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This dissertation describes an experimental study of
the simultaneous mass transfer and chemical reaction at a
plane liquid-liquid interface involving the saponification of
simple esters transferring into aqueous caustic solutions,.

The transfer experiments were carried out with both liquid
phases stirred and unstirred respectively.

Special emphasis was placed on the stagnant-phase
systems, Turbulent reaction layer propagation rates were
measured for ester phases (pre-saturated with water) in
contact with aqueous caustic solubtions (at various concentration
levels). The distortion of the moireé pattern was used to
indicate the position of the propagating layer front. The
cause and nature of the turbulent layer were elucidated. An
apparatus, capable of withdrawing small samples of the liquid
with probes precisely located in the aqueous phase, was

constructed. Experimental techniques were developed to measure
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the abnormal concentration profiles‘of the reactants and the
products within the turbulent layer. From the component
concentration distribution data, the turbulent layer thicknesses,
the reaction zone (within the turbulent layer) thicknesses,

the mass transfer rates, and the enhancemsnt factors were
deduced. The effects of turbulence in the agueous phase were
estimated in terms of the derived eddy diffusivities and of

the differences between the experimentally measured and the
theoretically predicted (by molecular diffusion with reaction
equation) enhancement factors.

In the steady state transfer study using stirring in
bbth phases, transfer rate data and enhancement factor data
were obtained for three formate~sodium hydroxide systems.

In addition to the mass transfer studies, a preliminary
investigation on the diffusion coefficient measurement in
binary and ternary liquid systems employing the moir€ pattern
method was carried out. A diffusion cell was designed and
built to enable the quick acquisition of the experimental

data with reasonable accuracy.
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CHAPTER 1

INTRODUCTION

Ever since the development of chemical engineering,
interphase mass transfer has been one of the vital operations
in the field. Important practical examples are nuuerous;
such as the gas absorption of sulphur trioxide and nitrogen
dioxide in the manufacture of acids. There are many industrial
opefations involving the application of liquid-liquid
extraction, for example, the sulphur removal from petroleum
fractions, the nitration and sulfonation of organic compounds
and the saponification of esters. A considerable number of
these mass transfer processes are accompanied by simultanccus
chemical reaction. Interphase mass transfer is frequently
complicated by‘interfacial phenomena, for example, interfacial
turbulence, interfacial resistance, spontanecus emulsification
and the change in physical equilibria between phases. These
interfacial phenomena are more pronounced in reacting systems,
because the products formed and the heat evolved by the reaction
continually change the physio-chemical nature of the inter-
facial region. It is evidently desirable to be able to predict
and to know how the reactions and the associated interfacial
phenomena affect the transfer rates which are the key data for
designing the equipment for the operations.

Gas absorption with simultaneous chemical reaction has



been an active area of research for some years, both theor-
etically and experimentally. On the other hand, relatively
little work has been done in the field of liquid-liquid mass
transfer, especially with chemical reaction. Theories for
gas~-liquid reaction systems may sometimes be applicable to
certain types of two-phase liquid systems. However, the analogy
in theories between the two types of system does not always hold.
As an example, transfer-and-reaction theory for gas-liquid
systems is clearly not valid in liquid systems where the re-
actants and the procducts can transfer across the interface in
both directions. Moreover, the experimental evidence from

the literature indicates that the mass transfer across the
liquid=-liquid interface tends to be affected to a larger

extent by the interfacial phenomenon than the mass transfer
across the gas-liquid interface. Thus liquid-liquid reacting
systems have nore complex features than the gas-liquid systems
and they require more careful study.

Previous investigations of the interphase mass transfer
in some ester-aqueous caustic systems(s9) indicated thaﬁ, in
the case where two phases were stagnant, a turbulent recaction
layer was observed at the interface. vhen both phases of
an ester-caustic system were stirred, the turbulent layer
disappeared and the reaction transfer rates obtained were
smaller than the corresponding physical transfer rate in the
same ester-aqueous caustic systeme.

The object of the present study is to obtain further



experimental information on the reaction mass transfer in

the ester-aqueous caustic systems with both liquid phases
unsﬁirred and stirred respectively. Speciél emphasis is
placed on the stagnant-phase systems. The study is directed
towards the acquisition of information on the cause and
nature of the turbulent reaction layers and on the effects of
a large scale turbulence on mass transfer rates. In particular,
the structure and the propagation of the turbulent reaction
layers, the abnormal concentration profiles within the layers,
the reaction zone thicknesses and the transfer rates are
investigated. In the stirred-phase systems, mass transfer
rates and enhancement factor data are collected for several
ester-aqueous caustic systems. These data may be useful in
probing the various factors governing the rates of interphase
transfer. In addition, a preliminary study on the diffusion
coefficient measurement in binary and ternary liquid systems
employing the moiré pattern method is carried out.

In Chapter 2 of this dissertation, pertinent literature
on the subjeét is reviewed and discussed. Relevant theories
on interphase mass transfer and on diffusion are given in
Chapter 3. In Chapter 4, the experimental work is presented.
The experiments are grouped inté four parts. Each part is
divided into three main areas: experimental details, results,
and the discussion of results. L.l -~ PART A and 4.2 -

PART B are concerned with the studies in stagnant-phase

systems., 4.3 - PART C deals with the investigations in



two-phase stirred systems. L., = PART D describes the
measurenent of diffusion coefficlentsin binary systems using
the moiré pattern method. In Chapters 5, 6 and 7, the
conclusions, recommendations and summary of contributions to
knowledge are presented respectively.

Although the results are still preliminary in nature,
it is hoped that the present investigations will lay the ground-
work for further studies towards the understanding of the

effects of interfacial phenomena on interphase mass transfer.



CHAPTER 2

LITERATURE REVIEW

Literature on interface mass transfer has been extensive
and has been reviewed periodically by many workers. General
discussions on mass transfer and interfacial phenomena were
presented by Sherwood and Pigford (312% Davies (D9),Astarita(A4)
and Bird et al.(Bg). Discussions on drops and bubbles
phenomena were presented by Kintner(Kh). Comprehensive
annual surveys on mass transfer are published in Industrial
and Engineering Chemistry.

In this Chapter, only the pertinent literature will be
reviewed. The literature information is grouped under the
following three categories: interfacial turbulence, inter-
phase mass transfer, and diffusion coefficient measurement.

Special emphasis is placed on the interfacial turbulence

section.



2.1 Interfacial Turbulence

2.1.1 Previous Experimental Observations in
Physical Mass Transfer Systems

2.1.1.1 Two-Phase Liquid~Liguid Systems

2.1.1.1.1 Plane Interface, Static Bystems:

Literature reports on the occurrence of interfacial
turbulence are numerous in the three-component systems, and,
to a much lesser extent, in the binary systems. Ward and

(W1)

Brooks were among the first to observe the existence of

the spontaneous, highly localized interfacial agitation
accompanying mass transfer. Kroepelin and Neumann(Klz)
photographed the flat, turbulent interface of the system
ethyl acetate~acetic acid-water using the Schlieren apparatus.
The active interface of the system amyl alcohol-acetic acid-
water was photographed by BrﬁckneP(BZO). Davies(Dlz)
contacted a solution of 4% acetone dissolved in toluene with
water. The rapid, jerky movements of the interface were
revealed by talc particles sprinkled onto the interface.
Davies(Dg) summarized the results of a number of diffusion
experiments in ternary systems with and without surface active

(W3)

agents such as sodium lauryl sulfate or sorbitan mono-

oleate(Hl). He concluded that, in general, interfacial
turbulence would increase the rate of mass transfer in the
otherwise unstitred systems. fonolayers would reduce or

prevent the interfacial turbulence in the diffusion systems,

and theory and cxperiment were then in good agreement.



(H15)

Recently, Hoshino and Sato employed the moird pattern
method to 6bserve the weak interfacisl turbulence occurring
in the diffusion of acetic acid and then of propionic acid
across the stationary interface in the water-acid-toluene
system with and without a surface active agent. They found
that the rates of interface mass transfer were not influenced
by the existence of a surface active agent.

