the boundary -~ layer resistance to mass~transfer was
negligible- Only Erdos and Jiru (28) stated that the boundary-layer
resistance was significant and became more important the thinner the

layer of porous solide.

It was decided to conduct experiments throughout the laminar
and turbulent ranges of Reynold's Number by varying the solvent flow
rate and the relevant linecar dimension.

2«5+ The Nature and the Direction of Sorption

As stated in the introduction, section iete, Crank & Henry (5)
predicted that where the diffusivity inereased with increasing concen-
tration absorption should take place more rapidly than desorption, and
where the diffusivity deoreased with increasing concentration the
opposite should applye. It was decided to carry out absorption and
desorption experiments to determine the effect of the porous solid

in both casese.
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2.6s The Size of the Porous Material

It had been reported that the length of the diffusion path
had an effect on mass transfer rates (see 2.h. above). The porous

materials were made into cylinders of varying radius to investigate

this effect.
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3 THE MATHEMATICS OF DIFFUSION

The starting point of the theory was the equation of the
continuity of mass. The mathematical treatment which is given below

is based on the derivation given by Bird (32).

The flow of a multicomponent fluid through a small element of

volume was consideredes

i
{ L ]
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Let p = density of the fluid at (x, y, z) at time t.
v = velocity of the fluid at (x, y, z) at time te.
p; = density of the 1 th component at (x, y, z) at time t.
v; = velocity of the i th component at (x, y, z) at time te

sy Vouy Vo
Vxi? yi’? "zi

The mass of component i in the element of volume at any time is

p; oX bY oz-

The rate of change of this mass = yDp; §, Ny Sz
$E

In the absence of a source or sink (esge a chemical reaction)

= the components of vy in x, y and z direction.

this rate of change of mass is due to the amount of the 1 th component

flowing in not being equal to the amount flowing out in the same time.
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Thus the net rate of increase acrcoss faces a and b

= pi(x) Ve ¥V b7 - P; (x + #x) Vs (x + éx) Yy 4z

DV, % Da : | ‘ o,
== [y =5 v v ) fx by da 4 ey 8 0 (82 )

DX em e . v, ';".‘; '1 ‘.L.-
dx (Pl X1 X J Z

Taking the flow across the other faces into account and equating to the

rate of change of mass

dPy % > 2
7% = " Laz ey vg) v 55 (g v) + 57 (g vyy) b oeeee (1)
or in veotor notation
Py o
s;_} _t = - \4{ (Pi vi) OB OB OGS ORESPE COOBOUBTARNRBOODR RGO EQORNOSOSERRSDY (2)
Let U, o= the velocity of component i with respect to the local mass
velocity ve

ui = Vi - v
or Vi - uir-’.v O ECN DAV SEEAOCNEORRIRAPRNUVESERNATIORBIGIOURSGSOARBANS (3)
. \"’p
e o AP -

-:}-)m?t:- = e \/ (pi (ui +V) ) P I PRI SN TGRTRIENCOCOCUBRENIBTENIOEPOGOR ()-;-)

SRR W MR & A

- v VO PNGCODPOEP LGOI ID O RNECOEPRIRERNP O IQRDYOESSOORE (5)

— — I I v
At v R ]
where ji is the mass flux vector and is the sum of four componentsi-

(1) jic, the mass flux vector due to a concentration gradient (ordinary
diffusion)

(2) .jip, the mass flux vector due to a pressure gradient (pressure diffusion)

(3) jif, the mass flux vector due to a difference in external forces (forced
diffusion)

(&) jit, the mass flux veotor due to a temperature gradient (thermel diffusion)
(the Soret effect)
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The forced diffusion term is only important in ilonic systems

and if gravity is the only external force the term vanishes identicallye

The thermal diffusion term is important only in cases where there
are very steep temperature gradients. Only the concentration term is

important in the experiments carried out by this authors.

The expression for jg was derived by means of the Onsager
relations in the thermodynamics of irreversible processes and the
equations of momentum and energye The assumntiomsused in deriving
the expression were that the system was almost in equilibrium and
that the lluxes were proportional to the first power of the gradients
of the physical properties. The expression for the ordinary diffusion

contribution to the mass flux vector was:—

59 0= romy w0 [xy 3055y ) 1
P RT j:l J J k=1 OxX T, Py X v}{
. k 5 k
k]
Q. S & k, Je osves (6)
where ¢ = total concentration :‘E;JCi
i=1
Mj = molecular weight of the j th component.
13 = mutuel diffusivity of the i-j systeme
Xj = mole fraction of the j th component.
J
Ej = partial molar free energy (chemical potential) of

the j th components.

The special case which deals with the experimental corditions in this

research 3s:

Ordinary Diffusion in & Binary System

For two components A and B, equation (5) becomes

Rl — Vi )

CPU IR BHLODRUCOIIQBOUEIBOTRENANROOEPNROS (7)
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and equation (6) becomes

2
3 = { hG—B
b G o, [nRER g ]
RT ’IB !.L.B JC.B aXAT XA LE NN E R NN
Using the Gibbs~Duhem relation, equation (9), and
equation (10)
J{A d G.A_ -+ IX‘_B a.G-B = O AR RIUNE I RPOOIORERNOERNEIEDS
Q
GA - G-A (T) +RT108& I F A N AN FRNEEE N NN NRNNENENYN]
where a, = activity of A; equation (8) becomes:

A
. 2
§p =~8L M, My D, (510ga)
P Slog x Ty P G

A caceme

The activity factor in equation (11) takes into ac

non-ideality of solutions.

. (8)
using
(9)
(10)

(11)

count the

For the purposes of simplicity, two assumptions were made;-

(1) The solution was ideal, i.es the activity factor was equal

to unity, and

(2) The solution was a system of constant mass density, ileee

P = pA o+ PB = a constante.
Thus s X, = mole fraction = Ch Pﬂ/MA Py My
c Ppfly + Pp/lly T Py My B My
= Py S
Py + (P -py) My 7 oy (M~ M)+ Pl
a,nd V.X = 'DJ.A.BIB wp‘ﬁ[ ascssanNIBELBECEDES (12)
(pA M:B + Py MA)
-.c jA = = 02 (MAV]B )2 DILBQPA
Py Mg + Py My resreneeens (13)
2 2

—y

Uy

D 1 Vp .
AB ( m) A. s vssBRERRIRTES (‘“.[.)
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Substituting for jf into equation (7)
e

P ‘ -
c‘s.‘% ::V(D‘AB‘QPA) - \f(pAV) socececeesrracane (16)

In a system where the net mass flow, v, is zero:

3P, .
_...g;_g Z:‘-‘)(DABV p_ﬂ_) PP 0L A0CE0EREECOENERADESNCREEDDADAD (17)

Finally, D, , is assumed to be constants

LB
Thus , EPA o
—— = D, fj 8]
a h JB A LO RSB EDS ISR PIEPEABREDIENIBROOROBS (18)
Equation (18) is Fick's Second Lawe

In the derivation of equation (i8), the following assumptions,

which were made, are examined as to their validitye.

(1) The solution is ideals
(2) The mutual diffusivity is constante
(3) The solution has a constant mass densitye

() There are no "sink" or "source" functions.

Assumptions (1) and (2) are connected as the variation in
mutual diffusivity with concentration is mainly due to ignoring the
activity factore The experiments were carried out with concentrated

solutions which were certainly not ideale

Assumption (3) was approximate as the experimental mass

density did vary with time.

Regarding assumption (L), the equations of Goodknight et al (25)
have been reviewed in section is3ele It is probably incorrect to ignore

the effect of "sSink" or Ysource® functions.

Thus the examination of the four above assumpticns, leads to
the same conclusion, vize Fick's Second Law can only be approximately

true for the experimental conditions.
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Several workers have suggested solutions of the general

diffusion equation: D C _
at —

Clarke (33) gave an approximate solution to equation (19)

div (D grad C) CPWGUnesEEONRNCOEN (19)

in terms of the error integral for the case when the diffusivity varied
exponentially with the soilute concentration, daee

D = D 080
Where D_ and a are the intercept and slope respectively of the graph

of 1n D against solute concentraetion.

From the results of English and Dole (34) and Gosting and
Morris (35) Clarke steted that the differential diffusivity of sucrose

in water decreased exponentially with sucrose concentration. 1In fact,
their results show that the differential diffusivity decreased linearly

with sucrcse concentrations

Tsang (36) gave an spproximate method of solving equation (19)
in the case when diffusivity varies linearly with solute concentration and
Helfferich (37) gave a numerical solution to equation (19) in the case when
diffusivity varies according to the following equation:

°©  TFET
%

The solutions suggested were either approximate or numerical
and hence difficult to interpweti. Therefore, in view of the mathematical
difficulties it was decided that the simpler Fick!s Second Law would be
used, with full knowledge that, at best, it could only be an approximation.

The equation for «iffusion to or from a cylinder with ends closed.

by caps so that diffusion occurred in the radial direction only was:~-

20 D (320 1 2¢ )
éb - E}I'z + r EI‘ e PPARIOPPIINOCORNRIPENAROD (20)

where r is the general radius of the cylinder and with the conditions

(i) C finite as t —=> 4+ @

(i) ¢ finite as r —% 0
C
C

1l

(iid) O when r = a (0<t <4 @)
(iv) C, when t = O (0 <r<a)



By putting ¢ = R(r) T(t)
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solution, sguation (21), was derived.

C = 20
where Ct
%s
JO
4
a
D
t
Let M
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(see appendix 1) the series

2

S ).... (21)

initial uniform solute concentration in the cylinders

a typical root of the equation J_ (‘S)

Bessel Function of Zero Orders

Bessel Punction of Tirst Orders

outer radius of the cylinder.
mutual diffusivity.

times

—
-—

0

The volume of a cylindrical element of unit length is 2mr dre.

—
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i
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—
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mass of solute in the cylinder at time t.
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Let the integral be I:
Let x = v/a
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x dx
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Mo = the original mass of solute in cylinder of unit length.
= TWae.
Mo = Z} Cy
A 1 -Dt 2
i%— = l;. z &—-2 eXPe ( -~2- CES ) Cesscintanebe e (26)
o} S=1 8 a

Crank (38) showed that, for short times, equation (26)

could be simplified and written in the form
Mt b D \% % D 1 D \3/2 , 3/2
o b (Dbt L Ryl (232 o2 )

MO nz a2 8.2 51']-.3 a2

where Mt mass of solute which has diffused in time ta

il

Equation (27) and, to a lesser degreec, equation (26), were
used ir modified form to calculate D, the mutual diffusivity, from the

experimental resultse

Mthough the detailed ocalculation of those properties
necessary to determine the experimental value of the mutual diffusivity
ave given in the caloulations section, it was thought wise to examine,

at this stage, the effect of the solid structure oun the diffusion processe.

The solid structure causes the diffusing perticle to follow a
tortuous and longer path. The pore shape factor K2ﬁ where K2 is the
ratio of the actual time to the theoretical time nescessary to reach a
given percentage extraction or K is the ratic of the actual to the
geometirical distance travelled by the diffusing particle, was adopted
to empirically determine the total effect of the solid.

K? is the same as the "conductance" suggested by Erdos and
Jiru (27) but is more consistent with the fact that the square of the
geometrical dimension appears in the exponential term of the solution

to the diffusion equation.
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he EXPBRIMENTAL METHODS

L.0 General Discussion of the Experimental Methods

Before considering the apparatus or the experimental technique
in detail, a brief outline of the nature of the experiments will be given

and then the function of each piece of apparatus will be described.

The two methods used to experimentelly measure the rate of mass

transfer of solute to or from a cylinder were:

(1) to measure the change of weight of the cylinder with time and
(2) to continuously measure the solute concentration at a point

downstream of the cylinders

In method (2), if accurate means of measuring both the solute
concentration and the solvent flowrate were available then the rate of change
of mass of solute with time, %%, would be directly measurable and so, from
this point of view, method (2) would be preferable to method (1) which
did nct give a direct measure of the rate of transfer of solute, since
as the solute flowed into or out of the e¢ylinder solvent flowed in the
opposite direction.

Hence L < M

where AW change of weight of the cylinder in time interval 4t

i

AM = mass of solute which has entered or left the cylinder in the time
interval A4t.

By taking the change of density of the solution inside the
cylinder into account equation (1) was derived (see secction 5)e
m\ﬂ :K. &v [ EE AN ENRNEEERNENNENEENN NN NENNNNENEENNENNENENNLN] (l‘)

where K a constant for a particular solute~solvent systems

I

Method (2) was the more attractive method from a theoretical
aspect but experience showed the comparative inaccuracy of the method of
determining the solute concentration and most of the experimental results

were obtained using the experimentally simpler method (1)
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al Procedure: The experimental procedure can be conveniently

divided into three parts -

(1)

(2)
(3)

rate of mass transfer is adopted in part (2).

Preparation of cylinders and analysis of the impregnating or
circulating solutione
Absorption or desorption of the solute under specified conditions.

Total extraction of the cylinders at a high temperaturece

Parts (1) and (3) are the same whichever method of measuring the
For this reason they will

be considered firste

4.%& A De

The experimental procedure is described in detail belowe.

tailed Description of the Experimental Procedure and /pparatus

Lelata

The Porous Cylinders

silicate materials in three grades.

to by the

The porous cylinders used were made from porous alumina
These grades have been referred

manufacturer's catalogue numbers throughout the texts The

physical dimensions and properties are given in Table Lola

The alumina silicate aggregate made up about 96% of the material

and the remaining L% consisted of clays used to keep the aggregate in

suspension and to bond it during firing.

occurred o

Table lele

The cylinder ends were sealed by Teflon caps so that diffusion

nly in a radial directions

Dimensions and Properties of the Porous Cylinders

Material Length Diameter Mean Pore Diameter Pore Volume
(Catalogue
Number) (ins.) (inss) (microns) (%)
Ho125 3 0e6; 045; 1+25 L8
Qo
V05 3 0.6; 005; 5 42.#
Osdt
¢cc2 3 005; Ooh 0!67 32
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The diameters nf the cylinders are nominal but the exact
diameter was measured with a micrometer. The mean of five readings
was used in the diffusion equation. The value of the mean pore
diameter was that quoted by the manufacturers as was the value of the
percentage pore volumee The porosity or percentage pore volume was
determined experimentally by this authore The author's values were,
in general, higher than those quoted in Table L.el., and there was a

variation in porosity from one cylinder to the next in the same material.

Four properties of the porous medla were determined experimentally

and are described in detail belowe

Determination of Total Pore Volume, Bulk Volume and Porosity

The total pore volume and bulk volume were determined by
vacuum saturation of the porous cylinders with distilled watere The
cylinders were dried in an oven overnight at BOOC, weighed and pleaced in
a crystallising dish in a vacuum desiccator. The desiccator was conneoted
to a vacuum system and evacuated to 0«2 mm mercury for one houre Distilled
water was then run on to the porous cylinderse. After five minutes the
system was opened to air and the cylinders were ready for measuremente. The
cylinders were weighed suspended in water, then placed in a dish at 100%
humidity wheve the excess water rolled off« They were then weighed
containing waters The calculations to obtain total pore volume, bulk
volume and porosity are given in section Heeles and the results in Appendix 3.

Determination of the Pore Size Distribution

The pore size distribution was determined using the mercury
porosimeter at the Building Research Station, Garston, Herts. The mercury

porosimeter will be described in some detail below (39).

Principle: The operative principle is that mercury is forced into the
voids in a previously evacuated specimen, against the resistance of surface
tension forces. The pressure required to £ill any void is a function of

the diameter of the lergest entrance to that voide A plot of mercury
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enbtering the specimen against applied pressure will therefore give a
picture of the pore entry dimensions and (though by inference only)

some idea of the distribution of actual pore sizes.

Apparatus: The determination is done in two stages, low pressure and high
pressure, representing respectively coarse and fine pores. The same

dilatometer is used throughout.

Dilatometer Fige 1.

This is essentially a capillary with a specimen chamber (closed
by a glass stopper) at one end, and a conical glass joint at the others
A loop of platinum/iridium resistance wire (4) is stretched inside the
capillary, and is terminated as two platinum contacts fused into the

periphery of the ground glass Jjoint.

Low Pressure Apparatus Fige 2.

This consists essentially of a flexible U-~tube of glass, one arm
of which is the dilatometer (A) connected via a 3-way glass manifold and the
moveble arm (B) to a calibrated capillary tube (C)s The mobility of B is
obtained by using three spherical glass joints (D, Dy s Dz) held together
by spring clips (inset Fige 2). This enables the tube C to be raised above
the specimen in the dilatometer« A reservoir (E) supplies mercury to the
whole system, including the dilatometer, after evacuation through tap 1.

In use, the pressure on the sampls is altered by varying the height of the
capillary relative to the dilatometer. The volume of mercury entering the
sample 18 then measured on the capillarye.

Range: 0.5 cm Hg to 105.5 om Hg (20 1lbe/sqe in.) corresponding to : 2000

to 10«54 pore entry diameter.

High Pressure Apparatus Fige 3

This is a stainless-steel bomb into which the dilatometer, in a
tufnol carrier, is placede
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A perspex sleeve ( [2] in Fige 1) makes electrical contact between
the platinum/iridium resistance wire in the dilatometer and a three
pin socket in the bomb head. Increasing pressures are then applied by
allowing successive charges of nitrogen, from a cylinder, into the bombe.
The amount of mercury entering the specimen is followed by measuring the
change in resistance of the platinum/iridium wiree Two nitrogen oylindeps
are used, one for the greater part of fhe run and an almost new cylinder for

obtaining the top pressure of 1800 1b./sqe in.

Range: 20 lb./sqe ine to 1800 1bs/sqe ine corresponding to: 105

to 0.12u pore entry diameter.

