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ABSTRACT

This thesis was undertaken to augment and validate
the previocus work of Ratecliff and Reig in the area of
diffusion of immiscible liquids. Thelr novel approach
to this particular problem of liquid diffusion led the
author to consider an experimental technicue that has
been used in gas-liquid studies. A short wetiedewall
column was usgsed to daﬁanmin@ the rate of mass transfer
of bengene and toluene into thin cylindrical films of
water. A general analytical solution for the rate of
mass transfer haz been derived and is given below., This

solution wag checked using the system benzene-water.
_ e,
¢ = 3.53(M?j R* 1% p% q” ¢,
ALy

The calculated diffugivity from the experimental ree
sults for the system benzene~water with the author's above
derived equation gave a result which was approximately
thirteen percent lower than that reported by Rateliff and
Bsgg)in thelr study of the same system using spherieal
films of water.

The system toluene~water was aslse studled and data

18 presented.
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Liquid diffusivities are meamsured by either a die=
phrags aal%hggghﬁiqua or by methods employing unsteady
state diffusions The spparatus used in measuring the
diffusion coefficients is essentlially the same as that
employed for gases., Howover, since the diffusion coef-
ficients for ligquids are of the order of four powers of
ten smaller than thoze for gases, the corresponding ape
- paratus for liquid diffusion studies is of the order of
cne~-one hundredth the size used for gases, assuming one
would like the obgervation time to be the game as that
used for gases. 7This restriction on the apparatus is
brought about because the concentration distribution is
essentially a function of x°/Dt, x being the linear di-
mensions of the apparatus, U the diffusion coefiiclent,
and ¢t the observation time, Thia‘ﬁxpariM$aﬁ&l handicap
makes the delerminatlon of Jdiffusion coefficients of
liquids rather difficults BHowever, if sultable methods
of analysls are available, the rather small apparatus
eould he sufflcient.

In the ¢ase of measurement of diffusion evefficients
of immiselble ligquids, the small size, the difficulty in
obtaining sampleas; and the method of analysils present
trenendous problems in the obtaining of data of reliasble



RCCUTACY . This(&g attested to by the fact that in re-
cent compilations of data, values on diffusion coefflw

cients for immiscible ligquids are not reported.

With these problems in mind, a steady state method
for the determination of diffusion eoefficients of im-
miscible ligquids was introduced by Rateliff and Beié7)
uging thin filnms pr water flowing over a sphere immersed
in an "atmosphere"™ of another fluid. Thelr work was an
outgrowth of the previous work of Devidson and Cullaéf)
involving the absorption of sparingly soluble gases in
spherical films of water. Rateliff and Reld, using the
same physicel model as Davidson and Cullen, namely, that
the veloeity profile of the £ilm of water at any point
on the sphere could be represented by assuming the flow
to be that of an inclined plane tangent to the surface,
developed an analytical expression for the rate of mass
transfer of the fluld studied. The diffusion coefficient
D, was expressed ag a function of the parameters of the
system, and the physical properiies of the flulds.

Similarly, in this thesis, an expression for the rate
of mass transfer for cylindrical f£ilms of water was de-
veloped using a modifiecation of the same velocity profile
assumed by Ratellff and Reld in thelr experiments with
spherical films. The diffusion soefficient obtained in



this work for bengene was lower by approximately thir-
teen percent than that obtained by Ratcliff and Reid.

Sinee the diffusion coefficients of immiscible lig-
uids are nowhere to be found in the literature, the
system toluene~water was also studied and the results
for both organies compared against th?gengineering M-
pir%§§l expressions of both Wilke-Chang and Othmere
Thaker, The Othmer-Thaker expression wes found to give
results closer to the author's valus than Wilke's exw

pression.
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Consider a liquid £ilm flow over the oulside of a
eylindrical body in the "atmosphere” of a second ligquid.
For thin films the flow may be reprusented by . verbleal
plate tangent to the surface of the eylindrical body.
Assuning this phyeical situstion and little shear at the

interface, a velocity profile can be obtalned.

X/ Figure 1

By equating viscous and graviiy {orces from the above
dlagram {fig. 1) the following differential equation is
obtained.