All the above-mentioned experimental observations at
the interface indicated that the phenomenon of interfacial
turbulence is a chaotic and disorganized process. Some
semblance of ordered flow could however be achieved for short
durations by directing a thin jet of solute towards a flat
interface between two pure immiscible liquids(KlO)(Slg)‘
Linde(Lg)(LlO)(Lll) succeeded in producing a non-chaotic
interfacial cellular convection during the diffusion of a
surface active agent across a stationary interface in many
alcohol-water systems. Orell and Westwater(OS) used the
Schlieren technique to study in detail the spontaneous inter-
facial cellular convection accompanying mass transfer in the
ethylene glycol-acetic acidfethyl acetate system. They
found that the interface exhibited a dominant pattern of
stationary and propagating polygonal cells, accompanied by
stripes and Pipples. The average wave length, frequency
and speed of propagation of the cells,stripeé and ripples
were measured. Gore(GlO) studied optically the cellular

pattern in benzene-acetic acid-glycol systems, Bakker et al.,

(B1)



studied the development of convective cells in a number of
ternary systems. They measured the size of the convection
cells and found them to be in the order of the magnitude of
the penetration depth.

2.,1.1.1.2 Dynamic Systems

(M3)

Maroudas and Sawistowski conducted experiments on
the separate and simultaneous transfer of propionic acid and
phenol between carbon tetrachloride and water, using vertical
and horizontal laminar co-current liquid-liquid contactors
with moving interfaces. In all the runs the existence of
interfacial turbulence was confirmed by visual or Schlieren
observations. They concluded that, under conditions of
spontaneous interfacial turbulence, the rate of mass transfer
depended to a large extent on the induced rate of interface
renewal and was directly preoportional to the square root of
the molecular diffusivity. More recently, Bakker et al.(Bz)
studied the mass transfef in ternary systems under well-defined
hydrodynamic flow conditions. By changing tﬁe direction of
mass transfer of the solute, experiments could be performed
with and without interfacial turbulence. The ratio of the
mass transfer rates with and without interfacial movement

was found to be a function of the concentration driving force
only. At high solute concentrations, the ratio approached
an asymptotic value between 2 to 3 for difflerent systems used.
Merson and Quinn(mﬁ) studied the diffusion in a number of

binary liquid systems using a newly developed contacting device



in which a thin layer of one liquid (immersed in another
liquid) flowed horizontally and radiélly outward from a
central source. They detected a highly structured inter-
facial turbulence in several of the binary systems studied.
However, the scale of motion (in isobutanol-water systems),
though clearly visible, was sufficiently small.  Therefore,
it had Very little effect on the rate of mass transfer.

With the phases stirred, the interfacial turbulence was
not as pronounced as that observed in the static systems.
Nevertheless, such effects were observed by Léwis(Lh) and
Blokker(Blo) for some of their stirred systems. The effects
of interfacial turbulence on the mass transfer rates were
studied later by TOpp(T9) and Olander(OB)‘ In these studies,
the mass transfer coefficients in ternary systems were found
to depend on the direction of the transfer and the solute
concentration levels. The enhancemsnt of transfer coefficients
over the theoretically predicted values without interfacial
turbulence was in the order of 2 - 3.
2.1.1.1.3 Drops

Pendent drops or free-falling drops with rippling,
pulsation, kicking and eruptions were studied extensively.

(L5)

Lewis and Pratt noticed that when drops of oil were
either pendent or free in water, and a solute, e.g. acetone,
was present initially in one phase, the drops underwent
violent and erratic pulsations. The frequency of kicking

for any one drop decreased as the time from the formation of
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the drop increased. They were also able to demonstrate that
during kicking of the drop, a violent circulation of the
liquid took place at the interface. They also showed that
for a wide variety of systems, addition of detergents or
proteins inhibited the kicking. Haydon(Hg) contacted a
solution of acetone in toluene with water and observed the
vigorous kicking of the drop. However, if the water phase
was replaced with either sodium chloride solution or with
dodecyl trimethylammonium bromide, the kicking was inhibited.
Based on the experiments, he concluded that ddring diffusion
across an interface, the non-uniform solute concentration at
the interface gave rise to local interfacial tension variations
which in turn caused instability in drops. Other work on
the elucidation of the mechanism of interfacial turbulence

waslreported by Kroepelin and Neumann(Kll), Goltz(Gg),

(H8) (63) 519)

Haydon and Garner et al. Sigwart and Nassenstein(
made an extensive photographic study of eruptions in pendent
drops using a colour Schlieren microscope. More recently,
Bakker et al;(Bl) studied the interfacial behaviour during
the growing of a drop in & number of three-component systems
with mass transfer being directed out of as well as into the
‘droplet and with phases being alternatively dispersed and
kcontinuoué. They found that interfacial turbulence occurred
when mass transfer was in one direction but-did not necessarily

occur when transfer was in the opposite direction,

Several investigators found that rising or falling drops
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behaved in the same manner as the pendent drops(L3)(818).
Interfacial turbulence was also observed in binary
liquid systems as reported by Austin et a1.(45) ;p their
pendent drop experiments.

2.1.1.1.4 Spontanecus Emulsification

Interfacial turbulence was also observed in many ternary
systems which exhibited spontaneous emulsification. McBain

and Woo (M) and, later, Haydon(HS)

studied the phenomenon of
emulsion with interfacial turbulence in solutions of methyl
and ethyl alcohol in toluene placed in contact with water.
They found that when protein or detergent was adsorbed at the
interface, the interfacial turbulence was inhibited, but the
emulsification was not appreciably affected. Kaminski and

(K1) examined the emulsion with turbulence formed when

McBain
benzene, toluene or xylene was placed gently on strong
solutions of dodecylamine hydrochloride. They found that
either the dilution of the hydrochloride (to less than 0.1 N)
or the presence of a detergent would inhibit the emulsidn
formation. Indeed, interfacial turbulence has been advanced
as one of the three probable mechanisms of spontaneous
emulsification.

An excellent review on the subject of spontaneous
' (D10)

emulsification was given by Davies and Haydon

2.1.1.2 Two~Phase Gas~Ligquid Systems

Surface instability also occurred in the gas-liquid

systens. A classic example was furnished by Langmuir's
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(L.1)

experiments on the evaporation of ether from a saturated
solution in water. Talc sprinkled on the surface showed
abrupt local movementé, caused by the differences in surface
tension in the different regions of the surface. A monolayer
of oleic acid on the surface was observed to reduce the
turbulence considerably. A similar effect was found by

Groothuis and Kramers(Glz)

for the absorption of sulphur dioxide
in n-heptane. The surface of the liquid became violently
agitated.‘ Using Schlieren and interferometric techniques,

(k13) showed that the transfer of methanol

Kroepelin and Prott
vapor to water was an example of eruptive transfer. Ramshaw
and Thornton(R3) showed that when either acetone or methanol
vapor was absorbed into water, considerable interfacial
turbulence occurred with ripple formation and surface
oscillations. Using a capacitance probe and photographic
techniques, Ellis and Biddulph(El) measured the amplitude of
the waves induced during the absorption of acetone or methancl
into water. One of the common examples of surface-tension-
driven flows is the ripples and tears at the surface in a
glass of strong wine.

2.1.2 Previous Experimental Observations in
Reaction liass lransfer Systems

2.1.2.1 Two-Phase Ligquid-Ligquid Systems

2.1.2.1.1 Plane Interface, Statiec Systems

Interfacial turbulence phenomenon is more pronounced in

systems with chemical reaction. Gad(Gz) and Brﬁcke(Blg)
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noticed that when solutions of a fatty acid (e.g. lauric)
in o0il were placed very gently upon the sodium hydroxide
solution, an emulsion with interfacial turbulence was formed

(515) studied a

in the aqueous phase. Sherwood and Wei
number of ternary and quaternary reaction systems and concluded
that the interfacial turbulence was pronounced in the case

(59)

of exothermic neutralizations. Seto et al. , While
studying the reaction mass transfer in ester-caustic systems,
observed the formation of a turbulent reaction layer with
turbulent liquid motion at and near the interface. They also
found that the addition of a trace of surface active agent
would reduce the layer turbulence as well as the layer

(c1) used the Schlieren

propagation rates. Cho and Ranz
method to follow the diffusion-controlled reaction zones
resulting from the contact of two reactive liquid phases.
They reported that the abnormally high rates of reaction zone
propagation and transfer in some systems were due to the
interfacial turbulence.

2.1.2.1.2 Dynamic Systems

Searle and Gordon(36), Sherwood and Wei(815), and Osborne

(06)

performed transfer experiments on systems with instantaneous
reaction in stirred vessels. They reported mass transfer
rates several times as great as those predicted from Hatta's
theory(H7). Bakker et al.(Bz) used a wettéd_wall apparatus
to study the reaction transfer of the acetic acid in the iso-

butanol-aqueous sodium hydroxide systenm. The hydrodynamic
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flow conditions of the two phases were well-defined. They
confirmed the abnormally high transfer results of Sherwbod and
Wei.