The lower pressure is that at which the low pressure apparatus
left off: it equals atmospheric pressure plus the pressure due to the

column of mercury in the dilatometer capillary.

The calculations for the mercury porosimeter are given in

section 5sb.o2+ and the results of the experiments are given in Appendix 3.

hole2e The Solute-Solvent Systems

Brief mention will be made here of the ancillary work carried
out to determine the properties of the solute~solvent systems which affect
the mutual diffusivity in porous mediae The properties considered were the
mutual diffusivity in free solution, the molecular diameter and the value

of 1/k (see 543s)e

The mutual diffusivity in free solution and the value of 1/k
were obtained from the literature. The molecular diameters of potassium
chloride and carbon tetrachloride were also obtained from the literaturee.
The molecular diameter of sucross was obtained with the help of a scale

models Tabulated values of these three properties are given in Appendix 2.
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hola3e. Preparation of the Porous Cylinders

When not in use the coylinders were immersed in distilled water
to prevent dirt entering the porss. Before use the cylinders were
weshed with distilled water and dried in a vaouum oven at 80°C. and

30 inse. mercury vacuum to constant weight.

After weighing in tared aluminium: tins, the cylinders were
placed in a crystallising dish in the vacuum desiccator (see Figse 4 and ka)
which was then evacuvated by a vecuum pumps When a vacuum of approximately
005 mm mercury had been held for thirty minutes, tap A was closed ond the
impregnating solution (either a solution of the solute or pure solvent)
slowly run on to the cylinders under vacuume Top B was opened to release
the vacuum in the rest of the systems After five minutes tap A was

opened to aire

The cylinders were ready for extraction purposes« The cylinders
were taken as required. At the time when a cylinder was removed for
extravtion, the temperature and concentration of the solution (for
desorption) was determined. In the case of absorption experiments the
temperature of the impregnating pure solvent was taken and the concentration

of the circulating solution was determined.

The methods of determining the solute concentration in either the

impregnating or the circulating solution are described in the next section.

hoetohe Determination of the Weight Fraction of Solute in either the

Tmpregnating or the Circulating Solution

The initial solute concentration in the porous cylinders
(for desorption experiments) or the solute concentration in the sirculating
solution (for absorption experiments) must be determined for two reasons:-
(1) Comperison between experiments at different concentrations, and
(2) Determination of Mo, the mass of solute initially in the
cylinder (for desorption experiments) or of Mwm , the mass of
solute absorbed by the cylinder after infinite time (for
absorption experiments)e
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Three solute-solvent systems were examined. As the analysis
to determine the weight fraction of solute in the solution differed with

each system, the methods of analysis were considered separately.

helol(a)e Determination of the Weight Fraction of Potassium Chloride

in Aqueous Solutions

The concentration (gme/mls) of potassium chloride was determined
volumetrically by titration with standard silver nitrate using potassium
chromate solution as indicatore. The silver nitrate had been previously
standardised against a potassium chloride solution, carefully prepared on

& weight basise

The potassium chloride solution was titrated until the solution

turned feint salmon pinke Details of the analysis are given in Vogel (40)e
The weight fraction was determined from a graph of S against 100G.

The values of weight fraction, density and concentration were
taken from International Critical Tabless

O /////

X

e

L
100 &
S, G and X are related by the equation
X = 100G - S svceveesssnancensass(2)
where X = weight percentage
¢ = gmne/mle (from titration)

and S is defined by equation (2)
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heteh(b)e Determination of the Weight Fraction of Sucrose in

Agqueous Solutions

The concentration of sucrose (gme/ml.) was determined by
polarimetry.

The specific rotation, [x]20, with sodium lamp at 20°C,
was given as 66.h, (41) and (42).

The sucrose concentration was calculated from equation (3)

w120 £
[bﬁ]D = 100 (A EERE NN ENENNENNERE KN (3)
where X = observed rotation in circular degrees
1 = 1length of solution in decimetres

c oone antration in gme sucrose/ml.

i

The polarimeter tube used was 2 decimetres long and so equation (3)
reduced to ¢ = OCOO?5A33 sasesssdecosnsscansn st (#)

From a graph of density of sucrose solutions at 20°C~ against
concentration (determined by polarimetry), the weight fraction of sucrose
was determined from equation (5).

Wte fraction = concentration 2000
denSity ZOVCO meseveennee (5)

Liolak(c)e Determination of the Weight Fraction of Carbon Tetrachloride
in Solutions of Methanol

The weight fraction of carbon tetrachloride in methanol
solution was determined by the refractive index of the solutions The
value of the refractive index found was referred to a calibration
curve (fige 5) of refractive index against weight fraction ond the weight

froction ves read off directlye
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heltebe Total Bxtraction of the Cylinders

Since no solute must remain in the cylinders for subseguent
runs, after the absorption or desorption experiments the cylinders were
totally extracted by one of two methods, depending on the solute~solvent
systens

In the case of the system, carbon tetrachloride-methanol, it
was sufficient to heat the cylinders in the vacuum oven for six hourse.
A1l the vapour was driven off in this period.

The extreaction of the aqueous solutions of potasrium chloride

and sucrose took place in the Soxhlet extraction apparatus, shown in Fige 6.

The porous cylinders were placed in the extraction chamber and the
flask half-filled with water. The flask was heated by an electric
heating mantle and the steam pa.sed via the by-pass tube to the condenser
and condensed into the extraction chamber. When the solution in the chember
reached the level of the siphon, the solution was siphoned off via the side

tube, and the eycle recommenced.

Ixtraction for six hours was sufficient to completely remove

the solute from the porous cylinderse

Loleba fpporatus and Experimental Teohniques used to Study the

Diffusion Process

Two techniques were used to study the diffusion processi~

(1) Measurements of the change of weight of the porous oylinder
with time using o recording balance;

(2) Measurement of the solute concentration downstream orf the

gylinder by & capacitance celle
Methods (1) and (2) will be desoribed in detail belowe

Method (2) was used as a check on method (1).
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Lelebeals Measurements of Absorption or Desorption using the

Recording Balance

The arrangement of the apparatus used in the study of the

diffusion process is shown in Figse 7, 7.

The Flow System

Notes In desorption experiments, the "liquid" was pure solvent;
in absorption experiments it was a solution of the appropriate

concentrations

The liquid was pumped by a positive displacement stainless-
steel pump from the glass aspirator to a glass constriction where the
flowrate was measureu by a mercury manometere The liquid then
flowed through. two glass heatirg coils and an air-trap (all immersed in
the constant temperature water osath which was controlled at 2500), through
the diffusion tube and back into the aspirator.

Many of the earlier experiments were carried out with an open
flow circuit, de.es the solvent flowed to waste when it lef't the Aiffusion
tube. This method would, of course, be most wasteful if ocarried out
for absorption experimentse It was shown that with the closed system

air bubtles disappeared after a few minutes.

The air bubble effect had beon a source of trouble with the open
system and so all the experiments from that time were carried out using

the recyule or closed systeme

The Diffusion Tube

The diffusion tube is shown in detail in Fig. 8.

The liquid flowed into the diffusion tube by the inlet,
continued up the inner glass tube, past the porous cylinder which was
suspended firom the recording balance by a fiae wire, over the weir,

down the outer annulus and back to the aspirator via the outlete



ANS DIFFUSION

FIG 6



- L5 -

The Recording Ralance

The apparent weight of.the porous cylinder was shown by

the chart above the recording balance. (Sce Fige 7a)e

The balance has two panse From one pan a fine wire is
suspended by a hooke The other end of the fine wire consists of a
6BA thread which screws into the upper Teflon cap of the porous
cylinders. Weights are placed on the other pan to give an "on-scale"

reading on the chart.

A desorption run will be considered to demonstrate how the balance
workse Since a loss of weight is known to occur the "Loss-Loss" model
is useds When the balance has removed 10 mge a "weight change" occurs, the

figure 1 appsars on the balance panel and the chart pen moves full scaleo

Panel 0 ; Panel 1

S,
™

N4t

‘THJQ

-
3

o 5¢

Since there are eighteen "weight changes", the balance can
show a total weight change of 180 mge without changing the large weights

in ‘the pane.

The opposite procedure ocours when a gain of weight occurse
The "Gain-Gain" model is used and a goain of 180 mge. can be recordsd without

changing the large weights in the pan.

The Solution Temperature

The stream temperature of the liquid in the inner tube was
measured by a thermistor inside a rubber stopper. The thermistor,

previously calibrated against a sensitive merecury thermometer, lead to
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a Wheatstone bridge circuit in which the balancing resistance to give

zero galvanometer reading was o measure of the temperaturee

Experimental Proocedure

The pump was switched on and liquid flow was maintained until
the stream temperature was constant at 2500. A porous cylinder, whose
weights dry and containing the impregnating solution had been noted, was
suspended from the recording balance hooks The tap at the bottom of |
the diffusion tube which had bheen opened just before the porous cylinder
was ready to be suspended, was closed, and the circulating liquid began to
flow up the inner tube. When the liquid reached the tottom of the porous

cylinder the time chart mechanism was startede.

The approximate balancing weights, learned by experience, were
placed in the balance pan, the halance turned to "action" and the weight
in the pan adjusted until a reading was obtained on the charte An
"on~scale” reading was usually obtained in less thon three minutes. The

balance was then turned to "operate" and was completely automatice.

After 2 certain period of time, (the calcuiation of this time
interval is given in section 5) the balance was turaed to "arrest", the
flow was stopped and the porous cylinder removed and placed in distilled

water, ready for total extraction.

The experimental teohnique using this method was relatively simple
and there were only two diffioculties of any importance.

The first attempts to measure cylinder weight changes were made
by suspending the coylinder from the recording balance by a solid rod,
1/16" diameters The recordor chart showed discontinuities and it was
decided that the surface tension force, which acted against the weight
change, was preventing the balance from picking up weight changes if they
were below a certain finite value. Two methuds of remedying this were
proposed:

(1) Use of a very fine wire, diameter bl sewege
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(2) Use of a spray of lissapol (a commercisl wetting agent)
near the liquid surfacee.

The lissapol was sprayed just under the liquid surface by

means of the lissapol distributor rings (See Fige 3)s

Experiments at different lissapol flowrates were carried oute
The results varied in such a random and arbitrary manner with lissapol
flowrate that it was feared that the lissapol was interfering with the mass
transfer process itself, besides reducing the surface tensions It was also
found that for large cylinders at dilute solute concentrations and for the
smaller cylinders at higher concentrations the lissapol had no effect on the

rate orf mass transfers

Thus it was decided to use longer porous cylinders and to

carry out all further runs without lissgpol.

The second diffioulty was of ensuring that changes in the
apparent weight of the cylinder were due only to the occurrence of mass
transfere The apparent weight would change if the liquid flowrate changed
or if air bubbles collected on the cylinder and thus affected the upthrust.

The flowrate changed very little but air bubbles did appear
immediately when the flow was started. The bubbles were removed by
gently tapping the cylinder and when the closed flow system was adopted
the problem became almost negligible except at very high flowrates when air

was introduced into the suction side of the flow circulte.

heleb6e2. Measurement of Desorption using the Capacitance Cell

The arrangement of the apparatus is shown in Fige .

The desorption took place in the copper diffusion tube (G).
The porous oylinder (H) was suspended from a perforated plate (I) which

also served to mix the solution leaving the tube.

The de-aerated distilled water used to carry out the desorption

was pumped firom a large polythene reservoir via the flowmeter (A) to a
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copper temperature coil (B) where the water attained the temperature, 2509,
of the constont temperature water bath (F)s From the coil, the water
proceeded via the air~trap (C) and thermometer (D) to the diffusion

tube (G) where desorption took places The solution leaving the

diffusion tube then flowed to the detecting element (X) of the

capacitance cell (J) which measured the concentration of the solutions The

solution leaving the capacitance cell finally flowed to waste.

During calibration runs, the calibrating solutions of potassium
chloride were passed from the thermometer well (D) to the detecting
element (K) via a by-pass lines The flowmeter (A) was also by-passed.

These by-passes were precautions so that no potassium chloride
remained in the flow system and came out subsequently during an aoctual

diffusion experimente.

One calibration solution was passed through the system before
each diffusion run to make sure that the instrument calibration had not
changed. The system was then washed with distilled water for an hour

and the system was ready for a diffusion experimente.

It should be noted that this gpparatus could be used for
desorption only since the capacitance cell was designed to measure very
small concentrations. Also only the system potassium chloride-distilled

water was examined using this apparatus.
The capacitance cell circuit will be desoribed in detail belows

The quacitanoe Cell Circuit

The pioneering work on using a capacitance c=ll to measure
continuously the concentration of an electrolyte solutinn was ocarried
out by Little and MacDonald (43)e

Mich work went into the development of the capacitance cell
circulte There have been many modifications vo the electrical circuit
and so o.aly the final cirecuit used will be described belowe

The principle of the method is that when an alternating voltage
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is applied to a condenser consisting of a glass tube, through which liquid
is flowing the alternating current passed by the condenser is a function

of the concenbration of the flowing liquide

The alternating current was reotified, epplied to a resistance

and the voltage thus generated appeared as a deflection on a recorder.

Thus the recorder deflection was a function of the concentration
of the electrolyte solutione

General Description and Use of the Capacitance Cell

The capacitance cell used to measure the potassium chloride
concensration downstream of the porous cylinder consisted essentially

of a glass tube sheached with two brass electrodes.

Two identical cells were included in the capacitance cell
cirouit, one of which, (the "balancing" cell), was permanently filled
with distilled water, the other being the actual detecting element
through which the solution flowed.

Before being used for actual concentration measurements, the
circuit was balanced by passing distilled water through the detecting
cell and adjusting the value of the decade resistance until the output from

the circuit was zero (as shown by the recorder).

During diffusion experiments, with potassium chloride flowing
through the detecting element, the current passed by the detecting cell
was greater than the current passed by the balancing cell and hence

an out-of~-balance e.m.f'« was generated, which was measured on the recorder.

The recorder was fitted with a number of doubling scales and
a system of shunts (described in detail below) which enabled a suitable
fraction of the e.mesfe to be used to activate the recorder, so that a
recorder deflection of between 50% and 100% full scale defleotion (FeS.D.)
could always be obtained.

The recorder also included & numeriocal integrator whose rate

of counting was proportional to the recorder deflectione To bring all
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readings to a common basis, the integrator counting rate (in counts per
minute) had to be multiplied by the scale value and divided by the shunt

values (The relative values of the shunts and scales are given in Table 4e2).

Thus the recorder factor gg‘Was calibrated against a series

of potassiumn chloride solutions of inown concentratione
C = counts per minute.
N = scale values
S = shunt value.

Table 4.2 Shunt and Scale Values

Shunt Noe Shunt Value Scale Noe Scale Value
(s) (¥)
i 1024 i 1
2 hi2 2 2
3 256 3 L
L 128 L 8
5 6l 5 16
6 32 6 32
7 16 7 6l
8 8 8 128
9 b
10 2
i1 1

Detailed Description of the Capacitance Cell Circuit

The electrical circuit is shown in Figs. 10, 11e.

During the positive half cycle the oscillator is positive to
earthe The positive current passes through the balancing cell, is allowed
through the germanium diode and goes to earth via the 10K . resistance
and the recorders During the negative half cycle the oscillator is
negative to earths. The negative current passes through the detecting
cell, is allowed through the rectifier, and goes to earth via the decade

resistance and the recordera
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The net curren’, which is the algebraic sum of the two above
mentioned currents, generates a voltage across the recorder shunt which
appears as a deflection on the recorder charts The system of shunts

across the recorder is of interest and will be described belowe

Figo 11

bz
e

O
—~——)

WARA,”
AV

<
G
<

{3
Q*.ut fh::‘ft‘
fo

[4]
Ap ot ek,
B O . /

k. W s
I

In order not to affect the external circuit the resistance
shown to the external circuit (i.e. the resisiance between terminals A and
B) had to remain constant. Thus the sum of the resistance (x +y) was
always constant but by a switch the relative values of x and y could
be altereds. Only 3 switch positions are shown en Tige 11+ There were,
in fact, 8 positionse The actual values of resistances x and y are given
in Table L.3.

Ta'ble )4.03
Scale Numbex X v
8 ° 1990 10
7 1980 20
6 1960 Lo
5 1920 80
b 18,0 | 160
3 1680 220
2 1360 640
1 720 1280
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The whole point of the copacitance cell was that the
capacitance of the detecting element should change only when the
concentration of potassium chloride flowing through it, changed.

Effective capacitance changes due to any other causes had to be
eliminated.

This was accomplished as shown below.

Let ¢ = capacitance of tube and solution combined.
and let X, = impedance of the capacitance.
then Xc = 1
2w f C
where f = frequency.

Ieremess, the root mean square current depends on the impedance as shown
by equation (6)e

IbrumoSO, = L soBEBNELIRLOSRAOEREORNERS (6)
Xe
where V = applied voltage
X = effective impedance of circuita.

V comes from a stabilised power supply and is counstant.
Therefore I.rsmess will be constant provided Xb is constant

X, will remein constant provided f is constant.
The frequency of oscillation was kept constvant by two means:-

(1) A piezoelectric quartz crystal in the grid circuit of the
beam tetrode oscillator valve oscillated at its natural

frequency of W65 Ko/S, causing the grid voltage to oscillate
in resonaicee.

(2) The high tension voltage supply was kept constants

A simplified circult of the osecillator is shown below:
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Filge 120 Oseillator Circuit

L R
et Y XK AANANN e,
0.07 uF 1 | 3
e ' - P Y ot
aman B S - j/?‘c HaTs
to ; tuned clrcuit -
ClﬁCUlt‘ | ay~ah0de,
]
&ic. - S
ids 3
grl G.‘QO"".‘—-*#--.-.;
jsz caéhgdé
|
carth .
NO“T C = QV I FE NN NN NEENRENNNNENNENES NN NYN] (8)
Where Q@ = the quantity of electricity passed.

v

[

voltage.