L %
2 = (parpelyens 33

Whileh zives

Too = (puflyp s+ S (1a)



the boundary eondition Tor enintion (ia) belng, x = 0

Z& = 0 and the equation can then be written as,

T2 = éd“’“/%);¢“’05 (1at)
Algo, sinece the flulds are Tlewlonlian we have,
Yy
e e A .
o (1p)
Substituting this into equation ta* gives,
‘fz%% - Qidv%ﬁqzaaﬁ
M - 7 7 /Z’/ 4& (2)
integrating giving
%’-’ - /60“)70‘);“06 /%Z » C2 (3)
2 ey

the boundary ecndition being 2t x = a, Vé =0 , the conw
stant being evaluated and producing

G - fpupalgucs o (32)
The velocity profile is then
2 2
Vi« fpumlgeleos [/ 2 )

However, for the particuler case in which we nre ine

terested coz N = 1, when B = 0 for a vertical plate,

- (/‘OW' 5) a’ A
% 7 //Zd/“/ [/’ ?/ {5}

Thig gives,




The maximum veloclty mey bhe oblalned by letting x = 0,
then

\/?_ - _(/OW'/OB’)G.Z‘; {5,)

maj 7 /2/(,(,
/

Another equation of interest ig the volume rate of flow

’ on/o/%w"i" %)

which gives for a vertical plate.
| R = _/@u) '7'/95) \/\/@3 (83

3ty

For a oylindrical body W may be replaced without too

much error by 2 Re Then we have

Q: Z(/Ow‘ﬂg)///ﬁa,s
: S, (9)

Consider the case where we have abhsorptlon into a
falling film as shown below.

X

g,




The assunption thet the liguid will not penetrate
very far into the film will be used to solve the ﬂif?1>
ferential equation. From the general diffusion equation

with constant density and diffusivity we have,

A, L Ca
% d}'q = 'O/’B 0&01 (?0}

for ¥V, we substitute V (1= x)e However for thin
4 Z max a:
£ilms with small penetyation equation {10) can be written

aa,

2 At (11)

% DZCA OAB JZC;;

The solution, bty the ?’gpghod of "combination of varie
ables™ has been worked out and gilves the following conw
centretion profile. Caq _ . A gl

: Cha

\/ 40}16/\/,«:#
(12)

The local masg flux at surface x = 0 at a position

z down the column is

| AC[J = RO Vmoy
Nw@) LT (13)

the total material for the entire surface ZI/RL is then

G = 27RL Ca, ,/@Tﬁ;@‘“ (1)



which 1s obbained from the followlng integration,

277k 4
G - //Nen‘;ofy (15)
but we have
Uy = (Perg )
Z ety ~
and e 3. 5 \
ﬁ”‘/w"/oe);] {15)

Equation (16) ean be obtained by determining the film
thickness of the inclined plate flow. Therefore,

%
Uiy = fpuzed [ 3R 7] a
2 ot ] sz“/ /07/7/€§”W’/0,3);J ?)

Substituting this expression into equation {(i4) we have

| 4
2, Yr e '[3
G = 3.63 [24‘1;’:/?12;] 1 0% ¢ q (18)



Apparatug

The flow diagram ig shown in figure 3. Water from
the mains was filtered through cotton and glass wool to
remove impurities from the pipings and alr was removed
by a vacuum pump when the five gallon Jar was Tilled.

The deaerated water was then allowed to flow into the ine
sulated fish tanks This tank held a Bronwill circulating
system congisting of a pump and hester, which kept the
water temperature constant to 0.1%C. The water was sUmpe
ed overhead to a constant head device with a return to
the tank. Water flowed through the rotameter inte the
bottom of the tube and around the oulside of the cylinder.
The interface between the water and the benzene was kept
constant by means of a second constant head tank and a
second outlet stream controlled by s valve., This second
stream wag used %o obiain sampl&s; The liquid film was
very gsensitive to vibrations and auxilary equipment. To
reduce this effect to a minimum the column or gbsorber

(see fig. %) was placed on three styrofoam pads.

