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ABSTRACT

The slug technique proposed by Baird and Ho'® is

a simple and easy way of obtaining the fundamental data on
K 4
.mass transfer coefficients in tefnary ligquid-liquid extrac-

tion. The_ﬁechnique yieldé a con;tant measurable inter=-
" facial area and the coefficients thus obtained from the
; experiments could be gompared with those obtained by the -
penetration theory.

) The te&hnique, as proposed,_operates on a cylindri-
cal slug.of the organic phase suspended'freely by d0wnflow
of water. This is modified?in this work, by meang of a
disc arrénge;ent to accommodate changes in agueous phase
flow rate. It was observed.that the disc, which holds the
slug at the cepter of the tube, has alsc enhanced the méss
transfer rates by improving the mixing inside the slug,
the imprbveﬁent being higher for smaller slug lengths.

| " The mass transfer coefficients in general were
'féund;tq'be lower than the penetration theory Qélues. This
‘could be due to any of ‘the effects of\dissolution of the
sélvent in the adueougﬁphase, hydrodynamic and surface
conditions, v;riation of phase resistance with time, con-

taminants, and uncertainity about the distribution coeffi-

cient of the system: n-Heptane-Iodine-Water. Mass transfer
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rates in extraétion wifh reactiéns were 3156 found to be

. low and was thoﬁght to be due to vio{atioﬁ of the assumption
that the reaction between iodjfie and sgdiuﬁ'thiosulphafe‘is
insténtaneous; In the-.experiments with acetic acid as the
soiute,transfer rates were found to be-higher than the
expected because of Marangon1 effects 1nduced by the solute.
It was concluded, bd@ever, that the technlque w1ll still be
useful in obtalnlng the fundamental data with the use of a
system wrﬂxwetb{bfhmﬁ distribution data and redistilled

solvents.
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_CHAPTER 1 - -

INTRODUCTION

.

Liquid extraction is used to seﬁératé the con-
stituents of homogeneous liguid mixtures by contacting Qith
" an immi;cible‘or partially miscible solvent. The solvent -
makes .use of solute-~solvent ;nteractidn or chemical reaction.

‘Liquid extraction has been widely used as a separa-
tion;éechnique forllaboratory,purposes. ;fs large-scale
industrial application dates bhck to 1930s when it was
applied to separaﬁé aromapic hydrocarbons from the kérosene
fraction during oil; refinery. Some of the other important
applications include separation of Behzene-Toluene—Xylene
from light- feed stocks, acetic acid from agueous so}utions
etc, effluent treatment for removal of phenol in the in-
and H_PO,, and several

3 3774
pharmaceutical extractions, e.g., penicillin.-l

organic field, manufacture of KNO

The development of the science of extraction started
with the first step of obtaining the physicél equilibrium
data for various ternary systems. The datg were presented
in the form of triangular and Mc-Cabe Thiele diagrams.

These diagrams were useful in the'désign of multistagé

extractions. The generation of the equilibrium data has
] ) '



S . , <
been greatly facilitated with the advent of a device in

_Swedgn, the ARUFVE mixer ' centrifuge. Due to its high
initial cost, an alternative approach is- to predict the
whole equilibfium surface from limited data from-tﬂermo—
dynamips,.such as by use of NRTL equations.

Temperature'usually,has a pronouncé§ effect on the
équilibridh positiop‘ﬁagﬁésPce data must be obtained under
isothermal conditions. .

In the past couple of decades, nuclear and hydro—
métallurgical processes have becomg increasingly impoftant
and these have léd tb increased interest in chemical equi-
libria;Typical applications, inveiving reaction; are extrac-
tion of uranyl nitrate froﬁ agqueous solution to TBP (Tributyl-
phosphate), extraction of malodorous merceptans from gasoline
by agueous caustic solution, hydrolysis or saponification
of esters of faﬁty acids, copper into LIX 64N (Hydroxyoxymz),
‘a proporietary mixture develodped by General Mills Inc.

The equilibrium data as obtained do not indicate the actual
rate of mass transfer and its chemical-rate dependence.

For this reason the treatment of mass transfer with simul-
taneous chemical reaction is necessary in reaction accom- )
paﬁied processes.

It is.important to know the controlling mechanism,
whether diffusionally controlled or reéction controlled or

botiQ}fraﬁggié}ion is involved before attempting t&_ggsign

the /hecessary equipment for the processes in industry.



" A number of technlques wegk'develOPed over the years. to
study the extraction mechanisms and some were foun?ésumtable
in that they give a constant and measurable interfacial area
in order[E&CEg able to predict the mass transfer coefficient
from rudimente2 and then compare with the measured values.
These include$

1. Quiescent celis: Lewis® developed a cell in
whlch the interface is an annular area and
'the phases can be stirred individually at de51red
rates. Data were presented in the form of
generalized correlatione_by Lewie, Mayers,4
and Gordon and Sherwood5 for severai systeme.

"‘Lewis cells have been used extensively to studf
turbulent mass transfer.6’7 ' -

2. Stirred cells with mechanically swept surface:
Bakker et al.? Nanda and-She 0 used cells ih
which the interface was mechanically swept by
means of stirrer whose blades just touched the
interface.

3. Rising'drops: Many researchers have reported.
works on mass transfer to and™krom drops. These
have been reviewed recently by.Laddha and
Degeleesan.

4. Mixer-Settler Systems: Studies in mixer-

settler systems have been mostly confined to



&

stage efficiency. Interfacial area could .be

- calculated by means of empirical equationell
which are limited to certain conditions and
are approximate. -

5. Wetted-wall contactors: In these a thin film .
of llquld flows down the wall unde}the in-
fluence of gravity and&*s ccntacted concurrently
‘or countercurrently with the second liquidf |
Bakker et al'}2 devised a set up in which good
control of flow conditions could be achieved.

6. Spherical-film corflactor: Ratcliff and Reial3 -

" used an apparatuslin which one liquid flowed
over the spherexin a laminar film in a second
immiseible liquid that was stagnent.
7. Concentric-jet: Ward and Quinn_l4 ;ﬁong others
used co-current concentric jets in,wﬁich one
liquid formed the core and the other liquid
- formed outer ehell of fluid. In a recent
paper yet to be published, Freeman and Tavlarldes15
proposed the liquid jet recycle reactor as a
-means of studying interfacial reaction in liquid-
liguid systems.
8. 'Rising Slug': Perhaps the most recent fechnique
developed to Etudy ege mass transfer was the

'rising slug’ technique by Baird and Ho.16



They formed a_stable slug of organic phase.
which coﬁld'move freely under certain preé.
dlctable condltlons, in a vertical glass tube
filled 1n1t1a11y w1th water, and kept thquiug
statlonary by means of water flowing down the_
tube. They obtained the mags transfer rates
for séveral binary systems By noting the slug
shrinkagé rates and found to be in close agree-
ment with the predicted valueé‘from Higbie!
éenetration theqry.z Thus they concluded that
the technigue could be useful in mass transferl
studies of reactién ~ accompanied extraction.
The work of Baird and Ho was concerned mainly with
the development of the technique and itslapplicability to
binary liquid-liquid s&stems - 1l-Butanol-water, MIBK-water,
and l-pentanol-water. ihe systems were studied at a single -
continuous pb%se flow rate which could hold the' slug stationary.
‘Another recognizable fact is that all the systems they worked
.
with had small-i?péff;cial tension at the operating temperature.
Thus any chances of coﬁtamination and ité effects were
absent. B
In this work, the technique is ﬁged to study masé
transfer in ternary liquid-liquid systems. With slight

modification the technique could bé used to study the

effect of change in continuoud phase flow rate which Was
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not possible in: the earlier set-up. Further, the system
studied has large interfacial tension. Mass transfer

accompanied by Teaction was looked at in a few cases.

-

6



CHAPTER 2 _ ‘

BASIC PRINCIPLES
L

2.1 Fluid MecHanics of Slug Flow

ihe slug flow behaviour in gas-liquid system
reviewed by ﬁallis}7 has been applied to liquid-ligquid
systems by Baird and Ho.'® They found that liquid-liquid
slugs were stable and laminar in vertical tub;s‘in the‘so—
called "capillary regime" in which the relative veioéity of
thé-slug was governed by interfaﬁial tension ana gravity

forces.:

Velocity~profiles in slug flow

The important and necessary assumptions in the
calculation of vqlocity profiles16 are that the organic and
agueous phases are in laminar flow, fully developed and
axially symmetric. Since the end effects viz., the tail
and nose are.neglected, the derivations will be strictly
valid for large length/diameter ratios.

The steady-state velocity profiles are obtained by
SOBﬁng the Navier-Stokes equations, for each phase with the
appropriate boundary conditions. Thereguation for each
phase reduces to

4 ,r dv -
P' - pg = (u/r) a;( E;'.° . (1)



where P' =,r%E H the positive 2 directs vertically down.
é - ) .

Successive integrations give

. 2‘
P' -~ pgy r” _rdv :

{ v ) 2 ar + Ul (2)
P' - og r2 o

{ u' _)—E = v + Ul 1n r + U2 (3)

»

The boundary conditions applicable to the two phases
are:

a. Organic phase velocity reaches a maximum at
' dv

the center of the tube —= =0 @ r = 0 (Tube

ar center)

b. Aqueous phase v, T 0 @r R (Tube wall)

c. At interface v = v R r = Ri

d. At interface, shear stresses sxerted by each
av
dv

s : _ o
phase are in balance u_(37); = v (375

These boundary conditions were used by Baird and Ho16
in the solution of Egqn. (3) .to give an expression for the
. dimensionless radius ¢ for a slug held in a fixed position

by downflow of water:

Bu Ve _4463¢-4¢:ln¢£(2¢§-1-¢“j
thpa—po)g ~ (267=20%-pe")

+2¢4=2¢2-4¢"1ne (4)

The left hand side can be calculated from the

measured values of v tube diameter, and system properties.

fl
Viscdsity ratio ¢ is also known and hence dimensionless
slug radius ¢ can be found. Since the equation contains

¢ implicitly, a small éomputer programmels‘is used to



" - Aqueous Phase

|
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FIGURE 1 Velocity Profiles and Boundary Conditions
(not drawn to scale)
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solve for ¢. A second equation, rather similar to Eqn.
(4) was given for the case of a freely rising slug in
stagnant watex. The interfacial velocity in. the former '
.case can be calculated by the equation:

‘ 2 2

_Rile,mpgplg ¢71n o 82 (4% -1)

V. = +1  4(a)
1 2y, | 2(2¢2- 2({,2 _ ¢¢4)‘ :




| - 11

2.2 prediction of Mass Transfer by Penetration Theory
The contaét time 1(=LS/Vi) in all the present

experiments,.also as had been reported by Baiid énd Ho,ls-
is of the orde£ of 1 second. The annular agqueous film has
a thickness of about one tenth of a tube radius or 600 um.
Since‘the penetration distance (YDt = 30um) is very small
compared to the aqueous-£film thickneés, the simple "semi-
infinite" pengﬁration model developed by Higbie2 can be

used and- the mass transfer coefficient is given as

k = 2(D/1r'r);s= Z(DVi/‘r'.'Ls)!5 : (5)

The rate of mass transfer, m, of any component is
calculated based on the cylindrical side area of the slug
with the end effects being neglected.