Q is a function of the dieleotric which for one substance

(eege potassium chloride) only changes when the concentration changess
V is constant since we have a stabilised power supplye

Thus f and V are constant and so C and hence XO will only

change when there is a concentration change in the capacitance cell.

Leioba3e Measurement of Desorption using the Gonductivit: Cell

Several experiments were oarried out, in which the concentration
cf potassium chloride was continuously measured by a reccrder coupled to
a Wayne Koerr conductivity celle These experiments were done in connection
with the programme outlined in this thesis but were not carried out by
this author and brief mention is made for comparison purposes onlya

The porous cylinder was suspended in a large beaker of water, which was
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continuously stirred, ard the increasing conductivity continuously
measured. A modified solution of the diffusion equation was used

to obtain the values of the mutual diffusivity D, which are given
in 691 al tl}-\v

It should be noted that this is not a flow system.
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5 CALCULATION OFINTEGRAL DIPFUSIVITY
FROM THE EXPERIMENTAL DATA

The calculations may be conveniently considered in four

sections;:~

Bele Modification of the Theoretical Equation to the form suitable
for interpreting the expevimental datae

562 Calculation of Mo’ the mass of solute initially present in
the porous cylinder and M, , the mass of solute absorbed
by the porous cylinder after infinite time.

5e¢30 Calculation of the integral diffusivities from the theoretical
and experimental plotse

LYY Determination of the Physical Characteristics of the Porous
Mediae

Beliele Pore volume, bulk volume and porositye

BelLele Pore size distributione.

As described iun Chapter L, two methods of experimentally
measuring the mutual diffusivity were used. TFor this reason, sections 5l

and 5¢3 are subdivided according to the experimental method used.
The sections will be discussed in detail bolowe

S5ete Modification of the Theoretical Equabtion to a form Sultable for

Interpretation

The solutions to Fick's Second Law, for a semi-infinite

cylinder and the conditions stated in Chapter 3, are:-
o
2

M i
i = b & 5 expo o

MO

L

1 cQ o080 (26)
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and, for short times,

M Loy 3/2 2

+ L D 7 1L D 1 D <
=""'.‘L‘(“_>t2 ._.(_...)-]_-,_.___: (.,._.) t 3

M~ mT L2 2 577 o2 eese (27)

Equations (27) and, to a lesser degree, (26) were used in

modified form to determine D, the mutual diffusivitys
D was calculated by two methods:~

(1) The integral method and
(2) The differential method

The integral method was used to determine D from both
recording balance and capacitance cell measurements. The differential

method was used only to process results from the capacitance celle
The two methods will be explained in detall below.

Integral Method

A factor which limits both the recording balance and the
capacitance cell measurements is that no accurate measurements at

time, t=0, and for a short perzod afterwards, are possibles

Using the recording balance, the weight of the suspended
cylinder and its contents cannot be measured at t=0, the time when the
liquid stream touches the cylinder, and the first accurate reading is
usually noted after two or three minutes. Using the capacitance cell,
the concentration downstream cannot be read at t=0, the time when the
recorder gives a "kick", as the reading went "off-scale" and the scales
and shunts had to be adjusted to give an "on-scale" reading. The

first accurate reading is usually noted after two or three minutese.

Thas no absolute measurement of the amount of solute which

has entered or left the cylindexr between t=0 and t=t can be madee.

Instead &, the difference between the mass of solute in the
cylinder at two different times, t] and t2 was measured directly and
substituted into equation (27) to give:-
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)
mM_ 4k DNF b E D p /2  3/2  3/2
=== = (=) (t7-1t5) - (=) (t;,-1t,) -1 4 (=) (¢t =t
W, T ops L2 1~ %2 2 17 0 YFE a2 1 2

cecens (27a)

The values of t1 and. t2 were chosen to give a constant fractional
extraction value (Mt)' Thus the values of ti and t2 varied with the
W,
square of the cylinder radius (a)e All the short time values were for
0:756 and 0.610 fractioral extraction.

el

z
A graph of ﬁM against X, [K = (25) ] was drawn with the

times t1 and t2 as pargmeter. This will b8 referred to as the
"Solution of the Diffusion Equation for short times" (Figs 13).

Similarly equation (26) was modified to give:-
20

7 g ~Dn 2
ﬁM = b}, &2 oxp. [ S (ti - %, ]
Q S:I s 2 sessoaCEB RO (268,)

a

The right hand side of equation (26a) was tabulated and summed
for values of t1 and t2
extraction of 0,586 and 0.509 were obtained.

such that constant values of the fractional

2

A greph of A against D waé drawn with the times t2 and t
M 2
as parameter. This will be referfled to as the "Solution of the Diffusion

Equation for long times" (Fige 14).

5e2o Calculation of M and MGO

Galculation of M , the mass of solute initially in the porous

cylinder at the start »f a desorption experiment.

W s She grams of solution at temperature T, . and G, the solute
concentration in gm/mls of solution at 2000., were determined

experimentally

W
Ei = volume of solution at TiOC~
i
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where p;. = density of solution at impregnation temperature
7i°C.
solution at 20°C. = (Volume at Ti) x D
= _ﬂi X .fi” x G 20
Pi Ppo
= _Eéwf;f = W xX cesescacosscscessvasscascas (1)
Pag

= welght fraction of solute.

The determination of X has been described in Lhe2.3. and thus

completely determined.

Calculation of Ma)’ the mass of solute which would enter the porous

cylinder after infinite time, in an absorption experiment.

Wi, the grams of impregnated pure solvent, and either G, the solute
concentration in gm/ml. at 20°C. or X, the solute weight fraction

were measured experimeuntally.

Let If

-
Fs

20
pS

= density of solvent at impregnation temperature Ti.

= density of the ciiculating solution at the absorption

temperature.
= density of the circulating solution at 20°C.
The occupied pore volume = Wi
N
e

i
This volume, at infinite time, would be occupied by solution at T

the absorption temperature.

a
+"s Mass of solution at infinite time = W_x DPs

. e M £

69]

P

a. a
;fi Xp, x& Wi x X x P

AP A o oy e e RO B0 (2)

W < 20 w
Py Pq P
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5e¢3s« Calculation of the Integeral Diffusivity from the Theoretical

and Experimental Plots
5e3e1 Calculation using the Experimental Results from the Recording
Balance Method

From the recorder chart, tables of the apparent weight of
cylinder and contents against time and the square root of time were

drawn upe

For the ?hort time calculation, a graph of appareat weight
(in mg.) against t2 was drawn. TFor the long time calculation a
graph of apparent weight against t was drawne
1

Short Time Calculation: WX
» %
> .La-l - - - el — - - e -
From the experimental ap?aren. t T
weight N X X
graph, which was alwgys a (mgo) | TN~ ‘:
straight line or very nearly R A ”\\ﬁ*zq" — )
50, 17 2 t2

4§, the apparent weight change in the time interval (t, - tz) was read off.

Derivation of 41 from 4F

As solute enters or leaves the porous cylinder, solvent leaves
or enters. Thus &M, the mass of solute entering or leaving in the time
interval (tl - tz) will always be greater thaa &F, the net weight

change of the porous cylinder.
The determination of M is given below:

Let 4W

V = pore volume of the cylinder.

i1

apparent weight change between ti and t2e

5} = mean density of the solution in the c¢ylinder at t}'

Po, = mean density of the solution in the cylinder at tz-

|
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density of the solvtion in the oylinder at any time t is

gﬁ E? pp rdr

a o/
general radius of cylinder

outer radius of cylinder

density of solution at any point within the cylinder.

assumption is now mades

il

i

It

i

il

H

jo + k Ct
density of pure solvent

a constant

concentration of solution at any time, jo.es it is

the solute concentratione.

2 .
v 2 oj (pw + k Gt) r dr
2 Vk a,.
V’pw | a2 OJ Ct T dr
00

v, -+ l;.vgco Efi 10

& =1 th
%
-
a

o0

va—[-l{-W(COE:; )
n=1 'sﬁ'.n

Mo ard from equation (26a)
o0

2
}+ 5 ml_,, e - D mn» t _ .
2 = W
n:‘i jt 4 2 ety
n a Mo

Mo ke _%
Mo

1
T ay

- -Dw 2
e n

there is a linear relationship between the density

of the



Graphs of density against solube concentration at 2500, the sorption
temperature, were drawn. In all cases a stralght line resulted and

thus the assumption was Jjustifiede

A was thus available, Mo was obtained as shown in 5e2.

and from the value of ﬁ%g the value of K was read off "The Solution

of the Diffusion Equation for short times" (Fige 13). From a knowledge
of the exact radius (a) of the cylinder being used, the integral
diffusivity D could then be evaluatede1

Long Time Calculabion: i ;\

apparent
From the experimental . =
weight (mge)

" il e —— v ——

graph, &7 was read off. _
41 was calculated from S

[ by the method used in 1 va?““”m« )

the short time calculation. ‘ti | t2 t (mins.)

With the value of ﬁ% known, the value of D/a2 was read off
the "Solution of Diffusion Equation for Long Times" (Fige 1k)e TFrom
s knowledge of the exact radius (a) of the cylinder being used, the
integral diffusivity L was evaluatedo

5e3e2s Caloulations using the Experimental Results from the Capacitance
Cell Method

The short time calculation was found more accurate and convenient
than the long time calculation. It was therefore decided to use only the

short time calculatiore

Two methods of using the short time calculation wers worked out
and will be considered in detail belows They are:

(1) The integral method, and,
(2) The differential method.
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Calculation of D by the Integral Method

Two terms of the inbtegral solution to Fick's Second Law were used
to calculate D, the integral diffusivity. The form used was:~

1
a0 _ b D% (4E z D
i’f‘o” = ;% (';3:2’) ('t; i .t.I) - (a‘2) (t2 - ti) avecese (]O)

The experimental values of %% were plotted against time.

Graphical integration between the limits, ti and t, yielded the value

2
of MM which was then substituted into equation (10) which was solved
and D evaluated. The limits of integration chosen were t1 = 5 minutes

and t2 = 35 minutese

The graphicel integration was carried out using the Weddle rule.
This method involves dividing the area into six equal strips and measuring
the lengths of the ordinates YO, YI econcoss Y6 (See Fige i6)o

The aresa under the
curve can then be
celculated from the

formulas-

b-a
20

where a and b are the limits of integration.

I = [YO + B5Y1 4 Y2 4 6Y3 4 Yk . 5Y5 + Y6]

Caleulation of D by the Differential Method

The differential form of the solution to Fick's Second Law for

short times is:-

dm 2 Mo , D i - D Mo
i = ot (z)t s

¥r 2 a a ©Ce@D800COD0AVCBBOGD O (11)
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L
Thus a plot of 3B against t 2 should give a straight line of
2 M D at D Mo dm
slope fﬁ—$ ( = )2 and intercept ( — 5 ) on the 3¢ oxise It should
a” a

thus be possible to calculate D from both the intercept and the slope. In
practice, however, it was found that a straight line resulted but the
intercept was too smell to enable D to be calculated accurately and only
the slope was used« The slope of the straight line giving the best fit

to the experimental points was found by the method of least squares.

Specimen calculations by the different methods are given below.

5e3e1s Specimen Caloulation using Short and Long Time Calculations for

Results obtained using the Recording Balance

Tables from the Recording Balance Chart

i t2(min.?) t(mine.) Wo apparent w o= (Wa = 13400)
wt (gme) mg
2.83 8 13.0280 28
3.16 10 i 30,0400 10
351 i3 +0550 55
1.+ 00 16 » 068 68.&
ShOI"t )+ . 21}- 1 8 . 0761 76 .
Time L7 22 »0839 8349
Results Lo90 2h «0973% 973
5420 27 «1065 10645
529 28 «1095 10965
548 30 o 1148 1148
3k « 1255 12545
38 +1355 1355
L6 1542 15442
L8 «1580 15840
52 «1656 16546
5. « 1691 1691
56 1736 17386
Long 62 « 1840 180
Time 6l «1867 186.7
Results 70 «1962 19642
72 +1993 19943
76 « 205k { 205 ok
78 «2079 2079
82 2141 21het
8l #2161 21641
%0 . <2240 2240
92 «2262 226,42
9k 02284 2284
100 1342354 235k
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Solute Potassium Chloride Normality 3N

Cylinder (Radius)2 Wte of Cyle| Dry Wte | Wte of Tin, Wte of
Noe (om)2 + Tin of Cyle | Cyl. + Solute | Solution
(gms) (gme) (gme) (gme)
3 0lihi3 25931k 1546642 2944651 345336
Wte of Tin (1) 10.2672 (2) 10.2673
Mean titre of standard silver nitrate 1370 mle
Normality of ciroulating solution (absorption) 2.728
Weight fraction of solute, X 04181k
Maz’ mass solute in cylinder after infinite time 0717k gm.
Weight in recording balance pan 13.00 gmo
Pressure Difference (cme mercury) Initial 4.0
Final ”4.1
Mass Flowrate (kg/mins) 026
Radius of annulus (cme) 0ok
Re, Reynold's No. in the annulus 700
Impregnation Pressure (mm.omercuny) 0402
Impregnation temperature ( C.) 217°C.
Stream Temperature Td Initial 250020.
Final 2540 7°Coe
Water Bath Temperature Initial 260820.
| Final  26487C.
'i/k 1672
4 1 i 1
Short Time Solution for t§ = 3 min.?; t3 = 5 mine®.
o (mge) 6l o6 ¥ =2 2.6 x 1077
a
ﬁﬂ 041505 Factor (az) Oslili3
@
2 . -5
i 0.004.96 D (ecm™/secs) 1«09 x 10
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Long Time Solution for t1 = 28 min; %, = 43 min.
A (mg-) 3095 2_‘. 29)-}‘6 X 10“5
afr_’
A 00706 Facto 0ok
M D (cm/secs) 1,09 x 10

5¢302¢ Specimen Calculation for Capacitance Cell Results

Run B7

(see Fige 16)

Experimental Data and Derived Quantities for a Typical Run using the

Capacitance Cell

Cylinder No. M5
Container No. 7

Weight of Dry Cylinder + container
Weight of Empty Container
Weight of Dry Cylinder

Weight of Impregnated Cylinder + Container
Weight of Empty Container
Weight of Impregnated Cylinder
Weignt of Solution
Concentration of Impregnoting Solution

Weight per

o e Mo

cent of X $1 in solution

547988 x 02094 x 1000

= 12“{ nge

Manometer reading

o'e Tlowrate

(1) Integral Method

am

For t}
AT

Mo

N D
* » 50 (""2‘
a

= 355 [ 2200 + (5 x 1563) + 12:5 + (6 x 10
+ (5 x 78) + 7.0

20

Cylinder radius .=
(cylinder radius)

H I A T VI O 1 I 1 |

It

0.64.59 cm
= Oo!}-i 72 Clle

2902789 ge
1002952 g
]809837 ge
35,117k g
1043349 ge
2}-1-07825 ge
507988 ge
3195 N
20947

16-3 Cllle ng
00207 kge/mins

zyl{-) + 8:9]

(By the Weddle Rule)

= '7)11.205 mnge
= 5 mine ?na tz = 35 min.
L. /D \Z D
= s 0916 ~ 2.236) = (==
FE) (o6 226) - (B
D \% A
) -~ 8307 (;5) -~ 0

(35-5)



ilVH

F1Gle.
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L
2

. D / 120
s e (az) = 80307 Li-\/ [69@01 Mg ]
60
Substituting M = 342.5 mge and Mo = 1214 mg.

Neglecting1the nonsensical value,

L
- e

95)2 = 0.03962
a

*

L] D
D

)i}

(3;962)2 x 10—h x 04172 om.g/mine
1,12 x 1077 omu?/Seo.

H

(2) Differential Method

Table Least Squares Caloculation for Run BY
=z am ~1 -7, 4
t t Th t t72 x e
mine mine mg/min. min | mg.min.ni?ﬁf
10 0.3162 ko 010000 471138
12 0.2887 13¢5 008333 33,8975
1l 02673 11.8 0.0714.3 3a15h14
16 042500 11ay 0.06250 2.85000
18 0:2356 11.0 0.05556 2459160
20 02236 100 005000 2423600
22 0.2132 9a7 0+04.50.5 2006804
2h 04 20k.1 9,2 0.0L167 1.87772
26 00196l 8.8 0.03845 1.72832
28 0.1889 77 003571 1 L5453
30 0.1826 7+7 0+0%333 14,0602
32 0.1768 8.0 0.03125 1ol 10
3h. 01715 70 0002941 1420050
36 041667 6.6 0.02778 1.10022
38 0.1622 6a3 0.02632 102186
LO 0.1581 6.8 0.02500 107508
Totals 34019 1506k 0.7572 33%,78726
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«'e Slope = 16 % 33078726 ~ 34019 x 1500k
f}
16 x 067572 = (3.L019)°

) = 530384073
(2§)§ - 9,_;_%@3 x 530381473
a
= 0.0389609
s D = (3089609)2 x 1074 x Ok 112 cme/mino
= 155543 x IO~5 cm?/hec-
o' D = 1406 x 1077 om2/sec.