Procedure

The introduction of the bengene or toluene was carried
out in the following manner. The liquid flow rate of the

water was adjuated'ta give the maximun flow obtainable on
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the rotameter scale. A cap wes then piaced on the top
portion of the %tube to produce a more even distribution
of the film over the cylinder. Thig cap also zerved the
purpose of eliminating the entrance effeet of the llquid
water appreciably. The valves to the constant head tank
and the sampling line were then closed and water vas
allowed to overflow the take~off portiocn and pour into
the column, When the water level reached approximsately
one inch from the top of the tske-off portion the lines
were opened again and benzene introduced through the botw
tom of the column through the water layer, The benzene
wasg introduced slowly and the constant head tank railsed
as needed to keep the level in the take-off portion cone
stant., The benzene was allowed to flow until it had com~
pletely covered the cap. The cap served the desirable
purpose of trapping alr, so that the water did not come
in intimate contact with the liquld benzene until 1t reach=
ed the lip of the ecap. This resulted in reducing the en-
trance effect of the water on the mass transfer. Conges
quently, the diffusion lengih was measured from the lip'
of the cap to the benzene-~wnbter interface in the takeeoff

portion.

The ultraeviolet absorption spectrum of benzene in
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aguecus colution has & peak value of 25% mu znd thaﬁ(ggr
toluene has & peak vaiue at 261 mu. Bohon and Claussen
have determined the solubility of certaln arometic hydrow
carbons in water and their work was ultliized in deter-
mining the amount of aromatic in the water samples. The
values of the extinction coefficlents in their work were
used in this thesis. Using the BeereLambert expression,
the dimensions of thelr extinetion ccefficlents produced
a concentration unit expressed in grams per liter which
was converted to weight percent by assuming the density
of the solution to be the same as that of pure water,

The same equipment was used in their studies as in this
thesis, namely, a Beckman model DU spectrophotometer.
Samples were taken after s minimum of ten minutes oy after
two liters of solution had passed through the take-off
portion. At the lowsr flow rates the time between samples
approached twenty and thirty minutes. The samples were
collected from the second line lsading from the take-off
portion, The end of this line was a glass tapered tube.
When steady-stule condlitions had bsen reached samples were
taken by placing the enl of the tapered glass tube into
specially deslgned Beckman pilica cells. These were rece
tangular, one centimeter light path cells of five cubie
centimeters capacity with stoppers. The cells were rinséé
with the particular sample %o be taken a minimum of five



th

ftimes thon filled 1o overflowlng and stoppered quiecily

to prevent any vapor loss. The gample was then placed

in the spectrophotometer with deaerated water as the re-
forenca cell, At the low wavelenzihs slitewldiths of from
0.05 mm. to 0.80 mm. were used with complete reproducie
pility of the dats, After a run the cell was rinsed with
acetone, allowed to dry and the same procedure followed

at a different flow rate.

The end effects observed with the liquid-liquid sys-
tems were similiar 1n nature to those observed in the gase
1iquiﬁfstudia§, Wave formation was seen to oceur at high
flow rates. Slight vibrations and disturbances also caused
wave formation, B8ingle standing waves observed by Rateliff
and Reid were however not observed. A stagnant film of
impurities did accumulate at the liquideliquld interface
and small dust particles were seen to follew a circulaer
pattern at the base of the fube near the interface. These
patterns becems more pronounced at lower flow rstes than
at the higher flow rates. The diametor of some of these
ratterns reaching a value of almost one inch. It waz obe
gsorved that turbulence was present at flow rates above
four cubic centimeters pevr second for the smaller radii

tubss and as a conseguence data above four cubic centinmeters
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per second flow shows increased mass transfer. The effect
of turhulence at the interface wag also markedly greater
at the higher flow rates. This could bhe observed by see-
ing amall particles of benzene liquid being forced below
the interface for about an inch and then rising again.
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METHOD OF CALCULATIO

The data taken on any one run was the liquid flow
rate in cubie centimeters per minute, and the percent
transmission of the lliquid samples ny use of tize Becke
man DU gpectrophotometer. From those two values and
physical data obtained from various scurces the diffue
sivity of the twe organics benzene and tolusne were
calculated using equation eighteen which was derived in
the theory sectlon. This equation is given below.

ke
G = 3,63 {L@fﬁﬁa} Lt e,

where,
G = absorption rate (g/s)
fu= density of water (g/cm’ )
/4 = density of organic {(g/cm’)
R = outside radius of cylinder (cm)
L = height of transfer surface (cm)
D, = diffusivity (cm’/s)

G.= saturation concentration of organle,
in water at given temperature (g/cm’)