Gaven(G@) and Sherwood et al.(515) reported the
"miniature explosion" of a drop of benzene containing acetic
acid as it rose through an aqueous solution of ammonia.

2.1.2.2 Two-Phase Gas-Liquid Systems

Interfacial turbulence also occurred during the gas
absorption with reaction. Using a highly sensitive inter-
ferometer, the optical study of interfacial turbulence
occurring during the absorption of carbon dioxide into mono-
ethanolamine solution was carried out by Thomas and MCKNicholl(Th)
in order to determine the conditions under which interfacial
turbulence occurred. They also obtained the relationship of
the time lapse (after the phase contact and before the onset
of interfacial turbulence) versus the MEA concentration.
Banckwerts and Da Silva(D5) observed the surface instability
during the absorption of carbon dioxide by a drop of 1 N mono-
ethanolamine solution.

Other literature data on the absorption_of carbon dioxide
into monocthanolamine under well-defined hydrodynamic

conditions were obtained by many investigators using different
(C2)

)

kinds of experimental apparatus including Clarke and

Astarita(AB) using laminar jets; Emmert et al.(E2 and Brian
et al.(B18) using wetted-wall columns. Most of the absorption

data by these investigators fell above the theoretically
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predicted values due to the occurrence of interfacial turbulence.

2.1.3 Interfacial Turbulence Produced by
Temperature Gradient at the Interface

Interfacial turbulence can also be induced by the local
variation of temperature alone at the interface. Barly in
1900, Bénard(B0) described his observations of a cellular
deformatibn‘produced on the free surface of a liquid film
(0.5 to 1.0 mm. thick), the bottom of which was uniformly
heated and hotter than the top surface. He also observed a
cellular flow associated with the deformation. Experiments
have shown(Ph) that drying paint films often display a steady
cellular circulatory flow of the same type as that observed
in the case of fluid layers heated froﬁ below. Block(Bg)
demonstrated experimentally that the Bénard cells observed
were caused by surface-tension-driven flows which, in turn,
were induced by the temperature gradients at the surface.

He also observed that the addition of a monolayer at the free
surface of the film would inhibit the formation of the flow
cells. Mitchell and Quinn(Mg) investigated the convective
flow inathin liquid layer heated from below and confirmed

the findings of Block. Furthermore, they observed oscillating
temperature and velocity fields in thin horizontal films.

2.1., Interfacial Turbulence Produced
by Uensity Variation

Interfacial turbulence can also be induced by the action
of buoyancy forces as a result of the density variation.

Experimental investigations by Zierep(Zl) and Schmidt et al.(SB)
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revealed a cellular motion in a liquid layer bounded by
horizontal plates (to eliminate the surface;tension;driven
flows), when the bottom plate was hotter than the top plate.

A small disturbance analysis was carried out bvaayleigh(R5)
and others for the case of freg;surface instability due to density
gradients. They obtained a critical film thickness (2 mm.)
below which there was stability.

Block(B9) performed experiments with a thin film heated
from the bottom whereby the Benard cells (due to surface
tension variation) were first produced and then removed by
covering with a monolayer. Then the thickness of the liquid
film (covered by a monolayer) was increased until cellular
surface deformation and circulation could again be seen.

The thickness of the film at the reappearance of the cellular
motion was 2 mm., which was about the predicted critical depth
for the onset of convective instability due to density variétion.

2.1.5 Theoretical Treatment of Interfacial Turbulence

It is well known that local variations of interfacial
tension not only cause movement in a liquid surface but also
bring forces to bear on the underlying liquid, setting it in
motion. This has been called the Marangoni effect(B7), The
surface tension variation can be brought about by the local
variations of component concentration at the interface as the
result of mass transfer. Alternatively, a temperature
variation at the interface, produced by uneven distribution

of heat of solution or heat of reaction, will also cause the



17

local variation of interfacial tension. The development of
detailed theory relating the Marangoni effect to the inter-
facial turbulence proceeded at a slow rate owing to the
inherent complexity of a reasonable mathematical description.

Haydon(Hg) proposed a kicking mechanism to explain the
drop oscillation during mass transfer. Later Davies and
Haydon(Dll) derived the equations of motion for the pendent
drop oscillation, tbus cnabling the prediction of oscillation
frequencies and energy dissipated against viscous forcés
during the damping of the oscillations.

Recent available analyses usually dealt with the stability
of the transfer systems towards small disturbances. The
onset of a steady, cellular convection driven by surface
tension gradients (which, in turn, were caused by surface
temperature gradients) on a thin layer of liquid was examined
by Pearson(Ph). lis results indicated the existence of a |
- critical "Marangoni number" for the onset of instability.
Sternling and Scriven(szz)'formulated a theoretical model
describing surface-tension-driven interfacial activity (which
in turn was caused by surface concentration gradients) at
plane liquid-liquid interfaces. They mathematically analyzed
the simplified, two-dimensional model (roll cells) by means
of the theory of linearized stability coupled with the
traditional hydrodynamic and diffusion principles. They
developed criteria for the onset of instability and determined

the nature of the dominant disturbance, predicting its wave
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length, amplification factor, speed of propagation, and

temperal period. The Sternling and Scriven theory has been
partially confirmed by many workers(05)(L12)(L13), The
Pearson's analysis was later modified by Scriven and Sternling(SS)
to include the effects of surface viscosity and by Smith(321)
to include the effects of surface viscosity and gravity waves.
Recently, Vidal and Acrivos(V3) extended Pearson's analysis

to include the effect of nonlinear conductive temperature
profiles on the stability of liquid layers subject to surface
tension gradients.

Ruckenstein and Berbente(R12) extended the Sternling
and Scriven's analysis(szz) to the case where diffusion was
accompanied by a first-order chemical reaction in one of the
two phases. They established conditions under which the
Marangoni effect produced inmterfacial turbulence in reacting
systems and concluded that even a slow first-order reaction
might cause instabilities in an otherwise stable system.

Ruckenstein(RlO)

also examined the influence of the Marangoni
effect on the mass transfer in the continuous phase from a
spherical drop or bubble when Re < 1. He concluded that
the Marangoni effect should be a factor only in transfer from
small drops or bubbles.

Surface instability dve to buoyancy effects is probably,
in most cases,'considered of secondary importance and has,

accordingly, received much less attention. Rayleigh(R5)

analyzed the stability with respect to buoyancy-driven
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convection of a fluid layer heated from underncath. His

(J1) (L15)

analysis was subsequently extended by Jeffreys , Low

and Pellew et al.(P5). Conditions for instability were

S1) analyzed the convective

established. Recently, Sanil
instability of a system undergoing heat and mass transfer, to
buoyancy-driven finite amplitude roll cell disturbances. The
distortion of the mean temperature and concentration fields by
the disturbance and the transport of heat and mass at a finite

amplitude roll cell equilibrium state were investigated.

2.,1.6 Recent Trendsof Interfacial Turbulence Study

Apart from the continuing interest in theoretical
sfability analysis, recent developments are also concerned
with the enhancement of physical mass transfer under controlled
mechanical interfacial turbulence. Boyd and Marchello(Blz)
studied the influence of small surface waves on the absorption
of carbon dioxide into water. Small amplitude,progressive,
two--dimensional waves were mechanically generated in a sealed
ripple tank. Goren et al.(Gll) investigated the effect of
standing waves of controlled amplitude and frequency on the
steady state rate of mass transfer through thin horizontal
liquid layers. Both groups of investigators reported a
transfer increase due to the agitations.
| At the same time, attention is directed to the study of
physical mass transfer under falling wavy film conditions.
Thus Banerjee et al, (BL) developed a physical model describing a

small eddy structure near the interface. They showed that
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the mass transfer process was likely to be controlled by
small eddies for which viscous dissipation was important.
An expression for the mass transfer coefficient in terms of
the viscous dissipation near the surface has been obtained.
Another model was proposed by Banerjee et al.(B3), using a
partial surface renewal concept, to predict mass transfer
rates under falling wavy liquid films. The model was based
on the action of large single eddies associated with the wave
motion. Comparison of the computed values 6f mass transfer
coefficient from the large-eddies-model with data from the
literature gave good agreement at low Reynolds numbers (100
to 800). Howard and Lightfoot(Hl7) applied the surface-
stretch model to predict rates of gas absorption into laminar
rippling films in terms of surface velocities. Oliver and
Atherinos(oh) measured the enhancement of physical mass transfer
to liquid films on an inclined plane. The enhancement was
due to rippling.