S5elie Determination of the Physical Characteristics of the Porous Media
5obeie Pore Volume, Bulk Volume and Porosity

Let Wd = Jeight of porous cylinder, drye
Wo = weight of porous cylinder, suspended in watere
We = weight of porous cylinder, containing watere
Then, weight of water in cylinder = (Wc ~ Wd) gme
Lssuming density of impregnating water = 1 gm/c.c.
Total Pore Volume = (We - Wd) csce
By Archimedes,
Bulk volume = (Wec = Wb) cecs

Total Pore volume
Bulk volume

and Porosity = x 100

The bulk or geometrical volume of the cylinder can also be
obtained by measurement of the cylinder length and radius.
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5eh.e2s Pore Entry Size Distribution

The pressure required to force mercury through a pore

is related to pore radius according to the Ritter and Drake equation;

r = =2g cos®
b
where r = pore entry radius in microns (W)

& = surface tension of meroury in dynes/cms
& = angle of contact between mercury and the specimen

P applied pressure in d;ynes/om.2

it

Substituting the values assumed by Ritter and Drake for <«
(1,80 dynes/cm.) and £ (140°) and altering the units, this reduces to

d = 215
P
where d = ©pore entry diameter in microns (u)
and P = applied pressure in 1lbe/sqg. ine.

The results were plotted as curves of accumulated porse
volume (expressed as a percentage of the bulk volume of the specimen)
and as pore volume (expressed as a percentage of total pore volume)
against pore entrance diametere The results and graphs are given

in section 6.

o, T e ot s o e
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6o BXPERIMENTAL RESULTS

INTRODUCTION

The experimental results are presented in three sections:-

(1) Experimental values of D, the integral mutual diffusivity
of the system studiede The values of D are presented in
such a way that the variation of D with (a) the solute-
solvent system and (b) the porous media can be discussed
convenientlye

(2) Calculated values of the ratio of the diffusivity in free
solution to the diffusivity in the porous media. This
ratio has been given the symbol K° (see Introduction,
Section Te3ele)e

(3) Calculated values of the experimental diffusivity, D, divided
by the fractional porosity of the individual cylindere. This
has been denoted by Di-

The rssults are examined in detail in subsequent sections.

6els Ixperimental Values of D, the integral mutual diffusivity

6e1e0e Introduction

Series of factorial experiments were carried out with each
solute-solvent system and each porous materiale. The experimental
results were analysed for the effects of initial solute concentration,
cylinder radius, direction of mass transfer and solvent flowratee
The values of D were calculated by both the "short time" and "long
time" calculations in the case of the systems Hi25 - KCt and Hi25 -~
GClL- The results sre presented in tables together with the

conclusions which may be derived from the statistical analyses.

Graphs of D vs properties of the solute~solvent systems and
properties of the porous media are given in Figse 17 ~ 30+ A specimen

calculation of a statistical analysis is given in Appendix .
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Geleie Results for abscrption and desorption using HI25 cylinders

Golulela Short Time Values of D for XCi - water

Table 6¢i. Short Time Values of D for KCl - water

Nos of Rune 106 D(cm2 seo.hi) 1062D repeat
(om” sec.~1)

ry cy 2 12.0 1065
ry Gy 2 11ai 10+9
r 03 a 11.5 1149
I'2 C.l 3 iOn9 {140
', Cp & Tia1 110 Legend T 0«77 cm radius
r, Oz & 1069 1007 T, 0+65 om radius
rB ¢, 2 121 1143 r3 0¢52 om radius
1'3 °, & 1169 13,0 °, 1N
r3 03 a 119 10.9 Cy 2N
r. ¢ a 1069 106 o4 3N

ry ©5 d 105 11:3 ) absorption

r, 93 d 10.L 9.1 d desorption

r, ¢, d 111 11.0

2 1 6 —
r, ¢, d 1701 108 107 D = (1139 % O'ilf)

clm SeCes
Ty 03 d 105 9e5h Omitting runs at radius rj-
r, ¢, d 13.0 i 3ok 106 D = (19.80 " 9010)
5 cm” secs
I'3 (32 d 12-3 15&5
a 11,0 12

rs Oy L

Experiments were carried out at three initial solute concen-

trations, three radii, cbsorption and desorption, with repeats, ise.

o total of thirty six experiments.
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Conclusions of statistical anasysis:

(1) Rodius r, is significant at 0.1% levels

(2) Interaction cm, is almost significant at 5% level.

(3) No apprecisble difference between absorption, desorptions
(k) D decreases as C, initial solute concentratioa, increases.

(5) D decreases as r, cylinder radius, increasese

Separate statistical analyses were carried out for absorption

and. desorption. The conclusions were:

Absorption only: No factors significant
Llecs Da = constant
Desorption only: (1) radius r significant at 0.1% level

(2) initinl solute concentration, c, significant at
1% level.
deGe Dd = f% (r) -+ fz (0)

Gelale?e BExperimental Values of D, Calculated using solution of the

Diffusion Equation for Long Times

The "long time" results, both for K Cl and CCl, (carbon
tetrachloride), were calculated using equation (26a) (see Section 5el)
in graphical forme In order to obtain values of the fractional extraction

of 0586 and 0.509, the following time intervals were chosen:

T nominal radius 0«77 cm; t3 = L0, t, = 60 min.
r, nominal radius 0+65 om; b, = 28, t., = 43 mins
r5 nominal radius CeHh2 cmy t1 = 18, tz = 27 mines
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Table 620 "Long Time!" Values of D for K C1 - water

Nos of Run. 106 D(cm2 sec._i) 1062D Reppat Legend
(cm® sec )
rycy o 11,9 1062 ry Q77 cm radius
r, o, a 0 | 1202 ry 0065 cm radius
vy o3 a ilelp 11.5 r5 0¢52 cm radius
r, ¢, @ 111 ~ 1165 o N
r2 02 a 119 Qa7 02 2N
r, 05 O 9.2 _ 8.6 Oy 3N
33 oy & F3e1 12.2 a absorption
ry 0, @ el 112 d desorption
r3 03 a he2 109
I, (‘5‘i d 1046 1202
r, o, d 10.9 121 10 D (1& 06 4 9.
r, oz & 10.8 thel BeC
To 03 d 119 1066
r, ¢, d 9.6 i1e5
r, O d 9.6 108
r3 oy d 12.6 10.7
r3 c, d 1he0 1503
?3 03 a f 11at 13.0

Conclusions of Statistical Analysid:

(1) Rodius r, is significant at 0.1% level.

(2) 1Initial solute concentration, c, is almost significant at 5% levels

(3) No appreciable difference between cbsorption and desorptione

() D goes through a maximum at initial solute concentration Coe

(5) D goes through o minimum at cylinder radius Ty
Conclusions (2), (L) and (5) differ from those for the

tshort time" resultse.
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6elele3e Experimental Values of the Integral Mutuel Diffusivity
Obtained from Desorption Experiments Using the Capacitance Cell

The values of D, the integral mutual diffusivity, determined
by the integral and differential methods as described in section 50324,

are given in table 6¢3e

Table 6&3-

10° D (om2 390"1)
Nos of (Cylimdeﬁ Flowrat K ¢1
Run radius) (kg min ') | Concentration Integral | Differential
(om?) gme equiv/litre | Method Method
At 05862 06226 3 130 1018
A2 Ot5873 0100 3 2-34 hel2
A3 0+5833 04335 3 1e76 2460
Ny 065778 0.28 3 1.19 1493
B1 05862 0.260 3 1012 1403
B2 045873 04260 3 1432 a7
B3 05833 06260 3 1.20 1405
Bl 05778 0260 3 0.70 047
B5 0.4081 0.207 3 1.38 1627
B6 01168 0.207 3 1407 0489
B7 Ol 172 0207 3 Tef2 1.06
1 0¢5862 0260 i 1038 1ol
c2 05873 0260 1 097 130
c3 05833 0260 1 1010 : 1ei2
Ch. 0.5778 04260 1 1a31 1433
c5 04081 06207 1 i o 5. 1037
cé 04168 0207 1 1.06 1.88
c7 Osk172 04207 [ 1620 161
D1 05862 0.160 3 0s 56 0639
D2 0.5873 | 06160 3 079 0470
D3 05833 0.160 3 0497 092
it 045862 0329 3 0,81 0.98
E2 05873 00329 3 0.82 0082
Bl 05778 0e329 3 O 7k 0679
7 05862 0.i66 3 1.16 telly
72 0.4.081 04332 3 127 i o0l
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The very large values of the diffusivity obtained in runs
A2, L3, A and C6 are believed to have been caused by the presence of
potassium chloride in the pump, which had previously been used for
ebsorption experiments. The low values of the diffusivity obtained in
runs D1, D2, D3, Ei, E2 and B are believed to have been caused by a

fault in the counting mechanism of the recorder integrator.

The very low value of the diffusivity obtained in Run B4 could

only be due to incorrect talancing of the electrical circuite.

These specific runs were ignored when the results obtained

by this technique were being evaluated.

The mean values of the diffusivity and the standard errors are
given belowse
-1
-1

Integral Method (1+2% + 0.0h) x 1072 om® sec
Differenticl Method (1423 4+ 0.05) x 10"5 om® sec

Since its standard error is slightly smaller, the integral
values were taoken when considering the significance of initial

potassium chloride concentration, flowrate and cylinder radiuse

Bffect of Initial FPotassiwm Chloride Concentration

The concentration effect is shown in table 6G.lee

Table Gelie

Initial X ¢1 Concentration 105 Meﬁn Vq}?e of De 105 StﬂndargIError
(gme equive/litre) (em” sec” ) om” sec )
1N 1025 0408
3N . 1022 004
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Effect of Flowrate and Cylinder Radius

The values from series B and { were used to evaluate the effect

of flowrate and cylinder radius.

The effect of radius alone or flowrate alone cannot be

determined from the available experimental results.

Mable 60 'E
Flowrate Cylinder Radius 10° Mean'Va1¥e of D 102 Standard Error
(kg/min) (cm) (cm? sec™ ') (em“ sec™ ')
00207 0ol | 1623 | 008
0260 0476 1420 0«06

The values of K> for H125 are given in table 6.6a

Table 646

X Cl Initial Concentration K?
(gme equive/litre)
iN 150
3N 173

Geleloks TBxperimental Values of the Integral Mutual Diffusivity obtained
from Desorption Experiments using the Conductivity Cell

D, the mutual diffusivity of K C1 in water, was experimentally
determined by Dre. MacDonald using a continuously recording conductivity
celle This work was carried out towards the end of the present
research and the available results are included here for comparison

PuUrposes s
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The values of D, the integral mutual diffusivity of KCl=-
water for Hi25 cylinders, calculated by the solution of Fick's Law

for long times, are given below.

The weight fraction of the impregnating solution was 061917

in all cases, i1.e. the initial solute concentration was approximately 5Ne

Cylinder Radius 1052D -1 1058 Repeat
Number Group (cm™ sec ) (cm™ sec™!)
3 L 1407
6 L ¥ o0l
1 099
2 103
L 2 100 0096
i 3 1620
I 3 1420
15 3 127
10 3 tal3
11 3 1.18
10°7 = (1402 4 0001k) (rodius groups 2 and L)

o
w»

=

]

(1420 4 0.025) (radius group 3)
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Toble 6.7a Short Time Values of D for Sucrose~Water

No. of Run 10°D (cm2 secni) Legend

Ty Oy a 2079

r, ¢, o 2.66 ry 0e77 om, rodius

T, ¢y & 284 r, 0«65 cm, radius

T, 02 a 293 ‘r3 0e52 cm, radius

rz Cy & 3406 }c; 15 weight %

5 C, & 2472 3502 30 weight %

I’.E Ci d 2066 T

Ty 02 d 2¢59 ‘.

r, ¢; & 247k 100D = (2679 4 0s0k)
2 > 1

r, o, d 2.63 om™  8ec

2 2
rz Oy a 3406
#3 °, d 267l

Experiments were carried out at two initial solute
concentrations, three cylinder radii, absorption and desorption,

without repeats, iees a total of twelve experiments.

Conclusions of statistical analysis:

(1) ALl factors are insignificant at 5% level.

(2) Initial soluts concentration c, is almost significant at 5% level.
(3) Absorption occurs more quicly than desorption.

(L) D deoreases as o, increasese

5) D decreases as r, cylinder radius, increasese.
2 b
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Table 6.8 "Short Time" Values of D for Carbon Tetrachloride~Methanol
Noe of Run 196 D (cm2 seo~1) 1062D repoat Legend
(om” sec ')
ry ¢, 8 10.0 9.9
€; 05 2 102 102 T Oe77 ome radius
ry 0z & 8e6 8¢9 r, 0.65 cme radius
r, O a 1060 10.8 r3 0¢52 com, radius
r, ¢, 8 948 8e7 c; 40 weight 7%
T, Cz & 8a7 8¢5 ¢, 50 welght %
Ty 0y 0 107 100 ¢3 60 weight %
r5 02 a 93 10ai
r3 03 a 849 8eb ‘-
r, o, 4 102 102 100 D =2(9.77 + 0408)
ry o, d 110 10.6 em  seo”
T 03 a 102 10e1
' r, C4 d 100 1063
r, ¢, Gl 9.8 9e7
Xy Cg d 8e6 8.8
5 O a 1006 104k
T3 O, a 103 9.9
rs 03 4 9¢8 9¢5

Experiments were carried out at three initial solute

concentrations, three cylinder radii, absorption and desorxrption,

with repeats, il.e. a total of thirty six experimentse.

Gonclusions of Statistical Analysis

(1) TInteractions cm and cr are significant at 5% level.

(3)

D =

£, (em) + £, (cr)
(2) D decreases as ¢ increasess

Desorption occurs more quickly than absorption.

(1) D goes through a minimum at cylinder radius, Ty
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Since inspection of the results indicated that the values

of D at radius r, were anoma.ous, a statistical analysis of the results

using only cylinders, of radius r

conclusions arei-

2 3

and r. was carried oute The

(1) ©No interaction is significant at the 5% level.

(2) 1Initial solute concentration, c, is significant at 0.1% level.

(3) Radius, r, is significant at 5% level.

(k) D decreases

a8 ¢ increasese

(5) Desorption occurs more quiddly than absorption.

(6) D decreases as r inocreasess

6ololele Table 6.9. "Long Time* Values of D for Carbon Tetrachloride—
Methanol
No. of Run 106 D (om2 secﬂi) @06 oD rep?at Legend
(cm sec” ')

Ty oy 0 909 78

ry Oy & 10.2 10.2 r, 0«77 cm, radius
r 05 & 8e7 8.8 T, 0:65 cm, radius
r, ¢y 2 11:5 118 r3 0052 cm, radius
r, G, 8 106 8¢5 ; 10 weight %

r, c3 a 8ol 79 e, 50 weight %

rz Oy & Qaly 9.1 oy 60 weight %
T ¢, & 9e1 946 a absorption

rs 03 a 8e2 8edt d desorption
&y G1 d 10a.2 105
ry oo, d 118 i1.6 y
r, oy 4 112 106k 107 3 = (ic;.o + 0420)
r, ¢, d 1142 1140 om - sec

r, 02 d 11ed 10+
v, o5 d 1140 10.0
J:'3 o, a 11.9 Be3
r3 02 d 10k 108

rs Oz d Oely 9.5
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Conclusions of Statistical Analysis

(1)
(2)
(3)
(&)
(5)

661Q2'

Method, m, is sigmficant at 0.1% level.

Interaction, cr, is significant at 5% levels

Desorption occurs more quickly than absorption.

D goes through a maximum at c

2

D goes through a maximum at Toe

Conclusions (1), (&) and (5) d&iffer from those for the

Yshort time" results.

Results for Absorption and Desorption using VH Cylinders

Table 6.10.

"Short Time!'" Values of D for XKC1l ~ water

Nos of Run 10° D (em® sec"i) Legend
ry ey 9 8483

T, ¢, 0 8-96 r, 0+77 cm, radius
r, ¢ o 8.3k r, 0+65 cm, radius
r, ¢, & 8e49 r3 052 cm, radius
r3 ¢, a 7:78 N 1N

r3 ¢y @ 8.12 ¢y 3N

T, c, d Te52 a absorption

ry 02 d 719 d desorption

r2 Ci a 7:62 ¢

vy, 4 7255 107 D = (7099 4 Oulk)
rj 01 a 7958 cn SaC .
r3 02 d 7995

Experiments were carried out at two initial solute

concentrations, three cylinder radil, absorption and desorption,

without repeats, i.es a total of twelve experiments.
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Conclusions of Statistical fnalysis:

(1) Method, m, is significant at 5% levels
(2) No appreciazble difference with increase in co
(3) No apprecinble difference with increase in re

(L) Absorption ocours more quickly than desorption.

Table 6«11 "Short Time" Values of D for Sucrose-Water

Nos of Run 10° 1 (om® seo—l) Legend

Ty c] a 201

Ty, 2 2.10 r 077 om; radlus

r, ¢, & 2.09 ro, 0«65 cm, radius

r2 02 a 2+03 r3 0e¢52 cm, radius

Tz ¢y 8 2403% ¢, 15 weight %

rz O, & 2.02 c, 30 weight %

ry Cy d 232 a absorption

r, o, d 1.88 d desorption

r2 01 a 2,05

T, Gy a 1,96 ‘. , »
rs o a 2e13 107 D = (2:0h 4+ 0404) em” sec

s Q
r3 02 d 1.8¢

Experiments were carried out at two initial solute
concentrations, three cylinder radii, absorption and desorption,

without repeats, i.es a total of 12 experiments.

Conclusions of Statistical Analysis

(1) No factor is significant at 5% level.

(2) 1Initial solute concentrations, ¢, is almost significant at
5% levels

(3) No appreciable difference between absorption and desorption.

(L) D decreases as ¢ increases.