The rate of transfer of a component from either

» - = * -— : . !
phase is given by Ny (C Cb)KL As (6)

_ dcs
= VS I . (7}

If the organic phase is depleted of its dissolved

component, d'cs will be negative, otherwise positive
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-

2.3 Special Bydrodynamic Effects

]

2.3.1 Stagnant Layer
| Treyballl has summarized some of the reasons for .
low mass transfer rates. He included the effects of blocking

of the surface, rigiaity of the:surface,;ﬁd_interéctiﬁg:of

-

adsorbed substances and extracting solute under phe general
heéding of "interfécial resistance due to adsorbed trace
subsgances“. ) |

Though these effects might play” an important role

" in the presence of surface-active agentslg-zl

; they may bev
equally applicable in the presence of trace impﬁfitiés whichk
are inevitably present in the liquids.

It has been suégested22 that the surface-active
materials are diagged glong the usually mobile liquid-
liquid interface to the dowqétream side; théreby causing an
interfacial tension gradienf along the surface that opposes.
the flow of the surface and makes ‘the suffééé_more rigid.
This in turn reduces the transmittance of the turbulence .
from ong‘fluid tQ the other across the interfacé ;nd hence
the mass transfer coefficients to well below the expected
values. An interfacial tension gradient can act against
the.shear stress at the interface as shown in Fig. 2,.
affecting the boundary condition (4d) givén in Seétioﬂ 2.1.

The boundary condition modifies to:



P

j%fme

u} "”‘J,Rélative magnitude of
. the effect of S

[V Y U L U WL WO, WL W WL WO, K L W WG 'O O W W TN VAN T W N W VR W T )

dz
"'--‘IL.:V)
t
Interface
A 4
Glass Tube o pA
Wall >

¢

FIGURE 2 Effect of Surface Tension Gradienf at

Interface on Velocity (not drawn to scale)
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a dr- |4 odr |; -dz .-

West et a1.?3 had observed that passing benzene

through Tygoﬁ tubing dissolved sufficient surface—-active
plasticizer to reduce the rate of extraction greatly.

These effects will be referred to again in Chapter 7.
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2.4 1Interfacial Ripplingxhnd Turbulence

Three éeneral types of phenomena were‘observéd by

24 at the liquid-liquid interfaces in’

Sherwood and Wei
static conditions for number of systems: 'rippiing and
oscillation ﬁf the interfaqe; transparent st{eams and
small drops leaving the iﬁte&féce, and opaque streams
resuléing in spontdneous emulsification. pavies?® defines
the mechanism of this spontaneous emulsification as that
of "diffusion and stranding"” for the sf;tem benzene—acetic
acid~water. Benzene initially tries to dissolve in water -
in the presenqe qf solute but Qith the. transfer of solute
forms an emulsion. Davies and Ridea%ﬁclaim that there has
not yet beén found a system where quntaneous émulsification
is not present during tﬁe transfer of a third component.
Lewis27 and Pratt28 observed ripples, erraé&c pulsati&ns
and surface motion of drops while measuring the interfacial
tension by pendant drop method. These éffects were also
observed‘during'maés transfer with reaction and were
thought to increase the rate of solvent extraction.
Interfacial tugbulence islg result of the differ-.
ences in concentrations and temperature along the infér;
face and hence differences in interfaciél tensiop.'This
is the well-known Marangoni effect. The surface instability
.or turbulence is-usually associated with the transfer of

[

a solute and its direction of transfer. Sternling“éﬁé
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and Scrivenzgcérried out a detailea-analysis of thg sur-

face turbulence using}their 'roll cell model’. fI£ was
"concluded that interfacial instability_is usually promoted

by transfer of solute into phaée of lower viscoéity, higher .
. diffusivity, and by larg?r_differences in kinematic viscosity
and solute diffusivity between the two phases, steep con4*
centration gradients agd low viscosities and diffusivities

of both bhases._ However, as suggested by Bakker et al.,l2
interfacial tudmﬂencem'cannot occur in binary systems since
the phases. would be mutﬁally_é;turated'along the interface.

Thus interfacial tension will be same practically every-

where provided the temperature remains constant.
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2.5 Addition of Mass Transfer Resistahces 1‘;

According to tBe Whitman®s C two-film tReory, the
overall resistance fo the trapsfer of a solute from one
phase to another is the sum of the individual phase re-
sistances. The two major postulates used, however, are tﬂe
equilibriﬁm comparable' to. static équilibrium at the inter—
face and the presence of "very narrow" thin laminar films
at the interface. Treyﬁalll has given the general method
oﬁ.calculating the overall transfer coefficient from indi-
QidUal phase coefficients. The.fﬁxg.equations are summarized

below for 1ater_reference.

- Solute transferring from aqueocus to orgapic phase:

. == = -
NA mass transfe; ;atg KO(Co Co)

.

-

ko(coi- c,)

ka(ca—'Qai)

' *
= K (¢, —C, ) (9)
1l 1 1
After '‘rearrangement, ~4o— = =— 4+ ———
K, ka mko
or %='}]é_+l%- {(10)
o o] a :
| JU : Rt
where 'm Eca/co]eqm;

4/'
,

Solute transferring from organic to aqueous phase:
* ‘ . ’ N : .
-C = - = . - . .
o) ko(co coi)' ka(Cal Ca) (11)

N, = KO(C

*+ 0
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Again, E¢n.(10) is obtained upon rearranging Eqn. (11).-
It has been tacitly assumed above that no .reaction is
© taking plade'during the course of mass transfer. However,

’ - - - ‘O . " L] - ._f
if there is also a reaction, similar analysis will give

1 1 m’ 1 )
- = + + : - (12)
Ko EOkO ‘eaka- ki .

, ?he liquid phase resistanceégére usually 1a£§§?\élh__*.
by an order of magnitude than the interfacial resistance.
The effect.of chemical kinetics.is to increase resistance
thrpugh ki or to reduce fesistance by enhancing ka or ko.

" Interfacial resistance will also be affecfed by‘thé
. presence of the stagnant layer as explained in the iast_
section. .

In experiments with wetted-wall towé£, Brinsmade_
and Bliss>T resolved the overall coefficient into individual
coefficiehﬁé by empirical means. They assumed fhé ko and
ka to be functions of the flqw'ra;es of the phases in con-
tact And fit the experiﬁgnt&l data. Murdoch and Pratt32,
on thé same lines, included an interfacial resistance

term to account for the reaction.’ Recently Rod33 has

. o
reviewed the literature for time-dependent resistances in
both phases betwéén a drop and an ambient liquid. He
presented, for the case of comparable resistances in both

phases, the time-varying resistance inside the drop as

a product of the limiting resistance, for noc resistance
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in the continuous phase, and a correction factor.which
i .

/27 is a function of the contact time.



- CHAPTER 3
EXPERIMENTAL ASPECTS
3.1 Apparatus

3.1.1 Free-Slug Apparatus

This_apparatﬁs is basically of the same form as
--described by'Baird and Ho16 except fof small changes as
given below_and sﬁown in Fig. 3. | .
‘The apparatus consists of a long glass tube of
1.26 cm I.D. whichlwas preferentially wet by the ruﬁning
aqueous phase.- The main section of the tube (excluding the
end portions) measﬁred 60 cm long whereas the end sections
were each tapefed (tapering angle less than 70) to a length
of 5 cm ending in a diameter 4 mm I.D. The tapering at the
/ngégm helped in getting the slug ligquid sucked gradually.
thuS'preventing'from breaking into finer droplets. The
‘ tapering at the top Qas kept mainly to allow the aqueous
phase flow pattern to become fully developed before con-
tacting the slug. This has also helped in maintaining the
élug stationary., The top of the tube was formed into a T-
section of which one passage was connected to the ejector
with a needle valve 'A' in between. The second tube was
connected to a copper tube having a needle valve 'D' which

inturn was connected. to two copper tubes, fitted with needle

20
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FIGURE 3 Free-Slug Apparatus (not drawn to scale)
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valves 'B' and 'C"'. The latter were coniected to two over-
head reservoirs; (not shown in the figure) of capacity rang- '
" ing from 15 to more than 20 litres. ‘

q-
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3.1.2 Mddification with Disc

The arrangement described in the earlier séétion has;. 
a serioﬁs disadv§ntage. For any given length of slug of
the same fluid, the flowrate of the agueous phase could be
maintained only‘at that valuve for which the slug was held
stationary. Any alteration in the flow rate of continuous
phase resulted in upward or downward moyement of the slug.
To circumvent this problem, a sméli disc-type arrangement
was constructed as shown in Fig. 4. ’
. The disc apparatus_was constructed of glass; stain-
less steel (S.S);and teflon. The outer glass—tube was
1.24 cm I.D. and 30.cm long. It has two side openings, 20 cm
apart: one connecting to the ejector and the other connecting
-to fwo reservoirs as described earlier. The top of the tﬁbé
was closed with a rubber stopper through which passed a S§.S.
tube of 1/8" 0.D. concentric with the élass tuBe. The lower
end of the 8.8. tube wésrsmxﬂy fit into perforated circular
plates. of S.S. (2 mm thick) and teflon.(l mm thick),each with
a diameter of 1.15 cm. Teflon was used as the -bottom plate
so as to be wetted by the organic fluid. The two plates
were joined toge;her by an epoxy glue.
It was important that the slug formed beneath the stain-
less steel/Teflon disc should be symmet;ical, so the disc was A

centered by means of a 1 cm long Teflon cylinder, fitting

snugly inside the 1.24 cm diameter outer tube. The Teflon
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Separating Funnel
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To ' N
.Vacuum | +— ‘
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1/87 Tygon O.D. 6.26 mm
7| [6-p| Tube Cu Tube
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° -
] - . 3
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{ 1.15 em Teflon 1 mm Teflon Cylinder
Sus-
pended
Slug
J Glass Tube
T - I.D. 1.24 cm

ffor all extruded
tubes
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B .
—l—, I.D. 4mm}

FIGURE 4 Disc-type Apparatus (not drawn to scale)
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rod was attached to the S§.S5. tube by means of a grub screw
‘and was situated at 4—5 cm from the disc. It was provided
with semi-circular longitudinal slots to permit'the flow -
of aqueous phase. - |

The top prﬁjécting end of the S.S. tube was fitted
with an inverted rubber sfqpper which was connected by
means of a short tygon tube to a separating funnel. The_
latter contained the organic liquid to be introduced through
the S.S. tube and be suspended from the disc during the

_course of the experiment.