All the above-mentioned studies may be a step in the
direction towards the understanding of the effects of turbulence

(at or near the interface) on the mass transfer rates.
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2.2 Interphase Mass Transfer

2.2.1' Theoretical Cohsiderations

2.2.1.1 Physical Mass Transfer

Ever since the advent of Nernst's diffusion layer theory
(N3)(N2), a considerable number of models have been proposed
to describe the mechanism (and thus to predict the rates) of
physical mass transfer across an interface, The over-

(L6)

simplified two-film theory of Lewis and Whitman has been

superseded by the more elegant concepts such as the penetration

theory of Higbie(Hll) and the surface renewal theory of
Danckwerts P3),  Both the Whitman and Higbie-Danckwerts models
have been elaborated on (Hanratty(HZ), Perlmutter(Pé)} or
combined and elaborated on (Toor and Marchello(Tg)(M2),

(H6) (D16)

Harriott , Dobbins R Ruckenstein(Rg)), but progressively
improved agreement with observation has only been achieved

at the expense of increasing the complexity. Alternatively,

a steady state phenomenological approach has been advanced by
(x6) (K7)

Kishinevskii , in which the turbulent convective effects
give rise to an eddy diffusivity which is obtained from
experiments. Derivations of mass transfer rates have been
developed(Lg)(SlB) based on the boundary layer theories first
proposed by Prandtl et al.(PlO)(V6>. More recently developed
models tend to be more realistic in describing the actual
experimental interphase transfer conditions. with particular

attention to the flow very near the surface (e.g. the quasi-

steady large scale model(Fl) and the small eddy structure
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model(Bh)). A generalized penetration theory for unsteady
convective mass transfer taking into account the convective
motions along the interface and along the normal at the
interface was proposed by Ruckenstein(Rll). Szekely et al.(29)
obtained an analogue computer solution for transient diffusion
in two-phase systems with the bulk flow and concentration
dependent diffusion coefficient.

Multicomponent diffusion problems are important in many
chemical and physical processes. Exact treatment of such
problems is seldom feasibie, since the governing differential
equations are complicated and nonlinear. For small concen-
tration differences, however, a linearized treatment of the
multicomponent mass transfer equations leads to a set of
equivalent binary equations. Solutions of the linearized
equations of multicomponent mass transfer were obtained by

T6)

Toor( and Stewart and Prober(szh).

Theoretical studies on multicomponent mass transfer have
(RE)

been developed by Toor et al.(T5), and by Roper et al. on
gas absorption. The mass transfer equations obtained differed
in form from the usuval binary component equations and they pre-
dicted qualitative as well as large quantitative differences

between binary and ternary transfer.

2.2.1.2 Mass Transfer with Chemical Reaction

All of the above models concerning the mechanism of
interphase mass transfer combined with chemical kinetics of a

reaction can lead toward the predictions of the effect of a
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simultaneous chemical reaction upon the rate of mass transfer.

(B16) (V1) (P7) (D2) (D6) (D1) (H7)

Several cases have been treated

(H19) (D4) (P2) (F3) (S13)

The effect of ions diffusing in mixed electrolytes has

been discussed(Slh)(Vh) and, in several cases, it has been
(814) (V) (#1) (V2) (BLy)

combined with existing theories In
general (except under certain conditions as specified in
Reference (Blh), e.g. equal ionic self-diffusion coefficients
of the ionic species)it was found that mass transfer rates
caleulated taking into account ion diffusion effects departed
significantly from those which would be obtained with molecular
diffusion(Blh), The effect of heat of reaction on mass
transfer with chemical reaction has been investigated by
Kobayashi and Saito(Kg). The effect of bulk flow on mass
transfer accompanied by homogeneous chemical reaction was

(528)

discussed by Szekely in terms of the "film model"™. Some

problems of analyzing processes of mass transfer with chemical
reaction were discussed by Mutriskov and Maminov(M1O).
Brian et al.(Bl5) presented theoretical solutions for gas
absorption accompanied by a two-step chemical reaction
involving a transient intermediate species.

The type of chemical system which has received the most
attention is that in which a gaseous species dissolves and
then reacts irreversibly with a non-volatile solute already

present in the liquid phase. In the case of a second-order

chemical reaction between the dissolving species and the
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non-volatile solute, an approximate solution to the film theory
was presented by Van Krevelen and Hoftxﬁmr(Vl), and the
accuracy of this approximated solution was demonstrated by
Peaceman(PB). The penetfation~theory solution.for this case

(P7)

was obtained numerically by Perry and Pigford for a
limited range of variables and later by Brian et al.(B16) for
a much wider range of variables.

Generalized penetration theory solutions with respect
to the order of the chemical kinetic equation were presented
by Brian(BIB) and Hikita et al.(HlZ).

Location and thickness of the reaction zone in liquid-
liquid systems with reaction were derived by Scriven(Sk) for
uﬁsteady state transfer. On the other hand, reaction zone

- thickness was derived by Friedlander et al.(Fz)

for steady
state transfer.

Although most of the theories are proposed specifically
for gas absorption, their extension to certain types of liquide
liquid system does not involve assumptions differing signifi-

cantly from those postulated for gas-liquid systems.

2.2.2 Bxperimental Studies

Various experimental investigations have been conducted,
aimed mostly at testing the various transfer models. Probably
the type of apparatus used (i.e. the flow pattern) is clearly
related to the theory chosen. For example, the film theory
would be expected to work better for a gently stirred vessel,

where stezdy state mass transfer across an unbroken interface
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occurs, than for a packed tower, where the liquid flows over a
piece of packing for a very short period of time before being
mixed and then flows to the next piece.

2.2.2.1 Physical Mass Transfer

A comprehensive summary of the reported experimental work
up to 1963 was given previously in Seto's Master s Thesis(s ).
Recent developments include the study of turbulent and convective
transfer in apparatus such as turbulent jets(DIB) and agitated
Vessels(K3). Physical interphase mass transfer rates were
measured for mechanically-controlled wavy films(Blz)(Gll),
vibrating spheres(N5) and cylinders(sz7). Thus the erhance-
mént of transfer due to imposed mechanical motion was obtained.
Other advances include mass transfer from a rotating disk
into powerwlaw~liquids(Hh) and the detection of interphase mass
transfer by measuring electrochemiluminescence in a electrolytic

cell(CB).

2.2.2.2 Reaction Mass Transfer

Many experimental investigations are concernsd with gas
absorption involving a chemical reaction. Thus Nijsing et ale(Nh)
carried out studies on the absorption of carbon dioxide into
laminar jets and laminar falling films of aqueous solutions of
sodium, potassium and lithium hydroxides. Danckwerts and
co-workers have carried out a series of studies on the
absorption of carbon dioxide into alkaline solutions with a
variéty of interfacial geometrics, such as rotating drum(p7),

wetted-wall calumn(R7) and laminar jet(Sll). The carbon
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dioxide~-monoethanolamine system has been the subject of many
inVestigators(CQ)(AB)(Ez)(BlS). Many studies of gas
absorption with chemical reaction in stirred vessels have

4(A1) (P1) (V2) (K9)

been reporte A bubble of carbon dioxide

absorbed by the monoethanolamine solution was studied by
Houghton (Hl6).

Reaction mass transfer studies in liquid-liquid systems
have been performed mostly by using stirred vessels. Thus
Osborne(06), Searle and Gordon(sé), Sherwood and Wei(Sl5)
extracted acetic acid from isobutanol using aqueous sodium
hydroxide solution. The extraction of acetic acid from water
by a solution of cyclohexylamine in isobutanol and the
extraction of n-butyric acid from benzene by aqueous sodium
hydroxide were also performed by Sherwood and Wei(515).
Abnormally high transfer rates were obtained due to
interfacial turbulence. On the other hand, Fujinawa et al.
(FL,) (F6) carried out a large number of experiments in liquid-
liquid extraction with chemical reaction. In each of the
systems under study, chemical extraction rétes were found to
be constant in the range above a certain critical value of the
initial sodium hydroxide concentration. Their conclusion
was in support of the film theory. Raal and JOhnSOﬁ(Rz)
derived a non-linear differential equation on liquid extraction
where the solute, on transferring across the interface, reacted

to form a dimer through a rapid second-order reversible

reaction with the solvent. However, experimental results
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deviated from the predicted ones(BL) . seto et al.(58) gsyugieq
the reaction transfer of esters into caustic solutions. Ab-
normally low transfer rates (as compared to theory) were
obtained. _

Reaction transfer across a liquid-liquid interface in
stagnant two-phase systems was studied by Cho and Ranz(01)
and by Seto et al.(s9). They reported that the abnormal
enhancement of transfer rates and reaction layer propagation
rates were due to interfacial turbulence.