(5) D increases as oylinder radius, r, increases.
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Results for fbsorption and Desorption using CC2 Cylinders

Table 6120 "Short Time" Values of D for KCl-Water

Noe of Run 10° p (om2 seo"i) Legend

r, o; & 606

r, S, & 5616 r, 0+65 cm, radius

r3 ¢y & 579 T3 0e52 cm, radius

r5 c, a 578 oy 1N

r, 4 d 5.52 Cs 3N

r, G, d 5e58 a absorrtion

r3 cy d 535 d. desorrtion
g

ry o, 4 5032 10°D = (5570 & Qe1k)

cm™ sec

Experiments were carried out at two initial solute

concentrations, two cylinder rodii, absorption and desorption,

without repeats, i.eo a total of eight experimentse.

Cenclusions of Statistical Analysis

(1)
(2)
(3)
(&)
(5)

A1 factors are insignificant at 5% levelo
Method, m, is almost significant at 5% level.
Absorption occurs more quickly than desorption.
No difference in D as ¢ increases.

D increases as r increasese.
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Pable 613« "Short Time" Values of D for Sucrose-Water

Nos of Run 10° D (cm2 sec—i) Legend

r, ¢; a 106l |

r, ¢, & 1460 r, 0065 cm, radius

Tz Of @ 1062 ry 0452 om, radius

r3 ¢, 8 158 o, i5 welght %

r, ¢ d 157 c, 30 weight %

Ty Cp d 1.39 a  absorption

Tz d ekl d desorption

r3 Cp 4 1.35 10° B = (i.52 4 0.04) om> sec” '

Experiments were carried out at two initial solute concentrations,
two radii, absorption and desorption, without repeats, i.e. a total

of eight experiments.

Conclusions of Statistical Analysis

(1) No factor is significant at 5% level.

(2) Method, m, is almost signiricant at 5% level.
(3) Absorption occurs more quickly than desorptsone
() D decreases as c increascse

(5) No appreciable variation in D as r increasess

6elols Results for Desorption of KCl using Teflon Cylinders

The experiments vith Teflon cylinders were the first
experiments to be carried out using the recording balance. The
experiments were carried out at two initial solute concentrations,
two radii, and two water flowrates, without repeats, i.e. a total of

elght experiments.



Table 6ollie

"Short Time" Values of D for KCl-Water

No. of Run 10° » (cm2 330"1) Legend

r] Re} 01 5-#

r Re, c, 6e2 r, 0«52 cm, radius

r, Re, o, heol r, 0e65 cm, radius

r, Re; o, 8a1 Re; (annulus) 100

r; Re, o hooly. Re,, (annulus) 700

' Rez °, 5.2 %y 1N

T, Re2 P 5¢0 c, 3N

o Rep 0 8+9 10% 5 = (5.9 4 0uh) om® sec”

Conclusions of Statistical Analysis

(1)
(2)
(3)
(&)
(5)

Interaction ¢ r is significant at 5% level.

D incresses as ¢ 1ncreosese

D is independent of the value of Re (annulus)

D incieases as r increasess

Experimental error (obtained from dupliocutes of six of

the runs) is high (4 7% of mean).

Gete5. Values of D at Different Reynolds Numbers

and the vhree ceramic materials to determine the effect on the

diffusion coefficient of the flow regime outside the porous coylinders.
Experiments were carried out at four levels of thc Reynolds Number in the
annulus between the cylinder and the glass well of the diffusion tube.

The concensration of the impregnating solution was 30 weight per cent

Sucrosee

Desorption exreriments were carried out using suerose-~water

The results are given in Table 6.15.
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Table 6015« Values of D for Sucrose-Woter

Re (annulus) 10° p (cm2 seonl)

Reynolds Material

Number Ha.125 V5 cC2
2,000 2053 1491 1460
3,500 263 2401 1al1
L ,700 247 186 132
7,100 248k borer 1456

Inspection of Table 615 indicates that Reynolds Number has
no effect on the value of De Although, due te lack of time, no
duplicates were carried out, the experimental error, caused mainly by
pulsing of the liguid affecting the plot on the recording balance chart,
was high and would probably account for the variation in D for one

porous materiale

6¢2+ Calculated Values of the Ratio of the Diffusivity in Free Solution
to the Diffusivity in the Porous Media

D (free solution)
D (porous medium

The ratio has been given the symbol K2

and moy be termed the tortuosity factore It has been suggested
that K is the ratio of the actual distance travelled by the diffusing

particle to the minimum geometrical distances

Since analysis of the experimental results has shown that
in most of the systems examined, there exist either interactions
between concentration, radius, and method of sorption, or a dependence on
radius or method, it would be meaningless to quote values of K2 derived
from mean values of De Instead, values of K2 are quoted at Ty nomingl
radius 0«65 om, and the initial solute concentration and method of

sorption are also stated.
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Table 6.16. Calculated Values of‘K2 using Cylinders, Radius 0e65 cm

Solute Potassium Chloride Sucrose Carbon Tetrachloride
Initial Solute Normality Weight % Weight %
Concentration 1 2 3 15 30 L0 50 60
106 Diffusivity in
Free solutbion 18.8 1201 2t a1 Lae2 3.2 1646 15.0 i3l
(em? sec™')
Porous lMaterial
CC,, absorption I 3.10 3413 | 2056 | 2400
CC5 desorption 3kt 3.78 | 2468 | 2,30
Hi25 absorption To71 | 1481 | 14951 14486 | 1009 1.60 1e61 1456
H125 desorption 1669 | 1.83| 2411 {1.53 | 1.22 ieb3 1453 1 o5l
V5 &bSOI‘ptiOl‘l : 2.25 2-1&-9 2401 i058
5 desorption 2.47 279 | 205 | 1.63
Teflon desorption Let 25

6+3¢ Calculated Values of the Ratio of the Experimental Diffusivity, D,
Divided by the Fractional Porosity of the Individual Cylinder

Introduction

From Fige 24, it can be seen that there is a strong
dependence of diffusivity on the porosity of the porous media. For
this reason it was decided to define

Di D (experimental) x 100 (om2 seo"i)
T Individual cylinder porosity

The values of D1 were statistically analysed and graphs of D1
¥s the properties of the solute-solvent system and the porous media were
drawn (see Tigse 17 = 30).
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In the Tables below, only the "short time" values of D were

used to give calculated values of D‘.

The statistical analysis of the Da values for the system
CClgumethanol is given in appendix 5.

6e3els Values of D.i using Hi25 Cylinders

Table 6.17e Values of D1 for KCl-Water

No. of Run 10° p' (em2 sec"i) 1062D1 repeat Lew
(em” sec” ) egend

ry o a 21a7 20,8

Ty 0, 8 219 21.6 vy 0.77 cm, radius
ry oz 8 209 2346 r, 0+65 cm, radius
r, ¢y @ 217 2149 r3 0«52 om, radius
r2 02 a 21 el _ 219 Cy iN

r, Gz 8 210 ; 2046 c, 2N

Tz 0y 8 2563 2h..0 0y 3N

?3 ¢, @ 2.7 2248 a  absorption

rz c3 a 219 2341 d  desorption

ry o a 2145 2i«0

ry Cp d 208 22l

T oy d 2046 19.8

Ty Cy d 2241 212

T, Gy d 2241 2008

r, 03 d 2049 1849

x5 Oy a 2541 2648

rj c, a 25¢7 bl

Tz Og d 2340 2h.o6
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Conclusgions of Statisticel Anclysis

(1) Radius r, is significant at 041% level.
(2) Absorption occurs more quickly than desorption.
(3) D' decreases as initial solube concentration ¢ inoreasess

(&) p! goes throwgh a minimum at radius r,e

Table 64184 Values of D] for Sucrose~Water

Noo of Run 10° p’ (cm2 seo-i) Legend

I'.I 0‘:} a 5-’-}-’-}-

Ty 02 a 519 ry 0.77 cm, radius
r, o, a 5ok r, 065 cum, radius
r, o, & 5463 7y 0452 cm, radius
r c, a 5490 3 15 welght %

r; C, 0 562k ¢, 30 weight %

r, ¢y @ 519 a  absorption

r, © d 505 d  desorption

I'2 O,i d 5027

I‘2 02 d 5!06

I'3 Oi d 5¢90

3?3 02 d 5‘28 i

Conclusions of Statistical Analysis

(1) Initial solute concentration, ¢, significant at 5% level.
(2) Absorption occurs more gquickly than desorptions
(3) D' decreases as ¢ inoreasess

i ' .
(%) D decreases as r increasess
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Table 6419« Values of Di for Carbon Tetrachloride-Methanol

Nos of Run 106 p' (cm2 secmi) 106213i rf€eat Legend
(em™ sec™")

r, o, & i9.5 19l

ry ¢y 8 19.9 200

ry 03 & 1648 17 ol ry 0477 cm, radius
r, 0, a 19.2 2069 r, 0e65 cm, radius
r, ¢, a i8.8 1648 Ty 0.52 cm, radius
r, 03 & 1647 16y o, LO weight %
ry 0y @ 2046 191 ¢, 50 weight 9%
rs ©, O 17«9 193 Cs 60 weight %
Tz Oz O 171 1642 a absorption

Ty d 19.9 20«0 d desorption

r, o, d 21 ol 2007

e 03 a 19.9 198

Ty 04 d 1902 199

r, O, d 18.8 1868

r2 03 a 1645 170

vy oy & 20 ek ‘ 19.8

?3 c, d 19.8 1849

rs 05 a 1849 1841

Conclusions of Statistical Analysis

(i) Interactions cm and cr, are significant at 5% levele
(2) Desorption occurs more guickly than absorptions
(3) D! decroases as o increasese

(&) p! goes through a minimum at radius r,e
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6e3e2s Values of D1 using V5 Cylinders

Tables 6420 Values of D1 for KCl-Water

No. of Run 10° p! (om2 seoui) Legend
ry 0y 4 210
rycy 8 278 r, 0e77 om, radius
r, 0, o 197 T, 0+65 cm, radius
r, ¢, 8 200 Ty 0e52 cm, radius
Ty 0y & 18.1 c, iN

€ 13e
r5 C, & 88 Go 3N
T, Sy d 1749 {a absorption
ry Oy d 171 d desorption
I‘2 0i d 1860
T, Oy d 1748
rs 0 d {746
rs o, d 1745

Conclusions of Statistical Analysis

(1) Method, m, is significant at 1% levels
(2) Absorption occurs more quickly than desorption.
(3) No appreciable difference in D' as ¢ increasese

LI .
() D inercases as r increasess
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Table 6021 Values of D1 for Jucrose-Water

No« of Run 10° p! (om2 sec—i) Legend

I‘,i 01 o }.|.c7?

r; G, & %299 T, Qe77 om, radius
r, ¢, & L..93 | T 065 cm, radius
r, ©y o Le79 r3 0«52 cm, radius
Ty 0y & be71 c, 15 weight %

Tz O a L.o69 c, 30 weight %

T, 0y G 5e b a absorption

ry o, d het7 14 desorption

1‘2 Cl d 15-083

l"2 02 d. l|-062

I‘3 G] d 1}49)4.

I‘3 02 d )-[-.39

Conclusions of Statistical Analysis

(1) Interaction cm significant at 5% level.

(2) No appreciable difference between abrorption and desorption.
1

(3) D decceases as ¢ increasess

. .
(1) D increases as r increosess

6e3e3- Values of D1 using CC2 Cylinders

Tables 6¢22. Values of Di for KCl-Water

N 2] . '
Nos of Run 10" D (cm” sec ) Legend
Ty ¢, & 157
r, 0, & 1640 i 0¢65 om, radius
r3 c, a 1 5ely , r3 0«52 om, radius
r3 62 o i Bolp iy iN
r, Oy a 14..5 i{a absorption
T c, a 1he3 1a desorption
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Conclusions of Statistical Analysis

(1) No factors significant at 5% levele
(2) Absorption ocours more quickly than desorptione
(3) No apprecisble difference in D% as ¢ increasese

() No appreciable difference in D1 as r increasess

Table 6.23%. Values of D1 for Suerose-fater

Nos of Run 10° p' (cm2 seomg) Legend
r, 0f 8 o 26
r, G, 0 Leib T, 0+65 cm, radius
Tz Sy & he32 Ty 0¢52 ¢m, radius
3 C, a Lo 21 o, 5 weight %
ry 05 4 1,08 c, 30 weight %
r, 0y d 3461 a  absorption
rz oy d 3«8l d desorption
ry o, d 3,55

Conclusions of Statistical Analysis

(1) Method, m, is significant at 1% levels
(2) Absorption occurs more quickly than desorptione
(3) D' deoreases ns ¢ inoreasess

1 . - .
() No appreciable difference in D as r increasess

Inspection of the Table of D1 indicates that, over the
complete range of porous media, the diffusivity, D, is not dependent
on the pcrosity alonee The dependence is more complex and the
values of D and D1 indicate thot D is dependent on a combination of
porosity and pore =size distributione Total porosity appeared to
influence the relative values of D for V5 and Hi25 cylinders while
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both the porosity and pcre size distribution appeared to influence
the relative values of D for Hi125 and CC2 cylinderss

As a test, values of D and D'i at levels Ty C, By Ty Oy d,
r, Cy 8y Ty Oy d, ?5 C, Oy and rz O, d were taken for the solute-solvent
systems of KCl-water and sucrose-watere The ratios of the D values

aad of the Di values were compared with the ratios of total porosity

and pore size parameters.

The results at levels rz 02 a and r2 02 d are shown in
Tables 642 and 625 belowes

Table 6e24s Comparison of Results using V5 and Hi25 Cylinders

Mean Hoan Pore| 10° D (om2 secﬂi) ‘ 106 o] (cmz seo"i)
Material Porosity | Diameter ;
(%) (w) RC1 Sucrose KC1 Sucrose
1
a d a d a d a d
Hi25 5143 1.0 111e1 111.0] 293 2463 | 2147 [2145] 5463 5.16l
V5 1245 1s0 } 8olt9 1 7551 24031 1496} 2040 |178 ) he79 | hobZ
Ratio 1421 0e25 Fie31 | 1a06) 1ol | 1430 1409 {1421 1418 i.iq
Legend a - absorption; d - desorptions
i
From Table 6.2L it is seen that the ratio D—\H25)

D' (V5)
is almost equal to the ratio of the porositiecse.

The values at levels Ty Gy 8y T, O d, rz C, 8 and r3 0y d

are similar to those in Table 642k and therefore, for coarse pores

it is suggested that D is a function of the square of the porosity of
the porous mediume.
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Table 6025+ Comparison of Results usingz Hi25 and CC2 Cylinders

6 6

Moterial | Mean |Mean Pord i0° D (omzseo“T) 10° ! (cm2 seo“l)

B P
Porosity] Diameter | (%) (%)
(%) (U) XC1 Sucrose XC1 Sucrose

al ala la la jala {a

Hi25 5163 140 25 49.5'11.1_11.0\2.93 246312167121 «5{ 14635406

cc2 3900 Osd1.5 38e5 | 978 |6¢1615458] 1600303911640 ]1h 45|l e16]3661
Ratio 1e32 2422 1791097} 1483|1489 [1e36{1e48] 1435!140
Inverse
Ratio tebh | 1498

Legend a ~ absorption, d - desorption

B = % Bulk Volume less than 1|l diameter
P - % Pore Volume less than iy diameter
The figures in Table 5.25 and the similar figures at the other

D (Hi25)

levels suggest that the ratio of S (cos

is almost inversely
proportional to the ratio of P.

Theref'ore, for fine pores, it is suggested that D is a function
of the percentage of the pore volume occupied by pores less than 1

diameters

S s s - ———
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7« DISCUSSION OF THE FRXPERIMENTAL RESULTS

7.0 INTRODUCTION

The results will be discussed under ten headings, which, for

convenience, are presented in three groups. The groups are as follows:-

GROUP T« GENERAL DISCUSSION

(1) The aims of factorial experiments and explanation of the

statistical terms used in the texte

(2) Comparison of the results obtained by the threc experimental
methods.

(3) Consistency and accuracy of the experimental resultse

GROUP IT. EFPFECT OF THE EXPERIMENTAL VARIABLES

(L) Method of sorptione

(5) Initial solute concertrations

(6) Radius of porous cylinders

(7) ¥low conditions outside the porous cylinders

GROUP ITITe FEFFECT OF RELATED PARAMETERS

(8) Diameter of the diffusing particle.

(9) Properties of the porous mediae

(10) Interaction of the diffusing particle and the porous

medivme
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7ele The Aims of the Fastorial EBxperiments and an Explanation of the

Statistical Terms used in the Text

Foctorial experiments are experiments which are carried out at

different planned levels of the independent variables.

A group of experiments carried out by the author will be
used to illustrate thise. The effect of the variables, cylinder radius
(r), method of sorption (m) and initial solute concentration (c), on
the mutual diffusivity, (D) was requiredes The simplest factorial

experiment would require runs at the following levels:-

T o1 a ri 01 d
r1 02 a x-i 02 d
5 c1 a r2 c1 d
r2 02 2} r2 02 d
where r = radius 1

r2 = radiuvs 2

C, = concentration 1
°5 = oconcentration 2
a = absorption
d = desorption

i.ae two levels of each variable moking a total of eight runs.
The aims of factorial experiments are:—

(1) To obtain the maximum amount of information from the

minimum number of experimental runse

(2) To detect the interaction of variables, eege the effect
on D of a change from 0, to ¢, may not be the same for
absorption and desorption. Then there exilsts an

interaction cme
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The classical experiment gives less information from a given number

of runs and in many cases would not be designed to show up interactions

which existe

In a foctorial series of experiments the experimental error or

the related experimental variance gives a statistical estimate of the error

batween duplicate runs. The experimental variance was determined by one

of two methods, which are described below.

(2)

(b)

When repeats were carried out for every run in the series, the
experimental variance was determined from the squares of the
differences between run and repeat. The details are given in

Appendix L.