-



» 3.2 Systems Studied

, S 7 .

. Most of therexperimehts wefe carried out with h—.’
Heptane (J. T. Baker Chemical Co.,‘Fa ) as the organlc ‘
11qu1d and Kerosene (Fisher Sc1ent1f1c, N. J ) was used in
. ;///,/the prellmlnary studies. L1kew1se, Iodlne (B.D.H. Laboratory

' Reagent, Resubiimed) was the ﬁraas;eégzgé solutsg in meoy of
the experiments. In experimeoﬁs involving a.reaction,
sodium thiosulphateA(AnhydrOus,,Fishes‘SCientific,‘N;J.)
was present in the aqueous phase. Acetic acid (Reegent
A.C.S. grade, Flsher Sc1ent1f£;'Co., Ltd ) was also used as
solute in some of the experiments. ' The series of experlments’
‘carried out with the.correspondino solute, solven%, disection
.of transfer and the oa;iables in stedy are recorded in‘Table
1. The rangesof physical properties gnd Reynolas oumber '
studied are presented in.Table 2. The pH of the distilled'.

. o
water used in the experiments was 7.3.
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TEBLE‘Z RANGE OF PHYSICAL PROPERTIES AND REYNOLDS NUMBER

Physical Property at 2OOCi;.0 . Value or Range -
. 32
] kg‘m s . ~ T
Distilled Water - . ‘ 998.23
Kerosene ' 787.68
n-Heptane - ' . 680,20

\quecus Phase B 998.4-1019.7
Oryanic Phase - 680.2-788.9
u m.Pa. .
Distilled Water _ ~ 1.01 )
Rerosene ' - 1.4016
- n-Heptane _ 0.42
- Aqueous Phase = - 1.01-1.077
Organic Phase 0.42-1.4718
_lc ki B
¢ mN.m b
Distilled Water 7 _ 70.4
n-Heptane ‘ 19.4
Acetic acid/nhHeptaﬁe 21.3
Water - n-Heptane 43.4 -
~-1d
- D mZS l_
Aqueous Phase _ : . ' 1.108 x 10 °-
1.109 x 1070 .
Organic Phase : 1.3977 x 107°-
' 3.9022 x 1077
rRe® | - 41-203

)
i

dFor water taken from Perry and Chilton

: . 34 - .
For water taken from Perry and Chilton™ ', Other liquids measured .
by Capillary method.

34, Other liquids measured.

_cMeasured‘at 18.5°%¢ using Fisher Autotensiomat and corrected to 20°c.
. 3 34. '
Calculated using Wilke-Chang correlation.

€Based on agueous phase through the annulus. o ’
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- 3.3 Procedures

3.3.1 Start Up -

The start up procedure of both typés'of apparatus
had?been alm&st identical. The overhead reservoir connected
to.needle valve B (Figs. 3,4) was always filled with dis-
stilled water (b.w.) from the laboratory supply. Tﬁe second
raservoir was filied with the made up_soluﬁion eﬁ,aqueous
phase other than water. ' 4 |

To begin Qith,'the glass tube was thoroughly cleaned
with chromic 'acid and washed with D.W. Then valve A was
?kept open éimultaneously turning‘on the ejector.r'A 250 beaker -
.céntaining D.W. was placed near the exist end of the tube \
and water was sucked into glass tube filling up the space.
‘Also, precaution was taken to eliminate the presence of any
‘a;r bubbles in the tubes leading'to reservoirs. Now, when °
the'valvé A was closed water could not flow down because
-diameter of the ‘tube (4 mm) was small enough to prevent air
entering- by :capillary effects’. ’ )

To form the slug in the disc-free apparatus (F%?, 3)
the above procedure was repeated except that, now a beaker
containing thé organic liquid was kept beneath the tube.
Precaution was taken to see that no air bubbles were attached
to the slug which otherwise would buoy up the slug faster.

The slug was_thén held stationary'by.opening valve B and

adjusting the water flow rate.. Any excess liquid of the slug
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et

was removed by means of a-hypodermic while adjusting the
positien_of the¢eiﬁg at the.same time. |

7It was easier.to form a slug in the disc—type
abparatds.- As befere{.the glass tﬁbe was filled with water
at the beginﬁing. But air was lockeé in the S.S. tube by
doing so. By openlng Valve B sllghtly, c1051ng the bottom
of the tube w1th thumb and openlng the separatlng—funnel
stopper water slowly dlsplaced the alr. Next, water from
the reservoir wag allowed to flow docwn the tube and the
organic liquid was gradually introduced until the deSLred
slug length was attained.

After the slug was formedg3Valve C was opened allow-
ing the aégeeus phase'to come in contact with the slug
while closing the Valve B. The lag time for.the aqueous
phase to contact the siﬁg was noted in'each case by running
a.colored solution (food color dye in water). After the
elapse of a prechosen time interval, aqueous phase.flow was
stopped and the organic phase was‘withdrawn by means of‘the
hypodermic to determine its concentration. Again, a fresh
slug was formed and the proaedure was-fepeated. The experi-
ment was continued until a.sufficient number of observations

were made.

-
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3;5.2 Sampling Methods and Analytical Techniques -

~ The organic phase iodine céncentiatiahs‘were deter-
mined with a Fisher ‘electrophotometer ﬁsing‘a greeh filter
(5250 A%). The cuvettes required 25 ml of the éolored
solutionl--Slug liquid withdraﬁn was thus diluted to 25 ml
and its percentage absorbance was measured ag;inst pure
liqﬁid. If the slug liquid is colorless, as in the case

of acetic acidr(seiies 9, p. 27) 5 ml‘of it was shaken with’
20 ml of water in a stoppered conical flask for 1-2 hrs.
Water la?er was analyzed for the amount extracted by tiﬁrating .
with 0.0l N NaOH solution with phenélphﬂmleﬁ1 as indicator.
Cpnééntfation.of the organic phase was calculated using the
partition coeéfficient which wés obtainéd by repeatiné the -
above procedure with a solution (organic phase) of known

. concentration. Bﬁt,'for series 2 (Table‘l, P. 27) the
flowing aqueous phase was collected at certain intervals of

time and the concentration was determined by titration.




{./ ‘ , CHAPTER 4 . .
" MASS - TRANSFER EXPERIMENTS AND THE RESULTS '

WITH FREE-SLUG APPARATUS S '

Table 1 (p. 27) has listed the various series of
experiments with tﬁe variables and systems studied, and the
presehce or absencé of the disc. As mentioned .in éhe tablé,
.most of the experiments, carried out in the free-slug appaQ .
ratus were with kerosene, mainly for two reasons: the
experiments‘were used as a preliminary evaluation and secondly,
to find its applicability as a solvent for further experi-

ments.

4.1 System: Kerosene/Iodine - Sodium thiosulphate/Water

1

The tiaﬁsferring solute was iodine, the organic
soivent was keroseﬁe and, the second feagent was sodium
‘thiosulphate in the aqueou; phase. It was assumed that the
reaction bet;een iodine and SOdium thiosulphate was in-
stantaneous and takes place at the interxface. This seems

reasonable inasmuch as the aqueous side film is constantly

' replaced by fresh solution of ‘the agueous phase.

Calculation of mass transfer coefficient

The estimation of mass transfer coefficient is

32
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-

Simple when the above assumptions hold. It was mentioned

earlier (Sectlon 2. 4) that the effect of chem1ca1 klnetics

is to increase resistance through k or to reduce ‘resistance

’

by enhanc1ng k or k_ o ¢ In the present s:LtuatJ.on,k1 appnxumes

1nf1n1ty and since the reactlon takes place at the inter-

face, Eqn (12) reduces to:

l . l . . *
KO . kO

Also, from Eqns. (7) and (lli;

= -——§- = - * . .
NA Ve 35 KO(CSA cyIa .(14)

Eliminating K between the two,

i

v s _ ¥
s kOAS (CS Cs)

. .
= k,AC (L Cg=Fm "a~ 0y (15)

Integrating the above equation with the initial condition

C =2¢C at t = 0, to get
s $,0

r
L 4

. k At ‘
1n (cs/cs 'o)- = v, ‘ (16)

The experiment was carried out for two different
slug lengths - 3 and 6 cms. - for the same initial concentra-
tion in the orgenic and aqueous phases. The photometer
.calibration curve for the iodine-kerosene system is given
in Fig. 5. Concentration (log) versus time curves for the

two slug lengths are shown in Fig. 6. The actual and
L
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FIGURE 5 Photometer Calibration Curve for 12/
Kerosene at 525QAO ’

.34
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20

Concentration of Iz/KerOSene, mM

1 1 i - 1
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FIGURE 6 Confentration {(log) vs Time for Kerosene/

IZ_NaZSZOB/HZD
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predicted mass transfer coefficients (k_)-are given in
‘Table 3 along with other data. Concentration - time data

are also given in Appendix A.
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4,2 System. Kerosene/Acetic Acid-Water .

s

l'

Thls set of experiments was designed solely to
eunderstand the organic phase ‘and its 1mportance as solvent.
For -this reason, the system was so chosen to have negllglole
resistance for transfer in the agueous phese thereby having
the entire fesistence within the organic phase.