Very little information concerning mass transfer with
reaction in drops is available. Nevertheless, extraction
of acetic acid and butyric acid from various solvent drops
by aqueous potassium hydroxide was carried out by Fujinawa
and Nakaike(F5), They found that in the case of acetic acid
transfer from solvent drops, the transfer rates, in general,
decreased with increasing potassium hydroxide concentration;
while in the case of butyric acid transfer from solvent drops,
the transfer rates, in general, slightly increased with
increasing caustic concentration. Drop study with reaction

was also carried out by watada(wz) of this Department.

Comparisons between experimental results and theoretical
predictions have not only been used to check the applicability
of the theory but they have also been used to infer the kinetics
and the mechanisms of very fast gas-liquid reactions(BL7) (D6)

(G7)(R7) (32) (U3)(G5) 4ng of the liquid-liquid reaction(NL),
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Recent advances included mass transfer with reaction in

gas~-fused salt‘systems(th)(Oz)(Ol)(Gl)(Rl3)(G8) and the

measurement of concentration distribution of gases in a

reacting trickling film by a fluorescence method(Hloa).
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2.3 Diffusion Coefficient Measurement

The experimental and theoretical investigation on binary
gaseous diffusion has been fairly adequate for moderately low
temperatures and pressures. A number of semi-empirical
equations were proposed to predict the diffusion coefficient
of low density gases,v such as the Gilliland’s(g6), the
_Hirschfelder, Bird and Spotzs'(th), the Slattery and Bird's(szo).
Equations predicting diffusioﬁ coefficients for a gas diffﬁsing
into a multicomponent gas solution based on the binary diffusion
coefficients have also been developed. For a three-component
system, Curtiss and Hirschfelder derived(c7) an expression
relating the multicomponent diffusion coefficient to the binary
diffusion coefficients. DMethods of evaluating multicomponent
diffusion coefficients for special cases have been developed
by Wilke(w5), Stewart(SZB), Hsu and Bird(Hls). These methods
simplify the calculations somewhat. The most well-known of

(B8) which are usually the

all is the Stefan-lMaxwell equations
starting point for the calculation of ordinary diffusion in
multicomponent gas mixtures.

On the contrary, the advent of liquid diffusion is not
as extensive, notwithstanding the fact that experimental
liquid diffusion data are actually more essential. One of
the possible explanations is that the diffusivities for most
liquids vary quite markedly with concentration as well as

viscosity even if the temperature and pressure are constant.

Furthermore, there is considerable difference in the diffusion
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process between ionic liquids and non-electrolytes. Never-
theless, a few correlations détermining the diffusivities

at dilute solutions have been proposed. For the non-electrolytes,
these are the Arnold equation(Az), the Wilke correlation(wh),

the Wilke and Chang equation(W6). Recently, a note by
Shrier{S16) reinforced the continued use of the Wilke=-Chang
~correlation. An expression was also developed to account

for the effect of concentration on diffusion of non-electrolytes
(P9). Among the recent developments are the analysis of Pynn
and Fixman(L7) which allows the extension of the hydrodynamic
model to concentrated systems, the anmalyses of Olander and of

(L7) which extend the Eyring theory to

(c6)

Gainer and Metzner
dilute solutions of very high viscosity. Cullinan proposed
a modification of the absolute rate theory of Eyring which
resulted in an expression to predict the concentration
dependence of binary diffusion coefficients for non-ideal
solutions, in terms of two coefficients at infinite dilution
and a thermodynamic factor. | The proposed relation works

well except for associated mixtures (those exhibit maxima).
Hansen(H3) presented simple correlation factors for the rapid
calculation of the true diffusion coefficients obtained by
absorption and desorption methods based on an exponential
dependencé on concentration. He pointed out that very

serious errors were made when concentration dependence was
neglected.

Very little work has been done on the prediction of
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multiconiponent diffusion in liquids. More recently, the
technique developed by Pynn and Fixman has been applied by

(L7) to obtéin a first approximation of

Lightfoot and Cussler
multicomponent diffusion. This development is in semi-
quantitative agreement with data of the polystyrene —toluene
system. Both Toor(T7) and Kass and O'Keefee(xz) discuésed
methods for predicting the concentration distribution and hence
evaluating diffusivities that depended on concentration.

(M7) solved the mass balance for

Mijnlieff and Vyeedenberg
isothermal, isopiestic diffusion in a three-component electrolytic
system with concentration dependent diffusivities. Included

was a method of evaluating the diffusion coefficients as a
function of concentration. Hays and Curd(HlO) described a
variational technique for concentration dependent diffusion.

The diffusion coefficient in very dilute solution of
completely ionized simple univalent electrolytes was given
by the Nernst equation. The case of diffusion in mixed
electrolytes was treated by Vinograd and McBain(Vh) and
Sherwood and Wei(S1h)

Since no adequate theory for the prediction of diffusion
coefficients of liquids exists, experimental measurements are
generally required. Much effort has been spent to improve
the design of apparatus for diffusion measurements. A number
of diffusion cells have been developed. The most common one

is the use of pseudo-steady state diffusion through a diaphragm

0611(325)(M8)(T3). Although the apparatus is simple to
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construct, the diffusion process through the diaphragm is

slow and often requires a considerable amount of experimental
time; Generally, the component allowed to diffuse is limited
to a small amount; thus; rendering the analysis of concentration
inaccurate. In the extreme case, e.g. polymer diffusion,

such cells may not be suitable because of the difficulties
encountered by the molecules passing through the pores. The
'diffusion coefficient measured with the diaphragm cell is the
integral value over the concentration increment and at the
particular experimental concentration level. Several theories
which include the effect of concentration dependence of
diffusion coefficient have been developed for the diaphragm

| cell(326), but they are difficult to use.

For higher accuracy measureuents, either free or restricted
diffusion method is used. In order to get accurate diffusivities
using such methods, two difficulties must be overcome while
performing the experiment. They are (a) to form a sharp
initial boundary of contact, (b) to probe the concentration
profiles without disturbing the system. There are a number
of diffusion cells designed to give good contact between tvo
solutions. The Fiirth cell(F7) is an example of the earlier
develcpnent. A thin draw slide is used to separate the two
solutions initially inside the Fiirth cell. It is nore
popular to provide the initial contact between the two
solutions by a éhearing mechanism such as the Claesson cell(Clb).

An excellent design for very viscous solution is the flow-junction
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diffusion cell(P7a). On the other hand, a simple cell for

free diffusion measurements has been recommended by Lamm(Llaz

Damper type cellsas well as invertible type cells were

(11)

recommended by Inoue et al. Some other methods have

been developed to sharpen the bourndary between solutions such

as that of Polson and Kahn (P7b). A Tew methods have

been proposed to trace the concentration profiles without
(E3)

actual sampling. Radioactive tracers were used although

the diffusion coefficients so obtained may not be the binary

ones(M7a). Less accurate but well executed measurements have

been made with electrical conductivity(M7a). However, the
most accurate methods so far yel devised are the optical
methods. These are the light absorption method(KBa), Guoy's

(G1lla)

diffusiometer and Rayleigh interferometer(chb), and

Schlieren knife-cedge methed by Takamatsu et al.(Tl). More

(52) proposed a method to calculate the concen-

recently, Sato
tration profiles meking use of the moire pattern. This method
has also been extended to cover two-phase, three-component
systems(Hl5). Similar method has been applied by Secor(s7)
for polymer diffusion measurements. Of all the methods
discussed so far, Sato's method is the easiest to use
experimentally.‘

Even with so many experimental techniques available,
diffusion coefficient data are quite scarce. Only a few
systems have been studied at various concentrations(Tz)(Sz)(Jh).

Further detailed literature review can be obtained in

Reference (L2).



CHAPTER 3

THEORETICAL PRINCIPLES

3.1 Mass Transfer with Chemical Reaction

The following discussion deals with a two-phase liquid
system whereby reactant A is the solvent of phase I and is
partially soluble in phase II; while reactant B is the
solute in phase II but pracﬁically inéoluble in phase I,

In addition, the mass transfer sitvation will be further
simplified if the solvent of phase 1 is pre-saturated with
the solvent of phase II, so that upon the contact of the two
phases, only reactant A from phase I will transfer across
the interface and react with B in phase II as described by
the following equation:

A+ B—= C+ D ' (1)

The transfer phenomenon in phase II can be described

by the following general equation:

s + §.VC - .
VDG, + Gy (2)

at
where,

C; = concentrations of species i, moles/cm3

t = time, seconds

¥ = velocity of convective current, cm/sec.