When repeats were not carried out for every run in the series,
repeats of certain runs were carried out and the experimental
variance determined from the squares of the difference between

run and repeate The details are given in fAppendices L and 5

Explanation of Terms used in Statistical Analysis

A complete statistical analysis of one factorial series is

given in Appendix L, but certain important points are noted heree.

(1)

(2)

The effects of the variables and the interactions are
compared with the experimental veriance. The ratio of
the mean square of the variable or interaction to the

experimental variance is called F.

A variable or interaction is significant at a certain level
if the value of ¥ is greater than that quoted in the
statistical tables for the stated number of degrees ol

freedom.
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1f, for example, method m, is significant at the 5% level,
this means that there is 95% probability that the change in D is
due to the effect of m and 5% probability that it is due to random chance.
Similorly, if m is significent at the 1% level, there is 99% probability
that the change in D is due to the effect of m and 1% probability that it

is due to random chance.s

7«2+ Comparison of the Results Qbtained from Three Different Experimental
Methods

The system potassium chloride (K«Cl) - water with Hi25 cylinders
was studied by three experimental methodse The mean values of D, given
the symbol f, and the estimate of the experimental error are given in
Table 7els

Table 7ele Comparstive Values of D for K Cl-Water-H125

Experimental Method 106 D 106 experimental
(om? sec 1) error (om sec™!)
Short Time Short Time
Recording balance 1080 Jde10
Capacitance Cell 1243 Oelp
Conductivity Cell 1020 Qs 1k

As explained in 6e1.ie3, the considerable experimental
difficulties using the copacitance cell demonstrated that the method was
not very accurate and too much attention should not be paid to the absolute
value of D thus obtained. However it should be noted that the value of D
from the capacitance cell is of the same order as that from the recording

balance, and, to that extent, acts as a check.
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The values of D obtained using the conductivity cell were much
more consistent than those obtained using the capacitance cell and the same

variation of D with radius was observed.

Although the difference between the mean values of D obtained

by the two methods is outwith the experimental errors quoted, it is small.

The values of D from the two methods agree to within A% of

the mean value.

7e3¢ lAccuracy of the Experimental Results

Since the experimental error of the three experimental
methods of determining D for KCl-water~HI25 wes approximately the same
and since much more experimental work has beer done with the recording
balance, only the results obtained using the recording balance will be

considered here.

Regarding the consistency of the results, it should be noted
that in a factorial series, if a run was thought or known to be
experimentally inaccurate, the run was repeatede But provided there

was no experimental reason for doubting a result, it stood.

. . -2 .
The experimental variance, ¢, is o measure of the

experimental error and is defined as:~

«f = a2 - 1m @t
n-1
where d = difference in values of D for run and its repeat
= number of runs.
The experimental error, E, is defined as f%%

The values of the mean diffusivity D, and the experimental

error, E, of all the systems studied, are given in Table 7.2.
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Table 7¢2« Volues of D and E

- - -1
10° B (0m2 sec 1) 10° D (cm2 sec )
Porous Solute-Solvent |-
Material System Short Long Short Long
Time Time Time Time
H125 KCl-water 11430 1ia6 Oe 'l 0e3
H125 Sucrose-water 2479 0.0L
Hi25 CClh-methanol 9477 100 0.08 0.2
V5 KCl-water 799 ‘ Oelly
V5 Sucrose~water 2400 0«0k
cC2 KCl-watexr 5«70 : Oetl.
cc2 Sucrose~-water| 1652 O« 0h
Teflon KCl-water 529 Oely

The experimental errors were determined as follows:

(1) XKCl-water. BEighteen runs with repeats were carried out using Hi25
cylinderse The value of E obtained from statistical analysis was

used in the analysis of results using V5 and CC2 cylinderse

(2) Sucrose~waters Eight absorption runs with repeats were carried cut

using H125, V5 and CC2 cyliinders. The concentration in the circulating
solution was 15 weight % sucroses The value of E so obtained was used for

all runs involving the system sucrose-wabters

(3) carbon tetrachloride (Cc;h)—methanol. Eighteen runs with repeats were
carried out using Hi25 cylinder and the value of E was obtained from

the statistical analysise

The method of determining E assumes that the error is the same
for each porous material but varies with the solute~solvent systeme The

experimentally determined quantities were LW, the gpparent change in weight
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of the cylinder between times tTI and t, and Mo or Mﬁo’ the moss of

solute desorbed or absorbed after infiiite times 47 might be affected
by the surface tension of the circulating solution and an error in

Mo or MG) might be caused by evaporation of the impregnating solution

eeg+ there will be more evaporation when the impregnating solution is

carbon tetrachloride~methanol than when it is KCl-watere Thus the

experimentel error, will be affected by the solute~solvent systeme

Because of the method of determining the cxperimental error, the
% experimental error of the mean has limited significances However, Table

73 gives the % error about the mean for H125 cylinders.

Table 7«3 Percentage Experimental Error using Hi25 Cylinders

Solute~Solvent 10° Bl(cm? seoni) % Error
System "short time" about mean
KCl-water 11390 1.2
Sucrose~water 279 tely
GClh—methanol 977 0.8

From Table 73 it can be seen that the experimental error is

approximately i%e

The slightly higher value for sucroue-water can be explained
as an inaccuracy in &, since the weight changes with sucrose were much
smaller than with KCl-water or CClh—methanol and there is a greater

probability of the surface tension force causing an error.

The percentage error is considerably smaller for CClh—methanol
than four the other systems. The only difference in experimental technique
was that, since the impregnating solution was so volatile, the oylinder
was not wired with a cloth but was immediately placed in a tared aluminium

containere.
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Thus it is very probable that the wiping of the porous cylinders

constitutes a random errors

Toking the maximum percentage error as 1.4%, it can be concluded

that the experiments carried out by the author were more accurate than those

of Stewart (44) whose percentage error was 3¢5%.

MacDonald (10) did not give a value for the percentage error

but this author's estimote of his error is 6% approximately.

79).%.

Effect of Method of Sorption

The relevant conclusions of the statistical analyses are

summarised in Table 7al.e

calculated using the "short time" solution.

Unless otherwise stated the values of D are

Porous Material

Solute~Solvent
System

Conclusions of statistical analysis

H125 (short time)

Hi25 (long time)

Hi125
Hi25 (short time)

H125 (long time)

V5

V5

cC2

cc2

KCl-water
KCl=-water

Sucrose-water

CClh—methanol

CClh-methanol
KCl-water
Sucrose~water
KCl~water

Sucrose-water

No dif'ference

desorption.

No difference

desorption.
Absorption is
Desorption is

Desorption is

between

between

quicker
quicker

guicker

Method significant at

Method significant at

Absorption is

guicker

No difference between

desorption.

Method is almost significant at 5% level-

absorption and

absorption and

than desorption.
than absorption.

than absorptions
Oe i% levels

5% levels

than desorption.

absorption and

Absorption is quicker than desorption.

Method is almost significant at 5% level.

Absorption is quicker than desorption
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Before discussing the meaning of Table 7el« it must be
emphasised that whenever an interaction, which involves a variable, is
statistically significant, the effect of that variable alone is
considerably modified and it is unwise to attach too much significance
to the effect of the variable.

Neglecting the series (a) Hi25 (short time) - KCl-water and
(b) H125 (short time) - CCl-methanol since the interaction cm is
significant or almost so at the 5% level, the following observations can

be made:~-

(1) There is a significant difference between the agueous solutions
and the organic solutions For aguecus solutions the rate of
absorption is either equal to or greater than the rave of
desorption whereas for the owvganic solution the rate of
desorption is greater than the rate of absorption and most
decidedly so (significant at 0.1% level)s

(2) Considering the results for the agueous solutions in greater
detail, the trend is for absorption to be greater than desorption
irrespective of the porous materiale. Even for the series Hi2b-
KCl~water and V5-sucrose~water, although there is no appreciable
difference between absorption and desorption, the figures show

that absorption is slightly greater than desorption.

So, for the two aqueous solutions studied, absorption is
greater than desorption and, in general, the method of sorption becomes

more significant as the porosity of the porous medium decreasess

Crank and Henry (5) predicted that the relative rates of
absorption and desorpticna would depend on the variation of the diffusivity

in free solution with concentration.

The dependence of the diffusivity in free solution with

concentration, for the three systems investigated, is summarised below:~
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5 2 i

KCl~water: D dacreases from 2.0 x 10 - com” sec at infinite dilution

5 on’ sec” at approximately O0.1N and then

> om2 serf‘1 at 3Ne

to a minimum of 132 x 10

increases linearly to 2010 x 10

6

Sucrose~water: D decreases opproximately linearly from 5.2 x 10~

sz secm1 at infinite dilution to 0.7 x 10—6 sz s‘:eom.i at 70 weight %

SUCI'OBCe

Carbon tetrachloride-methanol: D decreases linearly from 1.82 x 10_5
om2 seo“.i at 30 weight % CClh o 118 x 1077 cm2 :s.ecf-1 at 70 weight %
CClA-

As applied to the three systems being studied, the predictions
of Crank and Henry are:-

KCl~water: Provided the mean concentration is greater than 0.1N,

absorption should be gquickser than desorption.

Sucrose-water: Desorption should be guicker than absorption.

Carbon tetrachloride-methanol: Desorption should be quicker than

absorption.

The experimental results for KCl-waber and CClA—methanol

ogree with these predictions but the results for sucrose~water do note

It is difficult to determine where the discrepancy arises
in the theoretical predictions or in the sucrose-water experimental

results ~ as only three solute-solvent systems were examineds

The results of Maclonald indicated that there was no
appreciable difference between absorption and desorption for KCl-~water,
but that desorption was greater than absorption for sucrose-watsre The
difference between the results of MacDonald and the author for sucrose-

water way be accounted for by MacDonald's large experimental errors
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Te50 Effect of Initial Solute Concentration

The relevant conclusions of the statistical analyses are

summarised in Teble 7.5

Unless otherwise stated the values of D are calculated using
the "short time" solution.

To avoild umnecessary repetition, ¢, "concentration" will be

used throughout instead of initial solute concentration.

TABLE 705
Porous Mabterial Solute~Solvent | Conclusions of Statistical Analysis
System
Hi25 (short time) | KCl-water D decreases as ¢ increasese
Hi25 (long time) KCl-water c almost significant at 5% level.

D goes through a maximum at Cpo

H125 Sucrose~water | c almost significant at 5% levels

D deoreases as ¢ increases.

H125 (short time) CCl;, ~methanol | D decreases as ¢ inoreases.

Hi125 (long time) €C1, -methanol | D goes through a moximum at c,»
v5 KCl--water Slight increase with co.
V5 Sucrose-water | c is almost significant at 5% levele

D decreases as ¢ increases.

GC2 KCl-water Slight increase with ce

cc2 Sucrose-water | Slight decrease as ¢ increasess

Neglecting series Hi25 (short time) - KCl-water, H125 (short
time) - €01y ~methanol, and H125 (long time) - €01, -methanol, since
interactions cm or or are significant at the 5% level, the following

observations can be madei—-
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(1) KCl-water: With the excention of the "long time" solutions

for Hi25 cylinders where D goes through a maximum at concentration

Cos D shows & slight increase as c ilncreacseswv

(2) Sucrose-water: For all three porous meterials, D decreases as

¢ increasess

Thus, in the cases where interactions involving ¢ are not
significant at the 5% level, the diffusivity in porous media varies with

concentration in the same woy as the diffusivity in free solution.

The above observations agree with those of Stewart (4k4) who,
investigating the diffusion in porous media of agqueous solutions of
hydrochloric acid (HC1l), potassium chloride (K01l), and lithium chloride
(Li ¢1), concluded that the diffusivity in porous media of these systems
varied with concentration in the seme way as the diffusivity in free
solution. MacDonald (10) also conciuded that for KCl-water, the
diffusivity in porous medis behaved in the same way as the diffusivity

in free solution.

706 Effect of Radius of Porous Cylinder

Cylinders of three nominal radii werce used in the case of
porous materials Hi25 and V5, but due to manufocturing difficulties,
only two nominal radii were used in the case of CC2 ~ylinderse. No
mention of the dependence of D on the size of the poious material

has been reported in the literature, so far as is knowneo

The relevant conclusions of the statistical analyses are

given in Table 7a6a
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Porous Material | Solute-Solvent | Conclusions of Statistical Analysis

System
Hi125 (short time)wKCl—water r is significant at 041% level.
D decreases as r inoreasese.
Hi25 (long time) ] KCl-water r is significant at 0.1% levele
D goes through a minimum at radius 'y
Hi25 Sucrose~water | D decreases as r increasese

Hi25 (short time) CClL—methanol D goes through a minimum at radius e

H125 (long time) 0C1, -methanol | D goes through & maximum at radius r,e

v5 KCl-water Slight increase with re.
V5 Sucrose~water | D increases as r increasese
cc2 KCl=water D increases as r increasess
cc2 Sucrose-~water | Slight increase with r.

In the series CClhfmethanol-HIZB, using both "short time"
and "long time" solutions, interaction or was significant at the 5%
level. Inspection of the statistical table for the "short time"
solution showed that the resulis at radius r, were inconsistent with
the treud of the other results. This anomalous effect was thought to
be connected with the diameter of the anmnulus between the cylinder and

the diffusion tubee

Both the series KCl-water ~ Hiz25 and CClh -~ methanol - Hi25,
were carried out using a diffusion tube of inner diameter 2.0 cme
Thus for the porous cylinders of nominal radius ry = 0«77 cm, the
diameter of the annulus is only O-k6 cm and the space between the
wall of the diffusion tube and the porous cylinder is 0423 cme (radius
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of annulus). It is possible, therefore, that the concentration could
build up in the annular space and so change the boundary conditions
used in solving the diffusion equation. For this reason, the results
of both the above mentioned series were statistically analysed,
neglecting the results at radius r, e The conclusions of these analyses

were:—

(1) Hi25 (short time) - KCl-water

(a) Radius r is significant at 0.1% level.

(b) Concentration ¢ is significant at 5% level.

(¢) No difference between absorption and desorptiona
(&) D decreases as ¢ increasese

(e) D decreases as r increasess

(2) H125 (short time) - 001y methanol

(a) Radius r, is significant at 5% level.

(b) Concentration ¢ is significant at 0.1% level.
(¢) Desorption occurs more quickly than absorptione
(d) D decreases as ¢ increasese

(e) D deoreases as r increasese

The eflfect of neglecting results at radius T is that

interaction cr is no longer significant.

In the discussion cf the effect of cylinder radius the above
conclusions (i) and (2) will be taken and compared with the conclusions
from results obtaired using three radii for the other systems as the
diameter of the diffusion tube was increased for the other systemss
The inner diamoter of the new diffusion tube was 3.9 cm. giving, for
a cylinder of nominel radius Ty 0+77 om, a diameter of annulus = 2.36

cm and an annular space of 118 oms
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Conclusions: (i) The dependence of D on radius r differs with the

porous materiale

(2) Tor HI25 cylinders D decreases as radius increases,
particularly for the systems KCl-water and CClh—
methanol.

(3) PFor V5 and (02 cylinders, D increases as radius
increasese The effect is not so marked as the
effect for HIZ25 cylinderse

The solute-solvent system sppears to have little effect on the
dependence of D on radius but the properties of the porous media have
a marked effect on this dependences The radivs effect seems to be linked
with the total porosity of the porous medlae. Examination of the pore
entrance distribution curves shows thav material Hi25 has 1little spread
of pore entronce diameters,material CC2 is next, and material V5 has

congiderable spread of pore entrance diameterse

Both the V6 and CC2 cylinders are less porous than the HiI25 cylinders
leoe they are denser than the Hi25 cylinders. If, due to the manufacturing
process of slip-casting, these cylinders (V5 and CC2) are not uniform
throughout their complete radius but are deuser in the centre, then
there will be & preponderance of relatively coarse pores near the surfuce
and of relatively fine pores towards th: centre. The larger the radius,
the more pronounced the effects Hence, with small radius, the fine pores
would contribute and reduce the measured rate of mass transfer and, with
inerease in radius, the effect of mass transfer from the fine pores
would be reduced anl the measured rate of mass transfer increaseds
Congiderable difficulty was experienced in the manufacture of these
cylinders, particularly the CC2 cylinders and, in fact, it was impossible
i = Q0«77 ~ma With
regard to the Hi25 cylinders, the manufecturer had many years experience

to manufacture o CC2 cylinder of nominal radius r

in manufacturing industrial filters with this material and the pore

entrance size distribution surves verified that there was very little
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spread in pore entrance diameters and that the duplicates were very
consistente It therefore seems reasonable to assume that the H125
cylinders are uniform throughout thelir radius, and so the decrease in D
with increasing radius camnmot be explained in the same way as the

increase in D was for V5 and CC2 cylinderse.

The results obtained from the conductivity cell for the system
Hi25-KCl~water showed the same definite trend as the corresponding

results using the recording balances

There was no appreciable difference in D between cylinders at
radius r; = 0s77 om, r, = 0065 cme and T, = 0438 cme but the values of D ab
ry = 0¢52 cme was approximately (10 - 20%) higher than D at the other
radiie This increase was of the same order but a little higher than

that when D was determined using the recording balance.

The cylinders of radius :3 had been used for preliminary
experiments at varying lissapol flowrates and in order to acquire the
experimentol technique; and these experiments with their subsequent

extractions using water at IOOOC, must have leached the pores and enlarged thema

Therefore all results ab radius r3 for H125~KCl-water experiments
mist be neglecteds It is then obvious that D does not vary at all with
radiuse The radius effect is not significant for HiZB—CClhamethanol as

interaction cr is significant at the 5% levels

7e7e Effect of Flow Conditions outside the Porous Cylinders

Since there was little evidenoe pointing to a dependence of the
rate of mass transfer in porous media on the external flow conditions, only

a short time was devoted to investigating this effect.