The transferrlng solute was convenlently chosen to
be acetic acid transferrlng from kerosene phase to water.
The experiment was carried out for two different slug lengths - -
4.7 and 11.7 cms - for the same initial concentration in
the.organic phase. It can be seen once again that to study
a different aqueoﬁs phase velocity, a different slug length-
had to be chosen, notwithstarding the effect of slug length
itself in the experiment.. The. aqueous phase velocitieslwere
différent because of difference in volumes of the slugs.

The variation of slug conqentration with time (semi-log)

for L = 4.7 cm is shoen in Fig. 7 and for L = 11.7 is shown
in Fig.. 8. Data are also givep in the'appendix. The actual
and predicted mass transfer coefficients are given in Table

>

4 with other data.

Calculation of mass transfer coefficient

Let the volumetric flow rate of the aqueous phase
be q and C be its exit concentration. If'vs and AS are the

volume and surface area of the skug respectively, then: -
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- Rate of mass transfer

) 41

de '
. s -

s dt

2y = =

‘ . *
= ASKO(Cs - Cs) -

But, C_ = (0 + Ca)/zﬁ =0 (“.'m {s_very“large).
.. K =k | | )

o) o]

) o dcS .
Hence q ca't - vs EE_,='Askocs .

Integrating the second equality to obtain

Cg = cogépantﬂ exp [—Askot/vsj - ) 17y

Therefore,- fzom the first equality
= ‘ " - t

g C, _GAskol(ponsténtl exp [ %skb_/vsj (18)

-

The effluent concentration versus time gives a

straight line on semi-log scale the slope of which equals

(ASkO/vS). Knowing AS and vs from calculated ¢, the wvalue

of ko could be obtained. Vi and ¢ could be obtained by

solving

iteratively Egqn. (4}.
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_ 4.3 System: Kefosene-Ibdine/Water'_

ﬂ\ | These experiﬁents ﬁe;g‘carried out to fusther the
-understandihg of the mass transfer inside thé slug, fhe

_resistance was comparable on both sides of the interﬁacé;
The éqﬂeous phase was iodine in water- and the organic
phasé waé Ke;osene. Iodine-was slightly more favdurable

to the organic phase thus making the distribution coefficien£

(cﬁncgntration in the organic phase to concentration in the
aqueous phase) greater thap one.

In the earligf'series-it ﬁas observed that the

-actual mass tranéfer rate was much Iess thah thehﬁreaicted
rate. Thus, it was thought ﬁixing insideﬂthg”slug by ex-
ternal means could enhance tﬁe méss tr;nsfer rate. Mixing
was done b§ occagional stirring with a-hypodermié needle

to which were soldered along its length smalI'protruding

knébs. The vafiétiOn of concentration with time is{(plotted
in Fig. 9.f5r the same slug length of 3 cm with and yit out
*Xternal mixing (vf = 0.0108 ﬁ/s}. As Kerosene was found to
be not a good solvent, and also since_i; hés no well-

defined composition, it was not attempted to obta;g_tge dis-

'tribution data.
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4.4 ‘éysteﬁ: n-Heptane—Iédine/Water ]
It-was concluded with.thé earlier serieé of éxperif
'meﬁts thaﬁ‘Kerosene was ‘not a good\ solvent. Because of
this, n-Heptane was,choseh as the solvent for reasons of
low denéity, ioé viséésity, low éapor pressure and unwetting
the glass tube. &also it has good solubility.of iodine.
The solﬁent.n—neptane wa§ supplied bf J;T. Baker Chemica; cﬁ.
and was at least 98% pure. Photometer calibration curve
for Ioaine/n—Heptane at 52508° is shown in Fig. 10.
The distribution data for the system n-Heptane-Iodine
Water wére‘ obtained for several phase ratios and several
concentrations, .It has to be noted that phase ratio should
ﬂot affect the distributibg coefficient of slute between
the phases. However, iodine undergoes a reversible chemi-
cal reéction with water to a negligible extent - (K = Equili-
brium Constant = 3 x 10—13)32 and this is affected to
some exteﬁt by phase ratio. Hence the true distributiop
coefficient corresponds to phasé.ratio where a large excess
of aqueous phase is present‘as in the ekperiﬁents. The
data are plotted in Fig. 11 and the curve is extrapolated

to give m.= 9.412 corresponding to vo/vé—+ 0. With a trial

run, it was found in fact that the ratio of concentration

-

in the slug after a sufficiently long time to the concen-
tration of the aéueous phase was 8.85 which is close to

the extrapolated value. .Thus a value of 9.412 was used
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for the distribution.coefficient in all the cglcuiations.

The experimeﬁt was. carried out for three different
slu% lengths - 3,6, and 9 cm. - for di.ff‘erent aquecus phase
concentrations. Concentration of the slug with time for

e three lengths is shown in Figs. 12,13 and 14 respectively.
Alsé shown in the'figures‘ére curves . for the same s;ug

lengths but with the disc being used.

Caiculation of mass transfer coefficients --Ka, ko and ka

The equilibrium curve between the. two phasgs is
assumed to be a straight line because of the reasﬁns dis—
cussed above. The generalized diagram for the overall
concentration differences is shown iﬁ‘Fig. 15 and let 'm'
be the slope of the equiliﬁrium line.

From Egn. (9)

v dcs ®
= _— = A -
M e T KRG T &
But C, = ¢ /m
' v
- . s

dcs
ac KaAs(Ca N Cs/m)

Rearranging and integra%ing the expression within the

limits:
c =2 at t =t
] s 1
1
- C =2¢ at t =+t
s S, 2
7 v m L C —Cs{m
Qe - = - n =
to obtain: K_(t, ) (Ag ) (Ca“cs 7
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&_;fzcentration in organic phase
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FIGURE 15 Generalized diagram for overall
concentration differences
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. _ LV Hl-xl - ) o
or- K. = - =——dn{—-=) . , (19)
S W (T o

Cg '
where X = m—c.;—-
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The experimental -and predicted mass transfer coefficients

are given in Tables 5-7 for the three slug lengths with

a+

:other pértinent data. The individual phase coefficients
are obtained in the following manner.

It was assumed that the mass transfer mechanism

follows the Higbie's thebry.‘ Then:

-

k.- [D
- .Ei = :D—a =-m' (say) (20)
v (] Q

where D_ and D_ are the respective diffusivities of the
transferriﬁg solute at infinjte dilutiop }n thg agueous
and organic phases; .

But, from Eqn. (16),

1 1 1

R, k.. mk (21)
a a o
combining Eqns. (20) and (21) to get:’
_ {m + m'f .
.ko T mm' | X2 }22a)
kK = im +m ) K. _ N (22b)

a m a
Egqns. (19) and (22) together give ‘the individual phase

coefficients.



MASS TRANSFER COEFFICIENTS - EXPERIMENT AND THEORY -
TABLE 5 n~HEPTANE - IODINE/WATER - L = 30 mm
Interval Free Slug ' Suspended S{pg v

(min) koxlo5 m/s kaxlﬁ5 m/s kox105.m/s kax105fm/s_

- 0=1.5 2.8967 1.5439 4.328 2.258
1.5-3 2.889- . 1.540 -  5,7255 ;.05i5
3-5  3.005 1.602 - 4.4951 -~ 2.3954
5-7.5 - - . 4,058  2.1629
Penetration ' § ' b,
Theory - 23.4 o 12.47 15.75 8.395

¥

- TABLE 6 n-HEPTANE = IODI@E/WATER - L =60 mm

' Interval __Free Slug . i Suspended Slug ..

. (min) koxlﬂ5 m/s kaxlosiﬁ/s koxlo-5 m/s kaxlOS'm/s

~ “h

0-1.5 6.882 3.668  7.673  4.09
1.5-3 8.056 4.295 5.00 . . 3.197

3-5 6.753 3.600 - 5.969 3.181
Penetration

Theory 22.17 . 11.82 15.52 8.273
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TABLE 7 n-HEPTANE — IODINE/WATER - L = 90 mm

Interval - ﬁ'§ZEE;§lEE -

Suspended Slug

“(min)  k_x10° m/s kaxlos n/s 'koxlos m/s- k_x10° m/s

0-1.5 6.053. 3.226 -

6.636 3.537
1.5-3 5,444 2.901 5.555 2.955
3-5 6.802 .1 3.625 7.909 4.216
Penetration : - .
Theory 22.17 11.82 12.936 6.894
) &
-(
re
AN _
/
A b -



4.5 ‘System:. n-Heptane/Todine = Sodium ThEQSuiphate/
_ - —

-

Water Lo
“This 'is similar to the series 1 experiments except

EO i - L . - - .
that now the solvent is n-Heptane. The initial concentra-

tions in the sidg and agueous phases were 13.336 and 0.9827mM

- respectively.

The reaction is éssumed to be instantaneous énd
takes.place at the interface.~ The estimation of.mass trans-
fér coefficient is siméle and follows the procedure given - -
under séfies ¥: Eqpl (16) is used to obtain ko.

. The experiment was darried~out for‘a single slug
length. Concen%raﬁioﬁ of t@e slug tlog) with time is shown
in Fig. ls. The actual ana_pred%gted mass transfer coeffi-
ciénts'a;e shown in Table 8. Concentration data are pro-

A 4
vided in Appendix A.

. <
N *
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FIGURE '16 Concentration (log) vs Time for
n-geptane/lz—Na25203/H20
(Free slug)
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TABLE 8 n-HEPTANE/IODINE - SODIUM THIOSULPHATE/WATER

~

‘Characteristic - ) Value
s
L 60 mm
- Ve 0.3072 m/s
v, 0.2932 m/s
2 -
$ . . . 0.9214
ko - Experiment 0.5897 x 10_4 m/s
ko = Penetration Theory 1.326 x 10—4 m/s

-
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CHAPTER 5

MASS TRANSFER EXPERiMENTS AND THE ﬁESULTS

& .. WITH DISC-TYPE APPARATUS

.ft was mentiénéd'in Chapters 3 and 4.fha; the free--
. slug'apparatus'haé a serious disadvantage. For a giﬁeq
length of the same fluid, only single aéueous pﬁaée flow
rate could be maintained which would keep the slug station-
‘ary. This éroblem was overcome in the disc-type apparatus
‘and-the experiments couid be performed_with different aque;
ous phase flow rates while other conditions remaining the

sSame.