Dy = diffusion coefficient of species i in phase II,

em?/sec.
G; = rate of formation of species i, moles/cm3/sec.

3L
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If the experiments are carried out with two stagnant
phases, one resting on top of the other in a cell of constant
cross~sectional area with respect to the cell length, the
transfer situation as described by equation (2) can be

reduced to:

2C.  » 204
— = Tl ...
ot T ox (Di DX ) + Gy (3)

Further restrictions of constant diffusion coefficients
and an irreversible second-order reaction reduce equation

(3) to the following set of equations:

°Cy _ _ ®2Cy
?Cr ?2C
B - B
2C; 3¢,
5t ° Dogs + KOy Op (4e)
aCy 2%Cp

5T - Do * KCaCB (kd)

where the subscripts A and B represent the reacting
species, the subscripts C and D represent the reaction
products, k is the second order reaction rate coefficient,
cin3/mole~sec. and x is the distance, cm.

If the reaction rate is infinitely fast, the zone of
reaction is of negligible thickness as illustrated in Figure la.
The transfer process becomes diffusion controlled and

(Ah)(Slz). On the other

‘independent of the chemical reaction
hand, if the reaction pate is slow, the reaction zone tends

to spread throughout the solution as shown in Figure lec.
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The reaction becomes pseudo-first order with respect to
A(812) Finally, if the reaction rate is finite, then the
reaction zone thickness (the region in which non-negligible
concentrations of both reacting species exist simultaneously)
will also be finite as shown in Figure 1b. Such is the case

for the reaction systems in the present study.
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FIGURE 1
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3.1.1 Estimation of the Reaction Zone Thickness
(Refer to 4.2 -~ PART B)
If the transfer process is a steady state one, equations

(La) and (4b) will be reduced to
d2¢

a%Cp _ |

Dp g2 = KC4Cg = 0 (5a)
d2CB

DB-§;§ - kCACB = Q (5b)

With the assumptions of constant k and negligible thermal
effects, equation (5a) is subtracted from (5b) and the
resulting equation is integrated twice with the following

boundary conditions:(FZ)

dCy EEB . 9Ip

=+ 00 . = 2 -
at X 3 CA O’ ™ s 3% - DB

- _ . dCg .. ac, _ Jy
XF®s 00 0 e T g,

JA = dg = J; (steady state molal fluxes;moles/cmz-sec.)

b

The relatibnship between the concentrations of the
reacting species is:

Cg = 1. +

B

where,
X = x - x5, and x, is an arbitrary constant of integration.
Substitution of (6) into (5a) yields;

d?c, J
S0 = D2 ¢ B04%) (7)

With the aid of equation (7), the dimensional analysis

gives:
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L d A Dy %é

Cy = ("ﬁX) () ") (&)
where,

n = X/1

1 = (D,Dp/k) 73

Substitution of equation {(8) back to (7) gives

TZ = 7& + %ﬁy\ (9)
By the transformation Y} = fy - #n, equation (9) becomes

dzﬁé‘. = ¢2 - Yﬁ.
an’ AT (10)

With the following boundary conditions:

H

Nof

at n z-c, dfy
dn

ad ,

n =+

2ol

] o+

F2)  With the

Equation (10) was solved by Friedlander et al.f
reaction zone defined as the region in which the flux of
species A was reduced from 95% of its initial value to 5% of
its initial value, they found that the thickness of the
reaction zone was L.4 1.

The above theory should also apply to transient

diffusion where the stationary-state assumption is valid.
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3,1.2 Estimation of the Enhancement Factor

3.1.2.1 Penetration Theory (unsteady state)

(Refer to L .2 - PART B)
Normalizing equations(ha)and(4b)by changing the

variables into dimensionless ones(Blé).

Sp __ a
Cas
¢ ___ b
Cpy
kCp t — ©
DB/DA —_s I
Cp
O/CAi —q

results in:

%za ?

a o
__..é.az - a----—e = ab (lld)
2
b _ @b -
- = ab (11b)
2 = 996

with the following boundary conditions:

at © 20, any 2>0 a =0
b=1
z =0, any >0 a=1
db
oz - O
Z—o, any 6 a=20
b =1

By defining §f = KL/

where
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kL = mass transfer coefficient with chemical reaction
based on the average transfer rate over the
contact time imterval cm./ooc.

average physical mass transfer coefficient for
transfer without reaction,cm./sec.

enhancement factor of mss transfer involving
an infinitely rapid chemical reaction

¢a = 1/erf (07 (12a)
qJF = (1 - erf (0/JF))/ [erf((T) expo"2 lé)] (12b)}

=
Y
1

Also, by defining
1= (W/4)0 = kD,Cp /(K] )2
Brian et al. speculated that:

() (1 - (( ¢ 1) /(Ba-1)))) ?
))

@ = Tanh L M) (1 - ((g-1)/( ¢ -1) )] (13)

They then proceeded to solve equations (1lla) and (11b) numerically
using the linearized time-centred, implicit finite difference
methods of Crank and Nicholson(cha). The ¢ values so obtained
from the numerical solutions were compared with those

approximated by equation (13) by Brian et al. Calibration

curves were made to adjust the @ values obtained by equation

(13) to within 3% of the @ values by the true penetration
solution. (For details of the calibration curves,

Reference (Bl5) should be consulted.)

t ¢ is defined implicitly by equation (12b).



3.1.2.2 Film Theory (steady state)

(Refer to 4.3 - PART C)

By assuming the concentration of the reactant B from
the lower phase (phase II) is constant throughout the proper
reaction zone in the liguid film, Van Krevelen and Hoftijzer(Vl)

presented an approximte solution to the film theory.

§ = (000 = (#-1)/ron®
= tanh (((M) (1 - (¢~1)/Pq))§j (14)

A more detailed discussion of the film theory solution is

available (58).
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3.2 Molecular Diffusion in Homogeneous Binary
Ligquid Systems

(Refer to L.4 - PART D)
3.2.1 Diffusion Coefficient

Consider the diffusion process between two solutions,
A and B. For this process, Fick's law can be written as

follows: (for one dimensional transfer)

Ny = - Dyp 22A s X, (M, 4 Np) (15)
where

Ny is the molar flux of the substance A

Ng is the molar flux of the substance B

X, is the molar fraction of the substance A

X distancé in the diffusion direction from the boundary

DAB di ffusion coefficient between A and B at the
concentration CA’

For a constant volume diffusion cell, the net flow ofv
volume through any plane perpendicular to the x direction
must be equal to zero. Hence, we have:

N Vy+ Nl = 0 (16)

where

s - v
Vy

—
-

onp

T, = 9V _
B
anB

V), Vg; partial molar volumes of A and B.

From (16) we have:



1) If there is no volume change on mixing, we have:
- o)
Vy=Vy

= o
VB = VB

If VAO = VBO Ny = - Ng and (15) can be written
Ny = - Dpp5%

or

3t = 3% (Dap7x)

2) If VAO # VBO and there is volume change on mixing,

20, Vs
Np = - Dapgx * xally - gl
I Dap 20
A== Vi, ox
l»XA ( 1~ 'v'—B_)

Duda et al.(D17) have treated this case in detail.
However, if Xy « 1, we can write:
%CA
Np = - Damzx
or

°Cs _ 2 'DCA
ot . T % (DAB 6x)

Summarily, if there is no volume change on mixing or
if the concentrations involved are low, the diffusion
process in a solution of A and B can be represented by the

following differential equation.

°C)y o °Cy
3 % By (PABZY)
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Boltzmann(BID has treated this equation by using a

similarity transformation:

y = 7%: for the following conditions:
Ca= Cpy for x <O and © = 0O

CaA= O for x > 0and t =0

Ca= Cag for x = =0 and t 2 O

Cao= 0 for x =+ and ¢t 2 O

Free diffusion situation is assumed with this transformation.

Upon substitution one obtains:

by S dl (0%
-2¥ 37 oy (DABgy)
Integrating

C
A - dcCy dc
2 SRy dcy = (ap=sh) - (Dyp—d)
Noting that dCA = 0at Cy = Cy
dy 0

d C

. . DAB ~"i‘(—(-i’:£—— A

1 dx
Dpp = - -2“-(—&”“') {~A
d
o]
or -
- _ 1 /dx X dCy
Dy = - "Q'E:(EC'X)X joo Xy 9% - (18)

where x is the distance, in the diffusion direction, from the
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boundary of the two solutions. This boundary must be
defined by the COndition(J5):

c
é Bo x dcy = 0

according to the law of conservation of mass. All the
material of A found in the region x > 0 must come from the
region x < 0.