The preliminary KCl-water experiments using Teflon coylinders
(see Table 6+1k) though inaccurate showed that water flowrate had no
effect on the value of D« The KCl-water experiments carried out using
the capocitonce cell and Hi25 cylinders (see Table 6»5) could not detect
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any variation of D with water flowrate. Finally experiments using the
recording balance and water flowrates to give Re (annulus) from 2,000 to
75100 were carried out using sucrose as solute and Hi25, V5 and CC2
cylinders (see Table 6¢15)s It can be seen that D does not vary with Re

(annulus) in a regular monners

It should be noted that the experimental error was higher at

the bigher values of Re (annulus) for two reasons:-

(1) The flowrate pulsed much more at higher flowrates and so the
app arent weight of the porous coylinder, which depends on flowrate,
varied with time. This caused n waver on the recorder chart
and an estimate of the mean curve had to be drawn in, after the

run had finished.

(2) The higher flowrates made it more difficult to exclude air
bubbles on the suction side of the pump. The bubbles sometimes
reached the cylinder end so the certainty, that all weight changes

were due to mass trensfer, was reduced.

Conclusion External flow conditions do not influence the rate of mass

transfer in porous mediae

7e8e Effect of the Diameter of the Diffusing Particle

The dimmeter of the diffusing particle for the three systems
investigated has been estimated (see Appendix 1). In Figs. 17 and 18
D and Di are plotted agoainst d, the diameter of the diffusing particle,
for absorption and desorption respectivelye The values of D and D]
are experimental values at levels Ty Oy & and Ty Cp de Mean values
were not plotted because the existence of interactions and dependence of

D and D1 on radius, concentration and method make them almost meaninglesse.
From Figse 17 and 18 two conclusions can be drawn:-

(1) D and D! deorease with increase in d.
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With Hi25 cylinders, when three solute-solvent systems were

studied, D and Dhi decreased linearly with d, ises DX - doe

There is a high probability that this correlation is correct

as repeats were carried out for both KCl-water and CClhmmethanol and all

the points £it the straight line well.

Comparing the variation with d of D in the Hi25 cylinders to

D in free solution, the trend is the same but D in the Hi25 porous

cylinders varies more linearly with 4 than D in free solutione.

7.9 Effect of the Properties of the Porous Media

7.9@11

Comparative Values of K2

The valuss of K2 at nominal radius r, = 0s65 cms are given

in Table 6+16« The conclusions drawn Ffrom Table 6.16 are:—

(1)

(2)

Tor all three porous materials, the value of K2 for KCL is

always greater than that for sucrose. TFor the H125 cylinders,
the solutes in order of increasing K2 (or degree of hindrance
by porous media) are sucrose, carbon tetrashloride, potassium
chloride, iecee the larger the diffusing particle, the less it

is hindered by the porous medine

For sucrose and carbon tetrachloride, K2 decreases as the

initial solute concentration increases, but for potassium chloride
K2 increases as the initial solute concentration increases. A
possible explanation is that adsorption of the solute molecules
on the pore walls ocourse With the larger molecules (sucrose

and, to o lesser degree, carbon tetrachloride,) the available

pore wall area is limited and so, for concentrated solutions, no
more molecules can be adsorbed and hence K2 is smaller for

concentrated solutionse

With potassium chloride molecules, more small molecules can be
adsorbed (and the adsorption may be stronger than in the other

cases, since it is an electrolyte) and the limit of the pore
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wall area may not have been reached with 3N solutionse Thus, the
more molecules in solution; the more would be adsorbed and Kg

would increase with concentratione.

It must be noted, however, that K2 is a ratio of two

quantities which are not exactly comparable. D in free solution

is the differential diffusivity measured at the stated concentration,
D in the porous medium is the integral diffusivity measured in a
range which starts at the stated concentration and would after
infinite time, decrease to zero. Thus the trend in the values of

K2 is more important than the exact values.

For sucrose and potassium chloride, Kz is generally greater
for desorption than absorption, i.e. desorption is the more
hindered processe. For carbon tetrachloride there is no
appreciable difference between the values of K2 for absorption
and desorptione

Comparison of Values of K2 and the Porosity Factor

Erdos and Jiru (27) stated that the value of K° (their

symbol was Pd) was not dependent at all on the porosity of the porous
mediume To test this statement, the quantity corresponding to K2 was
defined as the porosity factor, ?p'

r = 100
P mean porosity of porous medium

From Table 6016, mean values of K2 were calculated for each

porous material and the mean values compared with the values of ﬁp'
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Table 707« Comparative Values of K? and EQ

Porous Material Mean galue Mean Value
of X of F
b
HI25 1062 1295
V5 2416 235
co2 2691 2,56

Although the values of K2 and Eb are not the same, the
experimental evidence indicates that K2 is related to the porosity

1
and so contradicts the statement of Erdos and Jiro.

Table 7.7 also shows that, excepting the CC2 cylinders, the
value of EP is greater than the value of K2, i.ees the decrease in
diffusivity is less than the decrease in availoble volume. This
means that the reduction in surface area and the other factors which
tend to reduce mass tranéfer are connected with the decrease in the

available volume but are not directly proportional to ite

In commection with the porosity effect it was thought that
if o correction for the porosity was made to the experimental values of

D, the significance of other properties of the porous media would be

D
= individual cylinder porosity
were tabulated and the results statistically anolysed, and the conclusions

clearly showne For this reason valuess of D1

compared with those of statisticel analyses of the values of Da

The comparison was disappointing in as far as it did not give
any new information (see Figs. 17-23, 25-28, 30) but merely emphasised
the effect of variables, e.g. in the cases HI25-sucrose~water, VoHi—
suerose-water, (C2-sucrose-water, the concentration ¢, the method m,
and the method m respectively become significant at the 5% level for p!
which were insiguificant at the 5% level for D. In the case V5-KCl-water,
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method m is significant at the 1% level for D' whereas it is only
signifioant at the 5% level for D

709e3« Effect of Particular Physical Properties of the Porous Media

7¢9e301s Effect of Total Porosity

In the preceding sections the importance of the porosity of the
porous medium has been emphasisede.

From Figs 24 it is clear that, within the experimental error,
D is linearly proportional to P, the porosity, for KCl-water and
sucrose~-water.

7+943%3.2s Effect of Mean Pore Diameter

From Figse 25 and 26 it can be seen that there is no correlation

between D and the mean pore diametere

7¢9¢343a Effect of Pore Entrance Size Distribution

As the criterion of pore entrance size distribution, the
percentage of the pore volume composed of pores with diameter less than
1u was taken. The choice was arbitrary but was considered to be a
reasonable ones

From Figs. 27 and 28, it can be seen that any correlation
between D and &# is completely masked by the porosity effecte

7+9a3ele General Discussion of the Effects of the Physical Properties

of the Porous Media

Fige 2h indicates that D is linearly proportional to porosity
but Table 6.2k suggests that the ratio of D for HI25 and V5 cylinders is
related to the square of the ratio of the porosity. As there is only
one value of the porosity ratio and as the ratio of D? is only in
slightly better agreement than the ratio of D, it is wiser to postulate
that D i1s linearly related to the porosity.
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Table 6.2k indicates that, particularly for fine pore
structures, D is o function of P, the percentage of the pore volume

occupled by pores less than iy diameter.

Therefore the effects of the pore structure on D can be

summarised by the formula:-
D = a+b (Porosity) + £ (P)
where a and b are constants
£(P) = function of (P)

710 BEffect of the Interaction of the Diffusing Particle and the

Porowa Media

It has been suggested (45) that z, the ratio of the
diameter of the diffusing particle to the mean pore diameter, was of
primary importance in mass transfer in porous medias Figse. 29 and 30
show that there is no simple relationship valid for all porous materials.
Fige 29 indicates that the dependence of D on z is different for each
porous materiale From Figse 30 it can be seen that the results for Hi25
and (C2 cylinders are slightly related but that the V5 results stand alone.

Therefore, for large pores, the ratio z has no effect on the
value of De Thus a tentative formula could be postulated:

. d
D = £, (Porosity) + £, (P) + £y ( ~% )
where ff ( E% ) is negligible for large pores
dp = diameter of diffusing particle
d = mean pore diameter of porous medium

Friedman & Kracmer (46) suggested the following relationship

for mass transfer in gels.

py= D, (1424 E) (14m) (1 49)
where Ds = diffusivity in free solution

Dg = diffusivity in gel

r = radius of diffusing particle
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radius of the pores in the gelo

a correction factor for the difference in viscosity

between the liquid in the gel and pure solvent.

a correction for the mechanical blocking effects

The experimental values of D at the levels Ty Gy 8 and

Yo Co

are given in Table 7+8.

assumed zeroes

B was taken as (1 -

porosity )‘

No figure for % was available and it was

d were substituted into the above relationship and the results

100
Table 7.8
Solute~Solvent 106 Dg 106 Dg 9 R
Porous Material System (experimental) (caloulated) | 7 “F70F
Hi25 | KCl-water 20.1 16l - 18
Hi25 Sucrose-water 342 Leilj + 30
H125 6C1, -methanol 1540 1he5 - 3
V5 1 KCl-water 20.1 12.6 - 37
V5 Sucrose-water 32 315 - 2
o2 | xC1-water 2001 905 - 51
cc2 ; Sucrose~water 302 2ok - 24

It is obvious that in only two cases do the calculated values

of the diffusivity in free solution agree with experiment.

Therefore the correlation does not appear to be valid for

the systems studied.

Attempted Corre

lations

Starting with the simplest correlation, remembering that D

is a function of porosity and P, the percentage of the pore volume filled by

pores less than ip diameter, the following relationship was tried:-

D =

a + b (Porosity) + ¢ (P)
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Using experimental values of D at the levels r, ¢, a and

2 2
r, Gy d, the values of the constants a, b, ¢ were:-
D = = 8:02 4 06390 (porosity) ~ 0+,006 (P) - KC1 ~ water
D = = 2019 4 0.099 (porosity) - 0,002 (P) - sucrose - wabter

Obviously the form of the correlation is not that to give a
correlation of general applicabilitye.

The following correlation was then tried:-

D = D 1 4+ 8P where D, = diffusivity in free
f T e 1 + Db (porosity) solutione
D, = experimental diffusivity.
When the values of D for Hi25 and CC2 cylinders at levels r, ¢, & and

rs Cp d were substituted into the relationship, the values of the constants
a and b were:~

o

i
]

0.0325; b
0.0480; b

0e0245 sucrose-water

o 0«0170 KCl-water

It
]

Thus there is no simple algebraic relationship which
correlates the results for all systems, and the most satisfactory
formula is that given in 7¢9e3.he, namely

D = a +b (porosity) + £ (P)

0 st P g
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8« CONCLUSTONS

1o Experiments were carried out in the form of planned statistical
seriess Duplicate runs were carried out and the probability
of' an effect was measured statistically and confidence limits

givens

20 Two experimental methods of measuring the diffusivity of

potassium chloride in water gave results which agreed to within
L%e

3« The percentage experimental error of experiments using +*he

recording balance is 0.8 - 1el%.

Lo (a) For agueous solutions absorption occurs more quickly
than desorption; for organic solutions desorption occurs

more quickly than absorption.

(b) TFor aqueous solutions the method of sorption becomes
statistically more significant as the porosity of the

porous medium decreasese

(¢) Experimental data for the systems, potassium chloride-
water and carbon tetrachloride-methanol agree with the
theoretical prediction of Crank and Henry regarding the
relative rates of absorption and desorption. The
experimental data for the sucrose-water system does not

agree with their prediction.

He The diffusivity in porous media varies with initial solute
concentration in the same way as does the diffusivity in free

solutione
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D for potassium chloride-water increases slightly as the
initial solute concentration increases; D for sucrose-~

water decreases as the initial solubte concentration increases.s

The effect of cylinder radius r on the diffusivity, D,

depends on the grade of the porous mediume

For H125 porous ¢ylinders, D does not vary with radius;
for V5 and CC2 porous cylinders, D increases slightly as r

increasese.

External flow conditions have no effect on the diffusivity

in the porous media examineds

Diffusivity decreases as the diameter of the diffusing
particle, d, increasese For H125 oylinders D decreases

approximately linearly with d.

(a) The larger the diffusing particle, the less it is
hindered by the porous materiale Foxr HIZ25 cylinders,
the solutes in order of inereasing degree of hindrance

are sucrose, carbon tetrachloride, potassium chlorideo.

(p) The degree of hindrance to diffusion is related to the

porosity of the porous mediume

(¢) The uwean pore diameter and the pore sire distribution
parameters had o small effect on the diffusivity. The

chief factor was the tolal porosity of the porous mediume

The experimental dats does not indicate that D is dependent
on the ratio of the diameter of the diffusing particle to the

mean pore diameter of the porous mediume
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APPENDTIX

t

SOLUTION OF THE DIFFUSION EQUATION

For cylindrical co~ordinates the differential equation is;

0

Y
I 4.8 Lo
with the boundary conditions

(1)

¢ finite ag t —» 4+ @

(ii) ¢ finite as r == o
(iii) c = o,atr = a (o
(iv) c = cpatt = o (o
Let ¢ = R(r) T (%)
o e R 4T D &2R m +l
dt dr2 r
el L N
DT 4t R drz

= a constant

<'t<+(1))
<r<a)

assuming D is independent

of concentratione

Since the left hand side is a function of t alone and the right hand

side is a

o o 1

function of r alonee
Put - p2 = constant

dT 2

Dr q " " P

s o dT

T

= - Dp° at



ee InT = =D p2 t + constance
. - 132 Dt
e s T = le
2
d R i dR 2
+ ™ == 4+ p R=0
dr2 r dr
+'s R = B Jo (pr) + ¢ Yo (pr)

where B and ¢ are constants

Jo (pr) = Bessel funotion at zero order
Yo {pr) = Weber's Bessel Function of zero order
~p? Dt
. e P

o e C -

(3 3o (pr) +¢' Yo (pr) ]

If we put the constant = o

then T = A

and R =C + B log r

e'e C = A 4+Blogr

.+ the most general sglution is

C = A+Blogr 467 Dt [B]Jo(pr)-n-CIYo(pr)]

¢ is finite as r—» o0 and t —% L ©

e s B = o and C‘l = 0
2
e - 1
« e O = ePDtBJo(pr)
condition (iii) gives
~p2 D t 1
0 e B Jo (pa)
‘o Jo (pa) = o
«"e Da = &8 typical root of JO (&) = o
2
Ce e = B e‘-fﬂigmj Jo(ig_ r )

o
&
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Taking a series solution

™ -0 Réz ¢ ? s
C = £ &, o -m:?-- Jo ( — T ) and putting
x = r/a
when condition (iv) is applied
ol
Cy = 23-;:: A, Jo (cr.sx) (o <x <1)
2 E
A = ——ge— { xC, Jo (=_x)adx
8 2 . -i S
Iy (ms) 8
—— e xJd (= %))
Jy (fxs) 8 . 0
= 20

. Ul P ) oy ey W Pt w2
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APPENDIX 2

PROPERTIES OF THE SOLUTE-SOLVENT SYSTEMS

The properties considered relevant to diffusion in
porous media are the integral mutual diffusivity in free solution,

the diameter of the diffusing particle, and the value of 1/k

(see 5e3)e

These properties are now considered in turne.

le Inbtegral Mutual Diffusivity in Free Solution

Tabulated values of the mutual diffusivity are given below,

together with the experimental method used and source of the information.

Table 1: Diffusivity in Free Solution of Potassium Chloride in

Water (2500-)

Concentration 105 Dﬁffusivity Experimental Method § Source of
(gmeequiv./litre) (cm™/sece) Information
-ﬁ
t i 1.88 Magnetloally—stirred1
2 201 porous diaphragm (A7)

2011

cell




Table 2: Diffusivity in Free Solution of Sucrose in Water (25 Cs)

Concentration 105 Diffusivity Experimental Method Source of
(weight %) (em2/secs) Information
0«7 0.517 Schlieren concentration
15.0 04420 gradients measured by 3h.
300 04320 refractive index 48
61405 0+107 polarisation interfero- | (49
meters
Gouy interference (35)
5025 0-’4-82
Table 3: Diffusivity in Free Solution of Carbon Tetrachloride in
Methanol (25°Ca)
Concentration 105 Diffusivity Experimental Method Source of
(weight %) (om?/s6c) Information
LO 1.66 Magnetically-stirred (53)
50 150 porous diaphragm
60 1 93).1. Cello ]
2+ Size of the Diffusing Particle
Table k: Diameters of the Diffusing Particles
Substance Diameter of Diffusing - Source of Information

Pertiole (1)

Potassium Chloride
Carbon Tetrachlori
Sucrose

540
5.8
9.0

de

(32)

A scale model of sucrose
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Notes: A scale model was used Dy the author to determine the largest
dimension of a sucrose molecule. This depends on the relative

configuration of the glucose ringss

The effective diameters of the diffusing particles in the
case of potassium chloride and carbon tetrachloride were determined

using data on ionic radii.

It was assumed that the volumes of the ions were additive and
thus an effective diameter was calculatede In the case of potassium
chloride 0.9 molecules of bound water per molecule of solute were
included in the diffusing particle. This figure (the hydration number)

was the empirical value found from diffusion data (51).