Q = 1iquid flow rste (on’ /s)

g = gravity constant 980en/s
A, = yiscosity of water (g/em. s)
U= 341416

The data obtained on any run was plotted with G
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{rate of masg transfer g/3) as ordinate versus flow rate
(eix’/3) %o the one third power and the best straight line
drawvn through the points, one point belng the origin. Pree
farence was given v the points 1lylng between values of

one to four guble centimeters per second, values above
being in error due to turbulence, The physical data such
as viscosity and density were taken frem the literature,
Cpos the saturation concentratlon of the organiec in water
at any one pargieular temperature was taken from Bohon and
Claussen's work and is plotted in the gppendix as optieal
dengity as ordinate versus reciprocal temperature on semie
log paper. The corresponding conceniration can bs computed

from the Beerw-lLambert law as given below,
D, = kel

where,
= gaturation optieal density
> extinetion coefficient (liters/g.cm.)

= concsntration (g/liter)

L« | ;
= oﬁ
#

= path length (em}

This equation is the basis for the caleulations of
the concentrations of the organic in water from the transe
migsion readings obtalned from the wvarious runs. For this
application D, is replaced by D the optical density of the
particular sample. The optical densgity being computed from
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the percent trensmission of the liguid samples in thet
optical density is the logarithm to the base ften of the
reciprocel of the pereent transmission, Values of the
ebsorption rete, G, were oblaloed bv mass balance basged
on these analyses. The assumptich was made for the vise
cosity term that the slight amount of benzene dissolved
in the water 4id not alter its properties and the vige
cogity of the f£1lm cowld be teken as that for pure water
at the temperature of the run. The diffusion length as
has been previously mentioned was measured from the end
of the glass cap to the liquid interface. The density
equations used were taken from the Internationsl Critleal

Tables and are glven below.

% = 0,90005 = 1,0636x10 t = 0.0376x10 & ~ 2,213x10 ¢

for benzene

= 0,88448 - 0.9159x10°t + 0.368x10° ¢

for tolusne t = %

In order to caleulate the mass transfer rate of the
ocrganic, the amount of materisl flowing was asswmed to
he whatever the pure licuid flow rate wasi for example,
two hundred and fifty cuble cﬁﬁtimetera per minute of
water was assumed to be a mass rate of two hundred and
fifty grams per minute. This is justified vhen 1t is seen
the percentage of the organic in the water is of the order

of from 0,001 to 0.02 percent by weight, Ths error ine
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herent in the water sotoneter belng uuch grester than any
censity corrvection fIor the very dilute solution. We now
have all the informantion %o place in the derived equation.
Pollowlng 1 e sawpls calculation frr run numbsr five,
From the plot on page twenty~seven the slope is 4,37 times

ten to the minus fourth power or,

which term equals the rest of the equaticn ory

7

Tow-Pa) A

37 x 107 = 3.63( R% 1% 0 Ga

A4y

Bvaluating the density, viscosity and concentrations
torms with the values for the redius snd diffusion length
gives for the diffusion coefficient a value of (.95 times
ten o the minus fifth power centimeters squared pey secw
ond, The value for the toluene run ig given in tadble eight.

Since data on these two sysﬁemé ig lacking in the
literature, comparisons were made with two engineering
emplrvical methodzs One is the VWilke-Chang sxpression and
the other is the Othmer~Thaker relation, Both zre supposed
to give resuwlts within o ranpe of ten percent. The Othmere
Thaker relation giving a slightly better result coupled
wish simpliciity. These expressions gre given in the appene
dixe



Run 1

Temporature QS;%QQ

DATA

Diffusion Length 5.50 inchesn

Flow rate Percent Opt.