It can be seen by the expression of B, that if the
concentration profile (i.e. the curve of Cy VS. x) is

available, D can easily be found.



CHAPTER L
EXPERIMENTATION

In this Chapter, the experimental work is presented.
Due to theknature of this project, the experiments can
best be grouped into four parts; each part is self-
contained.

In 4.1 - PART A, descriptions are made of experiments
concerning the qualitative and quantitative investigation of
the cause and nature of the turbulent layer in various ester-
aqueous caustic systems.

Experiments in 4.2 - PART B deal with the measurement
of the concentration distribution inside the turbulent layer
in two ester-aqueous caustic systems with slow chemical
reaction.

Associated with the stagnant phase systems, mass
transfer experiments were carried out with both phases
stirred, as described in 4.3 =~ PART C,

In each experiment in PARTS A, B and C, with the
exceptions otherwise stated, the upper phase was presaturated
with water at 24 % 1°cC.

In 4.l - PART D, an improved design of a diffusion
cell is described. The cell enables the quick measurement of
the diffusion coefficient as a function of concentration in

binary liquid systems,

L7
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It should be realized that the following experimental
apparatus and the procedure sections contain only the
information necessary to give the reader a basic understanding
of the design and function of the experimental equipment and
how the experiments were done. Further details may be

found in the appropriate appendices.



L.l - PART A

QUALITATIVE AND QUANTITATIVE INVESTIGATIONS
ON THE CAULE AND NATURJE OF THE TURBULRENT
LAYER IN BESTER-AQUEOUS CAUSTIC SYSTEMS

L.l.1l Quslitative Investigations of the Turbulent Layer
by Means of Colour .Indicators

Indicators change colour in a particular pH range.
By initially adding a small amount of a suitable indicator
to the ester-caustic system, the turbulent layer and the
diffusion of components, particularly that of the sodium

hydroxide, can be traced.

L9
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,.1.1.1 Experimental Details

L.1.1.1.1 Apparatus

The experimental apparatus used is shown in Figure 2.
The dimensions of the cubical optical cell (1) are
L.8 X L.9 X 5.5 cm. Caustic solution was run urder the
ester phase through a sintered glass disc (pyrex coarse
grade) forming the end of the caustic delivery tube (2).

The capacity of the delivery tube was 100 ml. The phenomena
observed in the test cell were recorded with a Pentax camera
(8). A detailed description of the caustic delivery tube

is given in Appendix III: Section IIT.l.1

h.l.l.l.2 Procedure

(Numbers in the following description-refer to Figure 2)

To start an experiment, 25 ml. of re-distilled ester
pre-saturated with water were first introduced into the
optical cell (1), then the caustic delivery tube (2) con-
taining approximately 95 ml. of sodium hydroxide solution
at the desired concentration level was lowered into the
optical cell until the fritted glass disc just touched the
bottom of the cell. The top of the cell was covered with a
pair of glass plates (5) in order to reduce any liquid motion
induced by evaporation. The sodium hydroxide solution, pre-
mixed with a small amount of colour indicator, was allowed
to fun odt slowly through the sintered glass disc into the
cell under the ester phase. Zero time was taken as soon

as the first drop of the caustic solution was in contact with



EXPERIMENTAL SET-UP FOR THE COLOUR
INDICATOR RUNS
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the ester phase. The filling rate of the caustic phase was
controlled at 25 ml./minute byrthe intake of air through the
capillary device (3). At such a rate, a smooth and apparently
undisturbed interface was obtained between the ester and the
aqueéus phase during filling. The same rate of introduction
of the caustic phase was used for every experiment, so that
the'degree of:disturbance on the initial contacting of the
phases would be reproduced for each experiment. As more
of the sodium hydroxide solution was introduced into the cell,
the esﬁer»air interface moved up gradually to a pre-determined
level which was 1 cm. below the top of the cell.

The duration of the experiment was 100 minutes.
During each run, colour photographs of the turbulent layer
were made at regular intervals. The caustic delivery tube
was left inside the cell throughout the run.

Before the start of each experiment, the cell, the
delivery tube, and the cover plates were carefully washed
with concentrated sodium hydroxide-ethanol solution, rinsed
with water, washed with concentrated chromic acid, and
finally rinsed ﬁith a large amount of distilled water.

L.1.1.1.3 Number of Ester-Coustic Systems Investigated

Experiments were conducted at 24 t.1°C with the

following ester-caustic systems:

I Ethyl formate-sodium hydroxide with B.D.H. Universal
indicator, ‘
IT Ethyl acetate-sodium hydroxide with alizarin yellow

as indicator.



IIT

v

Ethyl acetate - sodium hydroxide with thymolphthalein
as indicator,

Methyl acetate - sodium hydroxide with alizarin yellow

- as indicator.

3
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L.1.1.2 Results of the Colour Indicator Experiments

L.1.1.2.1 Ethyl formate - sodiﬁm hydroxide system

When the B.D.H. Universal indicator was added to the
ethyl formate-sodium hydroxide system, the turbulent layer
revealed itself as a green colour band against the yellow
upper phase and the dark blue bulk sodium hydroxide. Also,
sodium hydroxide movement in the layer could be observed as
circulating blue streaks.

At the later stage of each run, an additional thin
zone was observed within the turbulent layer immediately
below the interface. The colour of this zone was also
yellow inside which no blue caustic streaks were noted. A
typical photograph of the turbulent layer of this system is
shown in Figure 3.

L.1.1.2.2, Ethyl acetate - sodium hydroxide system

The pH of the turbulent layer in the ethyl acetate-
sodium hydroxide system was previously measured to be
approximtely 10.2(58)  Under this pH value, the B.D.H.
Universal indicator was already dark blue in colour.
Consequently, the B.D.H. Universal indicator was not suitable
for this particular reaction system.

When alizarin yellow was added to the ethyl acetate-
caustic system, the turbulent layer was yellow against the
almost colourless ester phase and the red bulk sodium
hydroxide phase. The sodium hydroxide inside the layer

revealed itself as red patches.



FIGURE 3 -

ZONE A

ZONE B

ETHYL FORMATE - 1.0 N NaOH SYSTEM WITH
B.D.H. UNIVERSAL INDICATOR : 106 MINUTES
AFTER THE INITIAL PHASE CONTACT
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On the other hand, when thymolphthalein was added to

the system, the turbulent layer was colourless against the

56

light blue bulk sodium hydroxide phase. The sodium hydroxide

‘inside the layer revealed itself as light blue patches.

In both cases, the caustic patches were quite uniformly

distributed cross-sectionally and concentrated at the front
of the turbulent layer.

L.1.1.2.3. Methyl acetate - sodium hyvdroxide system

When alizarin yellow was added to methyl acetate-
sodium hydroxide system, the turbulent layer was mainly
yellow,and red streaks were seen wherever sodium hydroxide
was present within the reaction layer. The layer was wider
than the one in the ethyl acetate-sodium hydroxide system
but narrower as compared to that in the ethyl formate-sodium
hydroxide system.

At the later stage of the run, an additional zone was
again observed within the turbulent layer and located just
below the liquid-liquid interface. This zone was yellow in
colour and was similar in nature to that observed in the

ethyl formate-sodium hydroxide system.
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L.1.1.3 Discussion of the Colour Indicator Studies
of the Turbulent Layer

.The mainly green colour of the turbulent zone in the
ethyl formate-sodium hydroxide system indicates»that the pH
of the liquid inside the layer is approximately 7. The
saponification rate of the ester-caustic system is fairly
rapid (Table 1). The concentration of sodium hydroxide
inside the layer is low and the transfer of ethyl formate
across the interface is fast. Consequently, the speed of
turbulent layer growth is high.‘

Results of the thymolphthalein and alizarin yellow
indicator in the ethyl acetate-sodium hydroxide experiments
and alizarin yellow in the methyl acetate-sodium hydroxide
systems (together with experiments using B.D.H. Universal
indicator in both liquid systems) show that the average pH
value of the liquid in these turbulent layers is higher than
that in the ethyl formate-sodium hydroxide system, The
turbulent layer growth rate is slower and the turbulence
inside the layer is less. These qualitative results are as
expected since the reaction velocities of the two systems are
much lower as compared to that of the ethyl formate-sodium
hydroxide system (Table 1).