3¢ Values of 1/k

In section 5«3« it was shown that the analysis of the data
obtained from the recording balaence depended on the existence of a
substantially linear relationship between solute concentration and the
density of the solution, i.es

P ::.po-;.koC

Values of %/k for the systems studied are given in Table 5e

Table 5
Solute-Solvent System Temperature 1/k Source of
("Ce) Information
| KCl-water 20 1656
KCl~water 25 1672 (53)
KCl-water 30 1.696
Sucrose-water 20 266l
Sucrose-water 25 26671 (54)
Sucrose-water 30 24677
Sucrose-water L0 2+685
CClh~methanol 25 1981 (55)




Tables of concentration and density at QBOCa are given belowe.

A specimen calculation of i/k is also givens

Table 6: Density and Concentration Teble (KCl-water)

X Y
Concentration (gme ml."I) Density (gme ml.”l)
0.038 1023
0062 1.035
0.08L 0.8
0107 1.062
Oe131 1.075
015k 1,089
0178 1102
06201 1116
0«22 o131

Table 7: Density and Concentration Table (Sucrose-water)

X Y
Concentration (gme ml.*l) Density (gme ml.-l)
040 0.997
04051 14017
0. 104 1,037
04159 1,058
04216 14079
04275 10102
04338 14125
{ 0.4.02 1.149
06170 1ol 7h
0540 1200
0Bl 10227
04690 12255
0770 1.28h
0+85L 1314




|
|5®;
<o
i

Specimen Calculation

k is the slope of the plot of density vs concentration

-.e k = E:XY*&E:\X
B x°
where a = density of water at 2500.

= 0997 gme mI"l

. k = 60636 - 00997 X 5&11-83
30125

. = k

I

0« 3704

)

2,671

oy

T il U v b St} B ey
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APPENDIX 3

PROPERTIES OF THE POROUS MEDIA

The following properties of the porous media were determined
experimentally:- bulk volume, pore volume and pore size distribution.
Four porous materials were used -~ three grades of alumina~silicates and
one grade of Teflon. The properties of the porous media are now

considered in more detail.

e Dimensions, Bulk Volume, Pore Volume and Porosity

The values of the square of the radius, the bulk volume,

pore volume and porosity are given in Table 8.

Table 8: Physical Characteristics of the Porous Cylinders

Table 8a: Grade H125 (series 1) Nominal Length 2 inse

Cylinder | Radius (Radius)2 | Pore Yolume | Bulk Yolume Porosity

Noe Group (om2) (em”) (em’) (%)

LR R 025049 [ he78 949 50k

b r, 006014 | he86 9+59 5046

1 r, | 0eh282 2,55 6.83 51 o9

3 r, | 0ek420 3450 7405 5062

1 v, 1 02601 1596 hol5 | w71
11 ry 0.2521 1492 k.02 {1 L7.8




.-.130_

Table 8b: Grade Hi25 (Series 2) Nominal Length 3 inse
Cylinder | Radius (Radius)2 Poreagolume Bulk Volume | Porosity
Noe Group (cm?) (en’) (cm3) (%)
1 I'l 0058' 2 6.90 13:1}.5 51 03
2 r, 0+6021 7247 ka8 511
i Ty Qel 274 515 990 520
2 I‘2 Oeli1 77 50092 9&&}-0 51 -7
1 rs 042797 3036 617 5149
2 I'3 Oa 2626 2:20 )-|--33 50@8
. 7, 02683 2.15 L.e20 5162
6 r, 042770 2417 )28 5047
Table 8c: Grade V5 Nominal Length 3 ins.
Cylinder | Radius (Radius)2 Pore Volume | Bulk Volume | Porosity
Noe Group (om2) (cmd) (omd) (%)
]
1 I‘i 0#5805 5076 13-67 L2.1
1 r O..’+121 )—l—ll{ 9‘?0 42-1}-
1 I 002572 2061 4006 1}301
Table 8d: Grade CC2 Nominal Length 3 inse
Cylinder | Radius (Radius)2 Pore Volume | Bulk gglume Porosity
Nos Group (cm?) (em?) (on’) (%)
| i T, 04008 3463 9elidy 3845
1 Ty 062676 2436 630 3745
2 Ty 02686 1e5h La15 39.5
ll‘ 13 092630 1;67 11-.13 Ll-Otl{.
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Table 8e: Grade Teflons Nominal Length 3 inse

Cylinder | Radius (Radius)2 Pore Volume | Bulk Volume | Porosity
Noo Group (em®) (om?) (cm?) L (%)
L vy 042600 1639 1 .05 | 345
8 rs 002500 1456 )208 3842
2 Ty, 0o 1410 0.87 2631 | 378
5 I, 01370 0.82 2038 3he5

2s Pore Size Distribution

The resultr of the mercury porosimeter tests are presented
graphically ir two ways:i~

(2) Cumulative volume occupied against pore entrance diameter

which gives an S-shaped curve.

(b) Volume occupied against pore entrance which gives a 'normal"
curve from which the mean pore entrance diameter can be

determined.

The results are shown graphically in Figse 31 ~ 34 and a
sample calculgtion is given below.
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Table 9: Specimen Calculation of Pore Size Distribution Test

Date: August 1h, 196k. Sample Nos Hi25:6
Bulk Volume 4«28 cece . Pore Volume 217 cece Sample Porosity 50+7%

Low Pressure Work

Mercury Reading
Time Tgmp. Head 4 Volume | Corrected | PsVe | Porosity = PV
(TCe) | (omeHge) |Initial | Final (cce) PeVe BoVe © BeVd

[ (coo) | (cos) | (cos) [ (B | @
341k | 250 1o ] 04035 100031 ] 04000 0a000 | 0.0 5047
13419 25.0 20 | 0.038 } 0.038 C.007 0.003 0607 5046
3e25] 2540 3l I 0s040 § 000 {1 0009 000k 009 5046
34271 25.0 120 | 04050 § 04050 ] 0.019 0.012 0.28 50k
36281 2540 23a1 0«05t § 0:051 1 04020] 0.013 0430 50 ek
3030 | 2540 LBeR 0.055 { 0055 0.02 0.017 040 5043
15351 25s1 1 A+30:0 0.060 {00060 06029 1 00017 040 50e3
High Pressure Work
Time lb./in.z Ohm Reading Accumulative Corrected | P«Ve [Porosity — PaVe

(gauge) : ?-V.) %;g. @ BaVs
Initial Final | ohms | Volume CCe A o
() ) [ | (ocs)

Le32 A 6403 6e03] 0 0 0«017 0«40 5063
b+ 35 23 6403 6.031 0O 0 0.017 0oh0 5043
le36 33 6403 6403} 0O 0 0,017 06440 5043
L« 38 51 6403 6034 O 0 0.017 0440 5043
.e39 87 6+03 64031 O 0 0017 040 5063
hoolid 122 6603 6.03{ O 0 0.017 0ok0 5043
L.e52 193 10410 1021 | L+18 1+089 1106 258 249
5006 217 11.30 113k | 5631 14384 1401 {32.7 1840
5.28 o7 12.20 12,22 ] 6419 14613 1.630 }3841 1246
5430 285 12.90 12490 | 6,87 12790 1.807 |h242 865
532 336 13640 13401 7537 1920 16937  [4523 Saly
5e33 1,07 1384 1384 | 7481 24035 2.052 {479 2.8
5435 516 11410 ihe10 ] 8407 24103 2120 49.5 1.2
5436 691 1422 1422 | 8419 2413l 2.151  |5043 Oely
5437 1047 12428 11,428 | 8.25 24150 2.167 5046 o
5-lp0 T?OO 11}-.29 ] 11]-029 8026 2'152 20169 50-7 Ce0
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From the graphs of % pore volume and % bulk volume occupied
against pore entrance diameter, the data in Table 10 was obtained.

Table 10: Characteristics of the Porous Media Obtained from Pore
Size Distribution Curves

. Mean Pore % of Pore % of Bulk Volume less
Meborial Grads Diameter Volume Less than tp Diameter
() than 1 Diameter
H125 1.0 4943 ] 25
V5 ) 67 { 3.0
cc2 0ok.5 97.8 ) 3865
4 Teflon Ty 20 384k 1849 | 1e5; 645
ry 20 2.8 : 1.0

The runs with Teflon cylinders of radius Ty, were nct
consistent and a mean value could not be taken. Hence there are two
values for the percentage pore volume and bulk volume occupied by

pores less than tp diametera

s e vty Sap P, g S T
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APPENDIX L

STATTSTICAL ANALYSIS OF THE VALUES OF D FOR THE SERIES Hi25 -
CARBON TETRACHLORIDE -~ METHANOL

Note: The values of D were caleulated using the solution of the

diffusion equation for short timese.

Series of 18 Runs with Repeats

Legend

Sy 10 weight % GClh T, 0.77 om, radius
c, 50 weight % ccL, 0«65 cm, radius
c 60 weight % CC1 r, 0652 cm, radius
3 L. 3

a  absorption d desorption

Individual Values of D
Noe of Run 105 D 105 D Repeat
(cm2 390“1) (cm2 secﬁl)

r o, a 1,00 : 0699

I‘] 02 a 102 | 102

I‘_l 03 a 0086 0989

r, e, a 100 i«08

T, 5 8 0498 0.87

r, 03 a 0«87 0.85

r3 o, & 1.07 100

r3 02 a 0s93 : 101

1‘3 03 a 0089 ‘ 0085

r, 01 d 1.02 102

I‘.‘ 02 d 1.10 i‘06

Ty 03 a 102 101

Cont'd/over



Ty Cf d 100 103
r, G, a 0,98 0e97
1‘2 03 d 0086 0-88
rs Oy d 1406 1 a0l
1‘3 02 d 1003 0999
I‘5 C;3 d Ou98 0095
gum ovar Repeats
CH s 03
b Ty r3 r, ro r3 r o r3
a 1.99 208 207 20k 1.85 194 1475 1072 o7k 1718
d 2s0L 2,03 2 10 2.6 1496 2402 2403 .7k 193 18,00
35418
Sum over Radius
¢y °, 03
a Gell 5¢83 5e21 17018
6417 6e13 5870 1800
12631 11496 10691 35418
Sum over Concentration
Ty T, r3
a 5078 5065 5»75 17.118
623 5472 6,05 18.00
12+0t 1137 1180 35.18
Sum over Method
ry r, rj
C.l hoOB l{«oi‘ )-a--i? 1233]
02 1—2-920 5080 5196 TIQ96
g3 378 3ak6 3467 10:91
12401 i1e37 11,80 35618



BEstimate of Variance of Effects and Interactions

(grand total)2
total number of runs

Correction Factor (CF) =

. 2
v o = (3Bl L snszeery

concentration, ¢ : (12.31)2 +4£11096)2 + (10»91)2 - CF
12
= 0088473
. A \2 2 2
radius, r 3 (12,00)7 4 (11037)° + (11,80)° - CF
12
= 0017739
method, m : (17:18)% 4 (18500 -~ cF
18
= 0.018678
. . 2 2 2
interaction, cr : (Le03)7 coee 4+ (3:96)7 4 (3:67)" ~CF - ¢ =1
6
= Q«0182i1
. . 2 2 2
interaction, cm : (6014) csoo 4 (5221)° 4 (5.70)° = CF - ¢ - m
6
= 0s008905
. - 2 2 2
interaciion, rm : (5678)7 00 & (5a75)7 4« (6605)° - CF = r - m
6
= 0006106
. R 2 2 2 2
interaction, omr : (1299)7 4 (200)° cee 4 (1074)° + (1693)°  « 0P =0 ~m =1
2 ~ gl - CIr' = rm
= 0004211
Residual = total ~¢c ~r-m=-or ~cm~rm- smr = Q0194

Total = (1:00)% 4 (1402)% 4 v 4 (0:99)° 4 (0695)° = CF = 00181723
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Statistical Table

Factor No;foggzzggzes Sum of Squares Mean Squares
concentration, o 2 0.088473 0.0L1.236
radius, v 2 0017739 0-008869
method, m i 0018678 0.018678
interaction, cr L. 0018211 0004552
interaction, cm 2 0008905 00044152
interaction, rm 2 0.066106 0003053
interaction, omr L 0.00K.211 0001052
{residual 18 0019400 0001077
Total 35 0+181723

The mean square of interaction or effect is compared with the
mean square of the residual (also called the experimantal variance)e If,
when the statistical tables are consulted, the interaction or effect is

not significant, then a new residual is formed.

. ) s Sl i e

By inspection, interaction omr is insignificant.

0019400 4+ 0004211
18 + 4

04001073 with 22 degrees of freedom (d of f)

the ratio of the mean squares is termed the F ratio.

o's New residual =

i

interaction rm : P = 0.003053 2.85 vy o= 2
0001073 -~ “° v, =22

where vy and v, are the number of degrees of freedom of the numerator and

denominator respectivelye

The table value is 3.4l

» oo rm  is insignificant at 5% level.
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New residual = 00023511 4+ 0,006106
22 4+ 2
0001238 with 24 4 of f.

I

interaction em: F = 0.004h52 3,60 V1 © 2
0,001238 ~ ~° v, =2k

The table value = 340

o'+ interaction cm is significant at 5% level

The residual is now fixed at 04001238 with 24 A of f.

. . . . 00004552 - V. = h
interaction cr : F = 5.001558 = 3.68 vé _ o

The table value = R.78

e o interaction cr is significant at 5% level

'« D = £ (em) + £, (or)

M (npypy sk Sk vk S T S VS ST
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APPENDIX 5

STATTSTICAL ANALYSIS OF THE VALUES OF D1 POR_THE SERIES

H125 -~ CARBON TETRACHLORIDE - METHANOL

Table of Individual Values of D1

Noe of Run 105 D3 -1 1052Di Repeat
(em® sec. ) (em” sec.™1)
rycy 8 1495 194
ry 05 8 1.99 2400
v 05 8 1.68 1a7h
r, ¢ a 192 2409
T, ¢, 2 1.88 1468
T, 05 @ 1.67 1e6h
?3 ¢, & 2.06 1491
r3 ¢, a 1«79 193
ry 0z 0 1«71 1462
ry 01 d 199 2.00
r, o, d 2.1} 2,07
r o3 d 1.99 198
o 31 d 1492 1499
r, S, a 1.88 1.88
r, O a 1.65 170
Ty O a 240k 1098
T c, a 1.98 1.89
r3 03 d 1.89 181




Sum over repeats

140 -

° o °3
ri r, 1:*_3 T r2 r3 T, r2 r3
a 3.89 k.o O1 397 3699 3056 3072 3eh2 3031 3433 33020
a 3699 3691 Lo02 Le21 3.76 3487 3497 335 370 3Le78
67.98
Sum over Radius
¢ 02 03
a 11.87 11.27 10.06 33420
d 11092 ?108}4- lio02 31]-.78
23479 23611 21408 67.98
Sum over concentration
ry r2 33
o 1130 10.88 11.02 33220
a 12417 11.02 i1 59 3h.78
23647 21490 22661 6798
Sum over method
c, Cs 03
I'.l 7::88 8020 7039 23.&-7
T 7692 732 6.66 2190
r5 7299 7+59 703 22461
23479 23011 2108 6798



Bstimate of Variance of BEffects and Tuoteractions

. 2 2
Correction Factor (CF) = (grand total) _ (67-98
Total number of runs 3 1284368900
. . 2 2 2
Qoncentration, o : (23679)7 4 (23411)7 4 (21.08)7 - CF = 04331316
i2
Radi % o7) % 2 61)2 6
adius, r : (23e47)° 4 (21690)° & (22:61)° = CF = 0610301
i2
Method, m : (33620)° ;.84514-.78)2 - CF = 0006934k
. 2 2 AL
Interaction, or: (788)7 4 soe + (6666)° 4 (7403) = CF =0 - 1
L
= 0066768
Interaction, cm (]in87)2 + oaoo £10006)2 o+ (}1::02)2 - 0 = o - m
6
= 00031}'711—0
. 2 2 2
Interaction, rm (110300 4 oo 4+ (11402)7 & (1159)" = CF - r = m
6
= 0.022440
. 2 2 2 2
Interaction, ocmr : (328907 4 (3:99)7 & wooes + (3:33)° & (3.70)° ~ CF =~ ¢ -
2
m=71~c0re-cr-rm = 0.017076
Residual: Total - c~r~-m=-or - om~ rm - cur = 0.07720

Total 1 (1095)% 4 (1e90)% 4 voee 4 (1089)2 4 (1.81)% = CF = 04721900
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Statistioaliﬁ@ble

Factor Degizzgogf Sum of Squares Mean Squares
concentration, ¢ 2 0e331316 00165658
radius, r 2 0.103016 0051508
method, m 006934 0506934,
{interaction, cr Iy 0066768 00016692
interaction, om 2 00034740 0017370
‘interaction, rm 2 0.0224.0 0.011220
%interaction, cmr L 0.017076 00004269,
Iresidual 18 0007720 00004288
total 35 0721900

&
L [

New residual

interaction rm:

F

il

00017076 + 0.07720

18 + &

= 00004285 with 22 d of Fe

i1
(&
o
[T
—i
N
[\

The table value is 3elih..

@
L I

w
* =

Intersction m™m

New residual

Interaction cr:

P =

I

= 22 x 0.004285 4+ 0.0224L.0

22 + 2
= 0004862 with 24 d of Fe

00016692

. G2

00001863

The table value is 2.78

[}
* »

v
v

33

1
2

interaction cr is significant at 5% level

interaction cm :

P = 0,01

D004 862

v

357

1
2

Inu

it n

is insignificant at 5% levels

h

2l

By inspeotion, interaction cmr is insignificant
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The table wvalue is 340

¢’o dinteraction cm is significant at the 5% level

'« D = £ (or) + £, (om)

- v e s ) Tt Ry



(1)
(2)
(3)
(&)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)

(1k)
(15)
(16)
(17)
(18)
(19)

(20)

(21)
(22)
(23)
(2h)
(25)
(26)
(27)
(£8)

- “_p‘.}. -
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