5.1 System: n-Heptane-Iodine/Water

This sériés of the experiments forms the main body
of experiments. The trénsferring soluté was iodine, ini-
tially present in Fhe agqueous phase. Distribution data
are givén in Fig. 11 (Section 4.4). Experiments were per-—
formgd for two Qariables of study - lengéh of the slug and
aqueous phase flow rate. The slug lengths studied were

3,6,9 and 12 cm. The range of v, studied is 0.6389 to

£
3.074 cm/s. The concentration versus time data are shown

in Figs. 17-20.‘VThe values of Ve and concentration of

aqueous phase are indicated. The value of distribution

59 \R
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» coefficient used in thé calculations was 9;4;2.éorrespond—
ing to an organic/aqueous phase ratio approachipg zero.
The procedure of calculation of mass transfer coéfficients
follows that given in Section 4.4. Eéns. (19) and (22)
together give the individuai phase coefficients. These

values are presented in Tables 9-24.
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v_cms L c mM
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1.4 F o -1.4225  0.4754
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a . 1.8205 0.4754
n  2.2947° 0.4754
_ « - 3.0094 0.3771

Time (min)

FIGURE 17 Concentration vs Time for n—Heptane-
Yodine/Water (L = 30 nm, Series 6)
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FIGURE 18 Concentration vs Time for n—-Heptane-
Iodine/Water (L = 60 mm, Series 6)
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FIGURE 19 Concentration vs Time for n-Heptane-

- Yodine/Water (L = 90 mm, Series 6)
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FIGURE 20 Concentration vs Time for n-Heptane-
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-

64



T

o - - . 65

MASS ‘TRANSFER COEFFICIENTS - EXPERIMENT.AND THEORY (SERIES 6)

TABLE 9 FOR L = 30 mm, v, = 0.0088 m/s .
(v.: 0.1328 m/s, . . ¢: 0.9504) "
) — . . i i 5 ) 5
/. Interval -k x10” m/s : kaXIO n/s
_ . (min) -7 - T
0-3 0 o0.252 . 0.1343
3-6 | 0.8635 ~ 0.4603
- 6-9 t 2.5362 . - 1.352 -
9-12 - 1.1521 0.6141
Penetration Theory: ., 1l4.83 - - 7.91

£

" TABLE 10 FOR L = 30 mm. v_. = 0.0142 m/s
. (v;: 0.183 m/s; ¢: 0.9412)

Interval o : koxlo5 m/s k x10° n/s
. (min) a .
-3 . 1.4301 0.7622
. 1 . '_ '
3-5 . 2.1464 1.144
5-7.5 : 1.7142 ' 0.9136
7.5-10 : | 1.6234 ~ 0.8652
_ Penetration Theory: _ 17.41 9.28




¢ = 0.0182 m/s

(v;: 0.2157 m/s, $:0.9358)

-

TABLE 11 FOR L = 30 mm,.V

rl

Interval o kOXlOS m/s kaxlps m/s -
(min) ’ ‘
0-3 : 2.7629 T 1.4247
3-5 : 2.7643 - - 1.4734
5-7.5 . 1.1348 . 0.6048
7.5-10 f ~ 1.0822 © 0.5768
Penetration Theory: 1B.9 | "~ 10.08 .
. 5 .

TABLE 12 FOR L = 30 mm, vf’= 0.0229 m/s

(vi: 0.2505 m/s, ¢: 0.9304)"

e
Y . . . 5 . 5
/ Interval k x10™ m/s k x107 m/s
{min) Q a ’
0-3 . 1.7674 ~ 0.942
'3-5 2.61 - 1.391
5-7.5 ' 1.6073 0.8567
7.5-10 3.0684 1.636
B - . ¢
Penetration Theory: 20.37 10.86

<o




- -4 ' »

= 0.03 m/s

| TABLE 13 FOR L =.3ﬂ_mm,_§f

L0 ugr 0.2995 w/s,

b '0.9532)7'

F

T - S 5 5,
Interval : koxlo m/s kaxlo m/s
© (min) : . .

-3 . - - '4.328 2.258

3-5 5.7255 ' 3.0517
5-7.5 .. . 4.4951 2.3959
7.5-10 - ~ ' 4.058 2.1629

Peﬂetration Theory:” 22.28 " 11.87

A

TABLE 14 FOR' L =, 60 mm, éf = 0.0064 m/s

(vi: ¢.1081 m/s,

¢: 0.9552)

Interval k x10° m/s k. x10° m/s
(min) : °© a
1 0-1.5 . 3.388 1.806
1.5-3 . 3.428 1.827
3—5 . . 3-227 1072
Penetration Theory: 9.46 m+53043




4
»
[~ «

.
.
~

‘0

_— -

Cugs. 0.1672. mis, ¢:7 0.944)

TABLE 15° FOR L = 60 mm, vy = Q.0123m/s - 0

]

*-. - ’Interval
’ {min) .

P 5,
gpxl? m/s a _ka$10 m/s |

0-1.5
1.5-3"
. 3-5 -
- © 5=7.5 .

4,200, 2,239 S

4.804 - 2.561
5,037 2,685

S 10.737°.  '5.723 RSN

Penetratioﬁ_Theor&: .

11.765 _ 6.272

& .
N

TABLE 16 [FOR'L = 60 mm, v. = 0.0189 m/s

(v,: 0.2209 m/s, ¢: 0.935)

-Interval
{(min)

" 5 ‘ S
koxj"_') _ m/s , ka:;lo m/s

0-1.5
1.5-3
3-5

5-7.5

' 4.759 \{ 2.536
5.846 3,116
6.102

11.485

Penetration Theory:.

13.52 - 7.21




e e ST T R S ™

&

=

soi

- ?ABLE 17 FOR L = 60 mm, Vv

-

Ve = 0.0228 nm/s

i (v, : 0.2494 m/s, ¢:. 0.9306]
’ ) -
: 5 5
Interval koxlo m/s kaxlo m/s
(min) .
g-1.5 ° 7.898 4.21. .
1.5-3 - 6.874 3.664
~ 3-5 4.496 .2.396"
Penetration Theory: lé.ﬁ? 766

TABLE 18 FOR L = 60 mm, v

£

\

= 0.02898 m/s

(v 0.2908 m/s, ¢: 0.924)

[ §
> ' 5 .’ 5
Interval k x10™ m/s - k_x10" m/s
{min) © a
- 0~1.5 7.673 4.09
1.5-3 6.00 3.197°
3-5 5.969 g . 3.189
-Penetration Theory:. 15.52 '8J273
r \. “ .
‘ N N
‘§ f ) qfiv )
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TABLE 19 FOR L = 90 mm, v, = 0.0148 m/s

. 5 (v;r 0.1271 m/s, 4: 0.9402)
o ' - 5
Interval koxlO m/s kaxlo_ m/s

(min) - '
0-1.5 5.1728 - 2.757
1.5-3 - _ 4.403 2347
3-5 N 3.332 1.776
5-7.5 6.331 3.375
Penetration Theory: 8.378 . 4.466

TARBLE 20 PFOR I, = 90 mm, Ve = 0.0184 m/s

(vi: 0.2169 m/s, ¢: 0.9354)

=

Interval k x10° m/s . k_x10° m/s
{min) © a
0-1.5 4,93 . 2.628
1.5-3 - 5.192 ‘o 2.767
' 3-5 4.462 . 2.378
5-7.5 10.582 5.64
- Penetration Theory: 10.945 5.834
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TABLE 21 FPOR L = 9G mm, v, = 0.0307 m/s

£.
+ 0.303 m/s, é: 0.9226)

k]

- (v

i

Interval . k x10° n/s e x10° n/s -

(min) ° . 2 °
0-1.5 - 6.636 31537
1.5-3 _ .§;555 . 2.955°

3-5 © . 7,909 © 4.216 ';-
Penetration Theory: 12.936  .6.894

TABLE 22- FOR L = 120 mm, v, = 0.0112 m/s*

(v;: 0.156 m/s, ¢: 0.9458)

Interval - k J-:lO5 m/s k xlos' m/s
(min) : © ' a
0-2 ' 5.287 . 2.818
2-3 5.593 2.981
3-4 . 6.156 . 3.281
Penetration Theory: . . 8:03¢8 ‘ 4.285
B

* .
Turbulence was observed.

-
[

-

e R e i




. . - - *
- TABLE 23 FOR' L = 120 mm, Vf =-0.016 m/s
o ‘tvg: 0.1972 m/s, ¢: 0.9386)
' 5 ) 5
Interval k x10° m/s kaxlo m/s
(min) o) . .
R g-1.5 : 5.939 3.166
- b . \ .
1.5-3 5.017 2.674
3-5 E 8.19 4.365
Penetration Theory: 9.027 4.817

: , ' *
TABLE 24 FOR L = 120 mm, ‘v, = 0.0245 m/s

72

£
q\\_ﬁ\\- R. . _ (v.: 0.2615 m/s, ¢: 0.9294)
Interval k xlOS m/s k xlO5 m/s
(min) ° a
0-1.5 6.538 3.485
1.5-3 . 7.055 3.76
3-5 4.226 2.252
Penetration Theory: 10.407 5.547

x
‘ Turbulence was observed..
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5.2 System: n%Heptane/Iodine—Hater

>

Th:.s series of experments consists of transfer of

solute in the reverse of the earller serles, i.e., the

solute transfers from organlc to aqueous phase. Trans-
ferrlng solute 'was again iodine dissolved initially in
n—Hépﬁane. | : |

The experiment was carried out for a ‘'single slug
length of 6 cm %nd aqueous phase velocities from 1.09 to
2.87 cm/s.- Concentratiog_ - time data are given in
Appendix A and the méss transfer coefficients are given in
Tables 25-28. ‘Method of estimation of the coefficients is

»

given below.

E%Eimation of mass transfer coefficients

The équilibrium curverbetween the two phases is,
assumed to be a-straight line of slope m. The generalized
diagram for the overall concentration differences is shown
in‘Fig. 15.

- from Egn. {(11)

I dcS *
NA - T 30As(cs - cs) (23)
but x _ '
T Cg = w7 m Cae’? (24)
where cC =-Average concentration in the agueous

phasé film

Cae= Concentration in the effluent stream

—_— . P CorTe s e e o - -




74

By material balance,
Hbles of solute lost by the organic phase

= Moles gained by the aqueous phase.