{ce/s) Trans. Density
2,64 50.9 0.2933
1492 45,8 043391
1,50 1.2 0.3851
2417 48,8 0.3116
2,88 534 0., 2725
b2 61.8 0. 2090
3.0% 62.0 0,2076
4,16 6% 5 04 190%
4,55 66.2 0.1791
1422 39.5 0. 403k
1.00 3640 04437
0. 734 26.3 0. 5800
04566 215 08676
1.72 Ye, 03 Ue3565
3.09 58.1 0.2358

20

Ddameter of Tube 10,0 mm,
Material « Benzzne

Fl@w *%tw Wi

(ce/s)"

1.38
T2
114
1429
1.2
151
1457
1461
166
1.07
100
0. 90
0.83
1420
146

- 0,0154%1

0.01782
0.02029
0.01639
0.,01436
0:.0110

0.01095
0.0101

0.0094:

0,0212
0.02337
0.0305
0.0352
0.0188
0.012%

4,07
J.h2
3.0%
3.56
e th
3.76
Le21
4,17
.29
2.58

2.33
2.2%

04

3#?{

3.24
3.83

Abcerption
% Rate(s/sx 101



Run 2

Temperature 25.3°C

Mersien Lergth 5.50 inches

Flow rate Pgrcenﬁ Opts

{ce/s)

6+55
5475
5e20
L, 52

3417
2.67
2,13
175
1.28

Trans. Density ({cc/s)%

63.7
62.6
59.8
59.0
5641
5146
7.2
40,8
37.7
32.6

041959
0« 203
042233
0.2291
0.2510
0.2873
03260
0.3893
Ox 4237
0.4368

Diamsher of Tube 13mm.

Serial -~ Benzene

Flow rate Wt.

1.87
179
1473
165
1457
147
1a37
1.29
1,20
1.09

0.0103
0.0107
0.01175
0.01205
0.0132
0,01511
0.,01748
0,02048
0,0223
0,02562

607k
6.5
6.1
SR
5.07
4,79
b, 58
e 36
3.90
3.28

21

Abgorption
%  Rate(g/s x10

y



Run 2

Temperature 25.3°C
Diffusion Lengkh %.50 inches

2588

Flow rate Percent Opt.

{ec/8) Trans. Density
6458 6,0 0.1938
5.75 62,4 0.2048
.17 624 0. 2048
% 55 6042 0. 220%
3.87 5841 0,2338
34089 53.9 0.268%
2450 50l 0.2975
1.67 b1 0.3862
1.28 35,5 0.4498
0.917 29.9 0.5243

Diameter of Tube 13mm.

Material ~ Banzene

22

Flow rate Wi, Absorpiion
{ce/8)2 %  Rate{g/s x1
1.87 0.0102 6472
1.79 0.01079 620
1473 001079  5.57
1466 0.C1161 5.28
157 0.012%1 %.80
126 00113 %36
1.36 0.01567 3.92
119 0.02034 3439
1.08  0.0236%  3.03
0.97 0.0275 2, 5%

0*)
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DBaTA

Run 4 Diameter of Tube 13mm,
Temperaturs 25.4°C Material - Benzene |
Diffusion Length 8.2% inchas

Flow rate Percent Opt, Flow ra*ge m Absorption "
(cc/s) Trang. Density (ec/s)” £  Bate(g/s x107)
3.3 5041 0.3002  1.49  0.0158 5¢27
2.87 47,2 0.3260 1.2 0.01715 k.92
2,40 L2,k 0s3726 1a3%  0.0196 4,70
1.92 35.5 0.1498 1e2  0.02365 W5
1467 336 OH737 119 0.02490 B.15



Run 5 Diasmeter of Tube 20,3mm,
Tempersture 25,4°C Material - Benzene
Diffusion Length 5.50 inches

Flow rate Percent Opt. Flow rate Wt. Absorption L
(ce/s) PTrang, Density (ee/3)” %  Ratefg/ax107)
650 575 0.2403 1.87  0,01267 8.22
5.92 5548 0.253% 1,81  0.01333 7.89
5.23 52.7 0.,2782  1.7%  0.01485 7,60
4,70 50.5 0.2967 1.67  0.01562 7.35
4,08 %7.9 0+3197 1.60 0.01685  6.86



Run 1

Tenperature 25.4%¢
Diffusion Length 5,10 inches

Flow rate Percent Opt.

{ce/s)

Y17
.72
3428
2,8%
2,38
1490
1,50

* Corrected to a diffusion length of 5,00 incheg.

Trang. Density

7246
79,0
7646
7548
71.2
68,0
6501

0. 0991
O.102%
0.1158
0.1203
0. 1475
0. 1675
0. 1864

Plameter of Tube 13mm.