Examination of the colour pictures‘of the turbulent
layer in ethyl formate-sodium hydroxide and methyl acetate-
sodium hydroxide systems taken at higher caustic concentration

runs (e.g. 1 N) and at longer contact times indicate that the



TABLE 1

COMPARISON OF THE PROPERTIES OF VARIOUS ESTERS

Methyl Methyl Methyl Ethyl Ethyl Ethyl Propyl

Formate Acetate Propionate Formate Acetate Propionate Formate
Chemical Formula | HCOOCH4 CH3COOCH3 CH3CH,COOCH3 | HCOOC2Hs | CH3CO0C2Hs | CH3CHRCOOCoHs [ HCOOC3Hy
Molecular Weight 60.05 74.08 88.10 74.08 88.10 102.13 88.10
Boiling point, X 31.50 57.1 79.9 54.3 77.15 99.10 81.3
Melting point, C -99.20 -98.1 -87.5 -80.5 -83.6 -73.9 -92.9

2 20 2 20 2

Density, gm/ce  |0.975'%) | 0.9274(3) | 0.018(%) |0.92368) | 0.901(%) | 0.89574(15) | 0.9006(32)
Solubilit
gn/100 ml water [30.4(20) | 31.9(20) 6.5(20) 11.8(25) | g,6(20) 2.4(20) 2.79(20)
Diffusivity in
water at infin-
its dilution, -5t *
cm?/sec - - - 1.1X10 0.98X10~> - -
Reaction constant
at 25°C (with
NaOH), + i
litre/(Mole~min) 24,00 ~10 5.9 1240 6.3 5.3 -
Refractive index
at 20°C 1.344 1.35935 1.3779 1.35975 1.3701 1.38385 1.37711

Note:

Data are obtained from the "Handbook

of Chemistry and Physics"™ and from the
"International Critical Tables" unless
otherwise stated.

» Experimentally measured diffusion coefficient (4.4 - PART D)
conductivity method (Reference R6)

+ Experimentally determined;

*2Refer to Figure

++Estimated by Othmer and Thaker method.

VIII.l.

8¢
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turbulent layer actually consists of two separate zones MAM
and "B" (Figure 3). Zone "A" is a zone of turbulent inter-
diffusion of the ester from»the upper phase and the alcohol
from the lower phase. The colour indicator study reveals
that the caustic concentration in this zone is extremely small
and is essentially equal to zero. Although no circulating
colour streaks were observed in this zone, interfacial
turbulence as a result of the uneven alcohol distribution -
at the interface does exist. Zone "B" is a zone of reaction
where the concentration of caustic is substantial. A similar
structure of the turbulent layer is expected in the ethyl
acetate-sodium hydroxide system. The two-zone phenomenon
may be observed at lowver caustic concentration runs and at
shorter contact times es compared to the ethyl formate-sodium
hydroxide system. However, the turbulent layer developed
in ethyl acetate-sodium hydroxide system is quite small, and
the presence of the two‘zones inside the layer is not
conspicuous.

The observation of the two zones in the turbulent layer
is in agreement with most of thg proposed models(FZ)(Sh)
for transient systems with fairly rapid to moderately slow
reactions. The models state that the reaction zone proper
moves away from the interface with increasing contact time.

According to available literature discussion (Refer to
Chapter 3), for systems with similar physical properties,

the thickness of the reaction zone ("B") decreases with
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increasing reaction velocity of the system. Such a statement
is not valid for the systems studied here. The reaction
zone, where the saponification occurs, appears to be the
widest in the ethyl formate-sodium hydroxide system which

has the largest reaction rate constant of the three systems.
Actually, the reaction zone of the ethyl formate-~sodium
hydroxide system is even wider than the whole turbulent layer
of the ethyl acetate-scdium hydroxide system. This abnormal
behaviour of the reaction zone can be attributed to the
turbulent nature of the system. The convective liqﬁid
current, rising from the lower zone front with high velocity,
helps to carry more sodium hydroxide further up the turbulent
layer before the caustic is completely consumed. The result
is a rather dilute caustic concentration existing throughout
the entire reaction zone &s is evident in Figure 3.

The change of interfacial tension caused by the addition
of the indicators was not studied. It was observed that
with the ethyl acetate-sodium hydroxide system, the rate of
layer propagation was veryvmuch reduced by the indicators.
With ethyl formate-sodium hydroxide and methyl acetate-
sodium hydroxide systems, the rate was affected to a lesser
degree., As a result, these experiments. served only as a

qualitative study of the reaction zone.
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L.1.2 Measurement of the Turbulent Layer Propagation

It was found previouély(sg) that the use of a moiré
pattern was very effective in observing the mixing patterns
inside the turbulent layer.  Furthermore, the distortion of
the pattern could serve as a method to indicate the position
of the propagating laver front. The object of this investigaﬁion
was to measure the turbulent layer propagation rate in various

» * . L3 /
ester-caustic systems by means of a changing moire pattern.
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Lo1.2.1 Experimental Details

4.1.2.1.1 Apparatus

Figure L shows the experimental set-up. The cubical
test cell (1) and the caustic delivery tube (2) were the
same as those used previously (4.1.1). Light beams from
the point source (9) (Sylvania concentrated arc lamp, K25)
‘became parallel after passing through the convex lens (8).
The moire pattern image on the ground glass (7) was photo-
graphed, using a Pentax camera (10) equipped with close-up
extension tubes Nos. 1 and 2.
4L.1.2.1.2 Procedure

The method employed to bring the two liquid phases into
contact was the same as that used previously in the colour
indicator experiments (4.1.1.1.2).

The duration of the experiment was, again, arbitrarily
set at 100 minutes. During the run, 10 to 30 photographs
of the turbulent layer were taken.

Before the start of the experiment, the cell and the
delivery tube were carefully washed in the way described in
Section 4.1.1.1.2.

L.,1.2.1.3 Temperature Control

All the experiments were performed at room temperature
S s C s .
of 24 £ 1°C. Temperature variation within each experimental
0
run was less than 17°C.

L.1.2.1. Measurement of the Turbulent Laver Propagation

Photograph negatives were made into slides which were
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subsequently projected and enlarged onto a wall. Dimensions
of the turbulent layer for each slide were recorded; These
projected measurements were converted back to the actual

layer thicknesses, which were then related to the corresponding
times when the pictures were taken to give the rate of layer
propagation. Detailed descriptions of the turbulent layer
measurement are presented in Appendix IT.

h.l.2;l.5 Number of Experiments Performed

L.1.2.1.5.1 Methyl ester-aqueous caustic solution systems:
Experiments on the measurement of propagation of the

turbulent layer were performed using methyl formate, methyl

acetate and methyl propionate respectively as the upper phase.

For each kind of ester, runs were performed at various

concentration levels of sodium hydroxide and potassium

hydroxide solutions respectively.A The esters used were

purified by fractional distillation (Appendix I).

L.1.2.1.5.2 Ethyl ester-aqueous caustic solution systems:
Layer propagation measurements were performed using

ethyl formate, ethyl acetate and ethyl propionate, respectively

as the upper phase. For the ethyl formate-sodium hydroxide

system, a large number of runs were performed with sodium

hydroxide concentrations centired around 0.1 N. The results

of these runs, together with the results of the same system

previously obtained(sg) were plotted out to define whether

or not a maximum did occur in the curve of the speed of layer

propagation versus initial sodinm hydroxide solution concentrations

(Figure 7).



Only two runs were performed with the ethyl acetate-
sodium hydroxide system at two different sodium hydroxide
concentration levels and the results were compared with the
data previously obtained in order to check the reproducibility
of the experiments. More runs were performed with the
ethyl acetate-potassium hydroxide, ethyl propionate-sodium |
hydroxide and ethyl propionate-potassium hydroxide systems
respectively at various caustic concentration levels.

In addition, a few trial runs were performed on the
ethyl formate-sodium hydroxide and the ethyl acetate-
sodium hydroxide systems using the "sliding diffusion cell™
described in Paft D of the dissertation.

L.1.2,1.5.3 Propyl ester-aqueous caustic solution system:

Layer propagation experiments were performed on the
propyl formate-sodium hydroxide system at various caustic
concentration levels., The other propyl ester systems were
not investigated because of their low solubilities in aqueous

solutions.
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L.1.2.2 Results of the Measurement of Turbulent Layer
Propagation

4,1,2.2?1_ Methyl Ester-Aqueous Caustic Solution Systems
L.1.2,2.1.,1 Methyl formate-sodium hydroxide system:

A few runs were performed on the methyl formate-sodium
hydroxide system; no meaningful turbulent layer thickness
measurements could be made. Reaction was observed to be
vigorous. In runs with more dilute caustic concentrations,
most of the sodium hydroxide in 