~v_ do_
J..e.. dT = vatCae _. ‘ . (25) .
_ ] * _ : : -
Eliminating gs from Egn. (23) using Eqns. (24) and (25)

to get . o mAsKo dec
-v_ (1 + } .
L] : ZVfAt dat N 0O s s

\'Integrating the above equation within the limits

c.=<C at t=t
s s 1
’ l * Jm
CS = Csz at t = t2
to obtain - : c )
: .mASKO Sl
Vg 1+ EV_A—) An( C—) = KOAS (t2 - tl) (26)

£t s

The value of K can"be obtained from the slope of
the line obtained by plotting 'ln‘(CS/Cs ) vs time. The
‘ . S0

value of Ka can be obtained by multiplying Ko with m.
: Y
Individual phase coefficients are calculated using Eqgn.

‘{22). Concentration (log) versus time curves are shown

in Fig. 21.
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MASS TRANSFER. COEFFICIENTS — EXPERIMENT .AND THEORY (Series 7)

TABLE 25 FOR L = 6Q mm, v, = 0.0109 m/s/

(v.: 0;1535 m/s; ¢: 0.9462)

i
5 -5
Interval ‘ k. x10° m/s k x10” m/s
(min) © a
0-5 2.357 . 1.256
. 5-10 3.124 1.665
10-15 3.355. © 1.788
Penetration Theorys: =~  11.276 6.01

TABLE 26 FOR L = 60 mm, v_ = 0.0167 m/s

(vi: 0.2032 m/s, é: 0.9186)

Interval k x10° m/s k x10° n/s
(min) © a
0-5 3.1084 1.6568
5-10 . - 3.524 1.878
10-15 ; 5.313 2.832
N . : o

Penetration Theory: 12.974 , 6.915




= 0.0229 m/s

TARLE 27 FOR L = 60 mm, v,
| ' vei 0.2499,m/s, ¢: 0.9302)
5 5
Interval koxlﬂ m/s kaxlO m/s
(min) : -
0-5 . 3.923 2.091
5-10 "2.863 - 1.526
10-15 _ 3.245 "\X\ 1.730
Penetration Theory: -  14.388 O 7.699

TABLE 28 FOR L = 60 mm, vf = 0.0287 m/s

(s 0.2894 m/s, é: 0.9134)

Interval koxlo5 m)s kaxlos m/s
(min) )
0-5 5.409 ° 2.878
.5-10 " 3.838 2.046

10-15 | 2.995 1.596 . -

J

Penetration Thé&éory: 15.483 B.253
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5.3 :§§stem: 'Ioéine/n—ﬁeptane-Sodium Thiosulphate/Water

The transferring solute was iodine from n-Heptane‘
and was :eacting with sodium thiosulphate in the aqueous
'phase.- It was assﬁmed that the reaction is instantanedus
and takes place at the iﬁterface. |

The e#pefiment was carried out for a slug length
6 cm and agueous phase flow rate of 3.206 cm/s. This flow.
_ rate was chosen because it is nearly qlose to the aqueous
phase flow rate which had éo.be maintained to keep 6 cm
long slug stétionary in the free-slug apparatus. Thus the

- mass transfer rates in the two cases could be compared.

. concentratibn time qata are shown in Fig. 22 (semi-log)

| and tabul;ted in Appendix A. for both cases. The data for
free slug are taken from Section 4.5.

Mass tfansfer coefficients - experim;nt and pre-
dicted'are shown in Table 29. Also given in table are
those corresponding t? the free slug exéeriment. éalcula—
tion of the coefficients is based on Egqn. (16) given in

Section 4.1.
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TABLE 29 MASS TRANSFER COEFFICIENTS - FREE AND

SUSPENDED SLUGS

'(L = 60 mm, Series 81'

: Characteristic

Suspended-Slug Free-Slug
Ve 0.0321 m/s 0.0307 m/s )
5 0.3021 m/s .Q.2932
¢ 0.9201 0.9214
k = - -
.0

°  Experiment

Penetration
Theory

4

0.8047x10 ¢ m/s

1.3462x10"% n/s

0.5897x10" % m/s 4

1.326 x10 2 m/s

ol
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5.4 System: “n Heptahe/hceiic Acid4Water'

In th;s last serles, the transferrlng solute was
: acetic acld'wh;ch is hlghly soluble in. the aqueoueibhase.
Acetlc acid was initially dlssolved in the solvent, n-Heptane.
JDlStrlbutlon data for the system were obta;ped at'
. various conecentrations is the organic phase and the data are
o showh in Fig. 23. The resultlng curve is highly non-llnear.'
However, distribution coeff1C1ent was greater than at least

-

thirty, in favour of the aqueous.phase. L .Y
-Experiment was performee for a single slué length
and a single aqueoes phase flow rate. The concentratlon-i
tlme (Semilog) data are shown in Fig. 24. Estlmatlon of-the .
mass transfer coeff1c1ent is based on Eqgn- (16) and is glven

in Table 30 w1th other “pertinent data. - Concentratlon-tlme

" data ere also given in Appendix'A. ) ’

TABLE 30 MASS TRANSFER COEFFICIENTS - EiXPERIMENT AND

-

PREDICTED (Series 9) - S
. 3 . N - N ‘ﬁl
Characteristic S Value
L : 60 .mm
Ve : . 0.0136 m/s
Vi ~—_ . ' 0.174 m/s
¢ L. . 0.9410
kQ - Experiment % : ’ L SR
Initial Drop o . .7.282%10°°; m/s -
Straight Line Drop c. 2758x10 m/s N
kg - pénetr&tip; Theory 1.058x10"° an/s '

RV T

RN
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v CHAPTER 6 -

¥

INTERFACIAL TENSION MEASUREMENTS DURING MASS TRANSFER

It is'ihportant in any ternary mass transfer to
know whether éurface forces are playing a pa;t in the
mass transfer. Because of this, measurement of interfacial .
tension‘(ci) was undertaken. Fisher Autotensiomat was
the equipment used for measurements.

The system chosen was n-Heptane-Iodine-Water. .In
the first experiment; iodine was transferring from wéter-
to n-Heptane. Measureﬁents were made at arbitrary times.
The interfacial tension is plotted against time (Semi-

. -~ .

log scale) in Fig. 25. In the second experiment, the solute
was diffusing from the organic phase to the aqueous phase.
The recorded values against time ‘are shown in Fig. 26. 1In
both experiments, duration of the experiment was 49 mins.
The experiments were performed only in static conditions,
that is the lighter liquid was merely floating on the
heavier ligquid when the transfer was taking place from

either phase. The data for the two cases are also pro-.

vided in Tables 31-33.
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-~ - INTERFACIAL TENSION (o;) VARIATION -

TABLE 31 o, ~S t - SOLUTE TRANSFERRING FROM AQUEOUS TO’

& ’ : QZ;ANIC PHASE

Time (min) - o; m/m
41 .
40 )
| 39.5

13 ~ 38.5

17" SR 38

29 - R 37 -

a2 ‘ . 36 )

49 34 :

TABLE 32 cri vs t — SOLUTE TRANSFERRING FROM ORGANIC

'TO AQUEQUS PHASE

Time (min) o mN/m |

0 44

1 . . 41.5

10 o . 36

12 _ V'

16 . 33

24 B 31

41 29.5

49 26
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CHAPTER 7
DISCUSSION OF THE RESULTS

In the experiments with reaction between iodine and
sodium thiosulphate (Se:ies 1), the experimental mass trans-
fer coefficients for 3 and 6 cm slugs we;é 0.5475 x 10>
and 0ﬂ279 X 10f5 m/s (quleA3, p.- 37). These valués were
based on the straight line drop of the concentration with -
tiﬁe (Fig. 6, p. 35). The corresponding penet:ation,theor}

values were 11.04 x 10_5

and 6.902 x 107> m/s. From this
it can be seen that the actual mass transfer rates were
very much less than those of the penetration theory. This
could possibly be explained from the observations made

during the couse of the experiments.

There was a clear 'transparent' zone at the inter-

1
L]

face always circling around the slug during the transfer.

This ;transparent' zone was present due to two effects:

the solute at the interface was‘réméﬁeﬁ‘by reaction with

thiosulphate in the aqueous phase and there was not enough

transfer of the solute from the bulk of the liquid to the
0

interface. Since the original solvent (Xerosene) was

' highly imgire and has no specific composition, the impurities
W

present within it have reduced-thy diffusion of the solute

88
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_to such an extent that it overcompensated the instantaneous
nature of the reaction.
On the other hand, the coefficients for the initial

> and 7.493x107° /s .

éeribd in éﬁe.same experiments were 3.804x10"
respectively. Althouéh the value for 3 com slug is not
.eqﬁal to that 6f the peneﬁration theory, the 6 em slug gave ‘'
_a'éqlue close to the predicted value. This is understand-
abie'sincé at the‘éeginning of the experiment the solute
near the interface quickly transferred and reacted with;the
reagent. Subsquently the organic phase film was depleted
much faster than £he rate of tranéfer from the-bulk of the
prhase and hence the initial tréhsfe; rate wés-following'the
theoretical behHaviour. |

Also, the interesting observation is that thé
initial mass transfer ratéj}br 3 cm slug was muéh/féss
than the theoretical value compared to the 6 cm slug case.
This is, undoubtedly, due to the effects of 'ends' of the
slug. Although overall height of the slug was measured to
be 3 c¢m, tail and nose itself constitute more than two-
thirds of the slug tﬁuS\ﬁolathg the assumptions made in
the derivation of equations for velocity. A 6.cm slug,
however, closely follows the assumptién of large length/
diameter ratio. Further, the velocity profile will not

be fully developed at the nose of the slug nor over its

short length for 3 cm slug. The same behaviour could be
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_ the coefficient for 4.7 cm slug length was 0.6764 x 10

‘. gp

-noticed in the next series of experiments in which acetic

" acid was transferring from Kerosene to water (Series 2).

In experiments with acetic acid (Section 4.2)
-5
and the 11.7 em it was 2.7486 x 10 m/s aTable 4, pP. 42)

These were considerably lower than their respective theoreti¥
cai'values, 7.95 x 107° and 5.823 x 10—5 m/s. However,
the initial period estimates for both lengths of the slugs
were close to the penetratién theory valﬁes thus.again
confirming the situation described earlier of regucea
tggggfer from the bulk of the pﬁasg to the interface.' It
is“encouraging to ﬁote that theé initial transfer rates are
amendable to the theoretical analysis. ' But this is of
little practical use if the later behaviour deviates from
theory which can not be explained quantitatively.