Haterial « Toluena

Flow rate Wi,
{ce/s)® &
1.62  0,00406
155  0.00420
1.49  0,0047%
.42 0.0049%
1.3%  0.00605
1.2%  0,00686
1+15 0.0076%

25

Abaorpltion “)

Rate{g/sxi0
1.69 1.67
1,56 1.5%
1.5% 1,52
140  1.38
fou f,.M2
1.31  1.29
1.1 1.13
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Bun 2 Dizmeter of Tube 13mm.
Temperature Eﬁ,kaﬂ ¥atorial -~ Toluens

Diffusion Length 5.00 inchos

Flow rate Percent Opt. Flow rate Wi, Absorption y
{ec/s) Trang, Density f{ce/s ¥ 4%  Rate(g/sxi0 )
%00 7843 0, 1062 1.59 0.0043Y 107
3400 6.8 0.1146 1ol 0,00470 114
2.72 750 0, 1249 1.4 0.005%2 140

2,37 72,9 0.1373  1.33  0.0056%  1.34
195 7041 0,1543  1.25  0,00633  1.23
1467 65.3 0.1851 1,19  0.00761  1.26
1,38 6540 0.1871  1.11  0.00769  1.06
1.03 59,8 0.2233  1.01  0,00915  0.96
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3

works So it seens that an acourate determinstion of the
diffusivity of & pariticular compound by steady state methe
ods depends to a great extent on the ascuracy of the zolue
bility datas This plus the errcors inherent in the experi-
ment itself account for the dlserepancy between the two

values.

The two methods then provide a mesns of determining
the diffusion coefficients of immiscible liguids. The
easy way in which data can be taken once the eguipment
i3 agsembled makes the method useful for rapid determina=-
tion of diffuslion ccefficients. The only drawbacks being
in the requirement that the two liqulids be immiscidle and

accurate data on the solubility be svailable,



GOMPARLSON 07 DIFFISTON 50T

Solute T°C Exp. Wilke-Chang Othmer-Thaker R&R
‘ M‘V@ﬂguth Calcs %B@Vi Cala, %ﬁ@‘%
Dx 105 /s
Benzene 250'4’ O. 95 ‘609 1 5 102 ? 1.09
Toluens 27.4% 0,83 0.97 17 0.91 9 -

* Ratcliff & Reld - data at 25,0°C
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TABLE OF NOMENCLATURE

film thickness ecm.

saturation concentration of organic in
water at given temperature gm/cm’

concentration of organic in water gm/liter
diffusivity em?/sec

saturation optical densgity

optical density of sample

absorption rate gm/sec

gravity constant 98Gem/sec2

extinction coefficlent liters/gm. cm.

path length of transmigsion cell cm.

height of transfer surface cm.

liquid flow rate end/sec

outside radius of tube cm.

density of benzene at given temperature—gm/cm3
viscosity of water at given temperature gm/cm.s.
2

shear force per unit area dyne/cm or gm/cm.s

subscripts denoting toluene and water, respectively
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Qthmer~Thaker relation

where

APPENDIY
(8)
Dyp = 14,0 x 1072
u, v0.6
Y, = viscoslty of water at T, centipoise
V = molal volume of solute as obtained
from LeBas values em3/gmole
912 = diffusion coefficient at T1 of 1 in

dilute solution of 2 cn /sec.

(8)

ke~ expressic

where

Dz = 7.4 x 1078 (2.6m¥ 1

Uy V0'6

D12 =

M

2.6

H

]

H

#

i

diffusion coefflicient of solute 1
in dilute solution in solvent 2 at
temperature T cm*/sec,
molecular welght of solvent
temperature Sy

viscogity of solution centipoisze

molal volume of sq}ate at normal
boiling point ecm/gmole

fagsociation" parameter of solvent
2.6 for water, benzene 1.0, etc.



5 tion of Ratelliff & Reld

s

¢ = L4,21 7’—60“’“,/03)} Ja—’ka% L% D,:{f c*

where

[

Ay

0.943

3. 1416

density of water gm/cm3

density of second fluid gm/cm3

980 cm/sec?®

viscosity of water (or solution) gm/em.sec.
radius of sphere cn.

liquid flow rate cm3/see'

diffusion coefficient em®/sec.

equilibrium gaturation concentration

of organic in water at glven temperature

gn/em



SEMI-LULART I FIMIL
2 CYCLES X 12 DIVISIONS PER INCH
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