In the finai.run of the experiménts {Section 4.3)
with the same solvent, Keros?ﬂéfﬂng effect of mixing on
the transfer rate was observed before\switching to n- -
Heptane as the solvent. Slug lenéfﬁé&as 3 cm and the con-
centf&tion-time curves were shown in Fig. 9 (p. 44). The
curves show that mixing in fact enhances the mass transfer

to the slug, of course if the’turbulence caused by inser-

"tion of the hypodermic is believed to be less significant.

II turbulence was significant, on the contrary, the in-

take of the solute would be much more than the observed.



; _— e s R "'._F_‘Sl-\k-._-‘ - “‘-‘

-

o
The crux of the matter is that mixing inside the siug caused
greater transfer which implies that the bulk concéntra;ion
tended to be uniform. 1In fact this is true. .;gthout mix-
ing, the lamiﬁar velocity profiles inside the slug show
that there is a Hadamard type33 continuous internal cir-
culationrwithout much ‘turbulence' or ipternal mixing in-
side the slug as in the Handlos and Baron_mode134. This,
obviously,.would reduce the mass transfer rate to a Qélue
lower than if the slug was completely uniform inside the
slug, which is the basis for the penetration theory. This
was proven further in experiments (Section 4.4) with n-
Heptane witthree'* slugs and slués 'suspénded'* from the
disc. .

In Series 4, experiments were carried out for three
different slug lengths-3,6 and 9 cm, slugs being 'free'
inside the tube.  The concgntration'curves were shown in
Figs. 12-14 (pp. 49-51). Also sﬁown were curves for
suspended slugs, the data éf which were taken from Series
6. The figures indicate that mass transfer 'is greater in
suspended slugs than in free slugs. This is because the
disc from which slugs were suspended in effect acts as a
baffle to the circulatory pattern in the slug énd thus

breaks up the flow pattern to cause mixing. This mixing

* .
For explanation, see Chapter 3. -
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in turn increases the mass transfer as noted earlier.
_JA~'Thé;éfféct of mixing seems to bermo:e in 3 cm’

slug lengths’ than in other slug lengi:hs, allov;ling for
differences in éqﬁébus ﬁhase concentrations. This could
be due to the 'shorthess‘ of the 3 cm slug thus making
it resemble more of a sphere when it is free. 6n the
other hand, if the 6 and 9 cm slugs were 'immobile' at
‘the tail end, velécityustrehmlines would only be confined
to the upper position of the slug and thus whatever mixing
is caused would riot be effective in the lower regions of
the slug. ) |

Mass transfer coefficients for freézuﬂ_suspende&
slugs of the three lengths were given in Tables 5-7 (pp. 54-55).
The coefficients for suspended slugs teﬁd-fo be higher
because of mixing inside. Howevef, the coefficients in
general were lower by 50% than the theoretical values.
The difference was maximum for 3 cm slug lengths because
of their geometry, i.e. low length/diameter ratio. The \
reasons for lower transfer r;tes could be one or combina-
tion of these factors.

(i} As given in Chapter 2, the solvent n-Heptane
was at least 98% pure; the remaining 2% may constitute
homologous constituents or other hydrocarbons. 1In any

. #
case these impurities play a great role in reducing the

transfer rates.
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(ii) It was mentioned in Chapter 4 ‘that fodine
in the aquedus phase has a negligible reaction with water.

The reaction could be given by:

12 + Hzo :’- HI + HIO

r

-laat 25°C.

K=3x10 |

This should not alter the résulsti'nce the aqueous
phase solution‘was preprepared and hence whatever iodine
transferred would be fixed . .0On the other hand, there
could be an error, in determiniﬁg tﬂe amount of free iodine..
availabie by titrating with sodium.thiosulphate s luéién;
This is beeause as iodine reacts with thiosulphdte the
reaction shifts backward and more iodine Qould be liberated
thus giving a false value. But it can be seen that the
extent of reaction is negligible, and sinc; the volume of
solution titrated-is;also small the error would be statisti-
- -
cally insignificant.

(iii) Pertaininglto the above discussion, it can
be'argued that the presence of éomgdunds besides iodine
might change the diﬁfﬁsivity of iodine. But the solutions
are so dilute, the extent of the reaétion is small, and
glso that the effect of diffusivity-is only to a fractioﬁal
power, this can be safely ignored. Further, earlier ‘workers

using aqueous solutions calculated the diffusivities by

. 34 . . .
Wilke-Chang correlation as was done in this case also.

»
J

5
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However; Freeman -and Tavlarides15 recgntiy observed that
the impurities present in the:original solvents reduced
the apparent diffusivities by one—third'and they also
observed the impurities being-colleéted at the interface
.in their jet- experiments.

(iv) Referring to the diétribﬁtion coefficient
(m = 9.- 2), it was chosen purely on an intuitive
baéis thit m showld correspond to large excess of the
aqueous phase. " In gener&l'the phase ratio ghould not be
a factor in the choice of m.‘ Thi§ causes anpthér uncer-
téinty whether the same value of m issj;;zzsaBte~thfought
tﬁe ﬁgration of mass transfer, |

(v) The orgahiclphasé, n-Heptaﬁe, is not entirely
immiscible with the aqueous phase. Its solubilify, though,
is negligible, (0.005 parts in 100 parts)Bl, yet could
set in the complex problem of multicoméonent diffusion-
rather than a single component diffusion as has been
assumed S0 far.. Finally, ‘

(v{) ‘With thé transfer of iodine into the organic
phase, the problem becomes one of a varyiqg phase resistaﬁce.
This is not solvable at this time especially when there
is no method to treat even the simpler problem of ‘constant
phase resistance for a cylindrical slug in.terms of
Hadamard stream functions.

These are only some of the'possible causes for the

i

/
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low mass transfer rates. Some other éauses will be
taken up;in'the foll&wing section.

:The effect of mixing was also observed in the .
case of'extraétion with regction and this will be discussed
at a 1atef stage. 7

E%periments of Series 6 form the 'core' of the
experiments. _He;e%n studied were the effect of sl}g
length and aqqeous-phaée velocity. ‘Fof slug ;ength 3,6;9‘
and 12 cms, calculated coefficients were giveﬁ in Tables

' 9-24 (pp. 65-72).

. The difference in mass transfer coefficients be—‘
tween the penétfation theory and the actual values (Tables
9?13,‘pp..65—67) is very high and pe;ﬁaps, attention need
not be‘given to this since the 3 cm slug has a low length/
diameter ratio. The lonéef slug Iehgths - 6,9 and 12 cm. -
also yielded lower values (Tables 14-24) at the be%inning
up to 5 mins. —

It has to be noted that the closeness between
acéual and expérimental valueg for longer slugs appears
to be;generally within Ehe time intérval of 5-7.5 mins.
Thié po?nts out that there is some sort of 'delayed'
action or 'build-up' effect. There is no reason‘for this
bﬁiid—up to play a role since the aqueoﬁs solution
displaces the previously held water film along thg sﬁrface

at the start of the experiment. The possible explanation

for this i1s that the circulatory patterns or mixing inside

{:\
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the slug ﬁere:not'fully operative at the begiﬁhing of the
experimenrs. As the tiﬁe passes by'a steady-state develops
in which the c1rcu1atlon aids in greater 1ntake of the
solute, Unfortunately, experlments were no¥ carried on

beyond the 7.5 mlns. interval and hence .no . data are avail-

.able to confirm this.. It is also important t reallze

that the 1nd1v1dual phase transfer coefficients need not

be proportlonal to D0 fﬁgb assumed in .the calculation of

the coefficienre. However, it has Been shown that this
holds good in most of the cases) as pointed out by Harriot.38
This has to be confirmed by extensive experimentation.

‘ Tt is interesting to find if same is the case in
the reverse transfer, that is the transfer of 1od1qe from
the organlc to aqueous phase. The results of the experi-
ments (Series 7) with 6 cm long slug were glven in Tables
25-28 (pp. 76-77). It 1s.1ntr1gu1ng to see that the actual
coefficients were much less than the theoretical values.
Obviously the 'étadg—?%are' hypothesis offered above is
not valid here. No attempt wasg mede to check whether the
distribution coefficient ef 9.412 is still applicable in
the present case. Egn. (26) shows the effect of m on K_
to be negligible. And any lower value of m would reduce
the individual coefficients even further.

Keeping the questlon open to dlscu551on, the answer

can be sought in terms of hydrodynamic and surface condltlons.



if it is assumed that organic phase has dissolved surface
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active material, Lither 5y dissolving Tygon tube material

on its entry to the concentfic steel tube or haviné some

foreign‘méte;ial dissolved in itself, tMen the fesﬁlts‘of

Scﬁoipens et_al.36 night be appliéable. They showed that

" the effect 6f spreaé macromolecules on mass transfer is -

not one of blockage of surface but to be primarily of a

hydrodynamic origin. As pointed out in Chapter 2, this ié

to say ﬁhat the concentration gradiénts along the surface

create an interfacial tension gradient whicﬁ opposes the

flow of the iInterface itself. | . .
Thé system of n-Heptane/JIodine-Water has high intexr-

facial tension (Figs. 25-26, pé. 85-86) . unlike the conditions

of Baird and Ho16 who worked with only low interfacial-tension

syétems. Thus the system readily accepts contamination

accompanying the water phase. The contamination would then

be collected at the botfom of the slug thefeby.decreasing

the tension there. "This iﬁfose§ the shear of the aqueous

phase flow and a balance would thus be established. This

rebalancing not only reduces ﬁhe igierfacial velocity but

‘prevents the passage of momentum across the interface which

inturn lowers the transfer rates., B

Also the fact is that iodine has high molecular

weight. Hence it could be more concentrated at the rear of

the slug than at the front end by virtue of gravity. It -
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‘can be seen from Fig. 25 (p. 85} that interfacial tension

would be lower at higher concentrations. This could act
alone or in combination with the effect of contamihétion-
to‘lower the transfer rates.

Finally, as pointéd out earlier, that n-HepEane
tries to dissolve in the aqueous éhase in the presence of
iodine. Thus the dissolution of n-Heptane could reduce the
mass transfer rates markedly to much lower vélues than
expected. -

In the next series (Section 5.3) of experiments,
soluté‘was again transferring from the organic to aqueous
phase but with é reaction in the aqueous phase. The system

studied was n-Heptane/Iodine-Sodium thiosulvhate/Water. Sincg

"the reaction is assumed to be instantaneous, resistance lies

entirely in the organic phase.
The concentration-time curves for a single slug

'length and single agqueous phase flow rate for ‘free' aﬁd
suspended’ cases were shown in Fig. 22 (p. 79) and the mass
trangfer coefficients in Table 29 (p. 80). The coefficients
were 0.5897 x 10—4 and 0.8047 x lO_4 m/s respectively. The
corresponding penetration theory values were 1.3462 x 10—4
and 1.326 x lO_4 m/s. Though the transfer rate for suspended
slug is much faster than for the free slug, it is still lower

than the expected value. -The reason could be either a hydro-

dynamic effect or a violation of the assumption that the
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reaction was instantaneous. The latter could not be veri-

fied since there is no specific condition WhéﬁithE*feaCtiQQ_____ﬁ#
. . e
ig very fast but w?th depletion of the solute.

In the last series of experiments.(éection 5.4)
acetic acid was transferring frpm n-Heptane to wétef., Dis-
tributiop aata'(Fig. 23, p. B2) show that acetic acid_is
highlf soluble in water, so thé resistance to transfer-lies’
wholly in the organic phase. However, the actual mass transfer
coefficient tends to be.two to three times greater than the
expected value. This is also in conformity‘with experiments
reported by'iewis 24 and Bakker et al.10 This could be
eas;iy explained by the nature of the solute. Acetic acid
has the tendency to cause Marangoni effects which increase
the mass transfer several fold. Sawistowski37 has tabulated
the conditions under which there will be instabilities based
on the analysis of Sterrling and Scr;venzs. For transfer
from phases 1 to 2 the table gives fhe conditions for instabi-

lities. These are depicted in Fig. 27.

In the present case:

2 _™P1  piffusivity of Acetic Acid in n-Heptane

r = — =
Dy Diffusivity of Acetic Acid in Water
_3.0313 x 107 m¥/s |
1.219 x107° m?/s .
2 v u P .
Q2. r_ M1 P2 0.5668 x 0.9984

5 Py Mo 0.6863 x 0.0101
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However, for r2 > 1 and éz > 13 intﬁition‘suggests
that oscillations or convection'cells are possible. 1In the -
.experiments of Bakker et al.10 r2> 1 and ezgl wheré they
observed excess mass transfe£ rates.

Finally, the slug technique could be compardd to
a wetted-wall tower. In both cases there is a thin film
adjacent to the tube wali. But the £falling film is always
laminar and stable in the slué technique whereas it could
be turbulent in the wetted-wall tower, The organic phase
of the slug resembles the inner "core"™ fluid of the wetted-
wall tower;

Brinsmade and BlissBl, in experiments with a falling-
film appaéétus under turbulent conditions, resolved the over-
all coeffiéient into individual phase cﬁefficients. ?hey
assumed k and k_ to be functions of flow rates of the phases
in contact and fit the experimental data. However;‘this is

not feasible in the slug technique because both phases have

the same Reynol

number at the ;nterggce and aLso'the.flow
rate of the organic- is undefinable. Thus there can”
be no further comparison between ﬁhe two énd hence no
attempt was made to correlate the data in dimensionless

eguations.



CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

r
Liquid~liquid extraction experiments were carried out

.with ternary systems on the slug apparatus to assess

the usefulness of the techniqﬁe.

The equipment proposed by Baird and Hels ceulﬁ-be
modified:easilyto accommodate'qhanges in aqueeusfphase
flow, rate. |

It islshown that the disc iﬁ the modified apparatus
not only permitted variation in the equeeus phage
flew but has. enhanced the mass transfer rates by
improving the mixing inside the slug and making-the
slug to be uniform in cemposition.

Though the disc has improved the mass transfer rates
for all slug lengths, the improvement was less for

longer lengths compared to the shorter lengths.

This ineffectiveness waé believed to be due tb an

N

'immobile' portion of the rear ofothe slug.

Kerosene could be used in preliminary studies but no
conclusions should be based on results with it.

The experimental mass transfer coefficients were in

general found to be less than the expected values

'gﬂ 102
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baséd on penetration theory for the system n-Heotane-
Iodiné/water. . But it is believed that there is
some 'steady-state’ effect,_tﬁgt is the transfer rateé
tend to be high with the'passage of time.

Mass transfer coefficients in the ‘'reverse .transfer'

(from organic to aqueous) for the same system were

L

- much lower than the expected values. ' This could be

due to a single or multiple effectg of dissolution

of the solvent itself,‘hydrodynaﬁié conditions,
variation of resistance With ti%zlgfgntaminants and
uncertainty about the distribution coefficient.

Mass trénsfer coefficients in extraction with reaction
(between iodine and sodium thiosulphate) were also
lower than the tﬁeoretical values. It was not known if
this was due to hydrodynamic effects or a violation

of the a;sumption that the reactioh was instantaneous. -
Mass transfer rates with acetic acid as solute tend

to be much more than the theoretical values. This

was found to be in agreement with the earlier reports
and was due to Marangoni effects.

Thougﬁ the slug'teéhnique Ciosély resembles the
wettéd;wall column, individual phase coefficients

‘Qere not correlated in dimensionless form since“the

flaw rate of the organic phase was undefinable.

%ﬁi
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It is iecommended that a Systeﬁ which. has wéll- -

defined data of distribution coefficients and diffusivities

"should be tried on the slug technique.. It should be impprtant

that the system or conditipns of transfer chosen should not

inducg Maranéoni effects. Finally, care should be taken

to uée only redistilled“water and ény other solvents. .

Organic liquids should not be allowed to.pass through

polymeric 'materials. If'the above dautioﬂs are observed,

it is believed thatrthe technique could be very useful in

obtaining the fundamental data for future use.
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.NOMENCLATURE

. 2
Interfacial area, m

Concentration, moles gt

Equilibrium concentration, moles 2-1
Differential operator
Diffusivity, m>/s

Ratio of kinematic viscosities in Phases
1l and 2

~ Gravitational constant, m2/s

Film mass transfer coefficient, m/s

Equilibrium constant; Over-all mass
transfer coefficient, m/s

Mass transfer coefficient, m/s

Length of the Slug, mm

Distribution coefficient (= concentration
in the organic phase/concentration in
the agqueous phase)

Square root of the ratio of the diffusivities
in aqueous and organic phases

Mass trans®br rate, moles/mzs
Pressure gradient (= dp/dz), N/m%

Vglumetric flow rate of the agueous phase,
m?/s :

Radius, m

Ratio of diffusivities in Phases 1 and 2



. GREEK LETTERS

Z

SUBSCRIPTS

p
¥
o}

T

o

(v

.

Radius df'the tube, m
Reynolds number
Time, s

Integration constants

1]

Velocity, m/s
volume of the slug, m3 ‘ N
Ratio of concentration in the slug to the

product of distribution coefficient and
concentration in the agueous phase.

Direction

Enhancement ﬁactér'

Dimensionless slug radius

Viscosity, m.Pa.s S
Kinematic viséosity, mz/s

Density, Kg/m3

Viscosity ratio

Interfacial/surface tension, mN/m

Contact time, s

Aqued:zfﬁﬁﬁﬁgh .o
Comporfent =

Bulk

Effluent (2nd subécript)

Superficial

Interfacial

: n

106"

2™

s



First subscript: Organic phase;

Second subscriét: at time t = 0-
Slug
Average (2nd subscript) _

Instants

w
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APPENDIX A
SERIES 1: KEROSENE/ IODi'NE-SODIUM THIOSULPHATE/WATER

TABLE A-1 CONCENTRATION-TIME DATA FOR L = 30 mm
" (c__ = 0.0102 M) '
WO

Time (min) ITodine in Kerosene
) M y

0 - . l0.262

0.5 N . . 7.3886

1.5 " 6.5667

3.0 : 6.0546
4.5° 5,131

6.0 4.4127
10.0 L 3.4891
12.21 . | 2.4263
15.0 _ 1.6419
22.0 0.8210




113
TABLE A-2 CONCENTRATION-TIME DATA FOR I. = 60 mm
(C = Q.01012. M)
wo

Time {min) : ) Jodine 'in Kerosene
mM
0. ' | 10.262
0.25 | 6.6703
0.5 5.4693
1.0 ~ 5.0797
1.45 - 4.4127
3.0 - 4.4126
4.5 4.0022
6.0 3.5917
' 10.0 : 2.4628
15.Q 1.2879
20.Q 0.4618

25.0 0.2566




' SERIES 2: KEROSENE/ACETIC ACID (A.A.)-WATER

“TABLE A-3 CONCENTRATION-TIME DATA POR L=47 mm

L

(C_* = 0.2597 M)

S'O
. _
Time (min) A.A. in Effluent mM

0.833 ~- 2.2

1.5 - 0.78

3.0 -0.556

4.5 0.433

6.0 . 0.30

9.0 0.241
12.0 0.1547
15.0 - 0.1472
20.0 0.1433 .
25.0 - 0.07879

TABLE A-4 CONCENTRATION-TIME DATA FOR L = 117 mm
(C_. . = 0.2597 M)
5,0

¥

. 2.5°
: 1.5
0.431
0:2769
0.1148
0.057
0.0477
0.0438
0.0375
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SYSTEM: n-HEPTANE/IODINE — SODIUM THIOSUPHATE/WATER

TABLE A-7 CONCENTRATION-TIME DATA (SERIES 8 AND 5)
| (C__ : 0.19711 M)
wo

Time (min) Iodine in n~Heptane, mM

Suspended-slug Free-slug
0 ‘ 13.336 13.336
0.25 ’ 9.594 r - 10.231
0.5 ' . 5.7723 " 6.8073
1.0 2.3089 3.6226
2.0 .- 0.4543 - 71,1247
V4

' c>. SYSTEM: . n—HEPTANE/ACETES ACID - WATER

TABLE A-8 CONCENTRATION-TIME DATA (SERIES 9)

Time (min) A. A. in n-Heptane, M
0 0.1971
0.317 ‘ 1.8 x 1073
0.5 . © 9.43 x 1070
1.0 : | 8.148 x 10
2.0 . 3.859 x 1b"2

4.0 ‘ 8.577 x.10






